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ABSTRACT

We explored the mechanism of action of CD39 antibodies that inhibit ectoen-
zyme CD39 conversion of extracellular ATP (eATP) to AMP and thus potentially
augment eATP-P2-mediated proinflammatory responses. Using syngeneic and humanized tumor
models, we contrast the potency and mechanism of anti-CD39 mAbs with other agents targeting
the adenosinergic pathway. We demonstrate the critical importance of an eATP-P2X7-ASC-NALP3-
inflammasome-IL18 pathway in the antitumor activity mediated by CD39 enzyme blockade, rather than
simply reducing adenosine as mechanism of action. Efficacy of anti-CD39 activity was underpinned
by CD39 and P2X7 coexpression on intratumor myeloid subsets, an early signature of macrophage
depletion, and active IL18 release that facilitated the significant expansion of intratumor effector
T cells. More importantly, anti-CD39 facilitated infiltration into T cell-poor tumors and rescued anti-PD-1
resistance. Anti-human CD39 enhanced human T-cell proliferation and Th1 cytokine production and sup-
pressed human B-cell lymphoma in the context of autologous Epstein-Barr virus-specific T-cell transfer.

SIGNIFICANCE: Overall, these data describe a potent and novel mechanism of action of antibodies
that block mouse or human CD39, triggering an eATP-P2X7-inflammasome-IL18 axis that reduces
intratumor macrophage number, enhances intratumor T-cell effector function, overcomes anti-PD-1
resistance, and potentially enhances the efficacy of adoptive T-cell transfer.
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INTRODUCTION

Immune-checkpoint blockade (ICB) using antagonistic
antibodies to CTLA4, PD-1, and PD-L1 has revolutionized the
cancer treatment paradigm (1). However, despite the unprec-
edented responses achieved among select “immunogenically
hot” tumor types with these therapies, the majority of patients
still fail to achieve clinically relevant responses in those indi-
cations, and several tumor types show profound resistance
to ICB (2). In addition, a significant proportion of patients
who initially demonstrate antitumor responses following ICB
therapy eventually become refractory and experience tumor
relapse (3). Taken together, these observations reveal the need
for additional immunotherapeutics and suggest that addi-
tional immune-escape mechanisms remain to be uncovered.

Although a multitude of clinical agents have entered the
clinic as single agents or combination therapies with established
ICBs, the majority of these fall into two categories: antagonists
of additional immune checkpoints (e.g., LAG3, TIM3, and
TIGIT) and agonists of costimulatory molecules (e.g., GITR,
0X40, and 4-1BB). Altering the tumor microenvironment (TME)
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by targeting tumor metabolic processes, such as the ATP-adeno-
sine axis, is a new and promising avenue for therapeutic invention.

Purinergic signaling in the TME plays a key role in the regula-
tion of immune responses. In solid tumors, ATP is abundantly
released in the extracellular space owing to cell death in the
tumor core, metabolic and/or hypoxic stress, and proinflam-
matory signals that stimulate active export of ATP, leading
to an accumulation of extracellular ATP (eATP) levels far in
excess of those found in healthy tissues (4, 5). eATP acts as a
proinflammatory stimulus by agonizing P2 purinergic recep-
tors (e.g., P2X7) on immune cells (6). However, tumors are pro-
ficient at scavenging eATP, converting it to immunosuppressive
adenosine by means of two ectonucleotidases, CD39 and CD73,
expressed on malignant cells, regulatory immune cells, and
the vasculature (7). Adenosine exerts its suppressive function
directly by binding to A2A receptors on multiple immune cells
such as phagocytes, dendritic cells (DC), natural killer (NK)
cells, T cells, and B cells (8-14). By controlling the initial steps
in the phosphohydrolytic cascade, CD39 acts as the master
regulator of this dynamic balance between proinflammatory
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eATP and immunosuppressive adenosine within the TME, and
thereby fosters a broadly immunosuppressive milieu (6).

In addition to elevated expression levels of CD39 in blood
neoplasias and multiple solid-tumor settings (15-17), CD39 is
broadly expressed on the vasculature and specifically found on
certain immune subsets, including B cells, NK cells, DCs, mono-
cytes, macrophages, and regulatory T cells (Treg; ref. 18). Within
the TME, CD39 expression on Tregs (19, 20) and myeloid-derived
suppressor cells (21, 22) has been shown to be directly correlated
with the ability of these professional immunoregulatory cells to
suppress T-cell function. CD8 T cells, which show little detect-
able CD39 in peripheral blood, express significantly elevated
CD39 levels across multiple human tumor types, including gas-
tric cancer, renal cell carcinoma, non-small cell lung carcinoma
(NSCLC), head and neck squamous cell carcinoma, breast cancer,
and melanoma (23, 24). This apparent upregulation is accompa-
nied by reduced polyfunctionality and induction of T-cell exhaus-
tion signatures (24, 25). Recent reports also suggest that CD39 is
a marker of tumor-reactive effector T-cell subsets (25, 26) and is
increasingly appreciated as a regulatory marker (27).

The impact of CD39 on tumor growth and antitumor
immunity has mostly been delineated using global CD39 gene-
targeted mice; published data suggested that growth of multiple
syngeneic tumors was reduced in these mice (28, 29). Similarly,
CD39-deficient mice display a resistance to the formation of
metastasis in models of disseminated disease or spontaneous
metastasis formation (30, 31). In addition to genetic ablation,
several reports from our laboratory and others have utilized
the pharmacologic blockade of CD39 activity with the broad
ectonucleotidase inhibitor sodium polyoxotungstate (POM1)
to demonstrate improved antitumor immunity and decreased
metastatic burden in preclinical models (30, 31). Additionally,
Bastid and colleagues (32) demonstrated that in vitro treatment
with POM1 reversed the suppression of T cells during cocul-
ture with CD39*/CD73" melanoma cell lines.

Agents targeting other players in the adenosine pathway are
currently undergoing clinical testing, including small-molecule

inhibitors of A2AR and antagonistic antibodies against CD73.
An outstanding question has been whether targeting CD39 offers
any therapeutic advantage by targeting a different mechanism of
action than these other approaches. Here we report the use of
novel antibodies that selectively block the enzymatic function
of CD39 in mouse and human. We use these to determine that
targeting CD39 may be a more potent approach by virtue of the
unique eATP-P2X7-inflammasome-IL18 mechanism of action
that reduces intratumor macrophages and enhances CD8* T-cell
effector function in the TME. In particular, we provide differ-
entiation between therapeutic antibodies targeting CD39 and
agents targeting other components of the adenosinergic system.
Finally, we demonstrate the therapeutic potential of targeting
CD39 in solid tumors, either as monotherapy or in potential
ICB combinations, where anti-PD-1 alone was not effective.

RESULTS
Efficacy of Anti-Mouse CD39 mAb Monotherapy

Despite the fact that pharmacologic inhibitors of CD39, such
as POM1, have previously been described to have potent antimet-
astatic activity (30, 31), questions around specificity, therapeutic
half-life, pharmacokinetics, and toxicity have always left doubts
about using this approach to target CD39. Effective anti-mouse
CD39 mAD reagents have been lacking, in particular a mAb that
allosterically inhibits CD39. We created a novel anti-mouse CD39
antibody, which specifically binds to CD39-expressing cells (Sup-
plementary Fig. S1A) and potently inhibits CD39 ATPase activity
invitro (Supplementary Fig. S1B). This antibody (designated B66)
was first tested against subcutaneous MC38 colon adenocarci-
noma tumors, because this model is considered a standard and
demonstrated by many laboratories as anti-PD-1-sensitive and
immunogenic (33-35). Using a four-dose treatment schedule
initiating once tumors were established, anti-CD39 was dem-
onstrated to have potent single-agent activity against MC38
with efficacy at 50 to 200 pg doses, but significantly reduced
activity at 20 pug doses (Fig. 1A). Similarly, 100 and 200 pg dose

|

Figure 1. Anti-CD39 suppresses established subcutaneous tumors. A, Anti-CD39 mAb suppresses MC38 tumor growth in a dose-dependent manner.
Groups (n="5/group) of WT mice were injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0 and treated intraperitoneally

with clg (200 pg) or anti-CD39 mAb (200, 100, 75, 50, or 20 pg) on days 7, 10, 13, and 16. Tumor sizes were measured at indicated time points in the

graph, and data are presented as mean £ SEM. This experiment is similar to two performed. B, Anti-CD39 mAb suppresses MCA1956 tumor growth in a
dose-dependent manner. Groups (n = 10/group) of WT mice were injected subcutaneously with MCA1956 (1 x 10°) fibrosarcoma cells on day 0 and treated
intraperitoneally with clg (200 pg) or anti-CD39 (200 and 100 pg) on days 10, 13,16, and 19. C, Anti-CD39 mAb suppresses MC38-0VAY™ tumor growth.
Groups (n=10/group) of WT mice were injected subcutaneously with MC38-0VAd™ (1 x 10°) colon adenocarcinoma cells on day O and treated intraperito-
neally with clg (200 pg) or anti-CD39 (200 pg) on days 12, 15,18, and 21. D, Fc receptor-independent efficacy of anti-CD39 mAb. Groups (n=10/group)
of WT mice were injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day O and treated intraperitoneally with clg (200 pg) or anti-
CD39(B66 or B66-D265A, 200 ug each) on days 6, 9, 12, and 15. E, Anti-CD39 mAb compared with other adenosine pathway inhibitors. Groups (n=7-10/
group) of WT mice were injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0 and treated intraperitoneally with clg (200 pg),
anti-CD39 (200 pg), anti-CD73 (2C5 or Ty/23, 200 pg), A2ARi (SCH58261, 10 mg/kg), or anti-PD-1 (250 pg) on days 8,11, 14, and 17. This experiment is
representative of two performed. F, Delayed suboptimal anti-CD39 and anti-PD-1 combination inhibited MC38 tumor growth. Groups (n=10/group) of WT
mice were injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0 and treated intraperitoneally with clg (200 ug), anti-CD39 (100
ug), anti-PD-1 (100 pg), or combination of anti-CD39 and anti-PD-1 (100 ug each) on days 12, 15, 18, and 21. G, Suboptimal anti-CD39 and anti-PD-1 suppress
MCA1956 tumor growth. Groups (n=10/group) of WT mice were injected subcutaneously with MCA1956 (1 x 10°) fibrosarcoma cells on day O and treated
intraperitoneally with clg (100 ug I-536; 50 ug clone I-1), anti-CD39 (100 ug), anti-PD-1 (50 ug), combination of anti-CD39 and anti-PD-1 (100 ug; 50 pg) on
days 12,15,18, and 21. H, Suboptimal anti-CD39 and anti-PD-1 cause rejection of MC38-0VAY™ tumors. Groups (n=10/group) of WT mice were injected
subcutaneously with MC38-0OVA®™ (1 x 10°) colon adenocarcinoma cells on day 0 and treated intraperitoneally with clg (100 pg mlgG1; 50 ug clone I-1),
anti-CD39 (100 pg), anti-PD-1 (50 pg), combination of anti-CD39 and anti-PD-1 (100 ug; 50 pug) on days 12, 16, 20, and 24. 1 and J, Anti-CD39 and anti-PD-1
combine to reject de novo MCA-induced fibrosarcomas. Groups of WT mice (n=10-16/group) were inoculated subcutaneously in the hind flank with MCA
(300 pg) in 0.1 mL of corn oil and treated intraperitoneally with clg (100 pg), anti-CD39 (100 pg), anti-PD-1 (100 pg), or anti-CD39/anti-PD-1 (100 ug; 100 ug)
twice/week for 6 weeks from the second palpable tumor measurement. All the mice were monitored for fibrosarcoma development for 250 days, and
tumor growth rate (mm?/day; 1) or individual tumor growth curves (J) are presented. Numbers in parentheses indicate the number of mice that rejected
their tumors. Tumor sizes (mm? or cm?) were measured at the indicated time points and presented as mean £ SEM. All experiments were performed once
unless indicated. Significant differences among treatment groups were determined by a two-way ANOVA, followed by Tukey multiple-comparisons test

(*, P<0.05;* P<0.01;** P<0.001; *** P<0.0001).
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schedules of anti-CD39 were equivalently effective against
the anti-PD-1-sensitive MCA1956 fibrosarcoma cell line (Fig.
1B), and the anti-CD39 monotherapy (200 pg schedule) was
also very effective against MC38-OVAY™ tumors (Fig. 1C).
As determined by enzyme histochemistry, MC38 tumors dis-
played reduced ATPase activity 2 days after a single injection
of mice with anti-CD39 compared with control Ig (cIg; Sup-
plementary Fig. S2A and S2B). To illustrate that the activity
of anti-CD39 (B66) was mediated by CD39 ectoenzyme block-
ade, two additional IgG1 anti-mouse CD39 mAbs (designated
Tz-617 and Tz-619) that bound CD39 with similar affinity but
lacked CD39 ectoenzyme blocking activity were shown to be
ineffective against MC38 tumors (Supplementary Fig. S2C). To
determine that the activity of anti-CD39 (B66) was mediated
by CD39 binding rather than Fc activity, we mutated the FcR
and compared mouse IgG1 and mouse IgG1 D265A variants
of anti-CD39. Clearly, the Fc-mutant anti-CD39 (B66) was as
potent as the intact IgG1 (B66) in vivo against MC38 tumors
(Fig. 1D).

Using the MC38 tumor model, we next compared the
monotherapeutic activity of anti-CD39 versus other described
mAbs and inhibitors that block CD39 and other molecules
in the adenosine pathway, including CD73 and adenosine
A2A receptor (A2AR). Here we observed that anti-CD39 was
as potent as anti-PD-1 (RMP-14), and other inhibitors and
antibodies to CD73, A2AR, and CD39 were not nearly as
effective as anti-CD39 monotherapy in this model (Fig. 1E;
Supplementary Fig. S3A). Activities of anti-CD73 (2CS5) and
A2ARi (SCH58261) were observed against MC38 when used
in combination with anti-CD39, but the majority of antitu-
mor activity in these combinations was anti-CD39 mediated
(Supplementary Fig. S3B). Even when using a combination
of two anti-CD73 antibodies, A2ARi (SCH58261) or A2BRi
(PSB1115) in the appropriate NtSe (Cd73)”/", Adora2a™/~, and
Adora2b™/" strain of mice from the time of tumor inoculation,
anti-CD39 retained significant antitumor activity in such
treated mice (Supplementary Fig. S4A-S4D). Indeed, the anti-
tumor effect of anti-CD39 was greater than complete block-
ade of adenosine generation by CD73 and adenosine signaling
via A2AR and A2BR, in both the MC38 and MCA1956 tumor
models, but greatest tumor-growth inhibition was noted when
all these molecules were collectively targeted.

Combination Anti-PD-1 and Anti-CD39 mAb
Antitumor Efficacy

We next evaluated the combination of suboptimal doses of
anti-CD39 and anti-PD-1 in a delayed treatment setting using
a series of tumor models that were responsive to PD-1 block-
ade (Fig. 1F-H). In each case, significant combination activity
was observed between anti-CD39 and anti-PD-1, with many
combination-treated mice completely rejecting MCA1956 and
MC38-OVAY™ tumors (Supplementary Fig. SSA and SSB).
Activity in immunogenic transplant models was encourag-
ing, but it was not clear if anti-CD39 would be as effective in
a de novo tumor setting where the tumor and immune sys-
tem had co-evolved. We have previously published treatment
in the MCA-induced fibrosarcoma model, and these estab-
lished tumors prove an interesting model of tumor immu-
nity because a spectrum of immunotherapeutic responses
can be demonstrated against these tumors—from almost no
response to complete rejection (36-38). Historically, effective
combinations have demonstrated activity in a fraction of mice.
Consistent with these findings, we found anti-PD-1 and anti-
CD39 do have modest single-agent antitumor activity, display-
ing some slowing of tumor growth post-treatment compared
with cIg and a low number of complete rejections (2/15 each;
Fig. 1I and J). Strikingly, the combination of anti-CD39 and
anti-PD-1 further slowed tumor growth and caused 7 out of
16 complete rejections (Fig. 1I and J).

Mechanism of Action of Anti-CD39 mAbs: Role
of T Cells and IFNy In Vivo

Given the single-agent antitumor efficacy of the anti-
mouse CD39 antibody B66 in the MC38 tumor model, we
used this model and a 200 pg dose schedule to evaluate the
mechanism of action of this mAb in subsequent experiments.
In a broad first evaluation, we determined that anti-CD39
antitumor efficacy was completely host lymphocyte- and
CD39-dependent (Fig. 2A). Dependence on host CD39 was
confirmed in a second MCA1956 tumor model (Fig. 2B).
Bone marrow chimeras of congenic wild-type (WT; Ptpre,
CD45.1) and Cd397 mice confirmed that anti-CD39 required
hematopoietic CD39, but not nonhematopoietic CD39,
for efficacy against MC38 tumors (Fig. 2C and D). Deeper

_

Figure 2. Mechanism of action of anti-CD39 mAb: role of T cells. A, Host lymphocyte- and CD39-dependent tumor growth control by anti-CD39 mAb.
Groups (n=5-6/group) of WT, Rag2/-yc~, or Cd397/~ mice were injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0 and
treated intraperitoneally with clg (200 pg) or anti-CD39 (200 ug) on days 7, 10, 13, and 16. B, Anti-CD39 mAb efficacy against MCA1956 tumor growth
is host CD39-dependent. Groups (n=10/group) of WT and CD39/- mice were injected subcutaneously with MCA1956 (1 x 10) fibrosarcoma cells on day
0 and treated intraperitoneally with clg (200 pg) or anti-CD39 (200 ug) on days 10, 13,16, and 19. C and D, Anti-CD39 mAb efficacy requires hemat-
opoietic CD39. Groups (n=5/group) of WT (Ptprc?) and Cd397- bone marrow chimeric mice (generated 4 ways) were injected subcutaneously with MC38
(1x10°) colon adenocarcinoma cells on day 0 and treated intraperitoneally with clg (200 ug) or anti-CD39 (200 pg) on days 7,10, 13, and 16.E, CD8* T
cell- and IFNy-dependent MC38 tumor growth control by anti-CD39 mAb. Groups (n=7-10/group) of WT mice were injected subcutaneously with MC38
(1x10°) colon adenocarcinoma cells on day O and treated intraperitoneally with either clg (200 ug) or anti-CD39 (200 pg) on days 8,11, 14, and 18 and
clg (100 ug), anti-asGM1 (50 pg), anti-CD8P (100 pg), or anti-mIFNy (250 ug) on days 7, 8, 14, and 21. Tumor sizes (mm?) were measured at the indicated
time points and presented as mean + SEM. All experiments were performed once unless indicated. Significant differences among treatment groups were

determined by a two-way ANOVA, followed by the Tukey multiple-comparisons test (*, P < 0.05; **, P < 0.01;

¥, P<0.0001). F-l, Groups (n=4-8/group)

of WT mice were injected subcutaneously with MC38 (1 x 10° F and G) or MC38-0VA®™ (1 x 10% H and 1) colon adenocarcinoma cells on day 0. Mice were
treated intraperitoneally with clg (200 pg) or anti-CD39 (200 pg) on day 7. Samples of tumor and spleen were collected 48 hours after mAb injection and
processed for single-cell suspensions and then subjected to flow cytometry after ex vivo stimulation for 4 hours. F and G, Graphs showing frequencies of
tumor-infiltrating CD8* T cells expressing the indicated surface and intracellular molecules (mean + SEM with individual values). Data pooled from two
experiments. H, Graphs showing frequencies of OVA-tetramer* T cells as a proportion of total TCRB*CD8* T cells in the tumor and spleen. I, Graphs show-
ing numbers of total OVA-tetramer* T cells and those expressing IFNyin the tumor and spleen. All experiments were performed once unless indicated.
Significant differences between the indicated groups were determined by a two-way ANOVA, followed by Sidak multiple-comparisons test (F, G, 1) or

Mann-Whitney test (H; *, P <0.05; **, P < 0.01; ***, P < 0.001; **** P <0.0001).
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exploration by depleting CD8" T cells or NK cells or neu-
tralizing IFNy revealed that anti-CD39 efficacy was CD8*
T cell- and IFNy-dependent, but independent of NK cells
(Fig. 2E). Additional analysis using mice defective in IFNy
(Supplementary Fig. S6A) or cytotoxic pathways (perforin,
FasL) or neutralized for TRAIL (Supplementary Fig. S6B) or
MC38 tumor cells overexpressing FLIP (to block all death
receptor signaling; Supplementary Fig. S6C) demonstrated that
anti-CD39 efficacy was dependent on IFNy, but independent
of the tested cytotoxic mechanisms.

We next sought to examine various tumor and peripheral
lymphoid organ immune cell subsets in the MC38 tumor
model (gating shown in Supplementary Figs. S7 and S8A-
S8E). Under anti-CD39 treatment conditions, within 48 hours
the frequency of intratumor CD8" T cells producing IFNy,
staining for Ki-67, and expressing PD-1 increased, and it
was the CD39* fraction of CD8* T cells that increased in
each case (Fig. 2F and G; Supplementary Fig. S8A and S8B).
These changes occurred despite no obvious increase in CD45*
frequencies or subsets within them post anti-CD39 treat-
ment at this early time point (Supplementary Fig. S8C).
Similar changes in CD8" T cells producing IFNy, staining for
Ki-67, and expressing PD-1 were not detected in the periph-
ery (spleen and draining lymph node; Supplementary Fig.
S8D). In the MC38-OVAY™ model, OVA-specific T cells were
detected using tetramers 48 hours after anti-CD39 treatment.
The percentage of OVA-tetramer™ T cells in tumor and spleen
increased with anti-CD39 treatment; however, increases in
the number of OVA-specific T cells and IFNy* OVA-specific T
cells were observed only in the tumors (Fig. 2H and I).

Mechanism of Action of Anti-CD39 mAb: Myeloid
Changes In Vivo

To assess global changes mediated by targeting CD39, we
performed RNA-sequencing (RNA-seq) analysis. MC38-bear-
ing WT mice were treated with anti-CD39 (B66) or clg, and
whole-tumor tissues were harvested 48 hours later (Fig. 3A).
Principal component and differential gene-expression analy-
sis revealed significant changes induced by blocking CD39
in the TME (Fig. 3B and C; Supplementary Fig. SO9A-S9C).
Interestingly, the vast majority of the top 150 differencially
expressed genes in Fig. 3C were downregulated in the anti-
CD39 treatment group (Supplementary Table S1). Addi-
tionally, gene set enrichment analysis (GSEA) revealed that

anti-CD39 treatment induced a type I interferon response
and led to the downregulation of gene signatures associ-
ated with immune suppression (Supplementary Fig. S9A and
S9B). In line with our previous data, we observed downregu-
lation of genes associated with immune-suppressive myeloid
cells (39) in anti-CD39-treated tumors. We next sought to
examine myeloid cell subsets in the MC38 tumor model on
day 9 (48 hours after the first injection of cIg or anti-CD39;
Fig. 3D) and day 15 (48 hours after the third injection; Fig.
3E). Under anti-CD39 treatment conditions, by day 9, the
number of intratumor macrophages was reduced, and by
day 15, both intratumor macrophages and monocytes were
reduced. This reduction in intratumor macrophages did not
occur in anti-CD39-treated P2X77/~ mice compared with
WT mice at day 9 (Fig. 3F). Other intratumor myeloid cell
(DC) and granulocyte (eosinophils and neutrophils) subset
numbers were equivalent in cIg- and anti-CD39-treated mice
(Fig. 3D and E). Macrophage and monocyte depletion were
also not detected in the spleen of these same treated mice
(Supplementary Fig. S10). These data were consistent with
anti-CD39-liberated eATP triggering macrophage pyropto-
sis (40), thus resulting in inflammasome activation with
pro-caspase-1 cleavage, IL18/IL1p release, and macrophage
depletion. The death of lipopolysaccharide (LPS)-primed
macrophages in the presence or absence of exogenously
added ATP was greatly increased by anti-mouse CD39, and
this was accompanied by pro-caspase-1 cleavage and release
of active IL1B (Fig. 3G and H). Collectively, these data pos-
sibly help explain the marked early decrease in myeloid
genes as determined by whole-tumor RNA-seq analyses (Fig.
3C) and the reduction in intratumor macrophage number
post anti-CD39 (Fig. 3D-F). Interestingly, anti-CD39 anti-
tumor activity was also compromised following myeloid-cell
depletion using clodronate liposomes or immobilization of
myeloid-cell movement using anti-CD11b (Supplementary
Fig. S11A). By contrast, additional experiments to deplete
Ly6G" neutrophils did not affect anti-CD39 antitumor activ-
ity (Supplementary Fig. S11B). These data highlight the
likelihood that anti-CD39 antitumor activity is regulated by
both intratumor macrophage pyroptosis and inflammasome
activation. We also noted increased T-cell activation-related
transcripts 48 hours after anti-CD39 treatment compared
with cIg treatment, indicating stronger T-cell receptor (TCR)
signaling (Supplementary Fig. S9C). Overall, our in vivo,
flow-cytometry, and gene-expression data provide substantial

>

Figure 3. Flow cytometry and transcriptional signature analyses highlight macrophage reduction in tumors after anti-CD39 treatment. A, Schematic
of experimental design. WT mice were injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0. On day 12, mice were treated
intraperitoneally with clg or anti-CD39, and tumor samples were harvested 48 hours after treatment for RNA-seq. B, Principal component analysis of
TMM normalized RNA-seq data for protein-coding genes from control samples (clg, n=4; colored blue) and treated samples (anti-CD39, n=5; colored red).
C, Heat map of top 150 differentially expressed genes between control (clg) and treated (anti-CD39) samples. The gene-wise centered and scaled log,
values of TMM normalized counts are shown. The gene list is provided in Supplementary Table S1. D and E, Groups (n = 4-6/group) of WT mice were
injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0 and treated intraperitoneally with clg (200 ug) or anti-CD39 (200 pg)
ondays 7,10, and 13. Tumor samples were collected on day 9 (D) and day 15 (E) and processed for single-cell suspensions and then subjected to flow
cytometry. D and E, Summary bar graphs of numbers of MC38 tumor-infiltrating myeloid populations, as mean + SEM with individual values shown. Data
represent one experiment (¥, P < 0.05; ** P < 0.001; **** P < 0.0001, determined by a two-way ANOVA, followed by the Sidak multiple-comparisons test).
F, Groups (n=7-12/group) of WT or P2X77/~ mice were injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0 and treated
intraperitoneally with clg (200 ug) or anti-CD39 (200 pg) on day 7. Tumor samples were collected on day 9 and processed for single-cell suspensions and
then subjected to flow cytometry. F, Summary bar graphs of numbers MC38 tumor-infiltrating macrophages, as mean + SEM with individual values shown.
Data are pooled from two experiments (**, P < 0.01, determined by the Mann-Whitney test). G and H, LPS-primed (100 ng/mL for 3 hours) bone marrow-
derived macrophages (BMDM) were pretreated with clg or anti-CD39 (10 pg/mL), followed by stimulation with indicated concentrations of ATP for 90
minutes. G, Immunoblots showing indicated proteins from cell lysates and culture supernatants. H, Representative graphs showing the frequencies of
propidium iodide-positive dead cells. Data, mean £ SEM from triplicates from three experiments.
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evidence that anti-CD39 reduces intratumor macrophage
number and enhances intratumor T-cell activation.

Mechanism of Action of Anti-CD39 mAb:
Critical Role of Myeloid CD39, P2X7, NALP3
Inflammasome, and IL18

Our data indicated that inhibition of CD39 enzymatic
function led to an accumulation of eATP, which could lead
to an activation of myeloid cells via P2X7. Therefore, we
sought to examine expression of P2XY receptors on various
tumor and peripheral lymphoid organ immune cell subsets
in the MC38 tumor model on day 8 after tumor inoculation.
A number of intratumor leukocyte populations expressed
CD39 including a proportion (~25%-40%) of CD8" T cells,
FOXP3™ and FOXP3* CD4" T cells, and most of the innate
NK cells, neutrophils, eosinophils, macrophages, DCs, and
monocytes (Fig. 4A). CD73 was expressed on a greater fraction
of T cells, but was generally lower in the proportions of innate
leukocytes (Fig. 4B). However, P2X7 receptor expression was
far more restricted. P2X7 and CD39 coexpression was notable
only in 25% to 50% of macrophages and monocytes among all
the aforementioned leukocytes (Fig. 4A and B). When looking
outside the tumor (spleen and tumor-draining lymph node),
CD39 expression was negligible in T cells, but still preva-
lent on innate leukocyte subsets (Supplementary Fig. S8E).
P2X7 receptor was once again expressed by a proportion
of macrophages and monocytes, but also by some DCs in
the spleen and tumor-draining lymph node. To test the
role of CD39 on myeloid cells, we created the LYZ2Cr/¥T
CD39%% and LYZ2VT/¥T CD39%1 strains of mice and exam-
ined anti-CD39 antitumor activity in the MC38 model (Fig.
4C). Anti-CD39 was inactive in global Cd397/" mice and con-
ditional LYZ2C/¥T CD39%/f mice, but active in WT mice and
LYZ2VT/WT CD39%% mice.

Positioned at the apex of the phosphohydrolytic cascade,
CD39 is the pivotal regulator balancing proinflammatory
eATP and immunosuppressive adenosine within the TME.
P2X7 is the major functional eATP receptor on immune cells
and is a critical factor in NALP3 inflammasome activity (41).
Given this, we next examined whether host P2X7 receptor and
downstream inflammasome components might be necessary
for the antitumor activity of anti-CD39. MC38 tumors grew
equivalently in WT, Pycard”", and Nalp3”/~ mice, but more
aggressively in P2X77/~ mice. Importantly, anti-CD39 was effec-
tive against MC38 tumors in WT mice, but largely without
activity in P2X77/", Pycard /", or Nalp3”~ mice (Fig. 4D). Interest-
ingly, anti-CD39 was ineffective in P2X77/~ and Nalp3”/~ mice,
but anti-PD-1 was effective in the same setting, suggesting a
very different mechanism of action (Supplementary Fig. S12A).
Anti-PD-1 and a combination of anti-PD-1 and A2ARi were
also equivalently effective in Pycard”~ or Nalp3”/~ mice as WT
mice (Supplementary Fig. S12B). The role of the inflamma-
some was further supported by the lack of antitumor activity
of anti-CD39 in Caspase-17/"Caspase-117~ mice (Fig. 4E).

The ability of anti-CD39 to trigger the inflammasome
was supported by increased IL18 levels measured in MC38
tumor tissue lysates immediately post anti-CD39 therapy,
in contrast to a lack of IL18 in similar tumors derived from
Nalp3™/~ mice (Supplementary Fig. S13A). We next function-
ally tested the role of the inflammasome-generated IL1p and

IL18, both of which have been shown to promote downstream
T-cell antitumor function (42, 43). In both the MC38 and
MCA1956 tumor models, blockade of IL18 over the course
of anti-CD39 therapy completely abrogated the antitumor
activity of anti-CD39 (Fig. 4F and G). Anti-IL1B displayed
partial blockade of anti-CD39 antitumor activity. These data
were supported by additional experiments comparing clg
and anti-CD39 against MC38 and MCA1956 in WT versus
11187/~ or II1r”/~ mice (Supplementary Fig. S13B and S13C).
Overall, we hypothesize that anti-CD39 may bind CD39 on
P2X7-expressing intratcumor macrophages and monocytes to
liberate eATP, triggering the activation of the NALP3 inflam-
masome. The downstream activation release of IL18 and IL1B
and probably other factors then promote CD8" T-cell prolif-
eration and IFNy-mediated effector function.

Anti-CD39 Turns “Cold” Anti-PD-1-Resistant
Tumors “Hot” and Sensitive

One of the most pressing issues in cancer immunotherapy
is that several tumor types show profound innate resistance to
ICB, including anti-PD-1/anti-PD-L1 (2). Thus, we used the
anti-CD39 and anti-PD-1 combination in a series of anti-PD-1-
resistant and pootly T-cell infiltrated tumor models, including
the BRAF-mutant melanoma SM1WT1, the MHC class I low
melanoma B16F10, and the MHC class I low prostate carci-
noma RM1 (Fig. 5). In each model, combined treatment dis-
played antitumor activity where either monotherapy was largely
ineffective. Early treatment with anti-CD39 did have a minor
impact in these models (Fig. 5A-C). Similar data were obtained
with the anti-PD-1-refractory CT26 colon adenocarcinoma and
HER2* TUBO mammary cancers (Supplementary Fig. S14A
and S14B). Consistent with our earlier report (44), in the lat-
ter setting, combinations of anti-PD-1 were very effective with
anti-HER2, but so was the combination of anti-CD39 and anti-
HER2 (Supplementary Fig. S14B). Assessment of anti-CD39
in the context of contemporary anti-PD-1 and anti-CTLA4
blockade in well-established B16F10 tumors again highlighted
the additional benefit of anti-CD39 and its superiority to POM1
(Fig. 5D). Preliminary assessment of the mechanism of action of
anti-PD-1 and anti-CD39 in the RM1 (Fig. SE) and SM1WT1
(Supplementary Fig. S14C) tumor models revealed a CD8" T
cell- and IFNy-dependent effect. The RM1 tumor model was
interrogated in more depth, and a significant increase in the
frequency of intratumor CD45" cells, intratumor CD8* T cells,
and NK cells was detected 2 days after the third combination
dose in the treatment schedule (day 14) where tumor mass had
decreased (Fig. SF and G; Supplementary Fig. S14D and S14E).
CD8" T-cell number per mg tumor mass was also increased in
the combination-treated group (Supplementary Fig. S14F).

To corroborate our findings, we also used a model of adop-
tive cell transfer (ACT) immunotherapy to treat immune cell-
poor melanoma (39). For this, WT mice were injected with
HCmel12 melanoma expressing human gp100 under the con-
trol of the melanocytic lineage gene Tyrpl. Once tumors were
established, mice were treated with our ACT protocol using
gp100-specific pmel-1 TCR transgenic T cells (39, 45). Mice
also received 5 doses of clg or anti-CD39 (Supplementary Fig.
S15A). The combination of ACT with anti-CD39 significantly
inhibited tumor growth and improved survival (Supplemen-
tary Fig. S15B).
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Figure 4. Mechanism of action of anti-CD39 mAb: role of myeloid cells, P2X7, and NALP3 inflammasome. A and B, Groups (n = 4-8/group) of WT mice
were injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0. Samples of tumor and spleen were collected on day 8 and processed
for single-cell suspensions and then subjected to flow cytometry. A, Representative FACS plots showing expression of CD39 and P2X7R on various tumor-
infiltrating leukocytes (TIL) in MC38 tumors. B, Summary bar graphs of % CD39, CD73, and P2X7R expression on MC38 TIL subsets, as mean + SEM.

C, Groups (n=6-7/group) of WT, Cd397/-, Lyz2¢/MT Cd39%/", and Lyz2WT/WT Cd39"/" mice were injected subcutaneously with MC38 (1 x 10°) colon adenocar-
cinoma cells on day 0 and treated intraperitoneally with clg (200 ug) or anti-CD39 (200 pg) on days 8,11, 14, and 17. D, Groups (n=5/group) of WT, Cd397-,
Pycard/-, P2X7-/-, and Nalp3~/~ mice were injected subcutaneously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0 and treated intraperitoneally
with clg (200 ug) or anti-CD39 (200 pg) on days 9,12, 15, and 18.E, Groups (n=6/group) of WT, and Caspasel-Caspasel1~/~ mice were injected subcutane-
ously with MC38 (1 x 10°) colon adenocarcinoma cells on day 0 and treated intraperitoneally with clg (200 pg) or anti-CD39 (200 ug) on days 8,11, 14, and 17.
C-E, Representative of two experiments performed. F, Groups (n=5/group) of WT mice were injected subcutaneously with MC38 (1 x 10°) colon adenocar-
cinoma cells on day 0 and treated intraperitoneally with clg (200 pg) or anti-CD39 (200 ug) on days 8,11, 14, and 17. Mice additionally received intraperito-
neally either clg (250 ug), anti-IL1B (250 ug), anti-IL18 (250 pg), or anti-IL1B and anti-IL18 (250 ug each) on days 7,8, 15, and 22, respectively, after tumor
inoculation. G, Groups (n=5/group) of WT mice were injected subcutaneously with MCA1956 (1 x 10°) sarcoma cells on day O and treated intraperitoneally
with clg (200 pg) or anti-CD39 (200 ug) on days 10, 13, 16, and 19. Mice additionally received intraperitoneally either clg (250 pg), anti-IL1B (250 pg), anti-IL18
(250 pg), or anti-IL1P and anti-IL18 (250 pg each) on days 9, 10, 17, and 24, respectively, after tumor inoculation. C-G, Tumor sizes (mm?) were measured at
the indicated time points and presented as mean + SEM. All experiments were performed once unless indicated. Significant differences among treatment
groups were determined by a two-way ANOVA, followed by the Tukey multiple-comparisons test (***, P < 0.0001).
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Figure 5. Anti-CD39 mAb sensitizes anti-PD-1-resistant tumors by increasing CD8* T-cell infiltration. A, SMIWT1 tumors. Groups (n=6/group) of WT
mice were injected subcutaneously with SMIWT1 melanoma cells (1 x 108) on day O and treated intraperitoneally with clg (200 ug), anti-CD39 (200 pg),
anti-PD-1 (250 ug), or anti-CD39/anti-PD-1 (200 ng; 250 ug) on days 6, 9, 12, and 14, respectively. B, BL6F10 tumors. Groups (n=7-9/group) of WT
mice were injected subcutaneously with BI6F10 melanoma cells (1 x 10°) on day O and treated intraperitoneally with clg (200 pg), anti-CD39 (200 pg),
anti-PD-1 (250 ug), anti-CD39/anti-PD-1 (200 pug; 250 ug) on days 7, 10, and 13. C, RM1 tumors. Groups (n=7-8/group) of WT mice were injected
subcutaneously with RM1 prostate carcinoma cells (5 x 10%) on day 0 and treated intraperitoneally with clg (200 pg), anti-CD39 (200 ug), anti-PD-1 (250
ug), anti-CD39/anti-PD-1 (200 pg; 250 pg) on days 3,6, 9, and 12, respectively. D, Combining anti-CD39, anti-PD-1, and anti-CTLA4 improves therapeutic
efficacy in resistant BL6F10 tumors. Groups (n=6-12/group) of WT mice were injected subcutaneously with BL6F10 melanoma cells (1 x 10°) on day O
and treated intraperitoneally with clg (200 pg), anti-CD39 (200 pg), anti-PD-1 (250 pg), anti-CTLA4 (250 pg), or POM1 (250 pg) alone or in various combi-
nations as indicated on days 10, 13,16, and 19, respectively. E, Combination efficacy is IFNy- and CD8* T cell-dependent. Groups (n = 6/group) of WT
mice were injected subcutaneously with RM1 prostate carcinoma cells (5 x 104) on day 0 and treated intraperitoneally with clg (200 ug), anti-CD39 (200 pg),
anti-PD-1 (250 pg), or anti-CD39/anti-PD-1 (200 nug/250 ug) on days 6,9, 12, and 15. Some groups of mice were also treated intraperitoneally with
either clg (100 pg), anti-asGM1 (50 ug), anti-CD8B (100 pug) or anti-mIFNy (250 ug) on days 5, 6, and 13, respectively. Tumor sizes (mm?) were measured
at the indicated time points and presented as mean = SEM. Significant differences between the treatment groups were determined by a two-way ANOVA,
followed by the Tukey multiple-comparisons test (¥, P < 0.05; ***, P < 0.001; *** P <0.0001). F and G, Groups (n=5-6/group) of WT mice were injected sub-
cutaneously with RM1 prostate carcinoma cells (5 x 10%) on day 0 and treated intraperitoneally with clg (200 pg), anti-CD39 (200 pug), anti-PD-1 (250 ug),
anti-CD39/anti-PD-1 (200 pg; 250 pg) on days 6, 9, and 12. The tumors were collected on day 14, 48 hours after the third dose, for TIL analysis by flow
cytometry. F, Graphs showing the frequencies of immune cell subsets in RM1 tumors 2 days after the third injection of the indicated mAbs. G, Repre-
sentative FACS plots showing increased CD8* T-cell infiltration in RM1 tumors on day 14, 2 days after the third anti-CD39/anti-PD-1 mAb treatment.

All experiments were performed once unless indicated. Significant differences in percentage between the selected cell populations were determined by
one-way ANOVA, followed by the Tukey multiple-comparisons test (*, P < 0.05; **, P < 0.01; **** P < 0.0001).
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Anti-Human CD39 mAb Increases T-cell
Proliferation and Th1l Cytokine Secretion

The monotherapy and combination antitumor activity of
B66, an anti-mouse CD39 mAb, was very encouraging, but
it was critical to produce an anti-human CD39 for clinical

Antibody (nmol/L)

translation. Therefore, using yeast display of human V gene
libraries, we produced a human IgG4 anti-human CD39 mADb,
TTX-030 (46). This mAb bound human CD39 on 721.221 cells
and human monocytes (Fig. 6A and B) and allosterically inhib-
ited CD39 enzymatic activity on these cells (Fig. 6C and D;
Supplementary Fig. S16A and S16B) at subnanomolar levels.
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Functional assessment of anti-human CD39 in vitro in anti-
CD3/anti-CD28-stimulated peripheral blood mononuclear
cells (PBMC) from various donors demonstrated the potent
ability of this mAb to enhance CD4* and CD8" T-cell prolifera-
tion (Fig. 6E and F; Supplementary Fig. S17A and S17B). Anti-
human CD39 also increased Th1 cytokine production (IFNy,
TNFo, and IL2) in these cultures compared with a hIgG4 con-
trol mADb (Fig. 6G-J; Supplementary Fig. S17C-S17G).

Anti-Human CD39 mAb Activity with Autologous
EBV-Specific Human T Cells

In the absence of having a fully humanized mouse model
of cancer, we next decided to examine the antitumor activity
of anti-human CD39 alone or in combination with autolo-
gous Epstein-Barr virus (EBV)-specific T-cell transfer against
lymphoblastoid cell lines (LCL; EBV-transformed B cells)
derived from the same donors inoculated into immunode-
ficient NRG mice. These mice lack all lymphocytes, and the
only human CD39-expressing cells are the T cells and LCLs
injected. All LCLs generated were highly CD39* (Supplemen-
tary Fig. S18A), but we first selected donors based on the abil-
ity of their LCLs to grow robustly in NRG mice. Two donors
were chosen (LCL039 and LC043), and preliminary experi-
ments with these CD39" LCLs and the CD39* SK-MEL28
melanoma suggested that these were not sensitive to delayed
anti-human CD39 treatment alone (Supplementary Fig. S18B
and S18C).

EBV-stimulated T-cell cultures from different donors are
distinct, and those raised against LCL043 and LCL039 offered
the opportunity to examine a mixed but predominantly
CD4* T-cell culture with significant CD39 and PD-1 coexpres-
sion on T cells (LCL043), and a predominantly CD8" T-cell
culture with a high proportion of CD8* T cells expressing
CD39, but largely lacking PD-1 expression (LCL039). In the
case of LCL043, either EBV-specific T cells alone or anti-
CD39 did not suppress tumor growth compared with clg, but
the combination of T cells and anti-CD39 did significantly

suppress tumor growth (Fig. 7A). Analysis of EBV-specific
T cells preinjection and in the LCL043 lymphoma after injec-
tion (at endpoint day 17) revealed a significant increase in the
CD8*:CD4" T-cell ratio in the tumor regardless of whether
clg or anti-human CD39 was administered (Fig. 7B). Notably,
however, anti-human CD39 increased the percentage of tumor-
infiltrating CD3* cells and the number of tumor-infiltrating
CD3*CD8" T cells compared with cIg-treated mice (Fig. 7C).
Anti-human CD39 therapy also dramatically decreased the
CD39 expression levels on intratumor CD8* T cells compared
with clg treatment (Fig. 7C). A more modest reduction in PD-1
expression was also noted.

The LCL039 lymphoma had a lower tumorigenicity in
NRG mice (than LCLO043), but once again anti-CD39 alone
was without effect. However, autologous EBV-specific T cells
were more active alone in this setting (Fig. 7D) and again,
following transfer, CD8" T cells were enriched in the LCL
tumor at endpoint (day 23; Fig. 7E and F). Consistent with
the LCLO43 experiments, anti-human CD39 enhanced the
antitumor activity of autologous EBV-specific T cells (Fig.
7D) and increased the percentage of tumor-infiltrating CD3*
cells and the number of tumor-infiltrating CD3*CD8" T cells
compared with clg-treated mice (Fig. 7F and G). Anti-human
CD39 therapy again decreased the CD39 expression levels
on intratumor CD8" T cells compared with clg treatment
(Fig. 7F and G). PD-1 expression was increased on the CD8"
T cells after injection, and again anti-CD39 therapy appeared
to reduce the expression levels of PD-1 on intratumor CD8"
T cells compared with cIg treatment (Fig. 7E and F).

Given the lack of effect of autologous EBV-specific T-cell
transfer against established LCL043, and the limited anti-
tumor activity of the anti-CD39 and T-cell combination,
we performed a second experiment to evaluate the addition
of pembrolizumab (anti-human PD-1). Here, anti-CD39 and
anti-PD-1 displayed very similar antitumor activities when
each was administered with autologous EBV-specific T cells,
butdemonstrated an even greater effect on tumor growth when
combined together with T-cell transfer (Fig. 7H). In summary,

>

Figure 7. Anti-hCD39 mAb and EBV-specific T cells effectively control LCL tumor growth in NRG mice. A, Groups (n=6/group) of NRG mice were
injected subcutaneously with EBV-transformed lymphoblastoid cells LCLO43 (1 x 107) on day 0. In some groups, EBV-specific T cells (9 x 10°) were admin-
istered intravenously on day 5 as indicated, and all experimental groups were then treated intraperitoneally with either human clg (250 pg) or anti-hCD39
(250 pg) on days 5,8, 11, and 14. Tumor sizes (mm?) were measured at the indicated time points and presented as mean + SEM. This experiment is representa-
tive of two performed. Significant differences between the indicated groups were determined by a two-way ANOVA, followed by Tukey multiple-comparisons
test (****, P <0.0001). B and C, From A, tumors were collected, and single-cell suspensions were made and subjected to flow cytometry. B, Representative
FACS plots of preinjection EBV-specific T-cell cultures and tumors post clg or anti-CD39 (TTX-030) therapy (day 17 after tumor inoculation) and summary bar
graphs showing frequencies of tumor-infiltrating CD3* T cells, numbers of CD3*CD8* T cells, and expression levels of CD39 and PD-1 on CD8* T cells in LCL
tumors post clg or anti-CD39 therapy (C). Significant differences were determined by the Mann-Whitney U test (**, P < 0.01; ***, P < 0.001;*** P < 0.0001).

D, Groups (n=6/group) of NRG mice were injected subcutaneously with donor-derived EBV-transformed lymphoblastoid cells LCLO39 (1 x 107) on day
0.In some groups, EBV-specific T cells (9 x 106) were administered intravenously on day 10 as indicated, and all experimental groups were then treated
intraperitoneally with anti-hCD39 (250 ug) or human clg (250 ug) on days 10, 13, 16, and 19. Tumor sizes (mm?) were measured at the indicated time points
and presented as mean £ SEM. This experiment is representative of two performed. Significant differences between the indicated groups were determined
by a two-way ANOVA, followed by the Tukey multiple-comparisons test (****, P<0.0001). E and F, From D, tumors were collected, and single-cell suspensions
were made and subjected to flow cytometry. E, Representative FACS plots of preinjection EBV-specific T-cell cultures and tumors post clg or anti-human
CD39 therapy (day 23 after tumor inoculation) and summary bar graphs showing frequencies of tumor-infiltrating CD3* T cells, numbers of CD3*CD8* T cells,
and expression levels of CD39 and PD-1 on CD8* T cells in LCL tumors post clg or anti-CD39 therapy (F). Significant differences in percentages between the
selected cell populations were determined by the Mann-Whitney test (*, P < 0.05; ***, P< 0.001). G, Representative IHC staining of CD8, CD39, PD-1, and
CD19 on day 23 (endpoint) LCLO39 tumors showing increased CD8* T-cell infiltration and reduced CD39 expression in the EBV-specific T-cell/anti-hCD39-
treated tumors. H, Anti-hCD39 and pembrolizumab combine with autologous EBV-specific T cells to suppress human B-cell LCL043 lymphoma. Groups
(n=6/group) of NRG mice were injected subcutaneously with EBV-transformed lymphoblastoid cells LCL043 (1 x 107) on day 0. In some groups, EBV-specific
T cells (9 x 10°) were administered intravenously on day 5 as indicated, and all experimental groups were then treated intraperitoneally with human clg (250 ug)
or anti-hCD39 (250 pg) or pembrolizumab (anti-human PD-1; 250 ug) or both (250 pg; 250 ug) on days 5,8, 11, and 14. Tumor sizes (mm?) were measured at
the indicated time points and presented as mean £ SEM. All experiments were performed once unless indicated. Significant differences between the indicated
groups were determined by a two-way ANOVA, followed by Tukey multiple-comparisons test (*, P < 0.05; ***, P < 0.001; *** P < 0.0001).
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the anti-human CD39 antibody enriches intratumor human
CD8* T-cell number and suppresses human B-cell lymphoma
following autologous EBV-specific T-cell transfer.

DISCUSSION

This study is the first to describe an mAb specifically
targeting mouse CD39, and as such we have been able to
undertake comprehensive mechanism-of-action experiments
in immunocompetent and gene-targeted mice. All prior
assumptions regarding CD39 have been based on studies
using small-molecule inhibitors of CD39 (31), Cd397/~ mice
(30), and other genetic strategies to target CD39 (47) or
anti-human CD39 mAbs i vitro or in immune-compromised
mice (17, 32). The previous approaches have limitations with
respect to translation and are inferior to assessing a potent
anti-mouse CD39 mAb in syngeneic tumor models. Further-
more, our study has uncovered the critical importance of
an eATP-P2X7-ASC-NALP3-inflammasome-IL18 pathway
in the antitumor activity mediated by CD39 enzyme block-
ade. This pathway has not previously been recognized to be
critical for anti-CD39 antitumor activity. Rather, previous
experimental evidence supported a dogma where blockade of
CD39 primarily prevented CD73 from generating adenosine
as a mechanism of action. eATP liberation and signaling of
immune stimulation has been postulated as a mechanism
of action of CD39 blockade, but this has never been dem-
onstrated with any experimental evidence. Our data suggest
that anti-CD39 activity is mediated by CD39 and P2X7
coexpression on intratumor myeloid-cell subsets, an early
signature of macrophage depletion, and active IL18 release
that facilitates subsequent T-cell effector function. In syn-
geneic mice and autologous human T cell-tumor models,
anti-CD39 effectively converted T cell-poor tumors into
T cell-rich tumors and rescued anti-PD-1 resistance.

Despite the impressive advances achieved by immuno-
therapies in the past few years, there is a significant propor-
tion of patients whose cancer is refractory to ICB or who
develop adaptive resistance after achieving initial clinical
responses. In either case, there is a growing body of evidence
to suggest that adenosine-mediated immunosuppression is
a major mechanism of immune evasion underlying these
observations (48-50). These insights are supported by the
increasing evidence gleaned from extensive immunopheno-
typing efforts. Dissection of the TME via flow cytometry,
CyTOF, IHC, or single-cell RNA-seq analysis have revealed
that upregulation of CD39 expression on critical tumor-
infiltrating immune subsets is a common occurrence across
multiple tumor types (23, 24, 51). The presence of high
levels of CD39 on regulatory immune subsets (18-21) and
on exhausted and tumor-reactive T cells (23-25) is directly
correlated with immune dysfunction. Meanwhile, CD39
expression on the tumor itself appears to be restricted to a
small subset of patients in most indications (32) or specific
indications where increased prevalence has been reported
(e.g., blood malignancies or melanoma; ref. 52). Given these
observations, our finding that inhibiting CD39 expression on
the myeloid compartment is required for reversing immune
suppression within the TME has implications for patients
with cancer who may benefit from anti-CD39 therapy.

First, although patients with immunologically active, “hot”
tumors are more likely to respond to existing immune-
checkpoint inhibitors, the majority still fail to achieve com-
plete, durable responses. If adenosine-mediated immune
suppression is indeed a major source of this innate or adap-
tive resistance, then disruption of the adenosinergic pathway
might be effective in settings where immune infiltrates are
present but either immune-checkpoint inhibitors fail to elicit
antitumor responses or patients relapse as adaptive resistance
develops. Second, we have demonstrated that inhibition of
CD39 enzymatic function can sensitize intrinsically resistant,
“cold” tumor models to anti-PD-1. Given that ICB has gener-
ally failed in settings where the preexisting TME is T-cell poor,
this potentially opens up new indications for consideration.
Our findings both in a poorly infiltrated syngeneic tumor
model and in the humanized setting indicate that blocking
CD39 enzymatic activity is correlated with the increased infil-
tration of cytotoxic effector populations into the TME and a
concomitant upregulation of activation markers on those infil-
trates. Although eATP has been reported as a chemotactic sig-
nal for attracting myeloid populations, especially neutrophils
via P2Y2 (53, 54), we see a decrease in intratumor macrophages.

One potential explanation is offered by the observation
that activation of the inflammasome appears necessary to
achieve the full therapeutic benefit of CD39 enzymatic inhibi-
tion. In the context of the broader therapeutic landscape, this
impact on innate immune function and antigen-presenting
subsets may be a key feature that distinguishes CD39 enzymatic
inhibition from other modalities targeting the adenosinergic
axis. Indeed, the NALP3 inflammasome was not required for
the antitumor activity of anti-PD-1 or anti-PD-1 and A2ARi. In
direct comparisons of antitumor activity, inhibition of CD39
enzymatic function was superior to antagonism of CD73 enzy-
matic function and/or downstream A2AR/A2BR signaling.
Unlike therapeutic approaches that target the downstream pro-
duction or function of adenosine, inhibition of CD39 not only
limits the production of adenosine but also prevents the rapid
degradation of eATP in the TME. eATP is therefore made avail-
able to trigger purinergic receptors on both innate and adaptive
immune cells (55, 56). Also interesting was the finding that anti-
CD39 was able to further suppress tumor immunity in mice
blocked or deleted for CD73, A2AR, and A2BR. This suggests
that not all extracellular adenosine was inhibited by anti-CD39
and perhaps other adenosine-generating pathways may con-
tribute when CD39 is blocked. Whether similar combination
effects can be achieved by locally inhibiting HIF1/hypoxia as a
major regulator of CD39 and CD73 remains to be determined
(57). These data also confirm the distinct mechanism of action
of anti-CD39. Further delineation of the adaptive versus innate
contributions of eATP will require conditional P2X7 gene-
targeted mice to dissect the relative contributions of immune
subsets, but is warranted in light of these findings.

Surprisingly, global CD39 gene-targeted mice often did
not display a tumor reduction phenotype where the anti-
CD39 mADb treatment was very effective. This suggests either
compensation in the CD39 gene-targeted strain involving
other molecules (e.g., CD38) or different protumor and
antitumor roles of CD39 when expressed on different cell
types. LYZ2¢/VT CD39%1 mice did not display any profound
tumor-resistance phenotype, but clearly did not respond
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upon anti-CD39 treatment. LYZ2“/VT CD39%% mice dis-
play a decrease in macrophage, monocyte, and neutrophil
CD39 expression, but only macrophages and monocytes are
reduced in tumors post anti-CD39 treatment and only these
myeloid cells coexpress CD39 and P2X7 in the TME. Thus, it
seems likely that intratumor myeloid cells expressing CD39
coexpress P2X7 and respond to the eATP liberated by anti-
CD39. This response includes NALP3 inflammasome activa-
tion, IL18/IL1P release, and pyroptosis. Consistent with this
mechanism, depletion or immobilization of myeloid cells or
neutralization of IL18/IL1B completely abrogated the anti-
tumor activity of anti-mouse CD39. It remains to be deter-
mined whether this mechanism of action applies in “cold”
mouse tumors and human tumors. “Hot” and “cold” mouse
tumors all have some level of immunosuppressive myeloid
cells expressing CD39, but it is clearly more difficult to
determine mechanism of action in “cold” tumors where anti-
CD39 monotherapy is weak. Macrophages and monocytes
were reduced in both “hot” MC38 (Fig. 3D) and “cold” RM1
tumors 48 hours after anti-CD39 (Supplementary Fig. S19).
Interestingly, in the EBV-specific T cell-LCL model, anti-
human CD39 was effective only against established tumors
when T cells were transferred despite the fact that the only
human components were the human T cells and the human
B-cell lymphoma expressing CD39. Here, it is possible that
the transferred T cells or LCL tumors are the primary target
of anti-human CD39. It is possible that LCLs may act as anti-
gen-presenting cells in the autologous model and provide a
source of IL18, and hence in this setting the need for myeloid
cells might be bypassed. The contribution of mouse myeloid
cells in this model has also not been assessed. Further experi-
ments deleting CD39 in tumors and T cells will be required in
mouse and humanized mouse tumor models to understand
the importance of CD39 on these cells.

Our findings reveal insight into the effects of pharmaco-
logic inhibition of CD39 enzymatic activity on the TME. Pre-
viously, this has mostly been studied in the context of genetic
deletion of CD39 in the host (28, 30, 31, 58). Although these
studies provide valuable insights into the role of the aden-
osinergic system in cancer, genetic knockout can be subject
to compensatory mechanisms, including desensitization of
the purinergic receptors (59). POM1 has also been used in
mouse models to probe the importance of CD39 enzymatic
function in cancer settings (28, 31, 51), but these studies are
inherently limited by the lack of drug-like properties of this
compound, including its poor serum half-life and broad ecto-
nucleotidase specificity. Our studies suggest that enzymatic
inhibition of CD39 by an antibody is in fact superior to both
genetic deletion and POM1-mediated inhibition. This is also
true in metastatic models where NK cells are effectors (manu-
script in preparation). Antibody binding of CD39 without
enzyme inhibition was not effective. The ability of anti-CD39
to inhibit CD39 ATPase activity was demonstrated in vivo
and suggests a potential biomarker strategy for efficacy in
humans should fresh-frozen tumor tissue be available.

In summary, our findings present compelling evidence for
the impact of enzymatic inhibition of CD39 on the course of
tumor progression. Translation of these preclinical findings
into human trials will ultimately be required to determine the
utility of this approach to treating human cancers, either as a

monotherapy or in combination with other established or to-
be-discovered agents. First-in-human trials of the anti-CD39
in patients with advanced cancer have recently commenced
(NCT03884556).

METHODS
Mice

WT C57BL/6 and BALB/c mice were purchased from the Walter
and Eliza Hall Institute for Medical Research or bred in house.
CS7BL/6 Ptprc* (CD45.1%) mice, C57BL/6 CD39-deficient (CA397")
mice (60), CS7BL/6 NALP3-deficient (Nalp3™/") mice, C57BL/6 P2X7-
deficient (P2X77/") mice (61), C57BL/6 ASC-deficient (Pycard /") mice,
and NOD-RAG1-gamma ¢ (NRG) mice were bred in house and main-
tained at the QIMR Berghofer Medical Research Institute. C57BL/6
Rag2”/ "y~ mice have been previously described (33). C57BL/6 LYZ2C/VT
CD39%% and LYZ2YT/VT CD39%% mice were generated by crossing
LYZ2* mice (from Dr. Irmgard Foerster, University of Dusseldorf;
ref. 62) with CD39%% mice (obtained from the EUCOMM Consor-
tium). Mice greater than 6 weeks of age were sex-matched to the
appropriate models. The number of mice in each group treatment or
strain of mice for each experiment is indicated in the figure legends.
In all studies, no mice were excluded based on preestablished criteria,
and randomization was applied only immediately pretreatment in
therapy experiments to ensure similar mean tumor size was the start-
ing point. Experiments were conducted as approved by the QIMR
Berghofer Medical Research Institute Animal Ethics Committee.

Human Ethics

Healthy volunteers under written informed consent were recruited
according to the principles of the Declaration of Helsinki and the
National Statement on Ethical Conduct in Human Research in
accordance with the National Health and Medical Research Council
(Australia) Act. The Human Ethics Committee of QIMR Berghofer
Medical Research Institute approved the protocol for the recruitment
of healthy volunteers. PBMCs from healthy volunteers were isolated
using Ficoll-Paque gradients on SepMate columns (STEMCELL Tech-
nologies) and used to generate EBV-transformed LCLs as described
previously (63). Autologous LCLs were used to generate EBV-specific
T cells as outlined below. Alternatively, human PBMCs were isolated
from a human peripheral blood leukopak purchased from STEMCELL
Technologies. Using Institutional Review Board-approved consent
forms and protocols, the material was obtained and distributed by
STEMCELL for the purpose of in vitro research only.

Antibody Generation

The B66 antibody to murine CD39 was discovered through immu-
nization of WT Sprague Dawley rats followed by hybridoma screen-
ing. Hits were produced as antibodies with Fc region derived from
mouse IgG1 and were confirmed for binding to recombinant mCD39
extracellular domain (R&D Systems, cat. #4398-EN) or to mouse
cells endogenously expressing CD39: BCL1, clone SB1b (ATCC, cat.
#TIB-197). The D265A variant was generated using QuikChange site-
directed mutagenesis (Agilent). Anti-human CD39 (TTX-030) was
previously generated via phage display with a human Fab library and
expressed by standard techniques (46).

Anti-CD39 Efficacy In Vitro: Proliferation
and Cytokine Effector Function

PBMCs were labeled with CellTrace Violet (Thermo Fisher) to
measure proliferation, and 50,000 cells per well were plated into a
96-well round-bottom plate. Cells were pretreated for 30 minutes
with antibody in triplicates, then 2 pL Immunocult human CD3/
CD28 T-cell activator (STEMCELL) was added per well in addition to
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50 umol/L final concentration of ATP or medium alone (no ATP con-
trol). Cells were incubated for 96 hours, then spun at 1,700 rpm for
2 minutes. Supernatants were collected for evaluation of cytokines
using Meso Scale Discovery. For flow cytometry, Human BD Fc Block
was added to cells for 30 minutes before staining with CD4-PE/Cy7
(clone RPA-T4), CD8-APC (clone RPA-T8), CD3-Brilliant Violet 785
(BV785, clone OKT3), CD14-Alexa Fluor 488 (clone HCD14), and
eBioscience Fixable Viability dye eFluor 780 (e780) for 30 minutes.
Cells were washed twice and then resuspended in staining buffer and
run on BD Fortessa. Data were analyzed on FlowJo, and CD4* and
CD8* T-cell proliferation was plotted as a histogram. Unstimulated
cells were used to set a control peak for nondividing cells, and the
remaining peaks were analyzed as a percentage of proliferation.

Cell Culture

Mouse B16F10 (melanoma), MC38 (colon adenocarcinoma), and
RM1 (prostate carcinoma) cells were grown in Dulbecco’s Modified
Eagle Medium supplemented with 10% fetal calf serum (Bovogen),
1% glutamine (Gibco), 1% HEPES (Gibco), and 1% penicillin/strep-
tomycin (Gibco). Mouse SM1WT1 (melanoma), MCA1956 (fibro-
sarcoma), and 4T1.2 (mammary carcinoma) cells were cultured in
RPMI-1640, supplemented with 10% fetal calf serum (Bovogen), 1%
glutamine (Gibco), and 1% penicillin-streptomycin (Gibco; complete
RPMI). All the mouse tumors were CD39 negative in culture as previ-
ously demonstrated (31). Human EBV-transformed lymphoblastoid
cell lines (LCL039 and LCL043) were established from healthy sero-
positive donors as previously described (64) and were routinely main-
tained in complete RPMI. Mouse bone marrow-derived macrophages
were generated in complete RPMI supplemented with M-CSF (20 ng/
mL, PeproTech) for 6 days. All cell lines were maintained at 37°C, 5%
CO,, except MC38, which was cultured at 10% CO,. Cell-injection
and monitoring procedures were described in previous studies (64).
All cell lines were routinely tested negative for Mycoplasma, but cell
line authentication was not routinely performed.

Bone Marrow Chimera Construction

As previously described, CD45.1*Ptpre* WT mice and CD45.2*Cd397/
mice as recipient mice (9-10 mice per group) were irradiated twice
with a total dose of 1,050 cGy (33). Donor BM cells (1 x 107) from
Ptprc® mice or Cd397/~ mice were then i.v. injected into the irradiated
mice to construct the BM chimeric mice. Neomycin-containing
water (1 mg/mL) was given to these mice for 3 weeks. After confirm-
ing the BM reconstruction by flow cytometry of peripheral blood
8 weeks after BM cell injection, MC38 cells (1 X 10°) were subcutane-
ously injected into the BM chimeric mice. Mice were then treated
intraperitoneally (i.p.) with cIg or anti-CD39 mAb as indicated, and
tumor size was measured at the time points indicated in the figure
legends.

Subcutaneous Tumor Models

For primary tumor growth experiments, MC38 (1 X 10°), B16F10
(1 x 10%), MCA1956 (1 x 10), RM1 (5 x 10%), or SMIWTI (1 x 10°)
cells were subcutaneously injected into mice in a final volume of
100 to 200 pL (day 0). Therapeutic antibody treatment commenced
as indicated on days 3 to 10 after tumor inoculation and was given
every 3 or 4 days up to a maximum of 4 doses. Digital calipers were
used to measure the perpendicular diameters of the tumors. The
tumor size was calculated and is presented as mean + SEM.

MCA-Induced Fibrosarcoma

Groups of 10 to 16 male C57BL/6 WT mice were inoculated sub-
cutaneously in the hind flank with 300 ug of MCA (Sigma-Aldrich) in
0.1 mL of corn oil. Mice were treated with mIgG1, anti-CD39 (B66),
anti-PD-1 (RMP1-14), or their combination (100 pg each, i.p., twice/
week) for 6 weeks from the second palpable tumor measurement

(0.1-0.4 cm?, days 77-127 relative to MCA inoculation). Mice were
then monitored for fibrosarcoma development for 250 days with
measurements made with a caliper as the product of two perpendicu-
lar diameters (cm?). The number of mice that rejected tumors out of
the total number of mice is shown. Growth rate of tumor was also
measured from treatment start point to sacrifice or tumor rejection

(as mm?/day).

Generation of CTL Using LCL

To generate cytotoxic T lymphocytes (CTL) that predominantly
recognize the immunodominant latent antigens of EBV (EBNA3-6),
PBMCs were prepared prior to use and stored in liquid nitrogen. To
prepare stimulator cells, 1 x 10° to 2 X 10° autologous LCLs were
harvested and y-irradiated at 80 Gy. PBMCs were resuspended and
cultured with stimulator cells in a final ratio of 30:1, with IL2 in
the medium (120 IU/mL). Additional IL2 and medium were added
every 3 to 4 days until the end of the culture period. On day 21, cells
were removed from the incubator, and the number of viable cells was
determined using the Trypan blue exclusion method. The expanded
CTLs were stored for further experiments.

Adoptive Transfer of EBV-Specific T Cells

NRG mice were engrafted subcutaneously with 107 EBV-
transformed lymphoblastoid cells (LCL039 or LCL043) per mouse.
Tumor growth was monitored every 2 to 3 days using digital cali-
pers. Five days (LCL043) or 10 days (LCL039) after engraftment of
lymphoblastoid cells, mice were either mock-treated or infused with
9 x 10° EBV-specific T cells. Control lg (palivizumab hG4; MedIm-
mune) or anti-human CD39 (Tizona) were administered i.p. on the
same day of EBV-specific T-cell injection and every 3 days for 4 doses
in total. At the endpoint, tumors were resected and either digested
with a combination of collagenase type 4 (Worthington Biochemical
Corp.) and DNase I (Roche) at 37°C or fixed with formalin. Tumor-
infiltrating CD8* lymphocytes and expression of exhaustion markers
were detected by flow cytometry and THC.

In Vivo Treatments

For mouse tumor models, some groups of mice received either
anti-CD8P (53.5.8; BioXCell) as indicated to deplete CD8" T cells
or anti-asialoGM1 (Wako) to deplete NK cells. Some groups of mice
were neutralized for IFNy (H22) using the scheduling and dosing as
indicated. Some mice were treated with cIg (I-1 or I-536, Leinco), anti-
mouse CD39 (B66, mIgG1, Tizona), anti-CD39 (B66, mIgG1 D265A,
Tizona), anti-CD73 (2CS; mlgG1, Tizona), anti-PD-1 (RMP1-14),
A2AR inhibitor (SCHS58261; Sigma-Aldrich) with schedules and
doses as indicated in the figure legends. For human tumor models,
some groups of mice were treated with either clg (palivizumab hG4,
MedImmune), anti-human CD39 (TTX-030; Tizona), anti-PD-1
(pembrolizumab; Merck) with schedules and doses as indicated in
the figure legends. No macroscopic signs of toxicity or weight change
were detected after anti-CD39 therapy (data not shown).

Flow Cytometry

Tumors, tumor-draining lymph nodes, and spleens were harvested
from mice untreated or treated with control or therapeutic antibod-
ies as indicated in the figure legends. Tumors and lymph nodes
were minced and digested with 1 mg/mL collagenase IV (Worthing-
ton Biochemical) and 0.02 mg/mL DNase I (Roche) and homog-
enized to prepare single-cell suspensions. Single-cell suspensions
of spleens were depleted of erythrocytes. For surface staining, cells
were stained in phosphate-buffered saline containing 2% (v/v) FBS
with anti-CD45.2 (104; BD Biosciences) or anti-CD45.2 (30-F11;
Thermo Fisher), anti-CD4 (RM4-5; BioLegend) or anti-CD4 (GK1.5;
eBioscience), anti-CD8a (53-6.7; BioLegend), anti-TCRfB (HS7-597;
BioLegend), anti-NK1.1 (PK136; BD Biosciences), anti-CD39 (Duha59;
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BioLegend), anti-CD73 (TY/23; BD Biosciences), OVA-tetramer (assem-
bled with biotinylated KbOVA monomer from Professor Andrew
Brooks Lab, the University of Melbourne and streptavidin from BD
Biosciences), anti-CD279 (29F.1A12; BioLegend), anti-Ly6G (1A8; Bio-
Legend), anti-CD11b (M1/70; BioLegend), anti-CD11c (N418; eBiosci-
ence), anti-CD64 (X54-5/7.1; BioLegend), anti-MHC II (M5/114.15.2;
eBioscience), anti-CD274 (10F.9G2; BioLegend), and anti-P2X7R
(1IF11; BioLegend). For intracellular staining, surface-stained cells
were fixed and permeabilized using the FOXP3/Transcription Factor
Staining Buffer Set (eBioscience) or BD Cytofix/Cytoperm (BD Bio-
sciences) according to the manufacturer’s protocol and stained with
anti-FOXP3 (FJK-16s, eBioscience), anti-IFNy (XMG1.2; BioLegend),
anti-Ki-67 (16A8; BioLegend) or anti-Ki-67 (B56; BD Biosciences),
and respective isotype antibodies. For intracellular staining of
IFNY, cells were stimulated ex vivo with eBioscience Cell Stimula-
tion Cockrtail (plus protein transport inhibitors) for 4 hours before
surface staining. Populations defined in CD45" live cells: CD8* T
cells, TCRB*CD8"; CD4*FOXP3™ T cells, TCRB*CD4*FOXP3; Tregs,
TCRB*CD4'FOXP3* NK cells, NK1.1*'TCRB"; neutrophils, Ly6G;
eosinophils, Ly6G CD64 MHCII"CD11b*SSCM; macrophages,
Ly6G CD64*"MHCII*; DCs, Ly6G CD64 MHCII*CD11c*; and mono-
cytes, Ly6G CD64 /°MHCII /°CD11b"SSCP. Cells were acquired on
the BD LSRFortessa V (BD Biosciences), and analysis was carried out
using FlowJo (Tree Star). Dead cells stained by 7-AAD (BioLegend) or
Zombie Aqua (BioLegend) were excluded from analysis. Lymphoid and
myeloid components were gated by markers indicated in Fig. S7.

IHC

IHC for CD8, CD39, PD-1, and CD19 staining was performed on
mouse tumors harvested at the endpoint (day 23), in 10% neutral
buffered formalin. Tumor sections were cut at 3 um onto superfrost+
glass slides and stored under vacuum until IHC was performed. Anti-
body-specific IHC conditions are listed in Supplementary Table S2.
Briefly, antigen retrieval was done using a pressure decloaker (100°C;
20 minutes), and IHC was performed on a Dako Autostainer. Targets
were visualized using the MACH3 HRP polymer detection system
(Biocare; M3R531) and DAB Chromogen Kit (Biocare; BDB2004).
Slides were counterstained with diluted hematoxylin and scanned
using the 20X object lens on an Aperio AT system (Leica Biosystems).
Representative images per tumor were captured using ImageScope
software (Leica Biosystems).

Immunoblots

LPS-primed bone marrow-derived macrophages were stimulated
with ATP for 90 minutes. Proteins in total cell lysates (prepared by
RIPA buffer) and supernatants were detected by following mAbs:
caspase-1 p20 (Casper-1, AdipoGen Life Science), anti-IL1[ (3A6, Cell
Signaling Technology), and B-actin (13ES, Cell Signaling Technology).

RNA-seq

WT mice were injected subcutaneously with MC38 colon adeno-
carcinoma cells on day 0. Mice were treated i.p. with B66 or cIg (200
ug) on day 12 and tumor samples were harvested 48 hours after treat-
ment, followed by snap-freezing by dry ice. RNA isolation was per-
formed using the RNeasy Mini Kit (Qiagen), and RNA samples with
RIN > 7 were selected for cDNA library preparation using TruSeq
RNA-seq using the Illumina (NextSeq 550) platform. A minimum
of 27 million 76-bp paired-end reads were generated per sample.
Sequence reads were trimmed for adapter sequences using Cuta-
dapt (version 1.9; ref. 65) and aligned using STAR (version 2.5.2a;
ref. 66) to the Mus musculus GRCm38 (MM10) reference genome
assembly using the gene, transcript, and exon features model of
Ensembl (release 70). Quality-control metrics were computed using
RNA-SeQC (version 1.1.8; ref. 67), and transcript abundances were
quantified using RSEM (version 1.2.30; ref. 68). Further analyses of

the RNA-seq data were carried out in R (version 3.5.1; https://www.
R-project.org/). Protein-coding genes with <3 counts per million
in fewer than S samples were removed from downstream analyses.
Trimmed mean of M-values (TMM) normalization and differential
gene-expression analysis were performed using the edgeR package
(69). The “prcomp” function in R was used to perform principal
component analysis on gene-wise centered and scaled values of
TMM normalized expression data. Heat maps were produced using
“ComplexHeatmap” R package (70) using gene-wise centered, scaled,
log, values of TMM normalized expression data, and “pearson”
distance with “ward.D” criteria to cluster the rows. GSEA was per-
formed using the “fgsea” R package (71). RNA-seq data have been
deposited in the European Nucleotide Archive (accession number:
PRJEB32653).

Statistical Analysis

Statistical analysis was conducted with GraphPad Prism 7
(GraphPad Software). A one-tailed Mann-Whitney U test was used
for comparisons of two groups. Significance of differences was also
calculated by the log-rank ¢ test for Kaplan-Meier survival analysis or
two-way ANOVA as necessary. Tukey multiple-comparison tests were
utilized unless otherwise indicated. A Fisher exact test was also used
to determine significance of the proportion of tumor-free mice. Dif-
ferences between groups are shown as the mean + SEM. P values of
less than 0.05 were considered statistically significant.
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