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Myelofibrosis (MF) is a clonal stem cell neoplasm characterized by abnormal JAK-STAT

signaling, chronic inflammation, cytopenias, and risk of transformation to acute leukemia.

Despite improvements in the therapeutic options for patients withMF, allogeneic

hematopoietic stem cell transplantation remains the only curative treatment.We

previously demonstratedmultiple immunosuppressivemechanisms in patients withMF,

including increased expression of programmed cell death protein 1 (PD-1) on T cells

comparedwith healthy controls. Therefore, we conducted amulticenter, open-label, phase

2, single-arm study of pembrolizumab in patients with Dynamic International Prognostic

Scoring System category of intermediate-2 or greater primary, post-essential thrombocythe-

mia or post-polycythemia veramyelofibrosis that were ineligible for orwere previously

treatedwith ruxolitinib. The study followed a Simon 2-stage design and enrolled a total of

10 patients, 5 of whomhad JAK2V617mutation, 2 had CALRmutation, and 6 had additional

mutations. Most patients were previously treatedwith ruxolitinib. Pembrolizumab treat-

mentwaswell tolerated, but therewere no objective clinical responses, so the study closed

after the first stagewas completed. However, immune profiling byflow cytometry, T-cell

receptor sequencing, and plasma proteomics demonstrated changes in the immunemilieu

of patients, which suggested improved T-cell responses that can potentially favor antitumor

immunity. The fact that these changeswere not reflected in a clinical response strongly sug-

gests that combination immunotherapeutic approaches rather thanmonotherapymay be

necessary to reverse themultifactorial mechanisms of immune suppression inmyeloprolif-

erative neoplasms. This trial was registered at www.clinicaltrials.gov as #NCT03065400.

Introduction

Myelofibrosis (MF) is a clonal hematopoietic stem cell (HSC) and hematopoietic progenitor cell (HPC)
myeloproliferative neoplasm (MPN) characterized by hyperactivity of the JAK-STAT signaling pathway,
increased inflammatory state, abnormal HSC trafficking resulting in extramedullary hematopoiesis, and
evolution to acute myeloid leukemia.1 Driver mutations involving JAK2, MPL, and CALR occur in 90% of
patients and nondriver mutations such as ASXL1, SRSF2, EZH2, IDH1/2, and TP53, typically found in
other myeloid malignancies are frequently detected and are associated with adverse prognosis.2,3 MF is
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Key Points

� This is the first report
demonstrating the
safety and lack of
efficacy of
pembrolizumab treat-
ment in patients with
advanced MPNs.

� Pembrolizumab was
associated with
changes in the
immune milieu that
could potentially
support antitumor
immunity in patients
with advanced MPNs.
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associated with a pro-inflammatory cytokine signature (tumor necro-
sis factor-a, interleukin-2 [IL-2], IL-6, IL-1, IL-8) derived from the
malignant clone, which contributes to development of systemic
symptoms and a cachectic state that has an impact on morbidity
and mortality in this disease.4 It is also recognized that the clinical
occurrence of frequent autoimmune phenomena in patients with MF
seems to be mediated by deregulated cytokine expression.5

The median survival of patients with MF is approximately 6 years, and
HSC transplantation remains the only curative option.6,7 The JAK2
inhibitors ruxolitinib and fedratinib are the only US Food and Drug
Administration (FDA)–approved therapies that address spleen and
symptom burden in the majority of treated patients who have stable
disease (SD) or who show improvement in bone marrow (BM) fibro-
sis8; however, they do not alter the natural course of the disease.9

The median duration of ruxolitinib therapy is 3 years, and survival is
limited to 1 year after discontinuation in many patients.10,11

Suppression of host antitumor immunity is an important escape
mechanism that allows malignant hematopoietic clone to be main-
tained and to expand; therefore, tumor-mediated immune suppres-
sion represents an important therapeutic target for a wide variety of
solid and hematologic malignancies. Immune checkpoint inhibitors
of the programmed cell death protein 1 (PD-1) and programmed
death-ligand 1 (PD-L1) pathway are the most well-known and tested
therapeutic agents in clinical use for both solid and hematologic
malignancies. Pembrolizumab is a potent and highly selective
humanized monoclonal antibody of the immunoglobulin G4 (IgG4)/
kappa isotype designed to directly block the interaction between
PD-1 and its ligands, PD-L1 and PD-L2, and is FDA-approved for
multiple solid and hematologic malignancy indications.12-15

Preclinical studies indicate a rationale for the use of PD-1 inhibition
in patients with MF. PD-1 and PD-L1 expression by CD341 MPN

HSCs is increased compared with CD341 cells from normal donors
and does not clearly associate with the presence of a driver muta-
tion or specific clinical variables.16 Our group showed that PD-1
expression is increased in T cells from patients with MPNs and that
mutant CALR-specific T-cell responses can be rescued in vitro with
pembrolizumab.17 Therefore, we conducted a phase 2 trial of pem-
brolizumab in patients with MF that demonstrated intolerance or
resistance to ruxolitinib therapy.

Methods

Study design and participants

This multi-institutional study was conducted at the Icahn School of
Medicine at Mount Sinai (ISMMS), Massachusetts General Hospital,
and Dana-Farber Cancer Institute. The protocol was approved by
the institutional review boards of the participating institutions. All
patients provided written informed consent. Patients were eligible
for enrollment to the primary cohort if they had MF intermediate-2 or
high scores, according to the Dynamic International Prognostic
Scoring System (DIPSS), were previously treated with ruxolitinib
and had a suboptimal response or intolerance to the drug, or were
otherwise ineligible to receive ruxolitinib. In addition, an exploratory
cohort of patients with accelerated phase (MF-AP) or blast phase
(MF-BP) disease who were refractory or intolerant to conventional
therapies and ineligible for HSC transplantation were eligible for
enrollment. Patients received pembrolizumab at the FDA-approved
dose (in head and neck cancer) of 200 mg administered via intrave-
nous infusion over 30 minutes once every 3 weeks (Figure 1).

Statistical design and analysis

The primary objective was to evaluate the clinical response rate
defined as the proportion of MF chronic phase (CP) patients that

Primary or secondary
myelofibrosis?

Accelerated or blast phase
MPN?

Up to 10 patients
exploratory cohort

Pembrolizumab
200mg IV every

3 weeks

Pembrolizumab 200mg IV every 3 weeks

1st stage
N=9

2nd stage
N=15

<1/9 respond?

Stop study No activity Signal of activity confirmed

≥1/9 respond?

≥3/24 respond?<3/24 respond?

Simon two-stage:

Figure 1. Study schema. Patients with primary or secondary MF enrolled in the Simon two-stage design; if ,1 of 9 responded, the study would not proceed to stage 2. In

addition, there was an exploratory cohort for accelerated and blast phase disease. Pembrolizumab 200 mg was administered intravenously (IV) once every 3 weeks.
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achieved at least a clinical improvement (CI), partial response (PR),
or complete response (CR) according to European LeukemiaNet-
International Working Group (ELN-IWG) response criteria within 6
cycles of therapy.18 Secondary objectives included evaluation of the
expression of PD-1 on MPN cells, evaluation of the effect of pem-
brolizumab on various immune phenotypes, and evaluation of the
effect of pembrolizumab on the degree of fibrosis in the BM. Safety
of pembrolizumab was monitored closely by an early termination
rule. Adverse events (AEs) were classified and graded according to
National Cancer Institute Common Terminology Criteria for Adverse
Events (CTCAE v4.0). In the primary cohort, if a patient experienced
grade $3 AEs (excluding grade 3-4 hematologic toxicity) deemed
at least possibly related to pembrolizumab, or if grade 2 laboratory

(excluding grade 2 hematologic AEs) or clinical AEs deemed at
least possibly related to study drug did not resolve within 3 weeks
despite treatment, pembrolizumab was discontinued.

This study was conducted as an Optimal Simon 2-stage design
with a planned maximum enrollment of 24 patients in the 2 stages,
which is designed to test the null hypothesis that the clinical
response rate (CI, PR, and CR) in the primary cohort was #5% vs
the alternative that the clinical response rate was .25% with a tar-
get a of 0.10 and power of 0.90. Nine patients were planned for
stage 1 with the trial to continue to enroll 15 additional patients in
stage 2 if there were 1 or more responses. If, at the end of stage 2,
there were 3 or more responses, the regimen would be considered
for further study.

Patient- and disease-related characteristics were summarized for all
patients enrolled in the primary and exploratory cohorts using
descriptive statistics, medians, and ranges (minimum-maximum) for
continuous measurements and frequencies and percentages for cat-
egorical measurements. AEs were summarized by grade and body
system. Maximum AE grade was determined for each patient. All
patients who received at least 1 cycle of pembrolizumab were
included in the intent-to-treat analysis for efficacy. The response
rates (CI, PR, and CR) after 6 cycles of therapy were presented
with an exact 2-sided 95% confidence interval. All statistical analy-
ses, except in correlative studies, were performed using SAS Ver-
sion 9.4 (SAS Institute, Cary, NC). Hypothesis testing was 2-sided
and conducted at the 5% level of significance.

For correlative studies, statistical significance was evaluated by Wil-
coxon matched-pairs signed-rank test or paired Student t test. P val-
ues , .05 were considered significant. Statistical tests were
performed using GraphPad Prism 9.0. For differential abundance
analyses of TCR-b chain sequencing, statistical tests were per-
formed using ImmunoSeq Analyzer 3.0. P values were calculated by
using the 2-sided binomial method, and false discovery rates were
controlled by using the Benjamini-Hochberg method. P values #
.01 were considered statistically significant.

NGS and TCR sequencing

We used a clinically validated next-generation sequencing (NGS)
assay called heme SnaPshot that detects single nucleotide variants
and insertions or deletions in 103 gene targets commonly mutated
in hematologic malignancies. This assay isolates genomic DNA from
blood or BM aspirates by using standard protocols. Sequencing is
performed using Illumina NextSeq with a validated anchored multi-
plex polymerase chain reaction (PCR) assay.18 Cryopreserved
peripheral blood mononuclear cells (PBMCs) from patients receiving
pembrolizumab treatment, collected before and after 2 (cycle 3, day
1 [C3D1]) and 6 (C7D1) cycles of treatment were used for TCR
Vb sequencing by Adaptive Biotechnologies. Briefly, TCR-b CDR3
regions for each sample were amplified by a multiplexed PCR
method using a mix of forward and reverse primers specific to TCR
Vb and TCR Jb, respectively. Amplified regions were sequenced
using the Illumina HiSeq System. Data analyses were performed
using Adaptive Biotechnologies ImmunoSeq Analyzer 3.0.

BM biopsies and plasma protein profiling

BM biopsies were fixed in formalin and acid decalcified. Hematoxylin
and eosin sections were stained to assess for morphology and
cellularity. Reticulin stains were performed and reviewed by

Table 1. Baseline characteristics for primary and exploratory

cohorts (N 5 10)

MF-CP

(n 5 9)

MF-BP

(n 5 1)

Median age, y (range)

At diagnosis 70 (43-77) 70

At enrollment 72.5 (45-81) 74

Female 5 (56) 0

Median no. of previous lines
of therapy (range)

3 (1-6) 4

Previous treatments with ruxolitinib 8 (89) 1

Disease subtype

PMF 7 (78) 0

PET-MF 2 (22) 0

MF-BP 0 (0) 1

DIPSS Plus score

Intermediate-1 2 (22) 0

Intermediate-2 3 (33) 0

High 4 (44) 1

Genetics

JAK2V617F 5 (56) 0

Myeloid molecular panel

MPL 2 (22) 0

CALR 2 (22) 0

Triple-negative 0 (0) 1

Cytogenetics

Favorable karyotype 5 (56) 0

Unfavorable karyotype 3 (33) 0

Unknown 1 1

RBC transfusion dependent 3 (33) 1

White blood cell, 3103/mL 10.40 (3.60-19.94) 13.30

Hemoglobin, g/dL 9.5 (6.7-12.1) 7.90

Platelets, 3103/mL 63 (31-901) 42

Median blast, % (range) 2 (0-7) 20

Palpable spleen 7 (78) 0*

Median palpable spleen length, cm (range) 12 (5-20) NA

Data are n (%), unless otherwise noted.
CALR, calreticulin; JAK2, Janus protein kinase 2; MPL, myeloproliferative leukemia; NA;

not applicable; PET-MF, post-essential thrombocythemia myelofibrosis; PMF, primary
myelofibrosis; RBC, red blood cell.
*MF-BP patient had a splenectomy.
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board-certified hematopathologists with expertise in MPNs. BM
fibrosis was graded according to the World Health Organization
semiquantitative MF grading system, which is based on the Euro-
pean Bone Marrow Fibrosis Network criteria as MF 0, 1, 2, and 3.19

Multiplexed profiling of plasma proteins was performed at the
Human Immune Monitoring Center at ISMMS by multiplex proximity
extension assay using an Olink Immuno-Oncology panel and follow-
ing standard procedures, in which quantitative reverse transcriptase
PCR (qRT-PCR) data are transformed into normalized protein
expression values. Additional information regarding materials and
methods is included in the supplemental Material.

Flow cytometry

Cryopreserved PBMCs were stained for flow cytometry using the
following antibodies: CD3 (SK7, fluorescein isothiocyanate [FITC]),
CD4 (RPA-T4, BV785), CD8 (RPA-T8, PerCP-Cy5.5), PD-1
(EH12.2H7, BV650), CD34 (561, allophycocyanin [APC]/Cy7),
PD-L1 (29E.2A3, phycoerythrin [PE]/Cy7), PD-L2 (MIH18, APC),
HLA-DR (L243, APC), CD19 (HIB19, FITC), CD56 (5.1H11, FITC),
CD33 (WM53, PE), CD11b (ICRF44, APC/Cy7), CD14 (M5E2,
BV605), and CD15 (W6D3, BV785). LIVE/DEAD Fixable Blue
Dead Cell Stain Kit by Thermo Fischer Scientific was used at
1:1000 dilution for live cell gating. The samples were acquired with
a BD Fortessa cell analyzer (Becton Dickinson), and the data were
analyzed by using FlowJo V10 (TreeStar).

Results

Patient characteristics

Nine patients in the MF-CP cohort and 1 in the MF-BP cohort were
enrolled between June 2017 and March 2020. Baseline characteris-
tics for patients are summarized in Table 1. Patients received a
median of 3 previous lines of therapy (range, 1-6 lines). Nine
patients (90%) received previous treatment with ruxolitinib.

Clinical and molecular response and BM pathology

In the first stage, all 9 MF-CP patients were evaluable for response.
The Simon 2-stage design (Figure 1) required at least 1 responder
in stage 1; therefore, with 0 of 9 responders, the trial was closed
and did not to continue to stage 2. Of the 9 patients who were
evaluable for response at the end of 6 cycles of therapy, all attained
SD. The patient that enrolled in the blast phase exploratory cohort
experienced disease progression on treatment. The overall response

rate by International Working Group-Myeloproliferative Neoplasms
Research and Treatment (IWG-MRT) criteria for the MF-CP cohort
was 0% (95% confidence interval, 0%-30%). Table 2 lists hemato-
logic and spleen parameters for treating the MF-CP patients. Of the
9 patients in the main cohort in this study, 6 had BM biopsies
before and after receiving 3 cycles of pembrolizumab. In the 6
patients, the baseline biopsy showed hypercellular with fibrosis of at
least MF2. No patient showed improvement in degree of fibrosis or
cellularity percentage in the follow-up biopsy. The MPN-BP patient
in the exploratory cohort had 20% blasts identified in the baseline
BM biopsy and 40% blasts at the end of 4 cycles of therapy, con-
sistent with disease progression. NGS was performed in 8 of the
10 patients at screening and before the start of cycle 3. Of note,
except for 1 patient who harbored only JAK2V617F, all patients had
a complex mutational status with involvement of 2 to 6 genes (Table
3). There were no significant changes in mutational status and vari-
ant allele fraction after 2 cycles of pembrolizumab.

Discontinuation of therapy

In the MF-CP cohort, 4 patients (44%) discontinued therapy before
the end of cycle 6. Reasons for discontinuation were AEs (n 5 1),
patient decision (n 5 1), and physician’s decision (n 5 2). The
median number of weeks on treatment (from C1D1 to last dose)
was 14.7 weeks (range, 4-20 weeks). All 9 treated patients in the
MF-CP cohort experienced 1 or more treatment emergent AEs of
grade $2 (Table 4). Two (22%) of 9 experienced a maximum grade
2 AE, 6 (67%) experienced a maximum grade 3 AE, and 1 patient
(11%) died on study. The reason for death was determined to be
secondary to respiratory failure in the setting of sepsis and not
related to study treatment, which was ,5 cycles. The most com-
mon body system affected was the blood and BM. Treatment-
emergent AEs, regardless of attribution occurring at any point during
the study, are summarized in Table 4. Of note, no immune-related
AEs were reported.

Characterization of T cells

We previously demonstrated that T cells from patients with MPNs
express PD-1 levels �5 times greater than those in healthy con-
trols.17 Here, we evaluated the expression of PD-1 on T cells by
flow cytometry of PBMCs before and after pembrolizumab adminis-
tration. PD-1 was expressed at baseline by both CD41 and CD81

cell subsets within the CD31 T cells in all patients (Figure 2A; sup-
plemental Figure 1). When PD-1 expression was assessed after

Table 2. Hematologic and spleen parameters over time for MF-CP patients (n 5 9)

Baseline 30 days since last dose Difference

PMedian Range Median Range Median Range

WBC, 3103/mL 10.4 3.6-19.9 7.65 0.8-37 20.3 –6.2-16.6 .3223

Hemoglobin, g/dL 9.5 6.7-12.1 8.7 5.8-12.6 20.7 –6.3-2 .6074

Platelets, 3103/mL 63.0 31.0-901.0 107.0 20.0-1262.0 9.0 –11.0-361.0 .3613

Neutrophils, % 55.0 25.0-79.4 55.0 5.0-90.0 1.0 –23.0-12.0 .5391

ANC, 3103/mL 6.6 2.1-9.7 6.0 0.04-16.1 0.3 –3.7-8.5 .7695

Lymphocytes, % 12.0 7.0-21.0 15.0 4.0-63.0 21.0 –8.0-52.0 1.0000

Blasts, % 1.0 0-7.0 1.0 0-4.0 0 –5.0-3.0 .8438

Spleen length, cm 12.0 5.0-20.0 13.0 1.0-20.0 0 0-7.0 .2500

ANC, absolute neutrophil count; WBC, white blood cell.
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pembrolizumab treatment, we could not detect it using commercial
anti-PD-1 antibodies. This was likely a result of the persistent bind-
ing of pembrolizumab to PD-1 molecules, which may block the epit-
opes commercial antibodies bind to, as previously reported by
others.20,21 The fraction of PBMCs expressing PD-L1 and PD-L2
varied among patients and was not significantly affected by pembro-
lizumab administration (Figure 2B; supplemental Figure 2A). The
changes in frequencies of T-cell populations in response to pembro-
lizumab were determined by both flow cytometry and TCR sequenc-
ing. By flow cytometry, the changes in T-cell frequencies were
heterogeneous across patients with notable increases in 3 patients
after the first cycle of treatment (Figure 2C). Such increases were
confirmed by TCR sequencing, which demonstrated sustained
T-cell abundance after treatment (Figure 2D). There were no signifi-
cant changes in T-cell subset ratios, suggesting that both CD41

and CD81 subsets expanded proportionately. Additionally, lympho-
cytes from 4 patients showed expression of CD38 with partial or
dim HLA-DR in 2 patients after administration of pembrolizumab,
which is indicative of cellular activation (supplemental Figure 2B).20

Results from TCR Vb sequencing further demonstrated that
changes in T-cell clonality upon pembrolizumab administration were
again heterogeneous across patients (Figure 3A). Notably, several
of the most abundant T-cell clones were shared across multiple
patients (Figure 3B), suggesting that these T cells may recognize
shared antigens, some of which may be MPN specific. To evaluate

Table 3. Mutational status and allelic frequency at screening and

before initiating cycle 3 of treatment

Patient ID

Screening Cycle 3

Abnormal

allele

Allelic

frequency (%)

Abnormal

allele

Allelic

frequency (%)

101 MPL* 91 MPL* 93.6

PHF6* 40 PHF6* 43.6

TET2* 46 TET2* 47

KRAS* 40 KRAS* 37.8

ASXL1** 39 ASXL1** 12.5

102 JAK2 41.4 JAK2 46.8

103 CALR** 11.7 CALR** 10.3

ASXL1** 19.2 ASXL1** 13.7

KMT2D** 37.7 KMT2D** 36.7

KLF2* 42.6 KLF2* 48.6

104 JAK2* 51.1 JAK2* 45.2

SF3B1* 41.9 SF3B1* 31.9

CEBBP* 50.9 CEBBP* 48

105 JAK2* 76.7 JAK2* 77.2

SF3B1* 48.1 SF3B1* 50.7

EZH2* 3.1 EZH2* 3.4

ATM* 36.9 ATM* 39.9

IKZF1* 19 IKZF1* 29.1

106 JAK2* JAK2* 5.6

SETBP1* 6.3 SETBP1* 39.4

NRAS* 31.3/19.8/45 NRAS* 35.7

PHF6* 9.9 PHF6* 11.8

RUNX1* 17.3 RUNX1* 21.5

EZH2* 31.9 EZH2* 18.9

X X CCND2* 11.2

109 MPL* 15.8 MPL* 12

IDH2* 50.6 IDH2* 53.5

SRSF2* 45.2 SRSF2* 49.2

SH2B3** 71.1 SH2B3** 74.9

111 JAK2* 49.7 JAK2** 59.5

PRPF40B* 42.6 PRPF40B* 43.2

(*) Single nucleotide variant; (**) insertion/deletion.

Table 4. AEs experienced in primary cohort regardless of

attribution

AE*

Patients with AEs

of any grade

Patients with AEs

grade 3 to 4

No. % No. %

Hematologic

laboratory event

Anemia 6 67 3 33

Thrombocytopenia 3 33 2 22

Leukopenia 3 33 1 11

Lymphopenia 3 33 2 22

Decreased WBCs 2 22 2 22

Nonhematologic

laboratory event

Increased aspartate
aminotransferase (AST)

3 33 0 0

Hyperglycemia 3 33 2 22

Hyperuricemia 3 33 1 11

Hypoalbuminemia 3 33 0 0

Increased alkaline phosphatase (ALP) 2 22 0 0

Hypocalcemia 2 22 0 0

Hypernatremia 2 22 0 0

Clinical event

Cough 5 56 0 0

Fatigue 5 56 0 0

Dyspnea 4 44 1 11

Chest pain 3 33 0 0

Diarrhea 3 33 0 0

Dizziness 3 33 0 0

Fever 3 33 0 0

Headache 3 33 1 11

Nausea 3 33 0 0

Weakness 3 33 1 11

Blurred vision 2 22 0 0

Constipation 2 22 0 0

Dyspepsia 2 22 0 0

Productive cough 2 22 0 0

Rash 2 22 0 0

Sore throat 2 22 0 0

Upper respiratory infection 2 22 0 0

Weight loss 2 22 0 0

*All AEs that occurred in at least 2 treated patients.
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the extent of clonal expansion for each patient, we compared the
abundance of T-cell clones between posttreatment and baseline
and found significantly expanded clones in all patients except
patient 207, who was tested only at cycle 7 vs baseline because of
the lack of available sample at cycle 3 (Figure 3C-D). These obser-
vations suggest that PD-1 blockade may provide proliferative advan-
tage to certain T-cell clones. A fraction of blood CD341 cells were
evaluated in the PBMCs before and after treatment, and no signifi-
cant changes within the cohort were observed (supplemental
Figure 2C).

Proteomic profiling of patient plasma

To further dissect the effects of pembrolizumab, we evaluated the
changes in soluble immune molecules after 1 cycle of treatment in
the plasma of 7 of 9 patients (Figure 4A). All patients showed a sig-
nificant increase in the soluble form of PD-1 after administration of
pembrolizumab (Figure 4B). In addition, marked increases were
observed in factors associated with T-cell activation (eg, CD27 and
CRTAM), T-cell trafficking (eg, CXCL9 and CXCL10), and immuno-
suppression (eg, IL-10 and LAG-3). A notable decrease was also
observed in the levels of arginase-1 (ARG-1) (supplemental Figure
3A), which is a hallmark of myeloid-derived suppressor cell
(MDSC)–mediated immunosuppressive functions.22 However, the
reduction in plasma ARG-1 levels did not correlate with a significant
decrease in MDSC frequency in the peripheral blood of the patients
who were tested (supplemental Figure 3A-B).

Discussion

This is the first report on the safety and efficacy of pembrolizumab
treatment in patients with advanced MPNs. Multiple lines of evi-
dence support the use of PD-1 blockade in patients with MPNs.
Abnormal JAK-STAT signaling is at the center of MF pathophysiol-
ogy. It promotes the hyperactivity of NF-kB signaling and overpro-
duction of inflammatory cytokines, both of which contribute to
symptoms in patients with MF. Proxies such as inflammatory gene
signatures predict the efficacy of PD-1 blockade in patients with
cancer,23,24 suggesting that overactive JAK-STAT signaling may ren-
der patients with MPNs susceptible to PD-1 blockade. Accordingly,
inactivation of JAK-STAT signaling in patients with cancer was
shown to cause resistance to anti-PD-1 therapy.25 Furthermore, pri-
mary cells from patients with MPNs harboring JAK2V617F were
shown to have higher levels of PD-L1 when compared with healthy
controls, and activation of the JAK-STAT signaling pathway by the
oncogenic JAKV617F has been shown to upregulate PD-L1 expres-
sion.26 Increased PD-L1 expression is a biomarker of response to
PD-1 checkpoint blockade in solid tumors.27 Furthermore, PD-1
blockade in human MPN xenograft and primary murine MPN models
led to improved survival.26 Corroborating these observations, we
recently demonstrated that peripheral blood T cells from patients
with MPNs underwent exhaustion marked by increased PD-1
expression compared with healthy donors, and PD-1 blockade could
restore T-cell responses in a subset of patients with MPNs.17
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Therefore, we hypothesized that MPNs could be particularly suscep-
tible to anti-PD-1 therapy.

We sought to investigate the safety and efficacy of pembrolizumab
in a multicenter, single-arm, phase 2 study in patients with MF who
were ineligible for or refractory to ruxolitinib treatment. The study
was conducted by using a Simon 2-stage design. Pembrolizumab
was well tolerated. Despite the preclinical rationale to support the
use of checkpoint blockade in patients with MPNs, only SD was
observed, and thus, the study was closed after completion of the
first stage. The lack of clinical activity may be attributed to the fact
that patients on this study had advanced disease; they had received
up to 6 previous lines of therapy and almost all had complex muta-
tional status (Tables 1 and 3). A complex mutational status in MPNs
is associated with adverse prognostic risk and suggests the pres-
ence of additional mutation-induced mechanisms that accelerate
disease pathogenesis.28 In addition, despite being heavily pre-
treated, patients had to have been taken off previous MF-directed
therapies for at least 2 weeks before pembrolizumab was
administered, and only 2 patients had been receiving ruxolitinib
before enrollment. Thus, although long-term immunosuppressive
effects of medications may have contributed to lack of clinical
response, this effect is difficult to quantify. Furthermore, the severity
of T-cell exhaustion is typically associated with disease progression,
ultimately rendering the exhausted state irreversible.29

We and others previously detected mutated CALR-specific antitu-
mor T-cell responses more frequently in patients with MPNs with
low symptom burden, such as those with essential thrombocythe-
mia.17 Such responses were scarce in patients with MF.17,30 Simi-
larly, in a recent phase 1 study that evaluated the safety and
efficacy of vaccination against mutated CALR in patients with
MPNs, vaccine-induced T-cell responses were significantly greater
in patients with essential thrombocythemia than in those with MF.31

Of note, although this study demonstrated safety and tolerability, the
mutated CALR vaccine had no clinical efficacy.31 Taken together,
these findings underscore the multifactorial causes of immune
tolerance in MPNs. These observations also suggest that as dis-
ease progresses, a coordinated dysregulation of the immune
milieu may contribute to antitumor T-cell suppression. All patients
who received pembrolizumab in our study had advanced MF;
most were DIPSS Plus intermediate-2 or greater, and 9 patients
experienced failure of ruxolitinib therapy or 1 to 6 previous lines
of therapy. Therefore, the advanced stage of disease may have
contributed to resistance to pembrolizumab. Moreover, we previ-
ously demonstrated that in addition to PD-1, peripheral blood T
cells from patients with MPNs overexpress multiple other check-
point receptors such as CTLA-4 and TIM-3,17 suggesting that
combination checkpoint blockade may provide therapeutic syner-
gism and a better efficacy than anti-PD-1 monotherapy. Given
the safety profile of pembrolizumab seen here, further studies
could explore the use of checkpoint blockade in the

posttransplant setting as a means of enhancing the graft-versus-
leukemia effect in MF.

Despite lack of clinical activity, our results suggest that although
pembrolizumab treatment is not sufficient to trigger a clinical or
pathological response, it does induce significant changes in the
immune phenotype. Peripheral blood flow cytometric analyses dem-
onstrated that before administration of pembrolizumab, all patients
expressed PD-1 on both CD41 and CD81 T-cell subsets, which is
suggestive of an exhausted phenotype.17 Although we did not have
a healthy donor cohort for directly comparing our results, the PD-11

T-cell frequencies in this cohort of patients were similar to those
previously reported and were increased compared with those in
healthy controls.17,31 A subset of PBMCs also expressed PD-L1,
whereas PD-L2 expression was not readily detectable, suggesting
ligand availability for PD-1 signaling.17

The frequency of CD31 T cells is diminished in the blood of
patients with MPNs compared with healthy individuals,17 which
could contribute to an impairment of T-cell tumoricidal activities
against MPN stem and progenitor cells. We observed that adminis-
tration of pembrolizumab led to an increase in peripheral blood
T-cell abundance, although the extent of T-cell expansion was het-
erogeneous among patients, with patients 102, 103, and 104 being
the most prominent. Moreover, the T-cell population showed fea-
tures of activation by expressing CD38 and to a lesser extent HLA-
DR in some of the patients after receiving pembrolizumab. However,
which T-cell subsets (cytotoxic or regulatory T cells) express such
activation markers remains to be evaluated. Of note, 2 of the
patients in our cohort had CALR mutations, which were shown to
induce T-cell responses in patients with MPNs.17,30 We previously
demonstrated that mutated CALR-specific T-cell responses were
restored in CALR1 patient 103 after administration of pembrolizu-
mab,17 suggesting that PD-1 blockade may re-invigorate antitumor
T-cell immunity in MPNs.

Next, we investigated the effect of PD-1 blockade on T-cell clon-
ality in patients with MPNs. The increase in T-cell abundance
was not necessarily accompanied by an increase in T-cell clonal-
ity. TCR Vb sequencing of peripheral blood T cells demonstrated
heterogeneous changes in clonality across patients upon admin-
istration of pembrolizumab, without significant population-wide
changes. Notably, all patients tested had significantly expanded
clones after 2 cycles of pembrolizumab treatment, and some of
the clones remained expanded even after 6 cycles. However,
clonal T-cell expansion was most pronounced after 2 cycles of
treatment compared with 6 cycles, consistent with other studies
in which PD-1/PD-L1 blockade–mediated increase in frequency
of proliferating T cells peaked soon after the treatment and
decreased gradually thereafter.5,32 We identified that some of
the most abundant clones were shared across patients. Although
the significantly expanded T cells as well as those shared across

Figure 3. (continued) (the sum of frequencies found in each sample) were evaluated to identify shared clones. The plot displays the number of patients (n 5 9, y-axis) or

samples sequenced (n 5 22, x-axis), in which individual clones were found. The size of the bubbles indicates the total frequency of clones. (C) Number of clones for each

patient that were significantly expanded at C3D1 and C7D1 compared to baseline. (D) Changes in the abundance of unique TCR Vb sequences after 2 cycles of pembroli-

zumab treatment were analyzed (C3D1 vs baseline). Only clones with a minimum cumulative abundance of 10 were included in the analysis. Significantly expanded or con-

tracted clones are denoted in orange and blue, respectively. The clones analyzed at C3D1 were evaluated for their presence at C7D1, where available (titled in red), and

those that were also found at C7D1 were marked by a black circle. Significance was evaluated by the binomial method (two-sided), and false discovery rates were controlled

by using the Benjamini-Hochberg method. Differential abundance of clones was considered significant if P # .01. NA, not applicable.
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patients may be MPN specific, further experiments are needed to
eliminate the possibility that they are bystanders recognizing
unrelated antigens, such as those derived from common infec-
tions. Overall, these observations are consistent with the hypoth-
esis that PD-1 blockade reinvigorates T cells in patients with
MPNs.

To further evaluate the effects of pembrolizumab on the immune
landscape, we performed proteomic immune profiling and demon-
strated that several plasma proteins were differentially expressed
upon pembrolizumab treatment, of which soluble PD-1 was the
most prominent. Increased plasma PD-1 levels after therapy are

associated with enhanced antitumor T-cell activity and improved sur-
vival in various cancers.33 Soluble PD-1, which may be produced by
the shedding of membrane-bound PD-1 or by alternative splice var-
iants, can bind to PD-L1 and PD-L2,34 abrogating their interaction
with PD-1 on T cells. Soluble CD27 levels were also significantly
increased upon pembrolizumab treatment. CD27, a co-stimulatory
molecule expressed by T and NK cells upon activation, is required
for the maintenance of antigen-specific T-cell responses, and solu-
ble CD27 has been shown to enhance antitumor T-cell immunity,
which correlated with overall survival in patients with metastatic can-
cer.35 After treatment with pembrolizumab, there was a significant
increase in plasma CXCL9 and CXCL10, both of which are
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interferon-g–inducible ligands of CXCR3 and mediate trafficking of
activated T cells.36 Plasma CXCL9 and CXCL10 are associated
with enhanced T-cell infiltration into tumors and therapeutic efficacy
in various cancers.37-39

Plasma ARG-1 levels were significantly reduced after pembrolizu-
mab treatment. ARG-1 is a hallmark of MDSC suppressive func-
tion.22 We and others have previously shown that MDSCs were
significantly expanded in the peripheral blood of patients with
MPNs,17,40 which could inhibit antitumor T-cell responses and
interfere with the efficacy of T-cell–targeted therapies. Therefore,
we investigated whether the reduced plasma ARG-1 levels corre-
lated with a reduction in the MDSC populations in blood. How-
ever, the frequency of MDSCs in this cohort was not affected by
treatment. This could be a result of the fact that we monitored
MDSCs by using only cell surface markers (Lin–HLA-DR-
CD11b1CD331) but did not directly investigate the ARG-1
expression by MDSCs. In situ MDSC suppressive activity is
restricted to the tumor site but not the periphery.41,42 Hence, it is
possible that peripheral blood MDSCs are not the main source
of ARG-1 production in MPNs. Together, these changes
observed in the plasma of patients with MPNs treated with pem-
brolizumab suggest that PD-1 blockade promotes an immune
milieu that augments antitumor T-cell immunity.

Further studies will continue to pursue the use of immunotherapy for
MF. To this end, we will soon open a study in CALR1 patients with
MPNs to test the safety and feasibility of a peptide-based vaccine
targeting mutated CALR. Hence, combination therapies and earlier
use of checkpoint blockade may be used to augment T-cell
response to vaccination. In addition, it is conceivable that combina-
tion approaches with agents that currently show a signal of clinical
activity in clinical trials, may also have the potential to overcome the
immune exhausted phenotype observed in more advanced MPNs.
Some such agents may include BET inhibitors that potently downre-
gulate NF-kB–mediated pro-inflammatory cytokine expression.43

Combination with transforming growth factor-b blocking agents may
also offer an opportunity to improve anti-PD-1 therapy in MPNs.44

AVID200 is a rational example of such an agent in clinical trials test-
ing for MF (NCT03895112).

In summary, we report that treatment with pembrolizumab for
patients with advanced MPNs did not result in clinical or BM patho-
logic response. While this manuscript was being prepared, the
results of a vaccine-based immunotherapeutic approach31 also
reported the lack of clinical responses. Importantly, changes sug-
gestive of restored immune responses were similarly reported by
both studies in the T-cell compartment and in our report, in the cir-
culating immunomodulatory factors. The fact that these changes
were not reflected in a clinical response strongly suggest that com-
bination immunotherapeutic approaches, rather than monotherapy
may be necessary to reverse the multifactorial mechanisms of
immune suppression in MPNs.
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