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ABSTRACT
Cancer surgery while necessary for primary tumor removal, has been shown to induce immune
suppression and promote metastases in preclinical models and human cancer surgery patients. Activating
the immune system and reversing immunosuppression have emerged as promising ways to treat cancer
and they can be safely employed in the perioperative period. In this study, we evaluated the
immunotherapeutic potential of phosphodiesterase-5 (PDE-5) inhibitors to target surgery-induced
myeloid-derived suppressor cells (MDSC) and restore natural killer (NK) cell function in the clinically
relevant perioperative period. Immunocompetent murine tumor models of major surgery were used to
characterize the functional suppression of surgery-induced MDSC and to assess the in vivo efficacy of
perioperative PDE5 inhibition. In cancer surgery patients with abdominal malignancies, we assessed
postoperative NK cell function following co-culture with MDSC and PDE5 inhibition. Perioperative PDE5
inhibition reverses surgery-induced immunosuppression. In particular, sildenafil reduces surgery-derived
granulocytic-MDSC (gMDSC) function through downregulation of arginase 1 (ARG1), IL4Ra and reactive
oxygen species (ROS) expression, enabling NK cell antitumor cytotoxicity and reducing postoperative
disease recurrence. By removing surgery-derived immunosuppressive mechanisms of MDSCs, sildenafil
can be combined with the administration of perioperative influenza vaccination which targets NK cells to
reduce postoperative metastasis. Importantly, sildenafil reverses MDSC suppression in cancer surgery
patients. These findings demonstrate that PDE5 inhibitors reduce postoperative metastasis by their ability
to inhibit surgery-induced MDSC. Further clinical studies are warranted to investigate the
immunotherapeutic role of PDE5 inhibitors in combination with cancer surgery.
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Introduction

Surgery is the only chance for cure for patients with solid
tumors. Despite complete resection, many patients die from
local or metastatic recurrence because minimal residual disease
is present at the time of surgery. Increasingly, it is clear that
surgery-induced natural killer (NK) cell immune dysfunction
promotes metastatic disease progression. Postoperative NK cell
suppression correlates with increased metastases in animal
models of spontaneous1,2 and implanted2-4 metastases, while in
human studies, low NK cell activity is associated with a higher
rate of cancer recurrence and mortality.5,6 Our translational
research has shown that postoperative cancer surgery patients
have a dramatic reduction in NK cell cytotoxicity.2 Despite the
clear importance of postoperative NK cell dysfunction, very
few studies have characterized the mechanism of suppres-
sion1,2,4,7 and even fewer have attempted to reverse it to reduce
postoperative metastatic disease.8-14 There are no therapies
administered to prevent surgery-induced immune suppression
in the current cancer treatment paradigm.

Myeloid-derived suppressor cells (MDSC) are immature
precursor cells of myeloid lineage.15 They have been most
intensively studied in cancer, where they accumulate in the
blood, bone marrow and tumour to inhibit innate and adaptive
immunity.15 MDSC display a diverse array of phenotypic
markers and are defined by their subtype and associated sup-
pressive activity.16 Granulocytic MDSC (gMDSC) exert
immune suppression through production of reactive oxygen
species (ROS) by NAPDH oxidases which catalyzes the nitra-
tion of the T cell receptor, while monocytic MDSC (mMDSC)
depletes surrounding L-arginine, an essential amino acid for T
cell activation, through metabolism by iNOS and arginase
(ARG-1).15 There are fewer studies exploring the mechanisms
of NK cell suppression by MDSC,17 but inhibition by produc-
tion of ROS,18 ARG-1 activity19 and by TGFb20,21 have been
described. Our evolving understanding of MDSC biology sug-
gests that MDSC accumulation represents a programmed
response to both chronic and acute inflammatory processes.22
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This phenomenon of rapid MDSC accumulation and immune
suppression has been demonstrated in the setting of burns,23

sepsis24 and trauma.25 However, studies exploring the role of
MDSC in the context of cancer surgery and their mechanism of
postoperative immunosuppression is limited.26-28

Phosphodiesterase-5 (PDE5) inhibitors are conventionally
used as therapies for non-malignant conditions.29 Sildenafil
and tadalafil are clinically approved to treat erectile dysfunction
and are currently being tested in pulmonary hypertension and
cardiac hypertrophy.29 Emerging data in the fields of cancer
pharmacology and immunotherapy suggest that PDE5 inhibi-
tors are multi-targeting agents that can treat a variety of
tumors. PDE5 inhibitors have been shown to exert antitumor
activity by increasing intracellular cyclic GMP and its down-
stream effectors in breast, colon and squamous cell cancer.30-32

Other reports describe the ability of PDE5 inhibitors to inter-
fere with the efflux functions of the ABC transporters, therefore
sensitizing cancer cells toward cytotoxic agents that are sub-
strates of ABC transporters. Thus, these studies suggest the use
of PDE5 inhibitors in combination with chemotherapy.33-35

With the exception of one important study,36 there are no other
mechanistic reports describing PDE5 inhibitors in the modula-
tion of the tumor microenvironment. Serafini et al. used silden-
afil to alter the tumor microenvironment by enhancing
antitumor immunity in preclinical models and ex vivo cancer
patient samples by down-regulating MDSC suppressive
function.36

Since a detailed understanding of PDE5 inhibitors as antitu-
mor therapies is limited, further studies are warranted to estab-
lish their role and characterize their mechanism of action. The
aim of this work was to characterize the activity of PDE5 inhib-
itors on the immunosuppressive function of MDSC in clinically
relevant mouse tumor models of major surgery and cancer sur-
gery patients with abdominal malignancies. The results of our
work present evidence that surgery-derived MDSC mediate NK
cell dysfunction and promotes metastatic disease, which can be
reversed by perioperative administration of sildenafil.

Materials and methods

Mice – C57BL/6 (B6) and BALB/c mice were purchased from
Charles Rivers Laboratory. Animals (6 weeks old females) were
housed in pathogen-free conditions and all studies performed
were in accordance with institutional guidelines at the Animal
Care Veterinary Service facility (University of Ottawa).

Surgery and experimental metastasis model – The experi-
mental metastasis model was carried out as previously
described.2 Briefly, an intravenous (iv) challenge of 3 £ 105

B16lacZ cells was given to establish pulmonary metastases
which are evident as early as 3 days following tumour cell injec-
tion. Surgical stress was induced by an abdominal nephrectomy
10mins following tumor inoculation. Animals were euthanized
3d following tumor inoculation and lungs were stained with X-
gal (Bioshop) and quantified. For perioperative treatment, sil-
denafil (Pfizer) or tadalafil (GlaxoSmithKline) at 20 mg/kg/24h
was administered intraperitoneally (ip) starting at 5 days before
surgery and twice on the day of surgery (1h before and 4h after
surgery); trivalent inactivated influenza vaccine (Agriflu�,

Novartis) at 1/5 of the human dose (100 ml of 15 mg / 500 mL)
was administered ip 1d before surgery.8

Surgery and spontaneous metastasis model – The sponta-
neous metastasis model was performed as previously
described.2 Briefly, 1 £ 106 4T1 breast tumor cells were injected
orthotopically into the mammary fat pad of BALB/c mice. At
14d post-tumor cell injection, a complete resection of the pri-
mary tumor along with abdominal nephrectomy was per-
formed. For perioperative treatment, 20 mg/kg/24h of sildenafil
was administered ip starting at 7 days before surgery and con-
tinued for 3 days following surgery. At 28d post-orthotopic
tumor injection, visible nodules on the lung surface were visual-
ized with a dissection microscope and quantified.

Cell lines – B16F10LacZ melanoma cell line was obtained
from Dr. K Graham (London, Ontario) and maintained in
cDMEM. RMA (thymoma) and RMA-S (MHC-I deficient)
were from Dr. A Veillette (Montreal, Quebec). 4T1, YAC-1,
K562, NK92 cell lines was purchased from ATCC and main-
tained in cRPMI.

Antibodies and FACS analysis. – Murine spleen and bone
marrow lymphocytes were harvested and RBCs lysed. The fol-
lowing mAbs/reagents were used: anti-CD3 (SK7), anti-CD19,
anti-NK1.1 (PK136), anti-F4/80 (BM8), anti-CD11c (N418),
anti-B220 (RA3-6B2), anti-CD11b (M1/70), anti-GR1 (RB6-
8C5), anti-Sca-1 (D7), anti-c-Kit (2B8), anti-CD34 (RAM34),
anti-FcgRII/III (3G8) and isotype controls all from eBioscien-
ces; anti-IL4Ra (I01F58) from Biolegend; ARG1 (IC5868F)
from R&D Systems; ROS indicator (H2--DCFDA) from Ther-
moFisher Scientific; and NOS indicator (DAF-2DA) from
Sigma Aldrich. FACS acquisitions were performed on a CyAN-
ADP (Beckman Coulter).

Ex vivo NK cell cytotoxicity assay – The 51Cr-release assay
was performed as previously described.2 Briefly, splenocytes
were isolated from mice at 18h post-surgery. Purified NK cells
(DX5C, Miltenyi) were re-suspended at a concentration of 1.5
£ 106 cells/ml and then mixed with 51Cr-labelled target cells,
which were re-suspended at a concentration of 3 £ 104 cells/ml
at different E:T ratios.

In vivo NK cell rejection assay – The in vivo rejection assay
was performed as previously described.2,37 Briefly, RMA (wild-
type) and RMA-S (MHC class I-deficient) were differentially
labeled with 5mM (CFSEhigh) and 0.5mM (CFSElow) of CFSE
(Biolegend), respectively. A mixture of 3 £ 106 cells of each
type was injected ip into recipient mice 4h following surgery.
After 18h, peritoneal cells were harvested from the peritoneum
with PBS-2mM-EDTA and analyzed for CFSE-labeled tumor
cells by FACS. The RMA parental cells were not rejected by
endogenous NK cells due to missing-self recognition, whereas
the RMA-S cells will be rejected due to the absence of MHC
class I inhibitory signals. The % rejection of MHC class I-defi-
cient RMA-S is calculated using the following formula and the
number of cells in each region:

% rejection D 1¡ CFSElow 6 CFSEhigh
� �

input 6�

CFSElow 6 CFSEhigh
� �

outputÞ/ £ 100

NK cell depletion – NK cells were depleted using an opti-
mized dosing and schedule of a-NK1.1 antibody (PK136) or
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isotype (Ebiosciences). 200mg were injected ip on days -4, -1
and C1. The lung tumor burden of the experimental metastasis
model was quantified at 3d post-surgery.

MDSC:NK cell co-culture assays – gMDSC were purified
using the Mouse MDSC isolation kit (Miltenyi). Purified
gMDSC were seeded in triplicates in 96V bottom well plates at
1:1 ratio with purified NK cells with 50 mg/ml of sildenafil. Fol-
lowing 20h of co-culture, 51Cr-labelled YAC-1 cells were added
and the killing assay was conducted as described above.

MDSC transfer experiments – Splenocytes were isolated
from B6 donor mice according to the treatment schedule in the
experimental lung metastasis model at 24h post-surgery and
enriched for gMDSC. 5 £ 106 gMDSC as determined by FACS
were injected ip into recipient B6 mice. For in vivo NK cell kill-
ing assays, CFSE differentially-labelled RMA and RMA-S cells
were injected ip 4h following MDSC transfer. 24h post MDSC
and tumor cell injection, peritoneal tumor cells were harvested
and analyzed for CFSE expression. For experimental lung
metastasis assays, 3 £ 105 B16lacZ tumor cells were injected iv
1h post MDSC transfer. 3d post MDSC and tumor cell injec-
tion, lungs of recipient mice were isolated and quantified with
Xgal.

Human samples for FACS, co-culture and cytotoxicity
assays – Human whole blood was collected (Perioperative
Blood Collection Program, approved by the Ottawa Health Sci-
ence Network Research Ethics Board #2011884) preoperatively,
postoperative day 1 (POD1), POD3, POD5 and POD28C/-14
from patients that did not have tumor metastasis, surgical com-
plications and did not have chemotherapy prior to or in the rel-
evant postoperative period. The blood samples were processed
immediately for PBMC using Ficoll-Paque (Stemcell) and
resuspended in freezing media (RPMI, 12.5% Human Serum
Albumin, 10% DMSO). For FACS analysis, the following mAb
were used: anti-CD11b (ICRF44), anti-CD33 (WM53), anti-
HLA-DR (LN3) and anti-CD14 (61D3) (EBiosciences). For
human MDSC:NK cell co-culture assays, human MDSC were
isolated by slowly thawing frozen aliquots of PBMCs on ice,
then at room temperature, followed by washing in complete
media and resuspension in 1X PBS prior to magnetic separa-
tion using the CD33C selection kit (Miltenyi). MDSC were
seeded in triplicates in 96V bottom well plates at 1:1 ratio with
NK92 cells with 50mg/ml of sildenafil. Following 20h of co-cul-
ture, 51Cr-labelled K562 cells were added and assessment of tar-
get cell killing was determined as above.

Statistical analysis – Statistical significance was determined
by one way ANOVA or student t test with a cutoff P value of
0.05. Data is presented as mean C/- SEM.

Results

In vivo perioperative PDE5 inhibition reduces
postoperative metastatic disease

Since current clinical trials are studying the effect of PDE5
inhibitors on malignant disease, we asked whether the antitu-
mor effects of PDE5 inhibition could be beneficial for the
reduction of postoperative metastatic disease. We administered
perioperative PDE5 inhibitors in experimental and spontane-
ous mouse tumor models of major surgery and lung metastasis,

including B16F10lacZ (melanoma) (Fig. 1A, B and C) and 4T1
(mammary carcinoma) (Fig. 1D and E). Perioperative sildenafil
and tadalafil significantly reduced lung tumor metastasis at day
3 for melanoma-bearing mice (Fig. 1B and C and Supplemen-
tary Fig. S1A). Importantly, perioperative sildenafil reduced
spontaneous metastatic disease as evident by a reduction in the
number of visible nodules on the lung in a 4T1 breast tumor
model (Fig. 1E and Supplementary Fig. S1A). To exclude the
possibility of direct tumor cell killing by PDE5 inhibitors, we
cultured B16F10lacZ and 4T1 tumors with sildenafil and did
not observe a direct negative effect of sildenafil on tumor cell
viability (Supplementary Fig. S1B and C). We therefore ques-
tioned the contribution of the immune system in the antitumor
effect of PDE5 inhibitors. As we had previously observed a cen-
tral role for NK cells in mediating tumor metastasis removal
following surgery,2 the lung metastasis experiments were
repeated in the absence of NK cells by targeted depletion
(Fig. 1F). The antitumor efficacy of perioperative sildenafil was
no longer evident upon NK cell depletion (Fig. 1G). These
results suggest that the antitumor activity of PDE5 inhibition
in our models is secondary to an innate immune response
involving the direct or indirect activity of sildenafil on NK cell
function.

In vivo perioperative PDE5 inhibition recovers natural
killer cell function

To characterize the effects of perioperative PDE5 inhibitor
treatment upon NK cell-mediated antitumor activity follow-
ing surgery, we performed ex vivo NK cell cytotoxicity
assays using NK cells isolated from animals treated with sil-
denafil or tadalafil (see Supplementary Fig. S2A for experi-
mental schedule). A significant effect of both PDE5
inhibitors upon NK cell cytotoxicity was observed in the
surgery groups (Fig. 2A-D). Notably, sildenafil treatment
alone was not found to impact NK cell cytotoxicity in na€ıve
mice suggesting the PDE5 inhibition is not acting to
directly enhance NK cell activity (Supplementary Fig. S2B).
To confirm these ex vivo findings, we performed an in vivo
NK cell cytotoxicity assay. Similar to our ex vivo results,
NK cell activity was restored in mice treated with perioper-
ative sildenafil compared to untreated surgery mice (Fig. 2E
and F). Taken together, these results demonstrate PDE5
inhibitors indirectly improve perioperative NK cell cytotox-
icity, leading to improved cancer target cell killing.

PDE5 inhibition can be combined with perioperative
immunostimulation to reduce metastatic disease

Despite significant reductions in lungmetastases sildenafil, through
its indirect enhancement of NK cell activity, failed to completely
eradicatemetastatic disease. Therefore we next sought to determine
whether a combination of sildenafil with a direct agonist of NK cell
activity, type I interferon produced in response to influenza vacci-
nation, could enhance therapeutic efficacy. In the B16F10lacZ
model, mice were additionally injected with the influenza vaccine
along with perioperative sildenafil (Fig. 3A). Although the PDE5
inhibitor alone significantly reduces lung metastases, combining
PDE5 inhibition with influenza vaccination resulted in a greater
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Figure 1. In vivo perioperative PDE5 inhibition reduces postoperative metastatic disease. (a) Experimental overview for evaluating the effects of PDE5 inhibtors (b) silden-
afil and (c) tadalafil upon B16F10lacz lung metastases when given perioperatively. Animals received 5 daily injections of either drug prior to the surgery and two doses
delivered 1h and 4 h postoperatively (postop). Lungs were collected on postop day 3 and metastases quantified as described in the materials and methods. (d) Experi-
mental overview of mice receiving a once daily injection of sildenafil 1 week prior to and for 3 days following tumour implantation. Primary tumours were resected on
day 14 and lungs collected on day 28 to (e) quantify the number of 4T1 lung tumor nodules. (f)Experimental overview for determining the effects of depleting NK cells
upon the therapeutic efficacy of perioperative sildenafil on reducing (g) B16F10lacZ lung tumor metastases. In addition to receiving 5 daily injections of sildenafil prior to
the surgery and two doses delivered 1h and 4 h postoperatively (postop) mice were injected with 200 mg of an anti-NK1.1 depleting antibody on day -4, -1 and C1 as
indicated by the arrows. Lungs were collected on postop day 3 at time of endpoint and metastases quantified as described in the materials and methods. Data represent
pooled results from 2 or 3 experiments with total number of mice per group indicated (n.s., not significant).
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antitumor effect (24 vs 11 lung metastasis in sildenafil vs sildenafil
C flu vaccine) (Fig. 3A). To further investigate a role for NK cells
in mediating the additive effects of combining perioperative
administration of influenza vaccine and PDE5 inhibitor, we exam-
ined ex vivo NK cell killing (Fig. 3B). Here, we observed a signifi-
cant recovery of NK cell killing following perioperative
administration of either agent alone compared to surgery treated
mice (Fig. 3B). However, the effect on antitumor NK cell cytotoxic-
ity was further improved when the influenza vaccine was used in
combination with sildenafil treatment in the perioperative period
(Fig. 3B). These results demonstrate a role of sildenafil inmodifying
the postoperative immunosuppressive environment.

Surgery induces accumulation of granulocytic myeloid
derived suppressor cells

The experiments described thus far demonstrate the ability of
PDE5 inhibition to augment postoperative antitumor immunity
mediated by NK cells. However, the mechanisms resulting in the
suppression of NK cell activation and functionality in the

postoperative period are unknown. We have previously demon-
strated that MDSC and not Treg cells expand following surgery2

suggesting that myeloid cells may be responsible for the suppres-
sion of NK cell activity in the perioperative period. Flow cytomet-
ric analysis revealed that surgery was associated with an increased
proportion of myeloid precursor cells (common myeloid: line-
age¡, Sca1¡, ckitC, CD34int, FcgRIIint/FcgRIIIint and granulocytic:
lineage¡, Sca1¡, ckitC, CD34int, FcgRIIhigh/FcgRIIIhigh progenitor
cells) in the bone marrow (BM), (Fig. 4A), but not in the spleen
(Fig. 4B). Additionally, our analysis revealed a reduction in the
number of CD11bCGr1C cells in the BMwhich was accompanied
by an increase in the spleen suggesting surgery-induced CD11bC

Gr1C cells are generated in the BM before migrating to the
peripheral tissues (Fig 4A – B and Supplementary Fig S3A). Fur-
ther examination of the population of CD11bC Gr1C cells
revealed that although there was no change in the number of
either the Gr1lo or Gr1¡ cells there was a significant accumulation
of CD11bC Gr1hi cells in the spleen during the postoperative
period, increasing from 2.6% of all splenocytes at baseline to
13.9% of all cells by 12h and reaching a peak of 15.7% by 24 h

Figure 2. In vivo perioperative PDE5 inhibition recovers NK cell function. The ability of purified DX5C NK cells from animals receiving the PDE5 inhibitor (PDE5 Inh) silden-
afil (a, c and d) or tadalafil (b) to kill YAC-1 (a) and (b), B16F10lacZ (c) or 4T1 (d) tumour cells ex vivo. The data are displayed as the mean percent (C/- SEM) of chromium
release from triplicate wells for the indicated E:T ratios. (�, p < 0.05 comparing “No surgery” to “Surgery” groups; ��, p < 0.05 comparing “Surgery C sildenafil or tadalfil
to “Surgery” groups). (e) and (f) The ability of endogenous NK cells from indicated treatments to reject RMA-S tumor cells. Data is representative of 3 independent experi-
ments, where nD 4-6/group.
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(Fig. 4C, D and Supplementary Fig. S3A). The accumulation of
CD11bC Gr1Ccells observed in the spleen was indicative of sys-
temic increases as similar increases were also observed in the lung
and blood and was not impacted by sildenafil (Supplementary
Fig S3C and D). Similarly, we did not observe any significant
effect of sildenafil upon either NK or T cells present in the spleen,
blood or lungs in either untreated or surgically stressed groups
(Supplementary Fig. S4). Since CD11bC Gr1hi cells are consistent
with the reported phenotype of granulocytic MDSC (gMDSC) we
next sought to investigate whether this population expressed
known markers associated with immune modulation and deter-
mine the effects of sildenafil. An examination of the expression of
knownmediators of gMDSC immunosuppressive activity includ-
ing ARG1, ROS, IL-4Ra and NOS revealed an increase in nearly
all markers following surgical stress (Fig. 4E-H) Furthermore,

with the exception of NOS, which was not altered following surgi-
cal stress, sildenafil treatment reduced the significant increases in
ARG1, ROS and IL4Ra (Fig. 4E-G) to control levels (Fig. 4H) but
did not directly impact the accumulation of CD11bC Gr1hi popu-
lation (Supplementary Fig. S3C and D). Considering that ARG1,
ROS and IL4Ra are key molecules in MDSC suppressive path-
ways,36,38 these results suggest that PDE5 inhibition is a novel
perioperative therapy to regulate surgery-derived gMDSC medi-
ated-immunosuppression.

Surgery-induced MDSC are the targets of sildenafil-
mediated antitumor activity

The influence of surgery-derived CD11bC Gr1hi cells on NK
cell activity was first assessed by ex vivo co-culture assays

Figure 3. PDE5 inhibition combines with perioperative immunostimulation to improve NK cell function and reduce metastatic disease. (a) Experimental overview for eval-
uating the combined effects of perioperative PDE5 inhibition and influenza vaccination (Vx). (b) Quantification of B16F10lacZ lung tumor metastases at 3d from indicated
treatment groups. (c) The ability of purified DX5C NK cells from indicated treatment groups to kill YAC-1 tumor cells. The data are displayed as the mean percent (C/-
SEM) of chromium release from triplicate wells for the indicated E:T ratios. Data represent the pooled results of 3 independent experiments with total number of mice
per group indicated. The right panel is representative of the 50:1 E:T ratio used for assessing statistical significance (a, p < 0.05 comparing “No surgery” to “Surgery”
groups; b, p < 0.001 comparing “Surgery C sildenafil”, “Surgery C flu vaccine” or “Surgery C sildenafil C flu vaccine” to “Surgery” groups; c, p < 0.001 comparing “Sur-
gery C sildenafil” or “SurgeryC flu vaccine” to “SurgeryC sildenafil C flu vaccine” groups).
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using Gr1C cells isolated from untreated and surgery-treated
mice co-cultured with resting (Fig. 5A) and IL2 activated
(Fig. 5B) NK cells. In the presence of surgery-derived Gr1C

cells, the cytolytic capacity of resting and IL2 activated NK
cells were significantly inhibited compared to untreated mice
(Fig. 5A-B). We further supported these findings by demon-
strating that surgery-induced gMDSC can functionally inhibit
CD3/CD28 stimulated T cells (Supplementary Fig. S5A).
Together these data suggest that the myeloid derived CD11bC

Gr1C cells which accumulate following surgery are suppres-
sive of NK and T cell function and will be referred to as

gMDSC as warranted by standardized nomenclature.39 To
verify that surgery-induced gMDSC are indeed the targets of
sildenafil-mediated antitumor activity, we adoptively trans-
ferred MDSC from surgically stressed animals treated perio-
peratively with vehicle (PBS) or sildenafil into na€ıve mice and
examined NK cytotoxicity and metastasis formation. As
shown in Fig. 5C, the adoptive transfer of MDSC from sur-
gery-treated mice is alone sufficient to significantly impair
endogenous NK cell cytotoxicity. In contrast, na€ıve mice
receiving MDSC from surgically stressed animals that had
received perioperative sildenafil treatment prior to transfer

Figure 4. Surgery induces accumulation of granulocytic myeloid derived suppressor cells. The mean percentage of (a) bone marrow and (b) spleen HSPC (lineage¡,
Sca1C, ckitC), common myeloid progenitor (CMP) (lineage¡, Sca1¡, ckitC, CD34int, FcgRIIint/FcgRIIIint), GMP (lineage¡, Sca1¡, ckitC, CD34int, FcgRIIhigh/FcgRIIIhigh), and
MDSC (CD11bC, Gr1C) was evaluated in untreated and surgery treated mice. The mean percentages of splenic (c) gMDSC and (d) mMDSC was evaluated at indicated
time points following surgery. MFI of (e) ARG1, (f) ROS (H2-DCF), (g) IL4Ra and (h) NOS (DAF-2DA) expression on (CD11bC, Gr1high) gated splenocytes was evaluated in
indicated treatment groups. Data are representative of 3 similar experiments where nD 4-6/group (n.s., not significant).
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exhibited significantly improved endogenous NK cell cytotox-
icity over surgery-treated MDSC. To support these observa-
tions, we assessed lung tumor metastases. As shown in
Fig. 5D, lung tumor burden was similarly augmented follow-
ing transfer of surgery-treated MDSC, whereas, it was signifi-
cantly reduced after transfer of surgery C sildenafil treated
MDSC. Furthermore, perioperative sildenafil treatment
improved the NK cell cytotoxic activity of NK cells isolated
from the lungs and improved IFNg secretion of NK cells

from animals undergoing surgery in comparison to the
untreated surgery cohort (Supplementary Fig. S5B and C). In
contrast, despite the effects upon on gMDSCs (Fig. 4) and NK
function, sildenafil was unable to restore CD8C T cell IFNg

secretion in response to non-specific stimulation (PMA and
Ionomycin) (Supplementary Fig. S5D). Taken together, these
findings demonstrate that the immunosuppressive effects of
surgery-induced gMDSC upon NK cell activity can be
reduced by inhibiting PDE5 activity of gMDSC in vivo.

Figure 5. Surgery-induced MDSC are the targets of sildenafil-mediated antitumor activity. The ability of (a) resting NK cells and (b) IL2 activated NK cells to kill YAC-1 tar-
gets following 20h of co-culture with MDSC isolated from mice with indicated treatment groups. The data are displayed as the mean percent (C/- SEM) of chromium
release from triplicate wells for the indicated E:T ratios. Data represent 3 pooled experiments with total number of mice per group indicated. (�, p D 0.05 comparing “NK:
MDSC or NK-IL2:MDSC” to “NK or NK-IL2” alone groups; ��, p < 0.001 comparing “NK:MDSC(surgery) or NK-IL2:MDSC(surgery)” to “NK or NK-IL2” alone groups; ^,
p < 0.05 comparing “NK:MDSC(surgery) or NK-IL2:MDSC(surgery)” to NK:MDSC or NK-IL2:MDSC” groups). (c) In vivo tumor rejection at 24h and (d) quantification of lung
tumor metastases at 3d from recipient mice receiving adoptively transferred MDSC from indicated treatment groups.
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PDE5 inhibition restores NK cell cytotoxicity in colorectal
cancer patients

Having demonstrated that PDE5 inhibition can restore MDSC
suppressive mechanisms in preclinical models, we sought to
determine whether similar effects exist in human cancer patients
following tumor resection. Peripheral blood NK cell activity
from colorectal patients showed functional impairment follow-
ing surgery,2 however, surgery-induced MDSC immunosup-
pression has not been previously reported in solid cancers.
Similar to our preclinical data, we observed a significant accu-
mulation of gMDSC (CD11bC/CD33C/CD14¡/HLA-DR¡/low)
in the peripheral blood of colorectal cancer patients following
surgical resection (Fig. 6A). We then examined target cell lysis
by co-culturing MDSC from cancer surgery patients with the

NK92 tumor cell line. K562 tumor lysis was significantly
reduced when NK cells was co-cultured with cancer patient
MDSC following surgical resection at POD1 and POD3
(Fig. 6B-C). We next sought to determine whether we could
restore NK cytotoxicity when co-cultured with MDSC isolated
from cancer patients in the presence of a PDE5 inhibitor. In can-
cer patients, NK cell cytotoxicity was restored with PDE5 inhibi-
tion at POD1 (Fig. 6D). In summary, these results confirm that
PDE5 inhibition can augment NK cell immune responsiveness
through its effect on surgery-expanded humanMDSC.

Discussion

Metastatic recurrence following surgery remains the single big-
gest cause of mortality in patients with solid tumors.1-4 We

Figure 6. PDE5 inhibition restores NK cell activity in cancer surgical patients with abdominal malignancy. (a) Percentage human MDSC (CD11bC, CD33C, CD14¡, HLA-
DR¡/low) was evaluated in PBMC from patients at baseline (preoperative), POD1, POD3, POD5, and POD28(§14); �patients with POD28 missing. (b and c) The ability of
NK92 cells to kill K562 tumor cells after co-culture with purified MDSC from patients at baseline, POD1, POD3, and POD5. (d) The ability of NK92 cells to kill K562 tumor
cells after co-culture with purified MDSC from patients at baseline and POD1 in the presence or absence of sildenafil (closed symbols) or tadalafil (open symbols). The
data are displayed as the mean percent (C/- SEM) of chromium release from triplicate wells for 50:1 or 25:1 (E:T) ratio.
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previously demonstrated that surgery-induced NK cell dysfunc-
tion contributes to progression of metastatic disease.2 However,
the underlying mechanisms leading to postoperative NK cell
impairment was not fully characterized. In this report, we pro-
vide preclinical evidence that gMDSC accumulation following
surgery parallels the time line of postoperative NK cell suppres-
sion. Given reports on the suppressive function of MDSC on
immune effector cell function, we co-cultured resting and IL2-
activated NK cells with gMDSC from control and surgery-
treated mice and detected functional suppression of NK cells
with surgery-treated gMDSC, but not with control gMDSC
(Fig 5A and B). Production of ARG1 and ROS have both been
described as potential mechanisms of MDSC mediated sup-
pression of NK and T cells. In agreement with Ochoa and col-
leagues,25,38 we observed upregulation of ARG1 in gMDSC
following surgical injury. However, in contrast, we detected
increased levels of intracellular ROS in gMDSC following sur-
gery. In line with tumor-expanded MDSC studies by the Bor-
rello group,36 we also detected increased IL4Ra and ARG1
expression on surgery-derived gMDSC, but not NOS levels.
These phenotypic and biochemical differences could potentially
be explained by the heterogeneity of the MDSC populations
described by these groups. For instance, we isolated gMDSC
populations from tumor-bearing major surgery models involv-
ing laparotomy and nephrectomy, whereas total MDSC from
non-tumor bearing, laparotomy-treated mice were used by the
Ochoa group38 and tumor bearing (non-surgical resection
model) was used by the Borrello group.36 Thus, because of the
multifaceted functions of MDSC, it is reasonable to propose
that multiple MDSC suppressive factors/phenotypes exist and
in the context of cancer surgery, targeting both ARG1 and
ROS may be needed to abolish MDSC-induced immune
suppression.

There is accumulating evidence to suggest that PDE5 inhibi-
tors could interfere with the suppressive functions of
MDSC.36,40,41 In this report, we provide evidence that perioper-
ative PDE5 inhibition reverses surgery-induced immunosup-
pression. This is the first study to link the PDE5 inhibitors
sildenafil and tadalafil with MDSC and NK cells in the eradica-
tion of postoperative metastases. We show that sildenafil
reduces surgery-derived gMDSC function through downregula-
tion of ARG1, IL4Ra and ROS expression, enabling NK cell
tumoricidal activity and reducing postoperative disease recur-
rence. Our results indicate that sildenafil primarily targets
CD11bC/Ly6GC gMDSC and enhances NK cell activity in vitro
(Fig. 5C,D) and in vivo (Fig. 5A). Although we have demon-
strated that PDE5 inhibition reduces ARG1, IL4Ra and ROS
levels, the full mechanisms underlying these effects remains to
be characterized. Potential mechanisms include PDE5 inhibi-
tion mediated increase in cGMP which leads to destabilization
of ARG1 mRNA42 or reduction of the calcium-dependent pro-
tein kinase C activity that in turn prevents the upregulation of
IL4Ra and subsequent decrease in ARG1 expression.36,43

Notably, our preclinical findings of surgery-induced MDSC-
mediated immunosuppressive mechanisms are conserved in
cancer surgery patients. Treatment with PDE5 inhibitors ex
vivo reversed the suppressive functions of postoperative MDSC
from patients with colorectal cancer following resection and
rescued NK cell responses.

Together our findings support the further investigation of
clinical strategies aimed at safely preventing the immunosup-
pressive environment present in the perioperative period. Inter-
estingly two recently completed clinical trials using the PDE5
inhibitor tadalafil in head and neck squamous cell carcinoma
patients, prior to chemotherapy, supports the safety and feasi-
bility of our proposal.40,41 Both trials reported that tadalafil was
well tolerated in patients in addition to the beneficial modula-
tion of the tumor microenvironment, including MDSC, Treg
and CD4/CD8 T cell functionality.40,41 Furthermore, a recently
completed Phase II clinical trial reporting that perioperative
treatment with a COX-2 inhibitor (etodolac) in combination
with a b-adrenergic antagonist (propranolol) could reduce cir-
culating CD14C monocytes and improve NK cell activation44

supporting the rationale for targeting MDSCs in the periopera-
tive period to improve clinical outcomes.

Based on our preclinical data demonstrating that the periop-
erative administration of sildenafil in combination with influ-
enza vaccine results in a greater reduction of lung tumor
metastasis than either treatment alone and our ex vivo sildenafil
patient studies, we have proposed a randomized, double-arm
phase Ib study in which patients with abdominal malignancies
will be treated with tadalafil and influenza vaccine prior to sur-
gical resection of their primary tumor. Blood and tumor MDSC
and NK cell functionality will be investigated pre- and post-
operatively. Repurposing of the existing drug, tadalafil, for the
treatment of postoperative metastases represents a cost and
time effective means to deliver a novel and effective immuno-
therapy to surgical cancer patients.
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