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Cancer-associated fibroblasts (CAFs) can either suppress or support
T lymphocyte activity, suggesting that CAFs may be reprogram-
mable to an immunosupportive state. Angiotensin receptor block-
ers (ARBs) convert myofibroblast CAFs to a quiescent state, but
whether ARBs can reprogram CAFs to promote T lymphocyte
activity and enhance immunotherapy is unknown. Moreover, ARB
doses are limited by systemic adverse effects such as hypotension
due to the importance of angiotensin signaling outside tumors. To
enhance the efficacy and specificity of ARBs in cancer with the
goal of revealing their effects on antitumor immunity, we de-
veloped ARB nanoconjugates that preferentially accumulate and
act in tumors. We created a diverse library of hundreds of acid-
degradable polymers and chemically linked ARBs to the polymer
most sensitive to tumor pH. These tumor microenvironment-
activated ARBs (TMA-ARBs) remain intact and inactive in circula-
tion while achieving high concentrations in tumors, wherein they
break down to active ARBs. This tumor-preferential activity
enhances the CAF-reprogramming effects of ARBs while eliminat-
ing blood pressure-lowering effects. Notably, TMA-ARBs alleviate
immunosuppression and improve T lymphocyte activity, enabling
dramatically improved responses to immune-checkpoint blockers
in mice with primary as well as metastatic breast cancer.
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Immunotherapy using checkpoint blockers has revolutionized
the treatment of melanoma, lung, head and neck, bladder, and

colorectal cancers (1). However, a similar impact has yet to be
seen in other solid tumors. A hallmark of some nonresponsive
tumors, such as desmoplastic breast cancers, is that they are rich
in cancer-associated fibroblasts (CAFs) and extracellular matrix
(2). CAFs exist in a variety of states that can be either immu-
nosuppressive or immunosupportive (3). Immunosuppressive
CAFs hinder antitumor immunity through secreted factors such
as CXCL12 and CXCL13 (3–7). These CAFs, which are a subset
of myofibroblast-type α-smooth-muscle actin (αSMA+) cells that
may express FAP, can exclude cytotoxic T lymphocytes from
tumors while attracting immunosuppressive regulatory T lym-
phocytes or B lymphocytes (3–6). The dense collagen matrix
produced by αSMA+ CAFs may also present a physical barrier
to the infiltration of T lymphocytes (8). Furthermore, mechani-
cal compression of tumor blood vessels through buildup of
physical pressure, termed solid stress, by αSMA+ CAFs and
matrix leads to tissue hypoxia and low pH (9–11). Hypoxia and/
or low pH can promote T regulatory cell activity, increase ex-
pression of the immune checkpoint protein programmed death-
ligand 1 (PD-L1), and suppress the activity of T lymphocytes
(12–15). Thus, a subset of myofibroblast-type CAFs and the
matrix they generate promote multifaceted immunosuppression.

Therapeutic means for eliminating CAF-driven protumor ef-
fects remain elusive. Reducing the population of activated CAFs
would seem appealing, but genetic depletion of all αSMA+ cells
hinders the immune response and promotes cancer progression
(16). This may be a result of the loss of all myofibroblast-type
CAFs, including immunosupportive CAFs as well as CAF pre-
cursors and related cells such as quiescent fibroblasts, stellate
cells, and pericytes that have critical roles in tissue homeostasis
(17, 18). In contrast, genetic depletion of only FAP+ CAFs can
support antitumor immunity and limit cancer growth (4, 5).
Thus, it is possible to boost antitumor immunity by depleting a
subset of CAFs, although there are limited therapeutic options
for doing so. The fact that there are immunosuppressive and
immunosupportive subsets of myofibroblast-type αSMA+ CAFs
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suggests that CAFs may be reprogrammed between these states.
Indeed, CAFs have been shown to be reprogrammable from
active to quiescent myofibroblast states, for example by blocking
signaling that promotes myofibroblast activity such as angioten-
sin II (AngII) signaling through AngII receptor type-1 (AT1)
(10) or by modulating master transcriptional regulators of myo-
fibroblast phenotype such as vitamin D receptor (17). Agents
such as angiotensin receptor blockers (ARBs), which block AngII
signaling, inactivate the myofibroblast state of CAFs and reduce
αSMA+ CAF levels (10). However, because αSMA+ CAFs may
be either immunosuppressive or immunosupportive, it remains
unknown how these CAF-reprogramming effects of ARBs will
affect antitumor immunity.
The nature of these therapeutics poses an additional challenge

to identifying their effects on the tumor microenvironment.
ARBs and other CAF-reprogramming agents were not designed
for use in cancer. Targeting CAF signaling carries risks inherent
in the importance of these signaling pathways in normal physi-
ological processes. AngII/AT1 signaling, for example, regulates
blood pressure, and the ARBs that inhibit this signaling can in-
duce hypotension and CAF reprogramming with similar potency
(19). As a result, these therapies can only be applied at limited
doses in cancer. Accordingly, an early clinical trial of ARBs in
advanced pancreatic cancer showed moderate anticancer effi-
cacy only at doses that caused hypotension (20), and a recent
trial showed promising results but was limited to nonhypotensive
doses of ARBs (21). Thus, it is currently challenging to evaluate
the potential benefits of ARBs for antitumor immunity.

To explore whether ARBs could have immunosupportive ef-
fects we therefore set out to address these limitations on their
effectiveness in the tumor microenvironment. We hypothesized
that ARBs could be redesigned for greater efficacy in cancer
through modification such that the drugs accumulate and se-
lectively act in tumors. Earlier formulations of ARBs, such as
liposomal encapsulations, have not provided this manner of se-
lective activity (22). Thus, we sought to create targeted forms of
ARBs that are selectively activated in the tumor microenviron-
ment, or TMA-ARBs. We reasoned that chemically conjugating
an ARB to polymers that selectively degrade in the tumor mi-
croenvironment would produce an ARB nanoconjugate with the
desired tumor specificity, as this would afford ARBs a nanoscale
size for improved tumor accumulation and tumor-selective re-
lease for localized activity. As a consequence of hypoxia, many
solid tumors and their metastases are acidic in comparison with
most normal tissues, with pH in the range of 6.7 to 7.2 (23–25),
indicating low pH as an attractive trigger for selective activation
in tumors. While pH-sensitive materials have been available for
nearly four decades (26–28), we aimed to develop materials that
are sensitive to the very small difference between physiological
and tumor pH.

Results
Design of a Chemically Diverse Library of pH-Sensitive Polymers. We
developed a high-throughput combinatorial chemistry approach
to create a chemically diverse library of pH-sensitive polymeric
materials. We employed modular acetal exchange or poly-
condensation reactions (29–31) to polymerize polyol and acetal or
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Fig. 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 seven acetals (Left) and six vinyl ethers (Right) for polyacetal synthesis. (E) High-throughput fluorometric assay of polyacetal pH
sensitivity. 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).
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polyol and vinyl ether monomers, respectively, into polyacetals (Fig.
1A), which degrade under acidic conditions (Fig. 1B). By combining
a set of 36 polyols (Fig. 1C) with a set of 7 acetals and 6 vinyl ethers
(Fig. 1D) using a one-pot synthesis (32, 33), with or without PEG
(molecular weight 400 Da or 1 kDa), we created 936 unique poly-
acetals. We then screened the polymer library by characterizing
molecular weights, nanoparticle formulation ability, and pH sensi-
tivity. Screening the polymers rather than polymer–ARB conjugates
alleviated the synthetic workload while allowing for identification of
useful pH-sensitive polymers. We first eliminated those combina-
tions of monomers that did not produce polymers of molecular
weight greater than 1 kDa following polymerization (SI Appendix,
Fig. S1), reasoning that formation of robust polymers would be
essential for nanoparticle formulation. We formulated the remain-
ing polymers into nanoparticles through nanoprecipitation and
measured nanoparticle formation using dynamic light scattering,
then further eliminated those polymers that did not form nano-
particles with sub-100-nm sizes, which are ideal for tumor pen-
etration (34, 35). 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. 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 pat-
terns, we found that polymers synthesized from hydrophobic
monomers appeared to have insignificant degradation rate dif-

ferences at pH 6.7 and 7.4; the accessibility of polymer acetal
bonds to protons may contribute to acid sensitivity (36). More-
over, we found that the acetals generally hydrolyze more rapidly
than the ketals at acidic pH (e.g., E3C1 versus E1C1), whereas
ketals from cyclic ketone monomers often exhibit slower hydro-
lysis rates than those of ketals from acyclic monomers (e.g.,
E2O1 versus E1O1), similar to recent studies (36). We identified
the polyacetal created through reaction of 1,1,1-Tris(hydrox-
ymethyl)ethane (T4) and di(ethylene glycol) divinyl ether (VE3)
as the material that degraded most selectively at tumor versus
physiological pH.

TMA-ARBs Selectively Accumulate and Act in Tumors. To produce a
prototype TMA-ARB we conjugated the ARB valsartan to this
T4–VE3 polyacetal through an ester linkage (Fig. 2A). Following
conjugation we formulated the TMA-ARB into stable 35-nm
nanoparticles (SI Appendix, Fig. S2) with acid-sensitive ARB
release at pH 6.7 versus 7.4 (Fig. 2B). We also generalized this
approach to other ARBs (e.g., losartan) using modified synthesis
schema (SI Appendix, Fig. S3). We next assessed tumor targeting
by the TMA-ARB in vivo by measuring the biodistribution of
ARB in tumor-bearing mice 24 h following i.v. administration of
either the TMA-ARB or an identical dose (equal amount of
ARB) of “free” ARB. Administration of the TMA-ARB led to
tumor ARB levels (unconjugated and conjugated) nearly sevenfold
higher than levels achieved following injection of the free ARB in
an orthotopic syngeneic MMTV-PyVT–derived MCa-M3C breast
cancer model (P < 0.01; Fig. 2C). The data suggest that these in-
creased tumor levels may be due to slower plasma elimination or
greater tumor accumulation for the TMA-ARB. Importantly, 24 h
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 h (Fig.
2D). We observed similar results in a second cancer model (SI
Appendix, Fig. S4). 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. 2E). Thus, the tumor microenvi-
ronment induces the TMA-ARB to break down and release ARB
preferentially at high levels in tumors.

TMA-ARBs Normalize the Tumor Microenvironment to a Greater
Degree than Free ARBs. We next assessed whether this enhanced
tumor targeting would increase normalization of the tumor mi-
croenvironment driven by CAF reprogramming. 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 αSMA and collagen I expression as direct measures of
CAF activity, as well as solid stress and vessel compression as
consequences of CAF activation (10). TMA-ARB treatment
reduced αSMA+ cell density more than free ARB treatment
(P = 0.037; Fig. 3A and SI Appendix, Fig. S5). Importantly, these
αSMA+ cells include mostly myofibroblast-type CAFs and a
small population of other cells such as pericytes. The TMA-ARB
also lowered collagen I expression (P < 0.01; Fig. 3B and SI
Appendix, Fig. S6) and solid stress levels (P < 0.01; Fig. 3C) more
than the free ARB. By reducing solid stress, the TMA-ARB
decompressed tumor blood vessels (P < 0.01; Fig. 3D and SI
Appendix, Fig. S7) more than the free ARB without affecting
vessel density (Fig. 3E), indicating an increase in perfusion. We
confirmed these results in a second cancer model (SI Appendix,
Figs. S6, S8, and S9). The TMA-ARB also improved the out-
come of chemotherapy (SI Appendix, Figs. S10 and S11), which is
known to be hindered by poor perfusion induced by CAF activity
(10). Thus, the TMA-ARB alleviates CAF-driven pathologies
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and increases vascular perfusion more than the free ARB at an
equal dose.

TMA-ARBs Induce Broad Gene Expression Changes Indicating Reversal
of Immunosuppression. 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 (Dataset S1), gene set en-
richment analysis identified several pathways in the Hallmarks
and Biocarta databases that significantly overlap with differen-
tially expressed genes in our experiment (SI Appendix, Fig. S12).
Among the top hits, we found that TMA-ARB treatment down-
regulated hypoxia and TGF-β pathways, consistent with the re-
ductions in vessel compression and CAF activity we observed.
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 re-
sponse. While ARBs have been shown to modulate the response
of innate immune cells in tumors (37–39), and RNA-sequencing
analysis of pancreatic cancer in patients using angiotensin
converting enzyme-inhibitors suggests reversal of immunosup-
pression (40), ARBs have not yet been shown to activate the
adaptive immune response to cancer. Since CAFs have been im-
plicated in immunosuppression (4–6), we hypothesized that ARB or
TMA-ARB treatment might reprogram the tumor microenviron-
ment into an immunostimulatory milieu.

TMA-ARBs Activate Immunosupportive Pathways in the Immune
Microenvironment. To understand potential effects on the im-
mune microenvironment, we analyzed gene expression in MCa-
M3C tumors using a cytokine/chemokine expression array and
confirmed hits using qRT-PCR (SI Appendix, Fig. S13). Treat-

ment with the ARB or TMA-ARB reduced expression of Cxcl13
and Fasl (P < 0.05; Fig. 3F), which have been implicated in re-
pulsion or exclusion of T lymphocytes by CAFs or vessels (6, 41).
CAF expression of CXCL13 is a marker of an immunosuppres-
sive state (3). Moreover, CXCL13 expression by CAFs can be
induced by TGF-β and hypoxia signaling (42), which our RNA-
sequencing data indicated were decreased by TMA-ARB treat-
ment. 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. 3G and SI Appendix, Fig. S13), indicating a shift from
an immunosuppressive to an immunosupportive state. Since
CXCL13 drives immunosuppression through B-lymphocyte re-
cruitment (6) and our RNA-sequencing 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 expres-
sion using qRT-PCR. We found that ARB and TMA-ARB
treatment decreased expression of Il10 (P < 0.05; Fig. 3H), a
marker of immunosuppressive B lymphocytes (6).
Considering that our RNA-sequencing data indicated that TMA-

ARB treatment decreased Tob1 and CTLA4 signaling, which re-
strain T lymphocyte activity (1, 43), 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 expres-
sion of several markers of T lymphocyte activation (Cxcr3, Gzma,
Gzmb, H2d1, Il6, and Tnfa) while decreasing expression of sup-
pression markers (Il10), indicating activation of cytotoxic T lym-
phocytes (P < 0.05; Fig. 3I). Since the tumor microenvironment can
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Fig. 3. Tumor-targeted ARBs 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, or saline (control). (A) Tumor αSMA+ cell area fractions. TMA-ARB treatment
reduced αSMA+ cell (primarily 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 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+
cells sorted from E0771 tumors. Treatment with the TMA-ARB decreased Cxcl13 and Fasl expression in these sorted cells (P < 0.05). n = 3–4. (H) Gene ex-
pression 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.
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also limit T lymphocytes by restricting their intratumoral distribu-
tion, particularly through high CAF and collagen density (4, 5, 8,
44), 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
a decrease in the distance between CD3+ T lymphocytes and
αSMA+ cells (SI Appendix, Fig. S14), possibly due to decreases in
suppressive signaling by CAFs. Taken together, these data suggest
that ARB or TMA-ARB treatment promote a tumor microenvi-
ronment that is less suppressive of T lymphocyte activity, likely
through decreased hypoxia and TGF-β signaling.

TMA-ARBs Reprogram the Microenvironment and Overcome Resistance
to Immunotherapy. Considering that breast cancers are largely non-
responsive to T lymphocyte-mediated immunotherapies (SI Ap-
pendix, Table S1), 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 mixture of blocking antibodies against
the immune checkpoints cytotoxic T lymphocyte-associated protein
4 (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 im-
prove tumor growth delay when combined with the immune
checkpoint blocker mixture, while the TMA-ARB combination with
the immune checkpoint blocker greatly enhanced growth delay (SI
Appendix, Fig. S15). Since the TMA-ARB 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 T lymphocyte)
cells, increased the ratio of MHCII+ (M1-like, antitumor) to
CD206+ (M2-like, protumor) macrophages, increased the number
of CD11b+CD11c+ (dendritic) cells, and decreased suppressive
TGF-β expression in CD8+ cells (SI Appendix, Figs. S16–S18).
These data further suggest a reversal of immunosuppression by
ARBs. While the immune checkpoint blocker mixture alone also
induced recruitment of leukocytes, particularly CD8+ and CD4+ T
lymphocytes, and activation of CD8+ T lymphocytes as consistent
with previous reports (45, 46), the combination of the TMA-ARB
with the immune checkpoint blocker mixture also reduced CD8+ T
lymphocyte PD-1 expression [a marker of dysfunction (47)] and
generally showed greater immunostimulatory effects than either
treatment alone (SI Appendix, Figs. S16–S18).

TMA-ARBs Improve the Efficacy of Immune Checkpoint Blockers in
Primary Tumors. 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 cancer models E0771, MCa-M3C, and 4T1 in the primary
(orthotopic) setting in syngeneic mice (Fig. 4 A–C). We found
that TMA-ARB monotherapy had no effect on tumor growth.
Meanwhile, the immune checkpoint mixture 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 MCa-M3C or
4T1 tumors, and all responding tumors eventually relapsed.
Combining the TMA-ARB with the immune checkpoint mixture
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 mixture can induce significant toxic effects
(48), only a trend toward higher ALT levels was observed for the
immunotherapy treatments and none of these treatments or
combinations induced significant toxic effects (SI Appendix, Figs.
S19–S21 and Table S2). 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 hinder
cancer progression further.
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Fig. 4. Tumor-targeted ARBs 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-ARBs.
Mice were treated with the TMA-ARB or saline (control) on days 0 to 7, and with
or without a mixture 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 im-
munotherapy mixture alone cause regression in 2 of 6 tumors, while the combi-
nation with the TMA-ARB caused four of six to regress and cured three of six mice.
n = 6. (B) Tumor growth in mice bearing MCa-M3C tumors. The immunotherapy
mixture had no effect on tumor growth, while the combination with the TMA-
ARB increased the time to reach 1,000mm3 by 58%, from 11 to 17 d (P< 0.01). n=
9–10. (C) Tumor growth in mice bearing 4T1 tumors. The immunotherapy mixture
did not affect tumor growth, while the combination with the TMA-ARB increased
the time to reach 1,000 mm3 by 77%, from 10 to 18 d (P < 0.01). n = 8–9. (D–F)
Metastatic setting animal survival studies in mice with spontaneous lung metas-
tases 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 mixture and TMA-ARB using the above schedule. (D) Animal
survival in mice with spontaneous metastases from E0771 primary tumors. The
immunotherapy mixture 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 mixture alone (P < 0.045). n = 6–9. (E ) Animal survival
in mice with spontaneous metastases from MCa-M3C primary tumors. The
immunotherapy mixture did not extend animal survival, yet its combi-
nation with the TMA-ARB improved animal survival by 195% versus the
controls (P < 0.01) and by 151% versus the immunotherapy mixture alone
(P = 0.013). n = 11–13. (F ) Animal survival in mice with spontaneous
metastases from 4T1 primary tumors. The immunotherapy mixture 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 mixture alone (P = 0.0153). n = 9.
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TMA-ARBs Extend Animal Survival in Combination with Immune
Checkpoint Blockers. 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
mixture 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 d (E0771 and MCa-M3C) or 2 d
(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. 4 D–F
and SI Appendix, Fig. S22). Once again the TMA-ARB mon-
otherapy did not affect animal survival. However, in this met-
astatic setting the immune checkpoint mixture 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
mixture increased cure rates to 88% (versus 22% for controls; P =
0.022) for mice with metastatic E0771. Furthermore, this combi-
nation extended median survival by 195% (118 versus 40 d for
controls; P < 0.01) for mice with metastatic MCa-M3C and by
41% (24 d versus 17 d for controls; P < 0.01) for mice with
metastatic 4T1. Importantly, the combination resulted in cures in
45% of the mice with metastatic MCa-M3C, while the immune
checkpoint mixture did not induce cures in this model. Further-
more, the TMA-ARB combined with the immune checkpoint
mixture induced a long-term survival extension in 22 to 33% of the
mice with metastatic 4T1. Thus, the TMA-ARB enhances im-
munotherapy outcomes in models of immunotherapy-refractory
breast cancer.

Discussion
Based on our results we propose a model for how targeting an-
giotensin signaling can reprogram the immunosuppressive tumor
microenvironment promoted by CAFs. CAF activity—prolif-
eration and matrix production—compresses tumor blood vessels
to cause low vascular perfusion and hypoxia (10). Here we
show that the reduction in CAF activity by ARB or TMA-ARB
treatment leads to vessel decompression as well as decreased
TGF-β and hypoxia signaling, similar to our earlier findings (10,
19). Tumor TGF-β and hypoxia signaling can promote immu-
nosuppression by increasing regulatory T lymphocyte function
(15) and by driving exclusion of T lymphocytes from tumors (49,
50). These pathways can also promote CAF expression of
CXCL13 (42), which is expressed by immunosuppressive CAFs
(3) and can suppress T lymphocyte infiltration deep into tumors
via B lymphocytes (6). Our data suggest that reprogramming
CAFs with ARB or TMA-ARB treatment can decrease their
immunosuppressive CXCL13 production. Angiotensin sig-
naling can also recruit protumor macrophages to tumors (38).
Our data also indicate that blocking this signaling increases
the fraction of macrophage population that is more M1-like
(antitumor). 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 en-
hanced efficacy and better outcomes in both primary and
metastatic breast tumors, where these immunosuppressive
mechanisms may be similar.
Importantly, the effects of the TMA-ARB on the tumor micro-

environment are greater than those of the free ARB. Thus, the
TMA-ARB had a particularly large effect on outcomes for immune
checkpoint blockers. Our data suggest that this is a result of
reprogramming the immunosuppressive CAFs and microenviron-
ment into an immunostimulatory state as well as converting CAFs
to a less active and hypoxia-promoting state. Notably, the ARBs had
no direct antitumor effects. We expect that, as is the case with many
immunomodulatory therapies, ARBs must still be combined with

immune checkpoint blockers or cytotoxic therapies to have signifi-
cant antitumor effects. ARBs themselves neither promote cancer
progression nor limit it through their CAF-reprogramming prop-
erties or other effects, in contrast to the potential deleterious effects
of CAF depletion (16, 39). This may suggest that the CAF-
reprogramming effects of ARBs are somewhat specific to in-
hibition of the protumor effects of CAFs. Indeed, the fact that
ARBs promote antitumor immunity could be explained by selective
activity in immunosuppressive CAFs or on immunosuppressive
pathways. Regardless, ARBs can clearly improve the immune re-
sponse to cancer across multiple breast cancer models. Other CAF-
reprogramming agents may have similar effects and should be
explored as well, possibly in formulations that improve their
effectiveness.
Our data demonstrate that agents that have been repurposed

for use in cancer can be redesigned with tumor-targeting prop-
erties to achieve greater efficacy. A similar strategy can be
employed for many other types of anticancer agents to enhance
their tumor-specific activity. Agents like ARBs, which are ad-
ministered at slightly subtherapeutic doses, are likely to benefit
the most from this strategy—as opposed to cytotoxics, which
require increases in dosing by orders of magnitude to see im-
proved responses. Still, these enhanced agents can lead to many
previously undiscovered effects as shown here. The promise of
TMA-ARBs for enhancing cancer immunotherapy outcomes
through CAF and microenvironmental reprogramming warrants
efforts toward clinical translation.

Materials and Methods
MCa-M3C cells (Her2+) were provided by P.H. and were isolated from lung
metastases of mammary adenocarcinomas in mice generating spontaneous
mammary tumors (MMTV-PyVT) (51). Orthotopic breast tumors were gen-
erated 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- to 8-
wk-old female FVB (MCa-M3C model), BALB/c (4T1 model, triple-negative),
or C57BL/6 (E0771 model, triple-negative) mouse. AK4.4 cells (KrasG12D and
p53+/−) were provided by Nabeel Bardeesy, Massachusettts General Hospital,
Boston, MA, and were isolated from mice generating spontaneous pancre-
atic tumors (Ptf1-Cre/LSL-KrasG12D/p53Lox/+) (10). Orthotopic pancreatic tu-
mors were similarly generated by implanting a small piece (1 mm3) of viable
tumor tissue into the pancreas of a 6- to 8-wk-old male FVB (AK4.4 model)
mouse. For metastatic breast cancer models, 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 (1,000 mm3 in E0771 and MCa-M3C and
180 mm3 in 4T1). The primary tumors were surgically excised at this tumor
size to leave only the metastatic disease. 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. The data are presented as means with
SEs. Groups were compared using an unpaired Student’s t test, except for
animal survival studies where a log-rank test was used. In pairwise com-
parisons within studies where multiple comparisons were made, P values
were adjusted using Holm–Bonferroni correction. Experimental procedures
are described in detail in SI Appendix.
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