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SUMMARY
Elucidating the mechanisms by which immune cells become dysfunctional in tumors is critical to developing
next-generation immunotherapies. We profiled proteomes of cancer tissue as well as monocyte/macro-
phages, CD4+ and CD8+ T cells, and NK cells isolated from tumors, liver, and blood of 48 patients with hepa-
tocellular carcinoma. We found that tumor macrophages induce the sphingosine-1-phospate-degrading
enzyme SGPL1, which dampened their inflammatory phenotype and anti-tumor function in vivo. We further
discovered that the signaling scaffold protein AFAP1L2, typically only found in activated NK cells, is also up-
regulated in chronically stimulatedCD8+ T cells in tumors. Ablation ofAFAP1L2 in CD8+ T cells increased their
viability upon repeated stimulation and enhanced their anti-tumor activity synergistically with PD-L1
blockade in mouse models. Our data reveal new targets for immunotherapy and provide a resource on im-
mune cell proteomes in liver cancer.
INTRODUCTION

Tumors evolve as dynamic ecosystems consisting of cancer,

stromal, and immune cells. The immune infiltrate typically con-

sists of various cell types including cytotoxic T cells that play a

central role in the immune response to tumors. Stimuli in the tu-

mor microenvironment (TME) can suppress the functionality of

T cells, which then lose the ability to control tumor growth.2–4

To restore T cell functionality in tumors, checkpoint inhibitors

(CPIs) have been developed that block inhibitory receptors on

T cells.5,6 CPIs have yielded great successes in clinical settings,
This is an open access article und
but they are not always effective. This raises the need to identify

novel strategies to further enhance immune responses to

tumors.

One potential avenue to therapeutically improve anti-tumor

immunity is to identify and target new molecular regulators un-

derlying T cell dysfunction in tumors. Another possibility is to

target tumor-associated macrophages (TAMs), which influence

T cell function, i.e., through the production of cytokines that

affect T cell differentiation. Inmany tumor types, TAMs have a tu-

mor-promoting phenotype and are associated with poor prog-

nosis.7,8 Therefore, therapeutic strategies include depletion of
Cell Genomics 3, 100331, June 14, 2023 ª 2023 The Author(s). 1
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TAMs or functional reprogramming of tumor-promoting TAMs

into inflammatorymacrophages thatmediate immune responses

to tumors. To devise therapeutic interventions that enhance

T cell functionality or reprogram macrophages, it is important

to understand how immune cells are regulated in tumors.

Proteins are directly involved in most biological processes;

hence, their quantification is important to understand the pheno-

type of a cell. As there is no simple relationship between tran-

scripts and proteins, their abundances do not always correlate.

For example, protein abundance is influenced by the translation

efficiency of a given mRNA, by the stability of the protein, as well

as by posttranslational modifications affecting localization and

degradation.9 Mass spectrometry (MS)-based proteomics en-

ables the direct quantification of thousands of proteins within

cells or tissues.9,10 Owing to advances in all areas of the MS-

based workflow, including sample preparation, chromatog-

raphy, MS instrumentation, and data analysis, it is possible to

determine deep proteomes of clinical samples for target identifi-

cation.11 Previous studies employed transcriptomics or anti-

body-based protein quantification to profile tumor-infiltrating

immune cells,12–15 yet mass spectrometry-based proteomic

profiling of immune cells from a large cancer patient cohort is

lacking. Hence, a detailed proteomic analysis of immune cells

in tumors offers important new insights to identify putative immu-

nomodulatory interventions to treat cancer.

In this study, we profiled the proteomes of cancer and immune

cells from patients with hepatocellular carcinoma (HCC), for

which there are currently few treatment options.16 Although

HCC is typically infiltrated by immune cells, CPIs are only

partially effective.17,18 HCC can be caused by chronic infection

with hepatitis B (HBV) or C (HCV) viruses or different metabolic

and inflammatory disorders related to non-alcoholic and

alcohol-related steatohepatitis.19–21 Our proteomic data re-

vealed that TAMs upregulate SGPL1, which we found inhibited

their anti-tumor activity. We also identified AFAP1L2 as a new

target for T cell-based immunotherapies. AFAP1L2 was ex-

pressed specifically in chronically stimulated CD8+ T cells in tu-

mors, and its genetic ablation improved anti-tumor activity.

RESULTS

Proteomic profiling of an HCC patient cohort
To analyze proteomes of immune and cancer cells from liver tu-

mors, we prospectively obtained tumor tissue, adjacent liver tis-

sue, and peripheral blood from patients with HCC undergoing

surgical resection. Of 48 patients, 9 had a previous infection

with HBV, 20 with HCV, and 19 had no history of viral liver infec-

tion (Table S1). From each patient, blood, dissociated liver, and

tumor tissues were subjected to Ficoll gradient centrifugation to

separate mononuclear immune cells from which memory CD4+

T cells, memory CD8+ T cells, CD56+ NK cells, and CD14+mono-

cytes/macrophages were sorted to a purity of >98% (Figures 1A

and S1). The numbers of immune cells isolated from tumors var-

ied considerably between patients and ranged from <100,000 to

6 million cells per gram of tumor tissue (Figure 1B).

From 32 tumor and 33 liver cell suspensions, we recovered a

cell pellet from the Ficoll gradient, which contains hepatocytes

and malignant and stromal cells (Figure 1A). After homogeniza-
2 Cell Genomics 3, 100331, June 14, 2023
tion and lysis of cell pellets with 4% SDS, proteins were precip-

itated, digested, and analyzed by liquid chromatography

coupled mass spectrometry (LC-MS). A total of 8,182 protein

groups were quantified with an average of 5,209 protein groups

per sample (Figure S2A, Table S2). A differential abundance

analysis between liver and tumor tissues revealed profound al-

terations in tumor proteomes (Figures 2A and 2B). Data are

accessible through our interactive platform www.immunomics.

ch/hcc; an example is shown in Figure S2B. Tumor samples

had typical molecular features of HCC based on a comparison

to tumors from a different HCC patient cohort22 (Figure 2A). In

our data, PYCR2 was the most strongly upregulated protein in

HCC. This enzyme catalyzes the formation of hydroxyproline, a

major component of collagen that is associated with HCC tumor

progression23 (Figure 2C). Two additional proteins that mediate

metabolic flux toward hydroxyproline, P4HA1 and P4HA2,

were also strongly upregulated in HCC. Among the proteins

that were most downregulated in HCC was ASS1, which is

involved in arginine biosynthesis (Figure 2C), consistent with pre-

vious findings.24 In summary, our proteomic analysis of immune

cell-depleted liver and tumor tissues confirmed correct classifi-

cation of tumorous and non-tumorous samples and recapitu-

lated characteristic proteomic alterations in HCC tumors,22 high-

lighting metabolic alterations related to hydroxyproline.

Next, we processed a total of 497 immune cell samples for

proteomic analysis according to previously established proto-

cols.25 A total of 9,790 protein groups were quantified with an

average of 5,832 protein groups per sample (Figure 2D). All

data are accessible through www.immunomics.ch/hcc. As ex-

pected, the lineage markers CD4, CD8, and CD56 were most

abundant in the respective immune cell types, and the macro-

phage marker MRC1 was highest in liver and tumor macro-

phages (Figure 2E). Consistent with previous findings,26,27 the

exhaustion marker CD39 was upregulated in tumor-infiltrating

CD4+ and CD8+ T cells and macrophages compared with cells

isolated from adjacent liver tissue and blood (Figure S2C).

Thus, the proteome data were in agreement with our cell sorting

strategy and captured known regulations in tumor immunology.

Tumor macrophages display THY-1, acquired from the
environment
To analyze phenotypic changes inmacrophages that infiltrate tu-

mors, we performed a differential abundance analysis between

proteomes of liver macrophages and TAMs and identified 15

proteins that were strongly increased in TAMs (Log2 fold

change > 2; p value < 0.0001) (Figures 3A and 3B). In addition,

we analyzed transcriptomes of tumor macrophages from three

HCC patients by RNA-seq and estimated copy numbers of tran-

scripts, as previously described.28 A comparison of transcript

and protein copy numbers revealed a median protein-per-

mRNA ratio of 500:1, but this ratio varied considerably (Fig-

ure 3C). For example, the chemokines CXCL8 and CCL3, which

are secreted by macrophages, had a ratio lower than 10:1. In

contrast, the chemokine CCL15 had a protein-per-transcript ra-

tio greater than 10,000:1, because it is not expressed by macro-

phages but is taken up from the environment. Macrophages ex-

press the CCR1 receptor, which captures CCL15 secreted by

liver cells.29
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Figure 1. Schematic of workflow and patient cohort

(A) Schematic overview of this study.

(B) Overview of the patient cohort. Age and sex are indicated. Pie charts show the percentages of CD4+ T cells, CD8+ T cells, NK cells, andmacrophages thatwere

isolated from HCC tumors. In the center of the pie chart the total number of T cells, NK cells, and macrophages that were isolated from tumors is shown. Cases in

which more than a million immune cells/g tumor were isolated are marked in red. See also Figure S1 and Table S1.
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Among themost enriched proteins in TAMs, THY-1, AKR1B10,

and GGH had a protein-per-mRNA ratio greater than 10,000:1,

suggesting they were acquired from the TME. AKR1B10, a po-

tential diagnostic marker of HCC,30 and GGH are both soluble

metabolic enzymes that were likely taken up by macrophages

through macropinocytosis. In contrast, THY-1 (CD90) is a GPI-

anchored membrane protein that is abundant on the surface of

cancer stem cells, fibroblasts, and endothelial cells31 but has

not been found to be expressed bymacrophages. We confirmed

the presence of THY-1 protein on tumor macrophages by flow

cytometry (Figure S3A) and the absence of THY-1 mRNA by

RNA in situ hybridization (Figure S3B).

To confirm THY-1 protein transfer, we incubated blood-

derivedmonocyteswith patient-matchedHCC tumor tissue frag-

ments for 6 days and found that monocytes indeed acquired

THY-1 protein from the TME (Figures S3C and S3E). Collectively,

thesedatademonstrate thatmacrophages in liver tumors acquire

proteins; hence, their phenotype is not exclusively shaped by

transcription but also through interactions with the environment.

Deletion of SGPL1 promotes inflammatory
macrophages that inhibit tumor growth
Some of the 15 proteins that are enriched in tumor macrophages

may render them anti-inflammatory and contribute to a tumor-

promoting phenotype. We therefore assessed whether any of

these 15 proteins are upregulated in functionally polarized M2

macrophages, which represent a model for anti-inflammatory

macrophages. For this, freshly isolated monocytes from four

healthy donors were in vitro polarized to an M1 (LPS + INF-g;

inflammatory) and an M2 phenotype (IL-4 and IL-13; anti-inflam-

matory), and their proteome was analyzed by LC-MS (Table S3).
A differential abundance analysis confirmed strong enrichment

of typical markers, such as GBP4 and GBP5 inM1macrophages

and CD209 and ALOX15 in M2 macrophages (Figures 3D and

S3F). Of the 15 proteins upregulated in tumor macrophages,

DAB2, SGPL1, and GLUL were enriched in M2 macrophages.

DAB2 and GLUL were previously found to be upregulated in

TAMs and M2 macrophages, and genetic ablation of Dab2 or

Glul in murine macrophages was found to improve their anti-

metastatic function.32,33 However, SGPL1 (sphingosine-1-phos-

phate [S1P] lyase) has previously not been associated with

TAMs, and its function in macrophages is unknown.

SGPL1 is an endoplasmic reticulum membrane protein that

irreversibly degrades S1P, a sphingolipid involved in immune

signaling and inflammation.34 To study the function of SGPL1

in vivo, we generated bone marrow-derived macrophages

(BMDMs) from Rosa-Cas9 mice and lentivirally transduced

them with two different sgRNAs targeting Sgpl1 (Figure 3E).

Tracking of indels by decomposition (TIDE) analysis35 confirmed

that the Sgpl1 locus was edited in 94% and 87% of BMDMs,

respectively (Figure S3G). We first assessed in vitro the capacity

of Sgpl1-edited BMDMs to upregulate the costimulatory recep-

tor CD86 and to produce inflammatory cytokines. For this, we

stimulated BMDMs with LPS and IFN-g and then used flow cy-

tometry to analyze the abundance of intracellular IL-6 and IL-

12, as well as surface CD86. Sgpl1-edited BMDMs displayed

more CD86 on their surface and more frequently produced

IL-6 and IL-12 than control BMDMs (Figures 3F–3H). An analysis

of cell supernatants by ELISA showed that Sgpl1-edited BMDMs

secreted 7–11 times more IL-12 than control BMDMs (Figure 3I).

This confirms that knockout ofSgpl1 increases IL-12 production,

which drives anti-tumor immunity.36
Cell Genomics 3, 100331, June 14, 2023 3



A

B

C

D

E

Figure 2. Characteristics of HCC and immune infiltrates

(A) Volcano plot from differential abundance analysis (two-tailed Welch’s t test) between proteomes of non-tumorous (n = 33) and tumorous liver tissue (n = 32).

Each dot represents a protein. Signature proteins of HCC tumors identified in a previous proteomics study22 are indicated in dark blue. See also Figure S2A and

Table S2.

(B) Heatmap showing the abundance (Z score) of the five most strongly up- and downregulated proteins in HCC tissue in individual patients.

(C) Differential analysis of the arginine and proline metabolism between non-tumorous and tumorous tissue. Enzymes are color-coded according to the fold

change as determined by the differential abundance analysis in (A).

(legend continued on next page)
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We then asked whether Sgpl1-edited BMDMs promote anti-

tumor immunity in vivo. To test this, we mixed MC38 tumor cells

together with Sgpl1-edited BMDMs in a 1:1 ratio and co-injected

them into wild-type recipient mice (Figure 3J). As a benchmark,

we performed the same experiments with Dab2-edited BMDMs

(editing efficiency of 67%, Figure S3H), which are known to

have an anti-tumor effect. After 1 week, Sgpl1-edited BMDMs

significantly inhibited tumor growth compared with control

BMDMs (Figure 3J). The extent of tumor growth inhibition was

comparable to Dab2-edited BMDMs. Taken together, our data

indicate that macrophages upregulate SGPL1 in tumors, which

in a mouse model reduced their inflammatory response, and

impaired their anti-tumor activity.

Tumor NK cells upregulate AFAP1L2
A differential abundance analysis between proteomes of NK

cells isolated from liver and tumor tissues identified four proteins

that were increased in tumor NK cells (Log2 fold change > 2; p

value < 0.01): AKR1B10, GLUL, IGHMBP2, and AFAP1L2

(Figures 4A and 4B). A further comparison with blood NK cells re-

vealed that only the potential HCC marker protein AKR1B10,

which was also enriched in TAMs (Figures 3A and 3B), and

AFAP1L2, a cytosolic signaling scaffold protein,37 were specif-

ically upregulated in tumor-infiltrating NK cells. Interestingly, in-

spection of a previously published human immune cell proteome

atlas38 revealed that AFAP1L2was exclusively expressed in acti-

vated NK cells, while it was not present in resting NK cells or any

other immune cell type at steady state or upon canonical activa-

tion (Figure S4A). Taken together, AFAP1L2 is upregulated in

activated, tumor-infiltrating NK cells.

AFAP1L2 is induced in TILs likely due to chronic
stimulation
We next analyzed T cells by flow cytometry and found that only

one-third of HCC patients displayed a high frequency of PD1+

CD8+ T cells in tumors (Figure 4C). 14 out of 15 of these patients

had a viral etiology of disease (HBV or HCV), while 22 out of 36 of

the PD-1neg/low patients had a non-viral etiology of disease. We

then compared proteomes of CD8+ tumor-infiltrating lympho-

cytes (TILs) of which greater than 60% were PD-1+ (10 patients)

to proteomes of CD8+ TILs of which less than 20% were PD-1+

(15 patients). This differential abundance analysis revealed 22

proteins that were strongly upregulated in CD8+ TILs with a

high frequency of PD-1+ T cells (log2 fold change > 3, p

value < 0.01) (Figures 4D and 4E). This signature that correlated

with high PD-1 expression included the nuclear factor TOX,

which promotes T cell exhaustion,39–41 the surface protein

CD38, which is a marker for dysfunctional T cells,42 as well as

UBASH3B (STS2), a negative regulator of TCR signaling.43 Inter-

estingly, several proteins associated with proliferation were up-

regulated, such as seven DNA replication licensing factors

(MCM2-7), SMC2, a central component of the condensin com-

plex, and the proliferation marker Ki-67 (Figures 4D and 4E).
(D) FACS-purified CD4+ and CD8+ T cells, CD14+ monocytes/macrophages, as w

plots show the number of identified proteins in each sample.

(E) Boxplots showing the abundance of CD4, CD8, CD56, and MRC1 protein in

resents a sample from a different patient. See also Figure S2C.
Consistent with the notion that PD-1 marks proliferating

T cells, we recovered significantly more CD8+ T cells from tu-

mors when the percentage of CD8+ T cells expressing PD-1

was high (Figure 4F). These data suggest that PD-1+ CD8+

T cells in HCC tumors can be highly proliferative, consistent

with previous observations in melanoma tumors.13

We asked which of the 22 PD-1-associated signature proteins

were induced by T cell activation. For this, we isolated naive

CCR7+CD45RA+ CD8+ T cells from the blood of four healthy do-

nors, activated them with plate-bound antibodies to CD3 and

CD28 for 48 h, and then cultured them for an additional 48 h. Sam-

pleswere collected after increasing timesandanalyzedbyLC-MS

(Table S4).We found that the abundance of 19 out of the 22 ‘‘PD-1

signature proteins’’ was strongly increased after T cell activation

(Figure 5A). However, TOX, LMCD1, and AFAP1L2 were either

not detected or only at very low levels, suggesting that their pres-

ence in tumor-infiltrating T cells was not a consequence of the ca-

nonical T cell activation program.

Because tumor-specificCD8+TILsarechronically stimulatedat

the tumor site, we hypothesized that TOX, LMCD1, and AFAP1L2

might be induced upon chronic stimulation. To test this, we

continuously stimulated naive CD8+ T cells for 14 days with

plate-bound antibodies to CD3 and CD28. For comparisons, we

activated naive CD8+ T cells for only 3 days and then either

cultured them for 11 days or re-stimulated them after 8 days (Fig-

ure 5B). Markers associatedwith T cell exhaustion such as CD39,

PD-1, TIM-3, and LAG3were consistently increased in chronically

stimulated T cells when analyzed by flow cytometry (Figures 5B

and S4B), indicating that upon extensive in vitro stimulation,

CD8+ T cells acquired phenotypic properties similar to TILs.

We then analyzed transiently activated, re-activated, and

chronically stimulated T cells by proteomics and found that the

19 ‘‘PD-1 signature proteins’’ that were upregulated by T cell

activation were maintained at similar abundances following

chronic stimulation (Figure 5C, Table S5). Out of the three pro-

teins (TOX, LMCD1, and AFAP1L2) that were not induced upon

transient activation, AFAP1L2 was strongly induced upon

chronic stimulation (Figure 5C). We estimated protein copy

numbers in CD8+ T cells and found that transiently activated

T cells contained close to zero AFAP1L2 protein copies (Fig-

ure 5D). However, re-activated T cells contained �100,000

copies of AFAP1L2 protein, and chronically stimulated cells

had �300,000 copies (Figure 5E). Consistent with this, we

observed only background levels of AFAP1L2 mRNA in tran-

siently activated CD8+ T cells, but the abundance of AFAP1L2

mRNAs was considerably higher in re-activated T cells and

further increased upon chronic stimulation (Figure 5F, Table S6).

Since AFAP1L2 is only expressed in T cells upon repeated

stimulation, it could serve as a specific target to exclusively rein-

vigorate chronically stimulated T cells at the tumor site. We

analyzed publicly available single-cell RNA-seq datasets of

CD4+ and CD8+ T cells isolated from tumors of patients with

HCC,12 colorectal cancer,44 and non-small cell lung cancer.45
ell as NK cells from blood, liver, and tumor tissue were analyzed by LC-MS. The

different cell types isolated from blood, liver, and tumor tissue. Each dot rep-
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In all cancer types, AFAP1L2 was present in clusters of PD-1+

CD8+ T cells that express exhaustion markers such as LAG3,

TIM-3, and CD39 (Figure S4C). Notably, these exhaustion

markers were also found in CD4+ Tregs, whereas AFAP1L2

was exclusively found in exhausted CD8+ T cells. Collectively,

these data indicate that AFAP1L2 is induced in repeatedly stim-

ulated CD8+ T cells across different cancer types. Since the

function of AFAP1L2 in T cells was unknown, we next character-

ized its functional impact.

AFAP1L2 impairs T cell viability upon chronic
stimulation
Upon chronic stimulation by tumor antigens, T cells undergo

apoptosis, which plays a critical role in establishing tumoral

immune resistance.46 Since AFAP1L2 is a cytosolic signaling

scaffold protein involved in the regulation of cell proliferation

and survival,37 we asked whether ablation of AFAP1L2 influ-

ences proliferation and viability of CD8+ T cells. We ablated

AFAP1L2 by CRISPR-Cas9 in primary human CD8+ T cells us-

ing two different sgRNAs (editing efficiency of 77% and 59%,

respectively, Figure S5). To analyze proliferation, we labeled

T cells with CellTrace Violet (CTV), stimulated them for 5 days

with antibodies to CD3 and CD28, and analyzed cells by flow

cytometry. We did not observe any differences in proliferation

(Figure 5G). Next, we chronically activated T cells for 8 and

12 days and subsequently quantified the number of live CD8+

T cells by flow cytometry. Strikingly, upon chronic stimulation,

the number of live AFAP1L2-edited CD8+ T cells doubled

across both sgRNAs (Figure 5H). Thus, AFAP1L2 does not

impact proliferation but promotes cell death of chronically stim-

ulated T cells and may therefore have a negative effect on tu-

mor control.

Knockout of Afap1l2 in murine T cells improves anti-
tumor functions
To study whether AFAP1L2 plays a role in the T cell response to

tumors, we usedCD8+OT-I T cells, which have a transgenic TCR

recognizing the ovalbumin (Ova)-derived SIINFEKL peptide pre-

sented on the MHC-I allele H-2Kb (Figure 6A). Freshly isolated

OT-I T cells were activated with plate-bound antibodies to CD3

and CD28, and after 24 h, they were electroporated with a

plasmid encoding Cas9, GFP, and a sgRNA targeting Afap1l2.47
Figure 3. TAMs upregulate SGPL1, which impedes their inflammatory

(A) Volcano plot from differential abundance analysis (two-tailed Welch’s t test) be

33) and tumorous liver tissue (n = 38). Proteins that are most strongly upregulate

(B) Heatmap showing the abundance of proteins that are significantly upregulat

rophages.

(C) Estimates of protein copy numbers (mean of n = 38) are plotted against mRN

change of selected proteins between liver macrophages and TAMs. The ratios o

(D) Volcano plot from differential abundance analysis (two-tailed Welch’s t test) b

macrophages (IL-4 + IL-13) (n = 4). Proteins that are upregulated in TAMs are sho

macrophages. See also Figure S3F.

(E) Schematic of the procedure to generate knockout BMBMs.

(F–I) BMDMs from Rosa-Cas9 mice were lentivirally transduced with a non-targe

BMDMs were left untreated or were stimulated with LPS + IFN-g. After 16 h, CD

cytometry and secreted IL-12 by ELISA (I).

(J) 1 week after co-injecting BMDMs and MC38 cells (500,000 cells, each), tumor

graphs and were determined using a two-tailed t test. Bars represent means ± S
After 24 h, GFP+ OT-I T cells were sorted, and the gene editing

efficiency was assessed by TIDE analysis. We used two different

sgRNAs to disrupt the Afap1l2 gene (editing efficiency: 58% and

42%, Figure S6A). Upon chronic stimulation, the number of live

Afap1l2-edited OT-I T cells increased 2-fold compared to non-

targeting controls, phenocopying our observations in primary

human T cells (Figure S6B).

Next, Afap1l2-edited OT-I T cells were re-stimulated for 48 h

and then transferred into C57BL/6 mice with established

B16.OVA tumors, which are recognized by OT-I T cells. 5 days

later, we analyzed tumor infiltrates by flow cytometry and found

that Afap1l2-edited OT-I T cells were more abundant in tumors

than control OT-I T cells (18% vs. 10% of total CD8+ T cells in tu-

mors) (Figures 6B and 6C), indicating that Afap1l2-edited T cells

mounted amore robust response. An intracellular cytokine stain-

ing of tumor-infiltrating T cells showed that the percentage of

Afap1l2-edited OT-I T cells producing TNFa and IFN-gwas twice

as high as in controls (Figures 6D and 6E). Taken together, these

data indicate that Afap1l2 knockout increases both the quantity

and potency of the anti-tumor T cell response.

When we followed B16.OVA tumor sizes over time, we

found that Afap1l2-edited OT-I T cells mounted a superior

anti-tumor response than control T cells. The effect was

persistent across two different sgRNAs targeting Afap1l2

(Figures 6F and 6G). We additionally treated mice with PD-

L1 blocking antibodies and found that PD-L1 blockade com-

bined with ablation of Afap1l2 in T cells synergistically reduced

tumor growth and significantly increased the survival of mice

(Figures 6H and 6I).

To extend our analysis to a different tumor type, we used the

MC38-OVA model. MC38-OVA tumors induce a strong endoge-

nous T cell response and are completely eradicated upon trans-

fer of OT-I T cells. Since this setting does not allow analyzing the

impact of Afap1l2 ablation in T cells on tumor growth, we used

Cd3e�/� mice48 that lack all endogenous T cells. MC38-OVA tu-

mor cells were subcutaneously injected into Cd3e�/� mice, and

after 5 days, either control or Afap1l2-edited OT-I T cells were

adoptively transferred. Under these conditions, Afap1l2-edited

OT-I T cells had a superior anti-tumor activity than control OT-I

T cells (Figure 6J). In summary, we found that chronically stimu-

lated CD8+ T cells induce AFAP1L2, which when ablated im-

proves their anti-tumor functions.
anti-tumor functions

tween proteomes of macrophages isolated from non-tumorous liver tissue (n =

d in tumor macrophages are highlighted.

ed in TAMs across all samples from blood monocytes, liver, and tumor mac-

A copy numbers of TAMs (mean of n = 3). The color code represents the fold

n top of the graph indicate the protein-per-mRNA ratio.

etween proteomes of in vitro polarized M1 macrophages (LPS + IFN-g) and M2

wn as black dots. THY-1 and AKR1B10 were not identified in in vitro polarized

ting control (NTC) sgRNA or with two different sgRNAs targeting Sgpl1. Then,

86 (F), intracellular IL-6 (G), and intracellular IL-12 (H) were analyzed by flow

sizes were measured. (F–J) P values and the number of samples are shown in

EM; two independent experiments.
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Figure 4. PD-1+ T cells in tumors with dysfunctional properties upregulate AFAP1L2

(A) Volcano plot from differential abundance analysis (two-tailed Welch’s t test) between proteomes of NK cells isolated from liver and tumor tissue.

(B) Boxplots showing abundance of selected proteins in NK cells isolated from blood, liver, and tumor tissue. Each dot represents a sample from a different

patient.

(C) Heatmap showing the percentage of PD-1 in CD4+ and CD8+ T cells isolated from blood, liver, and tumor tissue of HCC patients as determined by flow

cytometry. Contour plots on the right side show an example of the PD-1 staining for patient HCC25.

(D) Volcano plot from differential abundance analysis (two-tailed Welch’s t test) between proteomes of CD8+ T cells with a high (>60%, n = 10) and low (<20%,

n = 15) percentage of PD-1.

(legend continued on next page)
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DISCUSSION

While current immunotherapies have shown clinical activity in

HCC patients, the majority of patients fail to respond.17 There-

fore, it is important to identify molecular mechanisms that

contribute to immunosuppression in tumors. In this study, we

generated a comprehensive proteomics dataset on cancer cells,

macrophages, NK cells, and T cells from an HCC patient cohort.

Our data captured known aspects of tumor immunology and

provided new insights into the behavior of macrophages NK cells

and T cells in tumors.

We usedmass spectrometry-based proteomics to profile fluo-

rescence-activated cell sorting (FACS)-sorted immune cells iso-

lated from blood, liver tissue, and tumors. During the isolation

procedure, tissues are mechanically dissociated and enzymati-

cally digested, which can lead to the degradation of mRNAs

and to a lesser extent of proteins. While RNA degradation can

lead to artifactual changes in transcriptomes, protein degrada-

tion isminimal and has little impact on proteomicmeasurements,

with the exception of enzymatically digested membrane pro-

teins.49 While measuring transcripts is typically used as a proxy

for protein abundance, MS allows the direct quantification of

proteins, including those that are not synthesized in a cell but

taken up from the surrounding environment.

Our proteome data showed that liver tumors largely alter the

phenotype of macrophages. Similar observations were previ-

ously made in liver, endometrial, breast, and lung cancer by em-

ploying transcriptomics.50–52 We found that tumor macrophages

in HCC displayed the GPI-anchored protein THY-1 on their cell

surface. Tumor macrophages did not express THY-1 mRNA

but acquired the protein from the HCC tumor microenvironment.

Interestingly, a study in a breast cancer model showed that

THY-1 is upregulated in cancer stem cells (CSCs) and mediates

physical interactions with tumor macrophages. This interaction

allows tumor macrophages to create a CSC niche.53 THY-1 is

also expressed on activated endothelial cells, where it mediates

the adhesion of monocytes via its counter receptor CD11B

(MAC1).54 It is possible that during these interactions, macro-

phages extract THY-1 from the membrane of endothelial cells

or CSCs, thus shaping the macrophage phenotype within

the TME.

In TAMs isolated from liver tumors, SGPL1 protein was

strongly enriched. Inspection of published single-cell RNA-seq

data of macrophages isolated from HCC tumors52 showed that

SGPL1 mRNA was present in tumor macrophages but was not

as strongly enriched as in our proteome dataset. SGPL1 de-

grades the signaling sphingolipid S1P in the membrane of the

endoplasmic reticulum and is crucial for S1P homeostasis.

S1P can be exported from cells, where it interacts with S1P re-

ceptors (S1PRs). S1PRs mediate a broad range of cellular func-

tions, including trafficking of lymphocytes. For example, the

egress of lymphocytes from lymphoid organs is dependent on

S1P receptor 1 (S1PR1). Lymphocytes expressing S1PR1
(E) Heatmap showing the relative abundance (Z score) of selected proteins in C

analysis in (D).

(F) Number of CD8+ T cells that were isolated and FACS-purified from HCC tumor

T cells as determined in (C). The p value is indicated in the graph and was deter
migrate toward S1P, whose concentration is low in lymphoid or-

gans but high in the blood and lymphatics.55 In Sgpl1�/� mice,

S1P concentrations in lymphoid organs are increased, which in-

hibits the egress of lymphocytes from lymphoid organs, causing

a decrease in the number of circulating lymphocytes.56 Extracel-

lular and intracellular S1P can activate the NF-kB pathway,

which inhibits apoptosis in myeloid cells and enhances cytokine

production.57 For example, Sgpl1�/� mice exhibit higher con-

centrations of inflammatory cytokines in their sera in response

to an LPS challenge.58

In line with an inflammatory phenotype of Sgpl1�/� mice, we

found that BMDMs in which we ablated Sgpl1 produced more

of the inflammatory cytokines IL-6 and IL-12. The resultant in-

flammatory phenotype may be a consequence of accumulating

S1P, which either acts on S1PRs or through intracellular

signaling pathways.59 Strikingly, Sgpl1-deficient BMDMs had

improved anti-tumor activity, suggesting that SGPL1 and S1P

metabolism are potential therapeutic targets to improve anti-

tumor immunity. Systemic targeting of SGPL1 may likely cause

side effects, given that Sgpl1�/� mice show immunological al-

terations and have a reduced lifespan.58 As such, a safer

approach might be to target SGPL1 specifically in tumor

macrophages, for example, by using macrophage-targeting

nanoparticles.60

Our analyses of T cell proteomes in HCC revealed that

AFAP1L2 was uniquely expressed in CD8 TILs in a subset of pa-

tients with high percentages of PD1+ TILs, indicative of highly

stimulated and proliferative T cells within the TME. These cells

also expressed several inhibitory receptors and CD39, and

thereforemost likely recognize tumor antigens.13,61,62Mechanis-

tically, we validated that AFAP1L2 is induced in CD8+ T cells only

upon repeated triggering of the TCR. Genetic ablation of Afap1l2

in murine CD8+ T cells improved their survival and anti-tumor ac-

tivity and had synergistic effects with PD-L1 blocking antibodies

in the clearance of tumors. This suggests that AFAP1L2 is a po-

tential target for T cell-based cancer immunotherapies to treat

patients with HCC and other types of tumors.

Since AFAP1L2 reduces T cell survival and effector functions,

it operates as a checkpoint to blunt the escalation of immune re-

sponses. As AFAP1L2 is expressed only in chronically stimu-

lated T cells, its ablation does not interfere with T cell activation,

and thus it is a promising target specific to dysfunctional T cells.

Being an intracellular scaffold protein, AFAP1L2 is not acces-

sible to blocking antibodies. Therefore, AFAP1L2 must be tar-

geted through different strategies. For example, it could be tar-

geted systemically with small molecule degraders, which

harness the ubiquitin proteasome system to selectively target

intracellular proteins.63 Since adult Afap1l2�/� mice do not

show any significant anatomical and physiological pheno-

types,64 it is likely that systemic degradation of AFAP1L2 would

have limited toxicity.

An additional therapeutic application of our findings would

be to genetically ablate AFAP1L2 in CAR T cells to improve
D8+ T cell proteome samples of individual patients based on the differential

s compared in (D). Dots are color-coded according to the percentage of PD-1+

mined using a two-tailed t test.
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their anti-tumor function. Such interventions are crucial for next-

generation CAR T cells, because T cell dysfunction is a major

contributor to ineffective CAR T cell therapy in solid tumors.65,66

CAR T cell dysfunction has recently been associated with a tran-

sition toward an NK-like phenotype.67 Consistent with this

notion, we found that AFAP1L2 is only expressed in chronically

stimulated T cells and NK cells. Whether AFAP1L2 has similar

functions in NK cells remains to be determined.

AFAP1L2 is a scaffold protein that can bind to c-Src-contain-

ing proteins and PI3K through its proline-rich domain, and it

can bind to lipids within membranes through its two pleckstrin

homology domains.37 The 818-amino-acid-long protein also

contains a coiled-coil domain with unknown function. In gen-

eral, scaffold proteins dynamically interact with different part-

ners and shape cell behavior.68 Notably, the functions of

AFAP1L2 are cell type specific since it curtails the survival of

chronically stimulated T cells but has the opposite effect in

cancer cells. Previous reports showed that silencing of

AFAP1L2 in thyroid and lung cancer cells inhibits cell-cycle

progression and survival.69,70 Consistent with these observa-

tions, we found that ablation of AFAP1L2 in renal (CAKI1) and

pancreatic (CAPAN-2) cancer cell lines inhibited their growth

(data not shown). Thus, systemic targeting of AFAP1L2 would

potentially enhance the activity of chronically stimulated

T cells and directly inhibit the growth of cancer cells. How

AFAP1L2 controls survival and growth in different cell types re-

mains to be determined.

In summary, our study provides a rich dataset on cancer and

immune cell proteomes across a relatively large cohort of pa-

tients with HCC. Our findings uncovered new mechanisms un-

derlying T cell dysfunction and mechanisms by which macro-

phages impede tumor control. These insights are critical for

advancing cancer immunotherapy.

Limitations of the study
In this study, surgically resected liver and tumor tissue was

entirely used for immune cell extraction, and no histopatholog-

ical images were taken to exclude the possibility of microtumors

in samples designated as non-tumorous. To confirm correct

classification of tumorous and non-tumorous tissue, we relied

on the analysis of their proteomes, which showed that they

had a clearly distinct profile. However, since we did not assess

the ratio of cancer cells to tumor stroma in patient samples,
Figure 5. AFAP1L2 is upregulated in chronically activated T cells and b
(A) FACS-purified naive CD8+ T cells from four healthy donorswere either analyzed

and CD28. Heatmap shows the abundance of proteins that were significantly upre

(see Figure 4). Each column represents a different donor.

(B) Schematic of the activation conditions of naive CD8+ T cells and flow cytome

Figure S4B for quantifications.

(C) Naive CD8+ T cells were activated as indicated in the schematic in (B) and th

where each column represents a different donor.

(D) Plot shows AFAP1L2 protein copy numbers at different time points following

(E) AFAP1L2 protein copy numbers in CD8+ T cells following different activation

(F) Same as in (E) but T cells were analyzed by RNA-seq, and AFAP1L2 mRNA c

(G) NTC and AFAP1L2-edited CD8+ T cells were labeled with CTV and then stim

intensity) was followed by flow cytometry over the time course of 5 days. n = 9 f

(H) NTC andAFAP1L2-edited CD8+ T cells were stimulatedwith plate-bound anti-C

quantified by flow cytometry. n = 5 from five donors. Two-tailed t test.
some differences between tumorous and non-tumorous tissue

might be masked.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human CCR7 BV421 (clone G043H7) Biolegend Cat#353208; RRID:AB_11203894

Human CD45RA QdotTM 655 (clone MEM-

56)

ThermoFisher Cat#Q10069; RRID:AB_2556451

Human CD8 Super Bright 600 (clone RPA-

T8)

ThermoFisher Cat#63-0088-42; RRID:AB_2637470

Human CD4 PE-Cy7 (clone SK3) BD Biosciences Cat#557852; RRID:AB_396897

Human CD14 V500 (clone M5E2) BD Biosciences Cat#561392; RRID:AB_10611862

Human PD1 BV785 (clone EH12.2H7) Biolegend Cat#329930; RRID:AB_2563443

Human CD56 PE-Cy5 (clone N901) Beckman Coulter Cat#A07789; RRID:AB_1575976

Human CD19 PE-Texas Red (clone Sj25-

C1)

ThermoFisher Cat#MHCD1917; RRID:AB_10372040

Human CD39 BV421 (clone A1) Biolegend Cat#328214; RRID:AB_2564575

Human TIM3 PE-Vio770 (clone REA635) Miltenyi Biotec Cat#130-121-334; RRID:AB_2784165

Human CD223 (LAG3) PE (clone 3DS223H) ThermoFisher Cat#12-2239-42; RRID:AB_2572597

Human CD3 (clone TR66) In house Lanzavecchia and Scheidegger71

Human CD28 (clone CD28.2) BD Biosciences Cat#555725; RRID:AB_396068

Human HLA-DR PE-Cy5 (clone Immu-357) Beckman Coulter Cat#A07793

Human CD80 APC (clone 2D10.4) ThermoFisher Cat#17-0809-42; RRID:AB_2802217

Human CD86 FITC (clone REA968) Miltenyi Biotec Cat#130-116-262; RRID:AB_2727435

Human CD163 APC (clone GHI/61) ThermoFisher Cat#17-1639-41; RRID:AB_2573167

Human CD206 PE-Cy7 (clone 19.2) ThermoFisher Cat#25-2069-41; RRID:AB_2573425

Human CD45 PerCP-Vio700 (clone

REA747)

Miltenyi Biotec Cat#130-110-774; RRID:AB_2658252

Human CD11b APC-Vio770 (clone REA713) Miltenyi Biotec Cat#130-110-614; RRID:AB_2654674

Human THY1 PE (clone 5E10) ThermoFisher Cat#12-0909-42; RRID:AB_10670624

Mouse CD3ε (clone 145-2C11) ThermoFisher Cat#14-0031-85; RRID:AB_467050

Mouse CD28 (clone 37.51) ThermoFisher Cat#14-0281-85; RRID:AB_467191

InVivoPlus anti-mouse PD-L1 (clone

10F.9G2)

Bio X Cell Cat#BP0101; RRID:AB_10949073

Mouse CD8a Super Bright 702 (clone

53-6.7)

ThermoFisher Cat#67-0081-82; RRID:AB_2662351

Mouse CD45.1 Super Bright 436 (clone

A20)

ThermoFisher Cat#62-0453-82; RRID:AB_2734990

Mouse CD45.2 PerCP-Cy5.5 (clone 104) ThermoFisher Cat#45-0454-82; RRID:AB_953590

Mouse PD1 PE (clone RMP1-30) ThermoFisher Cat#12-9981-82; RRID:AB_466290

Mouse CD336 (TIM3) PE-Cy7 (clone RMT3-

23)

ThermoFisher Cat#25-5870-82; RRID:AB_2573483

Mouse CD223 (LAG-3) FITC (clone C9B7W) ThermoFisher Cat#11-2231-82; RRID:AB_2572484

Mouse IFNg FITC (clone XMG1.2) ThermoFisher Cat#11-7311-82; RRID:AB_465412

Mouse TNF APC (clone MP6-XT22) ThermoFisher Cat#17-7321-82; RRID:AB_469508

Mouse F4/80 eFluor 506 (clone BM8) ThermoFisher Cat#48-4801-80; RRID:AB_1548756

Mouse CD86 Super Bright 702 (clone GL1) ThermoFisher Cat#67-0862-82; RRID:AB_2717155

Mouse IL6 eFluor 450 (clone MP5-20F3) ThermoFisher Cat#48-7061-82; RRID:AB_2574103

Mouse IL-12/IL-23 p40 PE (clone C17.8) ThermoFisher Cat#12-7123-82; RRID:AB_466185

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Peripheral blood, liver tissue and tumor

tissue samples from Hepatocellular

Carcinoma patients.

Department of Medical and Surgical

Sciences - DIMEC; Alma Mater Studiorum -

Univeristy of Bologna, Bologna, Italy;

Morgagni-Pierantoni Hospital, Ausl

Romagna, Forlı̀, Italy (study 750/2016).

N/A

Peripheral blood, liver tissue and tumor

tissue samples from Hepatocellular

Carcinoma patients

Department of Surgery, Medical Faculty

Mannheim, Universitätsmedizin Mannheim,

Heidelberg University, Mannheim, Germany

(study 2012-293N-MA)

N/A

Peripheral blood, liver tissue and tumor

tissue samples from Hepatocellular

Carcinoma patients

Department of Visceral, Thoracic and

Vascular Surgery, University Hospital Carl

Gustav Carus, University of Technology

Dresden, Dresden, Germany (study EK

76032013)

N/A

Buffy coats from Healthy Donors as source

of primary T cells and monocytes.

Swiss Blood Donation Center of Basel and

Lugano, Switzerland. (Authorization 2018-

02166/CE 3428)

N/A

Chemicals, peptides, and recombinant proteins

RPMI-1640 Gibco Cat#42401-018

DMEM Gibco Cat#31885-023

McCoy’s 5A ATCC Cat#30-2007

Phenol Red-free RPMI-1640 Gibco Cat#11835-063

EDTA-pH8 (0.5 M) ITW Reagents Cat#A3145

Fetal Bovine Serum (FBS) Gibco Cat#10270-106

DPBS Sigma-Aldrich Cat#D8537

MEM Non-essential amino acids (NEAA) Gibco Cat#11140-035

Penicillin-Streptomycin Gibco Cat#15070-063

GlutaMAXTM Gibco Cat#35050-038

2-Mercaptoethanol 50 mM Gibco Cat#31350-010

HEPESHepes Buffer Solution (1M) Gibco Cat#15630-056

Sodium Pyruvate (100 mM) Gibco Cat#11360-039

0.05% Trypsin-EDTA Gibco Cat#25300-054

Ficoll-PaqueTM PLUS Cytiva Cat#17144003

Ammonium bicarbonate Sigma-Aldrich Cat#A6141

Urea Sigma-Aldrich Cat#51456

Dithiothreitol (DTT) Sigma-Aldrich Cat#D0632

Iodoacetamide Sigma-Aldrich Cat#I6125

Lysyl EndopeptidaseR (Lys-C) Fujifilm Wako Cat#129-02541

Sequencing Grade Modified Trypsin Promega Cat#V5111

Water (OptimaTM LC/MS) Fisher Chemical Cat#11947199(W6-4)

Acetonitrile (OptimaTM LC/MS) Fisher Chemical Cat#10489553

PierceTM Trifluoroacetic Acid, LC-MS grade ThermoFisher Cat#85183

Acetic acid Merck Cat#1.00063

Formic Acid, 99% OptimaTM LC/MS Grade Fisher Chemical Cat#A117-50

PK20 Empore C18 Octadecyl 47mm (C18-

silica)

Sigma-Aldrich Cat#66883-U

Reprosil-Pur 120 C18-AQ 1.9um (C18

particles)

Dr. Maisch GmbH Cat#r119.aq.0003

NP-40 Surfact-AmpsTM Detergent Solution ThermoFisher Cat#85124

Tris hydrochloride Roche Cat#10812846001

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

cOmpleteTM ULTRA Tablets Merck Cat#5892953001

Human recombinant interleukin-2

(transfected J588L cell supernatant)

In house N/A

Recombinant human interleukin-2 Sino Biological Cat#11848-HNAH1-E

Zombie Green Fixable Viability Kit Biolegend Cat#423111

Zombie UV Fixable Viability Kit Biolegend Cat#423107

CellTraceTM Violet Cell Proliferation Kit ThermoFisher Cat#C34557

CellTraceTM Far Red Cell Proliferation Kit ThermoFisher Cat#C34564

CellTraceTM CFSE Cell Proliferation Kit ThermoFisher Cat#C34554

QuickExtract DNA Extraction Solution Lucigen Cat#QE0905T

PEI MAXTM (MW 40,000) Polysciences Cat#24765-100

Recombinant human M-CSF Sino Biological Cat#11792-HNAH

Recombinant human GM-CSF Sino Biological Cat#10015-HNAH

Recombinant human IL-4 Sino Biological Cat#11846-HNAE

Recombinant human IL-13 Sino Biological Cat#10369-HNAC

Recombinant human IFNɣ Sino Biological Cat#11725-HNAS

LPS-EB Ultrapure InvivoGen Cat#tlrl-3pelps

ACK Lysing Buffer Gibco Cat#A10492-01

Mouse recombinant M-CSF (L929-

conditioned media)

In house N/A

Puromycin InvivoGen Cat#ant-pr-1

Recombinant mouse IFNɣ Sino Biological Cat#50709-MNAH

Collagenase D Roche Cat#11088866001

DNAse I grade II Roche Cat#10104159001

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat#P1585

Ionomycin Sigma-Aldrich Cat#I0634

Brefeldin A ThermoFisher Cat#00-4506-51

Monensin ThermoFisher Cat#00-4505-51

True-NuclearTM Transcription Factor Buffer

Set

Biolegend Cat#424401

Critical commercial assays

Mouse IL-12 p70 DuoSet ELISA kit R&D Systems Cat#DY419-05

GenEluteTM Mammalian Total RNA

Miniprep Kit

Sigma-Aldrich Cat#RTN70

PrimeFlowTM RNA Assay Kit ThermoFisher Cat#88-18005-204

Phusion High-Fidelity PCR Master Mix ThermoFisher Cat#F531L

EasySepTM Mouse CD8+ T Cell Isolation Kit STEMCELLTechnologies Cat#19853

Neon Transfection System ThermoFisher Cat#MPK5000

Neon 100 uL transfection kit ThermoFisher Cat#MPK10096

CD8 MicroBeads Miltenyi Cat#130-045-201; RRID:AB_2889920

CD14 MicroBeads Miltenyi Cat#130-050-201; RRID:AB_2665482

NucleoSpin Extract II kit Macherey Nagel Cat#740609.250

Tumor Dissociation kit Miltenyi Cat#130-095-929

Deposited data

Proteomics data ProteomeXchange Consortium (PRIDE

partner repository)

PXD040957

RNA-seq data CD14+ cells from HCC

patients

Gene Expression Omnibus GSE229400

RNA-seq data chronically stimulated T cells Gene Expression Omnibus GSE228571

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Mouse: B16.OVA Dr. Matteo Bellone (San Raffaele Scientific

Institute, Milan)

Bellone et al.72

Original B16 cell line in ATCC:

Cat#CRL-6323TM

Mouse: MC38.OVA Dr. Walter Reith (University of Geneva,

Geneva)

N/A

Mouse: MC38 Dr. Walter Reith (University of Geneva,

Geneva)

N/A

Mouse: L929 ATCC Cat#CCL-1TM

Human: Caki-1 ATCC Cat#HTB-46TM

Human: Capan-2 ATCC Cat#HTB-80TM

Experimental models: Organisms/strains

Mouse: C57BL/6 Charles River Cat#000664, RRID:IMSR_JAX:000664

Mouse: Cd3e-/- C57BL/6 Malissen et al.48 N/A

Mouse: ROSA-Cas9 mice: (B6(C)-

Gt(ROSA)26Sorem1.1(CAG-cas9*,-EGFP)

Rsky/J)

The Jackson Laboratory Cat#028555, RRID:IMSR_JAX:028555

Mouse: Rag-/- CD45.1 OT-1: crossing of

B6.129S7-Rag1tm1Mom/J, C57BL/6-

Tg(TcraTcrb)1100Mjb/J and B6.SJL-Ptprca

Pepcb/BoyJ strains.

Dr. Fabio Grassi (IRB, Bellinzona) Original strains from Jackson Lab:

Cat#002216, RRID:IMSR_JAX:002216 ;

Cat#003831, RRID:IMSR_JAX:003831;

Cat#002014, RRID:IMSR_JAX:002014

Oligonucleotides

sgRNA and genomic PCR Primers see

Table S7

Microsynth AG N/A

THY1 mRNA detection probe, type 1 ThermoFisher Cat#VA1-12482-PF

GAPDH mRNA detection probe, type 6 ThermoFisher Cat# VA6-10337-PF

Recombinant DNA

pSpCas9(BB)-2A-GFP (PX458) Addgene Cat#48138; RRID:Addgene_48138

psPAX2 Addgene Cat#12260; RRID:Addgene_12260

pMD2.G Addgene Cat#12259; RRID:Addgene_12259

lentiCRISPR v2 Addgene Cat#52961; RRID:Addgene_103062

pKLV-U6gRNA(BbsI)-PGKpuro-2A-BFP Addgene Cat#50946; RRID:Addgene_50946

Software and algorithms

MaxQuant (version 1.6.7.0) Cox and Mann73; http://www.coxdocs.org/

doku.php?id=maxquant:start

RRID:SCR_014485

R environment for statistical computing https://www.r-project.org/ RRID:SCR_001905

TIDE version 3.3.0 http://shinyapps.datacurators.nl/tide/ N/A

CrispRGold (version 1.1) Max-Delbr€uck-Centrum F€ur Molekulare

Medizin, https://crisprgold.mdc-berlin.de/

N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the LeadContact, Roger Geiger (roger.geiger@irb.

usi.ch).

Materials availability
This study did not generate new unique reagents.
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Data and code availability
d The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE1 partner

repository with the dataset identifier PXD040957.

d The raw count RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession

numbers are GSE229400 for tumor macrophages and GSE228571 for T cells.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human specimens
After obtaining written informed consent, peripheral blood, liver and tumor tissue was obtained from HCC patients undergoing liver

resection at the Ospedale Sant’Orsola (Bologna), Universitätsklinik (Mannheim) and Universitätsklinikum Carl Gustav Carus

(Dresden).

Patient samples
Fresh tumor and adjacent liver tissue samples were cut into approximately 1mm3 pieces in RPMI-1640medium (Invitrogen). Samples

were enzymatically digested using theMACS human Tumor Dissociation kit (Miltenyi Biotec) in a gentleMACSTMDissociator (Miltenyi

Biotec) according to manufacturer’s instructions (protocol for a sample size of 0.2–1.0 g, h_tumor_01 program). Cell suspensions

were filtered through 70 mm Cell-Strainers (BD) in RPMI-1640 medium and then centrifuged at 500 g for 5 min. Cell pellets were re-

suspended in 25 mL RPMI-1640medium. Mononuclear immune cells were separated from tumor and stromal cells by Ficoll gradient

centrifugation (15 mL of Ficoll-Histopaque solution; 18�C, 30 min, 774 g). Mononuclear cells and tumor/stroma pellets were washed

twice with RPMI-1640. Tumor/stroma cell pellets were washed three times with PBS, snap-frozen in liquid nitrogen and kept at -80�C
until processing. Mononuclear immune cells were resuspended in 500 mL MACS buffer (PBS with 2% FBS and 5 mM EDTA), stained

and sorted as indicated in Figure S1A. Monocytes/macrophages, andmemory T cells were sorted using a FACS ARIA III (BD) as indi-

cated in Figure S1A and recovered in RPMI-1640 supplemented with 1X Glutamax, Penicilin/Streptomycin, Non-essential amino

acids and Hepes (GIBCO). Then, cells were washed and resuspended in cold PBS three times before pellets were snap frozen in

liquid nitrogen and kept at -80�C.
Peripheral blood was obtained from patients prior to surgery in EDTA tubes. Then, immune cells were obtained by Ficoll gradient

centrifugation (5 mL of blood on top of 3 mL of a Ficoll-Histopaque solution). Mononuclear cells were washed and stained for sorting

as shown in Figure S1A.

Mice
Wild type C57BL/6 mice were obtained from Charles River (Italy). CD3e-/- mice were kindly provided by Dr. Bernard Malissen (CIML,

Marseille) and have been described previously.48 Rag-/- HZ OT-1 mice were obtained by crossing three different strains obtained

from Jackson Laboratory: B6.129S7-Rag1tm1Mom/J, C57BL/6 Tg(TcraTcrb)1100Mjb/J and B6.SJL-Ptprca Pepcb/BoyJ. Rosa-

Cas9 mice (B6(C)-Gt(ROSA)26Sorem1.1(CAG-cas9*,-EGFP)Rsky/J) were from Jackson Laboratory. Mice were maintained under

specific pathogen-free conditions in the animal facility of the Institute for Research in Biomedicine (IRB). Five mice per cage were

housed in ventilated cages under standardized conditions (20±2ºC, 55±8% relative humidity, 12 h light/dark cycle). Food and water

were available ad libitum, andmice were examined daily. Female mice were used between 6 and 10 weeks of age. Mice were treated

in accordance with the Ticino Cantonal Commission for Animal Welfare, which is in accordance with the Animal Welfare Ordinance

and the Animal Experimentation Ordinance from the Swiss Animal Welfare Legislation. Tumor sizes of 1000mm3 was considered the

limit to terminate experiments (cantonal authorization number TI 51/2019).

METHOD DETAILS

High resolution mass spectrometry
For tumor/liver stroma, 2-5 mm3 of each pellet were homogenized in 4% SDS in 100 mM Tris pH 7.6 for 10 min at 300 oscillations/

minute in a TissueLyser II (Qiagen). Samples were further sonicated in a Bioruptor (Diagenode) (15 cycles, 30s on, 30s off, highmode)

and incubated at 95�C for 10 min, after which the lysates were cleared by centrifugation. Proteins were precipitated overnight at

�20�C in 80% acetone (VWR), pelleted by centrifugation at 13,000 rpm for 20 min at 4�C and dried on a heating block at 40�C.
The protein pellets were re-suspended in 50mMammonium bicarbonate buffer (ABC) at pH 8 containing 8M urea (Sigma). For sorted

immune cells, pellets were directly re-suspended in 50 mM ABC 8M urea and lysed by Bioruptor sonication. Disulfide bonds were

reduced with 10mM DTT (Sigma) and subsequently alkylated with 50 mM iodoacetamide (Sigma). Samples were pre-digested for

2 hours with LysC (Wako Fujifilm, 1:100, w/w) and then diluted 1:4 with 50 mM ABC before trypsin (Promega, 1:100, w/w) was added

and themixtures were incubated overnight at RT. The resulting peptidemixtures were acidified and loaded on C18 StageTips74. Pep-

tides were eluted with 80% acetonitrile (ACN), dried using a SpeedVac, and resuspended in 2% ACN, 0.1% trifluoroacetic acid and

0.5% acetic acid for single-shot MS measurement.
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Peptides were separated on an EASY-nLC 1200 HPLC system (Thermo Fisher Scientific, Odense) coupled online to a Q Exactive

HFmass spectrometer via a nanoelectrospray source (Thermo Fisher Scientific). Peptides were loaded in buffer A (0.1% formic acid)

on in house packed columns (75 mm inner diameter, 50 cm length, and 1.9 mmC18 particles fromDr. Maisch GmbH) and eluted with a

linear 150 min gradient of 5%–30% buffer B (80% ACN, 0.1% formic acid) at a flow rate of 250 nl/min and a column temperature of

50�C. The Q Exactive HF was operated in a data-dependent mode with a survey scan range of 300-1,650 m/z, resolution 60,000 at

200 m/z, maximum injection time 20 ms and AGC target 3e6. Up to the ten most abundant ions with charge 2-5 were isolated with a

1.8 m/z isolation window and subjected to higher-energy collisional dissociation (HCD) fragmentation with a normalized collision en-

ergy of 27. MS/MS spectra were acquired with a resolution of 15,000 at 200 m/z, maximum injection time 55 ms and AGC target 1e5.

Dynamic exclusion of 30 s was used to reduce repeated sequencing. Data were acquired with the Xcalibur software (Thermo

Scientific).

MaxQuant software (version 1.6.7.0) was used to analyze MS raw files.75 MS/MS spectra were searched against the human Uni-

prot FASTA database (version June 2019) and a common contaminants database (247 entries) by the Andromeda search engine.76

Enzyme specificity was set as ‘‘Trypsin/P’’ with a maximum of 2missed cleavages and 7 asminimum peptide length. N-terminal pro-

tein acetylation and methionine oxidation were set as variable modifications, and cysteine carbamidomethylation as a fixed modifi-

cation. A false discovery rate (FDR) of 1% was required for peptides and proteins. Peptide identification was performed with an al-

lowed initial precursor mass deviation of up to 7 ppm and an allowed fragment mass deviation of 20 ppm. Nonlinear retention time

alignment of all measured samples was performed in MaxQuant. Peptide identifications were matched across different replicates

within a matching time window of 0.7 min and an alignment time window of 20 min. Protein identification required at least 1 razor

peptide. A minimum ratio count of 1 was required for valid quantification events via MaxQuant’s Label Free Quantification algo-

rithm.77 Data were filtered for common contaminants and reverse peptides, and peptides only identified by side modification

were excluded from further analysis.

Data analysis was performed using the R statistical computing environment. For statistical analyses, missing values were imputed

with a normal distribution of 30% in comparison to the SD of measured values and a 1.8 SD down-shift of the mean to simulate the

distribution of low signal values.

For protein copy number estimations, we assumed total protein mass of 230 pg/cell for BMDMs,78 25 pg/cell for non-stimulated

and 75 pg/cell for stimulated T cells.28

In vitro chronic stimulation of human CD8+ T cells
Human naı̈ve CD8+ T cells were obtained from buffy coats from healthy donors. Total CD8+ T cells were enriched from peripheral

blood mononuclear cells by using CD8 MicroBeads (Miltenyi) following manufacturer’s instructions. Then, enriched CD8+ T cells

were stained with anti-CD45RA Qdot 655 (1/1000, Invitrogen) and anti-CCR7 BV421 (1/80, Biolegend) and naı̈ve CCR7+CD45RA+

T cells were sorted using a FACSAriaIII instrument (BD). Sorted naı̈ve CD8+ T cells were re-suspended in complete RPMI medium

(RPMI-1640, 10% FBS, 1X GlutaMax, 1X Peninicilin/Streptomycin, 1X Hepes, 1X non-essential aminoacids, 1X Sodium Pyruvate,

0.01% b-mercaptoethanol) containing rIL-2 (40 U/mL, made in house) and 150,000 cells per well were stimulated with plate-bound

anti-CD3 (1 mg/mL, clone TR66, made in house) and anti-CD28 antibodies (0.5 ug/mL, BD) in 96-well Nunc Cell Culture Plates

(ThermoFisher). For chronic stimulation, cells were cultured for 14 days in a humified CO2 incubator at 37 C with and cells were split

1:2 every third day and transferred into plates freshly coated with anti-CD3 and anti-CD28 antibodies. For transient activation naı̈ve

CD8+ T cells were stimulated for 3 days and then transferred into 96 U bottom plates and rested in the presence of rhIL-2 only for the

remaining 11 days of culture. For re-stimulation experiments, T cells were activated, rested 8 days, and then re-stimulated from day

11 to 14. At day 14 T cells were collected andwashed. Some cells were stained with Zombie Green viability dye (Biolegend), anti-PD1

BV785 (1/80, Biolegend), anti-CD39BV421 (1/100, Biolegend), anti-TIM3 PE-Vio770 (1/20, Miltenyi) and anti-LAG3 PE (1/50,Miltenyi)

and analyzed on a FACS Symphony A5 (BD). The remaining cells were snap frozen in liquid nitrogen.

RNAseq of chronically stimulated T cells and human CD14+ cells
Frozen cell pellets were re-suspended in lysis buffer from the GenEluteTM Mammalian Total RNA Miniprep Kit (SIGMA). mRNA was

purified followingmanufacturer’s instructions. Then total RNAwas quantified byNanodrop and sequenced at Novogene (Cambridge,

United Kingdom) using an Illumina platform (Eukaryotic Transcriptome Library). For initial quality control of sequencing data, FastQC

(https://www.bioinformatics.ba) and MultiQC2 were used. The reads were trimmed to remove sequencing adapters using Trimmo-

matic3. Transcript abundance estimates for all transcripts were performed using Kallisto4 to generate counts files. Afterwards the

count files were imported to R using the ’tximport’ R package5 and summarized to gene level abundances. Only protein-coding

genes with valid chromosomal mappings were retained.

Isolation of OT-I T cells
OT-I T cells were isolated from spleens of Rag-/- HZ OT-I mice. Spleens were disruptedmechanically inMACS buffer and then filtered

through 40 mm cell strainers (BD). Then, cells were centrifuged 5 min at 500 g 4�C and splenocytes were re-suspended in MACS

buffer at a concentration of 1 x 107 cells per mL. CD8+ OT-I T-cells were isolated using the EasySepTM Mouse CD8+ T Cell Isolation

Kit (StemCell Technologies) followingmanufacturer’s instructions. Purified OT-I T cells (>95%purity) were re-suspended in complete
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RPMI medium supplemented with 10 ng/mL rhIL2 (Sino Biological). Then, OT-I cells were activated with plate-bound anti-CD3ε

(1 mg/mL) and anti-CD28 (0.5 mg/mL) antibodies (Life technologies) 2.2 x106 cells per plated per well of a 24 well plate.

CRISPR-Cas9 targeting of genes of interest in T cells
We followed a protocol that was previously established by Lukas Jeker and colleagues.47,79 FACS-purified T cells (human or mouse)

were activated with plate-bound anti-CD3ε (1 mg/mL) and anti-CD28 (0.5 mg/mL) antibodies. After 24h, T cells were electroporated

with a pSpCas9(BB)-2A-GFP plasmid (PX458, Addgene #48138) in which gRNAs targeting different genes were inserted by Golden

Gate cloning (see Table S7 for gRNA sequences). Using the Neon Transfection System (Invitrogen), 15 mg of plasmid were electro-

porated into 2.2 x 106 24-h activated T cells in 100 mL transfection tips using the following settings: 1550 V, 3 pulses, 10ms for mouse

OT1-I T-cells and 2200 V, 1 pulse, 20 ms for human CD8+ T cells. Control cells were electroporated with a PX458 vector containing a

non-targeting gRNA sequence. After electroporation, T cells were resuspended in complete RPMI supplemented with rhIL-2

(500U/ml) and plated in 24-well plates coatedwith anti-CD3ε (0.5 mg/mL) and anti-CD28 (0.25 mg/mL). Then, GFP+ T cells were sorted

and expanded in complete RPMI medium with rhIL-2 (40 U/mL for human, 10 ng/mL for mouse T-cells) for 7-10 days. Gene editing

efficiency was analyzed by Tracking of Indels by Decomposition (TIDE) analysis35. Briefly, genomic DNA was extracted from control

and edited T cells using QuickExtract (Lucigen) and the target loci were amplified by PCR (see list of primers of genomic PCR in

Table S7). Amplicons were purified using the NucleoSpin Extract II kit (Macherey Nagel) and sent to Microsynth AG (Switzerland)

for Sanger sequencing. Indels and editing efficiency were estimated using the TIDE algorithm by comparing the chromatograms

of control and edited sequences. For in vitro proliferation assays, expanded T cells were stainedwith CellTrace Violet (CTV) according

to manufacturer’s instructions and 100,000 T cells per well (96 well plates) were re-stimulated with plate-bound anti-CD3/anti-CD28

antibodies in the presence of rhIL-2. Cells were analyzed for CTV dilution at different timepoints by flow cytometry (FACS Symphony

A5, BD).

Gene targeting in bone marrow-derived macrophages
Bonemarrow progenitor cells were obtained from the tibiae and femurs of ROSA-Cas9mice and red blood cells were lysed with ACK

Lysing Buffer (Life Technologies). Next, bone marrow cells were incubated at 37�C 5% CO2 for 7 days in complete DMEM medium

(10% FBS, 1X Penicilin/Streptomycin, 1X GlutaMax) supplemented with 20% of L929 conditioned media containing mM-CSF to

induce differentiation towardmacrophages (6 x 104 bonemarrow cells per well in 48-well plates, 1 x 106 cells per well in 6-well plates,

5 x106 cells per 10 cm petri dish). To edit genes of interest we used the lentiviral vector pKLV-U6gRNA(BbsI)-PGKpuro-2A-BFP

(Addgene #50946). Using Golden Gate cloning gRNAs were inserted into the vector (see Table S7 for gRNA sequences). Then,

lentiviral particles were generated by transfecting this plasmid into HEK293 cells together with the lentiviral packaging vectors

psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259). Lentiviral particles were added to bone marrow progenitors two days

after initiating their differentiation towards BMDMs. Five days later (Day 7), medium was removed and adherent BMDMs were

cultured in complete medium containing 6 mg/mL of puromycin (LabForce AG) to select transduced BMDMs. The complete medium

contained 20% L929 conditioned medium. Four days later, BMDMs were detached for in vivo experiments by washing cells with ice

cold PBS followed by incubation in PBS-EDTA (5 mM) at 4�C for 40 minutes.

For quantification of IL-12 in supernatants, BMDMs were stimulated with 100 ng/mL LPS (InvivoGen) plus 50 ng/mL rmIFNg (Sino

Biological) for 16 h and supernatants were collected and frozen at -80�C. To stain intracellular cytokines in BMDMs, cells were stim-

ulated for 16 h with 100 ng/mL LPS (InvivoGen) and 50 ng/mL rmIFNg (Sino Biological) and then cultured additional 5 h with fresh

100 ng/mL LPS and 1X Brefeldin A (ThermoFisher). Then, cells were detached and stained with anti-F4/80 eFluor 506 (1/100,

ThermoFisher), anti-CD86 Super Bright 702 (1/100, ThermoFisher) and anti-MHCII Super Bright 780 (1/500, ThermoFisher) for

30 min at 4�C. Fixation and permeabilization was performed with the True-NuclearTM Transcription Factor Buffer set (BioLegend)

and cells were stained for intracellular cytokines using anti-TNF APC (1/100, ThermoFisher), anti-IL6 eFluor 450 (1/100,

ThermoFisher) and anti-IL12 p40 PE (1/100, ThermoFisher). All cells were analyzed on a FACS Symphony A5 (BD). IL-12 in cell su-

pernatants was measured using the Mouse IL-12 p70 DuoSet ELISA kit (R&D Systems).

To assess knockout efficiency, genomic DNA was extracted from 10,000 cells using the QuickExtract reagent (Lucigen). Genomic

loci were amplified as described in the T cell section using primers listed in Table S7. Indels and KO efficiency were estimated using

the TIDE algorithm35.

In vitro generation of M1 and M2-polarized human macrophages
CD14+ monocytes were enriched from PBMCs using CD14 MicroBeads (Miltenyi) according to manufacturer’s instructions. Mono-

cytes were differentiated and polarized into M1 and M2 macrophages following a published protocol80. Briefly, 1 x 106 monocytes/

well were plated in 6-well plates in complete RPMI medium containing either 50 ng/mL hM-CSF or 50 ng/mL hGM-CSF (Sino Bio-

logical). After 6 days of differentiation, M-CSF-stimulated macrophages were polarized to M2 by adding fresh medium containing

50 ng/mL rhIL-4 and 50 ng/mL rhIL-13 (Sino Biological). GM-CSF-stimulated macrophages were polarized to M1 by adding

20 ng/mL rhIFNg (Sino Biological) and 50 ng/mL LPS (TLRgradeTM, EnzoLife Sciences). Two days later macrophages were washed

with cold PBS and detached by incubating with PBS-EDTA (5mM) at 4�C for 45 minutes. Polarization was confirmed by flow cytom-

etry by staining with antibodies to detect M1 markers: anti-HLA-DR PE-Cy5 (1/50, Beckman Coulter), anti-CD80 APC (1/100,

ThermoFisher) and anti-CD86 FITC (1/100, Miltnyi); and M2 markers: anti-CD163 APC (1/100, ThermoFisher) and anti-CD206
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PE-Cy7 (1/300, ThermoFisher). Macrophages were washed three times with PBS and pellets were snap frozen in liquid nitrogen and

kept at -80�C for later analysis.

Co-culture of HCC tumor tissue and CD14+ monocytes
Tumor and non-tumorous liver tissue from HCC patients was manually cut into small tissue fragments of 1-2 mm3. After processing,

tissue fragments were placed in ultra-low adherence NunclonTM SpheraTM 96-Well U-Shaped-BottomMicroplates in 100 mL of com-

plete medium (RPMI-1640, 10%FBS, 1X GlutaMax, 1X Penicillin/Streptomycin, 1X Hepes, 1X non-essential amino acids, 1X Sodium

Pyruvate, 0.01% b-mercaptoethanol). CD14+ cells were isolated from peripheral blood from the same patients. CD14+ cells were

stained using the CellTrace Far Red (CTFR) Cell Proliferation kit (Biolegend) according to the manufacturer’s protocol and 50,000

cells CTFR+ CD14+ cells were added to the wells containing tissue fragments. CTFR+ CD14+ cells were cultured alone as controls.

After 3-7 days of co-culture cells and tissues were recovered, disaggregated mechanically, and filtered through 40 mm cell strainers

(BD). Cell suspensions were stained with Zombie UV viability dye (Biolegend), anti-THY1 PE (1/50, Thermo Fisher), anti-CD45 PerCP-

Cy5.5 (1/100, Miltenyi), anti-CD11b APC-Vio770 (1/100, Miltenyi) and anti-CD14 V500 (1/50, BD). Stained cells were analyzed using a

FACS Symphony A5 instrument (BD).

Mouse tumor models
B16.OVA cells were provided by Dr. Matteo Bellone (San Raffaele Scientific Institute, Milan) and were maintained in RPMI (Gibco)

supplemented with 10% FBS (Gibco), 1X GlutaMax (Gibco), 25 mmol/L HEPES (Gibco) and Penicillin/Streptomycin. MC38 and

MC38.OVA murine colon adenocarcinoma cells were provided by Dr. Walter Reith (University of Geneva) and were cultured in

DMEM supplemented with 10% heat-inactivated FCS, GlutaMax and 25mmol/L Hepes. Before injection into mice, cells were trypsi-

nized and washed twice with PBS. Then, 5 x 105 cells were subcutaneously (s.c.) injected in the dorsal region of mice. The size of

tumors was measured in a blinded fashion using calipers. For OT-I adoptive transfer experiments, expanded control and

CRISPR/Cas9-edited OT-I T-cells were re-stimulated for 48 h in 24-well plates coated with anti-CD3ε/anti-CD28 in the presence

of rhIL-2. Then, cells were collected and washed with PBS prior to adoptive transfer. Tumor-bearing mice received 1 x 106 T cells

i.v. through the tail vein 5 days after tumor cell inoculation. For co-injection of BMDMswith MC38 cells, cells were mixed in a 1:1 ratio

(1 x 106 cells total) and the mixture was injected s.c.

For the analysis of tumor-infiltrating cells, tumors were excised at day 10-12 post tumor cell inoculation and disaggregated me-

chanically and enzymatically with 2 mg/mL collagenase IV (Roche) and 50 U/mL DNase I (Roche). Single-cell suspensions were

filtered in 70 mm cell strainers (BD) and then stained for flow cytometry analysis.

Flow cytometry
Single-cell suspensions from B16.OVA mouse tumors were stimulated with 50 ng/mL PMA (SIGMA), 1 mg/mL Ionomycin (SIGMA),

Brefeldin A and Monensin (Life Technologies) for 5 hours at 37�C. Then, cells were stained with Zombie UV viability dye (Biolegend)

to exclude dead cells and then surface markers were stained with the following antibodies: anti-CD8a Super Bright 702 (1/200,

ThermoFisher), anti-CD45.1 Super Bright 436 (1/100, ThermoFisher), anti-CD45.2 PerCP-Cy5.5 (1/100, ThermoFisher), anti-PD1

PE (1/200, ThermoFisher), anti-Tim3 PE-Cy7 (1/200, ThermoFisher) and anti-LAG3 FITC (1/200, Thermofisher). Following surface

staining, cells were fixed and permeabilized with True-NuclearTM Transcription Factor Buffer Set (BioLegend) according to the man-

ufacturer’s instructions and intracellular staining was performed using anti-IFNg FITC (1/100, ThermoFisher) and anti-TNF APC (1/

100, ThermoFisher).

For detection of THY1 mRNA in CD14+ cells the PrimeFlowTM RNA Assay Kit (Thermo Fisher) was used following the manufac-

turer’s instructions for 96-well plates. Validated target probes were used for THY1 (type 1 Alexa FluorTM 647, VA1-12482-PF) and

GAPDH (type 6 Alexa FluorTM 750, VA6-10337-PF, positive control).

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of animals per experimental group was calculated using using the "Power and Sample Size" software from the Depart-

ment of Biostatistics from the Vanderbilt University (https://vbiostatps.app.vumc.org/). Animals were randomized into different

groups after tumor cell inoculation. Investigators were blinded to allocation during experiments and outcome assessment. Statistical

analysis was performed using GraphPad Prism8 software (GraphPad Software, Inc.). Two-tailed t-tests were used to compare treat-

ments with control groups; ANOVA or Mixed-Effect analysis models were used to compare continuous outcomes across multiple

experimental groups. Tukey corrections were used to adjust P values for multiple comparisons.

ADDITIONAL RESOURCES

Processed data tables can be visualized in our web platform: www.immunomics.ch/hcc.
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