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CANCER

Relaxin gene delivery modulates macrophages
to resolve cancer fibrosis and synergizes with immune

checkpoint blockade therapy

Xuefei Zhou"*3, Yun Liu', Mengying Hu', Menglin Wang’, Xiangrui Liu?*, Leaf Huang'*

Cancer fibrosis serves as a major therapeutic barrier in desmoplastic tumors. Relaxin (RLN; a systemic hormone) is
efficacious to decrease fibrosis, but the in vivo mechanism of action is not clear. Considering the localization of
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relaxin family peptide receptor type 1 (RXFP1), the receptor for RLN, on macrophages, we hypothesize that macro-
phages can be modulated by RLN to ameliorate cancer fibrosis. Using KPC mouse model of pancreatic ductal
adenocarcinoma (PDAC), here, we report locally expressed RLN with targeted gene delivery induces increased
F4/80*CD206* macrophages originating from Ly6C* monocytes, promoting fibrosis depletion and cytotoxic T cell
infiltration. Moreover, RLN gene delivery synergizes with PD-L1 blockade for tumor inhibition by enhancing
T cell-mediated tumor cell killing and macrophage phagocytosis. Collectively, our results reveal previously unidentified
insights into the modulation of macrophages to regulate tumor-associated fibrosis, providing a feasible strategy to
reverse the immunosuppressive environment and improve the therapeutic outcome of checkpointimmunotherapies.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal
cancers in desmoplastic tumors, with a 5-year survival rate lower
than 10% (I) due to the rapid development of advanced disease or
metastasis. Combination chemotherapy is used as a standard of care
for the treatment of PDAC, including FOLFIRINOX (2), or combi-
nation of gemcitabine and nanoparticle albumin-bound paclitaxel
(3). Still, little benefit is observed in PDAC patients with these com-
plex therapeutic strategies (4). Immune checkpoint blockade (ICB)
therapies targeting programmed cell death 1 (PD-1) or programmed
death ligand 1 (PD-L1) have emerged as an attractive strategy
because of the relatively high specificity and long-term efficacy (5).
Despite success in a large variety of cancer types and clinical trials
(6), little satisfactory therapeutic efficacy of ICB therapies has been
reported in PDAC. The limited response to chemotherapies and ICB
therapies is mainly attributed to the highly desmoplastic microenvi-
ronment (7), which not only prevents the drug penetration but also
limits the infiltration of T cells into the tumor tissue. Although ther-
apeutic benefit has been observed with strategies targeting desmo-
plasia in PDAC (8, 9), the cellular and molecular mechanisms that
are responsible for regulating the microenvironment remain to be
determined.

The tumor microenvironment (TME) of PDAC contains plenti-
ful extracellular matrix (ECM) components, including collagen, fi-
bronectin, laminin, and hyaluronic acid (10). Besides, the fibrotic
stroma also comprises a variety of cell types, such as macrophages,
fibroblasts, pericytes, and nerve cells (11). Macrophages, as one of
the most abundant stromal components in the TME, are associated
with cancer fibrosis and negatively impact on responses to therapy
(12). While macrophages can play a crucial role for both the pro-
gression and resolution of fibrosis for nonmalignant diseases (13, 14),
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tumor-associated macrophages promote cancer fibrosis by modu-
lating the ECM (15). However, the phenotype of macrophages can
be reprogrammed in response to signals received from the micro-
environment to achieve antifibrotic activities (16). Classically, resident
and infiltrating macrophages are usually defined as proinflammatory
M1 and anti-inflammatory M2. However, the macrophage population
in fibrotic tumor is much complex and cannot be simply classified
as M1 or M2 by transcriptional analysis (14, 17). As a result, clearly
revealing the characteristics of macrophages on the basis of func-
tion in cancer fibrosis is important for exploring the full spectrum
of macrophage activation.

RLN is a potent antifibrotic hormone by inhibiting fibroblast ac-
tivation after binding to its primary receptor RXFP1 (relaxin family
peptide receptor type 1) (18). While previous studies on the breast
cancer model reported that RLN enhanced tumor growth and metas-
tasis (19), the therapeutic potential of RLN has been well established
in pancreas cancer cell xenografts (9, 18). Moreover, we have shown
that locally expressed RLN in metastatic liver serves as a regulator to
deactivate hepatic stellate cells and reverses the stromal environment
(20). However, macrophages also express plenty of RXFP1 (21), sug-
gesting that fibroblast reeducating may not be the sole activity for
RLN. Thus, an understanding of the in vivo mechanism of how RLN
stimulates macrophages to modulate the microenvironment is critical
to thoroughly elucidate the action of RLN.

In this report, we studied mouse models of KPC pancreatic
cancer, BPD6 melanoma, and 4T1 breast cancer and demonstrated
macrophages constituted the main source of RXFP1, instead of
fibroblasts, in the tumor tissues. Using KPC mouse model, we found
locally expressed RLN with targeted gene delivery abrogated fibrosis
and facilitated T cell infiltration. We further investigated the mech-
anism by which macrophages regulate the tumor stroma. We found
RLN gene delivery increased intratumoral F4/80"CD206" macro-
phages originating from Ly6C" monocytes. Depletion of these mac-
rophages attenuated the antifibrotic activity of RLN, indicating the
importance of macrophages for RLN to facilitate cancer fibrosis res-
olution. The combination of RLN gene delivery and PD-L1 blockade
therapy achieved synergistic antitumor effect by enhancing T cell-
mediated tumor cell killing. Besides, RLN gene delivery depleted
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macrophage PD-1 to enhance phagocytosis by cooperating with
PD-L1 blockade, contributing to the overall anticancer efficacy.

RESULTS

Macrophages constituted the main source of RXFP1

in desmoplastic tumors

Previous studies mainly focus on the expression and function of
RXFP1 on fibroblasts (22), but the distribution of RXFP1 in the
TME remains undetermined. To investigate the expression and
localization of RXFP1 in desmoplastic tumors, three tumor models
with dense stroma were established, namely, orthotopic KPC
pancreatic tumor, BPD6 melanoma, and 4T1 breast cancer. We first
used immunofluorescence (IF) staining to monitor the localization
of RXFPI in the desmoplastic microenvironment. As shown in
Fig. 1A, RXFP1 was labeled with anti-RXFP1 in red, and cell nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI) in blue.
Macrophages and fibroblasts were stained with anti-F4/80 (cyan) and
anti-o-SMA (smooth muscle actin) (green), respectively. We observed
that RXFP1 was expressed by both macrophages and fibroblasts. On
the basis of quantification analysis, we further demonstrated that
RXFP1 was mainly expressed by macrophages instead of fibroblasts
(55.6 + 5.5% versus 25.4 + 9.1%, P < 0.001) in the KPC tumor tissue.
Similar results were also observed in both BPD6 melanoma (55.5% =+
16.6% versus 32.0 + 4.5%, P < 0.05) and 4T1 (60.1 + 9.3% versus
30.2 £ 5.9%, P < 0.001) tumor models. Flow cytometry was further
used to investigate the distribution of RXFP1 in KPC tumor tissue.
Consistently, RXFP1 was mainly expressed by macrophages, occu-
pying ~70% of all RXFP1-positive cells, with ~20% RXFP1 localized on
fibroblasts (P < 0.001). Besides, more than 70% of cells expressed RXFP1
in both macrophage and fibroblast populations (Fig. 1B). Thus, macro-
phages in TME should play a major role in the response to RLN.

RLN gene delivery generated local expression of RLN

in the tumor

The short circulation half-life and the potential off-target effect of
RLN peptide restrict its direct use for therapy (18). However, targeted
delivery of RLN plasmid (pRLN) into the tumor tissue might be a
promising strategy by generating local expression of RLN. Amino-
ethyl anisamide (AEAA)-conjugated lipid-protamine-DNA (LPD)
nanoparticles have shown high specificity for the delivery of macro-
molecules, including plasmid DNA, small interfering RNA, and
mRNA to tumors by targeting the sigma-1 receptor (23). Therefore,
we first evaluated the sigma-1 receptor expression in KPC pancreatic
tumor and found a notable increase in the tumor tissue compared
with normal pancreas (fig. S1A). AEAA-conjugated LPD nanoparticles
for the encapsulation of pRLN were then prepared according to a
standard protocol (fig. S1B) (24). The size of LPD nanoparticles was
~100 nm, and the zeta potential was ~30 mV according to dynamic
light scattering measurements (fig. S1C).

The allografting KPC pancreatic tumor with dense stroma was
then established by orthotopic injection of KPC cells into the tail of
pancreas. To evaluate the biodistribution of LPD nanoparticles
in vivo, approximately 0.1% of a fluorescence dye DiD was incorpo-
rated into the lipid membrane of LPD nanoparticles as a tracer to
monitor the accumulation of nanoparticles in major organs and the
tumor. After 14 days of tumor inoculation, DiD-labeled LPD nanopar-
ticles were intravenously administrated. Mice were euthanized after
24 hours. Major organs and tumors were collected to analyze the
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biodistribution with the In Vivo Imaging System (IVIS) imaging system
(fig. S1D). AEAA-conjugated LPD nanoparticles predominantly ac-
cumulated in the tumor tissue, which showed about twofold higher
tumor accumulation compared with nontargeted LPD nanoparticles
(fig. S1E). Local expression of RLN in the tumor after plasmid en-
coding green fluorescence protein (pGFP) or pRLN delivery was
further investigated with enzyme-linked immunosorbent assay (ELISA)
assay 48 hours after administration. An about fourfold increase was
observed in pRLN-treated group compared with pGFP-treated mice
(fig. S1F).

RLN gene delivery suppressed tumor growth and

remodeled the TME

The KPC pancreatic tumor model was first used to investigate the
therapeutic efficacy of pRLN delivery. KPC cells with a vector
carrying mCherry red fluorescent protein (RFP) and firefly lucifer-
ase (Luc) (KPC-RFP/Luc) were orthotopically inoculated into the
pancreas to generate the tumor model, and the dosing schedule was
presented in Fig. 2A. Tumor growth was monitored by imaging the
bioluminescence after injection of luciferin into the mice (Fig. 2B)
and quantifying the number of photons emitted by the tumor
(Fig. 2C). We found that there was no significant difference of tumor
growth between phosphate-buffered saline (PBS)- and pGFP-treated
mice. However, suppressed tumor progression was observed in
pRLN-treated group (Fig. 2C). Decreased tumor weight at the end
of the experiment in pRLN-treated mice further confirmed the sig-
nificant antitumor efficacy of pRLN delivery compared with PBS-
or pGFP-treated groups (Fig. 2D). In addition, the overall survival
analysis demonstrated that pRLN delivery enhanced the median
survival (47 days) compared with the administration of PBS (32 days)
(P < 0.05) or pGFP (34 days) (P < 0.05) (Fig. 2E), indicating the
relatively long-lasting therapeutic response induced by RLN gene
delivery. As pGFP delivery did not show any therapeutic efficacy
compared with PBS control, we chose PBS- and pRLN-treated groups
for further analyses.

IF staining and Masson Trichrome assay were performed to
demonstrate the modification of TME after pRLN delivery. A decrease
of a-SMA expression could be clearly observed in pRLN-treated
group (6.4%) compared with PBS-treated mice (16.7%) (P < 0.05).
The collagen content, as a major protein in the tumor stroma,
decreased to 12 from 30% (P < 0.001) after pRLN treatment. The
CD3" T cell infiltration significantly increased (from 1.6 to 6.0%;
P <0.01) in response to the stromal microenvironment remodeling
by the administration of pRLN (Fig. 2F). Reduced expression of
0-SMA and collagen I after pRLN treatment was further confirmed
by Western blot analysis (Fig. 2G and fig. S2). Reverse transcription
polymerase chain reaction (RT-PCR) was used to detect the mRNA
levels of matrix metalloproteinase (MMP) in the tumor, including
MMP2, MMP9, and MMP13, which are responsible for the ECM
degradation. As shown in Fig. 2H, pRLN delivery significantly in-
creased the mRNA levels of MMP9 (8.5-fold) and MMP13 (20-fold)
compared with PBS-treated group, but no obvious increase of
MMP2 mRNA was detected. A 2.5-fold increase of interferon-y
(IFNy) mRNA was also observed following RLN gene therapy
(Fig. 2H). We subsequently used flow cytometry to analyze the im-
mune microenvironment modulation in the tumor tissue. As shown
in Fig. 21, RLN gene delivery increased the infiltration of CD8" T cells,
activated dendritic cells (DCs), and natural killer (NK) cells but
significantly (P < 0.01) decreased the level of regulatory T cells,
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Fig. 1. The expression and distribution of RLN receptor RXFP1 in desmoplastic tumors. (A) The distribution of RXFP1 in three different desmoplastic tumors includ-
ing KPC pancreatic cancer, BPD6 melanoma, and 4T1 breast cancer (n =5 samples per group). Macrophages were stained with anti-F4/80in cyan, and fibroblasts in the
tumor tissue were stained with anti-a-SMA (green). RXFP1 was stained in red with the anti-RXFP1 antibody. Cell nuclei were stained with DAPI in blue. (B) The distribution
of RXFP1 in KPC pancreatic tumor further evaluated by flow cytometry (n = 6). Statistical significance was calculated using t test. *P < 0.05, ***P < 0.001.

suggesting that the immunosuppressive microenvironment has been
reversed by RLN gene therapy.

The anticancer effect was also evaluated in BPD6 melanoma,
another desmoplastic tumor model. Similarly, pRLN delivery in-
hibited the tumor growth with shrinking tumor size and reduced
tumor weight compared with pGFP treatment. Consistently, de-
creased fibrotic stroma and improved immune microenvironment
were observed (fig. S3).
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RLN gene delivery induced macrophage-mediated fibrosis
depletion and T cell infiltration

Macrophages in tumor tissue are polarized toward a proinflammatory
(antitumor) M1 or anti-inflammatory (protumor) M2 phenotype,
depending on various stimuli (25). Here, we first analyzed the pheno-
type of macrophages with widely used markers after treatments of
PBS or pRLN. We found an increase of F4/80"CD11b" total macro-
phages in the TME after pRLN administration. In addition, the
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Fig. 2. RLN gene delivery suppressed tumor growth and modified TME in KPC pancreatic tumor model. (A) The dosing schedule for the administration of pRLN.
(B) Tumor growth monitored by IVIS imaging after different treatments and (C) the quantification of the imaging data (n = 4). (D) Tumor weight recorded on day 26 after
the sacrifice of mice (n=4). (E) Survival curves in each treatment group (n=5). (F) Modification of the TME detected by IF staining and Masson Trichrome and the
quantification of a-SMA, collagen expression, and CD3* T cell infiltration (n=5 samples per group). (G) Expression of a-SMA and collagen | detected with Western blot
after the administration of PBS or pRLN (n = 3). (H) Relative expression of MMP2, MMP9, MMP13, and IFNy detected by RT-PCR (n =4). (I) Immune cell infiltration in the
tumor tissue detected by flow cytometry (n =4). Statistical significance was calculated in (C) using two-way analysis of variance (ANOVA) with multiple comparisons, in
(D) using one-way ANOVA with multiple comparisons, in (E) using log rank test, and in (F), (H), and (I) using t test. *P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant;
Tregs: regulatory T cells.
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population of F4/80"CD206" (traditionally recognized as M2 phe-
notype) macrophages was also augmented (P < 0.001) following pRLN
delivery. In contrast, the number of F4/80"CD206™ macrophages
did not change (Fig. 3A). RT-PCR analysis showed a shift of chemo-
kines related to monocyte/macrophage recruitment, including CCL2
and CCL5 (Fig. 3B), suggesting enhanced recruitment of monocytes/
macrophages. Consistent with the increase of F4/80"CD206" macro-
phages, up-regulated mRNA levels of CD206 (MRC-1) were ob-
served after pRLN delivery. Meanwhile, the mRNA expression of
interleukin-1la (IL-1a) (responsible for the production of inflam-
mation) also increased and FGF2 (fibroblast growth factor 2) re-
mained unchanged (Fig. 3B). As PD-1 commonly correlates with
CD206" M2 macrophages (26), macrophage expressed PD-1 was
further investigated. We found that RLN gene delivery significantly
reduced PD-1 expression in F4/80" total macrophages (Fig. 3C), espe-
cially in F4/80"CD206" “M2-like” macrophages (P < 0.01) (Fig. 3D).
These observations demonstrate that the F4/807CD206" macrophages
induced by pRLN delivery were different from the traditional pro-
tumor M2 macrophages and may have distinct functions.

An in vitro experiment was further performed to evaluate RLN
caused modulation of macrophages using RAW264.7 cells as a
model. The results showed that RLN slightly increased the expres-
sion of Arg-1 (an M2 marker) mRNA (1.6-fold, P < 0.05) in IL-4-
stimulated cells, without changing the mRNA levels of iNOS (an
M1 marker) (fig. S5A). Instead, RLN showed the capacity to elevate
iNOS (1.5-fold, P < 0.05) in LPS and IFNy-treated cells but had no
effect to alter the expression of Arg-1 (fig. S5B). These data indicate
that RLN-induced macrophage modulation is beyond the pheno-
type transition between classical M1 and M2. Notably, RLN-treated
RAW?264.7 cells showed increased mRNA levels of MMP13 (fig. S5C),
suggesting the potential role of modulated macrophages to degrade
fibers in the tumor tissue.

Clodronate is a macrophage toxin if it is delivered inside the cells
(27). We performed macrophage depletion by using clodronate en-
capsulated liposome (CEL) to determine the significance of modu-
lated macrophages to regulate the TME. As shown in Fig. 4A,
F4/80"CD11b" total macrophages were down-regulated after the
cotreatment of CEL and pRLN compared with pRLN delivery alone.
Similarly, the amount of F4/80"CD206" macrophages also declined
in the presence of both CEL and pRLN. To determine whether the
increased F4/80"CD206" macrophages arise from infiltrated mono-
cytes, we further measured Ly6C (a cell surface glycoprotein to
identify murine monocytes) expression in the subset of CD206"
macrophages. While RLN gene delivery significantly increased the
population of Ly6C" macrophages, CEL depleted this subset (fig. S5).
These results are consistent with the up-regulation of CCL2 (a
monocyte chemokine) expression, indicating that RLN gene delivery
stimulates macrophages originating from monocytes to infiltrate
into the tumor tissue. Subsequently, we found that the mRNA levels
of MMP13, IFNY, and CXCL9 decreased in the presence of CEL
(Fig. 4B). Masson Trichrome assay showed restored collagen depo-
sition in the tumor following the treatment of CEL and pRLN
(Fig. 4C), suggesting that the antifibrotic activity of pRLN was
impaired because of the depletion of the macrophage subset. Corre-
spondingly, the accumulation of CD3" T cells, especially CD8" T cells,
decreased in CEL and pRLN cotreated group (Fig. 4, C and D). Further,
an increase of tumor weight was observed in mice treated with both
CEL and pRLN compared with pRLN delivery (Fig. 4E), indicating
attenuated antitumor efficacy of RLN gene delivery by depleting the
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F4/80"CD206" macrophages. These data illustrate the importance of
F4/80"CD206" macrophages originating from Ly6C" monocytes for
RLN to regulate fibrosis depletion and T cell infiltration. The dosing
scheme of the treatment of CEL and pRLN is presented in Fig. 4F.

RLN gene delivery significantly improved therapy response
to PD-L1 blockade

High levels of PD-L1 expression is associated with active response
to PD-1/PD-L1 blockade therapy (28). However, PD-L1 blockade
alone shows unsatisfactory antitumor activity in some desmoplastic
tumors, such as PDAC, due to the “cold” immune microenvironment
with insufficient T cell infiltration (6). The antifibrotic activity of
PRLN delivery makes it a promising strategy to improve the therapy
response to PD-L1 blockade via increasing T cell abundance in the
tumor tissue. Therefore, a therapeutic strategy was proposed with
the combination of pRLN and anti-PD-L1 (mAb) (Combo) for KPC
tumor treatment (Fig. 5A). We found that RLN gene delivery alone
induced remarkable tumor suppression according to the decreased
tumor weight compared with PBS control group. No significant dif-
ference of tumor weight was observed between anti-PD-L1- and
PBS-treated groups, which is consistent with the limited clinical
therapeutic outcome of ICB therapies in PDAC. However, the
Combo group achieved the lowest tumor weight, indicating a markedly
improved therapy response to PD-L1 blockade by RLN gene delivery
(Fig. 5, B and C). Besides, the combination therapy induced an about
twofold increase in the median survival (65 days) compared with
PBS (31 days)- or anti-PD-L1 (35 days)-treated groups (Fig. 5D),
demonstrating that a long term anticancer efficacy has been generated
in the Combo group. Subsequently, CD4" and CD8" T cells were
depleted respectively with antibodies to determine the involvement
of T cells in the combination therapy (fig. S6). As expected, the ob-
vious decrease of tumor weight was compromised when CD8" T cells
were removed (Fig. 5E). Therefore, improved T cell infiltration in
the tumor tissue is a major cause for the enhanced antitumor efficacy
of the combination therapy. However, depletion of either CD4"
or CD8" cells did not completely remove the therapy effect of the
Combo group, suggesting the existence of other tumor cell killing
mechanism(s).

RLN gene delivery synergized with PD-L1 blockade to induce
tumor cell apoptosis

We next investigated the mechanisms responsible for the enhanced
anticancer efficacy in the combination therapy. We have demon-
strated that RLN gene delivery facilitates fibrosis depletion in the
tumor tissue. Consistently, a decrease of collagen expression was
observed in both pRLN- and Combo-treated groups compared with
PBS control group. In contrast, PD-L1 blockade alone showed com-
parable collagen deposition with PBS-treated group, indicating little
efficiency in modulating tumor stroma by this antibody (Fig. 5F).
T cell infiltration was subsequently evaluated by detecting CD3"
T cells with IF staining. While low infiltration of CD3" T cells was
observed in both PBS and anti-PD-L1-treated groups, the accumu-
lation of CD3" T cells significantly increased following the treatment
of pRLN or Combo (Fig. 5F). Sufficient infiltration of T cells can
achieve compromised anticancer efficacy due to PD-L1 expression
on tumor cells (Fig. 5G). We therefore only found a marginal increase
of apoptotic cells in the tumor after pRLN treatment, though a marked
growth of T cell infiltration has been observed. The percentage of
apoptotic cells significantly increased within the Combo group,
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Fig. 3. RLN gene delivery altered macrophage populations in the tumor. (A) Evaluation of the change of macrophage populations in the tumor after different treat-
ments by detecting a macrophage pan-marker F4/80 and a traditional M2 marker CD206 with flow cytometry (n=4). (B) Relative mRNA expression of cytokines in the
tumor of mice bearing KPC tumor following PBS or pRLN treatment (n=4). (C) PD-1 expression on F4/80" macrophages and (D) F4/807CD206" macrophages in each
treatment group (n = 3). Statistical significance was calculated using t test. *P < 0.05, **P < 0.01, and ***P < 0.001.

suggesting an improved therapeutic outcome. PD-L1 expression on
tumor cells was also detected by flow cytometry. Efficient blockade
of tumor cell PD-L1 in both anti-PD-L1- and Combo-treated
groups was observed (Fig. 5G). We next investigated the immune
microenvironment modification induced by the combination thera-
py. The results showed that the immune microenvironment was not
improved with PD-L1 blockade alone according to the constant
number of CD8" cytotoxic T cells and even decreased accumulation
of CD4" T cells and NK cells compared with PBS control. However,
the combination therapy significantly increased CD8" T cell and
NK cell infiltration compared with PD-L1 blockade therapy (Fig. 5H).
Overall, these findings (Fig. 5, F and H) demonstrate that pRLN

Zhou et al., Sci. Adv. 2021; 7 : eabb6596 17 February 2021

delivery can improve the immune response to PD-L1 blockade
therapy by facilitating T cell infiltration, and consequently, tumor
cell killing.

RLN gene delivery depleted macrophage PD-1 to enhance
phagocytosis in the combination therapy

It has been shown that blocking CD47 (a do not-eat-me signal) un-
leashes macrophages to engulf tumor cells (29). Recently, macrophage-
expressed PD-1 was also identified to correlate with compromised
phagocytosis of tumor cells (26). PD-1/PD-L1 blockade can rescue
the phagocytotic capacity of macrophages, leading to T cell inde-
pendent killing of the tumor cells (26). Here, we demonstrated that
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Fig. 4. RLN gene delivery caused macrophage-involved fibrosis regression and T cell infiltration. (A) Cotreatment of pRLN and CEL decreased the amount of
F4/80*CD11b" total macrophages and F4/80"CD206" macrophages in the tumor tissue (n = 3). (B) Relative expression of MMP13, IFNy, and CXCL9 detected by RT-PCR
after different treatments (n = 4). (C) Collagen expression and CD3* T cell infiltration in the tumor (n = 4 samples per group). (D) Tumor infiltrated CD3*CD4" and CD3*CD8™*
T cells quantified with flow cytometry (n = 3). (E) Tumor weight in each group after mice were euthanized on day 28. (F) The dosing scheme for the treatment of CEL and
pRLN (n=5 to 6). Statistical significance was calculated using one-way ANOVA with multiple comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001.

macrophages, especially the F4/80"CD206" phenotype, in KPC
tumor expressed high level of PD-1. However, pRLN delivery sig-
nificantly decreased PD-1 expression on macrophages, which may
induce improved phagocytosis activity of these macrophages and
offer additional therapeutic potential. Therefore, macrophage pop-
ulations and phagocytosis in the combination therapy were ana-
lyzed with flow cytometry. Consistent with the administration of
PRLN, the combination therapy also elevated the infiltration of
F4/80"CD206" macrophages in the tumor (fig. S7). We next exam-
ined the PD-1 expression on macrophages and found that both
pRLN and combination therapy resulted in reduced amount of
CD206"PD-1" compared with PBS control group, whereas PD-L1
blockade showed no such effect (Fig. 6, A and B). A low positive rate
of PD-1 on F4/80"CD206™ macrophages (~20%) was observed in
the PBS-treated group, and it can be also slightly down-regulated
following the treatment of pRLN (~13%) (P < 0.05) as well as
Combo (~10%) (Fig. 6C). We also noted that the population of
F4/807PD-1" cells showed almost no change following pRLN delivery
compared with PBS-treated group, suggesting a relative specificity
for PD-1 regulation with RLN gene therapy (Fig. 6D). Given the
strong effect in down-regulation of macrophage PD-1 with pRLN
delivery, we examined in vivo phagocytosis to validate the potential
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therapeutic response. We generated orthotopic pancreatic tumor
model with red fluorescence protein—positive (RFP") KPC cells and
assessed the total phagocytosis levels in the tumor by analyzing the
percentage of macrophages that were also RFP*. A twofold increase
of phagocytosis was observed in the Combo group. However, pRLN
or anti-PD-L1 therapy alone showed little effect to improve the to-
tal phagocytosis levels (Fig. 6E), suggesting that only PD-1 deple-
tion or PD-L1 blockade was insufficient to enhance phagocytosis
for this tumor model. Phagocytosis was also evaluated in vitro by
conducting coculture of KPC tumor cells (RFP*) and RLN-treated
bone marrow-derived macrophages. An increase (P < 0.05) of
phagocytic capacity was observed with the treatment of RLN pep-
tide (fig. S8).

RLN gene delivery and combination therapy showed
marginal toxicity

Hematoxylin and eosin (H&E) staining was performed to evaluate
the histological abnormality of major organs including heart, liver,
lung, spleen, and kidney after different treatments. No noticeable
morphological changes in these organs were observed in each group
(fig. S9A). However, what should be noted is that spontaneous me-
tastasis can be found in the liver and spleen for both PBS and PD-L1
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Fig.5.RLN gene delivery improved therapy response to PD-L1 blockade in KPC pancreatic tumor. (A) Tumor inoculation and treatment scheme for the combination
of pRLN and anti-PD-L1 therapy. (B) Representative images (scale bar, 1 cm) of tumors dissected from tumor bearing mice on day 28 and (C) weight of tumors quantified
(n=6). (D) Survival of mice after different treatments (n = 5). (E) Tumor weight of tumor bearing mice with the combination therapy and depletion of CD4* and CD8*
T cells with antibodies (n =4). (F) Collagen expression, CD3" T cell infiltration, and apoptotic cell detection in the tumor tissue (n =3 samples per group). Masson Tri-
chrome assay was performed to detect collagen expression. IF staining and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling
(TUNEL) assay were used to evaluate T cell (red) infiltration and apoptotic cells (green) in the tumor, respectively. Cell nuclei were stained with DAPI in blue. (G) PD-L1
expression on cells in the tumor (n = 4). (H) Immune cell infiltration in the tumor detected with flow cytometry (n = 4). Statistical significance was calculated in (C), (E), (F),
(G), and (H) using one-way ANOVA with multiple comparisons, and statistical significance in (D) was calculated using log rank test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. RLN gene delivery depleted macrophage PD-1 to enhance phagocytosis in combination with PD-L1 blockade therapy. (A) Representative flow cytometric
analysis images and quantification of PD-1 expression on F4/80* macrophages and (B) F4/80*CD206* macrophages in each treatment group (n =4). (C) PD-1 expression
on F4/80"CD206~ macrophages (n =4). (D) Quantification of F4/807PD-17 cells in the tumor following different treatments (n = 4). (E) Relative quantification of phagocy-
tosis in F4/80" macrophages by detecting F4/80"RFP* cells and dividing all F4/80" cells (n = 4). Statistical significance was calculated using one-way ANOVA with multiple

comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001.

blockade therapy groups. Spleen metastasis was also observed in RLN
gene therapy group, but no metastasis was observed in the Combo
group (fig. S9A). The toxicity of different treatments was also eval-
uated by blood chemistry analysis (fig. S9B). We found that RLN
gene delivery and the combination therapy caused slight decrease of
platelet counts compared with PBS treatment, which is consistent
with a previous study showing that RLN depresses platelet aggres-
sion (30). In addition to this, no abnormal changes of red blood cell
counts and white blood cell counts were observed in each group.
Consistently, the serum biochemical analysis showed that alanine
aminotransferase (ALT), serum aspartate aminotransferase (AST),
blood urea nitrogen (BUN), and creatinine (CREAT) remained
constant within the normal ranges for all treatment groups, indicat-
ing that no severe toxicity was induced following these treatments.

DISCUSSION

Increasing therapeutic strategies by modulating the dense stroma
have been developed for the treatment of PDAC (31, 32). RLN, as
an endogenous hormone, is efficacious and safe to promote fibrosis
resolution in both nonmalignant disorders and cancer (18, 20).
Although the assessment of antifibrotic benefits has been well de-
scribed, the in vivo antifibrotic mechanism of RLN in cancer fibro-
sis remains elusive. Previous studies demonstrated that RLN binds
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to its cognate receptor RXFP1 to inhibit fibroblast activation and
reduce ECM production via intervening transforming growth factor—f3
signaling pathway (18, 33), leading to fibrosis regression. Consis-
tently, we also found decreased a-SMA expression with RLN gene
delivery, indicating suppressed fibroblast activation. Nevertheless,
we found that macrophages, instead of fibroblasts, constitute the
main source of RXFP1 in the microenvironment of desmoplastic
tumors, suggesting a more predominant target of RLN. However,
whether RLN ameliorates the cancer fibrosis by modulating macro-
phages remains to be determined. Our data now show that RLN
gene delivery stimulated a subset of CD206" macrophages originating
from Ly6C" monocytes to infiltrate the tumor, facilitating fibrosis
depletion and T cell infiltration. Depletion of these macrophages
with CEL attenuated the antifibrotic properties of RLN, indicating
the important involvement of infiltrated macrophages to mediate
fibrosis depletion in PDAC. MMP13 produced by macrophages is a
critical enzyme during the resolution of murine liver fibrosis (16, 34).
On the basis of our findings that the expression of MMP13 is closely
related to infiltrated macrophages and fibrosis regression, we propose
that a potential antifibrotic mechanism mediated by RLN modulated
macrophages is inducing a shift of MMP profile to actively deplete
fibrosis in PDAC.

In most human cancer types, infiltrated macrophages fuel the
tumor progression and correlate with poor prognosis and disease
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outcome (12). Nevertheless, strategies by inhibiting monocyte/
macrophage recruitment to tumor tissue or depleting macrophages
are at risk to cause a rapid rebound of monocyte infiltration, induc-
ing accelerated relapse (35). An alternative is to use the antifibrotic
properties of macrophages to produce antitumor efficacy, such as
CD40 agonists (16). In our study, we also showed that RLN gene
delivery induced an anticancer activity by recruiting and modulat-
ing macrophages, indicating that infiltrated macrophages can be
harnessed to generate improved therapeutic outcome, as long as
RLN is produced locally in the TME. Macrophages in tumors al-
ways correlate with the acquisition of specific phenotypes driven by
different environment factors. Classically, macrophages activated
with LPS or IFNY are regarded as proinflammatory M1 with anti-
tumor activity, whereas macrophages stimulated with IL-4 are re-
ferred to anti-inflammatory M2 and viewed to promote tumor
growth (12). Different markers have been used to identify the state
of macrophages. For instance, Nos2 and IL12b are used to identify
M1. In contrast, Arg-1, CD206 (MRC-1), and Ym1 are generally used
to detect M2. Accumulating macrophage-targeting therapeutic strat-
egies focus on the reprogramming of macrophages from a protumor
M2 to an antitumor M1 state (36). However, increasing evidences
suggest that the dualistic classification does not address the com-
plex heterogeneity of macrophages in vivo (17), emphasizing the
importance to unbiasedly describe the functions instead of the
putative M1/M2 phenotypes. Macrophage expressed Nos2 (M1)
may promote, rather than limit, tumor progression (37). We now
demonstrate that macrophages with an M2 marker (CD206) can
also present antitumor activities. Therefore, pro- or antitumor mac-
rophages should be defined by specific activities rather than their
repolarization state.

Sufficient T cell infiltration is important for ICB therapies to
achieve the optimum antitumor efficacy (8). Therefore, RLN gene
delivery provides a feasible approach to improve the therapy re-
sponse to PD-L1 blockade by modulating the immune micro-
environment with increased T cell and NK cell accumulation. The
combination of pRLN delivery and PD-L1 blockade significantly
improved the anticancer effect compared with pRLN delivery or
PD-L1 blockade alone. Moreover, PD-1 has been found on activated
T cells, B cells, NK cells, DCs, and macrophages (38, 39). Despite
the function of PD-1 in inhibiting T cell activation and proliferation
is well understood, PD-1 expressed by macrophages can have dif-
ferent activities due to their differences of innate and adaptive im-
mune cells. Gordon et al. (26) showed PD-1" macrophages express
increased levels of M2 marker CD206 and show significantly inhibited
engulfment of cancer cells compared with PD-1" macrophages in a
colon cancer model. In our study, RLN gene delivery down-regulated
macrophage PD-1 expression with an undetermined mechanism,
but enhanced phagocytosis was not observed after macrophage
PD-1 depletion. However, combination of PD-1 depletion and PD-
L1 blockade produced significant increase of phagocytosis and con-
tributed to the overall anticancer efficacy, suggesting that simultaneous
blockade of macrophage PD-1 and tumor cell PD-L1 is required to
remarkably restrain the “do not-eat-me” signal for the KPC tumor
model. More studies are still required to clearly address the pathway
in which RLN depletes macrophage PD-1 and the molecular
mechanism of PD-1-mediated phagocytosis. In addition, with the
identification of emerging phagocytosis checkpoints, including CD47-
signal regulatory protein o (SIRPa) axis, PD-1-PD-L1, and major
histocompatibility complex class I-leukocyte immunoglobulin-like
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receptor 1 (LILRB1) axes (29), the mechanistical correlations between
different phagocytosis regulators remain to be elucidated.

In summary, our findings demonstrate that RLN gene delivery
modulates infiltrated macrophages in the KPC mouse model of
PDAC to promote fibrosis regression and facilitate T cell infiltra-
tion, identifying a therapeutic approach to harness recruited mac-
rophages. The strategy based on the combination of antifibrosis and
checkpoint immunotherapy may be applied to other desmoplastic
tumors and achieve significant antitumor potential.

MATERIALS AND METHODS

Materials

Plasmid encoding relaxin 1 (RLN) was obtained from Sino Biological
Inc. (Beijing, China). The pGFP with the cytomegalovirus promoter was
purchased from Bayou Biolabs (Harahan, LA). N-(methoxypolyethylene
oxycarbonyl)-1,2-distearoryl-sn-glycero-3-phosphoethanolamine
(DSPE-PEG) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amino (polyethylene glycol)-2000] (DSPE-PEG-NH?2) were
purchased from NOF Corporation (Tokyo, Japan). N-(2-aminoethyl)-
4-methoxybenzamide conjugated (DSPE-PEG-AEAA) was synthesized
according to a previously established protocol (40). Cholesterol and
protamine were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All other lipids were purchased from Avanti Polar Lipids Inc.
(Alabaster, AL). Clodronate and control liposomes were purchased
from Encapsula Nano Sciences (Brentwood, TN). InVivoMab anti-
mouse PD-L1, anti-mouse CD4, anti-mouse CD8, and polyclonal
immunoglobulin G (IgG) were purchased from BIOXCELL (NH,
USA). Recombinant mouse relaxin 1 peptide was obtained from
LifeSpan BioSciences (Seattle, USA). All other chemicals were ob-
tained from Sigma- Aldrich unless specifically mentioned.

Cell lines and animals

The primary KPC cell line was derived from a genetically engineered
mouse model (LSL-Kras®'?"*; LSL-Trp53R172H/+; pdx-1-Cre, syn-
geneic to C57BL/6 strain) and provided by S. Kozlov (National
Cancer Institute, Center for Advanced Preclinical Research). The
primary KPC cells were stably transfected with the lentiviral vector
carrying mCherry RFP and firefly luciferase (Luc) (KPC-RFP/Luc).
The KPC cells were cultured in Dulbecco’s modified Eagle’s medium:
nutrient mixture F-12 (DMEM/F-12), further supplemented with
10% fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin
(PS) and maintained at 37°C and 5% CO, in a humidified atmo-
sphere. Murine melanoma cell line BPD6 (BRAFV600E, PTEN)
was provided by B. Hanks (Duke Cancer Institute). Murine breast
cancer cell line 4T1 and murine monocytes RAW264.7 were obtained
from Tissue Culture Facility—UNC Lineberger Comprehensive Cancer
Center. BPD6 and 4T1 cells were cultured in RPMI 1640 medium
supplemented with 10% FBS and 1% PS (Invitrogen, Carlsbad, CA)
at 37°C and 5% CO,. RAW264.7 cells were cultured in DMEM (high
glucose, Gibco) supplemented with 10% FBS and 1% PS at 37°C and
5% CO,. Eight-week-old female C57BL/6 mice were purchased from
Charles River Laboratories (Wilmington, MA). All animal regula-
tions and procedures were accepted by Institutional Animal Care
and Use Committee of University of North Carolina at Chapel Hill.

Mouse models
Orthotopic pancreatic tumor model was established by orthotopic
injection of 1 x 10° KPC cells into the tail of the pancreas. Briefly,
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8-week-old C57BL/6 female mice were anesthetized by inhalation
of isoflurane and placed in supine position. A midline incision was
made to exteriorize the spleen and pancreas, and 1 x 10° cells in
40 ul were injected into the pancreas. Then, the abdominal wall and
skin were closed.

To establish the BPD6 melanoma model, 8-week-old C57BL/6
female mice were inoculated subcutaneously on the lower flank
with 1 x 10° BPD6 cells. After the inoculation, tumor growth was
measured by a digital caliper where volume = 0.5 x length x width x
height. Mice were randomized into different groups, and treatments
were started when tumor volume reached ~200 mm®. Orthotopic
allografting 4T1 model was established by orthotopic injection of
1 x 10°4T1 cells on the mammary fat pad of the 6-week old Balb/c
female mice.

Tumor growth inhibition and survival analysis

Mice bearing KPC or KPC-RFP/Luc allografts were randomized
into different treatment groups, and treatments were initiated on
day 14. PBS, pGFP LPD (50-ug pDNA per mouse, iv), pPRLN LPD
(50-ug pDNA per mouse, iv), anti-PD-L1 (100 pg per mouse, ip),
and Combo (50-ug pRLN, iv + 100 pg anti-PD-L1, ip) were given
as scheduled. For mice bearing KPC-RFP/Luc allografts, tumor
growth was monitored by an IVIS imaging system (PerkinElmer)
every 3 days. p-luciferin (100 mg/kg of body weight) was intraperi-
toneally injected into anesthetized mice, and the bioluminescence
was recorded. The increase of tumor volume was calculated as the
radiance of the intensities and standardized with the initial tumor
volume (Vy/V}). For mice bearing KPC allografts, the tumor weight
was recorded after sacrifice of mice. To deplete T cells in vivo, Com-
bo + anti-mouse CD8 (100 pug per mouse, ip), Combo + anti-mouse
CD4 (100 pg per mouse, ip), and Combo + polyclonal rat IgG (100 pg
per mouse, ip) were given at respective schedules. Long-term sur-
vival was also monitored on mice bearing the KPC-RFP/Luc allografts
with different treatments (n = 5). The end point achieved when one
of the following conditions applied: Drastic weight gain or loss
greater than 10% within 1 week or clear signs of distress were de-
tected, such as dehydration, inactivity, and lethargy.

In vivo macrophage depletion with clodronate liposome
Mice bearing KPC allografts were injected intraperitoneally with
clodronate liposome (CEL, 1.5 mg/20 g body weight) or with an
equivalent volume of PBS liposome for three times as scheduled.
Macrophage depletion in tumor tissue was analyzed 2 days later of
the final injection of pRLN LPD nanoparticles by flow cytometry.

Fabrication of LPD nanoparticles and the biodistribution

LPD nanoparticles were prepared according to a well-established
protocol (24). Briefly, 1,2-dioleoyl-3-trimethylammonium-propane
chloride salt (DOTAP) and cholesterol (1:1, mol/mol) were dissolved
in chloroform, and the solvent was removed by evaporation to form
a uniform lipid film. The film was then hydrated with distilled water
to make the final concentration of 10 mM cholesterol and DOTAP.
Then, the liposome was sequentially extruded through 200- and
100-nm polycarbonate membranes (Millipore, MA) to form unilamellar
liposomes. The LPD polyplex cores were formulated by mixing 100 pl
of protamine (200 pug/ml) in distilled water with equal volume of 50 ug
of plasmid. The mixture was incubated at room temperature for
10 min, and then 60 pl of cholesterol/ DOTAP liposomes was added.
DSPE-PEG (10 pl, 10 mg/ml) and DSPE-PEG-AEAA (10 pl, 10 mg/ml)
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were further added into the mixture, and the resulted liquid was
incubated at 60°C for 15 min followed by the addition of 20 ul of
20% glucose. The size and zeta potential of the nanoparticles were
determined by a Malvern ZetaSizer Nano series (Westborough, MA).

To monitor the biodistribution of LPD nanoparticles, approximately
0.1% of a hydrophobic dye DiD was incorporated into DOTAP
liposomes to formulate the DiD-labeled LPD nanoparticles.
Twenty-four hours after intravenous injection of the DiD-labeled
LPD nanoparticles, mice were euthanized and major organs and
tumors were collected. The distribution of LPD nanoparticles was
quantitatively visualized with an IVIS imaging system (PerkinElmer,
CA). The excitation wavelength was set at 640 nm, and the emission
wavelength was set at 670 nm.

Flow cytometry assay

Tumors were harvested and made into single-cell suspensions.
Tumor-infiltrating immune lymphocytes were analyzed by flow
cytometry. Briefly, tumors were digested with collagenase A and
deoxyribonuclease at 37°C for 1 hour. After red blood cell lysis with
ACK buffer, cells were resuspended in fluorescence-activated cell
sorting (FACS) buffer (PBS supplemented with 5% FBS and 2 mM
EDTA). For intracellular marker staining, the cells were penetrated
with penetration buffer (BD Biosciences) following the manufacturer’s
instructions. Different immune lymphocytes (5 x 10°/ml) were stained
by the addition of a cocktail of fluorescence-conjugated antibodies.
Then, cells were fixed with 4% paraformaldehyde (PFA) and analyzed
via FACS (BD LSR II). Antibodies used for flow cytometry are listed
in table S1.

IF staining and Masson Trichrome assay

Frozen sections of organs or tumors were used for IF staining.
Tissues for frozen sections were first rinsed with PBS and placed in
4% PFA for fixation overnight at 4°C. Then, tissues were dehydrated
sequentially with 15 and 30% sucrose solution overnight at 4°C.
Tissues were frozen in O.C.T. (Thermo Fisher Scientific). To per-
form the IF staining, frozen sections were permeabilized with 0.1%
Triton X-100 in PBS for 15 min and blocked in 5% goat serum for
1 hour. Primary antibodies were incubated at 4°C overnight, and
fluorescent secondary antibodies were incubated at 37°C for 1 hour.
Cell nuclei were counterstained with DAPI containing mounting
medium (Thermo Fisher Scientific). All antibodies were diluted
according to the manufacturer’s manual. Images were acquired using
fluorescence microscopy (Zeiss LSM 700). Antibodies used for IF
staining are listed in table S1. The Masson Trichrome assay was per-
formed to detect collagen among tumor tissue. Tumor slides were
stained by the UNC Tissue Procurement Core.

Waestern blot and ELISA assay

To assess the expression of a-SMA and collagen I in the tumor tis-
sue, tumor samples were lysed with radioimmunoprecipitation assay
buffer, and protein concentration was determined using a bicin-
choninic acid assay (Invitrogen). The protein solution was diluted
with lysis buffer and heated at 95°C for 5 min. Protein was separated
by 4 to 12% SDS-polyacrylamide gel electrophoresis (Invitrogen)
and then transferred to polyvinylidene difluoride membranes (Bio-
Rad). The membranes were blocked with 5% nonfat milk in TBST
for 1 hour and then incubated with primary antibodies overnight at
4°C. The membranes were rinse in TBST and further incubated
with a secondary antibody (appropriate diluted) at room temperature
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for 1 hour and detected using the Pierce ECL Western Blotting Sub-
strate (Thermo Fisher Scientific). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as the control. ELISA assay was
performed according to the manufacturer’s protocols after appro-
priate titration.

Quantitative RT-PCR

Total RNA was extracted from the tumor tissues using an RNeasy
kit (Qiagen). Reverse transcription was conducted using the iScript
cDNA Synthesis Kit (BIO-RAD). One hundred nanograms of cDNA
was amplified with TagMan Gene Expression Master Mix. All
primers for RT-PCR reactions are listed in table S2. GAPDH was
used as the endogenous control. PCR reactions were conducted us-
ing the 7500 real-time PCR system, and the data were analyzed with
the 7500 software.

TUNEL assay

Terminal deoxynucleotidyl transferase-mediated deoxyuridine tri-
phosphate nick end labeling (TUNEL) assays were performed using
a DeadEnd Fluorometric TUNEL system (Promega) according to the
manufacturer’s instructions. Fragmented DNAs of apoptotic cells
were fluorescently stained with FITC and defined as TUNEL-positive
nuclei. Slides were mounted, and cell nuclei were stained with Prolong
Diamond antifade mountant with DAPI (Thermo Fisher Scientific).
Images were acquired with confocal microscopy (Zeiss LSM 700).

Blood chemistry analysis and H&E staining

At the experiment end point, both whole blood and serum were
collected. Whole blood cellular components were counted and
compared. CREAT, BUN, AST, and ALT in the serum were assayed
as indicators of renal and liver functions. Major organs including
heart, liver, lung, kidney, and spleen were collected and fixed for
H&E staining at the University of North Carolina at Chapel Hill
histology facility to evaluate the organ-specific toxicity.

Statistical analysis

Data are presented as the means +SD. Statistical analysis was per-
formed by a two-tailed Student’s ¢ test or a one-way analysis of vari-
ance (ANOVA) for comparing two groups or larger than two
groups, respectively. For survival analyses, log rank test was used
for comparison. For comparison between multiple groups, ordinary
two-way ANOVA with multiple comparisons adjusted by Siddk
correction was used. Symbols *, **, *** denote P < 0.05, P < 0.01,
and P < 0.001, respectively, and were considered significant and
documented in figures or figure legends.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/8/eabb6596/DC1

View/request a protocol for this paper from Bio-protocol.
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