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ABSTRACT

The immunotoxic potential of drug candidates is assessed through the examination of results from a var-
iety of in vitro and in vivo immunophenotyping and functional study endpoints in pre-clinical studies.
CD8™" cytotoxic T-lymphocyte (CTL) activity impairment by immunosuppressive agents is recognized to be
a potentiating factor for decreased antiviral defense and increased cancer risk. A bi-specific T-cell engager
(BITE®)-mediated CTL activity assay that applies to ex vivo experimentation in non-human primates in the
context of toxicology studies was successfully developed and applied in cynomolgus monkey regulatory
studies. While an ex vivo analysis conducted in the context of repeat-dose toxicology studies focuses on
the long-term impact on CTL function, an in vitro assay with the same experimental design captures
acute effects in the presence of the test article. Here, the in vitro assay was applied to a list of drugs with
known clinical immunomodulatory impact to understand the applicability of the assay. The results
showed this assay was sensitive to a wide range of immunosuppressants directly targeting cell-intrinsic
signaling pathways in activated CTL. However, agents executing immuno-modulation through inhibiting
cytokines/cytokine receptors, co-stimulatory molecules, and cell adhesion and migration pathways did not
impair the CTL activity in this short-term in vitro culture. In addition, anti-PD-1/PD-L1 immune checkpoint
blockers enhanced the CTL activity. Taken together, the results here demonstrate that in concordance
with their mechanism of action, the in vitro BiTE®-mediated CTL assay is applicable and sensitive to
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immunomodulatory agents acting via a variety of mechanisms.

Introduction

In the past decades, there has been an influx of immunomodula-
tory agents in pre-clinical development and/or approved for clin-
ical use in the therapeutic areas of autoimmunity, inflammation,
organ transplant rejection, and cancer. These agents are often
designed to interact directly with lymphocytes, antigen-present-
ing cells, or other immune cell mediators (e.g. cytokines, chemo-
kines, and growth factors) to suppress or stimulate immune
responses by a different mechanism of action. Immune-related
potential safety liabilities for such therapies and for therapies not
intentionally impacting the immune system may be assessed in a
variety of pre-clinical studies and endpoints. Along with natural
killer (NK) cells, CD8" cytotoxic T-lymphocytes (CTL) play a
critical role in the immunosurveillance of cancerous cells (Dunn
et al. 2004). CTL-mediated immunity is also important in ameli-
orating viral infections. For this reason, there has been increasing
interest in assessing the impact of investigational drugs on CTL
function (ICH 2005; Lebrec et al. 2016).

Most of the biologics are tested in non-human primates,
primarily cynomolgus macaques in consideration of species
cross-reactivity. The immunomodulation potential of the drug
candidates is often evaluated by measurement of immunopheno-
typing, T-dependent antibody response (TDAR), and a change of
NK or CTL activity in regulatory studies in cynomolgus

monkeys. To address this specific need, our laboratory recently
developed an assay applicable to an ex vivo experimentation in
cynomolgus macaque non-clinical toxicology studies (Frank et al.
2018). This assay utilizes a human EGFR Bi-specific T-cell
Engager (BiTE®) to induce a robust activation in cynomolgus
macaque CD8" T-cells in purified peripheral blood mononuclear
cells (PBMC) (note: hereafter this assay is referred to as the
BiTE®-mediated CTL assay). Once PBMC and EGFR target
expressing cells are co-cultured, a concentration of BiTE® result-
ing in 90% of target lysis is added (Figure 1). Upon ligation of
BiTE® on both T-cells and target cells, an immunological syn-
apse is formed and followed by T-cell activation marked by
events, such as CD107a degranulation and interferon (IFN)-y
production. The target cell is then killed through redirected lysis
(Li et al. 2017). While the chronic impact on CD8" T-cell func-
tion can be assessed through ex vivo analysis from PBMC on
long-term studies, an in vitro assay utilizing the same experimen-
tal design was established simultaneously to capture any acute
effects in the presence of the test articles.

The objective of this study was to describe the applicability of
the BiTE®-mediated CTL assay to a variety of drugs with known
immunomodulation in the clinic. The agents included were small
molecule inhibitors of lymphocyte signaling, proliferation, and
activation (e.g. dexamethasone, prednisolone, tofacitinib, ruxoliti-
nib, mycophenolate mofetil, rapamycin, teriflunomide,
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Figure 1. lllustration of BiTE®-mediated CTL assay. (1) EGFR expressing HCT-116 target cells and donor PBMC are co-cultured with a-EGFR x CD3 BITE®. (2,3) Upon
binding of BITE® to both target cell and CD8™ T-lymphocyte, immunological synapse forms, and activation ensues. (4,5) Exocytic granules (marked by CD107a) con-
taining perforin and granzymes along with IFNy are then secreted, resulting in redirected lysis of target cell (5) (Created with BioRender.com).

tacrolimus/FK506, and apremilast), biologics or small molecules
inhibiting either cytokine signaling (e.g. adalumimab, infliximab,
tocilizumab, and ustekinumab), co-stimulatory receptor
activation (abatacept), lymphocyte trafficking (natalizumab and
fingolimod/FTY720), or immune checkpoints (anti-PD-1 and
anti-PD-L1 monoclonal antibodies). This report describes the
sensitivity of this assay to a wide range of immunomodulating
agents, in a mechanism-specific manner.

Materials and methods
Immunomodulatory agents

Dexamethasone was purchased from Tocris Bioscience
(Minneapolis, MN, USA). Prednisone, prednisolone, tofacitinib,
ruxolitinib, mycophenolic acid (MPA), rapamycin, teriflunomide,
Tacrolimus/FK506, apremilast, and tocilizumab were all pur-
chased from Selleckchem (Houston, TX, USA). Adalimumab
(Humira®, AbbVie, North Chicago, IL, USA), Infliximab
(Remicade®, Janssen Biotech, Horsham, PA, USA), ustekinumab
(Stelara®, Janssen Biotech, Horsham, PA, USA), abatacept
(Orencia®, Bristol-Myers Squibb, New York, NY, USA), natalizu-
mab (Tysabri®, Biogen Idec, Cambridge, MA, USA) were recon-
stituted with diluent and stored according to manufacturer
instructions. Fingolimod/FTY720 (S)-Phosphate was purchased
from Cayman Chemical (Ann Arbor, MI, USA). Anti-PD-1
(PL39505) and anti-PD-L1 (PDL1.243) monoclonal antibodies
were generated in-house with equivalent bioactivity to
Nivolumab and Atezolizumab.

Antibodies and additional reagents

CD3 (clone SP34-2, BUV395), CD4 (clone L200, PerCP-Cy5.5),
CD8 (clone RPA-T8, AF700), CD107a (clone H4A3, APC), and
IFNy (B27, FITC) and Cytofix/Cytoperm™ were purchased
from BD Biosciences (San Diego, CA, USA). Live/Dead Fixable
NIR was supplied separately (Thermo Fisher Scientific, Waltham,
MA, USA). PharmLyse (BD Biosciences) was employed to lyse

red blood cells. Cytofix/Cytoperm (BD) served as a fixative and
permeabilization reagent for intracellular cytokine staining.
Staining buffer was purchased from BD Biosciences as 2% bovine
serum albumin and 0.1% sodium azide in phosphate-buffered
saline. EGFR/CD3 BiTE® was generated internally (Frank
et al. 2018).

Isolation of PBMC

Peripheral blood was drawn directly into sodium heparin-coated
Vacutainer tubes (BD Biosciences). All blood was obtained from
adult (4-11-year-old, male or female) Cynomolgus macaques
(Macaca fascicularis) of Mauritius origin housed at Worldwide
Primates Inc. (Miami, FL, USA). All blood was delivered over-
night at ambient temperature to the Amgen facilities located in
South San Francisco, CA, USA. All in vivo work/blood sampling
was conducted under an IACUC approved protocol in an
AAALAC-accredited facility.

PBMC were subsequently isolated wusing Ficoll (GE
Healthcare, Chicago, IL, USA) density gradient sedimentation. In
brief, blood samples were diluted with an equal volume of RPMI
1640 media (Gibco, Grand Island, NY, USA), layered onto either
90% Ficoll (male donors) or 95% Ficoll (female donors), and
then centrifuged at 1830 x g for 30 min at room temperature.
These differences in need for Ficoll strengths were based on
empirical testing. The resulting mononuclear cell fraction in each
case was washed with media, and then any remaining red blood
cells in the pellets were lysed using PharmLyse for 10min at
room temperature. Resulting PBMC were cryopreserved in
Recovery'™ Cell Culture Freezing Medium (Invitrogen,
Waltham, MA, USA), placed in a Biocision Freezing Container
at —80°C for >24h before transfer to a —150°C freezer for
long-term storage. Each PBMC sample was used to evaluate sev-
eral test articles to optimize sample usage based on assay
requirements.
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In vitro BiTE®-mediated CTL assay

Human colon cancer cells (HCT-116) sourced from the
American Type Culture Collection (ATCC) (Manassas, VA,
USA) were lifted from the culture vessel with Cell Dissociation
Buffer (Gibco) before washing with PBS, counting (and checked
for viability), and subsequently being added to co-cultures. In
brief, 10> viable PBMC were co-cultured with HCT-116 cells at
an effector to target ratio (E:T) equal to 5:1 in the presence or
absence of 200pM (ECyy) recombinant anti-EGFR x anti-CD3
bi-specific T-cell engager (BiTE®, Amgen Inc.) that cross-binds
Cynomolgus CD3 antigen on T-cells in 96-well flat-bottom tissue
culture plates. The ECoy value was predetermined in a cytotox-
icity assay (Lutterbuese et al. 2010).

Cells were then incubated at 37°C for a total of 48h. At 5h
before harvest, APC-conjugated anti-human CD107a (H4A3),
GolgiStop, and GolgiPlug (BD Biosciences) were added to the
cells. At the end of incubation, the cells were subjected to Live/
Dead Fixable NIR staining for 30 min at 4°C. After washing,
cells were fixed and permeabilized with Cytofix/Cytoperm
according to manufacturer instructions. After permeabilization,
cells were stained with BUV395-anti-CD3 (SP34-2), PE-anti-CD4
(1200), BV421-anti-CD8 (RP8-T8), and FITC-anti-IFNy (B27)
for 30min on ice protected from light. After thorough washing
with Stain Buffer, the cells were re-suspended in Stain Buffer
and promptly analyzed in a FACSymphony flow cytometer (BD
Biosciences). Data were initially acquired using DiVa acquisition
software (BD Biosciences) before final analysis using Flow]o
v10.4 software (BD Biosciences). A minimum of 10000 events/
samples was acquired. The assay principle and associated steps
are described in Figure 1.

Testing of immunomodulatory agents

A range of concentrations of each agent was added into the co-
culture of PBMC/HCT-116 during the entire incubation period
of the assay. Stock solutions were prepared in either DMSO,
water, or PBS according to manufacturer recommendations.
Subsequent dilutions of each agent were made in McCoy’s 5A
medium (Gibco) supplemented with 10% fetal bovine serum
(Gibco) and concomitantl(g added to the PBMC/HCT-116 co-cul-
ture for 48h in the BiTE™-mediated CTL assay. The quantity of
diluent contained in the highest concentration of drug was
always used as a control (in the absence of drug).

Data analysis

All data analysis was done using Prism v.8.4.3 software
(GraphPad, San Diego, CA, USA). Each ICs, was calculated with
non-linear regression analysis and the value represents the con-
centration of a test compound where 50% of its maximal inhib-
ition effect is observed.

Results

Evaluation of immunosuppressive therapeutic agents in the
BiTE®-mediated CTL assay

Small molecules inhibiting lymphocyte signaling pathways,
proliferation, and activation

A panel of nine immunosuppressant agents directly influencing
lymphocyte-intrinsic signaling pathways, cell proliferation, and
activation (Table 1) was tested in the BiTE®-mediated CTL assay

to determine the change of CD8" T-cell responses. Flow cytome-
try gating strategy was presented with representative plots
(Supplementary Figure 1). Dexamethasone and prednisone are
both synthetic corticosteroids used to suppress immune
responses and treat many inflammatory conditions including
arthritis, colitis, asthma, bronchitis, and allergies (Wust et al.
2008; Lutterbuese et al. 2010). Consistent with previous findings
(Frank et al. 2018), dexamethasone effectively inhibited CD107a
surface staining and IFNy production from CD8" T-cells upon
activation (Figure 2). While prednisone did not directly affect
CD8" T-cell responses (data not shown), prednisolone, an active
metabolite of prednisone induced a dose-dependent suppression
of CD107a and IFNy (Figure 2). A group of marketed small
molecular inhibitors (e.g. tofacitinib, ruxolitinib, mycophenolic
acid, teriflunomide, tacrolimus/FK506, rapamycin, and apremi-
last) targeting different pathways of T-cell responses were then
tested with multiple donor PBMC (Table 1, Figure 2). In each
case, dose-dependent suppression of CD107a and IFNy from
CD8" T-cells was evident.

At the concentrations evaluated with each of the agents, there
was no effect on T-cell viability—except a slight reduction for
teriflunomide at concentrations > 2500nM (Supplementary
Figure 2). Averaging the data from all the donors tested, the ICs,
of CD107a surface expression and the ICs, of IFNy production
for all nine drugs were listed and compared (Table 2). A good
correlation of ICs5, between both analytes CD107a and IFNy was
observed for each drug. Dexamethasone is more potent than
prednisolone in the donors tested. Two Janus kinase (JAK)
inhibitors tofacitinib and ruxolitinib had similar ICs, values
regarding CD8" T-cell responses. Tacrolimus/FK506 (calcineurin
inhibitor) and rapamycin (mTOR inhibitor) displayed the most
potent inhibition among all tested drugs. Though potent, rapa-
mycin only partially reduced CD107a surface staining (by 50%).
In contrast, the suppression by rapamycin of IFNYy production
reached 80% across all donors tested. Nucleotide synthesis inhib-
itors mycophenolic acid and teriflunomide influenced CTL activ-
ity in the assay with much lower potency than other compounds.
The PDE4 inhibitor apremilast also partially inhibited CTL activ-
ity, with an ICs, similar to that of mycophenolic acid. Of note,
three of the donors tested with teriflunomide and two of the
donors tested with apremilast demonstrated no apparent sup-
pression of CD8" T-cell activity under all concentrations tested
(Table 2). Moreover, teriflunomide demonstrated the most vari-
ability in immunosuppression between donors. Overall, all tested
compounds affecting intrinsic T-cell activation pathways success-
fully suppressed CD107a and IFNy responses in the BiTE® medi-
ated CTL assay.

Therapeutic agents targeting specific cytokine signaling,
lymphoid trafficking, and co-stimulatory pathways

To evaluate the application of this BiTE®-mediated CTL assay for
immunosuppressant biologics, a panel of four monoclonal anti-
bodies (e.g. adalimumab, infliximab, tociluzimab, and ustekinu-
mab) targeting cytokine or cytokine receptors (Table 1) was tested
in the assay. A wide concentration range was selected to cover the
concentrations achieved in vitro in potency assays and in vivo at
efficacious dose levels in patients (Moller et al. 1990; Cornillie
et al. 2001; Weisman et al. 2003; Mihara et al. 2005; Clarke et al.
2010; Ogata et al. 2012; Buurman et al. 2018; Tsakok et al. 2019).
No apparent effects on CD8" T-cell CD107a surface staining or
IENy production were observed at the concentrations evaluated
for each of the antibodies (Figures 3(A-D)). Upon BiTE® induced
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Table 1. Immunomodulatory agents and mechanisms of action.
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General category of
mechanism of action

Agent/active form

Target

Specific mechanism of action

References

Small molecules inhibiting
leukocyte signaling,
proliferation, and activation

Antibodies inhibiting cytokine
signaling and/or
costimulatory mechanisms

Inhibitors of lymphocyte
adhesion, and trafficking

Checkpoint inhibitors

Dexamethasone
Prednisolone

Tofacitinib

Ruxolitinib

Mycophenolic acid

Teriflunomide

Tacrolimus/FK506

Rapamycin

Apremilast

Adalimumab
Infliximab

Tocilizumab

Ustekinumab

Abatacept

Natalizumab

Fingolimod/FTY720

Nivolumab

Atezolizumab

Glucocorticoid receptor (GR)

Janus kinases (JAKs)

Inosine-5"-monophosphate
dehydrogenase (IMPDH)

Dihydroorotate
dehydrogenase (DHODH)
Immunophilin FKBP12

FKBP12

Phosphodiesterase type
4 (PDE4)

TNFo

IL-6R

IL-12/IL-23

CD80/CD86

integrin

Sphingosine-1-phosphate
(S1P) receptor agonist

PD-1

PD-L1

Releases GR to bind
glucocorticoid response
elements on DNA and
modifies gene transcription,
resulting in suppression of
inflammatory proteins

Inhibits JAK1/JAK3 to prevent
activation of STATSs, resulting
in reduction of cell
proliferation and activation

Inhibits JAK1/JAK2 to prevent
activation of STATSs, resulting
in reduction of cell
proliferation and activation

Inhibits purine synthesis/DNA
replication in T- and B-
lymphocytes

Inhibits pyrimidine synthesis in
activated lymphocyte
replication

Inhibits calcineurin, resulting in
reduced NFAT transduction
and IL-2 transcription

Inhibits mTOR, leading to
reduction of IL-2 mediated
lymphocyte activation

Inhibits PDE4, resulting in a
reduction of inflammatory
mediators including nitric
oxide synthase, TNFao, IL-23,
and an increase in IL-10

Disrupts interaction of TNFo. with
TNF receptor and its
inflammatory signals

Binds soluble and membrane
bound IL-6 receptors and
prevents IL-6/IL-6R mediated
pro-inflammatory signaling

Binds p40 subunit of IL-12 and
IL-23 and inhibits 1L-12/23
mediated cell signaling,
activation, and
cytokine production

Prevents APC from engaging
CD28 costimulatory signal
required for T-cell activation

Inhibits a4-mediated adhesion on
lymphocytes

Internalizes sphingosine-1-
phosphate receptors (S1PR) on
lymphocytes to prevent egress
from lymph nodes

Blocks the inhibitory signal from
PD-L1/PD-L2 and leads to
augmented T-cell activation

Blocks its interactions with PD-1
and B7.1 and leads to
increased T-cell activation

Barnes 2006; Wust et al. 2008;
Shefrin and Goldman 2009

Hodge et al. 2016

Elli et al. 2019

Allison and Eugui 2000

Fox et al. 1999; Bar-Or 2014

Thomson et al. 1995;
Jacobson et al. 1998

Dumont and Su 1996

Schafer 2012

Moller et al. 1990; Cornillie
et al. 2001; Weisman et al.
2003; Buurman et al. 2018

Mihara et al. 2005; Ogata
et al. 2012

Clarke et al. 2010; Benson
et al. 2011; Tsakok
et al. 2019

Herrero-Beaumont et al. 2012;
Douthwaite et al. 2017; Li
et al. 2019b

Leger et al. 1997; Stuve and
Bennett 2007; Sehr
et al. 2016

Volpi et al. 2019

Wang et al. 2014

de Sousa Linhares et al. 2019

T-cell activation, tumor necrosis factor (TNF)-o was produced
(Brehm et al. 2005; Ross et al. 2017). However, anti-TNFo anti-
bodies adalimumab and infliximab did not affect CTL activity
(Figures 3(A,B)) or change the levels of TNFa-producing CD8"
T-cells (Supplementary Figure 3).

The study here next tested abatacept, a cytotoxic T-lympho-
cyte-associated protein 4 (CTLA-4) Ig fusion protein known to
suppress T-cell activation by interrupting CD80/86-CD28 co-
stimulatory pathways (Douthwaite et al. 2017; Li et al. 2019b).

Abatacept did not impact the CD107a and IFNYy response at any
of the concentrations tested, suggesting BiTE®-mediated CTL
activation may bypass the requirement of interaction between
CD80/CD86 and CD28 (Figure 3(E)).

Two therapeutic agents targeting lymphocyte adhesion, and
trafﬁckiné (natalizumab, and fingolimod/FTY720) were tested in
the BiTE™-mediated CTL activity assay (Table 1, Figures 3(F,G)).
At all concentrations evaluated, there were no apparent effects
on CD8" T-cell CD107a surface staining or IFNy production.
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Figure 2. Immunosuppressive agents targeting T cell-intrinsic signals, proliferation, and activation reduced CTL activity. Percentage CD8" T-cells with CD107a surface
staining (left panel) and IFNy production (right panel) were measured at different drug concentrations. Each data point is mean (+SD) from a single donor run in
duplicate. Data are representative individual donors of multiple independent experiments with several donors (n). (A) Dexamethasone (n =4). (B) Prednisolone (n =#6).

(C) Tofacitinib (n=4). (D) Ruxolitinib (n=
Apremilast (n=8). Drugs were tested in separate experiments.

Evaluation of immunostimulatory agents in BiTE"-mediated
CTL assay

To determine if the BiTE®-mediated CTL assay was able to
detect an enhancement on CD8" T-cell activity, immune check-
point modifying antibodies were tested (Table 1). The immune
checkpoint blockers nivolumab and atezolizumab target the pro-
grammed cell death-1 (PD-1) on lymphocytes and programmed
cell death ligand-1 (PD-L1) on tumors, respectively. Both mole-
cules are designed to enhance the anti-tumor activity of lympho-
cytes by removing the inhibitory effect from PD-1/PD-L1
interaction. Two monoclonal antibodies similar to nivolumab

6). (E) Mycophenolic acid (n=6). (F) Teriflunomide (n=8). (G) Tacrolimus/FK506 (n=

5). (H) Rapamycin (n=6). (I)

and atezoluzimab were each tested with multiple donors
(Figure 4). In all donors tested with each therapeutic agent,
increased CD107a surface staining and IFNy production from
CD8" T-cells were evident. The concentrations achieving a max-
imal response in the assay are similar to the other potency pub-
lished data (Wang et al. 2014; de Sousa Linhares et al. 2019).

Discussion

Our laboratory previously developed a Cynomolgus macaque
CD8" CTL assay to inform primarily on immunosuppressive



potentials of immunomodulatory therapeutics in non-human pri-
mate preclinical studies. The assay used a BiTE® molecule as a
tool to activate Cynomolgus T-cells with a target expressing cell
line (Figure 1) (Frank et al. 2018). The BiTE®-mediated CTL
assay consistently elicited robust CTL responses across multiple
donors while in the presence of target cells and was shown to be
sensitive to dexamethasone, commonly used as an immunosup-
pressant in the clinic (Barnes 2006). Here, the assay was further
applied to a list of therapeutic agents with the known immuno-
modulatory ability to understand the applicability of this assay.

Table 2. 1C5, values of immunosuppressant agents.

Agent CD107a (nM) IFNy (nM) Number of donors
Dexamethasone 36+1.6 8.0+4.0 n=4
Prednisolone 322+18.0 31.8+£10.3 n=6

Tofacitinib 129+34 11.7+4.0 n=4

Ruxolitinib 69126 50%1.2 n==6
Mycophenolic acid 83.9+25.0 128.8+29.5 n=6
Teriflunomide 290.6 +99.4 284.5+156.2 n=28 (3%
Tacrolimus (FK506) 0.6+0.2 0.3£0.1 n=>5

Rapamycin 04+14 0.5+0.2 n==6

Apremilast 16.8+28.3 67.4+62.3 n=238 (2%)

*Number of donors whose cells did not show CTL suppression in the assay.
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Prednisolone (an active metabolite of prednisone) suppressed the
Cynomolgus macaque CTL activity with slightly less potency than
dexamethasone; this is aligned with an observation of a lower
potency in the clinic (Shefrin and Goldman 2009). Both dexa-
methasone and prednisone are glucocorticoids that inhibit cyto-
kine production and T-cell proliferation notably via binding
glucocorticoid receptor and subsequent transactivation or trans-
repression of gene expression.

All agents that directly influence lymphocyte intrinsic path-
ways involved in proliferation and activation effectively reduced
cynomolgus monkey CTL activity in the assay (Figure 2,
Table 1). This activity, measured by CD107a surface staining and
IENYy production, was suppressed under in vitro exposure to
tofacitinib, ruxolitinib, mycophenolic acid, rapamycin, terifluno-
mide, tacrolimus/FK506, and apremilast. Tofacitinib and ruxoliti-
nib are JAK inhibitors that inhibit the JAK-signal transducer and
activator of transcription (STAT) pathways that play a major
role in cytokine receptor signaling (Hodge et al. 2016; Elli et al.
2019). Mycophenolic acid (active moiety of mycophenolate mofe-
til) is an inhibitor of inosine-5-monophosphate dehydrogenase
(IMPDH) critical for de novo purine synthesis necessary for rap-
idly dividing T-cells (Allison and Eugui 2000). Teriflunomide (an
active metabolite of leflunomide) is a de novo pyrimidine
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Figure 3. Biologics and compounds targeting cytokine or cytokine receptors, co-stimulation, or lymphocyte migration did not impact CTL activity in vitro. Percentage
CD8" T-cells with CD107a surface staining (left panel) and IFNy production (right panel) were measured at different drug concentrations. Fach data point is mean
(£SD) from a single donor run in duplicate. Data are representative of individual donors of multiple independent experiments with several donors (n). (A)
Adalumumab (n=3). (B) Infliximab (n=3). (C) Tociluzumab (n=3). (D) Ustekinumab (n=3). (E) Abatacept (n =6). (F) Nataluziumab (n=3). (G) Fingolimod/FTY720

(n=26). Drugs were tested in separate experiments.
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experiments.

synthesis inhibitor that binds mitochondrial dihydroorotate
dehydrogenase (DHODH) during activated lymphocyte replica-
tion (Fox et al. 1999; Bar-Or 2014). The well-characterized calci-
neurin inhibitor tacrolimus/FK506 impaired cynomolgus monkey
CTL activity with the highest potency in this assay. Tacrolimus/
FK506 acts directly on T-cells by disrupting the obligatory cal-
cium cascade required for T-cell activation and transcription of
interleukin (IL)-2 (Thomson et al. 1995). Rapamycin impedes
progression through the cell cycle G,/S transition in IL-2 stimu-
lated T-cells by inhibiting the mammalian target of rapamycin
(mTOR) (Dumont and Su 1996). Apremilast inhibits phospho-
diesterase 4 (PDE4), the dominant enzyme responsible for the
breakdown of cyclic adenosine monophosphate (cAMP), result-
ing in the down-regulation of several pro-inflammatory factors
(Schafer 2012).

In contrast, the therapeutic drugs that affect immunity by
impacting cytokine pathways and lymphocyte adhesion/traffick-
ing did not alter CTL function in the assay. This is consistent
with an expectation that some drugs modify immunity in vivo
through chronic treatments or via specific mechanisms not cap-
tured in this short-term in vitro assay that only measures an
acute direct immunomodulatory effect of the drugs.
Adalimumab, a TNF antagonist, was recently shown to have no
impact on CD3 bi-specific-mediated cytotoxic T-cell activity des-
pite the prevention of TNFo activity (Li et al. 2019a). Another
TNF antagonist, infliximab, is a chimeric (mouse/human) mono-
clonal antibody that only binds chimpanzee and human TNF;
hence, it was not suited for testing here (Cornillie et al. 2001).
Tocilizumab binds and inhibits both soluble and membrane-
bound IL-6 receptors. IL-6 signaling is dispensable for activated
CD8" T-cells where the density of IL-6R is significantly
decreased as the membranous form of the receptor is shed

(Bottcher et al. 2014). The IL-12/IL-23 inhibitor ustekinumab
binds the shared p40 subunit on both cytokines (Benson et al.
2011). Together, IL-12 and IL-23 induce T-helper (Ty)-1 and
Tyl7 cell differentiation in CD4 T-cells. Although IL-12 acts as
a third signal in CD8" T-cell activation (Schurich et al. 2013), it
has been shown in the clinic that ustekinumab treatment did not
affect CD8" T-cell proliferation or cytokine production (Tsuda
et al 2012; Narita et al. 2014).

Agents that inhibit lymphocyte adhesion/transmigration have
demonstrated therapeutic benefits for patients with rheumatoid
arthritis or multiple sclerosis. Natalizumab and fingolimod/
FTY720 did not suppress CTL activity in this in vitro assay.
Natalizumab blocks the interaction of a4-integrin with adhesion
molecules on the vascular endothelium (Leger et al. 1997). The
impact of a selective adhesion inhibitor is not predicted to mani-
fest in this in vitro co-culture assay. The sphingosine-1-phos-
phate (S1P) receptor agonist Fingolimod (FTY720) induces
sequestration of lymphocytes in secondary lymphoid organs and
prevents lymphocyte egress into circulation (Matloubian et al
2004). Here, the larger systemic effects of lymphocyte sequestra-
tion observed in vivo are not expected to be recapitulated in this
in vitro assay.

Interestingly, abatacept, a CTLA-4-Ig fusion protein that
inhibits T-cell activation by binding to CD80 and CD86 on anti-
gen-presenting cells, did not dampen the CTL response (Figure
3(E)); however, the anti-PD-1/PD-L1 checkpoint inhibitors were
capable of enhancing CTL responses induced by BiTE® (Figure
4). BiTE® molecules stimulate a robust T-cell activation through
directly engaging CD3 and bypassing the antigen-presenting cells
(APC), therefore, interruption of CD80/CD86 signals on APC
may not impact the response. However, given that tumor cells
express abundant PD-L1, disruption of PD-1/PD-L1 interactions



between target and T-cells can further augment T-cell activation
in this assay. While both checkpoint inhibitors enhanced CTL
activity at all concentrations tested, only modest effects were
observed. More substantial effects of checkpoint inhibition on
CTL activity are predicted using suboptimal concentrations of
BiTE®-mediated stimulation (Sam et al. 2020).

The primary goal of the current work was to further under-
stand the utility of a recently developed BiTE®-mediated cyno-
molgus macaque CTL activity assay. To that end, several
marketed therapeutics with known immunosuppressive and
immune-enhancing profiles with various mechanisms of action
were tested in vitro. The results of these studies demonstrated
there was a varying impact on CD8" CTL activity. The immuno-
suppressive effects observed on CD107a surface expression and
IFNYy production from these agents were highly correlative when
looking at potency (Table 2). Despite pharmacodynamic
responses in preclinical cynomolgus macaque studies, investiga-
tional molecules that disrupt cognate antigen presentation,
inhibit specific cytokines dispensable for cytolytic function, alter
the adhesion properties or trafficking of lymphocytes were found
to be insensitive in this BiTE®-mediated activity assay.

While larger systemic biological processes cannot be recapitu-
lated in this in vitro assay, any immunomodulatory agents that
alter the intrinsic properties (e.g. activation, cell cycle progres-
sion, signaling cascades, transcription, checkpoint inhibition,
etc.) of the CD8" CTL demonstrated sensitivity (immunosup-
pression or immune enhancement) in this assay. Taken together,
the current in vitro results demonstrate that the BiTE®-mediated
CTL assay to be applicable to a wide range of immunomodula-
tory agents directly targeting T-cell activation associated intrinsic
signaling pathways and immune checkpoints, providing a prom-
ising addition to the toolbox of assays used to assess
immunotoxicity.
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