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Abstract

Pancreatic ductal adenocarcinoma (PDAC) patients do not benefit from immune checkpoint 

blockade (ICB) along the PD-1/PD-L1 axis. Variable PD-L1 expression in PDAC indicates a 

potential access issue of PD-L1-targeted therapy. In order to monitor target engagement of PD-L1 

targeted therapy, we generated a PD-L1 targeted PET tracer labeled with zirconium-89 (89Zr). 

As the MAPK signaling pathway (MEK and ERK) is known to modulate PD-L1 expression in 

other tumor types, we used [89Zr]Zr-DFO-anti-PD-L1 as a tool to non-invasively assess whether 

manipulation of the MAPK signaling cascade could be leveraged to modulate PD-L1 expression 

and thereby immunotherapeutic outcomes in PDAC. In this study, we observed that the inhibition 

of MEK or ERK is sufficient to increase PD-L1 expression, which we hypothesized could be 

leveraged for anti-PD-L1 immune checkpoint therapy. We found that the combination of ERK 

inhibition and anti-PD-L1 therapy indeed corresponded with a significant improvement of overall 

survival in a syngeneic mouse model of PDAC. Furthermore, immunohistochemical analysis 

indicates that the survival benefit may be CD8+ T-cell mediated. The therapeutic and molecular 

imaging tool kit developed could be exploited to better structure clinical trials and address the 

therapeutic gaps in challenging malignancies such as PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal diseases with 

limited treatment options and poor prognosis. Currently, surgery followed by adjuvant 

chemotherapy is the single curative option to combat PDAC, but only a small fraction of 
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PDAC patients (~10%) of are likely to qualify and benefit. Additionally, approximately 80% 

of patients present with advanced and/or non-resectable disease (1). The clinical standard of 

care for non-resectable PDAC are chemotherapeutic agents gemcitabine or nab-paclitaxel, 

which largely fail to provide a long-term survival benefit. The last significant therapeutic 

stride for pancreatic cancer was the discovery that FOLFIRINOX provided a survival benefit 

compared to gemcitabine 10 years ago (2). More recent clinical trials have demonstrated 

a modest survival benefit in patients treated with combination chemotherapeutic drugs or 

radiotherapy (3–6).

One of the most difficult challenges in PDAC is that no treatments are curative, and 

tumors recur eventually. Immunotherapy, specifically PD-L1 checkpoint blockade, offers 

the opportunity to generate immune memory and thereby prevent or extend the period before 

recurrence. PDAC is currently unresponsive to PD-L1 inhibition as a monotherapy (7, 8) 

and this has been attributed to low PD-L1 expression in the TME. We purport increased 

expression of PD-L1 will enable targetability by anti-PD-L1 therapy and thereby improved 

efficacy.

In other tumor types, inhibition of the MAPK signaling cascade has primed the TME and 

worked synergistically with PD-L1 checkpoint blockade (9). Aberrant signaling of KRAS 

occurs in more than 95% of PDAC cases (10, 11), which is directly tied to MAPK and ERK 

signaling downstream. Since PDAC tumors are known to express low levels of PD-L1 (12), 

we hypothesized that pharmacological inhibition along the MAPK pathway can increase 

the targetability of PD-L1, thus enabling therapeutic response to anti-PD-L1 checkpoint 

blockade (13). The current diagnostic standard for asssesing PD-L1 status in many tumors, 

including PDAC, relies on biopsy and subsequent immunohistochemistry (IHC), which can 

be extremely invasive and often impossible to repeat. This method has many caveats due to 

the inter- and intratumoral heterogeneity of PD-L1, dynamic PD-L1 expression, and limited 

sampling via biopsy. With patient well-being in mind, we examined the effect of inhibition 

along the MAPK cascade on PD-L1 expression using a novel PD-L1-targeted non-invasive 

imaging tool.

We developed an anti-PD-L1 PET imaging agent by radiolabeling an anti-PD-L1 antibody 

with positron emitter zirconium-89 to assess PD-L1 expression in preclinical PDAC. Using 

this tool, we were able to show noninvasively that PD-L1 expression increases upon 

administration of an ERK inhibitor in orthotopic KPC models of PDAC, supporting the 

hypothesis for improved PD-L1 targetability upon tumor priming with ERK modulation. A 

schematic detailing our hypothesis is depicted in Fig. 1. We implemented a combination 

therapy strategy with ERK inhibition + anti-PD-L1 immune checkpoint blockade in 

orthotopic PDAC mice and were able to demonstrate significantly improved overall survival 

(OS) as well as decreased tumor burden. Further, the combination therapy arm demonstrated 

a significant increase in CD8+ T cells in a mechanism cohort relative to monotherapy arms, 

indicating a T-cell mediated mechanism.
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MATERIALS AND METHODS

Reagents and small molecule inhibitors.

All reagents were purchased from Sigma Aldrich unless otherwise indicated. ERK inhibitor 

SCH772984 (14) was purchased from Active Biochem and used at a concentration of 

1000 nM for in vitro experiments. The MEK inhibitor trametinib was purchased from 

Selleckchem and used at a concentration of 100 nM for in vitro experiments. All drugs were 

reconstituted in sterile, dry DMSO, aliquoted, and stored at 80 °C until further use.

Cell culture.

The KPC cell line was a generous gift from the Steven Leach Lab at MSKCC and grown 

in DME:F12 + 1% Glutamax. KPC cells infected with luciferin green fluorescent protein 

were a kind gift from the Scott Lowe Lab at MSKCC (15) and grown in high-glucose DME. 

The cells were not authenticated, regularly tested for Mycoplasma (every 6–12 months), and 

used under passage ten.

Small animal models and fibroblast isolation.

All animal experiments were performed in accordance with the Institutional Animal Care 

and Use Committee at Memorial Sloan Kettering Cancer Center. KPC cells (10,000 in 20 μL 

1:1 mixture of cells: Matrigel) were injected orthotopically into the pancreas of female C57/

BL6J animals. Tumor growth was characterized by ultrasound and palpation. Tumors were 

excised 3 weeks post-implantation. Fibroblasts were isolated using a migratory stimulus 

base on previous published procedures (16) and expanded for 10 days in conditioned media.

In vivo therapy.

Mice bearing orthotopic PDAC xenografts were treated via intraperitoneal injection of 

ERK inhibitor SCH772984 (prepared in 5% DMSO vol/vol, 10% PEG-300 vol/vol, in 10% 

m/v 2-hydroxypropyl-β-cyclodextrin). A solution with the same concentration of DMSO 

and PEG-300 in 10% m/v 2-hydroxypropyl-β-cyclodextrin was prepared as the vehicle 

control for the SCH772984 therapy. For therapy studies, animals were administered ERK 

inhibitor 90 mg/kg once daily. For combination therapy studies, animals were administered 

ERK inhibitor 75 mg/kg once daily and 200 μg of anti-PD-L1 every other day for a 

total of four doses. Every other day, ERK inhibition and anti-PD-L1 were administered 

as a co-injection. Saline was used as an untreated control and was volume-matched to 

anti-PD-L1 monotherapy. IgG was used as a concentration-matched isotype control for 

anti-PD-L1 monotherapy. Vehicle was used as a concentration matched DMSO control for 

ERK inhibitor.

Flow cytometry.

For all experiments, flow cytometry was performed on BD LSRFortessa flow cytometer at 

Memorial Sloan Kettering. The following fluorescently labeled antibodies were used from 

BioLegend: APC-PD-L1 (B7-H1, Clone 10F.9G2), PE-anti CD71 (TfR, clone RI7217), 

APC-IgG2b (Rat isotype control), and PE-IgG2a (Rat isotype control) to quantify murine 

PD-L1 and TfR expression levels pre- and post-treatment with MAPK-targeted therapy. 
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KPC cells were seeded in 6-well plates (200K/well) and adhered overnight. Cells were then 

incubated with SCH772984 (1000 nM), or trametinib (100 nM), or DMSO (concentration

matched vehicle control). After incubation, cells were washed with PBS and harvested with 

trypsin. Cells were treated with Fc blocking solution for 30 minutes prior to surface staining 

of PD-L1 and TfR. DAPI staining was used to access cell viability. Data was analyzed 

by FlowJo. For ex vivo flow cytometry, orthotopic KPC tumors were harvested from mice 

that were treated with SCH772984. Tumors were prepared for flow cytometry using the 

gentleMACS tumor dissociation kit (Miltenyi Biotech). Each tumor was cut into small 

pieces (2 – 4 mm) and tissue pieces were transferred into a gentleMACS C tube containing 

an enzyme mixture. A homogenous single cell suspension was obtained by the gentleMACS 

dissociator machine. The cells were then washed with PBS and treated with Fc blocking 

solution for 30 minutes prior to surface staining of PD-L1, TfR (see antibodies above), and 

anti-mouse CD3 (Alexa Fluor 700, clone 17A2). DAPI staining was used to access cell 

viability. Data was analyzed by FlowJo software.

Preparation and radiolabeling of [89Zr]Zr-DFO-anti-PD-L1.

Anti-PD-L1 (clone 6E11) was functionalized with p-isothiocyanatobenzyl desferrioxamine 

(DFO-Bn-NCS; Macrocyclics, Inc.) as described previously(17). 89Zr was produced through 

proton beam bombardment of yttrium foil and isolated in high purity as [89Zr]Zr-oxalate 

at Memorial Sloan Kettering Cancer Center (New York, NY) according to a previously 

published procedure(18).

In vivo Imaging.

D-Firefly Luciferin (80 μL, 15 mg/kg) was injected intraperitoneally into the mice 

under anesthesia. Bioluminescence images were obtained 10 minutes post-injection (IVIS, 

PerkinElmer). Images were normalized via region of interest (ROI) analysis using the Living 

Image software. For PET imaging studies, [89Zr]Zr-DFO-anti-PD-L1 (16–20 nmol, 14–15 

MBq in PBS, 130–150 μL) was injected intravenously and 20 min static PET/CT images 

were acquired at 24, 48, and 72 h using a dual microPET/CT scanner (Inveon, Siemens). 

Blocking study was performed using a 30× stoichiometric (mass) excess of unlabeled DFO

PD-L1 co-injected with imaging doses (details aforementioned) of [89Zr]Zr-DFO-anti-PD

L1.

Biodistribution studies.

Blood was collected via cardiac puncture and all tissues were harvested and weighed wet. 

Radioactivity within each organ was counted using a Perkin Elmer γ-counter. Tracer uptake 

expressed as percentage injected dose per gram (% ID/g) was calculated as the radioactivity 

in each tissue divided by the organ mass and the decay-corrected injected dose at the time of 

counting using the standard formulation method.

Statistical Considerations.

GraphPad Prism (version 7; GraphPad Software) was used for statistical analyses of the 

data. Biodistribution and IHC data were analyzed by unpaired, two-tailed Student’s t-tests 
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and differences at the 95% confidence level. The Log-rank Mantel-Cox text was used for 

survival curve analysis. P values of 0.05 or less were considered significant.

Immunofluorescence and immunohistochemistry.

Tumors were collected in 10% neutral buffered formalin and fixed for 48 h prior to transfer 

to 70% ethanol for further analysis. Tissues were embedded in Paraffin wax and cut at 

5 μm sections prior to staining. The immunofluorescence detections of c-myc and PD-L1 

were performed at Molecular Cytology Core Facility of Memorial Sloan Kettering Cancer 

Center using Discovery XT processor (Ventana Medical Systems, Roche-AZ). Detailed 

procedures can be found in the Supplementary Information. IF quantification was done in 

imageJ using mean fluorescence intensity on random selected tissue areas and normalized 

by total selected area. IHC was performed on a Leica Bond RX automated stainer using 

Bond reagents (Leica Biosystems, Buffalo Grove, IL), including a polymer detection system 

(DS9800, Novocastra Bond Polymer Refine Detection, Leica Biosystems). Further details 

can be found in the Supplementary Data, along with a table with specific antibodies and 

concentrations.

RESULTS

The PDAC TME consists primarily of fibroblasts within the stroma and tumor cells. 

To determine whether inhibition along the MAPK cascade induces PD-L1 expression in 

cell types within the TME, we targeted ERK and MEK, two key players in the MAPK 

cascade with the leading inhibitors SCH772984 (SCH) and trametinib respectively. To 

do so, fibroblasts were isolated using a migratory stimulus26 and expanded for 10 days 

in conditioned media (Supplementary Fig. 1A). Fibroblasts were characterized for alpha 

smooth muscle actin to confirm the phenotype their morphology suggested (Supplementary 

Fig. 2B). These cells were plated and treated with ERK inhibitor SCH (1000 nM) or 

MEK inhibitor trametinib (100 nM) for 48 h. Our previous work showed that target 

engagement of ERK inhibitor SCH and MEK inhibitor trametinib can be monitored through 

the downregulation of transferrin receptor (TfR) (17). Flow cytometry showed ERK or MEK 

inhibition resulted in a significant decrease (P < 0.001) in TfR expression (as expected based 

on previous studies)20 which correlated to a significant increase for PD-L1 expression (Fig. 

2A). This same trend was observed in plated KPC cancer cells, a mouse tumor cell line 

derived from the KPC transgenic mouse model of PDAC (Fig. 2B). The effect of ERK 

inhibition on PD-L1 expression was more pronounced than MEK. As a result, we sought 

to determine whether ERK inhibition induces PD-L1 expression in vivo. To do so in a 

clinically relevant manner, we developed a PD-L1 targeted non-invasive imaging tool.

PET Imaging of PD-L1 expression in orthotopic PDAC models.

In order to detect PD-L1 status in a noninvasively in vivo, we generated a PD-L1 targeted 

positron emission tomography (PET) imaging agent. Radiolabeled anti-PD-L1 has been 

used as an immuno-PET agent in human (20) and several preclinical mouse models, laying 

the foundation for a PD-L1-targeted imaging tool in PDAC. To generate a PD-L1 targeted 

PET tracer, we synthesized a chelator-antibody conjugate for radiolabeling with 89Zr using 

the Genentech anti-PD-L1 clone 6E11 (Fig. 3A). We were able show positive (~60%) 
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immunoreactivity for the PD-L1 target and that the anti-PD-L1 tracer is blockable (Fig. 

3B), indicating specific binding of our radiolabeled construct. A PET imaging study with 

[89Zr]Zr-DFO-anti-PD-L1 showed PD-L1 expression in orthotopic KPC tumors over the 

course of 72 h (Fig. 3C). In vivo blocking with an excess of unlabeled DFO-anti-PD-L1 

demonstrated significant decrease in tumor uptake and thereby specificity of the tracer in 

the tumor (Supplementary Fig. 3). Signal was also blocked peripherally in PD-L1 expressing 

tissues including the spleen and bone, along with a significant increase in [89Zr]Zr-DFO

anti-PD-L1 uptake observed in the blood, further demonstrating that the “antigen sink” is 

being blocked by the excess dose.

[89Zr]Zr-DFO-anti-PD-L1 uptake increases with ERK inhibition in multiple KPC mouse 
models.

To determine whether ERK inhibition increases PD-L1 in vivo, we implemented a therapy 

study in KPC orthotopic models. KPC cells that were stably infected with luciferin-GFP 

and injected 10,000 cells/mouse into the pancreas of C57BL6 mice and three weeks after 

implantation, were able to visualize tumor burden by bioluminescent imaging (Fig. 4A). At 

week three, all mice were stratified based on tumor size (determined by ROI analysis) and 

treated tumor-bearing mice with either an ERK inhibitor (90 mg/kg, once daily) or vehicle 

control. Four days after therapy began, mice were injected with [89Zr]Zr-DFO-anti-PD-L1 

(timeline represented in Fig. 4B) and PET imaging was performed 72 h post-injection 

(Fig. 4C, n = 4/group). The tissues were subsequently resected for biodistribution (Fig. 

4D) via ex vivo gamma counting. There was a significant increase of [89Zr]Zr-DFO-PD

L1 in the tumor (P < 0.01), with no significant differences in other tissues, indicating 

increased PD-L1 expression following ERK inhibition. A duplicate cohort was used for 

ex vivo flow cytometry (Fig. 4E, n = 3–4/group) to determine ERK inhibitor target 

engagement in vivo. Tumor-bearing mice treated with the ERK inhibitor demonstrated 

a decrease in TfR expression (indicating ERK target engagement) and an increase of 

PD-L1 expression from therapy (P < 0.01). These data suggest ERK inhibition primes 

the TME for PD-L1-targeted immune checkpoint blockade. To determine whether PD-L1 

expression visualized by PET in vivo corresponded to PD-L1 expression ex vivo, we excised 

tumors and stained for PD-L1. Excised tumors showed a significant increase in PD-L1 

expression following ERK inhibition. In addition, excised tumors demonstrated a decreased 

expression of MYC, a downstream target of ERK activation, corroborating ERK inhibitor 

target engagement (Fig. 2F). Expression of PD-L1 and MYC was quantified using mean 

fluorescence intensity per unit area (Fig. 2G) on serial tissue sections of mouse KPC tumors 

from different treatment groups (n = 3/group, P < 0.001). Immunofluorescence experiments 

were optimized using controls to mitigate channel bleeding and non-specific secondary 

interactions (Supplementary Fig. 3).

Combination ERK inhibition and immune checkpoint blockade decreases tumor growth 
and improves overall survival in orthotopic KPC-Luc-GFP mice.

To determine whether ERK induced PD-L1 expression is sufficient to reduce tumor size 

and produce a survival benefit to PD-L1 checkpoint blockade, we performed a therapy 

study in subcutaneous flank models of the KPC-Luc-GFP. Tumor bearing mice were treated 

with the ERK inhibitor alone or in combination with anti-PD-L1 therapy. Tumor size was 
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quantified by bioluminescence imaging. Treatment with the ERK inhibitor as a single agent 

or in combination with anti PD-L1 therapy resulted in the same marginal benefit in median 

survival when compared to saline, vehicle or anti-PD-L1 monotherapy (Supplementary Fig. 

4). However, tumor volume changes had no correlation to the marginal survival benefits. As 

subcutaneous models lack components of the PDAC TME, we investigated whether these 

results were recapitulated in an orthotopic PDAC model. As such, we sought to determine 

whether combination ERK and PD-L1 inhibition provides a survival benefit in an orthotopic 

model of PDC (n = 5–6/group). We observed a significant improvement of survival upon 

combination therapy with ERK inhibitor + PD-L1 checkpoint blockade, suggesting tumor 

location is central to the study of this signaling axis (Fig. 5A, P < 0.01 based on Log-rank 

Mantel Cox statistical test). Since we had observed slight toxicities at the 90 mg/kg dose 

in our previous experiments, we elected to drug mice once daily with ERK inhibitor (75 

mg/kg) and once every other day with anti-PD-L1 (200 mg) for a total of 4 doses for 1 

week total for each of the combination therapy studies. Implantation, imaging, therapy, and 

resection timeline is described in Fig. 5B. Each therapy arm, with the exception of PD-L1 

vs. IgG or vehicle, was significant compared to its respective control (P < 0.05 for ERKi 

vs. vehicle). The combination therapy arm showed significant increased survival compared 

to each monotherapy (P < 0.01 when compared to PD-L1 monotherapy, and P < 0.05 

compared to ERKi monotherapy). Treatment with ERKi also significantly reduced tumor 

growth compared to its vehicle control (Fig. 5C, P < 0.05). Despite significant regression in 

tumor growth (Fig. 5C, P < 0.01 for combination arm vs. ERKi, P < 0.05 for combination 

vs. PD-L1), tumors grew back after cessation of therapy, resulting in only 30 days total 

survival.

Immunohistochemical analysis of ex vivo endpoint tissues indicates potential 
immunosuppressive mechanisms.

We found a significant decrease in CD4+ T cells (P < 0.05 when comparing combination 

therapy arm (0.32 % ± 0.1), represented in % positive tumors cells to each respective 

monotherapy: ERKi (0.91 ± 0.2), PD-L1 (1.67 ± 0.6) (Supplementary Fig. 5). Upon further 

inspection, we observe a trending decrease in FoxP3+ cells, albeit not significant when 

comparing different therapy arms. Quantitative analysis of CD3, CD8, MYC, and PD-L1 

in endpoint tissues can also be found in Supplementary Fig. 5. Supplementary Fig. 6 

shows representative images of CD4 and FoxP3 analysis in all treatment arms. A therapy 

cohort was repeated to investigate T cell engagement through tissues collected at a single 

endpoint for each therapy arm. Quantitation from cytonuclear and area analysis for CD3, 

CD8, CD4, MYC, and PD-L1 are represented in Fig. 6A. Of note is a significant increase 

in CD8+ T cells in the combination therapy arm when compared to vehicle and ERK 

inhibition alone (P < 0.01, Fig. 6B). Additionally, increase in CD4+ T cells trend similarly 

with CD8+ T cells (Fig. 6C). Furthermore, the expected increase in PD-L1 expression and 

decrease in MYC expression (in the ERK inhibitor and combination therapy arms) is also 

represented in this cohort. Representative images highlight these trends. Supplementary Fig. 

7 highlights representative IHC for MYC, PD-L1, and CD3 in different therapy arms at 1× 

magnification.
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DISCUSSION

According to our cell viability and pathway activity data on these model cell lines only cells 

harboring the rare G12C KRAS mutation and low EGFR expression are sensitive to single 

MEK inhibitor (trametinib) treatment. The common G12D KRAS mutation leads to elevated 

baseline Akt activity, thus treatment with single MEK inhibitors fails. However, combination 

of MEK and Akt inhibitors are synergistic in this case. In case of wild-type KRAS and 

high EGFR expression MEK inhibitor induced Akt phosphorylation leads to trametinib 

resistance which necessitates for MEK and EGFR or Akt inhibitor combination treatment. 

In all we provide strong preclinical rational and possible molecular mechanism to revisit 

MEK inhibitor therapy in pancreatic cancer in both monotherapy and combination, based 

on molecular profile analysis of pancreatic cancer samples and cell lines. According to our 

most remarkable finding, a small subgroup of patients with G12C KRAS mutation may still 

benefit from MEK inhibitor monotherapy.Monotherapy is rarely effective in treating PDAC 

patients. Clinical trials across tumor types for KRAS, MEK, and ERK inhibitors have failed 

or had mixed results across patient cohorts trending towards no response. These failures can 

be attributed to intrapatient heterogeneity and complicated feedback mechanisms that are 

still not well understood (21, 22). However, MEK inhibitors in the context of combination 

therapy have shown some biological response in PDAC (23, 24). In other tumors types, ERK 

inhibition has shown to be safe in PDAC (25) and the ERK pathway shown to modulate 

PD-L1 expression in other tumors types (13, 26, 27).

PD-L1 checkpoint blockade has similarly failed as a monotherapy, and the majority of 

PDAC patients do not respond to PD-L1 inhibition (28, 29). Increasing the expression 

of PD-L1 to enable anti-PD-L1 target engagement may seem paradoxical. However, the 

complex role of PD-L1 expression in the TME has left much open to question. Our data 

shows that ERK inhibition increases the expression of PD-L1 and that is sufficient to 

improve anti-PD-L1 targetability and efficacy. In keeping with this notion, the combination 

of kinase inhibition to increase PD-L1 targetability has demonstrated potential survival 

benefits and immune memory in other tumor types (26).

A number of strategies to prime the TME for immune checkpoint blockade have been 

successful in mouse models of PDAC. These strategies include stromal remodeling 

(30, 31), immune priming (32, 33), and stereotactic radiation (34). Tumors with highly 

immunosuppressive tumor microenvironments, such as in PDAC, inhibit T cell infiltration/

activation which causes low response rates to ICB. Recent work by Christmas et al 

demonstrated the sensitization of pancreatic tumors to ICB by epigenetic modulation of 

myeloid suppressor cells in the TME.(35) Others have also shown that degrading stromal 

hyaluronan in a metastatic murine PDAC model leads to decreased immunosuppressive 

signaling in myeloid cells and increases memory T cell infiltration (36). Both stromal 

modification and immune cell recruitment are both extremely important for the PDAC TME 

but need to be pursued with vigilance and careful dosing. Drug regimens in these realms 

have failed due to unanticipated toxicities as well as lack of significant improvement (37, 

38).

Henry et al. Page 8

Mol Cancer Ther. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In preclinical studies, scientists often resect tissues at multiple time points to monitor 

target engagement and biological response throughout treatment. While the mouse models 

offer continuous monitoring via sacrificial studies, it is impossible to obtain multiple 

biopsies in patients to assess biological response. Clinical trials for PDAC immunotherapy 

largely fail and it is unclear why due to the aforementioned limitation. Current criteria 

for assessing therapy response in clinical trials (including RECIST and iRECIST) often 

lack a specific imaging component that can noninvasively detect biologically relevant 

changes to the TME (39, 40). Targeted non-invasive imaging may enable understanding 

mechanistic underpinnings even when the clinical results do not reach end points. This 

allows the researchers to refine therapeutic approaches in a strategic manner, which can 

potentially improve both clinical outcomes long term and reduce the number of patients 

suffering unnecessary side effects in failed trials. We propose a therapeutic strategy in 

combination with a non-invasive imaging tool to enable clinicians to monitor anti-PD

L1 target engagement at iterative time points in patients, thereby expanding possible 

conclusions for both positive and negative clinical results.

Increased infiltration of T cells, specifically CD8+ T cells, has been a longstanding indicator 

of successful cancer immunotherapy (41). The role of CD4+ cells has been indicative of 

immunosuppression, but in reality has not been fully explored and largely remained in 

the background (42). There is increasing evidence that CD4+ T cells contribute to the anti

tumor immune response and may play a bigger role than historically thought. In addition 

to providing help to antitumor CD8+ T cells, CD4+ T cells are also involved in direct 

cytotoxicity against tumor (41). Quezada et al. showed that CD4+ T cells transferred to 

lymphopenic mice inhibit melanoma tumor growth in an MHC Class II dependent manner 

and this cytotoxic effect was enhanced with the combination of anti-CTLA4 therapy.(43) A 

more recent study shows that MHC-I− /MHC-II+ expressing tumors have a positive response 

to anti-PD-1 therapy associated with CD4+ T cell infiltration in a Classical Hodgkin 

Lymphoma (cHL) mouse model (44). These studies are encouraging for our own data and 

uncover a potential role of synergy between ERK inhibition and ICB that could be exploited 

further in challenging malignancies such as PDAC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inhibitors that target MAPK signaling will increase PD-L1 and alter the tumor 
microenvironment in PDAC.
A. KRAS plays a central role in tumor development, regulating downstream proteins (RAF, 

MEK, and ERK) that are involved in proliferation, survival, metastasis, and angiogenesis. 

Oncogenic KRAS induces secretion of molecules that affect surrounding components of the 

stroma, such as fibroblasts, along with innate and adaptive immune cells. These cells within 

the tumor microenvironment promote cancer malignancy and provide opportunities for 

druggable targets in order to facilitate combination therapy strategies. Transferrin receptor 

(TfR) is a downstream readout for MEK and ERK inhibition. B. Proposed model of how 

MAPK-targeted therapy (ERK inhibitor SCH772984: abbreviated SCH, and MEK inhibitor 

trametinib) will alter the tumor microenvironment by activating the immune system and 

breaking down the stromal components, resulting in a release of cytokines and growth 

factors, along with a migration of inflammatory cells and macrophages. We also expect there 

to be an infiltration of immune cells when combined with ICB, and mechanistic studies will 

determine if and how they are functional.
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Figure 2. MAPK-targeted therapy increases PD-L1 expression in cells comprising the PDAC 
tumor microenvironment.
A. Transferrin receptor (TfR) expression decreases upon inhibition of KPC CAFs with 

ERK inhibitor SCH, and MEK inhibitor trametinib. MAPK inhibition (drugs against ERK 

and MEK) show a significant increase in PD-L1 expression on CAFs. B. TfR expression 

decreases upon inhibition of plated KPC cells with ERK inhibitor SCH, and MEK inhibitor 

trametinib. MAPK inhibition (drugs against ERK and MEK) show a significant increase in 

PD-L1 expression in KPC cells.
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Figure 3. Synthesis, characterization, and PET imaging of [89Zr]Zr-DFO-anti-PD-L1 in KPC 
mice.
A. Radiolabeling schema of anti-PD-L1 antibody-DFO with zirconium-89. B. [89Zr]Zr

DFO-anti-PD-L1 specifically binds PD-L1 and is blockable via an unlabeled excess of 

anti-PD-L1. C. Representative PET images of [89Zr]Zr-DFO anti-PD-L1 out to 72 h shows 

delineated tumor uptake in orthotopic KPC mice.
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Figure 4. ERK inhibition increased uptake of [89Zr]Zr-DFO-anti-PD-L1 in orthotopic KPC-Luc
GFP mice.
A. Bioluminescent imaging of KPC-Luc-GFP tumors 2 weeks post-orthotopic injection. 

B. Timeline of implantation and drugging. Animals received ERK inhibitor SCH772984 

once daily at 90 mg/kg for 7 days. C. Uptake of [89Zr]Zr-DFO-anti-PD-L1 increase upon 

ERK inhibition in vivo and is quantified via ex vivo biodistribution (D). E. Ex vivo flow 

cytometry of KPC-Luc-GFO tumors shows an increase in PD-L1 expression an CD3+ T 

cells correlated to a decrease in TfR expression. **P < 0.01. F. Immunofluorescent analysis 

of MYC (green) and PD-L1 (pink) expression ex vivo in KPC tumors and H&E stains of 

serial sections. G. Quantification of immunofluorescent analysis of MYC+ and PD-L1+ 

cells in KPC PDAC tumors. Abbreviation: MFI: mean fluorescent intensity.
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Figure 5. Combination ERK inhibition and anti PD-L1 improves survival and tumor growth in 
KPC-Luc-GFP mice.
A. Survival curve of treatment arms over 30-day time period, drugging period was during 

the first week. Significant survival was observed in ERK inhibitor treatment groups (P < 

0.05) vs. vehicle, saline and IgG. Significant survival was observed in combination treatment 

groups (P < 0.005) vs. all control groups (P < 0.005 for vehicle, saline and IgG) and when 

compared to each monotherapy (P < 0.05 for anti-PD-L1 and ERKi alone). B. Timeline of 

implantation, therapy, and BLI. C. ROI analysis of IVIS images taken throughout therapy 

until study endpoint.
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Figure 6. Immunohistochemical analysis of ex vivo tissues collected at single endpoint indicate a 
potential T-cell mediated mechanism.
A. Representative images of serial sections from the same tumors stained for MYC, PD-L1, 

CD3, CD4, and CD8 with trends quantified in (B). Significant trends are observed along 

with decreases in MYC staining and increase in PD-L1 staining (along with CD3, CD4 and 

CD8) in each treatment arm compared to respective controls. *P < 0.05, **P < 0.01, ***P < 

0.001.
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