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Thesis summary

SUMMARY

Type Il collagen (Cll) is the major protein in cartilage. Collagen induced arthritis
(CIA), that occurs in animals immunised with Cll, is an experimental model of
human rheumatoid arthritis (RA). The autoimmune response that develops in CIA
includes the formation of antibodies to Cll that provoke an acute destructive
arthritis, collagen antibody induced arthritis (CAIA), on transfer to naive mice.
Although CAIA can be transferred by some single monoclonal antibodies (mAbs) to
Cll and by combinations of mAbs, not all are arthritogenic and arthritogenicity
appears to be epitope related. The epitope specificity of arthritogenic mAbs has
been mapped to regions of the CIl molecule that are involved in structural
interactions important to maintain cartilage stability. Several of these arthritogenic
mAbs have been shown to affect collagen fibril formation, chondrocyte morphology

and the synthesis of new cartilage matrix in vitro.

The aim of the present study was to examine the direct effects of
combinations of mAbs to Cll on pre-existing cartilage in the absence of
inflammation in vitro in bovine cartilage explant cultures, and in vivo in mice that
had not developed inflammation after injection with arthritogenic combinations

of mAbs.

Because mAbs penetrate intact cartilage poorly, biochemical techniques
used to examine new matrix formation in chondrocyte cultures were not suitable
for such analysis. Instead, Fourier Transform Infrared Microspectroscopy (FTIRM)
was used to examine chemical changes across the cartilage. FTIRM has been used
previously in preliminary studies that indicate that some individual mAbs cause

damage to pre-existing cartilage in vitro.

To test the effects of combinations of mAbs to Cll on pre-existing cartilage in
vitro, the morphology and chemical nature of the cartilage was examined using a
standard combination of two mAbs M2139 and CIIC1 that are used to induce CAIA

in vivo. Histological and FTIRM changes were examined in bovine cartilage explants
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cultured with or without mAbs for up to two weeks in vitro. The effect of the
addition of the non-arthritogenic mAb CIIF4 to this combination of arthritogenic
mAbs was tested, noting that in vivo CIIF4 decreases the incidence and severity of
CAIA induced by M2139 and CIIC1. To determine whether the effects of the mAbs
were mediated by the mAbs alone or by cellular mechanisms, experiments were
performed on cartilage containing viable or non-viable chondrocytes. The role of
matrix metalloproteinases (MMPs) in mAb mediated cartilage damage and
protection was examined by the addition of the MMP inhibitor GM6001 to cultures

containing the arthritogenic mAbs.

To test the effects of combinations of mAbs to Cll on pre-existing cartilage in
vivo the morphology and chemical nature of the cartilage was examined in mice
injected with arthritogenic mAbs that did not develop inflammation. Two different
strains of mice were used, B10.Q mice that usually develop CAIA only after an
additional injection of lipopolysaccharide (LPS) and B10.Q C56 mice that lack
complement factor C5 and do not develop CAIA. Mice were injected with the
standard mixture of two mAbs, CIIC1 and M2139 or a more arthritogenic
combination of four mAbs, M2139, CIIC1, UL-1 and CIIC2. Three days after
injection, the mice were killed, and paws were decalcified and embedded in
paraffin. The chemical nature of changes to the cartilage matrix and chondrocytes
were examined by synchrotron FTIRM, and detailed histological examination of
both matrix and chondrocytes was performed using a modified Mankin score,

originally developed for scoring cartilage changes in osteoarthritis.

FTIRM analysis focused on the identification of changes to Cll and
proteoglycans. The amide 1 band, which is typically a measure of total protein
content, was used for identification of changes to Cll. The position of the amide 1
band when native triple helical Cll is present is located above 1660 cm™, with a shift
to a lower wavenumber upon denaturation of Cll. Proteoglycan content was
observed by examination of the height of the peak at 1076 cm™ and compared with

proteoglycan loss measured histologically by toluidine blue staining.
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The results of the in vitro experiments on cartilage explants showed that the
two arthritogenic mAbs M2139 and CIIC1 caused progressive degradation of the
cartilage surface, including substantial loss of proteoglycans seen both by FTIRM
and by toluidine blue staining, and denaturation and loss of Cll demonstrable by
FTIRM. The cartilage damage did not require living chondrocytes as the mAbs
caused greater cartilage destruction in the absence of viable cells. By contrast, the
non-arthritogenic mAb CIIF4 alone had no apparent effect on cartilage but when
given with the arthritogenic mAbs prevented damage and caused apparent matrix
regeneration, a process which only occurred in the presence of viable
chondrocytes. The addition of the MMP inhibitor GM6001 reduced the cartilage
damage caused by the arthritogenic mAbs M2139 and CIIC1 but did not mimic the
protective effect of CIIF4. These results showed clearly that in addition to their
adverse effects on the new synthesis of cartilage, Cll reactive antibodies can cause
direct damage to pre-existing cartilage. Moreover some antibodies could also be
protective, depending on their epitope specificity, but the protection did not merely

result from blocking binding of the damaging antibodies, as it required viable cells.

To determine whether the arthritogenic mAbs likewise cause non-
inflammatory cartilage damage in vivo, strains of mice with impaired capacity to
develop inflammation were injected intravenously with either two or four potently
arthritogenic mAbs, or with saline only as controls. Although none of the mice
injected with mAbs showed visual or histological evidence of inflammation, in the
presence of the mAbs that cause CAIA in vivo there were histological changes in the
articular cartilage, including loss of proteoglycan and altered chondrocyte
morphology. The changes seen were consistent with those previously observed in

vitro in cartilage explants.

Synchrotron FTIRM at high lateral resolution revealed loss of Cll and the
appearance of a new peak at 1635 cm™ at the surface of the cartilage within the
cells and in the matrix, that coincided with regions in which chondrocytes were
ringed with strong toluidine blue staining, consistent with new proteoglycan
synthesis. The composition of the 1635 cm™ band may represent the appearance
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of a second band in the amide 1 region as a result of new synthesis of an unknown
protein or from B-secondary structures within the globular telopeptides of newly
synthesized collagen produced by activated chondrocytes; such telopeptides are

normally removed prior to fibril formation.

Detailed histological analysis was performed on all paws from the mice. The
cartilage in the joints was scored for cartilage structure, chondrocyte integrity and
organization, and proteoglycan loss using toluidine blue. Cartilage damage was
shown by marked loss of cartilage structure, chondrocyte hyperplasia and/or loss,
loss of proteoglycans in all joints, and protrusion of the chondrocytes from the
cartilage surface, particularly in the small phalangeal joints. These data
demonstrate that arthritogenic mAbs to Cll cause direct cartilage damage in mice in
vivo in the absence of inflammation. Such changes in inflammation-intact mice
would readily enhance the exposure of damaged collagen fibrils to immune
complexes containing collagen antibodies, and to the degradative enzymes released
by inflammatory cells. Hence antibody-induced cartilage damage is a potential
mechanism for initiation and perpetuation of cartilage damage in both murine
arthritis and, possibly, in human RA wherein anti-Cll antibodies of the same

specificity are known to be present.

These results amply demonstrate the utility of FTIRM for the analysis of
localised changes in tissue. It has proved to be particularly useful for the analysis of
cartilage, which is an unusual tissue made up of a small number of cells in an
abundant extracellular matrix. It is the structure of this extracellular matrix that
gives the cartilage its capacity to cushion the ends of joints. In contrast to most
other tissues, the small number of chondrocytes in the tissue makes it difficult to
examine changes in gene activity, and it is difficult to map changes based on
histological techniques. Although there are other techniques available for the
analysis of cartilage such as immunohistochemistry, this requires prior knowledge

of the mechanisms involved in order to identify suitable neoepitopes of interest.
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In the present study the use of FTIRM has allowed the definitive
demonstration that mAbs to Cll can cause direct cartilage damage in the absence of
inflammation both in vitro and in vivo. The use of FTIRM has allowed examination
of the localised chemical changes within the cartilage matrix without any prior
knowledge of the likely mechanism of action of the mAbs. These studies suggest
that antibodies to Cll may participate in the cartilage damage that accompanies
articular inflammation and that such cartilage damage is independent of, and
possibly precedes damage that results from inflammation. . Since antibodies of
similar epitope specificity to the mAbs used in these studies occur in RA the data
presented in this thesis provide new evidence demonstrating the involvement of ClI

specific antibodies in the pathogenesis and possibly initiation of human RA.

A striking observation demonstrated in this thesis, is the protective effect of
the non-arthritogenic mAb CIIF4, which suppressed the degradative effects of the
arthritogenic mAbs. Although the mechanism of action of ClIF4 is at present
unknown and cannot be elucidated by FTIRM alone, the observation has important
implications, since antibodies of the same specificity have been associated with
human arthritis but, notably, more abundantly in non-inflammatory osteoarthritis
rather than associated with inflammation in rheumatoid arthritis. An
understanding of the protective mechanism of CIIF4 could have important

implications for the development of new treatments for RA.

In conclusion, these studies have clearly demonstrated the utility of FTIRM
for the analysis of cartilage and should have wide applicability not only in RA but
also in osteoarthritis, biomaterials and cartilage replacement therapies by
identifying changes to the components of cartilage within its native state in the

cartilage matrix.
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Chapter one: Literature Review

1. Introduction

Autoimmunity to type Il collagen (Cll), an integral component of cartilage, is
implicated in the development of rheumatoid arthritis (RA). An autoimmune
response to Cll which develops in patients with RA is demonstrable in blood,
synovium and cartilage(l). RA is a chronic autoimmune inflammatory disease
affecting the synovium and leading to joint damage and bone destruction®. The
pathology of RA extends throughout the synovial joint, which is infiltrated with
neutrophils, macrophages, T lymphocytes and dendritic cells®. Collagen antibody
induced arthritis (CAIA) is an animal model of human RA which is induced by
injection of monoclonal antibodies (mAbs) to Cll and causing an inflammatory
response and joint damage(4'6). The cartilage loss and joint damage may be
explained by the degradative enzymes produced by the inflammatory cells.
However, although various mAbs to Cll induce CAIA not all such mAbs are
arthritogenic. The hypothesis that led to this work was that antibodies to Cll affect
cartilage stability by interfering with the interactions of Cll within the extracellular
matrix (ECM). Using standard biochemical and histological techniques various
mAbs to Cll that were arthritogenic in vivo were shown to adversely affect the
formation of collagen fibril in vitro”) and the synthesis of matrix by bovine

(8,9)

chondrocytes in vitro in cell culture™ ™. However, as cartilage is an avascular tissue

in which there is minimal collagen synthesis in adults"?

and antibodies penetrate
cartilage poorly(4), it was uncertain whether the mAbs could damage pre-existing
cartilage. As the biochemical methods used for the analysis of cartilage synthesis
were not appropriate to examine cartilage damage that could vary across the tissue
according to the penetration of mAbs. The novel technique of Fourier Transform
Infrared Microspectroscopy (FTIRM) was applied to the examination of chemical
changes in the cartilage matrix where there was penetration of the arthritogenic

mAbs, and the antibodies were shown to have degradative effects™.

In this thesis, FTIRM has been utilized to examine the effects of
combinations of Cll-specific mAbs, aiming to replicate the polyclonal antibody

1
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response that would occur in the serum and synovial fluid in CAIA and human RA
using cartilage explants in vitro, and examining cartilage damage in vivo in the joints

of mice treated with arthritogenic mAbs that did not develop inflammation.

To provide the background for this work, this literature review can be
divided into three sections. The first describes the structure of cartilage, and the
problems associated with examining cartilage changes using conventional
biochemical and histological techniques. The second describes the use of IR
spectroscopy and the development of FTIRM as a technique to examine chemical
changes in tissues, and its applicability to analyse cartilage and its components. The
third section provides a brief introduction to the animal model, Collagen Antibody

Induced Arthritis that is the subject of the work in this thesis.

1.1.  Structure of cartilage

Articular cartilage belongs to the hyaline group of cartilages(lz’, the most
widely distributed cartilage type characterized by a glassy, sometimes translucent
appearance(13). Hyaline cartilage cushions the ends of bone against compression
stresses and provides a virtually frictionless movement across the smooth articular

surfaces allowing joints to move smoothly and without pain™**®

. Cartilage is an
avascular, aneural and hypocellular tissue that consists of sparsely located
individual chondrocytes in an abundant highly hydrated extracellular matrix (ECM)
that makes up 95% of cartilage tissue volume™” and comprises a network of
collagen fibres, mainly type Il collagen (Cll), in which are enmeshed sulphated
glycoproteins, particularly aggrecan and the polysaccharide hyaluronan(lo’ 7 As
cartilage is avascular, its nutrition depends on diffusion from outside, which may
limit the number of cells that may be sustained in a given volume and there is an
inverse relationship between cell density and cartilage thickness, irrespective of an

. . 10,1
animal’s size!*® 3,
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The arrangement of the cartilage components within the ECM varies across
the tissue. The superficial zone of cartilage contains thin closely packed collagen
fibres that run parallel with the surface and flattened chondrocytes. In the
intermediate layer, the collagen content is higher and the fibres form a network.
The deep layer of cartilage contain collagen fibres and rounded chondrocytes
arranged vertically either individually or in clusters™® . The concentration of
aggrecan also increases with depth within the tissue™®. The arrangement of the
chondrocytes and collagen fibrils within the cartilage matrix is shown in Figure 1.1.
One of the major components of the articular cartilage, large aggregating
proteoglycans, contribute the negative charges to the tissue making it

metachromatic*?.

T3
%? N

Collagen fibrils iﬂ”\g} \ Chondrocytes
0o

Figure 1.1. Schematic illustrating the arrangement and orientation of chondrocytes and

collagen fibrils within the cartilage matrix. The superficial zone (top layer) contains
flattened chondrocytes and collagen fibres which run parallel to the cartilage surface. The
intermediate layer contains a dense collagen network and rounded chondrocytes. The
deepest layer comprises collagen fibres arranged vertically and chondrocytes arranged

individually or in clusters.
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The matrix in close proximity to the chondrocytes, termed the territorial
matrix is surrounded by a dense collagenous network which forms a structure often
referred to as a “basket” or chondron. These individual chondrons are separated by
matrix components including proteoglycans and hyaluronan(lz) which are shown in

Figure 1.2.

Collagen
network
(basket)

Hyaluronan Proteoglycan

Collagen Chondrocytes
fibrils

Figure 1.2. Schematic representation of the cartilage matrix. The territorial matrix,
surrounding the chondrocytes is surrounded by a dense collagen network, which form
“basket” conformations and are separated by the matrix components; hyaluronan and

proteoglycans. (Adapted from Buckwalter et al., 1999"%).
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1.1.1. Collagen

1.1.1.1.  Structure of collagen

The term “collagen” refers to a wide range of molecules with the basic structural
motif of three polypeptide chains wound in a triple helical conformation containing
a Gly-X-Y repetitive motif, in which X or Y are frequently the imino acids proline or
hydroxyproline. Almost all such proteins are structural proteins, and collagen is the
most abundant structural protein in animals, but one exception is the complement
component Clqg that comprises a collagen-like triple helix at the N-terminus, with C-
terminal globular heads™. The structure of the complement component C1q has
been described as a hexameric structure with an appearance much like a bunch of
tulips. Studies on its sequence, indicate that C1q contains 18 polypeptide chains of
three type, A, B and C, and each of the chains is approximately 226 amino acids in
length and one copy from each amino acid chain comprised the monomeric unit of
Clq(zo’ 2D n the N-terminus, the 81 residues in the A, B and C chains form a
collagen triple-helix, which terminates at the C-terminus with 6 globular heads

which each contain 136 amino acids??.

To date, 28 different types of collagen have been identified in
vertebrates®?. The collagen types, their class and distribution within the body are
outlined in Table 1. The most widely studied collagens are fibrillar collagens, in
which a single triple helical domain constitutes 95% of the molecule. These include
types |, II, lll, V and XI, and provide the structural support for most tissues of the
body. Of these, types |, Il and Il are the most common, and form the characteristic
collagen fibres which are seen in tissues. Type | and lll form the bulk of the fibrils in
tissues other than cartilage, whereas fibrils in cartilage are made up of type Il

collagen, with small amounts of type IX and type X132,

The non-fibrillar collagens contain one or several triple helical domains
interrupted by short non-helical domains of various sizes, and can be divided into
several subfamilies, including the FACIT (fibril-associated collagen with interrupted
triple-helix) collagens, network-forming collagens, MACIT (membrane-associated

5
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collagen with interrupted triple helices, and MULTIPLEXINs (Multiple triple helix
domains and interruptions)m). These collagens do not form fibrils alone, but may
associate with particular fibrillar collagens. In particular, FACIT collagens are
multidomain molecules that are usually associated with the fibrous collagens Cl or
Cll and project their amino-terminal globular domains out into the matrix. They
appear to be involved in linking fibrils to each other or modulating interactions with

other matrix components.
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Table.1. Collagen types identified in vertebrates (Adapted from Shoulders et al., 2009

)(22)

Type Class Distribution in the body
| Fibrillar Abundant and widespread:
dermis, bone, tendon,
ligament
1 Fibrillar Cartilage, vitreous
1] Fibrillar Skin, blood vessels, intestine
\} Network Basement membranes
\' Fibrillar Widespread: bone dermis,
cornea, placenta
\Y/| Network Widespread: bone, cartilage,
cornea, dermis
Vii Anchoring fibrils Dermis, bladder
VIl Network Widespread: dermis, brain,
heart, kidney
IX FACIT Cartilage, cornea, vitreous
X Network Cartilage
Xl Fibrillar Cartilage, intervertebral disc
Xl FACIT Dermis, tendon
Xl MACIT Endothelial cells, dermis,
eye, heart
XIv FACIT Widespread: bone dermis,
cartilage
XV MULTIPLEXIN Capillaries, testis, kidney,
heart
XVI FACIT Dermis, kidney
XVl MACIT Hemidesmosomes in
epithelia
XV MULTIPLEXIN Basement membrane, liver
XIX FACIT Basement membrane
XX FACIT Cornea (chick)
XXI FACIT Stomach, kidney
XX FACIT Tissue junctions
XXIlI MACIT Heart, retina
XXIV Fibrillar Bone, cornea
XXV MACIT Brain, heart, testis
XXVI FACIT Testis, ovary
XXVII Fibrillar Cartilage
XXVIII Contains von Willebrand Dermis, sciatic nerve

factor A domain

Abbreviations: FACIT: Fibril-associated collagen with interrupted triple helices; MACIT:
Membrane associated collagen with interrupted triple helices; MULTIPLEXIN: Multiple
triple helix domains and interruptions. All information contained in the table was sourced

from® 24

except information on collagen XXVIII which was sourced from

(25)
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1.1.1.2. Cartilage collagens
The articular cartilage matrix consists of an organized network of fibrils of Cll and

other less abundant collagens, type IX, type Xl and type VI that entrap negatively

(15, 16)

charged matrix components . Collagen comprises approximately 10-20% of the

wet weight of cartilage, where Cll makes up 90% of the collagen content™” and

provides the tensile strength of the cartilage matrix™”%®

. Collagen types ll, IX and
Xl are organized into matrix fibrils, where type Il constitutes the bulk of the fibril,
type Xl regulates fibril size and type IX facilitates fibril interaction with proteoglycan
macromolecules™®. Collagen types IX and Xl are cartilage specific molecules but

are found in smaller quantities (3-10%) than CII.

Various other collagens may occur in cartilage in small quantities including

collagen type X which is generally found in the calcified zone of cartilage

(interfacing with bone) and in the hypertrophic zone of the growth plate®®”).

Collagen type lll is rare in cartilage, and is more usually associated with type |

collagen in other tissues, however, it can be found in both normal and

(27)

osteoarthritic human articular cartilage*”’. In osteoarthritic cartilage it is

concentrated within the superficial and intermediate zones and is synthesized by

chondrocytes in the absence of Cl expression. Clll has also been found to colocalise

(27)

with ClII, assisting Cll in retaining its N-propeptide domain'“"’. CVIis concentrated in

(27)

fibrocartilages such as in the meniscus and intervertebral disc'“"’ and within the

structure of chondrons®®.

Distinguishing each collagen type is the amalgamation of different a-chains
combining to form homotrimeric or heterotrimeric superhelices. For example,
heterotrimeric type | collagen contains 2 al chains and 1 a2 chain, or [a1(l)],a2(l),

whereas type Il is a homotrimer of 3 al chains, or [al(ll)]3<1°)

shown in Figure 1.3.
CIX and CXI are heterotrimers. CIX is a FACIT collagen contains a large globular
noncollagenous (NC) domain N-terminus and contains two short NC segments
creating a “kink” in the molecule which is the site of chondroitin sulphate
glycosaminoglycan chains extending from az(IX)“G). CXl on the other hand,

8
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resembles Cll in structure due to the helices of both molecules being uninterrupted
by NC domains. The main difference though between Cll and CXI, is the ability of
CXl to retain an as(XI) N-propeptide projecting from the fibril™®. A higher degree of
glycosylation of as(Xl) indicates differences in the post-translational modifications
between Cll and CXI. CX s a cartilage-specific homotrimer which is most abundant
in areas of hypertrophic chondrocytes, particularly at the site of healing fractures

and found only sparingly in normal adult cartilage "% *°.

AT TR REETERTRTET TR R R RN

AEERRERER TR R E R R R R W AmATRTRTREETRTETER R R N

Type |l o1 (1)]5
T Xl

.---),”3%,------- SoLLLLLnn T La1(XD),e2(X),a3(X)]
Type IX

/f_ ._;',‘,':::: = [a1(IX),02(1X),a3(1X)]
Type X

o——o === [01(X)]3

Figure 1.3. Representation of a cartilage-collagen fibril and the collagen molecules which
are specific to cartilage outlining the differences in structure of the a-chain. Cartilage fibrils
consist primarily of type Il collagen. CXl is found within fibrils, CIX is found on the surface
and CX is not a component of the fibril but found in the cartilage matrix in close proximity

to the hypertrophic zone (Figure from Cremer et al., 1998'*% ).



Chapter one: Literature Review

1.1.1.3.  Synthesis of collagen

Collagen pre-cursors are synthesized with large C-terminal and N-terminal
extensions which are involved in the chain assembly necessary for the triple helical
formation. These pro-peptides are cleaved by specific peptidases after secretion
but prior to fibril formation. Collagen fibrils are then stabilized by cross linking
residues including lysine. The biologically functional form of collagen, its fibrillar

form, results from both intra- and extracellular post-translational modifications!*°.

The collagen molecule (tropocollagen) is a subunit of larger collagen
aggregates, fibrils. Cll is comprised of three chains, each in polyproline II-like
conformation, each of which consists of a 280 nm long polypeptide chain. Three
left-hand polyproline ll-like helical chains are wound around each other to form a
tightly packed right-handed triple-helix. The three chains are staggered by one
residue with respect to each other and stabilized by interchain hydrogen
bonding(zz). This conformation requires that every third residue must be glycine,
generating a repeating (Gly-Xaa-Yaa), pattern, where a high proportion of residues
are the imino acids proline and hydroxyproline(”' 260 This triple-helix in its native

form allows the structure to be highly resistant to proteolytic degradation.

The tropocollagen subunits self assemble into D-periodic cross striated
fibrils, often termed a quarter staggered array, where D (period) is 67nm, the axial
periodicity of collagen(3°). An electron micrograph of a collagen Il fibril illustrating
the characteristic banding pattern of collagen fibrils is shown is Figure 1.4. The
fibril forming collagen molecules consist of an uninterrupted triple helix of 300 nm
in length as mentioned above and 1.5 nm in diameter flanked by short extra-helical
telopeptides. These telopeptides, do not have a repeating (Gly-X-Y), structure or a
triple helical confirmation and account for 2% of the molecule but are critical for
fibril formation®®. An important feature of fibril forming collagens is that they are
synthesized as soluble procollagens which are then converted into collagens by
procollagen metalloproteinase enzymatic cleavage of the terminal
propeptidases(ao). These proteinases are critical for the synthesis of the collagen

10
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fibrils. Figure 1.5 illustrates the synthesis of fibrillar collagens. In brief, as
described above, the procollagen which is comprised of three a-chains each of
approximately 1000 residues is secreted from cells and converted to collagen by the
removal of the N- and C-propeptides by procollagen N-proteinase and procollagen
C-proteinase. The collagen produced then spontaneously self-assembles into cross-
striated fibrils which occur in the extracellular matrix of connective tissues. The
fibrils are stabilized by covalent cross-linking which is initiated by oxidative
deamination of specific lysine and hydroxylysine residues within the collagen by

lysyl oxidase®®?).

In healthy cartilage, the turnover of the matrix is normally very slow, and
the half-life of Cll in adult cartilage has been estimated to be 1000 days(lo), although
there is some loss and repair of the ECM evidenced by turnover of proteoglycans,

particularly aggrecan, at the joint surface, and this may be accelerated up to 10-fold

(10, 27, 31)

within 2 weeks after joint injury

Figure 1.4. Electron micrograph of a type Il collagen fibril, showing the characteristic

banding pattern, indicated by the arrows. (Figure from Gray et al., 2004(7’)

11
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Propeptide cleavage

Procollagen Procollagen
N-proteinase C-proteinase

2 E l Collgen l
N-Propeptides_] | C-Propeptides
N-Telopeptides l Fibril formation

C-Telopeptides
.\ AAAA
— N (RS
I T

Lysyl oxidase
i cross-linking

T

Figure 1.5. Synthesis of collagen fibrils. The procollagen molecule is secreted from cells and
converted to collagen by propeptide cleavage of the N- and C-propeptides. The collagen
produced spontaneously self-assembles into cross-striated fibrils. The fibrils are stabilized
by covalent cross-linking which is initiated by oxidative deamination of specific lysine and

hydroxylysine residues within the collagen by lysyl oxidase (Figure from Kadler et al.,

19961%).
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1.1.2. Glycosaminoglycans

Cartilage contains up to 10% proteoglycan (PG) content®. Proteoglycans are a
diverse group of heterogeneous macromolecular glycoconjugates which are
abundant in the body, most prominently in the ECM and connective tissues
especially cartilage(%). They contain a central core protein to which one or more
glyosaminoglycan (GAG) side chains are covalently linked™. In articular cartilage,
PGs are highly hydrophilic macromolecules which are embedded in a compressed
form within the fibrillar network and provide cartilage with the ability to undergo

reversible deformation'?®.

1.1.2.1. Aggrecan

The load bearing function of cartilage depends primarily on the properties of the
large cartilage specific proteoglycan, aggrecan. It is a large aggregating chondroitin
sulphate proteoglycan with a bottle brush appearance (Figure. 1.6) and containing
a protein core (M, 215 kDa), to which GAG side chains and both N- and O-linked
oligosaccharides are covalently attached™®?®). The gycosaminoglycan chains which
comprise approximately 90% total mass of aggrecan are keratan sulphate (KS), a
sulphated dimer of N-acetly-glucosamine and galactose and chondroitin sulphate
(CS), a dimer of N-acetylgalactosamine with a sulphate ester on either the fourth or
sixth carbon atom and glucuronic acid®®. The core protein, contains three globular
and two extended interglobular domains. The amino terminal region contains two
of the globular regions, G;, G,, which are separated by a 21 nm extended segment
and Gz which is at the carboxy-terminal end and separated from the G, by the
extended region, approximately 260 nm, carrying more than 100 CS chains and
approx. 20-50 KS chains along with O-linked oIigosaccharides(ze). A representation
of the structure of aggrecan, showing the main constituents, chondroitin sulphate,

keratan sulphate, the globular domains and core protein is shown in Figure 1.7.

13
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Figure 1.6. “Bottle brush” structure of aggrecan. “N” and “C” indicate the N- and C- termini

of the proteoglycan respectively (Figure from Ng et al,, 2003%?)

° FITTIFL e == n“““““““\\\““w

IGD
N-Linked oligosaccharide

!

O-Linked oligosaccharide Chondroitin sulfate chains

Figure 1.7. Structure of aggrecan, highlighting the main constituents; chondroitin sulphate,
keratan sulphate and a core protein. G1, G2 and G3 refer to the globular domains. IGD
refers to the interglobular domain. A refers to the O-Linked oligosaccharides and ]

refers to the N-Linked oligosaccharides (Adapted from Kiani et al., 2002"%).
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In cartilage, proteoglycans at high concentration create an osmotic swelling
pressure and draw water into the tissue. This is due to the negatively charged
anionic groups on the GAG chains of aggrecan carrying ions such as Na*, which
creates a difference in ion concentration between the cartilage and the surrounding
tissue and hence an imbalance of free anions and cations!*. Water is then drawn
into the tissue caused by an osmotic imbalance and due to the large size of
aggrecan, it is immobile to redistributing itself and the water causes the aggrecan

rich cartilage matrix to expand and swell*

. When combined with hyaluronan,
which is known to bind water 1000-fold its own weight, the presence of the
sulphated complexes provides cartilage one of its characteristic features, where

70% of its total content is water!*% ©)

Together, the collagen/aggrecan network allows cartilage to resistant sudden
impact loading and maintain its structure. A depiction of the combined properties
of collagen, hyaluronan and aggrecan in cartilage and how they contribute to the

swelling pressure and tension of cartilage is shown in Figure 1.8.
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proteoglycan
swelling
pressure H,0

collagen
tension

Figure 1.8. Combined properties of the cartilage components. Aggrecan, hyaluronan and
the collagen network provide cartilage with its swelling pressure and strength to resist
impact. When pressure is exerted to cartilage, the matrix components contract and the
highly sulphated proteoglycans exert swelling pressure causing water to be released to
protect the cartilage. Once the pressure is released the water is drawn back into the

cartilage (Figure from Kiani et al., 2002"*%).

16



Chapter one: Literature Review

1.1.2.2. Hyaluronan

Hyaluronan (HA), also termed hyaluronic acid or hyaluronate is a ubiquitous non-
sulphated GAG. It is a linear polysaccharide of 2000-25000 repeating units of the
disaccharide (1->4)-B linked D-glucuronic (GlcA) and (1->3)-B linked A-acetyl-D-

glucosamine (GlcNAc) residues®® 3%

. HA'is the only non-sulphated GAG and the
only GAG which is not synthesized by the golgi apparatus, it is instead synthesized
on the cytoplasmic surface of the plasma membrane as a free glycan, not attached
to a protein, with either Mg2+ or Mn?* being essential for synthesis and is

translocated to the pericellular space®®® 33,

HA is widespread in normal mammalian connective tissues and some bacteria™
%) The highest concentrations of HA are found in connective tissues including the
umbilical cord, skin, vitreous body and synovial fluid, but it is also found in the
lungs, kidneys, brain and muscle, with the lowest known concentration in the blood
serum®®. The estimated half life of HA in skin is approximately one day, in the eye
it ranges between one to one and a half hours, in the vitreous body it is 70 days and

in cartilage it is estimated to be between one and three weeks®?

. HA degradation
occurs in the lysosomes which contain hyaluronidases and other such degradative

enzymes.

Several proteins, the hyaladherins recognize HA and these interactions bind HA
with proteoglycans stabilizing the structure of the cartilage matrix®®. The binding
of aggrecans and HA is reinforced by small link proteins, to which some may be
attached to HA chains which are linked to binding sites on chondrocytes. The
completed aggregates are deposited between collagen fibres and attract water by

osmosis in the ECM®®),

1.1.2.3. Other smaller glycosaminoglycans
Two small chondroitin sulphate proteoglycans have been found in developing
human bone®”. These are termed decorin (PG Il) and biglycan (PG 1), which are
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members of the leucine rich proteoglycan family. Both of these proteoglycans
possess chondroitin sulphate or dermatan sulphate chains as their GAG
components(38). Biglycan consists of a core protein of Mr 42,510 with two
chondroition sulphate chains whereas decorin has a core protein of similar size but
only one chondroitin sulphate chain®”). Decorin and biglycan are ubiquitous
despite their different localization within tissues. Decorin is associated with all
major type | and Il collagen-rich connective tissues whereas biglycan is expressed
and localized in a range of cell types including that of connective tissue and

(37, 39)

epithelial cells . Decorin is thought to be important in regulating collagen

fibrillogenesis and biglycan is believed to be related to cell regulation due to its core

protein being localized at the cell surface particularly on keratinocytes®”). Biglycan

is also thought to be important in the cartilage’s ability to withstand pressure(40).

1.1.3. Chondrocytes
Chondrocytes, the only cells found within the cartilage matrix, are responsible for
producing the matrix and are derived from mesenchymal cells which differentiate

during development(lo). The chondrocyte is responsible for the longitudinal growth

(41)

that occurs within the epiphyseal growth plate™™. Chondrocytes comprise 5% of

the cartilage and synthesize and assemble the components of the macromolecular
framework®. Chondrocytes are unique in that they are generally cytoplasmically

isolated from their neighbouring cells and have no readily available access to the

(41)

vascular system" ™. Unlike parenchymal cells found in other systems, cell-cell

interactions within the cartilage matrix is minimal and signalling occurs via cell-

matrix interactions*”.

Chondrocytes are encapsulated in basket like networks of fine fibrils of

(10)

collagen termed a chondron'™". Chondrons are compression-resistant, fluid filled

cavities that reduce mechanical, osmotic and physio-chemical changes that are

(10)

induced by dynamic loading'™". In normal cartilage, chondrocytes are metabolically
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inactive, and where once growth has ceased there is no detectable cell division in

healthy adult articular cartilage™® 74243

. Chondrocytes are long-lived cells, which
survive usually as long as the person or animal, unless the metabolic state of
arrested cell division breaks down, as in osteoarthritis or RA when the integrity of
the collagen network is compromised(lo). The ECM of cartilage is structured by few
cells, where the proportion of cells to matrix is much less in cartilage compared
with other tissues. In adult femoral head cartilage there are only 10,000

3(10, 44)

cells/mm . Chondrocytes are also able to withstand very low oxygen tensions

and metabolize glucose primarily by glycolysis producing lactate, which is

maintained also under aerobic conditions™® 3.

Chondrocytes are typically rounded or polygonal cells except when they
exist at tissue boundaries where they become flattened such as at the articular

surface of joints“?

. An electron micrograph of a typical articular chondrocyte is
shown in Figure 1.9. Features commonly present within a chondrocyte, include
rough endoplasmic reticulum, Golgi apparatus, deposits of glycogen and primary
ciIium(‘m, all of which are shown more closely in Figure 1.10 and 1.11.
Chondrocytes may have a specialized form of cell process, termed the single cilium
(Figure 1.11). In chondrocytes, only one cilium per chondrocyte has ever been
documented. The frequency of finding a cilia attached to a chondrocyte declines
with growth, as cilia are most commonly found in fetal and immature cartilage but

may occasionally be present in young adult cartilage(13).

Chondrocyte cell size varies considerably, the largest diameter ranging from
10-30 um or more. Several factors influence the shape and size of chondrocytes,
including the type of cartilage, position of the cell within the tissue, cell density and
the age of the organism to which the chondrocyte resides™®. The organization and
morphological appearance of chondrocytes within the cartilage matrix varies
according to the zones of cartilage in which they reside. Within the superficial

zone, at the surface of the articular cartilage, chondrocytes are typically flattened
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and in the deeper layers of the cartilage chondrocytes are more rounded and are

arranged vertically"? (see Figure 1.2).

Figure 1.9. Electron micrograph of an articular chondrocyte. Chondrocytes are typically
rounded or polygonal in appearance and range from 10-30 um in size. (Figure from Archer

et al., 2003"Y).

Figure 1.10. Electron micrograph illustrating the cell contents of a chondrocyte in human
articular cartilage. G refers to the Golgi apparatus, ER refers to the endoplasmic reticulum.
The F represents the surrounding fibrous network and the arrow is illustrating the presence

of lysosomes. Original magnification x 13000 (Figure from Stockwell et al., 1979"*%).
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Figure 1.11. Electron micrograph from sheep fetal cartilage showing a single cilium (arrow)
protruding from the chondrocyte and the presence of glycogen deposits (Gn), original

magnification x 30000 (Figure from Stockwell et al., 19793).

1.1.4. Current methods for analysing cartilage and the requirement for new
techniques

Although there are a number of methods currently available for the analysis of

cartilage, all of them have limitations. Techniques can be divided into those that

are applicable to studying chondrocyte metabolism and synthesis of new cartilage,

or those that can be applied to examination of changes in pre-existing cartilage, but

few are applicable to the detection of chemical changes to the intact cartilage or

chondrocytes which may be occurring either in normal or diseased cartilage.

The location of chondrocytes within an abundant ECM, and their relative
scarcity within the ECM has made the study of chondrocyte metabolism and
cartilage synthesis difficult. To isolate chondrocytes, the cartilage must be finely
minced, then digested extensively with collagenase and trypsin(45). This digestion
removes surface markers and receptors from the chondrocytes which are normally

held in culture for 2-3 days before analysis, by which time they have begun to
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synthesize new matrix, and become difficult to isolate once more*®. The matrix is
essential to maintain their phenotype, and cells removed from the matrix rapidly
undergo dedifferentiation, losing their chondrocytic phenotype, becoming
fibroblastic and producing type | collagen rather than type 11147-48), Although various

d (49-53)

chondrocytic cell lines have been develope it is unlikely that any of them

represent phenotypically normal chondrocytes.

To prevent the de-differentiation of primary cultures of chondrocytes,
various methods have been developed. The simplest is the use of high density
cultures, in which chondrocytes are seeded at a density in which chondrocytes are
already confluent: as they grow and divide and produce matrix the culture becomes
thicker, and “rubbery” analogous to normal cartilage as matrix is produced. This
has been the technique used in previous studies of the effects of mAbs to Cll on
cartilage synthesis from our laboratory described in section 1.8. Other techniques
have involved seeding autologous chondrocytes in an artificial matrix, such as

(55)

agarose scaffolds®™ alginate beads® or similar polymer scaffolds® and this is the

subject of extensive on-going research in biomaterials development in the field of

cartilage replacement®¢°®,

Such chondrocyte preparations have been extensively used for the analysis
of cartilage synthesis and metabolism using a variety of biochemical techniques,
such as metabolic labelling to measure the synthesis of matrix components, using
*H-proline incorporation into newly synthesized collagen, or **S-sulphate that is
incorporated into proteoglycans. In each case, the matrix synthesised must be
further processed to purify the components and demonstrate incorporation of the
radioactive label. These techniques have been used in our laboratory by
Amirahmadi and coIIeagues(S’ 9 who examined primary cultures of bovine
chondrocytes grown in high density after treatment with known arthritogenic
mAbs, for new collagen synthesis in the matrix produced and surrounding the
chondrocytes and released into the medium and proteoglycan synthesis in the
matrix and released into the medium. In the same studies, the chondrocytes and
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matrix were examined histologically and by electron microscopy to determine
whether there were changes in the morphology of the chondrocytes, or the
structure of the collagen fibrils produced (see section 1.8). Such experiments are
expensive and time consuming, for instance for metabolic labelling, each analysis
needs to be performed separately and only one form of analysis may be performed
on each sample. Multiple replicates are also required for statistical significance,

and morphometric analysis using electron microscopy is not readily available.

Similar techniques have also been applied to the analysis of cartilage
degradation, such as that which occurs in diseases such as osteoarthritis,
rheumatoid arthritis and joint injuries suffered by sports people and is
characterised by loss of cartilage. For metabolic labelling, the metabolism of
chondrocytes from osteoarthritic cartilage has been compared to that of
chondrocytes from healthy cartilage(sg), and there have been several studies of the
morphology of osteoarthritic cartilage(GO'Gz), but other techniques are also used. In
particular, histological staining is a widely accepted method for identifying loss of
particular components of the cartilage matrix. Glycosaminoglycans bind cationic
dyes electrostatically and therefore the use of metachromatic dyes such as
toluidine blue and methylene blue have proven useful for semi quantitative
measurement of proteoglycan loss in cartilage(eg). Cartilage has also been analysed
morphologically, and various methods of scoring cartilage damage based on
appearance have been developed and attempts have been made to correlate
morphological damage with biochemical changes(sz). These scoring systems are
based on the Mankin score which was developed in 1971(62), and assesses structure,

cellular abnormalities, matrix staining and tidemark integrity in cartilage.

Direct analysis of cartilage damage has been extended by the use of
immunohistochemistry, using antibodies of varying specificity to localise changes.
Immunohistochemistry is considered a valuable technique for studies of bone,
cartilage matrix and cellular studies. Biological substances of interest are localised
by the precise attachment of a label or complex which may subsequently be
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visualised in the tissue or cell of interest ®*). For example collagen damage may be
revealed using a mAb that recognises a neoepitope on denatured coIIagen(SS) or
several mAbs can be used that identify neoepitopes resulting from degradation of

(66-68)

aggrecan with matrix metalloproteinases or aggrecanse . Several mAbs have

also been developed which detect neoepitopes to cartilage components including

Cll and proteoglycans®7!

. Although the use of immunohistochemistry can be
useful in provide information of the release of matrix components some knowledge
of the likely changes occurring in the tissue is required to select the antibodies that
may be of use, which also requires a new section of tissue for each specific antibody

of interest.

All of these methods provide some information on the release or
distribution of matrix components or loss of cartilage components but many
require destruction of the tissue prior to analysis, and most of the current assays do
not allow analysis of several components and changes within a single piece of tissue
and correlation of the chemical composition with the location within the cartilage.
Moreover most of the current techniques for cartilage analysis require some
knowledge of the possible effector mechanism involved for an accurate detection

of cartilage changes.

The recent development of the technique of Fourier Transform Infrared
Microspectroscopy (FTIRM) which provides a new method of chemical analysis of
tissue changes at the microscopic level and examination of localised chemical
changes within tissue sections has prompted a re-examination of cartilage analysis.

Recently, Camacho and colleagues'*

used infrared spectroscopy to analyse the
main components of cartilage, Cll and proteoglycans offering a non-destructive
technique for analysis of cartilage and this will be discussed in further detail in
section 1.2.7.4. Infrared spectroscopy therefore has the potential to offer a novel
approach for the analysis of cartilage and will be investigated further as the subject

of this thesis.
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1.2. Infrared spectroscopy
Infrared spectroscopy (IRS) involves the measurement of absorption or reflection at

(74)

different IR frequencies by a sample when positioned in an IR beam'™. It utilises

the infrared region of the electromagnetic spectrum with wavenumber (defined

179 signals reflect the vibrations

below) values ranging from 13,000 to 10 cm
within molecules, generating information on the chemical composition of samples
in the form of absorption or reflection spectra(75). IR spectroscopy has broad
applicability and can be used to analyse samples such as gases, liquids and solids, to
identify organic and inorganic compounds, to determine molecular functional
groups in materials and chemicals and in the quantitative determination of
compounds in mixtures and hence provides an important tool for identification of

(74)

compounds and identification of chemical structures'”™. It is widely used by

chemists, biochemists and material scientists and is one of the oldest and most

established spectroscopic experimental technigq ues’¥,

The IR region of the spectrum is typically divided into three smaller
subregions, near IR (13,000-4,000 cm™), mid IR (4,000-400 cm™) and far IR (400-10
cm). Of these, the most frequently used region is the mid IR region. In the mid-
infrared region, there are absorption bands observed from two main types of
fundamental vibrations, those along chemical bonds termed stretching vibrations
(v) which involve changes to the bond-length and vibrations with changes to the
bond angles”™). Infrared radiation is absorbed and the associated energy is
converted into vibrational energy. Examples of the vibrational modes are shown in
Figure 1.12. The resultant spectra reflect all the infrared active vibrational motions
in @ molecule. A simple molecule made up of only two atoms would only have one
fundamental mode peak in the IR spectrum, but more complex molecules have
many bonds and bending angles, and their vibrational spectra are correspondingly
more complex, with several peaks in their IR spectra. IR spectra result from
transitions between quantized vibrational energy states and hence the molecular

vibrations are represented by the degrees of freedom, 3N-6, where N is the number
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of atoms. Molecules with N atoms have 3N degrees of freedom, three of these
represent the translational motion along the x, y and z-axes and three represent
rotational motion around the x. y and z-axes. The remaining 3N-6 degrees of

freedom indicate the number of vibrational modes!’®.

Symmetrical Asymmetrical In-plane bending
stretching (v; CH,) stretching (v, CHy) or scissoring (J; CH,)
~2853 cm’! ~2926 cm’! ~1465 cm’!

Out-of-plane bending Out-of-plane bending In-plane bending

or wagging (w CH,) or twisting (7 CH,) or rocking (p CH,)

1350-1150 ¢cm’™! 1350-1150 cm’! ~720 cm™!

Figure 1.12. Major vibrational modes for a non-linear group, CH, and their associated
wavenumbers. + indicates a motion away towards reader and — indicates motion away

from reader. (Adapted from Silverstein et al., 2005"”)

The far and near IR regions are not commonly employed. For the near
infrared only secondary vibrations (overtones and combinations) occur and these
produce generally weak spectra that are more difficult to interpret(78). The far IR
region where fundamental vibrations involving heavy atoms and low amplitude
bends give rise to absorptions is generally used for the analysis of organic, inorganic
and organo-metallic compounds and also provides useful information for structural

studies such as conformational analysis. Near IR spectroscopy is primarily a
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guantitative rather than qualitative techniquem), which requires minimal or no
sample preparation and offers high speed quantitative analysis without destruction

of the sample(74)

. It is typically used for the quantitative determination of water,
phenols, alcohols, amines, unsaturated hydrocarbons and other groups of
compounds which contain the O-H, N-H or C-H groupsm) that give rise to
observable overtone bands. Quantification however within the near IR region
requires building chemometric models. The use of IR spectroscopy utilising these

regions will not be discussed further.

1.2.1. Fourier Transform Infrared Spectroscopy

The development of a stable and powerful calibration laser has led to the modern
development of the Fourier transform methods for IR data acquisition. This
coupled with modern computers has enabled rapid and powerful FTIR-spectroscopy
(FTIRS) data processing and conversion®. This has led to the technique being
recognised as an invaluable tool for not only the determination of protein
conformation and structure, but also in the analysis of liquid and gaseous samples

and for analysis of biological tissue.

The main components in a FTIR system are a radiation source,
interferometer, and detector. Mid-IR spectrometers use a Michelson
interferometer. A schematic of a Michelson interferometer is outlined in
Figure 1.13. Light from an infrared source is focused onto the aperture, which
limits the size of the source visualised by the interferometer. The beam is coupled
into the interferometer via a collimating mirror, which, together with the aperture
limits the divergence angle seen by the interferometer. The light is then directed
into the beamsplitter, which in the mid-IR is a thin layer deposited on a substrate,
where the light is then split into two beams of ideally equal intensity. The
substrate, however changes the optical pathlength in one arm of the

interferometer, therefore a compressing plate is positioned on the opposite arm of
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the interferometer to compensate. One of the two beams then passes to a fixed
mirror and is reflected and returns to the beamsplitter. The other beam passes to a
mirror which is mounted on a drive that allows it to be displaced along the optical
axis and once reflected also returns to the beamsplitter where it is combined with
the beam from the fixed mirror. From the beamsplitter, approximately half of the
light returns along the optical path to the source and the other half is directed to
the sample by a focusing mirror. The light is then focused onto a detector after
either transmission through the sample or reflection from the sample. The beam
from a HeNe laser is also passed through the interferometer and its interference
pattern is detected by one or more laser detectors to provide a optical pathlength
calibration "®. A mathematical algorithm known as Fourier Transformation
converts the interferogram (plot of signal intensity versus optical path difference)

to a raw spectrum and an IR transmission spectrum is generated by ratioing the

(74)

sample spectrum against a background spectrum

4

Figure 1.13. Schematic of a Michelson interferometer. Light from an infrared source is
focused onto the aperture (A) and directed through the optical elements of the
interferometer as described in the text and eventually focused on to a detector after
passing though a sample placed after the interferometer. B represents the mirror, Cand D
are the beamsplitter, E is the substrate, F is the compressing plate, G is fixed mirror, H is
mirror, | is the HeNe laser and J is the laser detector. The arrows indicate the direction of

travel of the light. Figure from Chalmers et al., 2002
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There are several distinct advantages of FTIRS over conventional IR
spectroscopy. A complete spectrum may be obtained during a single scan of the
moving mirror with the detector examining all frequencies simultaneously. An FTIR
instrument can achieve the same signal to noise ratio (SNR) of a dispersive
spectrometer with heightened sensitivity in a fraction of the time (1 sec or less with
FTIRS vs. 10-15 mins using a dispersive instrument)”®, however there is one
drawback in that FTIR spectroscopy requires a pre or post recorded background
spectrum. The superiority of FTIR has led to the technique being considered as the

norm in infrared spectroscopy.

1.2.2. Fourier Transform Infrared Microspectroscopy and the development of the
focal plane array system

Although FTIRS has been extensively used for the examination of a single pure

substance or a mixture of substances and the determination of secondary structure,

it has also lead to the development of IR microspectroscopy, imaging and focal

plane array imaging to examine chemical characteristics at the microscopic level.

Microscopic infrared mapping was typically performed with a conventional
reflective or transmissive raster-scanned infrared microscope which is coupled to a

5@ and termed Fourier transform infrared

step-scan or rapid scan FTIR
microspectroscopy (FTIRM). In FTIRM, the Michelson interfometer discussed earlier
is coupled to a microscope to allow for infrared microspectroscopy and mapping.
Spatial resolution with an FTIRM instrument is however limited, however, as the
microscopy is achieved by simply introducing an aperture to select a small
proportion of the radiation and therefore the sample size is restricted to

approximately 30um, below which the SNR is very poor and does not produce

useful spectra.

While there are clear advantages of FTIRM over conventional FTIRS in

analysing heterogeneous tissues there are also limitations. The main disadvantage
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is due to the fact that the images are constructed by mapping the substance of
interest a single pixel at a time which makes it very time consuming for all but very

small samples.

In the late 1990’s, multichannel IR imaging detectors, termed focal plane
array detectors (FPA), which were originally developed for military applications
were made commercially available®. The use of a FTIRM coupled to a FPA
detector, has led to the development of a powerful mid-infrared spectroscopic
chemical imaging technique®. A typical system allows for the collection of 4096
individual spectra simultaneously over a 400 x 400 um2 area in a single sample of
tissue at a spatial resolution to ca. 10 um, which reduces the time by a factor of
1000 required to collect spectra and allows for the examination of multiple

parameters in each sample!’?

. Fourier transform infrared spectra can thus be used
for fingerprinting of particular areas/organelles/features and then taking the
chemical information obtained one step further by examining chemical changes
within a tissue which contain a range of components from the single sample hence
aiding in the determination of the relative content, molecular nature, distribution

and orientation of the individual components of histological sections of tissues"’?,

FTIR microscopes coupled to FPA detectors were originally developed using step
scan techniques however the current systems used are rapid scan. Rapid-scan
interferometry does not require a time delay for the stabilization of the moving
mirror, as the mirror motion is constant. This allows modern FPAs sufficient time

required to acquire high quality data.

1.2.3. Sample preparation

FTIRS can be used for the analysis of a variety of samples, including liquids, gases
and solids. Sample preparation is one of the most important components for a
successful IR spectroscopy experiment and it is therefore crucial that the
appropriate methods for the sample of interest are used.
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Liquids may occur either as pure liquids or solutions and are sampled in
sealed cells or demountable cells regardless of their initial state®?, Generally for
pure liquids, more polar samples require a thinner cell thickness and materials in
solution use a cell thickness ranging from 0.1mm to several tenths of a

millimetre®?

. Sealed cells for liquid sampling are constructed using two windows
one of which has holes to allow for filling with the sample of interest. These two
windows are separated by a lead or silver spacer which is then sealed to the
windows. The window/spacer cell is held in a metal frame with two ports sealed
with polytetrafluoroethylene. Demountable cells have the benefit of being able to
assemble and dissemble them with every sample. Either one or two windows may
be used depending on the sample. A thin film may be placed on one window or

alternatively, two windows may be used to hold the liquid between©?.

Due to the low density of gaseous samples, absorption spectra of gases may
be measured in gas cells which range from a few centimetres to several metres in
path length® 24 These cells may be constructed from other glass or metal,
although metal cells are more convenient for very small or very large volumes or for

studies at high temperatures.

Unlike gases and liquids, solid samples may be prepared in a variety of ways.
Solids may occur as thin films, for example polymer films, large or small particles or
in solution. If the particles are very large or very minute compared with the
infrared wavelength, measurements are relatively easy. However, if the particle
size is of the order of the wavelength, the sample often needs to be ground to a
particle size which is less than the wavelength or to incorporate the particles into a
medium of similar refractive index®?. This grinding is usually carried out using a
mortar and pestle. A drop of mulling fluid, either mineral oil (Nujol) or
chlorofluorocarbon (Fluorolube) is mixed with the ground sample until the sample
is dispersed into the mulling fluid. Mulling fluid has a refractive index of
approximately 1.5 which is very similar to most organic materials in absorption
regions and as a result scattering is substantially reduced®. This resultant mixture
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is applied as a thin film to an infrared window and a second window is placed on
top(gz). The windows are then placed into a demountable cell for measurements,

typically in transmission mode.

Attenuated total reflection (ATR) is an internal reflection technique which
may be used to analyse solids or liquids. ATR is the most useful and generally
accepted sampling method for analysing most simple solid and liquid samples. An
ATR accessory, measures the changes that occur in an internally reflected infrared
beam when the beam comes into contact with the sample. Internal reflection
occurs when radiation moves through a higher refractive index material and
imposes on the interface with a lower refractive material at angles at or above the
critical angle(gz). ATR only has a small penetration depth and hence the sample

must be in close contact with the internal reflection crystal®®

. Maintaining close
contact between the sample and the crystal is relatively simple for soft materials
but more challenging for harder materials. Pressure can be applied to improve
contact between sample and crystal, however great care must be taken not to crack
or distort the crystal. Because the penetration depth of ATR is so small, a few
micrometers or less, only the surface of the sample is being measured, however
because most internal reflection accessories produce multiple reflections, the
surface layer is sampled several times and as a result, spectra are produced with

2) several different internal reflection

significant intensity for interpretation
crystals are available for ATR. The most common are Zinc Selenide (ZnSe) and
Germanium(Ge). ZnSe is relatively inexpensive and is ideal for analysing liquid
samples, however it scratched quite easily and care must be taken when using ZnSe
crystals. Ge is often used to analyse weak acids and alkalis due to its wider working

pH range. Diamond is the most durable ATR crystal, however it is more expensive

than ZnSe or Ge.

Typically, an infrared beam is directed onto an optically dense crystal which
has a high refractive index at certain angles. The internal reflectance from the
crystal creates an evanescent wave which extends beyond the surface of the crystal
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and in to the sample which is placed in close contact to the crystal(ss). In areas of
the infrared spectrum where the sample absorbs energy, the evanescent wave is
attenuated. This attenuated energy from each evanescent wave is passed back into
the IR beam which exits at the opposite end of the crystal and is passed in to the
detector in the IR spectrometer, which then generates an infrared spectrum(ss). A

typical schematic of an ATR crystal is shown in Figure 1.14.

Sample in contact with evanescent wave

Infrared Beam ATR Crystal To Detector

Figure 1.14. Schematic of ATR crystal. The infrared beam is directed onto the ATR crystal
and the internal reflectance from the crystal creates an evanescent wave which extends
beyond the surface of the crystal and in to the sample, placed in close contact to the
crystal. In regions of the infrared spectrum where the sample absorbs energy, the
evanescent wave is attenuated and this attenuated energy from each evanescent wave is
passed back into the IR beam which exits at the opposite end of the crystal and is passed in
to the detector in the IR spectrometer, which then generates an infrared spectrum (Figure

adapted from Perkin Elmer®).

IR analysis may also be performed on most biological tissues or plant
samples and the examination of such samples has a distinct advantage in that the

preparation method can be the same for both light microscopy and FTIRS or FTIR
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microscopy (FTIRM), which will be discussed in further detail in section 1.5.
Biological samples are commonly fixed in paraformaldehyde or formalin and
embedded usually in paraffin blocks. Paraffin has advantages for embedded
biological tissues, as its most intense absorption features are limited mainly to the
C-H stretch region (2800-3000 cm ™)) and do not interfere with the important
biological spectrum region. Thin sections of paraffin embedded tissue are cut and
adhered to IR reflective substrates, or transmissive non hygroscopic substrates or
transflection slides such as KevIeyT'vI slides which consist of a glass slide coated with
a dispersed thin Ag layer and over coated with SnO, for protection. The latter slides
have the advantage of transmitting visible light for visible microscopy but reflecting
infrared light. The tissue is then dewaxed in xylene and rehydrated through a
graded series of ethanol baths and distilled water. Although such processing allows
for a direct comparison of FTIR measurements and standard histology, fixation of

the tissue alters the chemical bonds within the cell®®

and the dewaxing process
removes cellular lipids. Alternatively, to avoid this interference, unfixed frozen
sections of tissue which have been embedded in optimum cutting medium (OCT-
Tissue-Tek) may be used. This method best preserves the original state of the
tissue, if the OCT is not removed; otherwise any water soluble components of the

tissue will also be removed. The thin sections are air-dried onto the substrates.

Biological samples can be examined in ether transmission or transflection modes.

1.2.3.1. Collection of data in Transmission mode

Transmission is the oldest and most common method used for FTIRS studies®”.
The typical thickness of sections for measurement in transmission mode is 5-30 um,
however it is very sample dependent(%). Polymers, un-mineralized biological
tissues and other organic molecules are generally prepared at a thickness of 10-15
pm. Minerals are more variable, for example mineralized bone is usually sectioned
at 3-5 um(%' 88), Samples are placed on an infrared transparent surface where the

thickness of the substrate surface ranges from micrometres to millimetres.
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Biological samples are most commonly placed on transparent, water insoluble

substrates such as CaF, and BaF,®®.

1.2.3.2.  Collection of data in Transflection mode

Another common method for collecting IR spectra is in transflection mode.
Samples probed in reflection mode are usually cut to thin sections and are placed
on an IR-reflective substrate, such as a Kevley slide. In transreflectance mode, the
IR beam penetrates through the sample, reflects off the substrate and passes back
through the sample again(%). As the beam passes through the sample twice, there
is a significant requirement for the thickness of the sample to be about half that
used for transmission measurements. Diffuse reflectance and attenuated total
reflectance are other methods of collecting data in reflectance mode and
attenuated total reflectance is described in section 1.2.3. Unfortunately, most of
the IR-transparent substrates have some degree of dispersion in the visible or
infrared region of the spectrum which must be considered when collecting

measurements.

1.2.4. Synchrotron Infrared Spectroscopy

The capacity of FTIRM to non-destructively and rapidly detect functional groups
makes it a powerful technique for studying biological specimens(sg), but despite its
wide applicability and use for the analysis of biological tissues, the lack of brilliant,
bright light sources and/or detector sensitivity(go) and the restricted lateral
resolution to ca. 10um has limited the depth of study in certain biological systems.

The use of a synchrotron radiation (SR) source was therefore considered.

SR significantly improves the spatial resolution of an infrared
microspectrometer, allowing data to be obtained a high SNR of 3-5um within the

mid-infrared region(gl). The spatial resolution obtained using conventional FTIRM is
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controlled by an aperture stop in the beam. For a globar source with a large angular
distribution of light the beam cannot be focused efficiently on to a small aperture
yielding a low SNR. The superior brightness of synchrotron light with its narrow
angular distribution allows almost all of the light to be transmitted through even a

small aperture leading to a high SNR at spatial resolutions down to the diffraction

limit®©% %3,

Synchrotrons are accelerator facilities which provide extremely bright, high-
flux electromagnetic radiation at energies ranging from X-ray, Ultraviolet and
infrared regions(94). The electron beam is first accelerated in a linear accelerator,
boosted to relativistic speeds in a booster ring and then stored in a storage ring.
The storage rings are designed to maintain ‘bunches’ of electrons in a circular orbit
by bending magnets(94). As the electrons pass through the magnetic fields, they are
bent to maintain orbit and as a result, photon energy is expressed over a wide
frequency range, hence at each of the bending magnets around the ring, beam
ports are installed to enable radiation to pass through in a confined vacuum and

into an experimental chamber®?.

Third generation of synchrotrons developed in the 1980s included the
insertion of devices such as multipole wigglers and undulator magnets which were
specifically designed to optimize SR brightness in the X-ray region, better beam

stability and longer scanning durations between injections(go' %)

. Synchrotron
infrared light still relies on bending magnets where both edge and bending
radiation provide a source that is 1000 times brighter than a conventional infrared

sou FCE(%)

which allows data collection that is approximately 30 times faster than
with a Globar source and permitting small microscopic apertures close to the
diffraction limit of the light to be used in microspectroscopy(go’ %) (Figure 1.15).
Fourth generation synchrotrons (free electron lasers) are capable of providing

greater IR output but will not be discussed further.
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Figure 1.15. A Infrared signal through aperture sizes ranging from 5 — 70 um using a
synchrotron source versus a globar source, showing the difference in brightness as a
function of aperture size. The globar source transmits little light through a 10 um aperture,
unlike more than 80% of the synchrotron IR light passing through the same aperture size. B
Infrared spectra of a single red blood cell collected using a 5 x 5 um aperture,
demonstrating the advantage of the bright synchrotron IR source and the drastically

improved SNR (Figure from Miller et al., 2006"*).

The first instance of coupling an FTIRM with a synchrotron IR source was in
the early 1990s at the National Synchrotron Light Source in New York and since
then IR microscopes have been installed on over 15 beamlines at synchrotrons
worldwide®. The collimated beam of synchrotron IR light follows the same beam
path as a conventional IR source, the synchrotron radiation brightness is however
far greater than conventional sources and enables to the beam size to be reduced

to below 10um without significant loss of photons. While synchrotron FTIRM
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instruments provide the highest possible spatial resolution, measurements are still
time consuming because they utilise the confocal arrangements with a single
element IR detector and hence raster scanned images of a single biological cell may
take over an hour to collect and some areas of subcellular imaging in tissue may

take several days(gs).

The addition of FPA detectors at synchrotron radiation facilities worldwide
extends the performance and applicability of infrared beamlines for soft tissues and

cell analysis®® %%

. Due to the superior SNR characteristic of SR emission, smaller
and more dilute samples and those that are thicker can be studies whilst still
maintaining superior spatial resolution®®® %% ") The first successful experiments
utilizing an FPA detector (64 x 64) with SR was performed in Germany at ANKA, the

59 and the use

synchrotron facility at the Karlsruhe Institute of Technology in 200
of FPA detectors optimised in the mid-IR range appeared to be the most
appropriate way to collect fast IR images over large areas due to the sensitivity and

readout speed available at a SR source®.

More recently, the University of Wisconsin Synchrotron Radiation Center
have developed a multi-beam infrared beamline termed IRENI (Infrared
Environmental Imaging) is specifically designed to achieve broad wide-field
illumination and spatial oversampling required to obtain high quality IR images with
the highest spatial resolution (at the diffraction limit for mid-IR) within minutes®®®.
The recent design is able to achieve a geometric pixel size of 0.54 x 0.54 pm”
compared with 6.25 x 6.25 um2 which is currently the best pixel size available®® for
synchrotron FTIR spectroscopy. In the developing beamline, a set of 12 identical
paraboloidal mirrors with 250 mm focal lengths, which collimate the beams and
deflect them 90° in the horizontal plane. These collimated beams are then
combined and rearranged to form a 4 x 3 matrix from 12 plane mirrors. This group
of beams is then directed by a single flat mirror into the FTIR interferometer
through the microscope. It is here that the beams overlap before the microscope
condenser in order to uniformly illuminate the sample(gg). The IRENI beamline is
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postulated to provide the next step in IR imaging by coupling the brilliant light from
a synchrotron source with a FPA detector and thus providing very high spatial
resolution at the diffraction limit for all wavelengths, very short acquisition times

and high SNR and hence high quality data®®.

1.2.5. The use of IR spectroscopy for the analysis of organic molecules

IR spectroscopy in the mid IR region is most commonly used to determine the
chemical functional groups in a sample, as different functional groups produce
characteristic absorption frequencies of IR radiation (Table 2). It is a non-
destructive technique that requires less sample preparation than conventional
biochemical or chemical techniques and may be used under a wide variety of

(80)

conditions for a wide variety of samples™". It has been applied to the identification

of compounds by matching spectral fingerprints from unknown samples with

reference spectra for example in the identification of polymers, plastics and resins

(74, 100)

and in the analysis of insecticides and copolymers . In biological systems, the

©0) and will

IR spectrum is the sum of all contributions from all the biomolecules
show small changes when the chemical structure of a functional group is modified,

thus providing molecular fingerprints in the form of absorption spectra.

39



Chapter one: Literature Review

Table.2. Infrared band assignments identified in biological systems

Vibrational mode Wavenumber (cm'l) References
DNA marker bands 890, 830 (101)
RNA, ribose-phosphate 815,870,880,915,970 (101)
Nucleic acid, ribose 965 (102)
RNA, v and & ring of uracil 996 (102)
DNA, vco ribose 1015 (102)
Glycogen, vc.o 1025, 1047 (103)
DNA and RNA ribose C-O 1050 (101)
Nucleic Acids, v;PO,- 1080-1090 (101)
RNA, ribose v¢o 1120, 1160 (102)
Vc.o of proteins and carbohydrates  1171-1154 (104)
DNA, v,,PO,- 1230 (101)
RNA, v,PO,- 1244 (101)
Proteins, Amide Ill (CN stretching, 1250-1300 (80)
NH bending)

DNA and RNA conformational 1330-1530 (102)
markers

Vcoo. of fatty acids and amino acid 1400 (105)
side chains

Proteins 1450 (106)
8.sCH; of cellular proteins 1457 (104)
Lipids, CH, scissoring 1474-1520 (107)
Proteins, Amide Il (CN stretching, 1530-1545 (80, 108)
NH bending)

DNA and RNA, vy imidazole ring 1578 (102)
vibrations

DNA, dyh2 1603-1605 (109)
DNA and RNA, v¢s-cs 1610 (102)
Proteins, Amide | (C=0 stretching) 1650 (80, 83, 108)
V¢-o0 from purine and pyrimidine 1720-1666 (102)
bases

B-DNA base pairing vibration (vc-o 1708 (110)
& C=N)

A-DNA base pairing vibration (vc.o, 1715 (110)
& ven)

vsCH; acycl chain lipids 2852 (112)
vCH; acycl chain lipids 2874 (1112)
v.sCH; acycl chain lipids 2922 (1112)
v.sCH; acycl chain lipids 2956 (1112)

v = stretch, v, = asymmetrical stretch, v, = symmetrical stretch, 8 = bending vibration
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IR absorption is typically shown in the form of spectra with wavelength (1)
or wavenumber (1/1) in cm™ as the x-axis and absorbance on the y—axis(m. The
details obtained from infrared spectroscopy are obtained by careful monitoring of
the spectral wavenumber, intensity and line-width parameters which, with great
sensitivity reflects a sample’s molecular structure. Quantitative information within
the IR region is derived from absorbance values and the application of Beer’s

law®Y,

A typical IR spectrum of a cell in a biological system will exhibit contributions
from cellular macromolecules including proteins, lipids, carbohydrates and nucleic
acids and a typical example is shown in Figure 1.16. Although spectra of
macromolecules are complex, each of the above mentioned components provide
characteristic contributions to the IR spectrum/®. Within the mid-infrared region,
4,000-400 cm™, particularly within the 1800-700 cm™ region, the average protein
spectrum is dominated by the amide | band at ~1650 cm™, which is primarily
associated with the stretching motion of the C=0 group, and is sensitive to the
environment of the peptide linkage and the protein’s overall secondary structure.
The amide Il band associated with C-N stretching and CNH deformation occurs at

~1530 cm™.

The infrared absorption spectra of nucleic acids, both nuclear and
mitochondrial DNA, and also RNA depends on the hydration state and the nature of
the secondary structures of the DNA and RNA. They exhibit absorption peaks
between 1580 and 1700 cm™ due to the aromatic base and C=0 stretching
vibrations. The ionized PO, and ribose groups demonstrate three peaks at 1071,
1085 and 1095 cm™. In DNA, these peaks have almost identical intensities, and
DNA also shows peaks at 965 and 1245 cm™* which are the phosphodiester
vibration®™*?. In RNA, the peak at 1085 cm™ is stronger than the other two peaks at

1071 and 1095 cm™.
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Carbohydrates, usually in the form of glycoproteins or polymeric sugars also
occur in cells and tissues and these are characterized by peaks in the region 1140-
985 cm 1113, Glycogen, a glucose polymer, exhibits a strong absorption spectrum
due to the C-0 and C-C stretching and C-O-H deformation motions with peaks at
1151, 1078 and 1028 cm™*™?),

Molecules which make up the cell membrane lipid bilayer are termed
phospholipids. Distinctive C-H vibrations of lipids occur at around 3000 cmt as
outlined in table 2, however C-H stretching vibrations which are associated with
methyl and methylene groups are also generally observed within the region 2960-
2850 cm™, where methylene and methyl groups originating from lipids and methyl
groups from proteins both contribute to a strong band at 2930 em ™4 The most
prominent feature within this spectral region and relevant to the spectra of lipids is
the C-O stretching vibration at ~1735-1740 cm™ which originates from the ester
linkage of the fatty acid tail and the triglyceride polar group, where a shoulder at

1740 cm " is observed in some cells or tissues due to phospholipids**2.

Biological samples are typically embedded in paraffin which also displays a
prominent IR absorption within the C-H stretch region usually within the 2800-

(86)

3000 cm™ region®, and do not interfere with the important biological spectrum

region which is shown in Figure 1.16.
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Figure 1.16. Region of the IR spectrum illustrating four prominent features of biological
samples (protein, lipid, nucleic acid and carbohydrate), highlighting the main features of
each. Amide | and amide Il bands typically represent protein, lipids show a distinct ester-
carbonyl band at ~1740, nucleic acids are represented by the P=0 stretch and

carbohydrates by the C-O stretch (Unpublished data from our lab).

1.2.6. Analysis of secondary structure by FTIRS

Considerable information about the secondary structures of proteins can be
derived from FTIRS. The extraction of information on the secondary structure of
biological samples and the limitations of the various techniques have been

(19, 115-117)

extensively reviewed and are only briefly outlined here.

FTIRS is sensitive to conformational changes in proteins due to the strong IR
absorption of peptide carbonyl groups. FTIRS allows direct probing of the

vibrational properties of almost all cofactors, amino-acid side chains and of water
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molecules, making it a useful molecular probe for the analysis of secondary

structure of polypeptides and proteins®* %%,

The infrared spectra of proteins and polypeptides are characterised by a
number of amide bands which represent different vibrations of the peptide

@17 " of all the amide modes of the peptide group, the most widely used in

moiety
studies of protein secondary structure is the amide | band, originating from the C=0
stretching vibration of the amide group and coupled to the bending of the N-H
bond and the stretching of the C-N bond™*”). The relationship between the position
of the amide | band and the type of secondary structure it may represent, is best
derived from the analysis of the spectra of relatively simple proteins of well defined
structure, e.g., a-helical or B-sheet, and this is increasingly providing the
background for studies of more complex molecules™> "), Since proteins are
complex structures made up of regions folded into different structures, the amide |
band is itself a composite of a series of overlapping component bands representing
these structural elements, such as a-helices, B-sheets, turns and non-ordered or
irregular structures™”). The main difficulty in analysing these composite bands is
due to the width of the contributing component bands which is usually greater than

the difference between the maxima of the adjacent peaks, making the individual

component bands difficult to identify.

Extensive mathematical manipulations of the infrared data collected
including extraction of data based on band narrowing and deconvolution of the
amide | band into its underlying components are used to gain structural information
from the infrared bands. Deconvolution and second derivative analysis may be
used to identify the positions of the components of the amide | band, from which

the secondary structure may be cautiously identified.

One of the most frequent approaches to extracting information on the

protein secondary structure from the infrared spectra collected is Fourier

(118)

deconvolution'"""'. Deconvolution in spectroscopy, utilises mathematical
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algorithms to reverse the optical distortion from the instrument. This decreases
the width of infrared bands which then allows for better separation and
identification of the bands which were previously overlappingms’ 119 This process
does not increase the resolution of the data collected but it increases the degree to
which contributing component lines may be distinguished. Fourier deconvolution

does not affect the integrated intensities or areas of the individual bands™*”).

Analysis of second derivative spectra is another method of extracting vital
spectra information within composite bands and has been described for

1(118)

identification of protein structure by Kennedy et al., 199 , Where different

amide | regions were assigned to secondary structures by comparison to a set of

proteins of known structure!**& 2%

. Second derivative spectroscopy is an analysis
technique by which the obtained spectrum is differentiated twice. This analysis
eliminates sloping baselines which arise in heterogeneous samples and enables
resolution of bands contributing to shoulders or inflection points in the original

(109) "}t allows more specific band assignments to be made by correlating the

spectra
minima peaks in the second derivative spectra with the maxima peaks in the non-
derivatized spectra, thereby increasing the specificity of absorption peaks for

certain molecules within a tissue.

There are however disadvantages associated with deconvolution and
derivatization of spectra. Both of these processes amplify the noise in the spectra
significantly and hence the degree to which bands may be narrowed is limited to
the SNR of the spectrum and care must be taken to avoid amplified noise being
misinterpreted as a real band™”). Derivatization of spectra produces faster spectral
degradation than deconvolution and therefore information may be partially lost*?Y),
Table 3 illustrates the major bands, generated by either deconvolution or
derivatization of spectra that are attributed to structural components in proteins
which contain a triple helix. It is interesting to note that in most of the examples
given in the table, the location of the triple helix of collagen differs from most
(122)

assignments of collagen which is usually above 1660 cm™. George and Veis
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made an observation that the amide | region of the spectrum of native collagen is
particularly interesting as the type | collagen triple-helix conformation does not fit
the standard a-helix, B-sheet and B-turn conformation as most other proteins and

Payne and Veis**®

showed that the broad amide | band of the native type I collagen
molecule can in aqueous solution be deconvoluted into three distinct bands with

maxima at 1660, 1643 and 1633 cm™.
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Table.3. Relative intensities of the components of the amide | band in proteins which

contain a triple helix

Protein and method of Form Amide | band Main bands identified by Reference
extraction location (cm ) deconvolution (by decreasing
intensity (cm™))
Type | collagen (Acetic Native monomer 1650 1660, 1643, 1633 (115, 116)
acid, NaCl precipitation
from lathyritic calf skin)
Type | collagen (calf skin Denatured 1643 1633, 1643, 1660 (115)
gelatine, 50°C)
Gelatine renatured at Variable triple helix 1643 1643, 1656, 1634 (115)
4°C formation
Clqintact Large globular 1638 1637, 1661, 1683 (19)
domain, short triple
helix
C1q stalks (pepsin Triple helix 1652 1655, 1636 (29)
digested)
Type | collagen (pepsin Triple helix 1654 1657, 1632, 1682 (19)
digested)
Type lll collagen (pepsin  Triple helix 1655 1659, 1632, 1682 (19)
digested)
Type IV collagen (pepsin  Triple helix 1653 1659, 1633, 1682 (19)
digested)
Rat & cod skin collagen 1656 (native), 1656, 1630, 1670 (123)
1647 (denatured)
Collagen related Disordered (Gly-X- 1630 1630, 1650 (123)
polypeptides (synthetic) Y),
Collagen related Helical 1643 1632-7, 1650-5, 1669-1687
polypeptides (synthetic) polytripeptides
Type | collagen (rat skin  Native monomeric 1660.1 1660, 1645, 1631 (122)
collagen, acetic acid
preparation)
Type | collagen (rat skin  During 1660.1 1660, 1644, 1630 (116, 122)
collagen, acetic acid fibrillogenesis
preparation)
Type | collagen (rat tail Native, fibrillar 1658 1658 (a-helix), 1638 (triple (124)
fibres) helix), 1668 (B-turns), 1647
(unordered)
Type IV collagen Native, fibrillar 1658 1658 (a-helix), 1638 (triple (124)
helix), 1668 (B-turns), 1625
(parallel B-sheets), 1612 (B-
turns)
Type Il collagen Native 1655 1655 (72)
(chicken)
Type Il collagen (bovine, Native 1666 1666 (212)
pepsin digestion)
Type Il collagen (bovine, Denatured at 50°C 1652 1652 (11)

pepsin digestion)
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1.2.7. Features of the spectra of cartilage components
As described in section 1.1, cartilage is primarily composed of a network of collagen
fibrils in which are enmeshed proteoglycans and hyaluronan. FTIRS has been used

to examine the individual spectra of the main cartilage components, Cl|\*?% 123 125),

(126-129) (130)

proteoglycans and hyaluronan three major components of the cartilage
matrix. FTIRS analysis of the individual components of cartilage has lead to the
identification and designation of particular bands present in the IR spectrum which
are characteristic of cartilage or the individual components of cartilage. Table 4
outlines the band assignments for each of the major components of the cartilage

matrix"?.
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Table.4 Band assignments for the components of the cartilage matrix

Bond vibrations Wavenumber (cm™) References

Amide A N-H stretch 3330

Amide Il C-N stretch, N-H bend 1500

combination
1338

Proteoglycan (126-129)

Amide Il C-N stretch, N-H bend 1545
combination

C-0O-C, C-OH, C-Cring vibrations 1125-920

Hyaluronan (128-130)

Amide Il C-N stretch, N-H bend 1545
combination

Carboxylate group —COOH 1370
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1.2.7.1. Collagen

The major protein component of cartilage is Cll, a fibril forming collagen which is
synthesized by chondrocytes and is comprised of three chains, each in polyproline
lI-like conformation, each of which consists of a 280 nm long polypeptide chain.
The three chains are staggered by one residue and stabilized by interchain
hydrogen bonding'®?. There is little information on the IR spectrum of Cll but it is
very similar in structure and sequence to type | collagen, the major structural
protein of most tissues which has been extensively examined™> 12> %) The amide
| peak of the native collagen helix is characteristically above 1660-1658 cm™,
appearing in deconvoluted or second derivative spectra as three distinct bands at

1657-1661, 1630-37 cm™* and above 1670 cm118:29:30,:32)

The deconvolved native Cl spectrum at 4°C shows three prominent bands at
1660, 1643 and 1633 cm™ spectrum with the 1660 cm™ being the most intense™*),
Upon heat denaturation, the 1660 cm ™ band is markedly diminished and the 1633
cm™* band is more intense. The three most intense peaks however, remain at 1660,
1643 and 1633 cm™* whether in the native or denatured states. This prominence of
the 1660 cm™ component in both the native spectrum and the denatured state
suggest that this peak contains a component which is directly related to the native

triple helix formation™).

These bands also occur in other molecules that contain a collagen-like triple
helix, including the non-fibrillar collagens that contain one or several small triple-
helical domains interrupted by short non-helical domains, and the complement
component Clqg that comprises a collagen-like triple helix at the N-terminus, with C-

terminal globular heads™.

1.2.7.2. Proteoglycan

Camacho et al.m),

characterised the spectrum of aggrecan, which is a molecule
containing chondroitin and keratan sulphate molecules linked to a protein core
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containing features derived from the sulphate, sugar and protein entities of the
spectrum. Considerable overlap between the spectrum of pure Cll and aggrecan
also occurred within the spectral region 1800-800 cm™ and this is shown in the
spectrum of both Cll and aggrecan in Figure 1.17. The most prominent features of
the cartilage spectrum are the amide I, Il and Il which are shown to contribute to
the collagen spectrum (refer to Table 4). The most prominent features of the
aggrecan spectrum are the large sulphate and sugar peaks. Camacho and
colleagues identified the spectral region from 1185-960 cm™ to be representative of
aggrecan’?. This is validated by Bychkov et al.,'*** ***) who examined individual
preparations of several chondroitin sulphate molecules including chondroitin-4-
sulphate and chondroitin-6-sulphate and identified absorption bands at 1125 and

1245 cm™ which are only present in sulphate containing proteoglycans.

Am\id: I _
/ \f \ / Amide I
Collagen / V\/\A/\\

u —._._'_._'_,.o-""
,\ sulfate /f\ sugar

_ngfcjyf L\ \/ /\/ AN

2000 1800 1600 1400 1200 1000 800
Wavenumber (cm)

Absorbance

Figure 1.17. FTIR spectra of type Il collagen and aggrecan. The spectra of both these
individual components shows considerable overlap within the spectral region from 1800-
800 cm™. The most prominent features of the CIl spectrum are the amide I, Il and Il which

are shown to contribute to the collagen spectrum. The most prominent features of the
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aggrecan spectrum are the large sulphate and sugar peaks. (Figure from Camacho et al.,

20017%)

1.2.7.3. Hyaluronan

Bychkov et al., 122139 haye performed extensive studies on the identification of
infrared absorption bands of hyaluronan, or hyaluronic acid. Bands were identified
within the amide 1 (1640-1550 cm™) and amide II region (1545 cm™) as well as at
1400, 1380 and 940-925 cm™. There were weak bands observed at 1305, 1225 and
1200 cm™ and the strongest absorption recorded at 1080-1030 cm 39 Bands
within the 1420-1400 cm™ region and a shoulder at 1370 cm were later identified
by the same group as belonging to the carboxylate group (-COOH) and the R-C-O-CR

structure revealed absorptions at 1150 and 1000 cm 1128:129)

1.2.7.4. Combined spectral properties of cartilage

Camacho et al.,m)

characterised collagen and proteoglycan content in articular
cartilage, whereby the integrated absorbance of the amide | peak (1720-1585 cm™)
was used as a representation of collagen content and the absorption within the
carbohydrate region (985-1140 cm™) was used for proteoglycan analysis. The
infrared spectrum of cartilage therefore characteristically focuses on two regions,
the amide | region, which appears at a higher wavenumber than that for most
proteins, above 1650 cm™ and the collagen triplet, with bands at 1203, 1234 and
1280 cm™. The collagen triplet however also coincides with a peak at 1240-1245
cm™, which is derived from the sulphated glycosaminoglycan side chains of
proteoglycans (72,133) " The position of the amide | peak above 1650 cm™ has been
attributed to hydrogen bonding between polypeptide chains of collagen, as a
spectral shift occurs between 40°C and 43°C, the temperature at which collagen

denatures!®®). The position of the amide | band therefore provides a useful marker

of helical (native) collagen in cartilage.
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The spectrum of the major components of cartilage, Cll, proteoglycans and

1,"*Y where it was shown that each of

hyaluronan was also studied by Crombie et a
the components demonstrated a characteristic IR spectrum and the resultant
spectrum is shown in Figure 1.18. The amide | band, 1600-1700 ecmtis presentin
the spectrum of all three components, whereas a triplet of bands at 1200-1300 cm™
is only present in the spectrum of Cll, and bands within the spectral region 960-
1175 cm™ resulting from sugars are seen in the spectrum of proteoglycan and

hyaluronan.
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Figure 1.18. FTIR spectra of the individual components of the cartilage matrix, ClI,
proteoglycan (shown here as crude PG) and hyaluronan. The amide | band 1600-1700 cm™
is present in each of the components but with different profiles and intensities. A triplet of
bands from 1200-1300 cm™ is present only within the spectrum of CIl and bands within the
960-1175 cm™ resulting from sugars are present in both the proteoglycan and hyaluronan

spectrum. (Unpublished data from our lab).
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A combined typical IR spectrum of articular cartilage comprises 55% CllI, 40%

proteoglycan and 5% hyaIuronan(ll) and has been published by both Rieppo et

a/.,(113) /.1(11)

and Crombie et a and is shown in Figure 1.19. The main spectral
features of cartilage are a prominent amide | peak (>1655 cm™) as well as sulphate
peak derived from the side chains of glycosaminoglycans (1240-1245 cm™) and the

collagen triplet (1203, 1234 and 1280 cm™).
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Figure 1.19. Typical IR spectrum of articular cartilage. The spectrum of cartilage shows a
prominent amide | peak (>1655 cm™) as well as sulphate peak derived from the side chains
of glycosaminoglycans (1240-1245 cm™) and the collagen triplet (1203, 1234 and 1280 cm’
Y). (Unpublished data from our lab).
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1.2.8. Methods of Analysis

Infrared spectrometers produce large data sets which require high speed
computing for further analysis and interpretation of the spectra data collected.
Various programs have been developed for this purpose and can be separated into

three categories.

OPUS, developed by Bruker is another software program available for
analysis of spectral data. OPUS was first developed for analysis of single point
spectra which are commonly collected on infrared beamlines which use Bruker
instruments at Synchrotrons worldwide. It allows for such functions as baseline
correct, averaging of several individual spectra, second derivative analysis and peak
integrations. It also contains a search package which may be useful in identifying
unknown compounds by searching a database of known spectra and comparing to
that of the unknown sample. The OPUS software has the ability to generate both
two and three dimensional representations of spectra data and allowing single
spectra to be selected from a large map. The OPUS software package contains pre-
processing functions and false colour maps of spectral data inputs; however OPUS
only contains univariate methods of analysis, therefore another chemometric
program, Cytospec is often employed in conjunction to OPUS to analyse data sets
depending on the users’ preferences and needs. Cytospec will be discussed in

section 1.2.8.2.1.

1.2.8.1. General chemometric analysis packages

MATLAB® (MathWorks, Inc, http://www.mathworks.com) is a general

purpose mathematical based program which is used for algorithm development,
data visualisation, data and analysis and numeric computation. MATLAB uses
mathematical modelling which is of use for such applications as signal and image

processing, communications, financial modelling and analysis and computational
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biology. It contains mathematical functions for Fourier analysis which makes it

useful for analysis of infrared spectra.

Unscrambler® is a software package used for spectroscopic analysis. Itis
equipped with a toolkit for spectral transformations including, smoothing and
derivatives, scatter correction and normalisation and baseline correction of spectra.
It also contains modelling tools capable of performing principal component analysis

and cluster analysis.

1.2.8.2. Software for the analysis of spectral images

1.2.8.2.1. Cytospec analysis software

One of the most widely used software packages for spectral imaging analysis is
CytospecTM. Originally developed in 2000 as a specialized software package for
FTIRS imaging, it now encompasses an array of pre-processing options and imaging
methods. The major advantage of Cytospec over other infrared analysis programs
is its ability to manipulate hyper-spectral data cubes and not just individual spectra,
allowing all operations to be carried out on the entire spectra map collected.
Cytospec contains basic manipulation functions including rotation or flipping of
images, exporting and defining regions of interest and capturing of spectral images.
The software contains standard pre-processing manipulations including smoothing,
scaling and normalization, baseline correction, cutting to a spectral region of
interest and calculation of derivative spectra. Pre-processing of spectral grids may
also be performed to remove poor quality spectra based on such factors as SNR and
sample thickness to eliminate spectra which may be influenced by variations in the
thickness of the sample or unevenness to the sample. Cytospec also allows for

more specialized univariate and multivariate approaches.

Univariate methods include pseudo-colour mapping of 3-dimensional
spectral imaging data sets through statistical methods and utilizing the entire
spectra information. This allows the user to manually select spectral regions of
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interest which can then be integrated with the multivariate analysis approaches.
These create spectral correlations and maps again using the entire spectra
information. Multivariate methods include principal component analysis, k-means
clustering and unsupervised Hierarchical Cluster Analysis, which will be outlined in

section 1.2.8.3.

The infrared analysis undertaken and reported in this thesis was performed
using both OPUS, as the spectra collected were taken on Bruker instruments and
Cytospec, particularly the use of the UHCA method because it is the optimum

program for spectral image analysis.

1.2.8.3. Unsupervised hierarchical cluster analysis
IR data generated from FTIRM can be analysed using a variety of techniques.
Unsupervised Hierarchical Cluster Analysis (UHCA) is a multivariate approach that

(134)

was applied for spectral image analysis in 2000'""". It is a technique that can be

applied to analysing a data set collected by FTIRM and has been well described in

literature 134130

. UHCA is commonly used to assign a set of subset spectra into
specific groups based on similarity. These groups of similar spectra can then be
used to generate pseudo colour images. Researchers commonly use UHCA as a
means of discriminating differences in the spectra of composite tissues, providing

an objective means for determining variations in the tissue without any prior

knowledge of changes that may be occurring.
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Using UHCA, a matrix is calculated that expresses the similarity, or
“distance”, between each spectrum and all other spectra within the data set. For

two spectra S and R in the spectral hypercube, this distance is defined as the

correlation coefficient Csz according to the following equation!**.

Z:S,- ~SYRi -R)
f_

: ZIS!-—ff Z{R,-—Ef

The spectra denoted by S and R are represented by 1-dimensional vectors of

C, [i=1--M]

M absorption values, and S and F are the mean values for each vector. The
resulting Csg matrix, also known as the correlation matrix, contains N? entries,
where N is the total number of spectra within the data set. Since the matrix is
symmetric, only N(N - 1)/2 spectral distance elements Csz need to be computed.
Therefore, the two most similar spectra in the hypercube are merged into a
“cluster”, and a new distance matrix column is calculated for each new cluster and
all existing spectra. The process of merging spectra or clusters into new clusters
continues, and the Cs is recalculated until all spectra have been combined into a
user defined number of clusters. Pseudo-colour maps based on cluster analysis are
created by assigning a colour to each spectral cluster, and displaying this colour at
the coordinates at which each spectrum was collected. The mean spectra may then
be extracted corresponding to each of the clusters and used for interpretation of
the chemical or biochemical differences between clusters and related to the
pathology of the tissue. A schematic representation of the algorithm and the false

colour map generated from the spectra data is shown in figure 1.20.
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Figure 1.20. Schematic representation of the algorithm used to perform UHCA. The top is a
4-dimensional representation of raw data where the dimensions for each pixel point are
pixel coordinates X and Y, the wavenumber and intensity axis. The bottom is a false colour

map of the same spectral data (Figure from Diem et al., 2000"3*).

(134, 137)

The use of UHCA is well illustrated by a study of liver fibrosis . One of

these studies!™”

applied UHCA to analyse levels of both type | collagen and
glycogen in liver biopsies. In this study serial sections of a liver biopsy were
collected where one section was stained with Masson’s trichrome, a stain which is
designed to distinguish cells from connective tissue, in which type | collagen stains
blue and liver cells stain pink. The second section was used for FTIRM and analysed
using Cytospec to derive a chemical map based on the region of the collagen triplet,
1203, 1234 and 1280 cm™. UHCA was then applied to the spectral region of the
collagen triplet which was clearly able to distinguish between the liver cells and the
type | collagen in the liver biopsy. Figure 1.21 outlines the results of this study
coupling FTIRM and UHCA to further understand the chemical changes that occur in

a liver biopsy to coincide with the histological staining.
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0 D ) 3
Histology Chemical map UHCA

Figure 1.21. A. Masson’s trichrome stained section of a liver biopsy. The pink area denotes
the liver cells and the fibrous tissue, which contains type | collagen is shown in blue. B.
chemical map of based on the collagen triplet region, 1203, 1234 and 1280 cm™ of the
infrared spectrum. The shading in this image indicates the strength of the signal, where red
indicates a high concentration and blue indicates an area of low concentration of signal
within the collagen triplet region of the spectrum. C. cluster analysis based on the collagen
triplet, 1203, 1234 and 1280 cm™ which has distinguished between the liver cells
(brown/orange) and the fibrous tissue, type | collagen (green) in the liver biopsy (Adapted

from Crombie et al,, 2005'*7).

1.2.9. Applications of Fourier Transform Infrared Microspectroscopy
The ability of IR spectroscopy to distinguish between different tissue types and

between healthy and diseased states has enabled IR spectroscopy to be applied in

(134)

studies of pathology and cytology'"". FTRIM has been particularly useful in the

study of cancer. For example, FTIRM has been used to examine cancerous and pre-

(136, 138, 139) 6)

cancerous changes in cervical cancer . In one of these studies'*® , cervical
biopsies were examined by UHCA and the results were compared with histological
changes detected by light microscopy. Particular clusters in areas of the biopsies
were identified by light microscopy in which there were chemical changes detected
within the amide | and amide Il region, glycogen, carbohydrates and the

phosphodiester bands of nucleic acids that corresponded to histological cancerous
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changes and these chemical changes extended beyond the region of histology,
indicating the appearance of pre-cancerous changes. Specifically, spectra from
areas of a cervical intraepithelial neoplasia classed as CIN 1I/CIN 1l showed unique
features including pronounced symmetric and asymmetric phosphate bands at
1078 and 1240 cm™ and a significant reduction in the intensity of glycogen bands
and a small amide I/1l band ratio. By using UHCA this study was able to
demonstrate subtle differences within the amide I/l region which correlated well
with leukocyte proliferation which is otherwise difficult to observe using standard
spectra. Figure 1.22 shows the tissue section, a UHCA map of the corresponding
section and a 2" derivative spectrum from selected areas of the UHCA map,
showing these changes to the amide I/Il region and the reduced glycogen bands

illustrating the capacity of UHCA to detect pre-cancerous changes.

1500 1200
Wavenumber (cm™)

-
- F
Figure 1.22. A. Haemotoxylin and Eosin stained section of glandular epithelium from a
patient diagnosed with high grade squamous intraepithelial lesions. The dark stained areas
are associated with cervical intraepithelial neoplasia classed as CIN II/CIN IIl. B. A 9 cluster
map constructed using 2™ derivative spectra within the spectral region (1800-800 cm™). C.
Individual 2™ derivative spectra of the UHCA is B. The blue trace is selected from the

circled regions of B. and the red trace is from the red area of the diseased state. (Figure

from Wood et al., 2004
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FTIRM has more recently been applied to the examination of chemical
changes in cartilage!*" 7% 1> 149192 " The first application of FTIRM to examine
cartilage and its components as an entity was in 200172, In this study, FTIRM was
used to examine normal bovine cartilage and identify the molecular components
that contribute to the cartilage IR spectrum. Spectra of mixture of compounds
which contained the main components of the cartilage matrix, Cll and aggrecan
were also analysed to identify any spectra markers could be potentially used for
quantitative analysis of the components within the complete cartilage. This study
provides information of the band assignments of the components of cartilage,
which are outlined in Table 4. Specifically, that the main bands of collagen arise
from the peptide bond vibrations of the Amide |, Il and Ill and the spectrum of
aggrecan exhibits spectral features which arise from the sulphate, sugar and protein
entities’?. The identification of specific bands arising from the components of
cartilage illustrates the potential for the use of FTIRM as a valuable tool in
understanding bone and cartilage damage that occurs in the joints particularly in

such diseases as RA*3? and osteoarthritis!”> 141143

(144)

. joint injuries** and

osteoporosis

This information has lead the way for more recent IR studies applied in our
laboratory to the investigation of the chemical changes to the major components of
the cartilage matrix, Cll and proteoglycans in the presence of monoclonal

antibodies to ClI"*Y these changes are detailed in section 1.8.

1.2.10. Applications of synchrotron radiation

Whilst it is still an emerging technique, SR has been used successfully to examine a
range of biological samples and more recently for live cell imaging<145’. The
synchrotron IR source has been successfully utilized to map the distribution of

functional groups including proteins, lipids and nucleic acids from inside a single

,(145)

living cell, for example Micrasterias hardyi*~"’ with a spatial resolution of a few

(146) (147-152)

microns'~ . Synchrotron IR has been used most frequently to examine bone
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(149)

chondrocytes'™, cancer cells, all of which together encompass investigations into

clinical pathology of Osteoarthritis, Osteoporosis, Cancer, Alzheimer’s disease and

(86.152) " sty dies have shown, that a SR infrared source at high current,

heart disease
coupled to an FTIR microscope provides information on cellular organic contents
that is not accessible from spectra that are collected using a standard Globar
source. One such study demonstrated a band that was due to absorption by fatty
acyl chains in a human glioma cell line that was not demonstrable with a Globar

sou rce(153).

One of the limitations to the examination of living cells has been the
challenge of positioning them within the IR beam to gain a clear signal. Various
techniques and experimental cells are being developed for this. Thus, in 2005 a

(145) "which consisted of two

flow cell was developed at the SR source in Daresbury
separate windows, one made from CaF, and the other from ZnSe. This flow cell
allowed medium to be supplied continuously using Micrasterias hardyi cells which
are up to 300 um in diameter but less than 12um thick. In 2009 another flow cell
was developed, using as a model and using diamond windows which are water
insoluble, non-toxic, transparent and colourless in the visible and mid IR range,

exhibiting a low dispersion in the mid IR region and tested using Micrasterias sp.(gg).

Each of these experiments conducted using a SR source clearly demonstrate
the superior advantage of the SR-IR source for FTIR imaging at high sensitivity and
spatial resolution compared to that of conventional FTIRM. Specifically, the spatial
resolution of SR-IR, down to ca. 3um vs. ca. 10um using FTIRM systems allows users

to gain important spectral information at the cellular level.
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1.3. The role of autoantibodies to collagen in the development of arthritis
Human RA is a chronic inflammatory destructive disease of the joints, in which
there is an inflammatory outgrowth of the synovial membrane over the cartilage
surface (pannus) with accompanying cartilage destruction and loss'? (Figure 1.23).
RA is an autoimmune disease, and various autoantibodies can be detected in the
serum and synovial fluid of patients. In particular, related to the present thesis,
antibodies to Cll have been described in serum and synovial fluid of patients with

RAW 34 1970, Steffen proposed that an autoimmune response to collagen was

(156) (157) (158)

a cause of RA™® Rats!™®® | mice™® and primates™® immunized with Cll in

complete or incomplete Freund’s adjuvant all produce a strong antibody response
to Cll, and develop an inflammatory arthritis termed CIA that shares clinical and

histological features with human RA),

Normal Rheumatoid
Arthritis

I UV J
J| inflamed synovial
membrane

synovial
membrane

'/ i3

types:
T lymphocytes
macrophages

| plasma cells
endothelium |
dendritic cells|

synovial fuid |

major cell
type:
neutrophil

Figure 1.23. Comparison of a normal joint versus an RA afflicted joint. In the RA afflicted
joint (right), the acellular synovial fluid is invaded by immune cells, and a destructive
pannus migrates into and over the cartilage, where there is an infiltration of T lymphocytes

and macrophages into the joint (Figure from Feldmann, et al., 1996').
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1.4. Collagen Induced Arthritis

ClA is the most widely studied model of human RA. CIA is an inflammatory joint
disease, characterized by synovial hyperplasia, mononuclear cell infiltration into the
synovium and the development of pannus and cartilage and bone destruction

t157:169) gimilar to those seen in human RA. Both T and B cell

within the join
immunity to Cll are required for disease development, and disease development is
restricted by Major Histocompatibility Complex (MHC) genes, and only certain
strains of mice develop the disease!’®" %2 The details of the pathogenesis and
induction CIA have been extensively reviewed**3%®) and will not be covered in

detail in this thesis.

Following immunization of mice, the preferred model, with heterologous ClI,
the course of CIA is characterized by a severe, acute phase with no further
occurrences™®”). The first signs of inflammation in the paws may occur at day 9
post immunization, however in the most commonly used mouse strain (DBA/1 Lac
J), onset of inflammation typically occurs between 14 and 21 days post
immunization(168), the time at which the animals are developing high titres of
antibodies to Cll. The initial inflammation typically occurs in one or more digits on
the paws of the mice, progressing rapidly over several days, often progressing to

(168)

ankle or wrist joints'™'. Within a week of maximal swelling occurring in affected

paws the inflammation gradually subsides*®®),

Although the arthritis induced with heterologous Cll is usually monophasic,
immunization with homologous Cll produces an arthritis with a course that is
similar to that which occurs in human RA with regular acute inflammatory flare ups
including progression of the disease into both affected and previously unaffected
joints™®**%”) The reason for the differences observed in arthritis induced by
heterologous Cll as opposed to homologous Cll is unclear, but arthritis induced
using homologous Cll closely resembles human RA not only in the similarity of the
clinical presentation in affected joints, but also in regard to the appearance of true
autoantibodies to Cll, as mice immunized with murine Cll develop antibodies to
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murine Cll, whereas in mice immunized with heterologous Cll, most anti-Cll

population may react only with the immunizing Cll, and not with murine Cll *¢7),

Furthermore, susceptibility of mice and rats to develop CIA has been linked
to the class Il molecules of the major histocompatibility complex (MHC) and the
immune response to Cll is characterized by the production of high levels of
circulating antibody specific for both heterologous Cll (immunogen) and mouse ClI
(autoantigen) and the stimulation of collagen specific T-cells™®). The development
of arthritis following immunization with either heterologous or homologous Cll is

restricted to mouse strains with H-29, H-29 related or H-2" haplotype strain*®®.

Both T and B cells are involved in the pathogenesis of CIA. However the
antibody-response is T-cell dependent, as the primary B cell response is only
present in H-2° strains such as DBA/1, SWR and B10G and not in the H-2° B10P
strain, indicating that the B-cell response depends on the activation of MHC-
restricted T cells“®). Although T cells are essential for the development of CIA, the
disease is not completely mediated by T cells and both B and T cells are required in
CIA autoimmunity™®®. There is also a close association between the development
of both B and T-cells with the onset of polysynovitis seen macroscopically(leg). TheT
cell mediated activation of macrophages and fibroblasts within the joints may be

important leading to cartilage destruction in the joints.

B cells are also directly involved in the development of arthritis.
Immunization of CIA response DBA/1 mice with rat Cll induces the activation of high
numbers of autoantibody-producing B cells as early as 9-11 days post
immunization, where approximately 20% of all antibody-producing B cells in the
lymph node of the DBA/1 mice produce anti-Cll reactive antibodies 9 days post
immunization*®”. The majority of antibody producing B-cells, which are ClI
reactive, produce IgG reactive with epitopes common to Cll and the anti-Cll reactive
(164)

B cells produce antibodies encoded from several different V4 and V|, genes

Furthermore, the very strong B-cell response to autologous Cll in draining lymph
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nodes 9-11 days post immunization with heterologous ClI, suggests that the anti-CllI

B cells have been primed prior to the in vivo immunization of cines,

The B cell response observed in CIA is targeted towards a series of epitopes
on triple helical Cll which are also conserved and recognized in RA 170172) T
antibody response to Cll is dependent on the triple-helical structure of Cll, as
denatured Cll is non-arthritogenic and induces a weak antibody response'’’?. The
major epitopes on triple helical Cll have been identified within peptides derived
from cyanogen bromide (CB) cleavage of the triple helix and include C1, J1, Ul
which share a common arginine-glycine-hydrophobic amino acid motif(® 172 174, 175)
The major immunodominant epitope is C1 and is located within CB11, a region
which also contains a major T cell epitope(m’ 174,176.177) " A more detailed

description of the major epitopes and monoclonal antibodies to Cll will be

discussed in section 1.6.

Studies on autoimmunity to Cll in CIA have been important in developing an
understanding of the aetiology and pathogenic mechanism of RA®) and for testing

new therapies(leo)

. However the process of the development of arthritis following
injection of Cll involves both inductive processes involved in the development of an
immune response to Cll, and effector processes that lead to the development of the
arthritis, particularly the role of antibodies to Cll in the development of arthritis.
The role of antibodies can be studied in more detail in collagen antibody-induced

arthritis (CAIA).

1.5. Collagen Antibody-Induced Arthritis
Certain mAbs to Cll, produced from mice with CIA, can on passive transfer, induce

arthritis in naive mice (10

and this model is termed CAIA. CAIA may be
transferred to naive mice using either serum from arthritic mice with either a single
Cll-specific mAb or a combination of Cll-specific mAbs® 126179 " A similar arthritis
has also been induced in mice by using antibodies to Cll from patients with RAE0)
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The particular advantage of studying CAIA as opposed to CIA is that there is no
requirement for T helper cells in the induction of the disease. The disease
resembles human RA including bone erosions, influx of neutrophils and deposition
of IgG and complement components on articular cartilage'*®”. The transfer of a

combination of mAbs to Cll induces a severe arthritis with a rapid onset which

damages the architecture of cartilage and bone, which is shown in Figure 1.24%%.

Figure 1.24. CAIA induced in naive mice. A. representative image of macroscopic arthritis
on day 10 following transfer of two mAbs to Cll, showing inflammation in an arthritic paw
on the left and a normal paw on the right. B. Histology of CAIA on day 17 following
antibody transfer illustrating an infiltration of inflammatory cells and cartilage damage (red
arrows). C. Histology of a normal paw showing an even cartilage surface and no
inflammatory cells. Both B and C are haematoxylin and Eosin stained sections with original
maghnification of x20 and the scale bar represents 40 pm. (Figure from Nandakumar et al.,

2010"8Y),
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Although CAIA shares several characteristics with CIA, CAIA has a much
more rapid onset (24-48 hours) where the use of lipopolysaccharide (LPS) enhances
the incidence and severity of the CAIA which usually subsides completely after a
month®. The increase in severity and incidence of CAIA in the presence of LPS may
occur by decreasing the threshold required for induction of arthritis and bypassing
epitope specificity, increasing pro-inflammatory mediators, and activation of
complement components via the toll like receptor 4 signalling(s). It is also possible
to induce relapsing arthritis in mice that have previously developed chronic CIA,
using single mAbs to CII'*®?. This highlights the role of antibodies in relapses during

the chronic phase of arthritis®.

A detailed study of factors affecting the development of CAIA was carried
out by Nandakumar and colleagues in different strains of mice (®), They showed
that CAIA may be initiated using mAb in most mouse strains, including strains in
which CIA could not be induced by direct injection. Susceptibility of mice to CAIA is
independent of MHC and severe combined immunodeficient (SCID) mice®®. CAIA

allows the inflammatory phase of arthritis to be studied.

The contribution of Cll antibodies to CAIA is initiated by the direct binding of
the antibodies to Cll and involves immune complex formation, complement
deposition and activation and binding of Fc receptors (FcRs)(S). Both Fcy receptor
and complement are critical for induction of disease and interleukin-1 (IL-1) and
tumour necrosis factor (TNF)-a are critical mediators in the inflammatory process of

arthritis®

. Neutralization of these effector cytokines (TNF-a and IL-1) have been
used successfully in treatment of RA™> %8 complement activation and FcyR
engagement are required for the onset of the clinical disease®™ and an absence of
activating Fcy receptors makes mice resistant to CAIA, whereas a deficiency in the

inhibitory FcyRIlb exacerbates the antibody induced disease 18> 18¢)

. Neutrophils
macrophages and mast cells are all classed as effector cells of the innate immune

system, which induce inflammation, cause cartilage damage and perpetuate the
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ongoing immune responses by secreting cytokines and proteases in the disease

course of CAIA®,

1.6. Epitope specificity of autoantibodies to Cll in CAIA

The major arthritogenic B cell epitopes on Cll have been identified and mapped to
specific cyanogens bromide (CB) fragments. These include the C1 epitope (aa 359-
369) of the CB11 fragment with the epitope sequence ARGLT, J1 (aa 551-564) of the
CB10 fragment with the epitope sequence GERGAAGIAGPK, U1 (aa 494-504) of the
CB8 fragment with the epitope sequence GLVGPRGERGF, D3 (aa 687-698) of the
CB10 fragment with the epitope sequence RGAQGPPGATGF*®”) and the F4 epitope
(aa 926-936) of the CBI fragment with the epitope sequence RGLKGHRGFT*7% 172
174187 The C1 epitope is recognized by the mAb CIICI, UL1 recognizes the Ul
epitope, CIIC2 recognizes the D3 epitope and CIIF4 recognizes the F4 epitope.
M2139, CIICI, CIIC2 and UL1 are designated arthritogenic mAbs to Cll, whereas CIIF4

is termed a non-arthritogenic anti-Cll mAb as it fails to induce arthritis on passive

transfer to mice. The binding sites of the epitopes of the mAbs described is shown

in Figure 1.25.
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Fig 1.25. Identification of CB peptides of Cll, showing the location of the methionine
residues (vertical bars) in both human and bovine Cll and the resultant CB peptides
(numbered) derived by methionine cleavage. The epitopes of the mAbs described are

indicated on each of the human and bovine collagen molecules.
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The U1 epitope has been found to co-localise with an al/B1 integrin binding site
and is recognized by high antibody titres in serum from patients with a late-stage
chronic arthritis*’> %8, The J1 epitope is within the region on Cll which is involved
in the binding between type IX collagen (CIX) and ClI™7. The C1 epitope which is
close to the binding site of chondroadherin is the major epitope in the immune
response to Cll and dominates the response to CIA in mice and rats®® *”). The lysine
residue at amino acid position 930 on the CIl molecule is in close proximity to the
F4 epitope (932-963) which is one of the two hydroxylysines in Cll triple helices

(174, 189)

which is involved in intermolecular cross-linking . It could, therefore be

postulated that the mAb CIIF4 does not react with non-cross linked protein but it
has been shown previously to bind in vivo*°.

A combination of the arthritogenic mAbs M2139 and CIICI has been shown
to induce a clinically severe arthritis in mice in vivo'® ¥ %192 Byrkhardt and

(170) investigated the effects that combinations of mAbs have on the

colleagues
development of experimental CIA, and found that with the combination of M2139
and CIICI, there was an increase in the severity of arthritis. However when CIIF4
was added to this cocktail, inhibition of mAb-induced arthritis was observed,
suggesting that CIIF4 may elicit a protective role in CIA. A depiction of the effects of
the combination of the two arthritogenic mAbs and the addition of the non-
arthritogenic mAb ClIF4 is shown in Figure 1.26. This “protective “effect of CIIF4
may be due to the fact that the binding region of CIIF4 to the Cll molecule is shared
with the stromelysin; a metalloproteinase, and in binding to the stromelysin binding
site, the antibody may subsequently inhibit the binding and degradative activity of
this metalloproteinase(m). These studies illustrate an important aspect in the
pathogenesis of RA whereby it is possible, that the binding of the monoclonal
antibodies may block important interactions between chondrocytes and Cll, as well
as other ECM components, thereby inducing changes in the regulation of cartilage

turnover and initiating a destructive autoimmune response.
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Fig 1.26. Effects of combinations of mAbs in mice with CAIA. A. A paw from a control
mouse injected with phosphate-buffered saline (left) compared with a paw from a mouse
which has been injected with the arthritogenic mAbs M2139 and CIIC1 (right) which has
become red and inflamed compared with the normal. B Chart illustrating the increasing
severity of arthritis represented as area under the arthritis curve (AUC) with M2139 and
ClIC1 whereas the addition of the non-arthritogenic mAb CIIF4 appears to have a protective

effect, decreasing arthritis severity (Figure from Burkhardt et al., 2002"77).
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1.7. A comparison of human RA and CAIA

As noted there are important similarities between RA and CIA and CAIA, and ClI-
specific autoimmunity has been suggested as a possible initiator in the
pathogenesis of RA™®). As in CIA, there is a strong Class || MHC association in
human RA, particularly with alleles of the Human Leukocyte Antigen (HLA) DRa,
Moreover Cll autoantibodies and Cll-specific T cells and immune complexes are

detectable in RA.

Evidence for autoantibodies to Cll in RA is of particular note. Serum
antibodies to Cll are present in up to 70% of cases of early RA>%®) however there
is a decline in the frequency and level of these anti-Cll antibodies in patients with
erosive disease(l), possibly due to the sequestering of the anti-Cll antibodies within
immune complexes that are deposited on the cartilage surface which becomes
progressively more eroded as the disease progresses, exposing more Cll for further
attack™?. The presence of anti-Cll antibodies may precede the appearance of

rheumatoid factor or radiological changes(194' 156),

Importantly, antibodies of the same specificity to the same conformational
epitopes of Cll, which are recognized by autoantibodies in rodents are also
identified in synovium, sera and cartilage of patients with RA(170,188,197)
Interestingly, whereas antibodies to the C1, J1 and U1 epitopes are positively
associated with the development of RA antibodies to the F4 epitope, which protect
against the development of CAIA following passive injection of other arthritogenic
mAbs, occur more frequently in osteoarthritis than in RA, and are negatively

associated with RA?),
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1.8. Invitro studies on the effects of mAbs to ClI

There is widespread acceptance that the pathogenic effects of antibodies to Cll are
non-specific, and primarily related to the binding of immune complexes,
complement activation, and cellular activation leading to inflammation, and that
cartilage damage results from the degradative effects of enzymes produced by

inflammatory cells!*8V

. However it is notable that various arthritogenic mAbs react
with particular regions of the collagen fibril that may be involved in molecular
interactions important for functional stability of the cartilage. Moreover the
observation that not all mAbs to Cll are arthritogenic, and that one, CIIF4, is non-
arthritogenic although it is of similar affinity, and similar 1gG subclass toCIIC1 that is
arthritogenic, raised the possibility that some antibodies to Cll could damage
cartilage directly. To test this hypothesis, the mAbs to Cll shown in Table 5 have
also been tested for their effects on newly synthesised cartilage by chondrocytes in

vitro. Moreover the arthritogenic mAbs caused inhibition of collagen fibrillogenesis

in vitrom.

Studies using anti-Cll mAbs on synthesis of matrix in vitro have shown that
various of the above mentioned mAbs, used individually in high density cultures of
bovine chondrocytes are pathogenic to chondrocytes, causing impaired cartilage
formation, and disorganisation of Cll fibrils in the ECM in the absence of
inflammatory mediators® %) The effects of the mAbs differed according to the
specificity of the mAb. Thus, the addition of the arthritogenic mAb CIICI to
chondrocyte cultures caused impaired matrix synthesis, with thin and uneven

collagen fibrils, detectable by electron microscopy (Figure 1.27)(8)

but little change
in chondrocyte morphology. By contrast, in similar experiments mAb M2139 caused
major morphological changes to the chondrocytes, and the collagen fibrils were
thickened (Fig 1.27). By contrast mAb CIIF4 had no apparent effect on chondrocyte

morphology or matrix synthesis.

These anti-Cll mAbs also have destructive effects on pre-formed cartilage,
also in the absence of any inflammatory mediators, causing loss of proteoglycans
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from the cartilage surface where the mAb directly penetrates and a progressive
denaturation and loss of Cll from the surface™”. Studies investigating the effects of
two of the arthritogenic mAbs, CIICl and M2139 and the non-arthritogenic mAbs
ClIF4 on cartilage explants. They showed that each of the mAbs penetrated the
cartilage matrix to varying degrees during culture and remained bound to the
tissue, shown by immunofluorescence (Figure 1.28). Light microscopy and toluidine
blue staining (Figure 1.29) revealed that in the presence of the non-arthritogenic
mAb CIIF4, the cartilage remained healthy for up to 21 days, however the two
arthritogenic mAbs, caused profound changes in the structure of the cartilage
progressively over increasing time in culture. Specifically, M2139 caused loss of
toluidine blue staining from the surface of the cartilage representing loss of
proteoglycans and the development of a layer of cells on the surface of the explant
after 14 days in culture™. A summary of the effects of mAbs to Cll particularly in
vitro and specific details regarding the background on each of the antibodies is

outlined in Table 5.
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Figure 1.27. Electron micrographs of chondrocytes and ECM in either control cultures (A,

D), those cultured with the arthritogenic mAb CIIC1 (B, E) or the arthritogenic mAb M2139
(C, F). The chondrocytes have a rounded appearance and the perichondrocyte matrix is
even and regular in control cultures (A), however with the addition of CIIC1 (B) the
perichondrocyte matrix is uneven and sparse (sp) with prominent areas of amorphous
material. The addition of M2139 caused chondrocytes to become pleomorphic (C). (D)
shows uniform collagen fibrils with ordered proteoglycans (black arrows) and (E)
disordered collagen fibrils of variable thickness shown by the white arrows and unevenly
distributed proteoglycans appearing as black dots. (F) shows a disordered network of thick
fibrils between chondrocytes and the inset shows complete disorganisation of the matrix
which was seen at the top and bottom surfaces. (Figure adapted from Amirahmadi et al.,

2004, 2005 %)
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Figure 1.28. Immunofluorescence illustrating penetration of the mAbs CIIF4, CIIC1 and

M2139. The green areas of fluorescence indicate antibody binding (Figure from Crombie et

al., 2005™).

Figure 1.29. Toluidine blue stained sections of cartilage cultured with CIIF4 (A) remains
healthy and displays an evenly stained cartilage matrix with typical rounded chondrocytes
even after 21 days in culture. Cartilage incubated with M2139 for 7 days (B) shows
abnormal matrix morphology and a loss of proteoglycans indicated by the loss in toluidine
blue staining at the cartilage surface and (C) cartilage cultured for 14 days with M2139
shows the development of a cellular layer at the cartilage surface and hypertrophic

chondrocytes indicated by the arrow. (Figure from Crombie et al., 2005"").
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Table 5. Effects of mAbs to Cll both in vivo and in vitro (Table adapted from Amirahmadi et
al,, 2005 and Rowley et al., 2008 **".

Properties mAb

I1gG subclass 1gG2a 1gG2b 1gG2b lgG2a

Amino acids 359-363 551-564 494-504 926-936

Binds cartilage  Yes Yes Yes Yes
in vivo

Antibodies Yes, RA>OA* Yes RA Yes, severe RA  Yes, OA>RA
present in
human RA

Chondrocyte Normal Pleomorphic Vacuolated Normal
morphology

Matrix Increased Normal Normal Normal
synthesis

Proteoglycan Yes Yes Yes No
loss at cartilage
surface

Collagen loss Yes Yes Yes No

* OA is Osteoarthritis
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Previously published results on the effects of mAbs to Cll on cartilage in vitro
clearly demonstrate that these anti-Cll mAbs may be important in initiating the
pathogenic events that occur in CAIA. Moreover, as antibodies of similar epitope
specificity also occur in human RA, they may also play a role in the human disease.
The studies highlight the requirement for further analysis into the effects of these
mAbs and the possible mechanisms of both degradation caused by the

arthritogenic mAbs and the protective effect of the mAb CIIF4.
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AIMS OF PhD

Cll is the major protein in cartilage. CIA, induced in animals immunised with ClI, is
an experimental model of human RA. The autoimmune response that develops in
CIA induces the formation of antibodies to Cll that provoke an acute destructive
arthritis on transfer to naive mice (CAIA). Although CAIA can be transferred by
some single mAbs and by combinations of mAbs to ClI, not all are arthritogenic and

arthritogenicity appears to be epitope related.

The epitope specificity of arthritogenic mAbs has been mapped to regions of
the Cll molecule that are involved in structural interactions important to maintain

(6,169,171,172) " gaveral of these arthritogenic mAbs have been

cartilage stability
shown to affect collagen fibril formation, chondrocyte morphology and the
synthesis of new cartilage matrix in vitro!”), Preliminary data has also indicated

that some individual mAbs also caused damage to pre-existing cartilage in vitro**.

The aim of the present study was to use FTIRM and standard histological
techniques to examine the direct effects of combinations of mAbs to Cll on pre-
existing cartilage in the absence of inflammation in vitro in bovine cartilage
explant cultures, and in vivo in mice injected with arthritogenic combinations of

mAbs that had not developed inflammation.

To test the effects of combinations of mAbs to Cll on pre-existing cartilage in
vitro the morphology and chemical nature of the cartilage was examined in the

following experiments:

1. A standard combination of two mAbs M2139 and CIIC1 that are used to
induce CAIA in vivo was examined for their effects on bovine cartilage

explants.
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2. The effect of the addition of the non-arthritogenic mAb CIIF4 to this
combination of arthritogenic mAbs was tested, noting that in vivo CIIF4
decreases the incidence and severity of CAIA induced by M2139 and CIIC1.

3. The arthritogenic and/or the protective effects of the mAbs mediated by the
mAbs alone or by cellular mechanisms were determined by performing
experiments on cartilage containing viable or non-viable chondrocytes.

4. The role of MMPs in mAb mediated cartilage damage and protection was
examined by the addition of the MMP inhibitor GM6001 to cultures

containing the arthritogenic mAbs.

To test the effects of combinations of mAbs to Cll on pre-existing cartilage in
vivo the morphology and chemical nature of the cartilage was examined. Two
different strains of mice were used, B10.Q mice that usually develop CAIA only after
an additional injection of lipopolysaccharide and B10.Q C56 mice that lack
complement factor C5 and do not develop CAIA. Mice were injected with the
standard mixture of two mAbs, CIIC1 and M2139 or a more arthritogenic
combination of four mAbs, M2139, CIIC1, UL-1 and CIIC2 and 3 days after injection,
paws were compared using extensive histological examination and FTIRM to

examine the chemical nature of changes to the cartilage.

81



CHAPTER TWO

THE EFFECTS OF MONOCLONAL ANTIBODIES TO
CII ON CARTILAGE IN VITRO



Preface to Chapter 2

2.1. Preface

This chapter describes work performed to determine whether the antibodies to ClI
that can be used to transfer CAIA in mice can directly damage cartilage in vitro.
Bovine cartilage explants were cultured for periods of up to 2 weeks in the
presence of mAbs, and morphological changes which were identified by histology
were correlated with chemical changes observed by FTIRM using a Stingray Digilab
FTS 7000 series spectrophotometer coupled to a UMA 600 microscope equipped

with a 64 X 64 focal plane array detector.

Three particular mAbs were tested, M2139, CIIC1 and the non-arthritogenic
mAb CIIF4. These mAbs each react with three different, well-defined

conformational epitopes on the ClI molecule1® 170-172,185)

, Which are depicted in
figure 1.25 and all react strongly with bovine Cll by ELISA™). These mAbs have
been tested in vivo for their ability to induce arthritis. M2139 and CIIC1 are weakly
arthritogenic alone, although arthritogenicity is enhanced by the injection of LPS
after transfer of the mAb'® *). However the mAbs caused a more severe arthritis
in combination and the mixture of M2139 and CIIC1 have been used in several

studies to induce CAIA in naive mice in vivo'® 18+ 187189

. By contrast, the mAb CIIF4
does not induce arthritis in mice in vivo, and the addition of ClIF4 to the mixture of
M2139 and CIIC1 has been shown to reduce and even prevent the development of

CAIA1%8),

The three mAbs have been tested for their effects on the synthesis of new
matrix in high density bovine chondrocyte cultures in vitro and they each have
varying effects. The arthritogenic mAb M2139 caused major morphological
changes to the chondrocytes and uneven matrix formation with thickened collagen
fibrils®®. CIIC1 caused decreased matrix synthesis, with thin and uneven collagen
fibrils but had no effect on chondrocyte morphology(s' 9 The non-arthritogenic

mAb CIIF4 had no apparent effect on chondrocyte cultures®®). The two
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arthritogenic mAbs M2139 and CIIC1 but not CIIF4 have also been shown to inhibit

collagen fibrillogenesis in vitro"”),

The effects of the arthritogenic mAbs M2139 and CIIC1 on pre-existing
cartilage explants in vitro have also been tested™. Unlike chondrocyte cultures
where the mAbs are present throughout the culture before the production of new
cartilage matrix, in cartilage explant cultures the mAbs penetrate the cartilage

(195 and it is necessary to distinguish changes in the immediate area of mAb

poorly
penetration from changes beyond the region of penetration. In this study, FTIRM
was established as a suitable technique for examination of cartilage, particularly for
identification of changes to the cartilage in the areas of direct mAb penetration.
FTIRM for examination of cartilage was validated using purified cartilage
components and results from the exterior of the cartilage based on mAb

penetration and proteoglycan loss measured by toluidine blue were compared with

the FTIRM spectra from the interior of the cartilage where mAb did not penetrate.

The specific effects of the mAbs were examined using FTIRM to identify
chemical changes to the major components of the cartilage matrix, Cll and
proteoglycans. Both of the arthritogenic mAbs caused loss of proteoglycans
particularly at the cartilage surface where direct mAb penetration occurred. In
cultures containing M2139, an abnormal layer of chondrocytes with an increased
proportion of empty chondrons developed on the cartilage surface. FTIRM showed
denaturation and loss of Cll at the cartilage surface in the presence of either M2139
or ClIC1. The non-arthritogenic mAb CIIF4 had no effect™). Notably, the use of
FTIRM also identified that the mAb-mediated damaging effects on cartilage matrix
were increased with f(ab), mAbs alone, causing deeper mAb penetration, loss of ClI
and complete loss of proteoglycans, excluding the possibility that the mAb-

mediated cartilage damage is due to Fc binding.

In this chapter | describe work carried out to further explore the nature of

the effects. Specifically, | examined the effects of combinations of the two
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arthritogenic mAbs to Cll, M2139 and CIIC1 on pre-existing cartilage in vitro
compared with normal cartilage held in culture. This combination of mAbs has
been used in passive transfer experiments to understand the factors affecting the
effector phase of the immune response to Cll leading to the development of
arthritis. The experiments described above using single mAbs were performed at a
concentration of 50 pg/ml. My preliminary experiments (refer to appendix)
indicated that in the range of 25 pg/ml to 100 pg/ml, increasing concentrations of
the mAbs caused an increase in cartilage damage. In this study, 25 pug/ml of each of
the arthritogenic mAbs M2139 and CIIC1 were chosen to give a final concentration
of 50 ug/ml corresponding to the 50 pug/ml of a single mAb used in previous

experiments.

Furthermore, the effect of the non-arthritogenic mAb CIIF4 individually and
in combination with the two arthritogenic mAbs was examined on pre-existing
cartilage in vitro. The effect of ClIF4 in culture alone was compared with normal
cartilage to first confirm that this mAb did not cause damage alone. The effect of
the combination of M2139 and CIIC1 was then compared with the effect of M2139,
ClIC1 and ClIF4 in cartilage explants. Cartilage changes observed in the presence of
the two arthritogenic mAbs with and without the addition of ClIF4 were then
compared in both cartilage containing living chondrocytes and cartilage which had
been freeze-thawed to kill the chondrocytes, to ascertain whether the mAbs are
able to have a direct effect on cartilage damage or whether the damage is mediated
by living chondrocytes. Furthermore, the role of MMPs both latent in the cartilage
matrix and produced by chondrocytes in mAb mediated cartilage damage was
investigated to identify whether inhibition of MMPs using a broad spectrum MMP
inhibitor GM6001 protects the cartilage against mAb mediated damage and

whether this inhibition mimics the protective effect of CIIF4.

The mAbs were provided by Prof. Rikard Holmdahl and A/Prof. Kutty Selva
Nandakumar from the Karolinska Institute, Stockholm, Sweden. The mAbs were
derived from hybridomas developed from Cll immunised mice'”. The mAbs were
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prepared and purified in Sweden. | obtained them as freeze-dried components and
reconstituted them in sterile distilled water and filter sterilised using a 0.22 um

syringe filter.

The results are presented in the form of a published manuscript describing
the use of the mixture of arthritogenic mAbs, M2139 and CIIC1 with and without

the addition of the non-arthritogenic mAb CIIF4.
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Objective. The type II collagen (CII)-specific
monoclonal antibodies (mAb) M2139 and CIIC1 induce
arthritis in vivo and degrade bovine cartilage explants
in vitro, whereas mAb CIIF4 is nonarthritogenic and
prevents arthritis development when given in combina-
tion with M2139 and CIIC1. To determine the nature of
the protective capacity of CIIF4 antibody, we examined
the effects of adding CIIF4 to cartilage explants cul-
tured in vitro with M2139 and CIIC1.

Methods. Bovine cartilage explants were cultured
in the presence of M2139 and CIIC1, with or without
CIIF4. Histologic changes were examined, and chemical
changes to collagens and proteoglycans were assessed by
Fourier transform infrared microspectroscopy (FT-
IRM). Fresh cartilage and cartilage that had been
freeze-thawed to Kkill chondrocytes cultured with or
without the addition of GM6001, a broad-spectrum
inhibitor of matrix metalloproteinases (MMPs), were
compared using FTIRM analysis.

Results. M2139 and CIIC1 caused progressive
degradation of the cartilage surface and loss of CII, even
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in the absence of viable chondrocytes. CIIF4 did not
cause cartilage damage, and when given with the arthri-
togenic mAb, it prevented their damage and permitted
matrix regeneration, a process that required viable
chondrocytes. Inhibition of MMP activity reduced car-
tilage damage but did not mimic the effects of CIIF4.

Conclusion. Cll-reactive antibodies can cause
cartilage damage or can be protective in vivo and in
vitro, depending on their epitope specificity. Since CII
antibodies of similar specificity also occur in rheuma-
toid arthritis in humans, more detailed studies should
unravel the regulatory mechanisms operating at the
effector level of arthritis pathogenesis.

Rheumatoid arthritis (RA) is a chronic auto-
immune inflammatory disease that affects multiple
joints, leading to articular damage and bone destruction
(1). There is increasing evidence that B cells and se-
creted antibodies may play an important role in RA, and
depleting B cells by use of monoclonal antibodies (mAb)
to CD20 (rituximab) ameliorates RA. Since autoanti-
body levels are not completely depleted, even in RA
patients undergoing B cell depletion therapy with ritux-
imab (2), understanding the regulatory mechanisms at
the effector level becomes all the more important in
designing better treatments for RA patients.

An autoimmune response to native type II collagen
(CII) develops in some patients, with IgG antibodies to CII
demonstrable in the blood, cartilage, and synovium (3). In
collagen-induced arthritis (CIA), which is induced by im-
munization of animals with CII (4,5), there is destruction of
the articular cartilage matrix as occurs in RA in humans,
with accompanying T cell and B cell immune responses to
CII that are seen as requisite for disease initiation and
development (6). Certain anti-CII mAb produced from
mice susceptible to CIA can, on passive transfer to naive
mice, cause an acute arthritis known as collagen antibody—
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induced arthritis (CAIA) (7-10). Since CAIA occurs inde-
pendently of the direct activity of B cells and T cells, it
allows for the study of effector processes without consid-
eration of events in the inductive phase (8).

The articular inflammation that characterizes the
effector stage is customarily attributed to the formation
and deposition of immune complexes and the activation
of complement and Fc receptors (FcR) (11). Interest-
ingly, cleavage of arthritogenic mAb at the hinge region
in vivo (12) or selective removal of carbohydrate moi-
eties in the Cy2 domain in vitro (13) were shown to
completely abrogate the development of antibody-
mediated arthritis. Not all ClI-specific antibodies are
equally arthritogenic, however. CIIF4 mAb is inert after
passive transfer and, indeed, is even protective against
articular damage in vivo when transferred together with
a combination of the normally potently arthritogenic
mAb M2139 and CIICI (14), but the mechanism of this
protection has not yet been identified.

Using in vitro systems based on cartilage explant
cultures, we have previously shown that mAb M2139 and
CIIC1, which are arthritogenic in vivo, adversely affect
cartilage matrix integrity, whereas the nonarthritogenic
mAb CIIF4 has no effect (15). In the present study, we
extended these observations to show that in vitro, CIIF4
is counterdestructive/protective against the degradative
effects of these arthritogenic mAb when used in combi-
nation. Notably, in the culture system we used, cartilage
damage by antibody occurs independently of immune
cells or their small-molecule mediators. Our enquiries
were directed toward the mechanism(s) whereby the
physical interaction of antibody with a collagen epitope
is transduced to matrix degradation, and how mAb
CIIF4 could interfere with such processes. We addressed
these questions by assessing whether there was a re-
quirement for living chondrocytes in the cultures for
these effects of the CIIF4 mAb and whether attachment
of CIIF4 to its epitope site might sterically interfere with
the binding of matrix metalloproteinase 3 (MMP-3;
stromelysin 1) at its catalytic site on CII.

MATERIALS AND METHODS

Monoclonal antibodies. The mAb we used were de-
rived from hybridomas developed from CII-immunized mice,
as described previously (10). All of the mAb were affinity
purified from culture supernatants using y-bind plus columns.
M2139 and CIIC1 are arthritogenic mAb that bind to separate
well-defined conformational epitopes of native CII: the J1
epitope (MPGERGAAGIAGPK; amino acids [aa] 551-564)
and the C1 epitope (ARGLTGRPGDA; aa 359-369). CIIF4 is
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a nonarthritogenic mAb that binds to the conformational F4
epitope (ERGLKGHRGFT; aa 926-936) (16).

Analysis of the in vitro effects of monoclonal antibod-
ies with the use of bovine cartilage explants. Articular cartilage
samples extracted from adult bovine metacarpophalangeal
joints and cartilage shavings (5 X 5 X 1 mm) were cultured for
up to 14 days in Dulbecco’s modified Eagle’s medium plus 20%
(v/v) fetal calf serum and 25 ug/ml ascorbic acid, with the
appropriate concentrations (25 pg/ml, 50 pg/ml, or 100 wg/ml)
of mAD or in medium alone (15). Medium was changed every
2 days, and fresh ascorbic acid and mAb were added at each
change. Cartilage samples were tested in duplicate, and all
experiments were performed at least twice.

On selected days, cartilage explants were harvested,
fixed in 4% paraformaldehyde, and embedded in paraffin
(oriented to allow sectioning across the full depth of the
cartilage) for histologic analysis and Fourier transform infra-
red microspectroscopy (FTIRM) or were processed for indi-
rect immunofluorescence to measure antibody penetration
(15,17). For histologic examination, 5-um sections of tissue
were stained with hematoxylin and eosin and with toluidine
blue to examine proteoglycan loss.

Analysis of changes in the chemical composition of the
cartilage by FTIRM. Sections of paraffin-embedded tissue (5
um) were placed onto MirrIR low-e microscope slides (Kevley
Technologies), and adjacent sections were stained with tolu-
idine blue. FTIR images were recorded with a Stingray Digilab
FTS 7000 series spectrometer coupled to a UMA 600 micro-
scope equipped with a 64 X 64 focal plane array detector or
were recorded using the infrared beamline at the Australian
Synchrotron. For each spectrum, 16 scans were co-added at a
resolution of 6 cm™. The spectra were analyzed using Cyto-
Spec imaging software. A quality test was performed to remove
spectra with poor signal-to-noise ratios and spectra containing
obvious artifacts. The spectra were further analyzed using 2
different methods.

Initially, spectra were analyzed as described in our pre-
vious publications (15,17), in which spectra from the antibody-
exposed surface of the cartilage were compared with those from
the interior of the cartilage. Raw chemical maps were generated
from the integrated intensities of specific functional groups
identified in the spectra, and 10 spectra from the surface of the
explant and 10 from the interior were extracted from the raw
chemical maps. The mean spectra for “surface” and “interior”
were calculated to assess the effects of antibody penetration on
the peaks characteristic of collagen and of proteoglycans. An
FTIRM spectrum from tissue containing collagen characteristi-
cally contains a triplet of peaks at 1203 cm™, 1234 cm™, and 1280
cm ™. However, since this collagen triplet coincides with a peak at
1240-1245 cm™! derived from the sulfated glycosaminoglycan side
chains of proteoglycans (18,19), analysis was directed particularly
to the location of the amide 1 peak (1640-1670 cm™), which
represents total protein, which for cartilage, is primarily collagen.
The amide 1 peak for the native triple-helical collagen is unusual,
being >1660 cm™, as compared with most other proteins, for
which the peak is ~1650 cm™', and there is a characteristic shift to
a lower wave number on denaturation (15,20-25). For proteogly-
cans, analysis was based on the height of the peak at 1076 cm™,
within the region of 1175-960 cm™ derived from carbohydrate
moieties (15). Since according to the Beer-Lambert law, the
concentration of a particular chemical is proportional to the
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Figure 1. Toluidine blue-stained cartilage samples cultured with various monoclo-
nal antibodies (mAb). A, Cartilage sample cultured for 14 days with CIIF4, showing
even staining and regular distribution of chondrocytes. B, Cartilage sample cultured
for 14 days with a combination of arthritogenic mAb M2139 and CIICI, showing
uneven loss of proteoglycan staining and clumping of chondrocytes. C, Appearance
of fibroblast-like cells on the base of the culture plate of cartilage explants cultured
with M2139 and CIICI1. D, Cartilage sample cultured for 14 days with the combina-
tion of M2139, CIIC1, and CIIF4 mAb. (Original magnification X 200.)

absorbance of the particular band, this characteristic peak pro-
vides a direct measure of the proteoglycan content.

Analysis was also performed using second derivatives,
which measures changes in the slope of the spectra, where
minima peaks in the second derivative spectra correlated with
the maxima peaks in the nonderivatized spectra (26). This
provided more information about the changes in cartilage
components by allowing the resolution of bands that contribute
to inflection points or shoulders in the original spectra, which
represent the total of the spectra of all of the chemical
components scanned within each pixel. It also eliminated
problems with sloping baselines arising from loss of cartilage
components, but at the expense of loss of information about
relative amounts of components. To analyze changes across
the cartilage, unsupervised hierarchical cluster analysis, a
technique that identifies areas with similar spectral properties
(27), was performed on the chemical maps derived using the
second derivative spectra.

Requirement for living chondrocytes in damage or pro-
tection of cartilage. To determine whether the changes ob-
served in the presence of the mAb to CII required degradative
enzymes or other factors produced by chondrocytes, experi-
ments were conducted on explants in which chondrocytes were
killed by freeze-thawing the cartilage explants 3 times in liquid
nitrogen (28). Experiments were conducted on explants cul-
tured with the combination of the mAb M2139 and CIIC1,
with or without CIIF4, and on control explants cultured
without mADb, which were then cultured as normal for 7 or 14
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days (15). The results obtained were compared with those
obtained in the same experiments in which cartilage contained
living chondrocytes.

Contribution of matrix metalloproteinases to cartilage
destruction in vitro. The changes observed in cartilage cul-
tured with arthritogenic mAb (see Results) resembled those
induced by chondrocyte-derived degradative enzymes, partic-
ularly the MMPs, including collagenases (MMPs 1, 8, and 13),
gelatinases (MMPs 2 and 9), and stromelysins and aggre-
canases (MMPs 3, 7, 10, 11, 12, and 18) (29). Since the epitope
for mAb CIIF4 in the C-terminal region of CII in the aggre-
gated collagen fibrils is close to the cleavage site of MMP-3 in
the N-terminal telopeptide of CII (30), the protective effect of
CIIF4 could be attributed to steric inhibition of MMP-3
activity. Hence, to examine the effects of MMPs on the
cultures, experiments were performed using the commercially
available broad-spectrum MMP inhibitor GM6001 (Millipore).
GM6001 was added to cultures in varying concentrations (15
uM, 25 uM, and 35 uM) together with 25 pg/ml each of mAb
M2139 and CIIC1. Controls without mAb were included, and
the effects were assessed histologically and by FTIRM.

Statistical analysis. Statistical analyses were per-
formed using Statistica for Windows, version 4.5 (StatSoft).
Analysis of variance (ANOVA) or the nonparametric Kruskal-
Wallis ANOVA by ranks was performed to determine whether
there were significant differences between all groups in the
experiment. Student’s #-test or the Mann-Whitney U test was
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Table 1.
the presence and absence of arthritogenic mAb*
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Location of the amide 1 peak and the height of the proteoglycan peak at the surface and in the interior of cartilage explants cultured in

Day 7 Day 14

Treatment, vital status

Amide 1 peak,

Proteoglycan peak,
maximum = SD

Proteoglycan peak,

maximum = SD Amide 1 peak,

of cells, and location median (range) cm™! absorbance median (range) cm™! absorbance
No mAb
Alive
Surface 1666 (1639-1670) 0.37 = 0.06 1662 (1662-1662) 0.39 = 0.06
Interior 1666 (1639-1670) 0.37 = 0.04 1666 (1635-1670) 0.41 = 0.05
CIIF4 100 pg/ml
Alive
Surface 1666 (1639-1670) 0.32 = 0.08 1662 (1654-1670) 0.38 = 0.03
Interior 1666 (1639-1670) 0.40 = 0.05 1662 (1650-1670) 0.30 = 0.06
M2139 25 pg/ml + CIIC1 25 pg/ml
Alive
Surface 1658 (1643-1658) 0.28 = 0.05 1643 (1639-1650) 0.15 = 0.02
Interior 1666 (1662-1670) 0.32 = 0.08 1651 (1639-1666)F 0.11 = 0.02F
M2139 25 pg/ml + CIIC1 25 pg/ml + CITF4 50 pg/ml
Alive
Surface 1666 (1654-1670) 0.30 = 0.09 1658 (1639-1670) 0.55 = 0.06
Interior 1662 (1647-1662) 0.25 = 0.05 1666 (1646-1677) 0.37 = 0.04
M2139 25 pg/ml + CIIC1 25 pg/ml
Dead
Surface 1643 (1631-1658) 0.16 = 0.03 1635 (1631-1643) 0.15 = 0.04
Interior 1666 (1658-1666) 0.39 = 0.03 1654 (1646-1658)F 0.22 = 0.037F
M2139 25 pg/ml + CIIC1 25 pg/ml + CITF4 50 pg/ml
Dead
Surface 1647 (1643-1650) 0.07 = 0.02 1639 (1631-1639) 0.05 = 0.18
Interior 1666 (1666-1670) 0.29 = 0.01 1650 (1643-1654)F 0.39 = 0.05F

* Fourier transform infrared microspectroscopy was used to determine the location of the amide 1 peak and the height of the proteoglycan peak
at 1,076 cm™ at the cartilage surface, where the monoclonal antibody (mAb) penetrates, and in the interior of cartilage explants cultured for 7 or
14 days under the indicated conditions (see Materials and Methods for details). Analyses were performed in cartilage containing living chondrocytes
or in cartilage in which the chondrocytes had been killed by repeated freezing and thawing.

T Cartilage damage extends to the interior.

used to analyze differences between specified groups. P values
less than 0.05 were considered significant.

RESULTS

Effect of anti-CII mAb on cartilage morphology
in explant cultures. Cartilage explants cultured in me-
dium alone or with CIIF4 concentrations of up to 100
pg/ml appeared normal throughout the culture period,
and the matrix stained strongly with toluidine blue
(Figure 1A). The mAb bound to the cartilage, and on
day 7, CIIF4 had penetrated 32 = 12 um (mean * SD),
M2139 plus CIIC1 had penetrated 45 = 16.5 wm, and
M2139 plus CIIC1 plus CIIF4 had penetrated 29 * 4
um. The use of mixtures of M2139 and CIIC1 resulted in
profound changes in the explant structure, including
marked loss of toluidine blue staining, gradual loss of the
matrix integrity at the cartilage surface, with increasing
mADb penetration, and chondrons containing several
cells, suggestive of hyperplasia as a compensatory re-
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sponse to mAb-mediated damage (Figure 1B), and more
so with increasing concentrations of mAb or with in-
creasing times in culture.

From day 9 to day 10, cartilage degradation was
associated with a migration of cells from the surface of
the cartilage, and fibroblast-like cells began to appear on
the base of the plate (Figure 1C). Such cells, which were
taken to represent chondrocytes undergoing dediffer-
entiation as a result of matrix loss from the cut surface of
the tissue, also appeared in control cultures by day 14,
but their numbers were quite sparse. The addition of 50
pg/ml of CIIF4 to cultures containing 50 ug/ml of the
arthritogenic mAb reversed the degenerative changes, as
judged by a reduced loss of toluidine blue staining of
proteoglycans at the cartilage surface, normal architec-
ture of the tissue, albeit with a slight increase in multi-
cellular chondrons, and even increased proteoglycan
synthesis, particularly at the cartilage surface, after 14
days in culture (Figure 1D). Also, the appearance of
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Figure 2. Fourier transform infrared microspectroscopy spectra of cartilage sections cultured with various
antibodies. The results shown are the mean of 10 measurements taken from the central areas (thick line) and near
the surface of the tissue (thin line). Shown in each panel is the location of the amide 1 peak, which represents the
total protein content of the tissue, in the region 1600-1700 cm™, and the height of the peak at 1076 cm™!,
representing proteoglycans. A, Spectra of cartilage cultured for 14 days with 100 ng/ml of monoclonal antibody
(mAb) CIIF4. B, Spectra of cartilage cultured for 10 days with 25 ug/ml each of mAb M2139 and CIICI. C,
Spectra of cartilage cultured for 10 days with 50 wg/ml each of mAb M2139 and CIIC1. D, Spectra of cartilage
cultured for 10 days with 25 ug/ml each of mAb M2139 and CIIC1 with the addition of 50 ug/ml of mAb CIIF4.

fibroblast-like cells on the base of the plates was reduced
to that seen in normal cultures.

Role of chondrocytes in antibody-mediated car-
tilage damage in vitro. By light microscopy, freeze-
thawed cartilage cultured for up to 14 days without mAb
or with CIIF4 appeared normal, with rounded chondro-
cytes distributed within a matrix that stained evenly with
toluidine blue. Histologically, freeze-thawed cartilage
cultured with the combination of mAb M2139 and mAb
CIIC1 showed changes similar to or greater than those
observed in the cartilage containing living chondrocytes
(Figure 1B), although the chondrocyte pairing and
clumping seen in the living cartilage was not observed in
the freeze-thawed tissue. The addition of CIIF4 to
cultures of freeze-thawed cartilage did not protect from
the damaging effects of the arthritogenic mAb.

Chemical changes in cartilage matrix as mea-
sured by FTIRM. Histologic differences were confirmed
by FTIRM, a technique that provides information on the
nature of the chemical changes that have occurred.
Spectra obtained from 5 samples of cartilage cultured
for 14 days with up to 100 pg/ml of CIIF4 resembled
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spectra from control cartilage cultured without mAb. In
each case, the amide 1 peak at the cartilage surface after
incubation with CIIF4 was located above wave number
1660 cm™ (range 1662-1670), which was comparable
with that in the controls (1662-1666 cm™), and the areas
under the curve for the amide 1 and proteoglycan peaks
were similar to those in the controls. Spectra derived
from the cartilage surface and the cartilage interior were
similar (Table 1 and Figure 2A).

In contrast to the lack of effect of CIIF4 on the
FTIRM spectra of cartilage, there were striking differ-
ences in spectra obtained from cartilage cultured in the
presence of CIIC1 and M2139 (Table 1 and Figure 2B).
Beyond the region of penetration by mAb, the spectra
were generally similar to those of controls cultured
without mAb, but spectra from the surface of the
cartilage showed substantial changes that increased with
time in culture or with higher concentrations of mAb
(Figure 2C). There was a progressive shift in the location
of the amide 1 peak from >1660 cm™ to as low as 1643
em™ or 1639 cm™, which is suggestive of progressive
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denaturation of the collagen, and these changes gradually
became evident deeper within the cartilage (Table 1).

Initially, there was loss of the proteoglycan peak,
but no loss of protein, as judged by the area under the
curve for the amide 1 peak, but with increasing time in
culture, there was a substantial decrease in the amide 1
peak and, indeed, across the whole spectrum, indicating
a total loss of matrix. The data indicated that the
arthritogenic mAb caused initial denaturation of colla-
gen and loss of proteoglycans, with ongoing progressive
denaturation and loss of collagen over the period of
culture. These changes were antibody mediated and did
not require viable chondrocytes or new synthesis of
degradative enzymes because similar or even greater
effects were seen in cartilage that had been freeze-
thawed (Table 1).

The addition of CIIF4 to cultures with combina-
tions of the arthritogenic mAb counteracted these
changes (Table 1 and Figure 2D), although the protec-
tive effect was somewhat delayed. On day 7, there was
often some degradation, and the changes observed in
explants cultured with CIIF4 in combination with any of
the arthritogenic mAb were not significantly different
from those seen in explants cultured with the arthrito-
genic mAb alone. However, by days 10-14 in cultures
that contained CIIF4, the position of the amide 1 peak at
the cartilage surface had normalized to that for the
control cartilage (above wave number 1660 cm™), and
there was an equivalent normalization, or even an
increase, in the proteoglycan content at the cartilage
surface, as measured by the height of the proteoglycan
peak at 1076 cm™. In contrast to the degradative effects
of the combination of arthritogenic mAb, which did not
require living chondrocytes, the protective effect of
CIIF4 was observed only when the cartilage contained
viable cells (Table 1).

FTIRM analysis using second derivatives. The
results obtained using second derivative spectra con-
firmed those obtained by comparison of direct spectra,
and second derivative minima were, as expected, located
similarly to the peak maxima on the original spectra. In
freeze-thawed cartilage, the use of second derivatives
confirmed that the major change in chemical composi-
tion in the cartilage cultured with the arthritogenic mAb
was in the location of the amide 1 peak, which was
consistent with collagen denaturation, and there was
little or no change in most components of the matrix, as
judged by the lack of changes in other regions of the
spectra (Figure 3). However, analysis of the second
derivatives provided more information than was ob-
tained using the primary spectra, for which the cartilage
contained living chondrocytes. Whatever the treatment
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Figure 3. Fourier transform infrared microspectroscopy (FTIRM) of
freeze-thawed cartilage sections cultured for 7 days with monoclonal
antibodies (mAb) M2139 and CIICI1, showing a comparison of the
results obtained by direct analysis and by unsupervised hierarchical
cluster analysis (UHCA) using second derivative spectra. Both tech-
niques showed peaks located in similar positions, but the direct spectra
showed loss of cartilage components. A, Light microscopy image of an
unstained cartilage section on a Kevley reflective slide (original
magnification X 200). B, Infrared image processed by UHCA using
second derivative spectra with 4 clusters (4 different colors). Pixels
with poor signal-to-noise ratios are shown as black. C, Mean FTIRM
spectra obtained by direct analysis of 10 pixels from the interior and
exterior of the cartilage. D, Second derivative spectra corresponding to
the clusters shown in B. Pixels colored blue were judged to be artifacts
and were removed during analysis.

used, the spectra derived from living cartilage were more
complex than those derived from freeze-thawed carti-
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Figure 4. Fourier transform infrared microspectroscopy (FTIRM) of
a section of living cartilage cultured for 7 days with monoclonal
antibodies (mAb) M2139 and CIIC1 plus mAb CIIF4, showing a
comparison of the results obtained by direct analysis and by unsuper-
vised hierarchical cluster analysis (UHCA) using second derivative
spectra. Both techniques showed the normal appearance of the
cartilage spectra in the presence of CIIF4, but the use of second
derivatives highlighted the appearance of a peak at ~1632-1635 cm™,
in the region of living chondrocytes that did not appear in the freeze-
thawed cartilage samples. A, Light microscopy image of unstained carti-
lage section on a Kevley reflective slide (original magnification X 200). B,
Infrared image processed by UHCA using second derivative spectra with
4 clusters (4 different colors). Pixels with poor signal-to-noise ratios are
shown as black. C, Mean FTIRM spectra obtained by direct analysis of 10
pixels from the interior and exterior of the cartilage. D, Second derivative
spectra corresponding to the clusters shown in B. Pixels colored green
were judged to be artifacts and were removed during analysis.
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lage, particularly in the region above 1500 cm™ (Figure
4). The most prominent and consistent feature was the
appearance of a second derivative minimum at 1632-1635
cm™, either as a separate peak or as a shoulder on another
peak in the amide 1 region. This component could not be
identified but was consistent with likely chondrocyte
metabolic activation. It was seen particularly in spectra
from all samples of CIIF4-treated living cartilage, as well
as in untreated controls and in cartilage treated with
arthritogenic mAb, although less prominently.

Assessment of the role of MMPs in the cartilage
damage mediated by anti-CII mAb. To assess whether
MMPs affected the matrix destruction observed in the
presence of arthritogenic mAb, and whether MMP-3
could determine the counterdestructive effect of CIIF4,
we investigated the use of the broad-spectrum MMP
inhibitor GM6001 (15, 25, and 35 uM) in combination
with M2139 and CIIC1 (25 pg/ml each) in bovine
cartilage explant cultures. At all concentrations, the
addition of the MMP inhibitor GM6001 reduced the
cartilage damage seen in response to the arthritogenic
mAD, but the changes differed from the protective
effects of CIIF4. Fragmentation at the surface of the
antibody-treated cartilage was seen histologically, but it
had a fibrillar appearance and followed the orientation
of collagen fibrils within the tissue, being parallel with
the joint surface, but perpendicular to the cut surface of
the cartilage. The substantial loss of proteoglycans nor-
mally seen in cartilage treated with the arthritogenic
mAD did not occur, and the intensity of the toluidine
blue staining was maintained (Figure 5). By FTIRM,
there was little evidence of collagen denaturation, as
judged by the location of the amide 1 peak, which
remained above 1660 cm™, and the area under the
proteoglycan peak was similar to that of the controls
(data not shown). Similar effects were seen in freeze-
thawed cartilage. Taken together, these results suggest
that blocking MMP activity in the cartilage prevented
degradation of the damaged collagen fibrils and loss of
proteoglycan but did not prevent the initial damage
mediated by antibodies.

DISCUSSION

This study was designed to examine the effects on
bovine cartilage explants of 3 mAb to native CII that
bind to well-identified and structurally different confor-
mational epitopes (16). Two of these mAb, M2139 and
CIIC1, are arthritogenic upon passive transfer in vivo
(9,14), and whether used individually (15) or in combi-
nation, they caused progressive denaturation of CII and
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Figure 5. A, Toluidine blue-stained cartilage sample cultured for 14 days with monoclonal antibodies (mAb) M2139 and CIIC1
in the presence of the broad-spectrum matrix metalloproteinase inhibitor GM6001. The intensity of the staining was
maintained, but there was fragmentation at the joint surface (JS) and the cut surface (C) that approximately aligned with the
expected direction of the collagen fibrils. B, Spectra obtained by Fourier transform infrared microspectroscopy. The
proteoglycan peak at ~1076 cm™' was maintained, and the amide 1 peak remained above 1660 cm™'. Measurements were taken
from the central areas (thick line) and near the surface of the tissue (thin line).

substantial loss from cartilage of both CII and proteo-
glycans in vitro. By contrast, the third mAb, CIIF4,
which is nonarthritogenic and protective in vivo when
given with other mAb (14,17), had no adverse effect in
vitro when used alone on cultured cartilage and coun-
tered the adverse effects of arthritogenic mAb, even
promoting the regeneration of cartilage matrix compo-
nents. Thus, this counterdestructive effect of CIIF4 in
vitro parallels its antiarthritogenic effects in vivo. It is
notable that whereas the destructive effects of the
arthritogenic mAb were independent of the presence of
viable chondrocytes, the protective effect of CIIF4 re-
quired viable chondrocytes, since it was abrogated by
freeze-thawing of the cultured cartilage explant.

The effector role of autoantibodies in the devel-
opment of arthritis has been extensively studied in the
context of murine CAIA. The bound antibodies have
been shown to trigger and enhance inflammation by
activating the complement cascade and FcyR-bearing
cells, with release of proinflammatory cytokines by mono-
nuclear cells within the synovium, leading to recruitment
of neutrophils and macrophages that amplify the re-
sponse by the further release of cytokines and tissue-
degrading enzymes (31). Moreover, preceding or in
parallel with these nonspecific effects of immune com-
plex cellular activation, there is increasing evidence that
autoantibodies to CII can have specific destructive ef-
fects within the cartilage (15,16,17). In addition to the
degradative effects on preformed cartilage seen in the
present study, the arthritogenic mAb have been shown
to impair the synthesis of new matrix and disrupt
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collagen fibril formation in chondrocyte cultures in vitro
(17,32-34), changes that would directly affect the pro-
cesses of cartilage repair following damage to the matrix.

The mechanism by which CIIF4 exerts its effects
is currently unknown. The nonarthritogenic mAb CIIF4
was derived in a manner similar to that of the arthrito-
genic mAb from a DBA/1 mouse immunized with CII,
and it is an IgG2a mAb, as is the arthritogenic mAb
CIICI. It binds strongly to CII, as demonstrated by
ELISA, as well as to cartilage, both in vitro and in
vivo. Hence, CIIF4 should activate complement and
bind to FcyR-bearing cells to trigger immune complex—
mediated inflammation. Nonetheless, it is not arthrito-
genic, but is actually protective in vivo, reducing the
arthritis in mice injected with otherwise arthritogenic
mADb (14,17). CIIF4 is reactive with a conformational
epitope at the COOH-terminus of the CII triple helix
(aa 932-936), and within the assembled collagen fibrils,
it is close to one of the cleavage sites of MMP-3
(stromelysin 1) (14) that is located within the NH,
telopeptide region in the collagen fibril (30). Moreover,
its effects differ from those of other mAb, in that they
were only seen when viable chondrocytes remained in
the cartilage.

Our hypothesis was that CIIF4 exerts its protec-
tive effect by steric hindrance, blocking the cleavage of
CII by MMP-3, which is produced by chondrocytes and
by synovial fibroblasts, and is associated with cartilage
degradation in osteoarthritis and in RA (35,36). MMP-3
primarily targets proteoglycans and is not a conventional
collagenase, but it acts as a telopeptidase by cleaving CII
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at a site inside its NH,-telopeptide crosslinking residue
(30) and most likely also cleaving off the C-telopeptide.
MMP-3 plays an essential role in the degradation of not
only aggrecan, but also collagen fibrils in the cartilage
(35), so that MMP-3-knockout mice are resistant to
cartilage degradation in antigen-induced arthritis (37).
The use of a broad-spectrum MMP inhibitor to block
MMP-3 activity in the cultures, however, did not mimic
the effect of the addition of the mAb CIIF4. Thus, the
MMP inhibitor did not prevent cartilage damage as
assessed histologically, and there were no apparent
differences in the cultures that contained living or dead
chondrocytes, indicating that the protective effect of
CIIF4 was not merely a result of steric hindrance of
MMP-3 activity, although steric hindrance of the binding
of one or other of the arthritogenic mAb could not be
discounted.

The use of the MMP inhibitor GM6001 in culture
provided further information about the likely mecha-
nism of damage by the arthritogenic mAb. By FTIRM, it
appeared that the MMP inhibitor prevented both the
denaturation of collagen and the loss of proteoglycans
seen in cartilage cultured with the arthritogenic mAb,
indicating that MMPs do play a role in the cartilage
degradation induced by the antibodies. The fibrillar
nature of the cartilage damage in the presence of the
inhibitor suggests that the initial effect of the binding of
the arthritogenic mAb on the surface of the collagen
fibrils was to cause disaggregation of the collagen fibrils,
but the lack of collagen denaturation or proteoglycan
loss in the presence of the MMP inhibitor indicates that
these enzymes play an important role in further
cartilage degradation. The results suggest that the
disruption of the collagen matrix causes the release of
the MMPs known to be sequestered in the intact
matrix (38,39), and these MMPs are responsible for
the ongoing loss of proteoglycans and collagen degra-
dation, without any requirement for further MMP
inhibitor synthesis.

A striking observation from these studies is the
importance of living chondrocytes in the maintenance of
cartilage integrity in the presence of arthritogenic mAb
and in the protective effect of CIIF4. In each case, the
arthritogenic mAb caused more damage to the freeze-
thawed cartilage, as judged by the greater shift in the
position of the amide 1 peak and the loss of proteogly-
cans on both day 7 and day 14. This augmented damage
was also seen in the freeze-thawed cartilage even in the
presence of CIIF4. The appearance of chondrocyte
dimers, or clumps of cells in the antibody-treated carti-
lage, which were absent in the freeze-thawed cartilage,
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suggested that cell division was occurring in response to
the treatment, and the appearance of an additional peak
at 1632-1635 cm™ in the living cartilage was consistent
with cellular activation. Taken together, these observa-
tions suggest that there is a balance between damage and
regeneration within the cartilage.

The use of FTIRM, a technique that allows the
examination of localized chemical changes within tissue
without any requirement of a priori knowledge of the
likely mechanism has allowed definitive detection of the
protective effect of CIIF4. Determination of the mech-
anism of the protective effect of CIIF4 will require the
use of different techniques and is beyond the scope of
the current study, but we are investigating the gene
expression profiles in chondrocytes treated with CIIF4
and other antibodies.

The major question that arises from these studies
is whether there is any connection with the pathogenesis
of RA. RA is generally considered to be an immune
complex-mediated disease, and its features are well
accounted for by the formation and deposition in joint
structures of immune complexes that are operative by
complement activation and by Fc binding and Fcy
activation. In CIA in animals, the antigenic component
is clearly CII, but in RA in humans, there is uncertainty
(noting that an antibody response to ALL of the
epitopes recognized by the mAb in this study also occur
in RA). If antibodies to CII of the same specificity as the
arthritogenic mAb also occur in human sera (14), the
mechanisms of joint damage that occur in CAIA could
also occur in RA. Interestingly, both proteoglycan and
CII destruction and secretion into the synovium occur in
RA (40-42). 1t is striking that antibodies to CII of the
same specificity as CIIF4 also occur in human sera, but
they are associated with osteoarthritis rather than rheu-
matoid arthritis (14), and it is tempting to speculate that
such antibodies may also prevent the inflammatory
damage seen in human RA.
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3.1. Preface

Although the arthritogenic mAbs have been clearly shown to cause cartilage
damage in vitro the relevance of this in vivo is unclear. Various single mAbs to ClI
have been shown to induce mild arthritis in naive mice'® and combinations of mAbs
induce more severe arthritis with longer lasting effects, exacerbated by injection
with lipopolysaccharide (LPS) at day 56153 CAIA induced with mAbs to Cll has a
rapid onset. Swelling of joints in the paws may appear at 24 hrs post immunisation,
and histological changes including bone and cartilage erosions, synovial influx of
neutrophils and macrophages in the articular cavity and pannus formation are
observable within 8-48 hours after immunisation® 7%, Although various mAbs
to Cll differ in their arthritogenicity, the injection of LPS, which is a strong inducer of
pro-inflammatory cytokines, overcomes epitope specificity of the response, and

increases the severity of CAIA!!®% 188 196),

The inflammatory cells that infiltrate the joint produce degradative enzymes
which cause cartilage damage™®”). Antibodies in the form of immune complexes
are considered to play a central role in triggering the inflammatory cascade by
activating the complement system or by direct engagement of cells containing Fc-

recepto rs(lgs’ 199)

. However my data from in vitro experiments suggests that we
should be able to see changes similar to those seen in vitro in cartilage in mice that

have been injected with the mAbs but do not develop inflammation.

To test this, in vivo experiments were performed in two strains of mice. The
first strain B10.Q develops CAIA but rarely develops inflammation until given an
injection of LPS at day 5©) The second strain B10.Q C56 lacks complement factor
C5 and doesn’t develop CAIA™) The assumption is that if the cartilage damage
seen by these mAbs in vitro is directly mediated by the mAbs it should also be

detectable in vivo by FTIRM.

Animal experiments were carried out in Sweden by Prof. Rikard Holmdahl

and A/Prof. Kutty Selva Nandakumar. Mice were killed at day 3 after injection and
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paws were removed, fixed and decalcified and embedded in paraffin. The tissue
tested was sent to Monash University either as prepared slides containing serial
sections from hind paws from mice, unstained for FTIRM, and also stained with
haematoxylin and eosin or, in a separate experiment as paraffin embedded blocks,
6 per mouse, containing all four paws with the hind-paws cut in two and separately

embedded to allow examination of both phalanges and tarsal joints.

In this case, | cut 5 um sections at Monash University for analysis by
histology and infrared microspectroscopy. To illustrate the sections obtained, a low

power image of an H & E stained section from a paw from a control mouse injected

only with saline is shown in Figure 3.1.

Figure 3.1. H&E stained section of a representative mouse paw at x 4 magnification
showing the major features of the tissue, muscle (MU) and skin (SK), marrow cavity

(MA), bone (BO) and cartilage (CA). Inset: section from a joint (x 20 magnification)
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Initially cartilage analysis was performed by FTIRM using a Stingray Digilab
FTS 7000 series spectrometer coupled to a UMA 600 microscope equipped with a
64 x 64 focal plane array detector as described in chapter 2. However the
resolution obtained was not sufficient to clearly distinguish between bone and
cartilage, noting that the IR spectrum of the decalcified bone was dominated by Cl
which is almost identical to that of Cll in the cartilage. To obtain the required
resolution to clearly distinguish between bone and cartilage subsequent
experiments were conducted using the IR beamline at the Australian Synchrotron,

and these are the results reported in this chapter.

For synchrotron analysis, an overview image of the unstained mouse paw
was first collected to select the joints of interest (Figure 3.2). Chemical changes
within selected joints were examined using two different methods. First, ten single
point spectra were selected from the chondrocytes and from the cartilage matrix
close to the cartilage surface in the area of direct mAb penetration and then from
the chondrocytes and cartilage deeper in the joints (40 single point spectra in total).
Secondly large maps (grids) were overlayed in selected areas of the joints to
encompass spectra from the bone, cartilage and chondrocytes. An overview image,
example of selection of single point spectra and grids obtained from the IR

beamline at the Australian Synchrotron are shown in Figure 3.2.

The results of FTIRM analysis are presented in the following manuscript.
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Figure 3.2. Light images of unstained control mouse paw showing an overview
image (A), image highlighting the location of selection of single point spectra of
cartilage matrix close to the surface (centre of cross) (B) and (C) image showing
overlay of grid of interest encompassing cartilage, bone and chondrocytes. BO
represents bone, CA is cartilage and MA shows the marrow cavity. Note: The

selected single point spectra are not to scale.

100



Chapter 3: Research Paper 2

Journal of Biomedical Optics 16(6), 066004 (June 2011)

Chemical changes demonstrated in cartilage
by synchrotron infrared microspectroscopy in an
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Abstract. Collagen antibody-induced arthritis develops in mice following passive transfer of monoclonal antibod-
ies (mAbs) to type Il collagen (Cll) and is attributed to effects of proinflammatory immune complexes, but trans-
ferred mAbs may react directly and damagingly with ClI. To determine whether such mAbs cause cartilage damage
in vivo in the absence of inflammation, mice lacking complement factor 5 that do not develop joint inflammation
were injected intravenously with two arthritogenic mAbs to Cll, M2139 and CIIC1. Paws were collected at day
3, decalcified, paraffin embedded, and 5-um sections were examined using standard histology and synchrotron
Fourier-transform infrared microspectroscopy (FTIRM). None of the mice injected with mAb showed visual or
histological evidence of inflammation but there were histological changes in the articular cartilage including loss
of proteoglycan and altered chondrocyte morphology. Findings using FTIRM at high lateral resolution revealed
loss of collagen and the appearance of a new peak at 1635 cm~' at the surface of the cartilage interpreted as
cellular activation. Thus, we demonstrate the utility of synchrotron FTIRM for examining chemical changes in
diseased cartilage at the microscopic level and establish that arthritogenic mAbs to Cll do cause cartilage damage
in vivo in the absence of inflammation. © 2017 society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3585680]

Keywords: synchrotron Fourier-transform infrared microspectroscopy; cartilage; monoclonal antibodies; collagen antibody-induced
arthritis; type Il collagen.
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1 Introduction

Collagen-induced arthritis (CIA) is an animal model of human
rheumatoid arthritis (RA) induced by immunization with type II
collagen (CII), the most abundant protein in the cartilage.'™* Au-
toantibodies to CII occur in both CIA and RA, and intravenous
injection of particular monoclonal antibodies (mAbs) to CII can
induce arthritis in naive mice.>™® This passively transferred col-
lagen antibody-induced arthritis (CAIA) develops within two to
four days, depending on the genetic background of the mice,
although a further injection of lipopolysaccharide may be re-
quired for enhanced incidence and severity. Mice injected with
the mAbs develop swollen joints with an influx of inflamma-
tory and synovial cells into the joint cavity, and accompanying
cartilage degradation. It is a highly efficient model of inflam-
matory arthritis that is used widely, commercially, to assess the
efficiency of potential anti-inflammatory drugs.

CAIA is generally considered to result from an inflamma-
tory response to immune complexes of antibody and CII formed
on the surface of the joint as mice that are unable to develop
an inflammatory response do not develop macroscopic arthritis,
and the cartilage degradation has been attributed to the action of

Address all correspondence to: Merrill J Rowley, Department of Biochem-
istry and Molecular Biology, Monash University, Wellington Road, Clayton Vic
3800 Australia. Tel: +61 3 9905 1438; Fax: +61 3 9905 3726; E-mail:
Merrill.Rowley@monash.edu.
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degradative enzymes released by the inflammatory cells. How-
ever, we have previously shown using in vitro systems based
on cartilage explants, that two mAbs to CII, M2139 and CIIC1,
which are arthritogenic in vivo”? adversely affect the cartilage
matrix integrity and cause changes to the chemical structure
of the cartilage as measured by Fourier-transform infrared mi-
crospectroscopy (FTIRM), including loss of proteoglycans, and
progressive denaturation and loss of collagen from the surface
where the antibodies penetrated.” These changes occurred in
vitro in the absence of any inflammatory cells, but their signifi-
cance in vivo remained unclear.

Articular cartilage is an avascular tissue that consists of
sparsely located individual chondrocytes in an abundant ex-
tracellular matrix (ECM), which represents ~95% of the car-
tilage tissue volume.'® The ECM comprises a network of col-
lagen fibers, mainly CII, in which are enmeshed a variety of
sulphated glycoproteins, particularly aggrecan and the unsul-
phated glyosaminoglycan hyaluronan.!®!! Collagen, primarily
CII, comprises approximately 10-20% of the wet weight of
the cartilage'® and provides the tensile strength of the cartilage
matrix.'%!2 These interactions are essential for the structural
stability of cartilage, and we postulate that arthritogenic mAbs
cause cartilage damage by binding specifically to critical struc-
tural regions on collagen fibrils that are sites of interaction be-
tween CII and matrix components or chondrocytes. If so, such
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damage should be also detectable in vivo, in the absence of
inflammation.

In the present study, we examined whether the mAbs M2139
and CIIC1 cause direct damage in vivo to the cartilage matrix
in the absence of any inflammation, following injection of mice
that lack complement factor C5, and hence are resistant to the
development of inflammatory arthritis with these mAbs. Be-
cause of a lack of other appropriate biochemical or histological
techniques, synchrotron FTIR-microspectroscopy was used to
provide the lateral resolution necessary to examine changes to
the cartilage matrix and cells in the small distal interphalangeal
joints in the presence of mAbs without any prior knowledge of
the chemical changes occurring.

2 Materials and Methods
2.1 Monoclonal Antibodies

The mAbs used were derived from hybridomas developed from
ClIl-immunized mice as described previously.® Briefly, hybrido-
mas were cultured in CL-1000 flasks (Integra Biosciences,
Walliselen, Switzerland) using Dulbecco’s Glutamax-I medium
containing ultralow bovine IgG (Gibco BRL, Invitrogen AB,
Stockholm, Sweden). Antibodies were purified using y-Bind
Plus affinity gel matrix (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). The IgG content was determined from the
weight of freeze-dried preparations. The antibody solutions
were sterile filtered and stored at —80°C until used. M2139 and
CIIC1 are arthritogenic mAbs that bind to separate well-defined
conformational epitopes within the helical region of the
collagen molecule, at the J1 epitope, amino acids 551-564 for
M2139 and the C1' epitope, amino acids 359-363 for CIIC1.

2.2 Injection of Arthritogenic mAbs into Mice

To determine whether the arthritogenic mAbs cause cartilage
damage in vivo in the absence of inflammation, paws were ex-
amined from mice three days after intravenous injection with
a mixture of the two mAbs, M2139 and CIICI in phosphate-
buffered saline (PBS) pH 7.4. Four mice from two strains were
used: B10.Q mice that develop CAIA but require a further injec-
tion of lipopolysaccharide for enhanced incidence and severity
of arthritis” and B10.Q C5-congenic mice that lack complement
factor C5 (C58) and hence do not develop CAIA.'3 C58 congenic
mice were generated using the speed congenic technique.'*
The congenic fragment from non-obese diabetic mice (NOD)
in the B10.Q genetic background was ~54 Mb, ranging from
D2Mit116 to D2Mit91. None of the mice used in this study de-
veloped macroscopic arthritis by day 3. The mixture of M2139
and CIIC1 contained 4.5 mg of each of the sterile-filtered an-
tibody solutions in a final volume of 0.4 ml. Mice of the same
strains injected with PBS alone were used as controls. Mice
were killed at day 3 after injection, and paws were fixed in 4%
phosphate-buffered paraformaldehyde solution for 24 h, decal-
cified for three to four weeks in an ethylenediaminetetraacetic
acid-polyvinylpyrrolidone-Tris solution (pH 6.9), dehydrated,
and embedded in paraffin using standard protocols for process-
ing for histology and for synchrotron FTIRM.
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2.3 Examination of the Cartilage
2.3.1 Histology

To examine the cartilage in the small joints, the paws of the
mice were sectioned to a depth that allowed examination of
both the bone and the cartilage surface within the joints. Then,
5-pm sections were stained with haematoxylin and eosin (H&E)
to examine the appearance and integrity of the cartilage and
chondrocytes, or with toluidine blue to examine proteoglycan
loss. The thickness of the cartilage in various joints was mea-
sured using MCID™ TImage Analysis Software (M4 3.0 Rev
1.1, Imaging Research Inc., St. Catherines, Ontario, Canada).
Images were captured at 200x magnification on H&E stained
sections, and the autoselect tool was used to designate and cre-
ate a line at the bone-cartilage junction. Using the two-point
straight-line measurement tool, the distance of loss was mea-
sured from the edge of the tissue, through to the line created by
the autoselect tool. The measurement was performed six times
on each image captured.

2.3.2  fourier-transform infrared microscopy

For examination by synchrotron FTIRM, 5-um sections of
paraffin-embedded tissue were placed onto MirrIR low-e mi-
croscope slides (Kevley Technologies, Chesterland, Ohio). To
obtain the requisite resolution, measurements were performed
on the IR beamline at the Australian Synchrotron (Melbourne,
Victoria, Australia). Spectra were collected with a Bruker Hy-
perion 2000 IR microscope (Bruker Optik GmbH, Ettlingen,
Germany) equipped with a liquid-nitrogen—cooled narrowband
HgCdTe (MCT) detector with a 36x (0.5 NA) IR objective.
The Hyperion 2000 microscope is coupled to a Bruker Vertex
80 spectrometer. For FTIR mapping and single-point measure-
ments, the aperture was set at 5 x 5 um. For each sample
examined, single-point measurements and spectral maps (grids)
were collected in transflectance mode by scanning the computer-
controlled microscope stage in a raster pattern with a 5-um step
size in both the x and y directions for the maps.

Because the mAbs bind to the cartilage surface®!>16 for
each joint examined, 10 single-point spectra were collected from
chondrocytes close to the cartilage surface and 10 spectra were
collected from the cartilage matrix between the cells at the sur-
face. Similarly, 10 spectra were collected from chondrocytes
and the cartilage matrix deeper within the cartilage, to compare
changes associated with direct mAb penetration at the cartilage
surface and changes beyond the area of direct mAb penetration.
Single-point spectra were examined using OPUS 6.5 spectro-
scopic software (Bruker, Germany), where second-derivative
spectra were used to enable the spectral resolution of bands that
contribute to either inflection points or shoulders in the origi-
nal spectrum'” while also greatly reducing the contribution of
sloping baselines observed in some absorbance spectra.

Grids were defined over the distal interphalangeal joints that
encompassed regions of the cartilage surface and included the
bone beyond the cartilage surface. The spectra obtained from
the grids were analyzed using CytoSpec (CytoSpec, Inc., Berlin,
Germany), performing unsupervised hierarchical cluster analy-
sis (UHCA)'® to generate false color maps based on spectral
variation. UHCA is a multivariate approach to analyzing a data
set of spectra collected from tissue by FTIRM and has been well
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described in literature.'3-2° It provides an objective means for
determining variations in the tissue without any prior knowl-
edge of changes that may be occurring. A “quality test” was
performed to remove spectra with poor signal-to-noise ratios
and spectra of very high or low absorbance and analysis was
directed toward the spectral region 940-1800 cm ~ !, where the
major macromolecular spectral bands appear. Spectra at the tis-
sue periphery that showed dispersion effects and hence confound
analysis of the amide bands were also removed.

Because the major components of the cartilage matrix are
collagen, sulphated proteoglycans, and the nonsulphated gly-
cosaminoglycan hyaluronan, analysis was directed particularly
to the location of the amide I peak (1640-1670 cm~!), repre-
senting total protein and to peaks within the region of 960—-1175
cm ™! derived from carbohydrate moieties.® The amide I peak
for native triple helical collagen is unusual, being >1660 cm~ !,
compared to most other proteins for which the peak is ~1650
cm~ !, and there is a characteristic shift to lower wavenumber on
denaturation.2'~>* The “collagen triplet” of peaks at 1203, 1234,
and 1280 cm ! often used to identify collagen in other tissues
is of limited utility in the analysis of cartilage, as it overlaps the
peak at 1240-1245 cm~! derived from sulphates,”>2 which
are a major component of the highly sulphated glycosaminogly-
cans of the cartilage matrix. For the analysis of chondrocytes,
particular attention was paid to bands in the second-derivative
spectra that could be attributed to nuclear deoxyribose nucleic
acid (DNA), or ribonucleic acid (RNA), which may be increased
in activated cells. These include bands at 1240 and 1080 cm ~!
attributed to the asymmetric and symmetric phosphate stretch-
ing vibrations (v,sPO, ~ and v{PO, ) of cellular nucleic acids,
bands at 1050 and 1015 cm ™! characteristic of ribose sugars,
and a band at 970 cm !, characteristic of phosphodiester main
chain vibrations.!” An important component of this study was
the need for optimum lateral resolution and careful comparison
of the visual images to localize the IR spectra obtained, to ex-
amine the chondrocytes, and to discriminate the cartilage from
bone, noting that the major protein in decalcified bone is type |
collagen, which has an almost identical IR spectrum to that of
the type II collagen in cartilage.

3 Results
3.1 Histology of Joints

Sections of paws from mice treated with mAbs and from control
mice were examined by light microscopy. Whereas the cartilage
surface in the joints of control mice was smooth, shown by
H&E staining [Fig. 1(a)] and the proteoglycans stained strongly
with toluidine blue [Fig. 1(c)], the cartilage of mice of both
strains treated with the mAbs showed considerable variability
in appearance [Fig. 1(b) and 1(d)]. Unlike the cartilage surface
in the control mice, the cartilage surface in the mice treated
with mAbs was often uneven, with cells protruding from the
cartilage surface [Fig. 1(b)]. There was a dramatic reduction
in the intensity of staining of proteoglycans in the majority
of joints, particularly in the small distal interphalangeal joints
where there were cells protruding from the cartilage surface
and dark “ringing” of stain around the cells suggestive of new
proteoglycan synthesis [Fig. 1(d)]. By MCID analysis of 17
distal interphalangeal joints from six mice of the two strains
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Fig. 1 Histological sections through joints from control and mAb-
treated mice showing the cartilage: (a) Control joint stained with H&E,
showing a smooth cartilage surface; (b) joint from mAb-treated mouse
stained with H&E, showing an uneven cartilage surface, due to cells
protruding from the cartilage surface; (c) control joint stained with tolu-
idine blue to show dark, uniform staining of proteoglycans; and (d) joint
from mAb-treated mouse stained with toluidine blue, showing loss of
proteoglycan staining and dark “ringing” of stain around protruding
surface chondrocytes. All images in this figure are on the same scale.
CA: cartilage, BO: bone, arrows indicate protruding chondrocytes.

treated with mAb, the cartilage that showed these “protruding”
cells was significantly thinner than cartilage from joints in which
the surface remained smooth (mean =+ standard deviation, 33
+ 7 versus 49 £+ 6 um, p = 0.004), suggesting that there was
loss of matrix from the cartilage surface. The changes following
mAb injection were similar in both strains of mice tested.

3.2 Synchrotron FTIRM Analysis of the Cartilage:
Comparison of Chondrocytes and Matrix

Single-point spectra of the cartilage matrix were compared from
interphalangeal joints from mAb-treated mice and from control
mice. For both groups, the averaged absorbance spectra after
baseline correction were very similar and characteristic of car-
tilage [Fig. 2(a)], but the groups differed in two characteristics.
First, there was a substantial decrease in absorbance in peaks of
<1500 cm~!, including the peak at 12401245 cm ! derived
from sulphates and peaks within the region 960-1175 cm~!
derived from carbohydrate moieties; these changes were con-
sistent with the loss of proteoglycans shown by histological
staining in treated mice. Second, there was a shift in location of
the amide I peak, from 1670 to 1656 cm ~ 'in the mAb-treated
mice, taken to represent collagen denaturation. Spectra from the
chondrocytes were very similar to those from the matrix in both
groups, and no peaks could be identified that occurred only in
the chondrocytes.

Individual spectra were further analyzed using second-
derivative analysis to assign bands. Overall, spectra from both
chondrocytes and matrix were very similar and the proteogly-
can loss identified by toluidine blue staining and seen in the
underivatized spectra was not apparent using second-derivative
spectra, suggesting that the proteoglycan loss was not associ-
ated with any major changes in those components. Moreover,
second-derivative spectra from the chondrocytes did not show
any bands that could be unequivocally assigned to nucleic acid
bands of either DNA or RNA.
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Fig. 2 Patterns of spectra from control and mAb-treated mice: (a) Mean absorbance spectra from matrix from control mice and a mAb-treated mouse
after background correction and normalization based on the Amide | peak; (b) mean second-derivative spectra from the same mice, showing the
most frequently seen pattern with two bands at 1666-1670 cm~! and at 1635-1637 cm~; (c) uncommon patterns of second-derivative spectra, a
single peak at 1655 cm~ ! corresponding to an underivatized absorbance peak in the same position (light gray) or two peaks with a marked shift of
one to 1685 cm~ " (black); and (d) differing distribution of spectra of control mice and mAb-treated mice according to ratios 1635/1666 calculated

based on the value of the minima in second-derivative spectra.

The major differences in the second-derivative spectra were
in the amide I region, >1600 cm~'. In >90% of all spec-
tra, two bands were identified as components of the amide I
peak, one in the region of 1660-1670 cm~! and a second at
1635-1637 cm ™! [Fig. 2(b)]. The band at 1635-1637 cm ™!
could be identified as a shoulder on the amide I peak in the
underivatized spectrum, and an increase in its intensity when
compared to the 1660-1670 cm ! band, which corresponded
to a shift in the amide I peak to a lower wavenumber in the
original spectrum. This pattern was seen in >90% of all indi-
vidual spectra from either matrix or chondrocytes, and either
control or mAb-treated mice, but there were differences in the
relative intensity of the two bands according to the source of the
spectrum.

Two further patterns of bands in the amide I region also
occurred infrequently [Fig. 2(c)]. In one, the band at 1660-
1670 cm ~ ! was replaced by a band at 1680-1685 cm ~ !, often
with a small band at 1635-1637 cm . In the other, there was
a band around 1654 cm !, usually alone, but sometimes asso-
ciated with bands at 16661670 and/or 1635 cm ~ !, and seen as
an amide I peak in the underivatized spectrum at ~1655 cm ™~ !.
This pattern was rare in the mouse spectra but corresponded to
spectra we have attributed to collagen denaturation in cartilage
explants treated with the mAbs in vitro.%?® These two patterns
of bands occurred too rarely for analysis, but may provide in-
formation about the secondary structure of the collagen matrix
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(see Sec. 4). In a preliminary experiment, a ratio 1635/1666 was
calculated from the value of minima in the second-derivative
spectra at each wavenumber for 22 surface-located cells from
control mice and 28 cells from mAb-treated mice [Fig. 2(d)].
The mean ratio 1635/1666 for the control cells was 0.65 (range
0-2), which was significantly lower that 3.4 (range 0.12-11) for
the mAb-treated cells (p < 0.001, Mann-Whitney U test). Over-
all, only 5 of the 22 second-derivative spectra from control mice
showed a ratio 1635/1666 > 1, compared to 19 of 28 of the spec-
tra from mAb-treated mice (p = 0.0015, x2). Because ratios > 1
were readily identified from individual second-derivative spec-
tra, in all further analysis results have been expressed as the
number in each group >1.

Table 1 and Fig. 3 show the results of analysis of cells or
matrix that showed the common pattern of reactivity in controls
and mAb-treated mice. For the control mice, the spectra differed
little between the surface and deep in the cartilage [Fig. 3(a)
and 3(c)]. The spectra from the mAb-treated mice were more
variable, and there were differences between the spectra derived
at the cartilage surface and deep within the cartilage, particularly
for the chondrocytes [Fig. 3(b) and 3(d)]. The major spectral
changes in the treated mice were seen in the amide I region,
>1600 cm~'; although in all cases, loss of peak height was
clearly apparent in the nonderivatized spectra (data not shown).
At or near the cartilage surface, the band at 1635 cm~ ! was
prominent in all spectra and, for the chondrocytes, this band
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Table 1 Relative prominence of second-derivative bands in the amide 1 region at 1635 and 1666 cm ~

1

for cells and matrix from mAb-treated and control mice.

mAb-treated (n = 8 mice) Control (n = 3 mice) p(x2)
Surface cells
Spectra examined 106 30
Ratio >1 57 (54%)' 9 (30%) 0.0214
Mean ratio? 1.3 0.55
Surface matrix
Spectra examined 69 30
Ratio >1 24 (35%) 4 (13%) 0.0199
Mean ratio 1.7 0.32
Deep cells
Spectra examined 80 30
Ratio >1 83 (10%) 0 (0%) ns
Mean ratio 1.7 0.13
Deep matrix
Spectra examined 80 30
Ratio >1 0 (0%) 0 (0%) ns
Mean ratio 0.02 0.04

1. Number (%) of individual spectra in which 1635 cm =" was the major band (ratio >1).
2. Ratio 1635/1666 based on the value of the minima in the mean second-derivative spectrum.

3. From a single mouse.
ns: Not significant.

was often stronger than the band at 1666 cm ~! (Table 1). Thus,
for 106 surface chondrocytes examined from eight mAb-treated
mice, the mean ratio 1635/1666 bands for the treated mice was
1.25 (range 0.36-3.3), compared to 0.55 (range 0.08—1.2) for 28

(?)f\ M‘n /‘ Al o (t:)r 1
P DA e

I
!
| 1670 1666 | M163s

1764 ~ 1558 1353 1147 940 1764 1558 1353 1147 840

_,/\ \ \ I\ WAV LY W Y I \\l f[ \\/ j \u/\" Ve .,_\;\f e

| |

1670 1670

(c) (d)

1764 1558 1353 1147 940 1764 1558 1353 1147 940
Wavenumber (cm”)

2 derivative of absorbance

Fig. 3 Representative single point synchrotron FTIRM spectra col-
lected from control and mAb-treated mice, comparing the spectra ob-
tained from the chondrocytes and from the cartilage matrix at the edge
of the cartilage (a,b) and deeper in the cartilage (c,d). The bold line
represents the chondrocytes and the pale line indicates cartilage ma-
trix. (a) Spectra at the cartilage surface in a control mouse, (b) spectra
at the cartilage surface in an mAb-treated mouse, (c) spectra deeper in
the cartilage in a control mouse, and (d) spectra deeper in the cartilage
in an mAb-treated mouse.
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chondrocytes from three control mice, and the 1635 cm~ ! was

the major band in significantly more of the mAb-treated mice
(57/106, 54% versus 9/30, 30% p = 0.0214, x?). Deeper in
the cartilage, the spectra for both chondrocytes and matrix were
similar to those of controls and, the band at 1635 cm ! seen
at the surface, was noticeably reduced (mean ratio 1635/1666,

0.038, range 0.038-0.068).

3.3 Unsupervised Hierarchical Cluster Analysis
Analysis of the Cartilage

Spectral maps spanning from the cartilage surface through to
the bone in the distal interphalangeal joints were collected and
examined using UHCA on either standard spectra or second-
derivative spectra. Despite using varying numbers of clusters
and performing a quality test to eliminate poor quality spectra,
UHCA did not clearly distinguish between the bone and the car-
tilage, and spectra collected from control mice were very similar
across the entire grid (Fig. 4), noting that the characteristic bands
representing mineralization of the bone have been removed by
decalcification. The major amide I band in each cluster was
located above 1660 cm~!, characteristic of collagen, whether
the type II collagen in the cartilage, or the type I collagen of
bone, and there were bands at 1203, 1234, and 1280 cm !
that could be ascribed to the “collagen triplet.” In several joints
from the control mice, cluster analysis discriminated a cluster
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2nd derivative of Absorbance

1353 1147 940
Wavenumber (cm™)

T T 1

Fig. 4 Representative result obtained by synchrotron FTIRM on a grid from a control mouse. (a) Light microscopy image of unstained section on

Kevley reflective slide. CA: cartilage, BO: bone, N cartilage border. (b) IR image processed by UHCA over the range 940-1800 cm ™~ using
second-derivative spectra with five clusters. (c) Second-derivative spectra for the clusters, corresponding to the image in (b), showing a band at 1635
cm~ " in the cluster corresponding to the cartilage surface (1635/1666 ratio 0.5, based on peak height). Pixels of poor quality were excluded from

analysis. Original magnification of (a) and (b) are x200.

localized to a surface layer of the cartilage that contained a rel-
atively high proportion of chondrocytes in which the amide I
band at 1666 cm~! was reduced and the minor band at 1635
cm ™! was prominent (Fig. 4).

The grids collected from the mice treated with mAbs were
more complex. Overall spectra showed more “noise” at the car-
tilage surface, leading to loss of pixels, when quality tested for
UHCA, and clusters at the cartilage surface were often uninfor-
mative. Figure 5 shows the results obtained from a representative
mouse paw. In this sample, close to the surface, the amide I band
at 1666 cm ~! was markedly reduced and considerably smaller
than the band at 1635 cm ™!,

4 Discussion

This study examined the histological and chemical changes by
synchrotron FTIRM in the cartilage of paws from mice injected

Journal of Biomedical Optics
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with two mAbs to CII, M2139, and CIIC1, which can induce
arthritis.”?” Until day 3, when samples were collected, none
of the mice transferred with mAb showed macroscopic joint
swelling or histological evidence of any infiltrating inflamma-
tory cells. Nonetheless, there was clear histological damage to
the cartilage, including proteoglycan loss and cartilage thinning
in the small joints, and matrix changes identified by synchrotron
FTIRM that included loss of the 1660 cm ~! amide I band char-
acteristic of native CII and the appearance of an unidentified
band at 1635 cm~! in both the complement factor C5 suffi-
cient and deficient mice. These results provide clear evidence
that the mAbs that cause the cartilage damage in vitro®?° also
have damaging effects on the cartilage in vivo in the absence of
inflammation.

In contrast to our previous studies using the cartilage explants
in vitro>?% in which the shift in the position of the amide T band
to below 1660 cm ™! in absorbance spectra was accompanied
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2nd derivative of Absorbance

1664

1764 1558

Wavenumber (cm?)

1353 1147 940

Fig. 5 Representative result obtained by synchrotron FTIRM on a grid from a mouse injected with two mAb. (a) Light microscopy image of

unstained section on Kevley reflective slide CA: cartilage, BO: bone, N cartilage border. (b) IR image processed by UHCA over the range
940-1800 cm ™! using second-derivative spectra with five clusters. (c) Second-derivative spectra for the clusters, corresponding to the image in

(b). Pixels of poor quality were excluded from analysis. At the cartilage surface the band at 1635 cm

~1 was more prominent than the band at

1664 cm ™~ (1635/1664 ratio 3.1). Original magnification of (a) and (b) are x200.

by a similar shift in second-derivative spectra in the cartilage
cultured with mAbs, this shift representative of collagen denat-
uration was much less prominent in vivo. Instead, there was
evidence of complete loss of collagen, seen as a decrease in the
strength of the amide I band, particularly at the cartilage surface,
and measurable thinning of the cartilage. This may represent dif-
ferences in the processing of denatured collagen in the tissue in
vivo and in vitro. Although native collagen is highly resistant
to degradation by proteases other than collagenases, denatured
collagen is readily degraded by a variety of enzymes. In vivo,
denatured collagen would be rapidly removed by various matrix
metalloproteinases (MMPs) not only by the gelatinases MMP-
2 and 9,7 but also by MMP-3 (stromelysin-1), which by de-
grading the perifibrillar extracellular matrix components further
activates the cartilage-degrading enzymes such as proMMP-1,
proMMP-9, and proMMP-13%° with the result that there is com-
plete loss of matrix. By contrast, in vitro, these enzymes may
be less abundant, leading to less rapid removal of the denatured
collagen and, hence, its appearance in spectra.

Despite the use of the high lateral resolution of the syn-
chrotron to examine the spectra of the chondrocytes, the spectra
obtained from both the chondrocytes and matrix were very sim-
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ilar. The abundance of the ECM means that the IR spectrum
of cartilage primarily represents its major components, particu-
larly CII, with little contribution from cellular components such
as DNA, RNA, or other proteins. Because chondrocytes are the
cells that synthesize, assemble, and secrete the components of
the ECM,'? these components are likely to contribute to the
cellular spectra also.

A major difference from previous in vitro studies was the
appearance of a band at 1635 cm ™! that appeared as a shoul-
der on the amide I band in the nonderivatized spectra. This was
distinct from the shift in the amide I peak we have previously
observed in the cartilage explant cultures,”?° and attributed to
collagen denaturation,**? and the two bands could be dis-
criminated in second-derivative spectra. Moreover, as spectra
at the tissue periphery that showed dispersion effects were re-
moved, and a similar band was occasionally seen deep in the
tissue, this distinct peak could not be explained by a shift of the
amide I band resulting from scattering effects close to the edge
of tissue samples, as has been reported elsewhere.’> In some
mAb-treated mice, the band at 1635 cm~! was the dominant
band in the spectrum at the cartilage surface. The nature of this
peak is unknown, but a similar peak has been associated with
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living chondrocytes in cartilage explants and may be associated
with matrix regeneration.”® In the mouse cartilage where the
1635-cm ~ ! band occurred, surface chondrocytes often showed
evidence of proteoglycan synthesis, seen as ringing in the tolu-
idine blue—stained sections. In healthy cartilage, the turnover
of the matrix is normally very slow and the half-life of CII in
adult cartilage has been estimated to be 1000 days,'! although
there is some loss and repair of the ECM evidenced by turnover
of proteoglycans, particularly aggrecan, at the joint surface, and
this is increased following damage.'!3* Taken together, these re-
sults suggest that the 1635-cm ~ ! band is a marker of activated
chondrocytes in the cartilage.

Although the 1635 cm ™! band was associated with regions
that contain activated chondrocytes in the mouse cartilage, it has
not been conclusively identified. Despite the heightened reso-
lution obtained by use of synchrotron radiation, it appeared in
both the spectra of chondrocytes and also extracellularly. The
major protein of the cartilage is CII, a fibril forming collagen
synthesized by chondrocytes, and comprising three o-helical
polypeptide chains twisted tightly into a right-handed triple he-
lix to form a ropelike structure stabilized by strong covalent
bonds.!%!2 The amide I peak of this collagen helix is character-
istically above 1658—1660 cm ~ !, appearing in deconvoluted or
second-derivative spectra as three distinct bands at 1657-1661,
1630-37 cm ~ !, and above 1670 cm — '.23:31:32.35-37 Thege bands
appear to be characteristic of a triple helix and also occur in other
molecules that contain a collagen-like triple helix, including the
nonfibrillar collagens that contain one or several small triple-
helical domains interrupted by short nonhelical domains, and
the complement component C1q that comprises a collagen-like
triple helix at the N-terminus, with C-terminal globular heads.?
In all these proteins, the band at 1657-61 cm ~ ! is normally the
strongest of the three. The 1635-cm ~! band in the mouse car-
tilage could represent the 1630-37 cm ~! band of the collagen
triple helix, although it is unclear why it would be much stronger
in the cartilage of the mAb-treated mice than in the control mice.

Alternatively, the 1635cm ~ ! could represent the appearance
of another band within the amide I region as a result of new
protein synthesis. Bands below 1640 cm~! and particularly at
1637 cm~! are characteristic of p-strand secondary
structures.***? Such structures may reflect marked increases in
other unknown cartilage proteins, but they may also arise from
collagen itself. Mature collagen fibrils are almost entirely triple
helical in structure and hence are unlikely to contain significant
B-strand secondary structures, but collagen precursors are syn-
thesized with large C- and N-terminal extensions, which may
contain B-sheet and B-turns. These extension propeptides are
involved in the chain assembly necessary for the triple-helical
formation that takes place within the cell prior to secretion and
are cleaved by specific peptidases after secretion but prior to
formation of fibrils in which the major structural unit is triple
helical collagen.'®!? The fibrils of triple helical collagen are
then aligned in a quarter-staggered array to form thicker fib-
rils and stabilized by cross-linking residues, including lysine.
The IR spectrum of purified collagen derived by pepsin extrac-
tion reflects this triple helical secondary structure without any
contribution from S-sheet structures, as pepsin cleavage re-
moves any remaining nontriple-helical regions at the N- and
C-terminus of the collagen but does not digest the triple helix
itself.>® However, in this study, the band at 1635 cm ~ ! may rep-
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resent B-secondary structures within the globular heads of newly
synthesized collagen produced by activated chondrocytes, both
within the cells and also in the matrix before fibril formation
occurs. A similar change in the relative intensity of second-
derivative spectra has been described for Clq where there is
a strong band at 1637 cm ! for the intact molecule, taken to
represent -secondary structures within the globular domains,
and only a weak band at 1661 cm ~ !, representing the relatively
low proportion of triple helix, whereas for the triple helical Clq
stalks remaining after removal of the globular domains by pepsin
digestion. The major band was at 1655 cm ~ ! and assigned to the
triple helical structure, with only a weak band at 1636 cm ~!.%8

Finally, this study illustrates the utility of IR microspec-
troscopy for examining chemical changes in cartilage by provid-
ing information that can only be deduced indirectly otherwise.
In the absence of other markers of cartilage damage, the com-
bination of standard histological analysis and FTIRM analysis
should provide important new information in studies of arthritis
and cartilage repair. By utilizing the higher lateral resolution
available for infrared microspectroscopy at the Australian syn-
chrotron, it has been possible to look at individual cells and areas
of matrix in different joints, and at different depths in the carti-
lage, and to discern differences that cannot be measured by any
currently available biochemical or histological techniques. We
have demonstrated damage to the cartilage structure and matrix
by mAbs to CII directly both in vitro®® and in the current study
in vivo in the absence of inflammation. Autoantibodies play an
essential role in the pathogenesis of CIA and most likely also
in RA.'*#! The exact mechanism and cause for the cartilage
damage and destruction seen in RA is yet to be fully elucidated.
However, these same antibodies to CII are present in RA and
its murine model and may explain the cartilage damage that
occurs in the human disease. Furthermore, understanding the
direct damage caused by antibodies on target tissues without
any major inflammatory events will stimulate further research
in several antibody dependent immune pathologies.
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CHAPTER FOUR

THE EFFECTS OF MONOCLONAL ANTIBODIES TO

CII ON CARTILAGE IN VIVO

B. HISTOLOGICAL CHANGES



Preface to Chapter 4

4.1. Preface

In addition to the use of infrared spectroscopy to analyse the changes in the
cartilage in vivo in mice injected with mAbs that did not develop CAIA, all paws
from the mice were examined histologically. Detail on the strains of mice and
immunization are described in chapter three. Mice were injected with either two
(M2139 and CIIC1) or four (M2139, CIIC1, UL-1 and CIIC2) arthritogenic mAbs to CII.
Morphological changes were identified using histology. To determine whether
there was non-inflammatory cartilage damage such that occurs in osteoarthritis, a
scoring system based on a modified Mankin score was developed. This analysis
focused particularly on analysis of cartilage structure, chondrocyte integrity and
organization. Proteoglycan loss was measured using toluidine blue staining in the
cartilage of the phalangeal and tarsal joints in these mice. The modified Mankin
score applied in these studies has been used previously for scoring cartilage

changes in osteoarthritis®®* 2%,

For cartilage analysis, all four paws from each mouse were collected and
processed. The hind paws were embedded in two blocks to allow examination of
both phalangeal and tarsal joints (total of 6 blocks per mouse). Each paw was
sectioned longitudinally to a depth that allowed examination of both bone and
cartilage surfaces of multiple joints within each section. The hind paws of a further

4 mice of each strain that had been injected with two mAbs were also examined.

The results are presented in the form of a manuscript being prepared for

publication.
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Abstract

Cartilage damage that occurs in murine collagen induced arthritis (CIA) and human
rheumatoid arthritis is taken to result from inflammation and the effects of
degradative enzymes. However monoclonal antibodies (mAb) to type Il collagen
(Ch) that induce collagen antibody induced arthritis (CAIA) after passive transfer in
vivo cause cartilage damage in vitro in the absence of inflammation. To determine
whether arthritogenic mAbs cause non-inflammatory cartilage damage in vivo,
strains of mice with impaired capacity to develop inflammation (B10.Q C568) and
the parental strain (B10.Q) that are CAIA sufficient but require an injection of
lipopolysaccharide for enhanced incidence and severity, were injected
intravenously with either two or four potently arthritogenic mAbs to induce CAIA,
or with saline only for controls. At day 3, mice were killed and the cartilage in joints
of all paws was scored histologically. Analysis included that of cartilage structure,
chondrocyte integrity and organization, proteoglycan loss using toluidine blue, and
synchrotron-enhanced Fourier Transform Infrared Microspectroscopy to assess
collagen changes. No macroscopic or microscopic inflammation was evident in any
of the mice, yet all mAb-treated mice showed cartilage damage, marked by loss of
cartilage structure, chondrocyte hyperplasia and/or loss and loss of proteoglycans
in all joints. Such changes in inflammation-intact mice would readily enhance the
exposure of damaged collagen fibrils to immune complexes containing collagen
antibodies, and to the degradative enzymes released by inflammatory cells. Hence
antibody-induced cartilage damage is a potential mechanism for initiation and
perpetuation of cartilage damage in both murine arthritis and, possibly, in human

RA wherein anti-Cll antibodies of the same specificity are known to be present.
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1. Introduction
B cells and secreted antibodies clearly participate in the pathogenesis of
rheumatoid arthritis (RA), and depletion of B cells using monoclonal antibodies
(mAb) to CD20 (Rituximab) ameliorates the disease. However autoantibody levels
are not completely depleted in patients with RA undergoing B cell depletion
therapy with Rituximab(ml), therefore an understanding of the regulatory

mechanisms at the effector level is important for the design of improved therapies.

An autoimmune response to native articular Cll develops in patients with RA
in whom IgG antibodies to Cll are demonstrable in blood, cartilage and synovium‘l).
The arthritis induced by immunization of animals with ClI, CIA, resembles RA in
showing destruction of the articular cartilage matrix, and accompanying T and B cell
immune responses to Cll that are required for disease development(m). Moreover
certain mAb to Cll from strains of mice susceptible to CIA can, on passive transfer,
induce an acute arthritis in recipients. This is termed CAIA and occurs
independently of any direct activity of B and T cells, so allowing effector processes
to be studied independently of events during disease induction®. Articular
inflammation characteristic of the effector stage is attributable to deposited
immune complexes and activation of complement and Fc receptors (FcRs)(zoz).
However not all Cll-specific antibodies are equally arthritogenic, inferring that the

epitope of Cll that is recognized modulates the response(167).

Studies on the effects of mAbs to Cll in vitro have shown that two mAbs

M2139 and CIIC1 that are potently arthritogenic in vivo affected cartilage matrix

(11

integrity in cartilage explant cultures ) and impaired synthesis of new matrix and

disrupted collagen fibril formation in chondrocyte cuItures(g), whereas a non-

arthritogenic mAb CIIF4 had no such effect'®

. Notably, in the culture systems
used, cartilage damage must occur independently of immune cells or their small

molecular mediators.
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These in vitro studies suggest that antibodies to Cll may participate in the
cartilage damage that accompanies articular inflammation; and that such cartilage
damage should be discernable in vivo after injection with arthritogenic mAbs, in
mice that are unable to develop CAIA1E), Accordingly, the present study was to
verify that mice that are incapable of developing inflammation characteristic of
CAIA nonetheless show evidence of cartilage damage after receiving arthritogenic

mADbs.

2. Materials and Methods

2.1.  Monoclonal antibodies
The mAbs used were derived from hybridomas developed from Cll-immunized
micel® 179 193,203) M2139, CIIC1,UL-1 and CIIC2 are arthritogenic mAbs that each
bind to separate well-defined conformational epitopes on one or another of the
cyanogen bromide (CB) cleaved peptides of native ClI, including CB11 (C1' epitope,
ARGLT, aa 359-369)*19%2%%) cB8 (U1 epitope, GLVGPRGERGF, aa 494-504)""% and
CB10 (J1 epitope, MPGERGAAGIAGPK, aa 551-564, and D3 epitope,
RGAQGPPGATGF, aa 687-698)(184). Previous experiments in vivo were performed
using a mixture of two mAbs, M2139 + CIIC1 for passive transfer of CAIA, but a
mixture of four mAbs, (M2139+ClIC1+UL1+CIIC2), representing a polyclonal mAb
response proved even more arthritogenic(s’ 83 The mAbs were purified from
culture supernatants using y-bind plus affinity gel matrix (Amersham Pharmacia

Biotech Inc, Uppsala, Sweden)(m).

2.2. Mice
Two strains of mice were used, B10.Q C5-congenics that lack complement factor C5

(B10.Q C538) and hence cannot develop CAIA(185), and the parental strain B10.Q that
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are C5 sufficient and do develop CAIA upon antibody transfer, however require
further injection of lipopolysaccharide for enhancement of arthritis®. The B10.Q
C58 congenic mice were generated using the speed congenic technique‘lgg); the
congenic fragment from NOD in the B10.Q genetic background was approximately
54 Mb ranging from D2Mit116 to D2Mit91. Local (Lund-Malmé region, Sweden)

animal welfare authorities permitted all the animal experiments.

2.3.  Effects on cartilage of passive transfer of mAb to ClI
Cartilage changes after passive transfer of mAbs to Cll in the absence of
inflammation were examined in groups of 4 four-month old mice injected
intravenously with either 2 (M2139 + CIIC1) or 4 (M2139 + CIIC1 + UL-1 + C2)
arthritogenic mAbs, or PBS alone (total 24 mice). The mixture of M2139 and CIIC1
contained 4.5 mg of each of the sterile-filtered antibody solutions in a final volume
of 0.4 ml, and the mixture of CIIC1+M2139+UL1+C2 contained 1 mg of each mAb in
a final volume of 0.4 ml. Mice were killed at day 3 after injection at a time when

none had developed arthritis macroscopically(s).

Paws were fixed in 4% phosphate buffered paraformaldehyde solution for
24 hours, decalcified for 3 to 4 weeks in an ethylenediaminetetraacetic acid-
polyvinylpyrrolidone-Tris solution (pH 6.9), dehydrated, and embedded in paraffin
for processing for histology and for synchrotron FTIRM. All four paws from each
mouse were collected and processed, with the hind paws embedded in two blocks
to allow examination of both phalangeal and tarsal joints. Each paw was sectioned
longitudinally to a depth that allowed examination of both bone and cartilage

surfaces of multiple joints within each section.

To compare the cartilage changes in the small joints of the phalanges, and

the larger tarsal joints, serial sections of tissue from the hind paws of a further 4
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mice of each strain that had been injected with two mAbs were also examined by

histology and FTIRM.

2.4.  Histology
For histological examination, 5um serial sections of tissue were cut and stained
with haematoxylin and eosin (H&E), or with toluidine blue to provide a semi-

®2) " For most mice

guantitative examination of proteoglycan loss from the cartilage
it was possible to compare the intensity of the staining of the cartilage within
growth plates of the radial and ulna epiphyses with that of the cartilage at the joint

surfaces of the carpal, metacarpal and phalangeal joints in the same section.

2.4.1. Histomorphometry
Histomorphometry to measure cartilage thickness and mean chondron size was
performed on H&E-stained sections using MCID™ Image Analysis Software (M4 3.0
Rev 1.1, Imaging Research Inc, St Catherines, Ontario, Canada), on images captured

at 200 X magnification, as described previously™

. For chondrocyte size, individual
chondrocytes were manually outlined using the MCID™ software, which then

calculated the chondrocyte area.

2.4.2. Scoring of cartilage changes
Scoring of cartilage changes was based on a modified Mankin score which has been

290 3nd is shown in Table 1, however the

used for scoring cartilage in osteoarthritis
scale was reduced to exclude scoring for the more extreme structural changes,
pannus and fissures into the calcified cartilage layer, seen in long-standing
osteoarthritis. A combined score was derived for the joints by assessing cartilage
structure (0-2 points), cellular abnormalities (0-3 points), and matrix staining (0-4

points), such that scores of 0 reflect normal cartilage and 9 the most severe
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cartilage lesions. The scores for the structure of the cartilage, and cellular
abnormalities were assessed from sections stained with H&E, and scores for matrix
staining were assessed from toluidine blue-stained sections. For each mouse,
scores were derived from at least three different sections, 111 joints in total, with
selection based on the quality of the histology. Scores obtained for each joint were
ranked, expressed as median and range, and statistical analysis was performed
using the nonparametric Kruskal-Wallis Analysis of Variance by Ranks, or the Mann

Whitney U test, as appropriate.

2.5.  Chemical composition of the cartilage by synchrotron FTIRM
Chemical changes in the cartilage, particularly changes to Cll were examined by
synchrotron FTIRM. The IR spectrum of collagen is characterized by a triplet of
peaks at 1203, 1234 and 1280 cm’, but in cartilage this collagen triplet coincides
with a major peak at 1240-1245 cm™ which is derived from sulphated
glycosaminoglycans in the cartilage matrix. Therefore, analysis of Cll was
concentrated on the location of the amide | peak (1640-1670 cm™) which for native
triple helical collagen is >1660cm™. However this amide | peak is complex due to
contributions from the secondary structure of the proteins; for collagen a shoulder

at ~1637 cm™ that has been attributed to the triple helix absorption of collagen(m),

(204)

or possibly to new collagen and there is a characteristic shift to lower

(71, 112, 139, 205)

wavenumber on denaturation . For proteoglycans, analysis was based

on peaks within the region of 1175-960 cm™ derived from carbohydrate moieties.

(11, 206)

Details of this methodology have been published previously , but

briefly, 5 um sections of paraffin-embedded tissue were placed onto MirrIR low-e
microscope slides (Kevley Technologies, Chesterland, OH), and to obtain the
requisite resolution, measurements were performed on the IR beamline at the

Australian Synchrotron (Melbourne, Victoria), as described previously(m).
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Grids were defined that encompassed regions of the cartilage surface,
chondrocytes and included the bone beyond the cartilage surface. The spectra
obtained from the grids were analysed using Cytospec (CytoSpec, Inc,
http://www.cytospec.com), performing unsupervised hierarchical cluster analysis
(UHCA)"**? ysing second derivative spectra with 5 clusters. Analysis was performed
using second derivatives which measures changes in the slope of the spectra,
where minima peaks in the second-derivative spectra correlated with the maxima
peaks in the non-derivatized spectra®”). This provided more information about the
changes in cartilage components by allowing the resolution of bands that
contribute to inflection points or shoulders in the original spectra, and eliminated
problems with sloping baselines arising from loss of cartilage components. A
“quality test” was performed to remove spectra with poor signal-to-noise ratios
and spectra of low absorbance, and analysis encompassed the region 940-1800 cm’

1 .
, Where the major macromolecular spectral bands appear.

3. Results

3.1.  Histology of Joints
At day 3, none of the mice showed macroscopic or histological evidence of
inflammation or cellular infiltration, yet there were clear differences between
treated mice and control mice, with histological abnormalities varying in degree for

different joints, even within a single mouse.

3.1.1. Cartilage structure
In the control mice the cartilage had a smooth surface, and was highly cellular, with
evenly spaced chondrocytes with rounded nuclei that contained 2-3 nucleoli

(Figure 4.1A). In the mAb-treated mice some areas of the cartilage appeared
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normal, but in many joints the cartilage surface was irregular, with surface fissures
or apparent loss of cells from the surface, or the surface was uneven with apparent
protrusions of chondrocytes (Fig 4.1B,C). The appearance of the chondrocytes
differed, with regions of both hypercellularity with cell clusters suggestive of cell

division, or hypocellularity, with areas of empty chondrons, particularly deep in the

cartilage (Fig 4.1D).

Figure 4.1. Histological sections stained with H & E through joints from control and mAb-
treated mice showing the cartilage. A. Control joint showing a smooth cartilage surface
and rounded nuclei. B. Joint from mAb-treated mouse, showing an uneven cartilage
surface. C. Joint from a mAb-treated mouse showing an uneven cartilage surface and
protruding cells. D. Joint from mAb-treated mouse, showing the hypocellularity with areas
of empty chondrons. All images in this figure are on the same scale. CA indicates cartilage,
BO shows bone, bold arrows indicate protruding chondrocytes, and double ended arrows

indicate the presence of empty chondrons.
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3.1.2. Proteoglycan loss

It was mostly possible to use the intensity of staining of the cartilage within
growth plates of the radial and ulnar epiphyses as an internal control for loss of
staining in cartilage at the joint surfaces of the carpals, metacarpals and phalanges
in the same section (Figure 4.2). In the articular cartilage of control mice there was
strong even intensity of staining similar to that of the growth plate (Figure 4.2A).
By contrast, the intensity of staining of cartilage from the mAb-treated mice varied,
with the articular cartilage being in most instances substantially weaker than that
of the growth plate (Figure 4.2B); this pertained particularly in the distal
interphalangeal joints of the forepaws with regions in which there was an intensely
stained ring of matrix around chondrocytes. This was particularly evident when
there were protrusions of chondrocytes from the cartilage surface (Figure 4.2C). In
other areas there was complete loss of staining over part of the cartilage, often

corresponding to areas containing empty chondrons (Figure 4.2D).
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Figure 4.2. Histological sections stained with toluidine blue through joints from control and

mAb-treated mice showing the cartilage. A. Control joint showing strong evenly stained
cartilage surfaces which stained similarly to the growth plate. B. Joint from mAb-treated
mouse, showing substantial loss of staining in the cartilage matrix, comparable to that of
the growth plate which is stained strongly. C. Joint from a mAb-treated mouse showing
loss of toluidine blue staining at the cartilage surface and protruding cells. D. Joint from
mAb-treated mouse, showing complete loss of staining and empty chondrons. Images A
and B are at x 10 magnification and images C and D are at x 40 magnification. CA indicates
cartilage, BO shows bone, bold arrows indicate protruding chondrocytes, and double

ended arrows indicate the presence of empty chondrons.

3.1.3. Comparison of histological changes in groups of mice.
A modified Mankin score was used to examine variations due to different

combinations of mAbs, and mouse strains, in the degree of cartilage abnormality in
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multiple joints. For each mouse, cartilage structure, chondrocyte abnormalities,
and degree of proteoglycan loss in the matrix of multiple joints were scored. For
each mouse a median score for all joints assessed was derived, and used to

calculate group medians and ranges (Table 1).

For each of the features examined, scores for mice that received mAbs
exceeded those of control mice. The eight control mice gave essentially normal
scores (median score overall, and for each characteristic measured = 0) and none
showed any substantial cartilage damage. In the mice treated with mAb, in
contrast, the median score and the score for each characteristic measured in the
mice treated with mAbs was higher than that of the control mice (Table 2). All mice
showed changes in some joints, and median scores for individual mice that
received mAbs were 2 to 8. Although there was considerable variation both in the
score derived between joints in a single mouse, and between mice, only two tarsal
joints, from two different animals, were assessed as being normal. The most
consistent change was the loss of proteoglycan staining, which was present in all of
the mAb-treated mice. Although loss of staining was occasionally seen in joints that
lacked surface or cellular changes, the reverse did not occur, since histological
changes were not observed without loss of matrix staining. Considering the two
mouse strains there were no significant differences in the results although in the
two different mAb-treated groups, the scores were slightly higher in the B10.Q C56

inflammation-incompetent than in the B10.Q inflammation-competent mice.

To compare changes in different joints, serial sections were examined from
the hindpaws of eight mice, four from each strain which had been injected with
two mAbs, for comparison of the small distal interphalangeal joints and the larger
tarsal joints. The median and range of the overall Mankin scores for the two joints
were similar, 5 (2-6) for the tarsal joints, and 5.5 (4-6) for the interphalangeal joints,

but there were differences in the abnormalities observed. In the larger tarsal joints,
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the surface of the cartilage was normal for 7 of the 8 mice, but most of the mice
showed areas of complete cell loss and in such areas there was complete loss of
proteoglycan staining, whereas in the interphalangeal joints, the cartilage surface
was irregular in 5 of 8 mice, with protruding cells, and in these areas there was
strong proteoglycan staining, although there was loss of staining deeper in the
matrix. Chondrocytes within the cartilage that showed an uneven surface were
significantly larger than those from cartilage with a smooth surface (145 + 35 vs. 74
+ 30 pm?), and the thickness of the cartilage was significantly reduced in the small

distal interphalangeal joints, but not in larger joints.
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Table 1. Grading scale for cartilage

Point
score
Structure
Normal 0
Irregular surface, including bumps, fissures into radial layer 1
Slight disorganisation 2
Chondrocyte abnormalities
Normal 0
Hypercellularity including small superficial clusters 1
Clusters, or protruding cells 2
Hypocellularity 3
Matrix staining
Normal 0
Slight reduction 1
Moderate reduction 2
Severe reduction 3
Absent 4
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Table 2. Histological scores for the groups of mice tested, shown as median score, and the range of medians for individual mice in the
group. The range of scores for all joints assessed from all mice in each group are shown™"

Treatment group

4 mAb 2 mAb Control
Characteristics analysed (score) B10.Q B10.Q C56- B10.Q B10.Q C56- B10.Q° B10.Q C55-
Structure 1(0-1) 1(1) 1(0-1) 1(1) 0(0-0.5) 0(0)
02" 02" 02" 02" 01" 01"
Cellular abnormalities 2.25(0-2.5) 3(2.5-3) 2(0-2) 2(0-2) 0(0) 0(0)
03)" 03)" 0-3)" 03)" 03)" 03)"
Matrix staining 2.5 (1-4) 3(1.5-3) 2 (1-3) 3 (1.5-4) 0(0-0.5) 0(0)
04)" (14)" 0-3)" 14)" 01)" 02)"
Total score’ 4 (4-7) 6.5 (3-7) 4 (4-5) 4.5 (5-7) 0(0-1) 0(0)
3" 2-8)" 0-6)" " 01" 03)"
6 (3-7)° 5(4-7) 0(0-1)

1. Including small superficial clusters

2. Calculated using only those joints for which data were available for both H&E and toluidine blue staining

3. Statistically significant results: Kruskal-Wallis ANOVA by Ranks P=0.0009, Mann Whitney U test Controls vs 4 mAb-treated
P=0.00051, controls vs 2 mAb-treated P=0.00108; 2 mAb vs 4 mAb-treated ns
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3.2.  Cartilage changes measured by synchrotron FTIRM
To examine the chemical changes in the cartilage in the mAb-treated mice, spectra
were obtained by synchrotron FTIRM for comparison between small distal
interphalangeal joints and larger tarsal joints using control and mAb-treated mice.
Spectral grids that spanned the cartilage surface to bone were analysed by UHCA
using 5 clusters on second derivative spectra, and compared with the light
microscopic image of the same section. UHCA did not clearly distinguish between
the bone and the cartilage, and spectra collected from control mice were very
similar across the entire grid (Figure 4.3), noting that the characteristic bands
representing mineralization of the bone are removed by decalcification. The major
amide | band in each cluster was located above 1660cm™, characteristic of collagen,
whether type Il collagen in cartilage or type | in bone, and there were bands at
1203, 1234 and 1280 cm™ that represented the “collagen triplet”. In several joints
from control mice, UHCA discriminated a cluster localized to a surface layer of the
cartilage that contained a relatively high proportion of chondrocytes in which the
amide | band at 1666 cm™ was reduced, and the minor band at 1635 cm™ that is
associated with activated chondrocytes(ZOG) was prominent (ratio 1635/1666: 0.52)

(Figure 4.3).

The grids collected from the mAb-treated mice were more complex.
Overall there was more “noise” at the cartilage surface, leading to loss of pixels,
and clusters at the cartilage surface were often uninformative. For the remaining
clusters, the most striking feature was a decrease in the amide | band above 1660
cm'l, and the increase in the band at 1635 cm'l, which often became the most
prominent band in the spectrum, shown in Figure 4.4, derived from a
representative mouse paw. In this sample, close to the surface, the amide | band at
1666 cm™ was markedly reduced, and considerably smaller than the band at 1635
cm™ (ratio 1635/1666:2.8). There were no changes in the location of bands in the
region 1175-960 cm™* that would indicate changes of proteoglycan composition, but

decreases in heights of peaks in that region corresponding to proteoglycan loss
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were seen in the non-derivatized spectra (data not shown). Taken together, these
results obtained by synchrotron-enhanced FTIRM confirm the cartilage damage and

proteoglycan loss seen histologically, and provide clear evidence both of changes

to the collagenous matrix and also of marked cellular activation.
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Figure 4.3. Representative result obtained by synchrotron FTIRM on a grid from a control
mouse. (A) Light microscopy image of unstained section on Kevley reflective slide. CA is
cartilage, BO is bone, A represents the cartilage border. (B) IR image processed by UHCA
over the range 940-1800 cm™ using second-derivative spectra with five clusters. (C)
Second-derivative spectra for the clusters, corresponding to the image in (B), showing
amide 1 bands at 1666 cm™ in each cluster, and a band at 1635 cm™ in the cluster
corresponding to the cartilage surface. The aqua coloured pixels were of poor quality and

hence excluded from analysis. Original magnification of (A) and (B) are x 200.
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Absorbance
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Figure 4.4. Representative result obtained by synchrotron FTIRM on a grid from a mAb
treated mouse. (A) Light microscopy image of unstained section on Kevley reflective slide.
CA is cartilage, BO is bone, A represents the cartilage border. (B) IR image processed by
UHCA over the range 940-1800 cm™ using second-derivative spectra with five clusters. (C)
Second-derivative spectra for the clusters, corresponding to the image in (B), showing
amide 1 bands at 1666 cm™ in each of the clusters except at the cartilage surface, where
there is a band at 1635 cm™. The green and blue coloured pixels were of poor quality and

hence excluded from analysis. Original magnification of (A) and (B) are x 200.
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4, Discussion

Autoantibodies to Cll are readily demonstrable in serum, cartilage and synovial fluid

of patients with RA® *>%

, yet the significance of Cll as an autoantigen and the
detrimental effect of these autoantibodies on the integrity and function of articular
cartilage in RA is poorly understood. Arthritis induced in experimental animals by
immunization with Cll closely mimics the human disease and murine models in
particular provide a means of studying the evolution of arthritis and the

mechanisms that underlie its development.

One informative observation in the murine model is the ease with which
arthritis can be transferred from arthritic to naive mice by arthritogenic monoclonal
antibodies. The mAbs used in the transfer are well-characterized in terms of IgG
subclass, fine specificity and capacity to induce arthritis, and collectively represent
the polyclonal response of human disease. Accordingly, this model provides a useful
means of analysing the immunopathology that is a consequence of the antibody

response to ClI.

In a series of experiments in vitro we developed various strategies and a
range of techniques to examine the effects of these mAbs on articular cartilage.
These strategies included the seeding of chondrocytes at high density in culture to
examine the effect of antibody on newly-synthesized matrix®? the study of the
behaviour of collagen fibrils when assembling in the presence of mAb") and the
isolation of mature cartilage to observe the effect of antibody on it in situ'™2%8),

This approach allowed us to isolate any deleterious effects attributed to antibody

that could be masked in vivo by the inflammatory response.

In brief, antibodies to Cll induced subtle morphological changes in
chondrocytes, and aggregation and thickening of collagen fibrils in their newly
synthesized matrix® 9), there was significant inhibition of the self-assembly of triple-
helical Cll monomers to insoluble polymeric fibrils"”) and, in mature articular
cartilage, there was loss of proteoglycans, denaturation and loss of Cll, and overall

129



Chapter 4: Research Paper 3

disruption of the topography and chemistry of the articular cartilage!* 2%,

Moreover, the effects could be titrated according to concentration and duration of
exposure to antibody and were more pronounced when F(ab), fragments replaced

whole antibody™".

This study revealed abnormalities in cartilage in paws of mice injected with
combinations of arthritogenic mAbs to Cll that are well defined in terms of epitopes
recognized, immunoglobulin subclass and capacity to induce CAIA in many mouse

strains!® 167/ 184)

. Collectively these mAb mixtures can be considered to be
representative of antibodies induced in the arthritogenic response to Cll, and so
simulate the polyclonal antibody response to Cll in CIA. The inflammatory arthritis
induced in vivo by these mAbs requires complement activation and Fc-receptor
binding(s), and the associated cartilage damage is attributable to degradative
enzymes produced by monocytes and macrophages within the joint™®”). Knowing

that these mAbs cause damage in vitro in cartilage independent of inflammation we

ascertained whether the same mAb caused such damage in vivo as well.

Articular cartilage consists of a complex network of collagen fibrils, primarily
of CllI, in which are entrapped negatively charged proteoglycans and other matrix
proteins. Together these interactions are essential to maintain the structural

stability of cartilage!!® "

. In chondrocyte cultures, the arthritogenic mAbs were
shown to interfere with new matrix synthesis resulting in altered collagen fibril
formation and chondrocyte morphology”’ 8 In cartilage explants, the same mAbs
caused cartilage breakdown in regions wherein the mAbs are bound, with ensuing
collagen denaturation and loss of both proteoglycans and collagen from the

matrix(t% 206)

. Since these changes occurred in the absence of inflammatory
mediators, the interpretation was that the mAbs bound specifically to, and
damaged, critical structural regions on collagen fibrils that are sites of interaction
between Cll and matrix components or chondrocytes. Our present study
established that the mAbs cause damage to cartilage in vivo likewise in the absence

of inflammation, noting that paws from mice injected with arthritogenic mAbs were
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examined before inflammatory changes would be expected. Of the two mouse
strains examined, the parental strain, B10.Q, is C5 sufficient and mice develop
typical CAIA upon antibody transfer, albeit at a low intensity unless there is a
further injection of lipopolysaccharide to enhance incidence and severity of
arthritis’®. However the C5 insufficient B10.Q C56 mice cannot develop
inflammation. None of the mice receiving the mAb showed macroscopic joint
swelling nor histological evidence of inflammation at day 3 when samples were
collected, but there was clear evidence of histological damage to the cartilage
consistent with the changes seen in the explants cultures, notably cartilage thinning
in the small joints, extensive proteoglycan loss, changes to the cartilage structure
and chondrocyte morphology, and changes indicative of chondrocyte activation and

M(204)

new Cll synthesis identified by synchrotron FTIR . The changes were the same

in both strains of mice, indicating that they were independent of inflammation.

The changes seen in vivo aligned well with those seen in vitro in cartilage
explants cultured with the mAbs™ 2% The apparent thinning of the cartilage seen
in the small joints at the tips of the paws correlates with the observation in vitro of
collapse of the cartilage matrix that follows loss of proteoglycans and denaturation
of collagen demonstrable by FTIRM™Y, Disruption of the matrix in vivo would result
in direct mechanical loss of cartilage protein that could then be readily taken up
into the surrounding synovial tissues. Such uptake has been shown for citrullinated
Cl®®® as well as for native triple helical Cll(m), where fragments of Cll are

detectable by immunohistochemical procedures in both synovial fluid and synovial

tissue in human RA.

Although the mAbs used are reactive only with Cll, the most prominent
change observed within the joints of the mice treated with the arthritogenic mAbs
was loss of proteoglycans from the cartilage. This occurred in all joints from both
strains of mice, and also occurs in vitro in cartilage explants cultured with the same
mAbs™2%) The mAbs to Cll do not react directly with proteoglycans, but may
cause proteoglycan loss by binding to critical structural regions on collagen fibrils
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that are sites of interactions between Cll and matrix components or chondrocytes.
Loss of proteoglycan is an early marker of cartilage disruption in both human

osteoarthritis'?®®

and RA, and is attributed to the activation of matrix
metalloproteinases and aggrecanases that are released after disruption of the
molecular interactions between matrix constituents?% 229 This loss of the
proteoglycans, which provide 'cushioning' of the cartilage in the joint, in turn allows
a greater susceptibility to damage from compressive forces, and greater

penetration of degradative molecules, whether these be enzymes released by

inflammatory cells, or arthritogenic mAb to Cll as used in the present study.

The proteoglycan loss induced by the arthritogenic mAb could well
contribute to the development of CAIA by facilitating immune complex deposition.
In healthy cartilage, there is only minimal binding in vivo of mAb to Cll to the

surface of the cartilage™®”

, and the mAbs scarcely penetrate into the cartilage
matrix, but they do bind strongly when the matrix is disrupted by treatment in vitro
with hyaluronidase*?. In cartilage explant cultures wherein there is progressive
loss of matrix, the penetration of the mAbs extends as the cartilage matrix is
destroyed(”). Although there was abrogation of the inflammatory changes that
normally accompany immune complex deposition and complement activation in
our present study, the proteoglycan loss itself induced by the arthritogenic mAbs

could enhance immune complex deposition within the joint and potentiate the

degradative response.

Loss of proteoglycans in the cartilage is associated also with non-

(211, 212)

inflammatory arthritis , and in animals osteoarthritis can be induced by intra-

articular injection of papain which causes degradation of proteoglycans(eo'm’ 214)
Interestingly, van der Kraan et al'®® showed in mice that 3 days after a single
injection of papain into the knee joints there was pronounced proteoglycan loss,
damage at the cartilage surface, and chondrocyte changes including proliferation
and/or cell death, and residual chondrocytes were often surrounded by a

pericellular halo of strongly staining matrix; such changes closely resemble those in
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the joints of mice injected with arthritogenic mAb to ClI. The cartilage damage after
papain injection progressed without further treatment, and by day 42 were typical
of early osteoarthritis, including cartilage fragmentation and osteophyte formation,
but there was no inflammation, suggesting that the mAb to Cll might also induce

changes akin to osteoarthritis in the longer term.

In conclusion, the results of this study have important connotations for the
pathogenesis of human RA. Serum autoantibodies are present in RAM 151), they
bind to cartilage and can be released from immune complexes deposited within the

(215)

cartilage by treatment with collagenase'™”’, and are reactive with the same

epitopes that are arthritogenic in mice*®”

. Both CIA and RA are highly complex
polygenic diseases in which overall pathology depends on both cell- and antibody-
mediated inflammation. Our demonstration in mice that arthritogenic mAb to ClI
contribute directly to cartilage destruction in the absence of any inflammatory
component implies an involvement of non-inflammatory as well as inflammatory
components in the disease process. It may even be that injurious effects of
antibody to Cll on articular cartilage may precede, perhaps initiate, subsequent
inflammatory events that lead ultimately to joint destruction. Whereas in healthy
cartilage proteoglycans lost from the cartilage surface are normally rapidly
resynthesised and replaced. Antibody-mediated cartilage damage and

accompanying proteoglycan loss provides a further rationale for the successful use

of combination therapies.
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The experiments presented in this thesis were designed to examine the
direct effects on pre-existing cartilage of various mAbs to Cll derived from mice
immunised with Cll. The mAbs used are well characterised and have known effects

(6, 186, 190)

in mice following passive transfer . Moreover, antibodies of the same

AW70:188,197) " Eoch of the studies in this

specificity have also been described human R
thesis was investigated using a combination of conventional and synchrotron FTIRM
to identify chemical changes to the major components of the cartilage matrix, as
cartilage changes are not readily detectable using standard histological techniques
and require complex quantitative biochemical and/or immunohistochemical

analysis for detection. By contrast, FTIRM allows the examination of all

components of the cartilage matrix in a single sample.

Previous studies have shown that a combination of the mAbs M2139 and

(6, 186, 190-192) are also

ClIC1 which induce a clinically severe arthritis in mice in vivo
destructive in vitro, causing both damage to pre-existing cartilage in culture and
adversely affecting collagen fibril formation and the synthesis of new matrix by

(7-9, 11)

chondrocytes . Furthermore, the mAb CIIF4 which does not cause cartilage

damage either in vivo or in vitro has been shown to inhibit the pathogenesis of CAIA

in combination with two arthritogenic mAbs, M2139 and CIIC1 in vivo't?),

The first part of the present study has shown that two arthritogenic mAbs,
M2139 and CIIC1, that bind to well-defined conformational epitopes on the ClI

170, 174, 187
molecule!7% 174 187)

used either individually or in combination cause direct damage
to the pre-existing cartilage matrix in vitro, causing substantial loss of proteoglycans
seen both by FTIRM and toluidine blue staining and progressive denaturation and
loss of Cll shown by FTIRM. This cartilage damage was mAb mediated, as it was
greater in the absence of living chondrocytes. Loss of proteoglycans, and changes
to collagen can be induced by MMPs which may be sequestered in the intact
cartilage matrix?2% 221), but changes in the presence of the mAbs were not
prevented by the addition of the MMP inhibitor GM6001. Additional evidence to

support the direct destructive effects of the arthritogenic mAbs to Cll come from
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previously published data from our Iaboratory(m showing that mAb-mediated
cartilage destruction was increased with F(ab), was used instead of the intact CIIC1
mAb. In that study the F(ab), penetrated the cartilage more deeply and caused
greater loss of Cll and complete loss of proteoglycans(”) . The removal of the Fc
region of the mAb was considered likely to prevent uptake and removal of the

mAbs from the matrix by the chondrocytes, resulting in greater damage.

A striking observation from the current study was that the mAb CIIF4, which
alone had no adverse effect on cartilage in vitro and countered the adverse effects
of the arthritogenic mAb, promoting the regeneration of the cartilage matrix
components, both Cll and proteoglycans when administered in combination with
two arthritogenic mAbs. This counter-destructive effect is only seen in the
presence of living chondrocytes and parallels its protective effects previously

observed on cartilage in CAIA in vivo'*®

. Interestingly, the protection by CIIF4 is
delayed, being maximal at days 10 and 14 in culture as seen by FTIRM, where there
is a dramatic increase in the level of proteoglycans and also seen as increased
proteoglycan synthesis, including dark ‘ringing’ of toluidine blue stain around the
chondrocytes at the surface of the cartilage. As primary cultures of chondrocytes
take approximately 3 days after removal from the matrix for the cells to become
stable and begin to synthesise matrix®), it is not unusual that the protective effect
of ClIF4 may be delayed slightly from the onset of culture. It is therefore likely that
there is a balance between the cartilage damage caused by the arthritogenic mAbs
and the new matrix synthesis by chondrocytes, which is stimulated by the
protective mAb CIIF4. The protective effect of the otherwise inert mAb CIIF4, which
is of the same IgG subclass as the arthritogenic mAb CIIC1, and of similar affinity,

highlights the fact that the epitope to which mAbs bind to Cll determines both its

arthritogenicity in vivo and adverse effects both in vitro and in vivo.

The effects of combinations of mAbs to Cll on pre-existing cartilage in vitro
suggested that similar changes should also be identifiable in mice injected with
arthritogenic mAbs that do not develop inflammation in vivo. This was tested in
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two strains of mice, and there was clear evidence of cartilage damage by both
FTIRM and histology in mouse paws that showed no macroscopic damage.
Furthermore, synchrotron infrared microspectroscopy identified chemical changes
to the cartilage matrix, namely loss of the 1660 cm™ amide | band and the
subsequent appearance of an unidentified band at 1635 cm™ and appeared to be
associated with cellular activation. This could represent new synthesis of an
unknown protein, but may result from B-secondary structures within the globular
telopeptides of newly synthesized collagen produced by activated chondrocytes(lo’

17.117,222) Thase results were consistent with the changes seen in vitro.

The major question that arises from these studies and the demonstration
that antibodies to Cll cause direct cartilage damage both in vitro and in vivo in the
absence of any confounding inflammatory mediators is whether there is any
relevance of these results in the pathogenesis of RA. Antibodies of the same
epitope specificity as the arthritogenic mAbs used in these studies also occur in
human sera, and the C1 and U1 epitopes recognised by the arthritogenic mAbs
ClC1 and UL-1 respectively are major immunodominant epitopes in RA172) gng
therefore, the mechanisms of joint damage that occur in CAIA may also occur in RA.
Furthermore, it has been shown that, with increasing cartilage damage in inflamed
joints, the frequency of antibodies to Cll detectable in serum reduces, suggesting
that the antibody response to Cll in RA is not simply a secondary effect of cartilage

(194, 195)

damage . Instead, newly synthesized mAb may bind to the cartilage, and

contribute to pathogenesis.

The data presented in this thesis, suggest that there is interference with
the integrity of the cartilage matrix, caused by the arthritogenic mAbs, which may
lead to exposure of Cll and release of cartilage breakdown products, including
MMPs, and enhancing the production and exposure of immune complexes to cells
which are capable of stimulating an inflammatory response. It is evident from
these studies, that Cll-reactive mAbs can cause direct cartilage damage or be
protective both in vitro and in vivo. As Cll antibodies of the same epitope specificity
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to those used in these experiments, occur in human RA, this study is an important
step in developing our understanding of the pathogenesis of RA and more detailed
studies should expose the regulatory mechanisms which are operating at the
effector level of arthritis pathogenesis. Furthermore, the data presented suggest
that antibodies to Cll may participate in the cartilage damage that accompanies
articular inflammation in human RA since cartilage damage is observable after
injection with arthritogenic mAbs in mice. The destructive effects of these anti-ClI
antibodies may therefore precede and perhaps initiate subsequent inflammatory

events in the joints ultimately leading to joint destruction.

The cartilage destruction shown in these studies which is in the absence of
any inflammatory component implies involvement of both inflammatory and non-
inflammatory components in the perpetuation of the disease process in CIA which
is an animal model of human RA, and suggests that similar effects may occur in RA.
The use of combinations of mAbs to Cll provides a valuable tool towards
understanding the polyclonal response occurring in human RA. Moreover,
understanding the direct damage caused by antibodies on target tissues without
the influence of inflammatory mediators will likely stimulate further research into
other antibody dependent immune diseases and pathologies such as systemic lupus

erythematosus.

It should be emphasized that the use of both conventional FTIRM and
synchrotron FTIRM in these studies has allowed the definitive demonstration that
mAbs to Cll can cause direct cartilage damage in the absence of inflammation both
in vitro and in vivo. FTIRM has allowed examination of the localised chemical
changes within the cartilage matrix without any prior knowledge of the likely
mechanism of action of the mAbs. Such changes are very difficult to demonstrate
using other techniques. Although FTIRM is increasingly being used to examine

other tissues such as the brain'??®

, it has proved to be particularly useful for the
analysis of cartilage, which is an unusual tissue made up of a small number of cells
in an abundant extracellular matrix*” particularly since it is made up of
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components that have been extensively studied by IR spectroscopy(m’ 123, 125-130)

Utilisation of the higher lateral resolution available for infrared microspectroscopy
at the Australian synchrotron has made it possible to identify changes to individual
cells and the cartilage matrix in several different joints, at different depths of the

cartilage, discerning differences which are unable to be measured by any currently

available biochemical or histological technique.

FTIRM has been increasingly used to examine changes to biological tissues,
including examination of pre-cancerous and cancerous changes in cervical cancer

studies(136’ 138, 139)

. FTIRM was used successfully in one of these studies to identify
chemical changes to the amide | and amide Il regions, glycogen and carbohydrate
peaks and in the phosphodiester bands of nucleic acids that corresponded to the
changes that were identified by histology, also highlighting pre-cancerous changes

which were not yet visible by histology**®

. Cartilage is an ideal tissue for analysis
by FTIRM, as it is a tissue with relatively little components, each of which have
previously been studied using infrared spectroscopy and the individual spectra have
been well characterised®® 7% 127:2) ETIRM is also a valuable tool for examining

(73, 141-143, 224)

changes to cartilage not only in RA™? but also in osteoarthritis , joint

(140) (144)

injuries and osteoporosis

In conclusion, these studies have clearly demonstrated the utility of FTIRM
for the analysis of cartilage and should have wide applicability not only in RA but
also in OA, biomaterials and cartilage replacement therapies by identifying changes
to the components of cartilage within its native state in the cartilage matrix. Whilst
there are tissue engineering procedures which have been developed for cartilage
repair and replacement therapies based on implantation of autologous
chondrocytes following expansion in vitro, a major ongoing problem is the de-
differentiation of chondrocytes. Cell culture in monolayers provides a convenient
and an effective method for increasing cell numbers, but during cell culture the cell
phenotype is mostly lost, and the biochemical characteristics of the matrix
produced changes. Thus chondrocytes lose their rounded phenotype, assume a
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fibroblastic appearance and switch to producing Cl rather than Cll characteristic of
hyaline cartilage(zzs). There is therefore a requirement for identifying improved
conditions for culture of chondrocytes in preparation for implantation that will
retain their phenotype. To obtain further information and develop more stable
cartilage for replacement therapies, further information is required on the
distribution and quality of cartilage components including proteoglycans and
collagen. Particular reference to defining whether Cl or Cll is produced by
chondrocytes in culture and FTIRM would assist in providing direct information
about the chemical structure of the components of cartilage.

These studies suggest that antibodies to Cll may participate in the cartilage
damage that accompanies articular inflammation and that such cartilage damage is
independent of, and possibly precedes damage that results from inflammation.
Since antibodies of similar epitope specificity to the mAbs used in these studies
occur in RA the data presented in this thesis provide new evidence demonstrating
the involvement of Cll specific antibodies in the pathogenesis and possibly initiation

of human RA.

The FTIRM studies have identified changes to the cartilage matrix in the
presence of mAbs to Cll, however in order to completely understand the
mechanisms of damage cause by anti-Cll specific mAbs, the binding sites of these
mAbs on the Cll molecule and the importance of these epitopes in terms of other
important matrix interactions should be investigated. The epitopes recognised by
the arthritogenic mAbs M2139 and UL-1 are also binding sites for a1pf1 and a2p1

integrins on the CIl molecule'?2® 2*")

and therefore may block signalling between
chondrocytes and the ECM affecting the morphology of the chondrocytes observed
in the presence of these arthritogenic mAbs. The epitope binding site of the
arthritogenic mAb CIIC1 is close to the binding site of chondroadherin, where
interaction between chondroadherin and Cll has been shown to inhibit

fibrillogenesis(zzs). The epitope where M2139 binds is within the region of Cll that is
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involved in the binding of Cll with cIX¥7#229) and therefore binding of M2139 to its

epitope on Cll could quite possibly interfere with the interaction of Cll and CIX.

Determination of the protective effect of ClIF4 will require additional
experiments including analysis of the effect of its addition to cartilage cultures after
initial incubation with the arthritogenic mAbs to determine the protective capacity
of ClIF4 against pre-existing cartilage damage. Other experiments may include
investigation of gene expression profiles in chondrocytes which have been treated
with CIIF4 and the arthritogenic mAbs to identify any inflammatory mediators,
including pro-inflammatory cytokines such as IL-1, TNF-a and whether the

expression of certain genes differs in the presence of the protective mAb CIIF4.
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Appendix

APPENDIX

The effects of two concentrations of arthritogenic mAbs to Cll in cartilage.

The effects of two different concentrations of two arthritogenic Cll specific mAbs
M2139 and CIIC1 on pre-existing cartilage in vitro were analysed using FTIRM.

Two separate experiments were conducted where bovine cartilage explants were
cultured in the presence of M2139 and CIIC1 using two antibody concentrations, 25
pg/ml or 50 pug/ml or without mAb and data was collected at days 7, 10 and 14.
Chemical changes to cartilage focussed on changes to Cll and proteoglycans and
were assessed by FTIRM. The location of the amide 1 peak was used for Cll, where
a shift to a wavenumber below 1660 cm™ indicates denaturation and changes to
the height of the peak at 1080 cm™ was used for proteoglycan content. Ten
individual spectra were collected from the exterior of the cartilage in each
experiment at each time point and a median location of amide 1 peak and a mean
proteoglycan absorbance at 1080 cm* for the combined experiments (n=20) were
calculated and compared with a no antibody control.

A progressive shift in the location of the amide 1 peak to a lower wavenumber was
observed with both 25 pg/ml and 50 pg/ml arthritogenic mAb; however, this
occurred to a larger degree with 50 ug/ml arthritogenic mAb. The greatest shift in
the position of the amide 1 peak occurred at day 14, where the median location
had shifted from 1660 to 1639 cm™. A similar pattern was observed by examining
the height of the proteoglycan peak at 1080 cm™, where there was a progressive
decrease in proteoglycans from day 7 to 14 with both 25 pg/ml but more so with
50ug/ml arthritogenic mAb.
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A: Median location of amide 1 peak (line), box is interquartile range and the whiskers
represent 95% confidence interval at days 7, 10 and 14 with no antibody, 25 pg/ml or 50
ug/ml arthritogenic mAbs M2139 and CIIC1. The location of the amide 1 peak shifts below
1660 cm™ with increasing concentration of mAb and time in culture.
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B: Mean + SD absorbance of proteoglycans (1080 cm™) at days 7, 10 and 14 with no
antibody, 25 pug/ml or 50 pg/ml of arthritogenic mAbs M2139 and CIIC1. With increasing
concentration of mAb the amount of proteoglycans decreases.

The data presented indicate that increasing concentrations of mAbs cause an increase in
cartilage damage, and therefore a concentration of 25 ug/ml of each arthritogenic mAbs
giving a combined final concentration of 50 ug/ml was selected for future mAb
experiments to examine changes to cartilage.
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