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Abstract

Hematopoietic progenitor kinase 1 (HPK1), a hematopoietic cell-specific Ste20-related ser-

ine/threonine kinase, is a negative regulator of signal transduction in immune cells, including

T cells, B cells, and dendritic cells (DCs). In mice, HPK1 deficiency subverts inhibition of the

anti-tumor immune response and is associated with functional augmentation of anti-tumor T

cells. We have used a potent, small molecule HPK1 inhibitor, Compound 1, to investigate

the effects of pharmacological intervention of HPK1 kinase activity in immune cells. Com-

pound 1 enhanced Th1 cytokine production in T cells and fully reverted immune suppression

imposed by the prostaglandin E2 (PGE2) and adenosine pathways in human T cells. More-

over, the combination of Compound 1 with pembrolizumab, a humanized monoclonal anti-

body against the programmed cell death protein 1 (PD-1), demonstrated a synergistic

effect, resulting in enhanced interferon (IFN)-γ production. Collectively, our results suggest

that blocking HPK1 kinase activity with small molecule inhibitors alone or in combination

with checkpoint blockade may be an attractive approach for the immunotherapy of cancer.

Introduction

The immune system plays an indispensable role in the maintenance of cellular homeostasis

and active inhibition of tumorigenesis. However, as tumors arise, they develop various immu-

nosuppressive mechanisms to bypass immune surveillance and evade the immune system [1].

Recently, many advances have been made in the field of immune-oncology (IO) therapy, the

aim of which is to restore or augment an anti-tumor immune response [2]. For example, thera-

peutic antibodies targeting T-cell inhibitory checkpoint proteins such as cytotoxic T-lympho-

cyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) have been
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demonstrated to be effective approaches to restore or enhance T-cell function and evoke a

robust anti-tumor immune response [3]. To date, 6 monoclonal antibodies (mAbs) targeting

PD-L1 (eg, Keytruda and Opdivo) and 1 mAb targeting cytotoxic T lymphocyte antigen 4

(CTLA-4) (Ipilimumab) have been approved by the US Food and Drug Administration to

treat multiple types of cancers [4]. However, many patients show primary, adaptive, or

acquired resistance to the treatment, potentially because of tumor heterogeneity or suppressive

factors in the tumor microenvironment (TME), which dampen T-cell effector function [5]. In

addition, blocking mAb therapies are restricted to negative regulators that are present on the

surface of T cells, which limits their utility [6]. Therefore, development of small molecule

drugs to target intracellular negative regulators of T cell function may represent a conceptually

novel approach to bridge this gap.

Hematopoietic progenitor kinase 1 (HPK1), also named mitogen-activated protein kinase

kinase kinase kinase 1 (MAP4K1), is a serine/threonine protein kinase with expression

restricted to the hematopoietic compartment [7]. HPK1 is involved in modulating various

downstream signaling pathways, including c-Jun N-terminal kinase (JNK), activator protein 1

(AP-1), and nuclear factor-κB (NF-κB) [7–9]. These pathways regulate cellular proliferation,

apoptosis, and immune cell activation, thereby contributing to the pathogenesis of autoim-

mune diseases, such as systemic lupus erythematosus (SLE), and cancers [6]. T-cell receptor

(TCR) or B-cell receptor (BCR) signaling activates HPK1 by inducing HPK1/lymphocyte cyto-

solic protein 2 (SLP-76) or HPK1/B cell linker protein (BLNK) interaction in T cells and B

cells, respectively [10, 11]. Activated HPK1 then phosphorylates SLP-76 at Ser376 in T cells or

BLNK at Thr-152 in B cells to mediate 14-3-3 binding, thus negatively regulating TCR and

BCR signaling [10–12]. HPK1-/- mouse T cells demonstrated increased proliferation and ele-

vation of Th1 cytokines, interferon (IFN)-γ, and interleukin (IL)-2 in response to anti-CD3/

CD28 [13–16]. Deletion of HPK-1 in mice has effects beyond antigen receptor signaling path-

ways; HPK1-/- bone marrow-derived DCs (BMDC) expressed higher levels of co-stimulatory

molecules and pro-inflammatory cytokines and enhanced antigen presentation capacity [15–

17], which is consistent with ex vivo evidence for anti-tumor activity in HPK1 null T cells and

DCs. Studies with HPK1 kinase dead knock-in mice demonstrated decreased tumor growth

and enhanced αPD-L1 efficacy [6, 16]. Further analysis of immune cell profiles from the TME

confirmed that loss of HPK1 activity enhanced effector T-cell function and reduced numbers

of immunosuppressive Foxp3+ regulatory T cells [6, 15]. In addition, HPK1 signal transduc-

tion impinges upon pathways activated by the immunosuppressive agonists prostaglandin E2

(PGE2) and adenosine [18, 19], reversing the effects of molecules that are key components of

TME inhibitory mechanisms [20, 21]. Taken together, loss of HPK1 function promoted anti-

tumor activity and demonstrated promising efficacy in pre-clinical models [6, 15, 16]. How-

ever, it remains unknown whether pharmacological inhibition of HPK1 by small molecules

will recapitulate the benefits of genetic deletions.

In this study, we investigated the mechanism of Compound 1, a potent HPK1 inhibitor, in

multiple immune cells and demonstrated that pharmacological inhibition of HPK1 enhanced

T-cell functions. The HPK1 inhibitor demonstrated synergistic effects with pembrolizumab on

IFN-γ production, suggesting its potential for anti-tumor immunotherapy alone or in combi-

nation with anti-PD1 blockade.

Materials and methods

Mice and reagents

Six- to eight-week-old female wild-type, OT-1 and OT-II mice on a C57BL/6 background

were purchased from The Jackson Laboratory (Bar Harbor, ME). All animal procedures were

PLOS ONE Pharmacological inhibition of hematopoietic progenitor kinase 1 enhances T-cell function

PLOS ONE | https://doi.org/10.1371/journal.pone.0243145 December 3, 2020 2 / 19

HX, BL, ZX, JL, RM, JM, MB, AP, SR] and research

materials but did not have any additional role in the

study design, data collection and analysis, decision

to publish, or preparation of the manuscript. The

specific roles of these authors are articulated in the

‘author contributions’ section.

Competing interests: No authors have competing

interests and the commercial affiliation with Merck

& Co Inc does not alter our adherence to PLOS

ONE policies on sharing data and materials.

Abbreviations: MAP4K1, Mitogen-Activated

Protein Kinase Kinase Kinase Kinase 1; HPK1,

Hematopoietic Progenitor Kinase 1; TCR, T cell

receptor; CFSE, Carboxyfluorescein succinimidyl

ester; NSCLC, non-small cell lung cancer; GM-CSF,

granulocyte macrophage colony stimulating factor;

LPS, lipopolysaccharide; OT1, C57BL/6-Tg

(TcrαTcrβ)1100Mjb/J; OT2, B6.Cg-Tg(TcrαTcrβ)

425Cbn/J; PGE2, Prostaglandin E2; NECA, 5’-N-

Ethylcarboxamido adenosine; PBMC, peripheral

blood mononuclear cell; FSK, forskolin.

https://doi.org/10.1371/journal.pone.0243145


approved by the Institutional Animal Care and Use Committee of Merck & Co., Inc., Kenil-

worth, NJ, USA.

The pharmacologic HPK1 inhibitor Compound 1 was synthesized according to the meth-

ods described in Genentech patent application WO 2018183964 A1. Pembrolizumab and IgG4

isotype were generated by Merck & Co., Inc., Kenilworth, NJ, USA. lipopolysaccharide (LPS)

(Sigma-Aldrich, St.Louis, MO), forskolin (FSK) (Sigma-Aldrich, St.Louis, MO), PGE2 (Cay-

man Chemical, Ann Arbor, MI), ovalbumin (OVA) peptides (OVA257-264 and OVA323-339)

(Sigma-Aldrich, St.Louis, MO), and 5’-N-ethylcarboxamido adenosine (NECA) (Tocris, Bris-

tol, UK) were prepared and used according to the manufacturer’s instructions. Anti-human

CD3 (hCD3) (Clone OKT3), anti-human CD28 (hCD28) (Clone CD28.2), anti-mouse CD3

(mCD3) (Clone 145-2C11), anti-mouse CD28 (mCD28) (Clone 37.51), and carboxyfluores-

cein succinimidyl ester (CFSE) cell labeling kit were from Thermo Fisher Scientific (Waltham,

MA). Mouse granulocyte macrophage-colony stimulating factor (GM-CSF) and mouse IL-4

were obtained from Peprotech (NJ, USA). All flow antibodies were purchased from Biolegend

or BD Bioscience (San Diego, CA).

Single cell RNA-sequencing data analysis

The single cell RNA-seq data set of human peripheral blood mononuclear cells (hPBMCs)

from a healthy donor was downloaded from the 10x Genomics website: https://support.

10xgenomics.com/single-cell-gene-expression/datasets/2.1.0/pbmc8k.

The dataset consists of 8381 cells sequenced on Illumina Hiseq4000, with approximately

92,000 reads per cell. Data analysis and visualization were performed using Seurat [22]. Briefly,

cells were first filtered with the unique feature counts/cell greater than 200 and less than 2,500

and less than 5% mitochondrial counts/cell. The filtered data were then normalized using a

global-scaling normalization method (LogNormalize). The data were further processed with

the principal component analysis (PCA) using the top 2,000 most variable genes. Finally, a

graph-based clustering approach was applied to the previously defined dimensionality of the

data (the first 10 principal components). For the visualization, the t-distributed stochastic

neighbor embedding (tSNE) method was employed on the top 10 principal components. The

following canonical cell type markers were used to define each cell population: IL7R/CCR7/

CD3E/CD4 for naïve CD4+T cells, IL7R/S100A4/CD3E/CD4 for memory CD4+T cells,

CD14/LYZ for CD14+ monocytes, MS4A1 for B cells, CD8α/CD3E/CD4 for CD8+ T cells,

FCGR3A/MS4A7 for FCGR3A+ monocytes, GNLY/NKG7 for natural killer (NK) cells and

FCER1A/CST3 for dendritic cells (DCs).CD8 clusters were not big enough for further classifi-

cation into subsets.

T-cell activation and proliferation

Cryopreserved human PBMCs were either directly purchased from HemaCare (CAT#

PB009C-1, Northridge, CA) or were prepared by density centrifugation with Ficoll from Leu-

kopaks (HemaCare, CAT# PB001LCLP, Northridge, CA). According to the vendor, leukopaks

were collected in HemaCare’s FDA-registered collection centers following cGMP and cGTP

collection guidelines from Institutional Review Boards (IRB)-consented healthy human

donors. All the human sample related procedures were approved by Western Institutional

Review Board (WIRB)–compliant Merck IRB at Merck & Co., Inc., Kenilworth, NJ, USA.

Naïve CD4 (CD4+CD45RA+CCR7+), memory CD4 (CD4+CD45RO+ CD45RA−CCR7−),

naïve CD8 (CD8+CD45RA+CCR7+) and memory CD8 (CD8+CD45RO+ CD45RA−CCR7−)

were sorted using a BD FACS Aria II instrument according to a previous study [23] or directly

purchased from HemaCare (Northridge, CA) whereas bulk human CD4+(hCD4+) and

PLOS ONE Pharmacological inhibition of hematopoietic progenitor kinase 1 enhances T-cell function

PLOS ONE | https://doi.org/10.1371/journal.pone.0243145 December 3, 2020 3 / 19

https://support.10xgenomics.com/single-cell-gene-expression/datasets/2.1.0/pbmc8k
https://support.10xgenomics.com/single-cell-gene-expression/datasets/2.1.0/pbmc8k
https://doi.org/10.1371/journal.pone.0243145


human CD8+ (hCD8+) T cells were isolated from hPBMCs using CD4+ and CD8+ T-cell iso-

lation kits (Miltenyi Biotech, Bergisch Gladbach, Germany) following the manufacturer’s

instructions. Purified lymphocytes were treated with various concentrations of HPK1 inhibitor

Compound 1 alone or with PGE2, NECA, or FSK, and then stimulated with plate-bound anti-

hCD3/hCD28 for 24 hours in complete medium (cRPMI). For proliferation studies, T cells

were loaded with CFSE using the cell trace CFSE proliferation kit (Thermo Fisher Scientific,

Waltham, MA) and stimulated with plate-bound anti-hCD3/anti-hCD28 mAbs at 0.25μg/mL

in cRPMI for 72 hours, followed by blockade of CD16/CD32 antibody and cell surface stain-

ing. For HPK1 inhibitor and pembrolizumab combination experiments, hPBMCs were treated

with Compound 1 with and without pembrolizumab and stimulated with plate-bound anti-

hCD3/anti-hCD28 for 24 hours, 48 hours, and 72 hours. For mouse T-cell assay, mouse sple-

nocytes were extracted from fresh spleens and passed through a 70μm cell strainer. After eryth-

rocyte removal with ACK lysis buffer (Thermo Fisher Scientific, Waltham, MA), splenocytes

from OT-1 and OT-II mice were treated with Compound 1 for 1 hour before being stimulated

with OVA257-264 or OVA323-339 peptide in complete medium for 24 hours and 72 hours. Media

were collected for cytokine analysis, and cells were analyzed by flow cytometry. Mouse T-cell

proliferation was determined by intracellular Ki-67 staining after stimulation.

Dendritic cell activation and analysis

Mouse bone marrow cells were harvested from the femurs of C57/BL6 mice and cultured in

cRPMI with recombinant 20 ng/mL mouse GM-CSF and 20 ng/mL mouse IL-4 for 6 days to

generate immature DCs. Human DCs purchased from HemaCare and immature mouse DCs

generated in house were pretreated with Compound 1 for 1 hour and then stimulated with

LPS. After 18 to 24 hours of incubation, media were collected for cytokine measurement, and

cells were stained with fluorescence-labeled antibodies against CD11c, mI-A/I-E, mCD40,

mCD86, hCD80, hCD83 and hCD86 for flow cytometry analysis.

Multiplex cytokine analysis

Secreted cytokines from T lymphocytes and DCs in the supernatant were measured by a

V-plex pro-inflammatory panel 1 mouse or human kit from Meso Scale Discovery (MSD)

(Gaithersburg, MD). The mouse kit measures IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10,

IL-12p70, KC/GRO, TNF-α and the human kit measures IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8,

IL-10, IL-12p70, IL-13, and TNF-α. MSD plates were analyzed on the MS2400 imager (MSD,

Gaithersburg, MD). All assays and analysis were performed according to the manufacturer’s

instructions.

Flow cytometry

The following antibodies were used: anti-human CCR7 (hCCR7)(Clone 4B12), anti-human

CD45RA (hCD45RA)(Clone HI100), anti-human CD45RO (hCD45RO)(Clone UCHL1), anti-

human CD4 (hCD4) (Clone RPTA-4), anti-human CD8 (hCD8) (Clone RPTA-8), anti-human

CD25 (hCD25) (Clone M-A251), anti-human CD69 (hCD69) (Clone FN50), anti-human

CD71 (hCD71) (Clone CYIG4), anti-human CD80 (hCD80)(Clone 2D10), anti-human CD83

(hCD83)(Clone HB15e), anti-human CD86(hCD86)(Clone BU63), anti-mouse CD4 (mCD4)

(Clone GK1.5), anti-mouse CD8 (mCD8) (Clone 53–6.7), anti-mouse CD86 (mCD86) (Clone

GL-1), anti-mouse I-A/I-E (mI-A/I-E) (Clone M5/114.15), anti-mouse CD40 (mCD40)(Clone

HM40-3) and anti-mouse Ki-67 (Clone 16A8). Cells were incubated with fixable viability stain

510 (FVS510) or 780 (FVS780) (BD Biosciences, San Diego, CA), followed by blocking with

anti-mouse CD16/CD32 antibody (Clone 2.4G2) or human BD Fc Block (BD Biosciences, San
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Diego, CA) for 10 minutes. Thereafter, cells were stained with fluorochrome-conjugated surface

antibodies by incubation for 30 minutes in cell-staining buffer (Biolegend, San Diego, CA).

eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set was used for intracellular staining

(Thermo Fisher Scientific, Waltham, MA). Fixation & Permeabilization and staining were per-

formed according to manufacturer’s instructions. Stained samples were acquired on a Fortessa

cytometer with DIVA software (BD Biosciences, San Diego, CA), and the raw data were ana-

lyzed using FCS Express (De Novo Software, Pasadena, CA).

Statistical analysis

Data were plotted as mean ± standard deviation (SD). Paired two-tailed Student’s t-test or

one-way ANOVA with Dunnett test (compared to vehicle control or Compound 1 0μM

group) was performed using GraphPad Prism (GraphPad Software, La Jolla, CA). Differences

were considered at P<0.05. �P<0.05, ��P<0.01, ���P<0.001, and ����P<0.0001.

Results

HPK1 and its substrates are widely expressed in subsets of immune cells

MAP4Ks, members of the Ste20-like family of serine/threonine kinases, include MAP4K1

(HPK1), MAP4K2, MAP4K3, MAP4K4, MAP4K5, and MAP4K6 (MINK1) [24]. HPK1 is

reported to interact with various substrates and adaptor proteins, such as lymphocyte cytosolic

protein 2 (LCP2, also called SLP-76), BLNK, GRB-related adaptor protein 2 (GRAP2), and cas-

pase recruitment domain family member 11 (CARD11) [24]. These adaptor proteins play a

crucial role in regulating the activation and function of HPK1 [24]. To understand the expres-

sion patterns of the MAPK4 family kinases and their substrates in immune cells, we conducted

single cell RNA-sequencing (RNA-seq) analysis of a publicly available hPBMC data set. Rela-

tive to other MAPK4s, HPK1 was expressed in DCs most abundantly (Fig 1A). HPK1 was also

expressed in other immune cells, such as B cells, NK cells, naïve CD4+ T cells, memory CD4+

T cells, CD8+ T cells, and monocytes (Fig 1A). Although the CD8+ T cell clusters were not suf-

ficiently large for additional subset analysis, HPK1 expression in naïve CD4+ T cells, memory

Fig 1. Expression of HPK1 in immune cells. A. Dot plots demonstrating expression patterns of MAP4K family members and substrates for each immune cell type in

hPBMCs. Each dot represents an individual cell type, and dot size denotes percentage of cells expressing the marker. B. Structure of Compound 1 used in the study.

https://doi.org/10.1371/journal.pone.0243145.g001
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CD4+ T was very similar. We found that the mRNA expression pattern of MAP4K2 and

MAP4K4 was similar to that of HPK1, while MAP4K3/5/6 was expressed at a much lower level

in all analyzed cell types except DCs. A similar expression trend was observed for HPK1 sub-

strates LCP2 (SLP-76), GRAP2, CARD11, and BLNK (Fig 1A). To evaluate the effect of phar-

macological inhibition of HPK1, we used Compound 1 (Fig 1B), a selective HPK1 inhibitor

discovered by Genentech [25].

Compound 1 was characterized by a biochemical assay and determined to have an IC50 of

0.0465 nM in inhibiting HPK1 activity as well as decreasing SLP-76 phosphorylation in a

human pSLP-76 enzyme-linked immunosorbent assay (ELISA) at an IC50 lower than 0.02 μM

[26]. These findings indicated that Compound 1 was potent in decreasing HPK1 activity [26].

Based on a biochemical screening assay against a panel of 265 kinases, Compound 1 had

greater than 100-fold selectivity against 260 kinases, with the main off targets having less than

100-fold selectivity against leucine-rich repeat kinase 2 (LRRK2), MAP4K2, MAP4K3 and

MAP4K5 [26].

Pharmacological inhibition of HPK1 augments T cell activation and

cytokine production

Germline deletion of HPK1 enhances T-cell activation by increasing cytokine secretion and T-

cell proliferation [13, 14]. To evaluate whether Compound 1 enhances T-cell function by dis-

abling an internal checkpoint, CD4+ and CD8+ T cells were purified from healthy donor

(hPBMCs) and stimulated in-vitro with anti-CD3/CD28 mAbs in the presence or absence of

Compound 1 for 24 hours or 72 hours. CD4+ and CD8+ T cell viability was not affected by

Compound 1 treatment at doses lower than 2.5μM in our study (S1A and S1B Fig). Activated

CD4+ and CD8+ T cells treated with Compound 1 for 24 hours produced higher levels of

IFN-γ, IL-2, and TNF-α as compared to untreated controls (Fig 2A and 2C) with a similar

trend observed at 72 hours (S2A and S2B Fig). These results are consistent with the observa-

tion that T cells from HPK1 null mice express more IFN-γ and IL-2 as compared to wild-type

control T cells [14, 16]. We also evaluated the expression of canonical T cell surface activation

markers, including CD25, CD69, and CD71. We found that the expression of these activation

markers was increased upon TCR stimulation and that this effect was augmented following

treatment with Compound 1 (Fig 2B and 2D). CD8+ T cells exhibited a stronger response to

Compound 1 as compared to CD4+ T cells, increasing at least 30% of activation marker

expression as compared to TCR stimulation alone, beginning at the 0.01 μM concentration

(Fig 2D and S3B Fig). However, in CD4+ T cells (Fig 2B and S3A Fig), treatment with 0.01 μM

and 0.04 μM concentrations of Compound 1 led to a modest increase in the frequencies of

CD25 and CD71 positive cells as compared to anti-CD3/CD28 alone, suggesting that Com-

pound 1 may be differentially potent with respect to CD8+ vs CD4+ T cells. In addition, Com-

pound 1 exerted a modest stimulatory effect on the proliferation of CD8+ T cells (S4B Fig, left

panel) whereas no effect was observed in CD4+ T cells (S4A Fig, left panel).

To determine whether Compound 1 exhibits differential effects within the CD4+ and

CD8+ T cell compartments, sorted naïve CD4+, memory CD4+, naïve CD8+ and memory

CD8+ T cells were stimulated in the presence or absence of Compound 1. In line with its stim-

ulatory effects in bulk CD4+ and CD8+ T lymphocytes (Fig 2A–2D and S3A and S3B Fig),

Compound 1 significantly increased IFN-γ and IL-2 production in both naïve and memory

CD4+/CD8+ T cells (Fig 3A–3D) whereas its stimulatory effects on TNF-α production were

restricted to the memory CD4+/CD8+ T cell subset (Fig 3A–3D). The frequency of CD25,

CD69, and CD71 positive cells was significantly enhanced by Compound 1 treatment in naïve

and memory CD8+ T cells but not in naïve and memory CD4+ T cells (Fig 3A–3D), consistent
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with observations in bulk CD4+/CD8+ T cells (Fig 2). Moreover, the effects of Compound 1

on bulk CD8+ T cell proliferative responses (S4B Fig, left panel) were recapitulated using naïve

and memory CD8+ T cells (S4B Fig, middle and right panel). Compound 1 did not exhibit any

Fig 2. Effects of Compound 1 on anti-CD3/CD28-stimulated human CD4+ and CD8+ T cells. Human CD4+ T cells (A and B) and CD8+ T cells (C and D) were

isolated from hPBMCs and stimulated with 0.25μg/mL anti-CD3 and 0.25μg/mL anti-CD28 for 24 hours in the presence or absence of Compound 1. IFN-γ, IL-2, and

TNF-α secretion (A and C) was measured from supernatants using the Mesoscale Discovery (MSD) ELISA-based assay platform, and the frequency of CD25, CD69, and

CD71 positive cells (B and D) among the hCD4 or hCD8 T cell compartments was assessed by flow cytometry. Data are shown from 1 experimental representative

(triplicate treatment) of at least 3 independent experiments (different donors). �P<0.05, ��P<0.01 ���P<0.001, ����P<0.0001, one-way ANOVA with Dunnett test

analysis compared to anti-CD3/CD28 group.

https://doi.org/10.1371/journal.pone.0243145.g002
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effect on naïve and memory CD4+ T cell proliferation (S4A Fig, middle and right panel),

which is also supported by observations in bulk CD4+ T cells (S4A Fig, left panel). Taken

together, these results extend on our initial analysis and further validate the activity of Com-

pound 1 on human T cell functional responses.

To further elucidate the effects of Compound 1 in CD4+ and CD8+ T cells, we evaluated

the patterns of cytokine secretion and proliferation in murine T cells using mice harboring

TCRs specific for ovalbumin (OVA). Flow cytometry analysis confirmed that CD8+ T cells

were the predominant population in splenocytes from OT-1 mice and that only CD8+ T cells

were specifically expanded by OVA257-264 following 72 hours of stimulation (S5A Fig). By con-

trast, CD4+ T cells were the main population in the spleen of OT-II mice, and OVA323-339 spe-

cifically induced CD4+ T-cell proliferation (S5B Fig). Splenocytes from OT-1 or OT-II mice

were stimulated with various concentrations of OVA257-264 and OVA323-339 in the presence

and absence of 0.1 μM Compound 1 for 24 and 72 hours. Compound 1 significantly increased

IL-2 and TNF-α secretion as compared to OVA257-264 stimulation alone at both the 24- and

72-hour time point in CD8+ T cells (Fig 4A). By contrast, Compound 1 did not significantly

affect OVA323-339-induced IFN-γ, IL-2, and TNF-α secretion in CD4+ T cells at 24 hours and

72 hours (Fig 4B), similarly confirming a more potent effect of Compound 1 in CD8+ T cells

relative to CD4+ T cells. The frequency of Ki-67 positive CD4+ T cells did not change after

treatment with Compound 1 whereas there was a modest increase in frequency of Ki-67

Fig 3. Effects of Compound 1 on anti-CD3/CD28-stimulated human naïve and memory T cells. Human naïve CD4+ T cells (A), memory CD4+ T cells (B), naïve CD8

+ T cells (C) and memory CD8+ T cells (D) were sorted from hPBMC and stimulated with 0.25μg/ml anti-CD3 and anti-CD28 for 24h. IFN-γ, IL-2, and TNF-α secretion

were measured from supernatants using the Mesoscale Discovery (MSD) ELISA-based assay platform and % of activation marker CD25, CD69 and CD71 among naïve or

memory CD4+ or CD8+ T cells were determined by flow cytometry. Data are shown from 1 experimental representative (triplicate treatment) of at least 3 independent

experiments (different donors). �P<0.05, ��P<0.01 ���P<0.001, ����P<0.0001, one-way ANOVA with post-test analysis compared to anti-CD3/anti-CD28 group.

https://doi.org/10.1371/journal.pone.0243145.g003
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positive CD8+ T cells (S4C Fig), which is consistent with the effects of Compound 1 on TCR-

induced human T-cell proliferation (S4A and S4B Fig).

Synergistic effects of the HPK1 inhibitor Compound 1 and pembrolizumab

on IFN-γ release in human PBMCs

A recent study demonstrated that mice containing a germline mutation in HPK1 that abolishes

its kinase activity and harboring an implanted tumor, exhibited an enhanced response to anti-

PD-L1 immunotherapy as compared to tumor bearing wild type mice, suggesting that inhibi-

tion of HPK1 in T lymphocytes may potentiate the activity of checkpoint inhibitors [16, 27].

To examine whether HPK1 blockade by Compound 1 could synergize with pembrolizumab in
vitro, hPBMCs were stimulated with anti-CD3/CD28 mAbs in the presence or absence of

Compound 1 and pembrolizumab, and IFN-γ concentrations were assessed in the media fol-

lowing 24, 48 and 72 hours of treatment. Compound 1 alone significantly increased IFN-γ
secretion, while pembrolizumab did not affect IFN-γ levels at the 24-hour time point (Fig 5).

Fig 4. Compound 1 effect on OVA peptide-stimulated mouse splenocytes. Splenocytes from OT-1 mice (A) or OT-II (B) mice were

treated with Compound 1 at 0.1 μM and stimulated with various concentrations of OVA257-264 (A) or OVA323-339 (B) for 24 and 72 hours.

IFN-γ, IL-2, and TNF-α level in supernatant was measured using the Mesoscale Discovery (MSD) ELISA-based assay platform. Data are

shown from 1 experimental representative (quadruplicate treatment) of at least 3 independent experiments. ����P<0.0001, one-way

ANOVA with Dunnett test analysis compared to OVA257-264 +vehicle or OVA323-339 +vehicle.

https://doi.org/10.1371/journal.pone.0243145.g004
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The combination of Compound 1 and pembrolizumab led to increased IFN-γ production at

the 24-hour timepoint. Although treatment with either Compound 1 or pembrolizumab sig-

nificantly enhanced IFN-γ production at the 48- and 72-hour time points, the combination of

Compound 1 and pembrolizumab did not increase IFN-γ levels. These results indicated that

pharmacological inhibition of HPK1 by Compound 1 led to transient T-cell activation but was

not sufficient to elicit a durable combination effect.

HPK1 inhibitor Compound 1 reverses cAMP-induced suppression of T cells

In addition to TCR-induced activation of HPK1, the intracellular cAMP-dependent protein

kinase A (PKA) pathway can alternatively induce robust HPK1 kinase activity [19]. In the

TME, suppressive factors such as PGE2 and adenosine activate the intracellular cAMP-PKA

pathway through binding to G protein-coupled receptors (GPCRs). Increased PKA signaling,

in turn, activates HPK1 and leads to tumor resistance [18, 19]. HPK1-deficient T cells are resis-

tant to immune suppression exerted by PGE2 and adenosine [14, 20]. In this study, we treated

Fig 5. Synergistic effect of Compound 1 and pembrolizumab on IFN-γ production from human PBMCs. Human

PBMCs were treated with 0.04 μM Compound 1 with or without pembrolizumab and stimulated with plate bound anti-

CD3/CD28 at a concentration of 0.25 μg/mL for 24, 48, and 72 hours. IFN-γ secretion in supernatants was measured

using the Mesoscale Discovery (MSD) ELISA-based assay platform. Data are shown from 1 experimental representative

(quadruplicate treatment) of at least 3 independent experiments. �P<0.05, ��P<0.01 ���P<0.001, ����P<0.0001, one-

way ANOVA with Dunnett test analysis compared to anti-CD3/CD28 group.

https://doi.org/10.1371/journal.pone.0243145.g005
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hCD8+ T cells with various concentrations of Compound 1 and stimulated these cells with

anti-CD3/CD28 mAb in the presence of PGE2 or NECA, a stable adenosine analogue. PGE2

(Fig 6A) and NECA (Fig 6B) dramatically decreased IFN-γ, IL-2, and TNF-α secretion 24

hours following TCR stimulation. Concurrent pharmacological inhibition of HPK1 by Com-

pound 1 fully reversed PGE2 and NECA mediated suppression and additionally stimulated

increased cytokine concentrations as compared to anti-CD3/CD28 mAb alone (Fig 6A and

6B). In addition to PGE2 and adenosine, which induced cAMP-PKA dependent signaling

through GPCR-agonist binding, the adenylate cyclase activator forskolin (FSK) has been

shown to directly increase intracellular cAMP and inhibit T-cell proliferation [28]. We found

that Compound 1 similarly reversed FSK-mediated suppression in CD8+ T cells (Fig 6C), sug-

gesting that inhibition of HPK1 could restore cAMP-mediated immune suppression in T cells.

Furthermore, Compound 1 was also able to restore PGE2/NECA/FSK-suppressed cytokine

release in hCD4+ T cells (S6 Fig).

HPK1 inhibitor Compound 1 does not enhance dendritic cell function

HPK1 is highly expressed in DCs (Fig 1A), and HPK1 deficiency in DCs results in increased

pro-inflammatory cytokine secretion and heightened expression of co-stimulatory molecules

Fig 6. Compound 1 restored cAMP-suppressed cytokines in anti-CD3/CD28-stimulated human CD8+ T cells. Human CD8+ T cells

were isolated from hPBMCs and treated with Compound 1 with and without PGE2 (A), NECA (B), or FSK (C), and then stimulated with

0.5μg/mL anti-CD3 and anti-CD28 for 24 hours. IFN-γ, IL-2, and TNF-α secretion in the supernatant was measured using the Mesoscale

Discovery (MSD) ELISA-based assay platform. Data are shown from 1 experimental representative (triplicate treatment) of at least 3

independent experiments (3 different donors). �P<0.05, ��P<0.01 ���P<0.001, ����P<0.0001, one-way ANOVA with Dunnett test

analysis compared to anti-CD3/CD28+/PGE2/NECA/FSK+0 μM Compound 1 group.

https://doi.org/10.1371/journal.pone.0243145.g006
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[16, 17]. To investigate the role of pharmacological HPK1 inhibition by Compound 1 in DCs,

we treated mouse bone marrow-derived DCs or human monocyte-derived DCs with Com-

pound 1 and stimulated them with LPS for 24 hours. Supernatants were collected for cytokine

measurements and cells were stained with anti-mCD40, anti-mCD86, and anti-mI-A/I-E or

anti-hCD80, anti-hCD83 and anti-hCD86. After 18 to 24 hours of incubation, both human

and mouse DCs produced high levels of TNF-α and IL-6 (Fig 7A and 7C) and had a marked

Fig 7. Compound 1 effect on cytokine release and activation marker expression in dendritic cells. Human DCs (A

and B) or bone marrow-derived mouse DCs (C and D) were pretreated with Compound 1 for 1 hour, followed by

stimulation with 0.2 μg/mL LPS for 24 hours. TNF-α and IL-6 secretion in the media was analyzed using the Mesoscale

Discovery (MSD) ELISA-based assay platform (A and C). Expression of surface markers was analyzed by flow

cytometry. Geometric mean fluorescent intensity (MFI) of hCD83, hCD80, hCD86 in hDC and MFI of mI-A/I-E

(MHC II), mCD40 and mCD86 in mDC was shown in B and D. The data shown are representative (triplicate

treatment) of 3 independent experiments. �P<0.05, ��P<0.01 ���P<0.001, ����P<0.0001, one-way ANOVA with

Dunnett test analysis compared to LPS group.

https://doi.org/10.1371/journal.pone.0243145.g007
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increase in surface expression of hCD80, hCD86, hCD83 or mI-A/I-E (MHC II), mCD40 and

mCD86 respectively as compared to vehicle-treated controls (Fig 7B and 7D). However, nei-

ther cytokine secretion (Fig 7A and 7C) nor activation marker expression was enhanced by

pretreatment with Compound 1 (Fig 7B and 7D). Instead, Compound 1 decreased TNF-α and

IL-6 (Fig 7A and 7C) secretion while co-stimulatory molecule expression was not affected after

Compound 1 treatment (Fig 7B and 7D). We also examined the role of Compound 1 in the

development of DCs during in-vitro mouse DC differentiation, but we did not observe any

effects in Compound 1 treated samples as compared to untreated controls (S7 Fig).

Discussion

The approval of immune checkpoint inhibitors has successfully expanded the options to treat

many types of cancer during the past 10 years [4]. However, only a small number of patients

benefit from these therapeutics, as cancer heterogeneity and the evolving suppressive TME

render many cancers resistant to immunotherapy. This lack of response often correlates with

poor immune cell infiltration of the tumor, although some well infiltrated tumors still fail to

respond to immunotherapy [29]. This finding has spurred an urgent need to investigate new

combinations that enhance the activity of T cells [5]. Combination therapy has emerged as the

next strategy to increase response rates, and many classes of compounds are being combined

with anti-PD-1 with the hopes of improving response rates. Anti-PD-1 combinations with

standard of care therapies, including chemotherapy and vascular endothelial growth factor

(VEGF) inhibitors have improved responses to anti-PD-1 blockade in numerous cancer types

[30]. Another class of combination therapy, IO/IO combinations represent a conceptually

novel shift in cancer immunotherapy treatment paradigms. For instance, the first IO/IO com-

bination of Ipilimumab and Nivolumab (Ipi/Nivo) in melanoma and NSCLC, two well infil-

trated tumor types, results in improved anti-tumor activity as compared to each respective

monotherapy [31] although with increased side effects [32]. Bempegaldesleukin, a PEGylated

IL-2, combined with nivolumab is showing promise in several clinical trials [33, 34]. In the

journey to discover additional IO/IO combinations, the nonclassical MAPK family member

HPK1, stands out in virtue of its capacity to regulate TCR-induced NK-κB activation and JNK

signaling pathways, which are required for induction of an adaptive immune response [35,

36]. Blockade of HPK1 signaling has been suggested as a potential adjuvant to immune check-

point blockade [35–37]. Moreover, loss of HPK1 kinase function in preclinical models of can-

cer results in enhanced anti-tumor T cell activity, suggesting HPK1 attenuates T cell functional

responses [6, 15, 16]. However, the translational relevance of pharmacological inhibition of

HPK1 remains to be fully elucidated. By using a small molecule inhibitor, Compound 1, to dis-

rupt HPK1 activity, we evaluated its mechanism of action in various immune cell populations.

Consistent with previous studies with HPK1 null or HPK1 kinase-deficient cells [11, 14],

Compound 1 augmented T-cell activation in vitro. In our study, we demonstrated that HPK1

inhibition by Compound 1 augmented TCR-induced cytokine and activation marker expres-

sion in human T cells. Interestingly, we observed a stronger stimulatory effect on activation

marker expression in hCD8+ T cells as compared to hCD4+ T cells, although the HPK1/adap-

tor protein expression profiles in CD4+ and CD8+ T cells were similar. The preferential effect

of Compound 1 in augmenting CD8+ vs CD4+ T-cell activation was also observed in mouse T

cells upon antigen-specific stimulation. Moreover, Compound 1 also mediated substantially

better rescue of CD8+ T cells in the context of immunosuppressive agents that subvert anti-

tumor T cell responses, including extracellular adenosine and PGE2. Following TCR activation

in the presence of Compound 1, CD8+ T cells exhibited a significant albeit modest increase in

proliferation as assessed by CFSE dilution. These results are inconsistent with several previous
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studies demonstrating that HPK1-deficient T cells exhibit markedly enhanced proliferation as

compared to HPK-1 sufficient control T cells [6, 14–16]. These observations suggest that phar-

macological inhibition of HPK1 by Compound 1 does not fully recapitulate the level of prolif-

eration augmentation resulting from T-cell HPK1 knockout. One possible explanation for this

discrepancy is that HPK1 plays a requisite role in restraining aberrant T cell activity during the

differentiation and development of T lymphocytes which cannot be unleashed by transient

pharmacological blockade of HPK. We do not discount the possibility that Compound 1 may

not fully block HPK1 activity, whereby residual HPK1 activity in T cells is sufficient for inhibi-

tion of proliferation following TCR engagement but insufficient for suppression of cytokine

secretion. Moreover, these inconsistencies might arise from off-target effects of Compound 1,

which is characteristic of small molecule kinase inhibitors [38]. For instance, based on the bio-

chemical selectivity assays, Compound 1 had off target effects on LRRK2, MAP4K2, MAP4K3,

and MAP4K5, which might differentially influence its activity on T cells [26].

Loss of HPK1 kinase function has been reported to enhance anti-PD-L1 efficacy in vivo
[16], but combination treatment with pembrolizumab and Compound 1 showed a modest syn-

ergistic effect on IFN-γ production during acute activation. The IFN-γ level at 72 hours was simi-

lar with both Compound 1 and pembrolizumab treatment, suggesting lack of a durable

synergistic effect from each agent. However, given that a single treatment of pembrolizumab and

Compound 1 results in similar IFN-γ concentrations at 72 hours, pharmacological inhibition of

HPK1 may represent an alternative monotherapy approach for PD-1 resistant patients. For

example, Hernandez S et al demonstrated that loss of HPK1 function promotes anti-tumor activ-

ity in a mouse model, which could be enhanced by concurrent administration of an anti-PD-L1

antibody, suggesting that these two inhibitory pathways are non-overlapping [16]. Furthermore,

our extended analysis in naïve and memory human T cell subsets demonstrated that Compound

1 preferentially augments the activation and cytokine production of the memory CD8+ T cell

compartment, suggesting the possibility that inhibition of HPK1 activity may disrupt the acquisi-

tion of CD8+T cell exhaustion. Moreover, these observations have immediate implications for

cancer immunotherapy approaches, including combination strategies that rely on HPK1 inhibi-

tion as a T cell functional augmentation strategy in the context of immune checkpoint therapy

resistance. Since it is now appreciated that CD8+ T cells play a disproportionately important role

in the immunosurveillance and elimination of cancers [39], our results suggest that pharmaco-

logic inhibition of HPK1 may preferentially augment memory CD8+ T cell responses and invig-

orate anti-tumor T cells. Therefore, inhibition of HPK1 as a monotherapy or in combination

with anti-PD-1/PD-L1 immunotherapy may impair the acquisition of resistance to checkpoint

blockade, especially in hypoxic and adenosine rich tumors [40, 41]. Although we observed that

Compound 1 exhibited preferentially stronger effects on memory CD8+ T cells, the underlying

mechanism for this enhanced activity remains to be fully elucidated.

Accumulation of metabolic immunosuppressive molecules such as adenosine and PGE2 in

the TME is a hallmark of immunotherapy resistance because their binding to the adenosine

A2A/A2B and EP4 receptors increases intracellular cAMP, which impairs T-cell effector func-

tion [5, 40–42]. Intervening in these metabolic pathways could enhance anti-tumor immunity

and immunotherapy [43, 44]. Many drugs targeting the adenosine and COX-2/PGE2/EP4

pathways have been developed to reverse cAMP-suppression and are under clinic assessment

[45–48]. Our data demonstrated that a HPK1 inhibitor can revert both GPCR-cAMP and

FSK-mediated suppression, suggesting broad utility of a HPK1 inhibitor to overcome many

inhibitory stimuli, resulting in increased cAMP in T cells. GPCR-cAMP-signaling also medi-

ates strong suppression in monocytes and DCs, and blockade of adenosine or PGE2 signaling

could reverse suppression in these cell types [49–52]. It is currently unknown whether HPK1

inhibition can reverse cAMP-mediated suppression in monocytes and DCs.
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HPK1 deficiency in DCs has been reported to enhance pro-inflammatory cytokine secre-

tion and antigen presentation function [17]. However, Compound 1 did not increase co-stim-

ulatory molecule expression and surprisingly decreased TNF-α secretion in the current

studies. A developmental role of HPK1 in DC function was not observed by adding Com-

pound 1 during mBMDC differentiation. However, we cannot exclude the possibility that the

lack of effect of Compound 1 on DC might be specific to Compound 1. While Compound 1 is

a potent HPK1 inhibitor in biochemical assays measuring inhibition of SLP-76 phosphoryla-

tion and in T-cell target engagement and functional assays, the biological pathways of HPK1

in DCs are less well understood, and biochemical and cell potency may be weaker or include

scaffolding functions in addition to kinase activity. Given the variable effects of different

HPK1 inhibitors in DCs, future HPK1 inhibitor optimization may require screening in both T

cells and DCs to identify an optimal inhibitor for development.

In summary, we found that the pharmacological inhibition of HPK1 by competitive small

molecule inhibitors enhanced T-cell activation and restored cAMP-mediated suppression in T

cells, making these compounds reasonable candidates for development into an immunomodu-

latory drug. While Compound 1 is a potent and highly selective HPK1 inhibitor, it did not

fully recapitulate the reported effects of HPK1 genetic deletion or kinase inactive knock-in

[15–17]. Additional inhibitors with improved selectivity and enhanced potency profiles need

to be identified, and in vivo assessments using tools with adequate pharmacokinetic properties

and target engagement need to be performed in order to further validate the anti-tumor effi-

cacy of HPK1 inhibitors.

Supporting information

S1 Fig. Compound 1 did not inhibit cell viability. CD4+ or CD8+ T cells were treated with

Compound 1 or Vehicle and stimulated with anti-CD3/CD28 mAb for 24 hours (A) or 72

hours (B) and then were stained with fixable viability dyes (FVS510 or FVS780). Live CD4+ or

CD8+ T cells among total hCD4 + or hCD8 + T cells were determined by flow cytometry.

Data are from one experimental representative of at least three independent experiments.

(TIF)

S2 Fig. Compound 1 effect on anti-CD3/CD28-stimulated cytokines in human CD4 + and

CD8 + T cells at 72 hours. hCD4+ T cells (A) and hCD8+ T cells (B) were isolated from

PBMC and stimulated with 0.25μg/ml anti-CD3 and anti-CD28 for 72h. IFN-γ, IL-2 and TNF-

α secretion were measured from supernatant using the Mesoscale Discovery (MSD) ELISA-

based assay platform. The data shown were representative from three independent experi-

ments (3 different donors). �P<0.05, ��P<0.01 ���P<0.001, ����P<0.0001, one-way ANOVA

with post-test analysis compared to anti-CD3/anti-CD28 group.

(TIF)

S3 Fig. Compound 1 augmented T lymphocyte activation. Flow cytometry dot plots of

CD69, CD25, and CD71 staining in anti-CD3/CD28 mAb-stimulated CD4+ (A) and CD8+

(B) T lymphocytes treated with 0.0097 μM Compound 1 or untreated controls after 24 hours.

Data were from 1 experimental representative (triplicate treatment) of at least 3 independent

experiments.

(TIF)

S4 Fig. Compound 1 effect on lymphocyte proliferation. hCD4+ T cells (A, left panel), naïve

CD4+ T cells (A, middle panel), memory CD4+ T cells (A, right panel), hCD8+ T cells (B, left

panel), naïve CD8+ T cells (B, middle panel) and memory CD8+ T cells (B, right panel) were

labeled with CFSE and then stimulated with 0.25μg/ml anti-CD3 and anti-CD28 for 72h. % of
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divided cells were considered as proliferation rate (%). C. Splenocytes from OTI mice(C, left

panel) or OTII (D, right panel) mice were treated with compound 1 at 0.1μM and stimulated

with various concentration of OVA257-264(C, left panel) or OVA323-339(C, right panel) 72h. The

frequency of Ki-67 positive CD4+ and CD8+ T lymphocytes was as shown in C. The data

shown were representative from three independent experiments (3 different donors).
�P<0.05, ��P<0.01 ���P<0.001, ����P<0.0001, one-way ANOVA with post-test analysis com-

pared to anti-CD3/anti-CD28 group or OVA257-264 or OVA323-339, respectively.

(TIF)

S5 Fig. Flow cytometry dot plots of CD4+/CD8+ T cells among viable splenocytes before

and after peptide stimulation. Splenocytes from OT-1 mice (A) were treated with 10,000 ng/

mL OVA257-264 for 24 hours and 72 hours, and the percentage of CD4+ and CD8+ T cells

among total live cells was calculated. Splenocytes from OT-II mice (B) were treated with

10,000 ng/mL OVA323-339 for 24 hours and 72 hours, and the percentage of CD4+ and CD8

+ T cells among total live cells was calculated. Data were from 1 experimental representative

(triplicate treatment) of at least 3 independent experiments.

(TIF)

S6 Fig. Compound 1 restored cAMP-suppressed cytokines in anti-CD3/CD28-stimulated

human CD4+ T cells. hCD4+ T cells were isolated from PBMC and treated with compound 1

W/O PGE2(A), or NECA (B) or FSK(C), and then stimulated with 0.5μg/ml anti-CD3 and

anti-CD28 for 24 hours. IFN-γ, IL-2 and TNF-α secretion were measured from supernatant by

the Mesoscale Discovery (MSD) ELISA-based assay platform. The data shown are representa-

tive from three independent experiments (3 different donors). �P<0.05, ��P<0.01 ���P<0.001,
����P<0.0001, one-way ANOVA with post-test analysis compared to anti-CD3/anti-CD28

group.

(TIF)

S7 Fig. Compound 1 effect on cytokine and activation during DC development. Bone mar-

row cells were differentiated into DC in the presence or absence of vehicle or various dose of

Compound 1 for 6 days and stimulated with 0.2μg/ml LPS for another 24h. TNF-α and IL-6

production were measured using the Mesoscale Discovery (MSD) ELISA-based assay platform

(A). Geometric mean fluorescent intensity (MFI) of cell surface activation markers was shown

in B and D. The data shown are representative from three independent experiments. �P<0.05,
��P<0.01 ���P<0.001, ����P<0.0001, one-way ANOVA with post-test analysis compared to

LPS group.

(TIF)
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