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Abstract
In recent years, immunotherapy has achieved unprecedented success in the clinic,
especially in melanoma, kidney, bladder, head and neck, renal, and lung cancers. However,
similar outcomes have yet to be achieved in metastatic breast cancer (mBC). This is likely in part
due to the presence of an immunosuppressive tumor microenvironment (TME), driven by a highly
desmoplastic stroma in mBC. For my dissertation, I explored strategies to re-engineer the
desmoplastic TME to overcome therapeutic resistance to immune checkpoint blockade (ICB), and
developed an approach to identify predictive biomarkers of responsiveness to ICB. First, we
developed a novel TME-activated polymeric material that can be conjugated with a class of antihypertensive drugs to target tumor desmoplasia, enhance anti-tumor activity of T-lymphocytes,
and prolong animal survival when combined with ICB in mouse models of mBC. Next, we
investigated the effects of targeting CXCR4/CXCL12 signaling, a prominent tumor-promoting axis
that governs stromal cell interactions and cancer metastasis. We found that silencing of CXCR4
expression in CAFs significantly halted the development of spontaneous lung metastases. In
addition, pharmacological inhibition of CXCR4 reduced desmoplasia and immunosuppression in
the metastatic TME. Lastly, using a mouse model of BC, we developed a novel approach to
identify TME biomarkers that differentiate responders from non-responders to ICB. In summary,
the desmoplastic and immunosuppressive breast TME impedes effective outcomes of ICB.
Reprogramming the TME using stromal-targeting agents could enhance ICB therapy in mBC.
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Additionally, elucidating predictive biomarkers will provide valuable insights for designing the
optimal therapeutic strategies for mBC patients.

iv

Table of Contents
Abstract …………………………………………………………………………………………………...iii
Acknowledgements……………………………………………………………………………………...vii
Chapter 1: Breast tumor microenvironment and immune responses……………………………….1
1.1 Significance………………………………………………………………………………..…1
1.2 Breast tumor heterogeneity and current challenge in treatment………………………..2
1.2.1 Breast tumor subtypes and treatment options…………………………...….2
1.2.2 Metastasis as a leading cause of cancer-related death in BCs…………...4
1.3 Immunotherapy for breast cancer……….……………….………………………………..5
1.3.1 Immune tumor microenvironment…………………………………………….5
1.3.1.1 Tumor-infiltrating myeloid cells……………………………………….5
1.3.1.2 Tumor-infiltrating lymphocytes……………….……………………....7
1.3.2 Cancer immunotherapy…………………………………………………...…...9
1.5.2.1 Immune checkpoint-molecules……………………………...…...…11
1.3.3 Biomarkers of immune response……….…………………………………...12
1.4 Tumor desmoplasia………………………………………………………………………..13
1.4.1 Tumor desmoplasia as a barrier to effective treatments………………….13
1.4.2 Cancer-associated fibroblasts……………………………………………….15
1.4.3 Extracellular matrix and stiffness……………………….…………………...22
1.4.4 Solid stress……………….……………………….…………………………...25
1.5 Consequences of desmoplasia……………….……………………….……………….…27
1.5.1 Hypoxia.……………………….……………………………………….……....27
1.5.2 Abnormal vasculature and impairment of drug delivery….…….…..…….28
1.6 Strategies to alleviate effects of tumor desmoplasia…………………………………...29
1.6.1 Targeting CAFs………………………………………………………………..29
1.6.2 Targeting ECMs……………………………………………………………….32
1.6.3 Normalizing vasculature…………………………………………………...…34
1.7 Thesis objective………………………………………………………………………..…..37
Chapter 2: Tumor-activated angiotensin blocker nanoconjugates normalize tumors to
promote anti-cancer immunity…………….…………………………………………………..39
2.1 Introduction…………………………………………………………………………………39
2.2 Materials and Methods…………………………………………………………………....40
2.3 Results………………………………………………………………………………………54
2.4 Discussion…………………………………………………………………………………..67
Chapter 3: Targeting CXCR4 signaling alleviates desmoplasia and enhances
immunotherapy of metastatic breast cancer.………………….…………………………….69
3.1 Introduction……………………………………………...………………………………….69
3.2 Materials and Methods…………………………………………………………………….70
3.3 Results………………………………………………………………………………………78
3.4 Discussion…………………………………………………………………………………..92
Chapter 4: CXCR3 is a potential biomarker of response to immune checkpoint therapies
in breast cancer………….…………………………………………………………………......95
4.1 Introduction…………………………………………………………………………………95
4.2 Materials and Methods………………………………………...……………………….....98
4.3 Results……………………………………………………………………………………..102

v

4.4 Discussion…………………………………………………………………………………113
Chapter 5: Conclusion and future directions………………………………………………………..117
References……………………………………………………………………………………………..122
Appendix………………………………………………………………………………………..………146

vi

Acknowledgements
I would like to thank my Ph.D. advisors, Drs. Rakesh K. Jain and Robert S. Langer, for
their mentorship and support throughout these years. I am so honored to have the opportunity to
work under the guidance of two world famous scientists and chemical engineers. It was truly a
perfect marriage of mentorship. Thank you Dr. Jain and Dr. Langer for having me as a student in
your labs. You two never ceased to amaze me with your profound scientific knowledge and your
charismatic personality. I have learned a lot from you on how to be a professional scientist, a
principal investigator, and a mentor.
I would like to also thank my committee members: Drs. David Mooney, Neel Joshi, and
Arlene Sharpe. I am very grateful for all of your helpful advice and suggestions during each
committee meeting. It was difficult to schedule every one of you to be in one room, but it was truly
a blessing to have you all as my mentors.
I would like to specially thank Vikash, my “mini PI”, Rosa, and Ethel for their unconditional
support in everything. Vikash took me under his guidance when I first joined the lab and taught
me many things I needed to know to be an independent researcher. He is also very
knowledgeable about many things so conversation with him is always a bit longer than expected.
Rosa and Ethel are like my big sisters in the lab. I can always go to them if I have any questions
about science or feeling frustrated about research. They were always there for me.
My best friend in the lab, Divya! Thank you for all of the crazy things we have done to
make my Ph.D. lab life seems more fun and exciting. I will never forget our 2AM Justin Beiber
karaoke and western blot nights, or our football Sundays when you yelled at TV for Giants losing
another game. Go Pats!
Of course, I would not have been able to accomplish so much without lots of help from the
lab member. First, I would like to give thanks to the Steele Labs faculty members: Drs. Dai

vii

Fukumura, Yves Boucher, Lei Xu, Dan Duda, Lance Munn, Tim Padera, Peigen Huang, and Igor
Garkavtsev. Dai, thank you for approving my animal request forms and supporting my graduate
fund (March Madness!). Lance, thank you for accepting the fact that not all engineers are good
with computers. Peigen, thank you for all of your animal supports and friendship.
I would like to thank my wonderful labmates for their help throughout the years. We shared
many joys and pains together. To Michelle Wu, thank you for working diligently with me for the
past three years and it is a great honor to have you as a student. Also, I would like to especially
thank Meenal Datta, Matthias Pinter, Gino Ferraro, Hao Liu, William Ho, Theresa Peterson, Wilco
Kwanten, Eelco Meijer, Jelena Grahovac, John Martin, Pichet Adstamongkonkul, Mark Badeaux,
Joao Incio, Kamila Naxerova, Taka Heishi, Kohei Shigeta, Hadi Nia, Echoe Bouta, Christina
Wong, Carolyn Smith, Sylvie Roberge, Julia Khan, Tsion Tale, Mark Duquette, Anna
Khachatryan, Phyllis McNally, Elizabeth Garzon, Zeina Chaptini, and many others. Thank you for
sharing a lot of great memories with me.
I would like to thank my collaborators, Drs. Vikram Juneja, Jay Mahat, Rong Tong, Melvyn
Chow, Jessica Pasoda, Kristen Pauken, and Chris Garris. I have learned many new things
through collaboration with each one of you.
Thank you to all of my friends who have been there for me whenever I needed you!
Lastly, I would like to thank my family: my father Jian Chen, mother Nhoc Lac, my sister
Zoe Chen, and my brother Eric Chen. Thank you for your unconditional love and support. I love
you.

“Nothing is Impossible, the word itself says I’m Possible.” – Audrey Hepburn

viii

CHAPTER 1
Barriers to Breast Cancer Immunotherapy

1.1

Significance
Breast cancer (BC) is a highly heterogeneous disease that affects 1 in 8 women in

the U.S during their lifetime (1, 2). Although advancement in early detection and treatment
options has improved patient survival rates, BC remains the most prevalent malignant
disease and the second leading cause of cancer-related mortality in women. It is
estimated that 266,120 cases of BC will be newly diagnosed in 2018, with 40,920 deaths
(1).

One major clinical challenge for BC is that it is considered one of the most

desmoplastic tumor type (3). Desmoplasia – characterized by high levels of cancerassociated fibroblasts (CAFs) and increased production of extracellular matrix (ECM) –
correlates with shorter survival in BCs (4, 5). In addition, a highly desmoplastic stroma
can promote an immunosuppressive tumor microenvironment (TME) to further limit the
efficacy of conventional cancer therapies, as well as emerging treatments such as
immunotherapy. Hence, it is important to elucidate how tumor desmoplasia modulates
the immune evasion of cancer cells, in order to guide the development of effective
treatment strategies to overcome the hurdles with existing therapies. In this chapter, I will
discuss how hallmarks associated desmoplastic tumors can impose both physical and
biochemical barriers to prevent effective anti-tumor immune response in BC.
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1.2

Breast tumor heterogeneity and current treatment limitations

1.2.1 Breast tumor subtypes and treatment options
One of the challenges for effective treatment of BC is the inter-tumoral
heterogeneity between patients due to different immunohistochemical biomarkers and
molecular features (6, 7). BC is categorized based on the presence or absence of three
receptors: estrogen receptors (ERs), progesterone receptors (PRs), and human
epidermal growth factor receptor 2 (Her2/neu) (8). The Her2-/neu receptor is
overexpressed in approximately 20% of the BC patients, while hormone receptor-positive
(ER+ and/or PR+) accounts for approximately 60% of all BC cases (9, 10). The most
aggressive subtype of BCs is triple negative breast cancer (TNBC), in which the tumors
are negative for the expression of ER, PR, and Her2/neu (11). Breast cancer can also be
defined into distinct molecular subtypes: luminal A (ER+PR+Her2-Ki67low), luminal B
(ER+PR+Her2-Ki67high or ER+PR+Her2+), Her2+ (ER-PR-Her2+), and basal-like (mostly
triple-negative) (12). The classification of different subtypes plays an indispensable role
in determining the type of treatment strategies to be provided for BC patients.
The current treatment approaches for BCs include local and systemic therapy
(Table 1.1). A combination strategy is often used that includes surgical resection to
remove the tumor mass followed by radiation therapy to kill any remaining cancer cells
after surgery. Systemic anticancer drugs such as chemotherapy, hormonal therapy, and
targeted therapy are utilized to prevent and eliminate the recurrence or spread of cancer
cells to other regions of the body (13). Specifically, hormone receptor-positive patients
are treated with hormonal therapy such as tamoxifen or aromatase inhibitors, whereas
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HER2-positive patients are given anti-HER2 treatment. Treatment options for TNBC
patients are limited due to the lack of ER, PR, and HER2 expression; chemotherapy has
been the foundation of treatment for TNBC (14). Although these treatment strategies have
markedly improved BC survival in recent years, some tumors eventually become resistant
to the standard therapies and develop into more aggressive and metastatic forms (1519). Furthermore, most treatment options target the primary tumors; systemic therapies
that can control metastatic BCs (mBCs) remain ineffective.

Table 1.1 Types of treatment for breast cancers. mBC: metastatic breast cancer; PARP: poly(ADPribose) polymerase; CAR-T: chimeric antigen receptor T; * : not FDA-approved; ** FDA withdrew approval
in 2011 in the U.S.
Type of treatment
Subtypes
Example(s)

Surgery
Radiation

All
All

HER2+ mBC

Lumpectomy
External-beam
radiation,
Doxorubicin, paclitaxel
Tamoxifen, aromatase
inhibitors, fulvestrant
Abemaciclib,
Palbociclib, Ribociclib
Everolimus
Trastuzumab,
Pertuzumab
Trastuzumab
emtansine (T-DM1)
Lapatinib

Chemotherapy
Hormone therapy

All
ER+/PR+

CDK4/6 inhibitors

ER+/PR+, HER2- mBC

mTOR inhibitors
Anti-HER2

ER+/PR+, HER2- mBC
HER2+

Antibody-drug
conjugates
Tyrosine-kinase
inhibitors
PARP inhibitors
PI3 Kinase inhibitors *
Anti-angiogenic **
Immune checkpoint
blockers *
Vaccine *
CAR-T *
Cell-based therapy *

HER2+ mBC

HER2- & BRCA1/2 gene mutation
PIK3CA mutation
mBC
All

Olaparib
Taselisib
Bevacizumab
Anti-PD-1, anti-PD-L1

TNBC, Her2+
mBC
TNBC, Her2+

NY-ESO-1
Anti-MAGE-A3
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1.2.2 Metastasis as a leading cause of cancer-related death in BCs
Metastasis accounts for most of the mortality in BCs. Patients with mBCs have
median survival of only approximately 2 year (1, 20). The dissemination of BC cells to
distant organs – predominantly the lungs, bone, and brain – presents a significant clinical
challenge. Treatment options for metastatic diseases are very limited and ineffective;
largely due to a lack in fundamental knowledge about what happens once a metastatic
niche is established. Furthermore, current diagnosis and treatment option for mBCs are
largely based on tissue characteristic of the primary tumor (21). However, increasing
evidence suggests that there is discordance in receptor status and tissue characteristics
between matched primary breast tumors and metastases (21-24). The frequency of
receptor conversion within a patient has been reported to occur from 0% to more than
50% (25, 26). This significantly influences the efficacy of standard BC therapies that are
administered based on the tumor receptor status, such as hormonal therapy (26). A better
understanding of the metastatic TME is needed to dissect the mechanism underlying the
metastatic process and molecular changes. As mBC patients often display differential
responses to standard therapies and eventually succumb to their disease (24, 26), it is
also necessary to explore novel therapies that may improve efficacy.
With the emerging success of immunotherapy in multiple solid tumors such as
melanoma, kidney, bladder, head and neck, renal, and lung cancers (27), there is increasing

excitement to adopt the same approach to treat patients with advanced BCs. By utilizing
each patient’s own immune system to fight cancer, immunotherapy has the potential to
eliminate BC relapse, treatment resistance, and metastasis. In order for immunotherapy
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to be effective, it is important to understand the landscape of pro- and anti-tumor immunity
in the BC TME.

1.3 Immunotherapy for Breast Cancer
1.3.1 Immune tumor microenvironment
Innate and adaptive immune cells are major components of the TME in solid
tumors. The immune system functions as the key guardian to eradicate any foreign
pathogen from infecting our body. Myeloid cells are the key players of the innate immune
responses and they provide immediate response against infection by other organisms.
These responses are usually short-term. On the other hand, adaptive immune responses
from lymphocytes generate long-term immunological memory following their initial
encounter with the foreign pathogen and result in accelerated immune responses in
subsequent encounter (28). However, this system is often malfunctioned in cancers.
Once the immune system is conformed, immunity becomes a friend of the enemy to assist
in tumor growth and invasion.

1.3.1.1 Tumor-infiltrating myeloid cells
Myeloid cells are the key players of the innate immune responses; they provide
immediate response against infection by other organisms. However, they can also
contribute to immune evasion (29). The most abundant innate immune cells are the
tumor-associated macrophages (TAMs) (30). TAMs play a key role in mediating
inflammatory responses, including angiogenesis, tumor growth, invasion, and metastasis
(29). During early cancer cell invasion, TAMs express a more anti-tumor M1-like
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phenotype and they contribute to inhibition of tumor growth by secreting proinflammatory
cytokines such as IFNγ+ and TNFα. They can also present tumor antigen to activate T
cells (29, 30). However, during chronic inflammation, M1 macrophages are polarized into
expressing M2-like phenotype, which are pro-angiogenic and immunosuppressive. For
instance, production of VEGF by TAMs is responsible for abnormal tumor vasculature
and increased hypoxia in BCs (31). Genetic knockout of Vegf expression in myeloid cells
induced vascular normalization, indicating the proangiogenic function of the TAMs. In
addition, TAMs, CAFs, and cancer cells secrete FSP-1 to promote tumor progression by
regulating inflammation and angiogenesis and promoting metastasis (32-34). TAMs
promote metastatic potential of cancer cells by producing growth factors and stimulating
angiogenesis in the hypoxic regions (35). High infiltration of TAMs has been associated
with poorer outcomes in BCs (36-38). Due to the pro-tumorigenic ability of TAMs, there
are emerging strategies to target them for cancer treatment. Therapeutic targeting factors
contributing to TAMs maturation such as granulocyte-maturation colony-stimulatory factor
(GM-CSF) and their receptors is an active area of research in many tumor types.
Neutrophils are another first responders to foreign invasion. They are recruited to
the peripheral tissues through cytokines such as IL-8 and IFNγ (29). Neutrophils can
promote activation of cytotoxic T cells and secrete proinflammatory cytokines to inhibit
tumor growth (29). Similarly, like macrophages, neutrophils can also be polarized from an
anti-tumor N1-phenotpe to a pro-tumor N2-phenotype (39). N2-neutrophils support tumor
growth and invasion by expressing high level of immunosuppressive arginase, releasing
proteases, and promoting angiogenesis (39, 40). Moreover, hypoxia can down-regulate
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phagocytic activity of neutrophils through inhibiting their generation of reactive oxygen
species (ROS) (41).
Dendritic cells are professional antigen-presenting cells (APCs) and originated
from both myeloid and lymphoid lineage. During inflammation, their job is to recognize,
take up, and present the tumor-specific antigen to activate T cells in the lymphoid organs
(42). Tumor cells often trigger defects in this process to escape immune surveillance. For
example, deficiencies in antigen processing and presentation have been demonstrated
to be a major resistance mechanism to immunotherapy (43-45). Cell-based therapies
using autologous antigen-activated DCs are undergoing clinical investigations in BC
patients (NCT03113019, NCT02886897).

1.3.1.2 Tumor-infiltrating lymphocytes
TILs are a heterogeneous population of immune cells with the ability to be both
pro- and anti-tumorigenic. In the tumors, TILs can trigger both innate (NK cells) and
adaptive immune responses (B and T lymphocytes) (46). B-lymphocytes are mainly
responsible for antibody production. However they can also present antigen and induce
antibody-dependent cell-mediated cytotoxicity (47). Hypoxia inducible factor-1 α (HIF1α)
could mediate development of B2 cells, which are a subset of B cells that can stimulate
immunosuppressive Tregs (48-50). Recent studies have identified the interplay between
hypoxia, CAFs, and immunosuppressive B cells (51, 52). Mikael Karin and colleagues
showed that hypoxia induced HIF1α and transforming growth factor-beta (TGFβ)
signaling to practivation and enhance CXCL13 expression in CAFs. This in turn promoted
tumor progression in prostate cancers. They later identified that overexpression of
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CXCL13 in CAFs recruited immunosuppressive B cells expressing IgA, IL-10, and PD-L1
through TGFβ signaling. Elimination of these subsets of B cells led to CD8+ T celldependent eradication of tumors.
There are many types of T lymphocytes: cytotoxic CD8+ T cells, CD4+ T helper
cells and regulatory T cells (Tregs). CD8+ T cells are the cytotoxic T lymphocytes (CTL)
that can recognize tumor antigen and kill cancer cells. CD4+ T cells are the helper T cells
that can help or suppress the immune response by releasing T cell cytokines; whereas
Tregs are the suppressor T cells that down-regulate proliferation and activity of CTLs (46).
TME factors such as tumor heterogeneity, dysfunctional vasculature, decreased nutrient
and oxygen availability can reduce T cell trafficking and function (53). Desmoplastic
tumors support immune evasion by restricting T cell migration and the lack of infiltrating
T cells is associated with poor prognosis (54). In addition, cancer cells can down-regulate
expression of chemokines and growth factors that induce trafficking of T cells to the tumor
site and thus limit their infiltration (55).
Although BCs are generally considered non-immunogenic, the presence of tumorinfiltrating lymphocytes (TILs) have been associated with good prognosis in BCs (46, 54,
56, 57). An immunoscore of high CD8/FoxP3 ratio identified a subset of patients with
long-term overall survival of 100% after neoadjuvant chemotherapy (58). In contrast,
patients with high numbers of FoxP3+ Tregs and exhausted PD-1+ T cells are associated
with high tumor grade and shorter progression-free survival (59). A recent pooled study
of evaluating pre-treated stromal TILs in 3771 patients confirmed TILs as a good
prognostic indicator of response to neoadjuvant chemotherapy across all molecular
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subtypes (60). Of the subtypes, TNBC and HER2+ are considered most immunogenic,
as evident by higher numbers of TILs within the TME (61-63). Interestingly, higher
numbers of TILs are associated with ER-HER2- BCs and have better survival (64), but
this finding contrasts to TIL involvement for ER+HER2- BCs (65). Therefore, the immune
system is clearly playing an active role in modulating responses to BC treatments.
Understanding what regulates the infiltration and function of these TILs within the breast
TME will provide invaluable insights in maximizing the clinical benefits of BC
immunotherapy.

1.3.2 Cancer immunotherapy
In the past decade, the field of cancer treatment has gained tremendous
momentum using immunotherapy to stimulate the host immune system and eliminate
disease progression (66). There is increasing recognition that the ultimate effective fight
to destroy cancer cells lies with the antigen-specific T cells. Patients with sufficient T cell
infiltration and activity may be more likely to win the battle (46, 67). Preclinical and clinical
work is ongoing to investigate strategies to transform patients with “cold” tumors (low
TILs) into “hot” tumors (high TILs), as high TILs can be predictive of response to
immunotherapy (46, 54). Therapies such as adoptive transfer of T cells, chimeric antigen
receptor (CAR)-T cells, and vaccines are all strategies designed to stimulate the ability of
T cells to fight cancer cells (30, 68).
Currently in the clinic the most successful strategy is to target the immune
checkpoint molecules such as cytotoxic T lymphocyte antigen-4 (CTLA-4) and
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programmed cell death receptor-1 (PD-1) to activate anti-tumor responses by the effector
T lymphocytes (27, 69). Single agent or combination therapies against CTLA-4 and PD1/PD-L1 have achieved impressive clinical responses in many cancer types (27, 70-72).
These improved objective responses have led to unprecedented fast regulatory approvals
by the US Food and Drug Administration (FDA) (Figure 1.1). In the next section, the role
of PD-1 and CTLA-4 in tumor immunosuppression is discussed.

Figure 1.1 FDA approvals of immune checkpoint immunotherapy. Note: Ipilimumb – anti-CTLA-4;
Pembrolizumab- anti-PD-1; Nivolumab- anti-PD-1; Atezolizumab- anti-PD-L1; Avelumab- anti-PD-L1;
Durvalumab- anti-PD-1; NSCLC- non-small-cell lung cancer; SCCHN-squamous cell carcinoma of the head
and neck; RCC- renal cell carcinoma; CHL- classical hodgkin lymphoma; MCC- merkel cell
carcinoma; HCC- hepatocellular carcinoma; MMR-def- mismatch repair deficient; MSI-H/dMMRmicrosatellite instability-high/ mismatch repair deficient; Ipi, Nivo, Pembo, Durva, and Atezo are
abbreviations for ipilimumab, nivolumab, pembrolizumab, durvalumab, atezolizumab, respectively.
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1.3.3 Immune checkpoint molecules
Cancer cells highjack many inhibitory checkpoint pathways in the immune system
to down-regulate the function of effector T lymphocytes and to promote their own survival.
Two of the most well reported inhibitory checkpoint signaling are the CTLA-4 and PD-1
pathways (73). CTLA-4 is a co-inhibitory receptor expressed by activated lymphocytes,
including CD4, CD8, and Tregs. CTLA-4 down-modulates T cell function by competing
with T cells to bind with its ligands CD80 and CD86 (73, 74). Ipilimumab, an anti-CTLA-4
antibody, is the first FDA-approved ICBs based on the overall survival of metastatic
melanoma patients (70). PD-1 is a co-regulatory molecule expressed by activated
lymphocytes and it binds to PD-L1 and PD-L2. PD-L1 is expressed in a variety of cells,
including tumor cells, dendritic cells, macrophages, fibroblasts, and T cells (73, 75, 76).
PD-L1-expressing tumors can bind to PD-1 on T cells to attenuate their activity and
proliferation. Multiple PD-1 and PD-L1 blockades have been approved for different cancer
types (27).
Currently, there are many ongoing clinic studies testing these checkpoint
therapies, alone or in combination with other therapies, for BCs. Other modulators of the
immune stimulatory/inhibitory pathways are also under clinical investigation in BCs. For
example, the recombinant soluble LAG3 immunoglobulin fusion protein was tested in
combination with paclitaxel in mBC patients (77). The early results were encouraging, as
the 6-month progression-free survival rate was 90%. In addition, reports from early phase1 clinical studies have shown some clinical benefits of anti-PD-1/anti-PD-L1 therapies in
patients with metastatic TNBCs (78-81), as well as advance ER+/HER- BCs (82) (Table
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1.2). The response rate ranges from 10% to 24% and it is especially encouraging for the
dual combination of a-PD-1 and nab-paclitaxel, with an objective response rate of 42%.
These results were particularly benefiting those with PD-L1+ expression in the TME.
Table 1.2. Reported results from clinical studies on PD-1 or PD-L1 blockade in BCs. ORR: objective
response rate. TNBC: triple negative breast cancer; ER: estrogen receptor; HER2: human epidermal growth
factor receptor 2

Trials

Drug/target

NCT01848834
(KEYNOTE-012)
NCT01375842
NCT01633970
NCT01772004
(JAVELIN)

NCT02054806
(KEYNOTE-028)

a-PD-1
a-PD-L1
a-PD-1, nabpaclitaxel/chemo
a-PD-L1

a-PD-1

Sponsor

Phase

Merck &
Co.
Genentech

1b

Genentech

1

EMD
Serono/Mer
ck KGaA

1

Merck &
Co.

1

1

Results
27 TNBC pts
(ORR 19%)
24 TNBC pts
(ORR 24%)
24 TNBC pts
(ORR 42%)
168 pts
(ORR 5.2%;
8.6% TNBC,
4.2%
ER+/HER2-)
25
ER+/HER2pts (ORR
12%)

Ref.
Nanda
et al. (83)
Emens et
al. (79)
Adams et
al. (81)
Dirix
et al. (80)

Rugo
et al. (82)

1.3.4 Biomarker of immune response
ICBs are revolutionizing the field of cancer treatment, however there are still a
substantial number of patients who do not respond to these therapies. The limitation to
this is partly because there is no predictive biomarker to accurately determine whether a
patient will benefit from ICBs. The common clinical assessment for patients receiving PD1 and PD-L1 blockade is immunohistochemical measurement of PD-L1 protein
expression in the TME. However, this method is often compromised by tumor
heterogeneity and protocol development (30, 84). One of the more-promising strategies
is the measurement of TIL density, as a population of cells may be more predictive than
12

a single marker such as PD-L1. Clinical investigations are ongoing to evaluate whether
TILs can serve as the biomarker. In addition, low TILs at the baseline for some patients
suggest that these patients may harbor an intrinsic innate resistance to these therapies.
Therefore, there is also an urgent need to unravel what governs such resistance.
Uncovering the mechanism behind the therapeutic resistance would allow us to develop
effective targeted therapies for those patients.
Recent studies have begun to uncover some of the potential resistant
mechanisms. Studies have shown that high mutational burden and host immune infiltrates
could be predictive of immune responses (56, 85-89). For example, the moderate
response rate observed in BC patients may be because BCs are considered to have a
low mutational rate, compared to other tumors (90, 91). Impaired immune signaling such
as interferon signaling, antigen recognition and presentation, and oncogenic pathways
are all reported to be associated with lack of therapeutic responses (43, 44, 92-96). In
breast cancer, one potential barrier to effective immunotherapy is the onset of
desmoplasia in breast tumors.

1.4 Tumor desmoplasia
1.4.1 Tumor desmoplasia as a barrier to effective treatments
Desmoplasia is one of the major clinical challenges for BCs (3). The accumulation
of CAFs and production of excessive amount of ECM such as collagen and hyaluronan
generate a desmoplastic TME that can promote both initiation and progression of tumors
(97, 98). Stromal gene signatures predict a poor prognosis in BCs (99), and high
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mammographic density, an indicator of matrix-rich tissue, is associated with an increased
risk of invasive BCs (100). In addition, the excessive deposition of ECM fibers and
abundance of stromal cells, together with cancer cells, can compress blood vessels and
reduce the systemic distribution of drugs into the TME (Figure 1.2) (101). As such, most
desmoplastic lesions are poorly perfused and hypoxic, all contributing to limited drug
delivery and effectiveness of therapies (102-105). Indeed, Tolaney et al. (106) have found
that increased vessel density correlates with pathological response in TNBC patients
receiving neoadjuvant chemotherapy. Furthermore, most of the invasive BC tumors are
desmoplastic, as characterized by rich CAFs and/or collagenous matrix (4). Such dense
matrix deposition can further limit the spatial distribution of T cells within tumors and
sometimes create a physical barrier to exclude T cell infiltration in tumor regions (107,
108). Therefore, reprogramming of stromal components, such as CAFs that lead to a
desmoplastic reaction in the TME, may enhance the delivery and efficacy of
immunotherapy.
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(Figure 1.2 Continued)
Figure 1.2 Schematic of the desmoplastic tumor microenvironment. Tumor cells are surrounded by a
variety of stromal cells such as cancer-associated fibroblasts, pericytes, endothelial cells of blood vessels,
and different types of immune cells. These cells are embedded in a dense extracellular matrix to establish
a desmoplastic stroma. Modified from Joyce and Pollard (109) and Kuen et al. (110).

1.4.2 Cancer-associated fibroblasts
CAFs are a major population of the stromal components and are the key cell types
that contribute to a desmoplastic TME. CAFs promote cancer cell dissemination by
remodeling the ECM and induce tumor angiogenesis and inflammation by producing protumorigenic growth factors and cytokines (111, 112). CAFs are a heterogeneous
population and studies have demonstrated they may have different origins (Figure 1.3).
Activation of resident fibroblasts as well as bone-marrow mesenchymal stem cells give
rise to the majority of CAFs in the tumor tissues (113-116). On the other hand, in BC,
tumors cells have been demonstrated to be able to trans-differentiate into CAFs via
epithelial to mesenchymal transition (EMT) (117, 118). Similarly, endothelial cells and
pericytes have been described to trans-differentiate into fibroblast-like cells through
transforming growth factor beta (TGFβ) signaling (119, 120). Lastly, Jotzu et al. (121)
have also shown that in vitro culturing of breast adipose tissue-derived stem cells with
breast cancer cell-conditioned media can induce their differentiation into fibroblasts.
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Figure 1.3. Origins of cancer-associated fibroblasts. Cancer-associated fibroblasts are a
heterogeneous population of cells that are derived from resident fibroblasts or bone-marrow
mesenchymal cells; but they are also generated from other cell types. From Takebe et al. (114).

Similar to their complex origins, many different markers have been used to identify
activated fibroblasts (Table 1.3). Although there is no standard specific marker for CAFs,
the most commonly used markers are fibroblast-specific protein 1 (FSP1/S100A4),
fibroblast activation protein (FAP), α-smooth muscle actin (αSMA), vimentin, and plateletderived growth factor receptor-α

(PDGFα) (122-124). In the TME, CAFs modulate

stromal cell behavior and are distinct from normal fibroblasts. In BC, CAFs display a more
mesenchymal-like phenotype and enhance tumor growth and metastasis, whereas the
normal fibroblasts confer a more epithelial-like phenotype and suppress metastasis (125).
Cancer cells and other stromal cells secrete growth factors and cytokines such as
transforming growth factor-beta (TGFβ) and fibroblast growth factor (FGF) to induce CAF
activation (111). Once activated, CAFs become major producers of secreted growth
16

factors (112). The prominent role of CAFs have been demonstrated to secret tumorpromoting growth factors such as tumβ and vascular endothelial growth factor (VEGF) to
support cancer growth, invasion, and metastasis (111, 124, 126). In addition, CAFs have
been extensively associated as promoters of angiogenesis via secreting CAF-derived
factors such as VEGF and stromal-derived factor-1α (SDF-1α, also known as CXCL12).
CAFs are also the major producers of ECM, which acts as a physical barrier to limit drug
delivery and promote therapeutic resistance (124, 127).
Table 1.3 Non-exclusive list of makers for CAFs. FAP: fibroblast activation protein; α-SMA: α-smooth
muscle actin; FSP-1: fibroblast-specific protein 1; PDFGR: Platelet-derived growth factor receptor; NG2:
chondroitin sulfate proteoglycan 4; P4H: Prolyl-4-hydroxylase; SPARC: secreted protein acidic and rich in
cysteine; MCT4: monocarboxylate transporter 4; ZEB1: zinc finger E-box binding homeobox 1; MFAP5:
microfibril-associated protein 5; * lower expression in CAFs than normal fibroblasts. Adapted from(122).
Marker
Expression on cell types
Fibroblast-specific

α-SMA
FAP
Vimentin

Tenascin-C
FSP-1 (S100A4)
PDGFR- α
PDGFR-β
NG2
Fibronectin
CD36*
Caveolin*
Cavin-1*

P4H
SPARC
Podoplanin
MCT4

Pericytes, smooth muscle cells, breast
myoepithelial cells
Smooth muscle
Adipocytes, breast myoepithelial cells,
macrophages, endothelial cells, glia cells,
pneumocytes
Fibroblasts
Endothelial cells, neurons, hematopoietic tissues
Astrocytes
Pericytes
Skin progenitor cells, T cells, myeloid cells,
malignant melanocytes
Fibroblasts
Endothelial cells, macrophages,dendritic cells,
adipocytes
Smooth muscle cells, myocytes, penumocytes,
macrophages, squamous epithelial cells
Breast myoepithelial cells, endothelial cells,
macrophages, smooth muscle cells, adipocytes,
pneumocytes
Hematopoietic cells, glandular cells
Macrophages, osteoblasts, bone marrow progenitor
cells, endothelial cells, epithelial cells, platelets
Lymphatic vessels
Smooth muscle cells, macrophages, hematopoietic
cells, myocytes
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no
no
no

yes
no
no
no
no
yes
no
no
no

no
no
no
no

desmin
ZEB1

Endothelial cells, smooth muscle cells
Smooth muscle cells, endothelial cells, glia cells,
adipocytes, myocytes
Smooth muscle cells
Fibroblasts
Fibroblasts
Fibroblasts
Hematopoietic cells, neuron cells
Smooth muscle cells, endothelial cells, myocytes

no
no

MFAP5
COL11A1
Asporin
Osteoglycin
CD90
Integrin
β1/CD29
Integrin α11
Smooth muscle cells, endothelial cells, myocytes
(Table 1.3 continued)

no
yes
yes
yes
no
no
no

Within the TME, sustained myofibroblast activation can modulate the stroma in a
paracrine

fashion

by

releasing

matrix-remodeling

factors

such

as

matrix

metalloproteinases (MMPs) to degrade the ECM and reassemble them. Although it
seems redundant but this process is critical to allow cancer cells to grow, migrate, and
eventually metastasize (127, 128). A study by Calvo et al. (129) has shown that the
mechanotransduction of YAP transcription factor was required for CAFs to modulate
cytoskeletal changes and promote matrix remodeling and stiffening. Similar studies
confirmed that CAFs can modulate high quantities of matrix such as collagen and
fibronectin to control wide range of protumorigenic phenotypes (100, 130-133). These
findings support the idea that CAFs within the TME are actively regulating disease
progression.
CAFs are also well known to induce treatment resistance and enhance metastatic
potential of the cancer cells. CAFs promote tumor invasion through several mechanisms.
They can degrade the ECM structure to allow cancer cells to migrate and metastasize,
but at the same time secret ECM components such as tenascin C and periostin to support
growth of the metastatic-initiating cells at distant sites (131). Breast CAFs can induce
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epigenetic changes in the cancer stroma such as histone modifications and DNA
alterations to allow cancer cell evasion (132). In addition, CAFs secrete cytokines such
as TGFβ and insulin-like growth factor 1 (IGF1) to activate various proinflammatory
pathways, including NF-κB, STAT3, and NOTCH (134).
One of the prominent pathways that drives activation and recruitment of CAFs is
the SDF1α/CXCR4 signaling (99, 135). CXCR4 is a chemokine receptor often
overexpressed in tumors, compared to normal tissues (136). CXCR4+ stromal fibroblasts
are recruited through its ligand SDF1α produced by cancer cells and become activated
CAFs. In return, CAFs stimulate CXCR4+ BC cell proliferation through SDF1α production,
while also stimulating their own proliferation (126). Gradients of SDF1α, generated by
early disseminating cells, can attract and recruit cancer and other stromal cells to the
distant metastatic sites (136-138). As a result, high levels of SDF1α and CXCR4 are
predictive of poor prognosis in BC patients (139-141).
In milieu of the excitation of immunotherapy, studies have begun to uncover how
fibrosis affects tumor immunity. Increasing evidence has demonstrated that CAFs play a
key role in modulating the chronic inflammation within the TME. CAFs can impair cytotoxic
T cell activity and cytokine production through secretion of immunosuppressive factors
such as IL-10, TGFβ, or VEGF (142, 143). Metabolic factors such as prostaglandin 2
(PGE2) and indoleamine 2,3-dioxygenase (IDO) have also been linked to CAF-induced
immunosuppression, through inhibiting cytotoxicity and cytokine production of natural
killer (NK) cells (144, 145). CAFs can also promote the immunosuppressive phenotype
of myeloid cells by producing cytokines such as IL4, and IL-6 to induce polarization of
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macrophages into M2-like phenotype (146, 147). Overexpression of YAP-1 can upregulate expression of CXCL5 in tumor cells, which in turn recruit CXCR2+ neutrophils to
the TME and suppress the CD8+ T cell response to the tumor (148). In addition, many
immunosuppressive molecules expressed by suppressive immune cells are also
expressed by CAFs, such as checkpoint molecules PD-L1 (149), further suggesting the
multifaceted functions of CAFs. One of the early studies demonstrated the
immunosuppressive effects of CAFs was validated through genetic ablation of FAP+
CAFs in LL2 lung tumors (143). Using a transgenic mouse expressing human diphtheria
toxin receptor (DTR) under the control the Fap promoter, Kraman et al. demonstrated that
FAP+ CAFs protected tumor cells from the cytotoxic killing of effector cells by rendering
them unresponsive to immunostimulatory cytokines such as tumor necrosis factor α
(TNFα) and interferon-γ (IFNγ) (143). Later, a study by Wang et al. (150) demonstrated
that targeting FAP with chimeric antigen T cells (CAR-T) can augment anti-tumour
immunity. In addition, a DNA vaccine against FAP in 4T1 mouse model of breast cancer
has shown to eliminate CAFs from the TME, induce significant infiltration of CD8+ T cells,
and switch helper T cell phenotype from Th2 to Th1 cells (151). In a murine model of
pancreatic ductal adenocarcinoma (PDAC), Feig et al. (152) demonstrated that genetic
deletion of FAP+ CAFs reduced CXCR4 signaling in the TME and CXCR4 inhibition
synergized with anti-PD-L1 therapies to reduce short-term tumor growth.
Recent work has begun to uncover the immunosuppressive functions of CAFs in
human patients. Lakins and colleagues (153) showed that CAFs in melanoma tissue can
process and cross-present antigen to kill effector CD8+ T cells by expressing inhibitory
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ligands PD-L2 and FASL. They further demonstrated that neutralizing PD-L2 or FASL
reactivated cytotoxicity of those CD8+ T cells both in vivo and in vitro. Another study
identified that lack of a response to anti-PD-L1 therapy in urothelial cancer patients was
due to the up-regulation of TGFβ signaling in fibroblasts (94). The authors showed that
the CAFs and collagen rich stroma excluded CD8+ T cells from reaching the tumor
parenchyma and thus limited their function. Co-inhibition of TGFβ and PD-L1 signaling
increased T cell penetration into the tumors and significantly attenuated tumor
progression. A second study confirmed their findings by demonstrating that TGFβ
signaling promoted T cell exclusion and lowered type 1 T helper cell (Th1) activity in
metastatic colorectal patients (154). To study CAF heterogeneity in BC patients, Costa
and colleagues (155) identified four subsets of CAFs in BCs and showed that they have
distinct immunosuppressive ability. Specifically, the subset CAF-S1 (CD29Med FAPHi
FSP1Med αSMAHi PDGFRβMed-Hi CAV1Low) was detected in more aggressive BC subtypes
(HER2+ and TNBC), while CAF-S4 (CD29Hi FAPneg FSP1Low-med αSMAHi PDGFRβLow-Med
CAV1Low) was more associated with luminal subtypes. Interestingly, CAF-S1 promoted
an immunosuppressive microenvironment by recruiting CD4+CD25+ T cells. The authors
further demonstrated that this subset of CAFs stimulated the differentiation of those
CD4+CD25+ T cells into immunosuppressive Tregs and promoted their survival through
CXCL12 signaling. Furthermore, a new study has found that a new subset of CAFs
(CD10+GPR77+) promoted tumor development and correlated with chemoresistance and
poor survival in cohorts of breast and lung patients (156). These studies provide valuable
insight into the interplay between the stromal and cancer cells, as well as how signaling
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in activated fibroblasts can shape the TME to restrict anti-tumor immunity. Furthermore,
rational design of strategies to target the CAF component requires a deep understanding
of the interplay between the biophysical components of the BC TME and the resulting
mechanical abnormalities. One of the most described mechanopathology in BC is
abnormally stiff tissue, promoted by aberrant ECM deposition.

1.4.3 Extracellular Matrix and Stiffness

Components of the ECM, which is comprised of fibronectin, collagen, hyaluronan,
laminins, polysaccharides, and proteoglycans, are important players in contributing to a
desmoplastic reaction in the TME. Under normal physiology, ECM provides tissue
structure and regulates tissue homeostasis. However during tumor progression,
accumulation of activated fibroblasts often lead to overproduction and remodeling of
ECM, which are associated with an invasive phenotype in cancer (111). It is well studied
that biophysical cues from the ECM play an important role in regulating cellular functions
such as proliferation, migration, and differentiation (157, 158). These physical forces
generated between cells and matrix could lead to increase in tissue stiffness (98). Most
solid tumors are much stiffer than their normal counterpart (157). In breast tumors, the
matrix is often stiffer than the normal tissue due to increased deposition of collagen and
fibronectin (159). The risk of invasive breast cancer development is often characterized
by the increasing stiffness of the tissues, as detected by palpation or by elastography
(160, 161). In the clinic, extensive mammographic density is associated with enhanced
numbers of cells, and extensive production of collagen and proteoglycan (100, 161).
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Interestingly, it was shown that primary BCs could be stratified into four classes (ECM1,
ECM2, ECM3, and ECM4) based only on ECM compositions, and they were predictive of
clinical prognosis (162). Patients with poorer prognosis had an ECM1 signature that
consisted of high expression of integrin and MMPs.
The ECM is a three-dimensional protein-structure that forms the connective tissue
and provides physical support for tissue integrity and homeostasis (157). Dense fibrous
collagen is a characteristic of BC stroma (163). The increase in collagen deposition is due
to the presence of lysyl oxidase (LOX) cross-linking with collagen and elastin, leading to
greater ECM stiffness (164, 165). In treatment-resistant breast cancers, CAFs secret
fibronectin to synergize with an elevated β1-integrin signaling pathway to induce an EMT
phenotype (166). Weaver et al. showed that reversing the ECM morphology through the
use of β1-integrin antibody was able to repress the tumorigenic phenotype of BC cells
(167). In addition, inhibition of LOX activity significantly decreased metastatic formation
in PyMTmgko BC mice (168). The increase in MMPs is also a characteristic of the TME.
CAFs and stromal cells can secret MMPs to degrade the ECM and remodel them to allow
migration and dissemination of malignant cells (157).
In addition to co-evolving with the cellular components of the TME, the dense,
collagen-rich ECM can directly affect the infiltration and function of adaptive immune cells
such as T cells (169). One of the obstacles that T cells encounter in the TME is the dense
network created by the ECM that limits their movement into the tumor parenchyma (108).
This physical barrier, or T-cell exclusion from the tumor mass, has been reported in
various studies (94, 170-172). A dense ECM can also hinder a uniform distribution of T
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cells within the TME and that potentially limits the T cells from exerting cytotoxic function
on distant tumor regions. In addition, T cells migrate faster in regions where collagen and
fibronectin are loose, but a stiff ECM restricts their velocity (173, 174). O’Connor and
colleagues (175) showed that human CD4+ and CD8+ T cells cultured under soft
substrates (Young’s Modulus < 100 kPa) produced 4-fold higher level of IL-2, compared
to stiffer substrates (Young’s Modulus > 2 MPa) . In addition, abundance of hyaluronan
(HA) induced differentiation of IL-10-producing Tregs (176), suggests that components of
the ECM may play a role in promoting immunosuppression.
On the other hand, ECM stiffness can also induce plasticity of the innate immune
cells (177). HA has shown to induce macrophage polarization (178). Dense deposition of
collagen correlates with infiltration of immunosuppressive macrophages (179). In
response to a stiff ECM environment, CAFs and cancer cells can secret chemokines to
attract the infiltration of suppressive myeloid cells (180, 181). Although there is clear
evidence of ECM stiffness regulating macrophage polarization, how these interactions
directly influence the anti-tumor immunity remains unclear. Much attention has been given
to the roles of chemical factors in promoting tumor progression; however, the physical
factors from the mechanical microenvironment can also contribute to the development of
disease. Local stiffness of the ECM is an important mechanical effector of immune cell
behavior and thus deeper understand of how these matrix-immune cell interactions work
could provide beneficial therapeutic approach in desmoplastic tumors. A newly
discovered mechanopathology that may be of particular interest is solid stress, which is
transmitted by the solid components of the TME: cells and the ECM they produce.
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1.4.4 Solid Stress
Another important characteristic of the desmoplastic tumors is growth-induced
solid stress (104, 182). The mechanical TME is characterized by both elevated solid
stress and interstitial fluid pressure (IFP) (183, 184). IFP is an isotropic stress exerted by
the fluid, whereas non-fluid TME components exert compressive and tensile stresses to
induce solid stress. As the tumor grows, the solid components including cells and matrix
are also generated. These expanding components impose elastic strain to push against
the surrounding TME, storing stress through deformation of compliant materials and
collapsing blood vessels (105, 182, 185). This stress is identified as “residual stress”
because it remains in the tumor even after the tumor is removed. On the other hand, there
is also the external solid stress through the interaction between the expanding solid
components and their surrounding normal tissues (103, 186). Both CAFs and ECM such
as HA and collagen contribute to solid stress in tumors (182). Collagen does so by
resisting tensile stress since it gets stiffer as it is stretched. Whereas HA does so by
resisting compressive stress because the negatively-charged chains of HA repel each
other electrostatically and trap water molecules to form a compressive matrix.
Proliferation of cancer cells and other stromal components such as CAFs store solid
stress through deformation of matrix fibers and compression of HA (182).
The Jain lab has demonstrated that solid stress is significantly higher in both
murine and human tumors (182, 187, 188). The compression of vessels by solid stress
leads to hypoxia and hinders delivery and efficacy of cancer therapies (98, 103). In
addition, solid stress compresses lymphatic vessels; this lack of functional lymphatics
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impairs proper drainage, which can lead to increased IFP in the TME (183, 189, 190). In
tumors, IFP is often elevated to approximately the same level as the microvascular
pressure, whereas this pressure is almost zero in normal tissues (191-194). High IFP has
been associated with poor drug penetration (195). Thus, solid stress can compromise
drug delivery both directly through vasculature compression and indirectly by inducing
IFP.
Therapeutic approaches to alleviate solid stress have shown to enhance delivery
and efficacy of chemotherapy in breast and PDAC mouse models (103, 196). However,
studies on the direct effect of growth-induced solid stress on the immune cell populations
have yet to be elucidated. One hypothesis is that solid stress-induced vessel compression
could be an escape mechanism that the cancer cells utilize to avoid the host immunity.
Collapsed blood vessels lead to hypoxia, which is known to play a major role in promoting
an immunosuppressive microenvironment (197). In addition, vessel compression could
limit circulation of activated immune cells to the stromal TME. Nonetheless, further studies
are warranted to elucidate the effects of solid stress on anti-tumor immunity. Beyond
vessel compression, the desmoplastic TME induces hypoxic conditions that lead to
abnormal angiogenesis, resulting in the production of atypical, immature blood vessels
that further compromise drug delivery and immune cell trafficking.
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1.5 Consequences of tumor desmoplasia

1.5.1 Hypoxia
The interstitial hypertension caused by desmoplasia in solid tumors leads to poor
blood flow and heterogeneous hypoxic regions in the tumor tissue. Cancer cells residing
in hypoxic regions of the tumor possess intrinsic properties to escape chemo- and
radiation therapies. These therapies are often ineffective in hypoxic areas of the tumors
since they require oxygen or efficient delivery routes to effectively kill cancer cells (198,
199). Activation of HIF1α signaling plays an integral role in supporting survival and
proliferation of cancer cells due to its overexpression of angiogenic factors such as VEGF
(200). In addition, hypoxia induces oncogenic expression and selects for more invasive
cancer phenotype (201). HIF1α also promotes EMT and metastasis by increasing the
expression of EMT inducers such as Snail, Slug, and Twist (200). The low interstitial pH
caused by hypoxia also leads to abnormal tumor metabolism that favors the survival and
growth of cancer cells over normal cells (188, 202).
The role of hypoxia in regulating tumor immunity has been well demonstrated.
Hypoxia can suppress T cell viability and cytolytic functions through activation of
immunosuppressive signaling such as HIF1α and VEGF (197, 203). Studies showed that
adaptor protein p66Shc stimulated hypoxic T cells to be angiogenic, through enhancing
expression of HIF1α and VEGF in the T cells, and thus led to their cell death (203, 204).
Similarly, hypoxia can recruit immunosuppressive Tregs and promote their angiogenic
ability (205). On the other hand, Dang et al. (206) showed that HIF1α also promoted the
development of anti-tumor T helper 17 (Th17) cells while negatively regulating Tregs by
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binding to Foxp3 and targeted it for proteasomal degradation. Besides regulating
functions of lymphocytes, hypoxia is known to promote accumulation of tumor-associated
macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs). Hypoxia
decreases the ability of TAMs to produce inflammatory cytokines for tumoricidal activity
(207).

Instead,

they

progressively

acquire

M2-like

phenotype,

driven

by

immunosuppressive cytokines secreted by cancer cells and other stromal cells. In
addition, TAMs react to hypoxia by increasing expression of HIF1α -mediated angiogenic
genes such as CXCR4 and VEGF and thereby further shifting to an immunosuppressive
phenotype (208). HIF1α can also up-regulate PD-L1 expression on MDSCs to regulate
their function and differentiation (209). Given the evidence demonstrating that HIF1α is a
key regulator of immune cell responses, targeting HIF1α in combination with
immunotherapy may unleash the hypoxia-mediated suppression of T cells. However, this
would require a vasculature capable of supporting effective drug delivery of such agents.

1.5.2 Abnormal vasculature and impairment of drug delivery
A heterogeneous, hypoxic TME has proven to be a barrier in drug delivery (210).
Blood vessels in tumors vary greatly in diameter and density and exhibit leakiness and
elevated IFP, resulting in poor vessel perfusion (198). In particular, cancer therapies
exhibit extremely poor efficacy partly because they cannot transverse through the blood
vessels easily. Further, the lack of functional lymphatic vessels in the TME creates a flat
IFP gradient resulting in no force pushing the drugs into the interstitial area of the tumors
(211, 212). Some vessels can be extremely leaky in one region but not in others. This
creates a heterogeneous environment where blood-flow rates are not uniform within the
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vessels and thus affects migration of drugs through the vasculature. Drugs tend to
concentrate in the highly perfused regions, whereas they are not delivered to sites where
diffusion is limited (104, 213). The impaired blood supply not only interferes with the
delivery of therapeutics to solid tumors but also fosters the growth and metastasis of
tumors (214). Although many areas of tumors lack vasculature and existing blood vessels
for sufficient oxygen delivery, tumor cells often adapt and proliferate under such an
environment (215). Moreover, hypoxia makes tumor cells more aggressive and metastatic
because immune cells that could potentially inhibit tumor progression are not functional
in an acidic and low oxygen environment (198). Thus, it is desirable to target the abnormal
vasculature in order to reprogram the tumor-promoting, immunosuppressive TME.

1.6 Strategies to alleviate effects of tumor desmoplasia
1.6.1 Targeting CAFs
Given the mounting evidence showing that desmoplasia supports tumor growth
and metastasis, treatment resistance, and confers immunosuppression, it is logical to
utilize therapeutic approach to target the desmoplastic stroma. Indeed, pharmacological
approaches to target desmoplasia have been evaluated in preclinical and clinical studies
for their ability to reduce fibrosis and enhance efficacy of other therapies. One of the first
examples was through targeting the sonic hedgehog signaling, which plays an important
role in supporting desmoplastic induction (216-218). However, although Olive et al. (219)
demonstrated that the use of IPI-926, an inhibitor of the hedgehog pathway, reduced
stroma and improved delivery of gemcitabine in genetically engineered mouse model of
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PDAC, these results unfortunately were not successful in the clinic (220, 221). On the
other hand, recent studies have suggested that depletion of the tumor stroma could
potentially be detrimental and lead to a more poorly differentiated and aggressive tumor
(222, 223). These contradicting results suggest that CAFs and a fibrotic TME could be
both tumor initiating and tumor restricting. Indeed if considering the intrinsic
heterogeneous nature of the TME and the fibroblast population (Table 1.3) (111, 155,
224), the demonstrated mixed results may not be surprising. Broader understanding of
this intrinsic stromal heterogeneity using clinical analysis, like Costa and Su demonstrated
(155, 156), will improve the current diagnosis of patients and potentially identify patients
that would require better designed treatment approaches.
Rather than depleting the entire fibroblast population, as Rhim et al. demonstrated
(223) in αSMA+ cells, the ideal approach may be to re-educate the cells to reduce their
aggressive phenotype. In a less aggressive state, fibroblasts are favorable for their
function to provide tissue homeostasis (125). Therefore, reprogramming the desmoplastic
environment back to a tumor-restrictive state could serve as a better approach.
Nonetheless, this approach of stromal targeting can still help stimulate an anti-tumor
immunity to favor the efficacy of immunotherapy. Feig et al. (152) showed that targeting
CXCR4 signaling in FAP+ CAFs slowed tumor progression in PDAC mouse models and
synergized with anti-PD-L1 therapies. However, their observation was transient on shortterm tumor growth study; a more extensive long-term survival and mechanistic study
should be carried out to evaluate the feasibility of this approach in PDAC. Chen et al.
(225) demonstrated a similar approach in mouse models of hepatocellular carcinoma
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(HCC). The authors showed that the use of sorafenib, an approved tyrosine kinase
inhibitor for HCC, could increase hypoxia and fibrosis. Targeting the CXCR4 signaling
decreased fibrosis and immunosuppressive Tregs, and thus synergized with anti-PD-1
therapy. Another approach to overcome desmoplasia involves maintainenace of stellate
fibroblasts in the quiescent state by activating the Vitamin D receptor (VDR) (226). VDR
is a master transcriptional regulator of quiescent stellate cells and activation of VDR can
inhibit TGFβ/Smad signaling, a key activator of fibrosis (226). The investigators showed
that PDAC mice treated with an analog of VDR ligand had significantly decreased
inflammation and fibrosis. The fibrosis-promoting function of TGFβ has made it an
attractive target. Inhibiting downstream signaling of TGFβ has demonstrated anti-fibrotic
effects in tumors. Chauhan et al. (103) demonstrated that inhibition of the angiotensin
pathway, downstream of TGFβ, decreased fibrosis and improved efficacy of
chemotherapy in breast and pancreatic cancer models. Many of these strategies used to
target stromal or CAFs in BCs are under clinical investigations (Table 1.4).

31

Table 1.4 Clinical trials targeting CAFs in breast cancers. Note: Dasatinib: PDGFR, src inhibitors;
Lucitanib: FGFR, VEGFR inhibitors; Famitinib : c-kit, VEGFR1/2/3, Flt3, PDGFR inhibitors; Motesanib:
VEGFR1/2/3, c-kit, PGDFR inhibitors
Trial
Drug/target
Other
Phase
Subtype
Status
drugs
NCT02627274
RO6874281 (anti-FAP-IL2 Trastuzumab
1
All BC
recruiting
fusion protein)
Cetuximab
NCT01401062
GC1008 (fresolimumab,
Radiation
2
Metastatic BC
ongoing
TGFβ antibodies)
theray
NCT02538471
LY2157299 (TGFβ
Radiation
2
Metastatic BC
ongoing
inhibitors)
therapy
NCT02672475
LY2157299
Paclitaxel
1
TNBC
recruiting
NCT00992225
LY573636 (TGFβ
2
Metastatic BC
Result
inhibitors)
submitted
NCT02694224
GDC-0449 (vismodegib,
Paclitaxel,
2
TNBC
recruiting
smoothened antagonists)
Epirubicin,
Cyclophosph
amide
NCT01071564
GDC-0449 (vismodegib)
Gamma1
Metastatic BC
terminated
secretase
or surgical
inhibitor
unremovable
RO4929097
NCT02465060
GDC-0449 (vismodegib)
MATCH
2
All BCs
recruiting
Screening
Trial
NTC01576666
LDE225 (smoothened
BKM120
1
Advanced BCs
completed
antagonists)
NCT00756717
MK-0752 (Notch
Tamoxifen,
Early stage BC
ongoing
inhibitor/gamma secretase
Letrozole
inhibitors)
NCT00645333
MK-0752
Docetaxel,
1/2
Advanced or
completed
Pegfilgrastim
metastatic BC
NCT00106145
MK-0752
1
Advanced BC
completed
NCT01295632
MK-0752
Ridaforolimus
1
Advanced BC
completed
MK-2206
NCT03238196
FGFR inhibitors
Erdafitinib
1
ER+/HER2recruiting
Palbociclib
/FGFRFluvestrant
amplified
NCT01791985
AZD4547 (FGFR ligand)
Anastrozole,
1/2
ER+
ongoing
Letrozole
NCT01202591
AZD4547 (FGFR ligand)
Exemstane,
1/2
ER+
completed
Fulvestrant
NCT03344536
Debio1247 (FGFR ligand)
Fulvestrant
1/2
Met. BC
recruiting
NCT01928459
BGJ398 (pan-FGFR)
BYL719
1
Solid tumors
completed
Many
Receptor tyrosine kinase
Dasatinib,
varied
All BCs
varied
inhibitors
Lucitanib
Famitinib
Motesanib
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1.6.2 Targeting ECM
Given the formation of a dense ECM is a key feature of desmoplasia, targeting the
ECM component in tumors is also an enticing approach to improve BC treatment. One
targetable ECM component is HA, which is abundant in multiple cancer types (103, 196).
Provenzano et al. demonstrated that systemic administration of PEGylated hyaluronidase
(PEGPH20) was able to degrade HA levels and enhance delivery and efficacy of
chemotherapy in murine PDAC models. Their findings have been translated into a
successful phase 1 clinical trial (NCT01453153) in combination with nab-paclitaxel or
gemcitabine in PDAC patients. Currently, multiple phase 1 and 2 studies are ongoing to
test the effects of this agent in various solid tumors, including mBCs (NCT02753595).
Recently, an early phase 1 trial of combining PEGPH20 with anti-PD-L1 blockade in
chemotherapy-resistant pancreatic cancer was initiated (NCT03481920). Similarly,
Chauhan et al. (103) demonstrated that blocking the angiotensin receptor signaling with
losartan degraded intratumoral collagen and hyaluronan, and thus potentiated the
efficacy of chemotherapy in multiple breast and PDAC mouse models. Their work has
also been translated into a clinical study that is evaluating losartan in combination with
chemotherapy (FOLFIRINOX) in PDAC patients (NCT01821729). Furthermore, recent
work by Jiang et al. identified synergistic effects of targeting the focal adhesion kinase
(FAK) in combination with PD-1 checkpoint antagonists in PDAC mouse models (170).
Their studies are currently under clinical testing in PDAC and other cancer patients
(NCT02546531 and NCT02758587).
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In addition, there are numerous preclinical studies suggesting that targeting the
ECM in solid tumors could inhibit tumor growth and invasion. For example, preclinical
work by Weaver and colleagues showed that targeting the mechanical microenvironment
of BC tumors through LOX inhibition or collagen cross-linking could attenuate malignant
progression (227, 228). Similarly, Caruana et al. (229) showed that CAR-T cells
engineered to express heparanase, which degrades heparin sulfate proteoglycans,
promoted T cell infiltration and anti-tumor immunity. Another study also showed MMP
inhibitors could potentiate efficacy of anti-CTLA-4 therapy in 4T1 BC model, by enhancing
infiltration of CD8+ T cells and decreasing Tregs. As the field of mechano-TME continues
to evolve, it will be crucial to understand if these ECM modifying drugs are translatable in
patients.

1.6.3 Normalizing vasculature
One of the most well studied pro-angiogenic molecules, VEGF, promotes survival
and proliferation of endothelial cells and makes vessels more leaky (198). Antiangiogenic
therapies against VEGF signaling have long been utilized in an attempt to deprive cancer
cells of oxygen and nutrients, and thus killing them (98). However, the clinical benefit of
such an approach has yet to generate the therapeutic effects as expected. To address
this, Dr. Rakesh Jain hypothesized that high-dose antiangiogenic drugs can prune blood
vessels and thus result in higher levels of hypoxia and a greater barrier to drug delivery
(104, 230). Instead, he proposed the idea of low-lose antiangiogenic drug to transiently
normalize the blood vasculature to improve vessel perfusion and enhance penetration of
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drugs (Figure 1.4) (231-233). Within the window of vasculature normalization, IFP is
reduced and thus recreating a pressure gradient that pushes the drugs into the interstitial
regions where cancer cells reside. Appropriate dose of antiangiogenic therapy such as
anti-VEGF restores balance between pro- and anti- angiogenic signals, leading to
reduced hypoxia, increased CD8+ T cells, and improved efficacy of immunotherapies
(Figure 1.4) (231, 234-236).

Figure 1.4. Normalizing blood vessels using low-dose of antiangiogenic therapy reprograms the
tumor microenvironment (TME). The abnormal tumor vasculature creates a hypoxic TME, which impairs
drug delivery and impedes T-effector cell infiltration and polarizes immune cells such as macrophages to
the immunosuppressive M2-like phenotype. Vascular normalization could alleviate the immunosuppressive
TME and enhance cancer immunotherapy. (From Huang et al. (231) ).

Evidence has demonstrated that targeting the tumor vasculature can sensitize
resistant tumors to immunotherapy. Huang et al. (234) showed that low-dose antiVEGFR2 therapy resulted in normalized blood vessels, increased infiltration of CD8+ T
cells and improved efficacy of cancer vaccines in mouse models of BCs. Another study
also showed that combination of anti-VEGFR2 and anti-PD-L1 antibodies promoted
infiltration of lymphocytes through the formation of high endothelial venules in multiple
tumor models, including BCs (236). Furthermore, the use of anti-VEGFR2 antibody
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induced vessel normalization and enhanced infiltration of adoptively transferred T cells in
a B10F10 melanoma mouse model (235). The authors demonstrated that the effects were
due to the polarization of TAMs into M1-like phenotype and increased infiltration of CD8+
and CD4+ T cells. Similarly, treatment of an anti-VEGFR/FGFR dual inhibitor in
combination with PD-1 blockade delayed tumor growth in mouse models of melanoma
and colon cancers (237). This was due to up-regulation of IFNγ-related genes and
enhanced Th1 and memory T cells.
Although early efforts have been focused on the VEGF signaling as the target for
antiangiogenic therapy, recent work has identified angiopoeitin (ANG) as a potential
target for vessel normalization (238, 239). Importantly, studies found that dual targeting
of ANG2 and VEGFR signaling resulted in better vessel normalization than monotherapy
alone (240-242). Furthermore, these dual therapies synergized with PD-1 blockade by
inducing polarization of TAMs into more M1-like phenotype and by increasing infiltration
of IFNγ+ CD8+ T cells (243). In addition, Carretero and colleagues (244) revealed that a
subset of eosinophils (CD11b+Gr1loF4/80+SIGLECF+) could promote vascular
normalization and enhance anti-tumor immunity by CD8+ T cells. Interestingly, Tian et al.
(245) have showed that vessel normalization could also be regulated by CD4+ T cells.
Using adoptive transfer of CD4+ T cells, the authors observed reduced hypoxia and
improved vessel perfusion in BC mouse models. They further showed that depletion of
CD4+ T cells led to impaired vessel pericyte coverage and leaky vessels. Combination
strategies with immunotherapy and antiangiogenic agents are currently under clinical
investigations in different solid tumors. Khan and Kerbel (246) have highlighted the

36

current clinical trials testing immune checkpoint blockades (ICBs) in combination with
antiangiogenic therapies in Table 1 of their review. Together, these findings suggest that
there is an interesting immune-vascular cross talk within the TME to promote vascular
integrity and immune function. Normalizing the tumor vasculature to induce anti-tumor
immunity may potentiate current immunotherapies in the clinic.

1.7 Thesis objective
Stromal cells from the TME contribute to the hallmarks of cancer (247) by providing
growth and survival signals, inducing angiogenesis, escaping immune destruction,
promoting migration and metastasis, and fueling energy metabolism. In Chapters 2-3
(Figure 1.5), I will describe studies where I identified strategies to reprogram the TME to
sensitize breast tumors to ICB therapy. These studies demonstrated how tumor
desmoplasia promotes an immunosuppressive TME. In Chapter 4, I will describe a novel
approach to identify new biomarkers in the breast TME that could distinguish responders
of ICB from non-responders. Building upon results from these studies I hope to elucidate
the critical factors that contribute to BC treatment resistance, and provide an effective
therapeutic platform to improve treatment efficacy of BCs and prolong patient survival.
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Figure 1.5. Schematic of Thesis objectives to reprogram the immunosuppressive
tumor microenvironment to enhance cancer immunotherapy.
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CHAPTER 2
Tumor-activated angiotensin blocker nanoconjugates normalize tumors to
promote anti-cancer immunity1

2.1 Introduction
Therapeutic means for eliminating CAF-driven pro-tumor effects remain elusive.
Reducing the population of activated CAFs would seem appealing. However, CAF
depletion can promote cancer progression (222), likely because this kills CAF precursors
and related cells such as quiescent fibroblasts, stellate cells, and pericytes that have
critical roles in tissue homeostasis (98, 226). Broader reprogramming of CAF activity –
such as reverting the activated myofibroblast phenotype of CAFs to a more quiescent
state – may be a safer therapeutic approach. CAF inactivation can be achieved, for
example, by blocking signaling that promotes myofibroblast activity such as angiotensin
II (AngII) signaling through AngII receptor type-1 (AT1) (103), or by modulating master
transcriptional regulators of myofibroblast phenotype such as vitamin D receptor (226).
Unfortunately, agents that can inactivate CAFs, such as ARBs, were not designed for use
in cancer and can induce other systemic effects (e.g. hypotension) with similar potency
(248). Accordingly, an early clinical trial of ARBs in cancer showed moderate anti-cancer
efficacy only at doses that caused hypotension (249), and a recent trial showed promising
results but was limited to low doses of ARBs (250).
We hypothesized that ARBs could be redesigned for greater efficacy in cancer
through modification such that the drugs accumulate and selectively act in tumors. We

1

Vikash P. Chauhan*, Ivy X. Chen*, Rong Tong*, Mei Rosa Ng, John D. Martin, Kamila Naxerova, Michelle W.
Wu, Peigen Huang, Yves Boucher, Daniel S. Kohane, Robert Langer, and Rakesh K. Jain (* equal contribution;
manuscript under review)

39

therefore set out to create targeted forms of ARBs that are selectively activated in the
tumor microenvironment, or TMA-ARBs. We reasoned that chemically conjugating an
ARB to polymers that selectively degrade in the tumor microenvironment would produce
an ARB with the desired tumor-specificity, as this would afford ARBs a nanoscale size for
improved tumor accumulation and tumor-selective release for localized activity. As a
consequence of hypoxia, many solid tumors and their metastases are acidic in
comparison to most normal tissues, with pH in the range of 6.7-7.2 (188, 251, 252),
indicating low pH as an attractive trigger for selective activation in tumors. While pHsensitive materials have been available for nearly four decades (253), we aimed to
develop materials that are sensitive to the very small difference between physiological
and tumor pH.

2.2 Materials and Methods
2.2.1 Instruments for in vitro characterization
Polymer molecular weights were determined by gel permeation chromatography
on a system equipped with an isocratic pump (Model 1200, Agilent) and a Waters 2400
differential refractometer. Size-exclusion columns (Viscotek LT6000L series, 300 × 7.8
mm) were connected in series to the GPC system. THF (HPLC grade, Sigma-Aldrich) at
35 °C was used as the mobile phase. High-performace liquid chromatography (HPLC)
analysis was performed on a Hewlett Packard/Agilent series 1100 (Agilent) equipped with
an analytical C18 reverse phase column (Kinetex, 75 × 4.6 mm, 2.6 μ, Phenomenex,
Torrance, CA) and an Agilent G1315A diode array detector. The UV wavelength for ARB
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analysis was set at 250 nm. NMR studies were performed on a Varian 500 system (500
MHz). The sizes and zeta potentials of nanoparticles were determined on a ZetaPALS
dynamic light-scattering (DLS) detector (15 mW laser, incident beam = 676 nm,
Brookhaven Instruments) or Nano-ZS zetasizer (Malvern).

2.2.2 Polymer synthesis
For the synthesis of polyacetals from polyol and vinyl ether monomers, first
tetrahydrofuran (THF) was distilled from sodium benzophenone and dichloromethane
(DCM) was distilled from CaH2. Anhydrous toluene and dimethylformamide (DMF) were
purchased from Sigma-Aldrich. p-toluenesulfonic acid (pTSA, Sigma-Aldrich) was purified
by dissolving pTSA monohydrate in toluene and azeotropically distilling at 100-110 oC for
4 hours under nitrogen in a Dean Stark apparatus. Vinyl ether was distilled at 50 oC for 1
hour under nitrogen in a Dean Stark apparatus, with the receiving flask cooled in an ice
bath; the condensed (yield ~25%) solution was stored at -20 oC prior to use. One day
prior to polymer synthesis, PEG (PEG400 and PEG1000 in a 1:1 molar ratio), polyol, and
vinyl ether were dried separately by Schlenk line vacuum over 24 hours. For synthesis of
1-2 g polyacetal, PEG (1 mL PEG400, 1 equivalent; 2.5 g PEG1000, 1 equivalent), pTSA
(5 mg, 0.01 equivalents), and toluene (15 mL) were added into a round-bottom flask
equipped with a stirrer and azeotropically distilled at 100-110 oC for 3-4 hours under
nitrogen in a Dean Stark apparatus. The solution was then cooled to 50 oC, after ~12 mL
toluene was distilled from the flask. Once the solution was cooled to 50 oC, dried polyol
(1 equivalent, e.g. 300 mg 1,1,1-tris(hydroxymethyl)ethane (T4) in 3 mL DMF) followed
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by vinyl ether (2.5 equivalents, e.g. 1 mL di(ethylene glycol) divinyl ether (VE3)) were
added via a syringe under nitrogen. The clear solution was stirred for 24 hours at 50 oC,
and then 100 µL trimethylamine was added to stop the polymerization. The polymer was
dried using a rotary evaporator for ~30 min then further dried under Schlenk line vacuum
for ~1 hour. The polymer was then precipitated in cold hexane at -20 oC for at least 6
hours, and the precipitate was washed by cold methanol and ether and dried under
vacuum overnight. Caution: the polymer synthesis is highly sensitive to moisture, and the
synthesis procedures involve standard air-free handling techniques under nitrogen
protection. The reaction is also highly sensitive to the pTSA ratio, with slightly higher or
lower equivalents resulting in discoloration and/or poor polymerization (Supplementary
Fig. 1C)
For the synthesis of polyacetals from polyol and acetal monomers, first pTSA was
dissolved in ethyl acetate (500 µL) and added to benzene solution. The ethyl acetate was
distilled off, and the polymerization reaction was initiated by the addition of 2,2dimethoxypropane equimolar to the two monomers combined. Additional doses of 2,2dimethoxypropane (500 µL) and benzene (2 mL) were subsequently added to the
reaction, every hour for six hours, via a metering funnel under nitrogen, to compensate
for 2,2-dimethoxypropane and benzene that had distilled off. After 24 hours, the reaction
was stopped with triethylamine (100 µL). The polymer was isolated by precipitation into
cold hexanes, then the precipitate was washed by cold methanol and ether and dried
under vacuum.
2.2.3 ARB conjugation
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Valsartan (1 equivalent), 4-dimethylaminopyridine (0.1 equivalent), N,N’dicyclohexylcarbodiimide (4 equivalent), trimethylamine (4 equivalent) and T4-VE3
polymer (1 equivalent) were mixed in a 100-mL round-bottom flask equipped with stirrer
and 60 mL THF. The solution was heated at 50 oC overnight under nitrogen. The polymer
solution was filtered and the filtrate was dried using a rotary evaporator for ~30 min then
further dried under Schlenk line vacuum for ~1 hour. The polymer was isolated by
precipitation into cold hexanes at -20 oC for at least 6 hours, then the precipitate was
washed by cold methanol, which can dissolve free ARB, and further washed by cold ether.
The resulting solid was then dried under vacuum overnight and stored at -20 oC.

2.2.4 Nanoparticle formulation
TMA-ARB polymer in dimethylformamide (DMF, 500 μL, 10 mg/mL) was carefully
pipetted into water (15 mL) under rapid stirring. The resulting TMA-ARB nanoparticles
were collected following ultrafiltration (7 min, 3000 rpm, Ultracel membrane with 40,000
NMWL, Millipore, Billerica, MA) and washed with water to remove the DMF. The sizes of
nanoparticles were characterized by DLS.

2.2.5 Nile Red pH-sensitivity assay
TMA polymer in DMF (100 μL, 2 mg/mL) was mixed with Nile Red (100 μL, 20
μg/mL) and carefully pipetted into water under rapid stirring (2 mL). Each distinct
nanoparticle solution (50 μL) was added into pH 7.4 or 6.7 buffer (150 μL) in a 96 well
plate. The plate was sealed, and the initial fluorescence of Nile Red was determined by
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the fluorescence of the particle solution at 590 nm in a microplate reader with the
excitation source set at 530 nm. The plate was then incubated at 37 oC for 6 hours. The
ratio of the fluorescence intensity change between pH 6.7 and 7.4 was used to calculate
the pH sensitivity of the nanoparticle.

2.2.6 ARB release kinetics
To determine the release kinetics of the TMA-ARB, suspensions of the particles in
PBS were placed into Slide-A-Lyzer dialysis tubes (300 μL each tube) with a molecular
weight cutoff at 3500 Da (Pierce, Rockford, IL). These microtubes were individually
dialyzed in 2 L of PBS buffer (1X, pH 7.4) or phosphate buffer (pH=6.7, prepared by
NaH2PO4 and Na2HPO4) at 37 oC. The buffer was changed every 24 hours. At scheduled
time points, samples were collected from the microtubes. DMF (300 μL) was added to
dissolve the polymer, and the ARB content in each tube was measured by HPLC. ARB
content was serially subtracted from the measured starting quantity of ARB to determine
release kinetics.

2.2.7 Tumor models
MCa-M3C cells (Her2+) were kindly provided by Dr. Peigen Huang, and were
isolated from lung metastases of mammary adenocarcinomas in mice generating
spontaneous mammary tumors (MMTV-PyVT) (1). Orthotopic breast tumors were
generated by implanting a small piece (1 mm3) of viable tumor tissue (from a source tumor
in a separate animal) into the mammary fat pad of a 6-8 week-old female FVB (MCa-M3C
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model), Balb/c (4T1 model, triple-negative), or C57BL/6 (E0771 model, ER+) mouse.
AK4.4 cells (KrasG12D and p53+/-) were kindly provided by Dr. Nabeel Bardeesy, and were
isolated from mice generating spontaneous pancreatic tumors (Ptf1-Cre/LSLKrasG12D/p53Lox/+) (2). Orthotopic pancreatic tumors were similarly generated by
implanting a small piece (1 mm3) of viable tumor tissue into the pancreas of a 6-8 weekold male FVB mouse (AK4.4 model) mouse. All animal procedures were carried out
following the Public Health Service Policy on Humane Care of Laboratory Animals and
approved by the Institutional Animal Care and Use Committee of Massachusetts General
Hospital.

2.2.8 Biodistribution studies
Mice bearing orthotopic MCa-M3C or AK4.4 tumors were injected with 40mg/kg
valsartan, in either the ‘free’ unconjugated form or the TMA-ARB form, intravenously
(retro-orbital injection). The mice were sacrificed 24 hours post-injection and
exsanguinated through perfusion with 20 mL saline by intracardial injection. Following
exsanguination, the tumors and organs were collected and flash-frozen in liquid nitrogen.
~100 mg of organ tissues were weighed and homogenized in 1 mL CelLyticTM tissue
lysis buffer (Sigma-Aldrich) on ice for 1 min; and the homogenization was repeated for 510 times at 5 min intervals to allow complete decomposition of the bulk tissue. Samples
were chilled in ice during the 5 min interval. Cold methanol (500 μL) was added to the
homogenate, then the mixtures were vortexed for 2 minutes and then centrifuged at
12,000 rpm for 15 min (5415D Microcentrifuge, Eppendorf). To determine the level of
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unconjugated (released) ARB in each tissue homogenate sample, 1 mL of the
supernatant solution was filtered through an Impact protein precipitation plate
(Phenomenex) then transferred into an HPLC vial and analyzed by HPLC. To assess
polymer-conjugated (unreleased) ARB levels, the remaining conjugated ARB was
released by addition of 250 μL of 0.1mM HCl to 750 μL of the samples in cold methanol
before HPLC analysis and compared with the ARB levels without HCl addition. The data
were normalized against the total injected dose per tissue mass (% I.D./g).

2.2.9 Histology
For breast tumors, mice bearing orthotopic MCa-M3C tumors were split into timeand size-matched (~100 mm3) treatment groups. For pancreatic tumors, mice bearing
orthotopic tumors were split into treatment groups 6 days post-implantation. The mice
were then treated with 40 mg/kg valsartan in either the ‘free’ unconjugated form or the
TMA-ARB form, or an equal volume of PBS intravenously (retro-orbital injection) each
day for 6 (MCa-M3C) or 7 (AK4.4) days. The tumors were then excised, fixed in 4%
formaldehyde in PBS (30 min/mm diameter of tissue), incubated in 30% sucrose in PBS
overnight at 4 °C, and frozen in optimal cutting temperature compound (Tissue-Tek).
Transverse tumors sections, 40 μm thick, were immunostained with antibodies to the
endothelial marker CD31 (MEC13.3 antibody, BD, 1:100 dilution), and counterstained
with DAPI (Vector Labs). Collagen I was detected by staining using the LF-68 antibody
(1:50 dilution) provided by Dr. Larry Fisher (NIDCR). Staining for αSMA (C6198 antibody,
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Sigma, 1:100 dilution) was carried out in 20 μm sections. Staining for CD3-FITC (17A2
antibody, BioLegend, 1:100 dilution) was carried out in 20 μm sections.

2.2.10 Histological image analysis
Eight random fields (four interior, four periphery) at 20x magnification were taken
from each slide using a confocal microscope (Olympus). For open versus closed lumen
quantification, vessels were analyzed by eye and a vessel was counted as open if it had
a clearly visible lumen throughout its length (2, 3). Images of collagen I and αSMA stained
sections were analyzed based on the area fraction of positive staining through a custom
MATLAB script using built-in image processing functions. Distance mapping was carried
out using a custom MATLAB script that selected CD3+ cells and calculated the distance
from the centroid of each cell to its nearest αSMA+ or CD31+ cell using built-in image
processing functions. Identical analysis settings and size/intensity thresholds were used
for all tumors, and thresholds were determined using negative control stains utilizing only
a secondary antibody.

2.2.11 Solid stress
Solid stress was measured using the tumor opening technique (4). When the
tumors reached a size of ~1 cm in diameter, the mice were anesthetized. Subsequently,
each tumor was excised, washed with Hanks' Balanced Salt Solution (HBSS) and its three
dimensions were measured. Each tumor was cut along its longest axis, to a depth of 80%
of its shortest dimension, using a scalpel. The tumors were allowed to relax for 10 min in
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HBSS to diminish any transient, poro-elastic responses. Afterwards, the opening resulting
from the cut was measured at the middle of the cut at the surface of the tumor. Solid
stress is proportional to the size of the opening relative to the size of the dimension
perpendicular to the cut.
Mean arterial pressure: Male FVB mice of 6-8 week age were used for blood pressure
measurements. Mean arterial pressure was measured using a tail cuff technique (Kent
Scientific). Mice were acclimated to the device through 5 daily mock measurements in the
tail cuff apparatus prior to study initiation.
2.2.12 RNA-sequencing
Mice bearing orthotopic MCa-M3C tumors were split into time- and size-matched
(~100 mm3) treatment groups. The mice were then treated with 40 mg/kg valsartan in the
TMA-ARB form or an equal volume of PBS intravenously (retro-orbital injection) each day
for 6 days. The tumors were then excised and RNA was extracted. RNA quality was
assessed using a BioAnalyzer (Agilent). Poly(A) selection was carried out on these RNA
samples using the NEBNext Poly(A) mRNA Magnetic Isolation Module (E7490L, NEB).
Libraries for sequencing were constructed using the NEBNext Ultra Directional RNA
Library Prep Kit (E7420L, NEB). Sequencing was carried out on a HiSeq 2000 (Illumina).
Using the aligner Salmon (http://salmon.readthedocs.io/en/latest/salmon.html) under
default filtering settings, sequencing reads (fastqs) were aligned to, and count estimates
calculated for, GenCode-annotated mouse (mm12, vM9) transcripts. The R package
edgeR (5) was used to calculate differential expression between control and TMA-ARB
treated tumors. The edgeR likelihood ratio (LR) was used to generate a pre-ranked gene
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list for Gene Set Enrichment Analysis (GSEA) (6), prepending a negative sign to the LR
for genes with a negative fold change (downregulated in TMA-ARB treated tumors).
GSEA was then run pre-ranked with default parameters (1000 gene set permutations,
weighted enrichment statistic), using the Hallmarks and Biocarta gene set collections
provided by MSigDB (http://software.broadinstitute.org/gsea/msigdb). Raw data are
available from Gene Expression Omnibus, Accession number GSE98827.
2.2.13 Gene expression
Mice bearing orthotopic MCa-M3C or E0771 tumors were split into time- and sizematched (~100 mm3) treatment groups. The mice were then treated with 40 mg/kg
valsartan in either the ‘free’ unconjugated form or the TMA-ARB form, or an equal volume
of PBS intravenously (retro-orbital injection) each day for 6 days. The tumors were then
excised and RNA was extracted. For CD45+CD3+CD8+ cytotoxic T-lymphocyte, αSMA+
CAF, PDGFRα+ CAF, and CD45+CD3-B220+ B-lymphocyte gene expression,
monoclonal anti-mouse αSMA (C6198 antibody, Sigma), B220 (RA3-6B2, BioLegend),
CD45 (30-F11, BioLegend), CD3 (17A2, BioLegend), CD8 (53-6.7, BioLegend), or
PDGFRα (APA5, eBiosciences) antibodies were used to sort out cells following excision
of the tumors and RNA was extracted. Gene expression was assessed using a qRT-PCR
array for mouse cytokines, chemokines, and related genes (PAMM-150Z Qiagen) or
using specific primers for Ccl5 (F 5’-GCTGCTTTGCCTACCTCTCC-3’, R 5’TCGAGTGACAAACACGACTGC-3’), Ccl19 (F 5’-GGGGTGCTAATGATGCGGAA-3’, R
5’-CCTTAGTGTGGTGAACACAACA-3’), Ctla4 (F 5’-TTTTGTAGCCCTGCTCACTCT-3’,
R 5’-CTGAAGGTTGGGTCACCTGTA-3’), Cxcl3 (F 5’-GGCCACGGTATTCTGGAAGC-
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3’,

R

5’-GGGCGTAACTTGAATCCGATCTA-3’),

GGCTTCCTTATGTTCAAACAGGG-3’,
Cxcl13

(F

R

Cxcl11

(F

5’-

5’-GCCGTTACTCGGGTAAATTACA-3’),

5′-TCTCTCCAGGCCACGGTATTCT-3′,

R

5′-

ACCATTTGGCACGAGGATTCAC-3′), Cxcr3 (F 5’-TACCTTGAGGTTAGTGAACGTCA3’,

R

5’-CGCTCTCGTTTTCCCCATAATC-3’),

FasL

(F

5’-

TCCGTGAGTTCACCAACCAAA-3’, R 5’-GGGGGTTCCCTGTTAAATGGG-3’), Gzma (F
5’-TGCTGCCCACTGTAACGTG-3’, R 5’-GGTAGGTGAAGGATAGCCACAT-3’), Gzmb
(F 5’-TCATGCTGCTAAAGCTGAAGAG-3’, R 5’-CCCGCACATATCTGATTGGTTT-3’),
H2d1 (F 5’-TACCTGAAGAACGGGAACGC-3’, R 5’-ATTCAACTGCCAGGTCAGGG-3’),
Ifng (F 5’-ATGAACGCTACACACTGCATC-3’, R 5’-CCATCCTTTTGCCAGTTCCTC-3’),
Il6 (F 5’-TAGTCCTTCCTACCCCAATTTCC-3’, R 5’-TTGGTCCTTAGCCACTCCTTC-3’),
Il10 (F 5’-GCTCTTACTGACTGGCATGAG-3’, R 5’-CGCAGCTCTAGGAGCATGTG-3’),
Pdcd1 (F 5’-ACCCTGGTCATTCACTTGGG-3’, R 5’-CATTTGCTCCCTCTGACACTG-3’),
Pdl1 (F 5’-GCTCCAAAGGACTTGTACGTG-3’, R 5’-TGATCTGAAGGGCAGCATTTC3’),

and

Tnfa

(F

5’-CTTCAACTGTCCCGATGGTGA-3’,

R

5’-

AGGCCATTATCTTTCCCTGTGA-3’).
2.2.14 Breast tumor growth studies
Mice bearing orthotopic E0771, MCa-M3C, or 4T1 breast tumors were split into
treatment groups, time-matched for time after implantation and size-matched for tumor
volume at this time (82 mm3 in E0771, 36 mm3 in MCa-M3C, 79 mm3 in 4T1). The mice
were then treated with 40 mg/kg valsartan in the TMA-ARB form or an equal volume of
PBS intravenously (retro-orbital injection) daily from days 0-7. For studies where the
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unconjugated polyacetal was used, the dose was 400 mg/kg (identical to the polyacetal
content in the TMA-ARB dose). The immune checkpoint cocktail of anti-PD-1 (200 μg,
RMP 1-14 eBioscience) and anti-CTLA-4 (100 μg, 9D9 BioXcell) was administered on
days 2, 5, and 8. The primary tumors were then measured every 1-2 days, beginning on
day 0, using calipers.

2.2.15 Flow cytometry analysis
Mice bearing orthotopic E0771 breast tumors were split into treatment groups,
time-matched for time after implantation and size-matched for tumor volume at this time
(82 mm3 in E0771). The mice were then treated with 40 mg/kg valsartan in the TMA-ARB
form or an equal volume of PBS intravenously (retro-orbital injection) daily from days 06. The immune checkpoint cocktail of anti-PD-1 (200 μg, RMP 1-14 eBioscience) and
anti-CTLA-4 (100 μg, 9D9 BioXcell) was administered on days 2 and 5. Breast tumor
tissues were harvested on day 7, minced, digested, and incubated at 37 °C for 1 hour
with DMEM media containing collagenase type 1A (1.5 mg/mL), hyaluronidase (1.5
mg/mL), and DNase (2 mg/mL). The digestion mixtures were filtered through 70-μm cell
strainers. Single-cell suspensions were incubated with rat anti-mouse CD16/CD32 mAb
for 10 minutes at 4 °C, and then stained with fluorochrome conjugated antibodies. The
stained cell suspensions were washed and resuspended in cold buffer (1% BSA, 0.1%
sodium azide in PBS). Prior to flow analysis, 7-amino-actinomycin D (7AAD, eBioscience)
was added to each stained tube for gating of viable cells. Flow cytometry data were
obtained using an LSRII flow cytometer (Becton Dickinson) and analyzed using
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FACSDiva software. The double/aggregated events were gated out using forward scatter
area (FSC-A) vs. forward scatter width (FSC-W) and side scatter area (SSC-A) vs. side
scatter width (SSC-W). Various combinations of the following monoclonal anti-mouse
antibodies were used: CD4 (RM4-5, BioLegend) , CD45 (30-F11, BioLegend), CD11b
(M1/70, BioLegend), CD3 (17A2, BioLegend), CD25 (PC61, BioLegend), CD8a (53-6.7,
BioLegend), FoxP3 (FJK-16s, eBioscience), Tnf-a (MP6-XT22, eBioscience), TGF-b
(TW7-16B4,

eBiosciences),

CD279

(29F.1A12,

BioLegend),

B220

(RA3-6B2,

BioLegend), CD274 (10F.9G2, BioLegend), CD152 (UC10-4B9, BioLegend), Granzyme
B (GB11, BioLegend), IFN-g (XMG1.2, BioLegend), CD206 (C068C2, BioLegend), MHC
II (M5/114.15.2, BioLegend).

2.2.16 Metastatic breast cancer animal survival studies
Mice bearing orthotopic E0771, MCa-M3C, or 4T1 breast tumors were allowed to
progress until the point when 100% developed spontaneous lung tumors, which occurred
once the primary tumors reached a large size (1000 mm3 in E0771 and MCa-M3C, 180
mm3 in 4T1). The primary tumors were surgically excised at this tumor size to leave only
the metastatic disease. Mice were split into treatment groups, time-matched for the time
to tumor resection after implantation and size-matched for tumor volume at resection.
Treatment was initiated on day 0, which was designated as 4 (MCa-M3C) or 2 (4T1) days
following primary tumor resection. The mice were then treated with 40 mg/kg valsartan in
the TMA-ARB form or an equal volume of PBS intravenously (retro-orbital injection) daily
from days 0-7 for immunotherapy studies or days 0-5 for chemotherapy studies. For
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immunotherapy studies, the immune checkpoint cocktail of anti-PD-1 (200 μg, RMP 1-14,
BioXcell) and anti-CTLA-4 (100 μg, 9D9 BioXcell) was administered on days 2, 5, and 8.
For chemotherapy studies, nab-paclitaxel was administered on days 2-6 at a dose of 10
mg/kg per day. The endpoint was designated as the time of death or loss of 20% of
maximal body weight, whichever occurred first. Mouse lungs were collected at the
endpoint and were fixed in Bouin’s solution, and macrometastases were counted using a
stereomicroscope.

2.2.17 Pancreatic tumor growth studies
Mice bearing orthotopic AK4.4 pancreatic tumors were split into treatment groups
1 day after implantation. The mice were then treated with 40 mg/kg valsartan in either the
‘free’ unconjugated form or the TMA-ARB form, or an equal volume of PBS intravenously
(retro-orbital injection) on days 1-12. The chemotherapeutic 5FU was administered on
days 5, 9, and 13 after implantation at a dose of 60 mg/kg. Tumors were extracted on day
14 for measurement using calipers.

2.2.18 Animal toxicity studies
Male FVB mice of 6-8 weeks age were split into treatment groups based on body
weight. The mice were then treated with 40 mg/kg valsartan in either the ‘free’
unconjugated form or the TMA-ARB form, an equal volume of PBS, or 400 mg/kg
unconjugated polyacetal (identical to the polyacetal content in the TMA-ARB dose)
intravenously (retro-orbital injection) on days 1-7. For immunotherapy studies, the
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immune checkpoint cocktail of anti-PD-1 (200 μg, RMP 1-14, BioXcell) and anti-CTLA-4
(100 μg, 9D9 BioXcell) was administered on days 2, 5, and 8. On day 9, major organs
(brain, heart, kidney, liver, lung, and spleen) were extracted, fixed in 4% formaldehyde in
PBS (30 min/mm diameter of tissue), and paraffin-embedded. The body weight and
behavior of the animals were monitored daily throughout the treatment period.
Histological images were assessed by a veterinary pathologist. For hematological and
biochemical analysis, blood was collected by cardiac puncture. Whole blood was used to
analyze complete blood counts (CBC) using an auto analyzer. Serum was separated from
the whole blood and used to measure a clinical chemistry panel.

2.2.19 Statistical analysis
The data are presented as means with standard errors. Groups were compared
using an unpaired Student’s t-test, except for animal survival studies where a log-rank
test was used. In pairwise comparisons within studies where multiple comparisons were
made, P values were adjusted using Holm-Bonferroni correction.

2.3 Results
To this end, we designed a high-throughput combinatorial chemistry approach to
create a chemically diverse library of pH-sensitive polymeric materials. We employed
modular acetal exchange or polycondensation reactions to polymerize polyol and acetal
or polyol and vinyl ether monomers, respectively, into polyacetals (Fig. 2.1a), which
degrade under acidic conditions (Fig. 2.1b). By combining a set of 36 polyols (Fig. 2.1c)
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with a set of 7 acetals and 6 vinyl ethers (Fig. 2.1d) using a one-pot synthesis (254, 255),
with or without polyethylene glycol (PEG, molecular weight 400 Da or 1 kDa), we created
936 unique polyacetals. After eliminating those that did not produce polymers of
molecular weight greater than 1 kDa following polymerization (Supplementary Fig. 2.1),
we formulated the remaining polymers into nanoparticles through nanoprecipitation and
further eliminated those polymers that did not form nanoparticles with sub-100 nm sizes,
which are ideal for tumor penetration (210, 256). To characterize the pH-sensitivity of
each nanoparticle, we developed a high-throughput fluorometric pH-sensitivity assay
based on liberation of Nile Red, whose fluorescence is quenched upon release from the
particles into aqueous buffer (Fig. 2.1e). This assay identified several polymers that broke
down at tumor pH (6.7) more rapidly than at normal physiological pH (7.4). Through
analysis of pH-sensitivity patterns, we found that polymers synthesized from hydrophobic
monomers appeared to have insignificant degradation rate differences at pH 6.7 and 7.4;
the accessibility of polymer acetal bonds to protons may contribute to acid sensitivity. We
identified the polyacetal created through reaction of 1,1,1-tris(hydroxymethyl)ethane (T4)
and di(ethylene glycol) divinyl ether (VE3) as the material that degraded most selectively
at tumor versus physiological pH.
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Figure. 2.1. Synthesis of a diverse library of polymers sensitive to slight acidic shifts. a, Modular
acetal exchange (top) and polycondensation (bottom) reactions to polymerize polyol (blue) and acetal or
vinyl ether (red) monomers into polyacetals. A diverse set of monomers was used to create 936 unique
polyacetals using a high-throughput combinatorial synthesis approach. b, Polyacetal degradation reaction
under acidic conditions. c, Set of 36 polyol monomers for polyacetal synthesis. d, Set of 7 acetals (left) and
6 vinyl ethers (right) for polyacetal synthesis. e, High-throughput fluorometric assay of polyacetal pHsensitivity. Each polyacetal was created from the combination of one polyol monomer (A1-CL2) and one
acetal (E1-E5) or vinyl ether (VE1-VE5) monomer. Several polymers were highly sensitive to acidic
conditions (red).

To produce a prototype TMA-ARB we conjugated the ARB valsartan to this T4VE3 polyacetal through an ester linkage (Fig. 2.2a). Following conjugation we formulated
the TMA-ARB into stable 35 nm nanoparticles (Supplementary Fig. 2.2) with acidsensitive ARB release at pH 6.7 versus 7.4 (Fig. 2.2b). We also generalized this approach
to other ARBs (e.g. losartan) using modified synthesis schema (Supplementary Fig. 2.3).
We next assessed tumor targeting by the TMA-ARB in vivo by measuring the
biodistribution of ARB in tumor-bearing mice 24 hrs following intravenous administration
of either the TMA-ARB or an identical dose (equal amount of ARB) of ‘free’ ARB.
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Administration of the TMA-ARB led to tumor ARB levels nearly 7-fold higher than levels
achieved following injection of the ‘free’ ARB in an orthotopic syngeneic MMTV-PyVTderived MCa-M3C breast cancer model (P<0.01; Fig. 2.2c). Moreover, 24 hrs after
administration of the TMA-ARB only 10.7% of the total ARB found in plasma was in its
unconjugated form, with the remainder still conjugated to the T4-VE3 polymer.
Meanwhile, in tumors the TMA-ARB had released 60.8% of the total ARB after 24 hrs
(Fig. 2.2d). We observed similar results in a second cancer model (Supplementary Fig.
2.4). To determine if this tumor-selective release has consequences on ARB activity
outside tumors, we compared the effects of the TMA-ARB and ‘free’ ARB on mean arterial
blood pressure (MAP). We found that the ‘free’ ARB reduced MAP by a potentially
dangerous 15 mmHg (P=0.035), whereas the TMA-ARB did not affect MAP (Fig. 2.2e).
Thus, the tumor microenvironment induces the TMA-ARB nanoconjugates to break down
and release ARB preferentially at high levels in tumors.
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Figure. 2.2. Conjugation to a pH-sensitive polymer enables tumor-targeting of ARBs. a, Reaction for
chemical conjugation of an ARB to a polyacetal to create a tumor microenvironment-activated ARB (TMAARB) nanoconjugate. The ARB valsartan and the polyacetal created from T4 and VE3 monomers, which
has a branched structure, were used to create a prototype TMA-ARB. b, ARB release from the TMA-ARB
under simulated physiological pH (7.4) and tumor pH (6.7) conditions in vitro. N=5. c, Biodistribution of ARB
in mice bearing orthotopic MCa-M3C breast tumors 24 hrs after intravenous injection of the ‘free’ ARB or
the TMA-ARB at equal doses. The TMA-ARB led to tumor ARB levels 6.8-fold higher than levels achieved
after injection of the ‘free’ ARB (P<0.01). N=5-7. d, Fraction of ARB found in its active (unconjugated) versus
inactive (conjugated) form in mice injected with the TMA-ARB. The TMA-ARB released ARB to its active
form selectively in tumors (*, P<0.01). N=5-7. e, Effects of the ‘free’ ARB and TMA-ARB on mean arterial
blood pressure (MAP) in mice. The ‘free’ ARB reduces MAP by 15 mmHg 2 hrs after injection, while the
TMA-ARB does not affect MAP (*, P=0.035). N=4.

We next assessed whether this enhanced tumor targeting would increase CAFinactivating effects. We treated mice bearing MCa-M3C tumors with the TMA-ARB, an
equal dose of ‘free’ ARB, or an equal volume of saline (control). We measured α-smoothmuscle actin (αSMA) and collagen I expression as direct measures of CAF activity, as
well as solid stress and vessel compression as consequences of CAF activation (103).
TMA-ARB treatment reduced αSMA+ CAF density more than ‘free’ ARB treatment
(P=0.037; Fig. 2.3a and Supplementary Fig. 2.5). The TMA-ARB also lowered collagen I
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expression (P<0.01; Fig. 2.3b and Supplementary Fig. 2.6) and solid stress levels
(P<0.01; Fig. 2.3c) more than the ‘free’ ARB. By reducing solid stress, the TMA-ARB
decompressed tumor blood vessels (P<0.01; Fig. 2.3d and Supplementary Fig. 2.7) more
than the ‘free’ ARB without affecting vessel density (Fig. 2.3e), indicating an increase in
perfusion. We confirmed these results in a second cancer model (Supplementary Figs.
2.6, 2.8, and 2.9). The TMA-ARB also improved the outcome of chemotherapy
(Supplementary Figs. 2.10 and 2.11), which is known to be hindered by poor perfusion
induced by CAF activity (103). Thus the TMA-ARB normalizes CAF-driven pathologies
and increases vascular perfusion more than the ‘free’ ARB at an equal dose.

Figure. 2.3. Tumor-targeted ARB nanoconjugates normalize the tumor microenvironment to a
greater degree than ‘free’ ARBs. a-e, Histological and biomechanical analysis of orthotopic MCa-M3C
breast tumors in mice treated with ‘free’ ARB, TMA-ARB nanoconjugates, or saline (control). a, Tumor
αSMA+ CAF area fractions. TMA-ARB treatment reduced CAF density (*, P=0.037). N=6-7. b, Tumor
collagen I area fractions. Both ‘free’ ARB treatment (*, P=0.032) and TMA-ARB treatment (**, P<0.01)
reduced tumor collagen I expression. N=5-8. c, Relative tumor solid stress levels. Both ‘free’ ARB treatment
(*, P=0.032) and TMA-ARB treatment (**, P<0.01) reduced solid stress, with the TMA-ARB reducing it more
(***, P=0.05). N=10-11. d, Fractions of tumor blood vessels with open lumen, indicating the extent of vessel
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(Continued) decompression. Both ‘free’ ARB treatment (*, P<0.01) and TMA-ARB treatment (**, P<0.01)
decompressed blood vessels, with the TMA-ARB most effective (***, P<0.01). N=4. e, Tumor blood vessel
density. N=4. f-i, Gene expression (qRT-PCR) and cell population (flow cytometry) analysis in whole tumors
or cell populations sorted from orthotopic breast tumors in mice treated with ‘free’ ARB, the TMA-ARB, or
saline (control). f, Confirmation of hits from a gene expression array in whole MCa-M3C tumors. Treatment
with the ARB decreased Cxcl13 expression (P<0.05), while treatment with the TMA-ARB decreased Cxcl13
expression (P<0.05) and Fasl expression (P<0.05) in whole tumors. N=5-8. g, Gene expression in αSMA+
CAFs sorted from E0771 tumors. Treatment with the TMA-ARB decreased Cxcl13 and Fasl expression in
these sorted CAFs (P<0.05). N=3-4. h, Gene expression in CD45+CD3-B220+ B-lymphocytes sorted from
E0771 tumors. Treatment with the ARB or TMA-ARB decreased expression of genes associated with
immunosuppression and autocrine stimulation (P<0.05). N=3. i, Gene expression in CD45+CD3+CD8+
cytotoxic T-lymphocytes sorted from E0771 tumors. Treatment with the ARB or TMA-ARB increased
expression of several genes associated with cytotoxic T cell activity (P<0.05). N=3-4.

To gain a mechanistic molecular-level understanding of the possible effects of
TMA-ARB, we carried out RNA-sequencing of MCa-M3C breast tumors in mice treated
with the TMA-ARB or saline (control). Although few individual genes were differentially
expressed, gene set enrichment analysis identified several pathways in the Hallmarks
and Biocarta databases that significantly overlap with differentially expressed genes in
our experiment (Supplementary Fig. 2.12). Among the top hits, we found that TMA-ARB
treatment downregulated hypoxia and TGF-b pathways, consistent with the reductions in
vessel compression and CAF activity we observed. Unexpectedly, TMA-ARB treatment
also decreased expression of the Tob1, CTLA4, B-cell survival, and inflammatory
response pathways, which are related to suppression of the adaptive immune response.
While ARBs have been shown to modulate the response of innate immune cells in tumors
(257-259), and RNA-sequencing analysis of pancreatic cancer in patients using
angiotensin converting enzyme-inhibitor suggests reversal of immunosuppression (260),
ARBs have not yet been found to affect the adaptive immune response to cancer. Since
CAFs have been implicated in immunosuppression (143, 152, 260), we hypothesized that
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ARB or TMA-ARB treatment might reprogram the tumor microenvironment into an
immunostimulatory milieu.
To understand potential effects on the immune microenvironment, we analyzed
gene expression in MCa-M3C tumors using a cytokine/chemokine expression array and
confirmed hits using qRT-PCR (Supplementary Fig. 2.13). Treatment with the ARB or
TMA-ARB reduced expression of Cxcl13 and Fasl (P<0.05; Fig. 2.3f), which have been
implicated in repulsion or exclusion of T-lymphocytes by CAFs or vessels (51, 261).
Moreover, CXCL13 expression on CAFs can be induced by TGF-b and hypoxia signaling
(52), which our RNA-sequencing data indicated were decreased by TMA-ARB treatment.
To assess whether these immunosuppressive factors changed specifically in CAFs, we
sorted CAFs from orthotopic syngeneic E0771 or MCa-M3C breast tumors in treated mice
and measured gene expression using qRT-PCR. We confirmed these reductions in
Cxcl13 and FasL expression in sorted CAFs (P<0.05; Fig. 2.3g and Supplementary Fig.
2.13). Since CXCL13 drives immunosuppression through B-lymphocyte recruitment (51)
and our RNA-seq data indicated that the TMA-ARB inhibited B-cell survival and
inflammatory response pathways, we also sorted CD45+CD3-B220+ B-lymphocytes from
E0771 tumors in treated mice and measured gene expression using qRT-PCR. We found
that ARB and TMA-ARB treatment decreased expression of Il10 (P<0.05; Fig. 2.3h), a
marker of immunosuppressive B-lymphocytes (51). Thus, ARB or TMA-ARB treatment
appears

to

reduce

the

immunosuppressive

effects

of

CAFs

in

microenvironment, likely through decreased TGF-b and hypoxia signaling.
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the

tumor

Since our RNA-sequencing data indicated that TMA-ARB treatment decreased
Tob1 and CTLA4 signaling, which restrain T-lymphocyte activity (74, 262), we also
evaluated how TMA-ARB treatment affects the activity of T-lymphocytes. We sorted
CD45+CD3+CD8+ T-lymphocytes from E0771 breast tumors in treated mice and
measured gene expression using qRT-PCR. We found that ARB and TMA-ARB treatment
increased the expression of several markers of T-lymphocyte activation (Cxcr3, Gzma,
Gzmb, H2d1, Il6, and Tnfa) while decreasing expression of suppression markers (Il10),
indicating activation of cytotoxic T-lymphocytes (P<0.05; Fig. 2.3i). Since the tumor
microenvironment can also limit T-lymphocytes by restricting their intratumoral
distribution, particularly through high CAF and collagen density or poor vessel function
(143, 152, 174, 234), we assessed how ARB treatment affects this distribution. We found
that the intratumoral distribution of CD3+ T-lymphocytes was augmented with ARB or
TMA-ARB treatment, as indicated by an increase in the distance between CD3+
lymphocytes and blood vessels as well as a decrease in the distance between CD3+ Tlymphocytes and αSMA+ CAFs (Supplementary Fig. 2.14). Taken together, these data
suggest that ARB or TMA-ARB treatment promotes a tumor microenvironment that is less
suppressive of T-lymphocyte activity.
Considering that breast cancers are largely non-responsive to T-lymphocytemediated immunotherapies (Table 1.2), we were intrigued by the possibility that the
immunostimulatory effects of ARBs might overcome resistance to immune checkpoint
blockers. We therefore combined the ‘free’ ARB or TMA-ARB with a cocktail of blocking
antibodies against the immune checkpoints cytotoxic T-lymphocyte-associated protein 4
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(α-CTLA-4) and programmed cell death 1 (α-PD-1) to treat mice bearing E0771 tumors.
We found that the ‘free’ ARB did not improve tumor growth delay when combined with the
immune checkpoint blocker cocktail, while the TMA-ARB combination with the immune
checkpoint blocker greatly enhanced growth delay (Supplementary Fig. 2.15). Since the
TMA-ARB nanoconjugate was superior to ‘free’ ARB in reprogramming the tumor
microenvironment and enhancing immunotherapy, we further studied the effects of the
TMA-ARB combination. Using flow cytometry in treated E0771 tumors, we found that
TMA-ARB treatment alone increased the number of CD45+ cells (leukocytes); increased
the ratio of CD8+ (cytotoxic T-lymphocyte) to CD4+CD25+FoxP3+ (regulatory Tlymphocyte) cells; increased the ratio of MHCII+ (M1-like, anti-tumor) to CD206+ (M2-like,
pro-tumor) macrophages; increased the number of CD11b+CD11c+ (dendritic) cells; and
decreased suppressive TGF-b expression in CD8+ cells (Supplementary Figs. 2.162.18). These data further suggest a reversal of immunosuppression by ARBs. While the
immune checkpoint blocker cocktail alone also induced recruitment of leukocytes,
particularly CD8+ and CD4+ T-lymphocytes, and activation of CD8+ T-lymphocytes as
consistent with previous reports (89, 263), the combination of the TMA-ARB with the
immune checkpoint blocker cocktail also reduced CD8+ T-lymphocyte PD-1 expression
(a marker of dysfunction (264)) and generally showed greater immunostimulatory effects
than either treatment alone (Supplementary Figs. 2.16-2.18).
We next asked whether the immunostimulatory effects of the TMA-ARB would
translate to improved outcomes when used in combination with immune checkpoint
blockers. We first assessed how these therapies affected tumor growth of the breast
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cancer models E0771, MCa-M3C, and 4T1 in the primary (orthotopic) setting in syngeneic
mice (Fig. 2.4, a-c). We found that TMA-ARB monotherapy had no effect on tumor growth.
Meanwhile, the immune checkpoint cocktail of α-CTLA4 + α-PD-1 resulted in tumor
regression with a response rate of 33% for E0771 while it caused no growth delay in MCaM3C or 4T1 tumors, and all responding tumors eventually relapsed. Combining the TMAARB with the immune checkpoint cocktail caused regression with a response rate of 66%
for E0771 and greatly delayed growth of MCa-M3C by 58% (P<0.01) and 4T1 by 77%
(P<0.01), with a 50% cure (complete response) rate for E0771. While it has been reported
that this immune checkpoint blocker cocktail can induce significant toxic effects (265),
only a trend toward higher ALT levels was observed for the immunotherapy treatments
and none of these treatments or combinations induced significant toxic effects
(Supplementary Figs. 2.19 and Supplementary Table 2.1). These data indicate that
blocking AngII/AT1 signaling and reducing CAF activity with the TMA-ARB can both
increase the response rate to immunotherapy and cancer progression further.
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Figure. 2.4. Tumor-targeted ARB nanoconjugates enhance the outcome of immune checkpoint
blockers. a-c, Primary tumor growth studies in mice bearing orthotopic breast tumors treated with immune
checkpoint blockers in combination with TMA-ARB nanoconjugates. Mice were treated with the TMA-ARB
or saline (control) on days 0-7, and with or without a cocktail of immune checkpoint blocking antibodies
against cytotoxic T-lymphocyte-associated protein 4 (α-CTLA-4) and programmed cell death 1 (α-PD-1) on
days 2, 5, and 8. a, Tumor growth in mice bearing E0771 tumors. The immunotherapy cocktail alone cause
regression in 2 of 6 tumors, while the combination with the TMA-ARB caused 4 of 6 to regress and cured 3
of 6 mice. N=6. b, Tumor growth in mice bearing MCa-M3C tumors. The immunotherapy cocktail had no
effect on tumor growth, while the combination with the TMA-ARB increased the time to reach 1000 mm3 by
58%, from 11 to 17 days (P<0.01). N=9-10. c, Tumor growth in mice bearing 4T1 tumors. The
immunotherapy cocktail did not affect tumor growth, while the combination with the TMA-ARB increased
the time to reach 1000 mm3 by 77%, from 10 to 18 days (P<0.01). N=8-9. d-f, Metastatic setting animal
survival studies in mice with spontaneous lung metastases arising from orthotopic breast tumors treated
with immune checkpoint blockers in combination with the TMA-ARB. Following resection of the primary
tumors to leave only the metastatic disease, mice were treated with the immune checkpoint blocker cocktail
and TMA-ARB using the above schedule. d, Animal survival in mice with spontaneous metastases from
E0771 primary tumors. The immunotherapy cocktail did not extend animal survival, yet its combination with
the TMA-ARB improved animal survival greatly versus the controls (P=0.022) and the immunotherapy
cocktail alone (P<0.045). N=6-9. e, Animal survival in mice
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(Continued) with spontaneous metastases from MCa-M3C primary tumors. The immunotherapy cocktail
did not extend animal survival, yet its combination with the TMA-ARB improved animal survival by 195%
versus the controls (P<0.01) and by 151% versus the immunotherapy cocktail alone (P=0.013). N=11-13.
f, Animal survival in mice with spontaneous metastases from 4T1 primary tumors. The immunotherapy
cocktail did not extend animal survival, meanwhile the combination with the TMA-ARB improved animal
survival by 41% versus the controls (P<0.01) and by 26% versus the immunotherapy cocktail alone
(P=0.0153). N=9.

Since the majority of breast cancer-related deaths occur due to metastatic disease,
we tested whether the combination of the TMA-ARB with the immune checkpoint cocktail
improved animal survival in the metastatic setting. We implanted the breast cancer
models E0771, MCa-M3C, and 4T1 in the primary (orthotopic) setting in syngeneic mice
and then surgically resected these primary tumors once they reached a large size. After
waiting 4 days (E0771 and MCa-M3C) or 2 days (4T1) following resection to allow the
growth of metastases, we began treatment of the metastatic disease. We then assessed
animal survival following one cycle of treatment (Fig. 2.4 d-f and Supplementary Fig.
2.20). Once again the TMA-ARB monotherapy did not affect animal survival. However, in
this metastatic setting the immune checkpoint cocktail of α-CTLA4 + α-PD-1 also had no
effect on animal survival. In contrast, the combination of the TMA-ARB with the immune
checkpoint cocktail increased cure rates to 88% (versus 22% for controls; P=0.022) for
mice with metastatic E0771. Furthermore, this combination extended median animal
survival by 195% (118 versus 40 days for controls; P<0.01) for mice with metastatic MCaM3C and by 41% (24 days versus 17 days for controls; P<0.01) for mice with metastatic
4T1. Importantly, the combination resulted in long-term survival extension for 63% of the
mice with metastatic MCa-M3C and for 22-33% of the mice with metastatic 4T1. Thus the
TMA-ARB enhances immunotherapy outcomes in models of immunotherapy-refractory
breast cancer.
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2.4 Discussion
Based on our results we propose a model for how targeting angiotensin signaling
can repair the immunosuppressive tumor microenvironment promoted by CAFs. CAF
activity – proliferation and matrix production – compresses tumor blood vessels to cause
low vascular perfusion and hypoxia (103). Here we show that the reduction in CAF activity
by ARB or TMA-ARB treatment leads to vessel decompression as well as decreased
TGF-b and hypoxia signaling, similar to our earlier findings (103, 248). Tumor TGF-b and
hypoxia signaling can promote immunosuppression by increasing regulatory Tlymphocyte function (266). These pathways can also promote CAF expression of
CXCL13 (52), which can suppress T-lymphocyte infiltration deep into tumors via Blymphocytes (51). Our data suggest that inactivating CAFs with ARB or TMA-ARB
treatment can decrease their immunosuppressive CXCL13 signaling. Angiotensin
signaling can also recruit pro-tumor macrophages to tumors (258). Our data also indicate
that blocking this signaling increases macrophage population fraction that are more M1like (anti-tumor). These broad immunostimulatory shifts result in more active and
infiltrative cytotoxic T-lymphocytes in ARB or TMA-ARB treated tumors. Hence, the
combination of the TMA-ARB and immune checkpoint blockers displays enhanced
efficacy and better outcomes in both primary and metastatic breast tumors, where these
immunosuppressive mechanisms may be similar. Moreover, the effects of the TMA-ARB
on the tumor microenvironment are greater than those of the ‘free’ ARB, thus the TMAARB had a particularly large effect on outcomes for immune checkpoint blockers. As is
the case with many immunomodulatory therapies, ARBs must still be combined with
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immune checkpoint blockers or chemotherapeutics to have significant anti-tumor effects.
ARBs themselves neither promote cancer progression nor limit it through their CAFinactivating properties or other effects, in contrast to the potential deleterious effects of
CAF depletion (222, 259).
Our data demonstrate that agents that have been repurposed for use in cancer
can be redesigned as tumor-targeting nanoconjugates to achieve greater efficacy. A
similar strategy can be employed for many other types of anti-cancer agents to enhance
their tumor-specific activity. These optimized agents can lead to many previously
undiscovered effects. The promise of TMA-ARB nanoconjugates for enhancing cancer
immunotherapy

and

chemotherapy

outcomes

through

CAF

inactivation

microenvironmental normalization warrants efforts toward clinical translation.
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CHAPTER 3
Targeting CXCR4 signaling alleviates desmoplasia and enhances immunotherapy
of metastatic breast cancer

3.1 Introduction

While early phase-1 clinical studies have reported durable responses in some
mBC patients receiving PD-1 and/or PD-L1 inhibitors, particularly for patients with triplenegative breast cancer, the overall response rate to these agents is still limited (68). The
mechanisms behind this poor response rate are unclear. A hallmark of some other nonresponsive tumors, such as pancreatic ductal adenocarcinomas, is that they are highly
fibrotic – rich in cancer-associated fibroblasts (CAFs) and extracellular matrix (ECM) (4,
5). This fibrotic state can suppress the immune response to cancer through multiple
mechanisms. Signaling through TGF-b1 drives matrix production by CAFs and promotes
exclusion of T-lymphocytes from tumors (94, 154). FAP-expressing CAFs repel Tlymphocytes from penetrating into tumors (152). The dense collagen matrix produced by
CAFs may also present a physical barrier to the infiltration of T-lymphocytes (169, 172,
267). Furthermore, mechanical compression of tumor blood vessels through buildup of
physical pressure, termed solid stress, by CAFs and matrix leads to tissue hypoxia and
low pH (103, 182). Hypoxia and/or low pH can promote T-regulatory cell (Tregs) activity,
increase expression of the immune checkpoint protein programmed death-ligand 1 (PDL1), and suppress the activity of T-lymphocytes (209, 268, 269). While breast cancer is
generally characterized by highly fibrotic tumors, it remains unclear whether this
contributes to suppression of the immune response to mBC lesions. Furthermore, there
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is a lack of knowledge of the metastatic tumor microenvironment (TME) in mBC. Choice
of therapies for mBCs is mainly based on the assessment of the primary tumors, thus
ineffective treatment of metastatic disease may in part be due to differences between the
primary and metastatic TME.
We therefore studied the TME in paired primary and metastatic lesion biopsies in
mBC patients. We showed that metastases in mBC patients exclude cytotoxic Tlymphocytes (CTLs) and are highly fibrotic. We found that the CXCL12 receptor CXCR4
is highly expressed in metastases in patients. Furthermore, fibroblast-specific knockout
of CXCR4 or CXCR4 inhibition in murine mBC models increases CTL infiltration while
decreasing immunosuppressive signaling, fibrosis, and T-lymphocyte exclusion.
Accordingly, CXCR4 inhibition leads to dramatic improvements in the response to
immune checkpoint blockers in mice with mBC.

3.2 Materials and Methods

3.2.1 Breast cancer tissue analysis
Immunohistochemistry studies were conducted on breast cancer tissues from 17
patients diagnosed with metastatic breast cancer at Brigham and Women’s Hospital
(BWH), Boston, MA, USA. This study was approved by the Institutional Review Board at
the BWH. The surgical pathology files at BWH were searched for matched pairs of primary
invasive ductal carcinoma and metastasis to either lung or liver. A total of 17 patients
were identified (10 primary/liver metastasis, 7 primary/lung metastasis). Patient records
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were reviewed for patient age, receptor status, treatment with adjuvant therapy and
progression free survival.
3.2.2 Cell lines and cell culture
MCa-M3C cells (HER2+) were kindly provided by Dr. Peigen Huang, and was
isolated from three times in vivo passaging of lung metastases of mammary
adenocarcinomas in mice generating spontaneous mammary tumors (MMTV-PyVT).
E0771 (ER+) cells were cultured in RPMI-1640 medium + 10% FBS (Gibco); MCa-M3C
and 4T1 (triple negative) were cultured in DMEM medium +10% FBS (Gibco,
supplemented with 4.5 g/L glucose). All cells were cultured in a 37°C humidified incubator,
with 5% CO2.

3.2.3 Mouse tumor models
Orthotopic breast tumors were generated by implanting 200,000 cells into the third
mammary fat pad of a 6-8 week-old female FVB (MCa-M3C model), Balb/c (4T1 model),
or C57BL/6 (E0771 model) mouse. For in vivo imaging studies, MCa-M3C cells were
implanted in the αSMA-dsRed mice. For conditional knockout studies, we generated
αSMA-dsRed/Cxcr4flox/flox/C57 double-transgenic mice by crossing αSMA-dsRed ((103))
with

Cxcr4flox/flox

mice.

To

induce

knockout

expression

of

Cxcr4,

αSMA-

dsRed/Cxcr4flox/flox/C57 mice were injected daily with tamoxifen (10 mg/kg, Sigma)
intraperitoneally for two weeks before experiment. All animal procedures were carried out
following the Public Health Service Policy on Humane Care of Laboratory Animals and

71

approved by the Institutional Animal Care and Use Committee of Massachusetts General
Hospital.

3.2.4 In vivo imaging
For intravital multiphoton imaging, MCa-M3C tumors were implanted in mice
bearing mammary fat pad chambers ((103)) and allowed to grow to ~ 3 mm in diameter.
Imaging was performed on a custom-built multiphoton laser-scanning microscope using
a confocal laser-scanning microscpe body (Olympus 300, Optical Analysis) and a
broadband femtosecond laser source (High Performance Maitai, Spectra-Physics).
Images were taken at ~100 mW at sample surface. Images were performed with a x 20
magnification, 0.95 numerical aperture, water-immersion, long-working distance objective
(Olympus XLUMPlanF1, 1-US965, Optical Analysis).

3.2.5 Histology
Mice bearing orthotopic MCa-M3C or E0771 tumors were split into time- and sizematched (~100 mm3) treatment groups. Tumor sizes were measured with a caliper. The
mice were then treated with CXCR4 inhibitor AMD3100 (10 mg/kg/day, Cayman
Chemical) subcutaneously by osmotic pump (Alzet) or equal volume of PBS in osmotic
pump for 10 days. For hypoxia study, one hour before tumor extraction, the mice were
intraperitoneally injected with 60 mg/kg of pimonidazole at 15 mg/ml. The tumors were
then removed, fixed in 4% formaldehyde in PBS (30 min/mm diameter of tissue),
incubated in 30% sucrose in PBS overnight at 4 °C, and frozen in optimal cutting
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temperature compound (OCT) (Tissue-Tek). Serial sections of 40 μm thick were cut and
immunostained with antibodies to the endothelial marker CD31 (BD, MEC13.3 antibody,
1:100 dilution), and counterstained with DAPI (Vector Labs). Frozen sections (20 μm
thick) were blocked with 5% normal donkey serum (NDS) and immunostained with
primary antibodies. Collagen I was detected by staining using the LF-68 antibody (1:50
dilution) provided by Dr. Larry Fisher (NIDCR). Staining for αSMA (C6198 antibody,
Sigma, 1:100 dilution), a biotinylated hyaluronan proteoglycan fragment, and CD3
(BioLegend, 17A2, 1:100 dilution) was carried out in 20 μm sections. For histology
staining on human tissues, paraffin sections of 5 μm thick were stained with CXCR4
(R&D, MAB172, 1:100 dilution), CD31 (DAKO, M0823, 1:100 dilution), CAIX (Abcam,
AB15086, 1:100 dilution), collagen I (Abcam, Ab90395), aSMA (Sigma, C6198), PD-L1
(ThermoFisher, PA5-20343), and counterstained with DAPI (Vector Labs).

3.2.6 Histological image analysis
Stained sections were imaged with a confocal microscope (Olympus) and
quantified by selecting eight random fields (four interior, four periphery) at 20x oil
magnification. For open versus closed lumen quantification, vessels were analyzed by
eye and a vessel was counted as open if it had a clearly visible lumen throughout its
length ((103). Images of collagen I, hyaluronan, αSMA were analyzed based on the area
fraction of positive staining through a custom MATLAB script using built-in image
processing functions. To obtain mosaic images, a slide scanner was used (Zeiss
AxioScan Z1). Identical analysis settings and image thresholds were used for all tumors,
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and thresholds were determined using negative control stains utilizing only a secondary
antibody.

3.2.7 Lung metastases evaluation
For the conditional knockout metastasis study, mice bearing orthotopic E0771
breast tumors were allowed to progress until the primary tumors reached a large size
(1150 mm3). Once the primary tumors reached the large size, the mice were anesthetized
and the primary tumors were surgically removed to allow metastasis to progress. One
week after primary resection, mice were treated with CXCR4 inhibitor AMD3100 (10
mg/kg/day) subcutaneously by osmotic pump (Alzet) or equal volume of PBS in osmotic
pump for 14 days. Three weeks after primary tumor resection, the mice were sacrificed
and their lungs were collected. The lungs were then fixed with Bouin’s solution overnight,
washed 3 times with PBS, and evaluated using a stereomicroscope to determine number
of macrometastases.

3.2.8 Solid stress
Solid stress was measured using the tumor opening technique described by
Stylianopoulos et al ((182). Tumors with size of ~ 1 cm were excised from mice. Once
each tumor was removed, it was washed with Hanks' Balanced Salt Solution (HBSS) and
its three dimensions were recorded. Each tumor was cut along its longest axis, to a depth
of 80% of its shortest dimension, using a scalpel. The tumors were allowed to relax for 10
min in HBSS to diminish any transient, poro-elastic responses. Afterwards, the opening
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resulting from the cut was measured at the middle of the cut at the surface of the tumor.
Solid stress is proportional to the size of the opening relative to the size of the dimension
perpendicular to the cut.
3.2.9 Gene expression
Mice bearing orthotopic MCa-M3C or E0771 tumors were split into time- and sizematched (~100 mm3) treatment groups. The mice were then treated with CXCR4 inhibitor
AMD3100 (10 mg/kg/day, Cayman Chemical) subcutaneously by osmotic pump (Alzet)
or equal volume of PBS in osmotic pump for 10 days. The tumors were then removed
and RNA was extracted using RNAeasy Mini Kit (Qiagen). For CD45- αSMA+ CAF and
CD45- FAP+ CAF gene expression, monoclonal anti-mouse FAP (Abcam, Ab28244) and
CD45 (Biolegend, 30-F11) were used to sort out cells after removing from tumors. Gene
expression was analyzed using qRT-PCR array for mouse cytokines, chemokines, and
related genes (PAMM-022Z Qiagen) or using specific primers (Supplemental Table 3.1).
3.2.10 Flow cytometry analysis
Mice bearing orthotopic E0771 or MCa-M3C breast tumors were split into
treatment groups, time- and size-matched for treatment (65 mm3 in MCa-M3C, 75 mm3 in
E0771). The mice were then treated with CXCR4 inhibitor AMD3100 (10 mg/kg/day,
Cayman Chemical) subcutaneously by osmotic pump (Alzet) or equal volume of PBS in
osmotic pump for 10 days. For lung metastases flow analysis, lung nodules were carefully
excised and removed from normal lung tissues. Prior to tissue collection, mice were
anesthetized and cardiac perfused with 10 mL of PBS to remove excess red blood cells.
Breast tumor tissues were then harvested, minced, digested, and incubated at 37 °C for
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1 hour with DMEM media containing collagenase type 1A (1.5 mg/mL), hyaluronidase
(1.5 mg/mL), and DNase (2 mg/mL). The digestion mixtures were filtered through 70-μm
cell strainers. Single-cell suspensions were incubated with rat anti-mouse CD16/CD32
mAb for 10 minutes at 4 °C, and then stained with fluorochrome conjugated antibodies.
The stained cell suspensions were washed and resuspended in cold buffer (1% BSA,
0.1% sodium azide in PBS). Prior to flow analysis, 7-amino-actinomycin D (7AAD,
eBioscience) was added to each stained tube for gating of viable cells. Flow cytometry
data were obtained using an LSRII flow cytometer (Becton Dickinson) and analyzed using
FACSDiva software. The double/aggregated events were gated out using forward scatter
area (FSC-A) vs. forward scatter width (FSC-W) and side scatter area (SSC-A) vs. side
scatter width (SSC-W). Various combinations of the following monoclonal anti-mouse
antibodies were used: CD4 (RM4-5, BioLegend), CD45 (30-F11, BioLegend), CD11b
(M1/70, BioLegend), CD3 (17A2, BioLegend), CD25 (PC61, BioLegend), CD8a (53-6.7,
BioLegend), FoxP3 (FJK-16s, eBioscience), CD279 (29F.1A12, BioLegend), CD274
(10F.9G2, BioLegend), CD152 (UC10-4B9, BioLegend), Ly6G (1A8, Biolegend), Gr-1
(RB6-8C5, Biolegend), F4/80 (BM8, Biolegend), FAP (Abcam, Ab28244).

3.2.11 Metastatic breast cancer animal survival studies
Mice bearing orthotopic E0771, MCa-M3C, or 4T1 breast tumors were allowed to
progress until the point when 100% developed spontaneous lung tumors, which occurred
once the primary tumors reached a large size (1150 mm3 in E0771 and MCa-M3C, 180
mm3 in 4T1). Once the primary tumors reached the large size, the mice were anesthetized
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and the primary tumors were surgically removed to allow metastasis to progress. Mice
were split into treatment groups, time-matched for the time to tumor resection after
implantation and size-matched for tumor volume at resection. Treatment was initiated 3
days (4T1) or 7 days (MCa-M3C and E0771) following primary tumor resection. The mice
were then treated with AMD3100 (10 mg/kg/day) subcutaneously by osmotic pump or
equal volume of PBS in osmotic pump for 14 days. For immunotherapy studies, the
immune checkpoint cocktail of anti-PD-1 (200 μg, RMP 1-14, BioXcell) and anti-CTLA-4
(100 μg, 9D9 BioXcell) was administered on days 2, 5, and 8 after initiation of AMD3100
treatment. The endpoint was designated as the time of death or loss of 20% of maximal
body weight, whichever occurred first. Mouse lungs were collected at the endpoint and
were fixed in Bouin’s solution, and macrometastases were counted using a
stereomicroscope.

3.2.12 Statistical analysis
The data are presented as means with standard errors (s.e.m.). Groups were
compared using an unpaired Student’s t-test or by one-way ANOVA, except for animal
survival studies where a log-rank test was used. In pairwise comparisons within studies
where multiple comparisons were made, P values were adjusted using Holm-Bonferroni
correction.
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3.3 Results

To determine whether the breast TME may be different between primary tumor
and metastasis, we first studied paired primary and metastatic lesion biopsies in mBC
patients (17 patients: 10 primary/liver metastasis, 7 primary/lung metastasis). We
histologically assessed these samples for CD8+ cytotoxic T lymphocyte (CTL) infiltration
and found that the metastatic lesions are largely devoid of CTLs (Fig. 3.1a). We also
assessed fibrosis, and we found that the metastatic lesions are enriched in CAFs and
collagen I and are fairly hypoxic (Fig. 3.1b and Supplementary Fig. 3.1).
To understand what may be contributing to this apparent exclusion of CTLs in mBC
and to identify potential targets for intervention, we analyzed human BC gene expression
data from The Cancer Genome Atlas (TCGA) (12). We identified genes whose expression
is strongly correlated with genes connected with T-lymphocyte exclusion in cancer –
TGFB1, FAP, and COL1A1 (94, 152, 154, 169). We found 1207 genes correlated with
TGFB1, 785 with FAP, and 727 with COL1A1. Among these highly correlated gene lists,
273 genes overlapped (Fig. 3.1c). Gene Ontology analysis of the overlap gene list
showed enrichment for genes in the category ‘regulation of cell migration’ as a top hit
(Supplementary Table 3.1), indicating potential genes that may affect T-lymphocyte
infiltration into mBC tumors. We found 38 out of the 273 genes were among the category,
in which we found CXCL12 has been implicated in immunosuppression through its
receptor CXCR4 in other cancers (152, 225, 270). Targeting CXCL12/CXCR4 mediates
anti-tumor immunity through reducing intratumoral FoxP3+ Tregs (225, 270)

and

synergizes PD-1 blockade in murine models of pancreatic and liver cancer (152, 225).
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Figure 3.1. Cxcr4 is strongly correlated with desmoplasia- and immune checkpoint- related gene
and protein expressions in human breast cancers. (a) Representative IHC staining of CD8+ T cells in
primary and metastatic BC tissues. T: tumor region (circled in white), P: periphery. Scale bar, 100 um. (b)
Representative immunohistochemistry (IHC) staining of human FFPE tissues with CD31, CAIX, aSMA, and
Collagen I in matched pairs of primary and metastatic BC tissues (left, lung metastases; right, liver
metastasis). Both primary and metastatic tissues show high level of fibrosis. H&E stainings of
corresponding regions were shown. Scale bar, 100 um. (c) Venn diagram of number of genes associated
with FAP, TGFB1, and COL1A1 from TCGA breast invasive carcinoma. (d) IHC staining of human FFPE
tissues with rabbit anti-human CXCR4 mAb in primary tumor, metastatic lesions, and adjacent normal
tissues. CXCR4 is overexpressed in both primary and metastases of human breast tumors, compared to
normal tissues. Scale bars, 100 um. (e) left, Kaplan-Meier survival analysis of patients stratified by high
parenchymal CXCR4 expression (> 70%) vs. others (P =0.084). Right, Kaplan-Meier survival analysis of
patients stratified by high stromal CXCR4 expression (> 30%) vs. others (* P = 0.008). N = 17. By Logrank tests. (f) IHC images showing CXCR4 and PD-L1 in matched pairs of primary and metastatic human
BC tissues (left, lung metastases; right, liver metastasis). Both primary and metastatic tissues show high
level of CXCR4 and PD-L1. Scale bar, 100 um. (g-i) Pearson correlation coefficients of Cxcr4 mRNA
expression from TCGA BRCA with immune checkpoint markers (g) Ctla4 (r = 0.54, P < 0.0001), (h) Pdcd1
(r = 0.51, P < 0.0001), (i) Foxp3 (r = 0.53, P < 0.001), combined from all patients (N = 1215).

We next evaluated CXCR4 expression in the matched pairs of primary and
metastatic human BC tissues. We found that CXCR4 is highly expressed in both tumor
lesions, compared to normal tissues (Fig. 3.1d and Supplementary Fig. 3.2a). Although
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CXCR4 expression levels are similar in both primary tumor and metastatic lesions
(Supplementary Fig. 3.2a), there is a significant correlation between the two sites in
paired cases (r=0.603, P=0.029) (Supplementary Fig. 3.2b). In addition, high expression
of parenchymal (>70%) and stromal (>30%) CXCR4 was indicative of shorter
progression-free survival in these patients (Fig. 3.1e). We also found strong colocalization of CXCR4 and PD-L1 expression in both primary and liver or lung metastases
from the same patients (Fig. 3.1f and Supplementary Fig. 3.2c, r=0.452, P=0.0122). There
was also higher expression of PD-L1 in the metastatic lesions compared to primary
tumors; however, there was no correlation between the two sites, indicating higher
expression of PD-L1 in the primary tumor did not necessary confer higher expression in
the metastases (Supplementary Fig. 3.2d, e). Further supporting this, analysis of TCGA
gene expression data indicated a strong positive association between CXCR4 expression
and immunosuppressive markers such as PDCD1, CTLA4, and FOXP3 (Fig. 3.1g-i). The
correlation was consistent regardless of the tumor subtypes, as well as in node-positive
mBCs. Collectively, these findings suggest that CXCL12/CXCR4 signaling could play an
important role in promoting fibrosis and immunosuppression in both the primary and
metastatic TME of mBC.
As CXCL12/CXCR4 signaling is a known driver of CAFs in breast cancer and
CAFs appear central to T-lymphocyte exclusion in cancer, we next investigated the
effects of CAF-specific CXCR4 signaling on the breast cancer microenvironment. We
generated a CAF-specific conditional CXCR4 knockout mouse model of mBC. We
crossed Cxcr4flox/flox mice with carrying an Cre-ERT2 transgene under control of the αSMA
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promoter to generate αSMA-Cre-ERT2/Cxcr4flox/flox mice (Fig. 3.2a). To induce knockout
of Cxcr4 expression specifically in CAFs, we injected tumor-naïve mice daily with
tamoxifen, the ERT2 agonist, for two weeks before tumor implantation. We implanted
orthotopic E0771 ER+ breast tumors into αSMA-Cre-ERT2/Cxcr4flox/flox or Cxcr4flox/flox
(control) mice from the same cohort. Flow cytometry analyses of tumors extracted at day
14 confirmed reduced expression of CXCR4 in αSMA+ cell populations in the tumors (Fig.
3.2b). The knockout mice had a reduced fraction of CXCR4+ αSMA+ cells as compared
to the control, and to a greater degree than wild-type mice treated with the CXCR4
inhibitor AMD3100. Analysis by qPCR also validated decreased expression of Cxcr4 and
Cxcl12 in the tumors (Supplementary Fig. 3.3a). We also observed a reduction in the total
αSMA+ CAF population in these tumors (Supplementary Fig. 3.3b).
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Figure 3.2. Conditional deletion of CXCR4 in aSMA+ CAFs cells reduces immunosuppression and
improves animal survival. (a) Schematic of generation of αSMA-CreERT2/Cxcr4flox/flox mouse. Mice with
Cxcr4 alleles flanked by LoxP sites (Cxcr4flox/flox) were bred to αSMA-CreERT2 mice expressing CreERT2
specifically in the αSMA+ cells to generate αSMA-CreERT2/Cxcr4flox/flox mice. (b-f) Conditional knockout of
Cxcr4 expression were induced by daily injection of tamoxifen (10 mg/kg) for two weeks before tumor
implantation. N = 5-8. All other mice also received tamoxifen as control. (b) Flow cytometry analysis of
CXCR4+ αSMA+ expression level in E0771 breast tumors implanted in αSMA-CreERT2/Cxcr4flox/flox,
αSMA-CreERT2-negative (control), or wild type mice. The wild type mice were treated with AMD3100 using
osmotic pump for 2 weeks. AMD3100 reduces the CXCR4+αSMA+ CAFs population (* P < 0.05) and the
genetic deletion (αSMA-CreERT2) further decreases the population (** P < 0.01). (c) Flow cytometry
analysis of cytotoxic lymphocytes (CD8) and regulatory T lymphocyte (Treg) populations from orthotopic
E0771 breast tumors. The αSMA-CreERT2/Cxcr4flox/flox mice have increased CD8+ cell fractions and
decreased Treg cell fractions. * P < 0.05, by one-way ANOVA. (d) Left, immunohistochemical analysis of
hypoxia (pimonidazole injection) from orthotopic E0771 breast tumors. Both the AMD3100-treatment and
genetic deletion (αSMA-CreERT2/Cxcr4flox/flox) reduce hypoxia fraction in the tumors (* P = 0.049, ** P =
0.0034, Student’s t-test). Right, linear regression analysis shows strong negative correlation between
infiltration of CD8+ T cells and hypoxia (r = -0.55, P < 0.05; Pearson correlation). (e) Left, quantification of
lung metastatic nodules after primary tumor resection at day 21. Both the AMD3100-treatment and genetic
deletion reduce spontaneous metastasis formation in the lung (* P < 0.05, ** P < 0.001, Student’ t-test).
Right, representative gross images of lungs stained with Bouin’s solution. Black arrow points to example of
lung nodules. (f) Kaplan-Meier survival analysis of metastatic setting study in mice with spontaneous lung
metastases arising from orthotopic E0771 tumors. The mice were treated with saline (Cre-mice) or
AMD3100 (wildtype) using osmotic pump for 2 weeks. Both AMD3100-treatment and genetic-deletion
improve animal survival (P < 0.05, by Log-rank test). Error bars indicate s.e.m.
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To better understand how CXCR4 in CAFs might affect the immune
microenvironment, we analyzed immune cell populations in these tumors by flow
cytometry. Tumors from the αSMA-Cre-ERT2/Cxcr4flox/flox mice had increased numbers of
cytotoxic CD8+ CTLs, decreased numbers of FoxP3+ Treg cells, and an increased ratio
of CD8+ to CD4+ FoxP3+ cells versus the control, indicating a reversal of
immunosuppression (Fig. 3.2c and Supplementary Fig. 3.4). Moreover, histological
analysis

revealed

substantially

lower

hypoxia

in

the

tumors

of

αSMA-Cre-

ERT2/Cxcr4flox/flox and AMD3100-treated mice (Fig. 3.2d). Notably, there was a strong
inverse correlation between the infiltration of CD8 CTLs and hypoxia (Fig. 3.2d). Since
CXCR4 has been shown to promote myeloid cell recruitment (271, 272), we next
analyzed tumor-infiltrating myeloid cells in the mice. There were no significant changes
in the total myeloid cell population, or the percentage of CD45+ CD11b+ Gr1+ myeloid
derived suppressor cells (MDSC) (Supplementary Fig. 3.5a,b). However, there was a
marked reduction in CD11b+ Gr1+ Ly6G+ neutrophils in both CreERT2 and AMD3100treated mice (Supplementary Fig. 3.5c). On the other hand, we observed a reduction in
CD11b+ F4/80+ macrophages only in the AMD3100-treated mice (Supplementary Fig.
3.5d).
We next assessed the effects of silencing CAF-specific signaling on metastatic
development. To examine spontaneous metastases formation, we implanted orthotopic
E0771 breast tumors in the mice and resected the primary tumors once they reached a
tumor diameter of 13 mm. Three weeks after primary tumor resection, we sacrificed the
mice and examined their lungs for metastatic nodules. There were significantly fewer lung
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metastases in both αSMA-Cre-ERT2/Cxcr4flox/flox and AMD3100-treated mice versus
controls, with the highest reduction observed in αSMA-Cre-ERT2/Cxcr4flox/flox group (Fig.
3.2e). Correspondingly, both genetic deletion and pharmacological blockade of CXCR4
also allowed for a moderate but significant extension of animal survival (Fig. 3.2f).
We next examined whether CXCR4 inhibition could be used in a therapeutic
setting to similarly reduce immunosuppression by CAFs and fibrosis in mBC. We first
examined whether CXCR4 plays a role in the recruitment of CAFs to BC tumors in a
mouse model of BC that recapitulates the fibrosis observed in human HER2+ BC (MCaM3C; derived from a MMTV-PyVT spontaneous BC mouse model). We implanted
mammary fat pad windows in transgenic reporter mice expressing αSMA promoter-driven
DsRed to mark activated CAFs. We then implanted these mice with CFP-labeled MCaM3C cells, and treated them with saline (control) or AMD3100 through continuous infusion
using osmotic pumps (225). Using time-lapse imaging with intravital multiphoton
microscopy, we found that AMD3100 reduced the accumulation of αSMA+ CAFs in the
TME to a greater degree than saline (control) (Fig. 3.3a). Accumulation of CAFs started
around day 3 post-tumor implantation in control mice while such recruitment was largely
delayed in the treatment mice. We next orthotopically implanted MCa-M3C tumor cells in
the wild type FVB mice, treated these mice with AMD3100 or saline, and then isolated
the tumors at Day 10 post-treatment to evaluate whether inhibition of CAF recruitment
through CXCR4 can reduce fibrosis (Fig. 3.4a-d). We histologically confirmed the
reduction of αSMA+ CAFs density in AMD3100-treated mice (Fig. 3.3b). CAFs in
desmoplastic tumors generate a type of pressure called ‘solid stress’ and transmit this

84

pressure through the matrix to compress blood vessels (182). This vessel compression
can lead to low drug and oxygen delivery, and desmoplasia is responsible for this
compression (103, 104). We measured solid stress using the bulk tumor opening method
(182) and found that AMD3100 significant reduced solid stress levels (Fig. 3.4a).
AMD3100 treatment also decompressed tumor blood vessels (Fig. 3.4b) without
increasing vessel density (Supplementary Fig. 3.6a), indicating an increase in perfusion.
Decompressing existing collapsed blood vessels could lead to a decrease in tumor
hypoxia (103). Indeed, we confirmed that AMD3100 treatment decreased hypoxia using
pimonidazole staining (Fig. 3.4c). Moreover, AMD3100 treatment substantially lowered
collagen I and hyaluronan expression (Fig. 3.4d and Supplementary Fig. 3.6b,c)
compared to the control.

Figure 3.3. Inhibition of CXCR4 reduces stromal CAFs in tumors. (a) Mice bearing mammary fat pad
windows were implanted with MCa-M3C-CFP breast tumors. Representative time-lapsed images from
intravital multiphoton microscopy of cancer cells (blue) and αSMA+ CAFs (red) at day 1, 3, 7, and 13 during
treatment of AMD3100 or saline (control). CXCR4 inhibition delays the accumulation of αSMA+ CAFs in
both center and periphery of the tumors. (b) Area fractions and representative histology images of tumor
αSMA+ CAFs. AMD3100 reduces CAF density in the tumors (* P < 0.05, Student’s t-test). Scale bar, 100
μm.
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To understand how CXCR4 inhibition might affect tumor fibrosis and
immunosuppression, we performed qRT-PCR on RNA extracted from MCa-M3C tumors
that we treated with AMD3100 or control. Consistent with our observation of reduction of
CAF activity, we found that CXCR4 inhibition significantly reduced several markers of
desmoplasia (Cxcr4, Tgfb, Ctgf, Edn1) (Fig. 3.4e). We confirmed similar results in a
second syngeneic model of ER+ mBCs, the E0771 cell line (Supplementary Fig. 3.7a).
We also analyzed the gene expression levels of various immunomodulatory chemokines
and cytokines in the MCa-M3C tumors using a qRT-PCR array and confirmed the top hits
by qRT-PCR (Fig. 3.4f). Treatment with AMD3100 increased expression of Ifng and Gzmb
(Fig. 3.4f), which are known to be critical for anti-tumor immunity. Notably, we found that
AMD3100 reduced expression of Cxcl5 and Cxcr2 (Fig. 3.4f and Supplementary Fig.
3.7b), which have been implicated in promoting breast cancer metastasis to the lung (273275). To test whether this change of immune-related factors attribute specifically to CAFs,
we implanted orthotopic MCa-M3C tumors into transgenic αSMA-DsRed mice and treated
the mice with AMD3100 or saline (control) for 10 days. The immunosuppressive subtype
of CAFs express high levels of αSMA and FAP in human breast cancers (155), therefore
we also evaluated the FAP+ CAFs in this model. We then sorted out two populations of
CAFs, CD45-dsRed+ and Cd45-FAP+, and measured chemokine/cytokine gene
expression in these CAFs using a qRT-PCR array. In both sorted CAF populations, we
found decreased expression of Cxcl5 (Supplementary Fig. 3.8). These data suggest that

86

CXCR4 inhibition alleviates the fibrotic and immunosuppressive TME induced by CAFs
and further reduces pro-metastatic signaling.

Figure 3.4. Inhibition of CXCR4 reduces tumor desmoplasia and immunosuppression. (a-d)
Histological and biomechanical quantification of orthotopic Mca-M3C tumors in mice treated with AMD3100
or saline. (N = 7) (a) Relative solid stress level in the tumors. AMD3100 decreases solid stress (* P < 0.05).
(b) Fractions of tumor blood vessels with open lumen and representative images of tumor CD31+ vessels.
AMD3100 increases vessel decompression (* P < 0.01). Scale bar, 100 μm. (c) Hypoxic fraction in tumors
measured by pimonidazole injection and staining. AMD3100 reduces tumor hypoxia (*P < 0.05). (d) Tumor
collagen I area fractions. AMD3100 reduces expression of collagen I in the tumors (* P < 0.05). (e-g) Gene
expression (qRT-PCR) analysis on whole tumors isolated from mice treated with AMD3100 or saline
(control). N = 3-4. AMD3100 decreases fibrosis-related genes (e) and modulates expression of immunerelated genes (f). Error bars indicate s.e.m. Analysis by unpaired two-sided Student’s t-test.

Given that CXCR4 inhibition decreased fibrosis and immunosuppression, we
assessed whether it could render the largely resistant mBCs responsive to immune
checkpoint blockade therapies (ICBs). Since CXCR4 inhibitors effectively decreased
spontaneous BC lung metastasis, we first investigated whether blocking the signaling
might have reprogrammed metastatic tumor microenvironment, with or without ICBs. To
evaluate this, we implanted orthotopic MCa-M3C breast tumors in the mice, resected the
primary tumors at a tumor diameter of 13 mm, and waited a week before treatment to
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allow established metastasis to develop. We then treated the mice with a combination
therapy of AMD3100 and a cocktail of blocking antibodies against the immune
checkpoints cytotoxic T-lymphocyte-associated protein 4 (α-CTLA-4) and programmed
cell death 1 (α-PD-1). Three weeks after primary tumor resection, we analyzed the lung
metastatic nodules. Macroscopic observation revealed that the lung metastases in the
treatment groups displayed significantly smaller metastatic nodules (Fig. 3.5a).
Furthermore, immunohistochemical analysis of the lung nodules showed that metastatic
TME also presented with various levels of fibrosis, as indicated by strong deposition of
collagen-I and hyaluronan (Fig. 3.5b,c). In comparison, we found that treatment with
AMD3100 and/or ICBs had lowered ECM expression levels in the metastatic nodules,
possibly due to the smaller size of these metastases (276). Interestingly, we observed
that in the metastases, CD3 T lymphocytes were mainly present along the periphery of
the tumors, displaying a T-cell exclusion phenomenon (Fig. 3.5d) (107, 152). AMD3100
reduced αSMA+ cells and disrupted such physical exclusion and allowed more T cells to
infiltrate into the TME when combined with ICB (Fig. 3.5d). This suggests that CXCR4
inhibition potentially facilitated the infiltration of T cells into contact with cancer cells and
arrested metastatic growth.
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Figure 3.5. Inhibition of CXCR4 reduces desmoplasia and increases effector to regulatory T
lymphocyte ratio in the lung metastases. (a-d) Representative histology images of lung metastases
derived from orthotopic E0771 breast tumors. After primary tumor resection, the mice were treated with
AMD3100 in combination with an immune checkpoint blocker (ICB) cocktail of α-CTLA-4 and α-PD-1 for
one cycle and the lung metastases were collected for analysis. (a) H&E stainings of spontaneous lung
metastases from E0771 tumors. The metastatic nodules (red arrows) are significantly larger in the control,
compared to all three treatment groups. Scale bars, 100 um. (b) Representative images of
immunofluorescence (IF) staining of hyaluronan. Treatment with AMD3100 reduces hyaluronan fraction in
the metastatic TME. (c) Representative images of IF staining of collagen I. Treatment with AMD3100
reduces collagen I in the metastases. (d) Representative IF images showing aSMA (red), Collagen I (white),
and CD3 (green) in the metastases. Combination of AMD3100 and ICB increases infiltration of CD3+ cells
into the TME. (e-f) Flow cytometry analysis of lung metastases derived from orthotopic E0771 breast
tumors. (e) CD3+CD4+Foxp3+ regulatory T cell population. Both the monotherapy and combination therapy
decrease Foxp3 T cells in the tumors (* P = 0.017, by one-way ANOVA). (f) CD8+ to Foxp3+ Treg ratio.
Both AMD3100 increases ratio of effector CD8+ T cells to Treg, and the combination of AMD3100 with
immunotherapy cocktail further extend the ratio (* P = 0.026, by one-way ANOVA). N = 5. Error bars indicate
s.e.m. Scale bar, 100 um.

We also profiled the immune cell populations from the metastases by flow
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cytometry. We found that AMD3100-treatment decreased the number of CD4+FoxP3+
Tregs and increased the ratio of CD8+ to CD4+ FoxP3+ cells (Fig. 3.5e, f and
Supplementary Fig. 3.9a,b), while ICB cocktail also increased the CD8+ to Treg ratio. In
addition, the combination of AMD3100 with ICBs showed greater reversal of
immunosuppression than the monotherapy (Fig. 3.4e,f). Although qRT-PCR analyses
showed that AMD3100 alone did not alter cytokine expression in the metastases, the
combination therapy of AMD3100 and ICBs increased the expression of several markers
of T cell activity (Ifng, Gzmb, Gzma, Tnfa) while decreasing the expression of
immunosuppressive markers (Il10, Tgfb1) and checkpoint molecules (Tigit, Tim3, Pdl1,
Pdcd1, Ctla4) (Supplementary Fig. 3.9c), suggesting a shift to an immunostimulatory
TME.
Finally, we sought to test whether CXCR4 inhibition sensitizes mBCs to ICBs. We
tested the combination of AMD3100 with ICB therapy in the metastatic setting in three
mBC mouse models: MCa-M3C (HER2+), E0771 (ER+), and 4T1 (triple negative). We
implanted orthotopic breast tumors in the mice, resected the primary tumors,, and waited
3 (4T1) or 7 days (MCa-M3C and E0771) before treatment to allow established
metastases to develop. CXCR4 inhibition increased response rates to ICBs and resulted
in significantly fewer metastases in the lungs (Fig. 3.6a-c). Monotherapy of AMD3100
alone provided moderate survival benefits in two of the models, MCa-M3C and E0771,
but not in 4T1 (Fig. 3.6d-f). In contrast, the combination therapy increased median survival
of the mice bearing 4T1 tumors by 35%, with two long-term survivors out of ten. The
combination also extended the median animal survival by 76% (60 days versus 34 days)
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for the mice with metastatic MCa-M3C, with two long-term survivors out of ten.
Furthermore, 57% of the mice with metastatic E0771 were disease-free for more than 6
months after treatment of the combination therapy, extending from a median survival of
35 days in the control. This doubled the 29% cure rate for ICB treatment alone. Thus
these findings indicate that alleviating tumor desmoplasia and immunosuppressive TME
with CXCR4 inhibition sensitizes models of immunotherapy-resistant mBC.

Figure 3.6. CXCR4 inhibition improves outcome of immune checkpoint blockers. (a-c) Quantification
of lung nodules in mice with spontaneous lung metastases arising from orthotopic breast tumors. Mice were
treated with AMD3100 or saline (control) through osmotic pump for 2 weeks, and with or without immune
checkpoint blockades (α-CTLA-4 and α-PD-1) on days 2, 5, and 8. Lungs were collected and counted at
end-point of the metastatic survival studies. Both AMD100 or combination therapy of AMD310 with
immunotherapy cocktail reduce metastatic nodules (E0771: * P = 0.011, MCa-M3C: * P = 0.0018, 4T1: * P
= 0.001). By one-way ANOVA tests. Error bars indicate s.e.m. N= 7-10. (d-f) Kaplan-Meier survival analyses
of metastatic setting study in mice with spontaneous lung metastases arising from orthotopic breast tumors.
(d) Animal survival in mice with spontaneous E0771 lung metastases. The immunotherapy cocktail
improves median animal survival time by 43 days (** P < 001) and the combination with AMD3100 greatly
extend the animal survival by curing 4 out of 7 mice (* P < 0.0001). N = 7. (e) Animal survival in mice with
spontaneous MCa-M3C lung metastases. The immunotherapy cocktail does not improve median animal
survival time but the combination with AMD3100 extends the animal survival by 76%, curing 2 out of 10
mice (* P < 0.001). N = 9-10. (f) Animal survival in mice with spontaneous 4T1 lung metastases. The
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(Continued) immunotherapy cocktail does not improve median animal survival time but the combination
with AMD3100 extends the animal survival by 35% (* P = 0.055), curing 2 out of 10 mice. N = 9-10. By Logrank tests.

3.4 Discussion
CXCR4 is a chemokine receptor frequently overexpressed by many solid tumors
such as breast, colon, and prostate (136). High expression levels of CXCL12 and CXCR4
are predictive of poor prognosis in BC patients (141). CXCR4/CXCL12 signaling
promotes CAF recruitment, activation, and matrix production in BCs and tissue hypoxia
induces CXCL12 and CXCR4 expression in both cancer cells and stromal cells through
HIF1a activation (197). Signaling through CXCR4 in BCs also promotes VEGF-dependent
angiogenesis, myeloid cell recruitment, tumor cell migration, and resistance to therapy
(271, 277, 278). Importantly, gradients of CXCL12, the chemotactic ligand of CXCR4, can
attract cancer and other stromal cells, and regulate their growth and migration at the
metastatic sites (136-138). As such, blocking CXCR4 reduces the development of
metastases (136, 279). Our data confirm these effects in mBC, while also demonstrating
that targeting CXCR4 can overcome the therapeutic resistance of immune checkpoint
blockade in metastatic breast cancers.
Breast cancers and other highly desmoplastic tumors are generally poorly
perfused and hypoxic, all contributing to poor drug delivery and effectiveness. The
chemotactic and metastatic responses mediated by CXCR4 have been demonstrated in
various solid cancers (126, 136, 279, 280). Furthermore, a recent study has shown that
some CAFs can be immunosuppressive and they may be driven by CXCR4/CXCL12
signaling to promote the recruitment and survival of regulatory T cells (155). Our results
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are

consistent

with

the

authors’ observation

that

CXCR4

signaling

in

the

immunosuppressive αSMA+ CAFs can promote infiltration of FoxP3+ Tregs. We found
that the use of CXCR4 inhibitors can decrease Treg populations and increase the ratio of
effector T cells to Tregs in both the primary and metastatic microenvironment of breast
cancers. Furthermore, we showed that silencing CXCR4 expression in the αSMA+ CAFs
decreased tumor hypoxia and desmoplasia. Tumor hypoxia can promote CAF expression
of TGF-b, which can exclude CD8+ T cells from the tumor parenchyma to restrain antitumor immunity following immunotherapy (94, 154). Our data indicate that inactivating
CAFs by CXCR4 inhibition can decrease hypoxia and their immunosuppressive TGF-b
signaling to increase infiltration of CTLs. In addition, it has been demonstrated that the
CXCL5/CXCR2 axis could promote Gr1+ CD11b+ cells into the TME and further
contribute to TGFβ1-mediated metastasis to the lung (274, 275). Our studies showed that
CXCR4 inhibition decreased CAF expression of Cxcl5, pointing to a new mechanism of
CAF-driven recruitment of immunosuppressive CXCR2+ cells such as tumor-associated
macrophages and neutrophils. As such, inhibiting CXCR4 could reprogram CAFs to
down-regulate expression of pro-metastatic cytokines to reduce metastatic development
and provide a more favorable outcome when combined with immune checkpoint
blockade.
To our knowledge, this is the first report characterizing T-lymphocyte exclusion,
fibrosis, and immunosuppression in the metastases of breast cancers. Understanding the
degree of fibrosis and how it influences the local tumor microenvironment in the
metastatic sites of BCs will provide valuable insights for the development of anti-
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metastatic therapies. Extended cohorts of human metastatic breast samples should be
evaluated to help determine whether desmoplasia-targeting therapies such as PEGPH20
(196), vitamin D receptor (226), and CXCR4 inhibitors (152) will benefit patients with late
stage, metastatic disease. Given that CXCR4 signaling is a key driver for tumor fibrosis
and immunosuppression, it is reasonable to speculate that combining CXCR4 inhibition
could potentially unleash further benefits of immunotherapy in mBC patients.
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CHAPTER 4
CXCR3 is a potential biomarker of response to immune checkpoint therapy in
breast cancer

4.1 Introduction
Blocking signaling that dampens T-cell activation through inhibiting negative
regulatory pathways has become an attractive therapeutic strategy in various cancers
(27, 74, 281). The PD-1 pathway signals through cell surface binding of receptor PD-1 on
activated lymphocytes to its ligands PD-L1 and PD-L2 (73). PD-L1 is expressed in a
variety of cells, including tumor cells, dendritic cells, macrophages, fibroblasts, and T cells
(73, 75, 76). PD-L1-expressing tumors can bind to PD-1 on T cells to attenuate their
activity and proliferation. Agents such as nivolumab and pembrolizumab that block PD1/PD-L1 interactions have shown durable responses in many types of advanced cancers
including metastatic melanoma, non-small cell lung cancers, and kidney cancers (27, 282,
283). Reports from early phase-1 clinical studies have demonstrated benefits of a-PD1/a-PD-L1 therapies in patients with metastatic triple negative breast cancers (TNBCs)
(78-81), as well as advanced ER+/HER- BCs (82) (Table 1.2). The objective response
rate ranged from 5% to 24%, in patients receiving either a-PD-1 (78, 81, 82) or a-PD-L1
(79, 80) treatment. This treatment regimen particularly benefited those with high PD-L1
expression in the TME. However, more than 75% of BC patients who received treatment
did not show improved objective response. Despite progress in other tumor types,
characterization of the breast tumor phenotypes that pose significant challenges to the
effects of ICBs remain largely unexplored. Therefore, it is crucial to decipher the
resistance mechanisms involved in those patients that did not respond to ICB and design
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more effective treatment strategies to overcome this resistance. Additionally, identifying
potential biomarkers that will predict responders in BC patients is important for further
development of this treatment modality.
Current approaches to biomarker identification and validation in the clinic have
largely been dependent on immunohistochemical evaluation of PD-L1 protein expression
in the TME (from core biopsies and resected tumors) as a predictor of response to a-PD1/a-PD-L1 therapy. However, across studies of multiple solid tumors including BCs, the
response rate for PD-L1-expressing tumors was a mere 48% (84). While it was better
than the 15% response rate amongst PD-L1-negative tumors, over half of PD-L1expressing tumors were found to be non-responsive. Thus, there is an urgent need to
discover relevant and appropriate biomarkers for ICB response beyond PD-L1
expression.
In vivo experimental mouse models that recapitulate human tumors have been
valuable tools to elucidate mechanism and efficacy of immunotherapy. However,
identification of predictive biomarkers using mouse models is challenging, as murine
tumors are too limited in size for biopsy evaluation. In order to identify predictive
biomarker, once would need to collect the tumors prior to treatment, as in current clinical
practices. However unlike human biopsy, once the mouse tumor is removed, the tumor
status of the mouse becomes unknown. Therefore a method that enables us to analyze
tumor tissues while monitor tumor response is needed. In this study, we utilized a bilateral
tumor approach to establish a novel resection and response model for preclinical ER+
BC. Utilizing two orthotopic tumors in the same mouse allow us to evaluate and elucidate
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early determinants of response to ICBs while monitoring the response of the other tumor
to identify it as responder or non-responder. This is distinct from observations of the
abscopal effects in which localized radiation treatment of one tumor shrinks metastatic
tumor at a distant site (284-286). In addition, this is also different from the instigator and
responder model in which two different cell lines are implanted in the immunodeficient
mice to study dissemination of metastatic cancer cells (287).
Using the “resection” and “response” tumor approach, we sought to identify
potential biomarkers of innate resistance that could differentiate responders from nonresponders to ICB therapy in breast cancers. Here, we found that responder-mice had
higher levels of CD8+ T cell infiltration of in the tumor microenvironment prior to ICB
treatment. Down-regulation of T cell activation and interferon signaling were enriched in
the non-responding tumors. In addition, we found that pre-existing CD8+ T cells with high
expression of CXCR3 were associated with better response to therapy. To dissect the
molecular mechanism, we found that tumors in Cxcr3-/- mice were more resistant to aPD-1 treatment than tumors grown in wild-type mice. These findings suggest that CXCR3
expression on infiltrating CD8+ T cells may be a novel and relevant biomarker for
evaluating response to ICB therapy, and that strategies to enhance CXCR3 signaling in
T cells could potentially further boost the anti-tumor efficacy of ICBs in BC.

97

4.2 Materials and Methods
4.2.1 Cell lines and cell culture
E0771 (ER+) or E0771-GFP cells were cultured in RPMI-1640 medium + 10% FBS
(Gibco); B16F10 cells were cultured in DMEM medium +10% FBS (Gibco, supplemented
with 4.5 g/L glucose). All cells were cultured in a 37°C humidified incubator, with 5% CO2.

4.2.2 Mouse tumor models
Orthotopic E0771 breast tumors were generated by implanting 200,000 cells into
the third mammary fat pad of a 6-8 week-old female C57BL/6 mouse. For bilateral tumor
models, 200,000 cells were implanted into both third mammary fat pads of a 6-8 weekold female C57BL/6 mouse. For histological imaging, 200,000 cells E0771-GFP tumor
cells were implanted into the third mammary fat pad of a 6-8 week-old female C57BL/6
mouse. The melanoma tumor model was generated by subcutaneously implanting 200,00
B16F10 cells into left and right flanks of a 6-8 week-old female C57BL/6 mice. Tumor
sizes were measured with a caliper. All animal procedures were carried out following the
Public Health Service Policy on Humane Care of Laboratory Animals and approved by
the Institutional Animal Care and Use Committee of Massachusetts General Hospital.

4.2.3 Histology
Mice bearing orthotopic E0771 tumors were split into time- and size-matched (~75
mm3) treatment groups. Tumor sizes were measured with a caliper. The mice were then
treated with anti-PD-1 (200 μg, RMP 1-14, BioXcell) or IgG control (200 μg, 2A3, BioXcell)
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on day 0, 3, and 6 post-randomization. Tumors were isolated at different times throughout
the treatment period for dynamic analyses: day 0 (pre-treatment), 2, 5, and 8. The tumors
were removed, fixed in 4% formaldehyde in PBS (30 min/mm diameter of tissue at a
minimum), incubated in 30% sucrose in PBS overnight at 4 °C, and frozen in optimal
cutting temperature compound (OCT) (Tissue-Tek). Frozen sections (20 μm thick) were
blocked with 5% normal donkey serum (NDS) and immunostained with primary
antibodies. CD8 was stained (BioLegend, 53.6-7, 1:100 dilution) and slides were
counterstained with DAPI (Vector Labs).

4.2.4 Histological image analysis
Stained sections were imaged with a confocal microscope (Olympus) and
quantified by selecting eight random fields (four in the tumor interior, and four in the tumor
periphery) at 20x oil magnification. Numbers of CD8 T cells were analyzed based on the
positive CD8 and DAPI staining through a custom MATLAB script using built-in image
processing functions. To obtain mosaic images, a slide scanner was used with a 10x
objective (Zeiss AxioScan Z1, 10X objective). Identical analysis settings and image
thresholds were used for all tumors, and thresholds were determined using negative
control stains utilizing only a secondary antibody.

4.2.5 Flow cytometry analysis
Mice bearing orthotopic E0771 breast tumors were split into treatment groups, and
time- and size-matched for treatment (75 mm3 in E0771). The mice were then treated with
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anti-PD-1 (200 μg, RMP 1-14, BioXcell) or IgG control (200 μg, 2A3, BioXcell) on day 0,
3, and 6. Tumors were isolated at different time during the treatment period: day 0 (pretreatment), 2, 5, and 8. Prior to tissue collection, mice were anesthetized and cardiac
perfused with 10 mL of PBS to remove excess red blood cells. Breast tumor tissues were
then harvested, minced, digested, and incubated at 37 °C for 1 hour with DMEM media
containing collagenase type 1A (1.5 mg/mL), hyaluronidase (1.5 mg/mL), and DNase (2
mg/mL). The digestion mixtures were filtered through 70-μm cell strainers. Single-cell
suspensions were incubated with rat anti-mouse CD16/CD32 mAb for 10 minutes at 4 °C,
and then stained with fluorochrome conjugated antibodies. The stained cell suspensions
were washed and resuspended in cold buffer (1% BSA, 0.1% sodium azide in PBS).
Fixable dye (eFluro780, eBioscience) was used for gating of viable cells. Flow cytometry
data were obtained using an LSRII flow cytometer (Becton Dickinson) and analyzed using
FACSDiva software. The double/aggregated events were gated out using forward scatter
area (FSC-A) vs. forward scatter width (FSC-W) and side scatter area (SSC-A) vs. side
scatter width (SSC-W). Various combinations of the following monoclonal anti-mouse
antibodies were used: CD4 (RM4-5, BioLegend), CD45 (30-F11, BioLegend), CD11b
(M1/70, BioLegend), CD3 (17A2, BioLegend), CD25 (PC61, BioLegend), CD8a (53-6.7,
BioLegend), FoxP3 (FJK-16s, eBioscience), CD279 (29F.1A12, BioLegend), CD274
(10F.9G2, BioLegend), CD152 (UC10-4B9,

BioLegend), CXCR3

(CXCR3-173,

BioLegend), CD19 (6D5, BioLegend), granzyme B (GZ11, BioLegend), Tnf-a (MP6XT22, eBioscience), IFN-g (XMG1.2, BioLegend), IL-2 (JES6-5H4, BioLegend), Ki67
(B56, BD Biosciences), ICOS (15F9, BioLegend).
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4.2.6 RNA-sequencing
Mice bearing orthotopic E0771 tumors were treated with anti-PD-1 (200 μg, RMP 1-14,
BioXcell) or IgG control (200 μg, 2A3, BioXcell) on day 0, 3, and 6. At day 7, the tumors
were then excised and single cell suspensions were made (following the tissue
dissociation protocols described above). The suspensions were diluted in PBS buffer with
2% BSA and 1 mM EDTA and the CD45+CD3+CD8+ T cell population was sorted on
FACS Aria 2. RNA was extracted using Myone Silane Dynabeads (Thermo Fisher
Scientific). The RNA fragments were bar-coded using 8-bp barcodes in conjunction with
standard Illumina adaptors. Agencourt AMPure XP bead cleanup (Beckham
Coulter/Agencourt) and 14 PCR cycles were used to amplify the samples. Sequencing
was

carried

out

on

a

HiSeq

2000

(Illumina).

Using

the

aligner

Salmon

(http://salmon.readthedocs.io/en/latest/salmon.html) under default filtering settings,
sequencing reads (fastqs) were aligned to, and count estimates calculated for, GenCodeannotated mouse (mm12, vM9) transcripts. The R package edgeR (5) was used to
calculate differential expression between responder, non-responder, and control tumors.
The edgeR likelihood ratio (LR) was used to generate a pre-ranked gene list for Gene Set
Enrichment Analysis (GSEA), prepending a negative sign to the LR for genes with a
negative fold change (downregulated in responding-tumors). GSEA was then run preranked with default parameters (1000 gene set permutations, weighted enrichment
statistic), using the Cannoical pathways and Gene Ontology gene set collections provided
by MSigDB (http://software.broadinstitute.org/gsea/msigdb).
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4.2.7 Statistical analysis
The data are presented as means with standard errors (s.e.m.). Groups were compared
using an unpaired Student’s t-test. In pairwise comparisons within studies where multiple
comparisons were made, P values were adjusted using Holm-Bonferroni correction.

4.3 Results
Differential response to ICB treatment in mice from the same genetic background
and housing environment
To determine the therapeutic response of breast cancer to a-PD-1 treatment, we
first assessed how the therapy affected tumor growth rate using an orthotopic model of
estrogen receptor (ER+) E0771 breast cancer. Surprisingly, 2 weeks after treatment with
a-PD-1, while some of the mice responded to the therapy, we observed that there were
consistently ~30-40% of the mice that did not respond (Fig. 4.1a). This was confirmed
through multiple repeat experiments. One explanation for these observed differences
could be due to variation in the host microbiota, as studies have previously demonstrated
(288) (289). Sivan et al. found that wild-type C57BL/6 mice from Jackson Laboratory and
Taconic bearing the same B16.SIY tumors displayed different growth kinetic and different
response rate when treated with a-PD-L1. The differences in tumor growth rate and
immune response were eliminated when they cohoused the mice for three weeks. They
discovered the reason to be the difference in composition of microbiota in the two animal
facilities. However in our study, the mice were bred and co-housed together since birth;
thus, we had preemptively eliminated potential differences in microbiome-induced
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immune responses. Therefore, we sought to determine the underlying causes of
differential responsiveness.
From the tumor growth studies, we observed that the growth behavior of each
mouse began to diverge around day 6, thus allowing us to separate them into a
“responder” and “non-responder” group (Fig. 4.1a, b). While the responding-tumors
regressed, the non-responding-tumors exhibited similar growth rates as the IgG-treated
(control) mice. Clinical biomarker studies have suggested that immune cell infiltrates in
tumors may correlate to eventual therapeutic responsiveness. Thus, to investigate why
the same tumor cell line implanted into genetically identical mice co-housed in same cage
might give rise to different treatment responses, we developed a resection and response
bilateral tumor system (Fig. 4.1c). We implanted the same number of the
same tumor cells into the left and right third mammary fat pad of each mouse at the same
time, resected the tumor on the left mammary fat pad after one treatment cycle (day 7)
for analysis, and monitored the other tumor as it regressed or continued to grow. We were
then able to categorize each animal as either a “responder” or “non-responder”. We
hypothesized that this system could be used to identify early determinants that led to the
observed growth divergence and to further uncover potential biomarkers that distinguish
responders from non-responders.
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Figure 4.1. Identical tumor cells implanted in C57BL/6 co-housed littermates give rise to different
responses to a-PD-1. Representative results from two independent repeated experiments. (a) Tumor
growth in mice bearing orthotopic E0771 breast tumors in C57BL/6 mice. Mice were treated with a-PD-1
mAb on day 0, 3, and 6 (indicated by red arrows). The treatment mice exhibit different growth responses to
ICB therapy. N = 15. (b) Tumor growth behavior of mice bearing E0771 breast tumors. The growth trend of
treated mice begins to diverge at Day 6, separating them as “responders” or “non-responders”. (c)
Schematic depiction of utilizing the bilateral tumor approach to study responders versus non-responders to
immunotherapy. The same numbers of tumor cells are implanted into the left and right mammary fat pad
(MFP) of each mouse; one tumor is removed early after treatment at day 7 for analysis, and the other tumor
is monitored to determine the mouse as “responder” or “non-responder”.

To validate our model, we first tested whether the two tumors displayed the same
immune response to a-PD-1. We found that mice bearing two mammary tumors showed
the same trend in tumor progression or regression following treatment (Supplementary
Fig 4.1a,b). We next evaluated whether removing one tumor might influence the growth
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rate of the other and thus might change the response behavior of the second tumor. We
found that the tumor growth rate did not change following resection of one tumor
(Supplementary Fig. 4.1c). The total tumor burden load decreased but the rate of tumor
burden did not change following removal of one tumor (Supplementary Fig. 4.1d). We
also validated this bilateral tumor approach in a second tumor model (Supplementary Fig.
4.2a-c). In this model, the tumors were more resistant to treatment. Although some tumors
initially regressed, they all eventually relapsed (Supplementary Fig. 4.2c). This model
could be potentially used to study partial responders and tumor recurrence.

Low infiltration of CD8+ T cells early during therapy is associated with poorer
responses to ICBs
To determine whether the distinct treatment response was associated with
differences in the immune TME, we analyzed the immune cell populations in the tumors
by flow cytometry. We collected the tumors before the point of growth separation to
explore what led to tumor progression or regression. We found that the responding tumors
had significantly higher infiltrations of cytotoxic CD8+ T cells (Fig. 4.2a-c). This aligned
with published data that shows higher number of pre-existing tumor infiltrating
lymphocytes (TILs) could be indicators of better response to immune checkpoint
therapies (46, 88, 89). Immunofluorescence staining of the tumors also showed more
uniform distribution of CD8+ T cells in the TME of responding tumors (Fig. 4.2d). On the
other hand, the responding tumors also had lower numbers of CD11b+Gr1+ myeloid-
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derived suppressor cells (MDSC), indicating a less immunosuppressive TME (290, 291)
(Fig. 4.2a,c).

Figure 4.2. Responding tumors show increased T cell infiltration and enhanced ratios of
CD8+/Tregs. Bilateral E0771 tumors mice were treated with a-PD-1 mAb or IgG (control) on day 0, 3, and
6. N = 6-12. Representative data from three independent repeated experiments by flow cytometry. (a)
CD45+CD3+CD8+ T cell and CD45+CD11b+Gr1+ MDSC populations. The responding tumors have
increased numbers of CD8+ T cells and decreased numbers of MDSCs, compared to the control or nonresponding tumors (circled in red and blue) (* P < 0.05, Student’s t-test). (b) Tumor growth curves of mice
receiving IgG control. (c) Tumor growth curves of mice receiving a-PD-1. Tumors in the responding group
regress while tumors in the non-responding mice continue to grow after collection of one tumor (red and
blue curves). (d) Representative immunofluorescence images of non-responding and responding tumors
staining with cancer cells (green), CD8 T cells (red), and nuclei (blue). Responding tumors have higher
infiltration of more uniformly distributed CD8+ cells in the TME. (e-f) Tumors were collected throughout the
treatment period at different time points: day 0 (no-treatment), 2 (after one dose), 5 (after two doses), and
8 (after three doses) to evaluate treatment progression. N = 15-20. (e) Flow cytometry analysis of
CD45+CD3+CD8+ cell population at different treatment time point. Infiltration of T cells increases as the
treatment progressed for the responding tumors, but not in the non-responding tumors (* P < 0.05; ** P <
0.005; *** P < 0.0001). (f) Flow cytometry analysis of ratio of CD8+ T cells to Foxp3+ Tregs. There is an
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(Continued) increase ratio of CD8+/Treg in the responding tumors at different treatment time point (* P <
0.05; ** P < 0.0001). By Student’s t-tests. Error bar indicate s,e.m. Scale bar, 100 um (for enlarged images),
500 um (for whole tumor images).

To further investigate whether the increase in CD8+ T cells was pre-existent in the
responding tumors or if it was induced by ICB treatment, we analyzed the immune cell
populations at different time points during the treatment. We isolated and evaluated
tumors two days after each a-PD-1 dosing, at day 0, 2, 5, and 8. Since pre-treatment
tumor burden could be a predictor for response to a-PD-1 therapy (292), we evaluated
the tumor burden at treatment initiation. We showed that although there was a trend in
responding-tumors that presented with smaller tumor burden, there were no significant
differences in overall tumor burden between responders and non-responders
(Supplementary Fig. 4.3a). Notably, we found that the responding tumors had 2-fold
increased numbers of CD8+ T cells prior to therapy, compared to the non-responding
tumors (day 0, Fig. 4.2e). The infiltration of T cells increased as the treatment progressed
for the responding tumors, but not in the non-responding tumors. Although there was an
increase of CD8+ T cells in the non-responding tumors after the first dose of treatment,
they were likely unable to mount sufficient immune responses to eradicate the tumors as
the mice eventually succumbed (292, 293) (Fig. 4.2e). In addition, there was a significant
increase in the ratio of CD8+ to CD4+FoxP3+ regulatory T (Tregs) cells in the responding
tumors (Fig. 4.2f), further suggesting an enhanced immunostimulatory TME. We found
no difference in the numbers of Tregs between responders and non-responders at earlier
treatment time points; however, there were significantly lower numbers of Tregs in the
responding tumors after three doses of a-PD-1 therapy (Supplementary Fig. 4.3b). These
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findings suggest that the non-responders may have an innate resistance to a-PD-1
therapy, possibly due to the lack of effector T cell infiltration and activation.

RNA-sequencing analysis identifies activation of CD8+ T cells are associated with
response to ICBs
To further characterize the role of T cells in response to a-PD-1 therapy, we
analyzed the transcriptome of these cells by performing RNA-sequencing (RNA-seq)
analysis on CD8+ T cells sorted from the tumor tissues. The tumors were isolated before
the point of growth separation at day 7 (Fig. 4.1c). An unsupervised hierarchical clustering
of the samples clearly separated the responding and non-responding tumor-specific T
cells into two clusters (Supplementary Fig. 4.4). We found 731 genes (P < 0.01) that were
expressed differentially by responding T-cells to non-responding T cells (Fig. 4.3a). We
then first examined the biological processes that were differentially regulated by the two
groups using gene-set-enrichment analysis (GSEA). GSEA Canonical pathway and Gene
Ontology (GO) analysis showed that pathways related to T cell activation, proliferation,
antigen recognition and presentation, and interferon-γ signaling were highly enriched
among the genes up-regulated in the responding group, consistent with enhancement of
immune responses (Fig. 4.3b,d and Supplemental Table 4.1). Conversely, cell cyclerelated pathways were enriched among the genes up-regulated in the non-responding
group (Fig. 4.3c,e and Supplemental Table 4.2); this is in agreement with previous studies
that have shown that PD-1 could arrest T cells in the G1 phase of the cell cycle (294296).
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Figure 4.3. RNA-Seq analysis of responders to a-PD-1 therapy identifies multiple T-cell activation
pathways in breast tumors. Non-responder: N = 5; responder: N = 10. (a) Volcano plot of significantly
differentially expressed genes in CD8+ T cells isolated from responding and non-responding tumors.
Horizontal red line indicates P < 0.01. Vertical red lines indicate fold change >2. (b-c) Enrichment plots
showing pathways from MSigDB Gene Ontology (GO) and REACTOME pathway analysis that are
significantly enriched in T cells from responders or non-responders, with FDR < 0.05. (a) The responders
up-regulate genes related to lymphocyte activation, lymphocyte differentiation, TCR signaling, and
interferon-gamma signaling. (c) The responders down-regulate genes related to cell cycle, cell division, and
cell cycle transitions. (d-e) Number of gene sets that are significantly up-regulated in responding tumors (d)
or down-regulated in non-responding tumors (e). FDR < 0.05. Compiled from GO, REACTOME, KEGG,
and BIOCARTA curated gene sets.

High expression of CXCR3 on effector T cells is associated with response to ICBs

We next identified potential gene targets that are up-regulated in T cells from
tumors that responded to a-PD-1 therapy. Among the top genes differentially expressed
in responding T cells, we found high expression of Cxcr3 and Flt3l, both involved in
trafficking and activity of effector T cells (297, 298). Specifically, Mikucki et al. (298) have
shown that effector CD8+ T cells required CXCR3 for trafficking at the tumor-vascular
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interface. Activated T cells often use CXCR3 to migrate to inflammatory sites that secret
high level of the CXCR3 ligands, CXCL9, CXCL10, and/or CXCL11 (299). However, not
all tumors express those ligands in the TME. Since we have observed significant
infiltration of CD8+ T cells in the TME prior to treatment (Fig. 4.2e), we aimed to
investigate whether CXCR3 expression on CD8+ T cells can be a predictive biomarker
for response to a-PD-1 therapy. To examine this, we utilized the resection and response
tumor approach to collect one tumor from the mice for pre-treatment baseline analysis,
and follow up with treatment on the other tumor to identify the mice as responders or nonresponders (Fig. 4.4a). Interestingly, we again found that the pre-treatment tumor burden
of the responding-tumors was smaller; however, they were not statistically different from
the non-responding tumors (Supplementary Fig. 4.5a, b).
Using flow cytometry, we showed that there was higher CXCR3+CD45+ cell
population in the responding tumors, compared to non-responders (Fig. 4.4b). There was
no difference in the CXCR3+CD45- populations between the groups (Supplementary
Figure 4.5c). Confirming our RNA-Seq analysis, we observed higher expression of
CXCR3 on the CD8+ T cells in the responding tumors (Fig. 4.4c), suggesting CXCR3
could be essential for triggering anti-tumor immunity in the TME. In addition, the
responder-CD8+ T cells expressed higher levels of T cell activation markers such as
granzyme B and ICOS (Fig. 4.4d), although there was no difference in T cell proliferation
(Ki67). The responder-T cells also produced higher levels of immunstimulatory cytokines
including IL2, TNFa, and IFNγ (Fig. 4.4e). To further investigate whether other CXCR3expressing cells could also modulate the response to a-PD-1 therapy, we evaluated other
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immune cell populations. Although we observed a trend in higher CXCR3 expression in
CD19+ B cells and CD4+ T cells, the results were not significant (Supplementary Fig
4.5d), indicating the difference in CXCR3 expression primarily came from the CD8+ T cell
population. Taken together, our results indicate that evaluating CXCR3 expression level
could provide insight into patient response to PD-1 blockade. Furthermore, a
comprehensive analysis of the effector T cell infiltration and activation is important in
predicting response to PD-1 blockade.

Figure 4.4. Expression of CXCR3 on T cells as a potential biomarker of response to a-PD-1 therapy.
(a) Schematic depiction of utilizing bilateral tumors approach to study pre-treatment differences between
responders versus non-responders. The same numbers of tumor cells are implanted into the left and right
mammary fat pad (MFP) of each mouse; one tumor is removed for analysis prior to a-PD-1 treatment, and
the other tumor is monitored to determine the mouse as “responder” or “non-responder”. (b) Flow cytometry
analysis of CXCR3 expression in CD45+ cells. Responders express higher levels of CXCR3 (* P = 0.012).
N=6-9. (c) Expression of CXCR3 in CD3+CD8+ T cells. Responders express higher level of CXCR3 on
their T cells (* P = 0.010). (d) Expression of T cell activation markers by CD8+ T cells. CD8+ T cells in the
responders express higher level of granzyme B and ICOS (* P < 0.05), indicating increased T cell activity.
No difference in proliferation (ki67) observed. (e) Cytokine production of CD8+ T cells. CD8+ T cells in
responders produce more immunostimulatory cytokines, IL2, IFNg, and TNFa, indicating increased
activation (* P< 0.05) . By student’s t-test. Error bars indicate s.e.m.
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Cxcr3-/- mice exhibit more treatment resistance to ICBs
To mechanistically show that CXCR3 expression is important for response to PD1 blockade, we examined whether the loss of CXCR3 expression might lead to lower
therapeutic response in the animals. We implanted tumor cells orthotopically into the
Cxcr3-/- or wild type C56BL/6 mice. We found that only 3 out of the 10 Cxcr3-/- mice
responded, as compared to the typical 60-70% that we observed (Fig. 4.5). The loss of
Cxcr3 expression dramatically reduced the response rate to a-PD-1 from 70% to 30%.
These findings suggest that enhancing the CXCR3 signaling in effector T cells could
potentially help overcome treatment resistance and enhance BC patient response to PD1 blockade.

Figure 4.5 Knockout of Cxcr3 results in more resistant response to ICBs. Tumor growth study in Cxcr3
knockout mice bearing orthotopic E0771 breast tumors treatment with a-PD-1 mAb on day 0, 3, 6. N = 10.
Genetic deletion of Cxcr3 expression leads to 30% response rate (3/10) to a-PD-1 therapy. Black lines
indicate non-responders. Blue lines indicate responders.
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4.4 Discussion
The success of ICBs to treat multiple solid tumors has begun to revolutionize
cancer therapy in the clinic. New clinical trials are being conducted to test ICB therapy in
combination with other treatment regimens to obtain more durable results in cancer types
where single agents are not successful or in patients that are resistant to current ICB
therapy. Clinical results have shown that only a subset of the patients benefits from ICB
treatment regiment and the adverse effects associated with ICB therapies should not be
underestimated. The immune-related adverse events (irAEs) associated with ICBs (300)
could potentially affect the chances of patients who do not respond to have a second
opportunity with other treatments. Therefore, there is a great need to identify biomarkers
of early response to help stratify patients who will benefit from these therapies and provide
better treatment options for the non-responding patients.
Although studies have begun to uncover the resistance mechanisms of response
to ICBs in solid tumors (45), studies to identify mechanisms in breast cancers are still
largely unexplored. Here we investigated the responsiveness of breast tumors to a-PD-1
blockade using a novel resection and response tumor approach in a murine syngeneric
mouse model of ER+ BC. Unlike humans, mice from identical genetic backgrounds and
environments are usually assumed to have the same response to treatment. However,
we observed a difference in response to the same a-PD-1 therapy in our model. Although
not discussed, this differential responses to immunotherapy in the same tumor model
have been shown in other studies (301-303). Increasing evidence has indicated
microbiota can influence host responses to immunotherapy (288, 289) and that could
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contribute to why the same tumor cell line injected into genetically identical mice have
variable responses. However in these prior studies, authors housed mice at different
locations. Here, we found that mice that shared the same cage in the same environment
can have very different response to the therapy, and thus eliminated microbiota as a
potential mechanism of difference in our study. One reason of this observation could be
due to epigenetic changes during the process of immune TME maturation. Each mouse
could trigger different T-cell receptor (TCR) association to develop different immune
selection process such as antigen recognition and presentation. Nonetheless, this
method allowed us to study the extent of immune surveillance in the tumor TME at the
time of treatment initiation.
The bilateral tumor approach has been used previously for evaluating abscopal
effects (284-286) and instigating metastatic tumor cells (287). However, to our
knowledge, this is the first utilization of this technique to 1) evaluate the dynamic
responses of the tumor immune compartment to immunotherapy, and 2) elucidate
potential biomarkers of response. This approach has implications to assess immune
response to conventional therapy as well; for example, this resection/response model
could be used to evaluate responses to systemically administered chemotherapeutic
agents.
Using this resection/response model, we found that low levels of TILs prior to
treatment could contribute to non-responsiveness to a-PD-1 blockade. This was
consistent with other studies identifying TILs as a parameter of responses to therapy in
human breast cancers (56, 67). Therefore, strategies to increase tumor-specific T cell
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immunity such as vaccine or chemotherapy could lead to greater efficacy. Indeed, a
recent phase-1b study combining PD-L1 blockade with nab-paclitaxel has achieved an
objective response rate of 42% in the patients (81), compared to 24% with PD-L1 alone
(79).

We further demonstrated that

the

responding

tumors had

a more

immunostimulatory TME by having increasing levels of T cell activation markers and
cytokine productions of IL2, TNFa, and IFNγ. Immune checkpoint therapies induce the
production of IFNγ, which is critical for enhancing T cell responses (92, 93). Importantly,
we identified that T-cell trafficking signals such as CXCR3 expression on T cells play a
key role in determining breast tumor responsiveness to a-PD-1 blockade. The lack of
Cxcr3 led to loss of tumor sensitivity to the therapy.
Further investigations into the pathways governing CD8+ T cell response within
the breast TME are crucial for creating optimal clinical activity in BCs, potentially through
combination therapies. In addition, approaches to either increase the expression of
CXCR3 or its ligands CXCL9/CXCL10/CXCL11 would elucidate the importance of this
signaling in T cell response to ICBs. Mechanistic studies to genetically delete Cxcr3
expression in effector T cells could elucidate the important role of CXCR3 signaling in T
cells and potentially provide a strategy to boost the anti-tumor efficacy of ICBs in BC.
However, there were also reports indicating inhibition of CXCR3 led to the reduction of
metastatic development (304, 305), due to expression of CXCR3 by tumor cells. Future
studies should identify strategies to enhance the anti-tumor activities of CXCR3 while
avoiding the pro-metastatic function of this signaling axis.
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Lastly, our data highlights the importance of evaluating the dynamic immune
modulation of the TME prior to treatment to understand the potential benefit of
immunotherapy. Here we only evaluated CXCR3 as a potential biomarker to a-PD-1
blockade, but our RNA-Seq analysis has uncovered many up-regulated genes in the nonresponding tumors. Future work will investigate if these gene sets can be used as
biomarkers of non-responsiveness to immunotherapy. Additionally, there are several
unanswered questions remaining to be addressed. For example, does this observation of
CXCR3 as a potential biomarker of T cell responses hold true in human patients receiving
ICBs? To what extend should we characterize the patient TME to accurately delineate
responders to non-responders? Given that most BCs are not highly immunogenic due to
their immunosuppressive TME, it is important to elucidate biomarkers of response to
guide responder selection, as well as to identify potential modes of immune resistance to
pinpoint treatment options for the non-responders.
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CHAPTER 5
Conclusion and Future Directions
Summary
Developing new approaches to improve the current treatment options for mBCs is
of the utmost importance, given the poor prognosis for these patients and lack of
efficacious therapeutic options. With the growing excitement in the field of
immunotherapy, it is important to understand the immunomodulatory roles of the TME to
aid in achieving maximal clinical benefits. The TME of desmoplastic tumors such as
breast tumors is highly immunosuppressive and resistant to therapies. With the timely
studies presented in this Thesis, we propose novel strategies to reprogram the TME to
potentiate ICBs in multiple mouse models of mBCs.
We first developed a new drug delivery platform to target fibrosis in the
desmoplastic TME. CAFs promote a TME that is densely fibrotic, restricted in blood
supply, and resistant to treatment by many modalities – making CAFs attractive
therapeutic targets. Pro-tumor ‘activated’ CAFs are driven partly by angiotensin signaling;
thus, CAFs can be ‘inactivated’ by agents like ARB to normalize the TME to an anti-tumor
state. However, agents like ARBs, which were developed for other indications such as
hypertension, are only modestly effective in cancer as they lack specificity for anti-tumor
activity over other systemic effects (including severe hypotension). To address this
challenge, we developed ARB nanoconjugates that preferentially accumulate and act in
tumors. We created a diverse library of acid-degradable polymers and chemically linked
ARBs to the polymer most sensitive to tumor pH. These TMA-ARBs remain intact and
inactive in circulation while achieving high concentrations in tumors, wherein they break
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down to active ARBs. This tumor-preferential activity enhanced the CAF-inactivating
effects of ARBs while eliminating blood pressure-lowering effects. Remarkably, we also
found that the changes induced by TMA-ARBs in the TME alleviated immunosuppression
and improved T-lymphocyte activity. Accordingly, TMA-ARBs dramatically increased
animal survival when combined with ICBs in mouse models of mBCs.
We next identified new treatment approaches to reduce cancer metastasis, as the
majority of breast-cancer-related death is due to metastatic disease. From our analysis,
we found that metastatic BC patients harbor elevated levels of desmoplasia in both
primary tumors and metastatic lesions, which also express high levels of CXCR4 and PDL1. We showed that targeting the CXCR4/CXCL12 signaling, an important axis that
governs many stromal cell interactions, reduced desmoplasia, increased vessel
perfusion, and significantly improved the efficacy of ICB in mouse models of metastatic
BCs. Using intravital microscopy and flow cytometry, we demonstrated that inhibition of
CXCR4 decreased stromal fibrosis and matrix-producing CAFs, and enhanced the
infiltration and activity of T-lymphocytes in metastatic BCs. Conditional knockout of
CXCR4 expression in αSMA+ CAFs significantly reduced spontaneous lung metastases
and prolonged animal survival in a mouse BC model.
Lastly, an urgent and poorly met need in the clinic is to understand the mechanisms
driving resistance to immunotherapy and identify predictive biomarkers to provide better
therapeutic approaches for patients who do not respond. In a murine ER+ BC model, we
found that ~60-70% of the mice responded to a-PD-1 therapies while the remaining mice
had no/partial responses. Therefore, we utlized a bilateral tumor approach develop a
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novel resection and response model to identify predictive biomarkers differentiating
responders versus non-responders. Using flow cytometry, we showed that tumors from
the responders had significantly higher pre-existing CD8+ T cells and fewer Gr1+CD11b+
myeloid-derived suppressor cells (MDSCs). RNA sequencing of the intratumoral CD8+ T
cells identified down-regulation of T cell activation and interferon-γ signaling pathways in
non-responder tumors. Furthermore, we identified decreased expression of CXCR3 in the
non-responder CD8+ T cells, a chemokine receptor important for trafficking of cytotoxic
T cells. We demonstrated that Cxcr3-/- mice were more resistant to treatment of ICBs.
Our findings suggest CXCR3 could be a potential biomarker and present a new approach
to study mechanisms of resistance and to discover new biomarkers to ICBs in BC.

Future Directions
The promising approach of targeting the tumor stroma has only begun to be
uncovered. Excitingly, there are many ongoing clinical trials targeting different
components of the TME such as fibrosis and angiogenesis, in combination with
immunotherapy. Successful evaluation from these clinical trials will provide much hope to
cancer patients with limited treatment options.
We have presented two effective approaches to target desmoplasia to potentiate
immunotherapy. Future studies should extend these approaches to other desmoplastic
tumor models to understand if they can be translated. Specifically, pancreatic cancers are
one of the most desmoplastic tumors with virtually no therapeutic response to ICBs in the
clinic. Investigating whether reprogramming the TME via blocking signaling such as
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angiotensin could alleviate desmoplasia and sensitize them to ICBs would provide new
hope for PDAC patients. To support that, our lab has recently discovered that tumors from
PDAC patients with chronic use of angiotensin system inhibitors (ASIs) have higher
expression of genes related to immune cell activities.
Future works to investigate other TME-reprogramming agents would also provide
more options to enhance the current treatment. One such approach could be targeting
the endothelin-1 pathway. Endothelin-1 is a vasoconstrictor secreted by endothelial cells,
which could be activated by angiotensin II. It has also been shown to be playing a role in
the development of fibrosis and metastasis in cancers. In addition, studies to evaluate the
synergistic effect of targeting both AT1 and CXCR4 would help elucidating the function of
each pathway. Although we observed significant improvement in animal survival, most of
the mice still succumbed. This suggests that we are able to delay the growth and invasion
of the tumors but not completely eradicating them. To achieve complete therapeutic
response, it is likely that multiple pathways must be targeted at the same time.
In addition to the well-described immunosuppressive T regulatory cells, we have
observed significant differences in the MDSC population between the responders and
non-responders. RNA-seq analysis on the MDSCs from the same cohort as the CD8 T
cells would unravel the complex biology of TME. This will also yield more insights into the
resistant mechanisms distinguishing responders versus non-responders.
Further mechanistic studies should be to investigate the importance of CXCR3 on
CD8 T cells in response to immunotherapy. Genetic deletion of Cxcr3 expression in
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effector T cells could elucidate the important role of CXCR3 signaling in T cells and
potentially provide a strategy to boost the anti-tumor efficacy of ICBs in BC.
The treatment options for metastatic diseases are very limited; largely due to our
insufficient knowledge about what happens once a metastatic niche is established. The
distant and multiple sites of metastatic spread often hinder clinical diagnosis of
metastasis. Metastatic BC patients often are resistant to the multiple therapies, either due
to de novo or acquired resistance. Extending our work on predictive biomarkers, future
studies should be performed to understand whether the gene signatures from our RNAsequencing analysis could be predictive for metastatic development. We will evaluate the
response to therapy at the adjuvant setting. To do so, we would resect the primary tumor
of the mice for analysis, treat the mice, and follow up to see if the primary gene signatures
can be predictive of metastatic development. It is also important to elucidate what governs
the resistance at the metastatic sites, not just based on the primary tumors. The dynamic
landscape of the TME may be very differently between primary tumors and metastases.
A comprehensive characterization of the TME from paired primary and metastasis will be
critical to the understanding of metastatic development and treatment response.
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Appendix
Supplementary Figures

Supplementary Figure. 2.1. Structural characterization of polyacetals. a, Molecular weight of each
polyacetal created in the screen (in Da). Each polyacetal was created from the combination of one polyol
monomer (A1-CL2) and one acetal (E1-E5) or vinyl ether (VE1-VE5) monomer (see Fig. 1). b-d, Sample
gel permeation chromatography (GPC) data. b, Two polyacetals are shown with widely varying molecular
weight: T1-VE3-PEG (Mn = 1.6 kDa) and T4-VE3-PEG (Mn = 18.2 kDa). c, Low pTSA ratios resulted in
insufficient PEG1000 incorporation. Excess pTSA resulted in a yellow-brown color shift, presumably due to
the acidity of pTSA. d, Molecular weight shift upon ARB conjugation. e, The 1H NMR spectrum of T4-VE3PEG. f, The 1H NMR spectrum of the TMA-ARB. Peaks b, d, e in (e) were shifted after conjugation and are
noted in (f) as b’, d’, e’.
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Supplementary Figure. 2.2. Tumor microenvironment-activated ARBs form small nanoparticles. a,
Dynamic light scattering of the TMA-ARB. The TMA-ARB formed nanoparticles of 35 nm mean diameter.
b, Transmission electron microscopy of TMA-ARB nanoparticles. We applied the nanoparticle solution to a
copper TEM grid, stained with 1% uranyl acetate, and dried the sample for analysis. Scale bar, 100 nm.

Supplementary Figure. 2.3. Synthetic schema for conjugation of losartan to polyacetals. Conjugation
of the ARB losartan to a polyacetal. The synthesis involves reaction of the polyacetal with succinic
anhydride to form carboxylic acid groups through which losartan can be conjugated.

Supplementary Figure. 2.4. Tumor-selective delivery of active ARB from the TMA-ARB. a,
Biodistribution of ARB in mice bearing orthotopic AK4.4 pancreatic tumors 24 hrs after intravenous injection
of the ‘free’ ARB or the TMA-ARB at equal doses. The TMA-ARB led to tumor ARB levels 5.5-fold higher
than levels achieved after injection of the ‘free’ ARB. Data are medians ± interquartile range. N=8. b,
Fraction of ARB found in its active (unconjugated) versus inactive (conjugated) form in mice injected with
the TMA-ARB. The TMA-ARB released ARB to its active form selectively in tumors. N=8.
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Supplementary Figure. 2.5. Tumor microenvironment selectivity enhances CAF inactivation by
ARBs. a-c, Representative images for histological analysis of tumor αSMA+ CAF area fractions in
orthotopic MCa-M3C breast tumors in mice treated with ‘free’ ARB, the TMA-ARB, or saline (control). Scale
bar, 100 µm.

Supplementary Figure. 2.6. Tumor microenvironment selectivity enhances collagen depletion by
ARBs. Representative images for histological analysis of tumor collagen I area fractions in (a-c) orthotopic
MCa-M3C breast tumors and (d-f) orthotopic AK4.4 pancreatic tumors in mice treated with ‘free’ ARB, the
TMA-ARB, or saline (control). Scale bar, 100 µm.
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Supplementary Figure. 2.7. Tumor microenvironment selectivity enhances vessel decompression
by ARBs. a-c, Representative images for histological analysis of vessel open lumen fractions in
orthotopic MCa-M3C breast tumors in mice treated with ‘free’ ARB, the TMA-ARB, or saline (control).
Open vessels are those with clearly open lumen extended along their length. The ARB treatments led to
more open large vessels (rounded/elliptical structures) and small vessels (thin tubular structures with
bright walls and dark lumen). Scale bar, 100 µm.

Supplementary Figure. 2.8. Tumor microenvironment selectivity enhances vessel decompression
by ARBs. a-c, Representative images for histological analysis of vessel open lumen fractions in
orthotopic AK4.4 pancreatic tumors in mice treated with ‘free’ ARB, the TMA-ARB, or saline (control).
Open vessels are those with clearly open lumen extended along their length. The ARB treatments led to
more open small vessels (thin tubular structures with bright walls and dark lumen). Scale bar, 100 µm.
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Supplementary Figure. 2.9. Tumor microenvironment selectivity enhances CAF inactivation by
ARBs. Histological and biomechanical analysis of orthotopic AK4.4 pancreatic tumors in mice treated with
‘free’ ARB, the TMA-ARB, or saline (control). a, Tumor collagen I area fractions. Both ‘free’ ARB treatment
(*, P=0.033) and TMA-ARB treatment (**, P<0.01) reduced tumor collagen I expression, with the TMA-ARB
reducing it more (***, P=0.047). N=3-5. b, Relative tumor solid stress levels. Both ‘free’ ARB treatment (*,
P<0.01) and TMA-ARB treatment (**, P<0.01) reduced solid stress, with the TMA-ARB reducing it more
(***, P<0.01). N=4-6. c, Fractions of tumor blood vessels with open lumen, indicating the extent of vessel
compression. Both ‘free’ ARB treatment (*, P<0.01) and TMA-ARB treatment (**, P<0.01) decompressed
blood vessels, with the TMA-ARB most effective (***, P<0.01). N=4. d, Tumor blood vessel density. N=4.

Supplementary Figure. 2.10. TMA-ARBs enhance chemotherapy in breast cancer. Metastatic setting
animal survival studies in mice with spontaneous lung metastases arising from orthotopic MCa-M3C breast
tumors treated with chemotherapy in combination with the TMA-ARB. Following resection of the primary
tumors to leave only the metastatic disease, mice were treated with the TMA-ARB or saline (control) on
days 0-5, and with or without the chemotherapeutic nab-paclitaxel on days 2-6. The chemotherapy alone
did not extend animal survival, yet the combination with the TMA-ARB improved animal survival by 359%
versus the controls (P=0.040) and by 417% versus the immunotherapy cocktail alone (P=0.029). N=4-5.
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Supplementary Figure. 2.11. TMA-ARBs enhance chemotherapy in pancreatic cancer. Primary tumor
growth studies in mice bearing orthotopic AK4.4 pancreatic tumors treated with chemotherapy in
combination with the ‘free’ ARB or TMA-ARB. Mice were treated with the TMA-ARB, ‘free’ ARB, or saline
(control) on days 1-12 following tumor implantation, and with or without the chemotherapeutic 5-fluorouracil
(5-FU) on days 5, 9 and 13. Tumors were measured on day 14. The ARB improved the outcome of
chemotherapy (*, P=0.05), as did the TMA-ARB (**, P<0.01), though the TMA-ARB enhanced
chemotherapy to a greater degree (***, P<0.01). N=5-6.

Supplementary Figure. 2.12. TMA-ARB treatment inhibits multiple immunosuppressive pathways in
breast tumors. a-f, Enrichment plots showing pathways from the MSigDB Hallmarks and Biocarta
collections that were significantly down-regulated in TMA-ARB treated tumors. All depicted gene sets were
among the top ten hits in both collections and had a false discovery rate (FDR) below 10%. TMA-ARB
treatment down-regulated genes related to a, hypoxia, b, TGF-b, c, B cell survival, d, inflammatory
response, e, TOB1, and f, CTLA4 signaling.
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Supplementary Figure. 2.13. TMA-ARB treatment reduces expression of immunosuppressive
genes. Gene expression analysis by qRT-PCR in orthotopic MCa-M3C breast tumors in mice treated with
the TMA-ARB or saline (control). a, Hits from a gene array for cytokines, chemokines, and related genes
for pooled whole tumor lysates from mice treated with the TMA-ARB vs saline. Pooled from N=4-8. b, Gene
expression in PDGFRα+ CAFs sorted from MCa-M3C tumors. Treatment with the ARB and TMA-ARB
decreased Cxcl13 and Fasl expression in these sorted CAFs. Pooled from N=4.
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Supplementary Figure. 2.14. TMA-ARB treatment enhances T-lymphocyte penetration in CAF-rich
tumors. Histological analysis of T cell distribution in orthotopic MCa-M3C breast tumors in mice treated
with ‘free’ ARB, the TMA-ARB, or saline (control). a, Representative histological images of CD3+ T cell
(red) infiltration distance relative to CD31+ vessels (blue). Scale bar, 100 µm. b, Histogram of the distance
between each CD3+ T cell and its nearest CD31+ vessel (pooled from N=10-11 tumors, 8 images per
tumor). c, Mean distance between CD3+ T cells and CD31+ vessels. TMA-ARB treatment increased T cell
penetration of tumors from vessels (*, P=0.048). N=10-11. d, CD3+ T cell density. TMA-ARB treatment
increased the density of T cells at a large distance from the nearest vessel. N=10-11. e, Representative
histological images of CD3+ T cell (red) infiltration distance relative to αSMA+ CAFs (green). Scale bar,
100 µm. f, Histogram of the distance between each CD3+ T cell and its nearest αSMA+ CAF (pooled from
N=6-8 tumors, 8 images per tumor). g, Mean distance between CD3+ T cells and αSMA+ CAFs. ARB and
TMA-ARB treatment decreased the distance between T cells and CAFs (* ** ***, P<0.01).
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Supplementary Figure. 2.15. Tumor microenvironment selectivity enables the enhancement of
immune checkpoint blocker outcomes by ARBs. Primary tumor growth studies in mice bearing
orthotopic E0771 breast tumors treated with immune checkpoint blockers in combination with the ‘free’ ARB
or TMA-ARB nanoconjugates. Mice were treated with the ‘free’ ARB, TMA-ARB, unconjugated polyacetal,
or saline (control) on days 0-7, and with or without a cocktail of immune checkpoint blocking antibodies
against cytotoxic T-lymphocyte-associated protein 4 (α-CTLA-4) and programmed cell death 1 (α-PD-1) on
days 2, 5, and 8. a, Individual tumor growth curves. The ‘free’ ARB, TMA-ARB, and polyacetal
monotherapies did not affect growth. The immunotherapy cocktail alone or in combination with the ‘free’
ARB caused regression and cures in 3 of 7 tumors, while the combination with the TMA-ARB caused
regression and cures in 7 of 7 mice. b, Mean tumor growth curves. The ‘free’ ARB combined with the
immunotherapy cocktail did not significantly improve growth delay when compared with the immunotherapy
cocktail alone, while the TMA-ARB combined with the immunotherapy cocktail improved growth delay
versus the other groups (P<0.01). N=7.
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Supplementary Figure. 2.16. TMA-ARB treatment increases leukocyte infiltration and the cytotoxic
to regulatory T-lymphocyte ratio. Flow cytometry analysis of adaptive leukocyte populations from
orthotopic E0771 breast tumors in mice treated with the TMA-ARB in combination with a cocktail of a
blocking antibody against cytotoxic T-lymphocyte-associated protein 4 (α-CTLA-4) and a blocking antibody
against programmed cell death 1 (α-PD-1). a, CD45+ (leukocyte) cell fractions. The TMA-ARB (*, P=0.030),
the immunotherapy cocktail (**, P=0.036), and the combination with the TMA-ARB (***, P=0.038) increased
CD45+ cell fractions. N=6. b, CD45+CD11b-CD8+ (cytotoxic T-lymphocyte) cell fractions. Again, the
immunotherapy cocktail (*, P<0.01) and the combination with the TMA-ARB (**, P=0.031) increased
CD45+CD11b-CD8+ cell fractions. N=6. c, CD45+CD11b-CD4+ (helper T-lymphocyte) cell fractions.
Similarly, the immunotherapy cocktail (*, P<0.01) and the combination with the TMA-ARB (**, P=0.024)
both increased CD45+CD11b-CD4+ cell fractions. N=6. d, CD45+CD19+ (B-lymphocyte) cell fractions. No
changes were observed. N=6. e, CD45+CD11b-CD4+CD25+FoxP3+ (regulatory T-lymphocyte) cell
fractions. Both the immunotherapy cocktail (*, P=0.026) and the combination with the TMA-ARB (**,
P=0.026) decreased CD45+CD11b-CD4+CD25+FoxP3+ cell fractions. N=6. f, Ratio of CD45+CD11bCD8+ to CD45+CD11b-CD4+CD25+FoxP3+ cells. The ratio was increased by the TMA-ARB (*, P=0.020),
the immunotherapy cocktail (**, P=0.028), and the combination (***, P=0.025).
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Supplementary Figure. 2.17. TMA-ARB treatment increases dendritic cell populations and polarizes
macrophages toward an anti-tumor phenotype. Flow cytometry analysis of innate leukocyte populations
from orthotopic E0771 breast tumors in mice treated with the TMA-ARB in combination with a cocktail of a
blocking antibody against cytotoxic T-lymphocyte-associated protein 4 (α-CTLA-4) and a blocking antibody
against programmed cell death 1 (α-PD-1). a, CD45+CD11b+Gr1-F480+MHCII+ (M1-like macrophage) cell
fractions. Both the TMA-ARB (*, P<0.01) and the combination of the immunotherapy cocktail with the TMAARB (**, P<0.01) increased CD45+CD11b+Gr1-F480+MHCII+ cell fractions. N=6. b,
CD45+CD11b+CD11c+ (dendritic cell) cell fractions. The TMA-ARB (*, P=0.040) increased
CD45+CD11b+CD11c+ cell fractions. N=6. c, CD45+CD11b+Gr1-F480+CD206+ (M2-like macrophage)
cell fractions. Again, the TMA-ARB (*, P<0.01) and the combination of the immunotherapy cocktail with the
TMA-ARB (**, P<0.01) increased CD45+CD11b+Gr1-F480+CD206+ cell fractions. N=6. d,
CD45+CD11b+Gr1+Ly6C+ (monocyte) cell fractions. No changes were observed. N=6. (e) Ratio of
CD45+CD11b+Gr1-F480+MHCII+ to CD45+CD11b+Gr1-F480+CD206+ cells. The M1-like to M2-like ratio
was increased by the TMA-ARB (*, P<0.01) and the combination (**, P=0.021).
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Supplementary Figure. 2.18. TMA-ARB treatment combined with immune checkpoint blockers
increases T-lymphocyte activity and decreases dysfunction. Flow cytometry analysis of markers of
cytotoxic T-lymphocyte activation in orthotopic E0771 breast tumors in mice treated with the TMA-ARB in
combination with a cocktail of a blocking antibody against cytotoxic T-lymphocyte-associated protein 4 (αCTLA-4) and a blocking antibody against programmed cell death 1 (α-PD-1). a, Fraction of cells expressing
CTLA-4. No effect. N=6. b, Fraction of cells expressing PD-1. The combination of the immunotherapy
cocktail and the TMA-ARB decreased PD-1 expression (*, P<0.01), indicating decreased dysfuntion. N=6.
c, Fraction of cells expressing Ki-67. Both the immunotherapy cocktail (*, P=0.010) and the combination
with the TMA-ARB (**, P=0.030) increased Ki-67 expression, indicating increased proliferation. N=6. d,
Fraction of cells expressing Granzyme B. The combination therapy increased GzmB expression (*,
P=0.027), indicating increased activity. N=6. e, Fraction of cells expressing Interferon-g. Both the
immunotherapy cocktail (*, P=0.013) and the combination with the TMA-ARB (**, P=0.015) increased Ifn-g
expression, indicating increased activation. N=6. f, Fraction of cells expressing Tumor necrosis factor a.
Both the immunotherapy cocktail (*, P=0.013) and the combination with the TMA-ARB (**, P<0.01)
increased Tnf-a expression, indicating increased activation. N=6. g, Fraction of cells expressing Interleukin2. No effect. N=6. h, Fraction of cells expressing Tumor growth factor b. The TMA-ARB (*, P=0.019) and
the immunotherapy cocktail (**, P<0.01) decreased TGF-b expression, indicating decreased dysfunction.
N=6.
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Supplementary Figure. 2.19. Treatment with ARBs and immune checkpoint blockers does not affect
animal weight. Measurements of animal weight over the course of treatment of FVB mice on the schedules
as in the tumor growth and animal survival studies. a, Animal weights. b, Organ weights at the termination
of treatment (day 9). None of the treatments affected animal or organ weights significantly. N=5.

Supplementary Figure. 2.20. TMA-ARBs enhance immune checkpoint blockers. Repeated study of
animal survival in mice with spontaneous metastases from 4T1 primary tumors treated with immune
checkpoint blockers in combination with the TMA-ARB. Mice were treated with the TMA-ARB or saline
(control) on days 0-7, and with or without a cocktail of immune checkpoint blocking antibodies against
cytotoxic T-lymphocyte-associated protein 4 (α-CTLA-4) and programmed cell death 1 (α-PD-1) on days 2,
5, and 8. The immunotherapy cocktail did not extend animal survival, meanwhile the combination with the
TMA-ARB improved animal survival by 26% versus the controls (P=0.0453). N=9-10.

158

Supplementary Figure 3.1. Both primary tumor and metastatic lesions are desmoplastic. (a) Area
fraction of hypoxia (CAIX). There is no significant difference of hypoxia expression between primary and
metastatic lesions. N = 14-16). (b) Area fraction of aSMA and collagen I. The metastatic lesions express
higher level of aSMA and collagen I. (c) Area fraction of CD31+ vessels. The metastatic lesions have higher
level of CD31+ vessels. * P < 0.05, Student’s t-test. Error Bars indicate s.e.m.
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Supplementary Figure 3.2. Correlation of CXCR4 expression with PD-L1 human primary and
metastatic breast tissues. (a) There is no difference in the CXCR4 expression between primary tumors
and metastatic lesions. (b) Linear regression analysis shows strong correlation between paired primary and
metastatic lesions (r = 0.603, P = 0.029, Pearson correlation). Error bars indicate s.e.m. (c) Linear
regression analysis show significant positive correlation between CXCR4 and PD-L1 expressions,
combined from all samples (r = 0.452, P = 0122, Pearson correlation). (d) Expression of PD-L1 in primary
tumor and metastatic lesion. N=14-16. There is higher level of PD-L1 expression in the metastases (* P <
0.05, Student’s t-test). (e) Linear regression analysis show no correlation between paired primary and
metastatic lesions in terms of PD-L1 expression (r = -0.062). Error bars indicate s.e.m.
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Supplementary Figure 3.3. Conditional deletion of CXCR4 reduces αSMA+ CAFs in the tumors. (ab) Conditional knockout of Cxcr4 expression were induced by daily injection of tamoxifen (10 mg/kg) for
two weeks before orthotopic E0771 breast tumor implantation. N = 5. All other mice also received tamoxifen
as control. (a) Gene expression of Cxcr4 and Cxcl12 by qRT-PCR in tumors in αSMA-CreERT2/Cxcr4flox/flox
or αSMA-CreERT2-negative (control) mice. αSMA-CreERT2+ mice have reduced expression of Cxcr4 and
Cxcl12 (* P < 0.001). (b) Flow cytometry analysis of CXCR4 expression in αSMA+ cell. AMD3100 reduces
αSMA+ CAFs population in the tumors (* P < 0.05) and the genetic deletion (αSMA-CreERT2) further
decreases the population ( ** P < 0.05). By Student’s t-test.

Supplementary Figure 3.4. CXCR4 inhibition increases the cytotoxic to regulatory T- cell ratio. Flow
cytometry analysis of orthotopic E0771 breast tumors. Genetic deletion of CXCR4 in CAFs with αSMACreERT2/Cxcr4flox/flox mice increases the ratio of CD8+ to regulatory FoxP3 T cells (* P = 0.0027). By oneway ANOVA.
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Supplementary Figure 3.5. CXCR4 inhibition decreases neutrophil cell populations. (a-d) Flow
cyotmetry analysis of myeloid cell population in E0771 tumors. N = 5. (a) CD45+CD11b+ cell fractions. No
change in the groups. (b) CD45+CD11b+Gr1+ myeloid-derived suppressor cell (MDSC) population. No
change in the groups. (c) CD45+CD11b+Gr1+ly6G+ neutrophil cell population. AMD3100 and the genetic
deletion of CXCR4 in CAFs (αSMA-CreERT2) decrease neutrophil cell populations (* P < 0.05). (d)
CD45+CD11b+Gr1-F480+ macrophage cell population. Only the AMD3100-treatment reduces
macrophage cell fraction (* P < 0.05). By Student’s t-test. Error bars indicate s.e.m.
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Supplementary Figure 3.6. AMD3100 reduces fibrosis in tumours. (a) Treatment with AMD3100 does
not affect vessel density. (b) IHC analysis of hyaluronan with AMD3100 treatment. AMD3100 decreases
area fraction of hyaluronan in M3C-M3C tumors (*P < 0.05, Student’s t-test). (c) Representative
immunofluorescence staining of collagen I and hyaluronan, with or without treatment of AMD3100. Scale
bar, 100 um. N = 7 mice per group. Error bars indicate s.e.m.
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Supplementary Figure 3.7. AMD3100 reduces expression of fibrotic and immunosuppressive genes
in orthotopic E0771 breast tumors. (a-b) Gene expression (qRT-PCR) analysis on whole E0771 tumors
isolated from mice treated with AMD3100 or saline (control). N = 3-4. AMD3100 decreases fibrosis-related
genes (a) and modulates expression of immune-related genes (b). * P < 0.05, unpaired two-sided Student’s
t-test. Error bar indicates s.e.m.

Supplementary Figure 3.8. AMD3100 reduces immunosuppressive gene expression in CD45-CAFs
sorted from orthotopic MCa-M3C breast tumors. (a) Hits from a gene array for cytokines, chemokines,
and related genes from aSMA+ CAFs. (b) Hits from a gene array for cytokines, chemokines, and related
genes from FAP+ CAFs. Pooled from N = 4.
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Supplementary Figure 3.9. AMD3100 combined with immune checkpoint blockers increases T cell
infiltration and immune activities in tumor metastases. (a-b) Flow cytometry analysis of lung
metastases derived from orthotopic E0771 breast tumors. After primary tumor resection, the mice were
treated with AMD3100 in combination with a cocktail of α-CTLA-4 and α-PD-1 for one cycle and the lung
metastases were collected for analysis. (a) CD45+CD3+CD8+ (cytotoxic T-lymphocyte) cell population.
The combination of AMD3100 with immunotherapy cocktail increases infiltration of the CD8+ cell fractions
(* P < 0.05), N=5-6. (b) CD45+CD3+CD4+Foxp3- T helper cell population. No changes in groups. (c) Gene
expression analysis by qRT-PCR on the lung metastases derived from orthotopic E0771 breast tumors. N=
3-4. The combination of AMD3100 with immunotherapy cocktail increases expression of markers of T cell
activity (Ifng, Gzmb, Gzma, Tnfa), and decreases expression of immunosuppressive markers (Il10, Tgfb1,
Tigit, Tim3, Pdl1, Pdcd1, Ctla4). * P < 0.05. By Student’s t-test. Error bars indicate s.e.m.
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Supplementary Figure 4.1. Validation of the bilateral two-tumor approach. The same numbers of
E0771 breast tumor cells are implanted orthotopically into the left and right MFP of each mouse. (a-b)
Mice were treated with a-PD-1 mAb or IgG (control) on day 0, 3, and 6. N = 10. (a) Representative tumor
growth curves for mice receiving IgG control. (b) Representative tumor growth curves for mice receiving
a-PD-1. Both tumors in the same mouse (mouse_1 to mouse_3) display the same trend of progressing
tumors. Both tumors in the same mouse (mouse_4 to mouse_6) display the same trend of regressing
tumors. (c) Tumor volume of each MFP normalized to day 0. The growth rate of each tumor did not
change after the removal of one tumor. N = 4. (d) Total tumor burden of each mouse (tumor volume
normalized to day 0). The rate of tumor burden did not change after the removal of one tumor. N = 4.
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Supplementary Figure 4.2. Validation of bilateral two-tumor approach in a tumor model of
melanoma. The same numbers of B16F10 melanoma tumor cells were implanted subcutaneously into
the left and right flank of each mouse. (a-b) Mice were treated with a-PD-1 mAb or IgG (control) on day 0,
3, and 6. N = 10. (a) Representative tumor growth curves for mice receiving IgG control. (b)
Representative tumor growth curves for mice receiving a-PD-1. Both tumors in the same mouse
(mouse_1 to mouse_3) display the same trend of progressing tumors. Both tumors in the same mouse
(mouse_4 to mouse_6) display the same trend of regressing tumors.
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Supplementary Figure 4.3. Responding tumors are associated with less tumor burden and
infiltration of Tregs. Mice were treated with a-PD-1 mAb or IgG (control) on day 0, 3, and 6. Tumors
were collected throughout the treatment period at different time points: day 0 (no-treatment), 2 (after one
dose), 5 (after two doses), and 8 (after three doses) to evaluate treatment progression. N = 15-20. (a)
Pre-treatment tumor volume of each cohort of mice collected at different time point. No statistical
significance between the tumor burdens were observed. (b) CD45+CD4+Foxp3+ Tregs fraction in the
tumors. No differences in Foxp3+ cell population during earlier treatment time points, but there is an
decrease in FoxP3+ cell population in the responding tumors after 3 doses of treatment at day 8 (* P <
0.05, Student’s t-test). Error bar indicate s.e.m.

Supplementary Figure 4.4. Multidimensional scaling plot of the responders versus nonresponders. Unsupervised hierarchical clustering separates responding and non-responding tumors into
two groups.
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Supplementary Figure 4.5. Non-responding tumors have lower expression of CXCR3 in CD8+ T
cells prior to treatment. (a) Tumor grow curves of orthotopic E0771 breast tumors receiving a-PD-1
mAb on day 0, 3, and 6. The same numbers of tumor cells are implanted into the left and right mammary
fat pad (MFP) of each mouse and one tumor was isolated at day 0 prior to treatment. The respondingtumors regress after treatment while the non-responding tumors continue to progress. N=6-9. (b) Pretreatment tumor volume of the responders and non-responders. No statistical significance in tumor
burden were observed (P=0.07). (c) Flow cytometry analysis of CXCR3 expression in CD45- cells. No
difference was observed. (d) Expression of CXCR3 on immune cell populations. There are no significant
differences in CXCR3 expression between responders versus non-responders in other lymphocytes or
myeloid cell populations, except for CD8+ T cells (* P < 0.05). By Student’s t-test. Error bars indicate
s.e.m.
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Supplementary Tables
Supplementary Table 2.1. Treatment with ARBs and immune checkpoint blockers does not induce
tissue toxicity. Clinical chemistry analysis of tissue toxicity at the termination of treatment of FVB mice
on the schedules as in the tumor growth and animal survival studies. None of the treatments induced
significant tissue toxicity, though some of the mice in the immunotherapy groups had high ALT levels.
N=4-5.
Saline

‘free’ ARB

TMA-ARB

Polyacetal

α-PD1 +
α-CTLA-4

‘free’ ARB +
α-PD1 +
α-CTLA-4

TMA-ARB +
α-PD1 +
α-CTLA-4

White blood cells (103/µL)

5.3 ± 1.1

5.42 ± 2.0

4.7 ± 0.3

4.8 ± 1.6

4.1 ±1.1

4.3 ± 1.2

5.1 ± 0.9

Lymphocytes (10 3/µL)

4.1 ± 0.8

4.2 ± 1.6

3.7 ± 0.5

3.6 ± 1.1

3.0 ± 0.9

3.2 ± 1.1

4.0 ± 0.6

Monocytes (103/µL)

0.3 ± 0.1

0.3 ± 0.1

0.3 ± 0.1

0.3 ± 0.1

0.24 ± 0.1

0.3 ± 0.0

0.3 ± 0.1

Granulocytes (103/µL)

0.8 ± 0.3

0.9 ± 0.3

0.8 ± 0.3

0.9 ± 0.5

0.8 ± 0.2

0.8 ± 0.1

0.8 ± 0.2

Lymphocytes (%)

78.2 ± 2.1

77.5 ± 1.8

77.8 ± 7.2

75.0 ± 3.8

74.4 ± 3.3

74.4 ± 2.6

78.1 ± 1.8

Monocyte (%)

5.3 ± 0.7

4.9 ± 0.5

5.4 ± 1.0

6.0 ± 1.1

5.6 ± 0.9

5.1 ± 0.8

5.1 ± 0.5

Granulocyte (%)

16.4 ± 2.8

17.7 ± 1.4

16.8 ± 6.4

19.0 ± 2.7

20.1 ± 2.6

20.6 ± 1.8

16.8 ± 1.4

Hematocrit (%)

49.5 ± 9.2

46.5 ± 4.7

41.8 ± 9.5

45.8 ± 6.3

45.8 ± 4.6

46.7 ± 2.1

44.0 ± 2.6

Mean corpuscular volume (fL)

48.1 ± 0.5

48.4 ± 0.3

48.7 ± 0.5

49.2 ± 0.3

48.9 ± 1.4

48.7 ± 1.2

48.7 ± 0.3

Red cell distribution width (fL)

32.8 ± 0.2

33.2 ± 0.6

32.7 ± 0.8

33.4 ± 0.9

34.2 ± 2.4

33.5 ± 1.2

31.9 ± 0.2

Red cell distribution width (%)

16.0 ± 0.1

16.2 ± 0.5

16.0 ± 0.6

15.9 ± 0.5

16.5 ± 0.7

16.0 ± 0.3

15.2 ± 0.4

Hemoglobin (g/dL)

15.5 ± 2.8

14.7 ± 1.5

13.4 ± 2.8

14.4 ± 1.8

14.5 ± 1.3

14.6 ± 0.6

13.7 ± 1.0

Mean cell hemoglobin conc.
(g/dL)

31.3 ± 0.3

31.7 ± 0.3

32.1 ± 0.8

31.5 ± 0.9

31.7 ± 0.5

31.3 ± 0.3

31.1 ± 0.5

Mean cell hemoglobin (Pg)

15.0 ± 0.3

15.3 ± 0.1

15.6 ± 0.6

15.5 ± 0.5

15.5 ± 0.4

15.2 ± 0.6

15.2 ± 0.2

Red blood cell

(106/µL)

10.3 ± 2.0

9.6 ± 1.0

8.6 ± 2.0

9.3 ± 1.3

9.4 ± 0.9

9.6 ± 0.7

9.0 ± 0.6

Platelet (103/µL)

571.7 ± 356.6

545.8 ± 249.7

733.3 ± 232.8

784.8 ± 111.0

860.0 ± 154.7

588.0 ± 84.9

641.0 ± 230.2

Mean platelet volume (fL)

6.6 ± 0.2

7.1 ± 0.0

7.1 ± 0.6

7.0 ± 0.3

7.0 ± 0.3

7.5 ± 1.0

7.0 ± 0.5

Albumin (g/dL)

2.0 ± 0.6

2.3 ± 0.3

2.0 ± 0.2

2.1 ± 0.3

2.1 ± 0.6

2.7 ± 0.7

2.4 ± 0.5

Alkaline phosphatase (U/L)

72.2 ± 12.9

74.2 ± 9.8

68.8 ± 16.6

67.8 ± 13.5

68.2 ± 10.6

79.6 ± 15.2

66.6 ± 18.0

ALT (GPT) (U/L)

77.2 ± 27.9

88.0 ± 53.6

105.6 ± 124.1

95.8 ± 79.6

139.4 ± 227.9

405.4 ± 311.4

119 ± 102.2

BUN (mg/dL)

23.7 ± 1.2

24.6 ± 2.0

23.9 ± 4.5

24.1 ± 2.7

22.0 ± 1.7

24.4 ± 1.3

25.1 ± 2.3

Calcium (mg/dL)

8.7 ± 0.5

8.9 ± 0.3

9.2 ± 0.4

9.4 ± 0.1

9.2 ± 0.7

8.8 ± 0.4

9.0 ± 0.6

Cholesterol (mg/dL)

166 ± 23.4

185.8 ± 11.8

175.4 ± 13.4

186.5 ± 8.8

172.6 ± 32.2

173.6 ± 21.9

170.6 ± 37.0

Creatinine (mg/dL)

0.2 ± 0.0

0.2 ± 0.0

0.3 ± 0.1

0.2 ± 0.0

0.2 ± 0.1

0.3 ± 0.1

0.2 ± 0.0

Globulin (g/dL)

2.7 ± 0.4

2.8 ± 0.3

2.7 ± 0.1

2.8 ± 0.1

2.7 ± 0.3

2.9 ± 0.4

2.7 ± 0.5

Glucose (mg/dL)

226.8 ± 55.3

194.2 ± 68.4

174.0 ± 60.3

177.3 ± 43.1

160.4 ± 49.1

293.8 ± 117.0

190.0 ± 62.0

Phosphorus (mg/dL)

6.8 ± 0.6

7.0 ± 0.7

8.2 ± 1.5

8.1 ± 1.0

8.4 ± 1.2

9.7 ± 1.1

7.9 ± 1.6

Total Bilirubin (mg/dL)

1.1 ± 1.3

1.0 ± 0.5

0.5 ± 0.3

0.4 ± 0.3

0.4 ± 0.2

2.3 ± 1.4

1.2 ± 0.8

Total Protein (g/dL)

4.7 ± 1.0

5.1 ± 0.5

4.7 ± 0.3

4.9 ± 0.4

4.8 ± 0.9

5.7 ± 1.1

5.0 ± 1.0
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Supplementary Table 3.1. Gene Ontology (GO) analysis of top pathways enriched in the
genes associated with TGFB1, FAP, and COL1A1. FDR: false discovery rate.
Enriched Pathways
FDR
extracellular structure organization (GO:0043062)
1.27E-34
extracellular matrix organization (GO:0030198)
2.20E-34
biological adhesion (GO:0022610)
2.05E-19
cell adhesion (GO:0007155)
6.96E-19
collagen catabolic process (GO:0030574)
1.64E-15
collagen metabolic process (GO:0032963)
2.17E-15
vasculature development (GO:0001944)
4.49E-15
multicellular organismal macromolecule metabolic process
(GO:0044259)
4.54E-15
multicellular organismal catabolic process (GO:0044243)
5.78E-15
cardiovascular system development (GO:0072358)
5.91E-15
multicellular organism metabolic process (GO:0044236)
8.31E-15
circulatory system development (GO:0072359)
8.50E-15
blood vessel development (GO:0001568)
1.51E-13
anatomical structure morphogenesis (GO:0009653)
2.07E-12
multicellular organism development (GO:0007275)
2.35E-12
collagen fibril organization (GO:0030199)
5.30E-12
blood vessel morphogenesis (GO:0048514)
8.72E-12
angiogenesis (GO:0001525)
4.27E-11
regulation of developmental process (GO:0050793)
5.42E-11
system development (GO:0048731)
7.47E-11
regulation of cell differentiation (GO:0045595)
7.59E-11
regulation of cell migration (GO:0030334)
2.91E-10
anatomical structure development (GO:0048856)
4.85E-10
anatomical structure formation involved in morphogenesis
(GO:0048646)
7.89E-10
regulation of multicellular organismal development (GO:2000026)
9.84E-10
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Supplementary Table 3.2. Primer sequences for qRT-PCR analysis.
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Supplementary Table 4.1. GSEA Cannonical pathway analysis (Broad Institute) of top pathways
up-regulated in responders. NES: normalized enrichment score. FDR: false discovery rate.

173

Supplementary Table 4.2. GSEA Cannonical pathway analysis (Broad Institute) of top pathways
down-regulated in responders. NES: normalized enrichment score. FDR: false discovery rate.
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