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Abstract

Antigen release resulting from the death of tumour cells induced by chemotherapies and targeted
therapies can augment the antitumor responses induced by immune checkpoint blockade (ICB).
However, tumours responding to ICB therapies often become resistant to them. Here, we show
that the specific targeting of tumour cells promotes the growth of tumour-cell variants that are
resistant to ICB, and that the acquired resistance can be overcome via the concurrent depletion of
tumour cells and of major types of immunosuppressive cells via a monoclonal antibody binding
the enzyme CD73 (which we identified is highly expressed on tumour cells and on regulatory T
cells, myeloid-derived suppressor cells and tumour-associated macrophages, yet not on cytolytic T
lymphocytes, natural killer cells and dendritic cells). In mice with murine tumours, the systemic
administration of anti-PD1 antibodies and anti-CD73 antibodies conjugated to a near-infrared
dye subverted near-infrared-irradiated tumours from acquiring resistance to ICB and resulted in
the eradication of advanced tumours. The elimination of immunosuppressive cells may overcome
acquired resistance to ICB across a range of tumour types and combination therapies.

The reinvigoration of tumor-specific T cells by immune checkpoint blockade (ICB) has
recently demonstrated remarkable clinical efficacy across tumor typesl-2. Unfortunately, the
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majority of patients do not respond to ICB and only a small percentage of them achieve
durable benefits. For example, PD-1 blockade showed an overall response rate (ORR) of
only 4.7% (complete response, CR: 1/170; partial response, PR: 7/170) in 170 patients with
metastatic triple-negative breast cancer (TNBC)3, whereas PD-L1 and CTLA-4 blockade
appears minimally active?. Similarly, to date, no response (0%) has been observed in clinical
trials among patients with pancreatic ductal adenocarcinoma (PDAC) using anti-PD1°, anti-
PD-L1%7, or anti-CTLA-48 ICB. Furthermore, with higher activity and broader use of ICB
immunotherapies, the denominator of patients with a tumor response has increased and

the chances of finding patients who responded for a period of time and then progressed,
termed acquired resistance, increases®. One explanation for the low response rate is that

the effects of ICB are negated by the presence of other immune tolerance mechanisms

that keep the immune system in check in the tumor microenvironment (TME)19. Growing
evidence suggests that tumor-infiltrating myeloid-derived suppressor cells (MDSCs), tumor-
associated macrophages (TAM), and regulatory T cells (Tregs) cells contribute to immune
tolerance and reduced CD8* cytolytic T lymphocyte (CTL) induction, infiltration, and
cytolytic function. Further, this immunosuppressive phenotype is not abolished by ICB when
tumors fail to respond or acquire resistance to ICB therapy1-16. However, the contribution
of immunosuppressive cells in TME to acquired resistance of ICB immunotherapy is still
elusive.

Abnormal differentiation and function of myeloid cells is a hallmark of cancer, which

blocks CTL function and protects tumors from chemotherapy and immunotherapy?’.

Some strategies have been developed to prevent the accumulation of myeloid cells, or
alternatively, inhibit myeloid cells’ immunosuppressive activityl8, Because myeloid cells are
a heterogeneous population, approaches to specifically target MDSCs and TAMSs without
affecting other myeloid cells (such as dendritic cells (DCs)), or subverting CTL responses,
remain to be developed and are critical to surmount ICB resistance. In addition to myeloid
cells, the function of tumor-infiltrating CTLs may be also suppressed by nearby Tregs?.
Controlling tumor-infiltrating Treg cells has been considered another essential step for
successful immunotherapy?2C. Since most Treg cell markers are presented on activated type

1 helper (Th1) and CTLs (e.g. CD25)20, approaches are needed to selectively deplete

or inhibit tumor-infiltrating Treg cells without dampening CTLs — but these approaches
remain elusive. Because systematic depletion of immunosuppressive cells may result in
severe autoimmunity?L, ablation of all major types of immunosuppressive cells (e.g. MDSC,
TAM, and Treg cells) in tumor may subvert resistance to ICB and bolster an unprecedented
immunotherapeutic efficacy, which represents an unmet need for immunotherapy to modify
the tumor immune landscape to overcome resistance mechanisms. Currently, approaches that
specifically target a single type of immunosuppressive cell in TME remain to be achieved.

In this study, we demonstrated that targeting tumor cell-expressed antigen (e.g. B7H3)
selected the outgrowth of resistant variant tumor cells and promoted resistant variant
tumor outgrowth, despite co-administration of ICB. To address this acquired resistance,
we identified CD73 as a common marker that is highly expressed by most types of
immunosuppressive cells [e.g. Tregs, M2-like tumor-associated macrophages (TAM.M2),
and myeloid-derived suppressor cells (MDSCs)] as well as by tumor cells, but not or very
limited by anti-tumor immune cells, e.g. effector CD4* T cells or CD8" T cells. We thus
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hypothesized that the killing of CD73* cells in tumor may simultaneously deplete tumor
cells and major types of immunosuppressive cells in TME, which may subsequently break
the immune tolerance in tumor and overcomes the acquired resistance to ICB. To achieve
this goal, we take advantage of an existing approach for near-infrared (NIR) activated photo-
depletion of the target cells?2-24 and create a IR-700 dye-conjugated anti-CD73 monoclonal
antibody (aCD73-Dye). aCD73-Dye conjugates are able to specifically bind to CD73*
cells, and induces highly selective, necrotic cell death of CD73* cells, without damaging
adjoining cells after near-infrared (NIR 690 nm) exposure. When administered intravenously
in vivo, local NIR exposure eradicated advanced murine tumors (EMT6, 4T1.2, MMTV-
PyMT spontaneous TNBCs, and Pan02 PDAC) and together with aPD-1 monoclonal
antibody (mAb) treatment, was associated with ~3 months of tumor-free survival in mice
with both local tumors (NIR exposure) and remote tumors (no NIR exposure; serving as
metastatic tumors). Furthermore, eradication of CD73* cells also sensitized human PDAC
patient-derived organotypic tumor spheroids to aPD-1 mAb therapy. Therefore, this study
revealed a mechanism underlying acquired resistance of ICB immunotherapy and suggested
a strategy for overcoming acquired resistance by locally removing all major types of
immunosuppressive cells.

Relapse of resistant tumors is inevitable when merely targeting a tumor-expressed

antigen.

To understand the mechanism of acquired resistance in ICB, we utilized Pan02B7H3 cells-
bearing mice (overexpression of B7H3 on Pan02 PDAC cells, Fig. 1a and Supplementary
Fig. 1a). To achieve the goal of tumor-killing of Pan02B7H3 cells, we adopted an existing
approach of NIR-activated photo-depletion of the target cells by using antibody-IR700
conjugates?3. aB7H3-Dye+NIR induced rapid cell necrosis in >98% of Pan0287H3 tumor
cells in vitro (Fig. 1b, c). Next, we inoculated Pan02B7H3 cells s.c. on the flank of mice.
We found that the expression level of B7H3 on tumor-infiltrating immune cells was
negative or very low (Supplementary Fig. 1b). Consistent with the low B7H3 expression
level, aB7H3-Dye+NIR could not induce cell necrosis in these immune cells ex vivo
(Supplementary Fig. 1c). When Pan02B7H3 cells were inoculated in mice, aPD-1 and
aB7H3-Dye+aPD-1 treatments did not show any measurable antitumor activity. Moreover,
treatments with aB7H3-Dye+NIR or aB7H3-Dye+NIR+aPD-1 induced an initial rapid
regression of NIR-treated tumors; but all respondent tumors finally recurred in all treated
mice and led to the death of all mice (Fig. 1d, €). The recurred progress was similar to

the scenario of acquired resistance in the clinical setting, with a median survival time of
46.5 days for aB7H3-Dye+NIR and 48.5 days for aB7H3-Dye+NIR+aPD-1 treated mice
(Fig. 1d, e). We also used this approach to target B7H3-overexpressed EMT6B7H3 murine
triple-negative breast cancer (overexpression of B7H3 on EMT6 TNBC cells, Fig. 1f and
Supplementary Fig. 1a) and aB7H3-Dye+NIR induced rapid cell necrosis in >95% of
EMT6B7H3 tumor cells in vitro (Fig. 1g). In this tumor model, aPD-1, aB7H3-Dye+aPD-1,
and aB7H3-Dye+NIR treatments induced a partial response initially in EMT6B7H3 tumor-
bearing mice, but unfortunately, the development of acquired resistance eventually led to
the tumor recurrence (Fig. 1h). Although aB7H3-Dye+NIR+aPD-1 treatment could further
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inhibit the growth of EMT6B7H3 tumors compared to aPD-1, aB7H3-Dye+aPD-1, and
aB7H3-Dye+NIR treatments, but all respondent tumors finally recurred (Fig. 1h).

We next inoculated two Pan02B7H3 tumors s.c. on the left and right flanks of mice, and
performed the aB7H3-Dye+NIR+aPD-1 treatment (irradiation on the left-side tumor only;
right-side tumors were shielded from light). We then tested the sensitivity of local NIR
exposed (Left) tumors and the remote no NIR-treated (Right) tumors when the left tumor
relapsed (on day 19) by retreatment with aB7H3-Dye+NIR irradiation (Fig. 1i). Local
recurrent tumors (Left) but not remote tumors (Right) were resistant (Fig. 1j, k). We thus
hypothesize that local recurrent tumors would be B7H3-loss variant tumors iteratively
selected by aB7H3-Dye+NIR targeting B7H3, as often occurs in clinical cancer targeted
therapy. To test our hypothesis, we harvested PBS-treated Pan02B7H3 tumor, Pan02 tumor,
locally recurrent Pan02B7H3 tumor, and remote Pan02B7H3 tumor tissues on day 19. gPCR
demonstrated that only locally relapsed Pan02B7H3 tumors showed largely downregulated
B7h3levels (Supplementary Fig. 1d). Similarly, recurred EMT6B7H3 tumors after a B7H3-
Dye+NIR+aPD-1 treatment also display substantially reduced B7h3 levels (Supplementary
Fig. 1e). Taken together, these results demonstrate that targeting cancer cells would select
and promote the outgrowth of resistant variant tumor cells and it seems that the formation of
acquired resistant tumors is inevitable, even though ICB was co-administered.

Identification of common marker(s) to target major types of immunosuppressive cells.

Because tumor contains a large number of infiltrated immunosuppressive cells which

may dampen the efficacy of immunotherapy?®, we hypothesize that additional targeting

of immunosuppressive cells in TME would overcome the acquired resistance to ICB. To
identify a common marker highly expressed on major types of immunosuppressive cells

to specifically target immunosuppressive cells, we analyzed gene expression of Treg cells,
MDSCs, and TAM.M2 cells compared to Th1 cells, DCs, and normal tissue macrophages,
respectively, based on the published microarray data26-28, Clustering analysis indicated

that Treg cells, MDSCs, and TAM.M2 cells have very different gene signatures compared
to Th1l cells, DCs, and tissue macrophages, respectively (Fig. 2a, b, c). Overlap among
upregulated genes (>2-fold upregulation) in Treg cells/Th1l, MDSCs/DCs, and TAM.M2/
tissue macrophages were further analyzed by Venn diagram. We identified 11 genes that
were co-expressed in these immunosuppressive cells compared to non-immunosuppressive
cells (Fig. 2d). The 11 genes were further ranked by integrating their fold-changes in the
comparisons of “immunosuppressive to non-immunosuppressive cells” and the overall gene
expression level change was evaluated by a rank-adjusted fold-change (see methods section
for details). This analysis identified NVt5e gene (encodes CD73 protein) as the top candidate
far exceeding 10 other genes (Fig. 2e); this finding is also in agreement with previous
studies?®:30, We next verified the expression of CD73 on the different types of immune cells
in EMT6 TME by FACS, and confirmed that surface CD73 expression was high in multiple
types of immunosuppressive cells (e.g. Treg cells, MDSCs, and TAM.M2 cells, Fig. 2f and
Supplementary Fig. 2a), while such expression was negative or very low for DCs or effector
immune cells (e.g. effector CD4* T cells, CD8* T cells, or NK cells) (Supplementary Fig.
2b). Thus, CD73 may provide us with an opportunity to selectively deplete all major types of
immunosuppressive cells in TME to modify the tumor immune landscape.
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Because multiple types of cancer cells have been reported to express surface CD7331:32, we
thus analyzed the expression of CD73 by murine cancer cell lines. Interestingly, CD73 is
highly expressed on the surface of all murine 4T1.2 TNBC cells, ~75% of murine EMT6
TNBC cells, while such expression is negative for murine Pan02 PDAC cells (Fig. 29

and Supplementary Fig. 2c). To achieve the goal of local tumor killing of CD73™ cells,

we created aCD73-Dye conjugates and performed aCD73-Dye-mediated NIR irradiation.
aCD73-Dye+NIR induced rapid cell necrosis in >99% of 4T1.2 tumor cells (CD73*) and
~75% of EMT6 tumor cells but did not induce cell death of Pan02 tumor cells (CD737)
(Fig. 2h, i and Supplementary Fig. 2d). These results suggest that the rapid killing of

tumor cells after NIR exposure depends on CD73 expression. We next explored the effects
of aCD73-Dye+NIR on EMT6 tumor-isolated immune cells /n vitro. In correlation with
their surface expression of CD73, aCD73-Dye+NIR also rapidly killed immunosuppressive
cells, including Treg cells, MDSCs, and TAM.M2, (Fig. 2i and Supplementary Fig. 2e),
while leaving intact CTLs (effector CD4* T cells and CD8" T cells), NK cells or DCs
(Supplementary Fig. 2e). These data suggest that CD73-Dye can eliminate tumor cells and
the major types of immunosuppressive cells in the TME simultaneously, in a highly specific
manner.

Based on the efficient killing capacity of aCD73-Dye+NIR in vitro, we performed a study
in a 4T1.2 orthotopic TNBC model to test the antitumor function of aCD73-Dye+NIR /in
vivo. We firstly chose 4T1.2 as they express high amounts of CD73 on the cell surface.
BALB/c mice bearing advanced 4T1.2 tumors (~7x6 mm) in mammary pad were i.v.
injected with aCD73-Dye, and on the next day, tumors were exposed to 690nm NIR-light.
All other parts of mice were covered with an aluminum film to avoid light exposure
(Extended Data Fig. 1a). Treatments were performed once again for a group of mice four
days later. Remarkably, NIR with aCD73-Dye exposure eradicated the advanced tumors,
while 1gG-Dye+NIR or aCD73-Dye (no NIR) did not display measurable antitumor activity
(Extended Data Fig. 1b). In addition, we also explored the potential of aCD73-Dye on
tumors formed by injection of Pan02 cells, which do not produce CD73. The Pan02 PDAC
tumor model employs a transplantable form of murine PDAC refractory to many standard
chemotherapeutic agents and ICB33:34. Pan02 tumor-bearing C57BL/6 mice were given one
or two doses of aCD73-Dye-mediated NIR irradiation when tumors reached ~7x6 mm.
Surprisingly, aCD73-Dye-mediated NIR irradiation also largely reduced the tumor growth
of Pan02 tumors (Extended Data Fig. 1c); a result that may be arising from intratumor
depletion of CD73* immunosuppressive cells. Taken together, our results indicate that
aCD73-Dye efficient killed CD73* immunosuppressive cells and cancer cells, and mediated
extraordinary therapeutic effects to tumors established from both CD73* and CD73~ tumor
cells.

Targeting CD73* cells modifies the tumor immune landscape and bolsters CTL responses

in vivo.

The robust antitumor function on tumors prompted us to analyze the 4T1.2 TME after
aCD73-Dye-mediated NIR irradiation. We first performed mass cytometry (CyTOF) to
profile the tumor immune cell lineages, and the results revealed some remarkably features
associated with antitumor immunity activation. aCD73-Dye-mediated NIR irradiation
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preferentially reduced multiple types of immunosuppressive cells in tumors, including ~85%
reduction of Treg cells, 80% reduction of TAM.M2, and 95% reduction of MDSCs. Notably,
the reduction of immunosuppressive cells was accompanied by a marked increase in tumor-
infiltrating CD8* CTLs, nearly a 50-fold increase compared to other treated groups (Fig. 3a,
b). We further calculated the ratio of CD8" T cells to different types of immunosuppressive
cells. Depletion of CD73* cells resulted in ~6 to 200-fold increase in the CD8*/Treg

cells, CD8*/TAM.M2, CD8*/PMN.MDSC and CD8*/MoMDSC ratios over control groups
(Extended Data Fig. 2a, b, ¢, d). Similar to CD8* T cells, the modifications of tumor
immune landscape also largely increase the ratio of NK cells or CD4" effector T cells to
various types of immunosuppressive cells (Extended Data Fig. 2e, f, g, h, i). Finally, the
clearance of immunosuppressive cells may create a highly activating tumor milieu to allow
for tumor-infiltrating CD8* CTL reinvigoration; and indeed, remarkably upregulated GzmB-
and IFN-y-producing CTLs were detected after a CD73-Dye+NIR irradiation (Extended
Data Fig. 2j, k). In addition to 4T1.2 tumors, we also analyzed the immune landscape

after aCD73-Dye-mediated NIR irradiation in EMT6 TME. Similar to 4T1.2 tumor model,
we found that a CD73-Dye-mediated NIR irradiation preferentially reduced multiple types
of immunosuppressive cells in tumors but induced a marked increase in tumor-infiltrating
CD8* CTLs (Fig. 3c-3d). Overall, our data thus far highlight that depletion of CD73" cells
by aCD73-Dye+NIR in TME drives CTL reinvigoration for immune elimination of tumor
cells.

aCD73-Dye plus local NIR irradiation favors systemic CTL responses.

Because NIR irradiation may not reach metastatic tumors, we sought to determine whether
local aCD73-Dye+NIR irradiation facilitates systemic CTL activation, which may be crucial
for metastatic tumor clearance. Therefore, we performed a series of experiments to evaluate
the potential CTL activation and tumor-infiltration in tumors with and without direct
aCD73-Dye+NIR irradiation. We inoculated two Pan02°VA tumors s.c. on the left and right
flanks of mice, and performed the a CD73-Dye+NIR irradiation on the left-side tumor only
(right-side tumors were shielded from light). One day after NIR irradiation, we adoptively
transferred luciferase-transduced OVA-reactive OT-1 T cells via tail vein, which provides an
approach to visualize the tumor-specific CD8* CTL trafficking and accumulation (Fig. 4a).
To our surprise, bioluminescent imaging revealed that massive Luc* OT-I T cells infiltrated
not only in the aCD73-Dye irradiated tumor but also the tumor shielded from light (Fig. 4b,
c). Consistently, there are substantially more OT-I T cells after aCD73-Dye+NIR treatment
as calculated for the absolute number of these tumor-specific T cells by FACS (Fig. 4d).

To further confirm the induction of tumor-specific CD8" CTL response by aCD73-
Dye+NIR irradiation /n vivo, we labeled OT-1 CD8* T cells with CFSE and adoptively
transferred them to mice bearing two Pan02°VA tumors one day after the irradiation on

the left tumor (No NIR exposure on the right tumor). Three days after the OT-1 T cell
transfer, aCD73-Dye+NIR irradiation stimulated a strong proliferation of OT-1 T cells in
tumor-draining lymph nodes (TDLNSs) of tumors with and without the direct NIR exposure
(Fig. 4e, f). Moreover, in mice bearing orthotopic and lung metastatic EMT6 and 4T1.2
TNBC, aCD73-Dye+NIR irradiation on the orthotopic tumor also greatly induced a robust
effector CD8* T cells response in the EMT6 lung metastatic tumor tissues (Fig. 4g) and

Nat Biomed Eng. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xue et al.

Page 7

boosted the 4T1.2-specific CTL infiltrating in the 4T1.2 lung metastatic tumor tissues
as measured by the gp70-tetramer™ CD8™ T cells (gp70 is a native antigen expressed

by 4T1.2) (Fig. 4h), respectively. Critically, these studies identify the unique capacity of
aCD73-Dye+NIR irradiation in driving robust host antitumor CTL responses.

aCD73-Dye+NIR irradiation overcomes the acquired resistance of ICB immunotherapy.

We first tested the anti-tumor efficacy of aCD73 and aCD73+aPD-1 using 4T1.2
orthotopic TNBC model, because these therapies alone may repress tumor growth3°:36, In
line with others3536, a.CD73 or aCD73+aPD-1 treatment exerted moderated but notable
antitumor effects if treatments were started when 4T1.2 tumor size reached ~3x3 mm
(small early-stage tumors). However, neither aCD73 nor aCD73+aPD-1 treatment display
apparent antitumor function once treatment started when 4T1.2 tumors reached an advanced
stage with a ~7x6 mm tumor size (Supplementary Fig. 3). Although targeting CD73 enzyme
activity is insufficient to control advanced tumors, we here repurposed anti-CD73 mAbs

to deplete CD73" cells by aCD73-Dye+NIR in tumor to determine if this strategy could
overcome the acquired resistance. In mice bearing advanced orthotopic and lung metastatic
EMT6 tumors (Fig. 5a), aPD-1, aCD73-Dye+aPD-1, and aCD73-Dye+NIR treatments
could induce initial tumor regression in EMT6 tumor-bearing mice, with the median survival
time for 30.5, 30, and 47 days, respectively (22 days for IgG group). Remarkably, combo
therapy (aCD73-Dye+NIR+aPD-1, the same after) eradicated both advanced orthotopic
EMT6 tumor (with NIR) and lung metastatic tumors (no direct NIR to lung) (Fig. 5b,

c) and resulted in tumor-free survival of at least 90% of mice up to 100 days (Fig. 5d).
Similar results were obtained in 4T1.2 tumor-bearing mice (Extended Data Fig. 3), further
highlighting that « CD73-Dye+NIR subverts systemic aPD-1 ICB primary and acquired
resistances and promotes curative responses. Although injection of aCTLA-4, aTIM-3,
aTIGIT, aLAGS, aGITR, a0X40, or a4-1BB also improves the antitumor effects of
aCD73-Dye+NIR, none of these combinations resulted in the curative response as seem in
aCD73-Dye+NIR+aPD-1 combo therapy. In addition to TNBC models, we also tested

the murine Pan0287H3 and Pan02 tumors, which displayed resistance to 19G, aPD-1,

and aCD73-Dye+aPD-1 treatments (31, 32.5, 34 median survival time, respectively), but
responded to aCD73-Dye+NIR treatment with ~50 days median survival time (Fig. 5e, h
and Extended Data Fig. 4a, b, c, d). Similarly, aCD73-Dye+NIR+aPD-1 combo therapy
also produced a curative effect on established Pan02B7H3 tumors and Pan02 tumors at both
the NIR exposed and the distant no NIR-treated sites and resulted in tumor-free survival of
all treated mice (Fig. 5e, h and Extended Data Fig. 4a, b, c, d). Finally, host CTL responses
dictate these extraordinary antitumor functions, because depletion of CD8* T cells but not
depletion of CD4* T cells or NK cells dampens the curative responses (Extended Data Fig.
4e, f).

Depletion of immunosuppressive cells is indispensable for overcoming acquired

resistance.

To dissect depletion of which cell type(s) is crucial to the observed curative responses,
we used EMT6-bearing N5/~ BALB/c mice (host CD73 KO) to receive a.CD73-
Dye+NIR+aPD-1 combo treatment, in which the immunosuppressive cells do not
express CD73, a similar scenario of only targeting of tumor cells without depletion of
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immunosuppressive cells. Consistently, aCD73-Dye+NIR+aPD-1 combo treatment induced
a notable tumor regression by killing CD73 expressing EMT6 cells, however, host
deficiency of CD73 nullified the curative response (Fig. 6a, b). These results demonstrate
that only targeting tumor cells without killing immunosuppressive cells invariably leads

to acquired resistance. Conversely, we also used EMT6 CD73 knockout (EMT6CD73 KO)
tumor cells to establish tumors in WT BALB/c mice, in which tumor cells can not be
directly eliminated by aCD73-Dye+NIR /n vitro (Extended Data Fig. 5a, b). Interestingly,
aCD73-Dye+NIR+aPD-1 combo treatment also eradicated EMT6CP73 KO tumors in WT
mice for tumor-free survival in 85% of mice at day 50 (Extended Data Fig. 5c), suggesting
that tumor cell-expression of CD73 may be only required for the optimal antitumor capacity
of aCD73-Dye+NIR+aPD-1 combo therapy.

To further elucidate whether removing all immunosuppressive cells, such as TAM.M2,
Tregs, and MDSCs, is required for curative responses, we sorted immunosuppressive cells
(Tregs, TAM.M2, or MDSCs) from orthotopic EMT6 tumors inoculated on WT or Nit5e/-
BALB/c mice. We intratumorally injected one type of these sorted immunosuppressive
cells into orthotopic EMT6 tumors inoculated in WT BALB/c mice one day before aCD73-
Dye+NIR+aPD-1 combo treatment, which establishes the scenario of only one type of
immunosuppressive cell remaining as a result of the killing of all the other cell types. The
numbers of intratumorally injected cells were adjusted to result in an equal/similar tumor
“infiltration” of each subset of cells in WT vs Nit5e/~ cell portion. Interestingly, injection
of any type of Ait5¢™"~ immunosuppressive cells, including Tregs, TAM.M2, or MDSCs,
abrogated the curative capacity of the a CD73-Dye+NIR+aPD-1 combo therapy (Fig. 6¢),
suggesting that targeting all types of these immunosuppressive cells is indispensable for
subverting acquired resistance to ICB. Collectively, a CD73-Dye+NIR therapy subverts
acquired resistance to ICB and bolsters an unexpectedly immunotherapeutic efficacy in
EMT6 tumor model.

aCD73-Dye+NIR irradiation synergizes with aPD-1 to eradicate spontaneous tumors and
human organotypic tumor spheroids.

Last, we assessed the anti-tumor capacity of aCD73-Dye+NIR+aPD-1 combo therapy

in a more difficult scenario of spontaneous TNBC tumor model (MMTV/PyVT) that

is known to resistant to aPD-1 ICB37. MMTV/PyVT mice, which can develop highly
invasive mammary ductal carcinomas with a high frequency of lung metastases, highly
resembles human luminal breast cancer3®. All-female carriers develop palpable mammary
tumors by 6 to 7 weeks of age and tumors eventually develop in all of their 10 mammary

fat pads3®. The treatments were started when mice developed 2 to 3 tumors ~60mm?3

each, and NIR irradiation was performed on all of these tumors. Remarkably, only aCD73-
Dye+NIR+aPD-1 combo therapy eradicated these established spontaneous tumors (Fig.

7a); and also retarded the growth of tumors from other mammary glands (Fig. 7b, c, d).
Furthermore, the eradication of the orthotopic tumors also led to the elimination of lung
metastatic TNBCs, and most importantly, aCD73-Dye+NIR+aPD-1 combo therapy resulted
in an 80% survival rate at day 110 (Fig. 7e, f). These results highlight that a CD73-Dye+NIR
irradiation holds promise for overcoming systematic resistance to aPD-1 therapy in mice
genetically prone to spontaneous breast cancer.
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Based on the Human Protein Atlas (HPA) dataset#?, most human cancer tissues display
strong to moderate membranous and cytoplasmic CD73 positivity (Extended Data Fig. 6a).
We also tested the expression of CD73 and B7H3 on immune cells and cancer cells in
human PDAC tumor specimens. We found that cancer cells express CD73 and B7H3 and
all major types of immunosuppressive cells displayed a high expression of CD73, but a low
or no expression of B7H3 (Extended Data Fig. 6b, c). We next extend our study to test

the antitumor capacity of aCD73-Dye+NIR+aPD-1 and aB7H3-Dye+NIR+aPD-1 combo
therapy in human PDAC. To better evaluate the potential of combo therapy in a model that
closely resembles the clinical setting, we used human PDAC patient-derived organotypic
tumor spheroids (OTS) (Extended Data Fig. 6d). In agreement with our murine tumor
model results, only aCD73-Dye+NIR+aPD-1 combo therapy displayed robust tumor-killing
ability in human PDAC (Extended Data Fig. 6e), suggesting that the combo therapy may
have high translational potential as a therapy for human cancer.

Discussion

In this study, we demonstrated that acquired resistance may occur during ICB
immunotherapy or combinational target therapy with ICB immunotherapy, and revealed a
potential role of immunosuppressive cells in TME that leads to recurrence. Our results
also suggest a strategy for overcoming acquired resistance by local removing all major
types of immunosuppressive cells. By identification of CD73 as a common marker highly
expressed on multiple types of immunosuppressive cells by bioinformatics analysis, we
repurposed anti-CD73 mAbs from blocking the enzymatic activity of CD73 into the
killing of CD73* tumor and immunosuppressive cells by aCD73-Dye+NIR to overcome
systemic ICB primary and acquired resistance. Remarkably, depleting of all major types of
immunosuppressive cells eradicated advanced tumors, overcame acquired resistance of ICB
immunotherapy, and induced curative responses in TNBC and PDAC tumor models.

Acquired resistance may cause cancer treatment failure and death in over 90% of patients
with advanced tumors. Patients may initially respond to treatment, but recurrence often
occurs because of the heterogeneous nature of cancer cell populations*L. In heterogeneous
cancer cells, the few cells that are resistant due to somatic mutation will be iteratively
selected and escape during treatment#L. Tumor cell death induced by chemotherapy- or
targeted therapy is thought to promote tumor antigen presentation, which then facilitates
the antitumor response of ICB. Interestingly, our results demonstrated that targeting tumor
cell-expressed antigens (e.g. target B7H3 by a B7H3-Dye+NIR+aPD-1) without destroying
the immunosuppressive TME promoted the outgrowth of B7H3™ resistant tumor cells, akin
to acquired resistance in the clinical setting*2-44,

Various types of tumor-infiltrating immunosuppressive cells, including Treg cells,

MDSCs, and TAM.M2, contribute to reduced CTL induction, infiltration, and cytolytic
function, which dampens the responsiveness to ICB1-16, The precise understanding of
immunosuppressive cells to acquired resistance of ICB immunotherapy remains elusive. We
hypothesized that depleting all major types of immunosuppressive cells may overcome the
acquired resistance in ICB immunotherapy. Currently, approaches that specifically target

a single type of immunosuppressive cell in TME have not yet been achieved. Here, we
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identified that CD73 was highly expressed by all major types of immunosuppressive cells
by comparing gene profiles of immunosuppressive cells to effector immune cells. We also
confirmed that immunosuppressive cells, such as MDSCs, Treg cells, and TAMs.M2 highly
expressed CD73, whereas the expression of CD73 on CD8* CTL, Foxp3~CD4* T cells, or
DCs are negative or very low. This unique character of immunosuppressive cells provides us
with a chance to simultaneously targeting these immunosuppressive cell subsets, which may
contribute to the acquired resistance of ICB.

Indeed, CD73 is the main extracellular source of adenosine, and the accumulated
extracellular adenosine could impair the cytotoxic potential of CD8" T cells and NK cells in
TME?. A recent study also suggested that high expression of CD73 in immunosuppressive
cells in tumor, particularly in TAM.M2, contributed to the lack of T-cell infiltration, thereby
leading to poor clinical outcomes?%:30. Thus, the anti-CD73 antibody has been used to target
the enzyme activity of CD73 for cancer treatment#6-48 but unfortunately, the response of
advanced tumors to aPD-1+aCD73 antibody or aPD-1+adenosine antagonist is limited in
both pre-clinic studies and clinic trials (clinical effectiveness data dont support launching

a phase 111 study)3649:50 However, in our current study, we alternatively targeted CD73*
cells with aCD73-Dye+NIR to induce complete response and prevent the recurrence in ICB
immunotherapy. This antitumor effect is associated with rapid killing of CD73* tumor cells
and immunosuppressive cells (including Treg cells, MDSCs, and TAMs.M2 cells), but no
or very limited cytotoxicity to effector CD4* T cells and CD8" T cells or DCs, which is
correlated with the surface expression level of CD73. To our surprise, targeting all major
types of these immunosuppressive cells, including Treg, MDSC, TAM.MZ2, is indispensable
for subverting acquired resistance to ICB, because the presence of any single type of
immunosuppressive cells, including Tregs, TAM.M2, or MDSCs, in local TME abrogated
the curative response.

Another intriguing finding is that a CD73-Dye+NIR+aPD-1 also eradicated advanced
tumors established from CD73™ tumor cells. These results suggest the importance of
eradicating immunosuppressive cells to overcome acquired resistance, further highlighting
the antitumor potential of aCD73-Dye in a range of tumor types, irrespective of the
expression levels of CD73 on tumor cells. Although aCD73-Dye may also kill CD73*
cancer-associated fibroblasts (CAF) and cancer-associated endothelial cells (CAE)®152, jt
seems that removal of these cells is insufficient to prevent tumor recurrence. This is because
B7H3 is also highly expressed on CAF and CAE®3, whereas aB7H3-Dye+NIR+aPD-1
failed to induce tumor-free responses.

Based on the Human Protein Atlas (HPA) dataset*°, most cancer tissues display moderate to
strong cytoplasmic and membranous CD73 positivity, with only lymphomas and testicular
cancers being weakly positive or having no expression. Based on HPA dataset*%, normal
human pancreatic tissues do not express detectable RNA levels of Nt5e (CD73 encoding
gene), and normal human skin and breast tissues produce very low/limited N75E. Similar
results can be found in other databases (Fantom and GTEx)>#5° that normal human
pancreas, skin, and breast tissues express very low to undetectable RNA level of Ntse.
Although some studies reported that some cells, like endothelial cells and hepatocytes®5,
express some level of CD73, and therefore incur unintended toxicity when receiving
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aCD73-Dye+NIR, NIR light irradiation can be carried out through a fiber optic diffuser
under endoscopic guidance to specific target tumor sites and reduce potential damage to
normal cells. These data suggest that some tumor types, e.g. PDAC, skin cancer, head and
neck cancer, and breast cancer, may be good targets for local aCD73-Dye+NIR irradiation
to eliminate the tumor and immunosuppressive cells in TME with limited damage to normal
cells. Furthermore, local photodynamic therapy has been performed in patients with PDAC,
using laser fibers inserted through needles positioned percutaneously through the anterior
abdominal wall guided by ultrasound and computed tomography®’. Finally, NIR irradiation
with antibody-Dye conjugates is now being tested in phase Il clinical trials (NCT02422979;
anti-EGFR-IR700), indicating that our proposed approach is feasible.

Taken together, we revealed an immunosuppressive cell-mediated acquired resistance in ICB
immunotherapy. Our study provides an opportunity to preferentially and simultaneously
target cancer cells and the immunosuppressive TME by our aCD73-Dye, which is sufficient
in overcoming acquired resistance and triggers a system curative response in aPD-1-
resistant tumors. Thus, this translationally relevant work will lay the critical foundation

for future clinical trials for TNBC, PDAC, and other cancers.

C57BL/6, BALB/c, C57BL/6-Tg(TcraTcrb)1100Mjb/J, B6.129S1- Nt5emiLiyy B6.SIL-
Ptorc? Pepc?IBoyd, FVBIN-Tg(MMTV-PyVT)634Mul/J were purchased from The Jackson
Laboratory. Nit5e”~ mice in BALB/c background were generated by crossing Nr5e/~ B6
mice with BALB/c mice for 12 generations. Male and female 6- to 8-week-old mice were
used for PDAC animal experiments, whereas only female mice were used for TNBC models.
All experiments complied with protocols approved by the Institutional Animal Care and Use
Committee and Institutional Review Board at the Wake Forest School of Medicine.

4T1.2 cell line was a gift from Dr. Robin L Anderson, University of Melbourne. Pan02 cell
line was a gift from Dr. Qing Yi, Cleveland Clinic. EMT®6 cell line was purchased from
ATCC. Pan02B7H3 and EMT6B7H3 cell lines were generated by transducing with lentivirus
vectors encoding murine B7H3. EMT6CP73 KO ce|ls were generated using CRISPR/Cas9
for CD73 deletion. Cells were cultured in RPMI 1640 Medium (Invitrogen) supplemented
with 10% heat-inactivated fetal bovine serum (Thermo Scientific), 100 U/ml penicillin-
streptomycin, and 2 mM L-glutamine (both from Invitrogen).

ViaStain AO/PI Staining Solution (catalog#CS2-0106) was purchased from Nexcelom.
Propidium lodide Solution (catalog#421301) was purchased from BioLegend. CellTrace
CFSE Cell Proliferation Kit (catalog#C34554) was purchased from ThermoFisher.
LIVE/DEAD Fixable Blue Dead Cell Stain Kit (catalog#L.23105) was purchased

from ThermoFisher. Anti-mouse CD73 antibody (clone: TY/23, catalog#BE0209), Anti-
mouse B7H3 antibody (clone: MJ18, catalog#BEQ124), anti-mouse PD-1 antibody
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(clone: RMP1-14, catalog#BEQ0146), anti-mouse CTLA-4 antibody (clone: UC10-4F10-11,
catalog#BE0032), anti-mouse TIM-3 antibody (clone: RMT3-23, catalog#BE0115), anti-
mouse TIGIT antibody (clone: 1G9, catalog#BE0274), anti-mouse LAG-3 antibody (clone:
C9B7W, catalog#BE0174), anti-mouse GITR antibody (clone: DTA-1, catalog#BE0063),
anti-mouse OX-40 antibody (clone: OX-86, catalog#BE0031), anti-mouse 401BB
antibody (clone: LOB12.3, catalog#BE0169), anti-mouse NK1.1 antibody (clone: PK136,
catalog#BE0036), anti-mouse CD4 antibody (clone: GK1.5, catalog#BE0003-1), and anti-
mouse CD8 antibody (clone: 2.43, catalog#BEQ061) were purchased from BioXcell. Anti-
human PD-1 (Nivolumab, catalog#A2002) was purchased from Selleckchem. Anti-human
CD73 (clone: AD2, catalog#344002) was purchased from BiolLegend.

Quantitative PCR.

Total RNA was extracted from the tumor using the TRIzol Reagent

(Thermo Fisher), followed by cDNA synthesis with the High-Capacity cDNA

Reverse Transcription kit (Applied Biosystems). gPCR was conducted with

SYBR Select Master Mix (Applied Biosystems). Expression was normalized

to the expression of the housekeeping gene g-actin. mB7H3 forward: 5’-
ATGCTTCGAGGATGGGGTG -3’, mB7H3reverse: 5’- CCAGGCTCTGGGGAAAAGG
-3’; mB-actin forward: 5’- GGCTGTATTCCCCTCCATCG-3’, mg-actin reverse: 5°-
CCAGTTGGTAACAATGCCATGT-3".

Venn diagram analysis based on Cut-tree algorithm.

To compare the gene expression profiles of Treg cells, MDSCs, and TAM.M2 cells to Thl
cells, DCs, and normal tissue macrophages, we utilized un-supervised hierarchical clustering
to all genes (>2 fold increase) in the published microarray data. The upregulated genes

(>2 fold increase) in Treg cells, MDSCs, and TAM.M2 cells were taken for commonality
analysis by Venn graph. Venn diagram analysis was implemented by VennDiagram in R
(https://www.r-project.org/) as described before®8,

Rank-adjusted fold-change analysis.

Genes were sorted by the extent of the genes that show strong gene expression changes in
the 3 comparisons of “non-immunosuppressive to immunosuppressive cells”. We defined the
rank by sorting n;from high to low:

3
n= 2 Sij
j=1

1 else
/in the comparison of /.

where S;; = , s the gene / and the FCjjis the gene expression fold-change of

The rank-adjusted fold-change (or called overall fold-change) integrated from the 3
comparisons is defined as follows,
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Flow cytometry.

Tumors were dissected, manually dissociated, and digested enzymatically with Collagenase
D (Sigma) and DNase | (Roche) in PBS containing 2% FBS for 20 min at room temperature.
EDTA was added to a final concentration of 20mM and incubate at room temperature

for an additional 5 minutes. The entire suspension was filtered through a 70-pm cell

strainer to obtain a single-cell suspension. FITC-, PE- APC-, or eFluor-conjugated mAbs
(1:100 dilution) were used for staining after Fc blocking. Samples were acquired with
Fortessa flow cytometer or sorting, data were analyzed with Flowjo software. For T cell
proliferation assay, 1 million OT-I T cells were labeled with 1.5 mM carboxyfluorescein
diacetate succinimidyl ester (CFSE; Invitrogen), and then were adoptively transferred into
tumor-bearing mice after NIR treatment. T cell proliferation in tumor-draining lymph nudes
was determined 3 days after T cell transfer and ~4,500 OT-1 T cells were analyzed (if less
than 4,500 OT-I cells, all cells in the sample were collected and analyzed by FACS). The
proliferation index is calculated as the average number of divisions of CFSE stained T cells
in TDLNs®°.

Synthesis of IR700-Dye conjugated antibodies.

IR700-Dye conjugated antibodies were prepared using IRDye® 700DX Protein Labeling
Kits (catalog#928-38046, Licor). In brief, antibodies were incubated with IRDye® 700DX
NHS Ester at room temperature in phosphate buffer (pH 8.0) for 1h. The product of

the conjugation was then purified with Zeba™ Spin Desalting Column. The antibody
concentrations were determined with BCA protein assay kit (catalog#23225, Thermo
Fisher), and the concentration of IR700 was determined by measuring the absorption at
689nm. The number of IR700 molecules conjugated to each antibody was calculated as
reported by us and others24.60. Antibody conjugates used in this study contain an average of
3.5 molecules of IR700 on each antibody.

Cell live/dead assay.

Cancer cells or sorted immune cells (1x10%) were plated into 96 well plates and incubated
with IgG, 1gG-Dye, aB7H3-Dye, or aCD73-Dye at 5ug/mL for 6 hours at 37°C with 5%
CO». The cells were then washed with cold PBS twice and cultured with phenol red-free
culture medium. Cells were then irradiated with a NIR light-emitting diode at wavelengths
of 690nm (catalog#L690-66-60; Marubeni America Co.). To measure the cytotoxic effect
of NIR, cells were stained with PI 2 hours after irradiation, and then ~5000 cells/events
were analyzed by flow cytometry. In some experiments, treated cells were incubated with
Nexcelom ViaStain AO/PI staining Solution (catalog#CS2-0106) at room temperature in
dark for 20 minutes, and then representative images were captured on a Nikon TE300
fluorescence microscope.
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Organotypic tumor spheroids (OTS) model.

Three deidentified fresh human pancreatic tumor surgical specimens were obtained from
Tumor Tissue and Pathology Shared Resource at the Wake Forest Baptist Comprehensive
Cancer Center (0.8-3g tumor tissue/patient, obtained with informed consent using IRB-
approved protocol). OTS was prepared similarly as described by others62:62. In brief, the
specimens were minced on ice and strained over 100-um filter and 40-um filters to generate
spheroid fractions (40-100 um). Spheroid fractions were resuspended in type | rat tail
collagen, and layered on top of 1 ml of pre-reconstructed collagen within a 30 mm, 0.4 mm
inner transwell, and then incubated for 1h in a 37°C incubator before added culture medium.
Organotypic tumor spheroids (OTS) were cultured for 3-5 days and then treated with
medium containing control I1gG, aPD-1, aCD73-Dye+aPD-1, aCD73-Dye+NIR, aCD73-
Dye+NIR+aPD-1, aB7H3-Dye+aPD-1, aB7H3-Dye+NIR, or aB7H3-Dye+NIR+aPD-1
combination therapy for 5 days. In some studies, the human CD45* immune cells

were identified by FACS with cell lineage markers: DCs (CD11c*HLA-DRMNCD1c"),
M1-like TAM (TAM-M1, CD11b"NCD68*CD86%), TAM-M2 (CD11b"CD68+*CD163"),
Mo-MDSC (CD11b"CD14M), and polymorphonuclear (PMN)-MDSC (CD11bNCD15"), B
cells (CD19*), CD8* T cells (CD3*CD8"), Treg cells (CD4*CD3*Foxp3Ni), CD4* effector
(CD4*CD3*Foxp3~) and NK cells (CD56™).

Measurement of NIR cytotoxicity in OTS.

To measure the cytotoxic effect of NIR in OTS, cell death was tested by Nexcelom ViaStain
AO/PI staining Solution. Images were captured on a Nikon TE300 fluorescence microscope.
Imaging data were analyzed by customized software using Python 3.7 (www.python.org). A
strong imaging processing package, opencv-python (https://pypi.org/project/opencv-python/)
was used to quantify total cell area of each dye (green for live cells or red for dead cells

in the figures reported in this manuscript). The steps in our customized software are (1)
reading an image into pixels; (2) transforming color of each pixel into colors of green,

red, and black, in which intensity for each color (green, red, and black) is scaled from 1

to 255; (3) denoising the colors by setting a threshold for each color intensity. In these
analyses, we used /=150 for both green (live) and red (dead) colors, i.e. Gy = (1) gi i : an
0, Ry <h

=1 R A where kis a pixel (k=1, 2, ..., n), nis the total number of the pixels in this
s N Z

Ry

image, Gy is the green color intensity of the pixel & and Ry is the read color intensity of the
pixel k; and (4) calculating relative ratio of live cells as ratio between total number of pixels

in green color and red color, r = 3% _ | Gi/(Tk = 1 Gk + Xk = 1 Re). Thus, rand 1 - rare the
output for an image, representing the ratios of the dyed cells, respectively.

In vivo tumor models and treatments.

BALB/c mice were inoculated at the left mammary gland with 5x10° 4T1.2 or EMT6 or
EMT68B7H3 or EMT6CD73 KO tymor cells with or without intravenously (i.v.) injection with
1x10° 4T1.2 or EMT6 or EMT6B7H3 or EMT6CP73 KO tymor cells, respectively. Treatments
were started on day 5 or 7 when tumors’ size reached about 130 mm3. C57BL/6J mice were
inoculated subcutaneously (s.c.) at left flank with 2x10° Pan02 or Pan02B7H3 or pan020VvA
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tumor cells with or without s.c. 0.5x108 or 2x10% Pan02 or Pan02B7H3 or Pan02OVA tumor
cells at the right flank. Treatments were started on day 7 when left tumor size reached about
130 mm3. Mice were randomized into different groups and mAb-Dye (100 pg) was i.v.
injected 1 day before NIR treatment. The tumors on the right flank were exposed once or
twice to 690 nm NIR with a total dose of 100 J/cm? for each NIR. In some experiments,
150 pg aPD-1 was intraperitoneally (i.p.) injected every three days starting on day 5 or 7 for
a total of 4 injections in Pan02, 4T1.2, EMT6 tumor-bearing mice or 5 injections for mice
with spontaneous TNBC tumors. All other parts of mice were covered with an aluminum
film to avoid light. Mice were monitored daily after treatment. The tumor was measured by
caliper and tumor size was calculated as 0.5xLengthxWidth2. Mice were euthanized using
carbon dioxide and subsequent cervical dislocation.

In vivo Bioluminescence Imaging.

Before imaging, mice were anesthetized with isoflurane and i.p. injected with 100 pL of

20 mg/mL D-Luciferin (Xenogen Corp.). After 8 min, animals were imaged using an IVIS
200 system (Xenogen), according to the manufacturer’s instructions. Living Image software
(Xenogen) was used to analyze data.

The enzyme-linked immunosorbent spot (ELISpot) assay.

BALB/c mice were inoculated at the left mammary gland with 5x10° EMT6 tumor cells
and i.v. injection with 1x10° EMT6 tumor cells (which allows lung tumor metastasis).

IgG, 1gG-Dye+NIR, aCD73-Dye, or aCD73-Dye+NIR treatments were given on day 5 to
orthotopic tumors when the tumor size reached around 130 mm?3 (other parts of mice were
shielded from light). The lung metastatic tumor tissues were minced and digested. CD8* T
cells in the tissues were isolated by a bead positive selection kit (CD8). Isolated cells per
100 mg tumor tissues were cocultured with irradiated EMT6 tumor cells on IFN-y ELISpot
Kit plates (Mouse IFN-gamma ELISpot Kit, R&D Systems) for 48 hours following the
manufacturer’s instructions. The plates were imaged and evaluated by Cellular Technology
Limited ELISPOT Analyzer.

Depletion of NK cells, CD4 T cells, and CD8 T cells.
Anti-NK1.1 (clone: PK136, 200 pug/mouse), or anti-CD4 (clone: GK1.5, 200 pug/mouse), or

anti-CD8 (clone: 2.43, 200 pg/mouse) mAbs was i.p. injected every 3 days starting from 1
day before the first NIR treatment63.64,

Extracellular adenosine assay.

Extracellular adenosine assay was performed by using Adenosine Assay Kit
(catalog#MET-5090, CELL BIOLABS, INC) according to the manufacturer’s instruction.
In brief, tumor tissues were harvested after treatments. Tissues were cut into ~2x2 mm
fragments, sonicated in PBS, and centrifuge at 10,000xg for 10 minutes at 4°C. The
supernatant was assayed directly or diluted as necessary in PBS using adenosine assay Kit.
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Single-cell mass cytometry.

Tumors were dissected, manually dissociated, and digested enzymatically with Collagenase
D (Sigma) and DNase | (Roche) in PBS containing 2% FBS for 20 min at room
temperature. EDTA was added to a final concentration of 10mM and incubate at room
temperature for an additional 5 minutes. The entire suspension was filtered through

a 70-um cell strainer to obtain a single-cell suspension. Filtered cells were then

washed twice and total cell concentrations were determined using an automated cell
counter (ThermoFisher) with trypan blue exclusion. Antibodies were either purchased pre-
conjugated from Fluidigm or conjugated in-house using Maxpar Antibody Labeling Kit
(Fluidigm) according to the manufacturer’s instruction. Antibodies include: 89Y-CD45,
141Pr-Ly-6G, 145Nd-CD4, 146Nd-F4/80, 149Sm-CD19, 150Nd-CD24, 151Eu-CD64,
152Sm-CD3e, 153Eu-CD8a, 158Gd-Foxp3, 162Dy-Ly6C, 165H0-IFN-y, 167Er-Nkp46,
169Tm-CD206, 171Yb-GzmB, 172Yb-CD11b, 174Yb-MHCII, 209Bi-CD11c and 194Pt-
Live/Dead. 1x108 - 3x108 cells per sample were performed by cell staining according

to the manufacturer’s protocol (Fluidigm). Each antibody was used at manufacturer
recommended concentrations. Stained samples were shipped to the CyTOF Core of
Dana-Farber Cancer Institute and then analyzed using a CyTOF2. An average of 35,000
CD45™ cells (25,000 to 45,000 cells) per sample were evaluated by CyTOF. The CyTOF
data were bead-normalized and de-barcoded mass cytometry. We applied Flow-SOM
analysis to the CyTOF data. The expression values were arcsinh transformed by the
antibodies for transformation. The CD45" immune cells were identified by consensus
clustering of the antibodies for cell lineage markers: DCs (CD11cNMHCIINCD24%),
M1-like TAM (TAM-M1, CD11b"F4/80*MHCHINMICD206-CD247), TAM-M2
(CD11b"iF4/80*MHCII'OWeICD206+CD247), Mo-MDSC (CD11bNLy6CNiLy6G!oW), and
polymorphonuclear (PMN)-MDSC (CD11b"Ly6GM), B cells (CD19%), CD8" T cells
(CD3*CD8"), Treg cells (CD3*CD4*Foxp3*), CD4* effector (CD3*CD4*Foxp3~) and NK
cells (Nkp46*).

Statistical analyses.

For statistical analysis, Student’s #test or ANOVA was used. Survival was analyzed using
the log-rank test. A P-value less than 0.05 was considered statistically significant. Results
are presented as mean + standard deviations (SD) unless otherwise indicated.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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ED Fig. 1. aCD73-Dye+NIR treatment shrinks advanced tumorsin vivo.
(a) Treatment procedures of aCD73-Dye-mediated NIR irradiation against 4T1.2 and Pan02

tumors /n vivo. NIR was given on tumors only, while other parts of the mice were shielded
from light. Tumor growth curves of 4T1.2 (b) and Pan02 (c) tumors treated with 1gG, 1gG-
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treatment.

CD8* T cells to Treg cells ratio (a), CD8* T cells to TAM.M2 cells ratio (b), CD8* T
cells to PMN.MDSC cells ratio (c), CD8" T cells to Mo.MDSC cells ratio (d), NK cells
to Treg cells ratio (€), NK cells to TAM.M2 cells ratio (f), NK cells to PMN.MDSC cells
ratio (g), NK cells to Mo.MDSC cells ratio (h), and Foxp3.neg CD4* T cells to Treg cells
ratio (i) in 4T1.2 tumors after indicated treatments (as described in Extended Data Figure
1) were tested by CyTOF (n=3 biological replicates). The t-SNE plot of tumor-infiltrating
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CD45* compartment overlaid with the expression of GzmB (j) and IFN-y (k) from the
4T1.2 tumor after treatment. Data are mean + SD. ****/<0.0001, aCD73-Dye+NIR

group compared with 1gG, 1gG-Dye+NIR, or aCD73-Dye group, one-way ANOVA with
Tukey’s correction (&, b, ¢, d, and h). # means **P= 0.005834, aCD73-Dye+NIR group
compared with IgG group, ## means **P=0.006561, a CD73-Dye+NIR group compared
with 1gG-Dye+NIR group, ### means *P=0.010734, aCD73-Dye+NIR group compared
with aCD73-Dye group, one-way ANOVA with Tukey’s correction (f). # means **P=
0.002767, aCD73-Dye+NIR group compared with IgG group, ## means **P= 0.005519,
aCD73-Dye+NIR group compared with 1gG-Dye+NIR group, ### means *P=0.028222,
aCD73-Dye+NIR group compared with aCD73-Dye group, one-way ANOVA with Tukey’s
correction (g). # means **P= 0.007576, aCD73-Dye+NIR group compared with IgG group,
## means **P= 0.004057, aCD73-Dye+NIR group compared with 1gG-Dye+NIR group,
### means *P=0.015673, aCD73-Dye+NIR group compared with aCD73-Dye group, one-
way ANOVA with Tukey’s correction (i).

d b Combo
A 7 1gG aPD-1 aCD73-Dye+aPD-1  oCD73-Dye+NIR («CD73-Dye+NIR+¢PD-1)
){@%}4 ‘u‘%‘%lf «'g 1500 1500 1500 1500 1500
£
4. 2\.| K ::> NIRQ‘ | k < 1000 1000 1000 1000 1000
N
G
B mi;—\‘»“ 5 500 500 W s00 { V¥
| = 5/5 tumor free
3
Fo0 S —— 0 +—— 0
4T1.2 cells iv. 0 10 20 30 0 10 20 30 10 20 30 0 10 20 30 0 10 20 30
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d Kk
Day 28 100
1 0IgG -
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1gG aPD-1  +aPD-1 +NIR Combo = DuCD73-Dye+aPD-1 © ==t=+4PD-1
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202 -y b —0—Combo
s a0

0 25 50 75 100
Days after tumor incubation

ED Fig. 3. aCD73-Dye + NIR irradiation synergizeswith aPD-1, promoting cur ative responses
in the 4T 1.2 tumor model.

(a) Diagram of the treatments. BALB/c mice bearing both orthotopic 4T1.2 tumor (5%10°
4T1.2 tumor cells injection in the mammary gland) and lung metastasis tumors (1x10°
tumor cells injection via tail vein) were treated on day 7 with control IgG, aPD-1, aCD73-
Dye+aPD-1, aCD73-Dye+NIR, or aCD73-Dye+NIR+aPD-1 (Combo). NIR irradiation
was given on the orthotopic tumor only (other parts of the mice were shielded from

light. (b) Tumor growth curves (n=5 mice/group) of the orthotopic 4T1.2 tumors after
indicated treatments. (c) Some mice were euthanized on day 28 and representative lung
pictures are shown. (d) Summarized lung weight of mice receiving indicated treatments (n=5
biological replicates). (€) Surviving curves of 4T1.2 tumor-bearing mice. Representative
results from one of two repeated experiments are shown (n=10 mice/group). Data are mean
+ SD. ****P<(0.0001, Combo group compared with IgG, aPD-1, aCD73-Dye+aPD-1,
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or aCD73-Dye+NIR group, one-way ANOVA with Tukey’s correction (d). ***/<0.001,
aCD73-Dye+NIR group compared with 1gG, aPD-1, or aCD73-Dye+aPD-1 group;

**** P(0.0001, Combo group compared with IgG, aPD-1, aCD73-Dye+aPD-1, or aCD73-
Dye+NIR group, survival analysis was conducted by log-rank test with holm test for

multiple comparisons (€).
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Days after tumor incubation

ED Fig. 4. aCD73-Dye + NIR + aPD-1 combination treatment induced curative responsesin the
Pan02 tumor model.

(a) Diagram of the treatments. Pan02 tumor cells were s.c. injected on the left (2x108
Pan02 cells) and right (5x10° Pan02 cells) flanks of B6 mice, and treated on day 7 with
control IgG, aPD-1, aCD73-Dye+aPD-1, aCD73-Dye+NIR, or aCD73-Dye+NIR+aPD-1
(Combo). NIR was performed on the left-side tumor only (right-side tumors were shielded
from light). (b) Tumor growth curves of NIR-treated left tumors are shown (n=5 mice/
group). (c) Tumor growth curves of non-NIR-treated right tumors are shown (n=5 mice/
group). (d) Surviving curves of Pan02 tumor-bearing mice (n=10 mice/group). (€) Tumor
growth curves and (f) survival curves of Pan02 tumor-bearing mice treated with aCD73-
Dye+NIR+aPD-1 combo therapy together with the depletion of NK cells, CD4* T cells

or CD8* T cells. Representative results from one of two repeated experiments are shown.
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Data are mean £ SD. # means ****£<0.0001, aCD73-Dye+NIR group compared with IgG,
aPD-1, or aCD73-Dye+aPD-1 group; # means **~=0.00592, Combo group compared with
aCD73-Dye+NIR group, ## means **** p<0.0001, Combo group compared with IgG,
aPD-1, or aCD73-Dye+aPD-1 group, two-way ANOVA with Holm-Sidak test for multiple
comparisons (c). ***/<0.001, aCD73-Dye+NIR group compared with IgG, aPD-1, or
aCD73-Dye+aPD-1 group, ****/£<0.0001, Combo group compared with 19gG, aPD-1,
aCD73-Dye+aPD-1, or aCD73-Dye+NIR group, survival analysis was conducted by log-
rank test with holm test for multiple comparisons (d). ***/<0.001, Combo+aCD8 group
compared with Combo+1gG, Combo+aNKZ1.1, or Combo+aCD4 group, two-way ANOVA
with Holm-Sidak test for multiple comparisons (€). ***/<0.001, Combo+a.CD8 group
compared with Combo+1gG, Combo+aNK1.1, or Combo+aCD4 group, survival analysis
was conducted by log-rank test with holm test for multiple comparisons (f).

V)
(=
(2]
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A1OD 1 100
875 < 75 —e—I1gG
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ED Fig. 5. Effects of aCD73-Dye + NIR + aPD-1 combination treatment in the EM T6CP73 KO
tumor model.

(a) FACS analysis for surface expression of CD73 in EMT6 CD73 knockout
(EMTGCP73KO) cells. (b) EMTECP73 KO cells were treated as indicated i vitro. The
percentage of dead cells was determined by FACS after Pl staining (n=3 biological
replicates). (c) BALB/c mice bearing both orthotopic EMT6CP73 KO tymor (5x105
EMT6CP73 KO tymor cells injection in the mammary gland) and lung metastasis tumors
(1x10° EMT6CP73 KO tymor cells injection via tail vein) were treated on day 5 with

control 19gG, aPD-1, aCD73-Dye+aPD-1, aCD73-Dye+NIR, or aCD73-Dye+NIR+aPD-1
(Combo). NIR irradiation was given on the orthotopic tumor only (other parts of the mice
were shielded from light). Mice survival curves (n=9/aPD-1 group, n=11/aCD73-Dye+NIR
group, n=12/Combo group, n=10/other groups) are shown. Representative results from one
of two repeated experiments are shown. Data are mean + SD. # mean **P=0.00114439,
Combo group compared with aCD73-Dye+NIR group; ## means ***/<0.001, Combo
group compared with 19G, aPD-1, or aCD73-Dye+aPD-1 group, survival analysis was
conducted by log-rank test with holm test for multiple comparisons (c).
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b Human pancreatic tumor
2.4 specimens
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ED Fig. 6. Effects of aCD73-Dye + NIR + aPD-1 combination therapy in human pancreatic

cancer.

(a) CD73 protein levels in the HPA dataset. Most cancer tissues displayed strong to
moderate membranous and cytoplasmic CD73 positivity. Lymphomas and testicular cancers
showed weak positivity or were negative. (b) Cell number per 100 mg tumor tissue of
indicated immune cell subsets were determined by FACS (n=3). (c) FACS analysis for
surface expression of CD73 or B7H3 on cells isolated from pancreatic tumor specimens.
Representative data are shown. (d) Diagram of organotypic tumor spheroids (OTS),
modified from a published study®2. () Human PDAC OTS were treated as indicated

ex vivo. Cell death was tested by Nexcelom ViaStain AO/PI staining Solution. Green
represents live cells; red represents dead cells. Orange bar: 50 uM. Representative data and
summarized results are shown, n=8/group (2-3 OTS from each patient for each indicated
treatment; and OTS from 3 patients were used). Data are mean = SD. ***/<0.001, aCD73-
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Dye+NIR+aPD-1 group compared with any other groups, one-way ANOVA with Tukey’s
correction (e).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1|. Relapse of resistant tumorsisinevitable when merely targeting tumor-expressed antigen.
(a) The surface expression of B7H3 on Pan02B7H3 cancer cells was assessed by FACS.

(b) Pan02B7H3 cancer cells were treated with 19G, 1gG-Dye+NIR, aB7H3-Dye, or aB7H3-
Dye+NIR /n vitro. Cell death was tested by Nexcelom ViaStain AO/PI staining Solution.
Green represents live cells; red represents dead cells. Representative images are shown. ()
The percentage of PI* cells was tested by FACS (n=3 biological replicates). (d) Diagram

of the treatments. Pan0287H3 tumor cells were s.c. injected on the left (2x108 Pan02B7H3
cells) flanks of B6 mice, and treated on day 7 and day 11 with control 1gG, aPD-1,
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aB7H3-Dye+aPD-1, aB7H3-Dye+NIR, or aB7H3-Dye+NIR+aPD-1 (Combo). NIR was
performed on the left-side tumor only (other parts of the mice were shielded from light). ()
Tumor responses and survival curves are shown (total # of mice/group=10). (f) The surface
expression of B7H3 on EMT6B7H3 cancer cells was assessed by FACS. (g) EMT6B7H3
cells were treated as indicated /n vitro. The percentage of dead cells was determined by
FACS after Pl staining (n=3 biological replicates). (h) BALB/c mice bearing both orthotopic
EMT6B7H3 tumor (5x10° EMT6B7H3 tumor cells injection in the mammary gland) and
lung metastasis tumors (1x10° EMT6B7H3 tumor cells injection via tail vein) were treated
on day 5 with control 19G, aPD-1, aB7H3-Dye+aPD-1, aB7H3-Dye+NIR, or aB7H3-
Dye+NIR+aPD-1 (Combo). NIR irradiation was given on the orthotopic tumor only (other
parts of the mice were shielded from light). Orthotopic tumor growth curves (n=5 mice/
group) are shown. (i) Diagram of the treatments. Pan02B7H3 tumor cells were s.c. injected
on the left (2x106 Pan02B7H3 cells) and right (5x10° Pan02B7H3 cells) flanks of B6 mice,
and treated on day 7 and day 11 with aB7H3-Dye+NIR+aPD-1 on the left-side tumor only
(right-side tumors were shielded from light; aB7H3-Dye injected i.v.). Mice were treated
with aB7H3-Dye+NIR again for both left and right tumors on day 19 when left tumors
recurred. (j) Tumor responses of left-side tumors are shown (n=5 mice/group). (k) Tumor
responses of right-side tumors are shown (n=5 mice/group). (IgG-Dye represents IR-700
dye-conjugated 1gG, aB7H3-Dye represents IR-700 dye-conjugated anti-B7H3 mAbs. Red
arrow represents red-to-near-infrared (NIR) irradiation). Representative results from one of
two repeated experiments are shown. Data are mean + SD. ***/<0.001, aB7H3-Dye+NIR
group compared with 1gG, 1gG-Dye+NIR, or aB7H3-Dye group, one-way ANOVA with
Tukey’s correction (c and g). ***F<0.001, aB7H3-Dye+NIR or Combo group compared
with 1gG, aPD-1, or aB7H3-Dye+aPD-1 group, two-way ANOVA with Holm-Sidak test
for multiple comparisons (€). ****P<0.0001, aB7H3-Dye+NIR or Combo group compared
with IgG, aPD-1, or aB7H3-Dye+aPD-1 group, survival analysis was conducted by log-
rank test with holm test for multiple comparisons (e). ****£<0.0001, 1gG group compared
with aPD-1, aB7H3-Dye+aPD-1, aB7H3-Dye+NIR, or Combo group, two-way ANOVA
with Holm-Sidak test for multiple comparisons (h). *~=0.015, compared with day 19,
two-way ANOVA with Holm-Sidak test for multiple comparisons (k).
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Fig. 2|. Targeting CD73 specifically kills cancer cellsand all major types of immunosuppressive
cells.

(a) Hierarchical clustering of gene expression of Treg cells and Th1 cells. (b) Hierarchical
clustering of gene expression of MDSCs and DCs. (c) Hierarchical clustering of gene
expression of TAM.M2 cells and tissue macrophages. (d) Venn diagrams displaying the
number of upregulated genes of Treg cells, MDSCs, and TAM.M2 cells. (e) Rank-adjusted
fold-change analysis for 11 commonly upregulated genes among Treg cells, MDSCs,

and TAM.M2 cells. (f) Surface expression levels of CD73 on Treg cells, PMN.MDSC,
MoMDSC, and TAM.M2 cells isolated from EMT6 tumaors. (g) Surface expression levels of
CD73 0on 4T1.2, EMT6, and Pan02 cancer cells were assessed by FACS. (h) 4T1.2, EMTS,
and Pan02 cancer cells were treated with 1gG, 1gG-Dye+NIR, aCD73-Dye, or aCD73-
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Dye+NIR /n vitro. Cell death was tested by Nexcelom ViaStain AO/PI staining Solution.
Green represents live cells; red represents dead cells. Representative images are shown. (i)
Cell necrosis of tumor cells and Treg cells, PMN.MDSC, MoMDSC, and TAM.M2 cells
isolated from EMT6 tumors. Cells were treated by IgG, 1gG-Dye+NIR, aCD73-Dye, or
aCD73-Dye+NIR Jn vitro. Shown is the heatmap illustrating the percentage of PI* dead
cells tested by FACS. Representative results from one of two repeated experiments are
shown.
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Fig. 3|. Targeting CD73* cells modifies the tumor immune landscape and bolsters CTL
responsesin vivo.
4T1.2 and EMT6 tumor-bearing mice were treated with 1gG, 1gG-Dye+NIR, aCD73-Dye,

or aCD73-Dye+NIR (mice were treated similarly as shown in Extended Data Fig. 1b).
Tumors were harvest 2 hours after the treatment. (a) The t-SNE plot of 4T1.2 tumor-
infiltrating CD45* compartment overlaid with color-coded clusters from the treated mice.
CyTOF was used to detect cell subsets in tumor tissues combined from 3—4 tumors of the
same treatment group. (b) Calculated cell numbers per 100 mg 4T1.2 tumor are shown

by indicated immune cell subsets (n=3 biological replicates). (c) Percentage of EMT6
tumor-infiltrating CD45* immune cell subsets from the treated tumor-bearing mice. FACS
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was used to detect cell subsets in tumor tissues. (d) Calculated cell numbers per 100

mg EMT6 tumor are shown by indicated immune cell subsets (n=3 biological replicates).
Representative results from one of two repeated experiments are shown. Data are mean

+ SD. ****p<(.0001, aCD73-Dye+NIR group compared with 1gG, 1gG-Dye+NIR, or
aCD73-Dye group, one-way ANOVA with Holm-Sidak test for multiple comparisons (b,
d).
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(a) Diagram of the treatments. Pan02°VA tumor cells were s.c. injected on the left and right
flanks of CD45.1 B6 mice, and treated with 1gG, 1gG-Dye+NIR, aCD73-Dye, or aCD73-
Dye+NIR. NIR performed on the Left-side tumors only (Right-side tumors were shielded
from light). One day after NIR irradiation, luciferase-transduced OVA-reactive OT-1 T cells
were adoptively-transferred via tail vein. Mice were tested for the OT-1 T cell accumulation
in the tumor. (b) Accumulation of transferred OVA-reactive luciferase-expressing OT-1 T
cells was tested by /n vivo Bioluminescence Imaging. Representative images are shown. ()
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Quantitative analysis of transferred OVA-reactive luciferase-expressing OT-I T cells in both
left NIR-treated and right non-NIR treated tumors (n=3 biological replicates). (d) Calculated
cell numbers per 100 mg tumor are shown (n=5 biological replicates/aCD73-Dye+NIR
group, n=4 biological replicates/other groups). The number of CD45.2*CD8* OT-1 T cells
is determined by FACS. (e) Pan02OVA tumor cells were s.c. injected on the left and right
flanks of CD45.1 B6 mice, and treated with 1gG, 1gG-Dye+NIR, aCD73-Dye, or aCD73-
Dye+NIR. NIR performed on the Left-side tumors only (Right-side tumors were shielded
from light). One day after NIR irradiation, CFSE-labeled OT-I T cells were adoptively
transferred via tail vein. Mice were tested for cell proliferation in tumor-draining lymph
nodes (TDLNSs). The proliferation of CFSE-labelled naive OT-1 CD8" T cells in TDLNs

of left NIR-treated and right non-NIR treated tumors. Representative data are shown (n=3
biological replicates). (f) The proliferation index of CFSE-labelled naive OT-1 CD8* T
cells in TDLNSs of left NIR-treated and right non-NIR treated tumors are shown (n=3
biological replicates). (g) BALB/c mice were inoculated at the left mammary gland with
5x10° EMT6 tumor cells and i.v. injection with 1x10° EMT6 tumor cells (which allows
lung tumor metastasis). 19G, 1gG-Dye+NIR, aCD73-Dye, or aCD73-Dye+NIR treatments
were given on day 5 to orthotopic tumors when the tumor size reached around 130 mm3
(other parts of mice were shielded from light). ELISpot analysis measuring IFNy* spots
derived from CD8" T cells isolated from ~100 mg lung metastatic tumor tissues 10 days
after the mice treated as indicated. Representative data and summarized results are shown
(n=4 biological replicates). (h) BALB/c mice were inoculated at the left mammary gland
with 5x10° 4T1.2 tumor cells and i.v. injection with 1x10° 4T1.2 tumor cells (which allows
lung tumor metastasis). IgG, IgG-Dye+NIR, aCD73-Dye, or aCD73-Dye+NIR treatments
were given on day 7 to orthotopic tumors when the tumor size reached around 130 mm?3
(other parts of mice were shielded from light). FACS analysis of gp70 tetramer-positive
CDS8™ T cells in the lung metastatic tumor tissues (n=5 biological replicates) 10 days after
NIR. Representative results from one of two repeated experiments are shown. Data are
mean + SD. **£=0.0012926, a. CD73-Dye+NIR group compared with aCD73-Dye group;
***P<0.001, ****£<0.0001, aCD73-Dye+NIR group compared with 1gG, 1gG-Dye+NIR,
or aCD73-Dye group (c, d, f, g, and h), one-way ANOVA with Tukey’s correction.
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Fig. 5|. aCD73-Dye+NIR irradiation synergizeswith aPD-1 | CB to promote cur ative responses.
(a) Diagram of the treatments. BALB/c mice bearing both orthotopic EMT6 tumor (5x10°

EMT®6 tumor cells injection in the mammary gland) and lung metastasis tumors (1x10°
tumor cells injection via tail vein) were treated on day 5 with control IgG, aPD-1, aCD73-
Dye+aPD-1, aCD73-Dye+NIR, or aCD73-Dye+NIR+aPD-1 (Combo). NIR irradiation
was given on the orthotopic tumor only (other parts of the mice were shielded from

light). (b) Tumor growth curves (n=5 mice/group) of the orthotopic EMT6 tumors after
indicated treatments. (c) Mice were euthanized on day 20 and the summarized lung weight
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of mice receiving indicated treatments are shown (n=5 mice/group). (d) Surviving curves of
EMT6 tumor-bearing mice (n=10 mice/group). (€) Diagram of the treatments. Pan02B7H3
tumor cells were s.c. injected on the left (2x108 Pan02B7H3 cells) and right (5x10°
Pan02B7H3 cells) flanks of B6 mice, and treated on day 7 with control 19G, aPD-1, aCD73-
Dye+aPD-1, aCD73-Dye+NIR, or aCD73-Dye+NIR+aPD-1 (Combo). NIR performed on
the left-side tumor only (right-side tumors were shielded from light). (f) Tumor growth
curves of NIR-treated left tumors are shown (n=5 mice/group). (g) Tumor growth curves

of non-NIR-treated right tumors are shown (n=5 mice/group). (h) Surviving curves of
Pan02B7H3 tumor-bearing mice are shown (n=9 mice/IgG group, n=10 mice/aPD-1 group,
n=12 mice/aCD73-Dye+aPD-1 group, n=11 mice/other groups). Representative results
from one of two repeated experiments are shown. Data are mean + SD. ***/<0.001,

Combo group compared with 19gG, aPD-1, aCD73-Dye+aPD-1, or aCD73-Dye+NIR
group, one-way ANOVA with Tukey’s correction (c). ***/2<0.001, Combo group compared
with 19G, aPD-1, aCD73-Dye+aPD-1, or aCD73-Dye+NIR group; ****P,<0.0001, aPD-1
group compared with 1gG group; ****£<0.0001, aCD73-Dye+NIR group compared with
IgG, aPD-1, or aCD73-Dye+aPD-1 group, survival analysis was conducted by log-rank
test with holm test for multiple comparisons (d). # means **P=0.00747, Combo group
compared with aCD73-Dye+NIR group, ## means ***<0.001, Combo group compared
with IgG, aPD-1, or aCD73-Dye+aPD-1 group, two-way ANOVA with Holm-Sidak test
for multiple comparisons (g). # means *£=0.02969, aCD73-Dye+NIR group compared with
IgG group; ## means **£=0.00983, aCD73-Dye+NIR group compared with aPD-1 group;
### means *P=0.01052, aCD73-Dye+NIR group compared with aCD73-Dye+aPD-1
group; ***P<0.001, Combo group compared with 1gG, aPD-1, aCD73-Dye+aPD-1, or
aCD73-Dye+NIR group, survival analysis was conducted by log-rank test with holm test for
multiple comparisons (h).
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Fig. 6 |. Targeting all major types of immunosuppressive cellsin tumorsisindispensableto the
curative response.

Tumor growth curves (a, n=5 mice /group) and mice survival (b, n=9 mice/WT mice+IgG
group, n=12 mice/ Nit5¢”"~ mice+Combo group, n=10 mice/other groups) are shown after
wild-type (WT) or N5~ BALB/c mice bearing 5-day orthotopic EMT6 tumors treated
with control 1gG or aCD73-Dye+NIR+aPD-1 (Combo). (¢) Tumor growth curves of
reconstituted EMT6 tumors after a CD73-Dye+NIR+aPD-1 combo therapy. Sorted Tregs
(Left), TAM.M2 (Middle), or MDSCs (Right) from tumors of EMT6-bearing wild-type
(WT) BALB/c mice or Nt5e”/~ BALB/c mice were intratumorally injected into EMT6
tumors of WT BALB/c mice 1 day before aCD73-Dye+NIR+aPD-1 combo therapy (n=5
mice/group). Representative results from one of two repeated experiments are shown.
Data are mean + SD. **P=0.00268, WT mice+Combo group compared with N5~/
mice+Combo group, two-way ANOVA with Holm-Sidak test for multiple comparisons
(a). ***P<0.001, WT mice+Combo compared with WT mice+lgG, Nt5e™/~ mice+lgG, or
Nt5e™~ mice+Combo, survival analysis was conducted by log-rank test with holm test for
multiple comparisons (b). **£=0.00569, WT TAM.M2 i.t. group compared with NV5e™/~
TAM.M2 i.t. group; ****£<0.0001, WT Treg i.t. group compared with Nit5e/~ Treg i.t.
group, WT MDSC i.t. group compared with NVt5¢/~ MDSC i.t. group, two-way ANOVA
with Holm-Sidak test for multiple comparisons (c).
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Fig. 7|. aCD73-Dye+NIR irradiation synergizes with aPD-1 to eradicate spontaneous TNBCs.
(a) The treatments were initiated when MMTV-PyVT transgenic female mice developed

2 to 3 tumors and each of them reached ~60mm3 (around 6-7 weeks of age), and NIR
irradiation was performed on all of these tumors (three aCD73-Dye+NIR treatments in

total at weekly intervals; five aPD-1 injections at 3-day intervals). Shown are representative
pictures of MMTV-PyVT transgenic female mice treated by 19gG, aPD-1, aCD73-Dye+NIR,
or aCD73-Dye+NIR+aPD-1 combo therapy on day 90 after birth. The number of tumor-
bearing mammary fat pads (b), total tumor weight (c), combined tumor volume (d), the
number of lung metastatic foci (€), and the survival curves (f) of MMTV-PyVT transgenic
female mice treated by 19gG, aPD-1, aCD73-Dye+NIR, or aCD73-Dye+NIR+aPD-1
combo therapy (n=10 mice/group). Representative results from one of two repeated
experiments are shown. Data are mean + SD. ***/<0.001, ****/<0.0001, Combo group
compared with 1gG, aPD-1, or aCD73-Dye+NIR group, one-way ANOVA with Tukey’s
correction (b, ¢, and €); ****F<0.0001, Combo group compared with IgG, aPD-1, or
aCD73-Dye+NIR group, two-way ANOVA with Holm-Sidak test for multiple comparisons
(d). ****/£<0.0001, Combo group compared with IgG, aPD-1, or aCD73-Dye+NIR,
survival analysis was conducted by log-rank test with holm test for multiple comparisons (f).
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