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Abstract

Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic inflammation

in synovial joints and protease-induced cartilage degradation. Current biologic treatments for

RA can effectively reduce symptoms, primarily by neutralizing the proinflammatory cytokine
TNFa; however, continued, indiscriminate overinhibition of inflammatory factors can significantly
weaken the host immune system, leading to opportunistic infections and interrupting treatment.
We hypothesize that localizing anti-TNFa therapeutics to denatured collagen (dCol) present at
arthritic joints, via conjugation with collagen-hybridizing peptides (CHPs), will reduce off-site
antigen binding and maintain local immunosuppression. We isolated the antigen-binding fragment
of the clinically approved anti-TNFa therapeutic infliximab (iFab) and prepared iFab-CHP
conjugates via lysine-based conjugation with an SMCC linker. After successful conjugation,
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confirmed by LC-MS, the binding affinity of iFab-CHP was characterized by ELISA-like assays,
which showed comparable antigen binding relative to infliximab, comparable dCol binding
relative to CHP, and the hybrid ability to bind both dCol and TNFa simultaneously. We further
demonstrated localization of Fab-CHP to areas of high dCol in vivo and promising therapeutic
efficacy, assessed by histological staining (Safranin-O and H&E), in a pilot mouse study.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic, autoimmune joint inflammatory disease that affects
approximately 0.3-1.0% of the global population.12 Left untreated, RA progressively
worsens, causing pain, limited mobility, and irreversible joint damage. As most patients

are diagnosed around 60 years of age, sufficient treatment is required to prevent decades

of pain and disability.2:3 While the underlying cause of RA is poorly understood, it has
been shown to be a combination of genetic and environmental factors.* Further, disease
progression is characterized by chronic inflammation in the synovial joints, cartilage
destruction yielding damaged collagen, and premature death.24> Collagen, when denatured
(dCol), unwinds from its native triple-helical structure and can be targeted by collagen-
hybridizing peptides (CHPs), providing a potential mechanism for the localization of
therapeutic antibodies to arthritic joints.8 Current biologic treatments for RA primarily
focus on neutralizing proinflammatory tissue disease mediators such as TNFa and CD80.2
While these therapies are effective in reducing RA symptoms, continued, indiscriminate
overinhibition of inflammatory factors can significantly weaken the host immune system,
paving the way for opportunistic infections.”~10 Patient dosing can be restricted to mediate
negative side effects, leading to incomplete treatment.1! Recent studies have shown that the
factors driving inflammation in RA are principally ectopic lymphoid and immune cells at
the disease site.12-14 These studies indicate that a localized, anti-inflammatory therapeutic
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will not only reduce systemic immunosuppression but may also improve the efficacy of RA
treatments.

While monoclonal antibody (mAb) therapies have significantly improved the treatment of
chronic conditions, they can present with severe on-target toxicity limiting the eligible
treatment population and potentially the length of treatment.11:1516 Common side effects

of anti-TNFa therapies, like Remicade (infliximab), include opportunistic infections
(commonly tuberculosis), congestive heart failure, and pancytopenia.’~10 Here, we present a
therapeutic antibody conjugate that can potentially reduce patient suffering and undesirable
on-target effects of current anti-TNFa biologics by limiting cytokine neutralization to
primarily disease sites through targeting of denatured collagen with CHPs.

While collagen remodeling occurs during natural tissue development and maintenance,
excessive collagen degradation is associated with a variety of diseases and conditions
including rheumatoid arthritis.>17-19 Autoantibodies against citrullinated collagen type

Il are commonly found in RA patients and may contribute to pathogenesis.29-22 CHP
[sequence: (GPO)g; G: glycine, P: proline, O: hydroxyproline] is advantageous relative to
other collagen-binding peptides, as it binds specifically with dCol through triple-helical
hybridization. The triple helix structure is a defining characteristic of collagen, existing
outside of collagen only in the form of small subdomains, facilitating highly specific
targeting with CHP.23 The unwound triple helix of dCol allows for strong, exclusive
hybridization of monomeric CHPs to the denatured strands to form a new triple-helical
structure, which is similar to a short single-strand DNA primer binding to its complementary
DNA strand to form a double-helical structure.6 Additionally, CHPs are charge neutral,
hydrophilic, and proline-rich, resulting in high serum stability and low nonspecific
binding.242> Although CHPs are prone to self-trimerization, this is nullified by either
heating CHPs to 80 °C to denature them before use or, as used for this study, by attaching

a photocleavable nitrobenzyl (NB) protecting group to the glycine at the central GPO repeat
to negate folding through steric hindrance.18 The protecting group is removed just prior to
use by exposure to UV light (365 nm, approximately 10 mW/cm?). As CHPs are generated
through standard solid-phase peptide synthesis (SPPS) methods, they can be easily modified
to facilitate various conjugation methods to native proteins.

We hypothesize that conjugating CHP to infliximab will improve localization of

TNFa neutralization to diseased joints through targeting of dCol. We conjugated CHP

to the Fab region of infliximab (iFab) through a two-step, lysine-based conjugation

with the heterobifunctional linker, sulfosuccinimidyl 4-(A~maleimidomethyl)cyclohexane-1-
carboxylate (sulfo-SMCC). While this type of conjugation is common for antibody—drug
conjugates, in which potent small molecule drugs are used to potentiate antibody lethality,

in our work, we flipped this paradigm by using CHP as the targeting moiety toward the
novel target dCol and the antibody as the primary therapeutic agent. Further, we chose

to use only the Fab fragment of infliximab to maintain TNFa binding while minimizing
unnecessary immune cell activation by eliminating the Fc region, preventing interaction with
Fcy receptors.28 Targeting of dCol in RA is further facilitated by the enhanced permeability
of inflamed tissue to macromolecules promoting the exposure of iFab-CHP to disease
sites.27-29
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RESULTS AND DISCUSSION

Preparation of Fab-CHP Conjugates.

The effect of CHP conjugation on therapeutic efficacy was assessed using the Fab fragment
from infliximab (iFab), and the effect of CHP conjugation on biodistribution was assessed
using the Fab fragment from bevacizumab (bFab). Neither bFab nor iFab significantly
neutralize the murine versions of their respective antigen.3%:31 Bevacizumab, while not used
for the treatment of RA, was readily available to us and provided foundational insight into
the pharmacokinetics of Fab-CHP conjugates. Both iFab-CHP and bFab-CHP constructs
were synthesized via a two-step, lysine-based conjugation method (Scheme 1) similar to that
used for the production of the clinically approved antibody—drug conjugate Kadcyla.32

CHPs were synthesized as described previously using standard SPPS techniques.1825 The
full sequence of CHP is Ac-Cys-Ahx-NB(GPQO)g, where Ac is an acetyl capped N-terminus,
Ahx is aminohexanoic acid, and NB is a photocleavable nitrobenzyl group attached to

the glycine on the central GPO repeat to prevent self-trimerization (Figure S1). CHPs

were cleaved and purified by HPLC on a C18 column. Purified CHPs were lyophilized

and characterized by MALDI to confirm purity. Fluorophore-tagged CHPs [sequence: Ac-
Cys-Ahx-K(Fluoro)-Ahx-NB(GPO)g] were synthesized by the same SPPS technique and
fluorophore tagged on resin with either 5(6)-carboxyfluorescein (CF) or IR680 (NIRF).

Fabs were isolated from the parent antibody using papain digestion, followed by Protein A
affinity chromatography to remove the crystallizable fragment (Fc) and undigested antibody.
Purified Fab was then modified with the heterobifunctional linker, sulfo-SMCC, converting
native lysine residues to maleimide groups. Chemical conjugation of CHP was then achieved
through a thiol-maleimide reaction between the partially conjugated SMCC and N-terminal
cysteine of CHP. L-Cysteine was then added to cap unreacted maleimides, followed by 0.2
m filtration to remove any aggregates and final purification by dialysis into PBS pH 7.4.

While many “next-generation” antibody-conjugates have transitioned to site-specific
conjugation methods to improve product homogeneity,33 we chose a lysine-based
conjugation method for flexibility and applicability to a wide range of therapeutic
antibodies. In particular, numerous antibodies targeting different components of the
inflammatory pathway are currently in use, such as infliximab, TNFa; tocilizumab, IL-6
receptor; abatacept, CD80/CDS86; rituximab, CD20.2

Infliximab was chosen for this study because of its well-established therapeutic efficacy,

and availability of an RA mouse model driven by human TNFa (hTNFa). However, of
concern during the development of this platform was whether a Fab-CHP conjugate, when
injected intravenously, could potentially have a negative effect by capturing proinflammatory
cytokines in circulation and transporting them to the disease tissue, at which point they

may be slowly released, creating a proinflammatory depot. Based on the relative binding
affinities of infliximab (4.2 pM sTNFa, 468 pM mTNFa)34 and CHP (~0.1-0.9 /M)

for their respective targets, we considered this negative outcome unlikely, but by creating

a flexible platform, we can easily substitute the therapeutic antibody to target different
cytokines if needed.
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Characterization of iFab-CHP Conjugates.

Native lysine conjugation produces a heterogeneous product with a distribution in the
number of conjugated peptides per Fab, herein referred to as the conjugation ratio (CR).
Product heterogeneity is caused both by the differences in the number of SMCCs attached
during the original modification and by the subsequent efficiency of the thiol-maleimide
reaction during CHP conjugation. Different CR species within a sample can have profoundly
different pharmacokinetic characteristics.3® Once the validity of the iFab-CHP platform is
confirmed, alternative conjugation strategies can be used to improve product homogeneity
however that was not within the scope of this work. Further, the optimal average CR

(CRavg) Was not investigated, rather the goal of conjugation was to minimize the amount of
unconjugated iFab in the final product (percent unmodified).

Purity of the papain-digested infliximab and successful conjugation of iFab-CHP was first
confirmed by SDS-PAGE (Figure S2). Papain digestion of infliximab resulted primarily in
iFab as indicated by the dark band at ~50 kDa in lane c; however, full 1gG infliximab was
present to a lesser degree after purification as indicated by the high MW band, ~150 kDa.

In lane a, the ~50 kDa band that corresponds to unmodified iFab was less intense than the
iFab stock. Further, multiple bands were observed above the iFab band, similar to rungs on a
ladder, which indicated successful conjugation that produced multiple CR species.

Intact LC-MS analysis was then used to characterize the specific conjugation profile,
including relative amounts of each CR species and CRgyq, in greater detail. The simplified
LC-MS spectra overlay is shown in Figure 1, with the more detailed, deconvoluted spectra
found in Figure S3. The molecular weight of unconjugated iFab was found to be 47 904

Da. Using unconjugated iFab as a baseline, CR of each peak was determined by the known
mass of SMCC-CHP (3035 Da). As discussed previously, the two-step synthesis method
resulted in partially conjugated iFab-SMCC species.32 These are observed in the LC-MS
spectra as secondary peaks with an average MW difference of approximately 219 Da. As CR
is a representation of the number of CHPs per Fab, partially conjugated iFab-SMCC species
were combined with the corresponding primary peak to calculate CRayq (i.€., iFab-CHP with
2 fully conjugated CHPs and 1 partially conjugated SMCC is treated as CR 2). The CRayq
of iFab-CHP was calculated to be 3.4, and no unmodified iFab was detected in the final
product. bFab-CHP conjugates were prepared using the same methods.

CHPs are well suited for antibody conjugation because they are hydrophilic and serum
stable.24:25 As reported by Buecheler et al.,38 when CR is held equal, more hydrophobic
payloads induce a significantly greater decrease in antibody-conjugate stability, with a
corresponding increase in the propensity to self-associate and aggregate. Since CHPs are
hydrophilic, conjugation to a Fab will not increase the overall hydrophobicity of the Fab-
CHP conjugate and should not negatively impact stability or induce aggregation. This claim
is supported by previous work that showed the addition of CHP minimized aggregation of
Bsheet derived nanofibers.3” While not specifically investigated, no aggregation or other
stability issues were observed for Fab-CHP conjugates.

While the serum stability of iFab-CHP was not specifically investigated, the individual
components of iFab-CHP have been previously characterized. In vitro studies from Bennink
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et al.2 characterized the serum stability of monomeric CHP and found that the absence

of charged and hydrophobic residues in the core (GPO)g sequence minimized degradation
from common serum proteases. Additionally, N-terminal modifications, like those used in
the CHP sequence described herein, improved resistance to proline specific proteases.2® In
that study, 96.6% of IR680-Ahx-NB(GPO)s, similar to the CHP used for the biodistribution
study described below, remained intact after incubation in dilute mouse serum (25% in

PBS) at 37 °C for 24 h.25 An in vitro study of infliximab stability by Perry et al.38
demonstrated no decrease in infliximab concentration after 7 days at room temperature in
either human serum or whole blood taken from Crohn’s disease patients. Other studies have
shown that infliximab can be degraded by matrix metalloproteinases (MMPs), particularly
MMP-3 which is overexpressed in RA patients and thought to play a significant role in
cartilage erosion.3%-42 Importantly, analysis by Biancheri et al.*2 indicated MMP-3 cleavage
occurs in the Fc region of infliximab, which may not impact the efficacy of iFab used

here. SMCC linkers, while noncleavable, are susceptible to premature payload release

from the thiosuccinimide moiety via oxidation and sulfoxide elimination, or retro-Michael
reaction and exchange with native thiol containing proteins (i.e., albumin).#3-45 Ponte et
al.*3 studied this phenomena in the context of antibody—drug conjugates and determined that
approximately 7.9% of the conjugated payload was released after 7 days at 37 °C in buffered
mouse plasma. Release of CHP from the SMCC linker is unlikely to significantly affect the
therapeutic efficacy of iFab-CHP over the time course of our study, as further supported by
the clinical success of Kadcyla, which also uses an SMCC linker.32 Considering the stability
of the individual iFab-CHP components in serum, we do not expect any major instability
issues for Fab-CHP conjugates in serum.

Characterization of iFab-CHP Binding.

Following successful conjugation, ELISA-like assays were used to assess the affinity of
iFab-CHP for hTNFa and dCol, relative to free iFab, infliximab, caged iFab-CHPNB, and
free CHP (Figure 2). To confirm that iFab-CHP maintained binding affinity for hTNFa,
hTNFa was immobilized, binders were added, and anti-Human 1gG (H+L) antibody—
horseradish peroxidase (HRP) conjugates were used for detection (Figure 2A). All three
binders (iFab, iFab-CHP, and infliximab) demonstrated significantly greater hnTNFa binding
relative to the negative control, bovine serum albumin (BSA). No difference was seen
between iFab and iFab-CHP, while the greater signal produced by infliximab can be
explained as an artifact of the detection antibody. As anti-human IgG (H+L) is a polyclonal
detection antibody with multiple binding sites, more sites can be simultaneously occupied
on a full IgG (~150 kDa) relative to the much smaller Fab (~50 kDa). When more sites

of the 1° antibody are bound, a greater fluorescence signal is produced. In particular,

the fluorescence intensity of the infliximab sample was roughly 3x that of iFab or iFab-
CHP, corresponding perfectly with their relative size. These results are consistent with our
previous work demonstrating that conjugation of an antibody does not significantly affect
binding affinity.4

Binding of iFab-(CF)CHP for dCol was then measured by a similar assay with immobilized
dCol, relative to CF-tagged free CHP (CF-CHP) and scrambled sequence (CF-CHPgcrambie),
representing the positive and negative controls, respectively. Caged iFab-(CF)CHPNB, in

Bioconjug Chem. Author manuscript; available in PMC 2022 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Avrlotta et al.

Page 7

which the NB photocleavable protecting group is not removed, was also used as a negative
control for this set of assays. Binders were then detected either by direct fluorescence
measurements (Figure 2B) or by anti-human 1gG (H+L) antibody-HRP (Figure 2C). A
slight decrease in dCol binding was observed for iFab-(CF)CHP relative to CF-CHP when
measured by direct fluorescence, but was still significantly greater than either negative
control [CF-CHPs¢ramble and iFab-(CF)CHPNB]. As expected, when detected by anti-human
IgG (H+L) antibody-HRP, CF-CHP signal was negligible. Nonsignificant differences in
fluorescence were measured for CF-CHPgcrample; CF-CHP, and iFab-(CF)CHPNB, with a
significant increase in signal observed for iFab-(CF)CHP.

For iFab-CHP to produce a therapeutic effect in vivo, it must be able to bind both hTNFa
and dCol simultaneously. Simultaneous binding was tested in vitro by an ELISA-like assay
in which dCol was immobilized prior to the addition of the binders (negative controls:

BSA, iFab-CHPNB), Samples were washed, and biotinylated hTNFa was added. Bound
hTNFa was then detected by an avidin—-HRP conjugate. Nonsignificant differences in signal
were observed for both negative controls with a significant increase in fluorescence signal
measured for iFab-CHP relative to both, indicating successful, simultaneous binding of
both targets (Figure 2D). Comparable assays (WWEGFA replacing hTNFa) were used to
assess the relative binding of bFab-CHP to unmodified bFab (Figure S4). Outcomes were
equivalent to those seen for iFab-CHP, indicating that simultaneous binding of two domains,
as well as maintained antigen binding affinity, was not exclusive to iFab.

Biodistribution of bFab-CHP.

To explore the ability of Fab-CHP conjugates to localize to areas of dCol in vivo, IR680
(NIRF) tagged bFab-CHP underwent a comparative biodistribution study against caged
bFab-(NIRF)CHPNB in nude mice (7= 5) (Figure 3). bFab-(NIRF)CHP conjugates were
prepared and characterized using the same methods described above for iFab-CHP. While
immunodeficient arthritic mouse models do exist,’ healthy nude mice were chosen for this
study to establish baseline biodistribution and for technical reasons, as NIRF measurement
is inhibited by fur.8 Although not as elevated as seen in arthritic mice, healthy mouse joints
undergo continual tissue remodeling by MMPs, producing dCol.18 As observed in Figure
3A, IV tail vein injection of bFab-(NIRF)CHP led to an initial systemic distribution (#= 0.5
h), followed by prolonged residence in areas of higher dCol (i.e., spine, ribs, joints) relative
to the caged control. These results were similar to those seen for unconjugated (NIRF)-
CHP and nanofiber conjugated (NIRF)-CHP, indicating that conjugation to a Fab does

not significantly alter CHP binding to dCol in vivo.18:37:49 previous studies of monomeric
(NIRF)-CHP in healthy mice showed localization to the spine, hind paws, and tail at

24 and 48 h after injection, similar to the results seen for bFab-(NIRF)CHP at the 24 h

time point (Figure 3A).2549 Previous work investigating prefolded (NIRF)-CHP and caged
(NIRF)-CHPNB demonstrated poor skeletal localization, significant signal reduction after
6 h, and negligible signal after 96 h, which correlates with the results observed for caged
bFab-(NIRF)CHPNB (Figure 3A.B).37:49

Significantly greater levels of targeted bFab-(NIRF)CHP, as measured by overall
fluorescence intensity, were present throughout the 10-day study relative to the caged bFab-
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(NIRF)CHPNB control (Figure 3B). The percent fluorophore remaining was calculated by
dividing the average fluorescence intensity at a given time point by the average fluorescence
reading at £= 0.5 h. Interestingly, for the untargeted control, the percent remaining rapidly
decreased to approximately 13% after 24 h, which was then sustained with little change
over the course of the study resulting in 8% remaining at day 10; however, targeted
bFab-(NIRF)CHP decreased to roughly 28% remaining after 24 h followed by an increase
in fluorescence signal until day 6, and subsequent decrease resulting in 31% remaining
after 10 days. We posit that this trend was caused by highly localized bFab-(NIRF)CHP
masking the fluorescence signal, thus artificially reducing the apparent percent remaining.
As bFab-(NIRF)CHP dissociated from dCol over the course of the study, fluorescence
signal was distributed, allowing the sensor to accurately measure the entire fluorescence
signal. Regardless, the consistent and statistically significant increase in percent bFab-
(NIRF)CHP remaining relative to the caged control at all time points indicated that bFab-
(NIRF)CHP binding of dCol partially compensated for the reduction in half-life caused by
the elimination of the Fc region.

After 10 days, mice were sacrificed and organs extracted to further assess bFab-(NIRF)CHP
localization and clearance pathways (Figure 3C). As expected, bFab-(NIRF)CHP remained
bound to areas of high dCol (i.e., spine, ribs, joints), while caged bFab-(NIRF)CHPNB
remaining outside of the liver was negligible. This strongly indicates that biodistribution

of Fab-CHP in arthritic models will heavily favor the areas of highest dCol. Additionally,
we suspect that Fab-CHP retention will be improved with an arthritic model as more

dCol is present to bind. This is supported by previous work investigating free (NIRF)-

CHP localization in mice suffering from Marfan syndrome relative to healthy micel8

and nonpublished work with (NIRF)-CHP in arthritic and healthy mice (data not shown).
Clearance of bFab-CHP appeared to be primarily mediated by the liver and, to a lesser
degree, the kidneys, likely after nonspecific protease degradation, which is consistent

with the clearance pathways of infliximab.5? Free CHP is primarily eliminated through
renal pathways, with an approximate half-life of 2 days in healthy nude mice.2>51 bFab-
(NIRF)CHP demonstrated an apparent increase in half-life relative to monomeric CHP,
likely as a result of its increased size which reduced renal clearance. This is consistent

with previous, unpublished work that demonstrated increased half-life of targeted PEG-CHP
conjugates relative to free CHP.5! Each moiety of the Fab-CHP conjugate contributes
synergistically to its pharmacokinetic profile, as demonstrated by improved half-life relative
to (NIRF)-CHP, and improved half-life and dCol localization relative to bFab-(NIRF)-
CHPNB.49

Deora et al.>2 demonstrated that antibody binding to mTNFa (referred to as TmTNFa)
triggers rapid clathrin-mediated endocytosis and degradation in the lysosome of mTNFa-
presenting dendritic cells. Once degraded, peptides from the anti-TNFa IgG were presented
on the surface potentially inducing the development of anti-drug antibodies. While not
within the scope of this study, it is possible that by binding dCol, iFab-CHP is less
susceptible to internalization and degradation than free infliximab, potentially minimizing
immunogenicity and improving long-term efficacy. Regardless, this biodistribution study
demonstrates improved longevity and localization to sites of dCol than the nontargeted
control.
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Therapeutic Efficacy of iFab-CHP.

Infliximab does not bind to murine TNFa;3! as such, to test therapeutic efficacy in vivo,

a transgenic mouse model driven by overexpression of hTNFa was required. hTNFa
expressing transgenic female mice, originally characterized by Hayward et al.,>3 were
acquired at 8 weeks of age (Taconic Biosciences), acclimated for 1 week, and treated at
disease onset (~9 weeks of age), as reported by the supplier. Mice (7= 3) were IV tail

vein injected with either a clinically relevant dose of iFab-CHP (85 nmol/kg)®4-26 or equal
volume of PBS at 9 and 16 weeks of age. Mice were observed 3 times per week to blindly
score joint swelling (0-8 per paw, increments of 0.5, increasing severity),>’ measure joint
width and thickness, as well as monitor weight, lethargy, and signs of distress. No significant
toxicity or weight loss was observed (Figure S5).

Real-time assessment of disease progression by both joint scoring and measurements was
inconclusive. Based on previous experience with mycoplasma arthritidis mitogen induced
arthritis models, we expected to see a much greater degree of joint swelling as the disease
progressed.58 However, likely as a combination of both the slower disease progression and
the sex of the mice, the joints did not swell significantly, even at severe disease states, as
confirmed by histology. At 19 weeks of age, iFab-CHP and PBS treated mice had average
summed paw scores of 8 and 8.7, respectively, out of maximum score of 32. As such,

it was extremely difficult to monitor slight nuances of disease progression in real-time,
and therefore no significant therapeutic effect by either scoring or joint measurements was
observed (Figure S6).

All mice were sacrificed at 10 weeks post-initial injection (19 weeks of age), hind paw
tissue was collected and prepared for histological staining, with representative histological
sections shown in Figure 4. Hematoxylin & eosin (H&E) staining revealed significant
synovial hyperplasia with periarticular inflammatory cell infiltration, and articular cartilage
degradation in PBS treated mice.5® iFab-CHP treated mice showed a lesser degree of
synovial hyperplasia with no inflammatory cell infiltration, and largely intact articular
cartilage. Safranin-O (Saf-O), which stains sulfated proteoglycans (red) present in healthy
cartilage, was used to more specifically evaluate the integrity of articular cartilage.55-60.61
Saf-O staining revealed cartilage degradation in PBS-treated mice demonstrated by negative
staining at the superficial joint interface. iFab-CHP treated mice maintained healthy cartilage
with minimal matrix degradation as demonstrated by uniformly positive Saf-O staining at
the joint interface.

While traditional joint scoring methods were insufficient to characterize disease progression
in this model, terminal histology provided strong evidence that iFab-CHP slowed disease
progression and maintained healthy cartilage. Importantly, a negative “proinflammatory
depot effect”, as described above, was not observed. While further studies are

needed to optimize dosing of iFab-CHP, as well as compare therapeutic efficacy and
immunosuppression directly to infliximab, this pilot study was an important verification
and validation of the iFab-CHP platform for the treatment of RA.
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CONCLUSION

Cytokine specific biologic treatments have revolutionized the treatment of RA over the
past 2 decades;2 however, improved treatment localization, augmented through conjugation
with CHP, has the potential to reduce on-target toxicity and improve therapeutic outcomes.
Here, we have synthesized and characterized iFab-CHP conjugates using simple, native
amino acid conjugation methods that can be readily applied to any clinically approved
therapeutic antibody. ELISA-like assays validated the binding ability of iFab and CHP
moieties to their respective targets both individually and simultaneously in vitro. In vivo
experiments showed that Fab-CHP conjugates localized to areas of high dCol in healthy
mice, and demonstrated therapeutic efficacy, by slowing disease progression and cartilage
degradation, in a transgenic mouse RA model. Future work aims to optimize the iFab-CHP
platform, through improved homogeneity and determination of optimal CR4g, and compare
therapeutic outcomes to unmodified infliximab. Additionally, while this study focused
specifically on RA, the Fab-CHP platform is applicable to many pathological conditions
with excessive collagen degradation (e.g., cancer, fibrosis) that are currently treated by
therapeutic antibodies.52:63

MATERIALS AND METHODS

CHP Synthesis.

CHP was synthesized as described previously using standard SPPS methods.18:37 Alll
peptides were synthesized on a Focus XC peptide synthesizer (AAPPTec) using TentaGel R
Ram resins and standard Fmoc chemistry with HBTU/DIEA activation. Nonfluorescent CHP
was prepared with the sequence Ac-C-Ahx-NB(GPO)g. Fluorescent CHP was prepared with
the sequence Ac-C-Ahx-K(Fluoro)-Ahx-NB(GPO)g, where Fluoro was either IR680 dye
(NIRF) (Li-COR) or 5(6)-carboxyfluorescein (CF) (Sigma-Aldrich). Fluorescent tags were
conjugated on resin as described previously.18 Cleaved peptides were purified by RP-HPLC
(Agilent) on a C18 column with a 5-50% gradient of Water with 0.1% trifluoroacetic acid
(TFA) and acetonitrile. Peptide mass and purity was confirmed by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (UltrafleXtreme,
Bruker Daltronics) and HPLC.

Fab-CHP Synthesis.

Infliximab Fab was prepared from infliximab (Janssen Biotech) stock with Pierce Fab
Preparation Kit (ThermoFisher Scientific) following the protocol provided with the Kit.
Following Protein A purification, flowthrough and bound fractions were analyzed with
SDS-PAGE with 4-12% Bis-Tris gel. Infliximab Fabs were buffer exchanged into PBS pH
7.2 using 5 kDa MWCO spin columns to a final concentration between 20.9 and 83.5 pM
(1-4 mg/mL). Sulfo-SMCC (ThermoFisher Scientific) was prepared at 11 mM in Milli-Q
water. 20 mol equiv of Sulfo-SMCC was mixed with iFab for 1 h at room temperature
(RT). Excess Sulfo-SMCC was removed from the solution using a 7 kDa MWCO desalting
column. Desalted iFab-SMCC was transferred to a new tube to which dimethyl sulfoxide
(DMSO) was added such that the final reaction contained 5% DMSO by volume. CHP was
prepared at 2 mM in PBS pH 7.2. 15 mol equiv of 2 mM CHP was added to the iFab-SMCC
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solution while mixing at 4 °C, covered in foil. Reaction proceeded overnight. 100 mol equiv
of 20 mM L-cysteine was freshly prepared and added to the reaction and mixed for 30 min at
RT to cap unreacted maleimides. Excess L-cysteine and CHP was removed via dialysis with
12-14 kDa MWCO dialysis membrane tubing in PBS (140 mM NacCl, 2.7 mM KCI, 10 mM
NayHPO,) pH 7.4. iFab-CHP was dialyzed in 1 L PBS pH 7.4 with buffer replaced after 2

h, followed by overnight dialysis with 2 L PBS pH 7.4. Bevacizumab Fab-CHP conjugates
were prepared using the same method.

Intact LC-MS analysis of Fab-CHP conjugates was performed as described previously.32:46
Briefly, Fab-CHP samples were buffer exchanged into ammonium acetate buffer (50 mM
ammonium acetate, pH 7.0) using a 10 kDa 0.5 mL centrifugal filter. Intact protein LC-
MS analysis was performed on an ACQUITY UPLC I-Class with a Xevo G2-S QToF

mass spectrometer (Waters Corporation). Fab-CHP samples were further desalted with a
MassPREP microdesalting column (Waters Corporation) using a 6 min linear gradient run
at flow rate of 0.3 mL/min, 80 °C. The gradient was programmed as follows: 5% B from

0 to 2 min, 5-90% B from 2 to 5 min, then 90-5% B from 5 to 6 min. The mobile phase

A was water with 0.1% formic acid and the mobile phase B was acetonitrile with 0.1%
formic acid. The mass spectrometer was operated in positive electrospray ionization (ESI)
mode. The capillary voltage was 3 kV and the sampling cone voltage was 150 V. The
source temperature was 150 °C and the desolvation temperature was 500 °C. The source
desolvation gas flow and cone gas flow was 800 L/h and 10 L/h, respectively. The recorded
mass spectra were combined and deconvoluted using MassLynx 4.1 (Waters Corporation).

CR for each species peak was identified by dividing the difference between the MW of the
peak and the unmodified Fab peak (iFab: 47904 Da) by the expected MW of the CHP-linker
species (SMCC-CHP: 3035 Da). MWs of each component were as follows: SMCC, 219 Da;
CHP, 2816 Da; CF-CHP, 3416 Da; NIRF-CHP, 3946 Da. Partially conjugated SMCC species
were identified by a MW difference of approximately 219 Da. Analysis of MS results
assumed equal ionization efficiencies between all CR species of the Fab-CHP conjugates.
The relative peak intensity of each CR species was calculated by dividing the peak area

of that species (including all CR + partially conjugated linker) by the total peak area of

that sample. Average CR was calculated by summation of the product of each CR species
multiplied, but it is relative peak intensity within the sample.

hTNFa Binding Assay.

hTNFa binding assays were performed in a 96-well plate. All wash steps consisted of three
washes with 1x PBS. All samples were run in triplicate. Wells were coated with 50 yL of
0.2 mg/mL avidin for 2 h at RT, while shaking. Wells were washed and biotin-hTNFa (2
g/mL, 50 z1) was added for 1 h at RT. Wells were washed, blocked with 5% BSA for 1

h at RT, and then washed again. Binders (BSA, iFab-CHP, iFab, infliximab) were added (5
LM, 50 g for 1 h at RT. Wells were washed and samples were detected using a rabbit
anti-human IgG (H+L)-HRP conjugate (Bethyl Laboratories, Inc.) (1/2000 dilution, 50 /L)
for 1 h at RT. Signal was then generated adding 100 £ QuantaBlu Fluorogenic Peroxidase
Substrate working solution (ThermoFisher Scientific) for 5 min prior to addition of 100
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uL stop solution. Signal was measured (Ex: 325 nm, Em: 420 nm) on SpectraMax M-2
microplate reader (Molecular Devices).

dCol Binding Assay.

Denatured collagen binding assays were performed as described previously.3” All samples
were run in triplicate. Briefly, dCol (Gelatin from Bovine Skin Type B, Sigma-Aldrich) (50
L, 0.5 mg/mL) was immobilized on a 96-well plate for 2 h at RT. All wash steps consisted
of three washes with 1x PBS. Wells were washed, blocked with 5% BSA for 1 h at RT,

and washed again. 50 /L of 10 M binders (CF-CHPs¢rample, CF-CHP, iFab-(CF)CHPNB,
iFab-(CF)CHP) were added to their respective wells and incubated at 37 °C for 2 h. Wells
were washed and fluorescence based on CF was measured as described above (Ex: 489
nm, Em: 533 nm). Immobilized iFab was subsequently detected by rabbit anti-human IgG
(H+L)-HRP conjugate (1/2000 dilution, 50 L) for 1 h at RT. Signal was then generated
adding 100 s QuantaBlu Fluorogenic Peroxidase Substrate working solution for 5 min
prior to addition of 100 gL stop solution. Signal was measured as described above (Ex: 325
nm, Em: 420 nm).

Simultaneous hTNFa-dCol Binding Assay.

Simultaneous binding assays were performed in triplicate, on a 96-well plate. All wash
steps consisted of three washes with 1x PBS. dCol (Gelatin from Bovine Skin Type B,
Sigma-Aldrich) (50 /L, 0.5 mg/mL) was immobilized on a 96-well plate for 2 h at RT.
Wells were washed, blocked with 5% BSA for 1 h at RT, and washed again. 50 zL of 5 t/M
binders (BSA, iFab-CHPNB, iFab-CHP) were added to their respective wells and incubated
at RT for 2 h. Wells were washed and biotin-hTNFa (R&D Systems) (2 pg/mL, 50 L)
was added to each well for 1 h at RT. Wells were washed, and avidin-HRP (ThermoFisher
Scientific) (1/2000 dilution, 50 /L) was added for 1 h at RT. Wells were washed and signal
was generated by addition of 100 1 QuantaBlu Fluorogenic Peroxidase Substrate working
solution for 20 min prior to addition of 100 gL stop solution. Signal was measured as
described above (Ex: 325 nm, Em: 420 nm).

Biodistribution Study.

All animal experiments were performed in accordance with the University of Utah
Institutional Animal Care and Use Committee (IACUC). As described previously,3” healthy
female Nu/Nu mice (n=15), age 5-6 weeks, were used for this study. 2 nmol (10 M,

200 /1) of either bFab-(IR680)CHP or bFab-(IR680)CHPNE was injected into each mouse
via IV tail vein injection. Mice were visualized at 0.5, 12, 24, 48, 72, 96, 120, 144,

168, 192, and 240 h postinjection using an IVIS imager (PerkinElmer) with an excitation/
emission wavelength 675/720 nm and exposure time of 1 s. Fluorescence measurements
were averaged at each time point and divided by the average fluorescence measurement
from the 0.5 h time point, to calculate a percent remaining. Mice were sacrificed at 240 h
post-injection. Organs and skeletons were collected for further analysis and scanned using
the same IVIS imager.
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In Vivo Therapeutic Efficacy Study.

hTNFa expressing transgenic mice (tg/wt) were purchased from Taconic [model #: 1006-F,
B6.Cg-Tg(TNF)#Xen] and delivered at 8 weeks of age. Mice were allowed to acclimate for
1 week prior to any procedures in accordance with approved IACUC protocols. At 9 weeks
of age (disease onset), mice (n=3) were IV tail vein injected with 85 nmol/kg (5 mg/kg)
iFab-CHP or equivalent volume of PBS pH 7.4. Mice were observed 3 times per week to
blindly score joint swelling, measure joint width and thickness, as well as monitor weight,
lethargy, and signs of distress. Each mouse paw was assessed by a blinded observer and
given two scores (paw and digits) between 0 and 4 (0.5 increments, increasing severity) for
a maximum score of 32 per mouse. Mouse hind paw width and thickness were measured
by calipers (two measurements per hind paw, four measurements per mouse) three times
per week. Score and measurements were summed for each mouse and averaged among

that treatment group for each week. Mice were given food and water ad libitum. Second
injections of equal dose were administered 7 weeks post-initial injection. At 10 weeks post-
initial injection, mice were sacrificed and hind paw tissue was collected and fixed overnight
at 4 °C in 10% v/v formalin. Samples were then sent to the ARUP Laboratories Histology
Core Facility at the Huntsman Cancer Institute for paraffin embedding and sectioning.

Due to a miscommunication, tissue samples were not decalcified prior to embedding. To
compensate, paraffin blocks were surface decalcified (~1.5 h) prior to sectioning. Sections
were cut along the midsagittal plane at 5 4m thickness.

Histology Staining — Hematoxylin & Eosin (H&E).

Tissue sections were deparaffinized and rehydrated by overnight incubation at 65 °C
followed by 5 min incubations in xylene (3x), 100% EtOH (2x), 70% EtOH (2x),

and running deionized (DI) water. Slides were stained by 5 min incubation in Mayer’s
hematoxylin, 5 min in running DI water, and 3 min in eosin. After this step, slides

were transferred to DI water and checked under a microscope to assess stain intensity. If
overstained, slides were then incubated in 80% EtOH for 5 min. Next, slides were dipped
(10-15s) in 70% EtOH, 80% EtOH, 90% EtOH, 100% EtOH (3x), xylene (3x), and final
incubation in xylene for 5 min. Stained tissue sections were then mounted using glass
coverslips.

Histology Staining — Safranin-O with Fast Green.

Tissue sections were deparaffinized and rehydrated as described above. Sections were then
stained with Weigert’s iron hematoxylin (1:1 dilution) for 4 min, followed by a 10 min
incubation in running DI water. Sections were then incubated in 0.05% Fast Green for 5
min, dipped (10-15 s) in 1% acetic acid, and incubated in 0.1% Safranin-O for 13 min.
After this step, slides were transferred to DI water and checked under a microscope to assess
stain intensity. Slides were trapped by dipping (10-15 s) in 95% EtOH, followed by 30 s
incubations in 100% EtOH (4x), and then 2 min in xylene (2x). Slides were mounted as
described above.

Bioconjug Chem. Author manuscript; available in PMC 2022 November 23.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Avrlotta et al.

Data Analysis.

Page 14

All statistical analysis was performed using GraphPad Prism ver. 8.2.1 (GraphPad Software).

Unless otherwise stated, data is presented as a mean + standard deviation. Analysis of

ELISA-like assay data was performed using a one-way ANOVA with Bonferroni post hoc
correction to identify statistical significance. In vivo data was analyzed by multiple #tests
using the Holm-Sidak method. a = 0.05, ns = 2> 0.05; *P< 0.05; **P< 0.01; ***/tP<

0.001; ****/1P< 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank Connor Meaney and Tim Moore for their expertise and assistance in scoring the mice. We also thank Dr.
Eileen Hwang for providing bevacizumab, as well as Drs. Yang Li and Hendra Wahyudi for providing caged CHPs.
TOC figure as well as Figures 2, S4, and Scheme 1 were prepared using BioRender.

Funding

Support was provided by the National Institutes of Health R21-EY029430 and by The University of Utah Graduate

Research Fellowship.

ABBREVIATIONS
RA

CHP
iFab
bFab
dCol
TNFa
CR
CRavg
VEGFA
Fc
SPPS
MWCO
BSA
CF

NIRF

rheumatoid arthritis
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bevacizumab Fab fragment
denatured collagen

tumor necrosis factor-a
conjugation ratio

average conjugation ratio
vascular endothelial growth factor A
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sulfo-SMCC sulfosuccinimidyl 4-(A-maleimidomethyl)-cyclohexane-1-
carboxylate

HRP horseradish peroxidase

TFA trifluoroacetic acid

MALDI-TOFMS matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry

RT room temperature

DM SO dimethyl sulfoxide

mol eq molar equivalents

IACUC Institutional Animal Care and Use Committee

DI deionized
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Figurel.
Intact LC-MS analysis of unmodified iFab (red) overlapped with analysis of iFab-CHP

(blue) conjugates. Integer values indicate the conjugation ratio (CR) of the species in that
peak. No unmodified iFab was present after conjugation.
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Figure2.
ELISA-like binding assays were used to confirm the ability of iFab-CHP to bind

(A) immobilized hTNFa, (B/C) dCol, and (D) dCol and hTNFa simultaneously. (A)

No significant difference in hTNFa binding was measured between iFab-CHP and
nonconjugated iFab, indicating that CHP conjugation did not affect iFab binding affinity.
(B) Direct fluorescence measurements of dCol binding by iFab-(CF)CHP were significantly
greater than those of both negative controls (CF-CHPgcrample, iIFab-(CF)CHPNB): however,
a slight decrease was observed relative to free CF-CHP. (C) iFab-(CF)CHP binding to

dCol was significantly greater than all negative controls when detected by anti-human IgG
(H+L)-HRP. (D) A statistically significant increase in fluorescence intensity was observed
for iFab-CHP binding to dCol, followed by the addition and detection of hTNFa, relative
to both negative controls, which confirmed simultaneous binding of both targets. Values are
shown as a mean = standard deviation (= 3); statistical significance is defined as follows:
ns=P>0.05; *P<0.05; **P<0.01; ***P<0.001; ****P<(0.0001.
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Figure 3.
(A) Biodistribution of IR680 labeled bFab-(NIRF)CHP (Target) and caged bFab-

(NIRF)CHPNB (Control) IV injected into the tail vein of nude mice (7= 5). (B)
Fluorescence intensities were quantified over 10 days by whole-body scan. Data reported

as mean + standard deviation. (C) Mice were sacrificed and NIRF intensity was measured
for isolated organs. Both target and control were processed primarily by the liver, while
bFab-(NIRF)CHP showed significantly greater skeletal localization. (Li: liver, K: kidney, Sk:
skin, H: heart, Lu: lung, S: spleen). Statistical significance is defined as follows: T~ < 0.001;
1P <0.0001.
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Figure 4.
Histological staining of hTNFa transgenic mice tibia-talus joints with either hematoxylin

and eosin (H&E) (first column) or Safranin-O (red) with Fast Green (blue) (second and
third columns). Mice were injected at disease onset with either 85 nmol/kg iFab-CHP

or PBS, with an additional injection 7 weeks post-initial injection, and sacrificed at 10
weeks post-initial injection. H&E staining revealed a greater degree of synovial hyperplasia
and inflammatory cell infiltration (black arrows) in PBS treated mice. Additionally, Saf-O/
Fast Green staining revealed more intact hyaline articular cartilage (sulfated proteoglycans
stained red) in iFab-CHP vs PBS treated mice. Yellow arrows point to negative hyaline
cartilage staining. Scale bars = 200 zm.
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Scheme 1.
iFab Was Produced by Papain Digestion of the Clinical Product, Remicade?

4Subsequent conjugation of iFab to CHP was achieved by a two-step, lysine-based
conjugation via a sulfo-SMCC heterobifunctional linker.
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