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ABSTRACT

The immune checkpoint inhibitor (ICl) ipilimumab has revolutionized the treatment of patients with
different cancer histologies, including melanoma, renal cell carcinoma, and non-small cell lung carcinoma.
However, only a subset of patients shows dramatic clinical responses to treatment. Despite intense
biomarker discovery efforts linked to clinical trials using CTLA4 checkpoint blockade, no single prognostic
correlate has emerged as a valid predictor of outcome. Client-owned, immune competent, pet dogs
develop spontaneous tumors that exhibit similar features to human cancers, including shared chromo-
some aberrations, molecular subtypes, immune signatures, tumor heterogeneity, metastatic behavior,
and response to chemotherapy. As such, they represent a valuable parallel patient population in which to
investigate novel predictive biomarkers and rational therapeutic ICI combinations. However, the lack of
validated, non-immunogenic, canine ICls for preclinical use hinders this comparative approach. To address
this, fully canine single-chain variable fragments (scFvs) that bind canine CTLA4 were isolated from a
comprehensive canine scFv phage display library. A lead candidate for clinical development was selected
based on its subnanomolar binding affinity to canine CTLA4 and its ability to prevent CTLA4 binding to
CD80/CD86 and promote T cell proliferation and effector function. In vivo mouse studies revealed
pharmacokinetics similar to isotype control IgG with no evidence of short-term adverse effects. This
work paves the way for in vivo analysis of the first fully canine, anti-canine CTLA4 antibody to promote
anti-tumor immunity in dogs with immune-responsive cancers and provide an important comparative
tool to investigate correlative biomarkers of response and mechanisms of resistance to CTLA4 checkpoint
inhibition.
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Introduction . . . .
transendocytosis, promoting a tolerogenic phenotype which

Cytotoxic T lymphocyte associated protein 4 (CTLA4) or
CD152 is a member of the immunoglobulin superfamily of
transmembrane receptors that is highly homologous with the
T cell co-stimulatory molecule CD28 and shares the same
receptor ligands, CD80 and CD86. CTLA4 expression is up-
regulated following activation of CD4" and CD8" T cells and,
due to its high affinity binding to CD80 and CD86, it out-
competes CD28 for interaction with these ligands. Engagement
of CTLA4 with CD80 and CD86 delivers an inhibitory signal to
the effector T cell, negatively regulating the T cell response.'
Lymphocyte inhibition is achieved following engagement via
recruitment of SHP2 and PP2A, which dephosphorylate the T
cell receptor { chain and target downstream effectors of phos-
phoinositide 3-kinase, respectively.”* The high binding affinity
of CTLA4 for CD80/86 on antigen-presenting cells (APCs) can
also lead to the removal of these co-stimulatory ligands via

further impairs effector T cell responses.” In contrast to effector
T cells, regulatory T cells (Tregs) constitutively express high
levels of CTLA4 on their surface, which is essential for their
suppressor activity, particularly their ability to inhibit dendritic
cell maturation.*” The importance of CTLA4 as a negative
regulator of T cell responses is underscored by the rapid devel-
opment of fatal lymphoproliferative disease and autoimmunity
in CTLA4-deficient mice and in mice with CTLA4-deficient
regulatory T cells.*® Monoclonal antibodies (mAbs) that bind
CTLA4 and inhibit binding to CD80/86 enhance endogenous
T cell responses and inhibit Treg function, thereby promoting
anti-tumor immunity.”'® These findings led to the use of
CTLA4-specific mAbs to block checkpoint signaling and
enhance anti-tumor immunity in syngeneic tumor-bearing
mouse models.'’ Systemic administration of anti-CTLA4
mAD led to tumor rejection and long-lasting protection against
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re-challenge in multiple different murine xenograft models.-
10.12-14 " purthermore, these responses correlated with the
immunogenicity of the tumor type.'” Ensuing clinical trials of
anti-CTLA4 mAb in patients with tumors that carry a high
mutational burden (melanoma, renal cell carcinoma, non-
small cell lung carcinoma (NSCLC) and prostate adenocarci-
noma) showed that a subset of patients experienced dramatic
durable clinical responses to treatment.'®>° Additional data in
mice suggest that clinical anti-tumor responses associated with
anti-CTLA4 mAbs may be associated in part with their ability
to deplete intratumoral Tregs, which constitutively express
high levels of CTLA4.2'"%* However, despite intense efforts,
robust correlative biomarkers that predict responders to such
checkpoint inhibition remain elusive.

An unfortunate consequence of disrupting immune homeos-
tasis and immunological self-tolerance through checkpoint inhibi-
tion is the induction of auto-immunity.** Such immune-related
adverse events frequently affect the gastrointestinal tract, endo-
crine glands, skin and liver, although any organ system can be
affected.” These side effects are more common and more severe
with CTLA4 inhibition than with inhibition of the PD-1 axis*
affecting up to 60% of recipients.'® To reduce the adverse systemic
effects of anti-CTLA4 therapy, intra- and peri-tumoral adminis-
tration of anti-CTLA4 mAb has been investigated with promising
results in mouse models.”” >

Dogs are closely related phylogenetically to humans and
spontaneously develop cancer that shares similar biological,
behavioral and genetic features with human counterparts.”~>>
As such, immune competent, canine cancer patients can serve as
a relevant parallel patient population to assist in unraveling the
mechanisms of action of anti-CTLA4 mAbs, identify correlative
biomarkers of response and understand mechanisms of resis-
tance. Further, they may also play an important role in inform-
ing human clinical trial design regarding the safety and efficacy
of combination therapies. Currently, little is known about the
expression of CTLA4 in canine T cells or the role that CTLA4
blockade and targeted depletion of CTLA4" Tregs might play in
promoting anti-tumor immunity. Canine CTLA4 shares 88%
identity with human CTLA4 and was shown to induce tolerance
to sheep red blood cells in dogs, suggesting a conserved mechan-
ism of action for CTLA4 between human and dog.33 In addition,
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canine patients with histiocytic sarcoma® and B cell lymphoma-
** have a higher percentage of CTLA4" CD4* and CD8" T cells
in their peripheral blood when compared to control dogs, sug-
gesting the presence of an exhausted phenotype that adversely
affects anti-tumor immunity.’® Finally, recent reports using
RNAseq have confirmed that canine CD4*CD25" T cells express
a regulatory phenotype that includes expression of high levels of
CTLA4 transcripts.”” Together, these findings provide the ratio-
nale for development of a therapeutic fully canine, anti-canine
CTLA4 antibody that could promote anti-tumor immunity and
provide a valuable reagent for comparative canine studies to
investigate correlative biomarkers of clinical response and opti-
mal combination therapies.

Results
Isolation of canine anti-canine CTLA4 scFv

A canine IgM/IgG/Mx single-chain variable fragment (scFv)
phage display library containing an estimated 40 billion individual
E. coli transformants was constructed from canine B cell mRNA
and the pComb3X phagemid vector as described™ using oligonu-
cleotide primers based on published canine immunoglobulin
heavy and light chain germline genes® (data not shown). An
aliquot of the library underwent four rounds of solid phase selec-
tion (“panning”) against biotinylated avitag-labeled canine CTLA4
(cCTLA4, supplementary methods). Substantial enrichment of
phage for cCTLA4 specific binders began in the second round of
panning (P2) and increased through the fourth round of panning
(P4) (Supplemental Table 1).

To verify that selected phage contained cCTLA4-specific
scFv phage particles, polyclonal scFv phage from each round
of panning was evaluated by scFv phage ELISA using cCTLA4
as the target antigen (Figure 1a). scFv-phage captured through
positive selection on cCTLA4 reacted only with cCTLA4-
loaded wells, confirming the presence of cCTLA4 specific
scFvs in P2, P3 and P4.

In an initial screening to demonstrate the presence of
unique anti-cCTLA4 antibodies, 12 clones from the third pan-
ning round and 12 clones from the fourth panning round were
randomly selected and tested for their ability to bind to
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Figure 1. Enrichment and isolation of canine scFv that bind canine CTLA4 antigen. (a). Initial library (P0) and polyclonal libraries obtained after each round of panning
(P1 through P4) were analyzed for their ability to bind to cCTLA4 by phage ELISA. Bound phage was detected using HRP-conjugated anti-M13 mAb and ABTS. Plates
coated with no antigen (PBS), canine CD19, human avitag-CD3¢ or SA alone were used as negative controls. Polyclonal phage from the 4™ round of panning (P4) of
library against canine CD19 was used as a positive control. (b). Unique, soluble, HA-tagged and purified scFvs were generated from clones randomly selected from P3
and P4 and tested for their ability to bind to increasing concentrations of cCTLA4 by ELISA. 0.25 ug soluble scFv were added to each well containing the indicated
amount of streptavidin-captured cCTLA4 and bound scFv was detected with an AP-conjugated anti-HA antibody. An irrelevant MERS specific soluble scFv was used as a
negative control.



cCTLA4 by phage ELISA. All 24 clones bound to cCTLA4 and
nucleotide sequencing of these 24 scFvs revealed 20 unique
single chains, of which 17 had A light chains and 3 had « light
chains (data not shown).

A further 88 clones were randomly selected from both P3
and P4 (total of 176 clones) and expression extracts containing
soluble scFvs were generated, purified and analyzed for their
ability to bind to cCTLA4 by scFv ELISA (data not shown). Ten
clones showing comparable or better binding to cCTLA4 than
any of the first 20 unique clones were selected and sequenced.
From these, three more unique clones were identified from P3
(A1, B10 and C5) and two more new clones (D5 and G11) were
identified from P4. The binding of soluble monoclonal scFvs
(A1, B10, D5 and G11) to cCTLA4 was confirmed by ELISA
along with two clones from the initial screening (Figure 1b).
Clone C5 was not evaluated as a purified, soluble scFv. Thus, a
total of 24 unique, fully canine, soluble scFvs that bound to the
extracellular domain of cCTLA4 were available for further
analysis.

Next, we sought to determine whether any of the unique
cCTLA4-specific scFvs were able to block the interaction
between cCTLA4 and CD80/CD86, a property that might
bestow therapeutic potential by enhancing T cell responses
in tumor-bearing canine patients. First, an ELISA-based
interaction assay was developed that centered on the ability
of biotinylated cCTLA4 to bind to commercially available
human (hu) CD86-Fc and huCD80-Fc chimeric proteins in
a dose-dependent manner (data not shown). Next, the
ability of 18 scFvs from the original group of 20 unique
clones, along with the additional 4 (Al, B10, D5 and G11)
identified from expression extracts, to inhibit ¢cCTLA4:
huCD80 and ¢cCTLA4:huCD86 interactions was determined
(Figure 2a and b and data not shown). Seventeen of 18 and
4/4 clones from the original and additional screening
groups, respectively, showed varying degrees of inhibition
of ¢cCTLA4 binding to huCD86. Thirteen of the original
clones that inhibited binding of cCTLA4 to huCD86 also
inhibited the binding of cCTLA4 to huCD80, with clones
P4-8 and P3-7 showing the greatest inhibition. Clones from
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the additional screening round showed comparable or
greater inhibition of ¢cCTLA4 binding to huCD80/86 when
compared to P4-8 and P3-7. In all cases, use of a higher
molar ratio of scFv:cCTLA4 resulted in greater inhibition
(6:1 compared to 2:1).

Production of full-length canine anti-cCTLA4 IgG

Based on their ability to inhibit cCTLA4 binding to CD80
and CD86, clones Al, D5, B10, G11 and P4-8 were chosen
to be reformatted into fully canine IgG for further func-
tional analysis. B10 and D5 were successfully reformatted as
canine IgG, (producing 78 pg/10 ml culture media and
35 ug/10 ml culture media, respectively), but only low levels
of clone Al could be expressed (6 pg/10 ml culture media).
Clones G11 and P4-8 could not be expressed as full-length
canine IgG4. Given the superior capability of clone Al to
block ¢cCTLA4 binding, efforts to improve its production
through complementarity-determining region (CDR) graft-
ing were made. Using heavy and light chain swapping
experiments, low productivity was localized to the heavy
chain variable region (VH) of Al (data not shown). Since
the full-length IgG, of clone B10 produced well and its
framework regions showed high sequence homology with
those of clone A1, the CDR regions of Al were grafted into
the VH backbone of clone B10. The resulting chimeric Al
heavy chain combined with the original Al light chain
resulted in high production (70-80 pg/10 ml culture
media) of the fully canine IgG, now designated Almut2.
The ability of full-length Almut2, B10 and D5 IgG to bind
cCTLA4 in ELISA was confirmed (Supplemental Figure
S1A). Further, the ability of Almut2, B10 and D5 to inhibit
the interaction of cCTLA4 with canine CD80 and canine
CD86 was evaluated in an inhibition ELISA, which con-
firmed the superior ability of Almut2 to block cCTLA4
binding to its canine ligands (Supplemental Figure S1B).
The amino acid sequences of Al, B10 and Almut2 are
shown in Supplemental Figure S2.
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Figure 2. CTLA4 specific soluble scFv inhibit the binding of cCTLA4 to CD80 and CD86. 1.0 and 3.0 pmol of recombinant human CD80-Fc (a) or human CD86-Fc (b) were
bound to ELISA plates overnight. Biotinylated avitag-cCTLA4 was pre-incubated with each soluble scFv at the indicated molar ratios for 1 hr before being added to the
plate. Bound cCTLA4 was detected using a streptavidin-AP conjugate and AP colorimetric substrate. Biotinylated and unbiotinylated cCTLA4 in the absence of any

antibody were used as positive and negative controls. na = no antibody present.
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CTLA4-specific IgG bind cell surface expressed canine and
feline CTLA4

To determine whether Almut2, B10 and D5 IgG,s bound to
membrane-expressed cCTLA4, KT832 cells were genetically
modified to express cCTLA4 (KT832.cCTLA4) and used as
target cells in flow cytometry experiments (Figure 3). All clones
bound to KT832.cCTLA4, but not to the parent KT832 cells.
Furthermore, pre-incubation of each IgG with soluble cCTLA4
to block antigen binding sites abolished antibody binding,
indicating that membrane binding was antigen specific. Next,
the ability of the three selected IgG,s to bind to CTLA4 on the
surface of activated canine T cells was assessed (Figure 4).
Negligible amounts of CTLA4 were detected on the surface of

CTLA4 expression at 48 and 72 hours post activation. At each
timepoint a greater percentage of CD4 T cells expressed CTLA4
compared with CD8 T cells (50.7% vs 29.5% at 48 hrs and
56.6% vs. 40.5% at 72 hrs, respectively). Next, the surface and
intracellular ~ expression of CTLA4 on  canine
CD45'CD5"CD4'FoxP3" Tregs was determined using
Almut2 IgG,. Almut2 bound to both surface and intracellular
CTLA4 on Tregs isolated from the peripheral blood of a dog
with T cell lymphoma, confirming that CTLA4 is constitutively
expressed by canine peripheral blood Tregs (Supplemental
Figure S3). Finally, given that canine and feline CTLA4 share
99% identity, feline leucocytes were incubated with Almut2 to
assess antibody cross-reactivity. Feline CD5" cells showed
minimal surface staining with Almut2, but the antibody

CD5'CD4" and CD5"CD4" cells prior to activation; however, bound strongly to intracellular CTLA4 (Supplemental
both T cell subsets demonstrated a significant increase in  Figure S4).
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Figure 3. Evaluation of anti-CTLA4 IgG binding to membrane expressed canine CTLA4. K562 cells lacking the FcyRIl (CD32) were genetically engineered to express
canine CTLA4 (KT326.cCTLA4). KT326 cells (top row) and KT328.cCTLA4 cells (middle row) were incubated with three anti-CTLA4 antibodies reformatted as IgGg, and
surface labeling was detected using an anti-HA antibody. To confirm antigen-specific binding, anti-CTLA4 clones were first incubated with soluble cCTLA4 protein to
block antigen binding sites and then used for cell surface labeling (bottom row).
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Figure 4. Evaluation of binding of anti-CTLA4 mADb clones to activated canine T cells. Canine PBMCs were activated with 2.5 ug/ml Concanavalin A, harvested at 48 hr
and 72 hr post activation and labeled with each HA-tagged anti-CTLA4 IgG as indicated. Bound anti-CTLA4 antibody was detected using an anti-HA antibody. Plots are
gated on CD5", 7AAD™ cells.



Canine anti-CTLA4 IgG demonstrate high binding affinity
for soluble cCTLA4

The affinities and binding kinetics of Almut2, D5 and B10 for
cCTLA4 were measured to determine whether they may be
suitable for evaluation as therapeutics. Using surface plasmon
resonance (SPR), the on and off rates of these three IgGu
against cCCTLA4 were determined (Table 1). The dissociation
constant (Kp) of Almut2 was in the subnanomolar range and
demonstrated the highest binding affinity of the three clones.
The other two clones displayed single digit nanomolar affi-
nities. For comparison, the Kp of ipilimumab to human
CTLA4is 18.2 nM.*® Thus, all three IgGs displayed sufficient
binding affinity to cCTLA4 to serve as potential therapeutic
checkpoint inhibitors.

Canine anti-CTLA4 IgG subclasses (IgGg and IgG¢) fix
complement

The ability of CTLA4-targeted antibodies to deplete intratu-
moral Tregs is being increasingly recognized as contributing to
anti-tumor immunity in mice. Given this, we assessed the
ability of Almut2 IgG subclasses to fix complement in vitro.
Canine IgGg and IgGc effectively fixed complement whereas
IgG4 and IgGp did not, a finding that is consistent with the
literature®' (Supplemental Figure 5A). A control ELISA con-
firmed binding of the four canine IgG subclasses to plate-
bound cCTLA4 (Supplemental Figure 5B). This result indicates
that the IgGp and IgGc subclasses of Almut2 have the potential

Table 1. Binding kinetics and affinities of canine anti-cCTLA4 IgG to canine and
murine CTLA4.

Almut2 (canine  ATmut2 (murine B10 (canine D5 (canine
CTLA4) CTLA4) CTLA4) CTLA4)
kon 21x10°M7's" 29x10°M7's™ 1.6 x10° 1.2x10°
M M's™!
Koff 1.8x107%s™ 1.8x107° s 25x107%s™ 1.8x107%s™!
Kp 0.85 nM 0.061 nM 1.5 nM 1.5 nM
Rrmax 122 RU 112 RU 84 RU 118 RU
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to initiate complement-mediated cytotoxicity of CTLA4" cells,
which may preferentially deplete intratumoral Tregs that
express high levels of CTLA4.

A1mut2 increases T cell proliferation and IFN-y production

To determine whether Almut2 can increase T cell prolifera-
tion, canine peripheral blood mononuclear cells (PBMCs) were
labeled with Cell Trace Violet and stimulated with ConA in the
presence of either Almut2 (IgG,) or the irrelevant Middle East
respiratory syndrome (MERS)-specific negative control IgG,.
Cells were harvested at 72 or 96 hr, and the responder fre-
quency and proliferative capacity of T cells activated in the
presence of Almut2 versus MERS IgG were determined by
flow cytometry (Figure 5a). Almut2 (IgG,) increased the per-
centage of T cells responding to the mitogen (responder fre-
quency) and the average number of daughter cells produced
per responding cell (proliferative capacity) in 8/9 dogs at
96 hours post stimulation when compared to the negative
control MERS IgG, (Figure 5b). Interferon-y (IFN-y) produc-
tion was evaluated in the supernatants of T cells stimulated
with ConA in the presence of Almut2 IgG,. T cell cultures
from 4/4 dogs showed an increase in IFN-y production at 96
hrs when Almut2 was added (Figure 5c). Given that a recent
report has shown that ipilimumab, (anti-CTLA4 IgG,), but not
ipilimumab reformatted as an IgG,, inhibits antigen-specific
CD4" T cell proliferation in a CD16" cell-dependent manner in
vitro,* a repeat T cell proliferation experiment was performed
using PBMCs from 2 healthy donor dogs to determine whether
use of Almut2 IgGy (the functional equivalent of human IgG,
subclass) would inhibit T cell responses. Almut2 IgGy did not
inhibit CD5" T cell proliferation and no difference was identi-
fied between the effects of Almut2 IgG, and IgGp on CD5" T
cell proliferation (data not shown). Together, these results
suggest that Almut2-mediated checkpoint inhibition pro-
motes canine T cell proliferation and IFN-y production and
further support its clinical evaluation as an IgG to enhance
tumor-specific T cell priming and effector responses within the
tumor microenvironment.
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Figure 5. Almut2 increases the effector function of canine T cells. Canine PBMCs were labeled with CTV and stimulated with ConA at 2.5ug/ml in the presence of 10ug/
ml of either Almut2 or the irrelevant MERS antibody. Cells were harvested at 72 or 96 h and labeled with an anti-CD5 mAb and the viability dye 7-AAD. Cells were
acquired on a FACS Canto Il and analyzed by FlowJo software. Responder frequency (number of cells undergoing at least one division) and proliferative capacity
(average number of daughter cells produced per cell) were determined. (a). Representative histogram from one dog. Plots are gated on 7AAD >single cell>CD5™ cells.
(b). Responder frequency and proliferative capacity of 9 healthy dogs calculated at 96 hours post stimulation. (c) IFN-y present in culture supernatants as determined by
ELISA at 96 hrs. Data from experimental triplicates of three healthy donor dogs and one dog with B cell ymphoma (dog 3) are shown. Mean with SEM is shown.
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Figure 6. Blood and tissue pharmacokinetics of Almut2 and control MERS IgG in C57BL/6 mice following an intravenous bolus dose. (a). Blood concentration versus time
profile; (b). Tissue biodistribution 24 h post-injection; (c). Tissue biodistribution 48 h post-injection.

A1mut2 IgGg displays linear kinetics in vivo

Following confirmation that Almut2 binds murine CTLA4 by
ELISA (data not shown) and displays subnanomolar binding
affinity and similar binding kinetics to the extra cellular
domain of murine CTLA4 as for cCTLA4, albeit with a pro-
tracted off-rate (Table 1), the pharmacokinetics (PK) of
Almut2 (subclass IgGg) in mice were determined. After intra-
venous injection into naive mice, Almut2 displayed blood
(Figure 6a) and tissue (Figure 6b and c) PK similar to that of
the untargeted control IgGg (MERS). The blood area under the
concentration vs. time (AUC(.,g,) was similar between
Almut2 and MERS (1174 + 51%ID/g*h vs. 1073 + 56%ID/
g*h, respectively, p > .05 by Student’s -test), suggesting that
overall exposure was the same between the two IgG. Almut2
appeared to circulate well in mice, with 18.4 + 0.4%ID/g
remaining in blood 48 hours post-injection (vs. 19.6 + 1.3 for
MERS), which represents ~30% of the total injected dose in the
circulation. These results suggest that at a potentially therapeu-
tically relevant dose, binding between Almut2 and mouse
CTLAA4 does not affect disposition in naive mice. These results
are consistent with observations in humans where anti-CTLA4
displays dose-proportional PK in humans at doses of 3 and 10
mg/kg. Further, there were no differences in either body weight
or in complete blood count parameters between mice treated
with Almut2 and MERS (Supplemental Figure S6), demon-
strating that the injection of Almut2 was well-tolerated and
did not result in untoward hematological effects.

Discussion

CTLA4 blockade has proven to be a powerful strategy to
promote anti-tumor immunity by inducing the expansion of
Thi-like CD4" effector T cells and exhausted CD8" T cells.*’
These effects have led to clinically relevant anti-tumor immu-
nity, particularly in human patients with malignant melanoma,
NSCLC and renal carcinoma. Interestingly, in mouse models of
cancer, anti-CTLA4 antibodies eliminate intra-tumoral Tregs,
but in human cancer patients treated with either ipilimumab or
tremelimumab, intra-tumoral depletion of Tregs was not
observed.””** A greater understanding of mechanisms of
acquired and/or innate resistance of tumors to anti-CTLA4
therapy, identification of biomarkers of response, optimized
protocols and combination approaches to improve outcome,
and understanding of the mechanisms related to checkpoint
toxicity in clinical patients is needed to increase overall
response rate and reduce toxicity.* Here, we used scFv phage

display to identify multiple unique canine scFvs that specifi-
cally bind with nanomolar and sub-nanomolar affinities to
canine CTLA4. From these scFvs, we generated and further
selected full-length canine lead candidate IgG based on devel-
opability and in vitro functional capacity to evaluate in clinical
trials in dogs with spontaneous cancers to further investigate
mechanisms of resistance and correlative biomarkers of
response. The use of fully canine anti-CTLA4 IgG in immune
competent canine cancer patients with spontaneous tumors
that share similar features to their human counterparts should
yield informative results for human clinical trial design. To this
end, in 2017 the Beau Biden Cancer Moonshot Initiative
launched a canine cancer immunotherapy clinical trials net-
work aimed at evaluating novel immunotherapies and combi-
nation immunotherapies in pet dogs with spontaneous cancer
with the ultimate aim to accelerate human clinical translation.-
6 The development of a fully canine anti-CTLA4 provides an
important comparative tool for translational research and
enables such combination therapies being evaluated to include
checkpoint inhibition.

In the absence of a fully validated, anti-canine CTLA4 anti-
body, little is known about CTLA4 biology in the dog. Similar
to results from human donors, we observed minimal cell sur-
face expression of CTLA4 on resting peripheral T cells from
healthy canine donors.*” However, as for human T cells,
CTLA4 was up regulated on the surface of CD4" and CD8" T
cells following activation. We observed higher CTLA4 expres-
sion in the CD4™ T cell subset compared to CD8" T cells after
activation, consistent with findings in human CD4" and CD8"
T cells*® and peak expression of CTLA4 on canine T cells at or
after 72 hours. Similarly, studies in human T cells have shown
peak expression of CTLA4 on mitogen-activated total T cells at
72 hrs post stimulation.*” Together, these results reveal com-
parable CTLA4 cell surface expression kinetics between canine
and human T cells. Furthermore, we confirmed at the protein
level the transcriptomic findings of Garden et al. that showed
CTLAA4 is constitutively expressed in canine Tregs and as such
may serve as a target for Almut2-dependent complement
mediated cytotoxicity.”” In human patients, the higher level
of CTLA4 expression on intra-tumoral Tregs might enable
their selective depletion following anti-CTLA4 treatment com-
pared to Tregs in the peripheral blood, and this may contribute
to an increase in intra-tumoral CD8:Treg following treatment.
This mechanism of action in human patients, however,
remains controversial.’>*" Future studies to directly compare
expression levels of CTLA4 on canine peripheral versus intra-
tumoral Tregs will determine whether similar differences exist



in canine cancer patients and will allow clinical investigations
into the effect of local or systemic delivery of anti-CTLA4
antibodies on selective intra-tumoral Treg depletion in pet
dogs with spontaneous cancers.

In human PBMCs, monotherapy with ipilimumab showed
minimal effects on IFN-y production and T cell proliferation in
allogeneic T:DC mixed lymphocyte response assays and only
modest increases in interleukin-2 production following mito-
gen activation of human T cells.*” Furthermore, response var-
ied amongst individual samples tested. Although in vitro assay
response in human T cells has been modest, clinical responses
in a subset of human patients have been dramatic and under-
score the different effects that CTLA4 blockade exerts in vivo,
as well as the influence that patient-specific factors may have
on clinical response. We also observed marked inter-donor
variability in the magnitude of T cell proliferation and IFNy
production that occurred in response to CTLA4 blockade
amongst mitogen activated canine T cells. Interestingly, a
recent study demonstrated that ipilimumab, an IgG1 mono-
clonal antibody and therapeutic checkpoint inhibitor, inhibits
antigen-specific CD4" T cell responses in vitro and this effect is
dependent upon the presence of CD16" cells in the culture.*”
As such, use of the same antibody reformatted as an IgGy,
which lacks FcR binding capability, did not inhibit CD4" T
cell responses. Our results using Almut2 IgG, in effector T cell
assays are similar to those observed with ipilimumab IgG,.
However, both Almut2 IgG, (weakly binds to FcyRI and
FcyRIIb, no binding to FcyRIII) and IgGp (weakly binds to
FcyRIIb and FcyRIIL strongly binds to FcyRI)*' promoted
effector T cell proliferation in our studies. Given the significant
variability amongst human donors of CD4" T cell responses to
anti-CTLA4 IgGl in vitro, it is possible that larger numbers of
canine donors would be required to see a statistically signifi-
cant inhibitory effect of Almut2 IgGy on CD4" T cell
responses.

Given the restricted genetic heterogeneity that occurs
within canine breeds, this parallel patient population may
now enable us to more readily determine genetic factors that
might influence a patient’s ability to respond to checkpoint
inhibition.>? Likewise, within canine breeds, studies to evaluate
the influence of the individual’s genetic background and the
gut microbiome on the severity of immune-mediated side
effects of checkpoint inhibition now become possible and
might shed light on these important questions that remain
unanswered in human immune-oncology.

We have now engineered Almut2 as an IgGg, which is the
functional analog of the human IgG1 subtype that efficiently
fixes complement and induces ADCC.*' Evaluation of this
antibody in mice revealed linear PK and no evidence of toxicity
over 48 hours. In these studies, Almut2 was not found to
accumulate preferentially in lymphoid-rich tissue of naive
mice (housed in a sterile environment), possibly due to the
lack of CTLA4 expressed on the surface of conventional resting
T cells. However, additional PK studies will need to be per-
formed in dogs before Almut2 can be tested in clinical trials.
Our SPR analysis showed that Almut2 has a higher binding
affinity than both ipilimumab and tremelimumab (anti-human
CTLAA4 IgG,), which is associated with the comparatively slow
dissociation rate of Almut2 from CTLA4 (1.8 x 10 *M!s™!
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compared to ipilimumab at 6.96 x 10°M's").** As such, we
anticipate that the enhanced binding of Almut2 will influence
its PK properties, which might be reflected as a lower plasma
AUC but improved duration of receptor occupancy, and
thereby prolonged pharmacodynamic effects. This is a hypoth-
esis that needs to be tested via direct comparison of variants
with different binding affinities. It remains to be determined
whether this would be associated with greater autoimmune
adverse events, but it might enable clinical effects to be seen
at a lower administered dose and increased inter-dosing
interval.

The field is now poised to investigate outstanding questions
in the field of CTLA4 checkpoint inhibition in a clinically
relevant, immune competent, large animal model, including
understanding mechanisms that might mediate resistance to
anti-CTLA4 therapy. The role of the gut microbiome in deter-
mining susceptibility to autoimmunity and predicting clinical
response to CTLA4 blockade®>** is of particular interest for
this comparative approach, given comparable features of gut
microbiota between humans and canines.”® Furthermore, stu-
dies in canine cancer patients using anti-CTLA4 IgG to aug-
ment immunogenic effects and clinical responses to vaccine
strategies, adoptive cell therapies, radiation therapy and che-
motherapy can aid in accelerating the most promising combi-
nation approaches into human clinical studies. Finally, if
clinical responses to CTLA4 inhibition in canine malignancies
mirror those of human patients with melanoma, renal cell
carcinoma and urothelial carcinoma, incorporation of this
therapy into the veterinary arsenal will improve the outcome
of pet dogs with similar malignancies.

Materials and methods
Cells and cell lines

PBMCs were isolated from blood of either healthy donor dogs
or blood from a dog with T cell lymphoma (for Treg staining)
or a dog with relapsed B cell lymphoma by discontinuous
density centrifugation over Ficoll-Paque PLUS (GE
Healthcare, Chicago, IL). For feline cells, residual heparinized
blood from clinical hematological assessments of two cats with
hematological malignancies was first subject to red blood cell
lysis (ACK lysing buffer, ThermoFisher Scientific, Waltham,
MA). Cells were washed twice in complete (c)RPMI media
containing RPMI 1640 with 2 mM L-Glutamine (Mediatech,
Manassas, VA), 10% heat-inactivated fetal bovine serum (FBS;
Atlanta Biologicals, Flowery Branch, Georgia), 10 mM HEPES
(Gibco, Grand Island, NY), and 100 U/ml penicillin and
100 pg/ml streptomycin (Gibco) prior to use. Where indicated
negatively selected canine T cells were used. PBMCs were
washed in (c)RPMI, labeled with mouse anti-dog CD11b
(Clone CA16.3E10), CD11c (Clone CA11.6A1), mouse anti-
human CD14 (Clone TuK4), and mouse anti-Dog CD21
(Clone CA2.1D6) all from ABD Serotec/Biorad, followed by
goat anti-mouse IgG Microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). T cells were negatively selected using
MACS LS columns (Miltenyi). T cell purity was determined
by CD5 labeling and flow cytometric analysis. Human cell lines
(K562 and 293 T cells) were grown in RPMI-1640
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supplemented with HEPES, 1 mM sodium pyruvate
(Mediatech), glutamine and penicillin and streptomycin
(Thermo Fisher Scientific) supplemented with 10% FBS
(cRPMI).

Generation of a canine CTLA4 expressing target cell line

Full-length cCTLA4 was amplified from cPBMC cDNA by RT-
PCR as described above using the following primers (cCTLA4
Forward: 5'-acgctGAATTCatggctggctttggattccggaggeat — 3/,
cCTLA4 Reverse: 5'- acagtGTCGACtcaattgatgggaataaaataa-
3"). The resulting 1856bp amplicon was cloned into the pMX-
puromycin retroviral expression vector (Cell Biolabs, Inc. San
Diego CA). Retrovirus was generated and used to stably trans-
duce the human erythroleukemic K562 cell line, previously
edited using CRISPR/Cas9 to remove FcyRII (KT§32) and
reduce nonspecific mAb binding. Transduced cells were
selected in 2.5 pg/ml of puromycin dihydrochloride (Sigma,
St. Louis, MO) to yield KT832.cCTLA4. Expression of the
cCTLA4 transgene was confirmed by RT-PCR.

scFv phage ELISA

For ELISAs to detect binding of phage-displayed scFvs, micro-
plate wells coated with streptavidin were used to capture bio-
tinylated avitag cCTLA-4 and control antigens as described for
phage display library panning (see Supplementary Methods).
To cCTLA-4-coated plates, samples were added of polyclonal
phage from the PEG-concentrated initial phage library (P0)
and antigen enriched libraries obtained after each round of
panning (P1 through P4) diluted 1:1000 in 2% nonfat dry milk
in phosphate-buffered saline (MPBS) or monoclonal phage
prepared from randomly picked phage clones from output
plates of the third round (P3) and fourth round (P4) of pan-
ning (non-PEG-concentrated phage diluted 1:100 in MPBS).
After a 1-hour incubation at 37°C, plates were washed with
0.1% Tween 20 in PBS (PBST) and horseradish peroxidase
(HRP)-conjugated anti-M13 mAb (GE Healthcare., Chicago,
IL) diluted 1:5000 in MPBS was added. Plates were washed
again and bound HRP-conjugated secondary antibody was
detected with 2,2'-azinobis [3-ethylbenzothiazoline-6-sulfonic
acid]-diammonium salt (ABTS). Optical density was read at
405 nm after 30 min using a Molecular Devices SpectraMax
340 spectrophotometer. Plates coated with no antigen, canine
CD19, streptavidin alone, and streptavidin with irrelevant
human avitag-CD3e (Acro Biosystems, Newark, DE) were
used as negative controls.

Flow cytometry

Canine PBMCs or isolated T cells, feline leucocytes, KT§32.
cCTLA4, and KT6832 (WT) cell lines were washed twice in
fluorescence-activated cell sorting (FACS) buffer (1% heat-inac-
tivated FBS in 1X PBS with calcium and magnesium). Cells were
blocked with 10 pg of canine IgG (Jackson ImmunoResearch
Labs Inc) for 10 minutes at room temperature (RT) prior to cell
surface labeling with 5 ug of canine scFv, or 500 ng canine IgGa.
Specificity of IgG binding was evaluated in blocking experiments
where 250 ng IgG, were pre-incubated with 1.25 pg cCTLA4
extracellular domain (ECD) protein for one hr at RT prior to

incubation with target cells. Cells were washed in FACS buffer
and incubated with either IgG, alone or pre-incubated IgGa.
After washing, an APC-labeled anti-HA.11 epitope tag
(BioLegend, San Diego, CA) and viability dye 7-AAD
(BioLegend) were added, and cells were incubated for 30 min
at RT. For experiments using PBMCs, where indicated, cells
were also labeled with rat anti-canine CD45 (Clone
YKIX716.13, BioRad, Hercules, CA), rat anti-canine CD5 mAb
(Clone: YKIX 322.3 ThermoFisher Scientific) or mouse anti-
feline CD5 mAb (Clone: FE1.1B11, BioRad) and/or rat anti-
canine CD4 (Clone YKIX302.9 BioRad). Following cell surface
labeling, cells were washed twice in FACS buffer and fixed in 1%
paraformaldehyde (Thermo Fisher Scientific, Waltham, MA).
Cells were acquired on a FACS Canto II flow cytometer (BD
Biosciences) and data was analyzed using Flow]Jo software ver-
sion X (Treestar, Ashland, OR). For intracellular staining, cells
were surface stained where applicable, washed twice in FACS
buffer and resuspended in fixation/permeabilization FOXP3/
Transcription Factor Staining Buffer Set (ThermoFisher
Scientific, Waltham, MA). Cells were incubated on ice for
30 min in the dark and then washed once with permeabilization
buffer. Cells were then incubated with APC-conjugated anti-
mouse FoxP3 (clone: FJK-16s, ThermoFisher Scientific) or Rat
IgG2a kappa isotype control APC (17-4321-81, ThermoFisher
Scientific), anti-CTLA4 IgGs (0.5ug) or an anti-MERS antibody
(0.5 ug, negative control) plus anti-HA.11 epitope tag PE
(BioLegend) on ice for 30 min. Cells were washed once with
permeabilization buffer and twice with 1x FACS buffer prior to
acquisition.

Soluble scFv ELISA

Thirty pg/ml streptavidin was added to ELISA plates and
incubated overnight at 4°C. Plates were subsequently blocked
with 5% milk/PBS-Tween. Titrations of biotinylated CTLA4
were added and after washing, 0.25 pg/ml of soluble scFvs were
added and incubated for 2 hr at RT. For expression extract
ELISA, 10-100 pl of extracts were added to ELISA plates and
incubated for 2 hr at RT. Bound scFvs were detected using anti-
HA mouse IgG AP conjugate or an anti-rabbit AP conjugate
for the positive polyclonal rabbit anti-canine CTLA4 control
(Sino Biological, Wayne, PA) incubated for 1 hr at RT, washed
and detected by an AP colorimetric substrate. Plates were read
at 650 nm.

ELISA-based cCTLA-4 receptor blocking assay

0.3, 1.0 and 3.0 pmol of recombinant human CD86-Fc chimera
(carrier free) or human CDS80-Fc chimera (carrier free)
(BioLegend) or recombinant canine CD86-Fc or canine
CD80-Fc were bound to ELISA plates overnight. Wells were
blocked with 5% milk/PBS 0.05% Tween. Three pmol of bioti-
nylated or unbiotinylated cCTLA4 protein in PBS/Tween were
added to the wells and incubated for 2 hr at RT. For experi-
ments aimed at evaluating blocking activity, cCTLA4 was pre-
incubated with scFv or full-length IgG, at the indicated molar
ratios for 1 hr at RT prior to being added to the plate with
human or canine CD80 and CD86 and incubated on a shaker
for 2 hr at RT. After washing, a streptavidin-AP conjugate



(Jackson ImmunoResearch, West Grove, PA) was added for
1 hr at RT. Three TBS-Tween washes were performed and
cCTLA4 bound to human or canine CD80 or CD86 was
detected using an AP colorimetric substrate (InvivoGen,
Carlsbad, CA).

In vitro PBMC stimulation assays

Canine PBMCs were washed once with PBS and red blood cells
were removed by ACK lysing buffer (ThermoFisher Scientific).
Cells were washed once in complete IMDM media supplemen-
ted with 10% FBS, labeled with Cell Trace Violet
(ThermoFisher Scientific) at 0.5 pM and incubated for
20 min at RT. Cells were washed in complete IMDM and
resuspended to 1 x 10° cells/ml and cultured in triplicate in
96-well, round-bottom plates with Concanavalin A (Sigma-
Aldrich) at 2.5 pg/ml, in the presence or absence of 10 pg/ml
of anti-canine CTLA4 IgG, or IgGg or the negative anti-MERS
IgG, or IgGg control. Proliferation was determined by flow
cytometry at 72 and 96 h. At 72 h, supernatants were harvested
and the amount of IFN-y present in the supernatants was
measured by canine IFN-y ELISA (R&D Systems,
Minneapolis, MN). For experiments to detect cell surface
expression of CTLA4 after activation, canine PBMCs were
resuspended to 1 x 10° cells/ml and cultured in 96-well,
round-bottom plates with Concanavalin A at 2.5 ug/ml for 48
and 72 hours prior to analysis.

Determination of binding kinetics and affinity

A Biacore T200 SPR instrument with version 2.0 and HC30M
(Xantec Bioanalytics, Duesseldorf, Germany) sensor chips were
used to determine the binding parameters of anti-canine CTLA4
antibodies to soluble canine and murine CTLA4 ECD. Anti-
CTLA4 antibodies (IgG,) were immobilized on the surface of
a protein A/G coated linear carboxylate SPR sensor chip. Briefly,
each anti-CTLA4 IgG was diluted to 2.5 ug/ml in 20 mM acetate
at a pH of 5.0 and injected into the experimental flow cell over
60 seconds. For B10, 440-475 RU were captured, for D5, 400-
500 RU were captured and for Almut2, 450-535 RU were
captured. Any remaining activated sites were blocked with 1 M
ethanolamine, pH 8.5 for 10 mins. 10 x 1:2 serial dilutions of
canine or murine CTLA4 ECD (Sino Biological) ranging from
200 nM to 0 nM (for canine CTLA4) or 100 nM to 0 nM (for
murine CTLA4) were prepared in duplicate in running buffer
(10 mM HEPES, pH 7.4, 150 mM NaCl and 0.05% Tween20).
The flow rate across the chip was 30 uL/min and the contact time
of the cCTLA4 ECD sample with the chip surface was 240 s.
Dissociation was monitored for 720-960s. Report points were
recorded before and after each injection and the amount of
antigen binding for each analysis cycle was reported in relative
response units (RU). Curves of response versus antigen concen-
tration were generated using the BIAcore Wizard program. After
each injection of CTLAA4, the chip surface was regenerated with
20 mM glycine at pH 2.0 for 60 s after the RU for each concen-
tration of analyte was recorded. All experiments were carried out
at 25°C. Assay data was processed using Biacore Evaluation
Software, version 2.0 to obtain kinetic and affinity values and
reported as K, ko and Kp.
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Radiolabeling

. . . . . . : 125
For in vivo murine studies, proteins were radiolabeled with "I

(PerkinElmer, Waltham, MA) using the Iodogen method.
Labeled proteins were purified using Zeba 7 kDa spin columns
and radiochemical purity was confirmed to be >95% via thin
layer chromatography.

In vivo studies

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of
Pennsylvania and carried out in 6-8-week-old, male C57BL/6
mice (body weight ~ 20-25 g). Radiolabeled Almut2 (IgGg) (3
mg/kg) or control anti-MERS IgGg, (0.8 mg/kg) were injected
intravenously via the retro-orbital plexus. Blood was collected
in staggered sampling approach at designated times post-injec-
tion (5, 15, 30 min, 1, 2, 3, 4, 6, 24, 48 h) and tissues were
collected following animal sacrifice at 24 and 48 h. All samples
were analyzed via gamma counting (PerkinElmer Wizard 2)
and blood and tissue concentrations were represented as per-
cent of injected dose per gram of tissue (%ID/g). In addition to
PK samples, animals were weighed throughout the study and
complete blood counts (Abaxis VetScan HM5 Hematology
Analyzer) were measured at 48 h post-injection.
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APC, Antigen-presenting cells; ConA, Concanavalin A; CTLA4, Cytotoxic
T lymphocyte associated protein 4; ELISA, Enzyme-linked immunoassay;
mAb, Monoclonal antibody; MERS, Middle East respiratory syndrome;
NSCLC, Non-small cell lung carcinoma; scFv, Single-chain variable frag-
ments; SPR, Surface plasmon resonance; Tregs, Regulatory T cells.
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