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ABSTRACT

Antitumor therapies exploiting immune checkpoint blockade (ICB) have been showing
promising effects in treating cancer in many clinical cases. However, there are malignant
tumor variants that appear resistant to those ICB therapies, and those tumor cells that
respond to primary ICB therapies often, gradually, become resistant to them.

Our lab discovered a combinational therapy approach that utilized a common antigen
marker, CD73, shared by both tumor cells and major types of immunosuppressive cells in
the tumor microenvironment (TME), to effectively eradicate advanced tumor. It is critical
that depleting all major types of immunosuppressive cells drastically inhibit immune
regulations and suppressions which are supportive for tumor burden.

In addition, combinational targeting with PD-1 ICB further augmented the overall
efficacies of the therapies. Administrating IR700-CD73-antibody-dye conjugates and PD-
1 monoclonal antibody with near-infrared (NIR) irradiation to the grown solid tumor sites
can successfully eradicate tumor to avoid later refractory response.

Our study demonstrated that the depleting of both tumor cells and surrounding
immunosuppressive cells effectively eradicate tumor by overcoming the acquired

resistance of the tumor cells to ICB.



Introduction

1.1. Immunotherapy and PD-1 Immune Checkpoint Blockade

Along with the increasing diversity in cancers, many different therapies have been
developed to be applied in clinic to treat cancer patients. Immunotherapies, derived from
utilizing human bodies’ own immune system to attack tumor cells, have been showing
premise and tremendous effects in treating cancers by augmenting anti-tumor immunity?.
To treat cancers, immunotherapy is emerging as a novel modality. After a long time of
applying traditional target therapy and chemotherapy, improved understanding of
malignant tumor evasion to the immune system and novel development of utilizing
immune-modulating agents have exploited highly potential opportunities to treat cancer®2.
It has been recently demonstrated that immune checkpoint blockade (ICB) is remarkably
effective in re-activating tumor-specific T cells across a wide range of tumor types*. One
of the most typical ICBs is called PD-1 ICB therapy. Targeting PD-1 was a well-developed
and successful cancer immunotherapy that illustrated the importance of immune
checkpoint signaling in regulating antitumor responses®. PD-1 protein molecule, on T cells,
binds to PD-L1 or PD-L2 on tumor cells to block positive antitumor signaling via T-cell
receptors and CD28 co-stimulatory molecule®. The application of PD-1 utilizing anti-PD-
1 and anti-PD-L1 recently brought unprecedented efficacies in treating various cancers in
the clinic, and therefore, PD-1 ICB stood out as one of the most popular and enlightening

approaches in immunotherapies’ .



1.2. Primary resistance

Primary resistance is defined as the situations that patients do not respond at all to immune
checkpoint inhibitors (ICIs) or other immunotherapies and instead progress quickly or
eventually®. It is highly possible that there exist tumor variants that do not exhibit typical
tumor characteristics which make them not responsive to corresponding cancer therapies.
In some cases, the extremely limited numbers of systemic T cells could also minimize the
efficacy of PD-1 ICB®. In clinic, immunotherapies do not work with high efficiency when

a malignant tumor has primary resistance, or intrinsic resistance®.

1.2.1. Primary resistance incidence rate

It has been reported that the majority of patients do not respond to ICB therapies, and that
only a very small percentage of patients achieve long-lasting improvement!!. The incidence
rate of primary resistance was about 60-90% in many cancer types, resulting in low
responses to cancer therapies2. For instance, unfortunately, programmed cell death protein
1 (PD-1) ICB therapy only had an overall response rate of 4.7% in 170 patients with
metastatic triple-negative breast cancer (TNBC) in clinic!! , and PD-L1 blockade even had
a worse response rate than the former*2. In clinical trials using anti-PD1 and anti-PD-L1
treatment for patients with pancreatic ductal adenocarcinoma (PDAC), no response has
been observed (0%) so far 3. Accordingly, it can be explained that the effects of ICB are
negated by immune tolerance mechanisms, which keep the immune system under control#,
Immune tolerance regulates immune pro-inflammatory pathways and interferes with anti-
tumor signaling, and it is one of the most critical factors that dampen subsequent therapies

in later advanced tumor stages™.



1.2.2. Mechanism of primary resistance

It is emerging that tumor-associated macrophages (TAMs), myeloid-derived suppressor
cell (MDSCs), and regulatory T cells (Treg cells) function to suppress the induction,
infiltration, and cytolytic function of CD8" CTLs and promote immune tolerance®®. It is
important to highlight that when tumors are nonresponsive or resistant to ICB treatment,
such immunosuppressive phenotypes are not eliminated by ICB-??, Especially in clinical
cases, ICB therapies have been showing extremely limiting efficacy in treating relapsed

and resistant tumors.

1.2.2.1. Regulatory T cell (Tregcell)

Treg cell population consists of mainly CD4" T cells which suppress the anti-tumor immune
response to promote tumor progression’®. Various cancer types exhibiting increased
intratumoral Treg NUMbers have been associated with a poor prognosis, including breast,
melanoma, pancreatic, colorectal, ovarian, and lung cancers'8. Activated Treq cells in TME
can inhibit the activation of effector CD4" T cells and cytotoxic CD8" T cells and furtherly

restrict the consumption of IL-2 and proliferation of them?’.

1.2.2.2. Tumor-associated macrophage (TAM)

TAMs are key players that support the immunosuppressive mechanisms in TME, and they
are the most abundant cell type that can be detected in most solid tumors®24, They have

one of the 2 activating phenotypes of macrophages called M2, and this M2 phenotype



triggers the expression of immune inhibitory molecule PD-L1 and the release of IL-10

which is classified as anti-inflammatory cytokines®>?5,

1.2.2.3. Myeloid-derived suppressor cell (MDSC)

MDSCs are myeloid precursor cells halted at variable stages of differentiation, which are
found within the TME, where they are responsible for immunosuppressive effects. In
clinical situations, the number of MDSCs in TME has been confirmed to have a positive
correlation with poor disease prognosis?’. In addition, MDSCs have also been responsible
for the signaling pathways that lower the CD8" T cell: Ty cell ratio in intratumoral
environment?® and promote the synthesis of immunosuppressive mediators including
prostaglandin E2 (PGE2) and enzymes, such as arginase-1 (ARGL1) and inducible nitric
oxide synthase (iNOS)?. These immunosuppressive mediators play significant roles in
inhibiting T cells cell cycle, their migration to tumor sites, and their cytotoxic functions in

antigen-specific tumor killing?>%.

1.3. Acquired resistance

With expanded use of ICB immunotherapies and a higher level of activity, the number of
patients who show a tumor response has increased, as well as the chances of finding
patients who responded for a period of time and then progressed, termed acquired
resistance®. Acquired resistance against cancer therapies is common, and identifying the

causative factors and discovering underneath mechanisms are significant to break through



the barriers of resistance and recurrence3!2, Targeting tumor-specific antigens could select
the resistant variant tumors and make them outgrow in TME. When ICB is administrated,

an acquired resistance would be somewhat inevitable3334,

1.3.1. Acquired resistance incidence rate

The prevalence of acquired resistance across various tumor types is not clearly
characterized in routine reports as opposed to primary resistance®. However, there are
estimated rates of acquired resistance collected by previous studies based on the available
duration of response data among different tumor types. For example, the acquired
resistance incidence rate of head and neck squamous cell carcinoma (SCC) after 1 line
therapy of pembrolizumab is 54%, and the rate is 60% for melanoma after 1 line therapy
of ipilimumab. Among certain types of tested tumors, melanoma is one example showing
there is a negative correlation between the acquired resistance rate and the overall response
rate?®2!, However, in the vast majority of tumor types, there is no remarkable correlation
between those two variables, so investigating the underneath mechanisms of acquired

resistance becomes a more challenging exercise®.

1.3.2. Potential mechanism of acquired resistance

For the mechanism of acquired resistance, there is very limited understanding about it.
Nonetheless, there are proposed and inferred mechanisms that were constructed based on
the established principles of cancer therapies. These speculated mechanisms can be roughly
classified into several categories: (1) neoantigen depletion; (2) tumor-mediated

immunosuppression/exclusion; (3) defects in antigen presentation; (4) IFN-y signaling;

-5-



and (5) additional inhibitory checkpoints®®. Above all, immunosuppressive cells might play
a significant role in acquired resistance, based on the previous study showing evidence that
ICB therapy itself had very limited impact on depleting immunosuppressive cells, and

some surrounding immune cells in TME could inhibit the functioning of ICB"38,

1.4. Potential approach to overcome acquired resistance

1.4.1. Current approach to target single type of immunosuppressive

cells

Currently there are some well-established approaches to target single type of
immunosuppressive cells. For instance, to target M2-like TAMs, CSF1 was clinically
applied in recent clinical trials®. As for Treq cells, CD25 was a potential therapeutic target
that was clinically tested*. All-trans retinoic acid (ATRA) was utilized as an ICI to target
MDSCs and reduce their immunosuppressive genes, such as PD-L1, IL-10, and
indoleamine 2,3-dioxygenase*. Nonetheless, recent clinical studies of the relevant
techniques have shown that if only one or a few types of those immunosuppressive cells
are targeted, others will have high potentials to compensate and interfere with anti-tumor
immunity*>*3, Moreover, there is no developed approach to target single type of
immunosuppressive cells without affecting their counterpart effector cells. As a result, the
existed targeting efforts to ablate immunosuppressive cells did not produce the expected

curative results in cancer treatment.



1.4.2. Targeting one type of immunosuppressive cells may affect its

counterpart effector cell

Since immunosuppressive cells, many are myeloid-derived, consist of a heterogenous
population, it is necessary to develop therapies specifically targeting MDSCs, TAMs, and
DCs, while minimizing adverse effects on other myeloid cells (DCs), in order to overcome
ICB resistance. Furthermore, nearby Treg cells may also suppress the function of tumor
infiltrating CTLs *. A successful immune therapy also depends on controlling tumor
infiltrating Treg cells®. Since both Th1 cells and CTLs have most of the Treq cell markers®4,
there must be an approach to specifically deplete tumor infiltrating Treg cells without

damaging wanted CTLs in anti-tumor responses.

1.4.3. Immunosuppressive cells may also be associated with acquired

resistance

Although immune cells in the TME decreases responsiveness to ICB therapies and may
play a part in acquired resistance to ICB immunotherapy, it remains unclear what role they
play in this process*®. Because ICB would not inhibit those immunosuppressive cells, we
hypothesized that those immunosuppressive cells are also associated with acquired
resistance based on the previous findings and clinical records about immunosuppressive

cells playing significant roles in primary resistance of many cancer types.

1.4.4. Develop an approach to reduce major types of

Immunosuppressive cells



Aside from a few published studies evaluating the characteristics or mechanisms of
acquired resistance to ICls, there have been no approved therapeutic breakthroughs for
circumventing acquired resistance as of date3*. Due to the high possibility of systemic
depletion of immunosuppressive cells leading to severe autoimmune disease®’,
comprehensive ablation of all kinds of immunosuppressive cells in tumors (from MDSCs
to TAMs and Tregs) may lead to tremendous immunotherapeutic efficacy, fulfilling an
unmet need where tumor immune landscapes need to be modified to overcome resistance
mechanisms. To date, there are no approaches that target a particular type of
immunosuppressive cell in the TME. We wanted to discover an approach that can
simultaneously reduce those 3 major types of immunosuppressive cells without affecting

CTLs and other immune effector and cytolytic cells.



Results

2.1. Relapse of resistant tumors occurs when only targeting a

tumor-expressed antigen.

2.1.1. Objectives

To demonstrate that relapse of resistant tumor is inevitable when only applying PD-1 ICB
therapy or targeting tumor-specific antigen, we wanted to recapitulate the fact of acquired
resistance or resistance after treatments by using a mouse model, and we also aimed to
achieve the goal of specific tumor-killing of EMT6B" cells, a commonly used murine

breast tumor cell line with tumor antigen B7H3 overexpression.

2.1.2. Methods

2.1.2.1. Mice

For the mice, we used female BALB/c strains to conduct in vivo experiments, and they
were purchased from the Jackson Laboratory. The female mice were not used to conduct
experiments until they reached 6 to 8 weeks old. All the experiments complied with the
protocols approved by the Institutional Animal Care and Use Committee and Institutional

Review Board at the Wake Forest University School of Medicine.

2.1.2.2. Cell lines



For the cell line we used, the EMT6 cell line was purchased from ATCC. Cells were
cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Thermo Fisher Scientific), 100 U/ml penicillin-streptomycin, and 2

mM L-glutamine (both from Invitrogen).

2.1.2.3. Reagents

ViaStain AO/PI staining solution (catalogue no. CS2-0106) was purchased from Nexcelom.
Propidium iodide (PI) solution (catalogue no. 421301) was purchased from BiolLegend.
CellTrace CFSE Cell Proliferation Kit (catalogue no. C34554) was purchased from
Thermo Fisher. LIVE/DEAD Fixable Blue Dead Cell Stain Kit (catalogue no. L23105)
was purchased from Thermo Fisher. Anti-mouse CD73 antibody (clone: TY/23, catalogue
no. BE0209), anti-mouse B7H3 antibody (clone: MJ18, catalogue no. BE0124), anti-
mouse PD-1 antibody (clone: RMP1-14, catalogue no. BE0146), anti-mouse CTLA-4
antibody (clone: UC10-4F10-11, catalogue no. BE0032), anti-mouse GITR antibody
(clone: DTA-1, catalogue no. BE0063), anti-mouse TIGIT antibody (clone: 1G9, catalogue
no. BE0274), anti-mouse LAG-3 antibody (clone: CO9B7W, catalogue no. BE0174), anti-
mouse TIM-3 antibody (clone: RMT3- 23, catalogue no. BE0115), anti-mouse OX-40
antibody (clone: OX-86, catalogue no. BE0031), anti-mouse 4-1BB antibody (clone:
LOB12.3, catalogue no. BE0169), anti-mouse NK1.1 antibody (clone: PK136, catalogue
no. BE0036), anti-mouse CD4 antibody (clone: GK1.5, catalogue no. BE0003-1) and anti-

mouse CD8 antibody (clone: 2.43, catalogue no. BE0061) were purchased from BioXcell.

2.1.2.4. Flow cytometry

-10 -
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Tumors were dissected, manually dissociated, and enzymatically digested in PBS
containing 2% FBS for 20 minutes at room temperature with Collagenase D (Sigma) and
DNase | (Roche). EDTA was added to a final concentration of 10 mM, and the suspension
was incubated for an additional 5 minutes at room temperature. To obtain a single-cell
suspension, the entire suspension was filtered using a 70 m cell strainer. After Fc blocking,
FITC-, PE-, APC-, or eFluor-conjugated mAbs (1:100 dilution) were utilized for staining.
For sorting, samples were collected using a Fortessa flow cytometer, and data was
processed using Flowjo software. The CD45" immune cells were identified by consensus
clustering of the antibodies for cell lineage markers: DCs (CD11c"MHCII"CD24%), M1-
like TAM (TAM.M1, CD11b"F4/80*MHCI™NCD206'CD24"), TAM.M2 (CD11b
F4/80*MHCII'*"*9CD206*CD24"), Mo-MDSC (CD11b"Ly6CMLy6G""), PMN-MDSC
(CD11b"Ly6G"), B cells (CD19%), CD8" T cells (CD3*CD8"), Trq cells (CD3*CD4*

Foxp3*), CD4" effector (CD3"CD4"Foxp3’) and NK cells (Nkp46™).

2.1.2.5. Construction of IR700-dye conjugated antibodies

The construction of IR-700-dye conjugated antibodies are shown (Fig. 1). IR700-Dye
conjugated antibodies were prepared using IRDye 700DX Protein Labelling Kits
(catalogue no. 928-38046, Licor). In short, antibodies were incubated with IRDye 700DX
NHS Ester at room temperature in phosphate buffer (pH 8.0) for 1 hour. The product of the
biochemical conjugation process was then purified using Zeba Spin Desalting Column.
The antibody concentrations were determined by BCA Protein Assay Kit (catalogue no.
23225, Thermo Fisher), and the concentration of IR700DX NHS Ester was determined by

measuring the absorption at 689 nm. The number of IR700 molecules conjugated to each

-11 -



antibody was calculated as reported by our previous study*® and others®. Antibody

conjugates used in this study contained an average of 3.5 molecules of IR700 on each

antibody.
Phosphate buffer
(pH=8)
+ s EEEE—— .
Room temperature for
1 hour ,
Antibody IRDye 700DX NHS Ester IR700-Dye conjugated antibody

Figure 1| Schematic overview of construction of IR700-dye conjugated antibodies.

2.1.2.6. Live/dead cell assay

Cancer cells or sorted immune cells (1 x 10%) were plated into 96-well plates and incubated
with 1gG, 1gG-Dye, aB7H3-Dye, or aCD73-Dye at 5 pg/mL for 6 hours at 37 °C with 5%
COs.. The cells were then washed with cold PBS two times and cultured with phenol red-
free cell culture medium. Cells were then irradiated by a NIR light-emitting diode at
wavelengths of 690 nm (catalogue no. L690-66-60, Marubeni America). To measure the
cytotoxic effect of NIR, cells were stained with Pl 2 hours after irradiation, and then
approximate 5,000 cells/events were collected and analyzed by flow cytometry. In some
experiments, treated cells were incubated with Nexcelom ViaStain AO/PI staining solution
(catalogue no. CS2-0106) in the dark for 20 minutes at room temperature, and the

representative images were captured on a Nikon TE300 fluorescence microscope.

2.1.2.7. Mice in vivo tumor model
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BALB/c mice were inoculated at the left mammary gland with 5 x 10° EMT6 tumor cells
with or without i.v. injection of 1 x 10° EMT6 tumor cells, respectively. Treatments were

started on day 5 or 7 when tumor size reached about 130 mm?,

Mice were randomized into different groups and mAb-Dye (100 pg) was i.v. injected 1 d
before NIR treatment. The tumors in mammary glands were exposed once or twice to 690
nm NIR with a total dose of 100 J/cm? for each NIR irradiation. In some experiments, 150
ug aPD-1 was intraperitoneally (i.p.) injected every 3 days starting on day 5 or 7 for a total
of 4 injections in EMT6 tumor-bearing mice or 5 injections for mice with spontaneous
TNBC tumors. All other parts of mice were covered with aluminum film to avoid light
exposure. Mice were monitored daily after treatment. The tumor was measured using a
caliper and tumor size was calculated as 0.5 x length x width?. Mice were euthanized using

carbon dioxide and subsequent cervical dislocation.

2.1.2.8. PCR

Total RNA was extracted from the tumor using the TRIzol Reagent (Thermo Fisher),
followed by complementary DNA 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 {3-actin. mB7H3 forward: 5'-ATGCTTCGAGGATGGGGTG-3",

mB7H3 reverse: 5° - CCAGGCTCTGGGGAAAAGG - 3; mp-actin forward: 5° -
GGCTGTATTCCCCTCCATCG - 3, mp - actin  reverse: 5 -

CCAGTTGGTAACAATGCCATGT -3°.
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2.1.2.9. Statistical analysis

For statistical analysis, Student’s t-test, or analysis of variance (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 + s.d. unless otherwise indicated.

2.1.3. Results

To initially observe the occurrence of acquired resistance in ICB, we utilized EMT687H

cells-bearing mice (overexpression of B7H3 on EMT6 TNBC cells; figure 2).

EMT6
Control lentivirus
EMT6B7H3 transduction
Isotype | sotype
B7H3 B7H3
_'-""'"?_'_"""f_'-""""_'—'”""_— g [ BN b L A B Lo
10" 102 103 104 105 0 10° 100 100 10°

Figure 2| The surface expression of B7H3 on EMT657"3 cancer cells was assessed by FACS.

In order to achieve tumor-killing of EMT6BM cells, we utilized an existing photo-
depletion technique based on NIR using antibody-IR700 conjugates®® 2. aB7H3-Dye +

NIR induced drastic cell necrosis in >95% of EMT6877 tumor cells in vitro, and the results

were measured (Fig. 3).
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Figure 3| EMT657 cells were treated as indicated in vitro. The percentage of dead cells was
determined by FACS after PI staining (n= 3 biological replicates).

Then, we inoculated EMT6B7™ cells via mammary glands and tail veins of mice. After
EMTG6B'M cells were inoculated in mice, aPD-1, aB7H3-Dye + aPD-1, and aB7H3-Dye +
NIR treatments all induced a partial response initially the tumor-bearing mice, but
unfortunately, the progression of acquired resistance eventually led to tumor relapse in vivo
(Fig. 4). Although the combinational treatment with ICB aB7H3-Dye+NIR+aPD-1 could
further inhibit the growth of EMT687"2 tumors (with longer inhibiting strength) compared
with aPD-1, aB7H3-Dye + aPD-1 or aB7H3-Dye + NIR treatments, all respondent tumors
still finally relapsed (Fig. 4). The recurred progress was similar to the scenario of relapse
and acquired resistance in the clinical case, with a median survival time of 46.5 d for

aB7H3-Dye + NIR and 48.5 d for aB7H3-Dye + NIR + aPD-1 treated mice (Fig. 4).
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aB7H3-dye + NIR
aB7H3-dye + NIR + aPD-1

Tumor size (mm3)

5 10 15 20 25 30 35
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Figure 4| Orthotopic tumor growth curves. BALB/c mice bearing both orthotopic EMT68™ tumor

(5 x 105 EMT65B72 tumor cells injected in the mammary gland) and lung metastasis tumors (1 x 10°
EMT65™H tumor cells injected via tail vein) were treated on day 5 with control IgG, oPD-1, cB7H3-
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). n=15 mice per group.
Red arrows represent NIR irradiation. ****P<0.0001, IgG group compared with aPD-1, aB7H3-Dye +
aPD-1, aB7H3-Dye + NIR or combo group, two-way ANOVA with Holm-Sidak test for multiple

We next inoculated two EMT68™ tumors of mice and performed the «B7H3-Dye + NIR
+ aPD-1 treatment (the tumors were either untreated or treated with aB7H3-Dye + NIR+
aPD-1 combo therapy). We therefore hypothesized that 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 collected PBS-treated
EMT6B'™ tumor, EMTG6 tumor, locally recurrent EMT687" tumor and remote EMT657H3
tumor tissues on day 23. Quantitative PCR (qPCR) demonstrated that only treated and

relapsed EMT687™ tumors showed largely downgraded B7H3 levels (Fig. 5).
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Figure 5| gPCR analysis of B7h3 gene levels of EMT6""™ tumor tissues harvested on day 23 as shown

in Figures 4. EMT6""™ and EMT6 tumors are also used as controls (n=3 biological replicates). IgG-

Dye represents IR-700 dye-conjugated IgG, aB7H3-Dye represents IR-700 dye-conjugated anti-B7H3
mADbs. Representative results from one of two repeated experiments are shown. Data are mean £ SD.

****P<(.0001, Combo treated group compared with Untreated EMT6""™ tumor group, one-way
ANOVA with Tukey’s correction.

2.1.4. Conclusion

Taken together, these results demonstrate that specifically targeting variant tumor cells,
and obviously, the formation of resistant variant tumor cells is inevitable even though PD-
1 ICB was co-administrated. However, to fully achieve our goal in overcoming acquired

resistance, we still need to test our suggested approach in further experiments.

2.2. ldentification of common marker(s) to target some major

types of immunosuppressive cells.
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2.2.1. Objectives

Since tumors contain a great amount of infiltrated immunosuppressive cells that may
restrain the functioning of immunotherapy®3, we hypothesized that additional targeting,
except to tumor themselves, of immunosuppressive cells in the TME would surmount the
acquired resistance to ICB. To achieve the goal of removing those immunosuppressive
cells, we needed to find and identify a common marker that is highly expressed by those

cells.

2.2.2. Methods

2.2.2.1. Rank-adjusted fold-change analysis

Based on their gene expression comparisons between ‘non-immunosuppressive and
immunosuppressive cells', the genes were categorized according to their degree of gene
expression change. We defined the rank ri by sorting the overall fold-change of gene i, ni,
from high to low:
n; = Z SU
j=1
0if FC;j < 5

where Sij:{ 1 else

j- The rank-adjusted fold-change integrated from the three comparisons is defined as

follows
3
Z. SijFij
j=1

, FCij is the gene expression fold-change of gene i compared with
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2.2.2.2. Livel/dead cell assay

Cancer cells or sorted immune cells (1 x 10%) were plated into 96-well plates and incubated
with IgG, 1gG-Dye, aB7H3-Dye, or aCD73-Dye at 5 ug ml—1 for 6 hours at 37 °C with 5%
COo. 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 690 nm (catalogue no. L690-66-60, Marubeni America). To measure the cytotoxic effect
of NIR, cells were stained with PI 2 h after irradiation, and then ~5,000 cells/events were
analyzed by flow cytometry. In some experiments, treated cells were incubated with
Nexcelom ViaStain AO/PI staining solution (catalogue no. CS2-0106) at room temperature
in the dark for 20 minutes, and then representative images were captured on a Nikon TE300

fluorescence microscope.

2.2.2.3. 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 applied unsupervised 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 using Venn Diagram in

R (https://www.r-project.org/) as described previously®>*.
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2.2.2.4. Flow cytometry

Tumors were dissected, manually dissociated, and enzymatically digested in PBS
containing 2% FBS for 20 minutes at room temperature with Collagenase D (Sigma) and
DNase | (Roche). EDTA was added to a final concentration of 10 mM, and the suspension
was incubated for an additional 5 minutes at room temperature. To obtain a single-cell
suspension, the entire suspension was filtered using a 70 m cell strainer. After Fc blocking,
FITC-, PE-, APC-, or eFluor-conjugated mAbs (1:100 dilution) were utilized for staining.
For sorting, samples were collected using a Fortessa flow cytometer, and data was
processed using Flowjo software. The CD45" immune cells were identified by consensus
clustering of the antibodies for cell lineage markers: DCs (CD11c"MHCIINCD24"), M1-
like TAM (TAM.M1, CD11b"F4/80*MHCI™NCD206'CD24"), TAM.M2 (CD11b
F4/80*MHCII'%"*9CD206*CD24"), Mo-MDSC (CD11b"Ly6C"Ly6G""), PMN-MDSC
(CD11b"Ly6G"), B cells (CD19%), CD8* T cells (CD3*CD8%), Trqy cells (CD3*CD4*

Foxp3™), CD4" effector (CD3"CD4"Foxp3°) and NK cells (Nkp46™).
2.2.2.5. Statistical analysis
For statistical analysis, Student’s t-test, or analysis of variance (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 + s.d. unless otherwise indicated.

2.2.3. Results
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On the basis of published microarray data, we were able to identify a common marker
highly expressed on major types of immunosuppressive cells, to specifically target them.
Such a marker is highly expressed on Treg cells, MDSCs, and M2-like TAMs, compared to
Thl cells, DCs, and normal tissue macrophages, respectively®>*. According to the
clustering analysis, Treg cells, MDSCs, and TAM.M2 cells display very different gene

signatures than Th1 cells, DCs, and tissue macrophages, respectively (Fig. 6).

Thl

Treg
MDSC#1
MDSC#2
MDSC#3
MDSC#4
DC#1
DC#2
DC#3
Mac#1
Mac#2
Mac#3
TAM#1
TAM#2
TAM#3

ht1 \ ht1
1.0
0.8
0.6
0.4
0.2

I ©O=MNw

Figure 6| Hierarchical clustering of gene expression of Treg cells and Th1l cells, MDSCs, DCs,
TAM.M2 cells, and tissue macrophages. ht1, heatmap.

Further analysis was conducted by using a Venn diagram to determine whether there are

overlapping genes (>2-fold upregulation) between TAM.M2/tissue macrophages and Treg
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cells/Thl. In contrast to non-immunosuppressive cells, we discovered eleven genes co-

expressed in these immunosuppressive cells (Fig. 7).

TAMs/Mac MDSC/DC

714

Treg/Th1

Figure 7| Venn diagrams displaying the number of upregulated genes of T cells, MDSCs and
TAM.M2 cells.

To rank the genes, fold-changes of their expression levels were incorporated into the
comparisons of immune suppressed and non-immune suppressed cells, and the change in
each gene's level of expression was calculated utilizing rank-adjusted fold-change (see
Methods for details). According to the results, Nt5e gene (encodes CD73 protein) ranked
highest among 10 other genes (Fig. 8); the result is also in agreement with some previous

studies®”%8,
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Figure 8| Rank-adjusted fold-change analysis for 11 commonly upregulated genes among Treg cells,
MDSCs and TAM.M2 cells.

In a further analysis, we used fluorescence-activated cell sorting (FACS) to identify the
types of immune cells present in the EMT6 TME and found that surface CD73 expression
was high in several types of immunosuppressive cells (for example, Treg cells, MDSCs
and TAM.M2 cells; Figure 9a, b, while such expression was negative or very low for DCs

or effector immune cells (for example, effector CD4* T cells, CD8" T cells or NK cells)

(Fig 10).

a Treg PMN. MDSC MoMDSC TAM.M2

Isotype
CD73

10" 102 102 104 10510" 102 102 104 105 10" 102 10 104 10° 10" 102 10% 10 10°
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Figure 9| a, Surface expression levels of CD73 on Treg cells, PMN.MDSC, MoMDSC and TAM.M2

cells isolated from EMT6 tumors. b, the percentage of CD73* Tregs, MoMDSC, PMN.MDSC, and
TAM.M2 cells isolated from EMT6 tumors were determined by FACS (n=3 biological replicates). Data
are mean + SD. ****P<(.0001, CD73 group compared with Isotype group, unpaired two-tailed
Student’s t-test (b).

EMT6 tumor
CD8* T cells NK cells DCs TAM.M1 cells CD4 (Foxp3.neg)

| Isotype

CD73
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Figure 10| FACS analysis for surface expression of CD73 on CD8* T cells, NK cells, DCs, TAM.M1
cells, and CD4* (Foxp3.neg) T cells isolated from EMT6 tumors. Shown are the representative results.

Consequently, CD73 could therefore be used to selectively deplete all major types of
immunosuppressive cells in the TME and thus influence the tumor immune landscape.
Because we also wanted to deplete the tumor cells along with those immunosuppressive

cells at the same time, the expression of the CD73 on tumor cells also need to be checked
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and analyzed. There are various types of tumor cells have been reported to express surface
CD73%, we thus analyzed the expression of CD73 using a murine tumor cell line.

Interestingly, CD73 was highly expressed on ~75% of murine EMT6 TNBC cells (Fig. 11).
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Figure 11| Surface expression levels and percentage of CD73 on EMT6 cancer cells were assessed by
FACS. (n=3 biological replicates) Data are mean + SD. ****P<0.0001, CD73 group compared with
Isotype group, unpaired two-tailed Student’s t-test.

Using dye-CD73 conjugates, we performed NIR irradiation on CD73+cells to kill local
tumor cells and found that aCD73-Dye+NIR induced rapid cell necrosis in ~75% of EMT6

tumor cells (Fig. 12 and 13).
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Figure 12| EMT6 cancer cells were treated with 1gG, 1gG-Dye + NIR, aCD73-Dye or aCD73-

Dye + NIR in vitro (n=3 biological replicates). Cell death was tested using Nexcelom ViaStain AO/PI
staining solution. The percentage of dead cells was determined by FACS after Pl staining.
Representative images are shown. Data are mean = SD. ****P<0.0001, aCD73-Dye+NIR group
compared with IgG, IgG-Dye + NIR, or aCD73-Dye group, one-way ANOVA with Tukey’s
correction. Bar scale = 100um.
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Figure 13| Cell necrosis of tumor cells and Treg cells, PMN.MDSC, MoMDSC and TAM.M2 cells
isolated from EMT6 tumors. Cells were treated with IgG, 1gG-Dye + NIR, aCD73-Dye or aCD73-
Dye + NIR in vitro. Shown is the heatmap illustrating the percentage of PI* dead cells tested by FACS
(representative results from one of two repeated experiments).
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These results serve to support that rapid killing of tumor cells after NIR exposure depends
on CD73 expression. The effects of CD73-Dye+NIR on EMT6 tumor-isolated immune
cells were then investigated in vitro. CD73-Dye+NIR rapidly destroyed
immunosuppressive cells, including Treg cells, MDSCs, and TAM.MZ2, in association with
their surface expression of CD73 (Fig. 13 and 14), while not harming those counterpart

CTLs (effector CD4" T cells and CD8* T cells), NK cells or DCs (Fig. 14).
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Figure 14| Treq, PMN.MDSC, MoMDSC, TAM.M2, CD8* T cells, NK cells, DCs, TAM.ML cells, and

CD4* (Foxp3.neg) T cells were isolated from EMT6 tumors and treated as indicated ex vivo (n=3
biological replicates). The percentage of dead cells was determined by FACS after Pl staining. 19G-
Dye represents IR-700 dye-conjugated 19G, aCD73-Dye represents IR-700 dye-conjugated anti-CD73
mADbs. Representative results from one of two repeated experiments are shown. Data are mean + SD.
****P<(0.0001, aCD73-Dye+NIR group compared with IgG, 1gG-Dye + NIR, or aCD73-Dye group,
one-way ANOVA with Tukey’s correction.

These data suggest that CD73-Dye can eliminate tumor cells and the major types of

immunosuppressive cell in the TME simultaneously, in a highly specific manner.

2.2.4. Conclusion
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These finding serve to support that CD73-Dye can eliminate tumor cells and the major
types of immunosuppressive cell, Treg cells, MDSCs, and TAM.M2 cells, in the TME
simultaneously, in a highly specific-targeting manner. The found CD73 could be used as

the common marker.

2.3. Targeting CD73" cells alters the immune response in TME

and supports CTL responses in vivo.

2.3.1. Objectives
The previous drastic antitumor function on tumors using our suggested approach motivated
us to further analyze the EMT6 TME after the treatment of aCD73-Dye-mediated NIR

irradiation. We wanted to investigate the tumor TME and observe the underneath immune

system responses.

2.3.2. Methods

2.3.2.1. Flow cytometry

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

incubated at room temperature for an additional 5min. The entire suspension was filtered
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through a 70um 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 a Fortessa flow cytometer for sorting, and data were analyzed with

Flowjo software.

2.3.2.2. Statistical analysis

For statistical analysis, Student’s t-test, or analysis of variance (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 + s.d. unless otherwise indicated.

2.3.3. Results

Here, we used fluorescence activated cell sorting (FACS) to assess tumor immune cell
lineages, and the results revealed several intriguing characteristics linked with antitumor
immunity activation. aCD73-Dye-mediated NIR irradiation decreased many kinds of
immunosuppressive cells in tumors, including an approximate 85% drop in Treg cells, an
80% reduction in TAM.M2, and a 95% reduction in MDSCs. Remarkably, the decrease in
immunosuppressive cells was accompanied by a significant rise in tumor-infiltrating CD8*

CTLs, which increased about 50-fold when compared to other treated groups. (Fig. 15).
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Figure 15| Percentage of EMT6 tumor-infiltrating CD45* immune cell subsets from the treated tumor-
bearing mice. FACS was used to detect cell subsets in tumor tissues. Calculated cell numbers per

100 mg EMT6 tumor are shown by indicated immune cell subset (n= 3 biological replicates).
Representative results from one of two repeated experiments are shown. Data are mean + s.d.
*##%p<(0.0001, aCD73-Dye + NIR group compared with IgG, IgG-Dye + NIR or aCD73-Dye group,
one-way ANOVA with Holm-Sidak test for multiple comparisons.

2.3.4. Conclusion

Overall, these data demonstrates that depletion of CD73" cells by aCD73-dye + NIR,
comparing to 1gG, 1gG-dye + NIR, or aCD73-dye, in the TME directs and induces

significantly greater CD8" CTLs revitalization for immune elimination of tumor cells.
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2.4. aCD73-Dye + NIR + aPD-1 overcomes the acquired

resistance to ICB immunotherapy

2.4.1. Objectives

Finally, we wanted to test whether our approach aCD73-Dye + NIR can the acquired
resistance of ICB. Since the NIR irradiation has limitations on distal target eradication
because it mainly focuses on local site, we wanted to test whether there is an approach that

could eradicate both advanced orthotopic and metastatic tumors in our model.

2.4.2. Methods

2.4.2.1. Mice in vivo tumor model

BALB/c mice were inoculated at the left mammary gland with 5 x 10° EMT6 tumor cells
with or without i.v. injection of 1 x 10° EMT6 tumor cells, respectively. Treatments were

started on day 5 or 7 when tumor size reached about 130 mm?,

Mice were randomized into different groups and mAb-Dye (100 pg) was i.v. injected 1 day
before NIR treatment. The tumors in mammary glands were exposed once or twice to 690
nm NIR with a total dose of 100 J/cm? for each NIR. In some experiments, 150 pug aPD-1
was intraperitoneally (i.p.) injected every 3 days starting on day 5 or 7 for a total of 4
injections in EMT6 tumor-bearing mice or 5 injections for mice with spontaneous TNBC
tumors. All other parts of mice were covered with aluminum film to avoid light exposure.

Mice were monitored daily after treatment. The tumor was measured using a caliper and
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tumor size was calculated as 0.5 x length x width 2. Mice were euthanized using carbon

dioxide and subsequent cervical dislocation.

2.4.3. Results

This approach was tested on the EMT6 mouse model for antitumor efficacy. For mice
bearing advanced orthotopic and lung metastatic EMT6 tumors (Fig. 16), aPD-1, aCD73-
Dye +aPD-1 and aCD73-Dye + NIR treatments induced initial tumor regression, with

median survival times of 30.5, 30 and 47 days, respectively (22 days for IgG group).

EMT 6

\/dﬁ A N dD

EMT6i.v.
(for lung metastasis)

Figure 16| Diagram of the treatments. BALB/c mice bearing both orthotopic EMT6 tumor (5 x 10°
EMT6 tumor cells injected in the mammary gland) and lung metastasis tumors (1 x 10% tumor cells
injected 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)
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Interestingly, combinational therapy (aCD73-Dye+NIR+aPD-1, hereafter) completely
eradicated both advanced orthotopic EMT6 tumor (with NIR) and lung metastatic tumors

(no direct NIR to lung) (Fig. 17, 18).
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Figure 17| Mice were euthanized on day 20 and the summarized lung weights of mice receiving
indicated treatments are shown (n=5 mice per group). Data are mean = s.d. ***P<0.001, combo group
compared with IgG, aPD-1, aCD73-Dye +aPD-1 or aCD73-Dye + NIR group, one-way ANOVA with
Tukey’s correction.
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Figure 18| Tumor growth curves (n= 5 mice per group) of the orthotopic EMT6 tumors after indicated
treatments. The red arrows represent NIR irradiation.

Additionally, at least 90% of the mice survived 100 days as tumor-free (Fig. 19). The data

supports that this combo therapy of aCD73-Dye+NIR+aPD-1 had outstanding efficacy in
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tumor killing in vivo. The combo therapy could even induce a curative response in those

mice.
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Figure 19| Survival curves of EMT6 tumor-bearing mice (n= 10 mice per group). ***P<0.001, combo
group compared with IgG, aPD-1, aCD73-Dye +aPD-1 or aCD73-Dye + NIR group; ****P<0.0001,
aPD-1 group compared with IgG group; ****P<0.0001, aCD73-Dye + NIR group compared with 1gG,
aPD-1 or aCD73-Dye +aPD-1 group, survival analysis was conducted using log-rank test with Holm
test for multiple comparisons.

2.4.4. Conclusion

Our results indicated that removing immunosuppressive cells from the local environment
might be an effective method to overcome acquired resistance. Consequently, depleting
those immunosuppressive cells via the NIR irradiation eradicated advanced tumors, and
the combinational therapy of depleting immunosuppressive cells via CD73-dye + NIR

irradiation and PD-1 ICB induced further curative and tumor-free responses in mice.
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Discussion

In this work, we discovered that acquired resistance can emerge after PD-1 ICB therapies
or target therapy combined with PD-1 ICB therapy, and we also discovered a possible role
for immunosuppressive cells in the TME that results in tumor recurrence. Our findings also
point to an approach for eliminating acquired resistance by deleting all major types of
immunosuppressive cells locally. We repurposed anti-CD73 mAbs from blocking the
enzymatic activity of CD73 into the killing of CD73" tumor and immunosuppressive cells
by treatment with CD73-Dye + NIR to overcome systemic ICB primary and acquired
resistance by identifying CD73 (via bioinformatics analysis) as a common marker highly
expressed on various types of immunosuppressive cells. Surprisingly, it was found that in
the EMT6 TNBC tumor model conducted, reducing the major types of immunosuppressive
cells eliminated advanced tumors, overcame acquired resistance to the PD-1 ICB

immunotherapy, and generated curative responses in mice.

Acquired resistance has been associated with many cancer therapy failure and mortality in
more than 85% of individuals with advanced malignancies. The heterogeneity of cancer
cell populations may result in a response to treatment at first, but recurrence often occurs
after treatments. As a result of heterogeneously somatic mutations, the few cancer cells
that are resistant to treatment will continually be selected and escape during treatments®3,
When tumor cells die from chemotherapy or targeted therapy, the antigens presented by
the tumor become available in extracellular environment, which then facilitates the
antitumor response in ICB therapies. It has been demonstrated through our research that

targeting tumor cells' expressed antigens (e.g., targeting B7H3 by aB7H3-Dye + NIR +
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aPD-1) without destroying the immunosuppressive TME promotes the growth of B7H3-

resistant tumor cells, similar to acquired resistance under clinical conditions®®®?,

A number of tumor-infiltrating immune suppressive cells, including Treg cells, MDSCs,
and TAM.M2, reduce CTL induction, infiltration, and cytolytic function, diminishing
responses to ICB therapy®17192%62 1mmunosuppressive cells contribute to acquired
resistance in ICB immunotherapy, but their precise mechanisms remain somewhat abstruse.
We hypothesized that depleting almost all major types of immunosuppressive cells could
make it possible to overcome the acquired resistance in ICB immunotherapy. To date, no
approaches have been developed that precisely target a single type of immunosuppressive
cell within the TME. By comparing gene profiles of immunosuppressive cells to effector
immune cells, we found that CD73 was highly expressed by all major types of
immunosuppressive cells. Additionally, we found that immunosuppressive cells, such as
MDSCs, Treg cells, and TAMs.M2, highly expressed CD73, whereas CD8* CTLs, Foxp3’
CD4* T cells, or DCs had either negative or very low CD73 expression. Based on this
unique natural characteristic of those immunosuppressive cells, we would have the
opportunity to simultaneously target and remove these immunosuppressive cell subsets,

which may contribute to acquired resistance in ICB therapy.

Explicitly, CD73 is the major source of extracellular adenosine, and increased extracellular
levels of adenosine may impair the cytotoxic properties of CD8" T cells and NK cells
within the TME®3. There is a previous research study that showed high expression of CD73
in immunosuppressive cells in tumors, especially in TAM.M2, that contributed to poor
clinical outcomes by inhibiting T-cell infiltration. Therefore, anti-CD73 antibodies have

been used to target the enzyme activity in CD73 for the treatment of cancer; However, both
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pre-clinical studies and clinical trials have shown limited response of advanced tumors to
aPD-1 + aCD73 antibody or aPD-1 + adenosine antagonist (clinical effectiveness data
don’t support launching a phase III study)®*®°. As a result, in our current investigation, we
used CD73-Dye + NIR to target CD73" cells to induce full response and circumvent
recurrence in ICB immunotherapy. This antitumor effect is associated with the 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, CD8* T cells,

or DCs, which is correlated with the level of CD73 surface expression.

According to the Human Protein Atlas dataset®®, most cancer tissues have moderate to
strong cytoplasmic and membranous CD73 positivity, with lymphomas and testicular
malignancies being moderately positive or lacking expression. In addition, normal human
skin and breast tissues have relatively low CD73 expression®’. Although several previous
studies have revealed that some cells, such as endothelial cells and hepatocytes®, express
some degree of CD73 and may therefore experience unexpected toxicity when being
treated with CD73-Dye + NIR, NIR light irradiation can be performed under endoscopic
supervision through a fiber optic diffuser to target specific tumor areas while minimizing
potential injury to normal cells. These findings imply that certain tumor types, including
breast cancer, may be suitable candidates for local CD73-Dye + NIR irradiation to destroy
the tumor and immunosuppressive cells in the TME while causing little harm to normal
cells. Furthermore, in patients with PDAC, local photodynamic treatment has been
accomplished by utilizing laser fibers injected by needles positioned percutaneously
through the anterior abdominal wall and guided by ultrasonography and computed

tomography®. Finally, NIR irradiation with antibody-dye conjugates has been investigated
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in phase Il clinical trials (NCT02422979; anti-EGFR-IR700), demonstrating that our

proposed strategy is potentially practical to be applied in patients.

Nonetheless, there are still many limitations from this research study. First, there is only
one type of murine tumor cell line conducted, which highly limits the variety of feasible
tumor types of the suggested approach. More types of tumor cell lines, including human
tumor cells, need to be conducted for more precise research study. Second, the underneath
mechanism of the major immunosuppressive cells contributing to acquired resistance was
not well established nor demonstrated. For example, whether single type of those
immunosuppressive cells could lead to tumor recurrence and acquired resistance to ICB

should be investigated and illustrated to make the research more intact.

By and large, our findings indicate that immunosuppressive cell-mediated acquired
resistance occurs in ICB immunotherapy. The findings show that our suggested approach,
using aCD73-Dye + NIR + aPD-1, to target tumor cells and immunosuppressive cells in
TME selectively and concurrently is adequate for overcoming acquired resistance and
triggering a curative response in PD-1 ICB resistant tumor. As a result, this research study
may further decorate the groundwork for future clinical trials to treat TNBC and other

malignant cancers.
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