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SUMMARY

Mucosal-associated invariant T (MAIT) cells represent an abundant innate-like T cell subtype

in the human liver. MAITS are assigned crucial roles in regulating immunity and inflammation,
yet their role in liver cancer remains elusive. Here, we present a MAIT-centered profiling of
hepatocellular carcinoma (HCC) using scRNA-seq, flow cytometry, and co-detection by indexing
(CODEX) imaging of paired patient samples. These analyses highlight the heterogeneity and
dysfunctionality of MAITs in HCC and their defective capacity to infiltrate liver tumors. Machine
learning tools were used to dissect the spatial cellular interaction network within the MAIT
neighborhood. Co-localization in the adjacent liver and interaction between niche-occupying
CSF1R*PD-L1* tumor-associated macrophages (TAMs) and MAITs was identified as key
regulatory element of MAIT dysfunction. Perturbation of this cell-cell interaction in ex vivo
co-culture studies using patient samples and murine models reinvigorated MAIT cell cytotoxicity.
These studies suggest that aPD-1/aPD-L1 therapies target MAITs in HCC patients.

Graphical Abstract:
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IN BRIEF

Insights into the functions of an underappreciated type of immune cell, the mucosal-associated
invariant T cell (MAIT), and how the immunosuppressive tumor microenvironment restrains
these cells, with potential implications for treating hepatocellular carcinoma with cancer
immunotherapy.

Keywords

Mucosal-associated invariant T cells (or MAITS); tumor-associated macrophages; HCC; CODEX;
S3-CIMA,; aPD-1/aPD-L1

INTRODUCTION

Hepatocellular Carcinoma (HCC) is an inflammation-derived cancer typically caused

by chronic liver injuryl. The cellular composition of the HCC tumor immune
microenvironment (TiME) influences tumor initiation, progress, and response to therapy?.
Immune checkpoint blockade (ICB) therapies exist for treating advanced HCC3.
Nevertheless, only a limited number of patients shows substantially improved clinical
outcome, partly due to a hostile TIME dampening conventional T cell responses®.

MAIT cells are MR1-restricted innate-like T cells that recognize non-peptide antigens,
including derivatives of microbiota-derived vitamin B2 (riboflavin) precursors®. While
MAITSs represent an overabundant T cell subtype in the healthy human liver and can
comprise up to 45% of intrahepatic T cells®, their frequency is ~100-fold lower in laboratory
mice’.
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Whether MAIT cells promote cancer or contribute to anticancer immunity remains
unstudied. Increased MAIT cell numbers in HCC tumors and altered MAIT cell function
have been correlated with poor clinical outcome®. In contrast, higher MAIT cell infiltration
correlated with a favorable prognosis within a cohort of cholangiocarcinoma patients®.

Functional studies in murine cancer models have recently corroborated the role of MAITS

in the TIME as a double-edged sword: MAITs appear pathogenic as MAIT deficient

Mr17!= mice had favorable outcomes in models of lung metastasis and subcutaneous
tumors1%, However, we and others have demonstrated that MAIT cells also elicit protective
roles and contribute to anti-tumor activity in mice when activated with a MAIT-TCR

ligand, 5-OP-RU (5-(2-oxopropylideneamino)-6-D-ribitylaminouracil)11:12, Polarized MAIT
cells produce more Ty1-cytokines (including IFN+y) and express more cytolytic effector
molecules, making them potentially useful in anti-tumor immunity11.12,

The factors that determine MAIT cell fate in hepatocarcinogenesis remain largely unknown,
although, context-dependent effector functions of MAITs may explain their dichotomous
properties. Furthermore, little is known about the MAIT cell interaction network within the
TiME contributing to their dysfunction or anti-tumor activity.

In this study, we profiled human and murine MAIT cells in liver cancer using co-detection
by indexing (CODEX) immunofluorescence imaging, high-dimensional flow cytometry
and single-cell RNA sequencing. MAITS in liver cancer were generally characterized by
an impaired infiltration into tumors as well as increasing dysfunction/loss-of-cytotoxicity
within the HCC TiME. We applied S3-CIMA, a recently described representation learning
method, to analyze the spatially resolved, CODEX-derived immune cell atlas of human
liver cancer and identified PD-L1* TAMs as key interacting players in the MAIT cell
neighborhood in the adjacent liver. Perturbation of this TAM-MAIT interaction in various
murine models of liver cancer and ex vivo co-culture studies using patient samples
reinvigorated the anti-tumor MAIT cell phenotype. The translational aspect of these findings
is further demonstrated as aPD-1/aPD-L1 ICB reversed the MAIT cell dysfunctionality in
co-culture studies and murine models of HCC.

The present work unravels the spatio-temporal factors contributing to MAIT cell
heterogeneity and increasing dysfunction in HCC suggesting them as potential effector cells
of PD-L1/PD-1-directed ICB in HCC.

scRNA-seq profiling of the tumor immune landscape in HCC

To characterize MAIT cells within the overall immune landscape in our HCC cohort (Study
design, see STAR METHODS, Fig. S1 and Table S1), we applied scRNA-sequencing to
sorted CD45* mononuclear cells (MNCs) isolated from matched tumors and adjacent liver
tissue from 8 patients with histologically confirmed HCC undergoing surgical resection (See
sorting strategy Fig.S2A).

Cell. Author manuscript; available in PMC 2024 August 17.
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Consistent with published scRNA-seq data on HCC13.14, differentially expressed gene
(DEG) analysis (Table S1) identified major immune cell clusters of myeloid cells including
macrophages and dendritic cells (c8 & c11; characterized e.g. by LY.Z, and CD68 or CD1C
expression), pDC (c18), DC1 (c16; CLECIA), T cells (c1, c4, c5, ¢6, c7, c10, c12, c14)
expressing 7RAV or TRBV or CD3E/CD3D/CD3G), B cells (c13; CD79A, MS4A1I), and
natural killer (NK) cells (c2, c3, GNLY, KLRBI1 or FCGR3A) and an ILC cluster (c17,
IL7R, GATA3, KIT, KLRBI) (Figs.1A-D and Fig.S2B). One cluster consisted of cycling
immune cells (c15; MKI67 & PCNA).

Within the T cell compartment, several clusters of CD4" helper and CD8* cytotoxic T
cells, one cluster of regulatory T cells (c12; FOXP3, CTLA4as well as one distinct MAIT
cell cluster (c9), were identified. In line with known MAIT cell genes>18, this MAIT cell
cluster had high expression of MAIT cell-defining TCR alpha and beta chain transcripts
TRAV1-2, TRBV20-1, TRBV6-4, TRBV6-1 as well as SLC4A10, RORC, CCL20, IL7R,
CCR6 and KLRB1 expression (Fig.1D, Table S1). The major MAIT cell cluster c9_MAIT
was represented at significantly higher frequency in the adjacent liver tissue as compared to
the tumor-infiltrating T cells (p= 0.0078, Fig.1E).

All major immune cell types were shared among patients (Fig.1B). Significant differences
were observed between the adjacent liver tissue and tumor core (Fig.1C), albeit at varying
proportions (Fig.S2C&D). ¢4 _CD8_GZMK cytotoxic T cells, c3_NK_CD56 and c9_MAIT
cell cluster were significantly reduced in the tumor-derived samples. On the other hand,
Tregs (€12_Tregs) and cycling cells (c15_cycling) were more abundant in the tumor

core. Frequencies of immune cell clusters varied among patients, revealing a substantial
heterogeneity in the immune cell composition of HCC (Fig.S2C).

MAIT cell gene signature is associated with better survival in HCC patients

We sought out to determine a correlation between MAIT cell infiltration and patient survival
in HCC patients by applying the scRNA-seq derived MAIT-cell gene signature to previously
published bulk sequencing datasets for HCC patients. Yao et al recently demonstrated the
robustness of a MAIT cell gene signature to correlate with MAIT cell infiltration®. This
signature had 11/11 genes overlap with the main MAIT cell cluster c9_MAIT (Fig.1A,
Table S1) and we used both signatures to assess overall survival in a large independent

HCC cohort (TCGA). Prolonged overall survival was found in patients stratified by high
expression of both transcriptomic MAIT cell signatures in tumor samples in the TCGA
cohort. (Fig.1F&G).

Single-cell RNA sequencing reveals MAIT cell heterogeneity within the HCC bearing liver

To study MAIT cells in greater depth, we selected MAIT cells from CD45* sorted cells
based on the expression of the semi-invariant TCRa.-chain (TRAV1-2-TRAJ33/12/20)15.

Since MAIT cells were scarce in HCC tumors (Fig.1E) further enrichment was necessary to
investigate MAIT cell heterogeneity at greater resolution. We FACS sorted additional MAIT
cells (see sorting strategy in Fig.S2A) from 6 patient samples. Unsupervised clustering
revealed the heterogeneity within the MAIT cell population. MAIT cells clustered into six
distinct (sub-) clusters (Fig.1H, TableS1) shared amongst patients with varying degrees of
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location preference (Fig.S3A&B). The MAIT cell subclusters had varying levels of NK cell
related genes, pro-inflammatory cytokines (/FNG) and cytotoxic effector molecules mainly
expressed in clusters m1-4. MAIT subcluster m5 showed upregulation of genes indicative of
dysfunction or exhaustion (Fig.1l, Fig.S3C). This dysfunctional MAIT subcluster, m5, also
expressed higher levels of FOXP3, CXCR3 and CD4, resembling transcripts from regulatory
T cells, in line with a recent study of anergic MAIT cells in colorectal cancer!’. One small
subset of MAITS (cluster m6) were proliferating as indicated by high expression of MK/67.
We next investigated an independent sScRNA-seq of sorted T cells from HCC patientsZ6.
Subclustering of the main MAIT cell cluster, C3__(CD8-SLC4A10) idenfied a subset of
MAITs (z4) with upregulation of genes associated with T cell dysfunctionality in cancer
(e.g. CTLA4, ICOSand PDCD1, Fig.S3D) and lower expression of genes associated with
NK cells or cytotoxicity (VCR3, NKG7, GNLY, PRF1, GZMB, GZMH, GZMK, Fig.S3E).
The differentially expressed genes from the z4 dysfunctional MAIT cell cluster'8 had high
correlation with the dysfunctional MAIT cell cluster m5 from our HCC patient cohort
(Fig.S3F).

Human MAIT cells are aberrantly activated and show an increasingly dysregulated
phenotype within the HCC TiME

To confirm the above findings, we assessed MNCs derived from matched tumors and
adjacent non-tumor tissues from n=37 patients by flow cytometry (Fig.2A&B, gating
strategy Fig.S4A). Similar to the sScRNA-seq dataset and recent reports8, MAIT cell
infiltration into HCC lesions was significantly impaired relative to matched non-tumor
adjacent liver (Fig.2C). While the majority of hepatic MAIT cells in our patient cohort were
predominantly CD8" or double negative (DN), an increasing proportion of tumor-infiltrating
MAIT cells were CD4* (Fig.S4B). Additionally, human MAITs in HCC lesions showed
signs of activation/dysfunction as measured by increased expression of PD-1, CD25 &
HLA-DR (Fig.2D & Fig.S3C) and down regulation of NK cell marker CD56 (Fig.2D).
While CD38 (Fig.S4C) expression was unaffected, CD69 was expressed on the vast majority
of MAIT cells in both tumor and adjacent liver considered a marker of tissue residency
rather than activation8,

We assessed the MAIT phenotype from an additional set of (n=23) samples from patients
with chronic liver disease but without malignancy to determine if changes in MAITs were
induced by underlying liver disease or presence of the tumor. Similar to previous studies?®,
hepatic MAIT cells from patients with chronic liver disease had significantly lower levels
of PD-1 expression and higher levels of CD56, of MAIT cells in the absence of HCC
(Fig.S4D).

Loss of cytotoxicity in murine MAIT cells in response to liver tumor growth

Human and murine MAIT cells differ in terms of abundance, phenotype, and transcription
factors29, e.g. their frequency in hepatic T cells at homeostasis is up to 100 fold lower in
mice compared to human (Fig.S4E).

We studied the changes in MAIT cell phenotype in response to tumor growth using several
syngeneic models of murine orthotopic liver cancer. Murine tumor cell lines RIL-175,

Cell. Author manuscript; available in PMC 2024 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ruf et al.

Page 7

Hep55.1¢c, MC38 and B16-F1012 were surgically implanted into mouse livers, followed

by analysis of hepatic and tumor infiltrating leukocytes (Fig.2E). Mimicking findings in
human, murine MAIT cell infiltration (gating strategy see Fig.S4E) into liver tumors was
significantly impaired across all tumor cell lines tested (Fig.2F). In addition, MAIT cells in
the HCC-bearing livers also acquired a late dysfunctional phenotype?! characterized by high
expression of PD-1 and TIM-3 (Fig.2G for RIL-175 and Fig.S4F for Hep55.1c¢) mirroring
the findings as observed in human HCC samples. CD69 expression on murine MAITS
remained unchanged. These dysfunctional MAIT cells also had altered transcription factor
profiles: While hepatic MAIT cells at homeostasis were predominantly T-bettRORyt™,
HCC presence in murine livers induced a phenotypic switch from T 1-like to a Ty17-like
phenotype in MAIT cells with increased expression of ROR-yt and significant reduction

in T-bet expression (Fig.2H). Enhanced levels of proliferation marker Ki-67 (Fig.S4G) and
reduced frequency of apoptotic MAITSs (Fig.S4H) indicated that impairment of MAIT cell
infiltration into liver tumors was not due to a lack of proliferation or enhanced rate of cell
death. Finally, intrahepatic tumor growth resulted in MAIT cells that lack pro-inflammatory
cytokines IFN+y and TNFa, with reduced frequency of granzyme B* (Fig.2l).

We next studied the phenotypic changes in hepatic immune cell populations in mice without
an underlying liver condition, allowing us to specifically attribute alterations in MAIT cell
function to HCC. Progressive HCC outgrowth in this model was induced by overexpression
of Mycand deletion of p5322 (Fig.S41-J). We observed increasing MAIT cell dysfunction
over time (2 vs. 4 weeks) as measured by pronounced PD-1 expression and loss of pro-
inflammatory IFN-y production (Fig.S4J vs. K).

In summary, MAITs in human and murine HCC were characterized by impaired infiltration
into liver tumors, a gradual dysfunction, and a marked heterogeneity within the HCC TiME.

Tumor-induced dysfunction of murine hepatic MAIT is independent of tumor MR1

expression

A recent study attributed tumor-promoting function of murine pulmonary MAIT cells to the
direct interaction between MAIT-TCR and MR1 on tumor cells1®, We tested MR1 surface
expression at baseline as well as after incubation with MR1-ligand, 5-OP-RU, on the tumor
cells. B16-F10 was the only tumor cell line that showed detectable MR1 surface expression
upon stimulation (Fig.S4L) as shown previouslyl0. To test whether the dysfunctional
phenotype of intrahepatic tumor MAIT cells was through tumor-MR1 engagement with the
MAITs, we used an Mri-deficient murine B16-F10 cell line!2. Intrahepatic B16-Mr17/~
tumor growth also led to comparable MAIT cell phenotypic changes as measured by
expression of surface markers PD-1, TIM-3 and CD69 (Fig.S4M) as well as changes in
RoR+yt (upregulation) and T-bet (downregulation, Fig.S4N).

These findings suggest that the acquired MAIT cell dysfunction in liver cancer is
independent of MR1 expression on tumor cells and likely mediated by interacting cell
partners within the immunosuppressive TIME of HCC.

Cell. Author manuscript; available in PMC 2024 August 17.
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MAIT-deficient Mr1~~ mice have reduced intrahepatic tumor burden compared to WT mice

Next, we implanted two different syngeneic murine tumor cell lines (Hep55.1c and MC38)
into the livers of wildtype or MAIT-deficient A1~ knockout mice (Fig.2J; Fig.S4E) to see
whether hepatic MAITSs can contribute to the control of intrahepatic tumors. MrZ~~ mice
showed larger intrahepatic tumors (Fig.2K—M), indicating that hepatic MAIT cells indeed
contribute to tumor immunosurveillance in murine livers.

Generation of a spatially resolved immune cell atlas of human liver cancer by CODEX
technology

To characterize the composition of the MAIT cell niche in human liver cancer and identify
potential interacting partners, we generated a spatially resolved immune cell atlas of human
liver cancer using CODEX?23 technology (Fig.3A). A multiplexed imaging dataset on n=15
sections from human HCC specimen (including eight matched samples from the sSCRNA-seq
dataset, TableS1) was generated using a specifically developed and validated panel of 37
oligonucleotide-barcoded antibodies (Fig.3A, TableS1, and Fig.S5).

We imaged the entire tissue section for each sample in whole slide scanning technique,
encompassing the full range of the tumor-to-liver interface and the differential analysis
between adjacent (non-tumor) liver tissue, HCC invasive margin (rim) and tumor core
within the same tissue section (Fig.3B). Surgical resection specimens contain a broad

range of histopathologically distinct areas (Fig.3C) ranging from seemingly unaffected liver
parenchyma with liver sinusoids covering lines of hepatocytes (Fig.3C, D), portal triads
(Fig.3C, @), lymphocyte aggregates consistent with tertiary lymphoid structures (TLSs,
Fig.3C, @), as well as proliferating tumor cells within areas of neovascularization (Fig.3C,
@). This approach allowed us to determine the composition of the MAIT cell niche across
different hepatic compartments and to infer interactions between cell types.

Single-cell segmentation and cell annotation

Highly multiplexed CODEX imaging represents a powerful tool for spatially resolved
single-cell analysis?4. We developed an image analysis pipeline that is displayed in Fig.3B,
Fig.S6A-D (see STAR Methods). A total of 4,567,421 cells were identified and annotated.

The numerical data generated based on cell segmentation provided in the form of spatial
feature tables was used for intensity-based unsupervised clustering. To construct a global
HCC TiME atlas, we performed cell identification based on all 38 available markers to
annotate cell types with low granularity (Fig.S7A-D). Annotation of clusters was guided by
the expression levels of canonical protein markers and visual inspection of the raw images
(heatmap in Fig.S7E). Notably, tumor cells from individual patients clustered often in a
patient-specific manner (Fig.S7A-C) while common parenchymal and immune cell types
were derived from all patients. The unsupervised clustering also revealed rare cell types, e.g.
a small cluster of NCAM* (Neural cell adhesion molecule or CD56) cells was identified
(Fig.S7F). Backtracking these cells in the raw image revealed that they were mainly located
within in the walls of large vessels in the adjacent liver, indicating that they belong to
neurons innervating the smooth muscle layer of hepatic arteries (Fig.S7F). Quantification of
the different (gross) cell types across different tissue regions is displayed in Fig.S7G.

Cell. Author manuscript; available in PMC 2024 August 17.
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For immune cell clustering, 1,558,175 CD45* leukocytes were selected and re-clustered
resulting in a total of 20 distinct immune cell clusters and one cluster with mixed immune
cells (Fig.4A, STAR Methods). Adjacent liver, rim and tumor core shared the major immune
cell subtypes and little patient-specific clustering could be observed (Fig.4B&C). Key
immune cell markers projected onto distinct regions of the UMAP space (Fig.4D).

The heatmap in Fig.4E shows characteristic CODEX protein expression of the different
leukocyte clusters. Within the myeloid-cell fraction, two clusters of granulocytes were
identified that were distinguished by the expression of CD38. Macrophages were identified
by expression of CD68 with Kupffer cells being CD163~CD39~ and two clusters of TAMs
(CD163*CD39%) could be separated by PD-L1 expression levels. A cluster of HLA-DR*
antigen-presenting cells (APCs) likely comprised dendritic cells as well as macrophages.
In line with the scRNA-seq dataset, two natural killer (NK) cell clusters likely correspond
to circulating (CD16M9M and tissue resident NK cells (CD56M9") were seen?>. A total of
nine T cell clusters were delineated: one MAIT cell cluster (containing 44,733 cells), one
Treg Cluster, one CD8 T cell cluster with a late dysfunctional phenotype (PD-1"9"CD39+)
and distinct from CD8 T PD-1!%W cells. The CD4* and CD8* clusters indicated PD-L1
expression, but close inspection of the CODEX images clearly showed that the PD-L1
signal was rather derived from a neighboring cell and can thus be considered due to lower
performance of the segmentation algorithm. Absence of PD-L1 expression on T cells was
confirmed by flow cytometry (not shown). Naive CD4 T cells were distinct from the
remaining CD4 T cell clusters by expression of CD62L and CD45RA. CD57* T cells
consisted of both CD4 and CD8 subsets. Three B cell clusters were distinguished by
expression of CD38, PD-L1 and CD45RA.

These findings show that MAIT cells can be identified in intact tissue based on the
expression on TCRVa7.2*CD161*CD69* which allowed us to perform further spatial
analysis.

Leukocyte subpopulations show distinct infiltration patterns into HCC tumors

CODEX images can be analyzed using spatial X/Y-coordinates of each cell in the

intact tissue context. This was used to further evaluate the leukocyte composition in
distinct histopathologic regions of HCC: adjacent liver, rim and tumor core. Notably,
global leukocyte density increased at the tumor interface (rim) and was significantly

higher compared to the tumor core region (Fig.4F). Overall, immune cell frequencies as
determined by CODEX imaging paralleled the trends seen in the flow cytometry analyses
and showed significant correlation (Fig. 4G), with the strongest correlation found for
MAITs. Comparison of the two phenotyping strategies (i.e. manual gating vs. unsupervised
clustering) (Fig.S7H) led to comparable results as recently demonstrated26.

Spatial mapping revealed that among leukocyte subpopulations, different overall trends in
tumor infiltration patterns could be observed (Fig.4H, Sankey diagram, Fig.S8). B cell
subsets, CD56" NK cells, CD38* granulocytes, CD4* and CD8* T cell subsets as well as
MAITs followed overall trends of total leukocytes with a marked accumulation at the rim
region and lowest densities within the tumor core (Fig.4H, Fig.S8).
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Noticeable spatial dynamics in terms of relative abundance of different leukocyte
subpopulations across tissue categories were noted: while CD8 T PD-1!9% cells, TAMs
expressing PD-L1, CD4 T cells and CD38™ granulocytes were the dominant fractions in

the adjacent liver, MHCII* APCs, CD4 T cells, late dysfunctional PD-1"9" CD8* T cells
and regulatory T cells presented with highest frequencies in tumor core regions (Fig.4H, pie
charts).

Collectively, spatial mapping of leukocyte subsets revealed dynamic differences in the
composition and cellular functional subsets within the TIME. Mapping of MAIT cells show
marked alterations in cellular density at the HCC invasive margin in the immediate vicinity
of the tumor which was further investigated as a region of particular interest.

The HCC invasive margin as the localization of spatially resolved immune cell activation/

inhibition

The dynamic changes in the TIME in both frequency and cellular densities within the spatial
categories of the tissue sections (i.e. within ~1cm of the invasive margin of HCC tumors)
highlight the importance of histological location and tissue area in tumors2’. We reasoned
that the tumor-to-liver interface was a region where multicellularity and cellular crosstalk
confer cellular immune cell function.

CODEX imaging revealed non-random heterogeneity of cell type distribution as well as
functional immune cell markers within the distinct tissue regions of the tumor-to-liver
interface (Fig.S9A). MAIT cells were found to accumulate at the rim region (Fig.S9B)
with a low density of MAITs in HCC tumors (Fig.S9C). CD4*, CD8" T cells and NK

cells showed similar migratory impairment at the immediate tumor border. However, Tregs
showed similar densities 500 um outside the tumor border and 500 pm inside the tumors
(mean of 29.3 vs. 28.1 cells/mm?).

Beyond migratory capacities, functional states of immune cells can be approximated by
expression levels of key markersindicating activation, proliferation, or dysfunction (PD-1,
CD25, ICOS, CD39 and Ki-67)28 (Fig.S9D). Ki-67 levels steadily increased on MAITS,
CD4* T cells, CD8" T cells and NK cells from adjacent liver towards the tumor core.
Tumor-infiltrating MAIT cells showed a significant increase in activation markers, CD25
and ICOS and higher (by trend) levels of PD-1 and CD39, matching flow cytometry as well
as scRNA-seq data (Fig.1l and Fig.2D). All lymphocyte subsets generally showed similar
trends towards higher expression levels of these markers from adjacent liver towards the
tumor core.

Therefore, CODEX imaging of the tumor-to-liver interface revealed dynamic changes in
both cellular distribution and function of MAIT cells within the immune landscape in HCC
at high spatial resolution. Our findings indicate dysfunctionality of MAIT cells and other
immune effector cells that is already initiated outside of the immediate tumor region. Our
findings also highlight that lymphocyte dysfunctionality is a gradually acquired process
rather than a binary cell state, which is accelerated at the immediate vicinity of the tumor
border.
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S3-CIMA identifies the cellular interaction network within the MAIT cell niche

So far, we characterized the MAIT cells in HCC by impaired infiltration into HCC

tumors, aberrant activation/dysfunction paired with a loss of cytotoxicity. We hypothesized
that MAIT cell impairment might be derived from deleterious cell-cell interactions. We
spatially mapped immune cell associations and calculated cellular densities around MAITs
(Fig.S10A). Calculation of average Euclidian distances between MAIT cells and other
immune clusters showed that these results were heavily affected by overall densities of the
interacting cells. E.g., lower CD16* NK cell (and MAIT cell) densities in the tumor resulted
in larger average distances in this tissue region compared to the adjacent liver (Fig.S10B).
The opposite was found for MAIT-T,q distances which was affected by a significantly
higher Tyeq density in the tumor (Fig.S10B).

While abovementioned proximity analyses allowed for a simple description of the MAIT
cell neighborhood in liver cancer, it did not capture preferential spatial interactions between
MAIT cells and other cell types beyond random distribution. Thus, we sought out to
elucidate how higher-order properties of cellular organization within the HCC tumor
microenvironment shape and constrain MAIT cell function.

We recently developed S3-CIMAZ®, a supervised, spatially informed representation learning
method implementing multiple instance learning®® paradigms with a convolutional neural
network (CNN) model3! (S3-CIMA input and architecture are displayed in Fig.5A). To
identify the characteristic cell state composition of the MAIT cell niche in HCC, S3-CIMA
multi-cell inputs comprised spatial nearest neighbors of MAIT cells in different tissue
categories (whole tissue, adjacent liver, rim & tumor core). Spatially enriched cell subsets
indicate MAIT-specific association in the respective spatial compartment (Fig.S11A, STAR
Methods). K=40 nearest neighbors was found to yield best classification accuracy and
discrimination of the MAIT neighborhood signatures between the tissue compartments
(Fig.5B).

The MAIT-centered S3-CIMA analysis allows for identification and characterization of
tissue-specific cell populations in the MAIT niche with respect to their differential molecular
profile. We found that neighboring cells derived from adjacent liver and rim were selected
at significantly higher frequencies compared to background and cells from tumor core
(Fig.5B). These findings indicate that MAIT-specific cellular interactions already occur
outside the tumor. Interpretation of the selected cell populations based on previously
assigned cell annotations revealed the cellular interaction network of the MAIT cell niche in
the HCC adjacent liver (Fig.5C & D). The total number of cells of a given annotated cell
type in the MAIT neighborhood did not correlate with a higher enrichment score (Fig.5D).
Instead, when computed for the adjacent liver, only few subsets showed enrichment (ES>1)
within the MAIT cell niche in the adjacent liver (Fig.5C & D). Computed over the

whole tissue sections, TAMs were the only cell subset that showed MAIT niche-specific
enrichment across adjacent liver, rim, and tumor core (Fig.S11B & C). Interestingly,
CD163* TAMs have previously been associated with poor survival in HCC patients32

with one mechanism of action being PD-L1-mediated suppression of CD8* T cells33. We
reasoned that these properties of CD163* TAMs made them a putative interaction partner
of MAIT cells. Findings from S3-CIMA analysis were confirmed by visual inspection of
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the image data as MAIT cell interaction with PD-L1* TAMs was frequently observed
within the liver sinusoids of the adjacent liver tissue (Fig.S11D). These MAIT PD-1 -
TAM PD-L1 interactions were found in all patient samples (examples shown in Fig.5E).
CODEX microscopy images revealed that PD-1 on MAIT cells localized preferentially
towards the immune synapse. MAIT cell interaction with PD-L1* cells can be approximated
by measuring PD-L1 intensity on MAIT cells, even though MAITSs did not express PD-L1
themselves (Fig.S11E). In line with the S3-CIMA analysis, this potentially unfavorable
interaction occurred in the adjacent liver and rim rather than the tumor core (Fig.S11E).
Beyond the enrichment in the MAIT cell neighborhood, PD-L1* TAMs were among the
cells with the highest expression of PD-L1 in the adjacent liver (Fig.5F). Analysis of HCC
patient samples by flow cytometry confirmed that macrophages (defined as CD457CD68*)
were already polarized towards an M2-phenotype (CD163"9" and PD-L1M9") in the
adjacent liver (Fig.5G).

In summary, CODEX imaging revealed coordinated transitions between MAIT phenotypic
states initiated outside the tumor. Dynamic MAIT phenotypes could be delineated based
on the co-localization and functional state (PD-L1 expression) of niche-occupying CD163*
TAMs.

CD163*PD-L1" TAMs impair human MAIT cell function ex vivo

Next, we established an ex vivo co-culture system using freshly isolated, hepatic CD163*
-sorted macrophages and sorted MAIT cells from patient samples to test whether hepatic
CD163* macrophages can suppress MAIT cell function (Fig.6A). This ex vivo assay showed
that co-culture with purified CD163" macrophages, but not with CD163~ hepatic immune
cells impaired IFNy production by hepatic MAIT cells (Fig.6B-C). Co-culture using a
transwell-system showed that suppressive function of CD163* macrophages was cell-contact
dependent (Fig.6D). Purified CD163" macrophages showed high expression of PD-L1
compared to CD163~ cells (Fig.6E), and /in vitro-blockade of the MAIT-TAM interactions
using aPD-L1 antibody partially restored MAIT IFN+y production (Fig.6F). These studies
demonstrate that human hepatic CD163* macrophages inhibit liver MAIT cell function
through a cell-contact and PD-L1 dependent mechanism.

MAIT cells are a potential target of aPD-1/aPD-L1-based ICB in liver cancer patients

The Jn vitro experiments suggested that human hepatic MAIT cells could be targeted by
aPD-1/aPD-L1-based ICB. Whether this also applies to liver cancer patients undergoing
ICB is unknown. Thus, we compared hepatic and tumor-infiltrating MAIT cells in core-
needle biopsies from 8 patients with HCC treated with ICB. We compared baseline (prior
to treatment initiation) and subsequent biopsy samples (after treatment) by single-cell
RNA-sequencing (Fig.S12A,34). MAIT cell cluster in scRNA-seq data was identified by
unsupervised clustering as outlined in Fig.1. (DEG list for the MAIT cell cluster in the Ma
et al. dataset shown in Table S1). MAIT cells in clinical biopsy specimens expanded upon
aPD-1/aPD-L1 therapy both as a fraction of all immune cells and as a percentage of total T
cells in 5/8 patients (Fig.S12B). While expansion among T cells and all immune cells did
not reach statistical significance in this small cohort, MAIT cell cytotoxicity was recovered
as seen by a significantly increased cytotoxicity score (Fig.S12C).
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Characterization of human and murine TAMs in HCC

As described above, the potential interaction of PD-L1*CD163* TAMs with MAIT cells was
discovered using the CODEX dataset which provides rich spatial information but is limited
in the number of protein markers. As scRNA-seq and CODEX were performed on paired
patient samples, we sought out to integrate both high-dimensional datasets. This approach
allowed for the mapping of gross immune cell clusters from CODEX onto corresponding
scRNA-seq clusters,but was found limited in terms of resolution. E.g. CODEX cluster
PD-L1* TAM had high correlation with both myeloid cell clusters ¢c8_Myeloid - HLA-DRA
and c11_Myeloid - FTL (Fig.S12D).

To increase the resolution of this analysis and to identify additional markers that
characterize the immunosuppressive CD163*PD-L1* macrophage population, myeloid cell
clusters derived from Fig.1A were selected and re-clustered. This defined six distinct
myeloid cell subsets which corresponded to previously described myeloid subsets in
HCC13.14 (Fig.6:G&H): two dendritic cell clusters: ¢1-DC-CDIC in accordance with “DC-
c1-CD1C"13 and “DC2"14 and ¢5-DC-CLEC9A in line with “DC-c3-CLEC9A”13 and
“DC1"14 as well as c6-pDC (also in'#). c4-Mono-ZFP36 had high expression of CCL5
and 1132, like previously described monocyte subsets: “Mono 2”14, The macrophage
compartment was divided into two clusters c2-M¢-S100A9 showing overlap with “Mg-c6-
MARCO”12 and c3-M¢-C1QA in line with “Mg-c2-C1QA”13. Both Mg clusters were
characterized by LYZ, CD14, ITGAM and CD68but higher levels of CD163 could be
found in c3-M¢-C1QA. While the transcript for CD274 (encoding for PD-L1) was not
detected in the human scRNA-seq dataset, cluster c3-M¢-C1QA showed high expression
of other genes associated with an immunosuppressive or “M2” phenotype like MRC1
(encoding for CD206), TREMZand CSFIR (Fig.6H, TableS1). Co-expression of CD206
on hepatic CD163" macrophages was confirmed by flow cytometry (Fig.S12E). These
analyses indicate that cluster c3-M¢-C1QA identified by scRNA-seq likely corresponds to
the PD-L1*CD163* TAM cluster identified in CODEX.

Increasing frequencies of hepatic CD163" Mg with higher expression of PD-L1 and CD206
were found in HCC patients as compared to non-HCC patients (Fig.S12F-I). This indicates
that presence of HCC in chronically diseased livers aggravates polarization of myeloid cells
towards an immunosuppressive phenotype.

As the hepatic myeloid compartment between mice and humans shows considerable
species-specific cellular (sub-)populations and gene expressions3®, we conducted additional
single-cell RNA-seq analysis of CD45™ sorted leukocytes in tumor-free and HCC-bearing
animals (Fig.61-K). This additional dataset helped to confirm the presence of Mo/Mg
clusters c2_Mo/M¢_Ftl1 and c4_Mo/Me¢_Lyz2that were expanded in tumor-bearing mice
(Fig.S12J). Cluster c2_Mo/Mg_Ftl1 showed characteristics of an immunosuppressive TAM
phenotype and high expression of Cd274, Mrc1 and Argl. Analogous to the c3-Mg-C1QA
TAM cluster in human, tumor-associated Mg in mice (Fig.6J&K) could be distinguished
from dendritic cells through higher expression of Csfirand Lyz2 compared to other myeloid
cells, e.g. ¢8 ¢DC and ¢9_pDC. We then tested these genes to target TAMSs and test their
interaction with MAITSs in murine tumor models (Fig.7 and Fig.S13).
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MAIT dysfunction in murine HCC can be reversed by PD-L1 blockade in vivo and by
depletion of CSF1R* TAMs

As outlined above, we hypothesized that targeting CSF1 receptor expressing myeloid cells
could be used to disrupt the TAM-MAIT cell inhibitory interaction. Our scRNA-seq data

in human and mouse HCC samples indicate that CSF1R could be used to distinguish

Mo/Mg from dendritic cells. We thus aimed for a selective depletion of monocytes/
macrophages (MMs) in mice. We used a transgenic mouse strain (MMPTR) encoding

for human diphtheria toxin receptor (DTR) that requires overlapping expression of Lyz2

and Csf135 allowing for the specific ablation of macrophages when DT is administered
repeatedly. MMPTR mice were used to assess the effect of MM depletion on MAIT cell
phenotype in tumor-bearing mice. (Fig.7A). Flow cytometric analysis showed a specific
depletion in the hepatic F4/80M9"CD11bI" macrophage population, while conventional
dendritic cells (defined as F4/807/CD11cM9"MHC-11M9") remained unaffected (Fig.7B).
Depletion of Mo/Mg not only resulted in a significant increase in tumor infiltrating MAITS
(Fig.7C), but also altered their phenotype, leading to a significant boost in IFNy, TNFa

and granzyme B expression (Fig.7D). Alternatively, we used anti-CSF1R antibodies to target
CSF1R* myeloid cells in livers of tumor-bearing mice (Fig.S13A). A trend towards a higher
absolute number and frequency of tumor-infiltrating MAITs was observed upon anti-CSF1R
treatment (Fig.S13B) with a significant increase in the expression levels of pro-inflammatory
IFNy, TNFa and granzyme B (Fig.S13C). Therefore, CSF1R* TAMs in mice have a critical
role in MAIT cell impairment and provide an immunosuppressive niche within the hepatic
TiIME.

To test if the MAIT cell impairment in HCC tumors depends on PD-1/PD-L1 interactions
with TAMs in the adjacent liver, we next investigated whether immune checkpoint blockade
targeting PD-L1 could restore MAIT cell function /n vivo. RIL-175 (Fig.7E) or MC38
(Fig.S13D) tumor-bearing mice received anti-PD-L1 which resulted in a significant increase
in MAIT cell infiltration into liver tumors (Figs.7F&G, Fig.S13E), indicating that MAIT
cell migratory impairment was partly mediated through PD-L1 signaling. Higher infiltration
of MAIT cells into hepatic tumors was accompanied by a significant increase in Ty1
transcription factor T-bet expression (Fig.S13F) and higher levels of IFNy and granzyme

B upon ICB treatment (Fig.7H, Fig.S13G). These findings indicate that the loss of Ty1/
cytotoxic phenotype observed on MAIT cells was partly mediated through PD-1/PD-L1
signaling.

As PD-L1 is also expressed on the syngeneic tumor cells used in this study, we tested
whether the dysfunctional phenotype of hepatic MAIT cells was mediated through PD-L1
on tumor cells. We generated Cd274~/~ clones of Hep55.1c, B16-F10, RIL-175 and MC38
(Fig.S13H). Intrahepatic Hep55.1c tumor growth led to comparable MAIT cell phenotypic
changes as measured by expression of surface markers PD-1 and LAG-3 in both WT and
Ca2747"~ clonal cell lines (Figs.S13 1&J), suggesting other mechanisms that impair MAIT
cell dysfunction independent of PD-L1 expression on tumor cells.

The experimental data so far suggested a role of TAMs and PD-L1 in MAIT cell
dysfunction. As our CODEX data (Fig.5F), flow cytometric analysis of patient samples
(Fig.6E) as well as the scRNA-seq data derived from tumor-bearing mice (Fig.6K)
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revealed high PD-L1 expression on TAMs, we knocked down PD-L1 in macrophages
using two different approaches. We used Lyz2°RE and Csf1r°RE mouse strains to generate
Lyz2CRECA274"1 a5 well as Csf1rCRECA274™" mouse lines and tested the effect of

each conditional knockout on MAIT cell phenotype in HCC-bearing mice (Fig.7J). Flow
cytometry analysis confirmed that CD11b"F4/80M9" macrophage populations have higher
expression of PD-L1 compared to F4/80-CD11cMIPMHC-11M9" conventional dendritic
cells in tumor-bearing livers (Fig.S13K), in line with our findings in human (Fig.5F,
Fig.6E) and mouse scRNA-seq (Fig.6K). We confirmed reduced expression of PD-L1 on
CD11bintF4/80Migh TAMs for both the Lyz2CRECA274™" as well as Csf1rCRECA274"1
lines compared to Ca274™ controls (Fig.S13L). PD-L1 expression was also reduced on
CD11cNINMHC-11M9N DCs in Csf1rCRECA274™" mice but not in Lyz2CRECA274" mice
(Fig.S13M). These experiments demonstrate that PD-L1 depletion on CSF1R*TAM s result
in an enhanced MAIT cell infiltration into orthotopic HCC tumors (Fig.7K) as well as
improved cytotoxic function (Fig.7L)

Activated MAIT cells can synergize with aPD-L1 ICB to control orthotopic HCC in mice

Lastly, we investigated whether MAIT cells can contribute to aPD-L1 based immunotherapy
for HCC. We recently developed a strategy to expand hepatic MAIT cells in mice using
MAIT-ligand 5-OP-RU in combination with TLR-9 agonist CpG12. We combined this
treatment with aPD-L1 (Fig.7M). As expected, 5-OP-RU/CpG treatment led to a robust
expansion of hepatic MAIT cells in WT mice but not in MrZ~/~ mice (Fig.S13N&O).
Consequently, MAIT-cell activation in combination with aPD-L1 treatment reduced
orthotopic HCC tumor growth in wildtype mice, but not in MrZ~~ mice (Fig.7N vs. O).
These findings substantiate that anti-tumor polarized hepatic MAIT cells can contribute
to successful aPD-L1-based immunotherapy of HCC in mice. Taken together, these
experimental data indicate that the TAM-MAIT axis impairs MAIT cell function in
HCC. Our data also suggest that MAIT cells are a target of aPD-1/aPD-L1 directed
immunotherapy in HCC.

DISCUSSION

Collectively, our findings elucidate a critical role for MAITs in HCC and shed light on a
MAIT-TAM crosstalk within the TME that drives hepatic MAIT cell dysfunction through
PD-1/PD-L1 interaction in human and mice.

Consistent with previous reports in liver cancer89:16.19 we found MAIT cell numbers to

be reduced in the tumor core compared to the adjacent liver, a finding which was robustly
obtained across the three assays, SCRNA-seq, CODEX and flow cytometry. We have also
demonstrated that hepatic MAIT cells in WT mice contribute to anti-tumor immunity, as
MAIT-deficient MrZ~/~ mice presented with higher tumor burden. These findings are in
contrast with previous reports derived from mouse models of lung metastasis®. In this study,
murine MAITs were found to exert tumor-promoting function through secretion of IL-17A
induced by MR1 expression on tumor cells, eventually leading to a relative protection of
MrI™= mice compared to WT mice. As the HCC tumor cell lines in our models did not
express MR1 and the dysfunctional MAIT phenotype could also be observed using the
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B16-Mr1~ modell2, this mechanism does not apply to the setting described here and
might partly explain, why different clinical and preclinical studies have associated MAITS
with seemingly paradox outcomes. Our findings further substantiate the notion that the
contribution of MAIT cells to tumor immunity is context-dependent, influenced by tumor
intrinsic factors such as cancer type and stage, but also patient cohort, organ site and
composition of the TIME.

ScRNA-seq of sorted MAIT cells revealed heterogeneity of MAIT cells in HCC. While
recent SCRNA-seq studies of leukocytes in HCC described the presence of MAITs within

T cell clusters?3.14.16 [ittle is known about MAIT cell heterogeneity. We found subclusters
of MAIT cells that show clear signs of aberrant activation and late dysfunction, in line

with previous reports®19 17, Expression of immune checkpoint marker genes in two of the
MAIT subclusters was accompanied by a loss of cytotoxicity that parallels dynamic changes
in gene expression recently demonstrated for conventional CD8 T cells in HCC4. While
reduced capacities of tumor-associated MAITSs to produce pro-inflammatory cytokine/
effector molecules has been described across different tumor entities®19:37 our scRNA-seq
data sorted cells indicate that MAIT phenotypes are not binary states but rather reflect some
functional plasticity.

Recent imaging-based analyses of the TIME have demonstrated the necessity to describe
higher-order tissue architecture beyond just the numerical cellular composition to fully
understand the continuum of tissue structure that eventually governs function26:38, We
developed an image analysis pipeline in line with previous approaches39. We then analyzed
the multicellular, spatially informed tissue signatures of the MAIT cell-niche in HCC.
S3-CIMA revealed the coordinated transitions between MAIT phenotypic states that were
delineated based on the co-localization of neighboring PD-L1* TAMs in the adjacent

liver. Interactions between MAITs and macrophages or monocytes has been proposed

in the context of obesity-induced inflammation and fatty liver disease?041, infection42:43
or vaccination**. While NK cells have been identified as key downstream interacting

cells for MAITs in murine cancer models1%11 and patient samples!?, cellular (immune)
components that orchestrate MAIT cell function in cancer tissue have not been described.
Our data-driven approach identified PD-L17CD163* TAMs enriched in the MAIT cellular
neighborhood and showed that this interaction is located predominantly in the adjacent liver
tissue.

We found high levels of PD-1 expression on MAIT-cells in the TIME which was further
increased within the vicinity of the HCC tumor (Fig.5D)819. Recently, it has been reported
that MAIT cell frequencies in PBMCs could be restored by ICB treatment in melanoma
patients responding to treatment#® and patients with high frequencies of circulating MAITs
were more likely to respond to aPD-1 therapy with significantly improved overall survival in
a second study?8. The role of MAIT cells during ICB and whether these cells contribute to
antitumor immunity or even mediate treatment failure is unclear.

This work shows that MAIT antitumor immunity and response to ICB therapies relies on
organized, spatially nuanced interactions between MAITs and PD-L1*CSF1R* TAMs within
the tumor immune microenvironment (TiME). Thus, targeting the MAIT-TAM axis could
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help to fully capitalize on the unique capabilities of MAIT cells within the TIME and help
design new therapeutic combinations in HCC.

LIMITATIONS OF THE STUDY

The sample size of the patient cohort used in this study is relatively modest and samples
were procured from a single medical center. Stratification of HCC patients according

to survival or recurrence was not possible as such data was not available at the time

of submission. Further prospectively collected clinical and experimental data from HCC
models with progressive outgrowth are needed to investigate how dysfunctional MAIT cells
and their impaired infiltration of HCC lesions is a prevailing factor in tumor initiation and
progression. Low MAIT cell counts in murine livers compared to human represent a major
challenge in dissecting contribution to anti-tumor immunity in mouse models of ICI. A
larger patient cohort should also be investigated to assess the contribution of MAIT cell
changes in HCC patients in response to immune checkpoint therapy. The current patient
ICI cohort with available pre- and post-therapy liver biopsies is limited by low MAIT cell
numbers in the dataset.

STAR METHODS

Lead contact

Further information and requests for resources and reagents should be directed to the lead
contact Tim F. Greten (tim.greten@nih.gov).

Resource availability

All unique reagents generated in this study will be available from the lead contact upon
request.

Data and code availability

The single-cell RNA sequencing (ScCRNA-seq) as final QC-filtered data for analysis and raw
CODEX imaging data generated from this study are available through NCI Cancer Research
Data Commons (CRDC).

The human single-cell sequencing data are deposited through dbGaP (accession number:
phs003279.v1.pl).

The murine scRNA-seq data can be accessed through GEO (accession number:
GSE231712).

The raw CODEX images are hosted at The Cancer Imaging Archives (TCIA) under https://
doi.org/10.7937/bh0r-y074.

This paper also analyzes existing, publicly available data. These accession humbers for the
datasets are listed in the key resources table.
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All original code used to analyze CODEX images including S3-CIMA as well as the
scRNA-seq analysis pipeline has been deposited at https://github.com/claassenlab/S3-CIMA
and is described in detail in Babaei et al.2°.

Some figures were created with http://biorender.com/.

Any additional information required to reanalyze the data reported in this paper is available
from the lead author upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human HCC specimens

Discovery cohort: We decided to study potential MAIT cell heterogeneity and their cellular
interactions in the TIME of HCC. We performed a comprehensive analysis on prospectively
collected, surgically removed tumor specimens, and paired adjacent non-tumor liver tissue
from n=15 individuals undergoing HCC resection using highly multiplexed CODEX tissue
imaging of whole tissue sections, single-cell RNA sequencing and high dimensional flow
cytometry (see study designs, Fig. S1). A total of 37 patients with pathologically confirmed
HCC treated at the MedStar Georgetown University Hospital (GUH) in Washington D.C.
were enrolled in this study. Detailed clinical and pathological information is shown in

Table S1. An additional non-HCC patient cohort (n=23) was prospectively enrolled from
patients with chronic liver disease requiring liver transplantation or hepatic resection outside
of the HCC-context. Collection and processing of human HCC specimen has previously
been described*’. HCC specimen from patients undergoing surgical HCC resection (patient
samples for flow cytometry, scRNA-seq and CODEX) or orthotopic liver transplantation
(some patients in the extended cohort for flow cytometry) at MedStar Georgetown
University Hospital were collected. All patients gave informed consent for collection of
clinical information, tissue acquisition under the Institutional Review Board (IRB)-approved
protocol IRB #2017-0365 and the material transfer agreement (M.T.A.#43655-18) between
the GUH and the U.S. National Cancer Institute (NCI).

Validation cohort (ICB cohort): We recently described®* collection of pre- and post-
treatment biopsy specimen with preoperative informed consent from patients participating at
NIH Clinical Center for interventional studies, following approval by the ethics committee
of the National Institutes of Health (ClinicalTrials.gov Identifier: NCT01313442). A total of
8 HCC patients were identified with single-cell RNA-seq data available for pre- and post
ICB treatment.

Animal models: Mice were housed at CRC animal facility at NCI in accordance with
the National Research Council Guide for the Care and Use of Laboratory Animals. All
technical procedures and experimental endpoints were approved by the NCI Division of
Intramural Research Animal Care and Use Committee and listed in the animal study
proposals MOB-028 & TGOB-013.

Two-to-four months-old male and female C57BL/6 (strain code #556) mice were purchased
from Charles River Laboratories. MrZ~/~ mice were generated and described® by Dr. Susan
Gilfillan (Washington University, St Louis School of Medicine, MO) and were kindly
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provided by Dr. Daniel Barber (NIAID/NIH, Bethesda, MD). Male and female A/rZ/~ mice
between 8-16 weeks of age were used for the experiments. Loss of MR1 was confirmed

by genotyping of Mr1~'~ mice using PCR with the following primers: MR1 5 8763-8783:
AGC TGA AGT CTT TCC AGA TCG, MR1 9188-9168 rev: ACA GTC ACA CCT

GAG TGG TTG, MR1 10451-1043: GAT TCT GTG AAC CCT TGC TTC. Lyz2~"® x
Csf1r-SL-DTR (MMPTR) mice have previously been described36. This transgenic mouse
strain utilizes a two-gene approach (targeting Lyz2and Csfl1rdouble-positive cells) that
allows for toxin receptor-mediated conditional cell ablation of monocytes, macrophages,
and inflammatory monocytes, while conventional splenic dendritic cell (cDCs) and
lymphocytes are unaffected. The £yz2¢" mice (strain #004781) and CSF1r-5L-CTR mice
(strain #024046), CSF1r-SL-DTR mice (strain #024046), Csf1rC® (stain#: 029206), and
Cd274Mf (strain #: 036255) were purchased from Jackson Laboratory and housed in NCI
CRC facility. LyzZ°" mice were crossed with Csf1-SL"DTR mice to generate LyzX"®

x CsfI/-SL-DTR (MMPTRY) mice. Lyz25eCa274" as well as Csf1rcreCa 274" were
generated through crossings of Cd274" line with Lyz2" or Csf1r°"e respectively. Mice
were genotyped through service provided by TransnetY X. Synthesis and application of
riboflavin pathway derived MAIT cell antigen 5-OP-RU in combination with Class B CpG
Oligonucleotide (ODN 1826, Invivogen, San Diego, CA) has previously been described1248-

Cell lines: The luciferase-expressing HCC cell line RIL-175 has previously been
described*? and was cultured in RPMI 1640 GlutaMax (ThermoFisher, Cat No. 61870127)
+10% FCS (CORNING, Cat. no. MT35010CV). Syngeneic HCC cell line Hep55.1c was
purchased from CLS Cell Lines Service GmbH, Germany (Cat. No. 400201). The B16-F10
MriWT as well as targeted knockout of MrZ in B16F10-GFP+LUC cells using CRISPR/
Cas9-mediated gene editing has previously been described!2. Loss of MR1 protein surface
expression in monoclonal B16F10-Mr1~/~ was confirmed by flow cytometry after ligand
stimulation with 5-OP-RU. Cells were cultured in RPM11640 GlutaMax (+10% FCS) +

1% So-Pyruvate (Thermofisher, Cat. No. 11360070) +1% 1M HEPES (Thermofisher, Cat.
No. 15630080) +1% NEAA (Thermofisher, Cat. No. 11140050) and 500 ng/mL Puromycin
(InvivoGen, Cat. No. ant-pr-1). Colorectal cancer cell line, MC38 (RRID: CVCL_B288) was
a gift from Dr. Jay Berzofsky at the U.S. National Cancer Institute.

All cell lines used in experiments were cultured for 3 to 7 days and maintained at 37°C
with 5% CO, for 1 to 3 passages prior to implantation. Routine testing for murine pathogens
including Mycoplasma was last performed in March 2019 and was negative for all cell lines.

METHOD DETAILS

Human tissue processing—Paired adjacent liver (> 2cm away from tumor tissue)
tissue, margin (rim) and tumor core tissue were collected from surgically removed
specimens and processed separately to generate single-cell suspensions (see study design,
Fig. S1). For CODEX multiplex immunofluorescence imaging, a freshly obtained piece of
the tumor-to-liver border from the same patient sample was cut and immediately embedded
in optimal cutting temperature (O.C.T.) compound (FisherScientific, Cat. No. 23-730-571).
Fast freezing was achieved by submerging the tissue in 2-methylbutane (FisherScientific,
Cat. No. AC167840010) which was cooled down on dry ice. 10 um thick tissue sections
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were cut onto poly-Lysine coated glass cover slips. Coverslips (Electron Microscopy
Sciences, Cat. No. 72204-01) were manually coated with 0.1% poly-L-lysine solution
(Sigma-Aldrich Cat No. p8920) for 24 hrs followed by 6 x washes in diH20 and drying. The
coverslips were used for no longer than 2 months after coating.

Single cell isolation from surgical specimen—~Fresh tissue was collected in the
operation room and immediately immersed in MACS tissue storage solution (Miltenyi
Biotec, Cat. No 130-100-008) and transported to the lab on ice. Tissue blocks were
manually minced into smaller pieces using a sterile razor blade. The tissue was then digested
in serum-free RPMI 1640 (ThermoFisher, Cat. No. 61870127) containing collagenase 1V
(activity approx. 300 CDU/10ml, STEMCELL technologies Cat. No 07909) and DNAse

I (activity approx. 300 Kunitz/10ml, STEMCELL Technologies Cat. No. 07900) shaking
for 90 minutes at 37°C. Washing and filtering was then followed by a density gradient
centrifugation using 40% and 80% Percoll PLUS solution (in PBS; GE Healthcare, Cat.
No. GE17-5445-01) to separate the mononuclear immune cells from the parenchymal
cells. Centrifugation was performed at 2400 RPM, for 20 min at RT without brake.

Immune cells were collected from the interface layer and washed with RPMI once.

RBC lysis (ThermoFisher, Cat. No. 50-112-9751) was performed before cells were
counted. Cells were then used for immediate flow cytometry analysis or cryopreserved. For
cryopreservation, mononuclear cells were resuspended in Recovery ™ Cell Culture Freezing
Medium (Gibco, Cat. No. 12648010), transferred into cryotubes and then stored at —80°C.

Single cell sorting—The cryopreserved immune cell suspension was thawed at 37°C
for rapid recovery and washed with FACS buffer (BD, Cat. No. 554656). Cell count and
viability were assessed on a CellometerAuto200 (Nexcelom Bioscience).

Fixable Viability dye ZOMBIE-UV (Biolegend, Cat. No. 423108) was applied to cell
suspensions for 20 min at 4 °C. After Fc-blocking (BD, Cat. No. 564220) for 15 minutes

at 4°C, surface staining including tetramers was performed by incubating 1-2 x 108

cells at 4°C for 30 min in staining buffer (BD Bioscience, catalogue no. 554656). The
following antibodies were used for FACS sorting: CD45 (Biolegend, Cat #: 304023),

CD14 (BD, Cat #: 561391), CD15 (BD, Cat #: 561585), CD19 (BD, Cat #: 561125),

CD3 (Biolegend, Cat #: 300430), CD161 (Biolegend, Cat #: 339918) & hMR1 tetramer
loaded with 5-OP-RU (NIH tetramer core facility). To enrich for MNCs and to purify
MAIT cells respectively, live CD45" MNCs or MAIT cells (defined as live lymphocytes,
CD45"CD14°CD15"CD19-CD3*CD161*MR1-tetramer/5-OP-RU* see Fig. S3A for gating
strategy) were sorted on a BD Influx (BD) into sterile PBS. Next, sorted cells were instantly
transferred for single-cell cell capture and library preparation.

Single Cell — Partitioning and library preparation—Single cell suspensions after
FACS sorting were washed once with ice-cold PBS with 0.04% BSA by centrifugation at
300g and gently resuspended in fresh buffer. Cell counts and viability measurement were
taken of each cell suspension using a fluorescent cell counter and propidium iodide and
acridine orange dyes (LunaFL, Logos Biosystem). Cell concentrations were adjusted and
loaded onto the 10x Genomics Chromium platform using the 5’ v1.1 immune profiling
chemistry (10x Genomics) targeting 6,000 cells when sample amounts and viabilities
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allowed. For samples where available number of cells was low, additional washes were
skipped and cell counts were based on flow sorting event counts. Preparation of gene
expression SCRNA-Seq and associated human TCR enrichment libraries were performed
according to vendor recommendations.

Single Cell — Sequencing—Sequencing was performed on either the Illumina NextSeq
550 or Illumina NextSeq 2000 instrument. For SCRNA-Seq gene expression, libraries were
sequenced with a 26bp read to identify cell barcodes and unique molecular indices, an 8bp
read for sample indices, and a 91-98bp read to identify cDNA insert. For single cell TCR
sequencing, libraries were sequenced with paired end 150bp reads to increase VDJ coverage,
and an 8bp read for sample indices. Samples were multiplexed for sequencing based on
library type and sample groups, and reads were combined from multiple sequencing runs to
achieve at least 50,000 reads per cell on average for gene expression and at least 5,000 reads
per cell for TCR libraries for all samples.

Single Cell — Data processing—Data was processed using the 10x Genomics Cell
Ranger pipeline (v4.0, v5.0 or v6.0) to demultiplex reads and then align reads to a GRCh38
reference (refdata-gex-GRCH38-2020-A) for scRNA-Seq data and a GRCh38 VDJ
reference for single cell TCR data (refdata-cellranger-vdj-GRCh38-alts-ensembl-5.0.0).
UMI-adjusted aligned reads were used to generate a single cell barcode and gene expression
matrix and a TCR clonotype matrix that was used for downstream analysis.

Unsupervised clustering of scRNA-seq data and cell type definition—The
scRNA-seq data was analyzed using the Scanpy library (version 1.9.1 (Wolf et al.,

2018)) using read counts matrices. Preprocessing, quality control (QC), and clustering

were performed separately for all CD45" and selected/sorted MAIT cells. To remove
possible doublets, Scrublet (Wolock et al., 2019) was applied per sample. The

doublet threshold per sample was chosen to match the expected number of multiplets
according to resources tables provided by 10X genomics (https://kb.10xgenomics.com/hc/
en-us/articles/360001378811-What-is-the-maximum-number-of-cells-that-can-be-profiled).
Outlier removal based on mean absolute deviation around the median was applied. For the
measures, loglp_total_counts, loglp_n_genes_by counts, and pct_counts_in_top_50_genes
cells were marked as an outlier in case, they exceeded a threshold of five MADs. QC
consisted of removing genes expressed in too few cells and cells expressing too few

genes. More specifically, a threshold of min_genes=200 and min_cells=20 was applied.
Furthermore, cells were only included if mitochondrial, ribosomal, and hemoglobin gene
read count fractions were below thresholds of <3%, >15%, and <0.2%, respectively.
Mitochondrial, ribosomal, and hemoglobin genes and MALAT1 were removed for further
analysis. After stringent quality control, a total of n= 44,454 cells were used for the analysis
(3,663 8,481 cells/patient; median: 4,795.5cells/patient). Genes with >3000 total counts
across the dataset were removed. Counts per cell were normalized to 10,000 reads per cell.
Read counts were transformed with log(x+1). For further analysis, only highly variable
genes were considered. These genes were selected using the function highly_variable_genes
with default parameters. Batch effect correction across patient samples was performed using
the Harmony algorithm®° to patient labels. The neighborhood graph was built using the
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function neighbors with parameters n_neighbors=30 and n_pcs=20. The resulting data was
clustered with the Leiden algorithm®L, For final annotations, resolution=1.0 was used.

For a subset of n=6 patients, MAIT cells were FACS sorted using MR1 tetramers loaded
with 5-OP-RU (Fig. S1A) and subjected to scRNA-seq and TCR seq as described above:
four matched adjacent liver and tumor core (LHCC44, LHCC45, LHCC48, LHCC54) and
one each for adjacent liver (LHCC40) and tumor core (LHCCA47). Using MR1 tetramers
loaded with 5-OP-RU, a total of 46,588 MAIT cells were sorted at a >95% purity (Fig.S2A).
To further investigate cellular heterogeneity among the MAIT cell population, MAIT cells
from CD45* sorted leukocytes (Fig.1A, Fig.S2A) and FACS sorted MAIT cells (Fig.S2A)
were captured, sequenced, and analyzed together with FACS purified MAIT cells. MAIT
cells among total CD45™" cells were identified by TCR sequencing in line with Yao et al.1®.
After processing of TCR-seq data as described above, this allowed for the identification of T
cells expressing transcripts for the canonical MAIT TCR alpha chain. Cells with detectable
TRAVI-2transcript that had productive combination with either TRAJ33, TRAJI1Z or
TRAJZ20 were defined as MAIT cells.. Next, QC was performed as described above with
the following settings: For mitochondrial, ribosomal, and hemoglobin gene read count
thresholds of <5%, >20%, and <0.01% were used, respectively. Genes with >3000 total
read counts were removed. For Leiden clustering-based final annotations, resolution=0.4
was used. After QC and downsampling, a total of 7,763 MAIT cells from 8 patient samples
were then used for downstream analysis. A maximum of 1,000 MAIT cells per sample was
selected to ensure a balanced representation of each patient sample and to ensure that the
conclusions reached about MAIT cell heterogeneity would not be driven by patient-specific
effects.

Differentially expressed gene analysis for hepatic and tumor infiltrating
leukocytes—For both the CD45* sorted and MAIT sorted cells, differential gene
expression analysis was done by using the rank_genes_groups function of Scanpy with
use_raw=True and method="wilcoxon’.

Validation cohort (16)—An independent patient cohort with available single-cell RNA
sequencing data data published by Zheng et al., 2017 was re-analyzed to validate

the findings from the MAIT analysis. The dataset consists sorted T cells including

one MAIT-dominant cell cluster (CO3_CD8-SLC4A10). A similar analysis matching the
aforementioned steps for MAIT-sorted cells was conducted. The neighborhood graph

was calculated using n_neighbors=30 and n_pcs=20. Leiden clustering algorithm with
resolution=0.8 was used to subcluster MAIT cells were subclustered. The pairwise Pearson
correlation between all clusters from both MAIT cell cohorts was calculated for qualitative
comparison by considering the top 25 genes from the shared differentially expressed genes.

MAIT cell transcriptomic profile in patients treated with ICB—Patient
characteristics, sample acquisition and sScCRNA-seq data processing for liver cancer patients
treated with ICB have previously been described34. Briefly, tumor tissue biopsies before
and after treatment initiation for n=8 patients with HCC undergoing ICB were available
for analysis. These core needle biopsies were subjected to sScRNA-sequencing (Fig. S12G).
MAIT cells were identified in sScRNA-seq data by re-clustering of T cells using Leiden
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algorithm®2 based on shared nearest neighbors. Specifically, Seurat’s FindNeighbors and
FindClusters algorithms with parameters of the first 10 principal components and a 1.5
resolution were used. Next, we performed differential gene expression analysis for each
cluster. The cluster of MAIT cells could be determined based on MAIT cell marker

genes such as SLC4A10, KLRBI1, NCR3, and ZBTB16 (TableS1). The cytotoxicity score
was determined as the average expression for proinflammatory/cytotoxic genes /FNG,
GZMA, GZMB, GZMH, GZMK, GZMM, GNLY, PRF1, KLRCI1, KLRB1, NKG7, KLRK],
KLRDI1, FASLG, TNF, ILZper MAIT cell.

Survival analysis—We tested the significance of a published MAIT cell signature
(SLC4A10, KLRB1, ME1, TMIGD2, IL23R, NCR3, LST1, COLQ, RORC, ZBTB186,
TLE1)15 and the MAIT cell signature derived from cluster c9_MAITSs (with a cutoff
LogFc=1.5) on patient outcome by using several published bulk transcriptomic datasets
derived from HCC tumor samples. Transcriptomic data of 371 patients diagnosed with
HCC are accessible through the The Cancer Genome Atlas Program (TCGA, https://
cancergenome.nih.gov/) LIHC cohort, with data on overall survival (OS) available for 364
patients. The LCI%3 and TIGER-LC®* HCC patient cohorts have previously been published
and can be accessed through GEO under the accession humbers GSE76297 and GSE14520.
R survival and survminer packages were applied for survival analysis. Samples were divided
into two equal-sized groups based on the median value of the MAIT signature. Kaplan-
Meier method was applied to calculate the survival probability. Statistical significance was
tested using a log-rank test.

Co-detection by indexing (CODEX) multiplexed tissue imaging of 38 markers
in fresh frozen tissues of 15 HCC patients

Screening and validation of CODEX antibodies: Some antibodies in our 37-plex CODEX
panel were commercially available, already conjugated to oligonucleotides and ready to use
through Akoya biosciences or Leinco technologies (see Table S1). We re-conjugated some
of these commercially available, CODEX validated antibodies to different oligonucleotide
tags. Beyond that, we developed 21 different antibodies for CODEX imaging with the
intention to identify all major cell types in human liver cancer with a focus on (lymphoid)
immune cells. Each developed CODEX antibody was screened, titrated, and validated in
manual single- or dual-color conventional immunofluorescence imaging on non-HCC fresh
frozen liver tissue (Fig.S5). The staining for each clone was assessed before and after
conjugation to the CODEX oligonucleotide tags. Performance of each developed clone

was assessed through CODEX imaging of both liver and secondary lymphoid organs
(spleen or lymphnode) using the full 37-plex antibody panel. For conventional IF, the

tissue was thawed and fixed in acetone (Macron Chemicals, Cat.No. MK244310) followed
by rehydration with commercial hydration buffer (Akoya Biosciences, Cat.No 7000008

Part Number 232105) and another fixation step in 1.6% paraformaldehyde (Thermo
Scientific Cat.No 28908). After blocking with Staining solution (Akoya Biosciences, Cat.No
7000008 Part Number 232106) primary antibody staining was performed for 3 hrs at RT.
Counterstaining with HOECHST (ThermoFischer, Cat.No H3570) and fluorophore-coupled
secondary antibodies was achieved by incubation for 30 min at RT. Staining patterns
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were confirmed with online resources (The Human Protein Atlas, Pathology Outlines) and
published literature.

Antibody-conjugation with oligonucleotide-tags: Carrier free antibodies were conjugated
to selected barcodes using commercial reagents following Akoya Bioscience’s
recommended protocols. First, preservatives and other additives (like trehalose) were
removed by using Amicon Ultra 30K centrifugation filters (Millipore, Cat. No.
UFC503024). The filters were hydrated with PBS for 5 min followed by centrifugation

at 5,000 x g for 4 min on a tabletop centrifuge (Eppendorf 5424). The filter was washed
once more with 400 ul PBS. After the remaining buffer was removed from the filter, 70 ug
antibody was added in a final volume of 300 microliters in PBS, followed by centrifugation
at 5,000 x g for 4 min. The antibody was washed two more times with 400 ul PBS. After the
second centrifugation 80-100 ul antibody was left in the filter and transferred to a new tube.
The protein concentration was measured using an Implen nanophotometer with 1gG mouse
settings. 3 ul of antibody solution was set aside for conjugation quality control. 50 ug of
protein was used for conjugation, diluted in 100 ul PBS.

For conjugation, Amicon Ultra 50K centrifugation filters (Millipore, Cat. No. UFC505024)
(one for each conjugation) were washed with 500 ul filter blocking solution (Akoya
Biosciences, Cat. No. 7000009 Part No 232113) and centrifuged at 12,000 x g for 2

min. The remaining solution was discarded and 50 ug antibody in a volume of 100 ul
supplemented with PBS was added to the filter followed by centrifugation at 12,000 x ¢
for 8 min. 260 ul antibody reduction master mix (Akoya Biosciences, Cat. No. 7000009
Part No. 232114 and Part N0.232115) was added to the filter and incubated for 30

min. After centrifugation at 12,000 x g for 8 min, the filter was washed with 450 ul of
conjugation buffer (Akoya Biosciences, Cat. No. 7000009 Part No. 232116). The barcode
was resuspended in 10 ul nuclease free water (Ambion AM9938) and complemented with
210 ul of conjugation buffer. The mix was added to the filter and incubated for 2 hours.

7 ul of the mix was set aside for testing the conjugation efficiency and the filter was
centrifuged at 12,000 x g for 8 min. Next the conjugated antibody on the filter was washed
three times with 450 ul purification solution (Akoya Biosciences, Cat. No. 7000009 Part
No. 232117) and resuspended into 100 ul of antibody storage solution (Akoya Biosciences,
Cat. No. 7000009 Part No. 232118). The antibody was collected by inverting the filter and
centrifuging the content into a new tube at 3000 x g for 2 min. The collected conjugated
antibody was stored at 4°C.

Validation of antibody — oligonucleotide conjugation: The unconjugated (3 ul) and
conjugated (7 ul) antibody aliquots previously set aside were diluted to 10 ul with

PBS. After addition of 10 ul of 2X Laemmli buffer (BioRad Cat. No. 161-0737), the
samples were denatured at 100°C for 8 min and loaded onto 4-20% Novex Tris-Glycine
gels (Invitrogen, Cat. No. XP04200BOX) for electrophoresis at 150 V for 2 hrs. After
electrophoresis the gel was rinsed 3 times for 5 min in diH20 and stained with InstantBlue
Coomassie-based Staining solution (Expedeon Protein Solutions, cat. No. ISB1L) overnight
to visualize the protein bands. The gels were rinsed in diH20 to remove the background and
imaged using a BioRad Chemidoc imaging system.
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Staining procedure of fresh frozen tissue sections for CODEX imaging: Tissues
sectioned onto poly-L-lysine coated coverslips were kept at —80°C until stained for CODEX
imaging. The tissue fixation and staining steps were performed following the recommended
protocol from Akoya Biosciences using commercial staining reagents (Akoya Biosciences
Cat. No. 7000008). The staining steps were performed in 6 well plates or humidified
staining chamber.

The tissue was fixed for 5 min in acetone (Macron Chemicals, Cat.No. MK244310), air
dried for 2 min followed by hydration 2 x 2 min in hydration buffer (Akoya Biosciences Cat.
No. 7000008 Part No. 232105). The tissue was fixed for 10 min in 1.6% paraformaldehyde
diluted in hydration buffer and kept in staining buffer for no more than 30 min before
staining. Staining was done in staining buffer supplemented with Blocker N, blocker J,
blocker S and blocker G (dilution factor 1:42) (Akoya Biosciences Cat. No. 7000008).
Antibodies were combined at the dilutions indicated in Table S1. The tissue was stained at
RT for 3 hrs followed by 2 x 2 min wash in staining buffer, followed by fixation in 1.6%
paraformaldehyde diluted in storage buffer (Akoya Biosciences Cat. No. 7000008 Part No.
232106). The tissue was rinsed 3 X in PBS and fixed in ice cold methanol for 5 min. After
rinsing in PBS for 3 times, the fixative (Akoya Biosciences Cat. No. 7000008 Part No.
232107) diluted in PBS was applied for 20 min followed by rinsing in PBS. The stained
sample was kept at 4°C in storage buffer for less than two weeks or imaged immediately.

Whole slide multispectral imaging using CODEX multi-cycle reaction (level 1

data): While scanning small tissue regions (e.g. tissue microarrays, TMAs) allows for
imaging a high number of patient samples, intra-patient heterogeneity of different cell
populations within large tissue sections can be greater than true interpatient variability2/:25,
Imaging of stained slides was performed on BZ-X810 microscope using DAPI, FITC, CY3
and CYS5 filters with a Keyence 20X objective with NA of 0.75 following recommendation
from Akoya Biosciences. The number of tiles was selected to cover the area of the tissue
and varied between 15 and 27. Multiple layers (Z-stack n=9-14), separated by 1.5 um, were
acquired to make sure every cell in the tissue is in focus. A total of 12,703,216 microscopy
images (tiles) were acquired. Imaging was done in multiple cycles using exposure times
listed in Table S1. Total imaging time was 1,738 hours (~72 days).

Primary image processing (level 2 data): The images were transferred to the processing
computer and processed using CODEX processor version 1.7.0.6 without segmentation.
Nuclear staining from cycle 2 was used as reference for focusing. During processing
background subtraction, deconvolution, best focus selection (EDF), shading correction were
selected. After conversion, individual stitched tiff images were converted to pyramidal

tiff using bftools open-source conversion tool (hosted on the NCI HALO infrastructure).
Pyramidal tiff images were loaded into HALO and fused to create composite images for
analysis.

Primary image analysis using HALO digital pathology software (Level 3 and level 4
data): Full resolution, high quality mosaic images (after stitching, registration, alignment,
illumination correction & background subtraction) for each of the 38 markers (37 protein
targets + nuclear stain DAPI) per patient sample were imported into HALO image analysis
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platform (V3.2, Indica Labs; available through the NCI HALO Image Analysis Resource)
and fused into a single multi-layer AFI file in HALO. Intensity adjustment for each
marker in each tissue was done in HALO. High magnification, multi-color overlay images
of CODEX datasets were exported through the figure maker function in HALO. Lower
magnification, full-resolution multi-color overlay images were generated in ImageJ (Fiji
version 2.8.5).

Tissue annotation: The whole tissue was masked (versus the background glass slide) using
the classifier module in HALO which is based on a random forests machine learning
algorithm. Areas of low tissue quality and regions with high autofluorescence such as folds,
dried edges, bubbles, and necrotic tissue were excluded. The tumor region of the tissue was
identified by an expert in liver cancer histopathology (D.K.) on H&E stained sections of
adjacent frozen tissue. Tissue regions (adjacent liver, rim & tumor core) were then manually
annotated within the HALO software for all cases accordingly, guided by the following
markers: DAPI, HNF4a, CD34, LYVE-1, aSMA, Ki-67, panCK, EpCAM.

Cell segmentation: The HALO HighPlex FL module v3.2.2 module was used for cell
segmentation and manual phenotyping. Cell segmentation was performed using DAPI-
controlled watershed nuclear segmentation algorithm implemented in HALO. Digital
overlays of the cell-segmentation masks were used to visually control the performance of
single cell detection.

Manual gating: For manual gating of cell types, marker positivity of each marker was
assessed visually, and positivity thresholds were set for each individual marker for each
individual tissue section. This results in the classification of each cell as either positive or
negative for the respective marker. Using a combination of canonical immune cell markers
(in analogy to traditional gating e.g. in flow cytometry) the numbers and frequencies of
major immune cell types were determined by manual gating for each tissue section and
summary statistics were used for further analysis.

Numerical output: the HALO platform allows numerical data to be generated based on
cell segmentation and provides spatial feature tables that include marker intensities, cell
coordinates and other single-cell features like manual gating results or results of the tissue
annotation (in analogy to count tables in SCRNA sequencing). These CSV files containing
single-cell data can then be used for further downstream analysis.

Unsupervised clustering analysis and cell annotation in CODEX data: The raw single-
cell CODEX dataset consists of 4,567,421 cells derived from 15 HCC samples (Table

S1). Intensity levels from 37 protein markers and nuclear dye DAPI were included in the
following/downstream analysis. An arcsinh transformation was applied on raw intensity
values for normalization. The cofactor was selected per patient and per marker for

optimal performance of downstream clustering. Harmony was used on the patient label

to account for batch effects®. For improved computation time, a GPU implementation
(harmony-pytorch (v.0.1.6)) of the algorithm was used. Following this correction, a
MinMax-transformation was applied to scale the marker expression level to the closed
interval [0, 1]. Cell type annotation was achieved by first clustering the preprocessed data
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using the Leiden algorithm for community detection®1:52 based on all protein markers. The
clustering was implemented using the RAP/DS library®® (version 0.18.0). Different KNN-
graphs and values for the resolution parameter were considered. Each run was manually
evaluated based on its distinctness of clusters. Annotation of clusters and assignment of
corresponding cell types was guided by average marker expression of each cluster. The
resolution parameter was chosen to result in an over-clustering, i.e. to produce more clusters
than (expected) cell types. Using this approach, it was possible to map several clusters

to the same cell type using domain knowledge and to achieve a final clustering guided

by expert knowledge. The final KNN-graph was built with k=30 using cosine distance.
Hereby, the clustering was done with resolution=2.2. For each cluster, cell annotation was
manually verified by tracing single cells in each cluster based on unique cellular IDs as

well as X/Y-coordinates onto the stitched images in HALO software. A total of 17,398 cells
corresponded to artifacts and were removed. A more granular identification of immune cell
types was achieved by separate clustering of CD45" cells based on manual HALO gating.
This resulted in a subset of 1,485,139 immune cells that were used for downstream analysis.
For leukocyte clustering, a subset of immune cell-specific markers (Fig.4D) was selected.
The same clustering approach as for the complete dataset was applied. The selected result
was obtained by using k=30 neighbors for the graph and a resolution value of 2.2. Following
the same approach as outlined above, another 73,033 cells were found to be derived from
artifacts or were classified as non-immune cells based on the microscopy images and, thus,
excluded.

Spatial cell subset enrichment detection with S3-CIMAZ2%: The S3-CIMA model has

been applied as described previously?®. Briefly, S3-CIMA identifies cell subsets in cellular
neighborhoods that are enriched with respect to a phenotype, such as tissue type. The model
uses as input cell profiles of spatial nearest neighbors around MAIT cells as anchor. Cell
profiles were obtained from arcsinh transformed and HARMONY normalized intensities of
all 38 markers of the CODEX imaging data. K nearest-neighbors of each anchor cell (10

< k <100) were calculated based on the Euclidean distance between an anchor cell and

all cells in a specific tissue category per patient. Each input is labeled according to the
corresponding tissue category as the phenotype. S3-CIMA implements a weakly supervised
classifier to identify cell subsets whose frequency distinguish the considered phenotypes. A
set of randomly selected k nearest neighbor cells was included as a background phenotype.
The number of background sets was set equal to the number of anchored inputs. To reduce
bias in the classification model, multi-cell inputs of the patients with the high number of
anchor cells is downsampled to the 90th percentile of the overall input sets. The inputs of
eight (out of 15) patients were randomly split into training and validation sets (80% and 20%
respectively). Controlling for variation due to the random selection of training and test sets,
we repeated this approach with different seeds and noted that the classification accuracy

did not differ significantly when swapping the test and the training dataset, indicating the
robustness of the analysis. Then, 200 models were trained and the model with highest
predictive accuracy on the validation set was selected. The remaining seven patients were
used as the test set to assess the performance of the best model. The resulting model defines
a score to rank and map the enriched cell subsets2®. We selected and performed downstream
analyses for the 5% top scoring cells. The relative frequency of selected cell of all input cells
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per patient in each tissue type as well as background were calculated and compared using
a Wilcoxon rank-sum test. We assessed the performance of this procedure using different
k-nearest neighborhoods (10 < k <100). The best neighborhood size was chosen at k = 40
achieving the highest frequency of selected cell significance.

Characterization of spatially enriched cell subsets—Enriched cell subsets possibly
cover multiple cell types. We assessed how enriched cell subsets map to the annotated cell
types, and how these are enriched across the considered conditions, i.e., tissue regions. To
find spatially enriched cell subsets, an analytical enrichment score (ES) was calculated for
each cell type per tissue type across all patients. Briefly, the enrichment score of each cell
type was calculated based on the ratio of two factors, i) frequency of the cell type with

high filter response in the anchor neighborhood (i.e., selected cells) and ii) frequency of

the cell type with high filter response but not in the anchor neighborhood (Fig. S8A). The
enrichment score of a specific cell type across the patient cohort is reported as the median
value of the scores across all patients. The error bars are calculated as the median absolute
deviation. A cell type was excluded if it was selected in less than 7 patients or the ratio

of selected cell to all cell in the anchor neighborhood was less than 2%. Enrichment score
values ES>1 indicates enrichment of the corresponding cell type in the spatial neighborhood
of the anchor cell.

The enrichment score was calculated according to the following formulas:
Enrichment score:
_Ser

S = 5er

Score of cell type CT in nearest neighbor of the anchor cell is selected:

Score of cell type CT is in nearest neighbor of the anchor cell:

Fnner
Ecr

Ser =

Expected value of CT in nearest neighbor of the anchor cell is selected:
S

Edr = %nnsxz—g
V4

Expected value of cell type CT is in nearest neighbor of the anchor cell:

Fer
FK

Ecr = #nn X
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- Number of all cells

A or: Number of all cells of cell type CT

'nn: Number of all cells in nearest neighbor of the anchor cell

A'nncr. Number of all cell type CT in nearest neighbor of the anchor cell
2 nnS: Number of all selected cells in nearest neighbor of the anchor cell
2S: Number of all selected cells

Fnngr: Number of all selected cell type CT in nearest neighbor of the anchor cell

K. Number of all selected cell type CT

Distance calculations—Spatial position of each cell (X, y) in the image was calculated
by averaging (Xmin: Ymin) and (Xmax, Ymax) Of a given cell according to the single-cell
output table derived from HALO. Then, Euclidean distance between MAIT cells and each
surrounding cell (as annotated by unsupervised clustering) was computed per patient.

Integration of CODEX and scRNA-seq—For the integration of CODEX and scRNA-
seq data, only immune cell clusters were considered. Granulocyte clusters found in CODEX
were not included in the analysis, as these cells could not be recovered in our SCRNA-

seq experiment. The data were integrated with a two-step approach. First, the considered
immune-related antigens of the CODEX measurement were mapped to their corresponding
genes. This resulted in a shared feature space for both data sets. Second, the mean
expression of all clusters was calculated, and the pairwise Pearson correlation between the
expression profiles of both sets (CODEX vs. sScRNA-seq clusters) was computed.

MAIT + TAM co-culture studies—For co-culture of hepatic MAIT cells with CD163*
macrophages, liver tissue was collected from patients undergoing liver resection or liver
transplantation, MNCs were isolated as described above. MAIT cells were purified

using PE-coupled MR1/5-OP-RU-loaded tetramers and magnetically labeled using anti-

PE microbeads (Miltenyi Biotec, Cat.No. 130-048-801) and sorted using an AutoMACS

Pro (Miltenyi Bitoech) following the manufacturer’s instructions. MAIT-depleted samples
were then labeled using a CD163 MicroBead Kit (Miltenyi Biotec, Cat.No. 130-124-420)
and CD163* and CD163" cells were separated using the AutoMACS Pro following

the manufacturer’s instructions. Purified MAITs were then co-cultured with either
CD163*macrophages or CD163~ cells in X-VIVO15 culture media (Lonza, Cat.No. BE02—
053Q) supplemented with 2% human serum for 48 hours. For some conditions, clinical
grade monoclonal antibody against PD-L1 (Atezolizumab, TECENTRIQ®, Genentech) was
added at 20 ug/mL. For some conditions, CD163*macrophages were placed on the upper
layer of a HTS Transwell® 96-well permeable system (Corning, Cat.No 3380) with 1um
pore size. For intracellular cytokine staining at the end of the incubation period, cells were
stimulated for 4h at 37 °C with a commercially available leukocyte activation cocktail (BD
Biosciences, catalogue no.550583) containing PMA and ionomycin as well as brefeldin A at
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2uL/mL media. Measurement of cytokine production was performed using flow cytometry
as described below.

Tumor models—Intrahepatic tumor cell injections were performed as described in detail
elsewhere®’. In brief, cell suspensions of indicated syngeneic tumor cell lines were prepared
and resuspended in a 1:1 mix of PBS and Matrigel (Corning, Cat. No. 354230). Intrahepatic
tumors were established by injecting 20 pL total volume containing 2—2.5 x 10° tumor cells
into the left lateral liver lobe. Mice were randomized prior to treatment initiation and tumor
size readouts were performed by a blinded examiner.

Targeted knockout of Cd274 in tumor cells using CRISPR/Cas9-mediated gene
editing—RIL-175, Hep55.1c, B16-F10 and MC38 tumor cell lines were used for targeted
knockout of Ca274. Six candidate SgRNAS targeting early protein coding exons of Cd274
(ENSMUST00000016640.7) were designed using sgRNA Scorer 2.0%8. /n vitro transcribed
candidate guide RNAs were complexed with recombinant Cas9 protein and transfected

into P19 cells using Lipofectamine 2000 and editing was assessed using deep amplicon
sequencing using methodology previously described>® 38, Oligonucleotides encoding for
the top candidate, 1768 (GGCTCCAAAGGACTTGTACG), were then annealed and

ligated into the LentiCRISPRv2-mCherry vector using the T4 rapid ligase (Enzymatics).
LentiCRISPRv2-mCherry was a gift from Agata Smogorzewska (Addgene plasmid #

99154 ; http://n2t.net/addgene:99154; RRID:Addgene_99154). The cloned guide RNA
plasmid targeting Ca274 (pGMC00027) has been deposited into Addgene (#199279). The
non-targeting control plasmid was generated previously (\GMC00014, Addgene-172526)12.

Analysis of Cd274 knockout tumor cell clones: Lentiviral vectors encoding for the
CRISPR/Cas9 construct, the sgRNA (targeting Cd274 gene locus) and mCherry were
transfected into tumor cells using Lipofectamine3000 (Invitrogen) according to the
manufacturer’s instructions. 72 hours post transfection, transfected cells were harvested,
and single cells were sorted into single wells of a 96-well. Monoclonal Cd2747/~ cell lines
for all parental tumor cell lines were generated and loss of PD-L1 protein surface expression
was confirmed by flow cytometry after stimulation with 20 ng/mL IFN+y overnight.

Isolation of murine hepatic and tumor-infiltrating mononuclear cells (MNCs)
—Isolation of liver and tumor-infiltrating mononuclear cells followed previously reported
protocols®0. Briefly, tumor-bearing livers were removed and solid tumors growing in the
liver were excised. Tumors and livers were processed separately to study differences in
hepatic and tumor-infiltrating mononuclear cells. Livers were homogenized and filtered
through 70um nylon mesh. Density-gradient centrifugation using 90% Percoll (Cytiva,
catalogue no. 17089109) allows for the separation of MNCs from parenchymal cells.
Tumors were homogenized and then further dissociated using a gentleMACS Octo
Dissociator (Miltenyi, RRID:SCR_020272). Samples were filtered through 70 um nylon
mesh and subsequently through 40 pm cell strainers prior to density-gradient centrifugation
with Lympholyte Cell Separation Media (Cedarlane Laboratories, Cat. No. CL5035). For
both liver and tumor samples, red blood lysis was achieved using ACK-lysis buffer (Quality
Biologicals, catalogue no. 118-156-101).
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To increase the yield for myeloid cells prior to sSCRNA-seq, we used an /n vivo enzymatic
digestion method to retrieve immune cells from murine livers3®. Briefly, mice were
euthanized, and the portal vein and inferior vena cava (IVVC) were canulated with a

22G peripheral IV Catheter (Jelco). The liver was perfused anterogradely with 1x HBSS
(ThermoFisher, Cat No 14185052) prior to enzymatic digestion with Collagenase IV
(Sigma-Aldrich, Cat.No. C5138) at 0.2 mg/mL and DNase | (Sigma-Aldrich, Cat.No.
D5025) at 5U/mL in serum-free RPMI 1640 (ThermoFisher, Cat.No. 11875093) at a flow
rate of 5ml/min. Then, the liver was removed and mechanically dissociated using a razor
blade, followed by filtering through a 100um cell strainer. Hepatocytes were pelleted by
centrifugation at 50 g for three minutes, which was repeated for the remaining supernatant.
After a final centrifugation, red blood lysis was achieved using ACK-lysis buffer (Quality
Biologicals, catalogue no. 118-156-101).

Flow cytometry—Murine and human MR1-tetramers loaded with MAIT ligand 5-
OP-RU were kindly provided by the NIH tetramer core facility (Emory University).

The material was produced by the NIH Tetramer Core Facility as permitted to

be distributed by the University of Melbourne. For human samples, Live/Dead

staining using Fixable Viability dye ZOMBIE-UV followed by Fc-blocking (BD
Biosciences Cat# 564220, RRID:AB_2728082) was performed. The following commercially
available anti-human antibodies were used: anti-CD45-Alexa Fluor 700 (Biolegend Cat#
304023, RRID:AB_493760), anti-CD14-V500 (BD Biosciences Cat# 561391, RRID:
AB_10611856), anti-CD15-V500 (BD Biosciences Cat# 561585, RRID:AB_10896278),
anti-CD19-V500 (BD Biosciences Cat# 561125, RRID:AB_10563208), anti-CD3-PerCP/
Cy5.5 (BioLegend Cat# 300430, RRID:AB_893299), anti-CD14-BB515 (BD Biosciences
Cat# 564419, RRID: AB_2744419), anti-CD8a-BV605 (BioLegend Cat # 301040,
RRID:AB_2563185), anti-TCR Va7.2-PE (BioLegend Cat# 351706, RRID:AB_10899577),
anti-CD161-PE/Cy7 (BioLegend Cat# 339918, RRID:AB_11126745), anti-CD56-APC/
Fire 750 (BioLegend Cat# 392408, RRID:AB_2728404), anti-CD69-PE-CD594

(BD Biosciences Cat# 562645, RRID:AB_2737699), anti-CD25-APC (BioLegend

Cat# 302610, RRID:AB_314280), anti-CD38-BV650 (BioLegend Cat# 356620,
RRID:AB_2566233), anti-CD279-BV421 (BioLegend Cat# 329920, RRID:AB_10960742),
anti-CD274-BV650 (BD Biosciences Cat# 563740, RRID:AB_2738398), anti-HLA-DR-
BV785 (BioLegend Cat# 307641, RRI:AB_2561360), anti-CD206-PE (BioLegend Cat#
321106, RRID:AB_571911), anti-CD14-APC (BD Biosciences Cat# 561383, RRID:
AB_1061200), anti-CD11b-PerCP/Cy5.5 (BioLegend Cat# 301327, RRID:AB_10900072),
anti-CD163-FITC (BD Biosciences Cat# 563697 RRID:AB_2738379), anti-CD3-

BV421 (BD Biosciences Cat# 562426, RRID:AB_11152082), anti-CD19-BVv421
(BioLegend Cat# 302234, RRID:AB_11142678), anti-CD68-PE/Cy7 (BD Biosciences
Cat# 565595, RRID:AB_2739298), anti-CD11c-BV510 (BD Biosciences Cat# 563026,
RRID:AB_2737960).

Murine samples were stained as follows: Live/Dead staining using Fixable Viability dye
ZOMBIE-UV (Biolegend, Cat. No. 423108) for 20 min at 4 °C was followed by Fc-blocking
(Biolegend, catalogue no. 101302) for 15 minutes at 4°C. Antibody surface staining as well
as tetramer staining was performed by incubating 1-2 x 108 cells at 37 °C (for murine MR1
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tetramers) or 4 °C (for human MR1 tetramers) for 30 min in staining buffer (BD Bioscience,
catalogue no. 554656). The following commercially available anti-mouse antibodies were
used: anti-CD62L-PerCP/Cy5.5 (BioLegend Cat# 104432, RRID:AB_2285839), anti-CD44-
PE/Cy7 (BioLegend Cat# 103030, RRID:AB_830787), anti-CD69-BV650 (BioLegend

Cat# 104541, RRID:AB_2616934), anti-TCRB-APC/Fire 750 (BioLegend Cat# 109246,
RRID:AB_2629697), anti-NK1.1-PE (BioLegend Cat# 108708, RRID:AB_313395),
anti-F4/80-Alexa Fluor 700 (BioLegend Cat# 123130, RRID:AB_2293450), anti-B220-
Alexa Fluor 700 (BioLegend Cat# 103232, RRID:AB_493717), anti-CD11b-Alexa

Fluor 700 (BioLegend Cat# 101222, RRID:AB_493705), anti-CD3-Alexa Fluor 594
(BioLegend Cat# 100240, RRID:AB_2563427), anti-CD4-BV605 (BioLegend Cat#
100451, RRID:AB_2564591), anti-CD4-AF700 (BD Biosciences Cat# 557956, RRID:
AB_396956), anti-CD8-BV786 (BD Biosciences Cat# 563332, RRID:AB_2721167), anti-
CD11b-Pacific Blue (BioLegend Cat# 101224, RRID:AB_755986), anti-Ly-6G-Alexa Fluor
700 (BioLegend Cat# 127622, RRID:AB_10643269), anti-Ly-6C-APC/Cy7 (BioLegend
Cat# 128026, RRID:AB_10640120), ki67 (BioLegend, Cat.# 652411, RRID: AB_2562663),
RoRyt (Invitrogen, Cat# 12—-6981-82, RRID: AB_10807092), T-bet (BioLegend Cat. No.
644824, RRID: AB_2561761) and anti-FOXP3-APC (Thermo Fisher Scientific Cat# 17—
5773-82, RRID:AB_469457). Murine MAIT cells were defined by flow cytometry as
B2207F4/80"CD11b"CD3*TCRbIM™MR1/5-OP-RU tetramer*

For intracellular cytokine staining, cells were stimulated for 4h at 37 °C with a commercially
available leukocyte activation cocktail (BD Biosciences, catalogue n0.550583) containing
PMA and ionomycin as well as brefeldin A at a concentration of 2 pL/mL. After surface
staining, cells were fixed and permeabilized using a Fixation/Permeabilization Solution

Kit (eBioscience, catalogue no. 88-8824-00). Cells were incubated in permeabilization
buffer (as part of the abovementioned kit) containing the following fluorochrome-

labeled antibodies for half an hour at 4 °C: anti-IFN-y-APC (BioLegend Cat# 505810,
RRID:AB_315404), anti-Perforin-APC (BioLegend Cat# 154304, RRID:AB_2721463),
anti-Granzyme B-FITC (BioLegend Cat# 515403, RRID:AB_2114575), anti-IL17A-FITC
(BioLegend Cat# 506908, RRID:AB_536010).

Data for all samples were collected on a CytoFLEX LX flow cytometer (Beckman Coulter
CytoFLEX Flow Cytometer, RRID:SCR_019627) and analyzed using FlowJo software
(FlowJo, RRID:SCR_008520).

Quantification and Statistical Analysis—Sample sizes for animal studies were guided
by previous studies with similar or identical tumor models. The majority of experiments
were repeated at least twice to obtain robust data for indicated statistical analyses. For all
readouts, examiners were blinded. Statistical analysis was performed using GraphPad Prism
9 (GraphPad Prism, RRID:SCR_002798). Experimental groups were compared by paired or
unpaired two-tailed Student’s t test with a 95% confidence interval or One-Way ANOVA
(Tukey’s multiple comparison test). Non-parametric Mann-Whitney U or Kruskal-Wallis
test (Dunn’s multiple comparison test) were applied if data sets failed the D’ Agostino &
Pearson normality test (or Shapiro-Wilk normality test for small n). n.s.: not significant for p
>.05; *p <.05; **p<.01; ***p<.001; ****p<.0001).
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HIGHLIGHTS

HCC patient sample profiles by flow cytometry, sScRNA-seq, imaging, and
machine-learning

MAITSs in HCC show impaired tumor infiltration, dysfunction, and loss-of-
cytotoxicity

TAMs impact MAIT cell function through interaction at the tumor-to-liver
interface

aPD-1/aPD-L1 directed therapies target MAITs in HCC.
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Figure 1. Single-cell RNA sequencing reveals MAIT cell heterogeneity within the HCC bearing

liver

(A) Uniform Manifold Approximation and Projection (UMAP) plot, showing clustering for

different CD45" immune cell types.

(B) & (C) UMAP plots showing origin of single cells by patients (B) and tissue location

©).

(D) Heatmap projections showing expression of selected indicated marker genes

(corresponding to A)

(E) Boxplot displaying frequency of main MAIT cell cluster, c9 amongst T cells.
(F&G) Overall survival (OS) risk probability based on high or low expression of MAIT cell
gene signature in TCGA using the MAIT signature by Yao et al. (F) or the MAIT signature

derived from cluster c9 (G).

(H) UMARP plot showing different MAIT cell subclusters.
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(1) Violin plots showing expression of selected markers of dysfunction and cytotoxicity in
MAIT cell subclusters (as defined in H).
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Figure 2: MAIT cells are dysregulated in human and mouse HCC.
(A) Patient cohort & sampling strategy.

(B) Representative flow cytometry plots showing identification of human hepatic MAIT
cells (see also Fig.S4A)

(C) Boxplot displaying MAIT cell frequencies as determined by flow cytometry (n=37).
(D) Boxplots showing mean fluorescence intensity (MFI) of PD-1 (left), frequency of
CD25* (middle) and frequency of CD56" hepatic MAIT cells as determined by flow
cytometry (n=37).

(E) Mouse model of syngeneic, orthotopic liver cancer. Photo showing mouse liver with
intrahepatic HCC tumor.

(F) Boxplots showing numbers of hepatic and tumor-infiltrating MAIT cells/g tissue.
Results for for different tumor cell lines RIL-175, Hep55.1c, MC38 and B16-MrZWT are
shown.
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(G) Frequency of PD-1* (left), TIM-3* (middle) and CD69* (right) hepatic MAIT.
Representative flow cytometry dot plots are shown

(H) Boxplots showing MFI of transcription factors RORyt (left) and T-bet (right) in hepatic
MAIT cells at d28. Comparison between tumor-free (n=8) vs tumor-bearing (n=9) mice.

(1) Boxplots showing frequency of cytokines IFNy (left), TNFa (middle) and granzyme B
(right) in hepatic MAIT cells. Comparison between tumor-free (n=7) vs tumor-bearing (n=7)
mice. Representative flow cytometry dot plots are shown.

(J) Mouse model of syngeneic, orthotopic liver cancer comparing tumor growth in C56BL/6
(Wildtype) and Mr1~/~ mice.

(K) Top: Photo showing murine liver with a single orthotopic HCC lesion. Bottom: excised
intrahepatic tumors comparing WT and MrZ~/~ mice.

(L) Box plot showing the weight of intrahepatic Hep55.1c tumors at d12 comparing
wildtype (n=20) and Mr1~/~ mice (n=21).

(M) Box plot showing the weight of intrahepatic MC38 tumors at d12 comparing WT
(n=15) and MrI~~ mice (n=14).
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Figure 3: Generation of a spatially resolved immune cell atlas of human liver cancer by CODEX
technology

(A) Antibody panel design and CODEX workflow

(B) Seven-color overview of a human HCC sample LHCC35, stained with the 37-plex
CODEX panel (see A). Representative annotation of gross tissue regions is shown.

(C) Middle: Seven-color overview of a whole tissue section derived from LHCC41.

ROI are labeled 1-4 and correspond to higher-magnification multi-color images. D liver
parenchyma in the adjacent liver: T cells (CD3™"), granulocytes (CD15*) and macrophages
(CD68™) patrol inside the liver sinusoids (LYVE-1%). @ Periportal region showing branches
of the portal vein (PV), arteria hepatic (A) and bile ducts (EPCAM*panCK™*, B). @
Tertiary lymphoid structure in the rim regions with aggregates of B cells (CD197%), helper

T cells (CD4™"), regulatory T cells (FOXP3*) and cytotoxic T cells (CD8*) within an
aSMA-rich environment. @ ROI in the tumor core shows proliferating (Ki-67*) tumor cells
(HNF4a*) in an endothelial cell-rich (CD34%) environment. T cells (CD3*) and dendritic
cells (CD11c*) are also shown.
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Figure 4: Identification and analysis of spatial distribution of immune cell phenotypes using
CODEX imaging.

(A) UMAP plot, color coded for different immune cell types identified by unsupervised
clustering of CD45"cells in the CODEX dataset.

(B) & (C) UMAP plots showing origin of single cells color coded by tissue locations (B, see
also Fig. 3B) and patients (n=15, C).

(D) UMAP projections showing expression of indicated marker proteins per immune cell
cluster.

(E) Heatmap showing expression of indicated marker proteins per immune cell cluster
(corresponding to A).

(F) Comparison of total CD45* leukocyte density in the three tissue regions.

(G) Correlation of MAIT, Tyeq and NK cell frequencies as determined by flow cytometry
(top panel, n=37) and CODEX (middle panel, n=15). The bottom panel shows correlation
of frequencies derived from paired patient samples (n=12) and measured by either flow
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cytometry or CODEX. Each datapoint corresponds to a paired measurement in either
adjacent liver or tumor core. Pearson r and p values as indicated.

(H) Sankey flow diagram of HCC samples representing indicated immune cell populations
sorted on the y-axis from highest (top) to lowest (bottom) cell density in the specified
histopathological compartments.The line width is scaled to cell density across the three
regions. Pie charts at the bottom represent frequency of different immune cells within each
spatial category.
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Figure 5: MAIT cell neighborhood analysis identifies the cellular interaction network underlying
the immunosuppressive MAIT cell niche
(A) Schematic of S3-CIMA (Supervised Spatial Single Cell Imaging Analysis) algorithm

used on CODEX single-cell data to investigate the MAIT cell neighborhoods in different
tissue regions.

(B) Boxplots showing frequencies of selected cells from different tissue regions compared
with randomly selected cells in the background.

(C) Bubble plot displaying S3-CIMA classification of cell types in whole tissue sections
with neighborhood size k=40 nearest neighboring cells. Y-Axis shows the ratio of the
number of all selected cell type CT in nearest neighbor of the anchor cell (#nn;:) to the
number of all cell type CT in nearest neighbor of the anchor cell(% nnc;). X-axis shows the
ratio of the Number of all selected cell type CT (#¢;:) to the number of all cells of cell type
CT F < Color-coding corresponds to the enrichment score (ES) as displayed in (C). Size of
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the bubble displays the ratio: number of all selected cell type CT in nearest neighbor of the
anchor cell (#nn;) to the number of all selected cells in nearest neighbor of the anchor cell
FnnS or ‘%n—ngT

HnnS
(D) Waterfall plot displaying enrichment score of indicated cell populations in the MAIT
cell neighborhood (data for adjacent liver is shown) as selected by S3-CIMA. Values >1
indicate specific enrichment in the MAIT cell niche.
(E) Five-color overlay images of a CODEX datasets displaying interactions between
PD-L1* (turquoise) CD163* (pink) macrophages and PD-1 (yellow) on MAIT cells
(TCRVa7.2" red) in the adjacent liver. Examples for 4 different patient samples (are shown.
(F) Mean expression of PD-L1 on selected cell populations in the normal liver tissue region
as determined by CODEX imaging.
(G) Representative histograms showing M2 polarization of TAMs (defined as
CD457CD68*) as determined by expression of CD163 (left) and PD-L1 (right) on
macrophages from healthy PBMCs (grey), HCC patient PBMCs (black), and adjacent,
non-tumor tissue (red).
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Figure 6: CSFIR*CD163*PD-L1* TAMSs impair human MAIT cell function ex vivo in a contact
and PD-L1 dependent manner.

(A) Experimental setup

(B) Frequency of IFNy* MAITSs after co-culture with CD163* Mg or CD163~ hepatic
MNCs at indicated ratios. (C) Representative flow cytometry plots. Data include n=7
independent patient samples.

(D) Scheme of the transwell experiment. Box plots shows frequency of IFNy*™ MAITSs after
co-culture with CD163* Mg at 1:6 ratio either in contact dependent or independent manner.
Data include n=6 independent patient samples.

(E) Representative histogram showing PD-L1 expression on sorted CD163*Mg cells
compared to CD163~ cells

(F) Box plots shows frequency of IFNy* MAITs after co-culture with CD163* Mg at 1:6
ratio in presence or absence of aPD-L1 (20ng/mL). Data include n=7 independent patient
samples, n=6 control group samples as in (D).
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(G) Hepatic CD45* sorted myeloid cell clusters from Fig. 1A were selected and reclustered.
UMAP projection showing subtypes of myeloid-derived cells and each cluster is color-coded
according to the annotations indicated in the figure.

(H) Heatmap projections showing expression of selected indicated marker genes among
myeloid cell clusters (corresponding to clusters in G)

(1) Experimental setup: C57BL/6 mice were injected orthotopically with syngeneic HCC
cell line RIL-175 or left tumor-free. At d28 mice were sacrificed and liver and tumor-
infiltrating MNCs were isolated. CD45* sorted cells were subsequently subjected to single-
cell RNA-sequencing.

(J) UMAP projection showing the landscape of murine CD45™" cells pooled from tumor-free
and tumor-bearing animals.

(K) Heatmap projections showing expression of selected indicated marker genes among
murine immune cell clusters (corresponding to clusters in J)
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Figure 7: MAIT dysfunction in murine HCC is reversed by PD-L1 blockade in vivo and by
depletion of CSFIR* TAMs.
(A) MC38 tumor-bearing, transgenic MMPTR or wildtype mice received DT (250ng/mouse)

s.c. every other day starting d1.

(B) Representative flow plot showing frequency of hepatic F4/80*/CD11bint

macrophages (gated on CD45*CD3"CD19"NK1.17) or CD11¢*MHC-II* ¢DC (gated on
CD45*CD3~CD19"NK1.1"F4/80~) for MMPTR or WT mice after injection of DT.

(C) On d11, tumors were harvested, and the cell number (left) and frequency (right) of
tumor infiltrating MAIT cells was determined. Comparison between Wildtype (n=10) vs
MMPTR mice (n=6).

(D) Experimental setup as in (A). Boxplots summarizing cytokine expression of intrahepatic
MAIT cells for IFN vy, granzyme B, and TNFa after 4h of ex vivo stimulation..
Representative flow cytometry dot plots are shown. Comparison between Wildtype (n=10)
vs MMPTR mice (n=6) is shown.
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(E) RIL-175 tumor-bearing C57BL/6 mice received aPD-L1 or IgG control i.p. at d5, d10,
d15 & d20.

(F&G) On d23, tumors were harvested, and the cell number (F) and frequency (G) of

tumor infiltrating MAIT cells was determined by flow cytometry. Comparison between 19G
Control (n=10) vs aPD-L1 (n=9) is shown.

(H) Experimental setup as in (E) granzyme B expression of intrahepatic MAIT cells after 4h
of ex vivo stimulation. Comparison between IgG Control and aPD-L1 i.p. treatment.

(J) Cd2747M (Control), Lyz2CRECA274™f and Csf1rRECA274™"M lines received RIL=175
intrahepatic and livers and tumors were harvested on d28.

(K) Tumors were harvested, and the number of tumor- infiltrating MAIT cells was
determined by flow cytometry. n=11 for Ca274™f n=10 for Lyz2CRECA274™"f and n=7
CsfIrCRECaZ74fl/fl

(L) Boxplots showing MFI of granzyme B (K) in hepatic MAIT cells after 4h of ex vivo
stimulation. Comparisons as in (L).

(M) C57BL/6 or Mr1~/~ mice received intrahepatic injection of syngeneic HCC cell line
Hep55.1c. 5-OP-RU/CpG treatment and/or aPD-L1 was administered intraperitoneally at
indicated time points.

(N&O) Bar graphs showing fold change of Hep55.1c tumor weights at d17 in comparison to
the mean tumor weight of the control treated C57BL/6 (Wildtype) (N) or MrZ~~ mice (O).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Cat #: 304023;
Alexa Fluor® 700 Anti-Human CD45 (Clone HI30) BioLegend RRID: AB_493760

V500 Mouse Anti-Human CD14 (Clone M5E2)

BD Biosciences

Cat #: 561391;
RRID: AB_10611856

V500 Mouse Anti-Human CD15 (Clone HI198)

BD Biosciences

Cat #: 561585,
RRID: AB_10896278

V500 Mouse Anti-Human CD19 (Clone HIB19)

BD Biosciences

Cat #: 561125,
RRID: AB_10563208

PerCP/Cyanine5.5 Anti-Human CD3 (Clone UCHT1)

BioLegend

Cat #: 300430,
RRID: AB_893299

BB515 Mouse Anti-Human CD14 (Clone RPA-T4)

BD Biosciences

Cat #: 564419;
RRID: AB_2744419

Cat #: 301040;

Brilliant Violet 605™ Anti-Human CD8a (Clone RPA-T8) BioLegend RRID: AB_2563185
Cat #: 351706;

PE Anti-Human TCR Va7.2 (Clone 3C10) BioLegend RRID: AB_10899577
Cat #: 339918;

PE/Cyanine7 Anti-Human CD161 (Clone HP-3G10) BioLegend RRID: AB_11126745
Cat #: 392408;

APC/Fire™ 750 Anti-Human CD56 (NCAM) Recombinant (Clone QA17A16) BioLegend RRID: AB_2728404

PE-CD594 Mouse Anti-Human CD69 (Clone FN50)

BD Biosciences

Cat #: 562645,
RRID: AB_2737699

Cat #: 302610;

APC Anti-Human CD25 (Clone BC96) BioLegend RRID: AB_314280
Cat #: 356620;

Brilliant Violet 650™ Anti-Human CD38 (Clone HB-7) BioLegend RRID: AB_2566233
Cat #: 329920;

Brilliant Violent 421™ Anti-Human CD279 (PD-1) (Clone: EH12.2H7) BioLegend RRID: AB_10960742

BV650 Mouse Anti-Human CD274 (Clone: MIH1)

BD Biosciences

Cat #: 563740;
RRID: AB_2738398

Cat #: 307641,

Brilliant Violent 785™ Anti-Human HLA-DR (Clone: CL243) BioLegend RRID: AB_2561360
Cat #: 321106;
PE anti-human CD206 (MMR) Antibody BioLegend RRID: AB_571911

APC Mouse Anti-Human CD14 (CLONE M5E2)

BD Biosciences

Cat #. 561383,
RRID: AB_10612009

PerCP/Cy5.5 Anti-Human CD11b (Clone: ICRF44)

BioLegend

Cat #: 301327,
RRID: AB_10900072

FITC Mouse Anti-Human CD163 (Clone GHI/61)

BD Biosciences

Cat #: 563697,
RRID: AB_2738379

BV421 Mouse Anti-Human CD3 (Clone UCHT1)

BD Biosciences

Cat #: 562426,
RRID: AB_11152082

Brilliant Violet 421™ Anti-Human CD19 (Clone HIB19)

BioLegend

Cat #: 302234,
RRID: AB_11142678

PE/Cy™7 Mouse Anti-Human CD68 (Clone Y1/82A)

BD Biosciences

Cat #: 565595,
RRID: AB_2739298

Cell. Author manuscript; available in PMC 2024 August 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ruf et al.

Page 53

REAGENT or RESOURCE

SOURCE

IDENTIFIER

BV510 Mouse Anti-Human CD11c (Clone: B-ly6)

BD Biosciences

Cat #: 563026;
RRID: AB_2737960

BD Pharmingen™ APC Mouse Anti-Human IFN-y

BD Biosciences

Cat#: 554702
RRID: AB_398580

Human BD Fc Block™

BD Biosciences

Cat #: 564220;
RRID: AB_2728082

Purified anti-mouse CD16/32 Antibody BioLegend Cat #: 101302;
RRID: AB_312800
PerCP/Cyanine5.5 anti-mouse CD62L Antibody (Clone: MEL-14) BioLegend Cat #: 104432,
RRID: AB_2285839
PE/Cyanine7 anti-mouse/human CD44 Antibody (Clone: IM-7) BioLegend Cat #: 103030,
RRID: AB_830787.
Brilliant Violet 650™ anti-mouse CD69 Antibody (Clone: H1.2F3) BioLegend Cat #: 104541,
RRID: AB_2616934
APC/Fire™ 750 anti-mouse TCR B chain Antibody (Clone: H57-597) (BioLegend Cat #: 109246,
RRID: AB_2629697
PE anti-mouse NK-1.1 Antibody (Clone: PK136) BioLegend Cat #: 108708,
RRID: AB_313395
Alexa Fluor® 700 anti-mouse F4/80 Antibody (Clone: BM8) BioLegend Cat #: 123130,
RRID: AB_2293450
Alexa Fluor® 700 anti-mouse/numan CD45R/B220 Antibody (Clone: RA3-6B2) BioLegend Cat #: 103232,
RRID: AB_493717
Alexa Fluor® 700 anti-mouse/human CD11b Antibody (Clone: M1-70) BioLegend Cat #: 101222,
RRID: AB_493705
Alexa Fluor® 594 anti-mouse CD3 Antibody (Clone: 17A2) BioLegend Cat #: 100240,
RRID: AB_2563427
Brilliant Violet 605™ anti-mouse CD4 Antibody (Clone: GK1.5) BioLegend Cat #: 100451,

RRID: AB_2564591

Alexa Fluor® 700 Rat Anti-Mouse CD4 (Clone: RM4-5)

BD Biosciences

Cat #: 557956,
RRID: AB_396956

BV786 Rat Anti-Mouse CD8a (Clone: 53-6.7)

BD Biosciences

Cat #: 563332,
RRID: AB_2721167

Pacific Blue™ anti-mouse/human CD11b Antibody (Clone: M1/70) BioLegend Cat #: 101224,

RRID: AB_755986
Alexa Fluor® 700 anti-mouse Ly-6G Antibody (Clone: 1A8) BioLegend Cat #: 127622,

RRID: AB_10643269
APC/Cyanine7 anti-mouse Ly-6C Antibody (Clone: HK1.4) BioLegend Cat #: 128026,

RRID: AB_10640120
Brilliant Violet 421™ anti-mouse Ki-67 Antibody BioLegend Cat# 652411,

RRID: AB_2562663

ROR gamma (t) Monoclonal Antibody (B2D), PE, eBioscience™

Thermo Fisher Scientific

Cat# 12-6981-82,
RRID: AB_10807092

PE/Cyanine7 anti-T-bet Antibody

BioLegend

Cat# 644824,
RRID: AB_256176

FOXP3 Monoclonal Antibody, APC, eBioscience™ (Clone: FIK-16s)

Thermo Fisher Scientific

Cat #: 17-5773-82,
RRID: AB_469457)

APC anti-mouse IFN-y Antibody (Clone: XMG1.2) BioLegend Cat #: 505810,
RRID: AB_315404
APC anti-mouse Perforin Antibody (Clone: S16009A) BioLegend Cat #: 154304,

RRID: AB_2721463
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REAGENT or RESOURCE SOURCE IDENTIFIER
FITC anti-human/mouse Granzyme B Antibody (Clone: GB11) BioLegend Cat #: 515403,
RRID: AB_2114575
FITC anti-mouse IL-17A Antibody (Clone: TC11-18H10.1) BioLegend Cat #: 506908,

RRID: AB_536010

CD45-BX001 (HI30)—ALEXA FLUOR™ 488-RX001 Kit (Clone: H130)

Akoya Biosciences

Cat #: 4150003,
RRID: AB_2895052

CD8-BX004 (SK1)—ALEXA FLUOR™ 488-RX004 Kit (Clone: SK1)

Akoya Biosciences

Cat #: 4150004;
RRID: AB_2895049

CD38 comm (Clone: HB-7)

Akoya Biosciences

Cat #: 4150007,
RRID: AB_2909414

Purified anti-human CD45R0O (Maxpar(R) Ready) antibody (Clone: UCHL1)

Biolegend

Cat #: 304239;
RRID: AB_2563752

pancytokeratin comm (Clone: AE-1/AE-3)

Akoya Biosciences

Cat #: 4150020;
RRID: AB_2909509
(TEMPORARY)

Cat #: 328221,

Purified anti-human CD39 (Maxpar(R) Ready) antibody (Clone: A1) Biolegend RRID: AB_2563747
Purified anti-human CD15 (SSEA-1) antibody (Clone: HI98) Cat #: 301902;
Biolegend RRID: AB_314194
Cat #: 313002;
Purified anti-human CD40 antibody (Clone: HB14) Biolegend RRID: AB_314965
Cat #: 916104,
Purified anti-CD68 antibody (Clone: KP1) Biolegend RRID: AB_2616797

FOXP3 Monoclonal Antibody (PCH101), eBioscience (Clone: PCH101)

ThermoFisher

Cat #: 14-4776-82;
RRID: AB_467554

Cat #: 333602;

Purified anti-human CD163 antibody (Clone: GHI/61) Biolegend RRID: AB_1088991
Cat #: 156M-86;
Anti-CD56 Monoclonal Antibody, Unconjugated (Clone: 123.C3.5D) Cell Marque RRID: AB_1158184
Purified anti-human CD326 (Ep-CAM) antibody (Clone: 9C4) Cat #: 324202;
Biolegend RRID: AB_756076
Purified anti-human CD66b antibody (Clone: G10F5) Cat #: 305102;
Biolegend RRID: AB_314494
Cat #: 356102;
Purified anti-human CD25 antibody (Clone: M-A251) Biolegend RRID: AB_2561752
Cat #: C512-50 pg;
Anti-Human CD62L - Purified (CODEX® Ready) antibody (Clone: DREG56) Leinco RRID: AB_2893569

CD279 comm (Clone: EH12.2H7)

Akoya Biosciences

Cat #: 4250010;
RRID: AB_2909510

ICOS comm (Clone: C398.4A)

Akoya Biosciences

Cat #: 4250013,
RRID: AB_2909511

LEAF™ Purified anti-human CD11b antibody (Clone: ICRF44)

Cat #: 301312,

Biolegend RRID: AB_314164
Cat #: sc-374229;
HNF-4alpha (H-1) antibody (Clone: H-1) Santa Cruz RRID: AB_10989766

HLA-DR-BX026 (L243)—ATTO 550-RX026 Kit (Clone: L243)

Akoya Biosciences

Cat #: 4250006;
RRID: AB_2895054

Cat #: 339902,

Purified anti-human CD161 antibody (Clone: HP-3G10) Biolegend RRID: AB_1501090
Goat Anti-Human 11-18 r alpha / il-1 r5 Polyclonal antibody, Unconjugated (Clone: goat Cat #: AF840;
polyclonal) R&D Systems RRID: AB_355650
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

CD34 comm (Clone: 561)

Akoya Biosciences

Cat #: 4250020;
RRID: AB_2909512
(TEMPORARY)

CD69 comm (Clone: FN50)

Akoya Biosciences

Cat #: 4250022;
RRID: AB_2909513
(TEMPORARY)

KI67-BX047 (B56)—ATTO 550-RX047 Kit (Clone: B56)

Akoya Biosciences

Cat #: 4250019;
RRID: AB_2895046

CD19-BX003 —CY5-RX003 (Clone: HIB19)

Akoya Biosciences

Cat #: 4350003

Anti-Human CD19 - Purified In vivo GOLD™ Functional Grade antibody (Clone: SJ25-
C1)

Leinco

Cat #: C2854-1.0

mg;
RRID: AB_2829610

PD-L1 (E1L3N) XP Rabbit Antibody (Clone: E1IL3N)

Cell Signalling

Cat #. 13684S;
RRID: AB_2687655

CD3-BX015 (UCHT1)—CY5-RX015 Kit (Clone: UCHT1)

Akoya Biosciences

Cat #: 4350008,
RRID: AB_2895047

CD4-BX021—CY5-RX021 Kit (Clone: SK3)

Akoya Biosciences

Cat #: 4350010
RRID: AB_2895048

LEAF™ Purified anti-human CD4 antibody (Clone: OKT4)

Cat #: 317404;

Biolegend RRID: AB_571961
Cat #: 359602;
Purified anti-human CD57 antibody (Clone: HNK-1) Biolegend RRID: AB_2562403

CD11C-BX027 —CY5-RX027 Kit (Clone: S-HCL-3)

Akoya Biosciences

Cat #: 4350012,
RRID: AB_2895050

Cat #: C6854;
Anti-Human CD16 - FITC antibody (Clone: 3G8) Leinco RRID: AB_2893584

Cat #: 351702;
Purified anti-human TCR Valpha7.2 antibody (Clone: 3C10) Biolegend RRID: AB_10900258

Alpha-Smooth Muscle Actin Monoclonal Antibody, eBioscience (Clone: 1A4)

ThermoFisher

Cat #: 14-9760-82;
RRID: AB_2572996

LYVEL1 antibody (Clone: polyclonal)

Abcam

Cat #: ab36993;
RRID: AB_2138663

Mouse Anti-CD45RA Monoclonal Antibody, Unconjugated (Clone: HI100)

BD Biosciences

Cat #: 555486;
RRID: AB_395877

Biological samples

Patient HCC core samples This paper N/A

Patient HCC rim samples This paper N/A

Patient HCC adjacent normal liver tissue This paper N/A

Control liver tissue from patients undergoing liver transplantation This paper N/A

Chemicals, peptides, and recombinant proteins

2-methylbutane FisherScientific Cat#:
AC167840010;
CAS #: 78-78-4

Optimal cutting temperature (O.C.T.) compound

FisherScientific

Cat #: 23-730-571

MACS tissue storage solution

Miltenyi Biotec

Cat #: 130-100008

Serum-free RPMI 1640

Thermofisher

Cat #: 61870127

Collagenase 1V

STEMCELL
technologies

N/A
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DNAse | STEMCELL Cat #: 07900

Technologies

Percoll PLUS solution (in PBS)

GE Healthcare

Cat #: GE17-544501

RBC lysis buffer

ThermoFisher

Cat #: 50-1129751

Recovery™ Cell Culture Freezing Medium

Gibco

Cat #: 12648010

FACS buffer

BD Biosciences

Cat #: 554656

Stain Buffer (FBS)

BD Biosciences

Cat #: 564220;
RRID: AB_2869006

Fixable Viability dye ZOMBIE-UV

BioLegend

Cat #: 423108

Acridine Orange / Propidium lodide Stain

Logos Biosystems

F23001

RPMI 1640 Medium, GlutaMAX™ Supplement

ThermoFisher

Cat #: 61870127

Corning™ Regular Fetal Bovine Serum

Corning

Cat #: MT35010CV

Sodium Pyruvate 100 mM

ThermoFisher

Cat #: 11360070

HEPES (1M)

ThermoFisher

Cat #: 15630080

MEM Non-Essential Amino Acids Solution (100X)

ThermoFisher

Cat #: 11140050

Puromycin InvivoGen Cat #: ant-pr-1;
CAS #: 58-58-2

Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrane Matrix, LDEV- | Coning Cat #: 354230

free, 10 mL

Percoll Cytiva Cat #: 17089109

Lympholyte Cell Separation Media

Cedarlane Laboratories

Cat. No. CL5035

ACK-lysis buffer

Quality Biologicals

Cat #: 118-156-101

Murine and human MR1-tetramers loaded with MAIT ligand 5-OP-RU

NIH Tetramer Core

NA

Leukocyte Activation Cocktail, with BD GolgiPlug™

BD Biosciences

Cat #: 550583,
RRID: AB_2868893

eBioscience™ Intracellular Fixation & Permeabilization Buffer Set

ThermoFisher

Cat #: 88-8824-00

Critical commercial assays

N/A

Deposited data

CRISPR/Cas9 lentiviral vector targeting murine Cd274

This paper

Addgene 1D: 199279

GRCh38 reference

refdata-gex-
mm10-2020-A

GRCh38 VDJ reference

refdata-cellranger-
vdj-GRCh38-alts-
ensembl-5.0.0

Transcriptomic data of 371 patients diagnosed with HCC

The Cancer Genome
Atlas Project- LIHC
cohort

https://
cancergenome.nih.go
v/

scRNA-seq Data from human HCC patients

This paper

The database of
Genotypes and
Phenotypes (dbGaP);
Accession number:
phs003279.v1.pl

scRNA-seq Data from murine tumor-bearing vs tumor-free livers

This paper

GEO: GSE231712

CODEX images

This paper
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under https://doi.org/
10.7937/bh0r-y074
Sc-RNA-seq data HCC patients + ICB Maet al., 2021 GEO: GSE12544

Experimental models: Cell lines

Luciferase-expressing RIL-175

Kapanadze et al., 2013

N/A

Syngeneic Hep55.1c

CLS Cell Lines Service
GmbH

Cat #: 400201

B16F10 (GFP and luciferase-expressing)

Kreiter et al., 2015

N/A

MC38

Dr, Jay Berzofsky (NCI)

RRID:CVCL_B288

Experimental models: Organisms/strains

NCI C57BL/6NCr Mice Charles River Code: 556
Laboratories

MrI'= mice Treiner et al., 2013 N/A

LyzZ°"® mice Jackson Laboratory Strain#: strain

#004781

Csf1--PTRmice

Jackson Laboratory

Strain#: 024046

Csf1rcre mice

Jackson Laboratory

Strain#: 029206

Cd274%M

Jackson Laboratory

Strain #: 036255

Oligonucleotides

Primer: MR1 5 8763-8783: AGC TGA AGT CTT TCC AGA TCG, Ruf etal., 2021 N/A
Primer: MR1 9188-9168 rev: ACA GTC ACA CCT GAG TGG TTG Ruf et al., 2021 N/A
Primer: MR1 10451-1043: GAT TCT GTG AAC CCT TGC TTC Ruf etal., 2021 N/A

BX001—Alexa Fluor™ 488-RX001

Akoya Biosciences

Cat #: 5450013

BX004—Alexa Fluor™ 488-RX004

Akoya Biosciences

Cat #. 5450014

BX007—Alexa Fluor™ 488-RX007

Akoya Biosciences

Cat #. 5450015

BX010—Alexa Fluor™ 488-RX010

Akoya Biosciences

Cat #: 5450016

BX013—Alexa Fluor™ 488-RX013

Akoya Biosciences

Cat #: 5450017

BX016—Alexa Fluor™ 488-RX016

Akoya Biosciences

Cat #: 5150001

BX019—Alexa Fluor™ 488-RX019

Akoya Biosciences

Cat #: 5150002

BX022—Alexa Fluor™ 488-RX022

Akoya Biosciences

Cat #: 5150003

BX025—Alexa Fluor™ 488-RX025

Akoya Biosciences

Cat #: 5150004

BX028—Alexa Fluor™ 488-RX028

Akoya Biosciences

Cat #: 5150005

BX031—Alexa Fluor™ 488-RX031

Akoya Biosciences

Cat #: 5150006

BX034—Alexa Fluor™ 488-RX034

Akoya Biosciences

Cat #: 5150007

BX037—Alexa Fluor™ 488-RX037

Akoya Biosciences

Cat #: 5150008

BX040—Alexa Fluor™ 488-RX040

Akoya Biosciences

Cat #: 5150009

BX043—Alexa Fluor™ 488-RX043

Akoya Biosciences

Cat #: 5150010

BX046—Alexa Fluor™ 488-RX046

Akoya Biosciences

Cat #: 5150011

BX049—Alexa Fluor™ 488-RX049

Akoya Biosciences

Cat #: 5150012

Cell. Author manuscript; available in PMC 2024 August 17.



Ruf et al. Page 58

REAGENT or RESOURCE SOURCE IDENTIFIER

1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

BX002—Atto 550-RX002

Akoya Biosciences

Cat #: 5450023

BX005—Atto 550-RX005

Akoya Biosciences

Cat #: 5450024

BX014—Atto 550-RX014

Akoya Biosciences

Cat #: 5450025

BX017—Atto 550-RX017

Akoya Biosciences

Cat #: 5250001

BX020—Atto 550-RX020

Akoya Biosciences

Cat #: 5250002

BX023—Atto 550-RX023

Akoya Biosciences

Cat #: 5250003

BX026—Atto 550-RX026

Akoya Biosciences

Cat #: 5250004

BX029—Aitto 550-RX029

Akoya Biosciences

Cat #: 5250005

BX032—Atto 550-RX032

Akoya Biosciences

Cat #: 5250006

BX035—Aitto 550-RX035

Akoya Biosciences

Cat #: 5250007

BX041—Atto 550-RX041

Akoya Biosciences

Cat #: 5250008

BX047—Atto 550-RX047

Akoya Biosciences

Cat #: 5250009

BX003—Cy5-RX003

Akoya Biosciences

Cat #: 5450026

BX006—Cy5-RX006

Akoya Biosciences

Cat #: 5450027

BX015—Cy5-RX015

Akoya Biosciences

Cat #: 5350001

BX021—Cy5-RX021

Akoya Biosciences

Cat #: 5350002

BX024—Cy5-RX024

Akoya Biosciences

Cat #: 5350003

BX027—Cy5-RX027

Akoya Biosciences

Cat #: 5350004

BX030—Cy5-RX030

Akoya Biosciences

Cat #: 5350005

BX033—Cy5-RX033

Akoya Biosciences

Cat #: 5350006

BX036—Cy5-RX036

Akoya Biosciences

Cat #: 5350007

BX042—Cy5-RX042

Akoya Biosciences

Cat #: 5350008

BX045—Cy5-RX045

Akoya Biosciences

Cat #: 5350009

Software and algorithms

10x Genomics Cell Ranger pipeline (v5.0 or v6.0)

10x Genomics

N/A

S3-CIMA Babaei et al.2023 https://github.com/
claassenlab/S3-CIMA
Visreg R package Breheny and Burchett, N/A
2013
HALO image analysis platform V3.2 Indica Labs N/A
ImageJ (Fiji version 2.8.5) NIH N/A
FlowJo FlowJo RRID: SCR_008520

GraphPad Prism 9

GraphPad Prism

RRID: SCR_002798

1duosnuep Joyiny

Other

LUNA-FL fluorescent cell counter Logos Biosystems N/A

10x Genomics Chromium platform, 5” v1.1 immune profiling chemistry 10x Genomics PN-1000165
Illumina NextSeq 550 instrument Ilumina N/A

Ilumina NextSeq 2000 instrument Illumina N/A

gentleMACS Octo Dissociator Tissue Dissociator Miltenyi RRID: SCR_020272
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CytoFLEX LX flow cytometer

Beckman Coulter

RRID: SCR_019627
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