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Abstract

Despite recent therapeutic advances, pancreatic ductal adenocarcinoma (PDAC) remains a

devastating disease with limited therapeutic options. Immune checkpoint inhibitors (ICIs)

have demonstrated promising results in many cancers, but thus far have yielded little clinical

benefit in PDAC. Based on recent combined targeting of programmed cell death protein-1

(PD-1) and C-X-C chemokine receptor 4 (CXCR4) in patient-derived xenografts (PDXs) and

a pilot clinical trial, we sought to elucidate potential interactions between PD-1 and CXCR4.

We observed concomitant expression and direct interaction of PD-1 and CXCR4 in PDAC

cells. This interaction was disrupted upon CXCR4 antagonism with AMD3100 and led to

increased cell surface expression of PD-1. Importantly, CXCR4-mediated PDAC cell migra-

tion was also blocked by PD-1 inhibition. Our work provides a possible mechanism by

which prior studies have demonstrated that combined CXCR4 and PD-1 inhibition leads to

decreased tumor growth. This is the first report investigating PD-1 and CXCR4 interactions

in PDAC cells and our results can serve as the basis for further investigation of combined

therapeutic targeting of CXCR4 and PD-1.

Introduction

Immune checkpoint inhibitors (ICIs) have revolutionized therapeutic cancer regimens by acti-

vating quiescent cytotoxic immune cells to eradicate tumor cells. Despite impressive tumor

regression and long-term survival benefits with these therapies in patients with various

advanced cancers, a large number of cancer patients do not benefit from ICIs. In fact, clinical

trials have shown that single-agent ICIs are generally ineffective in patients with pancreatic

ductal adenocarcinoma (PDAC), the most common form of pancreatic cancer [1, 2]. This lack

of clinical efficacy is likely multifactorial. It can be attributed in part to low tumor mutation

burden and therefore a low concentration of immunogenic neoantigens that can be recognized
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by the immune system [3]. Additionally, dense desmoplasia surrounding PDAC tumors may

preclude drug infiltration into the tumor [4]. We, along with other groups, have detected

tumor-intrinsic PD-1 expression in PDAC, melanoma, and ovarian cancer [5–8]. These

reports show that cancer-cell intrinsic PD-1 activates and regulates multiple signaling path-

ways to promote tumor growth and escape pathways, thus mitigating treatment response to

single-agent ICIs. Furthermore, other reports have shown that antigen presenting cells (APCs)

and tumor-intrinsic PD-1 promote immune tolerance to cancer cells [5]. However, much still

remains to be learned regarding tumor-intrinsic PD-1 expression and treatment response to

ICIs.

In prior reports, the C-X-C chemokine receptor 4 (CXCR4) antagonist AMD3100 has been

combined with anti-PD-1 or anti-PD-L1 antibodies in PDAC models to enhance ICI efficacy

[9, 10]. In 2013, Feig and colleagues theorized that fibroblast cells in the tumor microenviron-

ment (TME) produced the C-X-C motif chemokine 12 (CXCL12), the ligand of CXCR4,

which antagonizes and blocks the immune response from killing PDAC cells [9]. They discov-

ered that CXCR4 inhibition with AMD3100 attenuated CXCL12 release from cancer-associ-

ated fibroblasts (CAFs), and concomitant treatment with an anti-PD-L1 antibody reactivated

tumor immune recognition and eradicated PDAC in a murine model [9]. Overall, Feig et al.,
concluded that inhibition of CAFs with AMD3100 reduced tumor-stromal interactions,

increased tumor T-cell infiltration, and enhanced the therapeutic efficacy of ICIs. More recent

work by Seo et al. supports this mechanism revealing that combined blockade of PD-1 and

CXCR4 results in migration of CD8+ T-cells to the TME and enhances tumor cytotoxicity in

an ex vivo human PDAC slice culture system [10]. However, both studies by Seo and Feig

omitted examination of CXCR4 and immune checkpoint expression in PDAC cells and the

effects of AMD3100 on these cells.

Combined therapeutic targeting of CXCR4 and PD-1 appears promising and is under

phase 1 and 2 clinical trial evaluation for various cancers (NCT04058145, NCT03628859,

NCT04177810, NCT02826486, NCT03168139, and NCT04177810) [11–13]. However, these

trials focus wholly on cytotoxicity generated by immune responses. Our objective in this study

was to characterize endogenous cancer cell PD-1 and CXCR4 interactions that contribute to

the overall cytotoxicity from these combination regimens. While a few studies have evaluated

the synergy of anti-PD-1 antibodies with CXCR4 antagonism in PDAC, none has investigated

this combination in PDAC independent of immune response. Based on our previous findings

demonstrating endogenous PD-1 expression in PDAC cells and ongoing investigations evalu-

ating the efficacy of combining ICIs and CXCR4 antagonism, we sought to further characterize

PD-1 and CXCR4 expression in PDAC cells.

Materials and methods

Cell culture

The established PDAC cell lines MIAPaCa-2 and PANC-1 and acute lymphoblastic leukemia

(ALL) line MOLT-4 were obtained from ATCC. MIAPaCa-2 and PANC-1 cells were cultured

in Dulbecco’s Modified Eagle Media (DMEM) (Gibco) supplemented with 10% fetal bovine

serum (FBS). RPMI 1640 media (Gibco) supplemented with 10% FBS was used for MOLT-4

cells. All cell lines were maintained at 37˚C in a humidified atmosphere at 5% CO2. Cell lines

were passaged every 3–4 days at 70–80% confluence.

Patient recruitment and PDAC organoid creation

The study was conducted according to the guidelines of the Declaration of Helsinki. Written

informed consent was obtained from PDAC patients undergoing standard-of-care surgery to
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provide tumor specimens. We obtained Institutional Review Board approval at the University

of Kentucky for tissue acquisition, patient-derived organoid (PDO) generation, and subse-

quent analyses (protocol 48495, approved 1/17/2019). Patient samples were catalogued using

the nomenclature “hPT#,” for human PDAC, where hPT# tumor, hPT# PDO, etc., were all

derived from the same patient. We generated PDOs as previously described [6, 14, 15]. Briefly,

PDAC tissues were minced and digested with collagenase II and dispase in AdDF (advanced

DMEM/F12 medium supplemented with FBS, Glutamax, HEPES, and primocin) wash

medium at 37˚C with constant agitation for 30–60 min. The digestion was stopped and the

samples were centrifuged (200×g) at 4˚C for 5 min. The supernatant was removed and centri-

fuged again. The pellets were combined and washed twice with AdDF wash medium followed

by centrifugation (200×g) at 4˚C for 5 min. The cell pellet was resuspended in reduced growth

factor basement membrane extract (RGF BME; Trevigen) and cultured in complete PDO

medium supplemented with Y27632 (10 μM), generated as previously described [6, 14, 15].

Culture medium was exchanged every 2–3 d and PDOs were passaged every 5–7 d when

70–80% confluent. For passaging, culture medium was removed and PDOs along with RGF

BME were collected in cold dispase (1 mg/mL) in AdDF wash media and kept on ice for 10

min. PDOs were then mechanically disrupted with gentle pipetting. PDOs were then centri-

fuged (200×g) for 5 min at 4˚C and the supernatant was carefully removed. The PDO pellet

was then resuspended in fresh RGF BME and plated on a 24-well plate in a 1:2 fashion for

expansion, or biobanked in AdDF media with 10% FBS and 10% DMSO and stored in liquid

nitrogen for later use.

Western blot assays

We performed western blot assays to determine expression of PD-1 and CXCR4 in PDAC

cells and PDOs. The cells were lysed with RIPA lysis buffer (Cell Signaling Technology) sup-

plemented with phosphatase and protease inhibitors (Sigma-Aldrich). Protein concentrations

were determined using the Pierce™ bicinchoninic acid (BCA) kit (ThermoFisher). Protein

samples (20–40 μg) were electrophoresed in 10% SDS polyacrylamide gels and transferred to

polyvinylidene difluoride membranes (Bio-Rad). The membranes were blocked with 5% milk

and incubated overnight at 4˚C with primary antibodies against PD-1 (1:1000, Proteintech,

66220-1-Ig), CXCR4 (1:1000, Proteintech, 60042-1-Ig), or β-actin (1:5000, Sigma-Aldrich) for

loading control. Then the blots were incubated for 1 h at room temperature with a correspond-

ing HRP-conjugated secondary antibody (1:5000; Santa Cruz Biotechnology), visualized in

ECL solution (SuperSignal West Pico Chemiluminescent Substrate, ThermoFisher) and

exposed with an UVP ChemiDoc-It2imager. Blots were quantified using ImageJ (NIH) and

results analyzed using GraphPad software.

Immunofluorescent staining

Immunofluorescence (IF) assays were performed to determine the expression and localization

of PD-1 and CXCR4 on primary PDAC tissues, PDAC cells, and PDOs. α-smooth muscle

actin (α-SMA) was used to determine localization of cancer-associated fibroblasts (CAFs).

Since α-SMA can be expressed in cancer cells, we utilized architectural characterization to dif-

ferentiate α-SMA+ CAFs from PDAC cells. For staining of MIAPaCa-2 and PANC-1 cells,

cells were seeded overnight in 8-well chamber slides at 3x104 cells per well. Cells were then

serum starved overnight. On the next day, cells were treated with 1–2 μM AMD3100 or PBS

control for 1 h. Cells were washed with PBS-glycine, fixed, permeabilized, and blocked for 1 h

at room temperature in 3% bovine serum albumin (BSA) or goat serum (Sigma-Aldrich). Cells

were incubated overnight at 4˚C with rabbit anti-PD-1 (1:100, Proteintech, 18106-1-AP) and
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mouse anti-CXCR4 (1:100, Proteintech, 60042-1-Ig) primary antibodies. The following day

cells were incubated with goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Fluor

555 secondary antibodies (1:500, ThermoFisher) for 1 h at room temperature. Secondary anti-

bodies alone were used as antibody controls. VectaSheild with DAPI (Vector Laboratories)

was applied to the stained cells and cells were imaged using Nikon Ts2, confocal microscopes,

or plain film.

PDOs were embedded in paraffin and processed by the University of Kentucky Markey

Cancer Center Biospecimen Procurement and Translational Pathology Shared Resource Facil-

ity (BPTP SRF) onto slides at 5 μm thickness. For 3-color IF, slides were deparaffinized with d-

Limonene, rehydrated with an alcohol gradient, and rinsed in TBS. For antigen retrieval, His-

toZyme (pH 7.2, Sigma) was applied to the PDO sections for 5 min at room temperature, then

rinsed in TBS. Slides were blocked in 10% goat serum in TBS for 1 h at room temperature.

Slides were incubated overnight at 4˚C with primary antibodies diluted as described above in

TBS-T. The following day slides were rinsed in TBS-T followed by TBS. Secondary antibodies,

described above, were diluted in 1x TBS for 1 h at room temperature. Slides were again rinsed

in TBS followed by ddH2O. VectaSheild with DAPI (Vector Laboratories) was applied to each

PDO section and coverslips were placed. Slides were allowed to dry overnight and imaged

using a Nikon confocal microscope.

For 4-color multiplex IF, slides were stained using Ventana Discovery Ultra machine by the

University of Kentucky BPTP SRF. Antigen retrieval was performed on-board using CC1 stan-

dard, followed by 20-min incubation with mouse anti-α-SMA (Ventana 760–2833) with detec-

tion using OmniMap anti-mouse HRP (Ventana 760–4310) and Rhodamine 6G fluorophore

kit (Ventana 760–244). Unbound antibody was denatured by heating to 90˚C for 4 min and

unreacted peroxidase was quenched. Slides were subsequently incubated with mouse anti-PD-

1 antibody (Cell Marque 315M-98) for 1 h with detection by OmniMap anti-mouse HRP and

FITC kit (Ventana760-232), followed by another round of denaturation and quenching before

incubation with mouse anti-CXCR4 (Proteintech, 60042-1-Ig) at 1:100 for 32 min with detec-

tion by OmniMap anti-mouse HRP and Cy5 (Ventana 760–238). Slides were counterstained

with DAPI (Ventana 760–4196) for 4 min before mounting and coverslip application. Slides

were allowed to dry overnight and imaged using a Nikon confocal microscope.

Co-immunoprecipitation assays

To assess a direct protein interaction between PD-1 and CXCR4 as a potential mechanism for

anti-PD-1/anti-CXCR4 therapeutic synergy, co-immunoprecipitation (co-IP) assay was per-

formed. MIAPaCa-2 and PANC-1 cells were exposed to AMD3100 (1 μM) or solvent control

and then lysed with Pierce IP lysis buffer (ThermoFisher) containing phosphatase and protease

inhibitor cocktails (Sigma-Aldrich). After centrifugation, the protein extracts were subjected

to preclearing and immunoprecipitation using Protein A/G-Agarose Plus (Santa Cruz Biotech-

nology). One ml of precleared cell lysate (1 mg total protein) was incubated overnight at 4˚C

with rabbit polyclonal PD-1 antibody (10 μg, Proteintech, 18106-1-AP) or rabbit IgG isotype

control antibody (Invitrogen) as a pulldown control. Reciprocal IP was performed using

mouse anti-human monoclonal CXCR4 antibody (10 μg, Proteintech, 60042-1-Ig). The immu-

noprecipitated pellets were then washed ×4 and boiled in SDS sample buffer for 5 min at 95˚C.

After brief centrifugation, the supernatant from each condition was run on an SDS-PAGE gel

followed by western blotting to evaluate PD-1 and CXCR4. The SuperSignal™ West Pico PLUS

Chemiluminescent Substrate Kit (ThermoFisher) was used to visualize the membranes with a

UVP ChemiDoc-It2imager or plain film. Blots were quantified using ImageJ software (NIH)

and analyses performed using GraphPad software.
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Flow cytometry

Cell surface PD-1 expression was assessed by flow cytometric assays. MIAPaCa-2 and PANC-1

cells were plated on 100 mm3 culture dishes and incubated overnight for cell attachment. The

next day, cells were serum-starved overnight. On the 3rd day, cells were exposed to AMD3100

(1 μM) or solvent control for 45 min. Cells were then lysed and prepared for flow cytometric

analysis of PD-1 expression. Mouse anti-PD-1-PE antibody (20 μL per test, BD Biosciences,

557946) was used to probe for cell surface PD-1 expression. Mouse IgG1-PE antibody was

used as isotype antibody control and the assay was performed on an LSR II cell analyzer (BD

Sciences). Flowjo v10 software was used for flow data analysis.

Cell migration assays

To study the potential regulation of PD-1 on CXCR4-mediated migration, MIAPaCa-2 and

PANC-1 cells were placed into 24-wells with transwell inserts (8 μm pores; Costar, Corning)

to assess the ability of cells to migrate through the membranes [16]. Cells (5x104) in 100 μL

serum-free DMEM medium were placed into the upper chamber of each well and 600 μL of

DMEM medium containing 1% FBS and AMD3100 (1 μM), pembrolizumab (humanized

anti-PD-1 monoclonal antibody; 1 μg/mL), CXCL12 (100 ng/mL), or a combination of these

were added to bottom chambers. Since PANC-1 cells have appear to have more rapid migra-

tion than MIAPaCa-2 cells [16], cells were incubated for 12 and 24 h, respectively, at 5% CO2

and 37˚C. After incubation, cells were fixed and permeabilized in ice-cold 100% methanol

for 30 min on ice, washed in PBS then stained with crystal violet solution (1% in methanol),

and washed with PBS and ddH2O. Cells remaining on the top side of each membrane were

removed with a cotton swab. The stained transwell membranes were imaged with a Nikon Ts2

microscope and 5 representative images were captured for each membrane. Quantifications

were performed using ImageJ and analyses were performed using GraphPad.

PD-1 knockdown in MIAPaCa-2 cells

Four constructs of lentiviral short hairpin RNA (shRNA) against human PD-1 (PDCD1)

(NM_005018) or scramble shRNA control (Genecopoeia), with mCherry reporter and puro-

mycin selection genes, were transfected into MiaPaCa-2 cells using the jetPRIME reagent

(Polyplus). Cells were selected with puromycin (ThermoFisher) and sorted with Flow Cytome-

try for further purification. PD-1 knockdown (KD) efficiency was assessed by western blot and

the most efficient PD-1 shRNA constructs were chosen for further study. MIAPaCa-2 PD-1-

KD cells along with scramble shRNA transfected control cells were used in this study.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software. One-way ANOVA with

post Tukey test was used for multigroup comparisons. Differences were considered significant

at P< 0.05. Results are expressed as mean ± standard error.

Results

PD-1 and CXCR4 are expressed on PDAC cells, tumors, and PDOs

We performed western blot assay to confirm PD-1 and CXCR4 expression in PDAC cells and

PDO lines (Fig 1A). The MOLT-4 cell line was used as a positive cell line control for both

CXCR4 and PD-1. Then, we performed IF staining on PDAC cell lines (Fig 1B) and PDOs

(Fig 1C) to determine if these proteins localized to the same cellular regions. We observed co-

expression of PD-1 and CXCR4 in both cancer models. We next sought to determine if co-
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expression in PDOs was secondary to immune cells or TME cells, such as CAFs, which also

express PD-1 and CXCR4 [17–21]. In primary PDAC tissues and corresponding PDOs, PD-1

and CXCR4 co-expression was observed (Fig 2). α-SMA expression, which is more specific to

CAFs [22–24] but can also be seen in cancer cells [25–27], was used in combination with sur-

rounding architecture to identify CAFs. We observed that α-SMA negative, PD-1+/CXCR4+

cells in PDAC tissues and PDOs were localized to regions corresponding to ductal and cancer

cells.

PD-1 and CXCR4 interaction in PDAC cells

Since our prior work and other studies demonstrated potential cross-talk between PD-1 and

other oncogenic pathways [6–10], we performed co-IP assays to determine if PD-1 and

CXCR4 directly interact in PDAC cells. Immunoblots demonstrated PD-1 and CXCR4 expres-

sion following pull-down by anti-PD-1 antibodies, thus revealing a direct protein interaction

between PD-1 and CXCR4 in MIAPaCa-2 and PANC-1 cells (Fig 3). We corroborated these

findings with reciprocal co-IPs using CXCR4 pull-down (S1 Fig in S1 File). Furthermore,

when PDAC cells were exposed to AMD3100 (1 μM), we observed decreased levels of PD-

1-bound CXCR4 in both cell lines following pull-down with both antibodies, which further

supports the direct interaction between these two proteins. (Fig 3).

We then sought to characterize CXCR4 regulation of PD-1 expression on PDAC cells. IF

staining and flow cytometry analysis of PDAC cells following treatment with AMD3100 (or

vehicle control) revealed increased cell surface expression of PD-1 in PDAC cells after expo-

sure to AMD3100 (Fig 4), consistent with prior reports [6, 9, 10]. In MIAPaCa-2 cells mem-

brane PD-1 expression increased by 156%, while in PANC-1 cells it increased by 53.3%. These

data suggest CXCR4 plays a role in direct or indirect regulation of PD-1 trafficking from the

cytoplasm to the cell surface.

Fig 1. PD-1 and CXCR4 expression in PDAC cells and PDOs. (A) PD1 and CXCR4 were detected in PDAC cells and PDOs by western blot. Notably,

different cell and PDO lines had unique expression patterns. MOLT-4 was used as a positive control for PD-1 and CXCR4. (B) IF staining shows co-

expression of PD-1 and CXCR4 in PDAC cells (magnification 40X). (C) IF staining shows co-expression of PD-1 and CXCR4 in PDAC PDOs. Consistent

with western blot results, hPT1 PDOs had lower expression of CXCR4 compared to hPT4 PDOs (magnification 20X).

https://doi.org/10.1371/journal.pone.0270832.g001
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PD-1 inhibition blocks CXCL12-induced PDAC migration

We have previously shown that the chemokine CXCL12 enhances PDAC cell migration

through CXCR4 activation, and other groups have reported similar results [28–36]. We sought

to examine how the PD-1-CXCR4 interaction may regulate CXCL12-induced cell migration

in PDAC cells. In brief, PANC-1 and MIAPaCa-2 cells were placed in the upper well of an

8 μm transwell insert in serum-free medium. In the bottom well, AMD3100, pembrolizumab,

CXCL12, or a combination of these were added to the medium with 1% serum. Since PANC-1

cells have more rapid migration than MIAPaCa-2 cells [16], cells were incubated for 12 and 24

h, respectively, at 5% CO2 and 37˚C. Neither CXCR4 nor PD-1 inhibition alone induced cell

migration in either line (Fig 5A). As expected, CXCL12 treatment of PDAC cells promoted

migration in both lines. However, the addition of AMD3100 or pembrolizumab blocked

Fig 2. PD-1 and CXCR4 expression in PDAC tumors and PDOs. Operative human primary PDAC specimens and corresponding PDOs for hPT26 were

serially sectioned and stained with multiplex IF. Both primary PDAC tissues and PDOs showed co-expression of PD-1 and CXCR4 (green + violet! teal).

These regions corresponded to areas consistent with pancreatic duct cells in primary PDAC tumors and PDOs. α-SMA was used as a marker for CAFs,

which are known components of the PDAC TME that express PD-1 and CXCR4 (red + green! yellow, red + violet! pink, red + green + violet!

white). In primary tumors, CAFs with PD-1 and CXCR4 expression were predictably in regions of desmoplasia characteristic of the TME. α-SMA+ CAFs

were similarly noted in areas typical of the TME in PDOs, along the periphery of the 3D organoid structures. Altogether, these results show concomitant

expression of PD-1 and CXCR4 in human PDAC.

https://doi.org/10.1371/journal.pone.0270832.g002
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CXCL12-induced migration in both lines and decreased the percentage of migrated cells by

430% and 72%, respectively, in MIAPaCa-2 cells and by 195% and 144%, respectively, in

PANC-1 cells (Fig 5B).

To further investigate the PD-1-CXCR4 interaction and cell migration, we created PD-1
knockdown (KD) MIAPaCa-2 cells. As shown in Fig 6A, PD-1 KD construct #2 effectively

knocked down PD-1 expression. Transwell migration assays showed diminished migration in

PD-1 KD compared to control KD cells when exposed to CXCL12 stimulation (Fig 6B), further

supporting our results in Fig 4 that PD-1 abrogation regulates CXCL12-induced migration.

Specifically, PD-1 KD decreased migration by 107% alone, and 99% in the presence of

CXCL12 (Fig 6C). Altogether, our results show co-expression and interaction of PD-1 and

CXCR4 with combined promotion of PDAC migration.

Discussion

Although immuno-oncology (IO) drugs have demonstrated clinical efficacy in many cancers

[37, 38], they have failed to improve survival in PDAC [1, 2]. More recent clinical trials have

Fig 3. Co-immunoprecipitation studies in MIAPaCa-2 and PANC-1 cell lines. Serum-starved PDAC cells were pre-treated with solvent (-) or AMD3100

(1 μM) (+) for 45 min. Cell lysates were immunoprecipitated with IgG control or anti-PD-1 antibodies. (A, B) Immunoprecipitates were immunoblotted

(IB) with anti-PD-1 and anti-CXCR4 antibodies, revealing successful pull down of PD-1 and resultant co-IP of CXCR4; 5% of IB lysate (lower panel) was

used as input control. Treatment with AMD3100 revealed reduced levels of PD-1-bound CXCR4 in PDAC cells. (C, D) Quantification of CXCR4

immunoprecipitated with PD-1 in MIAPaCa-2 (B) and PANC-1 (D) cells normalized to β-actin as shown in A and C, respectively. �p< 0.05, ��p< 0.01

compared with IgG. #p< 0.05, ##p< 0.01 compared with solvent control.

https://doi.org/10.1371/journal.pone.0270832.g003
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taken different approaches, evaluating multi-therapy regimens that include ICIs combined

with radiation and chemotherapy [39]. Additionally, select clinical trial regimens are focused

on activating the innate immune system to complement ICI therapies [40–42]. CXCR4 has

become a target of interest in IO therapies due to its immunogenic effects and overexpression

in many cancers. In PDAC, major oncogenic signal transduction cascades are activated by the

CXCL12/CXCR4 axis. Due to its ubiquitous downstream effects on cancer survival, CXCR4

serves as a valuable candidate therapeutic target for PDAC.

AMD3100 was the first CXCR4 inhibitor to receive FDA approval for its utility in bone

marrow transplantation procedures and is currently approved by the FDA for the treatment of

multiple myeloma and non-Hodgkin’s lymphoma [43, 44]. In 2004, AMD3100 was found to

suppress CXCL12-induced chemotaxis and inhibit proliferation in CXCR4 (+) PDAC cells

[34]. In vitro, AMD3100 has sensitized PDAC cells to gemcitabine and immunotherapies [45].

In vivo, the safety and dose-limiting toxicity of AMD3100 is currently being evaluated in

patients with advanced PDAC (NCT02179970). Additionally, other CXCR4/CXCL12 inhibi-

tors have shown synergy with ICIs in vitro and these combination regimens are now being

assessed in clinical trials for PDAC and myelofibrosis (NCT04177810, NCT02826486,

NCT03168139, and NCT04177810) [9, 10].

Importantly, prior trials assessing combined inhibition of CXCR4 and PD-1 in PDAC

aimed to activate the body’s innate immune response. However, no study has assessed the

Fig 4. CXCR4 inhibition leads to PD-1 translocation to the cell membrane. (A, B) Immunofluorescence analysis of MIAPaCa-2 and PANC-1 PDAC

cells. Treatment with AMD3100 resulted in increased PD-1 cell surface expression compared to controls (magnification 100x). (C, D) Flow cytometry

analysis of PDAC cells. Cells were treated with AMD3100, isotype antibody, or solvent control and then prepared for flow cytometry analysis of PD-1

membrane expression. Treatment with AMD3100 revealed increased surface expression of PD-1 compared to controls. (E, F) Quantification of flow

cytometry analysis demonstrated 156% and 53.3% increase in cell surface expression of PD-1 after AMD3100 treatment.

https://doi.org/10.1371/journal.pone.0270832.g004
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effects of combination therapy directly on PDAC cells. In our previous publication, we

reported autonomous expression of PD-1 on PDAC cells, independent of immune cell popula-

tions, and that combined targeting of PD-1 and the oncogenic MAPK pathway increased cyto-

toxicity of PDAC cells [6]. Here, we build on these studies by further characterizing CXCR4

and PD-1 interactions in PDAC cells.

Ours is the first report of a direct interaction between PD-1 and CXCR4 in cancer cells. It is

well-established that CXCR4 is overexpressed in over 23 different cancer types, and that PD-1

is expressed not only on immune cells but also in several different cancer cells [6–8, 46–48].

Tumor intrinsic PD-1 has been shown to promote tumor growth in melanoma, ovarian, liver,

renal and pancreatic cancers [46]. Thus, expression of CXCR4 and PD-1 in PDAC cells is of

great interest since these are traditionally immune specific markers. In fact, our expression pat-

terns are consistent with what is known about G-protein coupled receptors, which undergo

internalization after interaction with ligands [49]. Additionally, ligand-induced endocytosis of

CXCR4 and its internal sequestration are also well known in leukocytes, stem cells, and tumor

cells [50–52].

We theorized a potential direct protein interaction between CXCR4 and PD-1 since thera-

peutic targeting appears to have synergy and because both localize on the cell membrane and

in the cytoplasm. Our co-IP studies support a direct interaction between PD-1 and CXCR4

Fig 5. Transwell migration assays of PANC-1 and MIAPaCa-2 cells. (A) Treatment with AMD3100 or pembrolizumab alone did not alter cell migration.

However, exposure to CXCL12 promoted cell migration in both lines as expected. The addition of AMD3100 or pembrolizumab to CXCL12-treated cells

resulted in inhibition of cell migration in both cell lines, demonstrating that inhibition of PD-1 or CXCR4 can block CXCL12-induced migration. All

images at 10x magnification. (B) Quantification of transwell migration assays revealed that migration was significantly inhibited in CXCL12-treated cells

when exposed to AMD3100 and pembrolizumab, demonstrating that combined CXCR4 and PD-1 inhibition abrogated CXCL12-induced migration.
���p<0.001 vs. control; ##p<0.01, ###p<0.001 vs. CXCL12.

https://doi.org/10.1371/journal.pone.0270832.g005

PLOS ONE PD-1 and CXCR4 interaction in pancreatic cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0270832 July 7, 2022 10 / 15

https://doi.org/10.1371/journal.pone.0270832.g005
https://doi.org/10.1371/journal.pone.0270832


that was disrupted by AMD3100, indicating direct or indirect mechanism for PD-1 trafficking

from the cytoplasm to the cell membrane. This PD-1 and CXCR4 interaction also appears to

support PDAC cell migration. Notably, targeting either PD-1 or CXCR4 with pembrolizumab

or AMD3100, respectively, both inhibited CXCL12-mediated PDAC cell migration. Although

AMD3100 has been shown to have off-target effects and bind to CXCR7, it does so less effec-

tively than with CXCR4 [53]. Furthermore, CXCR7 is required for CXCR4 activation, and

thus AMD3100 can also indirectly inhibit CXCR4 by binding to CXCR7 [54, 55]. Together,

these conditions reinforce our assertion that our observed results with AMD3100 treatment

are due to CXCR4 inhibition.

PD-1 KD assays further indicated that PDAC cell migration was dependent on both PD-1

and CXCR4 expression. Importantly, our results suggest a potential mechanism for increased

cytotoxicity with combination therapy. Exposure to AMD3100 in PDAC cells appears to

increase the concentration of PD-1 receptors on PDAC cell membranes potentially increasing

its exposure to anti-PD-1 therapies. We are developing immunocompetent PDAC models to

examine this question. Overall, our findings provide further mechanistic support for prior in

Fig 6. PD-1 knockdown in MIAPaCa-2 cells attenuates CXCR4 downstream pathways. (A) MIAPaCa-2 PD-1 KD was most successful in decreasing PD-
1 in construct #2. (B) PD-1 KD cells demonstrated decreased migration even when cells were exposed to CXCL12 (100 ng/mL). (C) Quantification of

transwell migration assays demonstrated a 107% decrease in migration in PD-1 KD cells compared to KD control. When treated with CXCL12, PD-1 KD

cells had a 99% less migration than KD controls. (��� p<0.001 vs. KD control; ### p<0.001 vs. PD-1 KD; &&& p<0.001 vs. KD control + CXCL12).

https://doi.org/10.1371/journal.pone.0270832.g006
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vitro and in vivo studies demonstrating synergistic anti-tumor effects with combined CXCR4

and PD-1 antagonism.

Conclusions

To our knowledge, this is the first report to investigate PD-1 and CXCR4 interactions in

PDAC models independent of immune components. We previously discovered autonomous

expression of PD-1 on PDAC cells and have now built upon our initial studies by evaluating

the intracellular interactions between PD-1 and CXCR4, thereby providing a potential mecha-

nism for the clinical efficacy of combination CXCR4 and PD-1 therapy in PDAC. Our studies

reveal these interactions are disrupted by drugs targeting CXCR4 or PD-1 in PDAC cells, and

that CXCR4 engages PD-1 for activation of downstream effects. In future studies we plan to

further elucidate the relationship between PD-1 and CXCR4 in immunocompetent PDAC

models, thereby building the groundwork for future clinical trials.

Supporting information

S1 File.

(PDF)

Author Contributions

Conceptualization: Mei Gao, Joseph Kim.

Data curation: Megan M. Harper, Miranda Lin, Mei Gao.

Formal analysis: Megan M. Harper, Mei Gao, Joseph Kim.

Funding acquisition: Joseph Kim.

Investigation: Megan M. Harper, Miranda Lin, Mei Gao.

Resources: Michael J. Cavnar, Prakash K. Pandalai, Reema A. Patel.

Supervision: Joseph Kim.

Visualization: Megan M. Harper, Mei Gao.

Writing – original draft: Megan M. Harper, Miranda Lin, Mei Gao.

Writing – review & editing: Megan M. Harper, Michael J. Cavnar, Prakash K. Pandalai,

Reema A. Patel, Mei Gao, Joseph Kim.

References
1. Brahmer J.R., et al., Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. N Engl

J Med, 2012. 366(26): p. 2455–65. https://doi.org/10.1056/NEJMoa1200694 PMID: 22658128

2. Royal R.E., et al., Phase 2 trial of single agent Ipilimumab (anti-CTLA-4) for locally advanced or meta-

static pancreatic adenocarcinoma. J Immunother, 2010. 33(8): p. 828–33. https://doi.org/10.1097/CJI.

0b013e3181eec14c PMID: 20842054

3. Evans R.A., et al., Lack of immunoediting in murine pancreatic cancer reversed with neoantigen. JCI

Insight, 2016. 1(14). https://doi.org/10.1172/jci.insight.88328 PMID: 27642636

4. Gore J. and Korc M., Pancreatic cancer stroma: friend or foe? Cancer Cell, 2014. 25(6): p. 711–2.

https://doi.org/10.1016/j.ccr.2014.05.026 PMID: 24937454

5. Zhao Y., et al., Antigen-Presenting Cell-Intrinsic PD-1 Neutralizes PD-L1 in cis to Attenuate PD-1 Sig-

naling in T Cells. Cell Rep, 2018. 24(2): p. 379–390.e6. https://doi.org/10.1016/j.celrep.2018.06.054

PMID: 29996099

PLOS ONE PD-1 and CXCR4 interaction in pancreatic cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0270832 July 7, 2022 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270832.s001
https://doi.org/10.1056/NEJMoa1200694
http://www.ncbi.nlm.nih.gov/pubmed/22658128
https://doi.org/10.1097/CJI.0b013e3181eec14c
https://doi.org/10.1097/CJI.0b013e3181eec14c
http://www.ncbi.nlm.nih.gov/pubmed/20842054
https://doi.org/10.1172/jci.insight.88328
http://www.ncbi.nlm.nih.gov/pubmed/27642636
https://doi.org/10.1016/j.ccr.2014.05.026
http://www.ncbi.nlm.nih.gov/pubmed/24937454
https://doi.org/10.1016/j.celrep.2018.06.054
http://www.ncbi.nlm.nih.gov/pubmed/29996099
https://doi.org/10.1371/journal.pone.0270832


6. Gao M., et al., Direct therapeutic targeting of immune checkpoint PD-1 in pancreatic cancer. Br J Can-

cer, 2019. 120(1): p. 88–96. https://doi.org/10.1038/s41416-018-0298-0 PMID: 30377341

7. Kleffel S., et al., Melanoma Cell-Intrinsic PD-1 Receptor Functions Promote Tumor Growth. Cell, 2015.

162(6): p. 1242–56. https://doi.org/10.1016/j.cell.2015.08.052 PMID: 26359984

8. Pu N., et al., Cell-intrinsic PD-1 promotes proliferation in pancreatic cancer by targeting CYR61/CTGF

via the hippo pathway. Cancer Lett, 2019. 460: p. 42–53. https://doi.org/10.1016/j.canlet.2019.06.013

PMID: 31233838

9. Feig C., et al., Targeting CXCL12 from FAP-expressing carcinoma-associated fibroblasts synergizes

with anti-PD-L1 immunotherapy in pancreatic cancer. Proc Natl Acad Sci U S A, 2013. 110(50): p.

20212–7. https://doi.org/10.1073/pnas.1320318110 PMID: 24277834

10. Seo Y.D., et al., Mobilization of CD8(+) T Cells via CXCR4 Blockade Facilitates PD-1 Checkpoint Ther-

apy in Human Pancreatic Cancer. Clin Cancer Res, 2019. 25(13): p. 3934–3945. https://doi.org/10.

1158/1078-0432.CCR-19-0081 PMID: 30940657

11. D’Alterio C., et al., Targeting CXCR4 potentiates anti-PD-1 efficacy modifying the tumor microenviron-

ment and inhibiting neoplastic PD-1. J Exp Clin Cancer Res, 2019. 38(1): p. 432. https://doi.org/10.

1186/s13046-019-1420-8 PMID: 31661001

12. Zeng Y., et al., Dual blockade of CXCL12-CXCR4 and PD-1-PD-L1 pathways prolongs survival of ovar-

ian tumor-bearing mice by prevention of immunosuppression in the tumor microenvironment. FASEB J,

2019. 33(5): p. 6596–6608. https://doi.org/10.1096/fj.201802067RR PMID: 30802149

13. Bockorny B., et al., BL-8040, a CXCR4 antagonist, in combination with pembrolizumab and chemother-

apy for pancreatic cancer: the COMBAT trial. Nat Med, 2020. 26(6): p. 878–885. https://doi.org/10.

1038/s41591-020-0880-x PMID: 32451495

14. Gao M., et al., Development of a Single-Cell Technique to Increase Yield and Use of Gastrointestinal

Cancer Organoids for Personalized Medicine Application. J Am Coll Surg, 2020. https://doi.org/10.

1016/j.jamcollsurg.2020.11.009 PMID: 33253861

15. Tiriac H., et al., Successful creation of pancreatic cancer organoids by means of EUS-guided fine-nee-

dle biopsy sampling for personalized cancer treatment. Gastrointest Endosc, 2018. 87(6): p. 1474–

1480. https://doi.org/10.1016/j.gie.2017.12.032 PMID: 29325707

16. Nguyen A.V., et al., Stiffness of pancreatic cancer cells is associated with increased invasive

potential. Integr Biol (Camb), 2016. 8(12): p. 1232–1245. https://doi.org/10.1039/c6ib00135a PMID:

27761545

17. Guo F., et al., CXCL12/CXCR4: a symbiotic bridge linking cancer cells and their stromal neighbors in

oncogenic communication networks. Oncogene, 2016. 35(7): p. 816–26. https://doi.org/10.1038/onc.

2015.139 PMID: 25961926

18. Tan H.X., et al., CXCR4/TGF-β1 mediated hepatic stellate cells differentiation into carcinoma-associ-

ated fibroblasts and promoted liver metastasis of colon cancer. Cancer Biol Ther, 2020. 21(3): p. 258–

268. https://doi.org/10.1080/15384047.2019.1685157 PMID: 31825725

19. Norton J., et al., Pancreatic Cancer Associated Fibroblasts (CAF): Under-Explored Target for Pancre-

atic Cancer Treatment. Cancers (Basel), 2020. 12(5). https://doi.org/10.3390/cancers12051347 PMID:

32466266

20. Yap T.A., et al., Phase I Trial of First-in-Class ATR Inhibitor M6620 (VX-970) as Monotherapy or in

Combination With Carboplatin in Patients With Advanced Solid Tumors. Journal of Clinical Oncology,

2020. 38(27): p. 3195–3204. https://doi.org/10.1200/JCO.19.02404 PMID: 32568634

21. Wyss J., et al., Stromal PD-1/PD-L1 Expression Predicts Outcome in Colon Cancer Patients. Clin Colo-

rectal Cancer, 2019. 18(1): p. e20–e38. https://doi.org/10.1016/j.clcc.2018.09.007 PMID: 30389315

22. Awaji M. and Singh R.K., Cancer-Associated Fibroblasts’ Functional Heterogeneity in Pancreatic Duc-

tal Adenocarcinoma. Cancers, 2019. 11(3): p. 290. https://doi.org/10.3390/cancers11030290 PMID:

30832219

23. Geng X., et al., Cancer-Associated Fibroblast (CAF) Heterogeneity and Targeting Therapy of CAFs in

Pancreatic Cancer. Front Cell Dev Biol, 2021. 9: p. 655152. https://doi.org/10.3389/fcell.2021.655152

PMID: 34336821

24. Han C., Liu T., and Yin R., Biomarkers for cancer-associated fibroblasts. Biomarker Research, 2020. 8

(1): p. 64. https://doi.org/10.1186/s40364-020-00245-w PMID: 33292666

25. Anggorowati N., et al., Histochemical and Immunohistochemical Study of α-SMA, Collagen, and PCNA

in Epithelial Ovarian Neoplasm. Asian Pac J Cancer Prev, 2017. 18(3): p. 667–671. https://doi.org/10.

22034/APJCP.2017.18.3.667 PMID: 28440973

26. Kim S., et al., TP53 upregulates α-smooth muscle actin expression in tamoxifen-resistant breast

cancer cells. Oncol Rep, 2019. 41(2): p. 1075–1082. https://doi.org/10.3892/or.2018.6910 PMID:

30535478

PLOS ONE PD-1 and CXCR4 interaction in pancreatic cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0270832 July 7, 2022 13 / 15

https://doi.org/10.1038/s41416-018-0298-0
http://www.ncbi.nlm.nih.gov/pubmed/30377341
https://doi.org/10.1016/j.cell.2015.08.052
http://www.ncbi.nlm.nih.gov/pubmed/26359984
https://doi.org/10.1016/j.canlet.2019.06.013
http://www.ncbi.nlm.nih.gov/pubmed/31233838
https://doi.org/10.1073/pnas.1320318110
http://www.ncbi.nlm.nih.gov/pubmed/24277834
https://doi.org/10.1158/1078-0432.CCR-19-0081
https://doi.org/10.1158/1078-0432.CCR-19-0081
http://www.ncbi.nlm.nih.gov/pubmed/30940657
https://doi.org/10.1186/s13046-019-1420-8
https://doi.org/10.1186/s13046-019-1420-8
http://www.ncbi.nlm.nih.gov/pubmed/31661001
https://doi.org/10.1096/fj.201802067RR
http://www.ncbi.nlm.nih.gov/pubmed/30802149
https://doi.org/10.1038/s41591-020-0880-x
https://doi.org/10.1038/s41591-020-0880-x
http://www.ncbi.nlm.nih.gov/pubmed/32451495
https://doi.org/10.1016/j.jamcollsurg.2020.11.009
https://doi.org/10.1016/j.jamcollsurg.2020.11.009
http://www.ncbi.nlm.nih.gov/pubmed/33253861
https://doi.org/10.1016/j.gie.2017.12.032
http://www.ncbi.nlm.nih.gov/pubmed/29325707
https://doi.org/10.1039/c6ib00135a
http://www.ncbi.nlm.nih.gov/pubmed/27761545
https://doi.org/10.1038/onc.2015.139
https://doi.org/10.1038/onc.2015.139
http://www.ncbi.nlm.nih.gov/pubmed/25961926
https://doi.org/10.1080/15384047.2019.1685157
http://www.ncbi.nlm.nih.gov/pubmed/31825725
https://doi.org/10.3390/cancers12051347
http://www.ncbi.nlm.nih.gov/pubmed/32466266
https://doi.org/10.1200/JCO.19.02404
http://www.ncbi.nlm.nih.gov/pubmed/32568634
https://doi.org/10.1016/j.clcc.2018.09.007
http://www.ncbi.nlm.nih.gov/pubmed/30389315
https://doi.org/10.3390/cancers11030290
http://www.ncbi.nlm.nih.gov/pubmed/30832219
https://doi.org/10.3389/fcell.2021.655152
http://www.ncbi.nlm.nih.gov/pubmed/34336821
https://doi.org/10.1186/s40364-020-00245-w
http://www.ncbi.nlm.nih.gov/pubmed/33292666
https://doi.org/10.22034/APJCP.2017.18.3.667
https://doi.org/10.22034/APJCP.2017.18.3.667
http://www.ncbi.nlm.nih.gov/pubmed/28440973
https://doi.org/10.3892/or.2018.6910
http://www.ncbi.nlm.nih.gov/pubmed/30535478
https://doi.org/10.1371/journal.pone.0270832


27. Sinn M., et al., α-Smooth muscle actin expression and desmoplastic stromal reaction in pancreatic can-

cer: results from the CONKO-001 study. British Journal of Cancer, 2014. 111(10): p. 1917–1923.

https://doi.org/10.1038/bjc.2014.495 PMID: 25314063

28. Heinrich E.L., et al., Chemokine CXCL12 activates dual CXCR4 and CXCR7-mediated signaling path-

ways in pancreatic cancer cells. J Transl Med, 2012. 10: p. 68. https://doi.org/10.1186/1479-5876-10-

68 PMID: 22472349

29. Thomas R.M., et al., The chemokine receptor CXCR4 is expressed in pancreatic intraepithelial neopla-

sia. Gut, 2008. 57(11): p. 1555–60. https://doi.org/10.1136/gut.2007.143941 PMID: 18664506

30. Kim J., et al., Chemokine receptor CXCR4 expression in patients with melanoma and colorectal cancer

liver metastases and the association with disease outcome. Ann Surg, 2006. 244(1): p. 113–20. https://

doi.org/10.1097/01.sla.0000217690.65909.9c PMID: 16794396

31. Roy I., et al., Pancreatic Cancer Cell Migration and Metastasis Is Regulated by Chemokine-Biased

Agonism and Bioenergetic Signaling. Cancer research, 2015. 75(17): p. 3529–3542. https://doi.org/10.

1158/0008-5472.CAN-14-2645 PMID: 26330165

32. Gao Z., et al., Pancreatic stellate cells increase the invasion of human pancreatic cancer cells through

the stromal cell-derived factor-1/CXCR4 axis. Pancreatology, 2010. 10(2–3): p. 186–93. https://doi.org/

10.1159/000236012 PMID: 20484957

33. Shen X., et al., Chemokine receptor CXCR4 enhances proliferation in pancreatic cancer cells through

AKT and ERK dependent pathways. Pancreas, 2010. 39(1): p. 81–7. https://doi.org/10.1097/MPA.

0b013e3181bb2ab7 PMID: 19820417

34. Marchesi F., et al., Increased survival, proliferation, and migration in metastatic human pancreatic

tumor cells expressing functional CXCR4. Cancer Res, 2004. 64(22): p. 8420–7. https://doi.org/10.

1158/0008-5472.CAN-04-1343 PMID: 15548713

35. Mori T., et al., CXCR4 antagonist inhibits stromal cell-derived factor 1-induced migration and invasion of

human pancreatic cancer. Mol Cancer Ther, 2004. 3(1): p. 29–37. PMID: 14749473

36. Bianchi M.E. and Mezzapelle R., The Chemokine Receptor CXCR4 in Cell Proliferation and Tissue Regen-

eration. Front Immunol, 2020. 11: p. 2109. https://doi.org/10.3389/fimmu.2020.02109 PMID: 32983169

37. Hodi F.S., et al., Improved survival with ipilimumab in patients with metastatic melanoma. N Engl J Med,

2010. 363(8): p. 711–23. https://doi.org/10.1056/NEJMoa1003466 PMID: 20525992

38. Herbst R.S., et al., Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced

non-small-cell lung cancer (KEYNOTE-010): a randomised controlled trial. Lancet, 2016. 387(10027):

p. 1540–1550. https://doi.org/10.1016/S0140-6736(15)01281-7 PMID: 26712084

39. Weiss G.J., et al., A phase Ib study of pembrolizumab plus chemotherapy in patients with advanced

cancer (PembroPlus). Br J Cancer, 2017. 117(1): p. 33–40. https://doi.org/10.1038/bjc.2017.145

PMID: 28588322

40. Lutz E.R., et al., Immunotherapy converts nonimmunogenic pancreatic tumors into immunogenic foci of

immune regulation. Cancer Immunol Res, 2014. 2(7): p. 616–31. https://doi.org/10.1158/2326-6066.

CIR-14-0027 PMID: 24942756

41. Kubo T., et al., Study Protocol: Phase-Ib Trial of Nivolumab Combined With Metformin for Refractory/

Recurrent Solid Tumors. Clin Lung Cancer, 2018. 19(6): p. e861–e864. https://doi.org/10.1016/j.cllc.

2018.07.010 PMID: 30172698

42. Bjordahl R, Gaidarova M.S., et al. FT500, an off-the-shelf NK cell cancer immunotherapy derived from a

master pluripotent cell line, enhances T-cell activation and recruitment to overcome checkpoint block-

ade resistance [abstract]. AACR Cancer Res 2018 July; 78(13 Suppl):Abstract 3576.

43. Broxmeyer H.E., et al., Rapid mobilization of murine and human hematopoietic stem and progenitor

cells with AMD3100, a CXCR4 antagonist. J Exp Med, 2005. 201(8): p. 1307–18. https://doi.org/10.

1084/jem.20041385 PMID: 15837815

44. Brave M., et al., FDA review summary: Mozobil in combination with granulocyte colony-stimulating fac-

tor to mobilize hematopoietic stem cells to the peripheral blood for collection and subsequent autolo-

gous transplantation. Oncology, 2010. 78(3–4): p. 282–8. https://doi.org/10.1159/000315736 PMID:

20530974

45. Singh S., et al., CXCL12-CXCR4 signalling axis confers gemcitabine resistance to pancreatic cancer

cells: a novel target for therapy. Br J Cancer, 2010. 103(11): p. 1671–9. https://doi.org/10.1038/sj.bjc.

6605968 PMID: 21045835

46. Chatterjee S., Behnam Azad B., and Nimmagadda S., The intricate role of CXCR4 in cancer. Adv Can-

cer Res, 2014. 124: p. 31–82. https://doi.org/10.1016/B978-0-12-411638-2.00002-1 PMID: 25287686

47. Wang X., et al., Tumor cell-intrinsic PD-1 receptor is a tumor suppressor and mediates resistance to

PD-1 blockade therapy. Proceedings of the National Academy of Sciences, 2020. 117(12): p. 6640–

6650. https://doi.org/10.1073/pnas.1921445117 PMID: 32161124

PLOS ONE PD-1 and CXCR4 interaction in pancreatic cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0270832 July 7, 2022 14 / 15

https://doi.org/10.1038/bjc.2014.495
http://www.ncbi.nlm.nih.gov/pubmed/25314063
https://doi.org/10.1186/1479-5876-10-68
https://doi.org/10.1186/1479-5876-10-68
http://www.ncbi.nlm.nih.gov/pubmed/22472349
https://doi.org/10.1136/gut.2007.143941
http://www.ncbi.nlm.nih.gov/pubmed/18664506
https://doi.org/10.1097/01.sla.0000217690.65909.9c
https://doi.org/10.1097/01.sla.0000217690.65909.9c
http://www.ncbi.nlm.nih.gov/pubmed/16794396
https://doi.org/10.1158/0008-5472.CAN-14-2645
https://doi.org/10.1158/0008-5472.CAN-14-2645
http://www.ncbi.nlm.nih.gov/pubmed/26330165
https://doi.org/10.1159/000236012
https://doi.org/10.1159/000236012
http://www.ncbi.nlm.nih.gov/pubmed/20484957
https://doi.org/10.1097/MPA.0b013e3181bb2ab7
https://doi.org/10.1097/MPA.0b013e3181bb2ab7
http://www.ncbi.nlm.nih.gov/pubmed/19820417
https://doi.org/10.1158/0008-5472.CAN-04-1343
https://doi.org/10.1158/0008-5472.CAN-04-1343
http://www.ncbi.nlm.nih.gov/pubmed/15548713
http://www.ncbi.nlm.nih.gov/pubmed/14749473
https://doi.org/10.3389/fimmu.2020.02109
http://www.ncbi.nlm.nih.gov/pubmed/32983169
https://doi.org/10.1056/NEJMoa1003466
http://www.ncbi.nlm.nih.gov/pubmed/20525992
https://doi.org/10.1016/S0140-6736%2815%2901281-7
http://www.ncbi.nlm.nih.gov/pubmed/26712084
https://doi.org/10.1038/bjc.2017.145
http://www.ncbi.nlm.nih.gov/pubmed/28588322
https://doi.org/10.1158/2326-6066.CIR-14-0027
https://doi.org/10.1158/2326-6066.CIR-14-0027
http://www.ncbi.nlm.nih.gov/pubmed/24942756
https://doi.org/10.1016/j.cllc.2018.07.010
https://doi.org/10.1016/j.cllc.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30172698
https://doi.org/10.1084/jem.20041385
https://doi.org/10.1084/jem.20041385
http://www.ncbi.nlm.nih.gov/pubmed/15837815
https://doi.org/10.1159/000315736
http://www.ncbi.nlm.nih.gov/pubmed/20530974
https://doi.org/10.1038/sj.bjc.6605968
https://doi.org/10.1038/sj.bjc.6605968
http://www.ncbi.nlm.nih.gov/pubmed/21045835
https://doi.org/10.1016/B978-0-12-411638-2.00002-1
http://www.ncbi.nlm.nih.gov/pubmed/25287686
https://doi.org/10.1073/pnas.1921445117
http://www.ncbi.nlm.nih.gov/pubmed/32161124
https://doi.org/10.1371/journal.pone.0270832


48. Yao H., et al., Cancer Cell-Intrinsic PD-1 and Implications in Combinatorial Immunotherapy. Front

Immunol, 2018. 9: p. 1774. https://doi.org/10.3389/fimmu.2018.01774 PMID: 30105035

49. Rosenkilde M.M., et al., Molecular mechanism of AMD3100 antagonism in the CXCR4 receptor: trans-

fer of binding site to the CXCR3 receptor. J Biol Chem, 2004. 279(4): p. 3033–41. https://doi.org/10.

1074/jbc.M309546200 PMID: 14585837

50. Pelekanos R.A., et al., Intracellular trafficking and endocytosis of CXCR4 in fetal mesenchymal stem/

stromal cells. BMC Cell Biol, 2014. 15: p. 15. https://doi.org/10.1186/1471-2121-15-15 PMID:

24885150

51. Kim S.W., et al., Cytoplasmic trapping of CXCR4 in hepatocellular carcinoma cell lines. Cancer Res

Treat, 2008. 40(2): p. 53–61. https://doi.org/10.4143/crt.2008.40.2.53 PMID: 19688049

52. Zhang Y., et al., Intracellular localization and constitutive endocytosis of CXCR4 in human CD34+

hematopoietic progenitor cells. Stem Cells, 2004. 22(6): p. 1015–29. https://doi.org/10.1634/stemcells.

22-6-1015 PMID: 15536192

53. Kalatskaya I., et al., AMD3100 Is a CXCR7 Ligand with Allosteric Agonist Properties. Molecular Phar-

macology, 2009. 75(5): p. 1240–1247. https://doi.org/10.1124/mol.108.053389 PMID: 19255243

54. Hartmann T.N., et al., A crosstalk between intracellular CXCR7 and CXCR4 involved in rapid CXCL12-

triggered integrin activation but not in chemokine-triggered motility of human T lymphocytes and CD34+

cells. J Leukoc Biol, 2008. 84(4): p. 1130–40. https://doi.org/10.1189/jlb.0208088 PMID: 18653785

55. Levoye A., et al., CXCR7 heterodimerizes with CXCR4 and regulates CXCL12-mediated G protein sig-

naling. Blood, 2009. 113(24): p. 6085–93. https://doi.org/10.1182/blood-2008-12-196618 PMID:

19380869

PLOS ONE PD-1 and CXCR4 interaction in pancreatic cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0270832 July 7, 2022 15 / 15

https://doi.org/10.3389/fimmu.2018.01774
http://www.ncbi.nlm.nih.gov/pubmed/30105035
https://doi.org/10.1074/jbc.M309546200
https://doi.org/10.1074/jbc.M309546200
http://www.ncbi.nlm.nih.gov/pubmed/14585837
https://doi.org/10.1186/1471-2121-15-15
http://www.ncbi.nlm.nih.gov/pubmed/24885150
https://doi.org/10.4143/crt.2008.40.2.53
http://www.ncbi.nlm.nih.gov/pubmed/19688049
https://doi.org/10.1634/stemcells.22-6-1015
https://doi.org/10.1634/stemcells.22-6-1015
http://www.ncbi.nlm.nih.gov/pubmed/15536192
https://doi.org/10.1124/mol.108.053389
http://www.ncbi.nlm.nih.gov/pubmed/19255243
https://doi.org/10.1189/jlb.0208088
http://www.ncbi.nlm.nih.gov/pubmed/18653785
https://doi.org/10.1182/blood-2008-12-196618
http://www.ncbi.nlm.nih.gov/pubmed/19380869
https://doi.org/10.1371/journal.pone.0270832

