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Introduction: Targeting costimulatory receptors of the tumor necrosis factor
receptor (TNFR) superfamily with agonistic antibodies is a promising approach in
cancer immuno therapy. It is known that their efficacy strongly depends on FcyR
cross-linking.

Methods: In this study, we made use of a Jurkat-based reporter platform to
analyze the influence of individual FcyRs on the costimulatory activity of the 41BB
agonists, Urelumab and Utomilumab, and the CD27 agonist, Varlilumab.

Results: We found that Urelumab (IgG4) can activate 41BB-NFkB signaling
without FcyR cross-linking, but the presence of the FcyRs (CD32A, CD32B,
CD64) augments the agonistic activity of Urelumab. The human 1gG2 antibody
Utomilumab exerts agonistic function only when crosslinked via CD32A and
CD32B. The human IgG1 antibody Varlilumab showed strong agonistic activity
with all FcyRs tested. In addition, we analyzed the costimulatory effects of
Urelumab, Utomilumab, and Varlilumab in primary human peripheral blood
mononuclear cells (PBMCs). Interestingly, we observed a very weak capacity of
Varlilumab to enhance cytokine production and proliferation of CD4 and CD8 T
cells. In the presence of Varlilumab the percentage of annexin V positive T cells
was increased, indicating that this antibody mediated FcyR-dependent cytotoxic
effects.

Conclusion: Collectively, our data underscore the importance to perform
studies in reductionist systems as well as in primary PBMC samples to get a
comprehensive understanding of the activity of costimulation agonists.
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Introduction

In the last years, antibody-based T cell directed immunotherapy
has improved cancer treatment. In addition to so-called immune
checkpoint inhibitors (ICIs), which block coinhibitory receptors
such as PD1 and CTLA-4, the engagement of costimulatory
pathways with agonistic antibodies is a promising approach to
enhance T cell mediated antitumor immunity (1-5). Receptors of
the tumor necrosis factor receptor (TNFR) superfamily (TNFRSF)
are considered the most promising targets for costimulation
agonists, and antibodies to 41BB, CD27, OX40, and GITR, have
already entered clinical trials (1, 6-13).

41BB (CD137, TNFRSF9) is an inducible costimulatory
receptor and is expressed on activated CD4 and CD8 T cells (1,
14). Engagement via its natural ligand 41BBL or agonistic
antibodies leads to the activation of multiple signaling pathways,
resulting in the activation of NFxB and MAPK (15-17). 41BB
induces intracellular signals that mediate T cell proliferation,
cytokine production, and effector functions, such as cytotoxicity
(18, 19). Currently, ten “classical” 41BB agonistic antibodies and
around thirty additional 41BB agonists, such as bi-specifics have
entered Phase I clinical trials (20). Urelumab (BMS-663513), a fully
humanized IgG4 antibody that does not block 41BB - 41BBL
interaction, and the ligand-interaction blocking human IgG2
antibody, Utomilumab (PF-05082566), can be considered as the
first generation of 41BB agonists for cancer immunotherapy (20-
23). Several in vivo and in vitro studies demonstrate, that both
antibodies enhance T cell function and elicit anti-tumor immunity
(24, 25). However, severe side effects such as liver inflammation and
limited efficacy have hampered the clinical development of
Urelumab and Utomilumab, respectively, and their clinical
development has been discontinued (11, 20, 26, 27). We have
observed that 41BB agonists have the potential to promote the
activation of bystander CD8 T cells, which could also contribute to
the unwanted effects of 41BB antibodies (28).

CD27 (TNFRSF7) is another attractive candidate target to
improve tumor immune response. Unlike several other TNFRs,
CD27 is constitutively expressed by the majority of T cells. CD27
costimulation promotes T cell activation, proliferation, generation
of effector cells, and maintenance of memory cell function (29, 30).
Currently, Varlilumab (CDX-1127), a fully humanized IgG1 CD27
antibody, is applied in clinical trials (31-33). Other CD27 agonists,
such as MK-5890, are also in clinical development (34, 35).
Varlilumab acts agonistically by interacting with the CD70
binding site of CD27 (31). The potent anti-tumor activity of this
antibody was shown in preclinical and clinical studies, where
targeting CD27 in hematologic and solid tumors led to increased
survival and stable disease (32, 33, 36, 37). It is well known that the
activity of agonistic antibodies is critically modulated by Fc - FcyR
interactions since oligomerization via cell surface expressed FcyRs
influences their immunomodulatory efficacy (38-40). Furthermore,
interaction with FcyRs is also implicated in immune abnormalities
and toxic side effects, and the clinical development of 41BB
antibodies was restricted by severe hepatoxicity linked to FcyRs-
induced cross-linking (41-43). In addition, FcyRs can transduce

Frontiers in Immunology

10.3389/fimmu.2023.1208631

activating signals, resulting in the production of proinflammatory
cytokines, but also antibody-dependent cellular cytotoxicity and
phagocytosis (ADCC and ADCP) towards cells expressing the
target antigens (42, 44). Furthermore, certain IgG subclasses can
also mediate complement-dependent cytotoxicity (CDC). A better
understanding of how FcyRs and other components of the immune
system influence the effect of agonistic antibodies may help to
optimize their efficacy and to prevent adverse effects.

In this study, we have assessed the individual contribution of
different human FcyR classes on the agonistic activity of Urelumab,
Utomilumab, and Varlilumab using a Jurkat reporter system in
conjunction with stimulator cells expressing individual human Fcy
receptors. In addition, we have analyzed the capacity of Urelumab,
Utomilumab, and Varlilumab to augment proliferation and
cytokine production in human peripheral blood mononuclear
cells (PBMCs) stimulation cultures in vitro.

Materials and methods
Sample collection

The study was approved by the ethical committee of the
Medical University of Vienna (1183/2016). The study abides by
the Declaration of Helsinki principles. PBMCs were isolated from
buffy coats or heparinized blood obtained from healthy volunteer
donors by using Ficoll-Hypaque (GE Healthcare Life Sciences,
Pittsburgh, PA, USA) density gradient centrifugation.

Cell culture, antibodies, flow cytometry

The mouse thymoma cell line Bw5417 (short designation within
this work Bw) and Jurkat E6.1 (JE6.1), were cultured as described
(45). Triple parameter reporter cell lines (TPR) and the
monoreporter cell line are based on the JE6.1 Jurkat cell line,
stably expressing NF«kB::eCFP, NFAT:eGFP, and AP-1:mCherry
reporter constructs or NFkB::eGFP, respectively as described (46).

T cell stimulator cells (TCS) used in this study are Bw5147 cells
that stably express membrane-bound single chain antibody
fragments derived from the CD3 antibodies (mb-0-CD3) UCHT1
or OKT3 on their surface (47, 48).

A CD14 mAb antibody was used to stain the surface expression
of aCD3scFv which were expressed on the cell surface via a c-
terminal CD14 sequence (49). To exclude the TCS in the reporter
assays, an mCD45 antibody was used.

The following flow cytometry antibodies were used in this
study: PE-Isotype control (MPOC-21), PE-41BBL (5F4), PE-
CD70 (113-16), PE-OX40L (11C3.1), PE-41BB (CD137, 4B4-1),
PE-CD27(M-T271), PE-GITR (621), PE-OX40 (CD134, ACT35),
APC-CD16 (3G8), APC-CD32 (FUN2), APC-CD64 (10.1), APC-
mCD45 (104), APC-CD14 (63D3), PE-CD14 (63D3), FITC-CD56
(HCD56), BV421-CD19 (HIB19), BV421-CD4 (OKT4), PerCP-
CD8 (HIT8a, all from Biolegend, San Diego, CA, USA), and PE-
GITRL (REA841, Miltenyi Biotec).
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For CFSE proliferation assays a functional grade CD3 mAb
(UCHT1, Biolegend) was used. For annexin V assays, an FcR
silenced CD3 mAb (REA613, Miltenyi Biotec) was used.
Agonistic 41BB antibodies - Urelumab (BMS-663513),
Utomilumab (PF-05082566), and the CD27 agonist mAb
Varlilumab (CDX-1127) were purchased from Creative Biolabs
(NY, USA).

For blocking of Fc receptors, cells were incubated for 20
minutes at 4°C with 20 mg/ml Beriglobin (CSL Behring). Flow
cytometry analysis was performed using FACSCalibur ™ or
LSRFortessa " flow cytometers (BD Bioscience, Franklin Lakes,
NJ). FlowJo software (version 10.4.1. Tree Star, Ashland, OR) was
used for flow cytometry data analysis.

Generation of reporter and T cell
stimulator cell lines

The sequences encoding for CD27 (UniProt P26842), 41BB
(UniProt Q07011), GITR (UniProt Q9Y5U5), and OX40 (UniProt
P43489) were cloned into the lentiviral expression vector pHR and
stably expressed on Jurkat reporter cell lines. The sequences
encoding for low affine CD16A (FcgRIIIA, UniProt P08637), the
high affine natural variant of CDI16A 176V (FcgRIIIA 176V,
UniProt P08637 VAR_003960, short designation in this work
CDI16A F176V), CD32A (FcgRIIA, UniProt P12318), CD32B
(FcgRIIB, UniProt P31994), CD64 (FcgRI, UniProt P12314) were
introduced into the lentiviral expression vector pHR and stably
expressed in the T cell stimulator cells (TCS) (50). The sequences
encoding for the TNFR ligands OX40L (UniProt P23510), CD70
(UniProt P32970), 41BBL (UniProt P41273), GITRL (UniProt
QI9UNG2) were cloned into the retroviral expression vector
pCJK2 and stably expressed on the T cell stimulator cells as
described (47).

Reporter assay

Jurkat reporter cells (5x10*) were stimulated with TCS (2x10%)
for 18-24h. In some experiments, 41BB (Urelumab, Utomilumab)
or CD27 (Varlilumab) agonistic antibodies were added in different
concentrations (as indicated in Figures). Subsequently, reporter
activity was analyzed by flow cytometry as described previously
(49). The gating strategy used is depicted in Supplementary
Figure 1. Reporter gene induction is shown as gMFI (geometric
mean fluorescence intensity). For some experiments, reporter gene
induction in response to stimulation was normalized to control-
stimulated reporter cells as indicated and expressed as
fold induction.

CFSE proliferation assay
Human PBMCs were CFSE (Molecular Probes) labeled as

described previously (51). 1x10° labeled cells were stimulated with
soluble CD3 mAb UCHT1 (final concentration 30 ng/ml or 10 ng/
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ml) or plate-bound CD3 mAb UCHT1 (final concentration 1 pg/
ml) in the presence or absence of soluble Urelumab, Utomilumab,
or Varlilumab (concentration used at 0.03, 0.1, 0.3, 1 pg/ml as
indicated). For the plate-bound assays, ELISA plates were coated
with 1 ug/ml CD3 mAb in PBS overnight at 4°C, followed by two
washing steps with PBS. For proliferation assays with T cell
stimulator cells, TCS were pretreated with Mitomycin C (final
concentration 20 pg/ml, Carl Roth) as described previously (50).
Following 5 days of stimulation, the percentage of CFSE'™" in gated
CD4 and CD8 T cells was determined by flow cytometry. Flow
cytometry analysis was performed using constant cell volumes, flow
rates, and acquisition time for all samples (20 sec at medium flow).

Annexin V staining

For apoptosis assay, PBMCs were stimulated with plate-bound
Fc-silenced CD3 mAb (1 pg/ml final) together with soluble
Urelumab, Utomilumab, or Varlilumab (final 1 pug/ml) for 24 and
48 hours. Subsequently, cells were harvested and resuspended in 50
ul of Annexin V binding buffer (Biolegend). Annexin V-FITC
(Biolegend) was diluted 1:100 from stock, 5 pl were added to each
tube and cells were incubated for 15 min in the dark at room
temperature. Finally, another 50 pl of Annexin-V binding buffer
was added to a total volume of 105 pl. Flow cytometry analysis was
performed using constant cell volumes, flow rates, and acquisition
time for all samples (30 sec at medium flow).

Cytokine measurement

Supernatants of stimulations assays for annexin V and CFSE
proliferation assays were harvested after 48h or at day 5,
respectively. GM-CSF, IFN-y, TNF-o, IL-13, and IL-2 were
measured with the Luminex 100 system (Luminex Inc., Texas,
USA) according to the manufacturer’s instructions.

Statistics

Statistical analyses were performed using GraphPad Prism
(Version 9, GraphPad Software, Inc., La Jolla, CA, USA).
Statistics were calculated using the Friedman test followed by
Dunn’s multiple comparison test (compared to a control group),
One-way ANOVA followed by Tukey’s multiple comparison or 2-
way ANOVA with Dunnett’s multiple comparison test. The ECs,
values and the 95% confidence intervals were determined using the
four-parameter nonlinear regression. Levels of significance were
categorized as follows: ns, not significant; ns > 0.05, *p < 0.05; *p <
0.01; ***p < 0.001; ****p < 0.0001.

Creation of schemes

BioRender was used for the creation of schematics.
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Results

Evaluation of 41BB, CD27, OX40,
and GITR signaling in a Jurkat-based
reporter cell system

In the first set of experiments, we evaluated the capacity of four
important T cell costimulatory members of the TNFRSF, 41BB,
CD27, 0OX40, and GITR to activate transcription factors that play
major roles in T cell activation, namely NFkB, NFAT, and AP-1.
Therefore, we made use of a Jurkat-based triple parameter T cell
reporter cell line (TPR) where each of these transcription factors
drives the expression of a distinct fluorophore (NFxB:eCFP,
NFAT::eGFP, and AP-1:mCherry) (46). A schematic of the
experimental design is given in Figure 1A.

10.3389/fimmu.2023.1208631

Since Jurkat cells do not express these TNFR endogenously
(Supplementary Figure 1), they are well suited for gain-of-function
studies. We introduced 41BB, CD27, OX40, and GITR into the
Triple-reporter cells (Figure 1B). The Jurkat reporter cells can be
activated with stimulator cells expressing membrane-bound anti-
CD3 single chain fragments (T cell stimulator cells, TCS) (46). TCS
expressing 41BBL, CD70, OX40L, or GITRL were generated to
stimulate the TNFR-expressing reporter cells in the presence of
their respective ligands (Figure 1A). Cell surface expression of the
membrane-bound anti-CD3 single chain fragments (mb-o-CD3)
and the respective TNFR-ligands in the TCS was verified by flow
cytometry (Figure 1C).

The TPR-TNEFR cell lines were co-cultured with stimulator cells
expressing their respective ligands. TCS expressing no
costimulatory ligand (TCS-ctrl) were included as controls.

A B Cc
Triple parameter reporter (TPR) T cell stimulator cells (TCS)
T cell stimulator cells (TCS) TPR-GITR TCS-GITRL
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FIGURE 1

Evaluation of 41BB, CD27, OX40, and GITR signaling in a Jurkat-based triple parameter reporter system. (A) Schematic of the Jurkat reporter — T cell
stimulator cell system. (B) Flow cytometry staining of Jurkat reporter cells. (C) Flow cytometry staining of T cell stimulator cells (TCS). Upper panel:
expression of the membrane-bound anti-human CD3 single chain fragment (mb-aCD3) on the indicated TCS; the paternal Bw cell line was used as
control. Lower panels: expression of TNFR-ligands on TCS. Filled histogram: expression level on the indicated TCS; open histograms: staining of
control TCS. (D) Jurkat-TPR expressing the indicated TNF receptor were stimulated with TCS control or with TCS expressing the corresponding
ligand or left unstimulated (us). Reporter gene expression (NFxB::eCFP, NFAT::eGFP, and AP-1::mCherry) was assessed via flow cytometry. Left
panel: Histograms show data from one representative experiment. Right panel: summarized data are shown (n=18 for CD27, n=16 for GITR, n=20
for OX40 and 41BB), each dot represents the mean of triplicate measurement, red line shows median; geometric mean fluorescence intensity
(gMFI). The statistics were calculated using the Friedman test followed by Dunn's multiple comparison test. *p < 0.05; **p < 0.01.
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Reporter gene expression was assessed by flow cytometry
(Figure 1D). The gating strategy is shown in Figure S1B.
Compared to control stimulation, the activation of NFkB and
AP1 was strongly enhanced when TPR-TNFR were stimulated
with TCS expressing their respective ligands (Figure 1D).
Interestingly, we observed that signaling via these TNFRSF
members significantly reduced NFAT reporter gene expression
(Figure 1D). The parental TPR cell line expressing no TNFR did
not respond to any of these TNFR ligands (Supplementary
Figure 1C). Collectively, in our T cell reporter system, 41BB,
CD27, OX40, and GITR exerted similar costimulatory effects and
we did not observe a significant difference in their capacity to
induce the activation of NF«kB and AP1 (Supplementary Figure 2).

Influence of human FcyRs on the agonistic
activity of Urelumab and Utomilumab

The 41BB agonistic antibodies Urelumab and Utomilumab
represent the first generation of 4-1BB agonists. It is known that
the agonistic potential of these antibodies strongly depends on Fcy
receptor cross-linking. We assessed the Fc receptor dependency of
Urelumab (human IgG4 antibody) and Utomilumab (human IgG2
antibody) with our reporter system as outlined in Figure 2A.
Therefore, we used highly sensitive NF«kB::eGFP reporter cells
expressing 41BB in conjunction with stimulator cells expressing
Fcy receptors (FcyRs). The NF«kB::eGFP reporter cells are based on
the Jurkat JE6-1 line. Stimulation with TCS-41BBL confirmed that
the NF«B::eGFP-41BB reporter cells strongly responded to 4-1BB
costimulation (Figure 2B).

Stimulator cells equipped with one of the following human Fcy
receptors were used: CD16A (FcyRIIIA), CD16A F176V natural
variant (FcyRIIIA F176V), CD32A (FcyRIIA), CD32B (EcyRIIB),
and CD64 (FcyRI) (Supplementary Figure 3).

NFkB::eGFP-41BB reporter cells were co-cultured with different
concentrations of Urelumab or Utomilumab (ranging from 0.001
pg/ml to 3.16 pg/ml) in the presence of TCS-ctrl (no FcyR present)
or stimulator cells expressing CD16A, CD16A F176V, CD32A,
CD32B, or CD64 (Figures 2C, D and Supplementary Figure 4).
Reporter gene activation was assessed in flow cytometry.

Stimulation with Urelumab yielded an increase of reporter gene
induction in a dose-dependent manner without FcyR-mediated
cross-linking. However, compared to stimulation with its natural
ligand 41BBL (indicated by a dotted line), the activation induced by
Urelumab alone was considerably lower. The agonistic potential of
Urelumab was augmented by cross-linking via CD32A, CD32B, and
CD64, but only when cross-linked via CD32B Urelumab induced a
stronger activation signal than its natural cell-surface expressed
ligand 41BBL (Figure 2C middle panel). The strong costimulatory
activity of 41BBL is due to hyperclustering mediated by the cell
surface expression as soluble trimeric 41BBL is less active than
Urelumab. The introduction of trimerization domains or
crosslinking 41BBL via targeting to tumor or tumorstroma
antigens can greatly enhance the costimulatory activity of soluble
41BBL (43, 52, 53). In contrast, the human IgG2 antibody
Utomilumab did not act agonistically without FcyR-mediated
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cross-linking. Furthermore, this antibody only exerted a good
agonistic function when cross-linked via CD32B and only a
minor agonistic activity when cross-linked via CD32A. Cross-
linking via CD64 had no effect (Figure 2D). Of note, compared to
engagement by 41BBL or Urelumab, the activation signals induced
by Utomilumab were substantially lower per se. The presence of
CDI16A or CDI6A F176V on the TCS did not induce NFxB
signaling through Urelumab and Utomilumab (Supplementary
Figure 4A). The EC50 values and the 95% confidence intervals
(CI) calculated from the reporter gene activation signal for
Urelumab and Utomilumab are shown in Figure 2 (C and D
lower panel) and summarized in Table 1. In the absence of CD3
stimulation, Urelumab also exerted a weak agonistic activity on
41BB expressing reporter cells, whereas Utomilumab had no effect
as expected (Supplementary Figure 4).

Taken together, Urelumab was found to functionally engage
41BB much stronger than Utomilumab. Furthermore, we observed
that Urelumab can also exert costimulatory activity in the absence
of FcyRs.

Influence of human FcyRs on the agonistic
activity of the CD27 antibody Varlilumab

Next, we wanted to examine the FcyR requirements of the CD27
agonist Varlilumab (human IgG1) with our Jurkat-based reporter
system as depicted in Figure 3A.

CD27 was expressed on NFkB::eGFP reporter cells (Figure 3B
and Supplementary Figure 3). Stimulation with TCS-CD70
confirmed that the NFxB:eGFP-CD27 reporter cells strongly
responded to CD70 costimulation (Figure 3B). Next, cells were
stimulated with different concentrations (ranging from 0.0003 ug/
ml to 3.16 pug/ml) of Varlilumab in the absence of FcyRs (TCS-ctrl)
or by TCS expressing CD16A, CD16A F176V, CD32A, CD32B, or
CD64 (expression shown in Supplementary Figure 3). Reporter
gene induction was analyzed by flow cytometry (Figure 3C).

Varlilumab did not show any effect in the presence of TCS
control, whereas it dose-dependently enhanced reporter activation
in the presence of all FcyRs tested (Figure 3C and Supplementary
Figure 4). CD16A F176V and CD32B had the strongest effect and
Varlilumab-mediated reporter activation in the presence of TCS
expressing these Fc-receptors was much stronger than reporter
activation mediated by TCS expressing CD70, the natural CD27
ligand (Figure 3C middle panel).

The EC50 values and 95% CI obtained from the reporter gene
activation signal for Varlilumab are summarized in Figure 3C
and Table 1.

Effects of Urelumab, Utomilumab,
and Varlilumab on proliferation

and cytokine production of primary
human T cells

It is known that 41BB and CD27 are potent costimulatory
receptors in CD4 and CD8 T cells. Whereas CD27 is constitutively
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FIGURE 2
Influence of human Fcy receptors on the agonistic activity of Urelumab and Utomilumab. (A) Schematic of the experimental set up. Jurkat-NFkB::eGFP
expressing 41BB were stimulated either with TCS control, TCS expressing 41BBL (TCS-41BBL) or TCS expressing one of the indicated Fcy receptors in
the presence of different concentrations of 41BB agonistic antibodies. (B) Jurkat-41BB reporters were stimulated with TCS control (TCS-ctrl) or TCS-
41BBL or left unstimulated. NFkB::eGFP reporter gene activation was analyzed by flow cytometry. (C, D) Jurkat-41BB reporters were stimulated with TCS
control (TCS-ctrl) or TCS expressing the indicated Fcy receptors (TCS-CD32A, TCS-CD32B, TCS-CD64) in the presence of different concentrations
(0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1, or 3.16 pug/ml) of Urelumab (C) or Utomilumab (D). Reporter gene induction was analyzed by flow cytometry. Upper
panels: histograms show the results of one representative experiment. Middle: Summarized data +/- SD are shown (n=3, each performed in triplicates),
dotted line indicates reporter gene expression upon stimulation via TCS-41BBL. Lower panels: stimulation curves and half-maximum effective
concentration (EC50) were calculated as described in material and methods (n=3, performed in duplicates).
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TABLE 1 EC50 values and Cl intervals for Urelumab, Utomilumab and Varlilumab.

10.3389/fimmu.2023.1208631

Mab Fc Receptor EC50 ng/ml 95% Cl
Urelumab None 155.3 84.84 - 284.3
CD32A 104.5 53.14 - 205.5
CD32B 66.12 37.74 - 1158
CD64 119.8 5241 - 273.8
Utomilumab CD32A 196.4 4752 - 812.2
CD32B 1722 78.51 - 377.5
Varlilumab CD16A 249.2 1494 - 415.5
CD16A F176V 90.89 79.39 - 104.1
CD32A 157.5 1165 - 212.8
CD32B 27.66 2347 - 32.59
CD64 14.56 8.642 - 24.52

EC50 values and the 95% confidence intervals (CI) were determined for Urelumab, Utomilumab, and Varlilumab for their ability to induce 41BB-NFkB or CD27-NFkB signaling respectively in a
functional assay. Data from three independent experiments performed in duplicates were used to calculate the EC50 values.
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Influence of human Fcy receptors on the agonistic activity of Varlilumab. (A) Schematic of the experimental set up. Jurkat-NF«B::eGFP expressing
CD27 were stimulated either with TCS control (mb-a-CD3), TCS expressing CD70, or with TCS expressing one of the indicated Fcy receptors in the
presence of different concentrations of CD27 agonistic antibody. (B) Jurkat-CD27 reporters were stimulated with TCS control (TCS-ctrl), TCS-CD70,
or left unstimulated. NFkB::eGFP reporter gene activation was analyzed by flow cytometry. (C) Jurkat-CD27 reporters were stimulated with TCS
control or TCS expressing one of the indicated Fcy receptors (TCS-CD16A, TCS-CD16A F176V, TCS-CD32A, TCS-CD32B, or TCS-CD64) in the
presence of different concentrations of Varlilumab. Reporter gene induction was analyzed by flow cytometry. Upper panel: histogram overlay show
results of one representative experiment. Middle: Summarized data +/- SD are shown (n=3, each performed in triplicates), dotted line depicts
reporter gene expression upon stimulation with TCS-CD70. Lower panel: stimulation curves and half-maximum effective concentration (EC50) were
calculated as described in material and methods (n=3, performed in duplicates).
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expressed in the majority of CD4 and CD8 T cells, 41BB is not
expressed in resting cells, but upregulated upon activation on both
CD4 and CD8 T cells (54). Since FcyR critically modulate the
activity of agonistic antibodies we analyzed their expression in
freshly isolated and in vitro stimulated PBMCs (Supplementary
Figure 5). In line with previous reports, CD16 was expressed in
approximately 60% of NK cells (CD56") as well as in a smaller
subset of monocytes/macrophages (CD14"). CD32 was highly
expressed in B cells (CD19") and to a lower degree in monocytes/
macrophages. CD64 was highly expressed in monocytes/
macrophages (Supplementary Figure 5). To compare the capacity
of Urelumab, Utomilumab, and Varlilumab to costimulate
proliferation and cytokine production of CD4 and CD8 T cells in

single cells

10.3389/fimmu.2023.1208631

vitro human PBMCs were CFSE-labeled and stimulated with CD3
antibodies (30 ng/ml) alone or in combination with these
antibodies. Proliferation (CFSE dilution) was analyzed in gated
CD4 and CD8 T cell populations on day 5 by flow cytometry
(Figure 4A). In both populations, the 41BB agonists, Urelumab and
Utomilumab, induced significantly higher proliferation compared
to the CD3 antibody alone. In contrast, the CD27 agonist
Varlilumab failed to significantly increase the percentage of
proliferated CD4 and CD8 T cells (Figure 4B).

In parallel, we also analyzed the content of GM-CSF, IFN-v,
TNF-a, and IL-13 in the supernatants of stimulation cultures
(Figure 4C). Stimulation with Urelumab significantly enhanced
GM-CSF, IFN-y and IL-13 production whereas TNF-o was
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Effects of Urelumab, Utomilumab, and Varlilumab on the proliferation and cytokine production of primary human T cells. (A) Gating strategy used. (B,
C) CFSE labeled human PBMCs were stimulated with CD3 antibodies (final 30 ng/ml) in the presence or absence of Urelumab, Utomilumab, or
Varlilumab (soluble, all used at a final concentration of 1 ug/ml) for 5 days. (B) CFSE dilution was analyzed in gated CD4 and CD8 T cell populations.
Left panel: Histogram overlay shows CFSE dilution in CD4 and CD8 T cells of one representative donor; right panels: box plots show summarized
data from all donors. (C) Cytokine content (IFN-y, GM-CSF, TNF-o and IL-13) of stimulation cultures was assessed using a Luminex-based assay. (B,
C) Summarized data are shown. n=7, each performed in triplicates. For statistical analysis, the Friedman test followed by Dunn’s multiple comparison
correction were used. ns, not significant, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (D) CFSE-labeled human PBMCs were stimulated with
plate-bound CD3 antibodies in the presence or absence of Urelumab, Utomilumab, or Varlilumab (soluble, used at 0.03, 0.1, 0.3, or 1 ug/ml) for 5
days. Counts of CFSE'®" cells were analyzed in gated CD4 and CD8 T cell populations. Flow cytometry analysis was performed using constant cell
volumes, flow rates, and acquisition time for all samples. Counts of CFSE'" CD4 or CD8 cells are depicted normalized to control stimulated cells
(CD3 antibody alone). Summarized data of 3 donors are shown (n=3, each performed in triplicates).
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increased, but the difference did not reach statistical significance.
The presence of Utomilumab induced significant IFN-y and TNF-o
levels, whereas GM-CSF, and IL-13 were slightly increased
compared to stimulation with CD3 antibodies. Varlilumab did
not significantly augment the production of any of the tested
cytokines compared to CD3 stimulation alone. Similar results
were obtained in the presence of weaker CD3 stimulation (10 ng/
ml; Supplementary Figure 6). We also analyzed the effects of
Urelumab, Utomilumab, and Varilumab in different
concentrations (0.03; 0.1; 0.3, and 1 pg/ml) in conjunction with
plate-bound CD3 antibodies. We observed a dose-dependent
increase of proliferated (CFSE™Y) CD4 and CD8 T cells for all
antibodies tested. Varlilumab had the weakest effect also in these
experiments. In contrast to Urelumab and Utomilumab, which were
effective also at lower concentrations (0.1 and 0.3 pg/ml),
Varlilumab only increased the number of proliferated T cells at
the highest concentration (1 pg/ml) (Figure 4D). Use at higher
concentrations did not further increase the costimulatory effect of
Urelumab and Utomilumab and Varilumab (data not shown). In
general, the effect of Varlilumab on proliferation and cytokine
production in primary human PBMCs was weak. This is in

>0.9999

>0.9999

10.3389/fimmu.2023.1208631

strong contrast to the results obtained with the Jurkat-reporter
system, where Varlilumab strongly induced NF«B signaling. This
discrepancy might be due to cytotoxic effects such as ADCC
towards T cells triggered via its unmodified human IgG1 Fc part.

Varlilumab induced apoptosis in CD4
and CD8 T cells

To test this, we performed annexin V staining of PBMCs
stimulated with immobilized CD3 antibodies. An Fc-silenced CD3
antibody was used in these experiments to preclude a potential
interference with TNFR-agonist-FcyR interaction. Following 48h of
stimulation the cells were harvested stained with annexin V and
analyzed by flow cytometry. Indeed, we observed a significant
increase in the percentages of annexin V-positive CD4 and CD8 T
cells (Figures 5A, B). Furthermore, in stimulation cultures containing
Varlilumab, the number of CD4 and CD8 cells was significantly
reduced (Figure 5B). Cytokine measurements indicated a weak
stimulatory capacity of Varlilumab in these experimental conditions,
but the differences did not reach statistical significance (Figure 5C).
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Varlilumab-induced apoptosis in CD4 and CD8 T cells. Human PBMCs were stimulated with plate-bound CD3 antibodies in the presence or absence
of Urelumab, Utomilumab, or Varlilumab (1 ug/ml) for 48h. (A) Annexin V expression was analyzed in gated CD4 and CD8 T cells. Flow cytometry
analysis was performed using constant cell volumes, flow rates, and acquisition time for all samples. (B) Summarized data of annexin V staining and
cell counts of all donors are shown (n=5, each performed in triplicates). (C) Cytokine content (IL-2, GM-CSF, IL-13) of stimulation cultures was
assessed using a Luminex-based assay. B-C) For statistical analysis, the Friedman test followed by Dunn's multiple comparison correction were used.
Median and +/- 95% Cl is shown. ns, not significant; ns > 0.05, *p < 0.05; **p < 0.01; ***p < 0.001
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CD16A F176V, CD32B, and CD64 mediate
strong costimulatory effects of Varlilumab
on purified T cells

In an attempt to dissect immunostimulatory effects mediated by
FcyR interaction and effects such as ADCC mediated by the
interaction of TNFR-agonist with cytotoxic effector cell
populations, we performed 5-day co-culture experiments with
purified T cells in the presence of FcyR-expressing TCS. In
parallel, we also performed stimulation experiments with PBMCs
from the same donor (Figure 6A). In the T cell samples, significant
costimulatory effects of the 41BB agonists Urelumab and
Utomilumab were only observed in stimulation cultures with TCS
expressing CD32B. TCS expressing CD16A F176V, CD32B, and
CD64 mediated Varlilumab costimulation and significantly
increased the percentage of proliferated CD4 and CD8 T cells
(Figure 6B). In PBMC samples, significant costimulatory effects of
Urelumab and Utomilumab were again only observed in the
presence of CD32B. By contrast, in the PBMC stimulation
cultures, the presence of Varlilumab significantly enhanced the
percentage of CFSE'Y CD4 and CD8 T cells irrespective of the TCS
used (Figure 6C). However, Varlilumab also mediated a significant
reduction in CD4 and CD8 T cell numbers under most conditions.
In cultures with TCS expressing FcyR that mediated strong
costimulation of Varlilumab, this effect was less pronounced or
absent (Figure 6C). This could indicate that strong T cell
proliferation mediated by the interaction of Varlilumab with
TCS-expressed CD16A F176V, CD32B, or CD64 partially or fully
compensates for T cell loss caused by this antibody.

Discussion

Targeting T cell costimulatory TNFR with agonistic antibodies
is of potential therapeutic benefit in cancer immunotherapy.
Currently, antibodies against several TNFRs have been evaluated
in clinical trials (2, 12, 13, 55, 56). Many factors, including affinity,
avidity, and epitope, determine the agonistic activity of an antibody
(57, 58). Furthermore, its potency is influenced by its isotype and
the FcyRs present in the tumor environment (39, 59). FcyR
engagement can potentiate the agonistic activity but therapeutic
complications and limitations such as off-target toxicity and severe
liver inflammation have also been associated with FcyR binding (41,
42, 60). FcyRs can also mediate cytotoxic effects of agonistic
antibodies towards T cells such as activation-induced cell death
(AICD) as well as ADCC and ADCP. Although, it is well-
established that Fc - FcyR interactions modulate costimulation
agonists there is still limited knowledge of how individual FcyRs
enhance the activity of therapeutic antibodies (61-63).

Here, we have used T cell stimulator cells expressing different
FcyRs in conjunction with T cell reporter cells expressing different
TNER to evaluate and compare their agonistic activity. First, we
analyzed the costimulatory capability of 41BB, CD27, GITR, and
0X40 to induce NFkB, NFAT, and AP-1 transcription factors, upon
ligation by their natural ligands. Engagement of these receptors
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activated NFxB and AP-1 to a similar extent, whereas NFAT
signaling was downregulated. Previously, we have used TCS
expressing the ligands for 41BB, CD27, OX40, and GITR to
stimulate primary human T cells. While our results pointed to the
strong costimulatory activity of each of these receptors, we observed
considerable differences between their costimulatory capacity:
signals via 41BB, CD27, and OX40 mediated sustained activation
and proliferation in primary human T cells whereas the
costimulatory activity of GITR was considerable weaker (54).

Next, we compared the costimulatory capacity of Urelumab and
Utomilumab in a highly sensitive Jurkat-NFxB::eGFP-
monoreporter system. Consistent with previous results, Urelumab
activated 41BB signaling independently of FcyRs, although the effect
was quite moderate (22, 42). This was potentiated when cross-
linked via CD32A, CD32B, and CD64. In the presence of CD32B,
Urelumab had the lowest EC50 value (66.12 ng/ml) and induced the
strongest reporter activation. Unlike Urelumab, the activity of
Utomilumab fully depended on the presence of FcyRs. Only in
the presence of CD32A and CD32B Utomilumab was able to induce
reporter activation, but the costimulatory activity of this antibody
was low. The results obtained with the reporter system indicated,
that Urelumab is a much stronger agonist than Utomilumab, which
is in line with earlier studies (11, 42). The superiority of Urelumab is
likely due to its epitope and its interaction with Fc-receptors since
these factors have been shown to be critical for the activity of 41BB
agonists (64).

In agreement with previous reports, we found that the CD27
agonist Varlilumab requires co-engagement with FcyR to activate
CD27 signaling (31, 34, 37). Varlilumab had the highest
costimulatory potency as reflected by the EC50 values and the
maximal reporter induction for each FcyR tested in our study. This
agonist is a fully human IgGl antibody and consequently also
strongly interacted with the FcyR CD16A and its high-affinity
variant CD16A F176V.

We also compared the activity of Urelumab, Utomilumab, and
Varlilumab in human PBMC samples regarding their ability to
induce T cell proliferation and cytokine production in vitro.
Urelumab augmented proliferation and cytokine production in
primary human T cells more strongly than Utomilumab.
However, compared to the results obtained in our T cell reporter
system, this effect was much less pronounced in the PBMC cultures.
These divergent results could potentially be due to over-activation
resulting in AICD, induced upon Urelumab - 41BB ligation. There
have been reports regarding 41BB agonist-induced cytotoxicity and
the strong activation and high induction of IL-2 production could
potentially induce AICD in T cells exposed to Urelumab (65-68).
However, we did not observe evidence of enhanced cell death or
reduced T cell numbers in stimulation cultures when Urelumab
was present.

Despite its potent agonistic activity in the reporter system,
Varlilumab had a very low capacity to augment proliferation and
cytokine production in PBMC stimulation cultures. This might be
due to cytotoxic effects triggered via its unmodified human IgG1 Fc
part. In contrast to Utomilumab and Urelumab, Varlilumab has the
capability to engage CD16, which mediates ADCC by NK cells but
also by monocytes that express this FcyR (69). This antibody was
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CD16A F176V, CD32B, and CD64 mediate strong costimulatory effects of Varlilumab on purified T cells. (A) Schematic of the experimental design.
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shown to exert antitumor immunity as well as direct killing of
CD27" tumor cells in animal models and it is currently evaluated in
patients with hematologic malignancies (32). Varlilumab has a dual
role as a costimulation agonist and cytotoxic agent and could
potentially enhance T cell responses as well as ADCC towards
CD27" tumor cells. There are few studies that have analyzed the
effects of Varlilumab in vitro. Ramakrishna et al. reported that
Varlilumab strongly activated human T cells in the context of TCR
stimulation (70). Importantly, by immobilizing this antibody, they
investigated its costimulatory activity under conditions where it
could not exert cytotoxic effects. We have performed annexin V
staining and found evidence for enhanced percentages of apoptotic
CD4 and CD8 T cells in PBMC stimulation cultures when
Varlilumab was present. Furthermore, we found the number of
CD4 and CD8 T cells to be reduced in these cultures. When used
with purified T cells in the presence of TCS expressing CD16A
F176V, CD32B, or CD64, this antibody exerted a strong
costimulatory effect similar to the results with the Jurkat reporter
T cells. Taken together our data indicate that the strong cytotoxic
effects of Varlilumab counteract its capability to augment T
cell responses.

Of all FcyRs tested, cross-linking via CD32B mediated the
strongest agonistic activity of Urelumab, Utomilumab, and
Varlilumab, whereas cross-linking via CD32A had a weaker effect
on costimulation. Only Urelumab showed weak FcyR independent
agonism, whereas Utomilumab and Varlilumab did not lead to
activation in the absence of a TCR signal. Furthermore, in the
presence of the high-affinity FcyR CD64, only Urelumab and
Varlilumab induced NFkB signaling in the reporter system. To
our knowledge, our study is the first to comprehensively analyze the
contribution of individual FcyRs to the agonistic effect of 41BB
(Urelumab, Utomilumab) and CD27 (Varlilumab) antibodies ina T
cell reporter system. We believe that this platform has the ability to
analyze and compare the FcyR-dependent and independent
costimulatory activity of antibodies targeting different
costimulatory receptors. Our results also highlight the need to
complement studies in reductionist systems with studies in
primary human PBMCs to account for effects such as ADCC and
AICD which critically impact the activity of costimulation agonists.
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