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Abstract

Background: Inefficient T-cell access to the tumor microenvironment (TME) is among the causes of tumor
immune-resistance. Previous evidence demonstrated that targeting CXCR4 improves anti-PD-1/PD-L1 efficacy
reshaping TME. To evaluate the role of newly developed CXCR4 antagonists (PCT/IB2011/000120/ EP2528936B1/
US2013/0079292A1) in potentiating anti-PD-1 efficacy two syngeneic murine models, the MC38 colon cancer and
the B16 melanoma-human CXCR4-transduced, were employed.

Methods: Mice were subcutaneously injected with MC38 (1 × 106) or B16-hCXCR4 (5 × 105). After two weeks,
tumors bearing mice were intraperitoneally (ip) treated with murine anti-PD-1 [RMP1–14] (5 mg/kg, twice
week for 2 weeks), Pep R (2 mg/kg, 5 days per week for 2 weeks), or both agents. The TME was evaluated
through immunohistochemistry and flow-cytometry. In addition, the effects of the human-anti-PD-1
nivolumab and/or Peptide-R54 (Pep R54), were evaluated on human melanoma PES43 cells and xenografts
treated.
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Results: The combined treatment, Pep R plus anti-PD-1, reduced the MC38 Relative Tumor Volume (RTV) by 2.67 fold
(p = 0.038) while nor anti-PD-1, neither Pep R significantly impacted on tumor growth. Significant higher number of
Granzyme B (GZMB) positive cells was detected in MC38 tumors from mice treated with the combined treatment (p =
0.016) while anti-PD-1 determined a modest but significant increase of tumor-infiltrating GZMB positive cells (p = 0.035).
Also, a lower number of FoxP3 positive cells was detected (p = 0.022). In the B16-hCXCR4 tumors, two weeks of
combined treatment reduced tumor volume by 2.27 fold while nor anti-PD-1 neither Pep R significantly impacted on
tumor growth. A significant higher number of GRZB positive cells was observed in B16-hCXCR4 tumors treated with
combined treatment (p = 0,0015) as compared to anti-PD-1 (p = 0.028). The combined treatment reduced CXCR4, CXCL12
and PD-L1 expression in MC38 tumors. In addition, flow cytometry on fresh B16-hCXCR4 tumors showed significantly
higher Tregs number following anti-PD-1 partially reversed by the combined treatment Pep R and anti-PD-1. Combined
treatment determined an increase of CD8/Tregs and CD8/MDSC ratio. To dissect the effect of anti-PD-1 and CXCR4
targeting on PD-1 expressed by human cancer cells, PES43 human melanoma xenograft model was employed. In vitro
human anti-PD-1 nivolumab or pembrolizumab (10 μM) reduced PES43 cells growth while nivolumab (10 μM) inhibited
pERK1/2, P38 MAPK, pAKT and p4EBP. PES43 xenograft mice were treated with Pep R54, a newly developed Pep R
derivative (AcHN-Arg-Ala-[DCys-Arg- Nal(2′)-His-Pen]- COOH), plus nivolumab. After 3 weeks of combined treatment a
significant reduction in tumor growth was shown (p = 0.038). PES43 lung disseminated tumor cells (DTC) were detected
in fresh lung tissues as melanoma positive MCSP-APC+ cells. Although not statistically significant, DTC-PES43 cells were
reduced in mice lungs treated with combined treatment while nivolumab or Pep R54 did not affect DTC number.

Conclusion: Combined treatment with the new developed CXCR4 antagonist, Pep R, plus anti-PD-1, reduced tumor-
growth in two syngeneic murine models, anti-PD-1 sensitive and resistant, potentiating Granzyme and reducing Foxp3
cells infiltration. In addition, the human specific CXCR4 antagonist, Pep R54, cooperated with nivolumab in inhibiting the
growth of the PD-1 expressing human PES43 melanoma xenograft. This evidence sheds light on PD-1 targeting
mechanisms and paves the way for CXCR4/PD-1 targeting combination therapy.

Keywords: Tumor microenvironment, Immune privilege, Tumor infiltrating lymphocytes, Treg, MDSC; CXCR4-CXCL12
pathway, Tumor intrinsic PD-1 pathway

Background
Unprecedented rates of long-lasting tumor responses can
be achieved in patients with a variety of cancers blocking
the immune checkpoints with inhibitors (ICI) such as
antibodies targeting cytotoxic T lymphocyte–associated
protein 4 (CTLA-4) or the programmed cell death 1 (PD-
1) pathway [1]. However durable responses occur in a mi-
nority of patients among which 25% eventually relapse [1].
Patients respond to ICI because of a pre-existing antitu-
mor T cell response that retains therapeutic potential until
the infiltrating T cells engage their T cell receptor (TCR),
triggering expression of PD-1 on T cells, releasing IFNγ
[2] with reactive expression of PD-L1 by cancer-resident
cells [1]. Among reasons of tumor resistance there is an
active T cell exclusion [3]. In addition, recent studies re-
vealed intrinsic functional expression of PD-1 that con-
tributes to tumor immunoresistance. In melanoma cells,
PD-1 can be activated by its ligand PD-L1 expressed by
tumor cells, modulating downstream mammalian target of
rapamycin signaling and promoting tumor growth inde-
pendent of adaptive immunity. In liver cancer cells, bladder
cancer as well as in non-small lung cancer cells [4–7]
intrinsic PD-1 signaling was reported. The chemokine

receptor 4 (CXCR4), is an evolutionarily highly conserved
GPCR expressed on monocytes, B cells, and naive T cells in
the peripheral blood. Its ligand, CXCL12, is a homeostatic
chemokine, which controls hematopoietic cell trafficking,
adhesion, immune surveillance and development. CXCR4
is overexpressed in more than 23 human cancers and con-
trols metastatic dissemination in the majority of tumors in
which is overexpressed [8]. Targeting the CXCR4–CXCL12
axis exerts activity on the TME reverting the tolerogenic
polarization of the TME rich of immunosuppressive cells
such as regulatory T cells (Treg), M2, and N2 neutrophils
[9–11]. Favoring spatial distribution of effector T cells, re-
cruitment of tumor-specific T cells from the vessel and T
cells proliferation, CXCR4 axis modulates ICI responsive-
ness [12]. CXCR4 antagonists potentiate ICI effect in HCC
xenograft [9], in murine intraperitoneal papillary epithelial
ovarian cancer [13] and in murine colorectal cancer where
NOX-A12, the CXCL12 antagonist L-RNA-aptamer,
enhanced CD8 and NK infiltration [14]. To target
CXCR4 a new family of CXCR4 peptide antagonists
was developed and Peptide R is the lead compound
(Pep R) (H-Arg-Ala-[Cys-Arg-Phe-Phe-Cys]-CO2H)
[15–18]. Pep R inhibits CXCR4 dependent cell
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migration and lung metastasis development [15].
Through a lead compound optimization process [19,
20] Peptide R54 (Pep R54), (AcHN-Arg- Ala-
[DCys-Arg- Nal(2′)-His-Pen]- COOH) was developed
displaying better serum stability and higher CXCR4
affinity than Pep R (IC50 = 20 ± 2 nM) [19].
Aim of the work was to evaluate Pep R in potentiating

the anti–PD-1 efficacy in two syngeneic murine models,
the colon cancer MC38 cells [21–23] and the B16 mel-
anoma model [22, 24] –human CXCR4 transduced, re-
spectively reported to be immune responsive [21–23]
and immune resistant cancer models [22, 24]. Moreover,
the effect of targeting tumoral intrinsic PD-1, as T cell-
independent effect, plus CXCR4 antagonism was evalu-
ated in PES43 human melanoma CXCR4 expressing [25]
xenografts.

Materials and methods
Cell lines
MC38 murine colon cancer cells were kindly provided
by Dr. Gabriele (Istituto Superiore di Sanità), cultured in
Dulbecco’s Modified Eagle Medium (DMEM) containing
10% fetal bovine serum (FBS) and grown at 37 °C in 5%
CO2. B16BL6/F10 murine melanoma cells were trans-
fected with pYF1-fusin plasmid containing human
CXCR4 gene (kindly provided by Dr. Aloj, NCI “Pas-
cale”, Naples, Italy) according to FuGEN 6 protocol
(Roche Applied Science, Indianapolis, IN). The B16-
human-CXCR4 cells were grown in Iscove’s Modified
Dulbecco’s Medium (IMDM with 10% FBS) plus 100 μg/
mL G418 [15]. PES43 human melanoma cancer cells,
[25] were cultivated in IMDM.

In vivo studies

1. C57Bl/6 mice were subcutaneously inoculated with
MC38 (1 × 106) murine colon cancer cells. When
mean tumor volume reached approximately 250
mm3, treatment started (typically 8 mm × 8mm
tumor, after ~ 20 days post-injection) [26]. Treat-
ment was conducted intraperitoneally (ip) as follow:
Peptide R (2 mg/kg) (GL Biochem Shangay LTD) ip,
5 days week/2 weeks; Rat IgG2a, anti-mouse PD-1
(CD279) monoclonal antibody (RMP1–14, BioX-
Cell), 5 mg/kg ip, twice a week/2 weeks (Add-
itional file 1: Figure S1A). For the combined
treatment, Pep R was inoculated 1 h before anti-
PD-1 to avoid cross-reactivity and to administrate
anti-PD-1 in a CXCR4-inhibited TME context [20].
Tumor volume was calculated using the formula:
V = (L ×W2)/2, where L and W are the long and
short diameters of the tumor, respectively. Relative
Tumor volume (RTV) is the ratio between Vx
caliper-derived volumes in mm3 at a given time and

V1 at the start of treatment (RTV=Vx/V1) [27]. RTV
mean ± SEM from caliper-measured data was evaluated
for each mouse (n= 4 per group) every other day.

2. C57Bl/6 mice were subcutaneously injected with
B16-hCXCR4 (5 × 105) cells and treated as above.
Treatment started when tumor masses become
palpable (approximately 10 days post-injection).
Mean tumor volumes from caliper-measured data
were evaluated for each mouse, (n = 8–12 per
group) every other day. Tumor length and width
were measured using a digital caliper. Tumor vol-
ume was estimated with the formula: (L ×W2)/2.

3. Athymic Nude-Foxn1nu mice were subcutaneously
injected with PES43 (2.5 × 106) melanoma cells.
Treatment started when tumor mass was ~ 50 mm3.
Treatment was conducted intraperitoneally with
Peptide R54 (GL BiochemShangay LTD) (2 mg/kg
ip, 5 days week/3 weeks), fully anti-human PD-1/
(CD279) IgG4 (S228P) (nivolumab) monoclonal
antibody (5 mg/kg ip, twice week/3 weeks) (Add-
itional file 1: Figure S1B). Tumor length and width
were measured using a digital caliper. Tumor vol-
ume was estimated with the formula: (L ×W2)/2.
Mean tumor volumes were evaluated for each
mouse, (n = 8–9 per group) 3 times/week. Animal
studies were performed in compliance with the AR-
RIVE guidelines and with the principle of the “3Rs”
(Replacement, Reduction and Refinement). Italian
Ministry of Health permission 10,047/2017PR 13/
02/2017) (Italian decree n. 26 04/03/2014 /European
Directive 2010/63/EU). A priori power analysis was
conducted using the Gpower program (G*Power
software package, version 3.1.4). All mice were
monitored every other day for body weight, sign hy-
dration (skin tents), posture, grooming (hunched
posture, ruffled fur), and activity (animal do not
move, moves only when touched, abnormal gait).
No sign of toxicity was reported with either treat-
ment in the three models.

Immunohistochemistry (IHC)
Paraffin-embedded sections (3 μm) were dewaxed and
rehydrated, antigen retrieval was performed by Decloaking
Chamber™ NxGen (Biocare Medicals) designed for heat-
induced epitope retrieval (HIER) with Antigen Unmasking
Solution (pH 6). After blocking with the appropriate
serum designed for blocking endogenous mouse IgG and
non-specific background in mouse tissues (Rodent Block
M; Biocare Medical), samples were incubated overnight at
4 °C using primary antibodies: FoxP3 (ab50501; 1:500 di-
luted; 1 h room temperature incubation); Granzyme B
GZMB (ab4059; 1:300 diluted; 1 h room temperature in-
cubation); CXCR4 (NB100–74396; 1:200 diluted; over-
night + 4 °C incubation) CXCR7 (ab38089; 1:100 diluted;
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overnight + 4 °C incubation); CXCL12 (Human/Mouse
CXCL12/SDF-1 mouse mAb Clone # 79018; Novus Bio-
logicals 1:50; diluted; overnight + 4 °C incubation); PD-1
(#PA5–20350 Rabbit pAb Invitrogen™ 1:50 diluted; over-
night + 4 °C incubation) PD-L1 (17952–1-AP, 1:50 Rabbit
pAb, Proteintech Group, Inc. and validated with PD-L1
(E1L3N®) XP® Rabbit mAb #13684 Cell Signaling Technol-
ogy, Inc.1:200; diluted; overnight + 4 °C incubation). Ki67
(M7240 Dako 1:75 diluted; overnight + 4 C incubation).
Immune cells were evaluated from the invasive margin to
tumor core in at least 3–4 regions of interest for each slide
at low power (100× magnification) and cells counted in 5
consecutive not overlapping high-power field (HPF) 400x
magnification (0.237mm2 / field), using an Olympus
BX51 microscope (Olympus, Tokyo, Japan). The evalu-
ation of stained immune cells was conducted in duplicate
by three independent trained observers (FT; CD and GS).
The results were expressed as mean of positively stained
immune cells/mm2.

Flow cytometry
For fluorescence-activated cell sorting (FACS) analysis,
B16-hCXCR4 melanoma explants were cut into small
fragments using curved scissors and then digested in
type III collagenase-containing medium (7 mg/ml;
Worthington) and DNase I (2 mg/ml; Worthington) for
30 min at room temperature in agitation, followed by
EDTA (0.1M, pH 7.2) for an additional 5 min. The hom-
ogenate was then passed through a cell strainer and cells
were incubated with FcR Block (Miltenyi Biotic) as indi-
cated by the manufacturer at 4 °C. Surface staining was
performed in the dark for 30 min at 4 °C in staining buf-
fer. Cells were washed and stained with a viability dye
(eFluorTM780, eBioscience) prior to fixation procedures
with 2% paraformaldehyde. Cells were then divided into
five different staining groups to sub-gate: dendritic cells,
granulocyte and monocyte/macrophage subsets, lympho-
cytes, Treg cells. Dendritic cell antibody cocktail: Bril-
liant Violet 510 (BV510) CD45 (BD Pharmingen),
phycoerythrin (PE) CD11c (BD Pharmingen), fluorescein
isothiocyanate (FITC) anti-CD103 (Miltenyi), allophyco-
cyanin (APC) CD11b (eBioscience), biotin PDCA1
(Miltenyi). Granulocyte and monocyte/macrophage sub-
sets antibody cocktail: BV510 anti-CD45, FITC anti-
Ly6G (BD Pharmingen), PE anti-CD11c, biotin F4/80
(Caltag), PE-Cy7 anti-IA/IE (Thermo Fisher), APC anti-
CD11b, Pacific Blue (PB) anti-Ly6C (Biolegend). Treg
cells: BV510 anti-CD45, FITC anti-CD4 (eBioscience),
APC anti-CD25 (BD Pharmingen), PE anti-FoxP3 (Bio-
legend). Biotynilated antibodies were detected by
SteptavidinPerCP5.5 or PB (BD Pharmingen). For intra-
cellular staining of PE anti-FoxP3, the manufacturer
protocol was followed (eBioscience Intracellular
Fixation & Permeabilization Buffer Set). Flow cytometry

was performed on a Gallios flow cytometer and
analysed with the Kaluza Analysis Software (Beckman
Coulter).

Disseminated tumoral cells (DTCs)
Murine lungs were cut into small fragments using
curved scissors. The homogenate was processed through
a cell strainer and cells were incubated with FcR Block
at 4 °C. Surface staining was performed with Anti-
human Melanoma MCSP-APC that identify the
melanoma-associated chondroitin sulfate proteoglycan
(MCSP) antigen (Miltenyi Biotec) in the dark for 30 min
at 4 °C.

Immunoblotting
Cells were lysed in a whole-cell buffer containing protease
and phosphatase (10mM NaF, 10mM Na-pyrophosphate,
1 mM Na3VO4) inhibitors. Rabbit monoclonal antibodies
for p44/42 MAPK (Erk1/2), phospho-p44/42 MAPK
(Erk1/2; T202/Y204), anti-4EBP1, anti-phospho 4EBP1,
phosphor-P38 MAPK (T180/Y182), P38 MAPK, Akt and
phospho-Akt (phospho-Ser-473) antibodies were from
Cell Signaling (Danvers, MA, USA). Secondary antibodies
include goat anti-rabbit-HRP (Jackson ImmunoResearch,
West Grove, PA, USA) and goat anti-mouse-HRP (Santa
Cruz Biotechnology).

Lactate assay
Quantitative determination of lactate in plasma from
retro-orbital bleeding was assessed by Cobas C Analyzer
(Lactate Gen. 2 – Roche Diagnostics).

Statistical analysis
SPSS software (version 13.0) and MedCalc (version
12.3.0) were used for statistical analysis. Data were
expressed as the mean ± SEM or ± SD as stated in figure
legends. For multiple groups comparison, Repeated
Measures ANOVA (RMANOVA) with Tukey HSD post
hoc-test was used to determine treatment effect over
time. The continuous variables were compared using an
unpaired Student t test or a Mann-Whitney U test if the
variables were not normally distributed. For multiple
groups comparison was used one way ANOVA or
Kruskal-Wallis test if the variables were not normally
distributed. P < 0.05 was considered to indicate a statisti-
cally significant difference.

Results
The CXCR4 antagonist Pep R potentiates anti-PD-1
efficacy in murine MC38 colon cancer and B16-hCXCR4
melanoma
To evaluate the effect of CXCR4 antagonist Pep R in
modulating anti-PD-1 efficacy two syngeneic mice tumor
models were employed. MC38 murine colon cancer [28]
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were previously characterized as responders to anti-PD-
1 therapies [21], and murine melanoma B16-hCXCR4
previously defined as poor immune responsive tumors
[22, 24, 29]. C57Bl/6 mice were subcutaneously inocu-
lated with MC38 (1 × 106) murine colon cancer cells [26,

28, 30, 31]. Treatment was conducted intraperitoneally
(ip) as follow: Peptide R (2 mg/kg) ip, 5 days week/2
weeks; anti-mouse PD-1 (CD279) monoclonal antibody,
5 mg/kg ip, twice a week/2 weeks (Additional file 1: Fig-
ure S1A). For combined treatment, Pep R was inoculated

Fig. 1 Pep R potentiates the anti-PD-1 antitumor efficacy in murine MC38 colon cancer and B16-human-CXCR4 mice models. a. MC38 colon
cancer. Mice were subcutaneously inoculated with 1 × 106 MC38 colon cancer cells. When tumors reached 250mm3 volume (day 20) mice were
randomized and treated for 2 weeks according to treatment schedule (Peptide R 2 mg/kg ip, 5 day/week; anti–PD-1 5 mg/kg i.p. twice weekly).
Relative Tumor Volume (RTV) (mean ± SEM, n = 4 per group), untreated (n = 4), anti-mouse PD-1 (n = 4), Pep R (n = 4), anti-PD-1 + Pep R
combination (n = 4). RTV: Untreated 14.75 ± 3.07; anti-PD-1 11.91 ± 4.60, Pep R 20.0 ± 2.95; anti-PD-1 + Pep R 5.52 ± 3.22. b. B16 melanoma-human-
CXCR4. Mice were subcutaneously inoculated with 5 × 105 B16-human-CXCR4 cells and treated as above. Mean tumor volumes (MTV) ± SEM. Untreated
mice (n= 12), anti-PD-1 (n= 10), Pep R (n= 8), anti-PD-1 + Pep R combination (n = 10). Response time trends recorded for different treatment was analyzed
by comparing means at each time point using repeated measures analysis of variance (RMANOVA with Tukey HSD post hoc-test);* p< 0.05
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1 h before anti-PD-1 to prevent cross-reactivity. Treat-
ment lasted two weeks reported to be sufficient to assess
change in tumor growth [9, 14, 32]. The combined treat-
ment with anti-PD-1 + Pep R reduced the MC38 Relative
Tumor Volume (RTV) by 2.67 fold as compared to un-
treated tumors (p = 0.038; 95% CI: 1374–5,44 RMA-
NOVA with Tukey HSD post hoc-test) (Fig. 1a) while
nor anti-PD-1, neither Pep R significantly impacted on
tumor growth.
B16-hCXCR4 (5 × 105) cells were subcutaneously inoc-

ulated and treatment started when tumor masses be-
come palpable (approximately 10 days post injection)
[22, 24, 29]. Two weeks of combined treatment reduced

tumor volume by 2.27 fold while nor anti-PD-1, neither
Pep R significantly impacted on tumor growth (Fig. 1b).

Targeting PD-1 and CXCR4 modifies the tumor
microenvironment (TME) in MC38 and B16-hCXCR4
tumors
We hypothesized that Pep R improved anti-PD-1 effi-
cacy modifying the TME T-cell infiltration. Since Gran-
zyme B positive staining represents a favorable indicator
of antitumor activity [33]. Granzyme B (GRZB) positive
immune cells were evaluated in the whole tumor sec-
tions. In Fig. 2a-b MC38 tumors from mice treated with

Fig. 2 Pep R in combination with anti-PD-1 increased Granzyme B infiltration and reduced Treg recruitment in MC38 tumors. Granzyme B
infiltration and FoxP3 positive immune cells was assessed by immunohistochemistry in tumors from MC38 (a-d). a. Representative
microphotographs of Granzyme B across treatment groups. Granzyme B staining was mainly detected in cytoplasmic granules of cytolytic T-
lymphocytes and natural killer cells (red staining). Counterstaining of nuclei by hematoxilyn (blue) (magnification 400x). b. GZMB was quantified
with the AxioVision Imaging System version 4.8 microscope expressed as IHC positive cell/mm2. Untreated mice: = 2 ± 1.73 (n = 4); anti-PD-1 =
37.66 ± 8.38 (n = 4); Pep R = 12.33 ± 8.22 (n = 4); anti-PD-1 + Pep R = 60.33 ± 14.54 (n = 4);. c. Representative microphotographs of FoxP3. FoxP3
staining showed nuclear immunoreactivity in lymphocytes (red staining, magnification 400x). d. Quantification FoxP3 was expressed as IHC
positive cell/mm2. Untreated mice: = 44.88 ± 4.46 (n = 4); anti-PD-1 = 38.66 ± 10.15 (n = 4); Pep R = 24.27 ± 3.85 (n = 4); anti-PD-1 + Pep R = 26.41 ±
2.21 (n = 4). ANOVA Tukey HSD Posthoc Test). Data are shown as mean ± SEM. ANOVA Posthoc Tukey HSD. * P < 0.05
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combined treatment displayed a significant higher num-
ber of GZMB positive cells (p = 0.016) while, anti-PD-1
determined a modest but significant increase of tumor
infiltrating GZMB positive cells (p = 0.035). As immuno-
suppressive cell infiltration impairs efficient immune re-
sponse, Tregs cells were evaluated through FoxP3
immunostaining (Fig. 2c-d). Previous evidence demon-
strated that CXCR4 is expressed on Tregs and that
CXCR4 antagonism impairs patients derived Treg func-
tion [34]. A lower number of FoxP3 positive cells was
detected in MC38 tumors treated with Pep R plus anti
PD-1 (p = 0.022) (Fig. 2d). A significant higher number
of GRZB positive cells was also observed in B16-
hCXCR4 tumors treated with combination (p = 0,0015)

as well as compared to anti-PD-1 (p = 0.028) or Pep R
(p = 0.039) (Fig. 3a-b). Combined treatment trend to-
wards a reduction of FoxP3 cell infiltration in B16-
hCXCR4 tumors in (Fig. 3c-d).
CXCR4-CXCL12-CXCR7 expression was evaluated

through immunohistochemistry in MC38 tumors. As
shown in Fig. 4, CXCR4 decreased in tumors treated
with Pep R or combined treatment while no variations
were detected for the related receptor CXCR7, as ex-
pected due to CXCR4-Pep R specificity [15]. Interest-
ingly a concomitant reduction of the ligand CXCL12
was reported. PD-1 expression was not affected by treat-
ments in MC38 tumors, while PD-L1 reduction was re-
vealed in both, anti-PD-1 and anti-PD-1 + Pep R

Fig. 3 Pep R in combination with anti-PD-1 increased Granzyme B infiltration and reduced Treg recruitment in B16-hCXCR4 tumors. Granzyme B
infiltration and FoxP3 positive immune cells was assessed by immunohistochemistry in tumors from B16-hCXCR4 (a-d). a Representative
microphotographs of Granzyme B across treatment groups. Granzyme B staining was mainly detected in cytoplasmic granules of cytolytic T-
lymphocytes and natural killer cells (red staining). Counterstaining of nuclei by hematoxilyn (blue) (magnification 400x). b. GZMB was quantified
with the AxioVision Imaging System version 4.8 microscope expressed as IHC positive cell/mm2. Untreated mice: 3.23 ± 1.01 (n = 8); anti-PD-1 =
7.02 ± 1.19 (n = 8); Pep R = 7.44 ± 1.52 (n = 8); anti-PD-1 + Pep R = 15.6 ± 3.60 (n = 7). c Representative microphotographs of FoxP3. FoxP3 staining
showed nuclear immunoreactivity in lymphocytes (red staining, magnification 400x). d Quantification FoxP3 was expressed as IHC positive cell/
mm2. Data are shown as mean ± SEM. Untreated mice: 8.70 ± 2.17 (n = 5); anti-PD-1 = 10.18 ± 0.79 (n = 6); Pep R = 7.65 ± 3.31 (n = 8); anti-PD-1 +
Pep R = 4.08 ± 1.70 (n = 6). ANOVA Posthoc Tukey HSD. * P < 0.05
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treatments (Fig. 4). Thus, the combined treatment re-
duced CXCR4, CXCL12 and PD-L1 in MC38 TME con-
firming our previous evidence of Pep R specificity for
CXCR4 [15–20, 34]. In addition, flow cytometry was con-
ducted on fresh B16-hCXCR4 tumors. To evaluate TME
treatment induced changes tumor-infiltrating Tregs,
MDSC, pDC and Neutrophils were analyzed (Fig. 5a). In
Fig. 5a a significant Tregs increase was detected in B16-
hCXCR4 tumors anti-PD-1 treated, partially reversed by
the combined treatment. A significant decrease in neutro-
phils infiltration was revealed in B16-hCXCR4 tumors
treated with Pep R. Although not significant it is worth
noting that pDC decreased with Pep R, anti-PD-1 and
combined treatment (Fig. 5a). In Fig. 5b the ratio of CD8/
Tregs and CD8/MDSC expressed modifications of ef-
fector/suppressor treatment-induced. The ratio CD8+ T
cells/Tregs was higher in mice receiving Pep R, as a single
treatment or in combination with anti-PD-1 [35] (Fig. 5b).

Targeting CXCR4 potentiates nivolumab efficacy in PES43
human melanoma xenograft PD-1 expressing
Recently, intrinsic PD-1 signaling has been described in
melanoma, lung, bladder cancer and hepatocellular

carcinoma [5]. To dissect the effect of anti-PD-1 and
CXCR4 targeting on human cancer cells PES43 human
melanoma [25] xenograft was employed. As shown in
Fig. 6a PES43 cells express PD-1 (61,3%); low level of
PD-L1 (4.1%) and high CXCR4 (44,5%). In vitro human
anti-PD-1, nivolumab or pembrolizumab (10 μM), re-
duced PES43 cells growth (Fig. 6b) and nivolumab
(10 μM) inhibited pERK1/2, pP38 MAPK, pAKT and
p4EBP (Fig. 6c). In vivo PES43 cells (2.5 × 106) were sub-
cutaneously injected in athymic mice and treated with
Pep R54, a newly developed Pep R derivative (AcHN-
Arg-Ala-[DCys-Arg- Nal(2′)-His-Pen]- COOH) with im-
proved serum stability and CXCR4 affinity higher than
Pep R (IC50 = 20 ± 2 nM) [19]. Pep R54 (2 mg/kg ip, 5
days week/) and human anti-PD-1, nivolumab (5 mg/kg
ip, twice weekly), were ip administered for 3 weeks
(Additional file 1: Figure S1B). After 3 weeks of com-
bined treatment a significant reduction in tumor growth
was revealed (p = 0.038) (Fig. 6d). As a corollary, reduc-
tion in plasma lactate was detected in Pep R54 + nivolu-
mab treated animals as compared to untreated mice at
44 days post-treatment [36] (Kruskal Wallis test P =
0.0209) (Additional file 1: Figure S2). To evaluate the

Fig. 4 Pep R in combination with anti-PD-1 reduced the expression of CXCR4-CXCL12 and PD-L1 in MC38 tumors. Representative IHC pictures for
CXCR4, CXCR7, CXCL12, PD-1 and PD-L1 expression (brown staining) in MC38 collected tumors (magnification 400x), from mice treated with Pep
R, anti-murine PD-1 or combined treatment showing the reduction of CXCR4, CXCL12 and PD-L1 expression in mice treated with Pep R alone
and in combination with anti-PD-1
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impact of combined treatment on PES43 migrating to
lung, disseminated tumor cells (DTC) were detected in
fresh lung tissues as melanoma positive MCSP-APC+

cells. Although not statistically different, DTC-PES43
cells were reduced in mice lungs treated with combined
treatment while no reduction was detected in nivolumab
or Pep R54 treated mice (Fig. 6e, Additional file 1: Figure
S3A). As showed in Fig. 7 CXCR4 targeting (Pep R54 or
Pep R54 + nivolumab) decreased CXCR4 expression,
p-ERK and KI67 (Additional file 1: Fig. S3B) while no
effect was detected on CXCL12 and cognate receptor
CXCR7 expression (Fig. 7). Pep R54 or combination
reduced expression of PD-L1 mainly in stromal cells
(Fig. 7).

Discussion
Although immune checkpoint blockade inhibitors (ICI)
have shown convincing results in multiple cancers, the
therapeutic efficacy is currently limited to 15–30% of

treated cancer patients [37]. Herein the new CXCR4 an-
tagonist Pep R strengthen anti-PD-1 efficacy in two
murine cancer models, MC38 colon cancer and B16-
hCXCR4 melanoma, respectively reported to be immune
responsive [21] and immune resistant cancer models
[22, 24]. Increase in anti-PD-1 efficacy derived by TME
modification potentiating the recruitment of Granzyme
B positive and reducing Tregs cells. As previously re-
ported [33, 38], the increase of Granzyme B positive cells
in MC38 tumors derived from mice treated with com-
bined treatment, suggests that CXCR4 inhibition favors
T effector access to TME. While Peptide R does not sig-
nificantly increase the number of GRZB positive cells, it
improves the anti-PD-1 efficacy toward a more infil-
trated TME. CXCR4 inhibition favors T effector access
to TME also in a more immune resistant model such as
B16-hCXCR4. Pep R also reduced Treg infiltration in
MC38 and B16-hCXCR4 tumors rendering the TME
more immunoresponsive to anti-PD-1 therapy, as

Fig. 5 Pep R in combination with anti-PD-1 treatment mediated the impairment of infiltrating immune-suppressive cells in B16-hCXCR4 tumors.
Flow cytometry analysis of single-cell suspensions from digested B16-hCXCR4 tumors (n = 6/group) stained as described in Material and Methods.
The histograms represent the frequencies (mean ± SEM) of %: (a) Tregs/CD45+; MDSCs/CD45+; pDC/CD45+; neutrophil/CD45+; (b) CD8+/Treg,
and CD8+/MDSCs; Mann-Whitney U test P < 0.05
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previously reported for B16 melanoma [39]. CXCL12
and PD-L1 expression were reduced by Pep R treatment
possibly through impairment of stromal/immuneregula-
tory cell recruitment [12] and/ or transcriptional regula-
tion [40] while CXCR4 and PD-L1 expression were
reduced in tumors treated with anti-PD-1 + Pep R. It
was previously demonstrated that CXCR4 antagonists
reshape TME favoring access of T effector and reducing
the immunoregulatory cells in a model of pancreatic
cancer [11], hepatocellular carcinoma [41] colorectal
cancer [14] and ovarian cancer [13]. Potentiation in anti-
CTLA-4 and anti-PD-1 efficacy was obtained with B16-
GM-CSF expressing cell line (GVAX) [35, 39]. Interest-
ingly GM-CSF downregulated both CXCR4 and
CXCL12 expression in bone marrow [42]. In human

metastatic triple negative breast cancer (TNBC) the
dense fibrotic stroma is immunosuppressive and liver
and lung metastases tend to be highly fibrotic excluding
cytotoxic T lymphocytes (CTLs). Among genes that are
associated with stromal T-lymphocyte exclusion there is
CXCL12 [43]. In a murine model of murine TNBC, the
unique CXCR4 FDA approved antagonist, plerixafor, de-
creases fibrosis, increases CTL infiltration, and decreases
immunosuppression doubling the response to immune
checkpoint blockers [43]. CXCR4 is overexpressed on
Tregs, mainly the bone marrow retained Tregs, and
CXCR4 peptide antagonist impairs Tregs function [34].
Thus dual blockade of CXCL12-CXCR4 and PD-1-PD-
L1 synergistically increases Teff/suppressive immune
population in murine tumor models. Although not

Fig. 6 Pep R54 in combination with nivolumab inhibits PES43 human melanoma cell growth, signaling and tumor growth. a. PD-1/CD279 (Clone
HA2-7B1), PD-L1 (Clone MIH1) and CXCR4 (Clone 12G5) expression in PES43 by flow cytometry. b. PES43 cell growth in the presence of
nivolumab or pembrolizumab [10 μM], non-specific IgG4[10 μM], PD-L1 [2μg/mL]. Growth curve graph (mean Number of Viable PES43 Cells ±
SEM). c. Immunoblotting for ERK1/2, P38, AKT, 4EBP1 phosphorylated protein in PES43, PD-L-1 [2 μg/mL] plus nivolumab [10 μM] (6 h incubation);
representative data from one of three experiments. d. Athymic mice were subcutaneously inoculated with 2.5 × 106 PES43 human melanoma
cells and treated for 3 weeks with Peptide R54 (2 mg/kg ip, 5 days per week), nivolumab (5 mg/kg ip, twice weekly) and combination. Tumor
volume mm3 ± SEM: untreated 622.72 ± 119; nivolumab 503.47 ± 107; Pep R54 567 ± 214; nivolumab + Pep R54 410.33 ± 105). (untreated mice
n = 8; nivolumab n = 8; Pep R54 n = 8; nivolumab + Pep R54 n = 9); e. Lung disseminated cells (DTC) PES43 cells were detected through flow
cytometry as % hu- %MSCP APC positive cells (untreated mice n = 6; nivolumab n = 4; Pep R54 n = 5; nivolumab + Pep R54 n = 4) (empty dot =
sample; black dot mean)
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significant the combined treatment modified the content
of myeloid-derived suppressor cells (MDSC) and plas-
macytoid DC (pDC) in B16-hCXCR4. This can be ex-
plained by the TME-produced CXCL12 that is attractive
not only for CXCR4+ Treg, but also for MDSC and pDC
[44–46]. It was reported that pDCs established an im-
munosuppressive TME impairing the response to TLR7/
9 activation and decreasing IFN-α production [47].
Moreover, genetic deletion of CXCR4 in myeloid cells
(CXCR4MyeΔ/Δ) significantly reduced melanoma tumor
growth enhancing the NK antitumor immune response.
These data suggest that CXCR4-mediated signals
from myeloid cells suppress NK cell–mediated tumor
surveillance, and thereby enhance tumor growth
[48]. In terms of tumor growth, Pep R seems to con-
fer a delay in tumor growth within the first week of
treatment while a gain in growth is showed during
the second week. Previously published data showed
that Pep R reduced the growth of human renal can-
cer cells SN12C xenograft [15] while Peptide S, al-
though not impairing B16F10 tumor growth, reduced
lung metastasis [49]. In U87MG glioblastoma growth
was unaffected by CXCR4 antagonists, AMD3100
and Pep R [50]. Although not statistically significant

this trend deserve further investigation. Most studies
on PD-1 expression have focused on immune cells,
rendering its potential expression and functions in
tumor cells remaining largely unclear. To investigate
the role of intrinsic PD-1 signaling in neoplastic
cells, the effect of human anti-PD-1, nivolumab, was
evaluated in combination with the newest and most
powerful CXCR4 antagonist Pep R54 [20] in a xeno-
graft model of human melanoma. The combined ef-
fect of nivolumab + Pep R54 suggests a dual role for
CXCR4 antagonism targeting tumoral cells and
microenvironment. Herein, combined treatment of
nivolumab + Pep R54 impaired tumor growth of hu-
man melanoma PES43 cells expressing PD-1 and
CXCR4. In athymic mice, double targeting of CXCR4
and PD-1 significantly reduced human melanoma
tumor growth as T cells independent effect. Target-
ing PD-1 and CXCR4 on PES43 melanoma cells re-
duced cell growth and inhibited survival signaling
(pERK/pAkt) [15–17] strengthen the effect of nivolu-
mab that impaired pERK/pAkt and p4EBP1. We hy-
pothesized that the CXCR4 antagonist Pep R54 plus
anti-PD-1 simultaneously inhibits two core pathways
of tumor proliferation, P-ERK/pAKT and p4EBP1.

Fig. 7 Pep R54 in combination with nivolumab reduced the expression of CXCR4-CXCL12 and PD-L1 in PES43 tumors. Representative IHC
pictures (magnification 400x) for CXCR4, CXCR7 (red staining), CXCL12, PD-1 and PD-L1 expression (brown staining) in PES43 collected tumors
from mice treated with Pep R54, nivolumab or combined treatment
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Conclusion
Taken together these results demonstrate that CXCR4
antagonist Peptide R regulates access and function of ef-
fector/regulatory cells of the TME creating a rationale
for combined therapy with ICI. Pep R potentiated the ef-
ficacy of anti-PD-1 through immune cell trafficking ma-
nipulation in two syngeneic models with different
immunogenicity. In addition, the CXCR4 antagonist
Peptide R54 potentiates the inhibition of cell-intrinsic
PD-1, T cell-independent response, in human melanoma
xenograft providing relevant information for combina-
torial approaches to enhance antitumor immunity.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13046-019-1420-8.

Additional file 1: Figure S1. In vivo Scheme of treatment. A. Scheme
of treatment for syngeneic murine models: Peptide R was
intraperitoneally administered 5 day/week for 2, Anti-PD-1 was
intraperitoneally administered at Day 1–4–7-10-13. B. Scheme of
treatment for human PES43 melanoma xenograft: Peptide R54 was
intraperitoneally administered 5 day/week for 3 weeks, Anti-PD-1
nivolumab was intraperitoneally administered at Day 1–4–7-10-13-16-19.
Figure S2. CXCR4 antagonist Pep R54 in combination with nivolumab
reduced plasma lactate. Reduction in plasma lactate was revealed in Pep
R54 + nivolumab treated animals as compared to untreated mice at 44
days post-treatment. Lactate dehydrogenase (LDH) blood level from
retro-orbital plexus (100 μl) blood sampling (plasma concentration mg/
dL, mean ± SD). Figure S3. A. Peptide R54 in combination with
nivolumalb reduced PES43 lung nodules. Representative PES43 metastasis
in athymic mouse lung. Metastatic nodules were evaluated 8 weeks after
PES43 subcutaneous injection (3/5 untreated mice, 1/4 nivolumab, 1/6
Pep R54, and 0/4 Pep R54 + nivolumab treated mice). Upper: H&E of
lungs from PES43 xenograft mice: Lower: IHC for MELAN-MART1. B.
Peptide R54 in combination with nivolumab reduced CXCR4-, P-ERK
downstream signaling and Ki67 in PES43 xenograft. B. Representative IHC
pictures (magnification 400x) for P-ERK downstream signaling pathway
and Ki67 with membrane/cytoplasmic and nuclear localization
respectively.
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