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Tumor necrosis factor receptor 2 (TNFR2) is the alternate receptor for TNF and can mediate both pro- and anti-
inflammatory activities of T cells. Although TNFR2 has been linked to enhanced suppressive activity of regulatory
T cells (T,eqs) in autoimmune diseases, the viability of TNFR2 as a target for cancer immunotherapy has been under-
appreciated. Here, we show that new murine monoclonal anti-TNFR2 antibodies yield robust antitumor activity and
durable protective memory in multiple mouse cancer cell line models. The antibodies mediate potent Fc-dependent
T cell costimulation and do not result in significant depletion of T,.g.. Corresponding human agonistic monoclonal anti-
TNFR2 antibodies were identified and also had antitumor effects in humanized mouse models. Anti-TNFR2 antibodies

could be developed as a novel treatment option for patients with cancer.

INTRODUCTION

Programmed cell death protein 1 (PD-1) and cytotoxic T lymphocyte
associated protein 4 (CTLA-4) checkpoint inhibitors have offered
substantial promise in the treatment of cancer (1, 2). Unfortunately,
their activity remains limited to a subset of patients in indications such
as metastatic bladder cancer, non-small cell lung cancer (NSCLC),
melanoma, and head and neck cancers, with many progressing over
time (3-5). Anti-PD-1 combinations with chemotherapy or other im-
munotherapies, such as anti—-CTLA-4, have been able to improve ef-
ficacy, but often at the expense of substantial increases in toxicities
compared to anti-PD-1 alone (6, 7). Consequently, there is an ongoing
need for new cancer immunotherapies that have promising activity,
but that are also well tolerated.

The pleiotropic cytokine tumor necrosis factor (TNF) mediates im-
mune and inflamatory responses through binding of two receptors:
TNEF receptor 1 (TNFR1) and TNFR2. In contrast to the ubiquitously
expressed TNFR1, TNFR2 is expressed primarily on immune cells, as
reviewed in (8). Whereas both receptors share binding to TNF and
lymphotoxin (LT-a) (9), TNFR2 is primarily activated by transmembrane
TNF (10, 11). Although the pathways and functional outcomes for TNF
signaling via TNFR1 are well characterized (12), much less is known
about TNFR2 signaling. TNFR?2 is expressed on activated but not on
resting T cells and, therefore, is likely to be expressed primarily by
T cells in a tumor where an active immune response is ongoing. Most
recently, TNFR2 has been described to be expressed more highly by
regulatory T cells (T,egs) than conventional T cells and to support T;eg
growth or survival, leading to the hypothesis that manipulation of this
receptor could be beneficial in cancer (13-15). Accordingly, TNFR2
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knockout mice were found to exhibit decreased tumor growth while
tumor burden was unaffected in TNFR1 knockout mice (16).

Monoclonal antibodies (mAbs) targeting TNFR2 have already been
described to have limited antitumor activity in syngeneic tumor models
(15). However, the principal mechanism was unclear as the antibodies
were described to block TNF binding but, when clustered, are also able
to induce nuclear factor kB (NF«B) signaling through TNFR2. More
recently, in vitro studies have shown that targeting TNFR2 with an-
tagonistic antibodies inhibits proliferation of ovarian cancer cells and
tumor-associated T,eq (17) and that TNFR2-expressing tumor cells and
Thegs are killed by TNFR2 antagonistic antibodies in advanced Sézary
syndrome (18). In autoimmune models, TNFR2 signaling has been shown
to promote T, function and mediate disease protection (19, 20). Al-
though anti-TNFR2-based therapy has been discussed as a possible
treatment for cancer (21-24), it is unclear whether it would be prefer-
ential to develop an antagonist, T,.-depleting, or agonist reagent.

Here, we evaluate the activity of murine and human anti-TNFR2
antibodies for cancer therapy. Further, we describe in detail the mech-
anism of action of a novel mouse TNFR2 antibody (Y9) that binds to
the receptor outside of the TNF-binding region and is highly active in
preclinical mouse models. Our evidence suggests that Fc-dependent
agonism of conventional T cells is the dominant mechanism of action
for its antitumor activity. Finally, we report the development and
activity of corresponding human agonist TNFR2 antibodies for use
in patients.

RESULTS

Characterization of novel murine anti-TNFR2 antibodies
The evaluation of TNFR2-targeted cancer therapeutics is hampered by
the low degree of sequence identity in the extracellular domain between
human and murine TNFR2 receptors (57.1%) and, consequently, the
difficulty in finding cross-reactive antibodies. In addition, therapeutic
antibodies often rely on engagement with immune cells via binding
of Fc gamma receptors (FcyRs), which further complicates the direct
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testing of human therapeutic antibodies in immunocompetent mouse
models with incongruous FcyRs. Therefore, we sought to generate a
panel of murine anti-TNFR2 antibodies for evaluation as surrogate
therapeutics in syngeneic mouse tumor models. We identified antibo-
dies that bound specifically to murine TNFR2 through rabbit immuni-
zation and panning of a human single-chain variable fragment (scFv)
yeast library. None of the identified antibodies were cross-reactive to
human TNFR2. Anti-murine TNFR2 antibodies were produced as
mouse IgG2a proteins and epitope mapping was performed using a
panel of chimeric murine/human receptor constructs, in which regions

of the cysteine-rich domains (CRDs) of the murine receptor were re-
placed with the corresponding regions of the human receptor. We iden-
tified five novel anti-TNFR2 antibodies (Y9, M3, Y7, Y10, and H5L10)
that bound unique epitopes spanning all four CRDs of the mouse re-
ceptor (Fig. 1A). The affinities of the antibodies for murine TNFR2
were measured using biolayer interferometry (BLI), and we observed
the following rank order from highest to lowest affinity: Y9 (0.2 nM),
Y10 (0.5 nM), H5L10 (1.0 nM), M3 (2.8 nM), and Y7 (25 nM). We cal-
culated the sequence identity of TNFR2 to other TNFR superfamily
members and found it to be 12.6% to TNFRI, 19.6% to OX-40, 21.3%
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Fig. 1. Characterization of anti-mouse TNFR2 antibodies in vitro and in vivo. (A) The domain epitopes of antibodies are indicated on a homology model of the murine
TNFR2/TNF complex. The CRDs for one TNFR2 receptor are shown in color. (B) TNF competition ELISA of antibodies. Data represented as a three-parameter dose-response curve fit
based on mean and SD (n = 2). (C) Comparison of in vitro CD8" T cell proliferation for different anti-TNFR2 antibodies [plate-bound anti-CD3 (0.2 ug/ml) plus soluble anti-
CD28 (1 pg/ml)]. Data are representative of two independent experiments. (D) In vivo activity in the CT26 syngeneic murine tumor model. Each antibody was injected
intraperitoneally once at day 0 (9 days after tumor inoculation) at 1 mg (n = 7 animals per group, data displayed as mean + SEM). (E) In vivo activity in the CT26 syngeneic
murine tumor model at a reduced dose. Each antibody was injected intraperitoneally once at day 0 (9 days after tumor inoculation) at 300 ug (n = 8 animals per group).
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to glucocorticoid-induced TNER family related gene (GITR), and 22.7%
to 4-1BB. We validated that the TNFR2 antibodies did not bind to
GITR, 4-1BB, OX-40, and TNFR1 using enzyme-linked immuno-
sorbent assay (ELISA) (fig. S1).

We next evaluated whether these antibodies could compete for TNF
binding to TNFR2 by ELISA. Both Y7 and Y10 antibodies were able to
block TNF binding (Fig. 1B), which is consistent with their epitopes
overlapping with the ligand interface in CRD2 and CRD3. M3 only par-
tially blocked TNF binding, whereas H5L10 did not block TNF binding
at all; both findings are consistent with the epitope mapping. Interest-
ingly, Y9 was observed to be a potent TNF blocker despite binding
outside of the ligand interface in CRD2 and CRD3 (Fig. 1B).

We hypothesized that antibody-mediated engagement of TNFR2
could exhibit costimulatory activity on conventional T cells, similar to
other members of the TNFR superfamily (25-28). To evaluate our anti-
mouse TNFR2 antibodies, we stimulated naive mouse CD8" T cells with
suboptimal doses of anti-CD3 and anti-CD28 and increasing amounts
of the anti-TNFR2 antibodies, and measured their proliferation using
flow cytometry (Fig. 1C). Y9, followed by Y10 and Y7, induced prolif-
eration of CD8" T cells whereas M3 and H5L10 were indistinguishable
from isotype control. Supporting agonist activity, Y9 also up-regulated
expression of granzyme B, CD25, and PD-1 (fig. S2A). Importantly,
Y9-mediated costimulation required higher-order TNFR2 cross-
linking (soluble versus plate-bound, fig. S2B). Y9 provided similar cost-
imulation as well to conventional CD4" T cells (fig. S2C) and T (fig.
$2D) and required TCR stimulation. We further showed that Y9 med-
iates NF«B signaling, known to be important for effector T cell prolif-
eration, survival, and cytokine production, in a TNFR2-overexpressing
reporter cell line (fig. S2E). We also established a T, and T effector cell
coculture and measured T effector cell prolifation and found that Y9
treatment did not alter the suppressive capabilities of Tieg, in vitro
(fig. S3). These data suggest that some anti-TNFR2 antibodies, exempli-
fied by Y9, can provide costimulation to T cells.

To determine in vivo antitumor activity of our TNFR2 antibodies,
we treated mice bearing established CT26 syngeneic tumors with 1 mg
of each of the antibodies (Fig. 1D). Consistent with having the strongest
signal in the in vitro costimulation assay, Y9 treatment provided the
greatest antitumor activity in vivo. The antibodies M3 and H5L10,
which did not strongly affect ligand binding or in vitro costimulation,
also had activity in vivo. This suggests that competition with TNF is not
required for antitumor activity of TNFR2-targeted antibodies and that
the in vitro assay was not sufficiently sensitive or these antibodies have a
unique mechanism of action in vivo.

To further differentiate between the novel antibodies, we treated
CT26 tumor-bearing mice with a lower dose (300 pg) of each antibody
and monitored the long-term antitumor response (Fig. 1E). Consistent
with the previous experiment, Y9 showed the greatest activity, with
more than 50% of the mice surviving more than 70 days. The Y7,
Y10, and M3 antibodies also retained activity at the lower dose, with
approximately 25% of the mice surviving, whereas H5L10 did not show
any long-term responses at the lower dose (Fig. 1E). In summary, we
identified a panel of novel anti-mouse TNFR2 antibodies where Y9
showed the greatest costimulatory activity in vitro and the strongest an-
titumor activity in the CT26 model in vivo.

Anti-TNFR2 antibody Y9 is active in multiple syngeneic
mouse tumor models

To understand whether syngeneic tumors were broadly responsive to
anti-TNFR2, we treated eight different tumor models with a single lower

dose of Y9 (300 pg), and we monitored the long-term antitumor re-
sponse (Fig. 2A). We found responses in five out of eight models, with
four models showing mice with a complete response (CR; tumors below
60 mm” and continued to regress until the end of the study). To evaluate
the activity of Y9 relative to treatment with anti—-PD-1, we generated a
murine version of the hamster anti-mouse PD-1 antibody J43 (29). Both
antibodies were then tested in anti-PD-1-sensitive (Sal/N) and anti—
PD-1-resistant (MBT-2) syngeneic mouse models (Fig. 2B). In both
models, Y9 treatment alone led to CR in all treated animals. To evaluate
whether treatment with Y9 could enhance the response to anti-PD-1,
we tested the treatment combination for activity in three syngeneic
mouse models (Fig. 2C). In the WEHI-164 model, Y9 treatment alone
was comparable to anti-PD-1, and the combination did not improve
the antitumor activity. However, in the CT26 and EMT6 models, the
combination of Y9 and anti-PD-1 treatment showed greater survival.
We also generated a murine version of the programmed death-ligand 1
(PD-L1) antibody MPDL3280a (30) and obtained similar results in all
three models (fig. S4). Therefore, anti-TNFR2 displays durable activity
against multiple tumor types that is equivalent to and, in some cases,
better than anti-PD-1 or anti-PD-L1, and anti-TNFR2 can be used in
combination with anti-PD-1 or anti-PD-L1 for enhanced antitumor
activity in less immunogenic tumors.

To determine whether Y9 induces immunological memory, tumor-
free mice from the Y9 treatment groups were rechallenged with tumor
in parallel with age-matched, tumor-naive wild-type mice as controls
(Fig. 3). Whereas all the mice in the age-matched control group grew
tumors, most of the mice in the Y9 treatment groups remained tu-
mor-free (6 of 7 mice in the CT26 model, 13 of 13 mice in the WEHI-
164 model, and 4 of 5 mice in the EMT6 model). We conclude that
anti-TNFR2 treatment not only results in short-term antitumor ac-
tivity but can also induce long-term immune memory in multiple
tumor models.

Anti-TNFR2 antibody activity requires FcyR binding

It has been shown for agonistic antibodies that target the TNF super-
family of costimulatory receptors that receptor cross-linking mediated
by antibody binding to FcyR is critical for their activity (31), likely
through allowing the formation of higher-order receptor clusters
(32, 33). To investigate whether the Y9 antibody requires FcyR binding
for its in vivo activity, a variant of Y9 with Fc mutations D265A and
N297A (Y9-DANA), which are known to abrogate binding to FcyRs,
was generated (34, 35). We then compared the activity of the wild-type
Y9 and Y9-DANA antibodies in CT26, WEHI-164, and EMT6 tumor
models (Fig. 4A). Wild-type Y9 showed the expected activity in all three
models but the Y9-DANA variant lacked activity. Given that YO-DANA
blocks TNF binding comparably to wild-type Y9 (fig. S5), we therefore
concluded that antagonizing the TNF/TNFR2 signaling axis is not a
core mechanism of Y9.

FcyR engagement of an antibody can indicate contribution of effec-
tor functions, such as antibody-dependent cellular cytotoxicity
(ADCC), opsonization or antibody-dependent cellular phagocytosis
(ADCP), or enhanced agonism (36, 37). To evaluate which FcyRs are
the most important for activity, we tested Y9 in the CT26 model inocu-
lated in either wild-type BALB/c mice (WT), BALB/c knockout mice
that lack the inhibitory mFcyRIIb receptor (Fcgr2b™~), and BALB/c
knockout mice that lack the common Fc-gamma chain (Feerlg "), ren-
dering the mice deficient in expression of the activating FcyRs: mFcyRI,
mFcyRIIL and mFcyRIV (38). The treatment control groups in the three
different strains were indistinguishable but Y9 activity was significantly
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reduced in both cher_/ ~and Fcerl g_/ " mice (P < 0.05; Fig. 4B). Since
knockout of both activating and inhibitory FcyRs affects activity, these
data suggest that enhanced agonistic activity by FcyR binding is impor-
tant but does not rule out that ADCC or ADCP could also contribute to

the activity of Y9 in vivo.

To further study the contribution of the different FcyRs, we investi-
gated various IgG isotypes which have different binding affinities for
FcyRs (39). IgG1 antibodies in human and, correspondingly, 1gG2a
in mouse (mIgG2a) are the dominant isotypes for mediating ADCC
or ADCP because of their high affinity for activating FcyRs. In addition,
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In vivo activity of Y9 in syngeneic tumor models. Tumor cells were implanted and mice were randomized to treatment groups. CR, tumors below 60 mm? and

continued to regress until the end of the study. Vertical dotted lines indicate treatment time points with 300 ug per treatment and antibody. Group sizes are indicated in the figure.
(A) Antitumor activity of Y9 in responder and nonresponder models. Tumor growth in individual mice is shown; CR indicated for Y9 treatment groups. (B) Antitumor activity of Y9
in the anti-PD-1-resistant model MBT-2 and in the anti-PD-1-sensitive model Sa1/N. Tumor growth in individual mice is shown. (C) Survival curves for treatment with Y9 alone
and in combination with anti-PD-1 in multiple murine models. Statistically significant differences from PBS are indicated. Calculated with Mantel-Cox test. **P < 0.01, ***P < 0.001.
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Fig. 3. Tumor rechallenge and immune memory in CT26, WEHI-164, and EMT6 models. Tumor growth in individual
mice is shown (PBS, n = 10; Y9, n = 15). After initial treatment with Y9, 7 complete responder mice for the CT26 model,
13 complete responder mice for the WEHI-164 model, and 5 complete responder mice for the EMT6 model, as well as
age-matched controls for each model (n = 5) were rechallenged with tumor cells between days 90 and 100 after
inoculation. Vertical lines before rechallenge indicate days of treatment with 300 ug per antibody intraperitoneally.

Previously, it has been suggested that
TNFR2 is an oncogene (16) and that an
anti-TNFR2 antibody directly inhibits
the proliferation of TNFR2-expressing

mutations that increase engagement of the inhibitory FcyRIIb and thus
enhance the agonistic activity have been described (40, 41). We created
additional Y9 variants using the following IgG isotypes and mutations
in the Fc portion of the antibody: a murine IgG1 with intermediate af-
finity for mFcyRIIb and mFcyRIII (Y9-mIgG1), and a murine IgG2a
with S267E and L328F mutations (Y9-SELF) with increased affinity
for mFcyRIIb (40). We then compared the in vivo activity of all four
Y9 variants in the CT26 and EMT6 syngeneic mouse models (Fig.
4C). We observed that the Y9-SELF and the Y9-IgG1 variant, which
have a higher preference for binding the inhibitory FcyRIIb recep-

cancer cells (21). We also detected TNFR2
expression on mouse tumor cells (fig.
S6B). To investigate whether Y9 has any direct activity on cancer cells,
we generated TNFR2 knockout tumor cell lines of CT26, EMT6, and
MC38 using CRISPR-Cas9 (fig. S6B) and tested Y9 activity in vivo.
For all three knockout cell lines, the tumors grew at a rate that was com-
parable to parental cells. Moreover, Y9 remained active in all three
knockout models (Fig. 5C and fig. S6C), suggesting that anti-TNFR2
primarily exerts its therapeutic activity through immune cells.

To further investigate how anti-TNFR2 therapy affects the im-
mune compartment, we profiled tumor-infiltrating immune cells
and immune cells in the tumor-draining lymph nodes (tdLN) by

5 of 15



A CT26 WEHI-164 EMT6
i 100 4 — PBS
100 - - Y9
E Y9-DANA
e
3
2 50 - 50 -
c
[ Fkek
1<
e
n.s.
n.s.
0 I H———Tr—T—T 71 0 +— ¢ T T T 1
0 20 40 60 80 100 20 40 60 80 100 0 20 40 60 80 100
Days after inoculation
B
CT26-control groups CT26-Y9 treatment groups
100 - 100 - — WT
—_ /-
E — Fcgr2b
/-
g Fcerlg
2]
T 504 50
1<
[
o *
n.s.
n.s *
0 T T T 1 0 T T T 1
0 20 40 60 80 0 20 40 60 80
Days after inoculation
C
CT26 EMT6
100 100 4 — PBS
E — Y9-mlgG1
E kk — Y9
3 Y9-DANA
£ 50 50
g * Y9-SELF
S
[
$ -
n.s.
n.s.
0 . . . . . 0 . . ns. .
0 20 40 60 80 100 0 20 40 60 80

Days after inoculation

Fig. 4. Importance of FcyR binding. (A) Comparison of in vivo activity of Y9 with wild-type Fc (Y9) and DANA mutant Fc (Y9-DANA) shown as survival curves in three
syngeneic mouse models. Antibodies were injected intraperitoneally at 300 pug on days 5, 12, and 19 after tumor inoculation. Statistically significant differences from
PBS are indicated (PBS, n = 10; Y9, n = 15; Y9-DANA, n = 10). (B) In vivo activity of Y9 in CT26 syngeneic murine tumor model in BALB/c wild-type (WT), Fc receptor
common y-chain knockout (Fcerig™"), and FcyR2b knockout (Fcgr2b™~) mouse strains. Data are shown as survival curves. Antibodies were injected intraperitoneally at
300 pg on days 8, 15, and 22 after inoculation. Statistically significant differences from WT is indicated (n = 10 mice per group). (C) Comparison of in vivo activity of YO

with wild-type mlgG2a Fc (Y9), mlgG2a Fc with DANA mutations (Y9-DANA), wild-

type mlgG1 Fc (Y9-mlgG1), and mlgG2a Fc with SELF mutations (Y9-SELF). Data are

shown as survival curves for two syngeneic mouse models. Antibodies were injected intraperitoneally at 300 pug on days 8, 15, and 22 after inoculation. Data were
analyzed using Mantel-Cox test. Statistically significant differences from PBS are indicated (n = 10 mice per group). *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant.

flow cytometry after injection of Y9 in multiple syngeneic mouse
models (Fig. 5, D to G). As an additional control, we included the
Y9-DANA variant that lacked in vivo activity but retained TNFR2
binding and ligand-blocking properties. We observed decreased sur-
face expression of TNFR2 on all investigated tumor-infiltrating T' cell
subsets 24 to 36 hours after Y9 but not Y9-DANA treatment (Fig.
5D), including conventional CD8" and CD4" T cells as well as Tiegs.
TNFR superfamily signaling brought about by receptor clustering
can lead to reduced cell surface levels due to shedding and, conse-
quently, lead to accumulation of soluble receptor in serum (43).
Consistent with the literature, Y9 treatment caused elevated soluble
TNFR2 in murine serum 4 and 24 hours after treatment with Y9 (fig.

S6D), further suggesting that the antibody functioned through inducing
costimulatory signaling. Moreover, 4 to 6 days after injection in mice
with established CT26 tumors, Y9 treatment led to the expansion and
increased functionality of tumor antigen-specific (AH1 gp70423 431/
H-2LY) CD8* T cells in the CT26 model relative to Y9-DANA treatment
(Fig. 5E and fig. S7). Y9 treatment increased the frequency of AH1-specific
CD8" T cells within the total tumor-infiltrating CD8" T cell pool (Fig. 5E)
and caused a notable decrease in PD-1 expression (fig. S7C). Whereas
AH-1-specific CD8" T cells were functionally exhausted in Y9-DANA~
treated mice, they were highly functional in Y9-treated mice, with an
increased frequency of cells capable of producing interferon-y (IFN-y)
and TNF (Fig. 5E and fig. S7D). The number of the IFN-y-producing
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control. *P < 0.05, **P < 0.01, ***P < 0.001.
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CD8" T cells correlated with reduced tumor mass (Fig. 5F). Impor-
tantly, T,y depletion, which has been reported after treatment with
antibodies such as anti-GITR and anti-CTLA-4 (44), was not observed
with anti-TNFR2 treatment across responder models (Fig. 5G and fig.
S8A). In addition, Y9 did not change the CD8" T cell-to-T,eg ratio in
either the tumor or the tdLN 24 to 36 hours after treatment, whereas an
anti-CTLA-4 antibody did change this ratio in the tumor (fig. S8B). The
ratio change was driven by a specific decrease in T, (Fig. 5G), as ex-
pansion of conventional CD8" and CD4" T cells was not observed for
anti-CTLA-4 at this early time point. We also investigated the potential
impact of Y9 treatment on cells in the myeloid compartment such as
monocytes, macrophages, and neutrophils, but did not find consistent
changes across different syngeneic models (fig. S9). Overall, these data
suggest that costimulation of CD8" T cells is a dominant mechanism of
action of Y9.

Anti-TNFR2 antibody has a favorable toxicity profile
compared to anti—-CTLA-4 in murine models

Given the strong antitumor immune activity, we also investigated the
toxicity profile of the Y9 anti-TNFR2 antibody. We included an anti-
CTLA-4 antibody with a mIgG2a-Fc as a positive control and com-
parator (45), because of its known immune-related adverse events in
the clinic (6, 7). We then performed a long-term exposure study in
healthy 6- to 8-week-old BALB/c and C57BL/6 female mice (Fig. 6
and figs. S10 and S11), comparing weekly injections (1 mg) for both
antibodies. In BALB/c mice, no difference in weight was detected
across groups for the first 6 weeks of treatment; however, after the sev-
enth dose, significant weight loss in the anti-CTLA-4 group was ob-
served (P < 0.001; Fig. 6A). At the end point of the study, splenomegaly
was only observed in mice treated with anti-CTLA-4 (Fig. 6B and fig.
S10A). Significant increases in blood alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were only observed in the anti-
CTLA-4 group (Part < 0.001; Pogr < 0.01; fig. S10B); however, all
groups were within the normal range. To profile the effect of treatment
on immune cell phenotype, we analyzed peripheral blood T cells and
dendritic cells (DCs) from skin-draining lymph nodes. In mice treated
with anti-CTLA-4, the frequency of acutely activated (PD-17) and pro-
liferating (Ki-67") CD4"and CD8" T cells increased relative to isotype
controls (Fig. 6, C and D, and fig. S10, C and D). In contrast, mice
treated with Y9 showed no increase in T cell proliferation or acute ac-
tivation markers, indicating that, unlike anti-CTLA-4, anti-TNFR2
does not cause spontaneous activation and proliferation of peripheral
T cells. In addition, as previously reported (46, 47), anti-CTLA-4
caused up-regulation of the costimulatory ligand CD86 (fig. S10E)
on DCs, whereas Y9 did not. Importantly, Y9 did not cause histolog-
ical changes in lymphoid or non-lymphoid tissues (Fig. 6E and fig.
S10F), whereas anti-CTLA-4 caused widespread immune cell infiltra-
tion into tissues. Y9 caused a moderate and transient increase in serum
TNF and interleukin-6 (IL-6); in contrast, anti-CTLA-4 caused chronic
elevation in serum IFN-y, TNF, IL-6, IL-5, and IL-10 (Fig. 6F and fig.
S11, A and B). Similar adverse effects of the anti-CTLA-4 antibody were
observed in the EMT6 tumor model, whereas mice treated with Y9 did
not show any outward signs of toxicity (fig. S11C and D). In a separate
study, we established that Y9 in combination with anti-PD-1 also did
not induce spontaneous T cell activation, whereas anti—-PD-1 in combi-
nation with anti-CTLA-4 did result in this phenomenon (fig. S12). Al-
together, these data indicate that the anti-TNFR2 antibody Y9 does not
lead to spontaneous immune cell activation in healthy and tumor-
bearing mice.

Generation of human anti-TNFR2 antibodies modeled after
the murine surrogate antibody Y9

We next sought to generate anti-human TNFR2 antibodies that
would exhibit similar properties to the Y9 antibody. We developed
two antibodies: Abl, a chimeric antibody from mouse immuniza-
tion, and Ab2, an affinity matured human antibody derived from hu-
man scFv phage library, the affinity of which was determined to be
700 and 200 pM, respectively (fig. S13A). As both antibodies do not
bind murine TNFR2 (fig. S13B), their epitopes were mapped using
human/mouse TNFR2 chimeras (fig. S13C). We observed that both
Ab1 and Ab2 bind to chimera 4 and not to chimera 1, which is pre-
cisely opposite to the binding pattern of Y9, i.e., binds chimera 1 and
not chimera 4 (fig. S13D), thus establishing that the Abl and Ab2
antibodies bind to the CRD1 region of human TNFR2. Despite
binding to the same domain, Abl and Ab2 do not compete with
one another for TNFR2 binding (fig. S13E). Consistent with the
characteristics of Y9, both Abl and Ab2 block binding of TNF to
TNFR2 with an ICs, (half-maximal inhibitory concentration) of
177 and 89 pM, respectively (Fig. 7A), though our data have shown
that this property is not strictly required for activity. To further re-
fine the epitopes of our human and mouse antibodies, we performed
a mutational scan of surface residues in the CRD1 region for both
human and mouse TNFR2. We identified positions critical for
Abl and Y9 binding (fig. S14) but were unable to obtain data for
Ab2, which did not bind yeast-displayed TNFR2. We visualized both
antibody epitopes in relation to TNF binding, using the crystal struc-
ture of the human TNFR2/TNF complex (Protein Data Bank ID:
3ALQ) and a homology model of the mouse TNFR2/TNF complex
(Fig. 7B). Remarkably, Abl and Y9 binding require structurally
equivalent positions in the human (Y25, Q26, Q29, M30, and K47)
and mouse (Y25, R27, K28, M31, and N47) receptor. The proximity
of this epitope to human/mouse TNF suggests that Abl and Y9 compete
with the ligand potentially steric occlusion. However, given the limited
overlap between the antibody epitope and TNF interface, we do not ex-
clude the possibility that these antibodies may also prevent ligand
binding by inducing a conformational change in the receptor.

To test the agonistic potential of the anti-human TNFR2 antibo-
dies, human T cells from pheripheral blood of healthy donors were
incubated with increasing amounts of the antibodies and profiled
using flow cytometry. We observed anti-TNFR2-mediated increases
in proliferation, activation markers, and cytokines in both CD4" and
CD8" T cells (Fig. 7, C to H). In addition, we tested the anti-human
TNFR2 antibodies for antitumor activity in humanized mouse
models. We engrafted human peripheral blood mononuclear cells
(PBMCs) in immunodeficient NOD scid gamma (NSG) mice and
then established the HT-29 colorectal adenocarcinoma cell line—
derived xenograft (CDX) and observed significant antitumor activ-
ity for Ab2 (P < 0.01); Ab1 treatment did not have a significant effect
(Fig. 8A). We also used CD34" cord blood stem cells for engraftment
of a human immune system in NSG-SGM3 mice and established the
MDA-MB-231 breast cancer CDX or the LG1306 NSCLC patient-
derived xenograft (PDX) (Fig. 8B). In both models, we observed sig-
nificant antitumor activity of Abl (P < 0.05) or Ab2 (P < 0.01) in
combination with anti-PD-1 (nivolumab) versus anti-PD-1 alone.
These data confirm that human anti-TNFR2 antibodies provide
costimulation to T cells in vitro similar to the murine surrogate anti-
body Y9 and also provide antitumor activity in vivo comparable to,
or greater than, that seen with blocking PD-1, and further enhanced
activity of PD-1.
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Fig. 6. Comparison of toxicity profile of long-term exposure to anti-TNFR2 or anti-CTLA-4 antibodies in BALB/c mice. Mice were treated once weekly with PBS or 1 mg of
murine IgG2a isotype control, Y9, or anti-CTLA-4 for 8 weeks (n = 5 animals per group). Individual mice are shown except in (A). (A) Longitudinal percent change in body weight.
Vertical dashed lines indicate times of treatment. (B) Comparison of spleen sizes and weights 48 hours after the final treatment. (C and D) Frequency of Ki-67* (C) and PD-1* (D) CD4*
Foxp3"®9 (T.ony) and CD8* T cells in the peripheral blood 7 days after the fourth treatment. (E) Representative hematoxylin and eosin (H&E) staining from various tissues in BALB/c mice
treated with IgG2a isotype, Y9, or anti-CTLA-4. H&E, 100x. Indicated are inflalmmatory cells (red arrows), multifocal epidermal hyperplasia (black arrows), and ulceration (blue arrow).
Images are representative of five animals per treatment group. (F) Longitudinal serum cytokines. Data were analyzed using ANOVA with a Dunnett’s multiple comparisons posttest
comparing treatment groups to PBS. Data are plotted as mean + SEM. Statistical significance from PBS control is indicated. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 7. Generation of anti-
human TNFR2 antibodies
modeled after the Y9 anti-
body. (A) Cell-based TNF
competition assay of antibo-
dies. Data represented as a
three-parameter dose-response
curve fit based on mean and
SD from duplicate measure-
ments. (B) The high-resolution
epitope of anti-human (Ab1)
and anti-mouse (Y9) TNFR2
antibodies is highlighted on
the structure of human TNFR2
(white)/TNF (blue) and homol-
ogy model of mouse TNFR2
(orange)/TNF (cyan), respec-
tively. Residues critical for Ab1
(Y24, Q26, Q29, M30, and K47)
and Y9 binding (Y25, R27, K28,
M31, and N47) are highlighted
(red). (C and D) In vitro costimu-
lation of purified naive human
CD4* T cells with plate-bound
anti-TNFR2 mAbs (20 ug/ml)
[plate-bound anti-CD3 (5 ug/ml)
plus soluble ant-CD28 (1 pg/ml)l.
Representative flow plots from
one healthy donor showing per-
cent proliferation measured
by CellTrace Violet (CTV) dilu-
tion (C) and induction of CD25
and PD-1 (D). Data for Ab1 are
representative of three sep-
arate experiments (total of
n = 11 unique donors) and
Ab2 is representative of two
separate experiments (total
n = 8 unique donors). (E and
F) In vitro costimulation of pu-
rified human CD8" T cells with
plate-bound anti-TNFR2 mAbs
(20 ug/ml) [plate-bound anti-
CD3 (5 ug/ml)]. Representative
flow plots from one healthy
donor showing percent prolif-
eration (E) and induction of
CD25, IFN-y, IL-2, and granzyme
B (F). Data for Ab1 are repre-
sentative of three separate
experiments (total of n = 11
unique donors) and Ab2 is
representative of one experi-
ment (total n = 4 unique do-
nors). (G) In vitro costimulation
of naive human CD4" T cells
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with titrated concentrations of plate-bound anti-TNFR2 mAbs [plate-bound anti-CD3 (5 ug/ml) plus soluble anti-CD28 (1 pg/ml)]. Graphs represent data from one
experiment with four unique donors and were normalized within each donor to wells where no antibody is present. Data shown as fold-change + SEM. Data for
Ab1 are representative of three separate experiments (total of n = 11 unique donors) and Ab2 is representative of two separate experiments (total n = 8 unique
donors). (H) In vitro costimulation of human CD8" T cells with titrated concentrations of plate-bound anti-TNFR2 mAbs [plate-bound anti-CD3 (5 pg/ml) plus soluble anti-
CD28 (1 ug/ml)]. Graphs represent data from one experiment with four unique donors and were normalized within each donor to wells where no antibody is present. Data
shown as fold change + SEM. Data for Ab1 are representative of three separate experiments (total of n = 11 unique donors) and Ab2 is representative of one experiment (total
n = 4 unique donors). Data were analyzed using two-way ANOVA with Dunnett’s multiple comparison post tests. Statistically significant from isotype is indicated (A and B).
*P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 8. Anti-human TNFR2 mAbs provide costimulation to human T cells and antitumor activity in humanized mouse models. (A) NSG mice were administered
human PBMCs from one donor and HT-29 colorectal adenocarcinoma CDX cells on the same day. On day 7 when tumors were established (~90 mm?), mice were given
5 x 300-ug doses of mAb (vertical dashed lines) with four to five mice per group. (B) NSG-SGM3 mice were engrafted with human CD34" cord blood cells. Mice that had
>25% of total CD45" cells of human origin after 12 weeks were inoculated with MDA-MB-231 CDX or LG1306 PDX with 10 mice per group. Mice were given 300 ug
doses of mAb at indicated time points (vertical dashed lines). Statistically significant from isotype is indicated. *P < 0.05, **P < 0.01, ***P < 0.001.

DISCUSSION

TNFR2 engagement affects multiple T cell types. TNF/TNFR2 can pro-
vide costimulation to antitumor T cells (26), but more recent research
has focused on the role of TNFR2 in T\, development and its ability to
stabilize the T.g inhibitory program (19, 20). Correspondingly, reports
have demonstrated the utility of anti-TNFR2 agonistic antibodies to
boost effector T cell activity (15) or, oppositely, antagonistic antibo-
dies that block TNF/TNFR?2 signaling to destabilize inhibitory Tieg
(18, 21, 23). In these reports, studies using anti-TNFR2 antibodies in
murine syngeneic tumor models have shown at best moderate effects
on tumor growth, although it was unclear whether this was a biological
limitation of TNFR2 as a therapeutic target or in the design of anti-
TNFR2 antibodies. Moreover, antibodies used in these studies often
consisted of a non-murine Fc and did not compare the effects of dif-
ferent epitopes and isotypes (15, 23). To address these prior limita-
tions, we generated an extensive panel of anti-mouse TNFR2
antibodies against multiple epitopes and produced them all as mouse
IgG2a for evaluation in vivo. By utilizing antibodies with the optimal
Fc (species and isotype), we found that targeting TNFR2 leads to
robust antitumor activity across multiple mouse models. The Y9 anti-
body, a TNF-competitive antibody that binds to the CRD1 region and
has agonistic activity in all studied T cell subsets in vitro, displayed the
greatest antitumor activity in vivo. Interestingly, agonistic antibodies
binding the equivalent region in other TNFR family members, 4-1BB
and CDA40, are also the most active (48, 49).

Consistent with data for antibodies that target similar costimulatory
TNEFR family members, 4-1BB, OX40, CD40, GITR, and CD27, as re-
viewed by Mayes et al. (9), our data indicate that the mechanism of
antitumor action for the mouse antibody, Y9, is TNFR2 agonism.
Supporting evidences are as follows: (i) expansion of T cells in vitro
and in vivo, (ii) dependence on Fc/FcyR interaction in vivo, (iii) mem-
brane TNFR2 down-regulation and shedding in vivo, (iv) lack of Tyeg
depletion within the tumor in vivo, (v) increased functionality of tumor
antigen-specific CD8" T cells in vivo, and (vi) a correlation of CD8"
T cell functionality with reduced tumor size.

Although TNFR2 is part of a larger family of costimulatory receptors
that are being investigated for therapy of cancer, targeting TNFR2 may
offer some differences. Presently, we show that Y9 activates both CD8"
and CD4" T cells in vitro, and that Y9 loses activity in the CT26 model
when these cell types are depleted. In addition, NK cells were also im-
plicated in the activity of Y9 in vivo. Targeting TNFR2 also did not lead
to considerable depletion of T, as observed for other antibodies tar-
geting T cell surface receptors (44).

Besides T cell surface receptors, it is known that myeloid cells can
express TNFR2 (50). Our study here only provides limited insight into
whether activating TNFR2 on these cell types could be beneficial. Further,
our detailed investigation of Y9 does not rule out that other anti-TNFR2
antibodies might also have antitumor activity and could have different
mechanisms of action, including potentially Fc-independent mechan-
isms. Finally, Y9 had limited effectiveness alone in poorly immunogenic
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syngeneic tumor models, similar to PD-1 blockade or agonists of other
TNER family proteins. These negative data are important for the future
development of biomarker strategies and the development of potential
novel combination therapies, as well as for refining our understanding
of the importance of the balance of activating versus inhibitory FcyRs.

Despite the broad activity, we did not see any significant toxicity after
chronic treatment with anti-TNFR2, compared to an anti-CTLA-4 anti-
body. This is advantageous for combining with established checkpoint
inhibitors, where the promise of an active and tolerable regimen remains
challenging (6, 7). The anti-CTLA-4 antibody, ipilimumab, has been
widely studied in combination with anti-PD-1 antibodies in NSCLC
and melanoma, but only at the expense of heightened immune-related
adverse events, primarily driven by ipilimumab (6, 7). Indeed, we ob-
served that the combination of an anti-TNFR2 antibody with PD-1 or
PD-L1 blockade further improved antitumor activity, but unlike mice
treated with an anti-CTLA-4 mAb, we did not observe evidence of sig-
nificant immune-related toxicities. This suggests that the combination
of an agonistic anti-TNFR2 antibody with anti-PD-1 or anti-PD-L1
antibodies could result in a greater therapeutic index than the combi-
nation of anti-PD-1 with anti-CTLA-4.

We consider the preclinical data of Y9 very encouraging, justify-
ing the clinical development of human anti-TNFR2 antibodies. The hu-
man antibodies presented here should be highly translatable given the
large overlap in their corresponding epitopes especially between Abl
and Y9. While confirmation of the Ab2 epitope is currently under in-
vestigation, we have observed significant correlation in activity between
Y9 and both human antibodies in ex vivo T cell stimulation assays and
in preclinical tumor models. In conclusion, we continue to advance our
human antibodies toward the clinic, as we believe that agonism of
TNFR2 is a compelling therapeutic strategy for engagement of the im-
mune system in the treatment of cancer.

MATERIALS AND METHODS

Study design

The research objective was to investigate antitumor activity and mecha-
nism of action of targeting TNFR2 with mAbs using mouse surrogates,
and the development of human antibodies that were modeled after the
most active murine surrogate antibody. Research subjects were animals
and blood from healthy human donors. Sample size was determined
before the study as per Institutional Animal Care and Use Committee
(IACUC) guidelines. For animal studies, tumor volume data were re-
corded until tumor sizes reached maximum size as defined by IACUC
guidelines. Mice were randomized to treatment groups after tumor
establishment. No data were excluded, except for 2 of 5 samples in
Fig. 5C in the isotype treatment group because not enough blood was
available. No outliers were excluded. To ensure reproducibility, exper-
iments were repeated independently, as described in the figures and
legends. When the tumors reached an average size of 50 to 100 mm?’,
mice were randomized into treatment groups to achieve comparable
distribution of starting tumor volumes per condition. Studies were not
blinded. Where possible, studies have been repeated by independent
personnel. Primary data are reported in data file S1.

Anti-mouse TNFR2 antibodies

Anti-mouse TNFR2 antibodies were derived from selections of both
human and rabbit antibody yeast libraries. The human scFv library
has been described previously (51). The rabbit scFv library was con-
structed as follows. Messenger RNA was isolated from the spleens of

rabbits immunized with murine TNFR2. Rabbit immunization was per-
formed at Genscript. Briefly, two rabbits were injected subcutaneously
with 0.5 mg of mTNFR2-His emulsified in complete Freund’s adjuvant.
Animals were then boosted with 0.25 mg of antigen emulsified in
incomplete Freund’s adjuvant at 2, 4, and 6 weeks. Animals were bled
and euthanized at 8 weeks. Rabbit VH and VL regions were amplified
by RT-PCR and converted into scFv format, and the yeast library was
created using methods described previously (51). Both human and
rabbit scFv libraries were panned against mTNFR2-Fc (300 nM) for
two rounds before switching to mTNFR-His (50 to 200 nM) for subse-
quent rounds. High-affinity binders were sequenced after four to six
rounds of fluorescence-activated cell sorting (FACS). The VH and VL
regions of rabbit (Y7, Y9, Y10, and H5L10; table S2) and human (M3)
scFvs were synthesized as murine IgG2a heavy and kappa light chain,
respectively. Murine chimeric antibodies were expressed using the Ex-
PiCHO expression system (Thermo Fisher Scientific) and purified using
MabSelect resin (GE Healthcare).

Mice

We purchased 6- to 8-week-old female BALB/c (BALB/cAnNCrl),
C57B6/] (C57B6NCrl), A/J (A/JCr), and C3H (C3H/HeNCrl) mice from
Charles River Laboratories. We purchased 6- to 8-week-old Feerlg ™'~
[FcRy; C.129P2(B6)-Feerlg™ **N12] and FcyRITb ™'~ [C.129S4(B6)-
Fegr2b™™ ™ /cAnNTac N12] mice on the BALB/c background, as well
as wild-type BALB/c controls, from Taconic. NSG (NOD.Cg-Prkdc*™
1L2rg"™ "1/S2]) and NSG-SGM3 [NOD.Cg-Prkdc™™ IL2rg™ "' Tg
(CMV-IL3,CSE2,KITLF)1Eac/MloySz]] mice were purchased from the
Jackson Laboratory. All mice were housed under specific pathogen—free
conditions in cages of up to five animals and received special rodent diet
(Teklad). Studies were approved by Merrimack’s IACUC. IACUC
guidelines on the ethical use and care of animals were followed.

Cell lines

The following cell lines were obtained from the American Type Cul-
ture Collection (ATCC) and maintained in RPMI 1640 (Gibco, with
L-glutamine included) supplemented with 10% fetal bovine serum
(FBS) (Gibco), penicillin (100 U/ml), and streptomycin (100 pg/ml)
(Gibco, 100x pen/strep solution): CT26 (H—Zd) colorectal carcinoma
(CRL-2638), EMT6 (H-29) mammary carcinoma (CRL-2755),
WEHI-164 (H-2%) fibrosarcoma (CRL-1751), A20 (H-2%) B lympho-
cyte sarcoma (TIB-208), 4 T1 (CRL-2539) mammary carcinoma, and
B16-F10 (H-2°) melanoma (CRL-6475). The MC38 (H-2") colon ade-
nocarcinoma cell line was obtained from the National Cancer Institute
(NCI) and maintained in supplemented RPMI 1640. The Sal/N (H-27)
fibrosarcoma cell line (ATCC, CRL-2544) was maintained in Eagle’s
minimum essential medium (ATCC, with L-glutamine included) sup-
plemented with 10% FBS and pen/strep. The LLC1 (H-2") Lewis lung
carcinoma (ATCC, CRL-1642) was maintained in Dulbecco’s modi-
fied Eagle’s medium (Gibco, with L-glutamine included) supple-
mented with 10% FBS and pen/strep. The MBT-2 (H-2") murine
bladder cancer cell line was purchased from the Japanese Collection
of Research Bioresources (JCRB) and maintained in Iscove’s modified
Dulbecco’s medium (Gibco, with 1-glutamine and 25 mM Hepes in-
cluded) supplemented with 10% FBS and pen/strep. The LG1306
NSCLC human PDX model was purchased from the Jackson Labora-
tory and passaged continuously in NSG mice. Human MDA-MB-231
(HTB-26) breast cancer CDX and HT-29 (HTB-38) colon adenocar-
cinoma CDX were purchased from ATCC and maintained in supple-
mented RPMI 1640. All cells were tested for mycoplasma by the
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supplier or in-house (MycoAlert Mycoplasma Detection Kit, Lonza)
and confirmed negative.

In vivo tumor models

All tumor cells were injected subcutaneously in 100 to 200 ul of
phosphate-buffered saline (PBS) into the right flank of mice that had
typically been shaved the previous day. Unless otherwise stated, the
following cell numbers and mouse strains were used for inoculation:
1 x 10° MBT-2 (C3H), 5 x 10° Sal/N (A/]), and 3 x 10° for CT26
(BALB/c), EMT6 (BALB/c), WEHI-164 (BALB/c), A20 (BALB/c), 4
T1 (BALB/c), LLC1 (BALB/c), MC38 (C57BL/6), and B16-F10
(C57BL/6). Ten to fifteen mice per treatment group were used for anti-
tumor activity studies and 7 to 10 mice were used for pharmacodynamic
studies. Tumor growth was monitored using electronic calipers, and vol-
umes were calculated according to the following formula: 7t/6 x (length x
width?). When the tumors reached an average size of 50 to 100 mm’,
mice were randomized into treatment groups to achieve comparable
distribution of starting tumor volumes per condition. Antibody (300 ng)
was injected intraperitoneally as indicated once weekly for 3 weeks in a
total volume of 200 ul. Mice reached endpoint and were euthanized in
antitumor activity studies when tumors reached 2000 mm”. CR was
defined as tumors below 60 mm?® and continued to regress until the
end of the study. The dose of 300 ug was selected based on pilot
dose-finding studies in three tumor models (CT26, EMT6, and WEHI-
164). As treatment with isotype control does not lead to CRs and anti-
tumor activity in these models, we decided to use PBS as the control
group for antitumor activity studies.

Chronic exposure study in mice

We performed a chronic exposure study in non-tumor-bearing BALB/c
and C57BL/6 mice. Mice (five mice per treatment group) were injected
intraperitoneally with PBS or 1 mg of murine IgG2a isotype control, anti-
TNFR2 (Y9), or anti-CTLA-4 once per week in 200 ul of PBS for a total
of eight injections. The anti-CTLA-4 antibody used was clone 9D9
expressed as a murine IgG2a isotype. Mouse weight was measured twice
per week, and the physical condition of the mice was tracked through-
out the study. Saphenous blood from all groups was collected once per
week immediately before treatment, and one pretreatment bleed was
performed to establish a baseline. All mice were euthanized 48 hours
after the final (8th) weekly treatment, whereby spleens and skin drain-
ing LNs were harvested and weighed, and blood was collected via cardiac
puncture. Liver enzymes in the blood were evaluated using the Catalyst
Dx Chemistry Analyzer (IDEXX). Briefly, blood samples collected by
cardiac puncture were transferred into lithium heparin whole blood sep-
arators (IDEXX). Blood ALT and AST were analyzed using the NSAID
6 CLIP (IDEXX). Tissues were harvested and placed into 10% neutral
buffered formalin (Avantik Biogroup) for 24 hours and then washed
and placed into 70% ethanol (Avantik Biogroup). Tissues were paraffin-
embedded, and hematoxylin and eosin-stained sections were examined
by a veterinary pathologist. Serum cytokine and chemokines were ana-
lyzed using the murine Proinflammatory Panel 1 V-plex kit (Meso Scale
Discovery) following the manufacturer’s instructions.

Anti-human TNFR2 antibodies

Abl was derived from hybridoma generation. Briefly, four mice were
each immunized with 100 ug of human TNFR2-His, and booster injec-
tions were given at days 14, 28, 42, and 56. Hybridoma fusions from
splenocytes were performed at day 60 and plated onto 96-well plates.
Following 10 to 14 days of culture, hybridomas that were screened pos-

itive against antigen by ELISA were subcloned by limiting dilution.
Expanded subclones were evaluated for TNFR2 positivity before varia-
ble domain sequencing. Mouse VH and VK sequences were synthe-
sized as chimeric human IgG1 and kappa antibodies (ATUM) and
produced in ExpiCHO cells (Thermo Fisher Scientific) and purified
using MabSelect resin (GE Healthcare). Ab2 was derived from a hu-
man single-chain Fv phage library consisting of natural diversity in
HV3-23/KV1-33 pairings (2¢9 members) panned against human
TNFR2-Fc for two rounds and chimera 4 for the final round. Domi-
nant clones were produced as soluble scFvs for affinity measurements.
For affinity maturation, an error-prone PCR was used to generate a
yeast mutant scFv library. In addition, a focused mutagenesis library
in which positions in CDRL1 (24 to 34) and CDRL2 (50 to 56) were
randomized using NNS and VNS codons was also generated as a yeast
scFv library. Both libraries were individually panned against human
TNFR2-Fc for two to four rounds. High-affinity binders were isolated
by FACS and produced as human IgG1 antibodies for subsequent
evaluation. Ab2 contains mutations from both random and focused
mutagenesis approach.

Humanized mouse models

Two different methods of humanization were used. In one method,
human cord blood CD34" frozen cells from mixed donors were pur-
chased from STEMCELL Technologies and engrafted intravenously
into NSG-SGM3 mice (2 x 10* cells per mouse). This method results
in more complete engraftment of human immune cells, including my-
eloid cells. Humanization was determined after 12 weeks by flow cy-
tometry on peripheral blood; mice with >25% of total CD45" cells of
human origin were considered humanized. These animals were in-
oculated with 5 x 10° LG1306 or MDA-MB-231 cells subcutaneously
on the right flank. Once tumors had reached ~75 mm?®, mice were
treated intraperitoneally 5x (for LG1306) or 3x (for MDA-MB-231)
weekly with 300 pg of IgG1 isotype control, 300 pg of nivolumab,
300 pg of nivolumab +300 g Abl, or 300 ug of nivolumab +300 pug
Ab2. In the second method, 1 x 10" PBMCs were administered to
NSG mice intravenously (a control group did not receive PBMCs),
and on the same day, mice were inoculated with 3.5 x 10® HT-29 cells
subcutaneously on the right flank. In this model, only human T cells
persist in the recipient mouse long term. One week later, when the tu-
mors had reached ~90 mm?, mice were treated intraperitoneally with
300 ug of IgG1 isotype control, 300 pg of Ab1, or 300 pg of Ab2; dosing
was repeated for a total of five weekly doses.

Statistical analysis

Statistical analysis was performed as described using the GraphPad
Prism 7.05 software (GraphPad Software, Inc.). For multiple compari-
son test, Kruskal-Wallis non-parametric test with Dunn’s multiple
comparison posttest was used. Comparisons were made between con-
trol and treatment groups. For survival curves, two groups were com-
pared using the log rank test. Statistical significance is indicated as
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Population sta-
tistics are displayed as mean and SEM or SD, as indicated.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/11/512/eaax0720/DC1

Materials and Methods

Fig. S1. Cross-reactivity test of murine TNFR2 antibodies to other TNF superfamily receptors.
Fig. S2. Enhanced proliferation and activation of T cells mediated by higher-order TNFR2 cross-
linking for Y9 costimulation in vitro.
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Fig. S3. In vitro T,y suppression assay.

Fig. S4. In vivo activity of Y9 and anti-PD-L1 combination.

Fig. S5. Ligand blocking of Y9-DANA.

Fig. S6. Impact of treatment with Y9 on different immune cell subsets.

Fig. S7. Ex vivo analysis of tumor-specific CD8" T cell responses.

Fig. S8. Impact of treatment with Y9 on frequency changes in the T cell compartment.
Fig. S9. Characterization of the tumor-associated myeloid compartment after anti-TNFR2
treatment.

Fig. S10. Additional data for toxicity profile of long-term exposure to anti-TNFR2 or

anti-CTLA-4 antibodies in BALB/c and C57BL/6 mice.

Fig.

S11. Serum cytokine data for toxicity profile of long-term exposure to anti-TNFR2 or

anti-CTLA-4 antibodies in BALB/c and C57BL/6 mice and toxicity study in EMT6
tumor-bearing mice.

Fig.
Fig.
Fig.
Fig.

S12. Repeat toxicity study with anti-PD-1 combinations.

S13. TNFR2 receptor constructs used for epitope mapping and binding studies.
S14. High-resolution epitope mapping of human and mouse anti-TNFR2 antibodies.
S15. Gating strategy of mouse T cells in the tdLN and tumor.

Table S1. Description of chimeric TNFR2 constructs.
Table S2. Sequences of murine TNFR2 antibodies.
Table S3. Murine T cell flow cytometry antibodies.
Table S4. Human T cell flow cytometry antibodies.
Data file S1. Primary data.
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