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Abstract

Aggravating levels of pollution containing ultra-fine particles have contributed to in-

crease the frequency of inflammatory lung diseases such as asthma and chronic obstruc-

tive pulmonary diseases (COPD). The lung is a non-sterile environment due to direct

contact with air containing factors such as bacteria, irritants and agricultural dusts,

which can enter the lung and lead to airways inflammation. The bacterial cell wall

component lipopolysaccharide (LPS) is one of the major triggers for airways inflamma-

tion. LPS leads to airway hyperresponsiveness (AHR), which is an exaggerated response

of the airways involving bronchospasm, airway mucus production and allergen-specific

T cells. These cells, resident in the lung or its draining lymph nodes, can produce

cytokines which further exacerbate inflammation as well as help perpetuate an aller-

gic response. In addition, hypoxemia, pulmonary oedema and alveolar damage leads

to secretion of pro-inflammatory mediators and neutrophil infiltration. This results in

acute pulmonary inflammation, equivalent to a clinical condition called acute respiratory

distress syndrome (ARDS). Current treatments for ARDS utilise bronchodilators and

anti-inflammatory drugs such as corticosteroids (e.g. prednisone, beclomethasone and

cromolyn in paediatrics), augmented with short-acting β-2-agonists. These therapies

can prevent neutrophilic damage, but prolonged use can cause adverse effects, resistance

and increased risk of immunosuppression, potentially leading to increased risk of infec-

tion.

Natural compounds in foods like salmon, berries and tomatoes are claimed to be anti-

inflammatory. Glycine is the smallest amino acid present in these foods and has been

previously used in an ingestible form for the treatment of inflammatory bowel disease.

Therefore, we investigated the direct anti-inflammatory potential of glycine in atten-

uating airway inflammation including ARDS. We established the anti-inflammatory

potential of glycine in curbing ARDS and developed biodegradable nanoparticles for

pulmonary delivery of glycine. We hypothesized glycine could be mediating its effects

via Src homology 2 domain containing inositol polyphosphate 5-phosphatase 1 (SHIP-1)

and therefore we investigated the responses of bone marrow derived dendritic cells lack-

ing SHIP-1. As predicted, in the absence of SHIP-1 we found glycine was incapable of

attenuating LPS mediated up-regulation of activation markers, indicating the observed

effects were SHIP-1 dependent. Glycine attenuated airway inflammation by preventing

neutrophil influx and increase of alveolar macrophages. It also reduced the production



of pro-inflammatory mediators and improved pulmonary function, promoting lung heal-

ing. Furthermore, glycine conjugated on biodegradable super-paramagnetic iron oxide

nanoparticles (GSPIONs) was taken up preferentially by alveolar macrophages and neu-

trophils in the lung, without induction of pro-inflammatory cytokines or increases in

airway resistance. The GSPIONs being non-inflammatory, may be useful for further de-

velopment as theranostic agents. For example, in addition to their immunomodulatory

role, we demonstrated for the first time the use of GSPIONs as novel contrast agents

for lung magnetic resonance imaging, which is not a usual clinical practice, due to lack

of contrast agents, techniques and water molecules in the lung.

Pulmonary inflammation requires both immediate and sustained therapy for better man-

agement of the disease. In addition, pulmonary delivery of drugs is disease-specific such

as the upper airways in asthma, or the alveoli in COPD. We encapsulated our glycine

conjugated biodegradable nanoparticles in uniform, mono-disperse, porous, cenospheric

spray-dried glycine microparticles based excipients for pulmonary administration. The

nanoparticles were designed to be used as immunomodulators and magnetic resonance

contrast agents for pulmonary delivery. The glycine microparticles may be used both

as an excipient to bypass the oropharyngeal region, avoiding mucociliary clearance of

the nanoparticles, and to provide an anti-inflammatory effect in the lung. Overall, the

glycine based immunomodulators developed in these studies demonstrate potential for

future development as clinical theranostics in pulmonary inflammation.
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1.1 Background

I nflammatory lung diseases such as asthma and chronic obstructive pulmonary

disease (COPD) are very common with over four million deaths per year(Ferkol

and Schraufnagel, 2014). Apart from rising levels of pollution, other factors such

as bacteria, irritants, avian-derived proteins and agricultural dust can lead to inflamma-

tion of the airway. The lung is a non-sterile organ as it is in direct contact with the

outside environment including bacteria. Their cell walls are composed of lipopolysaccha-

ride (LPS)/endotoxin, hence this is a major contributor to the development of airway

inflammation(Allen, 2013; Knapp, 2009). However, immune recognition and response to

LPS also play a role in the defense against invading Gram-negative bacteria. LPS is

known to increase airway hyper-responsiveness(AHR)(Starkhammar et al., 2014). Air-

way hyperresponsiveness is defined by an exaggerated response of the airways to non-

specific stimuli, which results in airway obstruction and contraction of airways triggered

by bronchospasm. In addition, AHR results in airway mucus production and cytokines

are released from allergen specific T cells which can further exacerbate symptoms of in-

flammation as well as perpetuate an allergic response.

In airway inflammatory disease such as asthma, impaired breathing due to bronchocon-

striction leads to repeated/routine exacerbations which impact human health. There-

fore, not only availability of anti-inflammatory drugs but proper management is essen-

tial. Current treatments include the use of bronchodilators with corticosteroids such as

prednisone, beclomethasone, fluticasone in adults and cromolyn in children (Chakraborty

et al., 2018). In adults, this is augmented by a short-acting beta-2-agonists and is consid-

ered as gold standard therapy. These drugs aim in reducing infiltration of neutrophils and

eosinophils along with a reduction of proinflammatory cytokines. However, prolonged use

of this treatment leads to impaired growth of children, decreased bone mineral density,

skin thinning, bruising, and cataracts(Dahl, 2006). Albeit the treatment is successful in

reducing exacerbations, yet there has been the issue of development of resistance(Barnes,

2013) and fails in a clinical setting due to increased risk of immunosuppresion potentially

leading to increased risk of infection(Fardet et al., 2016; Desai et al., 2017; Coutinho and

Chapman, 2011). Hence there is a requirement to develop newer anti-inflammatories

associated with systemic or oral administration. Novel anti-inflammatories would cater

to the pharmacotherapeutic considerations and give both an immediate and sustaining
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effect without having adverse side effects.

The recent era of surface functionalized nanoparticles generated, and specifically amino

acid coated particles are found to be biocompatible owing to their surface functionaliza-

tion. Particle internalization is chemistry dependent where the charge and size matters

in particle uptake by the APCs. The importance of particle size has been demonstrated

by Plebanski and colleagues on polystyrene(Hardy et al., 2013) and Akagi and colleagues

with 200 nm glutamic acid nanoparticles(Akagi et al., 2007). But the response with same

smaller size glutamic acid particles by Hyungji and colleagues showed higher activation

of the DCs hence finding potential use as antigen carriers and vaccine adjuvants(Kim

et al., 2010a). There have been considerable developments in understanding the uptake

by antigen presenting cells of biodegradable amino acid coated nanoparticles. With re-

spect to charge, it has been shown in− vitro that positively charged particles are taken

up efficiently by DCs(Vela Ramirez et al., 2014). Macrophages demonstrate that their

monocytic precursors show a preference for positively charged particles(Lunov et al.,

2011). Altogether it is still unknown whether amino acid conjugated nanoparticles are

able to provide simultaneously anti-inflammatory effects and long-term immuneimprint-

ing to the tissue exposed. The mechanism underlying this phenomenon also needs to be

investigated.

In light of the development of newer anti-inflammatories, Plebanski and colleagues have

found 50 nm polystyrene nanoparticles coated with glycine are also easily taken up by

pulmonary DC and in atopic animals this exposure renders the lung resistant to a sub-

sequent challenge with allergen effectively preventing lung inflammation(Hardy et al.,

2013). Furthermore, these 50 nm polystyrene nanoparticles were used as vaccine carriers

which stimulate a type I immune response (characterized by IFN−γ production) whereas

larger (>100 nm) or smaller (<20nm) are far less effective(Hardy et al., 2013). There-

fore, we investigated the role of glycine as an immunomodulatory agent and developed

anti-inflammatories by conjugating glycine on biodegradable iron-oxide nanoparticles for

pulmonary delivery.
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1.2 Aims

This PhD thesis focuses on understanding the immunomodulatory role of glycine and sub-

sequently on the development of immunomodulators for both immediate and sustained

anti-inflammatory effect along with bypassing the mucociliary clearance (by disrupt-

ing mucus). The primary aim of this research is to investigate the immunomodulatory

role of glycine in-vitro (specifically on Antigen Presenting Cells) and hence in a model

of Acute Respiratory Distress Syndrome (ARDS) induced by LPS. Secondly, the aim

was to develop immunomodulators capable of providing an immediate and sustainable

anti-inflammatory effect as well as bypassing the mucociliary clearance for pulmonary

nanoparticle delivery. Finally, we conclude this thesis by providing a proof of concept

of these immunomodulators, harnessing them for effective pulmonary delivery to help

treat and prevent airways inflammation. In addition to their pulmonary delivery, we

also developed an approach for naturally targetting critical lung immune cells, without

provoking respiratory changes or inflammation, and supported non-invasive magnetic

resonance imaging of the lung. More specifically, the following aims are considered:

1. To investigate the immunomodulatory role of glycine in vitro achieved by investi-

gation of:

• The effect of glycine is investigated on APCs such as BMDCs and Macrophages.

• The effect of glycine and LPS on costimulatory cell surface markers on APCs.

• Glycine-mediated immunomodulation through a SHIP−/− mice, as it is well

known that SHIP regulates the NF − κβ transcription factor.

• GlyR mediated immunomodulation, an insight on the possible mechanism.

2. To investigate the role of glycine in reducing airway inflammation, achieved by

investigation of:

• The effect of glycine in reducing LPS mediated ARDS is evaluated by invasive

plethysmography to evaluate the lung function.

• The expression of pro-inflammatory cytokines in the airways, lung parenchyma

and scored for signs of damage.

• Inflammatory cells in the BALF, to develop an insight on airway inflamma-

tion.
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• Glycine treatment on airways and lung parenchyma.

3. To develop glycine immunomodulators to exert an immediate as well as sustaining

effect on lung, achieved by developing:

• Biodegradable super-paramagnetic iron oxide nanoparticles conjugated with

glycine (GSPIONs) was synthesized and characterized for size, structure,

crystallinity, magnetic property, dispersion and stability.

• GSPIONs for pulmonary delivery and escaping the mucociliary clearance,

glycine microparticles were designed by spray drying.

• GSPIONs encapsulated in glycine microparticles as excipients to bypass the

mucociliary clearance and delivery of GSPIONs to the periphery.

4. A proof of concept of the theranostic role of the developed immunomodulators

along with a non-invasive lung imaging, achieved by:

• A Next Generation Impactor (NGI) was used to determine the capability of

the spray dried glycine microparticle based excipient to pass the oropharnygeal

region and compared against the dense, solid commercial excipient Lactohale

200TM .

• Investigating the aerodynamic performance of the immunomodulators to sup-

port the NGI data in terms of aerodynamic performance.

• Investigating the interaction of GSPIONs with lung immune cells.

• Evaluating the use of GSPIONs for lung 3D UTE MR imaging and their

biodistribution in order to consolidate our findings and define the future ther-

anostic application of these immunomodulators.

1.3 Thesis Outline

Chapter 2: Literature Review

The literature review of this thesis focuses on Acute Respiratory Distress Syndrome,

airway inflammation, specifically LPS mediated inflammation and its mechanisms. It

also talks about the currently available therapeutics and their disadvantages citing the

need to develop new immunomodulators. As LPS induced lung pathology is initiated

by APCs, an insight to the different immune cells playing a role in responding to LPS
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is reviewed. Furthermore, we introduce amino acid conjugated nanoparticles and their

different applications such as in MR imaging and as immunomodulators. Finally, it sum-

marises the literature in which LPS mediated ARDS is reviewed and the gaps in therapies

are identified with a new strategy having a potential for the treatment of inflammatory

lung diseases.

Chapter 3: Materials and Methods

This chapter outlines all the reagents, materials, types of equipment, biological models,

methodologies, data analysis and statistics applied throughout this thesis.

Chapter 4: Immunomodulatory effect of glycine on Antigen Presenting Cells

To study the immunomodulatory effect of glycine on antigen presenting cells. Bone mar-

row derived cells have shown in the past to be activated in presence of lipopolysaccharide

(LPS). We found that glycine can abrogate this effect. The scope of this chapter is lim-

ited to bone marrow derived cells to understand the immunomodulatory effect of glycine

in general. This is extended to an understanding of glycine’s immunomodulatory role in-

volving SH2-containing inositol 5’- phosphatase (SHIP). This phosphatase regulates the

NF − κβ transcription factor which is involved in the production of activation markers

and pro-inflammatory cytokines. We intend to determine if SHIP regulates TLR induced

bone marrow derived DCs activation and glycine mediated immunomodulation. It will

provide insights into the possible mechanism. Furthermore, glycine signals in the brain

and spinal cord through a hetero-pentameric channel protein called as glycine receptor.

We think that this receptor is actively involved in immune cells for the immunomodula-

tory effect, as we have some evidence of its presence on alveolar macrophages. Detailed

mechanisms and receptor functionality are beyond the scope of this project as it is too

broad.

Chapter 5: Role of glycine in attenuating airway inflammation

Based on our initial results in the previous chapter suggesting the immunomodulatory

role of glycine in antigen presenting cells, we thought of investigating its role in atten-

uating airway inflammation. The airway is exposed to antigens (bacteria and its cell

wall component, LPS) which are processed by the submucosal dendritic cells leading

to activation and migration to lymph nodes. Therefore, we utilized a model of Acute

Respiratory Distress Syndrome(ARDS) induced by LPS. ARDS is an acute lung disease

characterized by rapid onset respiratory failure, severe hypoxemia and decrease in static

respiratory system compliance which accounts for morbidity of around 40%. Pulmonary

inflammation in the acute phase (1-6 days) is characterized by damaged endothelium and
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surface epithelium along with oedema, with neutrophil and macrophage accumulation.

Glycine was administered intra-nasally with or without LPS and the effect was quantified

and observed by the improvement of resistance and dynamic compliance. Furthermore,

histology and immunohistochemistry of paraffin embedded lung sections were studied to

identify signs of inflammation and the secretion of pro-inflammatory cytokines such as

IL − 1β, IL − 6, TNF − α. To have an idea of the infiltration of immune cells post

infection, we performed a differential cell count on the Broncho-Alveolar Lavage Fluid

(BALF). Overall, this chapter provides information on the attenuation of the airway

inflammation and the possible role of glycine preventing neutrophil infiltration.

Chapter 6: To develop glycine immunomodulators for pulmonary delivery

This chapter is on the development of glycine immunomodulators for pulmonary delivery

of glycine to induce an immediate and sustained immunomodulatory effect in the lung.

The sustained effect is achieved by glycine conjugated nanoparticles and the immediate

effect is imparted by the microparticles formed by spray drying glycine. The nanoparti-

cles synthesized are biodegradable made of iron oxide with a hydrodynamic size less than

100 nm. These nanoparticles are further encapsulated in spray dried glycine micropar-

ticles which are monodisperse, uniform and serve as excipients preventing mucociliary

clearance of the nanoparticles by mucus disruption. This chapter summarises the de-

velopment of the immunomodulators for pulmonary delivery and the use of spray dried

glycine microparticles as excipient.

Chapter 7: Delivery of immunomodulators-Proof of Principle

This chapter provides a proof of concept that these immunomodulators are capable of

pulmonary delivery. To understand the efficacy and aerodynamic performance of these

immunomodulators to bypass the oropharyngeal region, we compared the GSPIONs en-

capsulated in spray dried glycine microparticles based excipient to that of commercial

excipient lactohale 200TM by X-Ray CT and NGI. Both the methods are used to find

the aerodynamic nature, porosity and deposition of the particles with respect to human

pulmonary delivery. Furthermore, we explored the use of the developed immunomodu-

lators for non-invasive lung MR imaging. Lung MR imaging is difficult as there is lack

of hydrogen protons and water molecules, given it is full of air and the fast breathing

rate of mice. We, therefore, developed a 3D ultra-short echo time MR imaging using

the GSPIONs as MR contrast agents capable of showing their biodistribution. We also

investigated the different cells which take up the immunomodulators and correlated with

our results outlined in chapter 5. The results of this chapter are significant in translating
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these immunomodulators to the clinic for theranostic applications and opens up new

questions for further research.

Chapter 8: Conclusion and Future Recommendation

The closing chapter summarises the highlights of the results of each experimental chapter

and the implications of the chapter to the thesis. This chapter also provides background

and questions to pursue further work and provides insights on to studies needed to be

done in order to translate these immunomodulators to the clinic.
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2.1 Inflammation of the airway

I nflammation is a phenomenon of the body in the form of an immediate response to

triggers like tissue injury, infection by pathogens or by noxious chemicals(Ashley

et al., 2012). Based on the duration of response, inflammation is characterised by

acute and chronic inflammation. Acute inflammation is generally short term with an

early (IgE mediated hypersensitivity type I reaction) and late phase reaction associated

with TH2 cells(Galli et al., 2008). Acute inflammation lasts for around two days, and

symptoms are dependent on the region of inflammation such as bronchial smooth muscle

contraction(Kay, 2001) due to various types of airway allergens. On the other hand,

chronic inflammation lasts for over six months. Chronic inflammation is a feature of

both asthma and COPD. In patients with COPD, it has been found that IL − 33 is

responsible for chronic inflammation and leads to enhanced secretion of proinflamma-

tory cytokines(Shang et al., 2015). Similarly, IL-33 is responsible for increased AHR,

inflammation and remodelling in asthma(Sjöberg et al., 2017). However, persistent ex-

posure to a certain allergen result in the recruitment of cells of the innate and adaptive

immune response to the site of exposure(Galli et al., 2008). The nature of inflammation

is different in asthma and COPD. In asthma, the nature of inflammation is driven by

the infiltration of eosinophils and CD4+ T cells. Whereas, in COPD, it is mostly driven

by neutrophils and CD8+ T cells(Buist, 2003). The chronic inflammation in asthma

is alluded to frequent wheezing episodes with increased AHR and coughing, whereas in

COPD it is more of limited airflow to the lung.

The most obvious effect observed with airway inflammation is the recruitment of eosinophils.

TH2 lymphocytes release interleukin 5 (IL-5) which attracts, activates and stimulates

eosinophils, therefore, perpetuating the inflammatory response(Greenfeder et al., 2001).

In the inflammatory response, the airway walls become thickened due to hypertrophic

and hyperplastic mucous glands as well as infiltration of macrophages, neutrophils and

cytotoxic T lymphocytes as well as proliferation of resident structural cells in the chronic

setting(Aoshiba and Nagai, 2004; Moldoveanu et al., 2009). Cytokines such as interleukin

8 (IL-8), tumour necrosis factor α (TNF −α are released by the inflammatory cells lead-

ing to tissue damage and oxidative stress. The entry of an allergen is associated with

a complex response in the host as different immune cells play their role in dealing with

the allergen. The understanding of the cells and the cytokines they produce can serve
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as therapeutic targets. Therefore, we need to gain insight on how airway inflammation

takes place after allergen entry.

2.1.1 Mechanistic insights in airway inflammation

The airway lumen contains mucus for the entrapment of dust particles. But is still

exposed to antigens (bacteria and its cell wall component, LPS) which are processed by

the submucosal dendritic cells leading to activation and migration to lymph nodes. The

immune response to acute inflammation sensitizes the mast cells in the individual due

to the production of IgE specific to the antigen (Figure 2.1). Although the response

is seen in the mast cell, the TH2 cytokines actively play a role in activating the B

cells for the production of the antigen-specific IgE(Galli et al., 2008). The sensitization

releases mediators including amines like histamines and serotonin. This series of steps

induce bronchoconstriction of the airway and vasodilation (Figure 2.2). As a result, there

is increased mucus formation and stimulation of the nociceptors on the airway. The

production of several cytokines by TH2 cells results in the activation of B cells (Figure

2.1) which is responsible for the synthesis of allergen-specific antibodies. The antibodies

in the systemic circulation move from the lymph node and bind the FcERI receptor

(Figure 2.1) on the mast cell. When a second invasion of the allergen is encountered, the

host is already sensitized, and the response is very rapid.
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Figure 2.1: Sensitization of dendritic cells by allergens in the airway lumen.
Different bacteria enter through the nasal cavity into the lung. In the airway lumen,
these bacteria are captured by the patrolling DCs. The DCs become activated by the
cell wall component LPS of gram-negative bacteria. The mature DCs then migrate to
the regional lymph node such as the mediastinal lymph node for lungs. At the LN they
present the processed allergen by MHCII to näıve T cells. The näıve T cells acquire
the characteristics of TH2 cells by the interaction of MHCII and jagged receptor on
activated DC to TCR and Notch receptor respectively on näıve T cells. Two important
TH2 pro-inflammatory cytokines IL− 4 and IL − 13 lead to ligation of costimulatory
molecules CD40 and CD80/86 on TH2 cells with CD40 L and CD28 on B cells. The
activation leads the B cells to produce allergen-specific IgE which binds to the high-
affinity receptor FCεRI on tissue-resident mast cells. The process sensitizes them to
respond when the host is later exposed to the same bacteria and/or LPS. Modified and
reproduced with permission from (Chakraborty et al., 2018), copyright 2018 Taylor and

Francis.
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In addition, mast cells rapidly release TNF, IL-8, TGF − β, IL − 10 for the activation

of other immune cells like T cells, B cells and DCs(Bradding et al., 2006). The hyper-

sensitivity reaction develops in two to six hours after exposure and reaches the climax

after six to nine hours(Kay, 2001). Although there is a clear distinction between acute

and chronic inflammation phases, it is yet unclear how local inflammation in the airway

converts to chronic inflammation. Cytokines such as IL− 33 have been found to induce

chronic inflammation in the airway epithelium along with the enhanced production of

IL−6 and IL−8 in COPD pathogenesis(Shang et al., 2015). Several layers of the airway

mucosa are affected by chronic asthma with increased numbers of goblet and mast cells

along with the presence of common respiratory viruses (Figure 2.2)(Folkerts et al., 1998).

Another aspect of airway inflammation is the recruitment of neutrophils. Cells secret-

ing IL − 17 (i.e. TH17 cells) recruit neutrophils at the mucosal surface(Pelletier et al.,

2010)(Figure 2.2). Because of neutrophil recruitment, there is constriction of the smooth

muscle in the airway wall causing shortening of breath, in patients with COPD(Baraldo

et al., 2004). Along with lumen constriction, airway remodelling is also observed in both

COPD and asthma. Airway remodelling is driven by the epithelial-mesenchymal trophic

unit (EMTU), the interaction between structural and immune cells. Due to the increased

number of neutrophils in COPD patients, there is activation of the EMTU. A successful

response to an allergen is associated with its elimination, resolution and repair phase.

The inducer of inflammation can be categorised into exogenous and endogenous induc-

ers(Medzhitov, 2008). Exogenous inducers include microbial and non-microbial inducers

like irritants, foreign bodies and toxins. Endogenous inducers are released from stressed

or damaged cells such as heat shock proteins, uric acid and endogenous molecules like

alarmins(Chan et al., 2012) etc. reviewed in detail by Creagh and colleagues(Creagh

and O’Neill, 2006). In the coming section, we will focus on bacterial endotoxin-mediated

inflammation in the airway.
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Figure 2.2: The chronic aspect of allergen-induced airway inflammation.
Repeated and persistent exposure of allergens such as bacteria leads to chronic inflam-
mation which has several effects. In the tissues, cells of the innate immune system in-
cluding eosinophils, basophils, neutrophils and monocyte–macrophage lineage cells are
found. Other cells including TH2 cells, other types of T cells, and B cells of an adaptive
immune response are also present in the tissues. Mast cells develop in the tissue, and
these cells display large amounts of IgE bound to FcεRI. Last, complex interactions
are initiated between recruited and tissue-resident innate and adaptive immune cells,
epithelial cells and structural cells. These cells include fibroblasts, myofibroblasts and
airway smooth muscle cells along with blood vessels and lymphatic vessels. Repetitive
epithelial injury due to chronic allergic inflammation can be exacerbated by exposure
to pathogens or environmental factors, and the consequent repair response results in
the epithelial–mesenchymal trophic unit (EMTU) being activated. This unit is thought
to sustain TH2-cell-associated inflammation, to promote sensitization to additional al-
lergens or allergen epitopes (for example, epithelial-cell-derived TSLP can upregulate
the expression of co-stimulatory molecules such as CD40 and CD80 by dendritic cells).
These processes result in many functionally important changes in the structure of the
affected tissue such as hyperplasia of goblet cells, which is associated with increased
mucus production. These changes include substantial thickening of the airway walls.
In individuals who have such thickened airway walls, bronchoconstriction can result
in more severe narrowing of the airway lumen than occurs in airways with normal
wall thickness. In some individuals, especially those with severe asthma, TH17 cells
(which secrete IL-17) may also contribute to the recruitment of neutrophils to sites of
inflammation (shown in Figure 2.1). Modified and reproduced with permission from

(Chakraborty et al., 2018), copyright 2018 Taylor and Francis.
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2.1.1.1 Bacterial endotoxin-mediated airway inflammation

A range of bacteria such as Staphylococcus aureus, Pseudomonas aeruginosa, Streptococ-

cus pneumoniae, Klebsiella pneumoniae, Mycobacterium tuberculosis cause pathological

lung infections. In response to infection and tissue injury, innate immune cells of the

body such as DCs, macrophages and mast cells recognise pathogens and damaged cells by

Pattern Recognition Receptors (PRRs) which are germline-encoded intra-cellular or sur-

face expressed. These PRRs detect Pathogen Associated Molecular Patterns (PAMPS)

such as bacterial and viral nucleic acids and cell wall components. The toll-like recep-

tor (TLR) family is one of the major PRRs that can detect pathogens as well as tissue

damage. It induces both innate (immediate) and adaptive immune responses. Whilst

the adaptive immune response results in B cells and cytotoxic T cells, it is the innate

cells which offer the first line of recognition of pathogens by the TLRs. The TLRs

have leucine-rich repeats and can recognise bacterial and viral PAMPs extracellularly or

through endo-lysosomes. TLR1, TLR2, TLR4, TLR5, TLR6, TLR11 are extracellular

whereas TLR3, TLR7, TLR8, TLR9 and TLR10 are endo-lysosomal.

Lipopolysaccharide is the main agonist of Toll-Like Receptor 4. LPS binds to LPS bind-

ing protein (LBP), MD-2, CD14 and TLR4. Therefore, stimulation using LPS needs the

participation of several molecules, not just TLR4. The signalling downstream upon LPS

binding has been divided into MyD88 dependent and independent pathways. The MyD88

dependent pathway results in pro-inflammatory cytokines production whereas the MyD88

independent pathway mediates the induction of Type I interferons. MyD88 recruits and

activates IRAK4 which after subsequent downstream activation induces the transcrip-

tion factors NF − κβ and AP1. This results in the production of pro-inflammatory

cytokines such as TNF − α, IL − 1β, IL − 6, IL − 12, IL − 23 and activation markers

such as CD40, CD80, CD86 and MHCII. The LPS-TLR4 pathway has been reviewed

elsewhere(Lu et al., 2008).

Toll-Like Receptor 2(TLR2) responds to the cell wall of Gram-positive bacteria which

is composed of peptidoglycan(Yoshimura et al., 1999). The TLR2 response activates

cytotoxic CD8+ T cells and produces IFN −γ. In alveolar macrophages, the expression

of TLR2 and TLR4 are reduced in patients with COPD and in smokers(Droemann

et al., 2005) in comparison to autologous monocytes. Continuous exposure to LPS
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present in cigarette smoke (cell wall from colonised bacteria, surviving combustion during

smoking) may down-modulate the pulmonary immune response(Droemann et al., 2005).

The reason could be due to the natural selection of a heterogeneous subpopulation of

macrophages or a general alveolar macrophage phenotype under environmental stress.

The reduced expression of these TLRs means that COPD patients are much more prone

to lower respiratory tract infection. Bacterial infection is not only associated with the

bacterial cell wall, other components such as flagella are also important (recognised by

TLR5(Zhang et al., 2005)). Therefore, the Toll-like receptors have a significant role in

recognition of a pathogen and responding via downstream signalling. Interaction of anti-

gen presenting cells with LPS is essential in understanding the adaptive immune response.

When monocytes and DCs come in contact with a PRR, they express costimulatory

molecules for T lymphocyte activation and are said to induce an adaptive immune re-

sponse(Thompson et al., 2011). In an analogous way, macrophages undergo cell acti-

vation in response to LPS or IFN − γ(Dobrovolskaia et al., 2003). When immature

macrophages circulating in the blood come across bacterial or viral infections or bac-

terial components such as LPS they undergo activation. Studies of these cells of the

innate immune system by Thompson et al and others have revealed that the subsets

have specialised in secreting cytokines that have different targets and function. For

example, macrophages secrete pro-inflammatory cytokines which include IL − 1, IL −

6, IL− 12, TNF −α and IFN − γ(Thompson et al., 2011). Other than these cytokines,

IL−8 secretion leads to infiltration by neutrophils and TNF −α leads to increased pro-

duction of cell adhesion molecules in the lung capillary endothelial cells for neutrophil

attachment. Neutrophils are self-recruiting, secreting IL − 8 themselves to promote

chemotactic invasion of more neutrophils(Takahashi et al., 1993).

2.1.2 Role of LPS in Acute Pulmonary Inflammation

Acute pulmonary inflammation has a high mortality rate with the absence of specific

treatment. Acute lung injury(ALI) is defined as an acute lung disease characterised by

rapid onset respiratory failure, severe hypoxemia and decrease in static respiratory system

compliance which accounts for morbidity of around 40%(Matthay and Zemans, 2011).

Pulmonary inflammation in the acute phase (1-6 days) is characterized by damaged en-

dothelium and surface epithelium along with oedema, with neutrophil and macrophage
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accumulation. The clinical condition of pulmonary inflammation is known as Acute Res-

piratory Distress syndrome (ARDS) which is characterized by sepsis, pneumonia and

major trauma. The severity of ARDS can be attributed to its diverse demographic oc-

currence throughout the world with 34 per 100,000 persons per year in Australia and

78.9 per 100,000 persons per year in the USA(Walkey et al., 2012).The injury to the lung

epithelium and endothelium is caused primarily by neutrophils and platelets respectively.

However, there is a lack of successful pharmacologic therapy. The pathophysiology and

resolution of ARDS have been reviewed previously(Matthay and Zemans, 2011). There-

fore, the role of neutrophils in initiating the inflammation and the damage it causes needs

to be understood.

Neutrophils are the first immune cells to reach the site of inflammation in the lung

post an insult with LPS. Transmigrated neutrophils then secrete proteolytic enzymes

and reactive oxygen species (ROS) which damages the lung endothelium and epithelium.

The harm does not end in oedema. The ROS leads to promutagenic alterations in DNA

and causes a carcinogenic response post chronic inflammation. Transcriptome analysis by

Gungor and colleagues showed 218 genes which are differentially expressed with LPS in-

duction in the presence of neutrophils(Güngör et al., 2010). Many pathways were found

altered. Importantly complement pathways, CCR3 signalling, IL − 10 signalling and

antigen presentation by MHCI were altered between LPS with and without neutrophils.

CCR3 is responsible for eosinophil activation pointing towards a chronic inflammatory

state. Whereas, IL − 10 a pleiotropic anti-inflammatory cytokine represses the pro-

inflammatory cytokines such as TNF −α, IL− 6 and IL− 1βsecreted by macrophages.

Pharmacotherapeutic studies using proteins such as B7H3 and bufexamac has shown

potential in attenuating LPS-induced injury(Li et al., 2016; Xiao et al., 2016). This

opens the possibility of utilising these molecules in ameliorating the clinical condition of

pulmonary inflammation. Vascular compartments, pulmonary tissue and the underlying

endothelial cells are also affected by LPS. Since LPS affects vascular compartments and

pulmonary tissue therefore, the factors which alter them needs to be studied.

It has been observed that higher concentrations of endotoxin similar to that present

in sepsis exhibits several pro-inflammatory responses. These responses include the in-

creased expression of cell adhesion molecules, ROS production, loss of endothelial mono-

layer integrity and barrier function(Stoll et al., 2004). ROS generated in the vasculature
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from endothelial cells are produced from a family of oxidases. These oxidases, specif-

ically NADPH oxidases (Nox) are involved in lung inflammation, ischemia and sepsis.

Two Nox enzymes, Nox2 and Nox4 are responsible for endothelial cell migration and

production of ROS(Pendyala et al., 2009). Redox -active endosomes in endothelial and

other pulmonary cells generate superoxides in the endosome lumen in response to pro-

inflammatory cytokines TNF − α and IL − 1β. The loss of mono-layer integrity of

endothelial cells leads to leaking of the lung capillaries and as a result, the fluid fills

up the alveolar airspace causing pulmonary oedema. The protein thrombomodulin(TM)

and activated protein C(APC) are involved in maintaining homeostasis and vascular

integrity(Ikezoe, 2015). LPS induces the expression of tissue factor (TF) on vascular

endothelial cells causing hypercoagulability. The TM/ APC axis is also affected with

LPS. A lectin-like domain in thrombomodulin is essential for the survival of mice ex-

posed to LPS. The absence of the domain leads to neutrophil infiltration. In the näıve

lung, the polymorphonuclear leukocytes appear to be marginated to the vascular wall.

During inflammation, immune cells and pre-marginated cells undergo transendothelial

and transepithelial migration into alveolar space and the interstitium in the lung.

2.1.3 Acute Lung Injury (ALI) model to understand the clinical con-

dition of ARDS

Acute lung injury is characterized by alveolar epithelial and endothelial damage. This

leads to secretin of pro-inflammatory mediators in the host along with severe hypoxemia,

pulmonary oedema. To study the pathophysiological mechanism of ALI, treatment of

laboratory animals with bacterial LPS is the most accepted model. LPS can be adminis-

tered directly or indirectly to give injury to the lung. Direct administration of LPS into

the lung involves intratracheal or intranasal administration, otherwise, it is administered

intraperitoneally. Direct injury to the lung affects the lung epithelium, whereas, an indi-

rect injury leads to disruption of the vascular endothelium. Not limited to this, there are

several differences between direct and indirect challenge such as less oedema is observed

in indirect injury which has been reviewed by others(Shaver and Bastarache, 2014). Ad-

ministration of LPS directly in the lung leads to neutrophil recruitment within four

hours and induces the production of pro-inflammatory cytokines, chemokines, activation

markers and adhesion molecules leading to damage to the lung tissue. The acute lung in-

jury model is reviewed elsewhere(Johnson and Matthay, 2010; Matute-Bello et al., 2008).



Chapter 2 Literature Review 19

The ALI model is useful for studying lung inflammation but needs the addition of spe-

cific endpoints to replicate the physical aspects of the disease. For example, introducing

plethysmography as a readout for resistance and dynamic compliance is useful when

demonstrating the severity of the disease. Other non-invasive techniques such as nebu-

lization is effective in administering LPS. The method is of clinical relevance in studying

and designing trials. With fluorescent molecules which can be conjugated to antibodies,

it is possible visually study emphysema and airway constriction. Therefore, live imaging

of the tissue coupled with plethysmography would be an ideal solution to understand

lung injury in detail and for the development of minimally invasive ways to study drug

responses.

2.2 The myeloid system

Myeloid lineage cells are usually the first to respond to the invasion of a pathogen and

communicate the presence of an insult to cells of the lymphoid lineage. Their origin

lies with the multipotent hematopoietic stem cells. Myeloid cells can recognize damage

and PAMPs through the help of germline-encoded surface receptors. When the cells lose

their ability to self-renewal they are committed to one single type of development. The

myeloid lineage comprises of neutrophils, basophils, eosinophils, monocytes, mast cells

and dendritic cells. The commitment associated with progenitor cells depends on the

growth factors and cytokines. As discussed above, when induced they express costimu-

latory molecules for T lymphocyte activation. A network of cells is present in the bone

marrow which is responsible for providing the microenvironment for haematopoiesis;

these are known as stromal cells(Kindt et al., 2007). The primary and most significant

function of the myeloid system is in providing innate immunity to the body(Janeway

et al., 2001). The receptors of the cells participating in innate immunity recognize broad

structural motifs that are highly conserved within microbial species but are generally

absent from the host. These receptors are the pattern recognition receptors (described

previously in section 2.1.1.1). The cells of the innate immune system have been found

to secrete cytokines that have different targets and function. For example, the cytokines

secreted by the macrophages in the next section include pro-inflammatory cytokines such

as IL− 1, IL− 6, IL− 12, TNF − α, IFN − γ(Janeway et al., 2001).
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The formation of all lymphoid cell types including monocytes, macrophages and den-

dritic cells (DC) have originated from human multi-lymphoid progenitors identified as

a distinct population of Thy − 1neg−lo CD45RA+ cells in the CD34+CD38− stem cell

confinement(Doulatov et al., 2010). Therefore in humans, these myeloid lineages arise

specifically in early lymphoid lineage. Lymph node-resident DCs (LN-DCs) is subdi-

vided into conventional DC (cDC) subsets in mice. The subsets are CD11b and CD8a in

mice whereas in humans they are BDCA1 and BDCA3. Robbins and colleagues hence

showed through clustering analysis that a distinct branch is formed in the leukocyte

family with a conserved transcriptional signature in all LN-DC subsets(Robbins et al.,

2008). The myeloid progenitor cells giving rise to monocytes have macrophages and den-

dritic cells as their subtypes. Several surface markers like CD14, CD40, CD11b. CD64,

CD68 and F4/80(murine) or EMR1(human), Lysozyme M, MAC-1/MAC-3 are found on

macrophages which help researchers to distinguish them from monocytes(Khazen et al.,

2005). Dendritic cells and macrophages share a common origin (the myeloid progenitor)

but macrophages remain fixed in the tissue and DCs migrate towards the site of infec-

tion. Also, macrophages can be identified by the expression of CD64 in humans(Zaba

et al., 2007). Studying the expression profile of human DCs, it has been determined that

MHCII is highly expressed, whereas lineage markers like CD3 (for T cells), CD19/20

(for B cells) and CD56 (for NK cells) are absent and therefore DCs have been further

classified according to these markers(Ziegler-Heitbrock et al., 2010).

2.2.1 Macrophage differentiation and subtypes

During the early stages of inflammation CCR2hiLy6C+ inflammatory and CCRlowLy6C−

resident monocytes differentiate into M1 and M2 macrophages respectively(Auffray et al.,

2007) (see Table 2.1). It is possible that monocytes, macrophages and DC are highly

plastic and can cross-differentiate into different subsets in response to environmental

changes by activating diverse pathways. For example, (i) Ly6C downregulation is asso-

ciated with M2 macrophage function(Arnold et al., 2007), (ii) Ly6C+ monocytes prefer-

entially differentiate to CXC3CR1hi macrophages(Rivollier et al., 2012), (ii) CCR7 and

CCR8 Ly6Cmiddle macrophages differentiate into DCs(Qu et al., 2004), (iv) and anti-

inflammatory M2 macrophage induction can be promoted from inflammatory monocytes

by basophil-derived IL− 4 at sites of inflammation(Egawa et al., 2013). When imma-
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Table 2.1: A summary of phenotypic and functional markers on murine
macrophages and its subsets. The development of each subset, its function, phe-

notypic and functional markers, cytokines and chemokines produced.
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ture macrophages encounter an infection or LPS they undergo activation. A classically-

activated macrophage refers to an M1 macrophage that has been activated in response

to LPS or IFN − γ (Gordon, 2003). Cell activation of macrophages by Th1 cytokines

IFN − γ and TNF − α is type I activation where the cytokines produced by M1

macrophages are IL−1β, IL−12, IL−6, TNF−α. Alternatively, activated macrophages

are also called M2 macrophage which refers to macrophages having undergone cell ac-

tivation in response to IL-4 or glucocorticoids producing cytokines IL-10, IL-1ra and

TGF−β(Ma et al., 2014)(Table 2.1). It has been found that M1 macrophages have more

expression of IL-12 and IL-23 but low IL-10 with immunostimulatory properties for Th1

cell activation. Similarly, M2 macrophages have a higher IL-10 and CD206 expression but

lower levels of IL-12 and IL-23 but express scavenger receptors which M1 macrophages

do not(Martinez et al., 2006). M2 macrophages are bestowed with a pro-antigen present-

ing capacity, promote angiogenesis, tissue remodelling and repair, suppressing immunity

involving Th1 cells. They support the Th2 cell response which is deemed necessary for

encapsulating and killing parasites where the M2 macrophages are activated by IL-4 and

IL-13(Martinez et al., 2008). Receptor expression in M2 macrophages is specific and

higher expression of mannose receptor 1, Dectin-1 and arginase has been found(Gordon

and Taylor, 2005b).

Another category of macrophage known as M4 macrophage (Table 2.1) is induced by

the chemokine CXCL4 from platelets(Gleissner et al., 2010). A separate subset of

macrophages, CD4+ and CD8+ macrophage kill tumour cells by a mechanism involving

NKG 2D receptors, granzymes and perforin(Baba et al., 2006). In the tumour microen-

vironment, different cells provide support to the tumour cells during the transition to

malignancy. The macrophages present in the tumour microenvironment plays a pro-

tumoral role and are called as Tumour Associated Macrophages. The TAMs originate

from the circulating Ly6C+ CCR2+ monocytes, which are derived from bone marrow

hematopoietic stem cells(Liu, Li and Xu, 2014). TAMs in the resting stage express

immune-suppressive cytokines IL-10, phagocyte related receptor Msr2 and C1g, inflam-

matory cytokines CCL2 and CCL5 and chemokines CXCL9, CXCL10, CXCL16 where

the expression is inducible by interferons. During the activation of TAMs by LPS, sev-

eral pro-inflammatory cytokines such as IL − 1β, IL − 6, TNF − α and chemokine

CCL3 was aberrantly expressed but upregulated the expression of immune-suppressive
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cytokines IL−10, TGF−β as well as IFN inducible chemokines CCL5, CXCL9, CXCL10,

CXCL16(Biswas et al., 2006).

2.2.1.1 Alveolar macrophages

Alveolar macrophages defend the body against any pathogens or allergic particles, in-

fectious agents and toxins by preventing their entry through the nasal route (see Table

2.1). They remain in the lung and do not migrate to the lymph nodes, unlike DCs.

Alveolar macrophages secrete a range of cytokines eg: IL − 1β, IL − 6, TNF − α and

chemokines including IL − 8 along with arachidonic metabolites(Haslett, 1999). Alve-

olar macrophages take up inhaled antigens. Polymorphonuclear neutrophils undergo

apoptosis during resolution of inflammation and hence several surface markers like phos-

phatidylserine, loss of sialic acid residues on antigens, and lowered expression of surface

CD16 moieties takes place(Schagat et al., 2001). When these neutrophils undergo phago-

cytosis, production of anti-inflammatory cytokines such as TGF − β and IL− 10 takes

place along with a reduction in the levels of production of pro-inflammatory cytokines

by macrophages(Haslett, 1999).

In one study by Knapp and colleagues, it was observed that in macrophage depleted

mice, there were higher levels of TNF − α, IL − 1β and mouse chemokine KC along

with activated neutrophils in the blood. Alveolar macrophages are the major phagocytic

effector cells in the lung capable of clearing an infection. Depletion of these cells led to

high numbers of apoptotic and necrotic cells which explains the necessity of the alveo-

lar macrophages and the lack of efficient pathogen removal without their presence. An

insult to the lung with LPS induces pulmonary inflammation by inducing necrosis in alve-

olar macrophages leading to pro-IL-1a and neutrophil recruitment in the lung(Dagvadorj

et al., 2015). These CD11c+ alveolar macrophages are the source of IL-23 during LPS

induced ARDS which is TH17 regulator. The alveolar macrophages express a high level

of complement receptor (CR), mannose receptor (MR) and immunoglobulin receptor

(fcR) along with a range of scavenger receptors(Mosser and Edelson, 1984) (see Table

2.1). These macrophages have an active plasma membrane capable of phagocytosis of

both opsonised and non-opsonised particles and have the capacity of recycling the entire

plasma membrane every 30 minutes, therefore, ensuring that they internalize particles,
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pathogens, surfactants by a range of receptor-independent plasma membrane shuffling

and folding(Gordon and Read, 2002).

2.2.2 Dendritic cell differentiation and subtypes

Dendritic cells have long membranous extensions resembling dendrites of nerve cells.

These extend and retract dynamically. Lymph node resident DCs (LN-DCs) is sub-

divided into conventional DC (cDC) subsets in mice as CD11b and CD8a whereas in

humans as BDCA1 and BDCA3 along with plasmacytoid DCs (Table 2.2). Robbins

and colleagues showed through clustering analysis that a distinct branch is formed in the

leukocyte family with a conserved transcriptional signature in all LN-DC subsets(Robbins

et al., 2008). However, whether the same LN-DC subsets are present in lung needs to be

validated. Different subsets of DCs migrate to the lungs during infection. DCs capture

antigen at one place and present in another place. For example, DCs capture antigen

in the lungs and then migrate to the lung draining lymph node and present the anti-

gen(Desch et al., 2014). But, DCs from local draining lymph nodes after a systemic

challenge is immature in mice absent of TNF − α versus in wild type mice. For the

maturation of DCs several signals like TNF − α and LPS are necessary. Outside the

lymph nodes, immature dendritic cells monitor for antigens and capture antigens. Then

they migrate to lymph nodes where they present the antigen to näıve T cells. This pro-

cess is known as an innate adaptive immune response. DCs require an increased level of

CCR7, α6-cadherins, CD40, MMP-2 and/or MMP-9 and decreased level of E-cadherin

for migration(Lutz and Schuler, 2002). However, it is unclear as to how α6-cadherins

assist migration. Immature DCs patrol the interstitial space of peripheral tissue in search

of foreign particles. This patrolling behaviour of immature DCs is slowed down during

their movement for efficient detection and vigilance in antigen capture. This is a result

of myosin IIA disrupting the motor protein gradient(Chabaud et al., 2015). However,

this is beneficial as it enhances the antigen capture ability of the DCs.
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In both mice and humans, dendritic cells express different subsets(Robbins et al., 2008)

each having their own specific function (Table 2.2). Conventional DC (cDC) refers to

mice CD8α(+) cells expressing high levels of CD11c that enters lymph nodes by migrating

from peripheral tissue via a lymphatic route(Shortman and Liu, 2002) (Table 2.2). The

human thymus is the niche of cDC and plasmacytoid DCs among which a cDCs subset

called BDCA3hi DCs, expressing CD13 and low-intermediate levels of CD11c, CLEC9A,

and high levels XCR1, IRF8 and TLR3 and HLA-DR exhibiting to TLR3 a strong stim-

ulatory response which releases high levels of IFN − λ1 and CXCL10(Martinez et al.,

2015). Another subset of DCs, called Double Negative T cells (DNT) with CD4− and

CD8− express memory markers CD44, CD11a, CD103 and FasL with intermediate levels

of TCR/CD3 and has subsets of γδ T cells, CD1α inactive iNKT cells, NK1.1+ NKT-like

cells and NK1.1- DN T cells(Neyt et al., 2015).

As macrophages play a significant role in maintaining inflammation by extending the

extravasion of immature monocytes and neutrophils, allergen-specific cytotoxic T lym-

phocytes also play a key role in airway inflammation. Allergen-specific cytotoxic T

lymphocytes (CTLs) strongly reduce airway inflammation. These CTLS produce IL-4

and IL-13 by the lung Th2 cells. These CTLSs are specific for increased caspase+ DC

production in mediastinal lymph node (MLN) along with fewer CD103+ and CD11b+

DCs in the lung(Daniels et al., 2016). Th2 immunity is triggered by the phosphorylation

of DNA dependent protein kinase which is important in adaptive immunity mediated

by DCs in allergic asthma. Traditional treatments for asthma decrease the number of

DCs in the airway. Since the airway lacks DCs, macrophages may be the key cells in-

volved in regulation and clearance of allergens from the airway during the treatments.

However, this aspect needs investigation. House dust mites induce phosphorylation,

thereby triggering Th2 immunity by a mechanism involving an impaired presentation

of mite antigens and generation of intracellular reactive oxygen species(Mishra et al.,

2015). Another example is syndecan-4 (SDC4) expressed in DCs (Table 2.2) activating

Th2 mediated asthma(Polte et al., 2015).
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Table 2.2: A summary of phenotypic and functional markers on murine
dendritic cells and its subsets. The development of each subset, its function,

phenotypic and functional markers, cytokines and chemokines produced.
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ä
ıv

e
T

ce
ll
s

a
n

d
h

en
ce

a
re

im
m

a
tu

re
.

T
h

ey
in

d
u

ce
T
R
e
g

ce
ll
s

a
n

d
a
re

a
b

le
to

se
n

se
D

N
A

re
le

a
se

d
fr

o
m

a
p

o
p
to

ti
c

ce
ll
s.

C
D

4
5
R

A
,

v
a
ri

a
b

le
C

D
2

a
n

d
C

D
7

a
n

d
m

a
y

h
a
v
e

T
C

R
;

C
D

1
2
3
;

C
D

3
0
3
;

C
D

3
0
4
;

T
L

R
7
,

T
L

R
9
.

C
C

R
5
,
C

C
R

7
,
a
n

d
C

X
C

R
3

ty
p

e-
I

IF
N

s,
T
N
F
−
α

,
a
n

d
IL

-6
I
F
N

−
γ

,p
ro

-
in

fl
a
m

m
a
to

ry
ch

em
o
k
in

e
C

C
L

3
/
m

a
cr

o
p

h
a
g
e

in
fl

a
m

m
a
to

ry
p

ro
-

te
in

(M
IP

)-
1
α

C
o
ll
in

et
a
l.

(2
0
1
3
);

G
il
li
et

et
a
l.

(2
0
0
8
);

C
o
lo

n
n

a
et

a
l.

(2
0
0
4
);

O
g
a
ta

et
a
l.

(2
0
1
3
);

P
en

n
a

et
a
l.

(2
0
0
2
);

L
iu

(2
0
0
5
)

L
a
n

g
er

h
a
n

s
C

el
ls

T
h

ey
m

a
tu

re
fr

o
m

C
D

3
4
+

m
y
el

o
id

ce
ll
s

th
a
t

a
re

C
D

1
4
−

.T
h

ey
ca

n
b

e
fo

u
n

d
in

sk
in

-
d

ra
in

in
g

ly
m

p
h

n
o
d

es
(p

a
ra

co
rt

ex
re

g
io

n
)

T
N
F

−
α

fr
o
m

C
D

3
4
+
C
D

1
4
−

T
ce

ll
s

T
h

ey
m

a
tu

re
a
n

d
w

o
rk

in
a
n
ti

g
en

p
re

se
n
ta

ti
o
n

b
u

t
la

ck
T

L
R

s
h

en
ce

in
d

u
ce

T
R
e
g

ce
ll
s

a
n

d
p

ro
d

u
ce

IL
-

2
2

L
a
n

g
er

in
,

C
D

1
a
,

C
D

3
6
,

A
T

P
a
se

,
F

C
εR

I
IL

-1
5
,

IL
-2

2
m

a
cr

o
p

h
a
g
e-

d
er

iv
ed

ch
em

o
k
in

e/
st

im
-

u
la

te
d

T
ce

ll
ch

em
o
ta

ct
ic

p
ro

-
te

in
(C

C
L

2
2
),

T
h

1
/
T

h
2

p
ro

fi
le

C
o
ll
in

et
a
l.

(2
0
1
3
);

B
a
n

ch
er

ea
u

et
a
l.

(2
0
1
2
);

R
o
ss

et
a
l.

(1
9
9
9
);

It
o

et
a
l.

(1
9
9
9
);

d
e

J
o
n

g
et

a
l.

(2
0
1
0
)

In
fl

a
m

m
a
to

ry
D

C
s

D
er

iv
ed

fr
o
m

C
D

1
4
+

b
lo

o
d

m
o
n

o
cy

te
s

G
M

-C
S

F
a
n

d
IL

-4
D

iff
er

en
t

in
fl

a
m

m
a
to

ry
en

-
v
ir

o
n

m
en

t
g
en

er
a
te

s
a

d
i-

v
er

se
ra

n
g
e

o
f

m
o
n

o
cy

te
d

er
iv

ed
D

C
s.

T
h

ey
st

im
u

-
la

te
n

ä
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2.3 Agents targetting inflammatory pathways

Th2 inflammation involves the activation of effector responses evolved against multicellu-

lar parasites such as helminths. Th2 cells provide help to B cells for antibody production,

especially for IgE class switching. Two main cytokines (IL− 4 and IL− 13) character-

ize Th2 inflammation. IL − 4 differentiates näıve CD4+ T cells to Th2 phenotype and

participates in the chemotaxis of eosinophils and class switching of IgE. IL − 13 also

influences eosinophil chemotaxis and class switching of IgE but also mediates goblet cell

metaplasia and smooth muscle contractility(Gandhi et al., 2017). Therefore, these two

cytokines are prime targets in inflammatory pathways. Several humanized monoclonal

antibodies have been made to target these cytokines but are discontinued either because

the primary goals are met or due to failure to inhibit the cytokines towards activation of

the inflammatory pathways. Summary of the antibodies directed towards the blocking

of IL−4 and IL−13 are reviewed elsewhere(Gandhi et al., 2017). Out of all the trialled

antibodies, dupilumab and lebrikizumab were able to decrease the chemokine CCL17

thereby preventing the induction and chemotaxis of T cells(Wenzel et al., 2013; Corren

et al., 2011). These biologics also lowered the total amount of IgE. A single cytokine

blocker, tralokinumab inhibits IL − 13. Tralokinumab proved to be successful at two

high doses after twelve weeks of treatment(Popovic et al., 2017). However, blocking one

cytokine was not beneficial in comparison to dupilumab which targeted both L− 4 and

IL−13. Other anti-IL−13 antibodies such as anrukinzumab and anti-IL−4 antibodies

such as pascolizumab, pitakinra have been trialled yet dupilumab is efficient in reducing

the symptoms of Th2 inflammation in asthma(Bagnasco et al., 2016). Since inflamma-

tion is not only Th2 based therefore we focus on to another type of inflammation which

involves neutrophils.

Another type of inflammation, TH17-mediated, is responsible for the recruitment of

neutrophils at the site of infection. Th17-mediated inflammation aims at extracellular

pathogens for an adaptive immune response. TH17 cells are responsible for the produc-

tion of IL− 17 family of cytokines but do not express IL− 4. Pro-inflammatory effects

of IL-17 include accumulation of neutrophils and proteolytic enzymes such as neutrophil

elastase and MMP9(Linden and Dahlen, 2014). Type 3 ILCs are important for airway

neutrophilia as they express IL-17A during ALI induced by LPS(Roos and Stampfli,

2017). Earlier studies by Roos and colleagues showed that the il17a gene was observed
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only in alveolar macrophages of smoke-exposed mice(Roos and Stampfli, 2017). Further-

more, increased expression of submucosal IL17A in lung tissue of COPD patients was

observed. In asthma, IL−17A not only recruits’ neutrophils and releases their proteases

but is also involved in negative feedback on the release of IL − 23 from macrophages,

therefore, constituting a Th17 regulator. This prevents excess signalling and maintains

an efficient antibacterial host defence without tissue damage(Linden and Dahlen, 2014).

These observations suggest that the cytokine has a key role in the pathobiology of COPD,

making it an important target for treatment. To date, many anti-IL−17 inhibitors have

been developed and successfully used in other inflammatory diseases such as brodalumab

(AMG827) for psoriasis. One of such anti-IL − 17 inhibitors, CNTO6785 was used to

treat COPD as part of a phase 2 trial. Unfortunately, there was no difference in the effi-

cacy endpoint in comparison to the placebo, inferring that CNTO6785 is not a successful

therapeutic target for COPD(Eich et al., 2017). Very recently, a new target for reducing

airway inflammation has been found. G-CSF has been found to attenuate airway inflam-

mation and systemic inflammation along with the reduction in lung tissue destruction in

a COPD model(Tsantikos et al., 2018). Therefore, new humanized antibodies targeting

these cytokines and biomarker may be beneficial as a therapeutic target against asthma

and COPD.

2.4 New treatment strategies for pulmonary inflammation

Current treatments for ARDS and COPD include the use of bronchodilators and corti-

costeroids. In adults, corticosteroids are supplemented with a low dose of beta-2-agonist.

However, the use of corticosteroids has resulted in resistance and hence there is a need to

develop new anti-inflammatories. Despite no single asthma gene for a target, proteases

have been identified to play a key role(Reed and Kita, 2004). Proteases such as serine

proteases and metalloproteases can induce IL-32 and convert IL-1 and IL-18 zymogens

to their active form to promote proinflammatory response(Safavi and Farjami, 2011).

Other proteases such as cathepsins stimulate IFN − γ production. Therefore, one of

the strategies in combating inflammation in respiratory disease is by the use of protease

inhibitors(Lin et al., 2014). The serine protease inhibitors act by down-regulating Th2

cytokines and Th17 cell function and inhibiting NF − κβ activation in the lung. Upon

encountering LPS, DCs upregulate the production of protease inhibitors such as serine
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protease inhibitor 6 (Spi6)(Andrew et al., 2008). The protease inhibitors are necessary

to protect the DCs from contact-mediated cytotoxicity of the CD8 T lymphocytes(Lovo

et al., 2012). Furthermore, thymic stromal lymphopoietin (TSLP) is a protein of the

cytokine family involved in maturation of T lymphocytes through activation of antigen

presenting cells(He and Geha, 2010; Noh et al., 2016; Reche et al., 2001). TSLP is secreted

by epithelial cells and enhances the maturation of CD11c+ DCs(Reche et al., 2001). In

the thymus, TSLP activates both CD123+ plasmacytoid and CD11c+ myeloid DCs lead-

ing to regulatory T cell production(Hanabuchi et al., 2010). Overexpression of TSLP

in the lung leads to severe airway inflammation and airway hyperresponsiveness(Zhou

et al., 2005). TSLP is targeted by the antibody Tezepelumab(Corren et al., 2017). It

reduced exacerbations in patients with asthma. For a detailed account of TSLP and its

role in asthma, see(West et al., 2012). One of the treatment strategies involves the use of

LPS inhibitors and statins. But they are not sufficient to down-regulate inflammation.

2.4.1 LPS inhibitors

However, there is no single therapeutic approach capable of culminating LPS induced

inflammation completely. E5564 has shown great potential in vivo by blocking LPS

induced cytokines and blocks LPS itself. The molecule has been trialled in patients

with endotoxemia and has shown successful results in inhibiting all the effects of LPS.

However, the immunological tolerance side is not investigated and therefore risks remain

in the clinical use of the molecule. Another compound which has been found successful in

blocking LPS is TAK-242 in vitro. The molecule would need further investigation before

clinical use. Furthermore, treatments targeted at TNF − α, such as rhynchophilline are

available. However, rhynchophilline increases morbidity in mice due to caecal ligation.

Other examples include berberine with yohimbine which can modulate the host immune

response during endotoxemia in humans. For details on LPS inhibitors, see(Wang et al.,

2009).

2.4.2 Statins as anti-inflammatories

Use of statins is another therapeutic approach. Simvastatin has been successfully used

in a mouse model of allergic airways disease(Liu, Suh, Yang, Lee, Park and Shin, 2014a).
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Statins can reduce expression of activation markers on DCs upon LPS induced matu-

ration(Yilmaz et al., 2006). Therefore, behaving as a potential well-characterised anti-

inflammatory agent. Other key treatments which have come to the limelight include the

use of anti-IgE(omalizumab) and anti-IL-5(mepolizumab) for treatment of lung inflam-

mation especially asthma(Sy and Siracusa, 2016). Omalizumab acts by reducing FcεRI

expression on basophils and mast cells as well as preventing the binding of IgE to FcεRI

receptors. The effect of lowered FcεRI was observed on DCs which affected their ability

to prime näıve T cells towards a Th2 pathway and secretion of Th2 cytokines(Prussin

et al., 2003) thus preventing inflammation(Schroeder et al., 2009). Treatments with

omalizumab result in reduced sputum along with decreased epithelial and subepithelial

cells. Other cells such as sub-mucosal B cells and CD4+, CD8+ T lymphocytes are

also reduced(Samitas et al., 2015). Treatment with humanized antibodies is not lim-

ited to anti-IgE but several other targets such as anti-IL − 4, TNF − α and IL − 13.

Another approach is to directly deliver anti-inflammatory mediators (IL− 10, IL− 12,

IFN−γ) or enhance their rate of production. Unconventional treatments include the use

of anti-oxidants shown to have novel anti-inflammatory effects(Braskett and Riedl, 2010).

But none of the currently available treatments gives a greatly improved management

of the disease. Nor are they capable of long-term sustainable treatment with fewer side-

effects. Very recently, cytokine-induced killer cells (CIK cells) has been used to treat al-

lergic airway inflammation (conventionally used in cancer treatment(Pluangnooch et al.,

2017)). These cells could be used for personalised treatments against airway inflam-

mation but need further investigation of the mechanisms involved. The future relies

on the development of new anti-inflammatories to be delivered in the lung. However,

combinations of multiple pre-clinical therapies can be used to bridge the gap in devel-

opment of newer anti-inflammatories against LPS induced airway inflammation. The

new anti-inflammatories should be capable of providing both an immediate and a sus-

taining anti-inflammatory effect. One of the possible ways of treatment is by pulmonary

nanomedicine.
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2.5 Pulmonary Nanomedicine: approaches to delivery and

therapeutics

The recent development of surface functionalised nanoparticles have been exploited to

conjugate drugs, anti-inflammatories, proteins and other biologically relevant therapeu-

tic molecules. There are several ways by which the essential anti-inflammatories can be

attached or conjugated to the nanoparticles(Chakraborty et al., 2017). It is known that

inert 50 nm polystyrene nanoparticles conjugated with a neutral amino acid can inhibit

allergic airway inflammation. These particles are immunosuppressive and are taken up

by the antigen presenting cells while the cell viability is unaffected(Hardy et al., 2012).

Nanoparticles can be used to conjugate biologically useful molecules such as therapeutic

antibodies, proteins and amino acids. Very recently, amino acid conjugated nanoparticles

have gained interest due to their biocompatibility and ease of conjugation. Conjugated

nanoparticle carrying a novel molecule of interest can provide a long-lasting response

in the lung. This dimension of therapeutics points us to the use of anti-inflammatories

providing a sustaining effect in the treatment of inflammation in the lung. Nanoparticles

intended for use in vascular delivery have different properties which enable them to be

used as anti-inflammatories.

Anti-inflammatories for vascular delivery utilize different types of nano-carriers to carry

the drug inside the blood vessels. Nano-carriers include liposomes, dendrimers, antibody-

and-polymer drug conjugates, solid lipid and polymeric nanoparticles(Howard et al.,

2014). Nanoparticles need to be neutral and under the size of 300 nm for delivery to the

vasculature. Recent studies have shown that the hydrodynamic size of the particles is

crucial for vascular delivery. Nonspherical carriers have more retention time than spher-

ical counterparts in blood flow. The targets of these nano-carriers include sub-micron

particles in blood and endothelial cells for anti-inflammatory delivery. Nanoencapsula-

tion of anti-oxidant enzymes followed by vascular deliver is also possible. Endothelial

cells have many uptake mechanisms for anti-inflammatories such as clathrin mediated,

caveolae-mediated and non-canonical endocytosis and pinocytosis. Nano-carriers are gen-

erally taken up by the endocytic pathway where the nano-carriers target cell adhesion

molecules such as E-selectin and VCAM-1. Antibodies binding to such cell adhesion

molecules boost anti-oxidant binding, uptake and protective effects in animal models of
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LPS-induced inflammation. Nano-carriers on one side are novel agents capable of deliv-

ering anti-inflammatories intra-cellularly and on the other hand they accumulate in the

microvasculature, kidneys and reticuloendothelial system. For a detailed understanding

of nano-carriers and their role in vascular delivery, see(Howard et al., 2014). There-

fore, cell adhesion molecules are important to study the behaviour of nano-carriers for

drug-delivery.

2.5.1 Significance of cell adhesion molecules for nano-carriers

Since cell adhesion molecules are important for nano-carriers to be endocytosed by the

cells, numerous studies have demonstrated the accumulation of biotherapeutics in the

pulmonary vasculature. In one such example, antioxidant molecules such as catalase

and superoxide dismutase were conjugated to anti-PECAM-1(a cell adhesion molecule)

antibody for targeting ROS to alleviate vascular oxidative stress and endothelial inflam-

mation(Han et al., 2011; Shuvaev et al., 2011). In another study, dexamethasone-loaded

lysozyme dextran nanogels having affinity for the cell adhesion molecule ICAM-1 was

used to ameliorate acute pulmonary inflammation caused by LPS induced ALI(Coll Fer-

rer et al., 2014). Therefore, target specific delivery is possible using nano-carriers carrying

drugs for delivery.

In the treatment of respiratory diseases, the lung provides a large surface area along

with a low enzyme-controlled environment so that drugs can be delivered for systemic

therapies. However, multiple barriers such as humidity, mucociliary clearance and alve-

olar macrophages affect the efficacy of drugs(Labiris and Dolovich, 2003). Pulmonary

delivery prevents the degradation of the active pharmacophore in the gastro-intestinal

tract and the first pass metabolism in the liver. Targeted delivery of drugs into the blood

circulating through the lung is complicated due to several anatomical and physiological

challenges such as a thin semipermeable epithelium and an extremely thin alveolar-

capillary barrier. The size/lumen diameter of the airways can be a challenge as well.

Therefore, many molecules tend to deposit into the trachea or the large airways and are

unable to reach deep into the alveoli. To overcome such challenges, nanomedicines are

the ideal solution for delivery. Exosomes are an excellent example for encapsulation and

delivery of anti-inflammatory agents. Exosome encapsulating curcumin has been found

to be effective in protecting against LPS induced septic shock(Sun et al., 2010). In one
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study, nano-carriers were able to distinguish between inflamed versus healthy tissue. The

nano-carriers targeted the cell adhesion molecule PECAM present in the healthy lung

but absent from the inflamed lung due to hypoxic vasoconstriction. This lead to the

conclusion that intra-organ region-specific delivery of drugs is possible, overcoming local

abnormalities of perfusion and permeability.

2.6 An introduction to conjugated nanoparticles

Historically nanoparticles were studied because of their unique chemical and physical

properties. They have been classified depending on shape as rods, shells, dots, sheets

and composites(Chakraborty et al., 2015; Paul and Robeson, 2008; Pérez-Juste et al.,

2005; Wang et al., 2014; Zhongshi et al., 2014). The use of nanoparticles is revolution-

izing many industries such as paints and solar cells but is yet to be fully exploited for

theranostic applications. Concerns about their safety, and optimizing stable attachment

of biologically relevant molecules to these nanoparticles, are limiting rapid progress. One

of the most important problems associated with the use of some commonly used pristine

metal nanoparticles is the production of reactive oxygen species (ROS) from the inorganic

core(Gholami et al., 2015; Inbaraj et al., 2011). Specifically, iron oxide nanoparticles form

ROS which leads to lipid peroxidation and DNA damage. Nanoparticle toxicity can be

sometimes further related to particle size. For example, metallic bulk gold is inert, but at

the nano-scale range (<25 nm) it exhibits catalytic properties useful for Carbon monox-

ide oxidation(Rodriguez et al., 2014). In addition due to their toxicity to cancer cells in

vitro(Pan et al., 2007), gold nanoparticles have been used to treat cancer cells by apop-

tosis(Selim ME, 2012). However, the toxic effect of the particles is not strictly limited to

cancer cells, but can also affect other non-malignant cells, in some cases causing damage

to tissue(Abdelhalim, 2011). For example, exposure to carbon nanotubes(Inoue et al.,

2009, 2010) and carbon black(Alessandrini et al., 2006; De Haar et al., 2006) nanopar-

ticles <100 nm in the lung exacerbates asthma. Also fine sized particles of TiO2(Cai

et al., 2011), gold(Pan et al., 2007; Selim ME, 2012) and SiO2(Ariano et al., 2011) in

the size range 100 nm-2500 nm show size-dependent toxicity for mammalian cell lines.

Particle size is also important for cellular uptake. Antigen presenting cells (APC) of

the immune system, and specifically dendritic cells (DC) and macrophages, are highly
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capable of taking up nanoparticles and microparticles from 5nm-10,000 nm(Fifis et al.,

2004; Hardy et al., 2012, 2013; Wilson et al., 2015; Xiang et al., 2012, 2006). Other

physical aspects like negative charge(He et al., 2010; Verma and Stellacci, 2010), peptide

conjugation(Zhao et al., 2002) and alternating hydrophilic-hydrophobic ligands, alter

nanoparticle uptake by diverse host cell types. Aside from influencing cellular uptake,

particle size also affects their biodistribution into major organs such as liver, kidney,

spleen and lung. Indeed particles with size less than 5 nm are normally cleared by the

kidney(Soo Choi et al., 2007), while larger particles around usually 50-100 nm end up

in the liver(Braet et al., 2007) and particles over 2000 nm tend to accumulate in the

spleen(Blanco et al., 2015). Furthermore micrometre-sized particles (2-5 µm) end up in

lung capillaries(Liu, Li and Xu, 2014; McVey et al., 2012; Takahashi and Kubo, 2014)

and smaller particles (<100 nm) end up in kidney although coatings on particles could

hinder the excretion process(Almeida et al., 2011). Other than particle size, another crit-

ical factor for nanoparticles is their stability inside the body. Since nanoparticles are in

the colloidal range, their stability is dependent on a range of factors with zeta-potential

being the most important. An efficient nanoparticle in vivo should not aggregate with

serum proteins and antibodies in the blood(Mohr et al., 2014; Moore et al., 2015), evade

uptake by antigen presenting cells(Hardy et al., 2012) and finally there should be enough

circulation time for the particles to move inside the body(Jin-Wook et al., 2010). Coat-

ings with biocompatible polymers (such as dextran), Poly Ethylene Glycol(PEG) and

amino acids can improve their circulation and also prevent them from aggregating in-

side the body. Therefore, it is not enough to limit the use of nanoparticles in-vitro in

physiological pH but to evaluate their stability a dynamic media susceptible to rapid pH

changes is necessary.

2.6.1 Synthesis of conjugated nanoparticles

Functional groups such as amino(Tiwari et al., 2011), methyl(Larson et al., 2012; Ti-

wari et al., 2011), carboxy(Wangoo et al., 2008), citrate(Barton et al., 2014) and guani-

dine(Ballester et al., 2015) are used to functionalize nanoparticles to impart special

functional properties. The single amino acids offer both an amino and a carboxy-

terminal for conjugation of important biomolecules. They also provide higher bio-

compatibility(Inbaraj et al., 2011) and are designed to overcome some of the challenges
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associated with size, bio-distribution, interaction with immune cells and induction of in-

flammation(Inbaraj et al., 2011; Pal et al., 2011). The conjugation paradigm uses chemi-

cal processes analogous to peptide conjugation utilizing 1-Ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC)(Fischer, 2010) chemistry or directly with the carboxyl group. The

reaction involves an exposed carboxyl group on the surface of the nanoparticle to which

EDC reacts to form an ester. This ester intermediate is then attacked by a nucleophile,

which is the amino acid to be conjugated. The amino acid is conjugated at the amino

terminal and carboxyl group exposed at the surface. Other than using EDC, a spacer

molecule of the silane family like (3-Glycidyloxypropyl) trimethoxysilane(GPTMS)(Yan-

Ru Zhang and Shi-Li, 2013; Yan-Ru Zhang and Sheng-Qing, 2014) or (3-Aminopropyl)

trimethoxysilane can be used to conjugate amino acids. Direct conjugation of amino

acids to nanoparticles such as iron oxide(Barick and Hassan, 2012) has been demon-

strated by conjugating the amino acid at the time of the nanoparticle formation at a

higher reducing temperature.

The amino acid-conjugated nanoparticles are promising as theranostic agents. To the

best of our knowledge, they have been used in fabricating biosensors, and for applica-

tions such as in-vivo imaging as contrast agents, drug delivery, anti-microbial agents and

cancer therapy. However, these particles are still vastly underutilized clinically. There

are multiple reasons behind their limited usage. One of them being the lack of knowledge

on their biodistribution and excretion, as demonstrated by the heavy metal conjugated

with amino acids(Han et al., 2016) and the MR contrasting agents(Lee et al., 2010a).

The high surface area to volume rat-0io of amino acid conjugated nanoparticles offers

cheap and efficient surface functionalization alternatives to peptides.

2.7 Factors affecting amino acid conjugated nanoparticle

cytotoxicity

Cytotoxicity is the key component that needs to be addressed for translating nanoparti-

cles from the lab to the clinic and their effect on human cells is a vast area of research.

An important aspect underlying the toxicity of some nanomaterials is the generation

of reactive oxygen species (ROS). The overproduction of ROS, mediated by Fenton’s
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reaction, leads to oxidative stress which in turn causes dysregulation in the physiologi-

cal redox potentials and ultimately progresses into lipid peroxidation, protein oxidation,

and DNA damage. Glutamate is known to prevent oxidative stress(Zabot et al., 2014)

and glutamate modified iron oxide nanoparticles(Inbaraj et al., 2011) has displayed high

biocompatibility at high concentrations of 1000 µg/ml on human skin fibroblast. Their

counterparts, the pristine iron oxide had displayed higher toxicity due to ROS forma-

tion. The glutamate capped iron oxide is, therefore, beneficial over the pristine iron

oxide nanoparticles in abating the tendency to produce reactive oxygen species.

Gold nanoparticles modified with leucine(Berghian-Grosan et al., 2014) and lysine have

less cytotoxicity in comparison to gold nanoparticles modified with glycine and aspartic

acid (Figure 2.3E), at a concentration 50 µg/ml (Cai and Yao, 2014). This is contradic-

tory to our preliminary knowledge. We have found glycine modified 50 nm polystyrene

particles to be immunosuppressive(Hardy et al., 2012) when taken up by antigen present-

ing cells whilst their viability remains unaffected. Therefore, the cytotoxicity is related

to the particle core and the size of gold nanoparticles ( 25 nm). At the size range of less

than 40 nm, gold nanoparticles have been reported to show a significant amount of cyto-

toxicity(Pan et al., 2007; Selim ME, 2012; Yen et al., 2009). Pristine gold nanoparticles

cause rapid cell death by necrosis(Pan et al., 2007) and hence toxic. Another process

may include ROS production, activating stress-dependent signalling pathways(Misawa

and Takahashi, 2011). Comparing glycine with histidine and cysteine coated to silver

nanoparticles(Shi et al., 2014), it was observed that glycine coated particles were not

toxic. Coating with histidine and cysteine, however, favoured cell viability. Over time

the histidine coated silver nanoparticles tended to cluster together increasing the hy-

drodynamic size. It is known that larger particles are rarely taken up by the cells and

therefore may have reduced toxicity(Kim et al., 2012).
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Figure 2.3: Comparison of cytotoxicity of Iron oxide and gold nanoparticles
coated with different amino acids. Gold shows higher cytotoxicity in comparison
to magnetic iron oxide nanoparticles. A WST-8 assay of cell viability was used to
determine the cytotoxicity of the glycine (A, B) and lysine (C, D) coated magnetic
nanoparticles on bone marrow mesenchymal stem cells. Both the particles induced
proliferation of cells rather than death at 1 mg/ml concentration and hence are more
biocompatible. At 2 mg/ml, glycine coated particles showed normal cell viability (A)
which was more for the lysine coated particles (C). The nuclear morphology remained
the same for both the particles even after 48 hours of incubation (B, D). But similar
glycine and lysine coated gold nanoparticles (E) had less cell viability and did not
have any proliferative effect on the cancerous KB cells. Reproduced with permission
from (Cai and Yao, 2014; Yu et al., 2016) copyright 2014 Elsevier B.V. and The Royal

Society of Chemistry 2016.
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Particles less than 5 nm tend to accumulate in the nucleus(Huang et al., 2012) whereas

particles in the size range 15-40 nm restrict themselves to the cytoplasm(Oh et al.,

2011). The ideal size for initial maximum uptake by cells such as dendritic cells (DC) is

50 nm(Hardy et al., 2012), which has been observed with gold(Chithrani et al., 2006), sil-

ver(Kettler et al., n.d.) and polystyrene(Hardy et al., 2012) nanoparticles. However, the

difference in shape of the non-spherical particles can have a negative impact and may in-

crease the toxicity of gold nanoparticles along with the size(Berghian-Grosan et al., 2014).

Presence of sulfhydryl (–SH) group on cysteine may capture Ag+ ions released, reducing

the chance of cytotoxicity. Silica nanoparticles modified with arginine(Shahabi et al.,

2015) are found to be cytotoxic at a concentration of 200 mg/ml. Inhibition of DNA

replication and particle size leads to cytotoxicity in bone cells, whereas a relatively shorter

doubling time of MG63 cells makes them more biocompatible with the number of parti-

cles per cell being very low to induce any cytotoxic effect. Such particles may not have

much impact on cancer cell lines which have very high doubling time but could have

much observable effect on other cells such as fibroblasts. Furthermore, other cell types

like mesenchymal stem cells are very sensitive to culture conditions and are prone to

differentiate quickly upon encountering a trigger stimulus such as transient low pH stres-

sor. Interestingly, in context of the cell cycle, the addition of glycine and lysine-modified

iron oxide nanoparticles(Yu et al., 2016) at 1 µg/ml, increases the population of cells in

S-phase thus promoting the proliferation of mesenchymal stem cells (Figure 2.3B, D).

Therefore, these particles show less cytotoxicity in comparison to silica nanoparticles in

the earlier study(Shahabi et al., 2015). Low levels of cytotoxicity by amino acid modified

iron oxide nanoparticles is not limited to mesenchymal stem cells (Figure 2.3A, C) but is

extended to many different cells as discussed in further sections below. In another study,

selenium nanoparticles modified with several amino acids(Feng et al., 2014) like lysine,

valine, and aspartic acid had shown lower cytotoxicity to human kidney cells (HEK-293)

which can be accounted for the fact that these particles have a large size of 120 nm and

tend to agglomerate over time.
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2.8 Amino acid conjugated nanoparticles for bioimaging

Fluorescent molecular probes are highly useful in applications such as flow cytometry,

immunofluorescence staining, and live cell imaging. These techniques utilize the prop-

erty of the molecules to fluoresce selectively when excited by a certain wavelength of light.

Carbon dots have the property to fluoresce when excited by light of a specific wave-

length. The emitted light is dependent on the size of the particles. However, the carbon

dots show cytotoxicity(Wang et al., 2011) towards cells, which inhibits their use as fluo-

rescent probes for cell imaging. But recently it was found that carbon dots synthesized

using citric acid with amino acids coating such as isoleucine, valine and glycine can have

reduced cytotoxicity and have been used as fluorescent bi-colour probes(Sarkar et al.,

2015). The authors demonstrated that phosphorous doping induces a red shift, there-

fore, having a bi-colour probe and that the fluorescent probes have reduced cytotoxicity

in HeLa cells. HeLa cells are cancer cells characterized by their fast proliferation unlike

other mammalian non-cancerous cell lines such as fibroblasts. It is, therefore, necessary

to observe the effect of such particles on a wide range of cells before drawing a conclu-

sion on the cytotoxicity of such ultra-fine particles. This drawback had been addressed

partially by Arslan and colleagues upon studying the cytotoxicity of cysteine-capped

zinc oxide quantum dots in HEK293 cells(Arslan et al., 2013).The size of the zinc oxide

QDs was around 100 nm whereas the carbon quantum dots were 5 nm(Shahabi et al.,

2015)(Figure 2.4a-f). Therefore, the smaller size particles appear to be more cytotoxic

to cells irrespective of their amino acid coating.
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Figure 2.4: Innate fluorescence of amino acid quantum dots and T2 weighted
Magnetic Resonance Imaging. (a-f)Innate fluorescence of amino acid coated car-
bon dots on HeLa cells. The blue coloured cells are the amino acid coated carbon dots
with amino acids isoleucine (a), glycine (c) and valine.(e). The green fluorescence is
caused by the doping of phosphorous on to the amino acid coated carbon dots with
amino acids isoleucine (b), glycine (d) and valine (f). Reproduced with permission
from (Sarkar et al., 2015), copyright 2015 The Royal Society of Chemistry. (g)In-vivo
T2 weighted Magnetic Resonance image of amino acid coated iron oxide nanoparticle
as a contrasting agent. Images acquired post-injection of 15 mg Fe/kg of poly-aspartic
acid coated iron oxide nanoparticles. The particles demonstrated high colloidal stability
and were found to be taken up by CT26 tumour cells (at the back of mice) having a low
pH environment represented in the image by the arrow. Reproduced with permission

from (Lee et al., 2010a), copyright 2010 The Royal Society of Chemistry..
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Fluorescent imaging is not limited to cells but has been explored in-vivo as well. In a

separate study it was shown that amino acids such as aspartic acid, serine and lysine

were coated on to upconversion-luminescent nanoparticles made of lanthanides lutetium

co-doped with either Ytterbium, Gadolinium or Erbium(Han et al., 2016). The authors

demonstrated the accumulation of the particles in the liver and the spleen after 5 hours of

the base of tail injection, but have not yet studied their cytotoxicity. Metallic nanoparti-

cles are widely known to be cytotoxic(Berghian-Grosan et al., 2014; Pujalte et al., 2011)

and heavy metals used for the process are not excreted by the body, leading to depo-

sition and posing serious effects to the organ. These metals cannot be metabolized by

the body(Palasz and Czekaj, 2000; Saturnino et al., 2013) and degradation is not possi-

ble(Palasz and Czekaj, 2000). Therefore, tracing the excretion route is essential before

use of the particles in in-vivo imaging.

2.8.1 Magnetic Resonance Imaging using amino-acid conjugated nanopar-

ticles

The biodegradability of iron oxide nanoparticles(Mazuel et al., 2016) has increased their

potential for use as MRI agents. Amino acid coated iron oxide nanoparticles have been

used for imaging of tumours and soft tissue. Tumour cells and normal cells both are

overall negatively charged due to the presence of phospholipids like phosphatidylserine

on the cell membrane. Poly amino acids (such as poly aspartic acid) serve as a coating

material for iron oxide nanoparticles and have high colloidal stability in terms of positive

zeta potential. Despite a positive zeta potential, the negatively charged tumour cells

uptake particles at a low pH environment(Lee et al., 2010a). The particles remained in

the tumour cells for 3 days without deterioration of the contrasting signal (Figure 2.4g),

hence bio-distribution and degradation of such particles would be low. Although the

dose of the particles is below lethal concentration, they may have chronic cytotoxicity if

not degraded or excreted from the patient’s body. Therefore, it is essential to monitor

the degradation of such a particle in the body to avoid accumulation in tissues.

A similar particle developed by Yang and colleagues targeted breast cancer cells with

anti- HER/neu2 antibody conjugated onto the surface of iron oxide coated poly-aspartic

acid nanoparticle(Yang et al., 2010a). The authors claimed that the particles have neg-

ligible cytotoxicity even at concentrations 1 mg/ml. Due to the presence of iron core,
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MR imaging was possible and served as an excellent contrast agent. The only concern

would be the size and particle roughness(Vaine et al., 2013). It has been observed that

the particle texture is important in eliciting an immune response which will be discussed

in detail in the next section.

Other than tumours, poly-aspartic acid coated nanoparticles have been found useful

as MR contrasting agents in liver imaging where the core is manganese oxide instead

of iron oxide(Xing et al., 2011). The authors demonstrated an increase in the hydrody-

namic size of the particles due to the adsorption of serum proteins, which is a key factor

in every nanoparticle imaging probes. But the particles are stable colloids as indicated

by their negative zeta potential which is also beneficial for the fact that the particles

would have low cytotoxicity to the liver cells. To enhance the imaging, bimodal particles

with magnetic effect as well as fluorescent properties have been developed(Davide et al.,

2013). Such particles have a fluorophore conjugated to an amino acid coating which is on

a metal surface the metal being gold or iron oxide nanoparticles. The only disadvantage

of these particles would be non-specific signalling due to cleavage of the fluorophore from

the particle and hence innate fluorescent properties of particles.

2.9 Effect of nanoparticles on host immunity with empha-

sis on conjugated nanoparticles

Non-surface functionalized silica particles ranging in size from 30-100 nm have been

found to promote lung inflammation mediated by inflammasome activation and IL− 1β

secretion(Kusaka et al., 2014), potentially induced by activation of the MAPK/Nrf2 and

NF−κβ signalling pathways(Guo et al., 2015). By contrast, amino acid coated nanopar-

ticles show little toxicity, and in some cases, are even able to actively prevent damaging

inflammatory responses. This has been demonstrated for 50 nm glycine coated nanopar-

ticles, which inhibit acute airway inflammation when taken up by lung dendritic cells

(DC)(Hardy et al., 2012). Size is a consideration, and bigger glycine coated 500 nm

polystyrene nanoparticles are taken up preferentially by macrophages in the lung which

do not promote the same strong anti-inflammatory effect(Hardy et al., 2012, 2013)(Fig-

ure 2.1).
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At the cellular levels nanoparticle characteristics also highly influence uptake which can

be mediated by multiple endocytic mechanisms such as energy-dependent endocytosis

through the endosomes and lysosomes (reviewed in (Kim et al., 2006)). Another exam-

ple of the effects of nanoparticles on the immune system is the use of poly-glutamic acid

nanoparticles encapsulating HIV-1 antigen use as vaccines(Akagi et al., 2007) which can

lead to DC maturation(Kim et al., 2010b), and promote the induction of cytotoxic T

cell responses. In addition, the cytotoxicity of nanoparticles is influenced by the charge

of their coating and the above-mentioned examples of amino acid coated nanoparticle

formulations are all negatively charged. On the other hand, although positively charged

particles tend to show increased cytotoxicity(Frohlich, 2012), in some cases these have

still been successfully used as vaccine delivery systems(Thomas et al., 2009). Therefore,

the issue of charge needs further investigation and a deeper understanding of the specific

biological context in which these particles can be used.

So far, we have observed that the amino acid coated nanoparticles are diverse, with exist-

ing variations across multiple parameters such as shape, charge, type of amino acid conju-

gated and route of administration (Table 3). Consequently, these nanoparticles are taken

up by a wide variety of organs including spleen(Blanco et al., 2015), lung(Liu, Li and Xu,

2014; McVey et al., 2012; Takahashi and Kubo, 2014) and liver(Braet et al., 2007). It is

of interest that some amino acid functionalized particles do have the capacity to localize

to multiple organs supporting their potential as MR contrast agents(Sadeghiani et al.,

2005). Therefore, nanoparticle size matters when it comes to biodistribution into differ-

ent organs. However, charge and shape are important aspects to consider as well. The

shape of a nanoparticle highly influences its blood vessel fluid dynamics when in circula-

tion. For instance, non-spherical nanoparticles tend to exhibit much better tumbling and

lateral drifting characteristics in comparison with their spherical counterparts(Decuzzi

et al., 2008). Therefore, non-spherical nanoparticles have an increased chance of parti-

cle adherence, binding to the endothelial cell wall and potential extravasation. Charge

affects nanoparticles too, by influencing the protein adsorption(Blanco et al., 2015; Sap-

tarshi et al., 2013) and positively charged nanoparticles undergo rapid clearance from

the circulation in comparison with their negatively charged counterparts(Arvizo et al.,

2011). Indeed, when injecting differently charged gold nanoparticles either intraperi-

toneal or intravenous in mice, Arvizo and colleagues observed high plasma clearance
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for the positive and negatively charged particles. However the neutral and zwitteri-

onic particles exhibited low plasma clearance well after 24h measurements(Arvizo et al.,

2011). Overall, finding the optimal combination of nanoparticle properties to use in

different medical areas is a challenging task but could lead to exciting new applications

in the field of nanoparticle-based drug delivery. For further elucidation, the properties

of nanoparticles and their heavy influence on pharmacokinetics and biodistribution has

been extensively reviewed by (Blanco et al., 2015). Generally, successfully conjugating

antibodies or other specific cell targeting modalities to nanoparticles is needed to support

a range of biomedical applications including pulmonary delivery.

2.10 Conjugated nanoparticles as immunomodulators

A deeper insight into how antigen presenting cells work in response to endotoxin and

other inflammatory signals would mean newer drug targets and therefore a better way

to look at airways inflammation. With the focus shifting towards the immune side of the

airway inflammation, new immunomodulators need to be developed.

Currently, natural compounds capable of attenuating inflammation are the subject of

intense study. In the coming years, many more will be found which can reduce inflam-

mation. However, an anti-inflammatory compound is not successful until it is translated

to clinical use. It has also been suggested to include anti-inflammatory foods in our

diet. In this aspect, there are several foods with anti-inflammatory properties such as

olive oil, salmon, berries, and tomatoes containing high amounts of functional amino

acids. Interestingly, these amino acids are attachable to nano-carriers specifically spher-

ical polystyrene nanoparticles, which are non-biodegradable. Furthermore, it has been

found that these amino acid conjugated nanoparticles can inhibit allergic airway inflam-

mation(Hardy et al., 2012, 2013) in an OVA induced asthma mice model. If we combine

these amino acids with biodegradable nanoparticles such as with iron oxide for delivery

into the lung, it could be used as a sustainable therapeutic and low-cost medication.

Therefore these amino acids could be the key to future anti-inflammatories(De Simone

et al., 2013).

Antigen presenting cells (APCs) can serve as excellent therapeutic targets. Drugs such
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as anti-inflammatories should be able to attenuate inflammation by downregulating ac-

tivation of the APCs. In doing so, the release of pro-inflammatory mediators will be

reduced as a result there will be less injury to the lung. As we develop new ways and

treatments to attenuate airway inflammation, the understanding of the role of APCs as

therapeutic targets will be vital. Every individual person is unique and therefore needs

different methods of treatment and management of the disease. Therefore, personalised

medicine and care for individual patients focused at the extent and severity of the disease

need to be developed with the APCs in mind.

Considering the developing field of nanotechnology, it is highly likely that cost-effective

nanoparticles could be used as therapeutics against airway inflammation. The chang-

ing lifestyle of people would also impact the way we look at this disease and therefore

a more personalised treatment or care for the affected individuals would be necessary.

Currently, the models used to study acute and chronic inflammation are capable of mim-

icking many but not all aspects of human lung inflammation. Therefore, focusing on the

development of advanced disease models to study asthma and COPD would be necessary

to investigate the disease from new perspectives. COPD can lead to non-reversible alve-

olar degradation. Therefore, new strategies to promote tissue remodelling and alveolar

reconstruction could open a new field for COPD treatment.

2.11 Research Gaps

Previous data from our lab(Hardy et al., 2013) and others has shown that antigen pre-

senting cells(APCs) in the lung have a preferential uptake of 50 nm particles over 500

nm and that glycine coated polystyrene particles inhibit airway inflammation.

• However, it is currently unknown whether glycine is broadly anti-inflammatory on

diverse antigen presenting cells (APCs) beyond alveolar macrophages, especially

on BMDCs(key activating APCs).

• It is unclear from our previous studies whether glycine or the particles mediated

this effect. Therefore, the role of glycine in attenuating airway inflammation needs

to be investigated in greater details.
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• Currently, the only mode of administration of glycine is throuugh diet. But, it is

not sufficient to be used as an immunomodulator as a significant part is lost by first

pass metabolism. Therefore there is a need to develop glycine immunomodulators

for pulmonary delivery. The immunomodulators should be capable of both an

immediate and sustained anti-inflammatory effect in the lung.

• Develop a non-invasive imaging technique to track pulmonary biodistribution of

the immunomodulators and design an on-demand drug delivery system to under-

stand host-immune interaction.
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3.1 Materials

Glycine (ReagentPlus R© G7126; ≥99% HPLC grade), iron (II) chloride, iron (III) chlo-

ride, ammonium persulfate (A3678, ≥98%), ninhydrin (151173, ACS), methacholine

(acetyl-β-methacholine chloride ≥98% TLC, A2251) was obtained from Sigma-Aldrich.

Sodium chloride was obtained from Merck (106404) and sodium chloride for irrigation

was obtained from Baxter. Phosphate buffered saline (PBS) was prepared in-house by

dissolving 2.76 g sodium dihydrogen phosphate (NaH2PO4.H2O), 11.35 g sodium mono-

hydrogen phosphate anhydrous (NaHPO4) and 43.76 g sodium chloride (NaCl) in 3L

milli-Q water and pH adjusted to 7.2, followed by making up the volume to 5 L. Ammonia

solution 25% (EMSURE R©, ISO, Reag. Ph Eur), hydrochloric acid 37% (EMSURE R©,

ACS, ISO, Reag. Ph Eur) and absolute ethanol (EMSURE R©, ACS, ISO, Reag. Ph Eur)

was obtained from Merck. Lactohale200TM was purchased from DFE pharma (prod-

uct code 585686). For staining nanoparticles taken up by immune cells in the lung,

Perl’s Prussian Blue was prepared from potassium ferrocyanide (BDH Chemical Ltd)

and nuclear fast red (N8002, Sigma Aldrich).

3.2 Buffer and Media Preparation

3.2.1 Phosphate Buffered Saline (PBS)

For preparing a 10X stock of PBS, 22.1 g NaH2PO4.H2O 90.8 g Na2HPO4 and 350.4

g NaCl were dissolved in 4 litres of milli-Q water. The pH was adjusted to 7.2-7.4. For

preparing a 1x working solution, 10x stock was diluted, 1 in 10 with milli-Q water and

pH was further adjusted to 7.2-7.4. Both were sterile filtered under vacuum through a

0.22 µm filter (Merck, Darmstadt, Germany).

3.2.2 ACK lysis buffer

Ammonium chloride potassium (ACK) lysis buffer was prepared by dissolving 8.6 g

NH4Cl, 1.0 g KHCO3 and 0.2 ml 0.5 M ethylenediaminetetraacetic acid (EDTA) was

dissolved in 1 litre milli-Q water and the pH was adjusted to 7.2-7.4. The solution was

sterile filtered under vacuum through a 0.22 µm filter (Merck, Darmstadt, Germany).
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3.2.3 RPMI media

RPMI-1640(Gibco, Gaithersburg, MD, USA) of 450 ml volume was supplemented with

50 ml Fetal Bovine Serum (FBS, Gibco), 10 ml Penicillin (100U/ml final concenctra-

tion)/Streptomycin (100 µg/ml, Gibco), 10 ml L-glutamine (4 mM, Gibco), 10 ml HEPES

(0.02 M, Gibco), and 2.5 ml β-mercaptoethanol (2ME, 0.1 mM). The supplementary

reagents were added by filtering through a 0.22 µm sterile filter on the RPMI media.

3.3 Animals and Ethics

BALB/c female mice (6-8 weeks old) were used for all experiments in chapter 5 and 7.

C57BL/6J female mice (6-8 weeks old) was used for experiments in chapter 4 and 5.

In chapter 5, C57BL6J was used to understand whether a difference in mouse genotype

results in difference in pulmonary inflammation. For chapter 4, a SHIP-1–/– mice in

C57BL/6J background were used. For all experiments were maintained in the animal

facility at 22-26 ◦C, 55-75% humidity and a 12/12-hour dark/light cycle with food and

water ad libitum. All animal work in chapter 5 and 7 was conducted by the approval of

Monash University Animal Ethics Committee under ethics No. MARP/2017/117. For

chapter 4, all animal work was conduceted by the approval of AMREP Ethics Committee

(AEC) under ethics No. All animal ethics are in compliance with the guidelines of the

National Health and Medical Research Council (NHMRC) of Australia.

3.4 Bone marrow derived dendritic cell culture

For primary culture of bone marrow derived cells, the tibia, femur and humerus bones

were collected from C57BL/6 mice, culled by CO2 asphyxiation. The bones were cleaned

of any tissue and soaked in 80% v/v ethanol for 1 minute. The bones were then placed in

a small petri dish containing RPMI1640 medium. Both ends of each bone were removed

to expose the bone marrow and placed in a 0.2 ml sterile centrifuge with a hole at the

bottom made with 19 Ga needle. The small centrifuge tube containing the bones were

placed in a 1.5 ml sterile centrifuge tube and capped. The bone marrow cells were flushed

via centrifugation (pulsed to 6000G) and the red cells in pellet were lysed with 3ml of

ACK lysis buffer. The cells were dissociated and filtered through a 100 µm strainer, into
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a 10 ml centrifuge tube. The cells were centrifuged at 322 G or 1400 RPM for 4 minutes,

the pellet was resuspended in 10 ml of complete media and the cells were counted with a

haemocytometer. The cells were dispersed in complete RPMI supplemented media with

10 ng/ml GM-CSF at 5.0 x 105 cells/ml. In each 6 well plate, 3 ml (1.5 x 106 cells)of

the cell suspension was added and incubated at 5% CO2 and 37 ◦C in an incubator for

3 days. At the third day, 1.5 ml of media was taken out and replaced by fresh complete

RPMI supplemented media with 10 ng/ml GM-CSF.

3.5 Cell Harvesting and staining for Flow Cytometry

After incubation of cells for the requisite time, cells were detached from 6 well plates by

repeatedly flushing the wells with media and transferring to a 10 ml tube. The remaining

attached cells were detached from the plate by adding PBS at 4 ◦C for 5 minutes, followed

by pipetting up-down for collection. The cells were then centrifuged at 322 G or 1400

RPM for 4 minutes and the supernatant was discarded. The cell pellet was suspended in

PBS with 2% FBS(FACS buffer) and transferred to a 96 well v-bottom plate(Corning)

for antibody staining.

Nonspecific binding was blocked by using FACS buffer(PBS+2% FCS) for 15 minutes.

Approximately 1 x 106 cells were stained on ice for 20 minutes with combinations of the

following antibodies/conjugates(all from BD Pharmigen unless noted).

Table 3.1: Antibodies used for flow cytometry in this thesis

Antibody Clone Fluorophore Supplier Titration

CD11b M1/70 PE-Cy7 BD Biosciences 500

CD11c HL3 V450 BD Biosciences 50

CD40 3/23 PE-CF594 BD Biosciences 200

CD80 16-10A1 BV650 BD Biosciences 100

CD86 GL1 PE BioLegend 200

F4/80 BM8 APC eBioscience 200

GR-1 RB6-8C5 PerCP-Cy5.5 BD Biosciences 200

MHCII M5/114/15/2 APC-heFluor 780 eBioscience 500

Zombie Aquar V525 BioLegend 500

GlyR α1+α2 polyclonal FITC Biossusa 50

GlyR α1 2E6 IgG2a-κ isotype Novus Biologicals(Abnova) 1000

Appropriate fluorescence-minus-one controls were used. All dilutions were done in FACS

buffer. Cells were protected from light at all times. The acquisition was on LSRII(BD
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Biosciences, Franklin Lakes, NJ, USA) or on BD-Fortessa X20 (BD Biosciences) instru-

ment and analysis performed on FlowJo(Tree Star, Ashland, OR).

3.6 Lung function test- Invasive plethysmography

Mice were anaesthetized by i.p administration of ketamine (100 mg/kg body weight)

with xylazine (10 mg/kg body weight) using a 26G needle before being subjected to tra-

cheostomy. For tracheostomy procedure, the trachea was exposed by blunt dissection of

surrounding muscle tissue followed by a small incision. A 22G steel cannula was inserted

in the trachea connected to tubing and tied in place with suture. The tracheostomy can-

nula tube was attached to the plethysmography machine (Rodent RC site, Elan series,

Buxco scientific) which ventilates the lung at normal breathing rate (a video of the pro-

cedure is demonstrated in SI video 1). AHR measurements are then taken by flow and

pressure sensors in the plethysmography machine in response to increasing (doubling)

dose of methacholine (3.125, 6.25, 12.5, 25, 50 mg/mL) (Mch, Acetyl-β-methacholine

chloride ≥98% TLC, A2251). Physiological baseline data for each mouse were recorded

upon administration of PBS which was used as background to normalize data for doubling

doses of Mch. The parameters measured include resistance (RS), dynamic compliance

(cDyn), maximum dynamic pressure (dPmax), dynamic pleural pressure (dPpl).

3.7 Broncho-alveolar lavage cell counts

Lungs were lavaged using 400 µL sterile, cold PBS followed by 3 further lavages of 300

µL to collect cells. The cells were spun down and resuspended in 200 µL PBS. The cells

were counted and centrifuged (200 G or 1100 RPM for 5 minutes) onto a glass slide

using a Shandon Cytospin 3 (Thermo Fisher Scientific), stained with Diff-Quik (Merck),

and mounted. The slides were scanned using Leica Biosystems at 40X magnification and

analyzed using Aperio Imagescope.
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3.8 Histology and airway morphometry

Two lobes from both the right and left lung were immersion-fixed in 10% Neutral Buffered

Formalin (NBF) followed by routine processing and embedding in paraffin. Using a mi-

crotome, lungs were sectioned transversally at the level of the proximal intrapulmonary

main axial airway. Sections of 4 µm thickness were cut and placed on glass slides for

histology and immunohistochemistry staining. The slides were deparaffinized and hy-

drated prior to staining. To identify mucus-secreting goblet cells, Alcian blue-periodic

acid Schiff (AB-PAS) staining was performed. Alcian blue pH 2.5 was added to slides

with hydrated sections; heated in a microwave on high power, for 45 seconds, and were

allowed to stand for 2-5 minutes. The slides were washed in running tap water for 5

minutes and rinsed in distilled water. Periodic acid (0.5%) was added and stained for

5 minutes. After staining, the slides were rinsed in distilled water. Schiff’s reagent was

added, and slides were heated in a microwave on high power for 45 seconds. The slides

were left to stand for 2-5 minutes and were washed in running tap water for 5 minutes

and rinsed in distilled water. To identify the morphology and architecture of the lung

parenchyma, deparaffinized sections were stained with hematoxylin and eosin. The sec-

tions were stained with Lillie mayer alum hematoxylin for 4 minutes and were washed in

running tap water. The slides were distained in 0.3% acid alcohol and washed under run-

ning tap water. The slides were washed in Scott’s tap water followed by rinsing the slides

in tap water. The slides were then stained with eosin for 2 minutes, dehydrated, cleared

and mounted. The slides were scanned using Leica Biosystems at 40X magnification and

analyzed using Aperio Imagescope.

3.9 Perl’s Prussian Blue counterstained with nuclear fast

red for GSPION identification in cells

Perl’s Prussian blue was used to identify the iron complex haemosiderin. Haemosiderin

has the same iron-oxide core- Fe2O3, sharing similarity to our GSPIONs. Hence we

utlised the chemistry of the stain to determine uptake by lung immune cells in the lung.

The paraffin sections were brought to distilled water and the sections were placed in

an equal volume of 2% HCl and 2% Potassium ferrocyanide for 20 minutes. The slides

were then washed in distilled water. Following the wash, the slides were counter stained
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with nuclear fast red for 10 minutes and washed under tap water. The slides were then

dehydrated, cleared, mounted and imaged using an Olympus BX50 microscope. The

images obtained were analysed using Aperio Imagescope (Leica Biosystems).

3.10 Immunohistochemical analysis

Sections of lung tissue were stained immunohistochemically to detect and localize IL-

1β, IL-6, TNF-α, Glycine receptor α 1 subunit(GlyR-α1) and TSLP expression. IL-1β

(1:1500, bs0812R, Bioss antibodies), IL-6 (1:2000, E-AB-40021, Elabscience), TNF-α

(1:250, ab6671, Abcam) and thymic stromal lymphopoietin (TSLP, 1:5000, ABT330,

Merck) were identified by using rabbit polyclonal antibodies, with kidney and heart sec-

tions used for positive control respectively (showed in Supplementary Information Fig-

ure). Bound primary antibody was detected using anti-rabbit EnVision (K5007, Dako,

Glostrup, Denmark). The chromogen DAB was used, and sections were counterstained

with hematoxylin, cleared, mounted and scanned using Leica Biosystems at 40X magni-

fication. The images were analyzed using the positive pixel count algorithm (see section

below) of Aperio Imagescope. For one section/mice/group, several sections are identified

and scored subtracting the background. The total intensity of the strong positives for

each section/mice/group was recorded and statistics were applied.

3.10.1 Positive pixel count algorithm- Aperio Imagescope

The Positive Pixel Count algorithm can be used to quantify the amount of a specific stain

(say DAB) present in a scanned slide image. We specify a color say brown for IHC (range

of hues and saturation) and three intensity ranges (weak, positive, and strong). For pixels

which satisfy the color specification, the algorithm counts the number and intensity–sum

in each intensity range, along with three additional quantities: average intensity, ratio

of strong/total number, and average intensity of weak+positive pixels. The algorithm

aperio uses has a set of default input parameters when first selected these inputs have

been pre–configured for Brown color quantification (for IHC calculations) in the three

intensity ranges (220–175, 175–100, and 100–0). Pixels which are stained, but do not

fall into the positive–color specification, are considered negative stained pixels–these

pixels are counted as well, so that the fraction of positive to total stained pixels was
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determined. Any background intensity obtained was subtracted from the positive strong

pixels in order to normalise and determine true expression/intensity.

3.11 Collagen quantification using Histoindex Genesis 200TM

Formalin-fixed paraffin slides of lung tissue of each group was brought to water after

dewaxing and treatment of decreasing alcohol concentrations. Lung tissue sections were

scanned on the Genesis 200 (HistoIndex Pte. Lte., Singapore), in which a second har-

monic generation (SHG) and two-photon excited fluorescence (TPEF) microscopy was

used to visualize collagen deposition in tissue as per Goh and colleagues(George et al.,

2019). The instrument was setup involves a laser passes through a pulse compressor

(for group velocity dispersion) and an acoustic-optic modulator required for power at-

tentuation. The beam is then diverted by a dichroic mirror, through an objective lens

to the lung tissue, where the SHG signal was collected and processed for detection. The

magnification of the Genesis 200 system can be adjusted to 10x, 2x, and 40x while other

components are not adjustable. The lung sections were laser excited at 780 nm, SHG

signals were recorded at 390 nm, and TPEF signals were recorded at 550 nm. The laser

power=0.6, TPE and SHG sensitivities 0.8 and 0.7 respectively, with optical fibre band-

width 11 nm and 88 nm for SHG and TPEF respectively. Images were acquired at 20x

fold magnification with 512 pixel x 512 pixel resolution, and each image region was 200

µm x 200 µm. Each section was fully imaged followed by analysis using fibroindexTM

image quantification. A region around collagen deposited area was drawn with ten such

regions of interest drawn in each slide/lung section/group.

3.12 Fabrication of Glycine-coated Superparamagnetic Iron

Oxide Nanoparticles (GSPIONs)

The nanoparticles were synthesized using a modified alkaline co-precipitation method

(Barick and Hassan, 2012). FeCl3(5.406 g), FeCl2(1.988 g) in the ratio 2:1 and 1.5 M

NaCl were added to 80 mL water in a three-neck flask. The mixture was stirred at 164

G or 1000 rpm under reflux and nitrogen atmosphere at 70 ◦C. When the temperature

reached 70 ◦C, 30 mL (25%) ammonia solution was added drop-wise using a syringe with
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constant stirring. The mixture was left to react for 30 minutes. Then, 4 mL glycine

(0.3 g/ml) was added and the temperature was raised to 90 degC and left to react for

1 hour. The particle suspension was then separated with a magnet and the precipitate

was washed with MilliQ water six times, by separating the precipitate each time by a

magnet. The particle suspension was centrifuged at 13312 G or 9000 rpm for 7 minutes

and the supernatant was collected, with the process repeated three times.

3.13 Morphology and Characterization of GSPIONs

The size, structure, and magnetic properties of GSPIONs were characterized by high-

resolution transmission electron microscopy (HR-TEM), X-Ray diffraction (XRD) and

field dependent magnetization. X-Ray Diffraction (XRD) pattern was recorded on a

Rigaku Miniflex diffractometer with CuKα radiation. The crystal structure was analyzed

using the Crystallography Open Database (COD). The infrared spectra were recorded

in the range of 4000-450 cm−1 on a Fourier Transform Infrared Spectrometer (FTIR,

Perkin Elmer Spectrum 100 spectrometer). A vibrating sample magnetometer was used

to measure the saturation magnetization of the particles under a magnetic field of up

to 10 kOe at room temperature. HR-TEM images were acquired by the FEI Tecnai

G2 F20 S-TWIN FEGTEM connected to a wide angle Orius SCD200D CCD camera.

HR-TEM procedures were conducted in the Monash Centre for Electron Microscopy

(MCEM). The average diameter of the particles was measured using Quantax analysis

system. The hydrodynamic size of the nanoparticles was measured using a Malvern Nano

Zetasizer. Particles were dispersed in PBS and filtered using 0.2 mm syringe filter to

remove dust. A probe sonicator (Qsonica, Q2000) was used to break the aggregates of

particles by sonicating at 90% amplitude for 5 minutes duration prior to measurement.

The cumulant sizes provided by the instrument are reported along with intensity-based

distributions. The dip cell was used to measure electrophoretic mobility in PBS. These

were converted to zeta potentials by combining Henry’s formula with Ohshima’s relation

as recommended by IUPAC(Delgado et al., 2007; Ohshima, 1995).
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3.13.1 Dynamic Light Scattering

Hydrodynamic size of nanoparticles was measured using a zetasizer Nano (Malvern, UK).

Nanoparticles were sonicated prior to measurement. The intensity of the peak and size

range was recorded for all measurements. To measure zeta-potential on the nanoparticle

surface, a dip-cell (ZEN1002) was used to measure electrophoretic mobility in 1mM saline.

Then, using Henry’s formula with Ohshima’s relation as recommended by IUPAC, the

zeta-potential was calculated.

3.13.2 Field dependent magnetization to determine superparamagnetism

Field dependent magnetization of uncoated and glycine coated iron oxide nanoparticles

was measured at 300 K. The maximum magnetizations of naked and glycine coated iron

oxied nanoparticles(at an applied field of 10 KOe) were specifically measured followed by

measurement of room temperature magnetization of both naked and glycine coated iron

oxide nanoparticles in comparison to bulk Fe2O3. A vibrating sample magnetometer

was employed for estimation of saturation magnetisation on naked and glycine coated

iron oxied nanoparticles with a mass on the order of 15 mg for each type of nanoparticle.

Field strengths of up to 8 x 105 A/m were with a sweep rate of 1.67 x 10−3 Hz. A

BH hysteresis loop tracer was utilised for the estimation of magnetic poperties of both

samples.

3.13.3 Determining the stability of GSPIONs at various pH

Zeta-potential of nanoparticles was used to measure the stability of nanoparticles in

suspension at a range of pH. The GSPIONs were suspended in PBS and sonicated. For

the measurement of zeta-potential, a dip-cell was used. The pH of suspended particles

in PBS was varied from 1-11. For each pH, a fresh aliquot of particles was used and

sonicated prior to pH adjustment. Upon adjustment of the pH, the zeta potential was

immediately measured.
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3.14 Fabrication of glycine microparticles for encapsulat-

ing GSPIONs

Glycine microparticles were fabricated by spray drying using a microfluidic jet spray

dryer(Liu et al., 2011a; Wu et al., 2011) to produce monodisperse particles. This dryer

uses a piezoelectric pulse for droplet generation, rendering even droplets. The dryer uses

a nozzle of specific bore diameter. To prevent clogging due to the small nozzle bore, a

nozzle with a bore diameter of 100 µm was used as it was found to block below this

bore-size. An aqueous solution of 8 wt.% and 18 wt.% glycine was used as precursors for

the process. Glycine solution was spray dried at 173 ◦C inlet drying temperature. Small

amounts of the spray-dried glycine powder were placed in a petri plate and were stored

under dry condition (¡20% RH) or at humid ( 76% RH) at room temperature. To reduce

the size of glycine micro-carriers, we tried synthesizing them using a commercial spray

dryer, Buchi 190 (De Souza et al., 2000) (the detailed procedure can be found in the

Appendix 8.2). However, we discontinued using the Buchi 190 spray drier as it produced

non-uniform particles (shown in Appendix 8.2). Hence from this point forward when we

mention spray-dried glycine microparticles, they were synthesized by the micro-fluidic

jet spray dryer.

The GSPIONs were loaded/embedded on to the spherical glycine microparticles. In a

typical process, 0.01% (w/v) of GSPION dispersed in DI water was used for loading

onto the glycine microparticles for spray drying. These GSPIONS were mixed in an

aqueous solution of 17.99 wt.% glycine. The inlet temperature was maintained at 173

◦C. The GSPIONs loaded glycine microparticles were kept in a desiccator with silica

beads to avoid moisture (as moisture would solubilize the microparticles letting out the

nanoparticles).

3.15 Morphology and Characterization of GSPION encap-

sulated in glycine microparticles

The size, structure and porosity of the microparticles were measured using SEM and X-

Ray CT. To determine the size and structure of the particles a FEI Nova NanoSEM 450

FEGSEM was used with a Bruker Quantax 400 X-Ray analysis system. SEM procedures
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were conducted in the Monash Centre for Electron Microscopy (MCEM). Images were

acquired in both high and low vacuum to obtain high-resolution images at accelerating

voltages between 2kV-3kV with spot size 2.0-3.0. To determine the porosity of the

microparticles an ultra-high resolution (0.75 microns, Zeiss Xradia XRM520Versa) X-Ray

Microscopy Facility (Xradia, Pleasanton, CA, USA) was used for image acquisition in this

study. Image projections were acquired by rotating the load-stage 360◦ around its vertical

axis. The frame size of the projections was 1024 × 1024 pixels. Scans were performed at

80kV, 3W with voxel size 0.75 µm. Voxels are defined here as pores. Scanning parameters

used for all the samples were kept consistent for comparison. The 2D projections were

reconstructed to 3D volumes. The reconstructed images were post-processed using an

image processing software Avizo (V9.1.1, FEI, Hillsboro, OR, USA) (al Mahbub and

Haque, 2016). Images of microparticles were cropped from the whole apparatus assembly

followed by removal of noises using appropriate filters. Subsequently, the solid and void

phases (pores) of the image were segmented and the voids were measured.

3.15.1 Quantitative and qualitative analysis of spray-dried glycine mi-

croparticles encapsulating GSPIONs

The GSPION loaded onto spray dried glycine microparticles were analysed both by En-

ergy Dispersive Xray (EDX) and Thermogravimetric analysis (TGA) to find the location,

behaviour and loading of the nanoparticles in the microparticles. A Bruker Quantax 400

EDX attached to the Nova SEM was used to map C, N, O and Fe at an accelerating

voltage of 15kV with WD 5.4 mm. To confirm the loading of the GSPIONs into the

microparticles, TGA was performed using a Perkin Elmer STA8000 TGA analyser in

between temperatures 50 ◦C-600 ◦C. The difference in the degradation profile of the

uncoated SPIONs and the GSPION loaded in the microparticles were analysed.

3.15.2 Iron and glycine concentration measurement in GSPION-loaded

on to glycine microparticles

Iron concentration is a direct measurement of the efficiency of encapsulation by the spray

dried glycine microparticles. Iron concentration was measured by adopting a method of

Rad and colleagues (Rad et al., 2007) which utilizes the complex formed by ferric ions

with the chloride. A standard curve was created by dissolving ferric nitrate in 5 M HCl
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at concentrations from 1-200 µg/ml Fe3+ ions. For measuring the concentration of a

batch of nanoparticles synthesized, the nanoparticles were dissolved in 5 M HCl and the

absorbance at 345 nm based on the standard curve. Ammonium persulfate was dissolved

in HCl to oxidize Fe2+ ions to Fe3+ ions. A microplate reader was used to calculate the

absorbance of the assay at 345 nm with a final volume of 100 µl/well.

3.16 Ninhydrin assay to determine glycine chemisorption

on nanoparticles

Glycine concentration was measured using a modified ninhydrin assay. An 8% w/v

ninhydrin solution was made by dissolving 4 g ninhydrin and dissolving in 50 mL acetone.

Standard glycine stock was prepared by dissolving 0.05 g/mL glycine in 1 mL PBS. 50

µL of glycine stock solution was added to the first well and serially diluted to 1/12th of

the initial concentration at a final volume of 50 µL. This was used to draw a standard

curve to determine the concentration of glycine coated to iron oxide nanoparticles. To

determine the concentration of the chemisorbed glycine in the nanoparticles, glycine

chemisorbed SPIONs suspended in PBS was used in triplicates. 100 µL of ninhydrin

reagent was then added to all the wells. The plate was covered with aluminium foil and

incubated in a heating block at 95 ◦C for 15 minutes. The plate was cooled to RT and

100 µL of 50%v/v ethanol was added. The absorbance was recorded in a micro-plate

reader at 570 nm.

3.16.1 Determination of the aerodynamic performance of GSPION loaded

on to spray dried glycine microparticles- as excipients

The aerodynamic performance and as a proof of concept for pulmonary delivery excipient

use, glycine microparticles as excipient with or without GSPIONs was compared with

a commercial excipient Lactohale200TM (lactose-pharmaceutical grade), using a Next

Generation Impactor (NGI) (Copley Scientific. Nottingham, UK). A pump was used

to disperse the particles in the air stream which could flow through the instrument

and impacted on eight consecutive stages of the impactor. A Ventolin R© rotahaler R©

(Allen+hanburys Respiratory care, GlaxoSmithKline) DPI device was attached to the

NGI mouthpiece. Four gelatinous capsules (size 3) were used per sample and were
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manually loaded with 50 mg of spray-dried glycine microparticles as excipients with or

without GSPIONs and compared with lactohale200TM . The powder was discharged from

the rotahalerr into the NGI. Using a critical flow controller TPK2000 (Copley scientific,

UK), the airflow was set to 45 L/min for 6 seconds to mimic 4 L of air drawn in human

inhalation. After actuation, the contents of the individual stages were washed with 5

ml of PBS and any powder deposit was dissolved and collected. The concentration of

glycine was measured by ninhydrin assay against a standard curve with each stage per

sample taken in triplicates. Data were analyzed as the fraction of the recovered dose

from 50 mg of loaded sample in the capsule (as excipients form the bulk of any capsule).

A two-way ANOVA with post-hoc T test was used to find significance in between the

different samples at different stages.

3.17 Non-invasive 3D Ultra-short Echo time (UTE) MR

lung imaging and biodistribution

For MR imaging mice were anaesthetized with isoflurane (IsoFlor, Abott Laboratories,

North Chicago, IL) in 100% oxygen, and were placed supine with thorax centred with

respect to the centre of the small animal radio-frequency coil (RF). A 9.4T Agilent MRI

magnet running Bruker imaging hardware was used to obtain all MRI images. Low-

resolution multi-slice images were acquired of the lungs in both the transverse and coronal

planes using a fast spin echo sequence. Based on the results, a volume of interest (VOI)

region encompassing the thorax from the trachea to the diaphragm was positioned. On

this region, a non-gated 3D radial UTE sequence(Takahashi et al., 2010) was performed

repeatedly with various TEs (0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 msec) in fixed

scale of receiver gain. The total number of projections was 61214. The other imaging

parameters were: 4.0 msec repetition time (TR), 50◦ flip angle, 353 mm3 field of view

(FOV), 1443 matrix (isotropic), 100000 Hz spectral bandwidth, and a volume coil 35

mm. Respiration of mice was maintained between 35-45 bpm by controlling isoflurane

between 0.5-3%.
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3.17.1 MR image processing and quantitative analysis

To measure signal intensity (SI), the lung was segmented for analysis using an open source

image processing software (ImageJ). To define the ROIs, pulmonary vessels and trachea

were avoided. ROIs such as upper (18.9 mm2), middle (12.88 mm2) and lower (19.75

mm2) for both left and right lung were drawn using the ROI manager tool. The heart

(28.18 mm2) was used as a reference tissue control as the GSPIONs are not systemically

circulated upon intranasal administration. Therefore, we do not expect to see any change

in SI for both GSPION sensitized or saline (control) groups in the heart. For each TE,

a total of 140 slices was imaged from the trachea to the diaphragm. We analyzed from

slice 70-80 for SI calculations, as this region displayed the full lung volume without ob-

struction. SI was quantitated using the measure function of the ROI manager. A T2 MR

calculation was performed using a package developed by Schimdt and colleagues(Schmidt

et al., 2004) in each ROI in the slope of the logarithms of noise-corrected SIs versus dif-

ferent TEs(Takahashi et al., 2010). SI of each segment was analysed by the z-axis profile

function. The background from the pre-sensitization images was used to analyze the SI

in air to provide an estimate of noise in each image(Martin et al., 2008).

3.18 Determination of GSPIONs uptake by lung immune

cells

Lung paraffin sections were brought to water and the sections were placed in an equal

volume of 2% HCl and 2% potassium ferrocyanide for 20 minutes. The slides were then

washed in distilled water. Following the wash, the slides were counterstained with nuclear

fast red for 10 minutes and washed under tap water. The slides were then dehydrated,

cleared and mounted and imaged using an Olympus BX50 microscope. The images

obtained were analysed using Aperio Imagescope (Leica Biosystems).

3.19 Statistical analysis

Statistics were analyzed using GraphPad Prism v6.0 software (GraphPad). Data were

analyzed for normal and log-transformed for normality as necessary prior to analysis by
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independent t test, ANOVA, or two-way ANOVA with Tukey or Bonferroni post-tests,

as appropriate. Differences were considered statistically significant at p < 0.05. Group

size is included in the figure legend and all values are mean±SD.
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4.1 Introduction

I n response to infection and tissue injury, innate immune cells of the body such as

dendritic cells(DCs), macrophages and mast cells recognise pathogens and dam-

aged cells by germline-encoded intra-cellular or surface expressed pattern recog-

nition receptors(PRRs). These receptors detect Pathogen − Associated Molecular Pat-

terns(PAMPS) such as bacterial and viral nucleic acids, cell wall components. Toll like

receptor family are one of the major PRRs found in cell. When these monocytes and DCs

come in contact with a PRR, they express costimulatory molecules for T Lymphocyte

activation and are said to be induced or adaptive immune response(Thompson et al.,

2011). In a similar way macrophages undergo cell activation in response to LPS or IFN-

γ(Dobrovolskaia et al., 2003). When the immature macrophages circulating in the blood

come across an infection (bacteria or virus), or bacterial components such as lipopolysach-

haride (LPS) they undergo activation. Decrypting these cells of the innate immune sys-

tem has revealed that the subsets of these cells have specialised in secreting cytokines

that have different targets and function. For example, the macrophages secrete pro-

inflammatory cytokines which include IL-1β, IL-6, IL-12, TNF-α and IFN−γ(Thompson

et al., 2011). The activation of these cells is induced by IFN−γ, TLR-4 ligands, IL-

4, IL-13 and TGF−β but signalling through TLR-4 is not essential but carried out by

MyD88 dependent signalling pathway. Prior to adaptive immune response, recognition

of infection and triggering inflammatory responses are mediated by Toll like receptors

(TLRs)(Pascual et al., 2011) which are a super family of IL-1 receptors. LPS from

the gram negative bacterial cell wall is an agonist to TLR4 and is responsible for ac-

tivation of NFκβ and MAPK pathway inducing the expression of pro-inflammatory

cytokines(Takeda et al., 2003).

Several pathways are implicated in these events, one of which is the PI3K pathway.

The PI3K is negatively regulated by lipid phosphatase Src homology 2 domain contain-

ing inositol polyphosphate 5-phosphatase 1 (called as SHIP-1) which hydrolyze the 5’

phosphate of second messenger phosphatidylinositol 3,4,5 trisphosphate (PIP3) (Figure

4.1). SHIP is necessary for maturation and function of Granular Monocyte Colony Stim-

ulating Factor (GMCSF) induced derived dendritic cells which are matured by TLRs.

There is mixed information in the literature about PI3K, whether it is a positive or

negative regulator of TLR signaling. In macrophages it is regularly studied as a negative
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regulator. Limited studies have been carried out with DCs in the spleen and bone marrow

derived DCs(BMDCs) from mice lacking the p85α regulatory subunit of class IA PI3Ks

producing more IL12 upon stimulation with the TLR ligands such as LPS(Griffiths et al.,

2014; Krebs et al., 2012).

Figure 4.1: Interaction of TLR4 and SHIP-1 in activating pro-inflammatory
cytokines and activation markers. LPS binds to Toll Like Receptor 4(TLR4)
and leads to production of Pro-inflammatory cytokines and activation markers such
as CD40, CD80 and CD86. PI3k inhibits MyD88 through BCAP. SHIP-1 negatively
regulates PI3K which inhibits production of pro-inflammatory cytokines and activation

markers in DCs. Figure constructed with reference to (Maxwell et al., 2011)
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4.2 Methods

4.2.1 Experimental Design

To demonstrate the role of glycine on LPS stimulated BMDCs, mice bone marrow cells

were cultured using GMCSF (please refer to detailed protocol in Chapter 3.5). After

experimentation, cells were harvested and analyzed by flow cytometry (please refer to

detailed protocol in Chapter 3.6). However, the study design to investigate the role of

SHIP–/– on LPS induced BMDCs and macrophages with or without glycine is demon-

strated in Figure 4.2 below.

Figure 4.2: Experimental design to investigate the effect of glycine
on SHIP+/+ and SHIP –/– bone marrow derived dendritic cells and
Macrophages. Cells are cultured with 10 ng/ml GMCSF and media is replenished in
day 3 followed by addition of conditions in day 6. Cells are harvested and analysed by

flow cytometry at day 7
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4.2.2 Glycine receptor staining on BMDCs and GlyR immunohisto-

chemistry on Lung

For staining of glycine receptor on BMDCs and macrophages, GlyRα1+α2-FITC anti-

body was been used (refer to Table 3.1). For controls, IgG1 at the same concentration

as the antibody was used and stained and analysed by flow cytometry following protocol

in Chapter 3.5. For immunohistochemistry on paraffin lung and brain cortex sections,

the slides were prepared as per detailed protocol in Chapter 3.9 and 3.10. For GlyR α1

staining on lung paraffin sections, GlyRα1 antibody (refer to Table 3.1) was used. For

control, IgG2aκ antibody at the same concentration and isotype of GlyR antibody was

used to control stain for the background.
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4.3 Results

4.3.1 Cell viability is unaffected with glycine

We investigated the overall viability of cells with glycine at concentrations 10 mM and

100 mM by utilizing the ZombieV iolet R© amine reactive fluorescent dye which stains

dead cells due to its permeability through compromised membranes. Viability of cells at

10 mM glycine (83.3 ± 5.2%) which increased to 92.7 ± 1.4% at 100 mM glycine when

compared to untreated cells (76.8± 3.1%) (Figure 4.3). Flow cytometry confirmed that

glycine is not cytotoxic to cells and does not interrupt the cell growth process.

Figure 4.3: Glycine has no cytotoxic effect on cell viability.Näıve C57BL/6
mice bone marrow cells were cultured with GMCSF and glycine at 10 mM and 100 mM
concentrations were added on day 6 of culture followed by harvesting the cells after 24
h. Untreated cells were used as the control. Mean ± SD; n=3/group (each replicate

consisting of three mice). ∗ ∗ p < 0.01.

Since cells were viable at 100 mM glycine we checked the viability of cells at two-fold

and three-fold increased glycine concentration. Viability of cells at 200 mM glycine was

76.3 ± 10.1% and 300 mM was 74.6 ± 8.7% which is slightly reduced in comparison to

untreated cells (83.1± 2.7%) (Figure 4.4). Therefore, it is inferable that glycine can be

used at high concentrations on BMDCs albeit small reduction in cell viability. Hence,

glycine can be used as an anti-inflammatory compound to down regulate LPS induced

activation without affecting cell viability.
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4.3.2 LPS induced up-regulation of activation markers on APC is down

modulated by glycine

Previous data from our group showed inert glycine coated polystyrene 50 nm nanoparti-

cles do not promote cardiac inflammation or allergic airway inflammation, but coversely

inhibit it(Hardy et al., 2012). Therefore, we speculated that glycine may be playing the

role in inhibiting inflammation by acting directly on diverse APC, limiting their ability

to respond to a pro-inflammatory stimuli, and performed an initial study assessing its

effect on different APC subsets generated from bone marrow cell precursors. We ana-

lyzed the effect of LPS (10 ng/ml) along with glycine (10 mM and 100 mM) on bone

marrow derived dendritic cells (BMDC) (CD11c+MHCII+GR1−) and macrophages

(CD11c−MHCII+GR1−CD11b+F4/80+) as gated in Figure 4.5.

Figure 4.4: Glycine affects cell viability of APCs at two/three fold higher
concentration.Näıve C57BL/6 mice bone marrow cells were cultured with GMCSF
and glycine at 100 mM, 200 mM and 300 mM concentrations were added on day 6 of
culture followed by harvesting the cells after 24 h. Untreated cells were used as control.
There is no difference in cell viability at 100 mM glycine concentration however, there
is a slight reduction in cell viability with 200 and 300 mM. Mean ± SD; n=3/group

(each replicate consisting of three mice). ∗p < 0.5.
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Figure 4.5: Gating stratetgy for analysis of LPS induced activation of activa-
tion markers and down modulation by glycine on BMDCs and macrophages.
Bone marrow was isolated from femur and tibia of culled mice followed by cultur-
ing with GMCSF. The cells were gated on FSC/side scatter (SSC) followed by gat-
ing to exclude doublets. CD11c+ and MHCII+ gating was applied to allow dis-
crimination of CD11c+MHCII+ BMDCs and CD11c−MHCII+ macrophages. (A).
CD11c+MHCII+GR1− BMDCs and (B). CD11c−MHCII+GR1−CD11b+F4/80+

macrophages. FSC-A, FSC pulse area; FSC-H, FSC height; SSC-A, side scatter pulse
area; zombie(LIVE/DEAD)
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Flow cytometry confirmed that LPS (at a concentration of 10 ng/ml) caused a marked

increase in expression of activation markers CD40, CD80, CD86 and MHCII on CD11c+

MHCII+GR1− BMDCs (Figure 4.6). A significant down modulation of LPS induced

activation was seen by incubating in the presence of 100 mM glycine across multiple

activation markers: CD40, CD80, CD86 and MHCII. This effect, albeit less pronounced

was still observed using 10 mM glycine for the MHCII marker. Neither glycine con-

centration affected CD86 expression although CD86 is coexpressed with CD80 (Figure

4.6). Similar analysis on CD11b+F4/80+ macrophages showed significant down modu-

lation of LPS CD40 and MHCII up-regulation by glycine, but no effect on CD80 and

CD86 expression. Specifically, glycine at 100 mM was able to down regulate both CD40

and MHCII but at lower concentration(10 mM) failed to do so on CD40 (Figure A.1).

This down modulation of costimulatory molecules on activated BMDCs highlights the

role of glycine as an anti-inflammatory agent, which further pointed us to investigate

whether an increased concentration of glycine could further bring down the activation of

costimulatory molecules in response to LPS, down to baseline.

Figure 4.6: Glycine down regulates expression of LPS activated activa-
tion markers on BMDCs. Näıve C57BL/6 mice bone marrow cells were cultured
with GMCSF and LPS, glycine conditions added on day 6 of culture and harvested
cells after 24 h. Untreated cells were used as control (shown in green). Effect on
CD11c+MHCII+GR1− BMDCs as per gating on Figure 4.5A expressing (A) CD40,
(B) CD80, (C) CD86 and (D) MHCII; Mean± SD; n=3/group (each replicate con-
sisting of three mice). ns, non-significant; ∗p < 0.1, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p <

0.0001
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To further consolidate our finding we increased the glycine concentration to 200 mM and

300 mM. We also increased the LPS concentration from 10 ng/ml to 1 µg/ml. BMDCs

at 200 mM glycine concentration could only down regulate CD40 upon activation by

both LPS concentrations. However at 300 mM glycine could significantly down-regulate

CD40, CD80 and CD86 for both LPS concentrations. Down modulation observed was

down to background levels for CD40 and CD80/86 markers. MHCII showed no effect on

either of the glycine concentrations when challenged with LPS (Figure 4.7). The levels

of CD40 were significantly low upon challenge with both LPS concentrations which can

be attributed to the anti-inflammatory effect of glycine on BMDCs. In this experiment,

we additionally were able to analyse separately an important subset of macrophages. In

CD11b+F4/80+ macrophages, 300 mM glycine could bring down the levels of all the

activation markers with both LPS concentrations but could only down-regulate CD86

and not CD80 at 200 mM glycine (Appendix Figure A.2). CD86 activates PI3k which in

turn is regulated in a SHIP dependent manner(Kin and Sanders, 2006). Hence in both

DC and macrophage subsets, CD40 can be down regulated at a high glycine concentration

but CD80/86 demonstrated a selective down-regulation. The selective down regulation of

CD86 and not CD80 is discussed in the discussion section following the results supporting

the role of glycine in down regulating activation markers in a SHIP dependent manner.

Figure 4.7: Titratable effect of glycine in down-regulating expression of
LPS activated activation markers in BMDCs.Glycine down regulates expres-
sion of both 10 ng/ml and 1 µg/ml LPS activated activation markers on BMDCs.
Näıve C57BL/6 mice bone marrow cells were cultured with GMCSF and LPS, glycine
conditions added on day 6 of culture and harvested cells after 24 h. Untreated
cells were used as control. Effect on CD11c+MHCII+GR1− BMDCs as per gat-
ing on Figure 4.6A expressing (A) CD40, (B) CD80, (C) CD86 and (D) MHCII.
Mean± SD; n=3/group (each replicate consisting of three mice). ns, nonsignificant ;

∗p < 0.1, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001
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4.3.3 LPS induced up-regulation of activation markers on APCs is

down modulated by glycine in a SHIP dependent manner

Bone marrow derived cells from both SHIP+/+ and SHIP –/– mice were cultured with

GMCSF for differentiation into bone marrow derived dendritic cells (BMDC) charac-

terized as (CD11c+MHCII+GR − 1−). The effect of LPS (100 ng/ml) and glycine

(300mM) was studied on bone marrow derived dendritic cells(BMDCs) from SHIP+/+

and SHIP –/– mice. CD40 was up-regulated upon addition of LPS on both SHIP+/+

and SHIP –/– BMDCs with a higher up-regulation in SHIP+/+ DCs. Upon addition

of glycine (300 mM), there was significant down-regulation of CD40 on the SHIP+/+

BMDCs but not on SHIP –/– DCs (Figure 4.8A). The same glycine mediated down mod-

ulation was also observed on other activation markers CD80 and CD86(Figure 4.8A). The

activation of CD80 and CD86 on SHIP+/+ BMDCs was higher than SHIP –/– BMDCs.

But the attenuation of CD80 and CD86 was observed only on SHIP+/+ but not on

SHIP –/– BMDCs.
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Figure 4.8: Effect of glycine on SHIP+/+ and SHIP –/–bone marrow derived
dendritic cells and macrophages. (A). LPS induced up-regulation of CD40 on
SHIP+/+ and SHIP –/– bone marrow derived dendritic cells. Glycine was able to
down modulate the CD40 marker. The down modulation was observed significantly on
WT DCs but not on SHIP-1 KO DCs. This showed that glycine signals this down modu-
lation in a SHIP-1 dependent manner. In a similar manner, CD80 and CD86 was upreg-
ulated by LPS. Glycine mediated down modulation was observed only on WT BMDCs.
(B). LPS induced up-regulation of CD40 on SHIP+/+ and SHIP –/– CD11b+ bone
marrow derived macrophages. Up-regulation of CD40, CD80 and CD86 was more
on SHIP –/– than SHIP+/+. CD80 and CD86 was also up-regulated on CD11b+

marophages and was down-regulated by glycine. (C). Cell viability of SHIP+/+ and
SHIP –/– cells showing no viability difference in between the two cell types with glycine
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In culture, BMDCs is not the only cell type that is induced. There is the presence of

some CD11b+ macrophages. The effect was similar on CD11b+ bone marrow derived

macrophages. LPS upregulated CD40 on both SHIP+/+ and SHIP –/– macrophages

and glycine down regulated CD40 on LPS induced SHIP+/+ and SHIP –/– macrophages

(Figure 4.8B). The effect of up-regulation by LPS was more strong on SHIP –/– than

SHIP+/+ macrophages. CD80 was up-regulated on SHIP –/– but failed on SHIP+/+

macrophages upon stimulation with LPS(Figure 4.8B). CD86 was up-regulated on SHIP –/–

but not on SHIP+/+ macrophages. Based on our data and that of others, SHIP-1

found in hematopoetic cell acts as a negative regulator of inflammation(Antignano et al.,

2010b; Tsantikos et al., 2018). SHIP-1 regulates the NF-κβ pathway and several other

inflammatory pathways involved in producing pro-inflammatory cytokines and activation

markers(Pauls and Marshall, 2017; Rauh et al., 2004). SHIP-1 prevents the up-regulation

of the activation marker CD40 as confirmed by our data and also in its absence increases

CD40 and other activational markers significantly when stimulated with LPS(Antignano

et al., 2010a,b). Since, the bone marrow derived cell culture was induced by GMCSF,

it leads to a majority of dendritic cell phenotype. However, the effect was consistent in

bone marrow derived macrophages.

Glycine showed negligible cytotoxicity at 300 mM on both SHIP+/+ and SHIP–/–

BMDCs as showed by their cell viability (Figure 4.8C). On both cell types, cell via-

bility was 85±5 % on glycine treated cells. However, cell viability of glycine treated

cells compared to media only (untreated) was higher. To evaluate the effect of glycine

co-administered with LPS on BMDCs from both WT and SHIP–/– mice, we measured

the mean-fluorescent intensity(MFI) of the marker CD11c. For identifying both DCs

and macrophages, the marker CD11c is very important as DCs are CD11c+ while

macrophages are CD11c–. We found the expression unchanged for CD11c on both cell

types (see Appendix A.3) and hence the down-regulation observed in the activation

markers can be attributed to glycine.
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4.4 Expression of glycine receptor α1 subunit on BMDCs

and lung endothelial cells

Preliminary data suggests that LPS induced activation of BMDCs could be abrogated

using the neutral, non-toxic amino acid, glycine. We speculated that this phenomenon is

signalled through the glycine receptor (GlyR)(Lynch, 2004). There are several evidence

of this neuronal receptor in non-neuronal cells such as in retina, sperm, pancreas, liver,

leucocytes, spleen as well as on alveolar macrophages(Van Den Eynden et al., 2009).

But the receptor expression on a wide-spectrum of APCs such as bone marrow derived

DCs and macrophages is not-known or investigated. Furthermore, we hypothesized that

mechanistically glycine would attenuate the effect of LPS by regulating through GlyR in

BMDCs and macrophages. Therefore, we investigated the expression of GlyR on human

peripheral blood mononuclear cells (PBMCs) to validate the findings by Eynden and col-

leagues(Van Den Eynden et al., 2009) before investigating the presence of GlyR on bone

marrow derived APCs. GlyR+ population of cells on human PBMCS are characterized

on the basis of CD3+ (Tcells), CD14+ (monocytes), CD56+ (NK cells) represented in

Appendix 8.2, Figure A.4. The mean fluorescence intensity (MFI) of GlyR on these pop-

ulation of cells were compared to the isotype to identify expression of GlyR on PBMCs

(and their sub-types).

We investigated for the presence of Glycine receptor in GMCSF induced bone marrow

derived cells, alveolar macrophages and lung endothelial cells. The presence or absence

of the receptor was confirmed by flow cytometry on BMDCs and by immunohistochem-

istry on lung resident cells. To investigate the presence of GlyR, BMDCs was gated as

CD11c+MHCII+GR − 1– and glycine receptor was gated as GlyR vs SSC-A (Figure

4.9A). Bone marrow derived macrophages were gated as CD11c–MHCII+GR− 1– fol-

lowed by CD11b+F4/80+ (Figure 4.9B). Glycine receptor was gated as GlyR vs SSC-A,

with any change from isotype taken as a positive stain. In the figures, expression of the

receptor is showed in red, with isotype (in blue), and other antibodies (orange). Glycine

receptor expression was identified on these cells with a distinct shift towards a higher

log value and separation from the isotype indicated a positive expression of the receptor,

observed in BMDCs and BM macrophages(Figure 4.9A,B). The receptor expression was

compared on the basis of MFI within different population of cells and was found to be
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highly expressed in BMDCs compared to macrophages but could be possible due to less

number of available macrophages in culture (Figure 4.9C). However, this indicated that

GlyR has a possible expression on macrophages and hence we looked into the lung for

its expression.

We investigated for GlyR expression on BMDCs and macrophages under different condi-

tions such as with LPS co-administered with or without glycine. The receptor expression

was up-regulated with LPS (1 µg/ml) and down regulated on the addition of glycine (300

mM). The same effect is observed on CD11c+ cells and CD11b+F4/80+ macrophages

(Figure 4.9D). The glycine receptor can become desensitized quickly upon repeated stim-

ulations. Homologous desensitization occurs when a receptor decreases its response to a

signalling molecule(in this case, LPS) when the agonist(here glycine) is present in high

concentration(Gielen et al., 2015). Neuronal receptors tend to shuffle(LeBrasseur, 2008).

The increase in glycine receptor expression on LPS stimulated BMDCs and macrophages

is a result of higher glycine receptor shuffling. Since, the cells were incubated for 20 hours

which is a long time to have effect, we observe that there is significant up-regulation in

LPS due to receptor shuffling. While for glycine which is an agonist to the receptor, at

such a high concentration, there is receptor desensitization which leads to abrogation of

the receptor shuffling when incubated along with LPS. This is confirmed by the level of

expression of the receptor in the untreated sample.
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Figure 4.9: Glycine receptor expression on Bone marrow derived den-
dritic cells and Macrophages. (A). Bone marrow derived dendritic cells were
characterised as CD11c+MHCII+GR− 1–. Glycine receptor(showed in red) was val-
idated against an isotype(showed in blue) of the same antibody. A small shift was
observed from the isotype and other phenotypic stains(orange). (B). Bone marrow de-
rived macrophages were characterised as CD11c–MHCII+GR − 1–CD11b+F4/80+.
Glycine receptor(showed in red) was validated against an isotype(shown in blue) of
the same antibody. A small shift was observed from the isotype and other phenotypic
stains(orange). n=3/group were stained separately(each replicate consisting of three
mice) showed as histograms. (C). Bone marrow derived dendritic cells and macrophages
were compared in terms of their GlyR expression. Glycine receptor(shown in red)
was validated against an isotype(shown in blue) of the same antibody and phenotypic
stains(shown in orange). n=3/group were stained separately(each replicate consisting
of three mice) and individual un-paired T test was performed. (D). GlyR expres-
sion upon treatment with LPS and glycine was investigated on Bone marrow derived
dendritic cells. Glycine receptor expression increased on inducing by LPS. Glycine
receptor expression decreased when glycine was added with LPS.*p<0.05, **p<0.01,

***p<0.001, ****p<0.0001
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GlyR was found to express on lung endothelial cells(Figure 4.10B) and in the process we

identified alveolar macrophages(Figure 4.10B,C(iii)), lymphocytes(Figure 4.10C(i)) and

neutrophils (Figure 4.10C(ii))to express the receptor. For controls, Balb/c mice brain

cortical sections were used, as GlyR is known to express in the brain cortical region

(Figure 4.10A). The stain was compared to the antibody isotype control to acknowledge

for any background stain. Using Aperio Imagescope positive pixel count algorithm, GlyR

expression in lung sections were quantified.
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Figure 4.10: GlyR expression on lung endothelial cells and alveolar
macrophages. GlyR expression on paraffin embedded Balb/c mice lung sections was
evaluated. (A). For positive control, Balb/c mice brain cortex was stained with GlyRα1
antibody and at a similar concentration the isotype was used for staining. By positive
pixel algorithm, GlyR expression true stain was identified on brain cortex. (B). GlyR
expression on lung sections at the same concentration as brain cortex. The arrows and
ovals point to different immune cells stained in the process. Aperio positive pixel count
algorithm was used to identify true stain which showed different immune cells circled
in green. (C). Specific staining of different immune cells were identified on the lung
sections on the basis of the cell shape and nuclei. (i) Lymphocyte, (ii) Neutrophil and
(iii) Alveolar macrophage. Many alveolar macrophages were visible and was confirmed

by positive pixel count demonstrated in B.
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4.5 Discussion

In context of cell activation, the markers that are looked at up-regulation include CD40,

CD80, CD86 and MHCII. LPS upregulated CD40, CD80 and CD86 on MHCII through

a TLR4 mediated NF-κβ signalling(Zhou et al., 2012). LPS triggers the activation of

several cytokines such as IL-1β, IL6, TNF−α. CD40 is up-regulated in response to

TLR9 (CpG) or TLR4(LPS) agonists which occurs by the activation of the p38 MAPK

pathway leading to the production of the cytokines IL6, IL12p40(Ma and Clark, 2009).

CD80 and CD86 are costimulatory molecules which have been found to have increased

expression on LPS stimulated monocytes in non-atopic asthma that secrete cytokines IL5

and IL13(Rutkowski et al., 2003). In addition CD86 activates PI3k while we have seen

that glycine mediated downmodulation is in a SHIP dependent manner. SHIP-1 acts via

PI3k pathway, therefore affecting CD86 mediated activation. As a result we observe that

only CD86 is downregulated but not CD80. In addition, as we found the presence of

glycine receptor on BMDCs, Ca-dependent signalling via glycine receptor may prevent

the effect on CD80 but not CD86(Podojil and Miller, 2009; Thiel et al., 2010). Simi-

lar down regulation has been observed on administration of progesterone which affects

the maturation of DC and the activation markers CD80/86 via progesterone receptor or

glucocorticoid receptor(Jones et al., 2010). But it is just a hypothesis and beyond the

scope of this thesis. Both of these molecules are necessary to maintain the inflamma-

tory process. MHCII molecules are known to present antigen where LPS upregulates

their expression in DCs and inhibits IFN−γ dependent induction in macrophages(Casals

et al., 2007). The difference in MHCII expression across Figure 4.6 and Figure 4.7 can be

attributed to different batches of cells from two separate experiments. The baseline ex-

pression (untreated group) of MHCII is relatively higher in Figure 4.7. This discrepancy

is possible and accountable to batches of cells, culture conditions which varies across

different primary DCs cultured (Hennies et al., 2015).

Glycine which is cytoprotective was found to down regulate the activation markers upon

LPS stimulation. A significant titratable anti-inflammatory effect of glycine was demon-

strated on BMDCs with glycine able to down modulate activation markers activated by

LPS at two concentrations (10ng/ml and 1µg/ml). Glycine reduced the cell viability at

high concentrations in comparison to control (media only). But glycine at higher con-

centration affecting cell viability may be dependent on the duration of incubation and
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cell type. The cells we used are primary BMDCs which are affected by multiple factors

such as culture conditions. The experiments with SHIP-1 KO BMDCs demonstrated

that the cell viability is better with glycine. Hence, glycine may be used at a high con-

centration to down-modulate activation markers but would require further investigation

of its cytotoxicity as it has been seen to vary across different cells. Glycine signals in the

nervous system through the hetero-pentameric glycine receptor (GlyR). In non-neuronal

cells, GlyR has been found to be expressed in alveolar macrophages, Kupffer cells, T

cells, cardiomyocytes and lymphocytes(Van Den Eynden et al., 2009). The receptor is

a glycine gated chloride channel. Glycine prevents the increase in [Ca2+] concentration

and inhibits the downstream signalling induced by LPS(Hua-dong et al., 2009). More

recently it was shown that glycine inhbits TLR4 up-regulation after LPS exposure in

Kupffer cells which are similar to macrophages(Xu et al., 2008). Therefore, we think

that glycine mediated down modulation of activational markers could be through a func-

tional glycine receptor expressed in these myeloid cells. There has been several other

studies on the immunomodulatory effect of glycine such as reducing TNFα in LPS in-

duced monocytes(Spittler et al., 1999) and by down regulating the TLR4 pathway in

non-alcoholic hepatitis(Yang et al., 2017). But none of the studies so far addresses the

immunomodulatory effect of glycine in down regulating inflammation on myeloid pro-

genitors. The results would be beneficial in understanding the pathway(s) responsible

in mediating this effect. To our understanding there is a possible role of GlyR in medi-

ating this effect. Therefore, we also investigated for the receptors presence on different

cell types with the help of flow-cytometry and immunohistochemistry (data presented in

Appendix 8.2 Figure A.4). There are some evidences of the expression of this receptor

on primary APCs such as BMDCs and alveolar macrophages on lung tissue sections.

Yet, a further mechanistic study would be necessary to actually answer this question,

hence beyond the scope of this thesis. We solely, focus on the beneficial, limited to anti-

inflammatory effect of glycine.

SHIP-1 has been demonstrated to be a key regulator of different hematopoetic cell func-

tion including activation via the hydrolysis of 5’phosphate from PI3K generated PIP3. In

this chapter, we attempted to understand and/or have a mechanistic insight on the role

of SHIP-1 in glycine mediated down modulation of LPS induced activation of BMDCs.

Comparing bone marrow derived macrophages from SHIP –/– with their controls, WT

mice (SHIP+/+), we as well as others showed that SHIP-1 is a negative regulator and
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that its absence leads to increased inflammation(Maxwell et al., 2011; Tsantikos et al.,

2018). The activation is associated with the role of SHIP-1 in inhibiting PI3K which is

actively involved in promoting the transcription factor NF-κβ(Rauh et al., 2004). The

effect is clear in CD40 and CD86 as CD86 is activated by PI3k. In addition, as a result

of calcium influx, costimulatory molecules are upregulated. Glycine signalling via the

glycine receptor prevents calcium influx which may be the reason for down regulating

inflammation. But similar effects have been seen in LPS mediated liver injury where

glycine administration had prevented the effects by preventing calcium influx(Ikejima

et al., 1996; Froh et al., 2002).

In general, the role of SHIP-1 after stimulation is established in different myeloid cells

such as macrophages(Rauh et al., 2004), neutrophils(Strassheim et al., 2005) and DCs

(Antignano et al., 2010b,a). However, the most commendable work by Antignano and

colleagues (Antignano et al., 2010b,a) on GMCSF induced BMDCs and describing the

role of SHIP in DC proliferation, maturation and activation with TLR agonists has been

a milestone work and confirms our findings of LPS stimulated BMDCs and glycine me-

diated down modulation of the activation markers. DCs being sentinels of the immune

system have the primary function of innate immune activation resulting in DC matura-

tion and activation of T cells for adaptive immune responses. The SHIP –/– BMDCs

grown in culture with GMCSF, in response to TLR stimulation (with LPS), results in

impaired priming of an effective TH1 response. The activation by LPS is attributed

to enhanced activation of PI3K(McGuire et al., 2013; Xia et al., 2018; Saponaro et al.,

2012). However, the role of PI3K is still debatable as a positive or negative regulator of

TLR induced inflammatory signalling, with a group of researchers considering it to have

a positive role(Hattori et al., 2003; Li et al., 2003; Weinstein et al., 2000), while others

consider it to have a negative role(Aksoy et al., 2005; Guha and Mackman, 2002; Hazeki

et al., 2006). This discrepancy on the role of PI3K arises due to use of different cell types,

assay kinetics and relying on different pharmacological inhibitors. Although similar re-

sults have been obtained by different groups, the proposed mechanisms are similar to

the description by Antignano and colleagues (Antignano et al., 2010b). Considering the

down modulation of LPS induced activation, glycine has been known to inhibit NF-κβ

DNA binding capability on Kupffer cells. The presence of GlyR is well established on

Kupffer cells as they are the resident macrophages in the liver(Van Den Eynden et al.,
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2009). Hence, it can be hypothesized that there is a strong link between LPS/NF-

κβ/SHIP/GlyR signalling.

It is known that in mice lacking SHIP-1, there is development of inflammatory lung dis-

eases with features including inflammation, emphysema and small airway fibrosis(Maxwell

et al., 2011; Tsantikos et al., 2018). The conditions point out to infiltration of inflam-

matory cells such as neutrophils and alveolar macrophages. Literature indicates that the

Balb/c mice demonstrate a TH2 response whereas in C57BL/6 mice it is skewed towards

a TH1 response (River and Tessarollo, 2008). However, the degree of inflammation in

Balb/c mice is significantly higher than C57BL/6 mice. In Balb/c mice, there is a sig-

nificant increase of neutrophils, alveolar macrophages in the BALF with higher amounts

of pro-inflammatory cytokines. In comparison to Balb/c mice, the C57BL/6 mice shows

significantly lower inflammation in the lung(Herz et al., 2004). Therefore, to mimic hu-

man ARDS which is the clinical perspective of ALI, we would prefer the use of Balb/c

as a model to study ARDS.

The expression of GlyR in the BMDCs and lung need to be understood along with

its functional role. However, the little that we found, it may have some role in down

regulating LPS induced activation markers on the BMDCs and macrophages. As Eyn-

den and colleagues pointed out that the receptor is expressed in non-neuronal cells(Van

Den Eynden et al., 2009), we also agree to certain extent of its expression. The novelty

of the finding is in GlyR expression on primary cells of myeloid lineage (BMDCs and

macrophages). However, to say with certainty a follow up study is required with the

other subunits of the receptor. Study of the receptor function with or without glycine

and LPS is mandatory to understand the pathway(s) involved in mediating this effect.

But, it is too extensive in itself and diverts away from the key theme of developing a new

immunomodulator for airway inflammation.

4.6 Summary

The anti-inflammatory effect of glycine in bone marrow derived APC subsets such as DCs,

was demonstrated for the first time. Glycine showed a titratable anti-inflammatory effect

on BMDCs upon LPS stimulation. Cell viability was unchanged at 100 mM glycine but
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reduced minimally for higher 200 mM and 300 mM concentration. Therefore, glycine

can be used to down modulate inflammation and there is a possibility that the effect

is mediated in a SHIP dependent manner. We also found the presence of non-neuronal

glycine receptor but its functional role in mediating glycine’s anti-inflammatory effect

is an area for future investigation and is beyond the scope of this thesis. However, the

little that we have understood is that, there is a strong link between glycine signalling

through GlyR/SHIP/PI3K/NF-κβ. Therefore, we hypothesize that by preventing [Ca2+]

influx, glycine is able to inhibit NF-κβ binding to DNA, thereby preventing transcription.

Therefore, with this established in-vitro BMDC model, we propose the anti-inflammatory

role of glycine in general, and intend to use it for attenuating airway inflammation in a

model of ARDS.
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5.1 Introduction

A cute respiratory distress syndrome (ARDS) is characterized by pulmonary edema,

refractory hypoxemia with an increased lung stiffness and impaired carbon dioxide

elimination. Current treatments includes the use of bronchodilators with corticos-

teroids(Chakraborty et al., 2018). In adults, this is augmented by a short-acting β-2

agonist which is currently considered as the gold standard therapy. These drugs reduce

infiltration of neutrophils, eosinophils and pro-inflammatory cytokines. One important

factor which causes ARDS is the presence of endotoxins such as lipopolysaccharide (LPS)

from the cell wall of gram-negative bacteria. LPS exposure causes airway inflammation

which is characterized by airway hyperresponsiveness (AHR), airway epithelial mucus

production and allergen specific Th2 cytokines in lung-draining lymph nodes(Manni et al.,

2016). LPS binds to the Toll Like Receptor 4(TLR4) expressed on airway smooth muscle

cells. Therefore, the effect of LPS on airway resistance can be explained by the direct

activation of airway smooth muscle cells(Schwartz et al., 2001; de Souza Xavier Costa

et al., 2017; Weifeng et al., 2016). Even though there are various compounds claiming to

be anti-inflammatory (Grommes et al., 2012; Baudish et al., 2016; Sadikot R et al., 2017;

Chang et al., 2018; Tu et al., 2017; Liu, Suh, Yang, Lee, Park and Shin, 2014b), none

of the therapies currently available (including LPS inhibitors, statins, glucocortecoids,

β-nitrostyrene derivates and glitazones) can attenuate acute LPS mediated inflammation

and AHR in a clinical setting(Gross and Barnes, 2017). These compounds are capable of

reducing pulmonary inflammation but have immunological tolerance thereby increasing

the risk for clinical use(Wang et al., 2009). In addition, there are several side-effects asso-

ciated with these compounds such as impaired growth in children, increased blood pres-

sure and triglycerides, decreased bone mineral density, skin thinning, bruising, cataracts,

chest pain, obesity, mitogenic, rhabdomyolysis(Dahl, 2006; Moghadam-Kia and Werth,

2010; Carruthers et al., 2008; Patricia et al., 2008; Catapano et al., 2015) along with

the problem of resistance to cortecosteoids(Barnes, 2013). With the advancement of

immunotherapies there may be newer possibilites and reducing adverse effects for long

term clinical use(Cova et al., 2017).

Currently, natural compounds capable of attenuating inflammation are the subject of

intense study. However, very limited information is available on their use in reducing pul-

monary inflammation and improving lung function. Several foods with anti-inflammatory
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properties such as olive oil, salmon, berries, and tomatoes contain high amounts of amino

acids. Glycine, the smallest amino acid has been used in ingestible form for the treatment

of colitis(Tsune et al., 2003; Liu, Wang and Hu, 2017). A previous study from our group

has also found glycine coated polystyrene nanoparticles instilled into the lung in a murine

model can inhibit allergic airway inflammation(Hardy et al., 2012). The contribution of

glycine itself to this effect was not investigated. The potential anti-inflammatory prop-

erties of glycine when administered directly into the lung has not been investigated for

any inflammatory disease, including ARDS.

In this chapter we explore for the first time glycine as a novel neutral anti-inflammatory

compound to attenuate airway inflammation and specifically as a novel treatment for

ARDS.Glycine has negligible side-effects and consumable by lactose intolerant and hy-

perglycemic patients. To achieve these aims, we induced ARDS (acute phase) in mice

using lipopolysaccharide (LPS) and then investigated the effect of glycine in modulat-

ing this acute phase reposnses across multiple combined immunological and functional

respiratory parameters. These have included the attenuation of pulmonary inflamma-

tion assessed through invasive plethysmography, tissue immunohistochemistry of pro-

inflammatory cytokines, morphometry of lung parenchymal damage, cellular influx in

broncho-alveolar lavage fluid(BALF) and collagen evaluation. The results indicate that

mechanistically the beneficial effects of glycine treatment that we observe on ARDS are

mediated by its regulation of lung associated immune cells.
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5.2 Methods

5.2.1 Experimental Design

ARDS/ALI was induced in mice by sensitization with LPS (from E.coli K12, Invivogen)

according to previously established protocols (Donovan et al., 2015; Bozinovski et al.,

2012). In brief, mice were anesthetized by inhalation of isoflurane at 0.5-1 L/min with

3% oxygen prior to sensitization. Mice were sensitized intranasally with LPS (5 µg in

50 µL) in 0.9% saline for irrigation(vehicle) with or without glycine (100mM in 50 µL)

in 0.9% saline (vehicle) or with 0.9% saline (vehicle only). For each experimental group

6 mice were sensitized as per the methodology outlined in Figure 5.1. The tail of each

mice/group was marked in order to maintain the order of sensitization and determining

their cull time point.

Figure 5.1: Study design to investigate effect of glycine in attentuating
pulmonary inflammation. Intranasal administration of LPS was used to induce
ARDS and glycine (100 mM) was used as treatment. Post 24 hours of sensitization,
invasive-plethysmography was performed along with immunohistochemistry and histo-
logical staining of lung sections to determine damage to tissue and BALF cells were

quantified.
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5.3 Results

5.3.1 Glycine reduces airway resistance and improves lung function

The effect of LPS on the induction of AHR to methacholine (MCh) was evaluated in mice

after 24 h of LPS administration. MCh is a non-selective muscarinic receptor agonist in

the parasympathetic nervous system, used to diagnose bronchial hyperreactivity which is

a hallmark of airway inflammatory diseases. Respiratory resistance (RS) is the resistance

of the respiratory tract to airflow during inhalation and expiration. RS was significantly

higher in LPS sensitized mice in concentrations of 25 and 50 mg/ml in comparison to

vehicle controls (Figure 5.2A). Glycine (only) in vehicle did not show an increase in

resistance and was comparable to baseline. Glycine co-administration in LPS sensitized

groups, showed a dramatic decrease in resistance in comparison to LPS (only) sensitized

groups. This decrease in resistance brought resistance levels back to baseline (saline

only) groups.

The cDyn measures the stiffness of the lung. LPS (only) sensitization reduced cDyn of

the lung significantly and substantially (by 50%) from MCh doses beyond 6.25 mg/ml in

comparison to vehicle control(Figure 5.2B). By contrast, both glycine (alone) and LPS

sensitized groups that had glycine co-administered showed no difference on cDyn values

and were at par with baseline saline values. There was no decrease with increasing MCh

doses indicating that the elasticity of the lung was normal. The reduced cDyn values

in LPS group indicates the presence of emphysematous change. The low values of cDyn

also indicate loss of alveolar and elastic tissue which agrees to our lung morphometry

demonstrated in forthcoming sections. Glycine administration in LPS sensitized mice

was therefore able to prevent the functional lung changes associated with the pathology

of ARDS.

Other parameters which are of clinical relevance such as the dPmax(Figure 5.2C) and

dPpl(Figure 5.2D) demonstrated a high pressure in MCh doses 12.5, 25 and 50 mg/ml

in comparison to vehicle controls. However, both glycine (alone) and treatment group

sensitized with LPS showed reduced pressure and were comparable to baseline values.

The reduced pressure in the lung with glycine indicates that there are more alveoli for

gaseous exchange and the lung is less injured. The findings are further supported in the

coming sections.
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Figure 5.2: Invasive plethysmography results showing different parameters
of lung function on the effect of glycine in LPS induced ARDS. The different
experimental groups demonstrated are saline (control), LPS, glycine (only) and LPS
along with glycine (treatment) group. (A). Glycine reduced resistance (Rs) which was
increased by LPS. The increase in resistance was compared to saline (baseline levels).;
(B). Reduced dynamic compliance(cDyn) with LPS which is improved and remains
at par with saline levels; (C). Increased dynamic pressure(dPmax) in lung with LPS
which is lowered with glycine; (D). LPS increased dynamic Pleural pressure(dPpl) with
glycine treatment reducing it significantly. All comparisons are made between LPS
induced ARDS group versus glycine treatment group. LPS induced group is significant
in all parameters in comparison to vehicle (saline). N=6 mice/group, Mean±SEM. A 2-
way ANOVA was used to determine the significance between LPS group vs LPS+glycine

group. ∗ ∗ ∗ ∗ p < 0.0001, ∗ ∗ ∗p < 0.001, ∗p < 0.5
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5.3.2 Glycine reduces pro-inflammatory cytokines and improves signs

of emphysematous change

The expression of pro-inflammatory cytokines IL− 1β, IL-6 and TNF was investigated

locally in lung tissues specifically around the smaller airways and lung parenchyma (Fig-

ure 5.3). For positive controls, the antibodies listed in chapter 3.10 and isotype of the

antibodies (as negative control) were used to stain known tissue section such as heart

and kidney (see results in Appendix 8.2). For this purpose, ten sections per mouse lung

were selected using the positive pixel count algorithm avoiding muscle tissues. In these

sections, the algorithm quantifies the amount of positive stain present in that section of

the tissue and represents the data with different intensities (using heat maps) as well

as the background. The background is subtracted from the positive stain intensity and

recorded as total intensity of strong positive. It was found that LPS administration in-

duced the expression of all the pro-inflammatory cytokines in the tissues. However, the

production of IL-6(Figure 5.3B) was three-fold and TNF (Figure 5.3C) 1.5-fold more than

that of IL − 1β(Figure 5.3A). Glycine (alone) showed comparable cytokine expression

levels to background (vehicle) for IL − 1β, IL-6 but displayed some TNF upregulation.

Glycine administration in LPS sensitized mice dramatically reduced the expression of pro-

inflammatory cytokines compared to LPS alone, by four-fold (IL−1β), three-fold (IL-6)

and two-fold (TNF). Many immunce cell types involved in producing pro-inflammatory

cytokines inflammation across different organs. Many of them, such as Kupffer cells

(liver), alveolar macrophages(Fogarty et al., 2004), neutrophils have been demonstrated

to have glycine-gated chloride channels which are hetero-pentameric glycine receptors

(GlyR) expressed in their cell membrane(Wilson and Wynn, 2009). We investigated

the presence of this receptor in the lung parenchyma, especially of inflammatory cells.

We confirmed the expression of GlyR (α1 subunit) on endothelial cells as well as on in-

flammatory cells including neutrophils and alveolar macrophages (see chapter 4, Figure

4.10). In addition, the expression of GlyR has been seen in non-neuronal cells such as

PBMCs(Van Den Eynden et al., 2009). We investigated GlyR expression on PBMCs

to confirm our findings of the receptor on lung parenchyma and endothelial cells (data

shown in 8.2).
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Figure 5.3: Expression of pro-inflammatory cytokines in lung tissue show-
ing airway and lung parenchyma. The different experimental groups demonstrated
are saline (control), LPS, glycine (only) and LPS along with glycine (treatment) group.
(A). Increased expression of IL-1β in comparison to saline (control) in LPS induced
ARDS group, while glycine reduced the expression to baseline levels (that of control);
(B). LPS increased expression of IL-6 which was reduced significantly by glycine. IL-6
was significantly lower in glycine only group in comparison to LPS suggesting its strong
anti-inflammatory role; (C). Expression of TNF-α was reduced significantly in compar-
ison to LPS but was at par to saline (control) levels. N=6 mice/group, Mean±SEM. A
2-way ANOVA with post-hoc t test was used to determine the significance in between
different groups. Each group was quantified for strong positive expression by analyzing

10 sections/lung/group. ∗ ∗ ∗ ∗ p < 0.0001, ∗ ∗ ∗p < 0.001, ∗ ∗ p < 0.01.
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The increased production of IL-6 and TNF is associated with increased mucus secretion

by goblet cells around the larger airways(Neveu et al., 2009; Lora et al., 2005). Therefore,

we quantified the presence of goblet cells to evaluate the effect of glycine in controlling the

production of mucus. The number of goblet cells per 100 µm of large airway basement

membrane per lung section was recorded. The number of goblet cells in the LPS sensitized

mice (Figure 5.4A) was 15 times more than the vehicle control. Glycine (alone) was

comparable to vehicle only with negligible goblet cells and reduced the number of cells

by 67% on mice sensitized with LPS. In LPS sensitized mice, signs of emphysema were

observed. Signs of emphysema were measured by indirect quantification of factors such as

alveolar area (Figure 5.4B), alveolar septation count (Figure 5.4C), airway area (Figure

5.4D) and alveolar count. Alveolar area was measured by averaging the area of ten

alveoli per 1 mm2 of area of the section. The alveolar area was six times more than

vehicle treated mice, in LPS sensitized group which was reduced by 73%. The presence

of small alveoli signifies more alveoli for normal gaseous exchange. Alveolar septation

count was measured by drawing a 1 mm line and counting the number of alveolar septae

intersecting that line. It was found that the number of alveolar septa decreased by 47% in

LPS sensitized mice indicating large but a smaller number of alveoli. This was increased

as per baseline levels with glycine. In a similar manner, the number of alveoli (counted

per 1 mm2 area of 2 sections per lung) was reduced by 62% in comparison to vehicle

treated mice. This agrees with the reduced number of alveolar septa. Interestingly, in

LPS sensitized mice, the airway area had increased by four-fold and when LPS sensitized

mice were treated with glycine the airway area remained normal and of comparable size

to that of vehicle treated mice.
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Figure 5.4: LPS increases goblet cells and damage to lung parenchyma. The
different experimental groups demonstrated are saline (control), LPS, glycine (only)
and LPS along with glycine (treatment) group. (A). PAS/Alcian blue stained airways
and lung parenchyma showing goblet cells (indicated by arrows) counted per 100 µm of
airway. An increased number of goblet cells were found on LPS induced mice and was
significantly low in glycine treated group; (B). Alveolar area of 10 alveoli per 1 mm2

for 2 sections/lung/group showed large alveolar area in LPS induced group which was
at par saline (control) group with glycine treatment; (C). Number of alveolar septa per
1 mm was reduced in LPS induced group indicating large alveoli, reduced number of
alveoli per mm2 with broken alveolar septa showed by arrow; (D). Airway lumen area
per lung section/per group was measured and it was found increased in LPS induced
group in comparison to saline (control) group. N=6 mice/group, Mean±SEM. A 2-
way ANOVA with post-hoc t test was used to determine the significance in between
different groups. Each group was quantified for strong positive expression by analyzing
10 sections/lung/group. ∗ ∗ ∗ ∗ p < 0.0001, ∗ ∗ ∗p < 0.001, ∗ ∗ p < 0.01 and ∗p < 0.5.
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5.3.3 Glycine reduces neutrophil mediated lung injury

Mice sensitized with LPS mounted a strong response, reflected by increased neutrophils

(1x106 cells) and alveolar macrophage (5x105 cells) frequency (Figure 5.5A). The number

of neutrophils was reduced by 45% and alveolar macrophage by 60% in mice treated with

LPS and glycine, compared to LPS alone. Furthermore, there were negligible neutrophils

detectable in glycine (only) treated mice and the levels of näıve alveolar macrophages

were same as that of the vehicle only. We also investigated the presence of monocytes/-

macrophages and lymphocytes in the BAL fluid. The BAL fluid is the washing of the

lung to collect the cells present in order to understand the types of cells present by cy-

tospots. In all the groups, the number of eosinophils were very low and insignificant. As

expected, LPS administration caused an increased in overall cellularity drivern primarily

by substantial and significant increases in neutrophil and macrophage numbers, and a

concomitant decrease in lymphocytes. The presence of a high number of neutrophils

explains the presence of emphysema, lung injury and high Rs value leading to a low

compliance in these mice. Whereas, glycine by itself had little effect on cellularity or its

composition compared to the control saline group, when glycine was given to LPS sensi-

tized mice it reduced overall cellularity and macrophage numbers back to baseline levels,

as well as substantially reducing LPS induced neutrophilia. The reduction in neutrophils

caused by glycine was also accompanied by significant increase in lymphocytes.
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Figure 5.5: Cytospin images of BALF showing differential cell count of
different leucocytes and TSLP expression. (A). Influx of neutrophil(green) and
alveolar macrophages(red) in LPS induced ARDS and increased lymphocytes(yellow) in
glycine treatment group; N=6 mice/group, Mean±SEM. A 2-way ANOVA with post-
hoc t test was used to determine the significance in between different groups. Each
group was quantified for strong positive expression by analyzing 10 sections/lung/group.
∗∗∗∗p < 0.0001,∗∗∗p < 0.001 and ∗p < 0.5, - non-significant. (B). TSLP expression in
airway epithelial cells in LPS group is higher in comparison to saline(control) as well as
glycine and LPS+glycine group attributing to neutrophilic influx. (B-Inset) A small
airway in LPS group showing over-expression of TSLP. Expression of TSLP was five
fold higher than saline control while it was significantly reduced by coadministration of
glycine. N=6 mice/group, Mean±SEM. A 2-way ANOVA with post-hoc t test was used
to determine the significance in between different groups. Each group was quantified for
strong positive expression by analyzing 4 airways/lung section/group. ∗∗∗∗p < 0.0001.
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We further investigated the reason behind the infiltration of neutrophils and therefore,

investigated the epithelial cell derived cytokine thymic stromal lymphopoietin (TSLP)

expression around the airways (Figure 5.5B). We found a five-fold higher expression

of TSLP in LPS sensitized mice than that of vehicle controls. Although there was

expression of the protein in glycine (alone), yet it was significantly less compared to

the LPS sensitized group. In addition, co-administration of LPS with glycine reduced

TSLP expression significantly by three folds, although it was higher than vehicle (saline)

controls. The damage in the epithelial membrane therefore accounts for the increase

in neutrophils leading to injury, and glycine was able to prevent the overexpression of

TSLP.

5.3.4 Glycine treatment of LPS induced ARDS leads to early collagen

fibre deposition in lung tissue

Generally, acute phase of ALI lead to lung fibrosis. The most prevalent technique avail-

able to detect collagen is by Masson trichrome staining. However, it detects collagen

at a high level of deposition which is not suitable to ALI models which usually display

very little collagen deposition at early stages. Therefore, we utilized Histoindex which

uses second harmonics generation to detect collagen fibres as fine as 100 nm (Figure 5.6).

The difference in tissue electron excitation leads to auto-fluorescence of collagen type I

(SHG: green 390 nm) and tissue (TPE: red 780 nm). After scanning the tissue sections,

we evaluated the presence of collagen in terms of mean fluorescent intensity as means

of quantitating collagen presence around airways. It was found that LPS leads to an

increase in early collagen deposition which is not affected by glycine coadministration.

Glycine (only) treated mice, has similar levels of collagen in lung to vehicle controls.

Therefore, whilst glycine decreases TSLP expression leading to reduced neutrophilia it

does not prevent early collagen deposition induced by LPS.
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Figure 5.6: Collagen deposition in lung tissue. Collagen fibre density was
quantified by histoindex 200 using second harmonic generation laser. Colla-
gen(green) was distinguished from lung parenchyma (red) on the basis of their struc-
tural difference. For each lung section/group, the area around the airways were selected
for ROI along with any interstitial collagen deposited. The mean fluorescence inten-
sity(MFI) was evaluated for each of the ROI and was normalized with background levels
of collagen found in control group. The MFI is a direct correlation between the pres-
ence of collagen and tissue density. N=6 mice/group, Mean±SEM. A 2-way ANOVA
with post-hoc t test was used to determine the significance in between different groups.
Each group was quantified for MFI of collagen by analyzing 10 ROI/lung section/group.

∗ ∗ p < 0.01 and ∗p < 0.5.
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5.4 Discussion

The theory that diet has an influence on asthma has been established on fatty acids and

minerals. However, there is no correlation higher fasting concentrations of amino acids

in plasma with asthma. However, there is a significant inverse correlation of plasma

glycine levels and that of asthma. This protective effect on asthma could be potentially

attributed to glycine controlling intracellular oxidation status(Fogarty et al., 2004). We

demonstrate for the first time, that glycine behaves directly as a novel anti-inflammatory

compound in the lung in attenuating ARDS by reducing neutrophil infiltration and pre-

venting the increase of alveolar macrophages. In doing so, glycine also reduced resistance

to breathing and improves lung function. Glycine promotes a revival of lymphocyte

numbers establishing a lung environment closer to its homeostatic state, and potentially

permissive to heal from LPS injury. The deposition of collagen in interstitial space and

around the airways has also been observed as a result of lung healing(Wilson and Wynn,

2009). In a 24 hour acute model, collagen quantification is difficult with currently avail-

able staining procedures (Masson’s trichrome), but is achievable using the laser based

second generation harmonics which identifies collagen structural features. Herein we

show glycine attenuated airway inflammation whilst allowing the augmented collagen

deposition caused by LPS.

In our previous studies glycine conjugated to non-biodegradable polystyrene nanoparti-

cles was able to attenuate airway inflammation(Hardy et al., 2012). But whether the

particles or the glycine mediated this effect was unclear. Therefore, we investigated

the potential anti-inflammatory role of glycine administered into the lung in the con-

text of its potential to attenuate ARDS, given current anti-inflammatory treatments are

largely ineffective with adverse effects during acute ARDS in the clinical setting(Dahl,

2006; Moghadam-Kia and Werth, 2010; Catapano et al., 2015). Our results suggest that

glycine indeed can act to down regulate acute inflammation in the lung. Glycine was

able to reduce airway resistance and improve the dynamic compliance, which can be

attributed to its ability to inhibit the production of TNF and superoxide anions induced

by substance such as LPS(Vargas et al., 2017).

In this model of ARDS, intense accumulation of inflammatory cells (especially neu-

trophils) in the alveolar and interstitial space; increased pro-inflammatory cytokines
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in the tissue such as (IL − 1β, IL-6, TNF) and is reviewed by Matute-Bello and col-

leagues(Matute-Bello et al., 2008). TNF is a key early mediator of pulmonary inflamma-

tion, where LPS is implicated and is known to have microbicidal activities(Chakraborty

et al., 2018). Release of TNF from inflammatory cells leads to lung tissue damage and

oxidative stress as well as involved in alveolar macrophage activation(Parameswaran and

Patial, 2010). Reduction in serum TNF in rats intravenously injected with LPS has also

been observed in rats fed a diet enriched with glycine(Wheeler et al., 2000; Ikejima et al.,

1996). Another pro-inflammatory cytokine IL− 1β has been known to cause pulmonary

inflammation characterized by neutrophil and alveolar macrophage infiltration; which

explains the high number of these cells in our BALF(Lappalainen et al., 2005). The Th1

cytokine IL−1β, found in lung tissue is attributed to secretion by alveolar macrophages.

High frequency of alveolar macrophages, therefore, explains the high expression of IL−1β

in LPS sensitized group. Interestingly, we found relatively higher number of mucus se-

creting goblet cells in our LPS group. It is well established that alveolar macrophages

and neutrophils secrete IL-6 when stimulated with LPS(de Souza Xavier Costa et al.,

2017; Chakraborty et al., 2018). IL-6 secretion leads to activation of airway mucin syn-

thesis. Not only IL-6, even IL− 1β is known to activate MUC5AC promoter in airway

epithelial cells which also leads to increased mucin expression through ROS generation

with neutrophil elastases enhancing mucin production(Harris et al., 2007). IL-6 also

plays a causative role in determining an increase in airway resistance which supports

our finding of an increase in airway resistance with LPS and a decrease upon glycine

coadministration(Alessandro, 2013). The reduced resistance observed in glycine (only)

group (Figure 5.2) in comparison to saline can be attributed to role of glycine role in

preventing mucus production by limiting the local release of pro-inflammatory media-

tors IL-1β, IL-6 and TNF-α(Voynow and Rubin, 2009; Vargas et al., 2017). The reduced

production of pro-inflammatory cytokines by glycine is supported in other diseases and

organs(Liu, Wang and Hu, 2017; Cruz et al., 2008; Alarcon-Aguilar et al., 2008; Tsune

et al., 2003) but we show for the first time it is a potent local immunomodulator in the

lung, with potential utility in the therapeutic treatment of ARDS.

We also investigated another aspect of ARDS which includes pulmonary edema and

parenchymal injury and our results comply with several other studies reviewed by Mühlfeld

and Ochs(Muhlfeld and Ochs, 2013). We evaluated and analyzed lung morphology in

a semi-quantitative manner for signs of emphysema and edema, such as the increase
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in alveolar area, airway area with reduced number of alveoli and thick walls. The ef-

fects are due to hypertropic and hyperplastic mucus glands as well as due to infiltration

of alveolar macrophages, neutrophils and cytotoxic T lymphocytes(Chakraborty et al.,

2018). Similar damage to the lung has been observed by Costa and colleagues(de Souza

Xavier Costa et al., 2017). The epithelial injury (observed by TSLP expression), possibly

caused as a result of infiltration of neutrophils into the alveolar lumen, exposes the base-

ment membrane which becomes prone to bacterial action. Similar up-regulation of TSLP

has been observed by Yanlu and colleagues upon stimulation with LPS (Zhang et al.,

2012). It also indicates that the elevation of TSLP results in activation of TLR4/MyD88

pathway leading to release of pro-inflammatory cytokines IL-1β, IL-6 and TNF (Minye

et al., 2017). Co-administration of glycine has demonstrated the reduction in expression

of TSLP as well as these pro-inflammatory cytokines, therefore highlighting glycine’s

anti-inflammatory role in attenuating airway inflammation through inhibition of TSLP

mediated pro-inflammatory cytokine activation in the airways. In addition, one of the

mechanisms of injury and tissue damage can be recognized as neutrophil-dependent in-

jury. Accumulation of neutrophils in alveolar lumen gets activated leading to ROS and

pro-inflammatory cytokine production. Our observations comply with this mechanism

where we observed a higher neutrophilic influx and expression of pro-inflammatory cy-

tokines. In addition, there is increased septal breaks along with thickened alveolar septa

pointing towards a neutrophil mediated diffused alveolar damage. Glycine is established

to suppress LPS induced activation of cultured neutrophils and their ROS production

by directly affecting glycine-gated chloride channels(Wheeler et al., 2000). In addition,

glycine has also been reported to be able to reduce IL-17 expression from TH17 cells, a

cytokine essential for neutrophilic recruitment at mucosal surface. The reduction in ROS

and neutrophilic influx therefore can be attributed in preventing tissue damage(Vargas

et al., 2017).

Reduced production of pro-inflammatory cytokines can be attributed to glycine act-

ing via the GlyR to inhibit their production, as previously shown in rats intravenously

injected with LPS(Wheeler et al., 2000). It was also notable that, in addition to the

influx of neutrophils and alveolar macrophages, lymphocytes and monocytes were found

to be reduced after LPS exposure. Resolution of inflammation is a complex process,

however, the fact that glycine prevented the depletion of lymphocytes even after LPS

exposure points out to effects on multiple cells types. Glycine is also known to blunt
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agonist-induced calcium influx in lymphocytes and can induce immunosuppressive ef-

fects(Wheeler et al., 2000).

Animal models of ARDS can reproduce similar mechanism to the human disease. How-

ever, since the lung injury generally resolves in two weeks, the underlying healing capa-

bility of lung tissue may not be well represented. The effects as early as 24 hours are

also important in studying ARDS healing in a greater detail. Recovery in ARDS leads

to lung fibrosis as a result of healing, but this is controversial and variable(de Souza

Xavier Costa et al., 2017). The advent of pulmonary fibrosis is a result of latent expres-

sion of TGF −β in the early stages and is facilitated by IL−1β in an IL-17A dependent

manner(Wilson et al., 2010). In humans, collagen deposition (fibrosis) is analyzed solely

as a late tissue response. However, in ARDS there is an increased procollagen levels dur-

ing onset of ARDS (<48 hours) post injury. Furthermore, pro-inflammatory cytokines,

such as IL−1β and TNF, are regarded as fibrogenic and result in substitution of collagen

type III with type I during ongoing phase of ARDS. Costa and colleagues have nicely

demonstrated that there is an increased collagen build up in lung tissue 5 weeks post

LPS mediated injury but the data shows very limited collagen in their 24 hour model.

We attribute this to the detection method used. In the same 24 hour model, we found

using Histoindex comparable levels of expression of collagen. Histoindex determines col-

lagen on structural basis by the pattern of fibres, and reflectance of the laser. Therefore,

unlike conventional histochemistry, it is capable of detecting fibres as low as 100 nm

thickness. Our data are in agreement with Costa and colleagues(de Souza Xavier Costa

et al., 2017), in suggesting that ARDS onset and recovery leads to collagen deposition.

However, in a model of ARDS, which effects the lung parenchyma, our data shows an

interesting result, taking into account that Balb/c mice used in this model are generally

thought to be resistant to pulmonary fibrosis(Walkin et al., 2013; de Souza Xavier Costa

et al., 2017). In addition to glycine being able to attenuate airway inflammation, it

contributes to collagen deposition. For instance, glycine is required for the formation of

collagen and glutathione produced by glutathione synthetase, augmenting anti-oxidant

enzyme activities suitable for collagen deposition(Fogarty et al., 2004).
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5.5 Summary

In summary, the results show that glycine can directly reduce inflammation by preventing

neutrophil influx and increase of alveolar macrophages. Glycine improved pulmonary

function and prevented damage of lung parenchyma by reducing the expression of pro-

inflammatory cytokines from airway epithelial cells. Post injury, we showed that the

lung resorts to a healing state with recruitment of lymphocytes and deposition of fine

collagen fibres which were not possible to be measured previously using conventional

histochemical techniques, given the method utilised staining of fibres of higher thickness

and density. Hence, glycine can be used in a clinical setting without any adverse effects.
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6.1 Introduction

T he pulmonary route of drug delivery enables targeting of both local area and

systemic circulation by escaping the first pass metabolism (loss of a fraction of

drug in the gut and liver before entry into systemic circulation). In addition,

the method provides improved stability in the solid state and relatively low product

cost. Drug loss is prevented by the large alveolar surface area, thin epithelium, and

high vascularization of the lungs, which also maximize drug absorption. The most recent

delivery system involves the use of surface functionalized nanoparticles. These parti-

cles has gained significance due to bioavailibility of the drug and interaction with cells

of the immune system such as alveolar macrophages and neutrophils(van Rijt et al.,

2014). With the development of nanoparticle-mediated pulmonary drug delivery, there

are advanced strategies such as modification in particle characteristics to change the

way they carry and release drug after administration. However, the administration of

these nanoparticles poses several problems. Current challenges with pulmonary delivery

of nanoparticles include size(Rogueda and Traini, 2007), cytotoxicity, biodegradability,

particle instability due to aggregation and/or particle-particle interaction(Yang et al.,

2008), triggering pro-inflammatory pathways, and many more(Chakraborty et al., 2017).

One of the major problem with the use of non-biodegradable nanoparticles is the pro-

duction of reactive oxygen species (ROS) and autophagy leading to apoptosis of cells

(Anozie and Dalhaimer, 2017). Moreover, accumulation of non-biodegradable or slowly

degrading particles causes chronic inflammation in the region of accumulation(Medina

et al., 2007) leading to a preference of biodegradable nanoparticles are for pulmonary

delivery(Aragao-Santiago et al., 2016).

In addition to these challenges, anatomical barriers such as narrower airway lumen and

airway mucus poses a problem. Nearly 25% of ultrafine particles (size < 100 nm) are

cleared from the lung by mucociliary function in the airways. This is followed by a

slower process in the lung periphery, mediated by antigen presenting cell such as alveo-

lar macrophages(Moller et al., 2008). In COPD patients and smokers, the mucociliary

clearance mechanism is impaired due to pulmonary inflammation, airway remodelling

resulting in mucus hypersecretion. The mechanism for incomplete mucociliary clearance

can be explained by particle displacement due to surface forces by surfactants on top of

the mucus layer and periciliary fluid towards the epithelium. Moreover, discontinuities
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in the mucus layer is caused by the anti-inflammatory (demonstrated in chapter 4 and

5) amino acid glycine(Wei et al., 2005), by reducing local pro-inflammatory mediators

which promote mucus production(Vargas et al., 2017). Therefore, glycine has a bene-

ficial use in preventing airway mucus secretion (which increases extensively in airway

inflammation).

Inhalable biodegradable nanoparticles suspensions, administered by nebulization has

been a growing trend in the pharmaceutical industry(Dailey et al., 2003). However,

it has several drawbacks including inconvenience of bulk device, variability in droplet

size (due to nebulizer difference), low delivery efficiency and possibility of damage to the

active ingredient due to the high shear force(Yang et al., 2015). Therefore, biodegradable

nanoparticle delivery with glycine microparticles as a dry powder is ideal due to its ease

of administration, convenient portability, bulk production and the anti-inflammatory

role glycine preventing mucus hypersecretion (established in chapter 5). Glycine can

also be used as an excipient, which is advantageous in terms of cost, availability, low hy-

groscopicity, excellent physical stability, water solubility along with a sweet taste(Rowe

et al., 2013; Chongprasert et al., 2001). In addition, glycine improves insulin sensitiv-

ity along with reduction of alterations induced by hyperglycemia(Nuttall et al., 2002;

Alvarado-Vásquez et al., 2003) by inhibition of oxidative processes(Alvarado-Vásquez

et al., 2003) and has numerous therapeutic benefits such as in treatment of inflamma-

tory bowel disease(Liu, Wang and Hu, 2017; Tsune et al., 2003), schizophrenia(Javitt

et al., 2001) and rheumatoid arthritis(Li et al., 2001). For the formulation of glycine

microparticles to encapsulate the biodegradable nanoparticles (for use as excipients and

anti-inflammatories), several methods such as spray-drying and freeze drying can be em-

ployed(Wei et al., 2005). Albeit spray drying of glycine to produce anti-inflammatory,

microparticle based excipients has not been developed before. Spray drying is a favor-

able method for development of inhalable dry powder(Nandiyanto and Okuyama, 2011;

Yang et al., 2015) due to its scalability, adaptability, cost, encapsulation efficiency(Sou

et al., 2016). In addition, micro-fluidic jet-spray drying generates uniform, monodisperse

particles with higher stability and nanoparticle entrapment capability(Lin et al., 2017;

Wu et al., 2011). Glycine has been used to encapsulate antibiotics for inhalation previ-

ously. However, the spray-dryer used (Buchi 290) generates non-uniform, agglomerates

of spray-dried powder due to aerosolization of glycine. Instead, even microparticle forma-

tion was observed in the advanced micro-fluidic jet spray dryer which uses a piezo-electric
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droplet generator(Lin et al., 2017, 2015; Liu et al., 2011b). Using the micro-fluidic jet

spray drier, we can alter the particles’ physicochemical properties including size, distri-

bution, density, shape, morphology without aggregation issues of nanoparticles(Seville

et al., 2007), as the nanoparticles are suspended in bulk excipient (glycine for example).

In this chapter, the feasibility of using a micro-fluidic jet spray dryer to produce in-

halable nanoparticles in glycine microparticles imparting anti-inflammatory properties

for pulmonary delivery was investigated. Although the use of glycine as a freeze-dried

excipient is known in the literature(Wei et al., 2005; Rowe et al., 2013; Chongprasert

et al., 2001; Wang, 2000), however, the influence of spray-dried glycine microparticles

as an excipient and its anti-inflammatory role has never been studied. Biodegradabil-

ity of nanoparticles play an important role in clinical use as they do not accumulate

in tissue. Iron oxide nanoparticles have the property of biodegradability unlike other

non-metallic nanoparticles(Chakraborty et al., 2017). Coating with amino acids pre-

vents the production of reactive oxygen species making them ideal candidates for use

as pulmonary delivery vehicles. Therefore, in this study we synthesized biodegradable

super-paramagnetic iron oxide nanoparticles surface functionalized with glycine (GSPI-

ONs), as immunomodulators for use with spray-dried glycine microparticles. The char-

acterization of the spray-dried immunomodulators in the form of microparticles were

evaluated in terms of their aerodynamic properties and GSPIONs encapsulation capa-

bility. This work provides a foundation for the use of spray-dried glycine microparticles

containing biodegradable nanoparticles for the treatment of respiratory diseases (being

anti-inflammatory) and development of immunomodulators.
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6.2 Results and Discussion

Iron oxide nanoparticles were coated with glycine by alkaline co-precipitation method.

After synthesis of GSPIONs, the nanoparticles were characterized and their ability for

use as pulmonary delivery agents were evaluated.

6.2.1 Morphology and characterization of glycine coated iron oxide

nanoparticles (GSPIONs)

For characterization, the size of the nanoparticles was measured by TEM. The synthe-

sized glycine coated iron oxide nanoparticles (GSPIONs) were dispersed with a narrow

standard deviation (SD) with an average size of 12 ± 5 nm (Figure 6.1A). The electron

diffraction pattern shows sharp rings which corresponds to peaks found by XRD analysis.

XRD analysis revealed the formation of crystalline metastable cubic γFe2O3 structure

(Figure 6.1B). The presence of eight characteristic sharp and intense peaks such as (311)

confirmed the formation of crystalline nanoparticles with signature peaks at (620) and

(533), which is consistent with maghemite. Taking Bragg’s law (Equation (6.1)) into ac-

count, the interplanar spacing dhkl, corresponding to the (311) plane, can be calculated

with its peak position to dhkl=2.476Å. Upon applying the results from Equation (6.1)

in Equation (6.2), the lattice constant α= 8.212Å was determined which agrees with the

value reported in literature (maghemite, α=8.3457Å) (Cervellino et al., 2014).

dhkl =
λ

2sinθ
(6.1)

dhkl =
a√

h2 + k2 + l2
(6.2)

The electron diffraction pattern (Figure 6.1A) and the HRTEM image of GSPIONs

also confirmed the degree of crystallinity of their constituents. The electron diffraction

pattern can be indexed to crystalline reflections, such as (220), (311), (400), (422), (511),

(440), (620) and (533) of spinel cubic γFe2O3 structure, which is consistent with the XRD

result. The degree of crystallinity is likely a result of extended crystal growth time during

synthesis and the interactions of the amino acid (which was added at a later stage).
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Figure 6.1: Characterization of GSPIONs. (A). HRTEM images of GSPIONs
with average 12±5 nm diameter and their electron diffraction pattern; (B). XRD spec-
tra of GSPIONs showing eight characteristic peaks and two signature peaks at (620),
(533) corresponding to maghemite (γ − Fe2O3); (C). Field dependent magnetization
plots of iron oxide nanoparticles and GSPIONs at 300 K showing superparamagnetic
behavior; (D). FTIR spectra of glycine alone (showing Vs and Vas COO− bands)
and GSPIONs with corresponding functional groups shown in red between wave num-
ber 450-4000 cm−1; (E). Hydrodynamic sizes of GSPIONs and (F). SPIONs with a
poly-dispersity index of 0.146 and 0.259 respectively; (G). Zeta potential of GSPIONs

varying with pH.
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The initial products of the reaction (Fe2O3), enhanced the capability for growth/re-

organization in an ordered manner, resulting in crystalline nanoparticles as has been

previously observed for synthesis in the presence of glycine(Barick and Hassan, 2012).

Figure 6.1C shows the field dependent magnetization plots of citrate stabilized iron oxide

nanoparticles and glycine coated nanoparticles measured at 300 K. The glycine coated

iron oxide nanoparticles exhibit superparamagnetic behaviour without magnetic hys-

teresis and remanence at 300K, whereas that of the citrate stabilized pure iron oxide

nanoparticles exhibit hysteresis. This transition from ferro or ferrimagnetic behaviour to

superparamagnetic behaviour at room temperature was attributed to glycine chemisorp-

tion. The maximum magnetizations of citrate stabilized and glycine coated iron oxide

nanoparticles (at an applied field of 10 KOe) were found to be 70.09 and 54.42 emu/g

respectively. It was observed that the room temperature magnetization of glycine coated

iron oxide nanoparticles was reduced to 88% respectively of the bulk Fe2O3. Hence, the

glycine coated iron oxide nanoparticles demonstrate super-paramagnetic behaviour and

we refer to them as GSPIONs.

To evaluate the success of glycine chemisorption onto iron oxide nanoparticles, IR spec-

troscopy and CHN analysis was utilised. Figure 6.1D shows FTIR spectra of GSPIONs

and glycine with their corresponding peak assignments in the wave number ranging from

450-4000 cm−1. The absorption bands for glycine were found to be resolved properly

as it is a zwitterionic compound. However, that of GSPIONs are broad. There is a

shifting of NH3+ Vas stretching in pure glycine to (NH) and CH2 stretching vibration

at 3430 cm−1 and 2940 cm−1 respectively in the coated sample. Stretching vibration in

pure glycine at 1117 cm−1 shifted to a bending C–C − N vibration at 1233 cm−1 and

absence of COO− rocking vibration in glycine coated sample. The Vs and Vas stretching

bands of COO− group of glycine are shifted from 1404 to 1373 cm−1 and 1584 to 1615

cm−1 along with a wave number separation of ∆=242 cm−1 between Vs COO
− and Vas

COO−. This type of covalent bonding suggests that glycine is chemisorbed onto the sur-

face of the nanoparticles through carboxylate groups with freely exposed amine (−NH2)

groups. The exposed amine groups interact with water forming hydrogen bonds whereas

the carboxylate groups strongly coordinate to iron cations(Wang et al., 2006). Stabi-

lization of the GSPIONs was also carried out by electrostatic repulsive forces originating

from the ionization of the surface groups.
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To validate the presence of glycine on SPIONs CHN analysis was performed which quan-

tifies the elemental presence of the elements carbon (C), hydrogen (H) and nitrogen (N)

in a sample. Therefore, we utilized this method in order to find the presence as well as

quantify the number of glycine molecules chemisorbed per nanoparticle on to the surface

of GSPIONs (see Apendix 8.2, Table 2). Glycine has 2 carbons, 5 hydrogens and one

nitrogen. Hence nitrogen was used as the element to evaluate the number of glycines

chemisorbed. The particles show themselves as a cubic lattice and their diameter varies

from 4.5 to 12 which we had seen in HR-TEM micrographs using Quantax analysis.

Therefore, glycine content is estimated by a function of the nitrogen content and size of

the particles as proposed below and calculated using Wolfram Alpha R© (shown in Ap-

pendix 8.2 Figure C.4)

Number of glycine molecules per particle =

12∫
a=4.5

6a2

22.61∫
18.39

N

14
dNda

a, the side length of the cube where the side length ranges from 4.5 nm to 12 nm.

N, percent of nitrogen.

resulting in an estimated average 20.2 x 103 glycine molecules chemisorbed in each par-

ticle.

The initial focus of the development of the nanoparticles was to have a hydrodynamic

diameter around 50 nm. It is shown from a previous study that size of nanoparticles

around 50 nm, plays a key role in uptake by antigen presenting cells in the lung(Hardy

et al., 2012). Therefore, the initial challenge was to synthesize glycine coated iron oxide

nanoparticles within the size range of 50 nm with a low poly-dispersity index (PDI).

Dynamic light scattering (DLS) measurements such as the hydrodynamic size of the par-

ticles were measured over 8 replicates using a Malvern Zetasizer. The pristine citrate

stabilized SPIONs size had an average diameter of 65.8 ± 30 nm (Figure 6.1E) with a

PDI of 0.259. On the other hand, the glycine coated SPIONs showed a diameter of 84.19

± 18 nm (Figure 6.1F) with a PDI of 0.146 indicating monodispersity of the nanoparti-

cles. The difference in the size can be correlated to the coating of glycine as verified by

HR-TEM EDX (12 ± 5 nm)(shown in Appendix 8.2, Figure C.1F). Furthermore, DLS
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measurement indicates that these particles existed as aqueous colloidal suspensions with

the presence of associated and hydrated organic layers. We investigated the charge of

the glycine coated SPIONs in a range of different pH. Figure 6.1G shows the zeta po-

tential (ζ) measurements of glycine coated SPIONs at pH 1-11. The particles have net

positive charge at pH<6.0 and negative surface charge at pH>7.0. Therefore, the pH

of zero-point charge was determined to be around 6.0. This difference in their charge

can be attributed to the degree of ionization of zwitterionic glycine observed at different

pH. The efficiency of chemisorption of glycine onto nanoparticles was found to be 37.8%

calculated by extrapolation from a ninhydrin standard curve (shown in Appendix 8.2,

Figure C.1E). The GSPIONs are biodegradable as iron oxide nanoparticles are broken

down through the endosomes (Mazuel et al., 2016) and are non-toxic to cells even at

higher concentrations of 400 µg/ml (Ghasempour et al., 2015). The biodegradability of

these particles is an advantage, as after degradation, iron can reach the blood stream

and is useful for the body.

6.2.2 Generation of uniform, mono-disperse glycine microparticles by

microfluidic jet spray drying

Commercially available glycine powder has a size ranging from 450-600 µm and is bipyra-

midal in shape (see Appendix 8.2 Figure C.1A1,A2). The microparticles generated by

the microfluidic jet spray dryer were around 60±10 µm and were monodisperse, porous

and uniform. However, the size of the microparticles is very large in comparison to the

ideal size needed for pulmonary delivery(upper respiratory tract < 5µm, lower respira-

tory tract 1− 5µm and alveoli < 1µm)(van Rijt et al., 2014) but, similar to D50 values

of excipients like lactohale200TM . The particles were therefore characterized based on

their surface morphology and structure having anti-inflammatory properties of glycine

as well as the ideal size for use as excipients.

Spray-dried glycine microparticles displayed a spherical shape for all samples (Figure

6.2A-D). Crystalline glycine particles produced by cooling or evaporation produces par-

ticles which are needle-like, bipyramidal or plate like(Lin et al., 2015) and hence may

cause irritation in the respiratory tract upon use as excipients. However, the bipyrami-

dal shape of the particles (commercially available glycine powder, see 8.2, Figure C.1A)
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has transformed to a spherical shape due to the process of spray drying in order to pro-

duce monodisperse particles(Lin et al., 2015, 2017). Microparticles with different feed

concentrations (8 wt.% and 18 wt.%) of glycine, displayed similar sizes around 60 µm

for the final spherical dry powder formed. The spray dried microparticles with 18 wt.%

glycine concentration was dense with a single hole at the point of droplet disengagement

(Figure 6.2A, B). The microparticles spray-dried with 8 wt.% glycine concentration dis-

played a hollow microsphere (Figure 6.2C) and a coral-like structure as reported here

and previously(Lin et al., 2015) unlike random shaped particles of lactohale200TM . Fur-

thermore, XRD data of the glycine microparticles-based excipients without GSPIONs

shows three peaks indicating the extent of crystallinity (shown in Appendix 8.2, Figure

C.2A). When these microparticles were stored at 76% relative humidity (RH), they be-

came more porous and coral-like (Figure 6.2D) indicating that and increase in moisture

would lead to disintegration of the particle. The inlet temperature also played a major

role in spray drying. At an elevated temperature of 185 ◦C, the crystal formed was in

large blocks compared to those spray dried at 173 ◦C. When the velocity of air during

the spray drying process was increased to 400 ms−1, several striations were observed un-

der immersion mode (ultra-high resolution) of the microscope (Figure 6.2E). The crystals

joined to form the microparticles and is like a cenosphere (hollow shell-like) (Figure 6.2D,

2-3). Therefore, the 18 wt.% feed concentrations were discontinued and for the rest of

the experiments, spray-dried glycine microparticle-based excipients were formed with 8

wt.% feed concentration and the excipient microparticles were stored under 76% RH in

order to generate a high degree of porosity. The pores are induced into the particles

by humidity treatment due to internal flow of glycine by capillary forces exerted on the

condensing water as observed by us previously(Lin et al., 2015). The introduction of

porosity is a key feature for these microparticles-based excipient, rendering them hollow,

ceonospheric for improved aerodynamic performance unlike solid, dense lactohale200.

Humidity treatment induces partial dissolution of glycine and then subsequent recrystal-

lization. This phenomenon is important in order to generate discontinuities in the mucus

layer as well as to disengage the GSPIONs after impact of subsequent periciliary flow

towards the smaller airways and subsequntly into the peripheral lung. The free energy

is proportionally related to crystal area, and therefore small crystal grains tend to grow

into larger ones with the ultrafine grains showed in high resolution SEM images (Figure

6.2E) forming larger crystal grains(Lin et al., 2015). The size of the microparticles was

large for use as a carrier/delivery-vehicle to the alveoli and the peripheral airways, hence



Chapter 6 To develop Glycine immunomodulators for pulmonary delivery 118

we used them as excipients to get past the oropharyngeal region in order to protect the

GSPIONs from the mucus layer.

Figure 6.2: SEM images of spray-dried glycine microparticle-based excipient
synthesized using a microfluidic jet spray drier. (A). Glycine microparticles syn-
thesized with a feed concentration of 18 wt.% showing similar spherical shape, uniform
but (B). dense, monodispersed having a single large pore; (C). Glycine microparticles
synthesized with a feed concentration of 8 wt.% showing crystalline, spherical, uniform
microparticles with (D). a hollow core (cenospheric) along with a highly porous sur-
face; (E). High resolution image of the microparticle surface showing striation (wave

and ridges).
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6.2.3 Characteristic features for spray-dried glycine microparticle-based

excipients for pulmonary delivery of GSPIONs

GSPIONs with hydrodynamic size 84.19±18 nm were loaded at a concentration of 200

µg/ml onto 8 wt.% glycine feed concentration in order to generate microparticle-based

excipients. The spray dried microparticles encapsulating GSPIONs were uniform with

low standard deviation (Figure 6.3A). Upon dissolving the microparticle-based excipients

containing the GSPIONs in PBS and quantifying for their iron content, we found the iron

concentration to be 2.45 µg/ml. These spray dried glycine microparticles appeared to be

hollow inside (Figure 6.3B). The “coral-like” surface of the microparticle-based excipient

changed to a rough surface due to the presence of GSPIONs (Figure 6.3C). We next

evaluated the aerodynamic performance of the microparticles-based excipient. The xRay

CT reconstituted 3D images of the glycine microparticles-based excipients containing the

GSPIONs (Figure 6.3D) showed the presence of pores (pointed by arrows) on the outer

surface (Figure 6.3D1) along with a high degree of uniformity in their size (Figure 6.3D).

Moreover, when we observed the cross-section of these microparticles, we found that

due to the GSPIONs presence, there was a presence of longitudinal pores (showed by

arrows) making the particles very light and aerodynamically efficient (Figure 6.3D2,

Supplementary video 2a). We compared our spray-dried glycine microparticle-based

excipient with commercial Lactohale 200TM for aerodynamic performance which are

defined in terms of its porosity, equivalent spherical diameter and aerodynamic volume.

We found that our microparticles have a median porosity of 29%, 570361 µm3 volume

and 80 µm aerodynamic diameter. In Lactohale200TM , the pores were not detected at

our voxel size due to the dense nature of lactohale (see supplementary video 2b) which

also explains its early deposition in the respiratory tract. Lactohale particles were of

non-uniform shape with high poly-dispersity index, making it difficult to calculate the

spherical diameter and aerodynamic volume (data therefore not shown). The MSDS

of Lactohale 200TM indicates a physical diameter (d50 = 50 − 100µm) A summary of

the comparison between GSPIONs loaded on to glycine microparticles-based excipients

versus that of the same excipient without GSPIONs are shown in Appendix 8.2, Table

1.
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Figure 6.3: GSPIONs loaded on to spray-dried glycine microparticles-based
excipients. (A). The average size ranged from 60-80 µm with both smooth and uneven
surface morphology. The spherical structure of the microparticles was maintained.
There were several cracks on the crystal (A3). (B). The glycine microparticles-based
excipient was found to be rough from inside with wall like growth inside the hollow
microsphere (B3). (C). On higher magnification, wave like structure (C2) was observed
on the surface which is due to GSPION deposition with ridges marked by high velocity
air (C3). (D). XRay CT 3D reconstituted images of the GSPION loaded on to glycine
microparticle-based excipient showing pores (white arrows) by a voxel size of 0.75 µm
with (D2) the presence of a highly porous core showing longitudinal pores upon looking
into their cross-sections. Inset showing the narrow particle size distribution confirming
their uniformity and monodisperse nature. Three representative particles were used for

measurement and statistical analysis.
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We also evaluated the location of the GSPIONs using EDX (to validate our XRay CT

data) and investigated whether the glycine microparticles used as an excipient shields

the GSPIONs from degrading by thermogravimetric analysis. Whether the protective

effect of glycine microparticles is extended to other APIs coated on SPIONs, is beyond

the scope of this thesis. On examination of the location of the GSPIONs by EDX (Figure

6.4A- inset) it was observed that the particles were located mainly on the inside. Due

to simultaneous effect of drying and crystallization there is formation of wave like struc-

ture (Figure 6.3B) and ridges (Figure 6.3C)(Islam and Langrish, 2010). Since glycine

is an amino acid, the presence of carbon, nitrogen, oxygen was mapped using the EDX

(showed in Figure 6.4A, Appendix 8.2 Figure C.2). However, the microparticles were

unstable at a high accelerating voltage of 15 kV (probably due to heat) for EDX there-

fore the inside of the microspheres could not be mapped. It can be said that due to fast

evaporation there is a bubble formation in the core where the nucleation starts to take

place with the GSPIONS serving as a nucleus and concentrating at the core with larger

crystal formations (Figure 6.3B2-3).

TGA confirmed the loading of the GSPIONs on to the spray-dried glycine microparticles-

based excipients. A comparative analysis of spray dried glycine microparticles-based

excipients loaded with GSPIONs, empty glycine microparticles, and GSPIONs by itself

were carried out (Figure 6.4B). GSPIONs showed negligible weight loss in between 50

◦C – 600 ◦C (the range of temperature analyzed). A two-stage degradation was visi-

ble in glycine microparticles and GSPION loaded glycine microparticles. The excipient

concentration of glycine used at 8 wt.% yields 26% residue due to coke formation under

N2 atmosphere because of pyrolysis. The GSPIONs loaded glycine microparticles had

a significant change of weight in between 180 ◦C – 220 ◦C which can be due to ph-

ysisorbed water, making the dissolution of the excipient ideal upon encountering mucus.

Both empty and GSPION loaded glycine microparticles-based excipients showed stability

from 200 ◦C - 240 ◦C. There is less mass loss in GSPION loaded glycine microparticles,

in comparison to empty glycine microparticles. This signifies that the GSPIONs are

protected from degradation by the spray-dried microparticles and serves well as excipi-

ent. Moreover, the degradation from 300 ◦C to 450 ◦C was quite significant as there is

release of several gaseous hydrocarbons. TThis also demonstrates that the GSPIONs are

protected by the glycine microparticles from degrading. The presence of the GSPIONs
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at the core is also confirmed as the GSPIONs themselves have a very small weight loss

of 5%. This also confirmed the presence of coating of glycine on the SPION surface.

Figure 6.4: Distribution of GSPIONs loaded in spray dried glycine
microparticles-based excipients. (A). The location of the GSPIONs was deter-
mined by EDX mapping for iron and other elements such as carbon, nitrogen, oxygen.
In panel A, the first EDX map shows carbon (in purple) which is attributed to carbon
present in glycine. The second map shows iron (in red), which is present relatively at low
abundance on the surface. The third map shows carbon(in purple), nitrogen(orange),
oxygen(green) and iron (in red). Furthermore, the presence of iron is also confirmed
by the peak intensity of the different elements present (inset); (B). Thermogravimetric
analysis showing stability and protective nature of glycine microparticles-based excip-
ients loaded with GSPIONs (in black), the spray dried glycine microparticles-based
excipients only (in red) and the GSPIONs alone (in blue). There was negligible change
in mass for GSPIONs only. Whereas, the mass difference of GSPIONs in glycine mi-
croparticles were more which is attributed to the protective nature of the microparticles

on the GSPIONs.
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6.3 Further Discussion

The optimum location to deposit the drug largely depends on the disease type. For

example, drug delivery to the upper airways is needed for asthma while for alveolar lung

diseases such as COPD and fibrosis it needs to be delivered deep in the lung(van Rijt

et al., 2014). In general particles of size greater than 5 µm are deposited in the tra-

chea while that between 1-5 µm are largely phagocytosed and less than 1 µm(Carvalho

et al., 2011) are deposited in the alveoli(Paranjpe and Müller-Goymann, 2014) for uptake

by immune cells. We utilized this principle to design our inhalable spray-dried glycine

microparticle-based excipient to carry GSPION in order to protect them from mucocil-

iary clearance. Due to the porosity and aerodynamic performance of the microparticles,

they can be delivered to the upper airways past the oropharyngeal region. The GSPIONs

due to their nano-size and glycine coating do not aggregate due to charge-based repul-

sion. The GSPIONs are carried to the alveoli by periciliary fluid movement along the

airway. In addition, glycine in the literature has been reported to prevent mucus hyper-

secretion. The dissolution and high solubility of the glycine micoparticle-based excipient

would result in mucus discontinuity (as well as our data, see chapter5.3.2), leading the

nanoparticles to reach the periphery. The coating with glycine yielded crystalline su-

perparamagnetic particles which was transformed from ferro or ferri-magnetic iron oxide

nanoparticles(Barick and Hassan, 2012). This decrease in magnetization can be at-

tributed to the combined effect of the nano-core size and (large surface to volume ration)

and robust coating of glycine molecules on their surface (quenching of magnetic moment

by electron exchange between coating and surface atoms)(Mikhaylova et al., 2004). Re-

cent studies with iron oxide nanoparticles have showed that TEM size of 10 nm are ideal

for uptake by macrophages(Feng et al., 2018) especially alveolar macrophages(Katsnelson

et al., 2012) and our GSPIONs are in the TEM size range of 12 ± 5 nm.

There are several challenges in delivering therapeutics to lung alveoli using nanopar-

ticles especially in patients with respiratory diseases. In general, uncoated iron oxide

nanoparticles tend to crash out of solution/agglomerate (Chakraborty et al., 2017). But

coating the particles with glycine stabilizes them and makes them ideal for conjugat-

ing drugs/compounds or use as is for pulmonary delivery. The low PDI of 0.146 of the

glycine coated nanoparticles leads to a monodisperse suspension and therefore stable

in comparison to that of pristine iron oxide nanoparticles (PDI 0.249). The coating
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results in inter-particle repulsion causing them to stay in solution preventing agglomera-

tion. The surface functionalization is important to prevent the particles in ameliorating

pulmonary inflammation. It is known that pristine nanoparticles without surface mod-

ification in the same size range of 30-100 nm promotes lung inflammation mediated

by inflammasome activation and IL − 1β secretion (Kusaka et al., 2014). Therefore,

glycine coated particles will be advantageous from the clinical perspective. Furthermore,

the coating with glycine results in a hydrodynamic size ideal for uptake by cells in the

lung(Hardy et al., 2012, 2013). Particles less than 5 nm accumulate in the nucleus while

that of 15-40 nm restrict themselves to the cytoplasm. On the other hand, particles in

the size range 100-233 nm are prevented to enter the cell(Chakraborty et al., 2017), thus

our GSPIONs with HRTEM size 12±5 nm and hydrodynamic size 84.19±18 nm are ideal

both for functional and mechanistic studies as well as pulmonary delivery of therapeutics.

Another problem associated with delivery of nanoparticles is instability in different bi-

ological environments. The airway epithelium has an excellent defense mechanism to

remove infectious particles from inhaled air and thereby preventing infection in the lung.

The lung pH is highly maintained by H+ − K+ ATPase, vacuolar type H+ ATPase

as well as HCO−
3 conduction from the CFTR Cl− channels(Fischer and Widdicombe,

2006). Our result shows a great stability of the glycine coated nanoparticles in a wide

range of pH. At both ends of the pH scale the zeta-potential increases which could be

due to the development of partial charge in chemisorbed glycine leading to its stability.

6.4 Summary

In summary, our data suggests that spray-dried glycine microparticles synthesized using

a micro-fluidic jet spray dryer could be used as an ideal excipient in pulmonary delivery of

functionalized nanoparticles. The glycine excipients are porous, aerodynamically stable,

monodisperse and uniform which is advantageous over other available commercial ex-

cipients in terms of availability, cost of production, ease of encapsulation, homogeneity,

hygroscopicity and most important preventing mucus clearance for pulmonary deliv-

ery. Using this excipient to encapsulate functionalized super-paramagnetic iron oxide

nanoparticles coated with glycine (GSPIONs) is beneficial for use as carriers for pul-

monary delivery. The GSPIONs are of a hydrodynamic size ideal for uptake by lung
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resident immune cells. In acute inflammatory lung diseases such as Acute Respiratory

Distress Syndrome (ARDS), the main infiltrating cells are the neutrophils and alveolar

macrophages. Our GSPIONs are taken up by these lung resident cells and hence we pro-

pose the use of these biodegradable nanoparticles for mechanistic studies of pulmonary

inflammation and conjugating or using them as immunomodulators in respiratory dis-

eases. Overall, these data demonstrate that spray-drying can be used to design inhalable,

biodegradable microparticle-based excipient system for protecting and/or encapsulating

functional nanoparticles for pulmonary delivery. It also increases our understanding of

nanoparticle uptake by immune cells in the lung and provides future directions to utilize

these nanoparticles as immunomodulators in the attenuation of airway inflammation.

Our findings provide new insights into spray-drying of amino acids to design uniform,

monodisperse excipients capable of passing the oropharyngeal region for pulmonary drug

delivery and supports the hypothesis to deliver inhalable immunomodulatots in the lung

periphery without entrapment in the mucus.
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7.1 Introduction

Discovery of new drug targets has become essential due to the diversity of diseases

and alleviating resistance to drugs. Therapeutic interventions targeting specific

cells are being developed to treat respiratory diseases. Nanoparticles are capable

of pulmonary drug delivery, albeit there has been concern in the literature that some

of them may promote lung pathology, since a number of man-made and environmental

nanoparticles cause asthma exacerbations(Inoue et al., 2009, 2010; Alessandrini et al.,

2006; De Haar et al., 2006), and are associated with size dependent cytotoxicity in mam-

malian cells(Pan et al., 2007; Cai et al., 2011; Vedantam et al., 2013; Ariano et al.,

2011). Nanoparticle size is also important in terms of nanoparticle distribution in the

lung(van Rijt et al., 2014) and plays a major role in their overall systemic clearance

and biodistribution. Usually, particles with a size of less than 5 nm are cleared by the

kidneys(Soo Choi et al., 2007), whilst 50-100 nm particles lodge in the liver(Braet et al.,

2007). Often bigger micron-sized particles end up in the spleen(Blanco et al., 2015).

However, coating the particles modulate their excretion(Almeida et al., 2011). Some

nanoparticles are cytotoxic(Pan et al., 2007; Cai et al., 2011; Vedantam et al., 2013; Ari-

ano et al., 2011) related in some cases with additional other physicochemical aspects such

as charge(He et al., 2010; Verma and Stellacci, 2010). For pulmonary delivery, unless

particles are highly porous with aerodynamic features to support delivery; they end up

in lung capillaries(Liu, Li and Xu, 2014; McVey et al., 2012). Targeting nanoparticles for

uptake by alveolar macrophages has recently been shown to be useful in intervention to

treat respiratory diseases(Rahul et al., 2017), and given their central role in the control

of many disease of the lung, it is likely to be useful across multiple disease. However,

since uptake by alveolar macrophages of pro-inflammatory or toxic nanoparticles and

microparticles including those made from some form of silica and asbestos, can lead to

pulmonary fibrosis and neoplasia(Nakayama, 2018). It will be useful to develop nanopar-

ticle scaffolds that do not trigger potentially damaging inflammatory pathways during

particle uptake. The uptake of diverse type of nanoparticles and microparticles in the

lung by a range of subtypes of endocytic cells, has been recently extensively reviewed

(Chakraborty et al., 2018).

The charge on the nanoparticle surface is another critical determinant of its stability in-

vivo, therefore, as well as size, the zeta-potential of the particles is also important(Moore
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et al., 2015). For instance, the coating on the particles’ surface can enhance their circu-

lation time in the body by preventing efficient uptake by antigen presenting cells(Mohr

et al., 2014), or precluding aggregation due to a biological fluid such as serum or mu-

cus(Walkey et al., 2012; Lai et al., 2009). However, it is not necessary that the coating

on the nanoparticle surface will always affect the charge. In fact, the component coated

on the particle surface determines the immune response. For example, poly-l-lysine

coated nanoparticles are ineffective in inducing mucosal immunity versus that of chi-

tosan coated(Marasini et al., 2017). Overall, amino acid coatings can be used to improve

the biocompatibility, size and biodistribution as well as potential interaction with im-

mune cells, making them ideal molecules for conjugating of nanoparticles for therapeutic

and diagnostic applications(Inbaraj et al., 2011; Chakraborty et al., 2017). Therefore,

the coating on the particle along with its core, will both be significant when designing

particles for pulmonary delivery.

Different coatings which can help modify the biodistribution of the particles in-vivo

include polyethene glycol, dextran and amino acids(Chakraborty et al., 2017) which

contain methyl, amino, carboxy functional groups. Amino acids possess both amino and

carboxy terminals due to their zwitterionic nature. The availability of two functional

groups is beneficial as one can be utilised for attachment of drugs and other molecules

while the other is accessible to the nanoparticle. For diagnostic application, iron oxide

nanoparticles have been proved to be successful in Magnetic Resonance Imaging (MRI)

of tumours and soft tissues(Lee et al., 2010b; Yang et al., 2010b) and its biodegrad-

able nature prevents accumulation in tissues(Mazuel et al., 2016). Coating of iron oxide

nanoparticles with poly-aspartic acid leads to a charged surface aiding to their uptake

by tumour cells and enhancing their ability to provide tumor contrast(Lee et al., 2010b).

The advantage of MRI over fluorescent probes and/or nanoparticles is the localization of

the signal within tissue, MRI can image deep within the body while fluoresce is limited in

penetration by tissue scattering of the emitted light. Additionaly, the fluorescent probe

can be cleaved from the nanoparticle leading to a false positive signal. Biodegradable

nanoparticles with super-paramagnetic properties are useful as MR contrast agents as

the core of the particle is responsible for image contrast(Yang et al., 2010b) with improve-

ment in contrast when two adjacent areas have difference in signal intensity (SI).Contrast

difference is required to differentiate between normal anatomy from pathology. There-

fore, signal intensity on an MR image is governed by many factors including the tissue
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characteristics, proton density and type of sequence used(Bloem et al., 2018).

Despite the recent advancements in biomedical imaging especially MRI of tumours(Lee

et al., 2010b; Yang et al., 2010b) and soft tissues such as liver(Xing et al., 2011), non-

invasive lung imaging is difficult and MR imaging of the lung is not well established.

The potential to improve lung MR imaging is extensive. Pulmonary inflammation is

a hallmark in many respiratory disease in which cells such as neutrophils and alveolar

macrophages are the key players in regulating inflammation. An unmet need would be in

tracking functional immune regulatory lung cells, such as alveolar macrophages and neu-

trophils. There is fundamental need to understand nanoparticle biodistribution in the

lung to inform clinical utilization of thse particles. A key problem with current lung MR

imaging is due to the hollow nature of the lung, comprising of air and negligible hydrogen

protons, which are required for standard MR imaging(Altes et al., 2007). In addition,

the lung is not a static organ as it is consistently under a rhythm of inhalation-exhalation

further complicating the imaging. To overcome this problem, we used a non-invasive 3D

ultra-short echo time (UTE) MR imaging sequence in order to nullify respiratory and

cardiac motion(Takahashi et al., 2010). With near zero echo times such as ultra-short

echo time sequence, have shown utility for the assesment of non-cell lung carcinoma and

pulmonary edema(Johnson et al., 2013). In order to study nanoparticle biodistribution,

we synthesized and delivered intranasally, super-paramagnetic iron oxide nanoparticles

coated with the amino acid glycine (GSPIONs) to investigate the uptake by cells resident

in the lung. Glycine is the simplest, neutral amino acid, it does not induce inflammation

and being small it minimizes extending ligand arms with functional groups helping con-

trol nanoparticle size. We demonstrate for the first time the biodistribution of GSPIONs

within the lung of mice following inhalation using a 9.4T magnet and a non-invasive 3D

ultra-short echo time (UTE) MR imaging sequence previously developed by Takahashi

and colleagues(Takahashi et al., 2010). Utilizing γ − Fe2O3 core of the nanoparticles,

we were able to show selective nanoparticle uptake by specific alveolar macrophages and

neutrophils. We measured airway resistance and local pro-inflammatory cytokine induc-

tion in the lung after GSPION administration and were able to confirm the particles were

not inflammatory. The data shows a promising safety profile for nanoparticles coated in

this neutral amino acid and a useful base to further explore applications for potential

clinical use.
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7.2 Methods

7.2.1 Experimental design

Glycine immunomodulators were developed by conjugating glycine on to biodegradable

super-paramagnetic iron oxide nanoparticles. Mice were intranasally given either GS-

PION or control (0.9% saline, vehicle only). Mice were anaesthetized using isoflurane

(IsoFlo R©, Abbott Laboratories, North Chicago, IL) in 100% oxygen; and either GSPI-

ONs (200 µg/ml) or control (0.9% saline, vehicle only) were intranasally administered.

GSPIONs were suspended in either 100 mM glycine or saline. MR imaging was performed

prior to sensitization and 24 hours after sensitization (detailed protocol in chapter 3.17).

For GSPION sensitized group (n=5) and control (vehicle: 0.9% saline) (n=3) mice were

analyzed. The experimental design is demonstrated in Figure 7.1 below. After MR imag-

ing and measurement of lung function (see chapter 3.6), mice were culled and lungs were

subjected to Perl’s prussian blue staining (refer to chapter 3.9) to locate the GPSIONs.

Lung architecture was also evaluated by staining with Hematoxylin and Eosin (see chap-

ter 3.8). Other organs such as liver, heart and spleen were checked for the presence of

GSPIONs (shown in Appendix 8.2).

Figure 7.1: Study design showing sensitization of mice with GSPIONs(200
µg/ml) suspended in PBS or glycine and saline (control). Mice were sensitized
with GPSIONs(immunomodulators) suspended in either 0.9% saline or 100 mM glycine
and compared to saline (control). After 24 hours of sensitization, mice were subjected
to 3D UTE MR imaging, lung function test, Perl’s prussian blue counter stained with
neutral red to stain GSPIONs and lung architecture stained using Hematoxylin and

Eosin staining.
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7.3 Results

7.3.1 Glycine immunomodulatories are capable of pulmonary delivery

The NGI dispersion data for glycine microparticles with and without GPSIONs as well as

the commercial excipient Lactohale200TM are plotted in Figure 7.2. The emitted fraction

of lactohale 200TM (78±1 %) was higher than the glycine microparticles alone (56±1 %)

but were comparable to that of GSPIONs loaded on to glycine microparticles (74±1 %).

The fraction of recovered powder at each stage were similar between Lactohale 200TM

and our GSPIONs loaded glycine microparticles are comparable to Lactohale excipient.

Inspection of the NGI data showed that, majority of the particles deposited in stages

1-5. The microparticles deposited beyond stage 5 were almost negligible and beyond

the detection limit of the assay (data not shown). Spray dried glycine microparticles

without GSPIONs majorly deposited in between stage 1 and 2 and limited availability

was observed in between stage 3-5. When we compared spray dried glycine microparticles

with GSPIONs to that of lactohale 200TM at individual stages, it was found that at stage

1,2 and 4, there is no significant difference in their deposition between lactohale 200TM

and GSPIONs loaded on to glycine microparticles, hence comparable as excipients. The

glycine microparticles without the GSPIONs were significantly less deposited across all

the stages. The glycine microparticles were found to be highly porous (29% porosity from

X-Ray CT data), crystalline (Figure 6.3D2), wave-ridge, “coral-like”, cenospheric (hollow

core) microcarriers with aerodynamic diameter (80±10 µm, from 3D reconstruction of

XRay CT images) generated during spray drying with GSPIONs.
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Figure 7.2: Next Generation Impactor recovery of glycine micrparticles
at different stages. Distribution of glycine microparticless loaded with or without
GSPIONs in comparison to commercial excipient Lactohale200TM collected from the
next generation impactor at various stages. Data represented as Mean±SD with n=4

and 3 assay replicates/stage.
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At a flow rate of 45 L/min which is the normal inspiratory flow rate in a human(with

a pulmonary disease such as COPD or fibrosis), the microparticles carrying the GSPI-

ONs demonstrate a proof of concept that they are able to travel longer whereas the

microparticles alone are carried less due to reduced porosity although both the struc-

tures show spherical morphology. Processing of the NGI data also allowed us to compare

between the mass median diameter of the microparticles (80±10 µm) in comparison to

large physical diameters (d50 = 50 − 100µm) values of commercial Lactohale 200TM .

The aerodynamic size of the GSPION loaded onto glycine microparticles and the d50

value of lactohale 200TM coincide and can be correlated with the NGI deposition at the

different stages. Therefore, the microparticles are comparable as excipients with similar

aerodynamic performance and capable of pulmonary administration of the GSPIONs.

The fabricated glycine microparticles have better aerodynamic performance despite of

having large geometric diameter because of their low densities. The low density of glycine

(8 wt.%) used as feed concentration to generate the microparticles, owed to cenospheric,

highly porous morphologies, causes their aerodynamic diameter to lie within the range

for effective depositions past the oropharyngeal region. In addition, the solubility of

glycine microparticles (240 mg/ml) was higher than that of lactohale (190 mg/ml) at 25

◦C, owing to its porous nature and availability of physiosorbed water.

7.3.2 GSPIONs are distributed throughout the lung and shows T2*

relaxivity in lung

Typical ultra-short echo time (UTE) images of the lungs in mice instilled with saline

or GSPIONs at nine different echo-times (TEs) ranging from ultrashort (0.01 msec)

to conventional (1.2 msec) are shown in Figure 7.3A. The images were not degraded by

motion artefacts. Signal intensity (SI) was consistent within the cardiac muscle which we

used the heart as an internal imaging control. The signal intensity for GSPION sensitized

mice was lower(Pusnik et al., 2016) in comparison to saline treated mice (Figure 7.3B)

for any TE. In general, the GSPIONs showed a reduction in signal intensity consistent

with the effects of iron oxide nanoparticles and the coating did not effect it (shown in

Appendix 8.2). For determining the SI in lung parenchyma, the lung was segmented into

upper, middle and lower regions.
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Figure 7.3: Non-invasive 3D UTE MR imaging of the lung for biodistribu-
tion. All MR images are at slice 71. (A). GSPION vs Control (0.9% saline) sensitized
mice imaged at different TEs. (B). T2* signal intensity for all lung segments in GS-
PION vs saline (control) groups. (C). T2* signal intensity of the upper lung region
for GSPION vs control (saline) groups. (D). T2* signal intensity of the middle lung
region for GSPION vs control (saline) groups. (E). T2* signal intensity of the lower
lung region for GSPION vs control (saline) groups. (F). T2* signal intensity of heart
(control) in comparison to different lung segment in both left(Lt.) and right (Rt.) lobes
of the lung in GSPION group. (G). T2* signal intensity of heart (control) in compar-
ison to different lung segment in both left(Lt.) and right (Rt.) lobes of the lung in
saline group. (H). T2* signal intensity of different GSPION dilutions (concentrations)
showing relaxivity and darkening due to GSPIONs presence. (I). 3D UTE volumetric
rendering of GSPION sensitized and control mice at ultra-short TE 0.4 msec and con-
ventional TE 1.2 msec. The decrease in the heat map corresponds to tissue whereas

the increase corresponds to GSPIONs increasing the relaxivity.
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Interestingly, the SI for control (saline treated) mice was lower than GSPION sensitized

mice in the upper segment of the lungs, did not change in the middle segment and was

reduced in the lower segments (Figure 7.3C, D and E). The pattern of SI decreases for

the GSPION group showed a gradual decrease from the upper segment to the lower

segment, indicating a higher concentration of particles in the lower alveolar regions.

Upon comparing the different segments of the lung with heart (control), the SI for each

individual segment was lower than the heart (Figure 7.3F) for any TE. The GSPIONs

were evenly distributed between the left and right lobe of the lung as the SI was consistent

irrespective of the lung lobe. The control (saline) group showed very similar SI between

lobes(Figure 7.3G). Increasing concentrations of GSPIONs decreased SI when embedded

in agarose(Figure 7.3H). The dark patches in the lung parenchyma are consistent with

the biodistribution of GSPIONs following inhalation (Figure 7.3A,I) but not visible in

saline controls (Figure 7.3I).

7.3.3 Selective localization of GSPIONs in the lung within alveolar

macrophages and neutrophils

In airway inflammatory diseases such as Acute Respiratory Distress Syndrome (ARDS),

asthma and COPD, the airway walls become thickened due to remodeling of all resi-

dent cellular components at the wall, as well as infiltration of macrophages, neutrophils

and cytotoxic T lymphocytes. The inflammatory cells such as neutrophils and alve-

olar macrophages release cytokines such as IL-8 and TNF leading to tissue damage

(Chakraborty et al., 2017). Therefore, drugs target these cells in attenuating airway in-

flammation. To validate whether our GSPIONs can deliver therapeutics for interacting

with these inflammatory cells, we sensitized mice with GSPIONs intranasally followed by

staining the lung sections with Perl’s Prussian blue in order to identify if lung resident

immune cells take up these particles. GSPIONs were delivered intranasally by suspending

either in PBS (as recovered from reaction) or in glycine and compared to saline (vehicle

control) followed by invasive plethysmography, H & E and Perl’s Prussian blue staining

(Figure 7.4A). GSPIONs were taken up by different immune cells as they stained blue due

to Perl’s Prussian blue stain (Figure 7.4B). The cells are circled (in green) taking up the

particles and are absent in the saline (control) group which is attributed to the absence

of particles. Specifically, alveolar macrophages and neutrophils were found to take up the

GSPIONs (Figure 7.4B inset) and was confirmed by Perl’s Prussian blue positive stain of
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the spleen. The GSPIONs were not found in the heart or liver (see Appendix8.2, Figure

C.3), indicating their localization in the lung. The lung parenchyma showed no signs of

damage to the parenchyma or the airways, when compared to saline (Figure 7.4C and

Appendix Figure C.3A). By invasive plethysmography, lung resistance was measured for

all the groups. It was found that GSPIONs suspended in glycine showed lower resistance

in comparison to GSPIONs suspended in PBS. However, the resistance of GSPIONs in

PBS was comparable to saline (control).

Figure 7.4: Therapeutic efficacy of GSPIONs in lung. (A). Perls Prussian
blue counter stained with neutral red to determine uptake by immune cells in the lung
for GSPIONs and saline group and spleen showing positive stain. (B). Hematoxylin
and Eosin stain showing lung parenchyma in both GSPION and saline (control) group.
(C). Lung resistance measured by invasive plethysmography in GSPIONs suspended

in glycine and PBS in comparison to control.
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The coating of the SPIONs with glycine as a model compound served in a way to iden-

tify the efficacy of interaction by lung resident cells and confirms the hypothesis that

nanoparticles in the periphery are cleared by alveolar macrophages. The spray-dried

glycine microparticles was developed to protect these nanoparticles from mucociliary

clearance by providing protection. As seen from our results in chapter 4 and 5, glycine is

anti-inflammatory and can be used to reduce mucus production although the micropar-

ticles have size and structure comparable to the excipient, lactohale200TM . We found

that this microparticle-based excipient was able to get past the oropharyngeal region as

needed but could not reach the terminal airways or the alveolar airspace. However, as we

hypothesized that the use of this spray-dried glycine microparticle will lead to disconti-

nuity in the mucus preventing mucociliary clearance has been successfully demonstrated

by these GSPIONs. We found that the GSPIONs are not deposited in the terminal

airways but are present in the alveoli. This consolidates our hypothesis that glycine

coating prevents aggregation by particle-particle interaction as well as abrogating mu-

cociliary expulsion of the particles by preventing airway mucus hypersecretion. The most

significant finding was that both neutrophils and alveolar macrophages (identified in the

lung section by their nuclear morphologies) has taken up the GSPIONs (Figure 7.4A

inset-stained in blue). Therefore, the use of these nanoparticles for delivering glycine as

immunomodulators in airway diseases without the problem of nanoparticle disintegra-

tion can facilitate targeting alveolar macrophages and neutrophils which are elevated in

ARDS and confirmed by our elevated levels of the cells in the BALF before.

7.3.4 GSPIONs do not induce pro-inflammatory cytokines

Expression of pro-inflammatory cytokines IL-1β, IL-6, TNF was investigated upon ad-

ministration of GSPIONs suspended in PBS or glycine and compared to control (vehicle)

into the lung (Figure 7.5). In each section/mice/group, ten regions were selected using

the positive pixel count algorithm avoiding muscles to quantify the amount of positive

stain for each of these cytokines as heat maps to represent the different intensity of ex-

pression. The background was subtracted from the positive pixel intensity and recorded

as intensity of strong positive. Expression of pro-inflammatory cytokines in both GSPI-

ONs suspended in PBS or glycine did not elicit an immune response resulting in a higher

expression compared to saline. Parallel studies with LPS by contrast showed clear and

significant cytokine upregulation (data shown in Figure 5.3). The background expression
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of IL-1β was comparatively lower to that of IL-6 and TNF in all groups. The unchanged

expression of pro-inflammatory cytokines clearly indicates that these GSPIONs, unlike

naked iron oxide nanoparticles do not initiate an inflammatory reaction(Liu et al., 2018;

S et al., 2017). Therefore, these GSPIONs offer a potentially useful new platform for the

development clinical applications such as in diagnostics and therapeutics.



Chapter 7 Delivery of immunomodulators-Proof of Principle 139

Figure 7.5: GSPIONs do not increase expression of pro-inflammatory cy-
tokines in lung parenchyma.. In comparison to control (saline), expression of pro-
inflammatory cytokines, (A). IL-1β, (B). IL-6 and (C). TNF; was unchanged along
with negligible damage in the lung parenchyma. For positive controls, heart and kid-
ney sections were stained by the same pro-inflammatory cytokines and IgG (as negative
control), in the same concentration of the antibody used here (shown in Appendix 8.2
Figure B.1). Scale bars represent 70 µm. N=6 mice/group, Mean ± SEM. A one-way
ANOVA with post-hoc T-test was used to determine the significance in between differ-
ent groups. Each group was quantified for strong positive expression by analyzing 10

sections/lung/group. ns, non-significant.
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7.4 Discussion

Properties of nanoparticles such as size, shape and charge are very important for in-

teraction with immune cells. Regarding nanoparticle size in pulmonary delivery, dense

microparticles (>5 µm) are deposited in the trachea while in between 1-5 µm are phago-

cytosed(Carvalho et al., 2011), but nanoparticles with size less than 1 µm end up in the

alveoli (Paranjpe and Müller-Goymann, 2014). These nanoparticles are then taken up by

endocytic cells that are present in the lung such as alveolar macrophages and neutrophils.

These in turn are changed in number under diverse environmental challenges, such as

infections or pollution, or due to the presence of cancer. Our nanoparticles have a hydro-

dynamic size of approximatelt 84.19 ± 18 nm which is ideal for reaching the lung alveoli

during pulmonary delivery and the MRI as well as histology data suggest the particles

reach the lower levels of the lung within the alveoli spaces. Our GSPIONs could be useful

to enable the development of diagnostic and therapeutic agents for targeting the alveoli

in diverse diseases, with COPD and fibrosis as obvious candidates. Very recently, it

has been demonstrated that macrophages (especially alveolar macrophages) take up iron

oxide nanoparticles with an average size range (measured by TEM) of 10 nm(Feng et al.,

2018; Katsnelson et al., 2012). Our GSPIONs are of the size 12 ± 5 nm as measured

by TEM (see section 6.2.1), and we show they are taken up by alveolar macrophages

and neutrophils. The assembly of nanoparticles observed on our DLS measurement of

the hydrodynamic size can be attributed to the presence of NaCl during synthesis and

washing, increasing the solvation layer around the particles. Furthermore, the coating

with glycine was advantageous as it prevented the agglomeration unlike naked iron oxide

nanoparticles, while at the same time being a useful inert coating for use in patients

with diabetes(Chakraborty et al., 2017). Although a very minute amount of glycine is

being coated on to the nanoparticles yet it has several advantages for future clinical use.

Glycine is known to be sweet and improves insulin sensitivity along with a reduction of

symptoms induced by hyperglycemia(Nuttall et al., 2002; Alvarado-Vásquez et al., 2003),

albeit at higher concentration than what we coated our nanoparticles. Our GSPIONs

do not escalate inflammation unlike other naked nanoparticles in the size range of 30-

300 nm(Kusaka et al., 2014). In addition, nanoparticles within 5 nm often accumulate

in the nucleus of cells, while that of 15-40 nm end up in the cytoplasm(Chakraborty

et al., 2017). Overall, the GSPIONs are ideal for further development of therapeutic

applications in the lung, aiming to reach deep alveoli, without by themselves inducing
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inflammation.

Nanoparticles not only are useful for tumour ablation, but are also useful as imaging

agents, although there is a significant gap in knowledge regarding organ-specific imag-

ing. Magnetic resonance imaging of lung is limited due to the low density of H-protons

in air and a relative lack of water. The problem can be avoided with 3D ultra-short echo

time MR imaging. 3D UTE MRI adequately generated signal from lung parenchyma

that was decreased by the presence of GSPIONs and showed that GSPIONs could be

delivered and used as novel diagnostic agents due to their distribution into the alveolar

spaces along with stratification within lobes. Some studies have reported reduced relax-

ivity of super-paramagnetic nanoparticles upon cellular uptake(Klug et al., 2010; Gossuin

et al., 2009), but our functionalised glycine coated GSPIONs continue to reduce signal

intensity 24 hour after administration when histology results suggest they are taken up

by phagocytic cells. The results thus far demonstrate this non-invasive technique can

determine GSPION distribution in the healthy lung. The results would be useful for di-

agnosis of respiratory diseases where emphysema and oedema are observed. In addition,

our results demonstrate for the first time for glycine coated biodegradable nanoparticles,

a volumetric differentiation of nanoparticle distribution when standardised to cardiac tis-

sue, which can segregate their biodistribution depending on the signal intensity observed

in the lung slices. Future studies may test the potential range of applications against

diverse lung diseases including lung cancer, infectious diseases, asthma and COPD. For

example, this differentiation may be useful in future applications for determining drug

delivery, and for identifying lung-lobe specific targets in diseases such as asthma (where

the upper airways and lobes are targeted) or COPD and lung fibrosis (where the lower

lobes are affected)(van Rijt et al., 2014).

Our results using GSPIONs show them to be localized invivo within alveolar macrophages

and neutrophils. It clearly indicates that cells responsible for pro-inflammatory cytokines

secretion leading to pulmonary inflammation could be targeted using these GSPIONs. In

addition, macrophages have elevated plasticity, and can be useful as therapeutic targets.

For example, in a tumour micro-environment macrophages play a pro-tumoral role and

are classified as tumour associated macrophages(Lichtenstein et al., 2010) which are di-

rectly associated with cancer (Chakraborty et al., 2018). Tumor associated macrophages
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(TAMs) in the resting phase secrete immune-suppressive cytokine IL-10 while during ac-

tivation by LPS, they secrete proinflammatory cytokines IL-1β, IL-6 and TNF. Successful

interaction of our GSPIONs with alveolar macrophages is a suggestive indication that

GSPION uptake by TAMs may also be developed as a tool to help inhibit malignant cell

growth. This potential is supported by recent findings in lung adenocarcinoma, where

uptake by alveolar macrophages of apoptotic drugs resulted in alveolar macrophage de-

pletion leading to tumour reduction(Ponzoni et al., 2018). In other diseases such as

COPD, characterized by increased alveolar macrophages leading to epithelial thicken-

ing and emphysema, the GSPIONs may be similarly useful in attenuating inflammatory

conditions. The negligible resistance of GSPIONs which is similar to control (saline)

leads to the use of these GSPIONs as immunomodulators ideal for clinical use in con-

trast to other nanoparticles(Kusaka et al., 2014). The lack of alteration of lung function

after GSPIONs instillation can be attributed to ablation of alveolar macrophages and

neutrophils as it did not elicit an increase in pro-inflammatory cytokines IL-1β, IL-6

and TNF. The unchanged pro-inflammatory cytokines and uptake by neutrophils and

alveolar macrophages points out their significant use in therapies for respiratory diseases

such as COPD and acute respiratory distress syndrome (ARDS). In regard to ARDS,

an increased neutrophil inflammation is observed due to IL-33 being secreted by the

neutrophils themselves and augmenting it by alveolar macrophages(Chakraborty et al.,

2018). Uptake of our GSPIONs by neutrophils as well as macrophages indicates an

additional potential use of these nanoparticles in abrogating neutrophilic influx in the

alveolar space, preventing further inflammation and also combatting against the already

present alveolar macrophages from expressing co-stimulatory molecules. Therefore, for

therapeutic and diagnostic interventions, GSPIONs are a new potentially useful candi-

date complying with current pharmacotherapeutic considerations for use as pulmonary

delivery agents targeting a cohort of immune cells relevant to multiple diseases.

7.5 Summary

In summary, we created GSPION nanoparticles preferentially taken up by neutrophils,

and alveolar macrophages in the lung. These nanoparticles do not end up in liver, spleen

or heart within 24h of our investigation and hence can be used for pulmonary delivery
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as immunomodulators which can escape the first pass metabolism. The core of the GS-

PIONs is crystalline with a size ideal for distribution into deep alveoli in the lung. In

addition, the magnetic core is potentially useful for applications such as magnetic hyper-

thermia therapy. The core has magnetic resonance due to which we were able to utilize a

short-echo time for imaging the lung. In-depth analysis pointed out that these GSPIONs

are delivered to the lower lobes than the upper lobes. The GSPIONs suspended in glycine

showed negligible resistance to breathing in comparison to controls and hence offering

a useful formulation for targeting immune cells without provoking respiratory changes

or inflammation, and hence supporting non-invasive imaging of the lung. Preferential

uptake of the GSPIONs by alveolar macrophages and neutrophils suggests their use in

targeting of these cells in therapeutic interventions in diseases involving these cells, such

as in cancer, COPD, fibrosis and many infections. Furthermore, unaltered lung function

by GSPIONs highlights their potential utility as lung delivery vehicles. The capability

of these GSPIONs for clinical use across different aspects will govern the new therapeu-

tic modality for both diagnostics (magnetic resonance imaging), therapeutics (targeted,

cell-specific delivery and interaction), and perhaps also theranostics.
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8.1 Conclusions

I n this thesis, we addressed the need of developing an immunomodulator to attenu-

ate airway inflammation, specifically acute respiratory distress syndrome (ARDS).

One of the main contributions of our work is the use of the neutral, smallest amino

acid glycine as an anti-inflammatory agent in attenuating airway inflammation including

ARDS. We were able to develop glycine coated super-paramagnetic iron oxide nanoparti-

cles for the use as immunomodulators capable of pulmonary delivery. In addition, to the

immunomodulatory role, we demonstrated for the first time the use of glycine conjugated

biodegradable SPIONs in magnetic resonance imaging of the lung. The method will be

highly useful in clinical practice for diagnosis and treatment of respiratory diseases owing

to limited contrast agents, techniques and water molecules available in the lung.

For the first aim, we investigated whether glycine alters the cell viability and affects

the expression of co-stimulatory molecules across a range of concentration from 1 mM

to 300 mM on BMDCs. Glycine did not affect cell viability up to 100 mM but slightly

reduced cell viability at high concentrations of 200 and 300 mM. LPS increased the ex-

pression of co-stimulatory molecules CD40, CD80 and CD86 in compliance to literature

(Zhou et al., 2012). We found that glycine reduced LPS induced activation markers

(CD40, CD80 and CD86) at a concentration of 100 mM, and the effect was titratable

up to baseline with glycine at a concentration of 300 mM. We also found that SHIP-1 is

essential in mediating this effect. The role of SHIP-1 is involved in Akt/PI3K pathway,

therefore, it is hypothesized that glycine mediated downregulation of activation mark-

ers is possibly down-modulated involving a SHIP-1 signalling inhibiting PI3k (see figure

4.1). In addition to the requirement of SHIP-1 we also found evidence of expression of a

neuronal receptor (GlyR) on the lung especially on alveolar macrophages and monocytes.

In similar context to Eynden and colleagues(Van Den Eynden et al., 2009) we also found

GlyR expression on endothelial cells and alveolar macrophages and confirmed the expres-

sion to be true using positive control staining of mouse brain tissue (see Figure 4.10).

As demonstrated in chapter 4 Figure 4.9, there is a sign of expression of the receptor

on mice BMDCs, monocytes, alveolar macrophages (Figure 4.10C) and human PBMC

subsets- CD3+, CD14+, CD56+ (see Appendix Figure A.4). However, the functionality

and molecular characteristics of the receptor still needs to be validated and is beyond

the scope of this work.
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For the second aim, we investigated the potential of glycine in reducing airway inflam-

mation. We found glycine was able to reduce resistance to breathing caused by LPS

and improved lung stiffness as well as several other parameters of lung function. In

LPS induced mice, where LPS is administered intra-nasally, there is usually an increased

airway resistance and decreased dynamic compliance. In a clinical setting, these results

are useful for evaluating positive end-expiratory pressure (PEEP) for diagnosing and

treatment of airway inflammatory diseases. In LPS sensitized mice, we found a surge

of pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) as anticipated. Glycine reduced

the levels of these cytokines to baseline which correlates its anti-inflammatory role es-

tablished in chapter 4. In addition, it makes our hypothesis clear that glycine has a

role in preventing NF − κβ to bind to DNA as NF − κβ is required for production of

these cytokines(Sheller et al., 2009; Lawrence, 2009; Jones et al., 2005). The induction of

pro-inflammatory cytokine IL-1β and NF − κβ resulted in neutrophil infiltration(Jones

et al., 2005) along with increased alveolar macrophages showing their activation due to

LPS. Glycine reduced and prevented further neutrophil influx preventing lung damage

and reduced the number of alveolar macrophages. Interestingly, the reduced numbers of

lymphocytes were brought to baseline by glycine inducing healing. In terms of the lung

resorting to a healing state, the signs of collagen deposition consolidate that LPS and

glycine (combined), increases collagen deposition whereas glycine itself does not induce

collagen deposition.

For the third aim, to develop an immunomodulator capable of exerting an immediate

as well as a sustaining anti-inflammatory effect, we developed glycine coated super-

paramagnetic iron oxide nanoparticles enclosed in glycine microparticles. The glycine

coated SPIONs were used as theranostic agents to target the lung periphery, while

the bigger glycine microparticles provided an immediate anti-inflammatory effect (as

demonstrated in chapter 5 by reducing mucus producing goblet cells) and preventing

mucociliary clearance. In addition, the size of the bigger glycine microparticles, to-

gether with their aerodynamic properties enabled their use as excipients comparable

to Lactohale200TM . The synthesized nanoparticles were characterised in terms of size,

charge, stability, crystallinity, surface coating and their ability for uptake by lung immune

cells were evaluated. We clearly demonstrated that glycine coated SPIONs were taken

up by alveolar macrophages and neutrophils in the lung. In addition, we also found that
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these particles do not end up in the liver, heart, kidney or spleen, making them useful

immunomodulatory agents for clinical use. The glycine microparticles developed were

spherical, cenospheric, monodisperse, porous with aerodynamic properties comparable

to the commercial excipient Lactohale200TM . With reference to our results in chapter 5,

we therefore recommend the use of spray-dried glycine microparticles not only for their

size and aerodynamic properties but for their anti-inflammatory and mucus abrogating

role.

For the final aim, we demonstrated for the first time, the use of glycine coated SPI-

ONS in magnetic resonance imaging of the lung. Using GSPIONs and 3D UTE MR

imaging we developed a non-invasive lung imaging useful for clinical diagnosis of respira-

tory diseases. Our results demonstrated that GSPIONs are delivered more on the lower

alveolar regions owing to its smaller size and can be used as good MR contrast agents.

In addition, their residence time was longer (24 hours measured), successive imaging

is possible without any surgical procedure. Owing to super-paramagnetic property of

GSPION, the nanoparticles were useful as novel contrast agents and was beneficial for

understanding the particle biodistribution after pulmonary delivery. The final aim of the

thesis was to provide a proof of concept for the pulmonary delivery of the immunomodu-

lators. We demonstrate the pulmonary delivery of glycine coated SPIONs and show that

the aerodynamic properties, structure and features of the spray-dried glycine microparti-

cles comply for as excipients (preventing mucociliary clearance) but not for delivery into

the lung periphery.

8.2 Limitations and Future Recommendations

The results obtained in this work clearly demonstrates the ability of glycine in attenu-

ating airway inflammation, along with several limitations. However, there are numerous

questions which have been raised but left to be answered. Investigation of these questions

would further enhance the understanding of glycines’ role in attenuating airway inflam-

mation. Considering the immunomodulatory role of glycine demonstrated in chapter 4,

we need to focus on the glycine receptor and its role in mediating this effect. We had some

insight that GlyR and SHIP-1 may play some role in mediating the anti-inflammatory



Chapter 8 Conclusion and Recommendations 148

effect but is beyond the scope of this thesis. It is possible that glycine inhibits LPS me-

diated activation through a metabolic regulator such as mTOR(Katholnig et al., 2013).

Macrophage activation through metabolic reprogramming is orchestrated by metabolites

such as α ketoglutarate and is dependent on the amino acid glutamine (Liu, Wang, Li,

Chao, Teav, Christen, Di Conza, Cheng, Chou, Vavakova, Muret, Debackere, Mazzone,

Huang, Fendt, Ivanisevic and Ho, 2017). In a similar way affecting mTOR mediated re-

sponse for down regulating inflammation has been possible with other amino acids such

as leucine(Ananieva et al., 2016). Other possible pathways of inhibition could be through

inhibition of NF − κβ DNA binding. The presence of GlyR expression observed in the

lung endothelial cells and alveolar macrophages clearly points out that there is a rela-

tion between glycine reducing the pro-inflammatory cytokines via inhibition of NF −κβ

pathway. In addition to GlyR mediated signalling the possible role and involvement of

SHIP-1 and other mechanistic pathways needs to be explored in more detail. For better

understanding and elucidation of glycine’s role in the lung, we need to investigate its role

in our ARDS model in SHIP–/– mice. It will enrich our knowledge of the pathway(s)

through which glycine signals in the lung in attenuating inflammation. The established

anti-inflammatory role of glycine was then used to investigate in an in-vivo model of

airway inflammation.

To better understand the role of glycine in attenuating inflammation, it is recommended

to use glycine in other models of airway inflammation. Models such as the OVA model

of chronic inflammation or house dust mite (HDM) model of inflammation would pro-

vide useful information and insight in glycine’s use in combatting chronic inflammation.

Since, glycine has been found to reduce signs of emphysema, it is hypothesized that

glycine may be useful in the treatment of COPD. Currently, the models available for

COPD include active smoking of mice for a long period in order to induce emphysema

in lungs. Glycine may act as a protective compound or could be useful to reverse em-

physema in lung. We demonstrated signs of collagen deposition by LPS and glycine

together, but, addressed it in an acute model. The deposition of collagen may increase

with the increase of duration of LPS induced inflammation. Supplementary data showed

in Appendix, points out the relationship between TGF-β in LPS+glycine group, which

clearly suggests that glycine leads to lung healing. A thorough understanding of the

pathway involved is therefore necessary. One of the limitations of this ARDS model, was

intranasal glycine delivery. As a recommendation for chronic models requiring regular
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glycine administration, nebulization of glycine is a good solution. In addition, FACS

analysis of the different cells in the BAL with activation markers will yield an extensive

knowledge of the exact phenotype of neutrophils, DCs, macrophages and lymphocytes

in the lung. This would increase and consolidate our idea of the different roles of the

various cells in mitigating this effect.

One of the best ways to deliver drugs is by pulmonary delivery as it escapes the first pass

metabolism. In doing so, a significant amount of drug loss is prevented, and the dose can

be calculated accurately. The sole idea for the development of an immunomodulator was

to have a dual role upon administration in the lung. The capability of the immunomod-

ulator was supposed to provide with an immediate and a sustained anti-inflammatory

effect in the lung. Nanoparticles are capable of delivery to the lung and are well estab-

lished. We synthesized glycine conjugated super-paramagnetic iron oxide nanoparticles

as means of glycine delivery for a sustained effect. Iron oxide was chosen to impart

biodegradability and its super-paramagnetism has been showed useful in chapter 7. The

nanoparticles have been encapsulated in inhalable dry powder synthesized by spray dry-

ing glycine. The synthesized inhalable glycine microparticles have been demonstrated

capable of pulmonary delivery by mechanical means using a NGI and evaluating its aero-

dynamic performance. It is a limitation that due to the extensiveness of this work we

could not actually administer the spray dried glycine microspheres containing GSPIONs

in models of ARDS. Therefore, it is recommended to use these GSPIONs in glycine mi-

crospheres in ARDS mice models and evaluate the immuneimprinting of these particles.

The results will provide a deep insight into spray dried amino acid microspheres as DPI

and would also answer the many questions associated with GSPIONs delivery in the lung.

Upon establishing GSPIONs as immunomodulators for pulmonary delivery of glycine,

we resorted to understand it’s biodistribution, interaction and tracking the nanoparti-

cles in the lung. In addition, the core of the nanoparticles being super-paramagnetic and

iron oxide helped us in identifying particle uptake by immune cells by histochemical anal-

ysis. The nanoparticles being super-paramagnetic has significant magnetic susceptibility

and therefore we utilised this aspect for imaging the particles in the lung to determine

biodistribution. In due course, using these biodegradable GSPIONs and 3D UTE MR

imaging sequences, biodistribution of drugs can be targeted as well as lung impact could

be measured. Due to the extensiveness of this work, we could not differentiate between
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a healthy versus a diseased lung using these nanoparticles. As a recommendation, we

propose the use of these GSPIONs for non-invasive MR imaging to identify patients

with respiratory disease. This would open a new field for respirologists, assuring patient

comfort and easier diagnosis of respiratory disease which was earlier not possible.
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Figure A.1: Glycine down regulates expression of LPS activated activation
markers on Bone maroow Derived macrophages. Näıve C57/BL6 mice bone
marrow cells were cultured with GMCSF and LPS, glycine conditions added on day 5
of culture and harvested cells after 24 h. Untreated cells were control (shown in green).
Effect on CD11c–MHCII+GR1–CD11b+ macrophages as per gating on Figure 4.5B
expressing (A). CD40, (B). CD80 and (C). CD86; Mean± SD; n=3/group (each
replicate consisting of three mice). ns, non-significant; ∗p < 0.1, ∗ ∗ p < 0.01, ∗ ∗ ∗p <

0.001, ∗ ∗ ∗ ∗ p < 0.0001

Figure A.2: A higher glycine down regulates expression of LPS mediated
activation markers on Bone marrow Derived macrophages. Näıve C57/BL6
mice bone marrow cells were cultured with GMCSF and LPS, glycine conditions added
on day 6 of culture and harvested cells after 24 h. Untreated cells were used as
control (shown in green). Effect on CD11c–MHCII+GR1–CD11b+ macrophages
as per gating on Figure 4.5B expressing (A). CD40, (B). CD80 and (C). CD86;
Mean± SD; n=3/group (each replicate consisting of three mice). ns, non-significant;

∗p < 0.1, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001
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Figure A.3: CD11c expression remains unchanged on Bone marrow derived
cells from both WT and SHIP–/– mice upon addition of different conditions.
To confirm the effect of glycine and LPS co-administered and alone, we measured the
MFI of the marker CD11c as its expression forms the backbone for gating CD11c+ DCs
and CD11c– macrophages on both WT and SHIP–/– mice. We found the expression

unchanged even upon addition of different experimental conditions on both mice.
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Presence of Glycine receptor in Peripheral Blood Mononu-

clear Cells(PBMCs)

We investigated the expression of GlyR on human peripheral blood mononuclear cells

(PBMCs) to validate the findings by Eynden and colleagues(Van Den Eynden et al.,

2009).PBMCs were gated as lymphocytes based on their Forward and side scatter.

The lymphocytes were further gated into 3 subsets CD3+(T cells), CD14+(Monocytes),

CD56+(NK cells) (Figure A.4A-D). Glycine receptor expression(red) was validated with

respect to isotype(blue). The receptor expression was compared in different cells present

under lymphocytes(graph-Figure A.4A-C).
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Figure A.4: Glycine receptor expression on human peripheral blood
mononuclear cells (PBMCs). PBMCs were isolated from three donors and was
stained for CD3, CD14 and CD56 vs Glycine receptor (GlyR) expression. Glycine re-
ceptor(showed in red) was validated against an isotype(showed in blue) of the same
antibody. A small shift was observed from the isotype. Cells were gated on the basis of
FSC-A and SSC-A for lymphocytes and neutrophils excluding debris. This was followed
by a doublet exclusion and gating on live cells (zombie-selection). Glycine receptor vs.
the different markers were gated in quadrant plots. Flow panels: (A). CD14+ mono-
cytes, (B). CD3+ T cells, (C). CD56+ NK cells and (D). CD14+ Neutrophils. The

relative expression (MFI) was plot against the isotype.
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For confirming expression of pro-inflammatory cytokines by immunohistochemical stain-

ing on lung sections as positive, the same antibody was used to stain mice organ sections

which are positive as per the antibody MSDS. The isotype of the antibody at the same

dilution was used to identify background (if any) and was also stained in the same

tissue section to designate it as the negative control (Figure B.1). Pro-inflammatory cy-

tokines such as IL-1β(1:1500, bs-0812R, Bioss antibodies) with positive control kidney,

IL-6 (1:2000, E-AB-40021, Elabscience) with positive control heart and TNF-α (1:250,

ab6671, Abcam) with positive control heart were stained with the primary antibodies

and detected as outlined in chapter 3.10 and counterstained with hematoxylin. For

isotype control IgG was used for all the pro-inflammatory cytokines but at the same

concentration as that of the positive control.
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Figure B.1: Expression of pro-inflammatory cytokines as positive control on
tissues other than lung. IL-1β, IL-6 and TNF-α was stained on kidney and heart
tissues respectively as positive control for their expression. IgG was used as isotype

control and served to determine the background and negative stain.
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Synthesis of Glycine micro-carriers using Buchi 190 spray

dryer

Initially glycine microparticles were synthesized by spray drying using a Buchi 190 spray

dyer, with feed concentration 18 wt.% (Figure C.1B) and 8 wt.% (Figure C.1C, D). The

dryer produced non-uniform, dense, microparticles of 10 ±4 µm size, using both feed

concentration of 18 wt.% glycine (Figure C.1B) and 8 wt.% glycine (Figure C.1C,1-3).

These particles were relatively dense and exhibit large discrepancy in their shape from

pyramidal to random shapes (Figure C.1B,2-3). Ideally, this particle size is suitable for

pulmonary delivery. But, they are not uniform and hence the loading can vary, which

could result in the delivery of uneven dose.
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Figure C.1: Microcarriers produced in Buchi 190 spray dryer and glycine
coating on GSPION. (A). Commercially available glycine powder showing bipyra-
midal shape and 450 µm size; (B). spray-dried glycine micro-carriers with 18wt.%
glycine feed concentration showing random shape and dense morphology; (C). Spray-
dried glycine micro-carriers with 8 wt.% glycine feed concentration showing random
shape with pores (showed by arrows); (D). High-resolution SEM images of 8 wt.4%
glycine feed solution spray dried using Buchi 190 showing dense structure without in-
ternal pores; (E). Ninhydrin standard curve to determine glycine concentration; (F).
HRTEM-coupled with EDX to determine coating of glycine showing Fe, N(from glycine

in a single particle at 2 nm) and carbon(single particle at 2 nm)
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Figure C.2: Glycine X-Ray diffraction spectra (XRD) and map of Energy
dispersive X-Ray (EDX) of oxygen and nitrogen in glycine. (A). XRD spec-
tra with signature peaks at (100), (002) and (101) of spray-dried glycine micro-carriers
showing crystallinity of the synthesized microcarriers; (B). High resolution SEM cou-
pled with EDX for mapping oxygen and nitrogen on surface of the spray dried glycine

microcarriers.
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Figure C.3: H and E staining of lung tissue showing no damage and Perls
prussian blue counterstained with nuclear fast red showing absence of GS-
PIONs in different tissues. (A). Hematoxylin and Eosin staining of lung sections
in GSPION and saline sensitized group showing no damage to lung parenchyma or the
airway; (B). Perl’s Prussian blue counterstained with nuclear fast red in heart sections
of mice sensitized with GSPIONs and saline showing no deposition of GSPIONs in
heart; (C). Perl’s Prussian blue counterstained with nuclear fast red in liver sections of
mice sensitized with GSPIONs and saline showing no deposition of GSPIONs in liver;
(D). Perl’s Prussian blue counterstained with nuclear fast red of spleen section. Spleen
is a positive control for Perl’s Prussian blue stain as red blood cells are broken down in
spleen releasing haemoglobin which has iron. The few blue stains observed are in both
the GPSION and saline groups. This confirms the positive staining of the stain and

the ability to stain for GSPIONs in the lung.
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Table 1: Morphometry analysis of Glycine micro-carriers and Lactohale200TM for
three representative particles per sample.

Sample Particle Z-axis position Volume (µm3) Equivalent spherical diameter

(µm)

Porosity(%)

Glycine microcarriers

460-555 305227.401 BD 83.55 29.45

456-556 271511.45 80.45 29.7

500-598 295580.39 82.66 29.2

Lactohale200TM

393-524 495553.36 98.2 28.7

419-540 523816.03 100.03 29.44

415-536 537571.69 100.9 29.38

Table 2: Elemental percentage composition of C,H and N

Sample %N %C %H

Glycine coated SPION
19.10 33.15 6.94

19.22 33.16 6.94

Pure Glycine
18.38 32.04 6.81

18.40 31.76 6.68

Figure C.4: Calculation for glycine conjugation on SPIONs. Wolfram Alpha R©
was used to determine the number of glycine molecules conjuagted per nanoparticle.
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Amino Acid Functionalized Inorganic Nanoparticles as Cutting-Edge
Therapeutic and Diagnostic Agents
Amlan Chakraborty,†,‡ Jennifer C. Boer,‡ Cordelia Selomulya,† and Magdalena Plebanski*,§,‡

†Department of Chemical Engineering and §Monash Institute of Medical Engineering, Monash University, Clayton, Victoria 3800,
Australia
‡Department of Immunology and Pathology, Central Clinical School, Monash University, Melbourne, Victoria 3004, Australia

ABSTRACT: The field of medical diagnostics and therapeu-
tics is being revolutionized by nanotechnology, from targeted
drug delivery to cancer immunotherapy. Inorganic nano-
particles are widely used, albeit problems with agglutination,
cytotoxicity, free radical generation, and instability in some
biological environments limits their utility. Conjugation of
biomolecules such as peptides to the surface of nanoparticles
can mitigate such problems, as well as confer specialized
theranostic (therapeutic and/or diagnostic) properties, useful
across biomedical applications such as vaccines, drug delivery,
and in vivo imaging. Coating with amino acids, rather than
peptides, offers further a highly cost-effective approach (due to
their ease of purification and availability), but is currently an
underutilized way to decrease toxicity and enhance stability.
Amino acid molecules are small (<200 Da) and have both
positive and negative charge groups (zwitterionic) facilitating
charge-specific molecule binding. Additionally, amino acids
exert by themselves some useful biological functions, with antibacterial and viability enhancing properties (for eukaryotic cells).
Overall particle size, nanoparticle core, and the specific amino acid used to functionalize their surface influence their
biodistribution, and their effects on host immunity. In this review, we provide for the first time an overview of this emerging field,
and identify gaps in knowledge for future research.

1. INTRODUCTION

Historically nanoparticles have been studied because of their
unique chemical and physical properties. They have been
classified depending on shape as rods, shells, dots, sheets, and
composites.1−5 The use of nanoparticles is revolutionizing
many industries such as paints6 and solar cells7 but is yet to be
fully exploited for theranostic applications. Concerns about
their safety, and optimizing stable attachment of biologically
relevant molecules to these nanoparticles, are limiting rapid
progress. One of the most important problems associated with
the use of some commonly used pristine metal nanoparticles is
the production of reactive oxygen species (ROS) from the
inorganic core.8,9 Specifically, iron oxide nanoparticles form
ROS which leads to lipid peroxidation and DNA damage.9

Nanoparticle toxicity can be sometimes further related to
particle size. For example, metallic bulk gold is inert, but at the
nanoscale range (<25 nm) it exhibits catalytic properties useful
for carbon monoxide oxidation.10 In addition due to their
toxicity to cancer cells in vitro,11 gold nanoparticles have been
used to treat cancer cells by apoptosis.12 However, the toxic
effect of the particles is not strictly limited to cancer cells, but
can also affect other nonmalignant cells, in some cases causing
damage to tissue.13 For example, exposure to carbon nano-

tubes14,15 and carbon black16,17 nanoparticles <100 nm in the
lung exacerbates asthma. Also, fine-sized particles of TiO2,

18

gold,11,12,19 and SiO2
20 in the size range 100−2500 nm show

size-dependent toxicity for mammalian cell lines.
Particle size is also important for cellular uptake. Antigen

presenting cells (APC) of the immune system, and specifically
dendritic cells (DC) and macrophages, are highly capable of
taking up nanoparticles and microparticles from 5 nm to 10,000
nm.21−26 Other physical aspects like negative charge,27,28

peptide conjugation,29 and alternating hydrophilic−hydro-
phobic ligands30 alter nanoparticle uptake by diverse host cell
types. Aside from influencing cellular uptake, particle size also
affects their biodistribution into major organs such as liver,
kidney, spleen, and lung. Indeed particles with size less than 5
nm are normally cleared by the kidney,31 while larger particles
around usually 50−100 nm end up in the liver32 and particles
over 2000 nm tend to accumulate in the spleen.33 Furthermore,
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micrometer-sized particles (2−5 μm) end up in lung
capillaries34−36 and smaller particles (<100 nm) end up in
kidneys although coatings on particles could hinder the
excretion process.37 Other than particle size, another critical
factor for nanoparticles is their stability inside the body. Since
nanoparticles are in the colloidal range, their stability is
dependent on a range of factors with zeta-potential being the
most important. An efficient nanoparticle in vivo should not
aggregate with serum proteins and antibodies in the blood38,39

or evade uptake by antigen presenting cells22 and finally there
should be enough circulation time for the particles to move
inside the body.40 Coatings with biocompatible polymers (such
as dextran), poly(ethylene glycol) (PEG), and amino acids can
improve their circulation and prevent them aggregating inside
the body. Therefore, it is not enough to limit the use of
nanoparticles in vitro in physiological pH; to evaluate their
stability, a dynamic media susceptible to rapid pH change is
necessary.
Functional groups such as amino,41 methyl,42,41 carboxy,43

citrate,44 and guanidine45 are used to functionalize nano-
particles to impart special functional properties. The single
amino acids offer both an amino and a carboxy-terminal for
conjugation of important biomolecules. They also provide
higher biocompatibility9 and are designed to overcome some of
the challenges associated with size, biodistribution, interaction
with immune cells, and induction of inflammation.9,46−49 The
conjugation paradigm uses chemical processes analogous to
peptide conjugation utilizing 1-ethyl-3-(3-(dimethylamino)-
propyl) carbodiimide (EDC)50 chemistry or directly with the
carboxyl group. The reaction involves an exposed carboxyl
group on the surface of the nanoparticle to which EDC reacts
to form an ester. This ester intermediate is then attacked by a
nucleophile, which is the amino acid to be conjugated. The
amino acid is conjugated at the amino terminal and carboxyl
group exposed at the surface. Other than using EDC, a spacer
molecule of the silane family like (3-glycidyloxypropyl)
trimethoxysilane (GPTMS)51,52 or (3-aminopropyl) trimethox-
ysilane can be used to conjugate amino acids. Direct

conjugation of amino acids to nanoparticles such as iron
oxide53 has been demonstrated by conjugating the amino acid
at the time of the nanoparticle formation at a higher reducing
temperature.
The amino acid conjugated nanoparticles are promising as

theranostic agents. To the best of our knowledge, they have
been used in fabricating biosensors, and for applications such as
in vivo imaging as contrast agents, drug delivery, antimicrobial
agents, and cancer therapy. However, these particles are still
vastly underutilized clinically. There are multiple reasons
behind their limited usage. One of them being the lack of
knowledge on their biodistribution and excretion, as demon-
strated by the heavy metal conjugated with amino acids54 and
the MR contrasting agents.55 The high surface area to volume
ratio of amino acid conjugated nanoparticles offers cheap and
efficient surface functionalization alternatives to peptides. In
this review, we will critically investigate the reported
applications of amino acid conjugated nanoparticles in various
fields of medical science, and identify the gaps in knowledge, as
well as review the impact of critical factors such as toxicity, pro-
inflammatory properties and biodistribution, on their in vivo
behavior and potential clinical applicability.

2. RECENT DEVELOPMENTS OF AMINO ACID
FUNCTIONALIZED NANOPARTICLES AS
ANTIMICROBIAL AGENTS

The most common concern when introducing medical devices
or nanotechnology based theranostics in a clinical scenario is
potential contamination leading to sepsis. In this context several
types of amino acid modified nanoparticles such as iron oxide,56

gold,47 and titanium dioxide57 nanoparticles could be very
useful as they have demonstrated antimicrobial properties.
These particles have a metallic core with the amino acid
conjugated to the surface, which interact by hydrophobic and
hydrogen bonding with the bacterial cell wall (Figure 1a). The
metallic core liberates free radicals, which delineates in part
how their antiseptic properties operate. Other excellent

Figure 1. (a) Amino acid conjugated nanoparticles showing different interactions with bacteria. The amino acid conjugated to the nanoparticle can
interact by hydrogen bonding between the (N) of amine in amino acid and (O) of the cell surface carboxyl group. Hydrophobic interaction between
carbon chains of amino acid and a methyl group on the bacterial cell wall. These interactions can lead to free radical generation which can cause
membrane perturbations (pores in the membrane). Due to perturbations, there is oozing out of the bacterial cytoplasm leading the cell to death due
to loss of proteins, nucleic acids, and cell structural rigidity. (b) Antigen, drug conjugated to amino acid coated nanoparticles. The particles can
conjugate the TF antigen, therapeutic siRNA, and the drug doxorubicin. The cellular mitochondrion releases hydrogen peroxide which by fentons
reaction oxidizes iron(II) to iron(III) leading to a hydroxyl free radical generation. These free radicals and reactive oxygen species induce apoptosis
to cancer cells by activation of caspase 8 and 9. Delivery of siRNA and doxorubicin by using these nanoparticles as vehicles has been found successful
in delivering the payload which can induce apoptosis selectively in cancer cells.
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antibacterial agents are N-doped carbon nanosheets1 and to a
lesser extent graphene oxide sheets, but the cytotoxicity of such
compounds has not been addressed so far on human cells.
When using amino acid conjugated nanoparticles, the

isoelectric point is an important aspect that defines their
stability and capability to interact with bacteria. Gram-positive
and Gram-negative bacteria have their isoelectric point between
pH 1.5 to 4.5 due to the presence of ionized phosphoryl and
carboxylate group on their cell walls. In an early study,
positively charged lysine and arginine conjugated iron oxide
nanoparticle could capture both Gram-positive and -negative
bacteria.56 More recently, negatively charged glutamate coated
nanoparticles inhibited the growth of Gram-negative E. coli.9 To
understand the bacterial growth inhibition, positively charged
amino acid(lysine) coated iron oxide nanoparticles were used at
pH 6.56 At pH 6, lysine has a positive charge with its isoelectric
point at 9.74. In these conditions, multiple interactions can be
responsible for the adsorption of the particles, e.g., hydrogen
bonding between the nitrogen of amine group in the amino
acids and the oxygen of the cell surface carboxyl group (Figure
1a). There is also a chance of hydrophobic interaction between
carbon chains of amino acids with methyl groups on the
bacterial surface. Therefore, the charge on the amino acid may
play an essential role in the interaction of the nanoparticles with
the bacterial cell wall. However, the negatively charged bacterial
cell wall would be repulsive to the particles coated with
negatively charged glutamate.9 It is, therefore, questionable how
the bacterial cell wall interacted with the particles despite being
repulsive. Overall the binding of the above-mentioned amino
acid conjugated nanoparticles to bacteria has a bactericidal
effect irrespective of their cell wall properties (Table 1),
benchmarked using the minimum inhibitory concentration
(MIC). The MIC of the particles was found to be 128 μg/mL
in comparison to 8 μg/mL of commercial antibiotic cefaclor.
This may have resulted in limiting the media for bacterial
growth. In addition, glutamate is known for its antibacterial
properties.58 Determination of MIC value on multiple
replicates is subjected to measurement errors. Development
of assay based experiments such as using resazurin59 could
support the hypothesis. In addition, nanoparticles such as iron
oxide nanoparticles aggregate60 readily when water dries in the
environment. Soft agar is porous and the porosity depends on
the concentration of agar used for polymerization of the matrix.
The polymerization occurs between agar and water leading to
the solidification of the matrix with pores. Diffusion of the
antibiotic through the pores is responsible for the bacterial
killing. In the case of nanoparticles it is not possible for the
particles to migrate and is therefore questionable. The cellular
cytotoxicity of these particles9 is discussed in the next section.
The nanoparticles conjugated with amino acids are therefore
able to target, capture, and kill bacteria (Table 1).

Phenylalanine and leucine have been utilized to construct
cyclic synthetic peptides which then were conjugated to gold
nanoparticles.47 When these particles were used against Gram-
positive bacteria, membrane depolarization (cytoplasmic efflux)
and perturbations (morphological changes) were observed
(Figure 1a). Similar effects of antibacterial activity of glycine
modified titania nanoparticles57 had been seen against E. coli.
These nanoparticles irradiated in the blue wavelength may
generate free radicals and/or oxidizing species. We think it is
related to N-doping61 by glycine causing bacterial cell death
(Figure 1a). It is interesting to note that glycine also shows
antibacterial properties.62 However, the activity of these
particles was not observed in the green wavelength which
could be due to the production of oxygen singlets at a low
energy blue irradiation.63 Further experiments with white light
are essential before drawing a conclusion of the antibacterial
behavior of such neutral amino acid coated nanoparticles.
In one study, silver nanoparticles were modified with

aromatic amino acids tyrosine and tryptophan48 to test their
antibacterial property. It was observed that the MIC of these
particles was significantly low in comparison to pristine silver
nanoparticles upon treatment to both Gram-positive and
negative bacterium. However, the authors claimed that the
antibacterial activity of the particles was due to silver cations
penetrating the cell, but it is known that both tyrosine64 and
tryptophan65 are antibacterial. The amino acids may interact
with the bacterial cell wall by their phosphorus or sulfur
molecules leading to morphological and metabolic changes. To
the best of our knowledge, the plausible reason could be the
generation of free radicals and hydrophobic interaction of the
aromatic ring of the amino acid (Table 2) with the methyl
group on the bacterial surface. It is, therefore, apparent that the
amino acid conjugated to the particle surface is the critical
element underlying the ability of nanoparticles to exert
antibacterial behavior. We suggest the use of these nano-
particles to treat antibiotic resistant bacteria. Antimicrobial
resistance is a huge area and is outside the scope of this review,
but for recent developments one may refer to Singer and
colleagues,66 Allahverdiyev and colleagues,67 Anderson, and
Hughes.68

3. RAPID INTERNALIZATION OF AMINO ACID
CONJUGATED NANOPARTICLES INDUCES
APOPTOSIS

There are different approaches toward cancer treatment
although the available therapies have significant side-effects
like loss of hair, inflammation, and the harming of normal
healthy cells. Current progress aims to translate effective
molecular candidates for use in the clinic.
Amino acids serine and threonine have been conjugated to

gold nanoparticles,69 and this scaffold is used to indirectly

Table 1. Amino Acid Conjugated Nanoparticles and the Bacteria They Target/Capture/Kill

nanoparticle core amino acid conjugated bacterial gram stain bacteria target/capture/killed ref

Iron oxide Lysine, arginine Positive Bacillis subtilis 56
Negative Escherichia coli 15597

Glutamate Negative E. coli 9
Gold Phenylalanine, leucine Negative Streptococcus aureus, Bacillis subtilis 47

Negative E. coli, Pseudomonas aurgenosa
Titanium dioxide Glycine Negative E. coli 57
Silver Tyrosine, tryptophan Positive Listeria monocytogenes 48

Negative E. coli
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Table 2. Nanoparticle Core Properties and Quantitative Structure Activity Relationship (QSAR) of the Conjugated Amino
Acids Side Chain Descriptorsb

aReproduced with permission from ref 78, copyright The Royal Society of Chemistry 2012. bColor of atoms in amino acid structures: Hydrogen
(white), Carbon (gray), Nitrogen (blue), Oxygen (red), Sulfur (yellow). QSAR from ref 76; Antibacterial Field Effect Transistors from ref 77.
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conjugate the Thomsen Friedenreich (TF) antigen (Figure 1b).
The TF antigen is known to bind the anti-apoptotic protein
Gal3. In Gal3+ carcinomas, it was found that threonine
modified particles had fourfold apoptotic activity over serine.
This effect could be due to more conjugation of threonine than
serine. Another possibility could be the effect of an electron
donating methyl group on threonine which is inducing the
apoptosis.70 Similar effects have been seen with histidine
modified gold nanoparticles acting on cancer cells, as well as on
mouse fibroblast.71 An alternative to gold nanoparticles is
histidine coated silver nanoparticles which are of low toxicity.72

The apoptotic effect on cancer cells is due to the smaller size
and shape of the particles, which promotes rapid internalization
resulting in killing the cells. Therefore, particle core and size
may also play a role in modulating the activation of the extrinsic
pathway of apoptosis (Table 3).
Iron oxide nanoparticles modified with glycine8 at a higher

concentration (100 μg/mL) promoted only limited apoptosis
in Hep-G2 cancer cells. The apoptosis occurs due to release of
reactive oxygen species by Fentons reaction (Figure 1b)
causing cell membrane damage followed by cell death. The
medium RPMI-1640 has glycine at 0.01 g/mL and was not
accounted for. Glycine is essential for cellular maintenance and
a key ingredient in the medium for cell survival. Therefore, it is
possible that the effect observed could be an artifact. Unreacted
iron may get endocytosed causing a cytotoxic effect. Selenium
nanoparticles modified with valine, lysine, and aspartic acid
have clearer anticancer potential. The effect of the particles was
studied against breast cancer cells MCF-7, cervical cancer
HeLa, and liver cancer Hep G2. Lysine modified selenium
particles73 were found to induce apoptosis, which involved the
activation of both caspase 8 and caspase 9. The activation of
caspases 8 and 9 indicated the activation of both Fas and
mitochondria-mediated apoptosis. The activation of the
caspases could be due to an increase in reactive oxygen species
(by Fentons reaction) inside the cells. Lysine which has twice
as many amino functional groups can induce ROS (Table 2).
The internalized particles are located in acidic lysosomes inside
the cell. Inside the lysosomes, the amino acid becomes
protonated due to the acidic pH. Due to this protonation,
production of ROS becomes possible by Fentons reaction.
Doxorubicin is a chemotherapeutic drug for killing cancer

cells. Doxorubicin (Figure 1b) was successfully administered to
cancer cells by a carrier-mediated process as demonstrated by
Yang and colleagues.74 They utilized histidine modified iron
oxide nanoparticles for the delivery of doxorubicin. The acidic
pH in endosomes results in histidine ionization leading to
doxorubicin release. This opens further improvements of the
process as only 6.8 wt % of doxorubicin could be loaded. The
mechanism for the preferential uptake of these particles by
cancer cells, and not by normal cells which also have
endosomes, is still unclear. Conjugation of siRNA (Figure
1b) to nanoparticles for inducing apoptosis has also been made
possible and is very useful when the presence of a negative
charge on siRNAs interferes with their proper delivery into
cells. For example, survivin, an anti-apoptotic protein found in
the human gastric cancer cell line MGC-803, is responsible for
early entry into the cell cycle. Wang and colleagues showed that
via the formation of tryptophan passivated carbon dots,4 it was
possible to deliver siRNA against survivin. The particles down-

regulated survivin-expression in MGC-803 cells and induced
apoptosis. The uptake was achieved due to the modification of
the carbon dots with the amino acid tryptophan as dopant and
polyethylimine as a coating material, which promotes hydro-
philic interactions with the cell membrane.
Magnetic nanoparticles have also been used in the context of

tumor cell biology. For example, the surface functionalization of
magnetic nanoparticles with aspartic acid has been correlated
with tumor cell growth inhibition, which is influenced by the
induction of pro-inflammatory macrophage polarization in
tumor tissues.75 Many other exciting applications are expected
to emerge in the rapidly moving cancer therapeutics and
diagnostics field which are beyond the scope of this review.

4. CYTOTOXICITY IS DEPENDENT ON NANOPARTICLE
SIZE, SHAPE, AND CAPACITY TO INDUCE ROS

Cytotoxicity is the key component that needs to be addressed
for translating nanoparticles from the lab to the clinic, and their
effect on human cells is a vast area of research (Table 3). An
important aspect underlying the toxicity of some nanomaterials
is the generation of reactive oxygen species (ROS). The
overproduction of ROS, mediated by Fenton’s reaction, leads
to oxidative stress which in turn causes a dysregulation in the
physiological redox potentials and ultimately progresses into
lipid peroxidation, protein oxidation, and DNA damage.
Glutamate is known to prevent oxidative stress,79 and glutamate
modified iron oxide nanoparticles9 have displayed high
biocompatibility at high concentrations of 1000 μg/mL on
human skin fibroblast. Their counterparts, the pristine iron
oxide, had displayed a higher toxicity due to ROS formation.
The glutamate capped iron oxide is, therefore, beneficial over
the pristine iron oxide nanoparticles in abating the tendency to
produce reactive oxygen species.
Gold nanoparticles modified with leucine82 and lysine have

less cytotoxicity in comparison to gold nanoparticles modified
with glycine and aspartic acid (Figure 2e), at a concentration 50
μg/mL.80 This is contradictory to our preliminary knowledge.
We have found glycine modified 50 nm polystyrene particles to
be immunosuppressive22 when taken up by antigen presenting
cells while their viability remains unaffected. Therefore, the
cytotoxicity is related to the particle core and the size of gold
nanoparticles (∼25 nm). At the size range of less than 40 nm,
gold nanoparticles have been reported to show a significant
amount of cytotoxicity.11,12,83 Pristine gold nanoparticles cause
rapid cell death by necrosis11 and are hence toxic. Another
process may include ROS production, activating stress-
dependent signaling pathways.84 By comparing glycine with
histidine and cysteine coated to silver nanoparticles,72 it was
observed that glycine coated particles were not toxic. Coating
with histidine and cysteine, however, favored cell viability. Over
time the histidine coated silver nanoparticles tended to cluster
together increasing the hydrodynamic size. It is known that
larger particles are rarely taken up by the cells and therefore
may have reduced toxicity.85

Particles less than 5 nm tend to accumulate in the nucleus,86

whereas particles in the size range 15−40 nm restrict
themselves to the cytoplasm.87 The ideal size for initial
maximum uptake by cells such as dendritic cells (DC) is 50
nm,22 which has been observed with gold,88 silver,89 and
polystyrene22 nanoparticles. However, the difference in shape
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of the nonspherical particles can have a negative impact and
may increase the toxicity of gold nanoparticles along with
size.82

The presence of sulfhydryl (−SH) group on cysteine (Table
2) may capture Ag+ ions released, reducing the chance of
cytotoxicity. Silica nanoparticles modified with arginine90 are
found to be cytotoxic at a concentration of 200 mg/mL.
Inhibition of DNA replication and particle size leads to
cytotoxicity in bone cells, whereas a relatively shorter doubling
time of MG63 cells makes them more biocompatible with the
number of particles per cell being very low to induce any
cytotoxic effect. Such particles may not have much impact on
cancer cell lines, which have very high doubling time, but could
have much observable effect on other cells such as fibroblasts.
Furthermore, other cell types like mesenchymal stem cells are
very sensitive to culture conditions and are prone to
differentiate quickly upon encountering a trigger stimulus
such as transient low pH stressor. Interestingly, in the context
of cell cycle, the addition of glycine and lysine-modified iron
oxide nanoparticles81 at 1 μg/mL increases the population of
cells in S-phase thus promoting the proliferation of
mesenchymal stem cells (Figure 2b,d). Therefore, these
particles show less cytotoxicity in comparison to silica
nanoparticles in the earlier study.90 Low levels of cytotoxicity
by amino acid modified iron oxide nanoparticles is not limited
to mesenchymal stem cells (Figure 2a,c) but is extended to
many different cells as discussed in further sections below. In
another study, selenium nanoparticles modified with several
amino acids73 like lysine, valine, and aspartic acid had shown
lower cytotoxicity to human kidney cells (HEK-293) which can
account for the fact that these particles have a large size of 120
nm and tend to agglomerate over time.

5. GENE, THERAPEUTIC SIRNA, PROTEIN, AND DRUG
DELIVERY

Molecular biologists use several methods such as electro-
poration, heat shock of competent cells, ultrasound, ballistic
delivery, and focused laser for DNA transfection in the cell.91

Lysine is known to be an excellent binder of DNA and hence
DNA bound particles have low cytotoxicity. Polylysine bound
nanoparticles transfecting DNA is a huge area and is outside the

scope of this review, but for general interest one may refer to

Jin and colleagues92 and Cherif and colleagues.93

Gene delivery using lysine as a dendrimer (Figure 3a)94

coated to gold nanoparticles is a noteworthy example and has

Figure 2. Comparison of cytotoxicity of iron oxide and gold nanoparticles coated with different amino acids. Gold shows a higher cytotoxicity in
comparison to magnetic iron oxide nanoparticles. A WST-8 assay of cell viability was used to determine the cytotoxicity of the glycine (A, B) and
lysine (C, D) coated magnetic nanoparticles on bone marrow mesenchymal stem cells. Both particles induced proliferation of cells rather than death
at 1 mg/mL concentration and hence are more biocompatible. At 2 mg/mL, glycine coated particles showed normal cell viability (A) which was
more for the lysine coated particles (C). The nuclear morphology remained the same for both the particles even after 48 h of incubation (B, D), but
similar glycine and lysine coated gold nanoparticles (E) had less cell viability and did not have any proliferative effect on the cancerous KB cells.
Reproduced with permission from ref 80, copyright 2014 Elsevier B.V.; and ref 81, copyright The Royal Society of Chemistry 2016.

Figure 3. (a,b) Production of β-galactosidase cleaving X-Gal upon
transfection of β-Gal gene in Cos-1 cells. The blue colored product
signifies the successful transfection of Cos-1 cells with the β-Gal gene
which produces the enzyme β-galactosidase capable of cleaving X-Gal.
The process was possible with lysine coated (b) and lysine dendrimer
(a) nanoparticles but not with glycine coated nanoparticles.
Reproduced with permission from ref 94, copyright 2008 American
Chemical Society. (c) HeLa cells take up amino acid coated quantum
dots carrying siRNA. Green fluorescence increasing with time signifies
the siRNA uptake along with the amino acid coated QD uptake after 3
h. The Hoechst 33342 stains DNA in the nucleus (shown in purple).
The overlay image suggests active siRNA binding the DNA and the
localization of the QDs at the nucleus, which suggests the therapeutic
potential of amino acid coated QDs. Reproduced with permission
from ref 49, copyright 2011 Wiley-VCH Verlag GmbH&Co. KGaA,
Weinheim.
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been compared with single molecule coating of lysine (Figure
3b).95 Lysine dendrimer gold nanoparticles (Table 2) showed
an increased efficiency of transfection in comparison to the
pristine lysine molecule coated gold nanoparticles (Figure 3b).
When glycine coated gold nanoparticles were used, they were
incapable to transfect the β-gal gene. Therefore, the positively
charged lysine could bind the negatively charged DNA to
transfect DNA into the Cos-1 cells. The reason being the
neutral charge of glycine at pH 7.4 and hence unable to bind to
DNA. In addition, the lysine coated gold nanoparticles left the
cell viability unaltered and hence causing very low cytotoxicity.
This is accounted for by the large size of the particles (93−233
nm). Reports suggest that particles of such portly size are
unable to enter the cell96 and fluorophore tagged experiments
are hence necessary to identify the location of the particles.
Polyethylenimine coated magnetic nanoparticles for DNA

delivery is reported widely.97 Similar work was carried out with
iron oxide nanoparticles coated with arginine as synthesized by
Theerdhala and colleagues.98 Transfection under the influence
of an external magnet with amino acid modified magnetic
nanoparticles would be less cytotoxic in comparison to
currently available techniques. Interestingly CdSe/ZnSe
quantum dots (Figure 3c) coated with amino acids phenyl-
alanine, tryptophan, histidine, and cysteine49 can carry siRNA
inside the cells. A negative charge often reduces gene silencing
effects by nonspecific protein adsorption onto the complex.
Cysteine coated particle toxicity is due to the sulfhydryl group99

which is absent for the other amino acids (Table 2). Change of
pH due the particles lead to protonation or deprotonation of
the endosome respectively and thus the endosome ruptures by
proton sponge effect. Overall the particles were more toxic to
cancer cells than normal cells and were found clustered in the
cytoplasm in multiple pinosomes (Figure 3c). This has been
portrayed with cysteine coated particles and clarifies that several
answers as size and charge are essential for the delivery of
siRNA.

6. TOWARD SENSING FOR DIAGNOSTIC
APPLICATIONS

Hormones, proteins, enzymes, and other biomarkers are
quantified in a pathology lab every day. The prevalent methods
involve time-consuming, reagent exhaustive process and require
good skills to generate repetitive reliable data.
The thyroid hormone thyroxine is essential for active

metabolism. Thyroxine has been quantified46 using cysteine-

capped zinc sulfide quantum dots at a concentration as low as
9.5 × 10−7 mol L−1 (Figure 4a,b).46 It was observed that the
cysteine modified quantum dot photoluminescence was
quenched upon addition of thyroxine (Figure 4a) due to
cysteine charge neutralization leading to thyroxine−zinc
interaction.
Problems associated with clinical samples such as separating

cells, salivary thyroxine (Figure 4c), proteins, hormones,
antibodies (cysteine−cysteine sulfhydryl group interaction) in
blood, amino acids, and salts may hamper the detection. The
quantification of thyroxine in the patient sample can be
quantified by interpreting from a standard curve (Figure 4b) of
the fluorescence quenching by known amounts of thyroxine.
Although the particles seem promising for applications as
successful diagnostics agents, several clinical experiments need
to be done.
Dopamine is a neurotransmitter associated with the central

nervous system and change in its concentration can lead to
Parkinson’s disease and Huntington’s disease. Exhaustive work
has been carried out for dopamine sensing with detection limits
as low as 100 nM.100 One may refer to the current trends in
dopamine sensing for in-depth understanding, illustrated by
Jackowska and colleagues,101 but in one unique study, tyrosine
functionalized graphene oxide nanoparticles could detect
dopamine levels as low as 2.8 × 10−7 molL−1 102 comparable
to N-doped graphene sheets.100 One might suggest that for
detection at physiological pH, negatively charged amino acids
could be used, although the problems highlighted with
thyroxine detection need to be kept in mind. The aromatic
rings of graphene and tyrosine (Table 2) together may act as a
high electron-withdrawing group facilitating low detectable
limits. Therefore, further tests with other aromatic amino acids
are necessary.
Ascorbic acid is an antioxidant balancing oxidative stress in

the body of clinical significance. A biosensor developed using
N-acetyl-cysteine coated core/shell/shell CdTe/CdS/ZnS
quantum dots could detect ascorbic acid with limits as low as
1.8 nM in urine samples.103 Other components such as salts,
amino acids, and nucleotides, which might influence detection,
were also taken into consideration, but not proteinuria.
Although the reason behind the use of a modified cysteine
residue for coating is still unclear, we think it could be the effect
of the electron withdrawing nature of the acetyl group leading
to drawing of electrons from the conduction band of the ZnS
shell.

Figure 4. Detection of thyroxine using cysteine coated ZnS quantum dots. Photoluminescence emission spectra of cysteine-capped ZnS quantum
dots used as probes (A) at various concentrations ranging from (a) 0 to (k) 4.0 × 10−6 mol L−1; and (B) Stern−Volmer-type standard calibration
curve for the detection of thyroxine. (C) In clinical sample, such as saliva, the particles could detect as low as 4.0 × 10−6 mol L−1. Photoluminescence
quenching was observed when thyroxine was present (c) with respect to saliva in water (d) and saliva in probe suspension (b). Reproduced with
permission from ref 46, copyright 2014 Elsevier B.V.
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Similar particles could detect glutathione at a concentration
as low as 2.49 ng/mL.104 Glutathione is important in diseases
like HIV, Parkinson’s disease, and Alzheimer’s disease making it
significant for clinical detections. The results are significant in
determining serum glutathione levels and can be used clinically.
However, the presence of cysteine in the analyte could impact
the detection because of similar structure of cysteine (Table 2).
The interaction of mercury and N-acetyl cysteine is unclear.
Recently it had been demonstrated that asparagine coated gold
nanoparticles can be novel substitutes to EDC-NHS modified
gold nanoparticles.105 Such particles were demonstrated to be
immune sensors when conjugated with the Anti-CA125
antibody. CA125 is a cancer antigen which is used to diagnose
ovarian cancer.106 The sensor is sensitive beyond 500 IU/mL of
CA125 biomarker, which can be of clinical relevance.
Nonfluorescent amino acid conjugated nanoparticles serving

as detecting probes for clinically relevant molecules are rare.
However, there are several other conjugated nanoparticles
which can detect C-Reactive Protein (CRP), virus, and
biologically relevant molecules. For example, Perez and
colleagues made iron oxide nanoparticles conjugated with
HSV-1 and ADV-5 antibodies for detection of both Herpes
Simplex Virus (HSV) and Adenovirus (ADV).107 These
magnetic viral sensors could detect as low as 5 viral particles
in 10 μL by using NMR and MRI technologies. This is
advantageous over conventional ELISA and PCR methods. In
another study, C-Reactive Protein (CRP), an useful biomarker
of inflammation in human could be detected using anti-CRP
antibody conjugated nanoparticles at a detection limit of 0.12
μg/mL.108 The authors use a competitive method to determine
the presence of CRP in serum samples. The method is robust
as a linear range of CRP concentration can be detected. Use of
gold nanoparticles in detection of thrombin, aflatoxins, free
radicals, and bacteria has been reviewed elsewhere and is
beyond the scope of this review.41 Gold nanoparticles exhibit
surface plasmon resonance property and Raman signature
spectra which enables the detection of the species mentioned
before. Another unique study revealed the enhancement of
fingerprints using anti-L-amino acid antibody conjugated gold
nanoparticles.109 The presence of phenylalanine in fingerprints

was detected as it was used as a hapten for the antibody
development. For further details about applications of such
nanoparticles in the biological system, one may refer to a
number of other articles.110,111

In short, despite the use of some nonfluorescent nano-
particles as detecting probes, the basic principle of detection of
clinically relevant molecules relies mostly on the quenching of
fluorescence. This is either carried out by the analyte in
question or by another molecule, which curbs the fluorescence
caused by the analyte molecule. In both cases, amino acid
conjugated nanoparticles (mostly cysteine and its modifica-
tions) play the role to detect or quench the fluorescence.
Therefore, a successful diagnostic agent should be able to
combat the problems identified along with detecting the target
analyte at a wide concentration range (Table 3).

7. BIOIMAGING WITH EMPHASIS ON MRI

Fluorescent molecular probes are highly useful in applications
such as flow cytometry, immunofluorescence staining, and live
cell imaging. These techniques utilize the property of the
molecules to fluoresce selectively when excited by a certain
wavelength of light.
Carbon dots have the unique property to fluoresce when

excited by light of a specific wavelength. The emitted light is
dependent on the size of the particles. However, the carbon
dots show cytotoxicity112 toward cells, which inhibits their use
as fluorescent probes for cell imaging. Recently, however, it was
found that carbon dots synthesized using citric acid with amino
acids coating such as isoleucine, valine, and glycine can have
reduced cytotoxicity and have been used as fluorescent bicolor
probes.113 The authors demonstrated that phosphorus doping
induces a red shift, therefore having a bicolor probe, and that
the fluorescent probes have reduced cytotoxicity in HeLa cells.
HeLa cells are cancer cells characterized by their fast
proliferation, which is not consistent with other mammalian
noncancerous cell lines such as fibroblasts. It is, therefore,
necessary to observe the effect of such particles on a wide range
of cells before drawing a conclusion on the cytotoxicity of such
ultrafine particles. This drawback had been addressed partially

Figure 5. (a−f) Innate fluorescence of amino acid coated carbon dots on HeLa cells. The blue colored cells are the amino acid coated carbon dots
with amino acids isoleucine (a), glycine (c), and valine (e). The green fluorescence is caused by the doping of phosphorus on to the amino acid
coated carbon dots with amino acids isoleucine (b), glycine (d), and valine (f). Reproduced with permission from ref 113, copyright 2015 The Royal
Society of Chemistry. (g) In vivo T2 weighted magnetic resonance image of amino acid coated iron oxide nanoparticle as a contrasting agent. Images
acquired post-injection of 15 mg Fe/kg of poly(aspartic acid) coated iron oxide nanoparticles. The particles demonstrated high colloidal stability and
were found to be taken up by CT26 tumor cells (at back of mice) having a low pH environment represented in the image by the arrow. Reproduced
with permission from ref 55, copyright 2010 The Royal Society of Chemistry.

Bioconjugate Chemistry Review

DOI: 10.1021/acs.bioconjchem.7b00455
Bioconjugate Chem. 2018, 29, 657−671

665

177



by Arslan and colleagues upon studying the cytotoxicity of
cysteine-capped zinc oxide quantum dots in HEK293 cells.114

The size of the zinc oxide QDs was around 100 nm,114 whereas
the carbon quantum dots were 5 nm90 (Figure 5a−f).
Therefore, the smaller sized particles appear to be more
cytotoxic to cells irrespective of their amino acid coating.
Fluorescent imaging is not limited to cells but has been

explored in vivo as well. In a separate study it was shown that
amino acids such as aspartic acid, serine, and lysine were coated
onto upconversion-luminescent nanoparticles made of lantha-
nides lutetium codoped with either ytterbium, gadolinium, or
erbium.54 The authors demonstrated the accumulation of the
particles in the liver and the spleen after 5 h of the base of tail
injection, but have not studied their cytotoxicity yet. Metallic
nanoparticles are widely known to be cytotoxic82,115 and heavy
metals used for the process are not excreted by the body,
leading to deposition and posing serious effects to the organ.
These metals cannot be metabolized by the body,116,117 and
degradation is not possible.116 Therefore, tracing the excretion
route is essential before use of the particles in in vivo imaging.
7.1. Magnetic Resonance Imaging Using Poly(aspartic

acid)-Coated Nanoparticles. The biodegradability of iron
oxide nanoparticles118 has increased their potential for use as
MRI agents. Amino acid coated iron oxide nanoparticles have

been used for imaging of tumors and soft tissue. Tumor cells
and normal cells both are overall negatively charged due to the
presence of phospholipids like phosphatidylserine on the cell
membrane. Poly(amino acid)s (such as poly(aspartic acid))
serve as a coating material for iron oxide nanoparticles and have
high colloidal stability in terms of positive zeta potential.
Despite the positive zeta potential, the negatively charged
tumor cells take up particles in a low pH environment.55 The
particles remained in the tumor cells for 3 days without
deterioration of the contrasting signal (Figure 5g); hence
biodistribution and degradation of such particles would be low.
Although the dose of the particles is below lethal concentration,
they may have chronic cytotoxicity if not degraded or excreted
from the patient’s body. Therefore, it is essential to monitor the
degradation of such particles in the body to avoid accumulation
in tissues.
A similar particle developed by Yang and colleagues targeted

breast cancer cells with anti- HER/neu2 antibody conjugated
onto the surface of iron oxide coated poly(aspartic acid)
nanoparticles.119 The authors claimed that the particles have
negligible cytotoxicity even at concentrations 1 mg/mL. Due to
the presence of iron core, MR imaging was possible and served
as an excellent contrast agent. The only concern would be the
size and particle roughness.120

Figure 6. Inflammation and airway sensitization by nanoparticles. Allergens such as nanoparticles are captured by patrolling immature dendritic cells
(DCs) in the airway lumen and becomes activated. The mature DCs then migrate to the regional lymph node (LN) through disrupted epithelium or
cell tight junctions. At the LN they present the processed allergen by MHCII to naiv̈e T cells. The naiv̈e T cells acquire the characteristics of TH2
cells by the interaction of MHCII and jagged receptor on activated DC to TCR and Notch receptor respectively on naiv̈e T cells. Two important
TH2 pro-inflammatory cytokines IL-4 and IL-13 lead to ligation of costimulatory molecules CD40 and CD80/86 on TH2 cells with CD40 L and
CD28 on B cells, respectively, as well as upregulation of the markers. The activation leads the B cells to produce allergen-specific IgE which binds to
the high-affinity receptor FCεRI on tissue-resident mast cells. The process sensitizes them to respond when the host is later exposed to the same
allergen.
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Other than tumors, poly(aspartic acid)-coated nanoparticles
have been found useful as MR contrasting agents in liver
imaging where the core is manganese oxide instead of iron
oxide.121 The authors demonstrated an increase in the
hydrodynamic size of the particles due to adsorption of
serum proteins, which is a key factor in every nanoparticle
imaging probes. However, the particles are stable colloids as
indicated by their negative zeta potential which is also beneficial
for the particles having low cytotoxicity to the liver cells. To
enhance the imaging, bimodal particles with magnetic effect as
well as fluorescent properties have been developed.122 Such
particles have a fluorophore conjugated to an amino acid
coating which is on a metal surface, the metal being gold or iron
oxide nanoparticles. The only disadvantage of these particles
would be nonspecific signaling due to cleavage of the
fluorophore from the particle and hence innate fluorescent
properties of particles as discussed earlier.103,46,104,112

8. EFFECT OF NANOPARTICLES ON HOST IMMUNITY
WITH EMPHASIS ON CONJUGATED PARTICLES

Non-surface-functionalized silica particles ranging in size from
30 to 100 nm have been found to promote lung inflammation
mediated by inflammasome activation and IL-1β secretion,123

potentially induced by activation of the MAPK/Nrf2 and NF-
κβ signaling pathways.124 By contrast, amino acid coated
nanoparticles show little toxicity and, in some cases, are even
able to actively prevent damaging inflammatory responses. This
has been demonstrated for 50 nm glycine coated nanoparticles,
which inhibit acute airway inflammation when taken up by lung
dendritic cells (DC).22 Size is a consideration, and bigger
glycine coated 500 nm polystyrene nanoparticles are taken up
preferentially by macrophages in the lung which do not
promote the same strong anti-inflammatory effect22,23 (Figure
6).
At the cellular levels nanoparticle characteristics also highly

influence uptake which can be mediated by multiple endocytic
mechanisms such as an energy-dependent endocytosis through
the endosomes and lysosomes (reviewed ref 125).
Another example of the effects of nanoparticles on the

immune system is the use of poly(glutamic acid) nanoparticles
encapsulating HIV-1 antigen use as vaccines126 which can lead
to DC maturation127 and promote the induction of cytotoxic T
cell responses. In addition, the cytotoxicity of nanoparticles is
influenced by charge of their coating, and the above-mentioned
examples of amino acid coated nanoparticle formulations are all
negatively charged. On the other hand, although positively
charged particles tend to show increased cytotoxicity,128 in
some cases these have still been successfully used as vaccine
delivery systems.129 Therefore, the issue of charge needs further
investigation and a deeper understanding of the specific
biological context in which these particles can be used.
So far, we have observed that the amino acid coated

nanoparticles are diverse, with existing variations across
multiple parameters such as shape, charge, type of amino acid
conjugated, and route of administration (Table 3). Con-
sequently these nanoparticles are taken up by a wide variety of
organs including spleen,33 lung,34−36 and liver.32,130 It is of
interest that some amino acid functionalized particles do have
the capacity to localize to multiple organs supporting their
potential as MR contrast agents.130 As mentioned in the
introduction of this review size matters when it comes to
biodistribution of nanoparticles into different organs. However,
charge and shape are important aspects to consider as well. The

shape of a nanoparticle highly influences its blood vessel fluid
dynamics when in circulation. For instance, nonspherical
nanoparticles tend to exhibit much better tumbling and lateral
drifting characteristics in comparison with their spherical
counterparts.131 Therefore, nonspherical nanoparticles have
an increased chance of particle adherence, binding to the
endothelial cell wall, and potential extravasation. Charge affects
nanoparticles too, by influencing the protein adsorption33,132

and positively charged nanoparticles undergo rapid clearance
from the circulation in comparison with their negatively
charged counterparts.133 Indeed, when injecting differently
charged gold nanoparticles either intraperitoneal or intravenous
in mice, Arvizo and colleagues observed high plasma clearance
for the positively and negatively charged particles. However, the
neutral and zwitterionic particles exhibited low plasma
clearance well after 24 h measurements.133 Overall, finding
the optimal combination of nanoparticle properties to use in
different medical areas is a challenging task but could lead to
exciting new applications in the field of nanoparticle-based drug
delivery. For further elucidation, the properties of nanoparticles
and their heavy influence on pharmacokinetics and biodis-
tribution has been extensively reviewed by Blanco et al.33

Generally, successfully conjugating antibodies or other
specific cell targeting modalities to nanoparticles is needed to
support a range of biomedical applications such as sensing and
diagnosis, targeted delivery of small molecule drugs, and cancer
therapy.134−137

9. CONCLUSION

Amino acid conjugated particles show promise as components
of devices and nanotechnology products for clinical use.
Development of probes to detect clinical analytes at low
concentrations in vitro leads the way in this field, but should not
be the only focus. Therapeutics, imaging, and diagnostics are
some of the areas where these particles could have extensive
use. As the field evolves, more in vivo applications are expected
to emerge. The issues addressed in this review may help
support the design of effective surface functionalized particles
for such specific in vivo biological applications, with a focus on
biocompatibility as being related to a combination of size and
charge (the latter potentially modified by the coating amino
acid). The consideration of the amino acid used in
functionalizing is also essential for trapping ROS and
preventing cytotoxicity. Biodistribution and subsequent ex-
cretion of injected probe nanoparticles is important in imaging.
As well as providing additional in vivo stability, biocompatibility,
and capacity for additional surface modifications, amino acid
conjugated nanoparticles are emerging as immunomodulatory
agents themselves, as illustrated by the discovery of nano-
particles capable of inhibiting the elicitation of inflammatory
lung diseases such as asthma. This new area needs further
investigation into the mechanism of action, and range of
nanoparticles and amino acids capable of mediating such novel
effects.
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ABSTRACT
Introduction: Airway inflammatory disorders are prevalent diseases in need of better management and
new therapeutics. Immunotherapies offer a solution to the problem of corticosteroid resistance.
Areas covered: The current review focuses on lipopolysaccharide (Gram-negative bacterial endotoxin)-
mediated inflammation in the lung and the animal models used to study related diseases. Endotoxin-
induced lung pathology is usually initiated by antigen presenting cells (APC). We will discuss different
subsets of APC including lung dendritic cells and macrophages, and their role in responding to
endotoxin and environmental challenges.
Expert commentary: The pharmacotherapeutic considerations to combat airway inflammation should
cost-effectively improve quality of life with sustainable and safe strategies. Selectively targeting APCs in
the lung offer the potential for a promising new strategy for the better management and treatment of
inflammatory lung disease.
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1. Introduction

Inflammatory lung diseases such as asthma and chronic
obstructive pulmonary disease (COPD) are very common
with over 4 million deaths per year [1]. Apart from rising levels
of pollution, other factors such as bacteria, irritants, avian-
derived proteins, and agricultural dusts can lead to inflamma-
tion of the airway. The lung is a non-sterile organ as it is in
direct contact with the outside environment including bac-
teria. Their cell walls are composed of lipopolysaccharide (LPS),
hence this is a major contributor to the development of airway
inflammation [2,3]. However, immune recognition and
response to LPS also play a role in the defense against invad-
ing Gram-negative bacteria. Antigen presenting cells (APCs) in
the lung, such as alveolar macrophages (AMs) and dendritic
cells (DC), express a class of receptors called Toll-like receptors
(TLRs). LPS binds to TLR4 with support from the protein MD-2,
forming a complex enabling the adapter protein MyD88 to
signal further downstream. MyD88 activates a cascade of pro-
teins which leads to the activation of the nuclear transcription
factor NF-κβ. The activation of NF-κβ leads to the production
of inflammatory mediators such as interleukin IL-6, IL-1β,
tumor necrosis factor α (TNF-α) which have microbicidal activ-
ities. AMs express many pattern recognition receptors (patho-
gen-associated molecular patterns [PAMPs]) and are able to
phagocytose bacteria. They are also involved in preventing
access of lung DCs to bacteria and further limit the antigen
presenting response of these DCs. Other than bacteria, viral
infections including rhinovirus, can lead to inflammation in the

lung. The infection leads to severe wheezing episodes and
recurrent episodes of asthma. Viral infection-mediated lung
inflammation is beyond the scope of this review but is
reviewed by Woodlands and Wang et al. [4,5].

The TLR agonist LPS is known to increase airway hyper-
responsiveness (AHR) [6]. AHR is defined by an exaggerated
response of the airways to nonspecific stimuli, which results in
airway obstruction and contraction of airways triggered by
bronchospasm. Inflammation of the airways is characterized
by AHR, airway epithelial mucous production, and allergen-
specific Th2 cytokines in the lung-draining lymph nodes [7].
These processes are orchestrated by APCs such as DCs and
macrophages (Mφs). AHR is a key feature in diseases such as
asthma and COPD. Asthma is a form of bronchial disorder
caused by inflammation of the bronchi. It is characterized by
spasmodic contraction of airway smooth muscle, difficulty
breathing, wheezing, and coughing. COPD on the other
hand is characterized by poorly reversible airway obstruction,
which is confirmed by spirometry, and includes obstruction of
the small airways (chronic obstructive broncholitis), emphy-
sema, which leads to air trapping and shortness of breath in
response to physical exertion [8]. Asthma and COPD are differ-
entiated by the inflammation type, cause, and extent. If the
airway inflammatory process occurs in the peripheral lung
wall, it signifies COPD, whereas inflammation in the airways
of the central and distal areas of the lung is observed mostly in
asthma. The pathophysiology of COPD involves an increased
number of goblet cells, mucous gland hyperplasia, fibrosis,
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and reduction of small airways (peripheral airways) accompa-
nied by narrowing [9]. In the central and distal airways of the
lung, there is upregulation of Th2 cytokines and inflammatory
cells [10]. Bronchoscopic sampling has been limited to prox-
imal airways of the lung. Therefore, studies with the distal
airways (i.e. small airways) are limited. When airway inflamma-
tion becomes chronic in asthma, it leads to airway remodeling,
characterized by airway fibrosis, epithelial damage, and
smooth muscle hyperplasia [11].

Moreover, in many respects, such as respiratory symptoms,
asthma and COPD are quite similar. COPD involves increased
aging of the lungs and an aberrated repair mechanism driven
by oxidative stress. Potential factors that lead to the develop-
ment of these diseases could have inherited or atopic compo-
nent or acquired. Whilst many patients have demonstrated a
family history of the diseases, no single gene responsible
showing Mendelian inheritance has been identified. There is
a stronger predisposition of the disease or be acquired due to
environmental factors including ultrafine particulates in air
[12], large farm animals [13], cigarette smoking [14], house
dust mites [15], and endotoxins from Gram-negative bacteria
[16]. Non-atopic causes of asthma include viral and bacterial
respiratory infections. Endotoxin such as LPS can mediate
other diseases such as osteoarthritis [17], congestive heart
disease, and coronary artery disease [18].

In airway inflammatory disease such as asthma, impaired
breathing due to bronchoconstriction leads to repeated/
routine exacerbations which impacts human health.
Therefore, not only availability of anti-inflammatory drugs
but proper management is essential. Current treatments
include the use of bronchodilators and anti-inflammatory
drugs such as corticosteroids (e.g. prednisone, beclometha-
sone, fluticasone) and cromolyn in pediatric therapy. In
adults, an inhaled corticosteroid with a low dose of short-
acting beta-2-agonist is used as a gold standard therapy. An
alternative therapy uses leukotriene-receptor agonist com-
bined with long-acting beta-2-agonist. These drugs reduce
eosinophil and neutrophil infiltration as well as the secre-
tion of pro-inflammatory cytokines. But the prolonged use
of these drugs may cause adverse effects such as impaired
growth in children, decreased bone mineral density, skin
thinning, bruising, and cataracts [19]. Furthermore, the
usage of these anti-inflammatory drugs and bronchodilators
has led to the development of resistance and hence
requires the development of new anti-inflammatories asso-
ciated with systemic or oral administration [20].

Novel anti-inflammatories would cater to the pharma-
cotherapeutic considerations and give both an immediate
and sustaining effect without having adverse side effects. In
this review, we discuss on endotoxin-mediated inflammation
in the lung and the mechanisms which are pivotal. Endotoxin
involves different cells of the immune system in generating a
response. Therefore, we explore the two most important
APCs, DCs and Mφs along with their subsets, to gain an
insight at the cellular level in the development of therapeu-
tics. With the knowledge of the immune cells and endotoxin-
mediated inflammation, we finally introduce new strategies
for therapeutics including better management and treatment
of lung disease.

2. Inflammation of the airway

Inflammation is a phenomenon of the body in the form of an
immediate response to triggers like tissue injury, infection by
pathogens, or by noxious chemicals [21]. Based on the dura-
tion of response, inflammation is characterized by acute and
chronic inflammation. Acute inflammation is generally short
term with an early (IgE-mediated hypersensitivity type I reac-
tion) and late phase reaction associated with Th2 cells [22].
Acute inflammation lasts for around 2 days, and symptoms are
dependent on the region of inflammation such as bronchial
smooth muscle contraction [23] due to various types of airway
allergens. On the other hand, chronic inflammation lasts for
over 6 months. Chronic inflammation is a feature of both
asthma and COPD. In patients with COPD, it has been found
that IL-33 is responsible for chronic inflammation and leads to
enhanced secretion of pro-inflammatory cytokines [24].
Similarly, IL-33 is responsible for increased AHR, inflammation,
and remodeling in asthma [25]. However, persistent exposure
to a certain allergen results in the recruitment of cells of the
innate and adaptive immune response to the site of exposure
[22]. The nature of inflammation is different in asthma and
COPD. In asthma, the nature of inflammation is driven by the
infiltration of eosinophils and CD4+ T cells, whereas in COPD, it
is mostly driven by neutrophils and CD8+ T cells [26]. The
chronic inflammation in asthma is alluded to frequent wheez-
ing episodes with increased AHR and coughing, whereas in
COPD, it is more of limited airflow to the lung.

The most obvious effect observed with airway inflamma-
tion is the recruitment of eosinophils. Th2 lymphocytes release
interleukin 5 (IL-5) which attracts, activates, and stimulates
eosinophils, therefore, perpetuating the inflammatory
response [27]. In inflammatory response, the airway walls
become thickened due to hypertrophic and hyperplastic
mucus glands as well as infiltration of Mφs, neutrophils, and
cytotoxic T lymphocytes (CTLs) as well as proliferation of
resident structural cells in the chronic setting [28,29].
Cytokines such as interleukin 8 (IL-8) and TNF-α are released
by the inflammatory cells leading to tissue damage and oxi-
dative stress. The entry of an allergen is associated with a
complex response in the host as different immune cells play
their role in dealing with the allergen. The understanding of
the cells and the cytokines they produce can serve as ther-
apeutic targets. Therefore, we need to gain insight on how
airway inflammation takes place after allergen entry.

2.1. Mechanistic insights in airway inflammation

The airway lumen contains mucous for the entrapment of dust
particles but is still exposed to antigens (bacteria and its cell wall
component, LPS) which are processed by the submucosal DCs
leading to activation and migration to lymph nodes. The
immune response to acute inflammation sensitizes the mast
cells in the individual due to the production of IgE specific to
the antigen (Figure 1). Although the response is seen in the mast
cell, the TH2 cytokines actively play a role in activating the B cells
for the production of the antigen-specific IgE [22]. The sensitiza-
tion releases mediators including amines like histamines and
serotonin. This series of steps induces bronchoconstriction of
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the airway and vasodilation (Figure 2). As a result, there is
increased mucous formation and stimulation of the nociceptors
on the airway. The production of several cytokines by Th2 cells
results in the activation of B cells (Figure 1) which is responsible
for the synthesis of allergen-specific antibodies. The antibodies in
the systemic circulationmove from the lymph node and bind the
FcεRI receptor (Figure 1) on the mast cell. When a second inva-
sion of the allergen is encountered, the host is already sensitized,
and the response is very rapid.

In addition, mast cells rapidly release TNF-α, IL-8, TGF-β, IL-10
for the activation of other immune cells like T cells, B cells, and
DCs [30]. The hypersensitivity reaction develops in 2–6 h after
exposure and reaches the climax after 6–9 h [23]. Although
there is a clear distinction between acute and chronic inflam-
mation phases, it is yet unclear how local inflammation in the
airway converts to chronic inflammation. Cytokines such as IL-
33 have been found to induce chronic inflammation in the
airway epithelium along with the enhanced production of IL-6
and IL-8 in COPD pathogenesis [24]. Several layers of the airway
mucosa are affected by chronic asthma with increased numbers
of goblet and mast cells along with the presence of common
respiratory viruses (Figure 2) [31].

Another aspect of airway inflammation is the recruitment of
neutrophils. Cells secreting IL-17 (i.e. Th17 cells) recruit neutro-
phils at themucosal surface [32] (Figure 2). Because of neutrophil

recruitment, there is constriction of the smooth muscle in the
airway wall causing shortening of breath, in patients with COPD
[33]. Along with lumen constriction, airway remodeling is also
observed in both COPD and asthma. Airway remodeling is driven
by the epithelial-mesenchymal trophic unit (EMTU), the interac-
tion between structural and immune cells. Due to the increased
number of neutrophils in COPDpatients, there is activation of the
EMTU. A successful response to an allergen is associated with its
elimination, resolution, and repair phase. The inducer of inflam-
mation can be categorized into exogenous and endogenous
inducers [34]. Exogenous inducers include microbial and nonmi-
crobial inducers like irritants, foreign bodies, and toxins.
Endogenous inducers are released from stressed or damaged
cells such as heat shock proteins, uric acid, and endogenous
molecules like alarmins [35], etc. reviewed in detail by Creagh
and colleagues [36]. In the coming section, we will focus on
bacterial endotoxin-mediated inflammation in the airway.

2.1.1. Bacterial endotoxin-mediated airway inflammation
A range of bacteria such as Staphylococcus aureus,
Pseudomonas aeruginosa, Streptococcus pneumoniae,
Klebsiella pneumoniae, and Mycobacterium tuberculosis cause
pathological lung infections. In response to infection and
tissue injury, innate immune cells of the body such as DCs,
Mφs, and mast cells recognize pathogens and damaged cells

Figure 1. Sensitization of dendritic cells by allergens in the airway lumen. Different bacteria enter through the nasal cavity into the lung. In the airway lumen, these
bacteria are captured by the patrolling DCs. The DCs become activated by the cell wall component LPS of Gram-negative bacteria. The mature DCs then migrate to
the regional lymph node such as the mediastinal lymph node for lungs. At the LN, they present the processed allergen by MHCII to naïve T cells. The naïve T cells
acquire the characteristics of Th2 cells by the interaction of MHCII and jagged receptor on activated DC to TCR and notch receptor respectively on naïve T cells. Two
important Th2 pro-inflammatory cytokines IL-4 and IL-13 lead to ligation of costimulatory molecules CD40 and CD80/86 on Th2 cells with CD40 L and CD28 on B
cells. The activation leads the B cells to produce allergen-specific IgE which binds to the high-affinity receptor FCεRI on tissue-resident mast cells. The process
sensitizes them to respond when the host is later exposed to the same bacteria and/or LPS. Modified and reproduced with permission from Ref. [142], copyright
2017 The American Chemical Society.
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by pattern recognition receptors (PRRs) which are germline-
encoded intracellular or surface expressed. These PRRs detect
PAMPs such as bacterial and viral nucleic acids and cell-wall
components. The TLR family is one of the major PRRs that can
detect pathogens as well as tissue damage. It induces both
innate (immediate) and adaptive immune responses. Whilst
the adaptive immune response results in B cells and cytotoxic
T cells, it is the innate cells which offer the first line of recogni-
tion of pathogens by the TLRs. The TLRs have leucine-rich
repeats and can recognize bacterial and viral PAMPs extracel-
lularly or through endo-lysosomes. TLR1, TLR2, TLR4, TLR5,
TLR6, TLR11 are extracellular whereas TLR3, TLR7, TLR8, TLR9,
and TLR10 are endo-lysosomal.

LPS is the main agonist of TLR4. LPS binds to LPS binding
protein, MD-2, CD14, and TLR4. Therefore, stimulation using
LPS needs the participation of several molecules not just TLR4.
The signaling downstream upon LPS binding has been divided
into MyD88-dependent and -independent pathways. The

MyD88-dependent pathway results in pro-inflammatory cyto-
kines production whereas the MyD88-independent pathway
mediates the induction of Type I interferons. MyD88 recruits
and activates IRAK4 which after subsequent downstream acti-
vation induces the transcription factors NF-κβ and AP1. This
results in the production of pro-inflammatory cytokines such
as TNF-α, IL-1β, IL-6, IL-12, IL-23 and activation markers such as
CD40, CD80, CD86, and MHCII. The LPS–TLR4 pathway has
been reviewed elsewhere [37].

TLR2 responds to the cell wall of Gram-positive bacteria
which is composed of peptidoglycan [38]. The TLR2 response
activates cytotoxic CD8+ T cells and produces IFN-γ. In AMs,
the expression of TLR2 and TLR4 is reduced in patients with
COPD and in smokers [39] in comparison to autologous mono-
cytes. Continuous exposure to LPS present in cigarette smoke
(cell-wall from colonized bacteria, surviving combustion dur-
ing smoking) may down-modulate the pulmonary immune
response [39]. The reason could be due to the natural

Figure 2. The chronic aspect of allergen-induced airway inflammation. Repeated and persistent exposure of allergens such as bacteria leads to chronic inflammation
which has several effects. In the tissues, cells of the innate immune system including eosinophils, basophils, neutrophils, and monocyte–macrophage lineage cells
are found. Other cells including Th2 cells, other types of T cells, and B cells of adaptive immune response are also present in the tissues. Mast cells develop in the
tissue, and these cells display large amounts of IgE bound to FcεRI. Last, complex interactions are initiated between recruited and tissue-resident innate and
adaptive immune cells, epithelial cells, and structural cells. These cells include fibroblasts, myofibroblasts, and airway smooth muscle cells along with blood vessels
and lymphatic vessels. Repetitive epithelial injury due to chronic allergic inflammation can be exacerbated by exposure to pathogens or environmental factors, and
the consequent repair response results in the epithelial–mesenchymal trophic unit (EMTU) being activated. This unit is thought to sustain Th2-cell-associated
inflammation, to promote sensitization to additional allergens or allergen epitopes (e.g. epithelial-cell-derived TSLP can upregulate the expression of costimulatory
molecules such as CD40 and CD80 by DCs). These processes result in many functionally important changes in the structure of the affected tissue such as hyperplasia
of goblet cells, which is associated with increased mucous production. These changes include substantial thickening of the airway walls. In individuals who have
such thickened airway walls, bronchoconstriction can result in more severe narrowing of the airway lumen than occurs in airways with normal wall thickness. In
some individuals, especially those with severe asthma, Th17 cells (which secrete IL-17) may also contribute to the recruitment of neutrophils to sites of inflammation
(shown in Figure 1). Modified and reproduced with permission from Ref. [22], copyright 2008 Nature.
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selection of a heterogeneous subpopulation of Mφs or a gen-
eral AM phenotype under environmental stress. The reduced
expression of these TLRs means that COPD patients are much
more prone to lower respiratory tract infection. Bacterial infec-
tion is not only associated with the bacterial cell wall other
components such as flagella are also important (recognized by
TLR5 [40]). Therefore, the TLRs have a significant role in recog-
nition of a pathogen and responding via downstream signal-
ing. Interaction of APCs with LPS is essential in understanding
the adaptive immune response.

When monocytes and DCs come in contact with a PRR, they
express costimulatorymolecules for T lymphocyte activation and
are said to induce an adaptive immune response [41]. In an
analogous way, Mφs undergo cell activation in response to LPS
or IFN-γ [43]. When immature Mφs circulating in the blood come
across bacterial or viral infections or bacterial components such
as LPS, they undergo activation. Studies of these cells of the
innate immune system by Thompson et al. and others have
revealed that the subsets have specialized in secreting cytokines
that have different targets and functions. For example, Mφs
secrete pro-inflammatory cytokines which include IL-1, IL-6, IL-
12, TNF-α, and IFN-γ [41,42]. Other than these cytokines, IL-8
secretion leads to infiltration by neutrophils and TNF-α leads to
increased production of cell adhesion molecules in the lung
capillary endothelial cells for neutrophil attachment.
Neutrophils are self-recruiting, secreting IL-8 themselves to pro-
mote chemotactic invasion of more neutrophils [43].

As the mechanism is so complex, studying only a single
factor would mean getting an incomplete picture of airway
inflammation. Therefore, there is a need to study airway
inflammation using different models. However, the existing
models used to study the disease have some limitations as
discussed in the following section.

2.1.2. Role of LPS in acute pulmonary inflammation
Acute pulmonary inflammation has a high mortality rate with
the absence of specific treatment. Acute lung injury (ALI) is
defined as an acute lung disease characterized by rapid onset
respiratory failure, severe hypoxemia, and decrease in static
respiratory system compliance which accounts for morbidity
of around 40% [44]. Pulmonary inflammation in the acute
phase (1–6 days) is characterized by damaged endothelium
and surface epithelium along with edema, with neutrophil
and Mφ accumulation. The clinical condition of pulmonary
inflammation is known as Acute Respiratory Distress syn-
drome (ARDS) which is characterized by sepsis, pneumonia,
and major trauma. The injury to the lung epithelium and
endothelium is caused primarily by neutrophils and platelets.
However, there is lack of successful pharmacologic therapy.
The pathophysiology and resolution of ARDS have been
reviewed previously [44]. Therefore, the role of neutrophils
in initiating the inflammation and the damage it causes
needs to be understood.

Neutrophils are the first immune cells to reach the site of
inflammation in the lung post an insult with LPS. Transmigrated
neutrophils then secrete proteolytic enzymes and reactive oxy-
gen species (ROS) which damages the lung endothelium and
epithelium. The harm does not end in edema. The ROS leads to

promutagenic alterations in DNA and causes a carcinogenic
response post-chronic inflammation. Transcriptome analysis by
Güngör and colleagues showed 218 geneswhich are differentially
expressed with LPS induction in the presence of neutrophils [45].
Many pathways were found altered. Importantly complement
pathways, CCR3 signaling, IL-10 signaling, and antigen presenta-
tion by MHCI were altered between LPS with and without neu-
trophils. CCR3 is responsible for eosinophil activation pointing
toward a chronic inflammatory state. Whereas, IL-10 a pleiotropic
anti-inflammatory cytokine represses the pro-inflammatory cyto-
kines TNF-α, IL-6, and IL-1β secreted by Mφs.
Pharmacotherapeutic studies using proteins such as B7H3 and
bufexamac have showed potential in attenuating LPS-induced
injury [46,47]. This opens the possibility of utilizing these mole-
cules in ameliorating the clinical condition of pulmonary inflam-
mation. Vascular compartments, pulmonary tissue, and the
underlying endothelial cells are also affected by LPS. Since LPS
affects vascular compartments and pulmonary tissue, therefore,
the factors which alter them need to be studied.

It has been observed that higher concentrations of endo-
toxin similar to that present in sepsis exhibit several pro-
inflammatory responses. These responses include the
increased expression of cell adhesion molecules, ROS produc-
tion, loss of endothelial monolayer integrity, and barrier func-
tion [48]. ROS generated in the vasculature from endothelial
cells are produced from a family of oxidases. These oxidases,
specifically NADPH oxidases (Nox), are involved in lung
inflammation, ischemia, and sepsis. Two Nox enzymes, Nox2
and Nox4, are responsible for endothelial cell migration and
production of ROS [49]. Redox active endosomes in endothe-
lial and other pulmonary cells generate superoxides in the
endosome lumen in response to pro-inflammatory cytokines
TNF-α and IL-1β. Redox active endosomes are reviewed else-
where [50]. The loss of monolayer integrity of endothelial
cells leads to leaking of the lung capillaries and as a result,
the fluid fills up the alveolar airspace causing pulmonary
edema. The protein thrombomodulin (TM) and activated pro-
tein C (APC) are involved in maintaining homeostasis and
vascular integrity [51]. LPS induces the expression of tissue
factor on vascular endothelial cells causing hypercoagulabil-
ity. The TM/APC axis is also affected with LPS. A lectin-like
domain in TM is essential for survival of mice exposed to LPS.
Absence of the domain leads to neutrophil infiltration. In the
naïve lung, the polymorphonuclear leukocytes appear to be
marginated to the vascular wall. During inflammation,
immune cells and pre-marginated cells undergo transen-
dothelial and transepithelial migration into alveolar space
and the interstitium in the lung.

2.2. ALI model to study endotoxin mediated
inflammation

ALI is characterized by alveolar epithelial and endothelial
damage. This leads to secretion of pro-inflammatory media-
tors in the host along with severe hypoxemia, pulmonary
edema. To study the pathophysiological mechanism of ALI,
treatment of laboratory animals with bacterial LPS is the most
accepted model. LPS can be administered directly or indirectly

EXPERT REVIEW OF RESPIRATORY MEDICINE 945

189



to give injury to the lung. Direct administration of LPS into the
lung involves intratracheal or intranasal administration, other-
wise it is administered intraperitoneally. Direct injury to the
lung affects the lung epithelium, whereas an indirect injury
leads to disruption of the vascular endothelium. Not limited to
this, there are several differences between direct and indirect
challenge, such as less edema is observed in indirect injury
which have been reviewed by others [52]. Administration of
LPS directly in the lung leads to neutrophil recruitment within
4 h and induces the production of pro-inflammatory cytokines,
chemokines, activation markers, and adhesion molecules lead-
ing to damage to the lung tissue. The acute lung injury model
is reviewed elsewhere [53,54].

The ALI model is useful for studying lung inflammation but
needs addition of specific end points to replicate the physical
aspects of the disease. For example, introducing plethysmo-
graphy as a readout for resistance and dynamic compliance is
useful when demonstrating the severity of the disease. Other
non-invasive techniques such as nebulization are effective in
administering LPS. The method is of clinical relevance in
studying and designing trials. With fluorescent molecules
which can be conjugated to antibodies, it is possible to
visually study emphysema and airway constriction. Therefore,
live imaging of the tissue coupled with plethysmography
would be an ideal solution to understand lung injury in detail
and for the development of minimally invasive ways to study
drug responses.

2.3. Agents targeting inflammatory pathways

Th2 inflammation involves the activation of effector responses
evolved against multicellular parasites such as helminths. Th2
cells provide help to B cells for antibody production especially
for IgE class switching. Two main cytokines (IL-4 and IL-13)
characterize Th2 inflammation. IL-4 differentiates naïve CD4+ T
cells to Th2 phenotype and participates in the chemotaxis of
eosinophils and class switching of IgE. IL-13 not only influ-
ences eosinophil chemotaxis and class switching of IgE but
also mediates goblet cell metaplasia and smooth muscle con-
tractility [55]. Therefore, these two cytokines are prime targets
in inflammatory pathways. Several humanized monoclonal
antibodies have been made to target these cytokines but are
discontinued either because the primary goals are not met or
due to failure to inhibit the cytokines toward activation of the
inflammatory pathways. Summary of the antibodies directed
toward the blocking of IL-4 and IL-13 is reviewed elsewhere
[55]. Out of all the trialed antibodies, dupilumab and lebriki-
zumab were able to decrease the chemokine CCL17 thereby
preventing the induction and chemotaxis of T cells [56,57].
These biologics also lowered the total amount of IgE. A single
cytokine blocker, tralokinumab, inhibits IL-13. Tralokinumab
proved to be successful at two high doses after 12 weeks of
treatment [58]. However, blocking one cytokine was not ben-
eficial in comparison to dupilumab which targeted both IL-4
and IL-13. Other anti-IL-13 antibodies such as anrukinzumab
and anti-IL-4 antibodies such as pascolizumab, pitakinra have
been trialed, yet dupilumab is efficient in reducing the symp-
toms of Th2 inflammation in asthma [59]. Since inflammation

is not only Th2 based, therefore, we focus on to another type
of inflammation which involves neutrophils.

Another type of inflammation, Th17-mediated, is responsi-
ble for the recruitment of neutrophils at the site of infection.
Th17-mediated inflammation aims at extracellular pathogens
for an adaptive immune response. Th17 cells are responsible
for the production of IL-17 family of cytokines but do not
express IL-4. Pro-inflammatory effects of IL-17 include accu-
mulation of neutrophils and proteolytic enzymes such as neu-
trophil elastase and MMP9 [60]. Type 3 ILCs are important for
airway neutrophilia as they express IL-17A during ALI induced
by LPS [61]. Earlier studies by Roos and colleagues showed
that the il17a gene was observed only in AMs of smoke-
exposed mice [61]. Furthermore, an increased expression of
submucosal IL17A in lung tissue of COPD patients was
observed. In asthma, IL-17A not only recruits neutrophils and
releases their proteases but is also involved in negative feed-
back on the release of IL-23 from Mφs, therefore, constituting
a Th17 regulator. This prevents excess signaling and maintains
an efficient antibacterial host defense without tissue damage
[60]. These observations suggest that the cytokine has a key
role in the pathobiology of COPD, making it an important
target for treatment. To date, many anti-IL-17 inhibitors have
been developed and successfully used in other inflammatory
diseases such as brodalumab (AMG827) for psoriasis. One such
anti-IL-17 inhibitor, CNTO6785, was used to treat COPD as part
of a phase 2 trial. Unfortunately, there was no difference in the
efficacy end point in comparison to the placebo, inferring that
CNTO6785 is not a successful therapeutic target for COPD [62].
Very recently, a new target for reducing airway inflammation
has been found. G-CSF has been found to attenuate airway
inflammation and systemic inflammation along with reduction
in lung tissue destruction in a COPD model [63]. Therefore,
new humanized antibodies targeting these cytokines and bio-
marker may be beneficial as a therapeutic target against
asthma and COPD.

3. The myeloid system

Myeloid lineage cells are usually the first to respond to the
invasion of a pathogen and communicate the presence of an
insult to cells of the lymphoid lineage. Their origin lies with
the multipotent hematopoietic stem cells. Myeloid cells can
recognize damage and PAMPs through the help of germline-
encoded surface receptors. When the cells lose their ability to
self-renewal, they are committed to one single type of devel-
opment. The myeloid lineage comprises of neutrophils, baso-
phils, eosinophils, monocytes, mast cells, and DCs. The
commitment associated with progenitor cells depends on
the growth factors and cytokines. As discussed above, when
induced, they express costimulatory molecules for T lympho-
cyte activation. A network of cells is present in the bone
marrow which is responsible for providing the microenviron-
ment for hematopoiesis; these are known as stromal cells [64].
The primary and most significant function of the myeloid
system is in providing innate immunity to the body [65]. The
receptors of the cells participating in innate immunity recog-
nize broad structural motifs that are highly conserved within
microbial species but are generally absent from the host.
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These receptors are the pattern recognition receptors
(described previously). The cells of the innate immune system
have been found to secrete cytokines that have different
targets and functions. For example, the cytokines secreted
by the Mφs in Section 3.1 include pro-inflammatory cytokines
such as IL-1, IL-6, IL-12, TNF-α, and IFN-α [65].

The formation of all lymphoid cell types including mono-
cytes, Mφ, and DCs has originated from human multi-lymphoid
progenitors identified as a distinct population of Thy-1neg-lo

CD45RA+ cells in the CD34+CD38− stem cell confinement[66].
Therefore, in humans, these myeloid lineages arise specifically
in early lymphoid lineage. Lymph node-resident DCs (LN-DCs)
are subdivided into conventional DC (cDC) subsets in mice. The
subsets are CD11b and CD8a in mice whereas in humans, they
are BDCA1 and BDCA3. Robbins and colleagues hence showed
through clustering analysis that a distinct branch is formed in
the leukocyte family with a conserved transcriptional signature
in all LN-DC subsets [67]. The myeloid progenitor cells giving
rise to monocytes have Mφs and DCs as their subtypes. Several
surface markers like CD14, CD40, CD11b, CD64, CD68, and F4/
80 (murine) or EMR1 (human), Lysozyme M, MAC-1/MAC-3 are
found on Mφ which help researchers to distinguish them from
monocytes [68]. DCs and Mφs share a common origin (the
myeloid progenitor) but Mφ remains fixed in the tissue and
DCs migrate toward the site of infection. Also, Mφ can be
identified by the expression of CD64 in humans [69]. Studying
the expression profile of human DCs, it has been determined
that MHC II is highly expressed, whereas lineage markers like
CD3 (for T cells), CD19/20 (for B cells), and CD56 (for NK cells)
are absent and therefore DCs have been further classified
according to these markers [70].

3.1. Mφ differentiation and subtypes

During the early stages of inflammation CCR2hiLy6C+ inflam-
matory and CCRlowLy6C− resident, monocytes differentiate
into M1 and M2 Mφs, respectively [71] (see Table 1). It is
possible that monocytes, Mφs, and DC are highly plastic and
can cross-differentiate into different subsets in response to
environmental changes by activating diverse pathways. For
example, (1) Ly6C downregulation is associated with M2 Mφ
function [72], (2) Ly6C+ monocytes preferentially differentiate
to CXC3CR1hi Mφ [73], (3) CCR7 and CCR8 Ly6Cmiddle Mφ
differentiate into DCs [74], and (4) anti-inflammatory M2 Mφ
induction can be promoted from inflammatory monocytes by
basophil-derived IL-4 at sites of inflammation [75].

When immature Mφs encounter an infection or LPS, they
undergo activation. A classically activated Mφ refers to an
M1 Mφ that has been activated in response to LPS or IFN-γ
[76]. Cell activation of Mφ by Th1 cytokines IFN-γ and TNF-α
is type I activation where the cytokines produced by M1
Mφs are IL-1β, IL-12, IL-6, and TNF-α. Alternatively, activated
Mφs are also called M2 Mφ which refers to Mφs having
undergone cell activation in response to IL-4 or glucocorti-
coids producing cytokines IL-10, IL-1ra, and TGF-β [77]
(Table 1). It has been found that M1 Mφ has more expres-
sion of IL-12 and IL-23 but low IL-10 with immunostimula-
tory properties for Th1 cell activation. Similarly, M2 Mφ has a
higher IL-10 and CD206 expression but lower levels of IL-12

and IL-23 but express scavenger receptors which M1 Mφ do
not[78]. M2 Mφs are bestowed with pro-antigen presenting
capacity, promote angiogenesis, tissue remodeling, and
repair, suppressing immunity involving Th1 cells. They sup-
port the Th2 cell response which is deemed necessary for
encapsulating and killing parasites where the M2 Mφs are
activated by IL-4 and IL-13 [79]. Receptor expression in M2
Mφs is specific and higher expression of mannose receptor
(MR1), Dectin-1, and arginase has been found [80].

Another category of Mφ known as M4 Mφ (Table 1) is
induced by the chemokine CXCL4 from platelets [81]. A sepa-
rate subset of Mφs, CD4+, and CD8+ Mφ kill tumor cells by a
mechanism involving NKG 2D receptors, granzymes, and per-
forin [82]. In the tumor micro-environment, different cells
provide support to the tumor cells during the transition to
malignancy. The Mφs present in the tumor micro-environment
play a pro-tumoral role and are called as Tumor-associated
Mφs. The TAMs originate from the circulating Ly6C+ CCR2+

monocytes, which are derived from bone marrow hemato-
poietic stem cells [83]. TAMs in the resting stage express
immune-suppressive cytokines IL-10, phagocyte-related recep-
tor Msr2 and C1g, inflammatory cytokines CCL2 and CCL5, and
chemokines CXCL9, CXCL10, and CXCL16 where the expres-
sion is inducible by interferons. During the activation of TAMs
by LPS, several pro-inflammatory cytokines such as IL-1β, IL-6,
TNF-α, and chemokine CCL3 were aberrantly expressed but
upregulated the expression of immune-suppressive cytokines
IL-10, TGF-β as well IFN inducible chemokines CCL5, CXCL9,
CXCL10, and CXCL16 [84].

3.1.1. AMs
Alveolar Mφ defends the body against any pathogens or aller-
gic particles, infectious agents, and toxins by preventing their
entry through the nasal route (see Table 1). They remain in the
lung and do not migrate to the lymph nodes, unlike DCs.
Alveolar Mφ secretes a range of cytokines e.g. IL-1β, IL-6, TNF-
α, and chemokines including IL-8 along with arachidonic meta-
bolites [85]. AMs take up inhaled antigens. Polymorphonuclear
neutrophils undergo apoptosis during resolution of inflamma-
tion and hence several surface markers like phosphatidylserine,
loss of sialic acid residues on antigens, and lowered expression
of surface CD16 moieties take place [86]. When these neutro-
phils undergo phagocytosis, production of anti-inflammatory
cytokines such as TGF-β and IL-10 takes place along with a
reduction in the levels of production of pro-inflammatory cyto-
kines by Mφ [85].

In one study by Knapp and colleagues, it was observed
that in Mφ-depleted mice, there were higher levels of TNF-
α, IL-1β, and mouse chemokine KC along with activated
neutrophils in the blood. AMs are the major phagocytic
effector cells in the lung capable of clearing an infection.
Depletion of these cells leads to high numbers of apoptotic
and necrotic cells which explains the necessity of the alveo-
lar Mφs and the lack of efficient pathogen removal without
their presence. An insult to lung with LPS induces pulmon-
ary inflammation by inducing necrosis in AMs leading to
pro-IL-1α and neutrophil recruitment in the lung [87]. These
CD11c+ alveolar Mφs are the source of IL-23 during LPS-
induced ALI which is Th17 regulator.
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The alveolar Mφ expresses a high level of complement
receptor, MR, and immunoglobulin receptor (FcR) along with
a range of scavenger receptors [88] (see Table 1). These Mφs
have an active plasma membrane capable of phagocytosis of
both opsonized and non-opsonized particles and have the
capacity of recycling the entire plasma membrane every
30 min, therefore, ensuring that they internalize particles,
pathogens, and surfactants by a range of receptor-indepen-
dent plasma membrane ruffling and folding [89–111].

3.2. DC differentiation and subtypes

DCs have long membranous extensions resembling dendrites
of nerve cells. These extend and retract dynamically. LN-DCs
are subdivided into cDC subsets in mice as CD11b and CD8a
whereas in humans as BDCA1 and BDCA3 along with plasma-
cytoid DCs (see supplementary Table 2). Robbins and collea-
gues showed through clustering analysis that a distinct branch
is formed in the leukocyte family with a conserved transcrip-
tional signature in all LN-DC subsets [67]. However, whether
the same LN-DC subsets are present in lung needs to be
validated. Different subsets of DCs migrate to the lungs during
infection. DCs capture antigen at one place and present in
another place. For example, DCs capture antigen in the lungs
and then migrate to the lung draining lymph node and pre-
sent the antigen [112]. But DCs from local draining lymph
nodes after systemic challenge are immature in mice absent
of TNF-α versus in wild-type mice. For the maturation of DCs,
several signals like TNF-α and LPS are necessary. Outside the
lymph nodes, immature DCs monitor for antigens and capture
antigens. Then they migrate to lymph nodes where they pre-
sent the antigen to naïve T cells. This process is known as an
innate adaptive immune response. DCs require an increased
level of CCR7, α6-cadherins, CD40, MMP-2, and/or MMP-9 and
decreased level of E-cadherin for migration [113]. However, it
is unclear as to how α6-cadherins assist migration. The patrol-
ling behavior of immature DCs is slowed down during their
locomotion. This is a result of myosin IIA disrupting the motor
protein gradient [114]. However, this is beneficial as it
enhances the antigen capture ability of the DCs.

In both mice and humans, DCs express different subsets [67]
each having their own specific function (see supplementary
Table 2). cDC refers to mice CD8a+ cells expressing high levels
of CD11c that enters lymph nodes by migrating from peripheral
tissue via a lymphatic route [115] (see supplementary Table 2).
The human thymus is the niche of cDC and plasmacytoid DCs
among which a cDCs subset called BDCA3hi DCs, expressing
CD13 and low-intermediate levels of CD11c, CLEC9A, and high
levels XCR1, IRF8 and TLR3 and HLA-DR exhibiting to TLR3 a
strong stimulatory response which releases high levels of IFN-
λ1 and CXCL10 [116]. Another subset of DCs, called double
negative T cells with CD4− and CD8− expresses memory markers
CD44, CD11a, CD103, and FasL with intermediate levels of TCR/
CD3 and has subsets of γδ T cells, CD1a inactive iNKT cells, NK1.1+

NKT-like cells, and NK1.1− DN T cells [117].
As Mφs play a significant role in maintaining inflammation

by extending the extravasion of immature monocytes and
neutrophils, allergen-specific CTLs also play a key role in airway
inflammation. Allergen-specific CTLs strongly reduce airway

inflammation. These CTLS produce IL-4 and IL-13 by the lung
Th2 cells. These CTLSs are specific for increased caspase+ DC
production in mediastinal lymph node along with fewer
CD103+ and CD11b+ DCs in the lung [118]. Th2 immunity is
triggered by the phosphorylation of DNA-dependent protein
kinase which is important in adaptive immunity mediated by
DCs in allergic asthma. Traditional treatments for asthma
decrease the number of DCs in the airway. Since the airway
lacks DCs, Mφs may be the key cells involved in regulation and
clearance of allergens from the airway during the treatments.
However, this aspect needs investigation. House dust mite
induce phosphorylation, thereby triggering Th2 immunity by a
mechanism involving impaired presentation of mite antigens
and generation of intracellular reactive ROS [119]. Another
example is syndecan-4 (SDC4) expressed in DCs (see supple-
mentary Table 2) activating Th2 mediated asthma [120].

4. New treatment strategies

Current treatments for ARDS and COPD include the use of
bronchodilators and corticosteroids. In adults, corticosteroids
are supplemented with a low dose of beta-2-agonist.
However, the use of corticosteroids has resulted in resistance
and hence there is a need to develop new anti-inflammatories.
Despite no single asthma gene for target, proteases have been
identified to play a key role [121]. Proteases such as serine
proteases and metalloproteases can induce IL-32 and convert
IL-1 and IL-18 zymogens to their active form to promote pro-
inflammatory response [122]. Other proteases such as cathe-
psins stimulate IFN-γ production. Therefore, one of the strate-
gies in combating inflammation in respiratory disease is by the
use of protease inhibitors [123]. The serine protease inhibitors
act by downregulating Th2 cytokines and Th17 cell function
and inhibiting NF-κβ activation in the lung. Upon encounter-
ing LPS, DCs upregulate the production of protease inhibitors
such as serine protease inhibitor 6 (Spi6) [124]. The protease
inhibitors are necessary to protect the DCs from contact-
mediated cytotoxicity of the CD8 T lymphocytes [125].
Furthermore, thymic stromal lymphopoietin (TSLP) is a protein
of the cytokine family involved in maturation of T lymphocytes
through activation of APCs [126–128]. TSLP is secreted by
epithelial cells and enhances the maturation of CD11c+ DCs
[128]. In the thymus, TSLP activates both CD123+ plasmacytoid
and CD11c+ myeloid DCs leading to regulatory T-cell produc-
tion [129]. Overexpression of TSLP in the lung leads to severe
airway inflammation and AHR [130]. TSLP is targeted by the
antibody Tezepelumab [131]. It reduced exacerbations in
patients with asthma. For a detailed account of TSLP and its
role in asthma, see Ref. [132]. One of the treatment strategies
involves the use of LPS inhibitors and statins. But they are not
sufficient to downregulate inflammation.

4.1. LPS inhibitors

However, there is no single therapeutic approach capable of
culminating LPS-induced inflammation completely. E5564 has
shown great potential in vivo by blocking LPS-induced cyto-
kines and blocks LPS itself. The molecule has been trialed in
patients with endotoxemia and has showed successful results
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in inhibiting all the effects of LPS. However, the immunological
tolerance side is not investigated and therefore risks remain in
the clinical use of the molecule. Another compound which has
been found successful in blocking LPS is TAK-242 in vitro. The
molecule would need further investigation before clinical use.
Furthermore, treatments targeted at TNF-α, such as rhyncho-
philline, are available. However, rhynchophilline increases
morbidity in mice due to cecal ligation. Other examples
include berberine with yohimbine which can modulate the
host immune response during endotoxemia in humans. For
details on LPS inhibitors, see Ref. [133].

4.2. Statins as anti-inflammatories

Use of statins is another therapeutic approach. Simvastatin has
been successfully used in a mouse model of allergic airways
disease [134]. Statins can reduce expression of activation mar-
kers on DCs upon LPS-induced maturation [135], therefore,
behaving as a potential well-characterized anti-inflammatory
agent. Other key treatments which have come to the limelight
include the use of anti-IgE (omalizumab) and anti-IL-5 (mepo-
lizumab) for treatment of lung inflammation especially asthma
[136]. Omalizumab acts by reducing FcεRI expression on baso-
phils and mast cells as well preventing the binding of IgE to
FcεRI receptors. The effect of lowered FcεRI was observed on
DCs which affected their ability to prime naïve T cells toward a
Th2 pathway and secretion of Th2 cytokines [137] thus pre-
venting inflammation [138]. Treatments with omalizumab
results in reduced sputum along with decreased epithelial
and subepithelial cells. Other cells such as sub-mucosal B
cells and CD4+, CD8+ T lymphocytes are also reduced [139].
Treatment with humanized antibodies is not limited to anti-
IgE but several other targets such as anti-IL-4, TNF-α, and IL-13.
Another approach is to directly deliver anti-inflammatory med-
iators (IL-10, IL-12, IFN-γ) or enhance their rate of production.
Unconventional treatments include the use of antioxidants
shown to have novel anti-inflammatory effects [140].

But none of the currently available treatments gives a greatly
improved management of the disease, nor are they capable of a
long-term sustainable treatment with fewer side effects. Very
recently, cytokine-induced killer cells have been used to treat
allergic airway inflammation (conventionally used in cancer
treatment [141]). These cells could be used for personalized
treatments against airways inflammation but need further inves-
tigation of the mechanisms involved. The future relies on the
development of new anti-inflammatories to be delivered in the
lung. However, combinations of multiple preclinical therapies
can be used to bridge the gap in development of newer anti-
inflammatories against LPS-induced airway inflammation. The
new anti-inflammatories should be capable of providing both
an immediate and a sustaining anti-inflammatory effect. One of
the possible ways of treatment is by pulmonary nanomedicine.

5. Pulmonary nanomedicine: approaches to delivery
and therapeutics

Recent development of surface functionalized nanoparticles has
been exploited to conjugate drugs, anti-inflammatories, pro-
teins, and other biologically relevant therapeutic molecules.

There are several ways by which the essential anti-inflamma-
tories can be attached or conjugated to the nanoparticles [142].
It is known that inert 50 nm polystyrene nanoparticles conju-
gated with a neutral amino acid can inhibit allergic airway
inflammation. These particles are immunosuppressive and are
taken up by the APCs while the cell viability is unaffected [143].
Nanoparticles can be used to conjugate biologically useful mole-
cules such as therapeutic antibodies, proteins, and amino acids.
Very recently, amino acid-conjugated nanoparticles have gained
interest due to their biocompatibility and ease of conjugation.
Conjugated nanoparticle carrying a novel molecule of interest
can provide a long-lasting response in the lung. This dimension
of therapeutics points us to the use of anti-inflammatories pro-
viding a sustaining effect in the treatment of inflammation in the
lung. Nanoparticles intended for use in vascular delivery have
different properties which enables them to be used as anti-
inflammatories.

Anti-inflammatories for vascular delivery utilize different types
of nano-carriers to carry the drug inside the blood vessels. Nano-
carriers include liposomes, dendrimers, antibody-and-polymer
drug conjugates, solid lipid, and polymeric nanoparticles [144].
Nanoparticles need to be neutral and under the size of 300 nm for
delivery to the vasculature. Recent studies have showed that the
hydrodynamic size of the particles is crucial for vascular delivery.
Nonspherical carriers have more retention time than spherical
counterparts in blood flow. The targets of these nano-carriers
include submicron particles in blood and endothelial cells for
anti-inflammatory delivery. Nanoencapsulation of antioxidant
enzymes followed by vascular deliver is also possible. Endothelial
cells have many uptake mechanisms for anti-inflammatories such
as clathrinmediated, caveolae-mediated and non-canonical endo-
cytosis, and pinocytosis. Nano-carriers are generally taken up by
the endocytic pathway where the nano-carriers target cell adhe-
sionmolecules such as E-selectin and VCAM-1. Antibodies binding
to such cell adhesion molecules boost antioxidant binding,
uptake, and protective effects in animal models of LPS-induced
inflammation. Nano-carriers on one side are novel agents capable
of delivering anti-inflammatories intracellularly and on the other
hand, they accumulate in the microvasculature, kidneys, and reti-
culoendothelial system. For a detailed understanding of nano-
carriers and their role in vascular delivery, see Ref. [144].
Therefore, cell adhesion molecules are important to study the
behavior of nano-carriers for drug-delivery.

5.1 Significance of cell adhesion molecules for nano-
carriers

Since cell adhesion molecules are important for nano-carriers
to be endocytosed by the cells, numerous studies have
demonstrated the accumulation of biotherapeutics in the pul-
monary vasculature. In one such example, antioxidant mole-
cules such as catalase and superoxide dismutase were
conjugated to anti-PECAM-1 (a cell adhesion molecule) anti-
body for targeting ROS to alleviate vascular oxidative stress
and endothelial inflammation [145,146]. In another study, dex-
amethasone-loaded lysozyme dextran nanogels having affinity
for the cell adhesion molecule ICAM-1 were used to amelio-
rate acute pulmonary inflammation caused by LPS induced ALI
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[147]. Therefore, target-specific delivery is possible using
nano-carriers carrying drugs for delivery.

In the treatment of respiratory diseases, the lung provides
a large surface area along with a low-enzyme-controlled
environment so that drugs can be delivered for systemic
therapies. However, multiple barriers such as humidity,
mucociliary clearance, and AMs affect the efficacy of drugs
[148]. Pulmonary delivery prevents the degradation of the
active pharmacophore in the gastrointestinal tract and the
first-pass metabolism in the liver. Targeted delivery of drugs
into the blood circulating through the lung is complicated
due to several anatomical and physiological challenges such
as a thin semipermeable epithelium and an extremely thin
alveolar–capillary barrier. The size/lumen diameter of the air-
ways can be a challenge as well. Therefore, many molecules
tend to deposit into the trachea or the large airways and are
unable to reach deep into the alveoli. To overcome such
challenges, nanomedicines are the ideal solution for delivery.
Exosomes are an excellent example for encapsulation and
delivery of anti-inflammatory agents. Exosome encapsulating
curcumin has been found to be effective in protecting
against LPS induced septic shock [149]. In one study, nano-
carriers were able to distinguish between inflamed versus
healthy tissue. The nano-carriers targeted the cell adhesion
molecule PECAM present in the healthy lung but absent from
the inflamed lung due to hypoxic vasoconstriction. This leads
to the conclusion that intra-organ region-specific delivery of
drugs is possible, overcoming local abnormalities of perfu-
sion and permeability.

6. Five-year view

A deeper insight into how APCs work in response to endo-
toxin and other inflammatory signals would mean newer drug
targets and therefore a better way to look at airways inflam-
mation. With the focus shifting toward the immune side of the
airway inflammation, new immunomodulatories need to be
developed.

Currently, natural compounds capable of attenuating
inflammation are the subject of intense study. In the coming
years, many more will be found which can reduce inflamma-
tion. However, an anti-inflammatory compound is not success-
ful until it is translated to clinical use. It has also been
suggested to include anti-inflammatory foods in our diet. In
this aspect, there are several anti-inflammatory foods such as
olive oil, salmon, berries, and tomatoes containing high
amounts of functional amino acids. Interestingly, these
amino acids are attachable to nano-carriers specifically sphe-
rical polystyrene nanoparticles, which are nonbiodegradable.
Furthermore, it has been found that these amino acid-conju-
gated nanoparticles can inhibit allergic airway inflammation
[143]. If we combine these amino acids with biodegradable
nanoparticles such as with iron oxide for delivery into the
lung, it could be used as a sustainable therapeutic and low-
cost medication. Therefore, these amino acids could be the
key to future anti-inflammatories [150].

APCs can serve as excellent therapeutic targets. Drugs
such as anti-inflammatories should be able to attenuate
inflammation by downregulating activation of the APCs. In

doing so, the release of pro-inflammatory mediators will be
reduced as a result there will be less injury to the lung. As
we develop new ways and treatments to attenuate airway
inflammation, the understanding of the role of APCs as
therapeutic targets will be vital. Every individual is unique
and therefore needs different methods of treatment and
management of disease. Therefore, personalized medicine
and care for individual patients focused at the extent and
severity of the disease need to be developed with the APCs
in mind.

Considering the developing field of nanotechnology, it is
highly likely that cost-effective nanoparticles could be used as
therapeutics against airway inflammation. The changing life-
style of people would also impact the way we look at this
disease and therefore a more personalized treatment or care
for the affected individuals would be necessary.

Currently, the models used to study acute and chronic
inflammation are capable of mimicking many but not all
aspects of human lung inflammation. Therefore, focusing on
development of advanced disease models to study asthma
and COPD would be necessary to investigate the disease
from new perspectives. COPD can lead to nonreversible alveo-
lar degradation. Therefore, new strategies to promote tissue
remodeling and alveolar reconstruction could open a new
field for COPD treatment.

Key issues

● The most important problem associated with airway inflam-
mation is reducing the symptoms for relief of patients.
Therefore, a better management of diseases is necessary.

● The increasing level of pollution giving rise to accumulation of
ultra-fine particulate in the airway leading to inflammation.

● LPS is present everywhere to give inflammation to the air-
way as the lung is a non-sterile environment in direct
contact with the atmosphere.

● Although there are abundant compounds, proteins, phar-
macophores made which ameliorates the effect of LPS,
none of the therapies provides prevention to LPS-induced
inflammation.

● Brodalumab (AMG827) which was found successful against
psoriasis has not been trialed for the treatment of COPD.

● Drugs to enlarge the narrowed airway due to COPD need to
be developed.

● Very recently, GCSF has been found to be a successful
target in the treatment of COPD. Therefore, anti-GCSF ther-
apy should be trialed for COPD treatment.

● Transcriptomic data are required in finding new drug tar-
gets for asthma and identifying new pathways which may
play a role in reducing inflammation.

● Current treatments with bronchodilators have several side
effects. Therefore, there is a need to develop new anti-
inflammatories. The anti-inflammatories should be able to
provide both an immediate and lasting effect.
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