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Abstract

Myeloproliferative neoplasms (MPNs) are characterized by upregulation of proinflammatory cytokines and
immune dysregulation, which provide a reasonable basis for immunotherapy in patients. Megakaryocytes are cru-
cial in the pathogenesis of primary myelofibrosis (PMF), the most clinically aggressive subtype of MPN. In this
study, we aimed to explore PD-L1 (programmed death-ligand 1) expression in megakaryocytes and its clinical
implications in PMF. We analyzed PD-L1 expression on megakaryocytes in PMF patients by immunohistochemis-
try and correlated the results with clinicopathological features and molecular aberrations. We employed a two-
tier grading system considering both the proportion of cells positively stained and the intensity of staining.
Among the 85 PMF patients, 41 (48%) showed positive PD-L1 expression on megakaryocytes with the immune-
reactive score ranging from 1 to 12. PD-L1 expression correlated closely with higher white blood cell count
(p = 0.045), overt myelofibrosis (p = 0.010), JAK2V617F mutation (p = 0.011), and high-molecular risk muta-
tions (p = 0.045), leading to less favorable overall survival in these patients (hazard ratio 0.341, 95% Cl 0.135-
0.863, p = 0.023). Our study provides unique insights into the interaction between immunologic and molecular
phenotypes in PMF patients. Future work to explore the translational potential of PD-L1 in the clinical setting is

needed.
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Introduction

Targeting the programmed death receptor 1 (PD-1)
and its ligand (PD-L1) has ushered in a new era of
cancer patient care. Pharmacological inhibition of the
PD-1/PD-L1 axis has been associated with remarkable
response in numerous solid cancers, particularly in
tumors with high expression of PD-1/PD-L1, such as
non-small cell lung cancer and melanoma [1-3]. Yet,

patients with refractory leukemias or lymphomas usu-
ally show only modest clinical response, possibly
attributed to a lower rate of checkpoint molecule over-
expression or scanty T cells in the tumor region [4,5].
One notable exception is Hodgkin lymphoma, where
anti-PD-1 antibodies are approved for treatment in
relapsed and refractory settings due to its promising ther-
apeutic efficacy [6]. This unique sensitivity is thought
to be attributable to chromosome 9p amplification in
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Reed-Sternberg cells, leading to increased transcription
and overexpression of PD-L1 [7]. Interestingly, the gene
encoding JAK2, the most common oncogenic driver of
myeloproliferative neoplasm (MPN), shares the same
locus with PD-LI on chromosome 9p24. Prior work has
shown that oncogenic JAK2 activity in MPN patients
enhances PD-L1 promoter activity and PD-L1 expression
in mutant cells, especially in megakaryocytes [8]. Fur-
thermore, gene sets relevant for cell growth and energy
production in T cells from healthy donors cocultured
with JAK2-mutated cells are downregulated, suggesting
that mutated JAK2 drives T-cell exhaustion [8]. Whole
blood transcriptional profiling showed significantly
higher PD-L1 expression in MPN patients compared to
healthy controls [9]. Preliminary findings of another
study also showed a high level of PD-1 expression in
various T-cell subsets in patients with MPN-associated
myelofibrosis [10]. These studies imply the presence of
PD-1/PD-L1-mediated immune exhaustion in MPN
patients. In addition, MPNs are susceptible to interferon
treatment, suggesting that the neoplastic clones are
immunogenic [11]. Taken together, these findings pro-
vide a rationale for immunotherapy in MPN patients. In
fact, several trials investigating the role of immune
checkpoint blockade in MPN and other myeloid
malignancies are ongoing [12].

Constitutive activation of the Janus kinase/signal
transducer and activator (JAK/STAT) signaling cas-
cade is the common pathway regardless of different
MPN entities and driver mutations. The activation of
different downstream STAT proteins plays distinct
roles in MPN phenotypes [13]. STATS activation is
critical for cellular transformation leading to uncon-
trolled myeloproliferation [14] while STAT3 activation
causes enhanced inflammatory cytokine production
[15]. Phosphorylated STAT3 directly binds the PD-LI
gene promoter [16]; a recent report also showed the
involvement of STAT3, instead of STATS, in
JAK2V617F-mediated PD-L1 expression [17]. Recruit-
ment of different STAT proteins is determined by
receptor type where EPO-R activates mainly STATS
while MPL/TPOR activates STAT3, STATS, and
STATI. Ultimately, the balance of STAT signaling
may have an impact on the disease phenotype. For
example, STATS is predominantly involved in polycy-
themia vera (PV) and STAT3 in primary myelofibrosis
(PMF) [13,18].

Unlike solid cancers where the percentage of cells
with PD-L1 expression and the expression intensity
can be evaluated on tumor cells, there are no specific
target cells in the marrow of PMF patients. In this
study, we focused on megakaryocytes, which are
tightly linked to the pathogenesis of PMF [19].
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Clusters of morphologically abnormal megakaryocytes
in the background of myeloid hyperplasia are a hallmark
of PMF [19]. More recently, megakaryocytes were found
to participate in various immune reactions [20] and regu-
late hematopoietic stem cell homeostasis [21]. Notably,
small molecules targeting megakaryocytes have shown
promising results in preclinical PMF models [22].
Together, these highlight the critical role of megakaryo-
cytes in the biologic process of PMF.

This study aimed to investigate PD-L1 expression in
megakaryocytes and correlated the findings with clini-
copathological characteristics and gene mutations in
PMF patients. Immunohistochemical (IHC) staining
of marrow sections showed that PD-L1 was mainly
expressed on megakaryocytes, as previously reported [8].
Using the immunoreactive scoring system, we demon-
strate that PMF patients expressing PD-L1 in bone mar-
row (BM) megakaryocytes are more likely to have
JAK2V617F mutation, advanced stage of myelofibrosis,
higher white blood cell (WBC) counts, and worse sur-
vival compared to those without expression.

Patients and methods

Study population and data collection

We retrieved BM tissues from 90 PMF patients (includ-
ing pre-fibrotic and overt MF) diagnosed between 2007
and 2017 at the National Taiwan University Hospital,
who had complete gene mutation data and well-preserved
specimens. The histopathological findings were reviewed
by two hematopathologists, and diagnosis was made
according to the 2016 World Health Organization classi-
fication. Clinical and genetic data were retrieved from
the electronic medical records. Additionally, 48 patients
with Philadelphia chromosome-negative MPNs other
than PMF (15 PV, 21 essential thrombocythemia [ET], 6
post-PV MF, and 6 post-ET MF) and 12 people with
normal BM were included as controls for the assessment
of PD-L1 expression. The institutional review board
approved this study.

PD-L1 immunohistochemistry staining

PD-L1 expression study was carried out using anti-
PD-L1 antibody clone SP142 (Abcam, Cambridge,
UK). Ten BM samples were also stained with antibody
clone SP263 (Roche, Ventana, Tucson, AZ, USA) and
the results were correlated with each other. In brief,
BM sections of 5-pm thickness were deparaffinized
with EZ prep (Ventana Medical Systems, Inc., Tucson,
AZ, USA) and underwent a 64-min pretreatment using
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Cell Condition 1 solution (Ventana Medical Systems,
Inc.). The slides were then incubated with anti-PD-L1
antibody for 120 min using the automated Ventana
Benchmark XT. Labeling was detected with the
Optiview DAB Detection Kit (Roche, Ventana, AZ,
USA) as per the manufacturer’s protocol. Dilutions
were 1:100 for antibody SP142 and a ready-to-use kit
for antibody SP263. All sections were counterstained
with hematoxylin in Ventana reagent.

Interpretation of PD-L1 expression

PD-L1 expression was reviewed and scored indepen-
dently by two clinical pathologists specialized in hema-
tology. Discrepant cases were re-reviewed until a
consensus was reached. Tonsil tissue with known
positivity for PD-L1 was used as positive control. We
created a modified immunereactive score (IRS), and PD-
L1 staining intensity of megakaryocytes was semiquanti-
tatively graded accordingly. IRS ranged from 0 to
12 and was the multiplication of positive cell proportion
score (0—4) and staining intensity score (0-3) (supple-
mentary material, Table S1). Positivity was defined when
>1% of megakaryocytes show any staining intensity.
Representative cases of various staining intensity are
illustrated in Figure 1. Other mononuclear cells in the
marrow stained variably for PD-L1 but they were not
analyzed in this study due to marked heterogeneity.

Targeted next-generation sequencing analysis

The BM or peripheral blood samples, collected at the
time of diagnosis, were subjected to targeted gene
sequencing using TruSight myeloid panel (Illumina,

Figure 1. Representative IHC staining of cytoplasmic PD-L1 in
megakaryocytes from four patients with (A) negative, (B) weak,
(C) moderate, and (D) intense reaction, respectively.
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San Diego, CA, USA) that targets 54 genes recurrently
affected in myeloid disorders. These include full cod-
ing exons of 15 genes: BCOR, BCORLI, CDKN2A,
CEBPA, CUXI, DNMT3A, ETV6/TEL, EZH?2,
KDM6A, IKZFI, PHF6, RAD21, RUNXI/AMLI,
STAG2, and ZRSR2, and hot-spots of 39 genes: ABLI,
ASXLI1, ATRX, BRAF, CALR, CBL, CBLB, CBLC,
CSF3R, FBXW7, FLT3, GATAI, GATA2, GNAS,
HRAS, IDHI, IDH2, JAK2, JAK3, KIT, KRAS,
KMT2A/MLL, MPL, MYD88, NOTCHI, NPM1, NRAS,
PDGFRA, PTEN, PTPNI1, SETBPI, SF3B1, SMCIA,
SMC3, SRSF2, TET2, TP53, U2AF1, and WTI.
Library preparation was performed using 50 ng of
DNA according to Illumina standard protocol. Paired-
end sequencing runs were performed on the Illumina
HiSeq platform. Filtering was performed according to
the following quality control criteria: (1) total read
depth >100 and (2) variant allele frequency of at least
5%. All nonsense and frameshift variants were reg-
arded as true mutations. The functional impact of each
missense variant was estimated using the COSMIC
database, ClinVar, dbSNP, Polyphen2, and SIFT.
Details of sample preparation and sequencing analysis
were performed as previously described [23].

Statistical analyses

Analyses were performed using SPSS Statistics v25
(IBM, Chicago, IL, USA) and GraphPad prism v9.1.2
(GraphPad, San Diego, CA, USA). Continuous vari-
ables are summarized as median and range, while cate-
gorical variables are presented as frequency.
Differences between groups in continuous variables
were tested with the Mann—Whitney U-test or
Kruskal-Wallis test with Dunn’s post hoc multiple
comparison. Categorical variables were tested using
the chi-square test while sample sizes below 5 were
evaluated with Fisher’s exact test. Correlation between
significant parameters and PD-L1 immunoreactive
score was further estimated with Spearman correla-
tion (pre-fibrotic MF and WBC > 25 x 10°/1) or
logistic regression (JAK2 and high-molecular risk
[HMR] mutations). The proportion of variance
explained by JAK2 and HMR mutations was calcu-
lated using Nagelkerke pseudo R”. Survival between
groups was compared using log-rank regression
(Mantel-Cox). Overall survival was defined as
months from diagnosis to mortality of any cause.
Hazard ratio (HR) was estimated with Cox-
proportional hazards regression. Leukemia-free sur-
vival (LFS) was defined as the time from the date of
diagnosis to leukemic transformation. P value of
<0.05 was considered statistically significant.
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Results

Study cohort and clinicopathological features

The clinical characteristics of the patients involved in the
study are depicted in Table 1. Five patients were
excluded as no megakaryocytes were identified from the
BM specimens. PD-L1 was positively stained by IHC in
41 (48%) patients and negatively in 44 patients (52%).
Positive IRS ranged from 1 (1 x 1) to 12 (4 x 3). Most
of the patients were managed conservatively with oral
cytoreduction agents, ruxolitinib, and/or transfusion sup-
port. Eight patients underwent hematopoietic stem cell
transplantation and four had leukemic transformation
during follow-up. Median clinical follow-up was
49.6 months (range 1-156 months, 95% CI 39.7-
59.5 months). The average age was 59 years (range
21-88 years) and male to female ratio was 1.24. Age,
gender, and conventional risk factors did not differ
significantly between patients with and without
PD-L1 expression except for a higher proportion of
PD-L1-expressed patients having WBC > 25 x 10°/1
(Spearman’s rho —0.217, p = 0.046).

8l

There was no difference between the two groups in
the risk distribution based on the commonly used
prognostic scoring system DIPSS+ (dynamic interna-
tional prognostic scoring system plus) [24] or GIPSS
(genetically inspired prognostic scoring system) [25].
The megakaryocytes in patients with pre-fibrotic PMF
less frequently expressed PD-L1 (Spearman’s rho
—0.279, p = 0.010).

Analysis of the BM from 2 patients with reactive
thrombocytosis and 10 lymphoma patients without
marrow involvement, which were used as the control
group, showed no PD-L1 staining in megakaryocytes.
BM from PV and ET patients showed modest PD-L1
expression (IRS range 1-3). The IRS in the BM from
PMF patients was higher compared to that in normal
marrows (p = 0.009) but did not differ significantly
from other MPN entities and secondary MF
(Figure 2).

Comparison of different tissue cores from the same
tumor stained with clones SP142 and SP263 in
10 PMF cases showed fair agreement, although stron-
ger staining and higher percentage of PD-L1-positive

Table 1. Comparison of clinicopathological characteristics between patients with and without PD-L1 expression.

Characters

Male (%)
Age (years), median (range)
Age >65 years, n (%)
Hemoglobin <10 g/dl, n (%)
Transfusion requiring, n (%)
Leukocytes, x 10°/I, median (range)
Leukocytes, >25 x 10°%/I, n (%)
Platelets, x 10%/I, median (range)
Platelets, <100 x 10°/l, n (%)
Circulating blasts >1%, n (%)
Pre-fibrotic myelofibrosis, n (%)
DIPSS+ unfavorable karyotype, n (%)
GIPSS karyotype risk distribution, n (%)

Very high risk

Unfavorable

Favorable
DIPSS+ risk distribution, n (%)

High

Intermediate-2

Intermediate-1

Low
Higher DIPSS+ risk (intermediate-2 and above), n (%)
GIPSS risk distribution, n (%)

High

Intermediate-2

Intermediate-1

Low
Higher GIPSS risk (intermediate-2 and above), n (%)

PD-L1 IRS
Negative Positive

(N = 44) (N=41) Pvalue
23 (52) 24 (59) 0.562
60 (26-88) 61 (28-83) 0.398
14 (32) 15 (37) 0.643
16 (36) 19 (49) 0.350
12 (27 13 (32) 0.654
14.2 (3.7-97.9) 14.8 (0.7-272.5) 0.535
3(7) 9 (22) 0.045
364 (15-2700) 341 (18-1206) 0.194
4(9) 3(7) 0.766
20 (46) 21 (51) 0.595
9 (21) 1(2.4) 0.010
6 (16) 3(8) 0.306
0.335

4(10.5) 1(3)

4(10.5) 6 (16)

30 (79) 30 (81)
0.257

6 (14) 6 (15)

17 (39) 19 (46)

8 (18) 11 (27)

13 (29) 5(12)
23 (52) 25 (61) 0.419
0.463

6 (14) 7(17)

9 (20.5) 13 (32)

24 (54.5) 19 (46)

5(11) 2 (5)
15 (34) 21 (51) 0.110

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
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Figure 2. Comparison of PD-L1 immunoreactive score across (A) healthy BM and those of different MPN entities; Kruskal-Wallis
p = 0.0170, Dunn's multiple comparison test for healthy marrow versus PMF p = 0.009, and (B) PMF and secondary myelofibrosis.

cells were observed with SP263 (supplementary mate-
rial, Figure S1).

Molecular features associated with PD-L1
expression in megakaryocytes

The mutational landscape of all patients is summa-
rized in Table 2 and represented graphically in
Figure 3. In line with the previous report, PD-L1
expression in our study was positively correlated
with JAK2 mutation (p = 0.011) but negatively
associated with CALR mutation, particularly the
non-type I CALR mutations (p = 0.026) [8]. The
patients with JAK2 mutation also had higher mean

Table 2. Molecular aberrations associated with PD-L1 expression.

IRS (2.1 versus 1.1 in those with other drivers,
p = 0.037; Figure 4). Patients with at least one
HMR mutation as defined by MIPSS70+ [26],
which includes mutations of ASXLI, EZH2, IDHI,
IDH2, SRSF2, and U2AF1Q157, had higher PD-L1
expression (p = 0.041). Furthermore, when JAK2
and HMR mutations were put into a logistic regres-
sion model, both parameters were independently
predictive of PD-L1 expression (JAK2 mutation
p = 0.013, odds ratio 3.437, 95% CI 1.298-9.105;
HMR mutation p = 0.043, odds ratio 2.540, 95% CI
1.030-6.265). The presence of JAK2 and HMR
mutations collectively explain 17.9% of high PD-L1
expression (p = 0.002). Among the PD-L1-positive

Negative

Mutations (N = 44)
Driver mutation, n (%)

JAK2 24 (55)

CALR type 1/like 8 (18)

CALR non-type 1/like 5(11)

MPL 5(11)

Triple negative 2 (5)
JAK2 allele burden, median (range) 78 (21-96)
HMR mutations, n (%) 12 (27)

ASXL1 11 (25)

EZH2 6 (14)

SRSF2 2 (5)

IDH1 0

IDH2 0

U2AF1 2 (5)

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
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PD-L1 IRS
Positive
(N=41) Pvalue
0.062
33 (81) 0.011
4 (10) 0.265
0 0.026
2 (5) 0.277
2 (5) 0.942
77 (11-98) 0.374
20 (49) 0.041
14 (34) 0.355
7 (18) 0.625
3(7) 0.587
1(2) 0.297
1(2) 0.297
3(7) 0.587
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Figure 3. Mutations identified by TruSight myeloid targeted next-generation sequencing in (A) patients without PD-L1 expression of
megakaryocytes and (B) those with PD-L1 expression. Cases are represented in columns, and genes are displayed in rows. Alteration
types are color-coded according to the legend.

cases, all four patients with the highest IRS (range ~ PD-L1 expression confers a worse prognosis
9-12) had JAK2V6I7F mutations and at least one  pagiens with PD-L1 expression had shorter overall
HMR (Figure 5). survival than those without expression (Figure 6A) but
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Figure 4. Violin plots showing the distribution of IRS according

to driver mutations and HMR profile, Kruskal-Wallis p = 0.0367.

no difference in LFS was observed between these two
groups (Figure 6B). With censoring at the time of
hematopoietic stem cell transplantation, the median
overall survival was not reached versus 52.7 months
(95% CI 48-57 months) in PD-L1-negative and
-positive groups, respectively. Additionally, a sig-
nificant difference in HRs between the two groups
was identified using the Wald test with Cox-
proportional hazards model (HR 0.341, 95% CI
0.135-0.863, p = 0.023). Univariable analysis iden-
tified PD-L1 expression as an unfavorable prognos-
tic factor for OS (p = 0.017; supplementary
material, Table S2). However, PD-L1 expression
was not an independent prognostic factor for sur-

S-H Lee, C-C Lin et al

(supplementary material, Table S3). Causes of mor-
tality are summarized in supplementary material,
Table S4. Eight patients died of infection, 2 died of
portal vein thrombosis-related complications,
2 died of hemorrhage, and 12 died of other causes
(including acute transformation and hematopoietic
stem cell transplantation complication).

Discussion

In this study, we demonstrated that PD-L.1 expression
was significantly associated with overt myelofibrosis,
JAK2V617F, high WBC counts, and HMR mutations
as defined by MIPSS70+ in PMF patients. Our find-
ings coincide with a recent report in which PD-L1
expression was increased, along with reduced T-cell
activation, during disease progression in a PMF
patient, as demonstrated by single cell analysis of
hematopoietic stem cells [27]. Likewise, PD-L1
expression has been shown to be an independent prog-
nosis marker in several solid cancers [28-30]. Also,
researchers found that 71% of MPN patients exhibited
a significant immune response against PD-L.1 by mea-
suring spontaneous T-cell response to PD-L1-derived
epitope, and the response was less frequent and wea-
ker in those with advanced MPN [9]. This finding sug-
gests that dysregulated antitumor immune response of
T cells becomes more pronounced with disease pro-
gression. Studies also showed that megakaryocytes
with JAK2V617F or CALR exon 9 mutation in MPN
patients could be recognized by specific T cells, but

vival in multivariable analysis using HMR the enhanced level of PD-L1 could induce T-cell
and either DIPSS+ or GIPSS as covariates  anergy thus failing to respond to their specific antigens
Patient no. 35 36 67 85
IRS 3x3 3x3 3x3
2 ¥ 3 ST .
sw & > b
. X !
: - 5L 227 ¢
vty A £ . .
‘ ‘ o ot ) " | B

JAK2V617F (allele burden) Positive (77%)

Other mutations ASXL1, U2AF1
DIPSS+ risk score 3 (int-2)

GIPSS risk score 3 (high)

Positive (75%)

SRSF2, EZH2, IDH2
4 (high)

2 (int-2)

'y 1 RS

R PRV

Positive (67%)

Positive (51%)
ASXL1, SF3B1 BCORL1, KDM6A, U2AF1
3 (int-2) 2 (int-1)

2 (int-2) 2 (int-2)

Figure 5. Summary of the four cases with highest IRS in the cohort. All of them were JAK2V617F positive and carried at least one HMR

mutation.
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Figure 6. Kaplan-Meier curves for (A) overall survival and (B) LFS, stratified by the status of PD-L1 expression in megakaryocytes of

85 PMF patients.

[31,32]. Remarkably, immune checkpoint blockade
was able to reverse the exhausted T-cell response,
suggesting a potential role for immunotherapy in these
patients [33]. Accordingly, several clinical trials
exploring the roles of immune checkpoint blockades
in PMF patients are currently ongoing [12].

It is worth noting that, in our study, all four patients
with particularly high PD-L1 IRS harbored JAK2V617F
and at least one of the HMR mutations, including
ASXLI, U2AFI, SRSF2, EZH2, and IDH2. One recent
study showed that JAK2 activation enhanced PD-L1
expression via STAT3 phosphorylation, and PD-L1
expression was higher on primary cells, especially mega-
karyocytes, isolated from patients with JAK2V617F-
harboring MPN [8]. The mechanism underlying higher
expression of PD-L1 in PMF patients harboring HMR
mutations is not known. Yet, it is plausible that it is not
the HMR per se, but rather the microenvironment that
induces HMR mutation and regulates PD-L.1 expression.
Further studies are warranted to test the hypothesis.

To our knowledge, this is the first study of PD-L1
expression status in megakaryocytes by IHC staining
in PMF. Previous assessment of PD-L1 expression in
immune cells and CD344- cells from MPN patients
using flow cytometry [34] and mRNA expression anal-
ysis [35] did not reveal significant correlation between
PD-L1 and MPN driver gene mutations [35].

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
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However, these studies did not focus on megakaryo-
cytes, which are the key players in myelofibrosis.

Although only membranous, but not cytoplasmic,
expression of PD-L1 is considered active expression
of the protein [36], most studies of BM PD-L1 IHC
staining showed cytoplasmic expression and have
not observed membrane expression in megakaryo-
cytes [8,37,38]. SP142 recognizes the epitope in the
cytoplasmic tail of PD-L1 and has been shown to
better delineate membranous expression of the pro-
tein [39] in numerous cell types, but most of the pos-
itively stained megakaryocytes observed in this
study largely showed cytoplasmic PD-L1 staining.
We believe that the heterogeneity of PD-L1 expres-
sion pattern is likely influenced by the complex
mechanism behind PD-L1 expression in different
cells. Additionally, in line with our findings, previ-
ous reports have shown lower reactivity of SP142
than SP263 in non-small cell lung cancer [38]. Dif-
ference in the cutoff to define positivity among cells
and antibodies is important in PD-L1 analysis.
Although there is no antibody approved for the
assessment of PD-L.1 expression in hematopoietic
cancers so far, we selected antibody clone SP142
because a study has found closer association of
PD-L1 expression shown by this antibody with prog-
nosis in diffuse large B-cell lymphoma [40].
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In summary, our pilot study highlighted the distribu-
tion of BM PD-L1 staining in PMF patients and its
association with molecular aberrations and outcomes.
Future work is required to address the application of
these results in the clinical setting.

Acknowledgements

This work was supported by grants from the Taiwan
Ministry of Health and Welfare (project numbers:
MOST 109-2314-B-002-221, MOST 109-2314-B-
002-222, and MOHWI109-TDU-B-211-134009),
Ministry of Science and Technology of Taiwan

(MOST 106-2314-B-002-224-MY 3, MOST
106-2314-B-002-152, MOST 107-2314-B-075A-
010, MOST 108-2314-B-075A-007, and MOST

109-2314-B-002-221).

Author contributions statement

S-HL and C-CL read and interpreted the slides, col-
lected clinical data, performed statistical analysis, and
wrote the manuscript. C-HW helped with data collec-
tion and cohort maintenance. K-PC and C-TY
reviewed all the slides and confirmed the diagnosis of
PMF. C-HT was responsible for next-generation
sequencing data interpretation. J-HL, H-AH and J-LT
jointly interpreted the data. W-CC and H-FT coordi-
nated the study and revised the manuscript.

References

1. Patel SP, Kurzrock R. PD-L1 expression as a predictive biomarker
in cancer immunotherapy. Mol Cancer Ther 2015; 14: 847-856.

2. Herbst RS, Giaccone G, de Marinis F, et al. Atezolizumab for first-
line treatment of PD-L1-selected patients with NSCLC. N Engl J
Med 2020; 383: 1328-1339.

3. Antonia SJ, Villegas A, Daniel D, et al. Durvalumab after
chemoradiotherapy in stage III non-small-cell lung cancer. N Engl
J Med 2017; 377: 1919-1929.

4. Zappasodi R, Wolchok JD, Merghoub T. Strategies for predicting
response to checkpoint inhibitors. Curr Hematol Malig Rep 2018;
13: 383-395.

5. Armand P. Immune checkpoint blockade in hematologic malignan-
cies. Blood 2015; 125: 3393-3400.

6. Ansell SM, Lesokhin AM, Borrello I, et al. PD-1 blockade with
nivolumab in relapsed or refractory Hodgkin’s lymphoma. N Engl
J Med 2015; 372: 311-319.

7. Green MR, Monti S, Rodig SJ, et al. Integrative analysis reveals
selective 9p24.1 amplification, increased PD-1 ligand expression,

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland and John Wiley & Sons Ltd.

10.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

S-H Lee, C-C Lin et al

and further induction via JAK2 in nodular sclerosing Hodgkin lym-
phoma and primary mediastinal large B-cell lymphoma. Blood
2010; 116: 3268-3277.

Prestipino A, Emhardt AJ, Aumann K, er al. Oncogenic
JAK2(V617F) causes PD-L1 expression, mediating immune
escape in myeloproliferative neoplasms. Sci Transl Med 2018;
10: eaam7729.

Holmstrom MO, Riley CH, Skov V, et al. Spontaneous T-cell
responses against the immune check point programmed-death-
ligand 1 (PD-L1) in patients with chronic myeloproliferative neo-
plasms correlate with disease stage and clinical response.
Oncoimmunology 2018; 7: €1433521.

Veletic I, Manshouri T, Nogueras Gonzilez GM, et al. PD-
I-mediated T cell exhaustion is prevalent among patients with
MPN-associated myelofibrosis independent of JAK1/2 inhibition.
Blood 2018; 132: 5487.

. Gowin K, Thapaliya P, Samuelson J, et al. Experience with

pegylated interferon a-2a in advanced myeloproliferative neo-
plasms in an international cohort of 118 patients. Haematologica
2012; 97: 1570-1573.

Braun LM, Zeiser R. Immunotherapy in myeloproliferative dis-
eases. Cells 2020; 9: 1559.

Vainchenker W, Constantinescu SN. JAK/STAT signaling in
hematological malignancies. Oncogene 2013; 32: 2601-2613.
Funakoshi-Tago M, Tago K, Abe M, et al. STATS activation is
critical for the transformation mediated by myeloproliferative
disorder-associated JAK2 V617F mutant. J Biol Chem 2010;
285: 5296-5307.

Kleppe M, Kwak M, Koppikar P, e al. JAK-STAT pathway activation
in malignant and nonmalignant cells contributes to MPN pathogenesis
and therapeutic response. Cancer Discov 2015; 5: 316-331.
Marzec M, Zhang Q, Goradia A, et al. Oncogenic kinase NPM/-
ALK induces through STAT3 expression of immunosuppressive
protein CD274 (PD-L1, B7-H1). Proc Natl Acad Sci U S A 2008;
105: 20852-20857.

Guru SA, Sumi MP, Mir R, et al. Ectopic PD-L1 expression in
JAK2 (V617F) myeloproliferative neoplasm patients is mediated
via increased activation of STAT3 and STATS. Hum Cell 2020;
33: 1099-1111.

Greenfield G, McMullin MF, Mills K. Molecular pathogenesis of
the myeloproliferative neoplasms. J Hematol Oncol 2021; 14: 103.
Ciurea SO, Merchant D, Mahmud N, et al. Pivotal contributions of
megakaryocytes to the biology of idiopathic myelofibrosis. Blood
2007; 110: 986-993.

Boilard E, Flamand L. The role of the megakaryocyte in immunity
has gone viral. Blood 2019; 133: 2001-2002.

Zhao M, Perry JM, Marshall H, et al. Megakaryocytes maintain
homeostatic quiescence and promote post-injury regeneration of
hematopoietic stem cells. Nar Med 2014; 20: 1321-1326.

Wen QJ, Yang Q, Goldenson B, et al. Targeting megakaryocytic-
induced fibrosis in myeloproliferative neoplasms by AURKA inhi-
bition. Nat Med 2015; 21: 1473—1480.

Wang Y-H, Lin C-C, Lee S-H, et al. ASXL1 mutation confers
poor prognosis in primary myelofibrosis patients with low
JAK2V617F allele burden but not in those with high allele burden.
Blood Cancer J 2020; 10: 99.

J Pathol Clin Res 2022; 8: 78-87



PD-LI in primary myelofibrosis

24.

25.

26.

217.

28.

29.

30.

31

32.

Gangat N, Caramazza D, Vaidya R, et al. DIPSS plus: a refined
dynamic international prognostic scoring system for primary mye-
lofibrosis that incorporates prognostic information from karyotype,
platelet count, and transfusion status. J Clin Oncol 2011; 29:
392-397.

Tefferi A, Guglielmelli P, Nicolosi M, et al. GIPSS: genetically
inspired prognostic scoring system for primary myelofibrosis.
Leukemia 2018; 32: 1631-1642.

Tefferi A, Guglielmelli P, Lasho TL, et al. MIPSS70+ version 2.0:
mutation and karyotype-enhanced international prognostic scoring
system for primary myelofibrosis. J Clin Oncol 2018; 36:
1769-1770.

Parenti S, Rontauroli S, Carretta C, et al. Mutated clones driving
leukemic transformation are already detectable at the single-cell
level in CD34-positive cells in the chronic phase of primary myelo-
fibrosis. NPJ Precis Oncol 2021; 5: 4.

Minichsdorfer C, Oberndorfer F, Krall C, et al. PD-L1 expression
on tumor cells is associated with a poor outcome in a cohort of
Caucasian nasopharyngeal carcinoma patients. Front Oncol 2019;
9: 1334.

de Vicente JC, Rodriguez-Santamarta T, Rodrigo JP, et al. PD-L1
expression in tumor cells is an independent unfavorable prognostic
factor in oral squamous cell carcinoma.
Biomarkers Prev 2019; 28: 546-554.

Yu W, Hua Y, Qiu H, et al. PD-L1 promotes tumor growth and
progression by activating WIP and f-catenin signaling pathways

Cancer Epidemiol

and predicts poor prognosis in lung cancer. Cell Death Dis 2020;
11: 506.

Holmstrom MO, Hjortsg MD, Ahmad SM, et al. The JAK2V617F
mutation is a target for specific T cells in the JAK2V617F-positive
myeloproliferative neoplasms. Leukemia 2017; 31: 495-498.
Holmstrom MO, Riley CH, Svane IM, et al. The CALR exon
9 mutations are shared neoantigens in patients with CALR mutant

33.

35.

36.

37.

39.

40.

87

chronic myeloproliferative neoplasms. Leukemia 2016; 30:
2413-2416.

Cimen Bozkus C, Roudko V, Finnigan JP, et al. Immune check-
point blockade enhances shared neoantigen-induced T-cell immu-
nity directed against mutated calreticulin in myeloproliferative
neoplasms. Cancer Discov 2019; 9: 1192-1207.

Wang JC, Chen C, Kundra A, et al. Programmed cell death recep-
tor ligand (PD-L1) expression in Philadelphia chromosome-
negative myeloproliferative neoplasms. Leuk Res 2019; 79: 52-59.
Milosevic Feenstra JD, Schischlik F, Jager R, et al. Overexpression
of PD-L1 correlates with JAK2-V617F mutational burden and is
associated with chromosome 9p uniparental disomy in MPN. Blood
2020; 136: 24.

Parra ER, Villalobos P, Rodriguez-Canales J. The multiple faces of
programmed cell death ligand 1 expression in malignant and non-
malignant cells. Appl Immunohistochem Mol Morphol 2019;
27: 287-294.

Xing W, Mai N, Dresser K, et al. PD-L1 immunohistochemistry
highlights bone marrow involvement by classic Hodgkin lym-
phoma in staging biopsies: implications for diagnosis and tumor
microenvironment alterations. Appl Immunohistochem Mol Morphol
2019; 27: 356-363.

. O’Malley DP, Yang Y, Boisot S, er al. Immunohistochemical

detection of PD-L1 among diverse human neoplasms in a reference
laboratory: observations based upon 62,896 cases. Mod Pathol
2019; 32: 929-942.

Mahoney KM, Sun H, Liao X, et al. PD-L1 antibodies to its cyto-
plasmic domain most clearly delineate cell membranes in immuno-
histochemical staining of tumor cells. Cancer Immunol Res 2015;
3: 1308-1315.

Huang S, Nong L, Liang L, et al. Comparison of PD-L1 detection
assays and corresponding significance in evaluation of diffuse large
B-cell lymphoma. Cancer Med 2019; 8: 3831-3845.

SUPPLEMENTARY MATERIAL ONLINE

Table S1. The immunoreactive score

Table S3. Multivariable analysis for overall survival

Figure S1. IHC staining of BM using PD-L1 antibody clone SP142 or SP263

Table S2. Univariable analysis (Cox regression) of the impact of different variables on overall survival

Table S4. Causes of mortality and their associated PD-L1 immunoreactive scores

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland and John Wiley & Sons Ltd.

J Pathol Clin Res 2022; 8: 78-87



	 PD-L1 expression in megakaryocytes and its clinicopathological features in primary myelofibrosis patients
	Introduction
	Patients and methods
	Study population and data collection
	PD-L1 immunohistochemistry staining
	Interpretation of PD-L1 expression
	Targeted next-generation sequencing analysis
	Statistical analyses

	Results
	Study cohort and clinicopathological features
	Molecular features associated with PD-L1 expression in megakaryocytes
	PD-L1 expression confers a worse prognosis

	Discussion
	Acknowledgements
	Author contributions statement
	References


