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Cancer immunotherapy with 4-1BB agonists has limited further clinical development because of dose-limiting
toxicity. Here, we developed a bispecific antibody (bsAb; B7-H3x4-1BB), targeting human B7-H3 (hB7-H3) and
mouse or human 4-1BB, to restrict the 4-1BB stimulation in tumors. B7-H3xm4-1BB elicited a 4-1BB-dependent
antitumor response in hB7-H3-overexpressing tumor models without systemic toxicity. BsAb primarily targets
CD8T cells in the tumor and increases their proliferation and cytokine production. Among the CD8 T cell population
in the tumor, 4-1BB is solely expressed on PD-1*Tim-3* “terminally differentiated” subset, and bsAb potentiates
these cells for eliminating the tumor. Furthermore, the combination of bsAb and PD-1 blockade synergistically
inhibits tumor growth accompanied by further increasing terminally differentiated CD8 T cells. B7-H3xh4-1BB
also shows antitumor activity in h4-1BB-expressing mice. Our data suggest that B7-H3x4-1BB is an effective
and safe therapeutic agent against B7-H3-positive cancers as monotherapy and combination therapy with

PD-1 blockade.

INTRODUCTION
Modulation of cosignaling receptors on immune cells is a promis-
ing approach for immunotherapy of cancer. Immune checkpoint
inhibitors, which block coinhibitory signaling pathways such as the
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and pro-
grammed cell death 1 (PD-1)/programmed cell death ligand 1 (PD-L1)
pathways, have been clinically approved for the treatment of a broad
range of cancers. Because the response rate to immune checkpoint
blockades (ICBs) varies among patients and cancer types, there is an
unmet need for innovative immunotherapies with better efficacy (1-3).
4-1BB (CD137, tnfrsf9) is a costimulatory receptor that belongs
to the tumor necrosis factor (TNF) receptor superfamily. 4-1BB is
broadly expressed on immune cells, including activated T cells, reg-
ulatory T (T'eg) cells, natural killer (NK) cells, B cells, dendritic cells
(DCs), and nonhematopoietic cells such as activated endothelial
cells. The binding of 4-1BB with 4-1BB ligand (4-1BBL; tnfsf9),
which is expressed on antigen-presenting cells, induces clustering
of 4-1BB and activates 4-1BB signaling (4, 5). 4-1BB-mediated
costimulation of T cells enhances proliferation, cytotoxicity, and
cytokine secretion and protects them from activation-induced cell
death (6-8). The expression of 4-1BB reflects specific T cell receptor
(TCR)-triggered activation resulting from antigen challenges, in-
cluding tumors. Because 4-1BB-expressing tumor-infiltrating CD8
T cells are believed to be tumor-reactive T cells (9, 10), 4-1BB is a
promising target for cancer immunotherapy by targeting tumor-
reactive T cells.
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The therapeutic efficacy of 4-1BB agonists has been demonstrated
in a variety of preclinical tumor models over the past few decades
(11), and the preclinical data have led to the entry of two anti-
human 4-1BB (h4-1BB)-agonistic monoclonal antibodies (mAbs)
into clinical trials, including urelumab [BMS-663513, human im-
munoglobulin G4 (IgG4)] and utomilumab (PF-05082566, human
IgG2). These two antibodies showed several limitations in the clinical
trials: Urelumab caused severe dose-dependent hepatotoxicity de-
spite its antitumor efficacy, while utomilumab had relatively low
efficacy but with a better safety profile (7, 12). Similar to the data
from the clinical trials using urelumab, systemic administration of
4-1BB agonistic mAbs was shown to cause on-target off-tumor
immune-related adversary effects (irAEs) in normal mice (13, 14).
4-1BB agonistic mAbs induce splenomegaly followed by extramed-
ullary hematopoiesis and increase CD8 T cell infiltration into the
liver and the level of liver enzymes in the serum, which are indica-
tors of liver toxicity. Also, they induce bone marrow (BM) failure,
including defects in the development of B and NK cells (15). The
induction of irAE primarily requires CD8 T cells and the produc-
tion of cytokines such as TNF-q, interferon-y (IFN-y), and IFN-a
(13). Several approaches have been used to reduce off-tumor toxicity
and retain the potent antitumor activity during the development of
4-1BB agonists, including modification of the Fc region of 4-1BB
agonistic mAD (16) and the addition of tumor-targeting moieties to
the 4-1BB agonist to generate bispecifics (17-19). Tumor-associated
antigens (TAAs), such as epidermal growth factor receptor (EGFR)
(17), fibroblast activation protein (FAP), CD19 (18), and human
EGFR 2 (HER2) (19), have been targeted to develop 4-1BB bispecifics.
While these proteins are overexpressed on tumors, their expression
in healthy tissues necessitates the identification of other specific cell
surface molecules to target 4-1BB agonists to the tumors.

Upon chronic antigen stimulation, such as during chronic viral
infection and in tumors, CD8 T cells differentiate into two distinct
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populations: transcription factor T cell factor 1 (TCF1)" stem-like
and T cell immunoglobulin and mucin domain-containing protein 3
(Tim-3)* terminally differentiated cells (20-22). The stem-like cells
persist long-term, maintain proliferative capacity, and give rise to
terminally differentiated cells, whereas the terminally differentiated
cells act as cytotoxic effector cells (21, 23-25). PD-1/PD-L1 block-
ade acts on the stem-like cells and enhances their proliferation and
differentiation into terminally differentiated cells (20, 21, 23, 26).
4-1BB is highly expressed on Tim-3" terminally differentiated CD8
T cells compared to TCF1* stem-like cells in a tumor (20-22, 26, 27).
However, the functional consequences of 4-1BB agonism on these
cell populations are poorly understood.

In this study, we developed a tumor antigen-targeted mouse
4-1BB (m4-1BB) agonistic antibody, which consists of a tumor
antigen-binding human IgG1 (hIgG1) and two m4-1BB agonistic
single-chain variable fragments (scFvs). We targeted B7-H3 (CD276),
a tumor antigen, which is overexpressed in a variety of human ma-
lignancies and tumor-associated vasculature (28, 29), but not in
healthy tissue. This bispecific antibody (bsAb; B7-H3x4-1BB) showed
more potent T cell costimulatory activity in vitro and higher tumor
localization compared to the 4-1BB agonistic mAb. B7-H3x4-1BB
inhibited tumor growth in vivo without inducing 4-1BB agonistic
mAb-associated irAE. Moreover, B7-H3x4-1BB acted on CD8 T cells,
especially the Tim-3" terminally differentiated cells, to enhance their
proliferation. B7-H3x4-1BB synergistically increased Tim-3" ter-
minally differentiated cells with PD-1 blockade, followed by the
eradication of established tumors. Last, we showed that the B7-
H3x4-1BB platform is also applicable to h4-1BB.

RESULTS

Development of human B7-H3-targeted m4-1BB

agonistic bsAb

We developed hIgG1 antibodies against B7-H3 and chose a clone,
B5, as a candidate among several clones. The anti-B7-H3 mAb B5
bound specifically to human B7-H3 (hB7-H3), not to other proteins
in the B7 family, as determined by enzyme-linked immunosorbent
assay (ELISA) (fig. S1A). B5 binds to recombinant hB7-H3 with
high affinity [dissociation constant (Kg) = 3.015 nM] assessed by
surface plasmon resonance (SPR) analysis. B5 cross-reacted with
monkey B7-H3 (cyB7-H3) with comparable binding potency and
with mouse B7-H3 (mB7-H3) with lower affinity (fig. SIB). We also
tested the binding capacity of B5 to the surface of human cancer cell
lines (with or without hB7-H3 expression) and found that B5 recog-
nized B7-H3-expressing human cell lines (fig. S1C). Using the scFvs
derived from the anti-m4-1BB mAb 1D8 (30), we designed 1D8-
scFv-linked anti-B7-H3 bsAb (B7-H3x4-1BB; clone: B5x1D8) with
D265A/N297A (DANA) mutations (31) in the Fc region to inhibit
Fcy receptor (FcyR) binding (fig. S1D). B5x1D8 bound to both
hB7-H3 and m4-1BB proteins determined by ELISA (fig. S1E). The
heavy chain of B5x1D8 has a higher molecular weight (~75 kDa)
compared to B5 and 1D8 (~50 kDa) because of the 1D8-scFv linked
to the heavy chain, and the light chain of each antibody has a similar
molecular weight (~25 kDa) (fig. S1F). Overall, the molecular
weight of each antibody is as follows: B5x1D8 = ~200 kDa, B5 and
1D8 = ~150 kDa. B5x1D8 bound to activated mouse CD8 T cells by the
interaction between 4-1BB and 1D8-scFv because the B5 did not bind
to activate T cells (fig. S1G). We generated hB7-H3-overexpressing
murine cancer cells by transfecting them with complementary DNA
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(cDNA) encoding hB7-H3 (MC38"% 3 B16-F10"™ 3 and CT26"*715,
respectively) and found that B5x1D8 bound to all three hB7-H3-
overexpressing cells (fig. S1H). B5x1D8 showed marginal binding
activities to the untransfected cells expressing mB7-H3 in variable
levels. The tumor cells did not express 4-1BB; therefore, the weak
binding activities of B5x1D8 in untransfected cells are possibly due
to the cross-reactivity of B5 to mB7-H3 (fig. S1, I and J).

Functional characterization of B7-H3x4-1BB bsAb

To study the T cell costimulatory activity of B7-H3x4-1BB bsAb, we
tested its effect on the up-regulation of CD25, CD44, and CD11c
(32) on CD8 T cells and IFN-y secretion in the presence of anti-
CD3e mAb and irradiated MC38"* ™. Both B5x1D8 and 1D8
increased the expression of CD25, CD44, and CDl11c, and IFN-y
secretion in a dose-dependent manner (Fig. 1, A and B), whereas
hIgG1 isotype and B5 did not. In this experimental system, B5x1D8
was more potent compared to 1D8 and showed a lower half-maximal
effective concentration (ECs) (Fig. 1C). To determine B7-H3-
dependent T cell costimulatory activity of B7-H3x4-1BB bsAb, we
used untransfected MC38 cells as a control. B5x1D8 specifically
induced the up-regulation of CD25 and CD44 on CD8 T cells in the
presence of hB7-H3, but 1D8 up-regulated CD25 and CD44 regard-
less of hB7-H3 expression (Fig. 1D). We labeled 1D8, B5, and
B5x1D8 with a near-infrared (NIR) fluorochrome to visualize each
antibody. Mice bearing subcutaneously implanted MC38"573
tumors were intravenously injected in the tail vein with NIR-labeled
antibodies. The dose of each antibody was normalized on the basis
of molarity. Tumor tissue and spleen were collected and imaged
24 hours after intravenous injection (Fig. 1E, left). B5x1D8 and B5
showed increased tumor localization with a tumor/spleen ratio of
3.50 + 0.42 and 4.36 + 0.63 (means + SD), respectively, compared to
that of 1D8 (1.60 * 0.37), which corresponds to nonspecific tumor
accumulation (Fig. 1E, right). The tumor/spleen ratio of B5x1D8
was slightly decreased compared to that of B5, although there was
no statistical significance. As we used the same amount (based on
molarity) of both antibodies, there might be a possibility that tumor
vascular leakage may be hindered depending on the molecular weight
of antibodies. In summary, B7-H3x4-1BB bsAb has a B7-H3-
targeted CD8 T cell costimulatory activity and shows high tumor
localization compared to the IgG-based 4-1BB agonistic antibody.

Absence of systemic irAEs following B7-H3x4-1BB

bsAb treatment

We addressed the toxicity induced by 4-1BB stimulation by com-
paring B5x1D8 and 1D8. Naive immunocompetent mice were in-
traperitoneally injected with hIgG1 isotype, B5x1D8, or 1D8 once a
week for 4 weeks and euthanized a week later (fig. S2A). The treat-
ment with B5x1D8 did not alter the BM cell population. In contrast,
1D8 decreased the total BM cells, accompanied by a decrease in
CD19" B and NK cells, whereas T cells were increased (fig. S2B) as
previously described (13). Liver toxicity is a major limitation of
systemic administration of the 4-1BB agonist. Treatment with 1D8
significantly elevated the level of alanine aminotransferase (ALT) in
the serum, which is a hallmark of liver damage (fig. S2C). There is
no significant elevation of aspartate aminotransferase (AST) fol-
lowing 1D8 treatment. Apart from this, 1D8 induced enlargement
of the liver as determined by weight, and increased infiltration of
CD8 T cells, whereas infiltration of NK and CD4 T cells was de-
creased. However, B5x1D8 did not cause any change in the infiltration

20f 15

T20Z ‘LT Arenuer uo /610 Bewadusios saoueApe//:dny Wol) papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

CD25 CD44 CD11c B
15,000~ 1000~ 3000 250- ~ ISOTYPE
Rk - 1D8
8001 25001 [ 31 = 2004 - B5
10,000 £ -s- B5x1D8
— 600-] 2000 S 1501
[ £
= 400- 1500+ 3~ 1004
5000- >
200 1000 L 504
0 . . . 0 . . ; , 500 . . . . 0 . . , )
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
[Ab], pg/ml, log [Ab], pg/ml, log [Ab], pg/ml, log [Ab], pg/ml, log
Cc D CD25 CD44
ECg (pg/ml) 5000q NS _sss 10,000 NS _eeee
Parameter e farx NS, - zexns - I ISOTYPE
1D8 B5x1D8 4000 8000 — 1D8
CD25 ~216,249 22,281 — 30004 6000 £ B5x1D8
CD44 ~222,149 40,806 = 2000 4000
CD11c ~231,295 35,232 1000 ﬂ 2000 ﬂ ﬂ
IFN-y 75,948 12,052 0 ﬂ : ﬂ : 0 : :
MC38 MC38hB7-H3 MC38 MC38hB7-H3
E s T
'1440
1D8 6y —
o xS * 1D8
® : °B5
S+ _—I.: ® B5x1D8
B5 3 e
_Q_ [ ]
X
21 e
9]
£ E3
B5x1D8 2
0 o

Fig. 1. Functional characterization of B7-H3x4-1BB bsAb. (A and B) Dose-dependent costimulatory activity of higG1 isotype, 1D8, B5, and B5x1D8 on CD8 T cells
stimulated with anti-CD3e (1 pg/ml) and irradiated MC38"87H3 Flow cytometric analysis of surface expression on CD8a" T cells (A) and IFN-y secretion by ELISA (B)
72 hours after stimulation. (C) ECsq values for each parameter. (D) Flow cytometric analysis of surface expression on CD80" T cells stimulated with anti-CD3e (1 ug/ml) and
irradiated wild-type MC38 or MC38"87*3 with indicated antibodies (1 ug/ml) 72 hours after stimulation. (E) Representative ex vivo fluorescence images of spleen (S) and

tumor (T) (left), and tumor/spleen ratio (right) from MC38"7+3

tumor-bearing mice 24 hours after intravenous injection of 37.5 ug of 680XL-labeled mAb (1D8 and B5) or 50.0 ug

of 680XL-labeled B5x1D8 (n =3 per group). *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001, two-way analysis of variance (ANOVA) with Bonferroni posttests compared
with higG1 isotype group (A and B), two-way ANOVA with Bonferroni posttests (D), and one-way ANOVA with Bonferroni’s multiple comparison test (E). ns, not significant.

of immune cells into the liver (fig. S2D). 1D8 caused a reduction in
the white blood cell counts at the time of analysis, accompanied by
a decrease in the lymphocytes in the blood. 1D8 also increased the
granulocyte population but did not affect the monocyte population
in the blood, whereas B5x1D8 did not affect any of the complete
blood counts (fig. S2E). Furthermore, treatment with 1D8 induced
lymphadenopathy (fig. S2F) and splenomegaly (fig. S2G, left), as
demonstrated by the weights of the corresponding tissues. The
splenic immune cell composition was slightly altered following
treatment with 1D8, including a decrease in NK cells and an in-
crease in CD11b" cells, while treatment with B5x1D8 did not affect
the immune cell composition in the spleen (fig. S2G, middle).
Although 1D8 did not induce an increase in CD8 T cells in the
spleen than the other tissues, the frequency of CD62L™ CD44" effec-
tor CD8 T cells was elevated in the 1D8-treated mice (fig. S2G,
right). Overall, the administration of B7-H3x4-1BB bsAb does not
induce any of systemic irAEs, which were manifested by the IgG-
based 4-1BB agonist treatment.
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Antitumor activity of B7-H3x4-1BB bsAb
To study the antitumor efficacy of B7-H3x4-1BB bsAb, we used the
MC38"B7-H3 experimental tumor model (Fig. 2A). Injection of B5x1D8 in
mice bearing MC38"7H3 tumors (average diameter of 2 to 4 mm)
resulted in eradicating tumors in 13 of 14 (93%) mice. Treatment
with 1D8 resulted in complete regression in 13 of 14 (93%) mice,
the same as that observed with B5x1D8 treatment (Fig. 2, B and C).
These data indicate that the magnitude of the antitumor response
provided by B7-H3x4-1BB bsAb was equivalent to that observed for
the agonistic 4-1BB antibody 1D8. All mice treated with the hIgG1
isotype or B5 showed tumor progression and were euthanized within
6 weeks after the tumor cell injection (Fig. 2C). To test whether
these treatments induced liver toxicity, we collected serum from
each mouse 7 days after the final treatment. As in a previous result
with naive mice (fig. S2C), 1D8 treatment elevated serum ALT,
whereas other treatments, including B5x1D8, did not (Fig. 2D).

To validate whether the tumor-targeted clustering of 4-1BB elicits the
antitumor activity of B7-H3x4-1BB bsAb, we used the DANA-mutated
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Fig. 2. Antitumor activity of B7-H3x4-1BB bsAb. (A) Experimental scheme of bsAb treatment in MC38hB7H3 tumor-bearing C57BL/6 or 4-1BB KO mice (n=7to 14 per
group). WT, wild type. (B to D) Tumor growth curves (B), survival curves (C), and serum ALT (D) for each group of C57BL/6 mice. (E and F) Tumor growth curves (E) and
serum ALT (F) for C57BL/6 or 4-1BB KO mice. (G and H) Experimental scheme for rechallenge of long-term survivors from 4-1BB agonist treatments (B) with MC38 alone
(G) or both MC38 and B16-F10 (H). Survival curves for mice inoculated MC38 alone (G, right). Tumor growth curves for individual mice inoculated MC38 (H, middle) and
B16-F10 (H, right). (1 to K) B16-F1 QhB7-H3 tumor-bearing C57BL/6 mice (n =10 per group) treated with indicated antibodies. Tumor growth (|, right), survival (J), and serum
ALT (K). (L to N) CT26"7"3 tumor—bearing BALB/c mice (n=10 to 11 per group) treated with indicated antibodies. Tumor growth (L, right), survival (M), and serum ALT
(N). mAb (10.0 ug) and bsAb (13.3 ug) were used in all experiments. Numbers in survival curves indicate tumor-free mice/total mice at the end of the experiment. *P < 0.05;
**P <0.01; **P <0.001; and ****P < 0.0001, two-way ANOVA with Bonferroni posttests (B, E, |, and L), one-way ANOVA with Bonferroni’s multiple comparison test (D, F, K,
and N), and log-rank (Mantel-Cox) test (C, G, J, and M).
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HER2x1D8 as a B7-H3 nonbinding control bsAb. HER2x1D8 failed
to costimulate CD8 T cells in the presence of irradiated MC38"E7 13,
while B5x1D8 costimulated T cells (fig. S3A). HER2x1D8 showed a
marginal T cell costimulatory activity only in the presence of a cross-
linking antibody, suggesting the clustering of bsAb is required for
the costimulatory activity of anti-4-1BB scFv (fig. S3B). Consistently,
treatment of HER2x1D8 could not induce the antitumor activity in
MC3ghB7H3 tumor-bearing mice (fig. S3C). These data demon-
strated that the tumor antigen (B7-H3)-driven 4-1BB clustering is
required for the antitumor activity of B5x1D8 and that the 4-1BB
bivalency with 1D8-scFv alone cannot generate 4-1BB agonistic ac-
tivity both in vitro and in vivo. To confirm that the host 4-1BB is
required for the antitumor immune response induced by B5x1D8
or 1D8, we introduced MC38™73 cells into 4-1BB knockout (KO)
mice (Fig. 2A). Treatment with B5x1D8 or 1D8 did not induce tu-
mor regression (Fig. 2E), with no elevation of serum ALT (Fig. 2F)
in the 4-1BB KO mice. To investigate whether B7-H3x4-1BB bsAb
could generate long-lasting and tumor-specific immunity, the mice
that rejected the MC38™® ™ tumor following treatment with B5x1D8
or 1D8 (Fig. 2C) were rechallenged with MC38 tumor cells alone or
along with B16-F10 tumor cells (Fig. 2, G and H). Mice cured by
B5x1D8 or 1D8 treatment were resistant to rechallenge with MC38
parental tumor cells but susceptible to irrelevant B16-F10 tumor
cell challenge (Fig. 2, G and H), showing that the B7-H3-targeted
4-1BB costimulation could elicit long-lasting immunological memory
specifically against MC38 tumors.

To study the antitumor activity of B7-H3x4-1BB bsAb in other
murine tumor models, we used B16-F10"¥ 3 and CT26"7H3
tumor models. Treatment with B5x1D8 or 1D8 delayed tumor growth
and increased the survival rate (Fig. 2, I and J) in the B16-F10M%7 13
tumor model. As in the MC38™ ™ tumor model, 1D8 elevated the
ALT level in the serum, whereas B5x1D8 did not (Fig. 2K). Injec-
tion of B5x1D8 and 1D8 in BALB/c mice bearing CT26" 13 tumors
induced tumor regression in 7 of 10 (70%) and in 9 of 11 (81.8%)
animals, respectively (Fig. 2, L and M). We did not observe signifi-
cant differences in serum ALT following each treatment in the
BALB/c mice (Fig. 2N). B16-F10 is known as a poorly immunogenic
tumor, but MC38 and CT26 are regarded as immunogenic tumors
with a higher mutational load (33, 34). This different nature of tumor
cells may lead to different outcomes after B7-H3x4-1BB bsAb treat-
ment showing better responses against the immunogenic tumor model
(MC38 and CT26) than the poorly immunogenic tumor model
(B16-F10). Collectively, B7-H3x4-1BB bsAb generated a protective
antitumor response without hepatotoxicity, and the antitumor ac-
tivity was not tumor type and strain specific.

Role of CD8 T cells for B7-H3x4-1BB bsAb-mediated
antitumor activity

The antitumor mechanism of IgG-based agonistic 4-1BB antibodies
depends on the increase in antitumor CD8 T cells (35, 36) and sub-
sequent IFN-y production (34). To determine whether B7-H3x4-1BB
bsAb induces antitumor CD8 T cells, we analyzed the tumor-infiltrating
lymphocytes (TILs) following the final treatment with bsAb (Fig. 3A).
CD8 T cells were increased to 40% of the CD45" immune cells fol-
lowing B5x1D8 treatment, while CD8 T cells constituted less than
10% of the CD45" immune cells in the hIgGl isotype-treated mice.
Also, B5x1D8 treatment increased Ty cells and decreased NK cells
(Fig. 3A, left), although these changes were relatively marginal. We
found that the expression of effector molecules (37) responsible for

You etal., Sci. Adv. 2021; 7 : eaax3160 15 January 2021

the suppressive functions of Treg, such as CD25, CTLA-4, and gran-
zyme B (GzmB) in intratumoral Ty, cells, was down-regulated
following B5x1D8 treatment (fig. S4), suggesting a suppressive role
of bsAb in T function. The number of immune cells in the tumor
showed a marked increase in CD8 T cells following B5x1D8 treat-
ment (Fig. 3A, right), resulting in elevated CD8/T\g ratio within the
tumor microenvironment (TME) (Fig. 3B). B5x1D8 augmented the
production of both IFN-y and TNF-a in CD8 T cells (Fig. 3C),
which is analogous to the reported action of 4-1BB agonistic mAbs.
Consistently, we observed increased levels of IFN-y and TNF-a in
the tumor lysate following B5x1D8 treatment (Fig. 3D). B5x1D8
treatment increased the Ki-67-expressing CD8 T cells, which indi-
cates cellular proliferation, leading to an increase in the number of
proliferating CD8 T cells (Fig. 3E). However, we did not observe a
significant difference in GzmB expression in CD8 T cells (Fig. 3F).
Notably, 1D8 treatment displayed the functional activity similar to
B5x1D8, augmenting the number and functions of CD8 T cells in
tumors (fig. S5, A to C). Cell depletion experiments further con-
firmed the CD8-dependent activity of B5x1D8, showing that the
antitumor efficacy of B5x1D8 was completely abrogated in the
absence of CD8 T cells, while CD4 T and NK cells were dispensable
(Fig. 3G), as shown in a previous report (36).

The analysis of immune cells in the tumor-draining lymph node
(tdLN) showed no significant change of T cells after B5x1D8 treatment
(fig. S5D). However, the frequencies of activated (CD44"PD-1")
and proliferating (Ki-67") CD8 T cells in the tdLN were up-regulated
in the mice treated with 1D8, but not with B5x1D8 (fig. S5E). These
data suggested that the increased number of CD8 T cells in tumors
by B5x1D8 treatment is likely due to T cells” in situ proliferation
within the tumor, but not the recruitment of proliferated T cells in
the tdLN.

Increased PD-1* Tim-3* terminally differentiated CD8 T cells
following B7-H3x4-1BB bsAb treatment

4-1BB is expressed on PD-1* CD8 T cells in the TME. Recent stud-
ies have shown that, among the PD-1" CD8 T cells, Tim-3" termi-
nally differentiated cells highly express 4-1BB at the RNA level
compared to TCF1" stem-like cells (21, 22, 26). Thus, we analyzed
4-1BB expression at the protein level in the CD8 T cell subpopula-
tions in our MC38"® ™3 tumor model. We found 4-1BB expression
only in the PD-1¥ CD8 T cells, especially in the Tim-3" terminally
differentiated cells, 7 days after the tumor injection (fig. S6). Similar
to RNA expression of 4-1BB in previous reports, TCF1" stem-like
cells do not express the 4-1BB protein (fig. S6B).

To study the impact of 4-1BB agonists on each CD8 T cell sub-
population, we treated MC38hE7H3 tumor-bearing mice with B5x1D8.
As in the previous experiment, we analyzed the TIL population 4 days
after the final treatment. B5x1D8 treatment significantly increased
the number of PD-1"Tim-3" terminally differentiated CD8 T cells
(Fig. 4A). We further dissected the change within the CD8 T cell
subpopulations with TCF1 and found that treatment with the 4-1BB
agonist decreased the frequency of TCF1"Tim-3" cells within the
PD-17 CD8 T cells but did not significantly alter TCF1 Tim-3* PD-1"
CDS8 T cells (Fig. 4B). Given the expression of 4-1BB in Tim-3" ter-
minally differentiated cells, our results suggest that 4-1BB agonists
act on terminally differentiated cells and enhance their amplifica-
tion in the tumor. The expression pattern of transcription factors
such as Eomesodermin (Eomes) and T-box expressed in T cells
(T-bet) is also linked to the differentiation of CD8 T cells in the
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Fig. 3. Role of CD8 T cells for B7-H3x4-1BB bsAb-mediated antitumor activity. MC38he7H3 tumor-bearing C57BL/6 mice (n =4 to 7 per group) were treated, as shown
in Fig. 2A. Tumor tissues were analyzed 4 days after the last treatment. (A) Flow cytometric analysis of TIL composition (left) and cell count per milligram of the tumor
(right). (B) CD8 T cell/Tyeq cell ratio. (C) TNF-o and IFN-y in restimulated CD8 TILs. (D) Levels of TNF-o and IFN-y in the tumor lysate by ELISA. (E and F) Flow cytometric
analysis of Ki-67 (E) and GzmB (F) expression in CD8 TILs. The numbers in each plot indicate the percentage of cells expressing each molecule. Representatives of two in-
dependent experiments were shown. (G) Tumor growth from MC38he7H3 tumor-bearing C57BL/6 mice (n =7 per group) treated with 10.0 ug of hlgG1 isotype or 13.3 ug
of B5x1D8 and 200 ng of depletion antibody. Black and blue arrows indicate treatment points and depletion antibody injection points, respectively. *P < 0.05;
**P<0.01; ***P <0.001; and ****P <0.0001, unpaired Student’s t test (A to F) and two-way ANOVA with Bonferroni posttests compared with phosphate-buffered saline

(PBS) + ISOTYPE-treated group (G).

TME. The terminally differentiated CD8 T cells express a high level
of Eomes but a low T-bet (38, 39). A previous report showed that
the 4-1BB agonist increases the level of Eomes and does not change
in the level of T-bet in KLRG1" CD8 T cells from mice bearing B16
tumor (40). Similarly, we found an increase in Eomes, but no change
in T-bet expression, within the PD-1" CD8 T cells following B5x1D8
treatment (Fig. 4C). Therefore, these results also suggest that
B7-H3x4-1BB bsAb increases terminally differentiated CD8 T cells
in the tumor.

Synergistic effect of B7-H3x4-1BB bsAb with PD-1 blockade
4-1BB agonist treatment synergized with ICBs, such as anti-PD-1 in
various mouse tumors (41-43). To test the antitumor effect of

You etal., Sci. Adv. 2021; 7 : eaax3160 15 January 2021

B7-H3x4-1BB bsAb in combination with anti-PD-1 in an advanced
tumor model, we started treating MC38"> ™ tumor-bearing mice
12 to 14 days after the tumor injection (when the tumor reached an
average volume of 100 to 200 mm?; Fig. 5A). Treatment with anti—
PD-1 or B5x1D8 alone showed significant inhibition of tumor
growth compared to the isotype control-treated group (Fig. 5B).
Treatment with B5x1D8 alone resulted in complete tumor regres-
sionin 2 of 10 (20%) mice (Fig. 5, C and D). B5x1D8 and anti-PD-1
combination therapy synergistically inhibited tumor growth (Fig. 5B)
and induced complete tumor regression in 7 of 10 (70%) mice
(Fig. 5, C and D). These data indicate that B7-H3x4-1BB bsAb gen-
erates a synergistic antitumor response with PD-1 blockade. We also
tried combination therapy with other ICBs such as anti-CTLA-4
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and anti-Tim-3, because 4-1BB agonistic antibodies showed synergy
with those ICBs in mounting antitumor activity in previous studies
(44, 45). However, the blockade of CTLA-4 or Tim-3 did not aug-
ment the antitumor activity of B5x1D8 (fig. S7).

In contrast to the palpable tumor model, B5x1D8 treatment alone
did not increase CD8 T cells in the advanced tumors; however, the
combination of B5x1D8 and anti-PD-1 markedly increased CD8
T cells (Fig. 5E). The frequency of proliferating (Ki-67") CD8 T cells
was not changed (Fig. 5F), but GzmB-expressing CD8 T cells were
increased in the anti-PD-1-treated or combination-treated mice
(Fig. 5G). B5x1D8 or anti-PD-1 alone increased Tim-3" terminally
differentiated cells in the advanced tumors, with the TCF1* stem-
like CD8 T cells remaining unchanged (Fig. 5H). However, the
combination of B5x1D8 with anti-PD-1 further up-regulated the
proportion of terminally differentiated CD8 T cells, whereas the stem-
like cells were down-regulated (Fig. 5H), resulting in increased ter-
minally differentiated to stem-like cell ratio. These data suggest that
the strong antitumor activity elicited by the combination regimen
correlates with an increase in terminally differentiated CD8 T cells
in the TME. Recently, Miller et al. showed that anti-PD-1 acts pref-
erentially on TCF1" stem-like CD8 T cells, resulting in the proliferation
and differentiation of these cells into Tim-3" terminally differenti-

You etal., Sci. Adv. 2021; 7 : eaax3160 15 January 2021

ated cells (20, 21). Therefore, these data suggest that PD-1 blockade
and B7-H3x4-1BB bsAb target different subsets of CD8 T cells in
the TME, such as the stem-like and terminally differentiated cells,
respectively, ultimately increasing the population of fully differenti-
ated effector CD8 T cells that exerts tumoricidal function.

Functionality and antitumor efficacy of B7-H3x4-1BB bsAb
in PBMC and h4-1BB Kl mice

On the basis of the previous studies in mice, we next sought to de-
termine the effect of B7-H3x4-1BB bsAb on the h4-1BB system. To
do this, we first generated an anti-h4-1BB mAb, 1A10. The binding
epitope of 1A10 was different from that of the urelumab analog, a
reference ligand nonblocking anti-h4-1BB agonistic mAb (46). 1A10
clone also does not block human 4-1BBL binding to h4-1BB, like
ligand nonblocking 1D8 clone (30) used in the mouse study. The
urelumab analog activates 4-1BB signaling without engagement;
however, 1A10 activates 4-1BB signaling only after engaging with
the cross-linking antibodies (fig. S8). Next, we generated a 1A10-
scFv-linked anti-B7-H3 bsAb, B5x1A10, and compared the phar-
macokinetics of B5 and B5x1A10 in mice. These two antibodies
have similar pharmacokinetic profiles; serum half-life (T},,) of B5
was 6.7 + 0.4 days, and T/, of B5xX1A10 was 6.3 + 0.3 days in naive
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Fig. 5. Synergistic effect of B7-H3x4-1BB bsAb with PD-1 blockade on tumor growth and development of terminally differentiated CD8 T cells. (A) Experimental

scheme of combination therapy of bsAb and anti-PD-1 in MC38"%7 3

tumor-bearing C57BL/6 mice (n =10 per group). mAb (37.5 ug) and bsAb (50.0 ug) were treated with

ratIlgG2a isotype (ISO) or anti-PD-1 (200 pg). (B to D) Tumor growth curves (B), survival curves (C), and tumor growth curves for individual mice (D). Numbers in each plot
in (D) indicate tumor-free/total mice ratios. (E to H) Flow cytometric analysis of CD8 T cells (E), Ki-67 (F), and GzmB (G) expression on CD8 T cells, TCF1*PD-1" stem-like CD8
T cells (H, left), Tim-3*PD-1* CD8 T cells (H, middle), and Tim-3"PD-1" CD8 T cell/TCF1*PD-1* CD8 T cell ratio (H, right) at day 20. Data represent means + SD of pooled bi-
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ANOVA with Bonferroni posttests (B), log-rank (Mantel-Cox) test (C), and one-way ANOVA with Bonferroni’s multiple comparison test (E to H).

mice after single intravenous injection. These data indicate that bsAb
behaves similarly to a conventional mAb in mice.

To test the 4-1BB agonistic activity of B5x1A10, we cocultured
h4-1BB-expressing reporter cells with B7-H3-expressing cells, in-
cluding MCF-7, HCC1954, MDA-MB-231, and PANC-1 cells, and
found that B5x1A10 activated the nuclear factor kB (NFxB) signaling
pathway downstream of the 4-1BB receptor. In contrast, B5x1A10
did not activate the NFkB pathway with KATO III cells (Fig. 6A),
which do not express B7-H3 (fig. S1C). The urelumab analog acti-

You etal., Sci. Adv. 2021; 7 : eaax3160 15 January 2021

vates 4-1BB signaling regardless of B7-H3 expression on the cells
(Fig. 6A). Thus, these data indicate that B5x1A10 needs tumor
antigen-mediated 4-1BB receptor clustering for their activity. Further-
more, we used human peripheral blood mononuclear cells (PBMCs)
to test whether B5x1A10 could activate Erimary human CD8 T cells.
PBMCs were cocultured with B7-H3"8" HCC1954 cells with differ-
ent concentrations of 4-1BB agonists, including 1A10, B5x1A10,
and the urelumab analog. B5x1A10 increased IFN-y secretion
(Fig. 6B) and tumor cell lysis (Fig. 6C) with much higher efficacy
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than the urelumab analog. In contrast, 1A10 alone could not acti-
vate human PBMCs.

Last, we evaluated the in vivo antitumor efficacy of B5x1A10 on
MC38™M3 tumors in the h4-1BB knock-in (KI) mice. Treatment
of h4-1BB KI mice bearing established MC38"*" " tumors with B5
and hIgGl isotype failed to suppress tumor growth (Fig. 6D). In
contrast, administration of B5x1A10 inhibited tumor growth in the
h4-1BB KI mice, although its antitumor effects were slightly vari-
able between two independent experiments (Fig. 6, D and E). Con-
sistent with the previous data (Fig. 3A), CD8" cells significantly
increased in tumor tissue following B5x1A10 treatment (Fig. 6F).
Collectively, these data suggest that B5x1A10 can be used as immuno-
therapy for patients with B7-H3-positive cancer.

DISCUSSION
Agonistic anti-h4-1BB antibodies have not advanced beyond early
clinical trials because of severe hepatotoxicity (urelumab) and low
efficacy (utomilumab) (7). To overcome these issues, several groups
have attempted using bispecific approaches to restrict 4-1BB ago-
nism in a tumor-specific manner by simultaneously targeting TAA:
EGFR-targeted trimerbody (17), FAP or CD19-targeted 4-1BBL
(18), and HER2-targeted 4-1BB agonistic anticalin (19). Treatment
with these 4-1BB bispecifics has provided proof of concept by show-
ing antitumor efficacy with significantly reduced irAEs. However,
several issues need to be resolved to further improve the 4-1BB
bispecifics, for example, adopting more tumor-specific antigens,
applying in combination with other cancer therapy like ICBs, and
understanding the mode of action through which 4-1BB bispecifics
regulate T cells in the TME. Here, we present an alternative bsAb, the
B7-H3-targeted 4-1BB agonistic bsAb (B7-H3x4-1BB), which is a
tetravalent IgG-scFv bispecific form containing DANA mutation in the
IgG backbone to eliminate FcyR binding. B7-H3x4-1BB bsAb binds
to B7-H3 and 4-1BB simultaneously, which leads to 4-1BB clustering
through the cross-linking of B7-H3-binding arms in the TME. In
healthy tissues, neither B7-H3 binding nor FcyR binding-mediated
4-1BB clustering occurs, resulting in the absence of toxicity (fig. SOA).
Immunotherapies targeting B7-H3, including chimeric antigen
receptor T cells, are currently under clinical investigation in multiple
solid tumors (NCT02982941, NCT01391143, and NCT04185038),
highlighting B7-H3 as an effective therapeutic target for cancer. The
expression of B7-H3 in a steady state at the protein level is quite
limited in healthy tissues, although mRNA expression of B7-H3 has
been reported in multiple organs. Numerous reports have described
the overexpression of B7-H3 protein in various types of cancer, in-
cluding colorectal cancer, melanoma, and atypical teratoid/rhabdoid
tumors (47). Tumor cells and tumor-associated endothelial and stro-
mal cells also express B7-H3 at the cell surface (28, 29, 48). High
expression of B7-H3 within the tumor tissue is correlated with bad
prognosis, poor clinical outcome, and lymph node metastasis (49).
The molecular mechanism of B7-H3-mediated tumor growth and
immune evasion remains unclear. B7-H3 is believed to be a coin-
hibitory receptor in the B7-CD28 pathway (50, 51), and the interac-
tion with an as-yet-unidentified ligand decreases the proliferation
and cytokine production of T cells (52). Given the immunoregulatory
role of B7-H3, the blockade of B7-H3 induces antitumor activity
(29, 53). The anti-B7-H3 antibody (B5) used in this study also reversed
B7-H3-mediated T cell inhibition in vitro. Therefore, B7-H3x4-1BB
bsAbs could provide B7-H3 blocking effects along with 4-1BB agonism
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on the T cells within the tumor tissue. Because of the low cross-
reactivity of B5 mAb with mB7-H3, we did not observe any antitumor
activity in murine tumor models in this study following treatment
with B5 mAb alone. However, it is tempting to speculate that the
anti-B7-H3 arm of the 4-1BB bispecifics may play dual roles in
humans: tumor-specific targeting and suppression of immune reg-
ulation through B7-H3.

The antitumor effect of B7-H3x4-1BB bsAb is mainly mediated
by CD8 T cell immunity to tumors, as observed in 4-1BB agonistic
mAbs. We also observed a marginal increase in Tieg cells and, inter-
estingly, down-regulation of effector molecules (CD25, CTLA-4, and
GzmB) in T cells following B7-H3x4-1BB bsAb treatment. These
data suggest that B7-H3x4-1BB bsAb may decrease suppressive
functions of T cells and elicit antitumor immunity by coopera-
tively modulating CD8 T cells and T, cells, although further inves-
tigation is needed on the role of intratumoral Ty, cells in the
B7-H3x4-1BB-mediated antitumor immunity. Also, we found that
B7-H3x4-1BB bsAb acts on the tumor-infiltrating CD8 cells, only a
fraction of which express 4-1BB, suggesting that the regulation of
4-1BB" CD8 TILs by bsAb in tumors is the prime mode of its anti-
tumor action. Recent studies have reported two functionally distinct
CDS8 TIL subsets, the TCF1* stem-like and Tim-3" terminally dif-
ferentiated populations, which distinctly express the immune check-
point molecules (20-22). Effective tumor control requires both cell
populations; terminally differentiated cells act as short-lived primary
cytotoxic effector cells, whereas the stem-like cells are poorly cyto-
toxic but act as a reservoir to replenish the terminally differentiated
cell population (21, 23-25). B7-H3x4-1BB bsAb appears to target
the Tim-3" terminally differentiated CD8 TILs that express 4-1BB
protein at a high level for augmenting their proliferation and func-
tions, and collectively increases the number of tumoricidal CD8
TILs. In contrast, the TCF1" stem-like CD8 TILs do not respond to
bsAb, likely because of the absence of 4-1BB expression. Although
both stem-like and terminally differentiated CD8 T cells express
PD-1, the blockade of PD-1/PD-L1 interaction affects the stem-like
cells, enhancing their proliferation and differentiation into termi-
nally differentiated cells (20, 21, 23, 26) that are the main targets of
B7-H3x4-1BB bsAb. Therefore, combination therapy with anti-PD-1
and bsAb targets distinct cell populations to synergistically increase
Tim-3" terminally differentiated CD8 TILs, leading to improved
antitumor activity (fig. S9B).

In summary, our study presents a bispecific 4-1BB agonistic anti-
body based on the IgG-scFv. This bsAb has potent antitumor efficacy
against multiple tumors and does not induce 4-1BB-mediated toxicity.
The in situ activation of 4-1BB by bsAb in tumors specifies its
target to the tumoricidal effector CD8 T cells and cooperates with
PD-1 blockade, which replenishes the precursors of the effector CD8
T cells. Recent data collected from human cancer patients suggest
that 4-1BB is predominantly expressed on PD- 1" Tim-3* terminally
differentiated CD8 TILs (54, 55). These 4-1BB-expressing CD8 T cells
showed higher proliferative potential and were further enhanced
by PD-1 blockade (56). Therefore, B7-H3x4-1BB bsAb represents
a promising immunotherapeutic against human cancers.

MATERIALS AND METHODS

Expression and purification of recombinant antibodies

For expression of recombinant antibodies, synthetic genes encoding
the mAb (B5, 1D8, urelumab analog, and 1A10) or bsAb (HER2x1DS8,
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B5x1D8, and B5x1A10) were subcloned into pcDNA 3.4-TOPO
plasmid using the pcDNA 3.4-TOPO TA Cloning Kit (Thermo
Fisher Scientific, A14308). To produce recombinant antibodies,
plasmids encoding each antibody were transfected to ExpiCHO-S
cells (Thermo Fisher Scientific, A29127) using the ExpiCHO Ex-
pression System Kit (Thermo Fisher Scientific, A29133, containing
ExpiFectamine CHO Reagent, ExpiFectamine CHO Enhancer, and
ExpiCHO Feed). ExpiCHO-S cells were maintained in a shaking
incubator at 37°C with 8% CO, and prepared by diluting the Ex-
piCHO Expression Medium (Thermo Fisher Scientific, A29100) at
a cell concentration of 6 x 10° cells/ml on the day of transfection.
The ExpiFectamine CHO Reagent/plasmid complex was prepared
in OptiPRO SFM (Thermo Fisher Scientific, 12309), incubated for
5 min at room temperature, and then transferred to the prepared
cells. After 20 hours of incubation, ExpiFectamine CHO Enhancer
(used to enhance protein production) and ExpiCHO Feed (used to
support long-term, high-density transient transfection) were added
and then further incubated for 7 to 10 days. Recombinant antibodies
were purified from the cell culture fluid by protein A affinity chro-
matography using a HiTrap MabSelect SuRe column (GE Healthcare,
28-4082-55). The column was equilibrated by equilibration buffer
[50 mM tris-HCI (pH 7.4), 100 mM NaCl] and then loaded with cell
culture fluid. The antibody was eluted using elution buffer (50 mM
citrate, pH 3.4) and then neutralized to pH 6.5 using 1 M tris-HCl
(pH 9.0). Purified antibodies were concentrated in formulation buffer
(20 mM histidine, 7% trehalose) by ultrafiltration using an Amicon
Ultra 15 30K device (Merck, UFC903096), and protein concentrations
were measured using NanoDrop One (Thermo Fisher Scientific).
Endotoxin levels were <1.0 endotoxin unit (EU)/mg as measured
by Endosafe nexgen-PTS (Charles River Laboratories).

Cell lines and culture conditions

Mouse cancer cells, MC38, a C57BL/6 colon adenocarcinoma cell
line, were purchased from Kerafast (ENH204-FP), and B16-F10, a
C57BL/6 skin melanoma cell line, and CT26, a BALB/c colon carci-
noma cell line, were purchased from the American Type Culture
Collection (ATCC) (CRL-6475 and CRL-2638, respectively). MC38
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM;
Welgene, LM001-05) supplemented with 10% fetal bovine serum
(FBS; GE Healthcare Life Sciences, SH30084.03), 1x anti-anti (Gibco,
15240), 1x GlutaMAX (Gibco, 35050), 10 mM Hepes (Gibco,
15630), 1 mM sodium pyruvate (Gibco, 11360), 0.1 mM MEM non-
essential amino acids (Gibco, 11140), and gentamicin (50 pug/ml;
Gibco, 15750). B16-F10 cells were grown in DMEM supplemented
with 10% FBS and 1x anti-anti. CT26 cells were grown in RPMI
1640 (Welgene, LM011-01) supplemented with 10% FBS and 1x
anti-anti. To establish hB7-H3-overexpressing murine tumor cell lines,
each cell line was transfected with B7-H3 (CD276) (NM_001024736)
Human Tagged ORF Clone (OriGene, RC215064) using Lipofectamine
3000 transfection reagent (Thermo Fisher Scientific, L3000). Stably
transfected clones were selected at a concentration of G-418 (700 pg/ml;
AG Scientific, G-1033) for MC38™* 13 cells and 500 pg/ml for B16-
F10"%713 and CT26™7 M cells. Human cancer cells, MCF-7 (HTB-22),
PANC-1 (CRL-1469), KATO III (HTB-103), and HCC1954 (CRL-2338),
were purchased from ATCC. MDA-MB-231 was purchased from the
Korean Cell Line Bank (30026). MCF-7 and PANC-1 cells were grown
in DMEM/F12 (Gibco, 11330) supplemented with 10% FBS (Gibco,
10099) and 1x anti-anti. HCC1954 and MDA-MB-231 cells were grown
in RPMI 1640 (Gibco, 22400) and 1x anti-anti. KATO III cells were
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grown in Iscove’s modified Dulbecco’s medium (IMDM) (Gibco, 12440).
All cells were grown at 37°C in a humidified incubator with 5% CO5.

Mice
We use 6-week-old female C57BL/6 (Orient Bio Inc.), 6- to 8-week-
old female in-house bred BALB/c, and 6- to 12-week-old 4-1BB KO
mice (C57BL/6 background; a gift from B. Kwon, University of
Ulsan, Korea). All mouse strains were maintained under specific
pathogen-free (SPF) conditions in an approved animal facility at
POSTECH Biotech Center. All animal experiments were conducted
according to the protocols approved by the Institutional Animal
Care and Use Committee of POSTECH.

h4-1BB KI mice [B-hCD137 (4-1BB) mice, C57BL/6-Tnfrs-
folmIINFRSES)Begen B oen, stock number: 110004], whose 4-1BB gene
is replaced by the h4-1BB gene, were supplied by Jiangsu Biocytogen
Co. Ltd. These mice were housed in an SPF barrier at the animal
center of Beijing Biocytogen Co. Ltd. Eight-week-old female h4-
1BB KI mice were acclimated for 3 days to 1 week after arrival and
used for experiments in Biocytogen Haimen Animal Center.

Mouse T cell costimulation assay

Tumor cells were irradiated (5 Gy) with an X-RAD 320 irradiator
(Precision X-Ray Inc.),and 1 x 10* tumor cells were seeded in a 96-well
plate. Spleens from C57BL/6 mice were dissociated into a single-cell
suspension using a 40-um cell strainer, treated with red blood cell
lysis buffer (Sigma-Aldrich, R7757), and further passed through a 100-um
cell strainer. A splenic single-cell suspension was then resuspended in
complete IMDM (cIMDM) (Welgene, LM004-01) supplemented
with 10% FBS, 1x anti-anti, and 55 uM 2-mercaptoethanol (Gibco,
21985). Splenocytes (5 x 10°) were placed in a 96-well plate and cul-
tured with In Vivo Ready anti-mouse CD3e mAD (1 ug/ml) (clone:
145-2C11; Tonbo Biosciences, 40-0031) alone or with purified
antibodies at the indicated dose. For cross-linking HER2x1D8,
hIgGI « (1 pug/ml) (Southern Biotech, 0151K-01) was added. Seventy-
two hours after culture, T cell activation was analyzed by flow
cytometry, and supernatants were collected and assayed for IFN-y
secretion by ELISA using a mouse IFN-y DuoSet ELISA kit (R&D
Systems, DY485).

Antibody binding assay

For the study on binding characteristics of anti-B7-H3 mAb or
B7-H3x4-1BB bsAb by ELISA, 0.1 ug of the following B7 family
antigens [diluted in phosphate-buffered saline (PBS)] was coated
on Nunc Maxisorp plates overnight at 4°C: hB7-H3/CD276/His tag
(11188-HO8H), human B7-1/CD80/His tag (10698-H08H), human
B7-2/CD86/His tag (10699-H08H), human B7-DC/PD-L2/CD273/His
tag (10292-HO8H), human B7-H1/PD-L1/CD274/His tag (10084-
HO08H), human ICOS-L/B7-H2/His tag (11559-H08H), human B7-
H4/B7S1/B7x/VCTN1/His tag (10738-H08H), human B7-H5/Gi24/
VISTA/His tag (13482-H08H), human B7-H6/His tag (16140-HO08H),
human B7-H7(ECD)/HHLA2/Fc tag (16139-H02H), cynomolgus
B7-H3(ECD)/Fc tag (90806-C02H), mB7-H3/His tag (50973-M08H),
and m4-1BB/His tag (50811-M08H) (all from Sinobio). After washing
with 0.05% Tween 20 in PBS and blocking with 1% bovine serum
albumin (Gibco, 30063) in PBS, purified antibodies were added and
incubated for 2 hours at 37°C. The wells were washed and incubated
for 1 hour at 37°C with horseradish peroxidase (HRP)-conjugated
goat anti-human IgG F(ab’), cross-adsorbed secondary antibody
(Pierce, 31414) and developed with 3,3',5,5'-tetramethylbenzidine
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(Sigma-Aldrich, T0440). Absorbance at 450 nm was measured by
SPECTROstar Nano (BMG Labtech).

SPR affinity assay was performed on a Biacore T200 (Cytiva).
Anti-B7-H3 mADb was captured on Sensor Chip Protein A (Cytiva,
20127). Determination of hB7-H3 binding affinity was performed
by applying dilutions of hB7-H3 protein (ranging from 3.125 to 100 nM)
to the chip surface with a flow rate of 30 pl/min for 60 s; HBS-EP
Buffer (Cytiva, BR100188) was passed over the surface for 180 s
while monitoring hB7-H3 dissociation. Kinetics was analyzed under
the 1:1 binding model (Langmuir model) by Biacore Insight Evalu-
ation Software (Cytiva).

SDS-polyacrylamide gel electrophoresis

Purified 1D8, B5, and B5x1D8 were prepared in NuPAGE LDS
sample buffer (Invitrogen, NP0007). For reducing samples,
2-mercaptoethanol (Sigma-Aldrich, M3148) was added in the sam-
ple buffer and heated at 70°C for 10 min. A total of 2.5 ug of each
antibody and Novex Sharp Pre-stained Protein Standard (Invitrogen,
LC5800) was loaded into the wells of NuPAGE 4-12% Bis-Tris Mini
Protein Gel (Invitrogen, NP0321). After electrophoresis, the gel was
stained by Imperial Protein Stain solution (Thermo Fisher Scien-
tific, 24615).

Antibody labeling and ex vivo imaging

Purified 1D8, B5, and B5x1D8 were labeled with the VivoTag
680XL Protein Labeling Kit (PerkinElmer, NEV11118), according
to the manufacturer’s protocol. MC38"5H3 cells were subcutane-
ously implanted into the 6-week-old female C57BL/6 mice. When
tumor volume reached about 150 mm®, mice were randomly allo-
cated to different treatment groups (n = 3 to 4 per group) and intra-
venously injected with 680XL-labeled antibody solution in PBS.
Twenty-four hours after intravenous injection, tumor tissue and
spleen were prepared and imaged using a red channel of a Fluores-
cence In Vivo Imaging (FOBI) system (NeoScience), which were
then analyzed using NEOimage software (NeoScience). The tumor/
spleen ratio was calculated by dividing the mean values of the iden-
tified region of interests.

Therapeutic studies

4-1BB agonist monotherapy

For studies with a palpable model, 0.5 x 10° MC38™71 61 0.1 x
10° B16-F10"573 cells were subcutaneously implanted into the right
flank of C57BL/6 and 4-1BB KO mice. CT26™" ™ cells (0.5 x 10°)
were subcutaneously implanted into the right flank of BALB/c
mice. Tumor growth was monitored by digital caliper measurements
three times a week, and tumor volume was calculated with the fol-
lowing formula: length x width x width x 0.5, where length is the
largest diameter and width is the smallest diameter. When the tumors
reached 2 to 4 mm in diameter, usually 6 to 8 days after inoculation,
mice were randomized to receive treatment. Tumor-bearing mice
were treated with two (for MC38 and CT26 tumor model) or four
(for B16-F10 tumor model) intraperitoneal injections (3-day inter-
val) of InVivoPlus hIgG1 isotype control (Bio X Cell, BP0297), 1D8,
B5, or B5x1D8. Four (for the B16-F10 tumor model) or 7 (for the
MC38 and CT26 tumor model) days after the last treatment, serum
was prepared to analyze the ALT/AST level. The dose of antibodies
is determined by their molar ratio: mAb:bsAb = 3:4. Mice were
euthanized when tumor size reached a diameter of 20.0 mm length.
The tumor-free status was classified as a tumor with a diameter of
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less than 3 mm for three or more consecutive measurements. To
study the immune memory responses, surviving mice from the
MC3g"B7H3 challenge and age-matched naive mice were subcuta-
neously implanted with 0.5 x 10° parental MC38 tumor cells, which
are not expressing hB7-H3, into the left flank. Some surviving
mice were subcutaneously implanted with parental MC38 tumor
cells on the left flank and irrelevant B16-F10 tumor cells on the
right flank.

For studies with h4-1BB KI mice, 0.5 x 10° MC38"¥ 1 cells
were implanted into the right front flank. Tumor-bearing mice
were randomly enrolled into treatment groups (n = 6 or 8 per
group) when the mean tumor size reaches approximately 100 mm?>
(80 to 120 mm?). Tumor-bearing mice were treated a total of five or
six intraperitoneal injections (every 3 days) of hIgG1 isotype (7.5 mg/kg),
B5 (7.5 mg/kg), 1A10 (7.5 mg/kg), or B5x1A10 (3 mg/kg) for Fig. 6D
and hIgG1 isotype (2.25 mg/kg) or B5x1A10 (3 mg/kg) for Fig. 6E.
Tumor growth was monitored twice a week, and mice were eutha-
nized when tumor volume reached 3000 mm”.
4-1BB agonist with ICB combination therapy
For the combination therapy, MC38"% tumor-bearing mice
were randomized to receive the treatment when the tumor reached
an average volume of 100 to 200 mm?®, usually 12 to 14 days after
inoculation. Tumor-bearing mice were treated with four intraperitoneal
injections (3-day interval) of hIgG1 isotype or B5x1D8 and two intra-
peritoneal injections (5-day interval) of InVivoMAD anti-mouse PD-1
(clone 29F.1A12), InVivoMADb anti-mouse CTLA-4 (clone 9D9),
InVivoMADb anti-mouse Tim-3 (clone RMT3-23), or InVivoMADb
rat IgG2a isotype control (clone 2A3) (all from Bio X Cell).

In vivo cell depletion

For a study with immune cell depletion, InVivoMADb anti-mouse CD4
(clone GK1.5), InVivoMADb anti-mouse CD8a. (clone 2.43), InVivoMAb
anti-mouse NK1.1 (clone PK136), and InVivoMADb rat IgG2b isotype
control (clone LTF-2) (all from Bio X Cell) were intraperitoneally
injected at -1, 1, 5, 8, and 11 days after the beginning of treatment
at a dose of 0.2 mg per injection. The depletion efficiency was vali-
dated by flow cytometric analysis of peripheral blood.

Toxicity studies

Six-week-old female C57BL/6 mice received hIgG1 isotype (37.5 ug
per injection), 1D8 (37.5 ug per injection), or B5x1D8 (50.0 ug per
injection) once a week for 4 weeks. Seven days after the last treat-
ment, mice were bled and sacrificed. Blood cells were analyzed with
a VetScan HM2 hematology system (Abaxis). Mouse serum was
obtained by centrifugation and stored at —80°C until analysis. Analysis
of serum levels of ALT and AST was performed by KPC Lab Inc. or
T&P Bio Co. Ltd. Tissues, including liver, spleen, and inguinal
lymph node, were surgically removed and weighed, and single-cell
suspensions were prepared for analyzing immune cell composition.
BM cells were prepared into single cells for analyzing changes in the
immune cell population.

Preparation of single cells from tumor tissue and tdLN

Tumor tissue and tdLN were harvested and weighed at 4 days after
the last treatment in the MC38"™ ™ palpable tumor model. Tumor
tissues were chopped and digested with 400 Mandl units of collage-
nase D (Roche, 11088882001) and deoxyribonuclease I (200 ug/ml;
Roche, 11284932001) for 30 min at 37°C. Digested tumor tissues
were dissociated into a single-cell suspension using a 100-pm cell
strainer. tdLN was dissociated into a single-cell suspension using a
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40-um cell strainer. All single-cell suspensions are then maintained
in the cIMDM for analysis.

Flow cytometry
Cell suspensions were washed and stained with Ghost Dye Violet
510 (Tonbo, 13-0870) in PBS according to the manufacturer’s pro-
tocol. After live/dead staining, cells were incubated with Fc block
(purified anti-mouse CD16/32 antibody, clone 93, BioLegend) and
stained with indicated surface markers at 4°C for 20 min. For cyto-
kine staining, cells were restimulated with phorbol 12-myristate
13-acetate (PMA; 20 ng/ml; Sigma-Aldrich, P8139) and ionomycin
(1 pg/ml; Sigma-Aldrich, 10634) for 4 hours in the presence of GolgiStop
(BD Biosciences, 554724) and GolgiPlug (BD Biosciences, 555029)
followed by surface marker staining. Cells were then fixed and per-
meabilized with either Cytofix/Cytoperm solution (BD Biosciences)
for cytokine staining or the Foxp3/Transcription factor staining buffer
set (eBioscience) for GzmB, Ki-67, CTLA-4, and transcription fac-
tors according to the manufacturers’ protocols. Cells were measured
with BD LSRFortessa (BD Biosciences) or CytoFLEX LX (Beckman
Coulter). Data were analyzed by FlowJo software (Treestar Inc.).
Antibodies (clone) used for the surface staining include CD4
(RM4-5), CD8a (53-6.7), CD11b (M1/70), CD11c (N418), CD19
(1D3), CD25 (PC61.5), CD44 (IM7), CD45 (30-F11), CD62L (MEL-14),
CD137/4-1BB (17B5), CD223/LAG-3 (C9B7W), CD276/B7-H3
(EPNCIR122), CD279/PD-1 (RMP1-30), CD335/NKp46 (29A1.4),
CD366/Tim-3 (RMT3-23), NK1.1 (PK136), Slamf6 (13G3), TCR-B
(H57-597), rat anti-mouse IgG1 (A85-1), mouse anti-human IgG
Fc (HP6017), goat anti-rabbit IgG H&L, and anti-hB7-H3 (185504).
Antibodies (clone) used for the intracellular staining include
CD152/CTLA-4 (UC10-4B9), Eomes (Danl1mag), Foxp3 (FJK-16s),
GzmB (GB11), IFN-y (XMG1.2), Ki-67 (SolA15), T-bet (4B10),
TCF1/TCF7 (C63D9), and TNF-a (MP6-XT212). All antibodies
were purchased from BioLegend, eBioscience, BD Biosciences, R&D
Systems, Abcam, or Cell Signaling Technology.

Tumor tissue lysis and cytokine ELISA

Tumor tissue was harvested and sonicated in the presence of radio-
immunoprecipitation assay buffer (Sigma-Aldrich, R0278). After
sonication, lysates were prepared by centrifugation, and protein
concentration was then measured using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, 23227) according to the manu-
facturer’s protocol. IFN-y and TNF-a levels in the tumor lysates
were measured using a mouse IFN-y DuoSet ELISA kit (R&D Systems,
DY485) and a mouse TNF-a DuoSet ELISA kit (R&D Systems,
DY410), respectively.

h4-1BB signaling reporter assay

B7-H3-expressing (MCF-7, HCC1954, MDA-MB-231, and PANC-
1) or nonexpressing (KATO III) cancer cells (2.5 x 10%) were seeded
in a 96-well plate and incubated overnight in a CO, incubator at
37°C. The next day, 2.5 x 10* GloResponse NFxB-Luc2/h4-1BB
Jurkat cells (Promega, CS196004) in assay medium (RPMI
1640 + 1% FBS) were added with the 4-1BB agonist. 1A10 mAb was
incubated for 15 min with an anti-human IgG Fc secondary anti-
body (Thermo Fisher Scientific, 31125) to induce cross-linking. Six
hours after culture, an equal volume of Bio-Glo luciferase assay
reagent (Promega, G7940) was added, and luciferase activity was
analyzed by measuring luminescence using a PHERAstar FSX
microplate reader (BMG Labtech).
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Human PBMC activation and target cell lysis assay

LEAF purified anti-human CD3 antibody (clone UCHT1, BioLegend,
300438) was immobilized (5 ug/ml) on an assay plate overnight at
4°C. After removal of unbound anti-human CD3 antibody, unchar-
acterized PBMC (C.T.L., CTL-UP1, lot no. HHU20180509) effector
cells (3 x 10* cells per well), indicated doses of purified antibodies,
and HCC1954 target cells (1 x 10* cells per well) were added and
incubated for 72 hours at 37°C in a humidified incubator with 5%
CO,. Supernatants were collected and assayed for IFN-y secretion
using a human IFN-y Quantikine ELISA kit (R&D Systems, SIF50).
Cell viability was analyzed by measuring absorbance at 450 nm after
adding cell counting kit-8 (Dojindo, CK04-20) according to the
manufacturer’s protocol.

Pharmacokinetics

Antibodies (B5 or B5x1A10) (10 mg/kg) were administered to naive
mice intravenously, and then serum was collected at 0.05, 3, 8, 24,
48, 96, 168, 240, 336, 432, 528, and 624 hours after administration.
The serum concentration of antibodies was measured by ELISA against
hB7-H3 protein with HRP-conjugated goat anti-human IgG F(ab'),.

Immunohistochemistry

Tumor tissues were fixed with formalin, embedded in paraffin
blocks, and cut into 4-um-thick sections. Following deparaffiniza-
tion and rehydration, the sections underwent heat antigen retrieval
in tris-EDTA buffer (pH 9.0). Sections were blocked for 10% normal
goat serum and stained with anti-mouse CD8 (Abcam, ab209775)
using VECTASTAIN Elite ABC kits (VECTOR Laboratories, PK-
6101). The tissues were subsequently developed using a DAB sub-
strate kit (VECTOR Laboratories, SK-4100) and counterstained
with Mayer’s hematoxylin (Dako, $330930). Slides were mounted
and imaged using a ZEISS Axio Observer Z1 microscope. For the
quantification of CD8" TILs, slides were digitally scanned at x400
magnification using a MoticEasyScan One scanner (Motic). The
number of CD8" cells was evaluated as the average of randomly se-
lected areas within the tumor-infiltrative area of each slide.

Statistical analysis

Statistical analysis was performed using GraphPad Prism Software
version 8.4. All the in vitro experiments were done in duplicate or
triplicate, and values were presented as means + SD from one of the
independent experiment sets. ECs values were determined using a
nonlinear regression curve. Tumor growth curves were shown as
means with SEM. The statistical tests used were indicated in the fig-
ure legends for each experiment. In the tumor growth curves, only
P values on the last day were shown. Asterisks indicated P values as
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/3/eaax3160/DC1

View/request a protocol for this paper from Bio-protocol.
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