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Clifford A. Lowell'®, Wei Shi', Fiona J. Pixley3, Matthias Ernst'*

Although immunotherapy has revolutionized cancer treatment, many immunogenic tumors remain refractory to
treatment. This can be largely attributed to an immunologically “cold” tumor microenvironment characterized by
an accumulation of immunosuppressive myeloid cells and exclusion of activated T cells. Here, we demonstrate
that genetic ablation or therapeutic inhibition of the myeloid-specific hematopoietic cell kinase (HCK) enables
activity of antagonistic anti-programmed cell death protein 1 (anti-PD1), anti-CTLA4, or agonistic anti-CD40 im-
munotherapies in otherwise refractory tumors and augments response in treatment-susceptible tumors. Mecha-
nistically, HCK ablation reprograms tumor-associated macrophages and dendritic cells toward an inflammatory
endotype and enhances CD8* T cell recruitment and activation when combined with immunotherapy in mice.
Meanwhile, therapeutic inhibition of HCK in humanized mice engrafted with patient-derived xenografts counteracts
tumor immunosuppression, improves T cell recruitment, and impairs tumor growth. Collectively, our results suggest
that therapeutic targeting of HCK activity enhances response to immunotherapy by simultaneously stimulating
immune cell activation and inhibiting the immunosuppressive tumor microenvironment.

INTRODUCTION
In the past decade, the field of immunotherapy has witnessed re-
markable advances for the treatment of patients with cancer. The suc-
cess of these therapies relies on the capacity of a patient’s immune
system to kill cancer cells through immune cell-mediated mechanisms.
However, durable responses to immunotherapy are limited to select
patients, particularly those with immunogenic or “hot” tumors that
are densely populated by cytotoxic T cells (I). Meanwhile, patients
with refractory tumors show excessive immune suppression and/or
insufficient immune activation resulting in an immunologically “cold”
tumor microenvironment. The latter is characterized by an abundance
of immune suppressive myeloid-derived suppressor cells (MDSCs)
and alternatively activated macrophages (AAMs), which promote
the exclusion of effector immune cells. Accordingly, therapeutic
reprograming of the immunosuppressive tumor microenvironment
can induce robust T cell responses and help overcome the limitations
of single-agent immunotherapies (1).

Although aberrant expression of c-SRC and other SRC family
kinase members in epithelial cells constitutes oncogenic driver events,
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elevated expression and activation of the myeloid-specific SRC family
kinase hematopoietic cell kinase (HCK) in the tumor stroma occur
in many solid malignancies and correlate with poor patient sur-
vival (2). We have previously shown that excessive HCK activity
in tumor-associated macrophages (TAMs) enhances the growth of
gastric and colon adenomas in Ragl-deficient hosts (3, 4). Here, we
reveal that in immunogenic tumors, HCK deficiency unleashes a
profound CD8" T cell-dependent antitumor immune response and
improves response to immunotherapy. Specifically, genetic ablation
of HCK re-educates myeloid cells in the tumor microenvironment
toward an inflammatory endotype that enables infiltration of activated
effector cells. Meanwhile, therapeutic inhibition of HCK activity in
humanized mice reduces the growth of human patient-derived can-
cer xenografts. Collectively, our results suggest that targeting HCK
improves response to immunotherapy by simultaneously remodeling
the immunosuppressive tumor microenvironment and by promoting
cytotoxic immune cell activation.

RESULTS

Genetic ablation of HCK enhances antitumor responses

to anti-PD1 immunotherapy

We have previously shown that genetic ablation of HCK reduces the
ability of macrophages to promote the growth of gastric and colon
adenomas (3, 4). To determine whether ablation of HCK would im-
prove the response of immunogenic tumors to immunotherapy, we
treated wild-type (WT) and HCK knock-out (H ck*©) hosts harbor-
ing MC38 colon cancer allografts with anti-(o) programmed cell
death protein 1 (PD1). We observed reduced tumor growth in Hck"®
hosts treated with an isotype-matched immunoglobulin G (IgG)
control compared to their WT counterparts; however, this was further
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augmented in oPD1-treated Hck®© mice compared to all groups
(Fig. 1A). These findings were consistent with fewer KI67" proliferating
tumor cells in aPD1-treated Hck cohorts, as well as a concomi-
tant increase in cleaved Caspase 3" staining indicative of enhanced
tumor cell apoptosis (fig. SIA).

To mechanistically link reduced Hck expression in myeloid cells
to an improved antitumor immune response, we analyzed the infil-
tration of myeloid cells between tumors of IgG control isotype- and
oPDI-treated WT and Hck*© mice. While HCK deficiency did not
affect the overall abundance of TAMs, we observed a marked reduc-
tion in CD206" AAMs, CD163" AAMs, and MDSCs in Hck®© hosts
irrespective of oPD1 treatment. Tumors recovered from oPD1-
treated Hck™© hosts also contained an increased proportion of CD103*
conventional dendritic cell 1 (¢cDCls) (Fig. 1B). These observations
coincided with the similar expression of Adgrel (encoding the mac-
rophage marker F4/80) between tumors of IgG isotype- and oPD1-
treated WT and Hck®© mice, while transcripts for AAMs (Mrcl and
Cd163) were reduced in Hck*© mice irrespective of oPD1 treatment.
We also noted the up-regulated expression of XcrI (indicative of
¢DCls) in tumors of oPD1-treated Hck*® hosts compared to all
groups (fig. S1B).

To assess how genetic ablation of HCK influenced myeloid cell
activation, we isolated TAMs, MDSCs, and DCs from tumors of
IgG isotype- and aPD1-treated WT and Hck*© hosts and observed
reduced expression of genes associated with immune suppression
(i.e., 1110, 1113, and TgfB) across all myeloid compartments of Hck®
mice irrespective of aPD1 treatment (fig. S1C). Meanwhile, TAMs
and DCs purified from oPD1-treated Hck*© mice revealed increased
expression of effector genes (i.e., Il12q, Ifny, Tnf, and Ccr7) com-
pared to all other cohorts (Fig. 1C). These observations also cor-
related with the elevated expression of Cxcl9 and Cxcl10, which are
two major chemokines involved in the recruitment of cytotoxic
natural killer (NK) cells and CD8" T cells (5). Given that interleukin-12
(IL-12) and CXCL9/CXCL10 are primarily produced by myeloid
cells (5-8), we next assessed the contribution of these molecules to
HCK-dependent suppression of antitumor immunity following
administration of neutralizing antibodies directed against either
IL-12 or the cognate CXCR3 receptor for the CXCL9/CXCL10
ligands. We observed that blockade of IL-12 or CXCR3 abrogated
the beneficial effect of aPD1 therapy in Hck® hosts, consistent with
the requirement for IL-12 and CXCR3 signaling to mediate effective
oPD1 antitumor responses in WT mice (Fig. 1D) (5-8). However,
tumor growth in aIL-12 or aCXCR3-treated Hck*® hosts was still
significantly impaired compared to WT mice treated with these an-
tibodies (Fig. 1D).

To better correlate our in vivo observations with macrophage-
specific activities, we compared the ability of IgG- and aPD1-treated
bone marrow-derived macrophages (BMDMs) from WT and Hck®©
mice to phagocytose MC38 tumor cells in vitro (9, 10). We observed
the most profound engulfment of MC38 tumor cells by oPD1-treated
Hck"® BMDMs, suggesting that HCK deficiency enhanced the phago-
cytic profile of macrophages (fig. S1D). Collectively, our results
demonstrate that genetic ablation of HCK remodels the immuno-
suppressive tumor microenvironment by reprograming myeloid cells
to adopt an activated inflammatory endotype.

Next, we assessed the contribution of individual myeloid cell
populations to HCK-dependent antitumor immunity. Unexpectedly,
oLy6G-mediated depletion of MDSCs did not confer additional bene-
fit to aPD1 treatment in WT or Hck*© hosts (fig. S1E). To clarify
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the contribution of cDC1s and TAMs, we reconstituted lethally
irradiated WT hosts with donor bone marrow from either cDC1-
deficient [ItgaxcreIrfSﬂ/ f (11-13); referred to as cDC1X°] or <DC1-
proficient (WT) mice and treated half of each corresponding cohort
with a neutralizing antibody against colony-stimulating factor 1 re-
ceptor (CSFIR) to also deplete TAMs. Following establishment of
subcutaneous MC38 tumors, all hosts were treated with oPD1 in
the presence or absence of the HCK-specific small-molecule inhib-
itor RK20449 (14) (Fig. 1E). Genetic ablation of cDCl1s reduced the
efficacy of aPD1 therapy in RK20449-treated hosts, consistent
with previous studies demonstrating a requirement for cDCls in
restraining MC38 tumor growth (6, 8) (Fig. 1E). Unexpectedly,
0oCSF1R-mediated depletion of TAMs alone did not affect tumor
burden in RK20449-treated hosts. However, simultaneous deple-
tion of both cDC1s and TAMs further abrogated the RK20449-
dependent enhanced antitumor response to aPD1 compared to that
observed in cDC1-depleted hosts (Fig. 1E).

Genetic ablation of HCK in myeloid cells unleashes CD8*

T cell cytotoxicity

We next sought to clarify the contribution of effector/cytotoxic im-
mune cells to the improved antitumor response observed in Hck<?
hosts. We observed an increased abundance of CD8" T cells and
NK cells in tumors of aPD1-treated Hck® mice by flow cytometry
(Fig. 2A) and up-regulated expression of CD8a and KirbIc (encod-
ing the NK cell marker NK1.1) in these samples (fig. S2A). In sup-
port of these findings, we noted an increased abundance of CD8"
T cells within tumors of aPD1-treated Hck®© hosts compared to all
other cohorts (Fig. 2B), despite a similar proportion of KI67* prolif-
erating tumor-associated CD8" T cells across all groups (fig. S2B).
CD8" T cells isolated from aPD1-treated Hck*® hosts also con-
tained more granzyme B, interferon-y (IFN-y), and tumor necrosis
factor-a (TNFa) protein (fig. S2C) and expressed significantly higher
levels of Ifny, Prfl, and Gzmb compared to all other cohorts (Fig. 2C).
Likewise, we observed more prominent granzyme B and perforin
staining in tumor sections of aPD1-treated Hck®© hosts (fig. S2D).

To investigate the contribution of NK cells and CD8" T cells in
HCK-mediated tumor suppression, we depleted these cells in WT
and Hck® mice individually before MC38 tumor cell injection and
continued until the experimental end point. CD8" T cell depletion
abrogated the beneficial effect of aPD1 therapy in both WT and
HckXO hosts (Fig. 2D). In contrast, depletion of NK cells did not
affect the antitumor response to oPD1 treatment in WT or Hck®
hosts (Fig. 2E), suggesting that CD8" T cells mediate the enhanced
antitumor immunity conferred by Hck®© hosts to aPD1 treatment.
We surmise that these effects are largely dependent on IL-12 and
CXCR3 signaling by cDCl1s and TAMs, since blockade of IL-12 and
CXCR3 or depletion of cDC1s and TAMs prominently reduced the
enhanced infiltration and cytotoxic activity of CD8" T cells conferred
by HCK ablation or inhibition (fig. S2, E to H).

To explore whether systemic HCK activity also promoted cancer
progression at more advanced stages of disease, we used an orthotopic
breast cancer metastasis model (15). Following resection of the
primary EO771.LMB mCherry" tumor from the mammary fat pad of
mice, we observed fewer lung metastases in Hck®© hosts compared
to WT hosts. This was further augmented in aPD1-treated Hck®
mice (fig. S3A), suggesting that ablation of HCK in hosts significantly
reduces lung metastasis and synergizes with oPD1 to sensitize treat-
ment refractory EO771 tumors to immune checkpoint blockade.
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Fig. 1. Genetic ablation of HCK reduces tumor immunosuppression and augments antitumor responses to aPD1 immunotherapy. (A) Mass of individual subcuta-
neous MC38 tumors from WT and Hck*© hosts. Where indicated, mice were treated with aPD1 (200 ug, once every 3 days) or an isotype-matched IgG control for 10 days.
Representative tumors are depicted above the graphs. Scale bar, 1 cm. Each symbol represents an individual mouse. (B) Flow cytometry quantification of the indicated
myeloid cell populations from subcutaneous MC38 tumors of WT and HckC hosts treated as described in (A). Each symbol represents an individual mouse. (C) Quantitative
polymerase chain reaction (GPCR) analysis on fluorescence-activated cell sorter (FACS)-purified CD45CD1 1b+F4/80Hi9hLy6C’Ly6G’ TAMs and CD45"CD11c¢*F4/80 MHCII
dendritic cells for markers associated with immune cell activation. Cells were isolated from subcutaneous MC38 tumors of WT and Hck*© hosts treated as described in
(A). n =4 mice per group. (D) Mass of individual subcutaneous MC38 tumors from WT and HckC hosts. Where indicated, mice were treated with alL-12, «CXCR3, or an
isotype-matched IgG control once every 3 days (total of three treatments) before subcutaneous MC38 tumor cell injection and continued until the experimental end
point. Once palpable tumors formed, mice were treated with aPD1 for 10 days. Each symbol represents an individual mouse. (E) Mass of individual subcutaneous MC38
tumors from WT bone marrow chimeras reconstituted with cDC1-deficient (cDC1%°) or cDC1-proficient (WT) bone marrow. To deplete TAMs, half of each cohort were
treated with aCSF1R before MC38 tumor cell injection and continued until the experimental end point. Once palpable tumors formed, all hosts were treated with oPD1in
the presence or absence of the small-molecule HCK inhibitor RK20449 for 20 days. Each symbol represents an individual mouse. Data represent mean + SEM; *P < 0.05,
**P<0.01, and ***P < 0.001, with statistical significance determined by one-way ANOVA followed by Tukey’s multiple comparison test.
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Fig. 2. Genetic ablation of HCK in myeloid cells promotes CD8" T cell recruitment and activation. (A) Flow cytometry quantification of CD4" T cells, CD8* T cells, and
NK cells from subcutaneous MC38 tumors of WT and Hck"© hosts treated as described in Fig. 1A. Each symbol represents an individual mouse. (B) Representative immu-
nohistochemical staining for CD8* T cells in subcutaneous MC38 tumors of WT and Hck C hosts treated as described in Fig. TA. Scale bar, 100 um. Quantification of stain-
ing per square micrometer tumor area is also shown. Each symbol represents an individual mouse. (C) qPCR analysis on FACS-purified tumor-associated CD45*TCRB*CD8*
T cells for markers associated with immune cell activation. Cells were isolated from subcutaneous MC38 tumors of WT and HckXC hosts treated as described in Fig. 1A.n =4
mice per group. (D and E) Subcutaneous MC38 tumor volume of WT and Hck“C hosts following treatment with aPD1 and/or depleting antibodies against CD8 or NK1.1.
Depletion antibodies were administered once every 3 days before subcutaneous MC38 tumor cell injection (total of three treatments) and continued until the experi-
mental end point when tumors reached >600 mm>. n > 10 mice per group. Data represent mean + SEM; *P < 0.05, **P < 0.01, and ***P < 0.001, with statistical significance

determined by one-way ANOVA followed by Tukey’s multiple comparison test.

We also assessed potential cooperativity with agonistic CD40 en-
gagement, which primes effector cells and acts as a costimulatory
receptor on macrophages and other antigen-presenting cells (16).
Akin to our observations made with aPD1 treatment, Hck<® mice
treated with aCD40 developed smaller tumors compared to WT
animals (fig. S3B). Last, we assessed whether HCK inhibition would
also enhance an antitumor response at the priming phase. We used
the BI6F10 melanoma model, where unresponsiveness to aCTLA4
therapy can be overcome following manipulation of the immune cell

Poh etal., Sci. Adv. 8, eabl7882 (2022) 22 June 2022

compartment (17) and observed reduced tumor growth in aCTLA4-
treated Hck®© mice but not in WT hosts (fig. S3C).

Therapeutic inhibition of HCK reproduces antitumor
immunity observed in Hck*® mice

To translate our genetic results to a clinically more relevant setting,
we next benchmarked the therapeutic efficacy of the small-molecule
HCK inhibitor RK20449. We confirmed the relative selectivity of
RK20449 by showing negligible inhibition of the prototypical SRC
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family kinases c-SRC and LYN compared to the clinically approved
pan-SRC kinase inhibitor dasatinib (fig. S4A). RK20449 treat-
ment of tumor-bearing WT mice improved the antitumor activity

tumor-bearing WT hosts treated with dasatinib (fig. S4B); however,
this effect was completely lost when dasatinib was co-administered
with aPD1 in tumor-bearing Hck®® hosts (Fig. 3B). From these ob-

conferred by aPD1 (Fig. 3A). This observation was replicated in  servations, we surmised that the dasatinib-dependent improvement
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Fig. 3. Therapeutic inhibition of HCK reproduces antitumor immunity observed in HckX® mice. (A) Mass of individual subcutaneous MC38 tumors from WT hosts
treated with RK20449 (30 mg/kg, twice daily) and/or aPD1 (200 pg, once every 3 days) for a total of 10 days. Vehicle control mice were treated with 12% Captisol and an
isotype-matched IgG control. Representative tumors are depicted above graphs. Scale bar, 1 cm. Each symbol represents an individual mouse. (B) Tumor volume of sub-
cutaneous MC38 tumors established in Hck*© hosts treated with dasatinib (30 mg/kg, twice daily) and/or aPD1 (200 ug, once every 3 days) until the experimental end
point when tumors reached >600 mm?>. n>9 mice per group. (C) t-distributed stochastic neighbor embedding (tSNE) plot depicting Csf1r, Hck, and Pik3cg gene expres-
sion in subcutaneous MC38 tumors analyzed from Zhang et al. (18). (D) Heatmap showing the relative expression of CSF1R, PIK3CG, HCK, and other SFK family members
in human colon cancer samples analyzed from Zhang et al. (18). (E) Mass of individual subcutaneous MC38 tumors from Hck*© hosts treated with IPI549 (15 mg/kg, once
daily) or BLZ945 (200 mg/kg, once daily) in the presence or absence of aPD1 (200 pg, once every 3 days) for 20 days. Each symbol represents an individual mouse. Data
represent mean + SEM; ***P < 0.001; n.s., not significant, with statistical significance determined by one-way ANOVA followed by Tukey’s multiple comparison test.
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of aPD1 antitumor immune responses is primarily mediated through
inhibition of HCK signaling.

We next extended the validity of HCK as a therapeutic target
across a broader range of immune-modulatory agents. Akin to our
genetic data, RK20449 treatment of WT hosts improved the thera-
peutic efficacy of aCD40 in controlling MC38 tumor growth and
enabled an aCTLA4 response in WT hosts harboring B16F10 tumors
(fig. S4, Cand D).

To place HCK with respect to other regulators of myeloid cell
activity, we interrogated a single-cell RNA sequencing (scRNA-seq)
dataset of MC38 tumors (18) to characterize expression of Hck
against that of Pik3cg [encoding phosphatidylinositol 3-kinase y
(PI3Ky)] (19) and Csflr (20, 21), which are currently pursued as
myeloid-specific drug targets. We noted that Hck and CsfIr were
more selectively expressed in myeloid cells than Pik3cg, for which
we also detected transcripts in B and T lymphocytes and innate
lymphoid cells (Fig. 3C). We confirmed these observations in a
human colorectal cancer scRNA-seq dataset (18), where we detected
HCK and CSFIR expression exclusively in tumor-associated myeloid
cells (Fig. 3D). In contrast, PIK3CG was expressed in B and T cells
and was less abundant than HCK in myeloid cells. Within the family
of SRC kinases, we detected strong expression of SRC, YESI, and
FRK in cancer epithelial cells, while FYN and LCK were most prom-
inently expressed in T cells and innate lymphoid cells (Fig. 3D).
Together, these findings establish HCK as a myeloid cell-restricted
drug target.

Having established a specific expression of CSFIR in myeloid cells
and broader expression of PIK3CG in nonmyeloid cells, we next
compared the effect of HCK inhibition against that of CSF1R and
PI3Ky using the kinase inhibitors BLZ945 and IPI549, respectively, which
are both undergoing clinical evaluation for their capacity to boost
antitumor immune responses (NCT02829723 and NCT02637531).
As single agents, RK20449, IP1549, and BLZ945 inhibited the growth
of MC38 tumors in WT mice to a similar extent, and all compounds
further augmented the antitumor activity of aPD1 treatment (fig.
S$4, E and F). Given the reported physical association between CSFIR
and HCK (22) and between leukocyte integrins and HCK and PI3Ky
(19, 23), we next established whether CSF1R or PI3Ky inhibition
could confer antitumor activity independently of Hck gene expres-
sion. Unexpectedly, we found that neither BLZ945 nor IP1549 con-
ferred additional tumor-suppressing activity when tested in Hck®
hosts harboring MC38 tumors, suggesting linear signaling relation-
ships between HCK and CSF1R or PI3Ky, respectively (Fig. 3E). We
therefore explored whether HCK activity feeds into the canonical
nuclear factor kB (NFkB) cascade as proposed for PI3Ky (19) in
BMDMs from our HCK allelic series of mice comprising Hck*®,
WT, and Hck“® mice, which harbor an engineered mutation encod-
ing a constitutively active HCK isoform (24). Following stimulation
with lipopolysaccharide (LPS) or IL-4, we monitored phosphoryla-
tion and degradation of various intermediate NFxB signaling com-
ponents. Unlike the reduced NFxB gathway activation reported by
others upon stimulation of Pik3ch cells (19), we detected similar
transient responses in cells across our allelic HCK series, including
the rapid and transient reduction of the negative regulator inhibitor
of NFxBa (IxBa) and the phosphorylation of the p65NFkB subunit
and of the noncanonical IxB kinase (IKK) kinase TBK1 (TANK Bind-
ing Kinase 1) that phosphorylates NF«B (fig. S4G). Together, our
findings suggest that inhibition of HCK and PI3Ky reduces tumor
burden only partially through overlapping molecular mechanisms.
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Therapeutic inhibition of HCK reduces PDX tumor growth

in humanized NSG-SGM3 mice

We next sought to ascertain whether therapeutic inhibition of HCK
in human myeloid cells would suppress the growth of human tumors.
We therefore adoptively transferred human CD34" hematopoietic
stem cells into sublethally irradiated NSG-SGM3 mice and established
subcutaneous patient-derived xenografts (PDXs) in the resulting
“humanized” NSG-SGM3 recipients. Once palpable tumors formed,
we treated mice with RK20449 or vehicle twice daily for 25 days and
observed that PDXs grew slower in RK20449-treated hosts (Fig. 4,
A and B). This coincided with reduced KI67" proliferating tumor
cells in PDXs of RK20449-treated hosts and increased cleaved
caspase 3" apoptotic cells and CD3" T cells within tumors (fig. S5A).
Furthermore, while the overall proportion of CD68" TAMs remained
comparable between PDXs recovered from vehicle- and RK20449-
treated hosts, we observed fewer CD163" AAM:s in tumors of RK20449-
treated mice (fig. S5A).

To exclude the possibility that this effect could be attributed to
aberrant HCK expression previously observed in transformed epi-
thelial cells (25), we performed multiplexed immunofluorescence and
confirmed that expression of HCK remained restricted to CD45" leu-
kocytes and could not be detected in EPCAM " (Epithelial cell adhesion
molecule) tumor cells (fig. S5B). Likewise, Western blot analysis of
tumor cell lysates from RK20449-treated hosts confirmed a reduc-
tion of activated pHCK but not pSRC and pLYN isoforms (fig. S5C).

Next, we used human-specific probes to interrogate whole PDXs
by quantitative polymerase chain reaction (qQPCR) analysis for the
presence of human immune cells. We noted increased expression of
CD8A, NCR2, and XCRI (indicative of CD8" T cells, NK cells and
cDCls) in RK20449-treated mice, while transcripts for human CD4,
FOXP3, and CD68 (indicative of CD4" T cells, regulatory T cells,
and TAMs) remained comparable between tumors recovered from
RK20449- and vehicle-treated hosts (Fig. 4C). These observations
coincided with increased expression of immune cell activation genes
(i.e., IL12,IFNG, IL1B, TNF, CXCL9, and CXCL10) in PDXs of RK20449-
treated mice and reduced expression of genes associated with im-
mune suppression (i.e., CD163, MRCI1, TGFB, IL10, and CXCL12)
(Fig. 4D).

Last, we determined whether our transcriptional findings in
humanized mice extended to patients with cancer. We found that
high HCK expression was associated with poorer overall, relapse-
free, and distant metastasis-free survival in patients with breast cancer
using the KMplot tool (26) (fig. S5D), reminiscent of our observa-
tions in colon and patients with gastric cancer and the strong cor-
relation between HCK gene expression and HCK activity (3, 4). We
also analyzed comprehensive datasets from The Cancer Genome Atlas
(TCGA) and observed a positive correlation between high HCK
expression and genes associated with alternative macrophage polar-
ization (i.e., CD163, VSIG4, and MS4A7), T cell exhaustion (i.e.,
PDCD1, TIGIT, and TIM3), and CXCLI12 and TGFBI, which are
primarily produced by myeloid cells and limit T cell infiltration into
tumors (table S1) (27, 28). To further explore the functional depen-
dency between HCK, immunosuppressive myeloid cell program-
ing, and T cell infiltration, we estimated the relative abundance of
these immune cell types in humans using the CIBERSORT tool (29)
and confirmed a strong correlation between low HCK expression,
reduced AAM abundance, and increased CD8" T cells in patients
with colon cancer (fig. S5E). Collectively, our findings provide a
compelling argument for the translational potential of developing
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Fig. 4. Therapeutic inhibition of HCK reduces PDX tumor burden in humanized mice. (A and B) Tumor volume and mass of individual subcutaneous PDXs from hu-
manized NSG-SGM3 hosts following treatment with vehicle (12% Captisol) or RK20449 (30 mg/kg, twice daily) for 25 days. Each symbol represents an individual mouse.
(C) qPCR analysis on whole PDX tumors from humanized NSG-SGM3 hosts treated as described in (A) for genes associated with human immune cells. n =4 mice per group.
(D) gPCR analysis on whole PDX tumors from humanized NSG-SGM3 hosts treated as described in (A) for genes associated with immune cell activation (i.e., IL12, IFNG,
IL1B, TNF, CXCL9, and CXCL10) and immune suppression (i.e., CD163, MRC1, TGFB, IL10, and CXCL12). n =4 mice per group. Data represent mean + SEM; *P < 0.05, **P < 0.01,
and ***P < 0.001, with statistical significance determined by an unpaired Student’s t test.

HCK as a novel myeloid-restricted drug target to boost immune cell
activation in patients with cancer.

DISCUSSION

Readily translatable strategies to improve the effectiveness of im-
munotherapy remain a prime focus in oncology. In this study, we
demonstrate that targeting the myeloid-specific kinase HCK over-
comes two major barriers that limit the effectiveness of immuno-
therapy through a suppressive tumor microenvironment and by
restricting the recruitment and activation of T cells. Across tumor
allograft and PDX models in syngeneic and humanized mice, we show
that therapeutic inhibition of HCK reverts the immunosuppressive
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tumor microenvironment, enhances T cell infiltration, and promotes
the expression of effector genes to collectively reduce tumor growth.
Targeting HCK also improves response to immunotherapy.
Among the family of SRC kinases, HCK is the most abundantly
expressed member in myeloid cells, which account for 95% of total
HCK expression detected in colon cancer PDX models (30). Besides
the tumor-promoting function of HCK in TAMs, which we geneti-
cally identified by reverting the exaggerated tumor burden of Hck“*
hosts following ablation of one CsfIr allele (3), HCK is also abundantly
expressed in DCs, neutrophils, and MDSCs (2, 31). Simultaneous
depletion of both cDC1s and TAMs most profoundly abrogated the
therapeutic benefit of HCK inhibition, suggesting that HCK expres-
sion in these myeloid lineages restricts effective antitumor immune
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responses. However, because we could not detect an improved anti-
tumor immune response in aPD1-treated hosts following MDSC
depletion with oLy6G, a potential contribution of HCK in MDSCs
to cancer control remains unclear. Simultaneous deletion of Hck and
its closely related family member Fgr enhances intracellular signal-
ing and neutrophil chemotaxis in mice (32). Likewise, compound
Hck"%;Fgr®© mutant mice show enhanced susceptibility to listeria
infection, but neither of these phenotypes were reported in Hck*©
single-mutant cells and mice, owing to the significant functional over-
lap between the two kinases (33). While we cannot formally exclude
legacy activity of RK20449 against FGR, our previous genetic obser-
vations in Hck®© hosts argue that the antitumor effects conferred
by RK20449 arise primarily from limiting HCK activity (3). We also
note that FGR is less abundant than HCK in myeloid cells and
down-regulated along the monocyte-macrophage differentiation
pathway (34).

Re-education of an immune-suppressive to immune-permissive
myeloid tumor microenvironment provides an opportunity to ther-
apeutically exploit the antitumor activity of classically activated mac-
rophages and cDCls, which play a central role in promoting CD8"
T cell recruitment and activation (10, 35). Re-education of myeloid
cells is preferred to suppression of myeloid cell maturation in re-
sponse to CSFIR inhibition, not the least because CSF1R inhibition
is associated with elevated liver enzymes and periorbital edema in
patients (36, 37). The latter is due to the release of matrix-degrading
proteases and proteoglycan deposition (38), reduced endothelial
barrier integrity associated with systemic depletion of perivascular
macrophages (39), and increased vessel permeability and disordered
vascular architecture observed in CsfIr ligand-deficient mice (40).
Likewise, CsfIr deficiency in mice also liberates a compensatory in-
flux of neutrophils and MDSC-like immature monocytes in experi-
mental tumors (36, 37). By contrast, we have identified a functional
overlap between HCK and PI3Ky inhibition as a means to re-educate
the tumor microenvironment and increase the efficacy of immuno-
therapy. However, we note that unlike Hck®® mice, Pik3¢g“© mice
also display impaired neutrophil chemotaxis, reduced immuno-
globulin levels, and increased sensitivity to viral infections amongst
other pathologies (41).

Various intracellular molecular mechanisms have been suggest-
ed to contribute to the regulation of myeloid endotypes, including
canonical NFxB and STAT (signal transducers and activators of
transcription) signaling pathways. For instance, PI3Ky polarizes mac-
rophages by promoting phosphorylation of TBK1, degradation of
IxBa, and engagement of the NFkB pathway (19, 42). However, we
found no difference in NF«B signaling across our allelic series of
HCK mutant macrophages following treatment with LPS or IL-4 to
stimulate polarization. While this suggests that HCK does not regu-
late TAM polarization via the canonical NFkB signaling cascade as
proposed for PI3Ky, previous studies indicate an essential role for
HCK in mediating the transcription of inflammatory cytokines and
chemokines via activation of TLR4 and NLRP3 (43, 44). Alternative
macrophage polarization is also induced by STAT3/STAT6 activity
(10), while STAT3 deficiency (or inhibition of STAT3-dependent
signaling) is associated with increased expression of type I IFN re-
sponse genes, including Cxcl9 and Cxcl10 (45, 46). Because myeloid
cells with excessive HCK activity show increased expression of STAT3-
and STAT6-activating cytokines (3, 4), HCK may reinforce AAM
polarization and associated cytokine and chemokine expression through
autocrine and paracrine STAT3/STATG6 feedback mechanisms.
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Collectively, our results provide a strong rationale for HCK to
be developed as a therapeutic target to improve antitumor re-
sponses to immunotherapy. Its highly restricted expression pattern,
the favorable phenotypic consequence of long-term HCK deficiency
in mice, and the track record of tyrosine kinases as drug targets pro-
vides a novel pathway to improve and expand patient response
to immunotherapy.

MATERIALS AND METHODS

Mice

Age- and sex-matched WT, Hck® (24), and HckX© (33) mice were
bred and maintained in specific pathogen—free facilities at La Trobe
University and the Austin Hospital, Australia. All animal studies were
approved and conducted in accordance with the Animal Ethics
Committee at the Olivia Newton-John Cancer Research Institute/
Austin Hospital.

Subcutaneous tumor models

The mouse MC38 colon cancer (RRID: CVCL_B288) and B16F10
melanoma (RRID: CVCL_0159) cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Gibco) sup-
plemented with 10% fetal calf serum (FCS) at 37°C with 10% CO,.
Cell lines were tested negative for mycoplasma. Six-week-old C57BL/6
WT or Hck®© mice were subcutaneously injected with 2 x 10° MC38
or 2 x 10° B16F10 cells into the right flank. Once palpable tumors
formed, mice were randomized into treatment groups.

Where indicated, mice were treated with 12% Captisol [vehicle
for RK20449 and dasatinib, intraperitoneally (i.p.)], an isotype-
matched IgG control (JPP Biologics, 100 to 200 pug once every 3 days
i.p.), RK20449 (synthesized by Reagency, 30 mg/kg, diluted in 12%
Captisol, twice daily i.p.), dasatinib (Selleckchem, #51021, 30 mg/kg,
diluted in 12% Captisol, twice daily i.p.), IPI549 [Selleckchem, #S8330,
15 mg/kg, diluted in 5% dimethyl sulfoxide and 30% PEG300 in
ddH,0, once daily orally (p.o.)], BLZ945 (Selleckchem, #953769-46-5,
200 mg/kg, diluted in 12% Captisol, once daily p.o.), aCD40 (JPP
Biologics, clone FGK45, 100 pg once every 3 days i.p.), aPD1 (JPP
Biologics, clone RMP1-14, 200 ug once every 3 days i.p.), or aCTLA4
(JPP Biologics, clone 4F10, 200 ug once every 3 days i.p.) for a mini-
mum of 10 days. Immunotherapies produced by JPP Biologics were
provided on a collaborative basis. Tumor volume (mm®) was mea-
sured using digital calipers using the following formula: (length x
width?)/2. Tumor growth was measured by an independent asses-
sor who was blinded to the experimental conditions.

For antibody-mediated depletion/neutralization experiments, mice
were pretreated with aCD8 (JPP Biologics, clone YTS169, 200 ug),
oNKI1.1 (JPP Biologics, clone PK136, 200 ug), aCSF1R (BioxCell,
#BP0213, clone ASF98, 500 ug), aLy6G (BioxCell, #BP0075-1, clone
1A8, 200 pg), oIL-12 (BioxCell, #BE0233, clone R2-9A5, 500 ug), or
0CXCR3 (BioxCell, #BE0249, clone CXCR3-173, 500 ug) before sub-
cutaneous tumor injection once every 3 days (total of three treat-
ments) and continued until the experimental end point.

Generation of bone marrow chimeras

Bone marrow was harvested from the femurs and tibias of mice by
flushing with sterile phosphate-buffered saline (PBS) as previously
described (3, 4). Recipient mice were lethally irradiated with two doses
of 5.5-gray y-irradiation 3 hours apart, before receiving 5 x 10°
donor bone marrow cells via tail vein injection. Mice were then maintained
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on neomycin-supplemented drinking water for 3 weeks and com-
plete bone marrow reconstitution was assessed 8 weeks later.

EO771 breast cancer metastasis model

EO771.LMB mCherryJr breast cancer cells (1 x 10% RRID: CVCL_
B0A2) (15) were implanted into the fourth inguinal mammary
gland of 10-week-old female WT or Hck®® hosts as previously de-
scribed (47). Primary tumors were resected when they reached
800 mm® in volume to facilitate metastatic spreading of cancer cells
to the lung. Following resection of the primary tumor, mice were
treated with a matched IgG isotype control or oPD1 (200 ug, once
every 3 days i.p.) for 2 weeks. Genomic DNA was prepared from
homogenized lungs, and duplex PCR was performed for mCherry
(present in tumor cells) relative to vimentin (housekeeper; present
in all cells) using the following sequences: mCherry: 5-GAC-
CACCTACAAGGCCAAGAAG-3' (forward) and 5'-AGGTGAT-
GTCCAACTTGATGTTGA-3' (reverse), hydrolysis probe: 5’FAM-
CAGCTGCCCGGCGCCTACA-3'TAMRA; and Vimentin: 5'-
AGCTGCTAACTACCAGGACACTATTG-3’ (forward) and 5’-
CGAAGGTGACGAGCCATCTC-3' (reverse), hydrolysis probe: 5'VIC-
CCTTCATGTTTTGGATCTCATCCTGCAGG-3'TAMRA. Meta-
static tumor burden was calculated by comparing the quantification
cycle (Cq) of mCherry to vimentin using the following equation:
10,000/(2%%9), where ACq = Cq(mCherry) — Cq(vimentin) as previ-
ously described (48).

Humanized mice PDX models
Humanized mice experiments were performed by the Jackson
Laboratory (Sacramento, USA) (49). Three-week-old female NSG-
SGM3 mice [NOD.Cg-Prkdcscid I12rgtm1Wjl Tg(CMV-IL3,CSF2,
KITLG)1Eav/MloySz]J; stock no. 013062] were sublethally irradiated
and intravenously reconstituted with human CD34" hematopoietic
stem cells (two donors across n > 6 mice per group). The engraft-
ment levels of mature human CD45" cells were determined 12 weeks
following transplantation by flow cytometry quantification of pe-
ripheral blood. NSG-SGM3 mice that had >25% human CD45" cells
in the peripheral blood were considered engrafted and humanized.
Tumor cells derived from a triple-negative breast cancer PDX
were finely minced and subcutaneously injected into the right flank
of humanized NSG-SGM3 mice. Once tumors reached approximately
100 mm® in volume, mice were randomized into treatment groups.
Mice were either administered RK20449 (30 mg/kg) or vehicle
(12% Captisol) twice daily via intraperitoneal injection for 25 days.
Tumor volume (mm®) was measured using digital calipers using the
following formula: (length x width?)/2.

Flow cytometry

Tumors were cut into 1-mm pieces and digested in collagenase/
dispase (Roche, #11097113001) and deoxyribonuclease I (Roche,
#10104159001) in Ca?*/Mg?**-free Hanks medium (Gibco) plus 10%
FCS for 20 min at 37°C under continuous rotation as previously
described (3, 4). Samples were vortexed for 30 s to dissociate im-
mune cells, and the cell suspension was filtered and washed in PBS
plus 10% FCS. Following incubation with Fc block (Thermo Fisher
Scientific, #14-9161-73) on ice for 10 min, cells were incubated with
fluorophore-conjugated primary antibodies for 20 min on ice in the
dark, washed twice, and resuspended in PBS supplemented with
10% FCS. Intracellular KI67 staining was performed using the
eBioscience permeabilization and fixation kit (#88-8824-00) as per

Poh etal., Sci. Adv. 8, eabl7882 (2022) 22 June 2022

the manufacturer’s instructions. Intracellular granzyme B, IFN-y,
and TNFa staining was performed using the BD Biosciences Cytofix/
Cytoperm kit (#555028) as previously described (5).

Antibodies for flow cytometry include CD45.2 (clone 30-F11;
BioLegend, #103116), F4/80 (clone BMS8; BioLegend, #123108 or
Thermo Fisher Scientific, #25-4801-82), CD11b (clone M1/70; BD
Biosciences, #553311), CD11c (clone 3.9; Thermo Fisher Scientific,
#11-0116-42), Ly6G (clone 1A8; BD Biosciences, #560602), Ly6C
(clone HK1.4; Thermo Fisher Scientific, #48-5932-82), GR1 (clone
RB6-8C5; BioLegend, #108412), CD206 (clone C068C2; BioLegend,
#141708), CD163 (clone S150491; BioLegend, #155306), major
histocompatibility complex II (MHC II; clone M5/114.15.2; Thermo
Fisher Scientific, #48-5321-82), CD103 (Clone 2E7; Thermo Fisher
Scientific, #12-1031-82), NK1.1 (clone PK136; eBioscience, #17-5941-
82), T cell receptor B (TCRB; clone B173150; BioLegend, #109208 or
eBioscience, #45-5961-52), CD8a (clone 53-6.7; BD Biosciences,
#9150975 or #9186813), CD4 (clone GK1.5; eBioscience, #11-0041-
82), KI67 (clone SolA15; eBioscience, #11-5698-82), granzyme B (clone
GB11; Thermo Fisher Scientific, #GRB04), IFN-y (clone 4S.B3;
Thermo Fisher Scientific, #14-7319-81), and TNFa (clone MPX-XT22;
Thermo Fisher Scientific, #17-7321-82).

Flow cytometry was performed and analyzed on the BD FACS
Canto and Aria cell sorter. Analysis was performed using compen-
sated data with Flow]Jo software (version 10). Background fluores-
cence was estimated by substituting primary antibodies with their
specific isotype controls and/or fluorescent-minus-one controls and
by using unstained controls. Dead cells were identified by Sytox Blue
(Thermo Fisher Scientific, #534857) or fixable viability dye (eBioscience,
#65-0866-14) staining and excluded from analysis.

RNA extraction and qPCR
RNA extraction on fluorescence-activated cell sorter (FACS)-purified
cells was performed using the RN-easy Micro Plus kit (Qiagen,
#74034) and complementary DNA (cDNA) was generated with
the SuperScript I'V First-Strand Synthesis System (Thermo Fisher
Scientific, #18091050) according to the manufacturer’s instruc-
tions. RNA extraction on tumor samples was performed using the
RN-easy Mini Plus kit (Qiagen, #74134) and cDNA was gen-
erated using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, # 4368814) according to the manufacturer’s
instructions.

qPCR analysis on each biological sample was performed using
technical replicates with Tagman Real-Time PCR Master mix and
probes (Thermo Fisher Scientific, #4352042) on the Viia7 Real-
Time PCR System for 40 cycles (95°C for 15 s and 60°C for 1 min)
and following an initial holding stage (50°C for 2 min and 95°C for
10 min). The cDNA concentration of target genes was normalized
by amplification of 18S rRNA or Gapdh/GAPDH and fold changes
in gene expression were obtained using the 2**“" method (50).

Taqman probes for mouse genes were 18s (Mm04277571_s1),
Gapdh (Mm99999915_g1), Cd8a (Mm01182107_gl), Cd4
(Mm00442754_m1), KlrbIc (Mm00824341_m1), Adgre (Mm00802529_ml),
Mrcl (Mm01329359_m1), Cd163 (Mm00474091_m1), Xcrl
(MmO00442206_s1), 11120, (Mm00434169_m1), Ifny (MmO01168134_
ml), Tnf (Mm00443258_m1), Cxcl9 (Mm00434946_m1), Cxcl10
(Mm00445235_m1), Ccr7 (Mm99999130_s1), Prfl (Mm00812512_
m1), Gzmb (Mm00442837_m1), 1110 (MmO01288386_m1), 1113
(MmO00434204_m1), Tgf3 (Mm01227699_m1), Argl (Mm00475988_m1),
and YmI (Mm00657889_mH).
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Taqman probes for human genes were GAPDH (Hs02786624_g1),
CD68 (Hs04185218_g1), XCRI (Hs00245540_s1), NCR2 (Hs00183113_
m1), CD4 (Hs01058407_m1), CD8A (Hs00233520_m1), FOXP3
(Hs01085834_m1), TNF (Hs00174128 m1), ILI2A (Hs01073447
ml), CXCL9 (Hs00171065_m1), CXCL10 (Hs00171042_m1), IFNG
(Hs00989291_m1), IL1B (Hs01555410_m1), CD163 (Hs00174705_

ml), MRCI (Hs07288635_gl), IL10 (Hs00961622_m1), CXCLI2
(H500171022_m1), and TGFB (Hs00820148_g1).

Immunohistochemistry and immunofluorescence
Paraffin-embedded sections were boiled in citrate buffer for 15 min
using a microwave pressure cooker as previously described (3, 4).
Slides were incubated in 3% H,O, for 20 min at room temperature
to block endogenous peroxidases and then blocked in 10% normal
goat serum for 1 hour at room temperature. Primary antibodies were
diluted in 10% normal goat serum and incubated at 4°C in a humidified
chamber overnight.

For standard immunohistochemical staining, biotinylated second-
ary antibodies from the Avidin Biotin Complex ABC-kit (Vector
Laboratories, #BA-4001 or BA-1000) were used according to the
manufacturer’s instructions. Antigen visualization was achieved
using 3,3-diaminobenzine (DAKO). Images were collected and
analyzed with Aperio ImageScope v11.2.0.780 software. Quantifica-
tion of positive staining per square micrometer was performed using
an automated cell counter script in Fiji (Image]).

For immunofluorescence staining, fluorophore-conjugated
secondary antibodies (Thermo Fisher Scientific) were incubated
for 40 min at room temperature. Akoya Biosciences Spectral DAPI
(#FP1490) was used as a nuclei counterstain. Slides were mounted
with VECTASHIELD Vibrance anti-fade mounting medium (#H-1700-2).
Images were collected using the Vectra 3.0 Automated Quantitative
Pathology Imaging System.

Primary antibodies for immunostaining include K167 (Bethyl
Laboratories, #IHC-00375 for mouse or Invitrogen, #PA5-19462
for human samples), cleaved caspase 3 (clone Asp175; Cell Signaling
Technology, #9661), CD8a (clone 4SM15; Thermo Fisher Scientific,
#14-0808-82), granzyme B (clone D6E9W; Cell Signaling Technol-
ogy, #44153), perforin (clone E3W4I; Cell Signaling Technology,
#31647), CD3 (DAKO, #A0452), HCK (clone E117F; Cell Signaling
Technology, #14643), EpCAM (clone VU1DY; Cell Signaling Tech-
nology, #2929), CD45 (clones 2B11 and PD7/26; Cell Marque,
#145M-94), CD68 (clone C68/684; Abcam, #ab201340), and CD163
(clone EPR19518; Abcam, #ab182422).

Isolation and stimulation of BMDMs

Bone marrow was harvested from the femur and tibia of mice by
flushing with sterile PBS as previously described (3, 4). Cells were
washed twice in PBS and filtered through a 70-um sieve. The single-
cell suspension was then cultured in macrophage media (DMEM/
F12 supplemented with 10% FCS and L929-conditioned media). To
fully differentiate BMDMs, cells were cultured for 7 days with fresh
media changed every 3 days. Adherent macrophages were detached
from plates using a cell scraper, and cell viability was assessed by
trypan blue exclusion.

For Western blot analys1s, BMDMs were seeded onto six-well
plates at a density of 1 x 10° live cells per well in fresh macrophage
media. Where indicated, BMDMs were either unstimulated or stimu-
lated the next day with LPS (100 ng/ml; Sigma-Aldrich, #L2630) or
murine recombinant IL-4 (20 ng/ml; Peprotech, #214-14). At the
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indicated time points, cells were washed with ice-cold PBS, de-
tached from plates using a cell scraper, and processed for Western
blot analysis.

BMDM tumor cell phagocytosis assay

BMDMs were isolated and differentiated as outlined above, and BMDM
tumor phagocytosis assays were performed as previously described
(51). BMDMs (1 x 10°) were treated with aPD1 (10 ng/ml) or an
isotype-matched IgG (10 ng/ml) control for 24 hours. MC38 cells
were labeled with CellTracker Deep Red dye (Invitrogen, #C34565)
according to the manufacturer’s instructions and cocultured with
BMDMs at a 1:1 ratio for 3 hours at 37°C. Cells were washed twice
and incubated with Fc block (Thermo Fisher Scientific, #14-9161-
73) on ice for 10 min and stained with phycoerythrin-conjugated
aCD11b (clone M1/70; BD Biosciences, #553311) and fluorescein
isothiocyanate—conjugated aF4/80 (clone BM8; BioLegend, #123108)
for 20 min on ice. Cells were washed twice and analyzed by flow
cytometry on the BD FACS Canto. Background fluorescence was
estimated using fluorescent-minus-one and unstained controls.
Dead cells were identified by Sytox Blue (Thermo Fisher Scientific,
#534857) staining and excluded from analysis. Analysis was per-
formed using compensated data with Flow]Jo software (version 10).
Phagocytosis (%) was calculated according to the following formula:
(number CD11b*F4/80" macrophages positive for CellTracker
Deep Red-labeled tumor cells/total number of CD11b"F4/80" mac-
rophages) x 100.

Western blot analysis

Protein lysates were prepared as previously described and resolved
on 10% SDS-polyacrylamide gels (3, 4). Following dry transfer,
polyvinylidene difluoride membranes were blocked for 1 hour in
intercept blocking buffer (LI-COR Biosciences, #927-70001) and
incubated overnight in primary antibodies at 4°C. The next day, blots
were incubated with fluorescent-conjugated secondary antibodies
(LI-COR Biosciences, #926-32221 and #926-32210) for 1 hour. Signals
were detected using the Odyssey Infrared Imaging System (LI-COR
Biosciences). Actin was used as a loading control.

Primary antibodies for Western blot include pHCK (Abcam,
#61055), HCK (Santa Cruz Biotechnology, # N-30), pLYN (Cell Sig-
naling Technology, #2731), LYN (Cell Signaling Technology, #2732),
PSRC (Cell Signaling Technology, #2101), SRC (Cell Signaling Tech-
nology, #2109), IxBo (Cell Signaling Technology, #9242), pTBK1
(Cell Signaling Technology, #5483), TBK1 (Cell Signaling Technolo-
gy, #3504), pp65 (Cell Signaling Technology, #3033), p65 (Cell Sig-
naling Technology, #8242), and Actin (Sigma-Aldrich, #A228 for
mouse and Cell Signaling Technology, #3700 for human samples).

Analysis of scRNA-sequencing datasets

scRNA-seq gene expression data of patients with colon cancer pre-
viously published (18) and deposited to the National Center for
Biotechnology Information’s Gene Expression Omnibus database with
accession number GSE146771 were downloaded. For this study, we
selected the dataset generated using the SMART-seq2 platform, which
consisted of already normalized transcript per million (TPM) gene
expression values) for human colon cancer cells together with their
corresponding metadata. In addition, MC38 mouse scRNA-seq nor-
malized gene expression values (TPMs), together with the correspond-
ing metadata, were obtained from the authors (18). The metadata
included information on previously identified t-distributed stochastic
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neighbor embedding (tSNE) cell clusters and x-y coordinates as well
as cell-type annotation. The data were first imported into R as a
Seurat (52) object after which CD4 T cells were identified based on
the cell-type annotation information. tSNE plots were generated using
tSNE coordinates for each cell type included in the metadata.

Using the CRC Smart-seq2 human dataset, we compared the ex-
pression profile of a set of genes (i.e., CSFIR, PIK3CG, HCK, FGR,
SRC, LYN, FRK, YESI, FYN, LCK, and BLK) in cancer cells, nonim-
mune cells (epithelium and fibroblasts), innate immune cells (innate
lymphoid cells and myeloid cells), and adaptive immune cells (CD8"
T cells, CD4" T cells, and B cells). Briefly, the expression values of
the gene set in a cell were computed as the geometric mean of all the
genes’ expression levels and represented as a boxplot to display
the variation of cells in each group. A hierarchical clustering of the
genes’ relative expression across the biological groups was also per-
formed and represented as a heatmap.

Furthermore, using the MC38 mouse dataset, we identified cells
that were treated with isotype IgG at days 2 and 10, and generated a
tSNE plot comparing the expression levels of CsfIr, Hck, and Pik3cg.
To understand the cell types in the lymphocyte population cluster, we
performed an unbiased cell annotation analysis on the cells using the
Bioconductor package SingleR (53) against the Immunological Ge-
nome Project (ImmGen) database available in the celldex Biocon-
ductor package.

TCGA correlation analysis

The TCGA-normalized RNASEQ data were downloaded for colon
adenocarcinoma (COAD) using UCSC Xena (54). In total, 283 pri-
mary tumor samples were analyzed. Pearson correlations were cal-
culated with the cor.test package using R v3.5.1.

CIBERSORT analysis

The relative fraction of immune cell types in high and low HCK
COAD TCGA samples were estimated using CIBERSORT (29). Immune
signatures for CD8" T cells and AAMs were obtained from leukocyte
signature LM22 (55). The COAD TCGA gene expression data clas-
sified by level of HCK expression (<25%, low, n = 71 and >75%, high,
n =71) was deconvoluted using CIBERSORT. High and low relative
cell fractions for each immune cell type were tested for statistical sig-
nificance using a two-tailed Student's ¢ test (P < 0.05) using R v3.5.1.

Statistics

All experiments were performed at least twice with a minimum of
four age- and sex-matched mice per group. The specific n (number
of animals) used per cohort is indicated in the respective figure legends
or shown as individual datapoints. No data were excluded from analysis.
Statistical analysis was conducted using GraphPad Prism Software
(version 8). For comparison between multiple groups, a one- or two-
way analysis of variance (ANOVA) followed by Tukey’s multiple com-
parison test was performed as appropriate. Comparisons between
two mean values were performed with a two-tailed Student’s  test.
For survival studies, a Mantel-Cox log-rank test was used to evalu-
ate statistical significance in Kaplan-Meier analysis. A P value of less
than 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl7882

View/request a protocol for this paper from Bio-protocol.
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