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Abstract: (1) Liver regeneration following partial hepatectomy for colorectal liver metastasis (CRLM)
has been linked to tumour recurrence. Inhibition of the renin-angiotensin system (RASi) attenuates
CRLM growth in the non-regenerating liver. This study investigates whether RASi exerts an anti-
tumour effect within the regenerating liver following partial hepatectomy for CRLM and examines
RASi-induced changes in the tumour immune microenvironment; (2) CRLM in mice was induced via
intrasplenic injection of mouse colorectal tumour cells, followed by splenectomy on Day 0. Mice were
treated with RASi captopril (250 mg/kg/day), or saline (control) from Day 4 to Day 16 (endpoint)
and underwent 70% partial hepatectomy on Day 7. Liver and tumour samples were characterised
by flow cytometry and immunofluorescence; (3) captopril treatment reduced tumour burden in
mice following partial hepatectomy (p < 0.01). Captopril treatment reduced populations of myeloid-
derived suppressor cells (MDSCs) (CD11b*Ly6CHi p < 0.05, CD11b*Ly6CL° p < 0.01) and increased
PD-1 expression on infiltrating hepatic tissue-resident memory (Try)-like CD8* (p < 0.001) and
double-negative (CD4 CDS§; p < 0.001) T cells; (4) RASi reduced CRLM growth in the regenerating
liver and altered immune cell composition by reducing populations of immunosuppressive MDSCs
and boosting populations of PD-1* hepatic Trys. Thus, RASi should be explored as an adjunct
therapy for patients undergoing partial hepatectomy for CRLM.

Keywords: surgical oncology; liver regeneration; immunology; hepatic tissue-resident memory T
cells; liver neoplasms; neoplasm metastasis

1. Introduction

Liver resection offers the best chance of cure for patients with colorectal liver metasta-
sis (CRLM); however, tumour recurrence in the future liver remnant (FLR) is not infrequent
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and affects 40% of patients [1,2]. The biological processes and signalling pathways underly-
ing physiological liver regeneration are implicated in tumour recurrence following liver
resection [3]. Most liver regeneration occurs within two weeks of surgery and complete
restoration of hepatic mass is achieved within 3 months in humans and 10 days in mice [4].
Neoadjuvant and adjuvant chemotherapy has been shown to improve patient survival after
CRLM resection [5,6]; however, chemotherapeutic agents are avoided during the immediate
perioperative period due to hepatotoxicity and impairment of early postoperative liver
regeneration. Novel therapies which safely promote antitumour responses during the
immediate postoperative period are, therefore, required.

Renin—angiotensin system inhibitors (RASis), commonly used to treat cardiac failure
and hypertension, have been shown to prolong survival, improve response to neoadjuvant
therapy, and reduce recurrence in a range of solid cancers [7-9]. Studies have reported that
RASis exhibit a range of antitumour activities, including immunomodulatory, antiprolifera-
tive, and antiangiogenic effects [3,10,11]. Additionally, we recently reported that one type
of RASI, captopril, exhibits its antitumour effects in the regenerating liver via c-myc and
cyclin D1 downregulation [12]. In the non-regenerating liver, it has been shown that RASi
therapy reprograms the adaptive antitumour immune response by enhancing populations
of CD8* cytotoxic and CD4 CD8§" (double-negative (DN)) T cells [13]; however, it is not
known if these changes are also observed in the regenerating liver. To address this question,
this study investigates the effect of captopril in the regenerating liver, on both innate and
adaptive immune responses, using a model of CRLM and partial hepatectomy, which
closely mimics the clinical scenario in which patients undergo liver resection for CRLM
when clinically undetectable micrometastases may be present in the FLR.

2. Results
2.1. Captopril Treatment Reduces CRLM Tumour Burden in the Regenerating Liver

Captopril treatment significantly reduced CRLM tumour burden in the FLR follow-
ing partial hepatectomy, compared with the control group at Day 16 (Figure 1a,b). This
demonstrates that captopril is capable of inhibiting tumour growth within the milieu of the
regenerating liver following partial hepatectomy.

2.2. Captopril Treatment Significantly Increases PD-1 Expression in T Cells

We recently reported that the RASi captopril induces changes in T-lymphocyte sub-
populations and their activation status in a non-regenerating model of CRLM [13]. The
present study was specifically focused on the immunomodulatory changes observed in the
regenerating liver, the situation most relevant following liver resection.

Changes observed in the regenerating liver were complimentary to those previously
observed in the non-regenerating liver [13]. Captopril treatment significantly reduced the
ratio of CD4":CD8* (control 1.57 vs. captopril 0.91, p = 0.01) (Table 1) and CD4*:DN T (control
1.63 vs. captopril 0.87, p = 0.001) cells in liver (Table S1).

To gain insight into the activation status of T lymphocytes, we examined the immune
regulatory marker, PD-1. Treatment with captopril significantly increased the proportion of
CD8* and double-negative (DN; CD4 CD8") T-cell populations expressing PD-1, and the
intensity of PD-1 expression, in both regenerating liver and tumour specimens (Figure 1e,f).
Immunofluorescence staining demonstrated that PD-1" CD8* T cells are located predom-
inantly within tumour tissue (Figure 1g). These data suggest that captopril induces a
phenotypic shift towards the expression of the activation marker and immune regulator,
PD-1, on CD8" and DN T cells.
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Figure 1. Captopril reduces tumour burden in regenerating liver and alters T-cell composition within
liver and tumour tissues. Mice underwent surgical induction of colorectal liver metastasis via splenic
injection, followed by splenectomy (Day 0). From Day 4 to Day 16, intraperitoneal injections of capto-
pril 250 mg/kg/day or control (saline) were administered. On Day 7, mice underwent a 70% partial
hepatectomy. Mice were culled on Day 16, and liver and tumour samples were retrieved for analysis:
(A) representative photographs of liver and tumour appearance in the control and captopril treatment
groups showed significantly greater tumour burden in the control group, compared with treatment;
(B) tumour burden in the regenerating liver following partial hepatectomy in control and captopril-
treated mice. Tumour burden = (tumour volume/total liver volume) x 100. Data compiled from two
independently performed experiments are shown (control n = 14, captopril n = 13); (C,D) proportion of
total CD3* T lymphocytes that were CD4*, CD8" and DNT (CD4~ /CD8™) in liver (C) and tumour (D);
(E,F) percentage of PD1* T lymphocyte populations and insets of concatenated histograms of PD-1
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fluorescence intensity on T lymphocyte populations in liver (E) and tumour (F). Data are compiled
from two independently performed murine experiments (control n = 10 mice, captopril n = 9 mice).
Significant differences were determined by an unpaired, two-tailed Student’s t-test. p <0.05 (*),
p <0.01 (**), p < 0.001 (**); (G) representative immunofluorescence staining of CD8 (red) and
PD-1 (green) in control and captopril-treated liver. Shown are tumour (T) and surrounding liver
parenchyma (L).

Table 1. Ratios of total CD4*:CD8* lymphocytes with their respective ratios for CD44*CD69* and
CD44*CD69*PD-1" populations in liver.

CD4:CDS8 Ratios Total CD44*CD69* CD44*CD69*PD-1*
Treatment—Captopril
(mean & SD) 0.91 £ 0.36) 0.454+0.25 0.44 +0.27
Control—Saline
(mean + SD) 1.57 £0.35 1.00 £0.33 1.33 +£0.31
p value 0.01 0.01 0.0007

Significant differences were determined by the unpaired, two-tailed student’s ¢-test. Significant p values are in
bold. SD—standard deviation.

2.3. Captopril Treatment Enhances Populations of Try-like Cells and Increases PD-1 Expression
on CD8* Trp-Like Cells

Non-circulating T cells, termed tissue-resident memory T cells (Trnm) [14], are increas-
ingly implicated in mediating effective and sustained antitumour responses in solid cancers
such as lung [15] and breast cancer [16]. We investigated whether the T-cell populations
observed in regenerating liver and tumour tissue had features of Try, defined by the
expression of murine hepatic Try; markers, CD44 and CD69 (termed “Try-like cells™),
and assessed the effect of captopril on these populations and their PD-1 expression. We
found that, although the proportion of Try-like CD8" T cells did not increase with cap-
topril treatment in the liver (Figure 2a), the ratio of CD4* Try-like:CD8* Try-like cells
significantly reduced (control 1.00 vs. captopril 0.45, p = 0.01, Table 1). PD-1 expression
on CD8* Try-like T cells significantly increased (Figure 2d—f). Conversely, the proportion
of CD4* Try-like cells decreased in the regenerating liver following captopril treatment
(Figure 2a), while their PD-1 expression was unchanged (Figure 2c,e f).

2.4. Captopril Treatment Significantly Enhances Populations of Trps-Like DN T Lymphocytes and
Increases PD-1 Expression on Trys-Like DN T Cells

The proportion of DN T cells co-expressing CD44 and CD69 (Figure 3a, “DN Try-like”)
in captopril-treated regenerating liver tissue significantly increased, and this corresponded
with an increase in PD-1 expression on DN Try-like cells in captopril-treated regenerating
liver and tumour (Figure 3c,d).

2.5. In the Absence of Tumour, Captopril Treatment Enhances Populations of PD-1 Expressing
Trm-Like CD8* and DN T Cells

As tumour induces many changes in immune cell infiltrates and responses, we sought
to extract the effect of captopril on tumour-related changes by comparing them with those
changes that occurred in response to liver regeneration alone. In the absence of a tumour,
captopril significantly increased the proportion of CD8" T lymphocytes (Figure 4a; 37.0% vs.
59.0%, control vs. treatment) while reducing the proportion of CD4* and DN T lymphocytes
(Figure 4a). Additionally, PD-1* expression significantly increased in CD8" T lymphocytes
(Figure 4b). Furthermore, captopril treatment increased the proportions of both CD8*
Trv-like cells (Figure 4c) and PD1*CD8" Try-like cells (Figure 4d) in regenerating liver
without a tumour. The increase in CD8* Try-like cells with captopril treatment was more
substantial in the absence of tumour (Figure 4c; 15.8% vs. 41.9%, control vs. treatment,
p <0.001), compared with that observed in the CLRM model (Figure 2a; 10.3% vs. 18.3%,
p = 0.2) and this was also accompanied by a large reduction in the CD4" Trpy-like:CD8*
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Trm-like ratio (control 0.47 vs. captopril 0.13, p < 0.001, Table S2). Additionally, we found
that captopril reduced the population of Try-like DN T cells (Figure 4c; 9.5% vs. 5.3%,
control vs. treatment, p < 0.05), compared with the result seen in the presence of a tumour
in which case this population was significantly increased (Figure 3a; 7.1% vs. 10.7%, control
vs. treatment, p < 0.05). Like the CRLM model, we observed that captopril treatment
increased PD-1 expression on both CD8" and DN T Try-like cells (Figure 4b). These
data suggest that captopril boosts the proportion of Try-like CD8* T cells (but not DN
T cells) and increases the expression of PD-1 in CD8" and DN Tgry-like populations in
physiological liver regeneration. This suggests that the expansion of DN and PD-1* DN

Trm-like populations is a tumour-specific response.
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Figure 2. Captopril increases expression of the immune regulator PD-1 on tissue-resident memory (Trn)-
like T cells in regenerating liver and tumour. Mice underwent surgical induction of colorectal liver metastasis
via splenic injection (Day 0). From Day 4 to Day 16, intraperitoneal injections of captopril 250 mg/kg/day
or saline (control) were administered. On Day 7, mice underwent a 70% partial hepatectomy. Mice were
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culled on Day 16, and liver and tumour specimens were retrieved for flow cytometry: (a,b) proportion
of CD4* or CD8* T lymphocytes that were Try-like (co-expressing CD44* /CD697) in liver (a) and tu-
mour (b); (c) concatenated contour plots demonstrating expression of CD69 and PD-1 on CD4*CD44*
T lymphocytes in liver (top panels) and tumour (bottom panels); (d) concatenated contour plots
demonstrating expression of CD69 and PD-1 on CD8*CD44* T lymphocytes in liver (top panels) and
tumour (bottom panels); (e,f) percentage of PD-1" Tgy-like T lymphocyte populations and insets of
concatenated histograms of PD-1 fluorescence intensity on Try-like T lymphocyte populations in
liver (e) and tumour (f). Data are representative of a single experiment (control n = 6 mice, captopril

n = 5 mice). Significant differences were determined by an unpaired, two-tailed Student’s t-test.
p <0.05 (*), p <0.001 (***).
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Figure 3. The renin-angiotensin system inhibitor (RASi) captopril increases the expression of the
immune regulator PD-1 on tissue-resident memory (Try)-like DNT cells in regenerating liver and
tumour. Mice underwent colorectal liver metastasis tumour induction and were treated with either
control (saline) or RASi captopril. From Day 4 to Day 16, intraperitoneal injections of captopril
250 mg/kg/day or saline (control) were administered. On Day 7, mice underwent a 70% partial
hepatectomy. Mice were culled on Day 16, and liver and tumour specimens were retrieved for flow
cytometry: (a,b) proportion of total CD3* T lymphocytes that were DN T Trys-like (co-expressing
CD44* /CD69%) in liver (a) and tumour (b); (c,d) percentage of PD-17 Tgryi-like DN T lymphocytes
and insets of concatenated histograms of PD-1 fluorescence intensity on Try-like DN T lymphocytes
in liver (c) and tumour (d). Data are representative of a single murine experiment (control n = 6 mice,
captopril, n = 5 mice). Significant differences were determined by the unpaired, two-tailed Student’s
t-test. p < 0.05 (*), p < 0.01 (**), p < 0.0001 (****).



Int. . Mol. Sci. 2022, 23, 5281

7 of 14

2.6. Captopril Treatment Modulates Myeloid-Derived Suppressor Cell Populations

Myeloid-derived suppressor cells (MDSCs) have been recognised to have immuno-
suppressive effects and are associated with cancer progression and poorer prognosis [17].

In the mouse model with CRLM, captopril treatment was associated with an overall
reduction in MDSC populations, demonstrated by a reduction in CD11b* leukocytes in the
liver (Figure 5a). MDSC populations were distinguished into three ontological phenotypes
based on their expression of Ly6C; CD11b+ Ly6CHi (monocytic MDSCs), Ly6C™ (inter-
mediate), and Ly6C° (granulocytic MDSCs) [18,19]. Captopril treatment was associated
with a reduction in both monocytic (Ly6CH) and granulocytic (Ly6C-°) MDSC populations
(Figure 5a).

Conversely, in the mouse model without CRLM, captopril did not modulate MDSC
populations; no difference was found in either the total CD11b* MDSCs or the MDSC
subtypes (Figure 5b). Taken together, these data suggest that the RASi captopril may
improve the overall antitumour immune response in the regenerating liver by reducing
populations of MDSCs.

We have previously shown that captopril treatment modulates macrophage levels in
CRLM, within the non-regenerating liver [20]. To investigate whether captopril modulated
macrophage populations within the regenerating liver, we examined the expression of
F4/80 on CD11b*Ly6C populations. Captopril treatment did not alter the expression of
macrophage marker F4/80 on CD11b*Ly6C populations in either the regenerating model
with or without CRLM (Figure Sla,b).

PDL1 is an inhibitory ligand most commonly expressed on MDSCs including F4/80*
macrophages and tumour cells. Captopril treatment was associated with an increase in
PDL1 expression on Ly6CHiF4 /80" and Ly6C™F4 /80" leukocytes in the regenerating livers
in the model with CRLM (Figure Slc). However, this response was not observed in the
model without CRLM (Figure S1d).

Notably, populations of MDSCs were higher in the presence of CRLM, compared with
those in the absence of CRLM (control mean with tumour, total CD11b* = 46% vs. control
mean without tumour, total CD11b* = 33%) (Figure 5a,b). Interestingly, captopril treatment
reduced these populations in the presence of tumour (captopril mean total CD11b* = 34%,
Figure 5a), back down to the baseline level observed in the regenerating liver in the absence
of CRLM (Figure 5b). Taken together, these findings highlight that, although the MDSCs
present in the tissue respond by upregulating PDL1 expression, the sum effect of captopril
is to reduce the presence of MDSCs.
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Figure 4. Captopril modulates T-lymphocyte populations in the regenerating liver, in the absence
of tumour. Mice commenced treatment with either saline (control) or captopril 250 mg/kg/day
and did not undergo tumour induction. Briefly, 70% hepatectomy was performed 3 days after the
commencement of treatment, and mice were culled nine days following partial hepatectomy in
keeping with prior experiments. Liver specimens were retrieved for flow cytometry: (a) proportion of
total CD3* T lymphocytes that were CD4*, CD8" and DN T (CD4 /CD§"); (b) percentage of PD-1* T
lymphocyte subpopulations; (c) proportion of CD4", CD8" and DN T lymphocytes co-expressing Try
markers, CD44* and CD69*; (d) percentage of PD-1* Try-like T lymphocyte populations and insets
of concatenated histograms demonstrating fluorescence intensity of PD-1 on Trys-like populations.
Data are representative of a single experiment (control, n = 5 mice, captopril, n = 5 mice). Significant

differences were determined by an unpaired, two-tailed Student’s t-test. p < 0.05 (*), p < 0.01 (**),
p < 0.001 (*+*).
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Figure 5. The renin-angiotensin system inhibitor (RASi) captopril reduces CD11b* myeloid-derived
suppressor cell populations within the regenerating liver (LR) following tumour induction, down
to baseline levels observed in regenerating liver without tumour. One group of mice underwent
surgical induction of colorectal liver metastasis via splenic injection (Day 0) and one group of mice
did not undergo tumour induction. From Day 4 to Day 16, intraperitoneal injections of captopril
250 mg/kg/day or saline (control) were administered to all mice in both groups. On Day 7, all
mice underwent a 70% partial hepatectomy. All mice were culled on Day 16, and liver and tumour
specimens were retrieved for flow cytometry: (a,b) proportion of total CD45" myeloid cells that were
CD11b*, CD11b*Lyc6CHi, CD11b*Ly6C™, and CD11b*Ly6C™® in livers of mice following tumour
induction and partial hepatectomy (a) and in livers of mice following partial hepatectomy alone (no
tumour) (b). Data are representative of two independently performed murine experiments (control
n = 6 mice, captopril n = 6 mice). Significant differences were determined by an unpaired, two-tailed
Student’s t-test. p < 0.05 (*), p < 0.01 (**).

3. Discussion

Tumour recurrence stimulated by the process of liver regeneration, following liver
resection, is a major barrier to the long-term survival of patients with primary or sec-
ondary liver tumours. Presently, 40% of patients undergoing liver resection will experience
intrahepatic recurrence. In this study, using a homogenous tumour mouse model that
closely mimics the clinical scenario, we showed that RASi therapy with captopril inhibits
the growth of CRLM in the regenerating FLR and is associated with phenotypic changes
in immune cells in the tumour microenvironment. These changes included a reduction
in populations of MDSCs and enhanced populations of PD-1* hepatic-Try-like T lym-
phocytes. Further research is required to determine whether the changes in the immune
microenvironment induced by captopril therapy directly reduce tumour burden in the
regenerating liver and how these immune changes relate to other known antitumour effects
of captopril [3,10,11]. Nevertheless, in the future, perioperative administration of a RASi
could be an effective therapy for reducing micrometastatic tumour growth in the FLR and
improving clinical outcomes following liver resection for CRLM.

Studies have demonstrated that Trys are involved in maintaining effective antitumour
immune responses and correlate positively with survival for a range of solid cancers [15,16].
In contrast to other cancers, for example, melanoma and renal cell carcinoma, where
inhibition of the PD-1-PDL1 pathway using checkpoint inhibitors has improved clinical
outcomes by reinvigorating antitumour T cell responses [21,22], Try expressing PD-1 have
been shown to maintain cytotoxicity in the tumour microenvironment (TME) [15,16,23,24].
This challenges the assumption that cytotoxic T cells expressing checkpoint markers such
as PD-1 are tolerogenic or exhausted, which may explain why responsiveness to checkpoint
inhibitors has not been universally observed in all cancer types, particularly if cancers
rely on Try for antitumour activity, or there is an abundance of MDSCs. These findings
correlate with those revealed in our study, in which a significant reduction in tumour
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burden was observed alongside the expansion of PD-1* Tgy populations. Our findings
support a role for PD1* CD8" Try-like lymphocytes in maintaining cytotoxicity against
CRLM. This may explain why some cancers, including mismatch repair proficient colorectal
cancers, have exhibited poor responses to checkpoint inhibitor therapy and suggests that
RASi could play a role in the treatment of CRC by modulating the immune infiltrate.

MDSCs are crucial components of TME that facilitate cancer growth by secreting
immunosuppressive cytokines such as TNF and TGFf, inadvertently allowing cancer
cells to evade the patient’s immune system [25,26]. Clinical studies have shown that
an abundance of tumour-infiltrating MDSCs is associated with a poorer prognosis [17].
Both granulocytic and monocytic MDSCs possess immunosuppressive properties such as
inhibiting effector T cells and promoting the inhibitory effects of regulatory T cells [27].
These findings support the data presented here, which show that tumour burden is reduced
alongside a significant reduction in granulocytic (Ly6C®) and monocytic (Ly6CH) MDSCs.

In acute inflammation, the adaptive and innate arms of the immune system work in
concert with one another to restore homeostasis. In contrast, during chronic inflammation,
such as within the TME, the immune response is dysregulated and characterised by the
accumulation of immunoinhibitory cells, including MDSCs. Therefore, the finding we
report here—namely, that certain Try-cell populations are enhanced, while MDSC popula-
tions are reduced—is not likely to be coincidental. Studies in mice have demonstrated that
both granulocytic and monocytic MDSCs suppress cytotoxic T cells [28]. However, further
experiments are required to confirm that the MDSC changes observed here are directly
responsible for the expansion of Try; populations. To date, immunotherapy has largely
focused on improving the cytotoxic function of effector T cells, rather than reducing popu-
lations of MDSCs, but the latter is also emerging as a viable approach to improve clinical
cancer outcomes and trials examining this are underway [29]. Clinical trials examining the
outcomes of treatment with anti-PD-1 therapies in CRC have only demonstrated benefits
for patients with mismatch repair deficient (dAMMR) CRC [30]. However, only 15% of CRCs
are dAMMR; therefore, the majority of CRC patients have tumours that are unresponsive to
PD-1 inhibitor therapy. Immune therapies for mismatch repair proficient (pMMR) CRC
could benefit from the addition of anti-MDSC therapies and our findings support exploring
RASi as an immunomodulatory agent in this setting.

To our knowledge, this is the first study to demonstrate that the RASi captopril
modulates the immune responses in the regenerating liver, in the absence of a tumour.
We found that captopril significantly increased populations of CD8" T cells, including
Trv-like CD8* T cells, in the regenerating liver in the absence of a tumour. This is in line
with other studies that have also demonstrated that CD8" T cells are key for hepatocyte
proliferation and successful liver regeneration [31]. Conversely, the MDSC levels and
subtype composition were not altered by captopril at this time point of liver regeneration,
in the absence of a tumour. MDSC levels in the untreated controls were significantly
higher in the combined tumour induction and liver regeneration group, compared with
that seen in the absence of tumour. Furthermore, captopril treatment reduced MDSC levels
in the combined tumour induction and liver regeneration group back to the baseline levels
observed in the group with the absence of the tumour and liver regeneration.

Our study also demonstrated a crucial role for DN T cells in attaining effective antitu-
mour immunity. The expansion of PD-1" Try-like DN T cells was unique to the CRLM
model, suggestive of tumour specificity. This is in agreement with other studies that
have demonstrated DN T cells possess important antitumour functions [32], and adoptive
transfer of DN T cells is presently being explored as a novel cancer therapy [33].

In conclusion, this study showed that RASis reduced CRLM growth in the regenerating
liver and altered immune cell composition by reducing populations of immunosuppres-
sive MDSCs and enhancing populations of PD-1+ hepatic Try-like lymphocytes. These
results contribute to a growing body of literature suggesting that perioperative RASis
may improve treatment outcomes for patients undergoing CRLM resection and should be
explored further.
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4. Materials and Methods
4.1. Animal Experiments

Animal experiments were approved by Austin Health Animal Ethics Committee (AEC-
05435). Male CBA mice aged 10 weeks old and weighing 20-25 g were obtained from the
Animal Resources Centre, Western Australia.

4.2. In Vivo Model and Cell Line

A mouse colorectal cancer cell line (MoCR), developed via dimethyl-hydrazine induc-
tion of colon carcinoma in CBA mice [34], was used for CRLM induction. Animals were
divided into groups: with tumour induction and without tumour induction. The groups
with tumour induction underwent surgical inoculation of CRLM via intrasplenic injection
of 50,000 MoCR cells in 50 uL Ringer’s solution, followed by splenectomy (performed as one
surgical procedure) (Figure 6) [35]. From Day 4, captopril (5-3 mercapto-2-methylpropionyl-
L-proline, Sigma-Aldrich, St. Louis, Missouri, USA) 250 mg/kg/day or saline (control) was
administered via intraperitoneal injection (Figure 6). On Day 7 following tumour induc-
tion, mice underwent a 70% partial hepatectomy, as previously described [35]. Carprofen
(5 mg/kg) (Pfizer, New York, NY, USA) was administered for analgesia. Mice were culled
on Day 16, and liver and tumour samples were retrieved for analysis.

The groups of mice not undergoing tumour induction followed the same treatment
and hepatectomy timeline as outlined above but did not undergo tumour inoculation or
splenectomy.

Tumor induction &
7

&

/
o8 i 4 : *

250mg/kg Captopril 70% PH
or Saline via IP injection daily .
FACS

Mo tumar induction

Figure 6. Experimental methodology. Mice were allocated to either tumour induction or no tumour
induction groups, and this was performed on Day 0. From Day 4 to Day 16, half the mice in each
group received treatment with intraperitoneal injections of captopril 250 mg/kg/day and the other
half received intraperitoneal injections of saline (control). On Day 7, all mice underwent a 70%
partial hepatectomy. Mice were culled on Day 16, and liver and tumour (if applicable) samples were
retrieved for analysis.

4.3. Stereometric Tumour Burden Analysis

Livers were fixed in 10% formalin for 24 h and stereometric tumour burden analysis
was calculated, as previously described [13]. Briefly, livers were transected using a tissue
fractionator. Liver slices were photographed and analysed using Image-Pro Plus. Tumour
burden was calculated as a percentage of the whole liver volume.

4.4. Flow Cytometry

Tumour and liver samples were enzymatically digested (0.25 mg/mL liberase (Sigma)
and 1 mg/mL DNAse (Sigma) in DMEM) at 37 °C for 40 min. Cell suspensions were filtered
(100 pm cell filters, Corning), treated with red blood cell lysis buffer for 2 min at 37 °C,
washed, and resuspended at 1 x 107 cells/mL in cold FACS wash buffer (10% bovine serum
albumin/5 mM EDTA /0.01% sodium azide in PBS pH 7). Briefly, 1 x 10° cell aliquots were
stained with either Cocktail 1: CD45-BV510, CD4-FITC, CD3-PE, CD44-PerCP, CD8-PECy?7,
PD-1-APC, CD69-APC-Cy7 (BD, Biosciences) and viability dye DAPI, Cocktail 2: CD45-
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BV510, CD103-FITC, CD3-PE, CD8-PECy7, PD-1-APC, CD4-APC-Cy7 (BD, Biosciences)
and DAP], or Cocktail 3: CD45-BV510, F4/80-FITC, Ly6C-PE, PD-L1-PECy7, CD11b-APC-
Cy7 (BD, Biosciences), and DAPI. Samples were run on the Canto II (BD Biosciences) and
analysed using Flow]Jo™ software.

4.5. Immunofluorescence

Following formalin fixation, livers were processed into paraffin blocks using standard
techniques (Austin Pathology, Austin Health) and 4 um sections were slide-mounted. Slides
were dewaxed, and antigen retrieval (Tris buffer, pH 9) at 99 °C for 30 min was performed.
Goat serum (10%) was used for blocking. Primary antibodies to PD-1 (rabbit monoclonal,
Abcam, Cambridge, UK, 214421) and CD8 (rat monoclonal, Invitrogen, Waltham, MA, USA,
14-0808-82) were incubated overnight at 4 °C. Corresponding secondary antibodies were
applied at 1:250 (Life Technologies AlexaFluor 488, Carlsbad, CA, USA, goat anti-rabbit
IgG, A11034 and Life Technologies AlexaFluor 568, goat anti-rat IgG, A11077). DAPI 1:5000
was used for nuclear staining. Images were processed using confocal microscopy (Zeiss
LSM780, Jena, Germany).

4.6. Statistical Analysis

GraphPad Prism was used for statistical analysis. Data were analysed using a two-
tailed Student’s t-test. Graphical data are expressed as the mean +/— standard error of
the mean.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23095281/s1.

Author Contributions: Conceptualisation, M.V.P,, C.C., VM. and G.E.R.; methodology, G.EER., GK,,
TE, KAW, M.VP. and C.L.G,; validation, TE, K.A.W,, CL.G., BM.T. and E.V,; formal analysis,
G.ER, TF, KAW, CL.G. and M.VP; resources, M.V.P, C.C. and VM.; data curation, G.ER.;
writing—original draft preparation, M.V.P,, C.L.G,, T.E, K AW, BM.T. and E.V.; writing—review and
editing.; supervision, M.V.P,, C.C., VM. and E.V.; project administration, M.V.P. and C.C.; funding
acquisition, G.E.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Royal Australasian College of Surgeons, Reg Worcester
Scholarship 2019, and Tour de Cure Scholarship 2020 awarded to G.E.R., C.L.G (GNT 1160963) is
supported by an NHMRC Early Career Fellowship.

Institutional Review Board Statement: The animal study protocol was approved by Austin Health
Animal Ethics Committee (AEC-05435 v12, March 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We would like to express our appreciation for the support from Austin Health
BioResources Facility; Ashleigh Poh, Cancer and Inflammation Laboratory; Olivia Newton-John
Cancer Research Institute; Biological Optical Microscopy Platform (BOMP), University of Melbourne.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Oldhafer, K.J.; Donati, M.; Jenner, R.M.; Stang, A.; Stavrou, G.A. ALPPS for Patients with Colorectal Liver Metastases: Effective
Liver Hypertrophy, but Early Tumor Recurrence. World J. Surg. 2014, 38, 1504-1509. [CrossRef] [PubMed]

2. Mao, R.; Zhao, J.-J.; Bi, X.-Y.; Zhang, Y.-F; Li, Z.-Y.; Zhou, ].-G.; Wu, X.-L.; Xiao, C.; Zhao, H.; Cai, ].-Q. A Postoperative Scoring
System for Post-Hepatectomy Early Recurrence of Colorectal Liver Metastases. Oncotarget 2017, 8, 102531-102539. [CrossRef]

3.  Riddiough, G.E, Fifis, T.; Muralidharan, V.; Perini, M.V.; Christophi, C. Searching for the Link; Mechanisms Underlying Liver

Regeneration and Recurrence of Colorectal Liver Metastasis Post Partial Hepatectomy. J. Gastroen. Hepatol. 2019, 34, 1276-1286.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms23095281/s1
https://www.mdpi.com/article/10.3390/ijms23095281/s1
http://doi.org/10.1007/s00268-013-2401-2
http://www.ncbi.nlm.nih.gov/pubmed/24326456
http://doi.org/10.18632/oncotarget.20934
http://doi.org/10.1111/jgh.14644
http://www.ncbi.nlm.nih.gov/pubmed/30828863

Int. . Mol. Sci. 2022, 23, 5281 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

Yagi, S.; Hirata, M.; Miyachi, Y.; Uemoto, S. Liver Regeneration after Hepatectomy and Partial Liver Transplantation. Int. . Mol.
Sci. 2020, 21, 8414. [CrossRef] [PubMed]

Nordlinger, B.; Sorbye, H.; Glimelius, B.; Poston, G.J.; Schlag, PM.; Rougier, P.; Bechstein, W.O.; Primrose, ].N.; Walpole, E.T.;
Finch-Jones, M.; et al. Perioperative FOLFOX4 Chemotherapy and Surgery versus Surgery Alone for Resectable Liver Metastases
from Colorectal Cancer (EORTC 40983): Long-Term Results of a Randomised, Controlled, Phase 3 Trial. Lancet Oncol. 2013, 14,
1208-1215. [CrossRef]

Khoo, E.; O’NEeill, S.; Brown, E.; Wigmore, S.J.; Harrison, E.M. Systematic Review of Systemic Adjuvant, Neoadjuvant and
Perioperative Chemotherapy for Resectable Colorectal-Liver Metastases. Hpb 2016, 18, 485-493. [CrossRef] [PubMed]

Morris, Z.S.; Saha, S.; Magnuson, W.J.; Morris, B.A.; Borkenhagen, J.E; Ching, A.; Hirose, G.; McMurry, V.; Francis, D.M,;
Harari, PM.; et al. Increased Tumor Response to Neoadjuvant Therapy among Rectal Cancer Patients Taking Angiotensin-
converting Enzyme Inhibitors or Angiotensin Receptor Blockers. Cancer 2016, 122, 2487-2495. [CrossRef]

Nakai, Y.; Isayama, H.; Jjichi, H.; Sasaki, T.; Sasahira, N.; Hirano, K.; Kogure, H.; Kawakubo, K.; Yagioka, H.; Yashima, Y.; et al.
Inhibition of Renin—Angiotensin System Affects Prognosis of Advanced Pancreatic Cancer Receiving Gemcitabine. Brit. J. Cancer
2010, 103, 1644-1648. [CrossRef]

Pinter, M.; Weinmann, A.; Woérns, M.-A.; Hucke, E; Bota, S.; Marquardt, ].U.; Duda, D.G; Jain, R K.; Galle, P.R.; Trauner, M.; et al.
Use of Inhibitors of the Renin—Angiotensin System Is Associated with Longer Survival in Patients with Hepatocellular Carci-noma.
United Eur. Gastroent. 2017, 5, 987-996. [CrossRef]

Perini, M.V.; Dmello, R.S.; Nero, T.L.; Chand, A.L. Evaluating the Benefits of Renin-Angiotensin System Inhibitors as Cancer
Treatments. Pharmacol. Therapeut. 2020, 211, 107527. [CrossRef]

Volpert, O.V.; Ward, W.E,; Lingen, M.W.; Chesler, L.; Solt, D.B.; Johnson, M.D.; Molteni, A.; Polverini, PJ.; Bouck, N.P. Cap-topril
Inhibits Angiogenesis and Slows the Growth of Experimental Tumors in Rats. . Clin. Investig. 1996, 98, 671-679. [CrossRef]
Riddiough, G.E; Fifis, T.; Walsh, K.A.; Muralidharan, V.; Christophi, C.; Tran, B.M.; Vincan, E.; Perini, M.V. Captopril, a Renin-
Angiotensin System Inhibitor, Attenuates Features of Tumor Invasion and Down-Regulates C-Myc Expression in a Mouse Model
of Colorectal Cancer Liver Metastasis. Cancers 2021, 13, 2734. [CrossRef] [PubMed]

Ardila, D.L.V,; Walsh, K.A; Fifis, T.; Paolini, R.; Kastrappis, G.; Christophi, C.; Perini, M.V. Inmunomodulatory Effects of
Renin—-Angiotensin System Inhibitors on T Lymphocytes in Mice with Colorectal Liver Metastases. |. Immunother. Cancer 2020,
8, €000487. [CrossRef] [PubMed]

Sasson, S.C.; Gordon, C.L.; Christo, S.N.; Klenerman, P.; Mackay, L.K. Local Heroes or Villains: Tissue-Resident Memory T Cells
in Human Health and Disease. Cell Mol. Immunol. 2020, 17, 113-122. [CrossRef] [PubMed]

Ganesan, A.-P; Clarke, ].; Wood, O.; Garrido-Martin, E.M.; Chee, S.J.; Mellows, T.; Samaniego-Castruita, D.; Singh, D.; Seumois, G.;
Alzetani, A.; et al. Tissue-Resident Memory Features Are Linked to the Magnitude of Cytotoxic T Cell Responses in Human Lung
Cancer. Nat. Immunol. 2017, 18, 940-950. [CrossRef]

Kathleen Cuningham Foundation Consortium for Research into Familial Breast Cancer (kConFab); Savas, P; Virassamy, B.; Ye, C.;
Salim, A.; Mintoff, C.P,; Caramia, F,; Salgado, R.; Byrne, D.J.; Teo, Z.L.; et al. Single-Cell Profiling of Breast Cancer T Cells Reveals
a Tissue-Resident Memory Subset Associated with Im-proved Prognosis. Nat. Med. 2018, 24, 986-993. [CrossRef] [PubMed]
Zhang, S.; Ma, X.; Zhu, C,; Liu, L.; Wang, G.; Yuan, X. The Role of Myeloid-Derived Suppressor Cells in Patients with Solid
Tumors: A Meta-Analysis. PLoS ONE 2016, 11, e0164514. [CrossRef]

Wolf, A.A.; Yéfiez, A.; Barman, PK.; Goodridge, H.S. The Ontogeny of Monocyte Subsets. Front. Immunol. 2019, 10, 1642.
[CrossRef]

Mildner, A.; Schonheit, J.; Giladi, A.; David, E.; Lara-Astiaso, D.; Lorenzo-Vivas, E.; Paul, E; Chappell-Maor, L.; Priller, J.;
Leutz, A,; et al. Genomic Characterization of Murine Monocytes Reveals C/EBPf Transcription Factor Dependence of Ly6C—
Cells. Immunity 2017, 46, 849-862.€7. [CrossRef]

Wen, SW.; Ager, E.I; Neo, J.; Christophi, C. The Renin Angiotensin System Regulates Kupffer Cells in Colorectal Liver Me-tastases.
Cancer Biol. Ther. 2014, 14, 720-727. [CrossRef]

Flynn, M.; Pickering, L.; Larkin, J.; Turajlic, S. Immune-Checkpoint Inhibitors in Melanoma and Kidney Cancer: From Se-quencing
to Rational Selection. Ther. Adv. Med. Oncol. 2018, 10, 1758835918777427. [CrossRef] [PubMed]

Topalian, S.L.; Hodi, FS.; Brahmer, ].R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F,; Powderly, ].D.; Carvajal, R.D.; Sosman, J.A,;
Atkins, M.B,; et al. Safety, Activity, and Immune Correlates of Anti-PD-1 Antibody in Cancer. N. Engl. ]. Med. 2012, 366, 2443-2454.
[CrossRef] [PubMed]

Clarke, J.; Panwar, B.; Madrigal, A.; Singh, D.; Gujar, R.; Wood, O.; Chee, S.J.; Eschweiler, S.; King, E.V.; Awad, A.S,; et al.
Single-Cell Transcriptomic Analysis of Tissue-Resident Memory T Cells in Human Lung Cancer. ]. Exp. Med. 2019, 216, 2128-2149.
[CrossRef] [PubMed]

Komdeur, FL.; Prins, TM.; van de Wall, S.; Plat, A.; Wisman, G.B.A.; Hollema, H.; Daemen, T.; Church, D.N.; de Bruyn, M;
Nijman, H.W. CD103+ Tumor-Infiltrating Lymphocytes Are Tumor-Reactive Intraepithelial CD8+ T Cells Associated with
Prog-nostic Benefit and Therapy Response in Cervical Cancer. Oncoimmunology 2017, 6, €1338230. [CrossRef]

Tesi, R.J. MDSC; the Most Important Cell You Have Never Heard Of. Trends Pharm. Sci. 2018, 40, 4-7. [CrossRef]

Nagaraj, S.; Schrum, A.G.; Cho, H.-L; Celis, E.; Gabrilovich, D.I. Mechanism of T Cell Tolerance Induced by Myeloid-Derived
Suppressor Cells. |. Immunol. 2010, 184, 3106-3116. [CrossRef]


http://doi.org/10.3390/ijms21218414
http://www.ncbi.nlm.nih.gov/pubmed/33182515
http://doi.org/10.1016/S1470-2045(13)70447-9
http://doi.org/10.1016/j.hpb.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27317952
http://doi.org/10.1002/cncr.30079
http://doi.org/10.1038/sj.bjc.6605955
http://doi.org/10.1177/2050640617695698
http://doi.org/10.1016/j.pharmthera.2020.107527
http://doi.org/10.1172/JCI118838
http://doi.org/10.3390/cancers13112734
http://www.ncbi.nlm.nih.gov/pubmed/34073112
http://doi.org/10.1136/jitc-2019-000487
http://www.ncbi.nlm.nih.gov/pubmed/32448803
http://doi.org/10.1038/s41423-019-0359-1
http://www.ncbi.nlm.nih.gov/pubmed/31969685
http://doi.org/10.1038/ni.3775
http://doi.org/10.1038/s41591-018-0078-7
http://www.ncbi.nlm.nih.gov/pubmed/29942092
http://doi.org/10.1371/journal.pone.0164514
http://doi.org/10.3389/fimmu.2019.01642
http://doi.org/10.1016/j.immuni.2017.04.018
http://doi.org/10.4161/cbt.25092
http://doi.org/10.1177/1758835918777427
http://www.ncbi.nlm.nih.gov/pubmed/29977349
http://doi.org/10.1056/NEJMoa1200690
http://www.ncbi.nlm.nih.gov/pubmed/22658127
http://doi.org/10.1084/jem.20190249
http://www.ncbi.nlm.nih.gov/pubmed/31227543
http://doi.org/10.1080/2162402X.2017.1338230
http://doi.org/10.1016/j.tips.2018.10.008
http://doi.org/10.4049/jimmunol.0902661

Int. . Mol. Sci. 2022, 23, 5281 14 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yang, Y.; Li, C.; Liu, T.; Dai, X.; Bazhin, A.V. Myeloid-Derived Suppressor Cells in Tumors: From Mechanisms to Antigen
Specificity and Microenvironmental Regulation. Front. Immunol. 2020, 11, 1371. [CrossRef]

Youn, J.-I.; Nagaraj, S.; Collazo, M.; Gabrilovich, D.I. Subsets of Myeloid-Derived Suppressor Cells in Tumor-Bearing Mice. .
Immunol. 2008, 181, 5791-5802. [CrossRef]

Law, AM.K.; Valdes-Mora, E; Gallego-Ortega, D. Myeloid-Derived Suppressor Cells as a Therapeutic Target for Cancer. Cells
2020, 9, 561. [CrossRef]

Le, D.T.; Uram, ].N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. . Med. 2015, 372, 2509-2520. [CrossRef]

Tumanov, A.V,; Koroleva, E.P; Christiansen, P.A.; Khan, M.A.; Ruddy, M.].; Burnette, B.; Papa, S.; Franzoso, G.; Nedospasov, S.A;
Fu, Y;; et al. T Cell-Derived Lymphotoxin Regulates Liver Regeneration. Gastroenterology 2009, 136, 694-704.e4. [CrossRef]
[PubMed]

Young, K.J.; Kay, L.S.; Phillips, M.].; Zhang, L. Antitumor Activity Mediated by Double-Negative T Cells. Carncer Res. 2003, 63,
8014-8021. [PubMed]

Li, Y.;; Dong, K.; Fan, X; Xie, J.; Wang, M.; Fu, S.; Li, Q. DNT Cell-Based Immunotherapy: Progress and Applications. ]. Cancer
2020, 11, 3717-3724. [CrossRef] [PubMed]

Kuruppu, D.; Christophi, C.; Bertram, ].F.; Brien, P.E.O. Characterization of an Animal Model of Hepatic Metastasis. ]. Gastroen.
Hepatol. 1996, 11, 26-32. [CrossRef] [PubMed]

Koh, S.L.; Ager, E.I; Costa, P.L.N.; Malcontenti-Wilson, C.; Muralidharan, V.; Christophi, C. Blockade of the Renin—Angiotensin
System Inhibits Growth of Colorectal Cancer Liver Metastases in the Regenerating Liver. Clin. Exp. Metastas 2014, 31, 395-405.
[CrossRef]


http://doi.org/10.3389/fimmu.2020.01371
http://doi.org/10.4049/jimmunol.181.8.5791
http://doi.org/10.3390/cells9030561
http://doi.org/10.1056/NEJMoa1500596
http://doi.org/10.1053/j.gastro.2008.09.015
http://www.ncbi.nlm.nih.gov/pubmed/18952083
http://www.ncbi.nlm.nih.gov/pubmed/14633734
http://doi.org/10.7150/jca.39717
http://www.ncbi.nlm.nih.gov/pubmed/32328176
http://doi.org/10.1111/j.1440-1746.1996.tb00006.x
http://www.ncbi.nlm.nih.gov/pubmed/8672738
http://doi.org/10.1007/s10585-014-9635-8

	Introduction 
	Results 
	Captopril Treatment Reduces CRLM Tumour Burden in the Regenerating Liver 
	Captopril Treatment Significantly Increases PD-1 Expression in T Cells 
	Captopril Treatment Enhances Populations of TRM-like Cells and Increases PD-1 Expression on CD8+ TRM-Like Cells 
	Captopril Treatment Significantly Enhances Populations of TRM-Like DN T Lymphocytes and Increases PD-1 Expression on TRM-Like DN T Cells 
	In the Absence of Tumour, Captopril Treatment Enhances Populations of PD-1 Expressing TRM-Like CD8+ and DN T Cells 
	Captopril Treatment Modulates Myeloid-Derived Suppressor Cell Populations 

	Discussion 
	Materials and Methods 
	Animal Experiments 
	In Vivo Model and Cell Line 
	Stereometric Tumour Burden Analysis 
	Flow Cytometry 
	Immunofluorescence 
	Statistical Analysis 

	References

