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Adoptive cell therapy (ACT) using ex vivo—expanded tumor-infiltrating lymphocytes (TILs) can eliminate or shrink
metastatic melanoma, but its long-term efficacy remains limited to a fraction of patients. Using longitudinal sam-
ples from 13 patients with metastatic melanoma treated with TIL-ACT in a phase 1 clinical study, we interrogated
cellular states within the tumor microenvironment (TME) and their interactions. We performed bulk and single-
cell RNA sequencing, whole-exome sequencing, and spatial proteomic analyses in pre- and post-ACT tumor tis-
sues, finding that ACT responders exhibited higher basal tumor cell-intrinsic immunogenicity and mutational
burden. Compared with nonresponders, CD8" TILs exhibited increased cytotoxicity, exhaustion, and costimula-
tion, whereas myeloid cells had increased type l interferon signaling in responders. Cell-cell interaction prediction
analyses corroborated by spatial neighborhood analyses revealed that responders had rich baseline intratumoral
and stromal tumor-reactive T cell networks with activated myeloid populations. Successful TIL-ACT therapy fur-
ther reprogrammed the myeloid compartment and increased TIL-myeloid networks. Our systematic target discov-
ery study identifies potential T-myeloid cell network-based biomarkers that could improve patient selection and
guide the design of ACT clinical trials.

INTRODUCTION
Adoptive cell therapy (ACT) using ex vivo—expanded autologous
tumor-infiltrating lymphocytes (TILs) is a potent cancer therapeutic
approach, with objective responses seen in a subset of patients with
metastatic melanoma in multiple clinical studies (1-3), and is supe-
rior to immune checkpoint blockade (ICB) therapy in these patients
(4, 5). Clinical responses with TIL-ACT have also been reported in
other epithelial cancers (6-8); however, the benefit of TIL-ACT does
not extend to all treated patients for reasons that remain unclear.
Advances in single-cell technologies have enabled in-depth char-
acterization of tumor and immune cells in the tumor microenviron-
ment (TME). Although the molecular profiles of CD4" and CD8*

tumor-specific TILs at the steady state have been recently reported by
single-cell RNA sequencing (scRNA-seq) (9-11), the features of oth-
er leukocytes regulating T cell function or performance during ACT
remain unclear. Understanding the steady-state immune contexture
could help improve the selection or preconditioning of patients re-
ceiving TIL-ACT. Furthermore, understanding the dynamics of the
human solid tumor TME during TIL-ACT may elucidate key mecha-
nisms supporting T cell-mediated tumor rejection and therapeutic
resistance as well as guide future therapeutic strategies.

To identify the states of T cells and other cells in the TME associ-
ated with successful TIL-ACT, we carried out scRNA-seq and bulk
RNA-seq and multispectral immunofluorescence (mIF) imaging
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analysis of longitudinal samples from patients with metastatic mela-
noma before and after TIL-ACT in a phase 1 clinical study
(NCT03475134). We show that clinical responses of melanoma to
TIL-ACT are associated with preexisting and identifiable CD8" TIL-
myeloid cell networks, which support tumor immune attack at the
steady state and reorganize TILs after ACT to sustain tumor rejection.

RESULTS
Steady-state melanoma microenvironment of patients
receiving TIL-ACT
We analyzed 13 patients with metastatic melanoma who received
TIL-ACT after progression on ICB therapies (data file S1) from the
total of 15 enrolled in a phase 1 clinical study (NCT03475134) be-
tween March 2018 and December 2020. Patients received ex vivo-
expanded TILs (12) and bolus intravenous interleukin-2 (IL-2)
support after non-myeloablative lymphodepletion chemotherapy,
according to established protocols (Fig. 1A) (2). We observed objec-
tive responses [best overall response according to response evalua-
tion criteria in solid tumors (RECIST) criteria v.1.1] in six patients
[46%, classified as responders (Rs)]: Two patients attained an ongo-
ing complete response (CR) and four patients had a partial response
(PR). Non-Rs (NRs) included four patients with progressive disease
(PD) and three patients with stable disease (SD) (two with SD only
on the first post-enrollment tumor assessment, ~6 weeks after en-
rollment, and one with durable SD up to 10 months) (Fig. 1B).
Among the 13 patients, the median progression-free survival (PES)
was 5.6 months [95% confidence interval (CI), 1.2 to 8.5], with a
median follow-up of 45.4 months [interquartile range (IQR), 40.9 to
50.3]; the median overall survival (OS) was 8.8 months (95% CI, 7.5
to not reached) (Fig. 1C). The two CR patients had mono-ICB ther-
apy, whereas the four PR (transient Rs) and six of seven NR patients
had dual ICB therapy before their enrollment. In univariate analy-
ses, none of neutrophil-to-lymphocyte ratio, v-raf murine sarcoma
viral oncogene homolog B1 (BRAF) V600E/K mutational status,
sum of targeted lesions or three-dimensional (3D) tumor volume,
presence of brain metastases, and lactate dehydrogenase levels sig-
nificantly associated with PES or OS (data file S1). Gender was the
only parameter that significantly correlated with PFS but not OS.
To understand the baseline cellular landscape of these tumors,
we interrogated 12 available surgical samples from 10 patients (6 Rs
and 4 NRs) by scRNA-seq (fig. S1A). We found that cells distributed
into 21 major clusters, including T cells, B cells, myeloid cells, and
other stroma and vascular endothelial cells (Fig. 1D and fig. S2, A to
C). Nonmalignant cell populations segregated in the uniform mani-
fold approximation and projection (UMAP) space, with cells from
different patients intermixed (fig. S2A). Using the TCGA (the Can-
cer Genome Atlas), we built a melanoma cell-specific gene signa-
ture score and identified 59,958 tumor cells. Tumor cells from
different patients clustered separately, indicating high patient speci-
ficity (Fig. 1D and fig. S2, A and D). We found no differences in
malignant cell and immune cell proportions based on clinical re-
sponse. Although NRs exhibited a trend of lower total TILs, this was
with high interpatient variability (Fig. 1E).

Baseline melanomas of Rs exhibit
tumor-intrinsicimmunogenicity

We then interrogated the baseline malignant compartment (Fig. 2A).
Compared with TME host cells, melanoma cells exhibited evident
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chromosomal copy number variation (CNV) inferred from single-
cell gene expression (13). This finding validated the malignant na-
ture and suggested genomic instability of melanoma cells (Fig. 2B).
By interrogating several copy number thresholds for both deletion
and amplification, we observed that Rs overall exhibited more copy
number deletions, both at gene and segment levels, suggestive of
higher genomic instability, albeit these differences were not statisti-
cally different for all thresholds examined (fig. S2, E and F).

To further dissect differences in malignant cells between Rs and
NRs, we conducted transcriptomic analyses. Single-cell regulatory
network inference and clustering (SCENIC) analysis, which infers
transcription factor (TF) activity based on regulon (TF and its target
genes) expression (14), revealed several signal transducers and acti-
vators of transcription (STATs) and interferon (IFN) regulatory fac-
tors (IRFs) among the top activated regulons in melanoma cells of
Rs (Fig. 2C). This finding was associated with an enrichment of well-
differentiated predominantly epithelioid SRY-Box transcription fac-
tor 10 (SOX10)" melanoma cells in Rs compared with that in NRs
(fig. S2G), in agreement with recent findings demonstrating that the
loss of SOX10 expression leads to invasive properties through the
expression of mesenchymal and extracellular matrix genes (15).
Moreover, single-sample gene set enrichment analysis showed acti-
vation of immunogenic programs in melanoma cells from Rs, in-
cluding double-stranded DNA sensing, IFN-a and IFN-vy responses,
complement activation, antigen presentation, major histocompati-
bility complex (MHC) class I/I1, IL-6/Janus kinase/STAT3 signaling,
tumor necrosis factor-o/nuclear factor kB (NF-xB) signaling, and
immune checkpoints (Fig. 2, D and E, and fig. S2, H and I). In agree-
ment, we found higher expressions of B2M; TAPI; HLA-E, -A, and
-C; PSMBS; and PSMBSY, encoding MHC class I/1I antigen presenta-
tion components and immunoproteasome activation, in tumor cells
from Rs (Fig. 2F and data file S2).

The increased antigen presentation observed in tumor cells from
Rs prompted us to explore whether these cells had a higher tumor
mutational burden (TMB). Through whole-exome sequencing analy-
ses conducted in tumors and, when feasible, in autologous tumor-
derived cell lines, we found that Rs displayed a greater number of
somatic mutations compared with NRs (Fig. 2G and data file S3). To
validate these results, we classified the TCGA metastatic melanoma
cohort according to our cohort’s malignant-cell ACT clinical response
signature (Fig. 2F) and found that the TCGA melanoma samples hav-
ing high levels of this signature also had higher TMBs (Fig. 2H).

To search for melanoma-intrinsic programs associated with
the lack of response to TIL-ACT, we interrogated a broader collec-
tion of reactome signatures and found the mesenchymal epithelial
transition (MET)-driven phosphatidylinositol 3-kinase (PI3K)-AKT
pathway as the only significantly overexpressed program in mela-
noma cells of NRs (Fig. 2I and data file S4). We also found higher,
albeit not significantly, pathways associated with cellular prolifera-
tion, such as resolution of D-loop structures, DNA replication ini-
tiation, and G;- and G,-related programs, which are suggestive of
DNA repair competence (Fig. 2, D and I, and data file S4). In sum-
mary, Rs exhibit higher TMB along with increased immunogenic
activation and antigen presentation.

Melanomas responding to TIL-ACT exhibit preexisting CD8"
T cell immunity

We next examined the T cell compartment in baseline tumors.
The proportions of overall CD4" TILs, CD8" TILs, and CD45"
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Fig. 1. Clinical characteristics and TME landscape of the melanoma TIL-ACT cohort. (A) Schematic representation of the study design and time points for translational
analysis. (B) Spider plot showing percentage of tumor size change relative to baseline over time. The inset shows the best tumor size change (%) in sum of target lesions
from the baseline. (C) Positron emission tomography-computed tomography (PET-CT) images of patient #3 (who had CR) at baseline and at 3 years follow-up (top) and PFS
(middle) and OS (bottom) of the studied cohort (NCT03475134) by Kaplan-Meier method. NE, not estimable. (D) UMAP projection of scRNA-seq data from 10 baseline
melanoma highlighting the main cell-type populations and their proportions. Pat., patient. CAFs, cancer-associated fibroblasts. LEC, lymphatic endothelial cells. (E) Box
plots showing main cell-type proportions according to clinical response. Statistical significance was assessed using Wilcoxon rank sum test comparing Rs versus NRs.

leukocytes were not significantly different between Rs and NRs
(Fig. 1E and fig. S3A). By scRNA-seq performed on sorted CD45*
cells from all 13 patients, we identified nine different CD8* TIL
clusters. We assigned these clusters on the basis of prior knowledge
(9, 16-19) to known states (Fig. 3, A and B; fig. S3, B and C; and data
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file S5), including naive-like, effector memory (EM)-like, CX3CRI*,
heat-shock gene-positive, FOXP3*, TFN-stimulated gene (ISG)-
positive, precursor exhausted (Pex), and exhausted (Te). In addi-
tion, we identified natural killer (NK)-like CD8" TILs, a NK cell
cluster, and three CD4" T cell subsets: T helper 1 (Ty1), CXCLI3™ T
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Fig. 3. CD8™ T cells from tumors of ACT Rs exhibit hallmarks of antitumor immunity at baseline. (A) UMAP projection showing subclustering of CD8" T and NK cells
from CD45" cell-sorted data of 13 baseline and 7 post-ACT tumors. (B) Dot plot showing gene expression of most discriminant gene markers for CD8" T cell populations.
(€) Pseudo-time analysis of the CD8* T cell populations showing pseudo-time values per cell grouped per CD8* T cell subtype. (D) Box plots of CD8" T cell subtypes and
NK cell proportions over CD45" cells in baseline tumors according to clinical response. (E) Left: Gene signature score-averaged pseudo-bulk per CD8" T cell population.
Right: TCR richness and clonality metrics per CD8" T cell population. (F) Box plots of patient-averaged CD8" T cell pseudo-bulk signature scores according to clinical re-
sponse in baseline tumors. (G and H) Differential gene expression (G) and TF/regulon (H) analysis between CD8* T cells from Rs versus NRs in baseline tumors at single-cell
(x axis) and patient-pseudo-bulk (y axis) levels. (I) CD8" T cell clinical response gene signature (left) and its scoring projected in UMAP space (middle) and plotted as ridge
plot per CD8* T cell subsets in baseline tumors. (J) Pathological evaluation by IHC (top right) and mIF (image example at the bottom) quantification in baseline tumors for
the indicated proteins. Statistical significances were assessed using one-way ANOVA followed by post hoc Tukey test (C), Wilcoxon rank sum test (D and F), linear regres-
sion (G and H), two-sided Student’s t test (J), or Bonferroni-adjusted one-sided Student’s t test (1).
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follicular helper (Trn)-like, and T regulatory (Tyg) cells (fig. S3, D
and E, and data file S5). State phenotypic divergence of CD8* TILs
inferred by pseudo-time differentiation trajectories suggested that
CX3CRIY, Py, and Te (and a fraction of ISG and EM-like) CD8"
TILs were the most differentiated effector states but represented dis-
tinct programs (Fig. 3C and fig. S4A). These three states together
contributed to one-third of all CD8" TTLs recovered, whereas EM-
like cells contributed another third (Fig. 3D).

Recently, human tumor antigen-specific CD8* TILs were found
to distribute across three TOX*PDCDI1*CTLA4" TIGIT" transcrip-
tional exhaustion states, including a precursor state (high expres-
sion of TCF7, LEF1, CCR7, and IL7R), a terminally differentiated
state [high HAVCR2/T cell immunoglobulin and mucin-domain
containing-3 (TIM3) and ENTPDI1/CD39 and cytolytic effector
molecules], and an intermediate state defined by TFs of recent T cell
receptor (TCR) engagement. Here, we found a significant enrich-
ment of Py and a nearly significant enrichment of Tey CD8*' TILs in
Rs (Fig. 3D). Consistent with the pseudo-time-based differentiation
inference, Tey, EM-like, and CX3CRI" cells exhibited the most oli-
goclonal expansion based on scTCR-seq, suggesting antigen selec-
tion (20, 21). However, among all cell states, Pex and Tex exhibited, in
addition to exhaustion, the highest signatures of TCR signaling and
cytotoxicity as well as proliferation (Fig. 3E), indicating tumor anti-
gen engagement. Consistent with a precursor state, Pex TILs overex-
pressed the most DNA amplification and repair pathways as well as
proliferation signatures (Fig. 3E and fig. S4B). P displayed higher
TF activity of transcription factor 7 (TCF7), MYC, myogenic dif-
ferentiation 1 (MYOD1), and histone deacetylase 2 (HDAC?2) rela-
tive to Tey, whereas Ty exhibited higher Runt-related transcription
factor 3 (RUNX3) regulon activity, a key regulator of CD8" T cell
tissue residence, than P (fig. S4C). Consistent with previous find-
ings that a fraction of exhausted CD8" TILs retained the prolifera-
tive capacity as a consequence of CD28 costimulation received from
dendritic cells (DCs) in situ (22), we found that T, and P, in base-
line melanoma of Rs also exhibited signatures of CD28 costimula-
tion and proliferation (Fig. 3E). Exhausted CD8* TILs with lower
levels of CD28 costimulation exhibited lower eomesodermin
(EOMES) and T-box transcription factor 21(TBX21) activities
(fig. S4D), implying that a subset of Tex cells might not have transi-
tioned to terminal exhaustion, as also suggested by increased prolif-
eration. TILs transition through a continuous gradient of exhaustion
states (21), as suggested by our pseudo-time analysis (Fig. 3C and
fig. S4A).

ISG CD8* TILs, distinguished by a dominant signature of IFN
response genes, have been previously reported in human TILs (20).
Here, ISG CD8* TILs exhibited oligoclonally expanded TCR se-
quences overlapping with exhausted CD8" TILs (fig. S4E) and dis-
played gene signatures of cytotoxicity, TCR signaling, and exhaustion,
implying that ISG cells were antigen-experienced tumor-reactive Tey
located in IFN-rich tumor niches. A fraction of EM-like CD8" TILs
exhibited the highest level of clonal TCR overlapping with the ex-
hausted compartment, indicating that some of these cells were likely
tumor-specific but not yet engaged in antigen recognition because
they lacked signatures of TCR signaling or exhaustion (20). However,
the frequencies of EM-like and CX3CRI" CD8" TILs were similar in
Rs and NRs at baseline (Fig. 3D), likely reflecting that a proportion of
these cells were derived from unrelated bystander cells. In agreement
with the above findings, baseline CD8* TTLs were enriched for tran-
scriptomic programs of exhaustion, TCR signaling, cytotoxicity,
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CD28 costimulation, IL-2 signaling, IFN-y activation, and effector
function (Fig. 3F and fig. S4F). Using signatures denoting tumor
neo-antigen reactivity (9, 10), we validated that the tumor reactivity
was higher in CD8" TILs of Rs. Conversely, CD8" TILs of NRs over-
expressed a viral-specific signature, implying a bystander phenotype
(Fig. 3F).

We analyzed differentially expressed genes in CD8* TILs from
Rs and NRs deeper, at both single-cell and patient-pseudo-bulk lev-
els. The correlation between logarithmic fold changes of these two
levels [Pearson’s correlation coefficient (r) = 0.80, P < 107219] re-
vealed concordantly overexpressed genes (CXCLI13, CCL5, HLA-
DRB5, HAVCR2, TNFRSF9, CTLA4, and PDCDI) and regulons
[RUNX3, EOMES, TBX21, nuclear factor of activated T-cells 5
(NFATS5), and ETS variant transcription factor 1 (ETV1)] in CD8*
TILs of Rs (Fig. 3, G and H, and data file S2), many of which were
previously associated with exhausted/CD28-costimulated CD8*
TIL signatures (22). Moreover, clinical response was associated with
baseline CD8" TILs that exhibited increased inferred activity of
ZNF831 (zinc finger protein 831) and HIVEP1 (zinc finger protein
40). ZNF831 and HIVEP1 bind to enhancer elements of several key
genes implicated in the effector and exhaustion programs, including
the genes encoding the IL-2 receptor (IL2RA, IL2RB, and IL2RG)
and IFNBI1, TBX21/T-bet, EOMES, and PRDM1/BLIMP-1 impli-
cated in transcriptional activation of multiple immune checkpoint
genes, ETV1-targeting TOX, and RUNX3 (Fig. 3H). Conversely, fail-
ure of TIL-ACT was associated with predominance of naive- and
memory-like CD8" TILs at baseline, highlighted by the overexpres-
sion of IL7R and LTB as well as higher activity of TFs implicated in
the WNT/B-catenin signaling pathway, including lymphoid enhanc-
er factor 1 (LEF1) and TCF7, and the transforming growth factor
(TGF)-p signaling pathway, including FOXP1 and SMAD3 (Fig. 3,
G and H, and data file S2), reflecting the paucity of antigen-
experienced tumor-reactive populations. Last, we computed a CD8*
T cell signature score associated with the clinical response from
(data file S2) Fig. 3G. CD8" T and Py, followed by EM-like, were
the TIL subsets that most highly overexpressed the T cell clinical
response signature (Fig. 3I), confirming their relevance for TIL-ACT.

To identify potential differences in CD8" TILs between CRs and
PRs, we conducted differential gene expression analysis. CD8* TILs
from CRs overexpressed genes linked to improved T cell recruit-
ment and infiltration (CXCR3, CCL5, and CCL3) (23) as well as
higher TCR avidity (CXCR3) (24), tissue residence (ITGAE), and
IL-2 signaling (IL2RB and IL2RG) (fig. S4G and data file S4). Path-
way analysis revealed that besides higher IFN, TCR signaling, and
CD28 costimulation, CD8" TILs of CRs displayed elevated path-
ways of mitochondrial potential and function, such as adenosine
5’-triphosphate and amino acid synthesis, electron transport chain,
and cristae formation (fig. S4H and data file S4). These data imply
that CD8" TILs of CRs have higher metabolic fitness that could en-
able them to withstand harsh TME conditions and mediate long-
term clinical response.

We corroborated our transcriptomic findings of TILs by immu-
nohistochemistry (IHC) and mIF microscopy interrogation on sev-
eral formalin-fixed paraffin-embedded (FFPE) slides of baseline
tumors. These analyses showed higher frequencies of intratumoral
CD3*CD8* TILs and CD3"CD8"PD17 TILs (located within tumor
nests) in Rs (Fig. 3] and fig. 4, I and J). Patients with PD had the
lowest densities of all CD8* TIL populations, validating the rele-
vance of CD8" TIL for clinical response. In conclusion, in situ T cell
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activation, cytotoxicity, costimulation, and exhaustion along with
immunogenic tumor cells with higher TMB are hallmarks of mela-
noma response to TIL-ACT.

Other baseline lymphoid states in Rs and NRs

In examining other lymphoid cells at baseline, we found that Tg,-
like CD4% CXCL13" cells and Treg cells did not differ between Rs
and pooled NRs, but progressors (PD) displayed the lowest propor-
tions of Ty cells (fig. S4K). We identified highly proliferative yd T
cells expressing TRGC2 and TRDV1/TRDC TCR chains, killer cell
lectin-like receptor (KLR) molecules (KLR DI1/K1/C2/C4/G1I),
CCL5, NKG7, and granzymes (fig. S3E and fig. S4L) significantly en-
riched in NRs and specifically in patients with PD, suggesting a
negative influence on TIL-ACT (fig. S4M).

The important role of tumor-resident B cells in supporting anti-
tumor T cell responses and response to ICB is being increasingly
recognized (25). In addition to plasma cells (MZB1%), we identified
follicular-like (MS4A1%) tumor-resident CD20" B cells clustering in
three main states: naive (TCLIA*, FCER2*, and IGHD"), memory
(CD27"), and germinal center (GC) (CD38" and MEF2B*) (fig. S5,
A and B, and data file S5). Memory B cells displayed high levels of
IFN signaling and mature antigen-presenting cell (APC) genes
(CD80, CD86, and CD40), whereas GC B cells overexpressed signa-
tures of B cell receptor (BCR) signaling, class II antigen presenta-
tion, and proliferation (fig. S5B). We could not detect significant
differences in the proportions of B cells between Rs and NRs by
scRNA-seq (fig. S5C) or by mIF analysis (fig. S5D). However, col-
lectively, B cells from Rs, particularly memory cells, displayed in-
creased IFN signaling and MHC class II antigen presentation,
implying a possible participation in modulating local T cell immu-
nity (fig. S5, A and B, and data file S5). In line with this observation,
we saw that Rs had a trend for higher enrichment of tertiary lym-
phoid structures (fig. S5E).

TIL-ACT-responding melanomas are infiltrated by activated
macrophages and DCs

A mounting body of evidence indicates that the organization of the
tumor myeloid compartment is crucial for orchestrating T cell im-
munity. For example, tumor-resident myeloid cells promote intratu-
moral T cell engraftment (23) and support CD8*' T., effector
functions via CD28 costimulation (22), and macrophage states pre-
dict response to checkpoint immunotherapy in melanoma, breast,
and renal cancer (26). On the basis of scRNA-seq data obtained
from all patients, we detected 11 clusters of myeloid cells, which we
annotated according to well-described datasets (27, 28) into four
DC states [DC1, DC2, CCR7* DC3, and plasmacytoid (pDCs)], five
macrophage states (CXCL9*, ISG, SI00A8", TREM2*, and C1Q*
macrophages) and two monocyte states [monocytes and monocyte-
like DCs (monoDC)]. Each of these states was also characterized by
distinct inferred regulon activities (Fig. 4A; fig. S5, F and G; and
data file S5).

When comparing myeloid cells from Rs and NRs, the relative
proportions of DCs and monocytes/macrophages were similar both
by scRNA-seq (fig. S5SH) and by mIF analysis (fig. S5I). We also ob-
served no statistically significant differences when analyzing each of
the 11 individual myeloid cell states except for monoDCs that were
more abundant in NRs (fig. S5H). Considering that macrophage po-
larization may have either anti- or protumor effects (26), we investi-
gated whether such polarization differed between Rs and NRs.

Barras et al., Sci. Imnmunol. 9, eadg7995 (2024) 2 February 2024

Because macrophages can express M1- and M2-like phenotypes
(fig. S5G) that have been associated with the ability to promote or
suppress T cells, respectively, at least in vitro, we asked whether the
ratio of macrophages with canonical M1 and M2 markers in base-
line tumors was associated with clinical response. We assigned each
macrophage to an M1 and/or M2 phenotype using M1 and M2 gene
signatures and quantified their ratios. We found that Rs had a high-
er, albeit not statistically significant, M1/M2 ratio compared with
NRs (fig. S5)).

We further analyzed differentially expressed genes in macro-
phages between Rs and NRs, at both single-cell and patient—pseudo-
bulk levels. This analysis unveiled robustly overexpressed genes
involved in IFN signaling (IFI27, IFITMI, IFITM3, IFI6, and
STATI), complement component synthesis (CIQA-C and C3),
phagocytosis, and antigen processing and presentation (HLA-B,
HLA-C, B2M, HLA-DQA1, HLA-DQA2, and HLA-DRB5), as well as
up-regulation of IFN-inducible chemokines CXCL9 and CXCLI10 in
macrophages of Rs (Fig. 4, B and C, and data files S2 and S4). We
next computed a clinical response-associated macrophage score us-
ing the most up-regulated genes in Rs (Fig. 4D and data file S2) and
interrogated various macrophage subsets. Revealing their relevance
for TIL-ACT, this signature was highly overexpressed in CXCL9"
and ISG macrophages followed by CIQ" and TREM2* cells, specifi-
cally in Rs (Fig. 4E and fig. S5K). CXCL9 in macrophages is specifi-
cally up-regulated by IFN-y (23), indicating the presence of nearby
TILs recognizing tumor antigen, whereas it further amplifies intra-
tumoral TIL engraftment (23). Because both CXCL9" and ISG mac-
rophages overexpress CXCL9, they are likely engaged in important
cross-talks with tumor-specific T cells in situ at baseline. As expect-
ed, SI00A8" macrophages, which have been associated with tumor
promotion and express immunosuppressive programs (fig. S5, F and
G), did not contribute to the gene signature associated with clinical
response (Fig. 4, D and E).

Next, we conducted similar analyses for DCs. As for macro-
phages, DCs exhibited increased activation and IFN response signa-
tures (IRF4-7, CXCR4, ICAM1, and STAT1) in Rs (Fig. 4, F and G;
fig. S5, F and G; and data file S2), revealing an overall type 1 polar-
ization of the myeloid compartment. We next derived an integrated
DC-specific clinical response signature as above. This signature was
largely confined to pDCs in Rs (Fig. 4, H and I). Although the role
of pDCs in cancer is not clear presently, the presence of pDCs in
human colon cancer has recently been associated with increased
PFES and OS (29).

Last, we examined the relative abundance of tumor-reactive
CD8* TILs over myeloid subsets, focusing on exhausted TILs (Tey
and P combined). The frequency of exhausted TILs relative to
macrophages or DCs was significantly higher in Rs (Fig. 4]). In
conclusion, specific transcriptional programs, such as complement
activation, IFN signaling, IFN-inducible chemokines, antigen pre-
sentation, and CD28 costimulation, dominate the phenotype of
macrophages and DCs in baseline tumors responding to TIL-ACT.

Melanomas responding to TIL-ACT are characterized by a
richimmune cell cross-talk

The above findings raised the possibility that important cellular
cross-talks established between TILs and tumor APCs at baseline
provided the bases for successful TIL-ACT. We therefore inferred
cell-to-cell cross-talks through ligandome analysis by computing
receptor-ligand gene expression and relative proportions of putative
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Fig. 4. Activation of the myeloid compartment is associated with response to TIL-ACT. (A) UMAP projection showing subclustering of myeloid cells from CD45*
cell-sorted data from 13 baseline and seven post-ACT tumors. (B) Differential gene expression analysis between macrophages from Rs versus NRs in baseline tumors at
single-cell (x axis) and patient-pseudo-bulk (y axis) levels. (C) Most up-regulated and down-regulated genes in macrophages between Rs and NRs (from B) were subjected
to reactome enrichment analysis, and selected significant (FDR-adjusted P < 0.01) pathways are shown. (D) Macrophage clinical response gene signature (left) and its
scoring projected in UMAP space in baseline tumors (split for Rs and NRs). (E) Ridge plot displaying the macrophage clinical response signature score per macrophage
subsets split according to response in baseline tumors. (F) Differential gene expression analysis between DCs from Rs versus NRs in baseline tumors at single-cell (x axis)
and patient-pseudo-bulk (y axis) levels. (G) Most up-regulated and down-regulated genes in DCs between Rs and NRs (from F) were subjected to reactome enrichment
analysis and selected significant (FDR-adjusted P < 0.01) pathways are shown. (H) DC clinical response gene signature [from (F)] and its scoring projected in UMAP space
in baseline tumors. (I) Ridge plot displaying the DC clinical response signature score per DC subsets split according to clinical response in baseline tumors. (J) Log; ratio
of the proportions (out of CD45" cells) between exhausted T cells (union of CD8 Pe, and Te,) and bulked DC or macrophage populations in single-cell data of baseline
tumors. Statistical significance was assessed using linear regression (B and F), Wilcoxon rank sum test (J), and by Bonferroni-adjusted one-sided Student’s t test (E and I).
Triple asterisks (**%*) in (E) and (I) denote adjusted P < 0.001. NS, not significant.
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cell pairs in the TME. These analyses revealed far more significant
immune cell-to-cell interactions in tumors of Rs relative to NRs at
baseline (Fig. 5A), because there was a plethora of putative interac-
tions implicating CD8* and CD4" TIL subsets with myeloid subsets
in Rs (fig. S6A and data file S6). The only significant interactions
identified in NRs were mostly occurring between tumor cells and
other cell types like SI00A8" macrophage subsets that expressed
uniquely M2- but not Ml-like signatures (fig. S5G), endothelial
cells, and DC2s, but TILs appeared not involved (fig. S6A).

To increase resolution in the interactome, we focused our analy-
sis on five pathways that emerged in the analyses of the T, B, and
myeloid compartments and were critical for clinical response to
immunotherapy (30): complement, IFN, chemokines, ILs, and
costimulation/coinhibition (data file S7). Again, we inferred a higher
number of putative significant interactions between TILs and my-
eloid cells, TILs and tumor cells, and CD4" and CD8" TILs in Rs
(Fig. 5B, and fig. S6B) and found cross-talk between TIL subsets
predicted to be tumor-specific, including exhausted, ISG, and EM-
like cells, with several macrophage subsets and DCs (Fig. 5C). Ter-
minally exhausted and ISG T cells were predicted to interact
predominantly with CI1Q* and CXCL9* macrophages, whereas Pey
and EM-like T cells were predicted to interact with TREM2* and
S100A8" macrophages. On the basis of available molecules, CXCL9"
macrophages could attract exhausted CD8" TILs expressing CCRS5,
CXCR3, or CXCR5 through CCL5, CXCL9/10/11, or CXCL13 and
could establish adhesive interactions with them through ICAM]I
and ICAM2 expressed on macrophages and ITGB2 and ITGAL ex-
pressed on TILs (Fig. 5D). Through such interactions, CXCL9" mac-
rophages could establish important niches, as seen in ovarian cancer
(22), to support Ty function through CD28 and other costimulato-
ry ligands. Further chemotactic and stimulatory interactions could
be mediated locally by complement components, because C3 was
up-regulated in exhausted TILs, whereas C3ARI was expressed by
complement-positive and CXCL9" macrophages (Fig. 5D). T cells
up-regulate and release C3 upon TCR engagement and CD28 co-
stimulation, which can drive APC maturation and further T cell co-
stimulation (31, 32). C1Q* macrophages expressed IL-15, which
would provide key survival and stemness-promoting signals to local
TILs in such putative niches through IL15RA-IL2RG (Fig. 5D and
data file S8) (33).

We sought to validate these hypotheses by specifically examining
physical cell doublets identified during single-cell analyses. We de-
tected doublets occurring between T and myeloid cells (Fig. 4A, B)
and T cells (fig. S5A), as well as CD4" and CD8" T cells character-
ized by higher number of expressed genes per cell and carrying gene
expression profiles from both of their respective counterparts
(fig. S6C). It is widely accepted that doublets can arise technically
after tissue dissociation when two or more cells are encapsulated in
the same droplet. To test whether they could be composed by
true physical pairs of cells, as reported by others (34), we visualized
T-myeloid doublets in baseline tumors upon tissue dissociation by
flow cytometry imaging analysis (ImageStream). We observed the
presence of interacting cell doublets that coexpressed surface CD3
and CD14 and mediated synapses in melanoma tumor dissociates
(0.05%) (fig. S6D). This indicates that, although we cannot com-
pletely avoid the bias of artifactual doublets being present in our
tumors after dissociation, real physical doublets were captured.

In line with the above inferred cross-talks (Fig. 5, B to D), we
found a higher frequency of T-myeloid cell doublets and trends of
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higher frequencies of T-B and CD4"-CD8" T cell doublets in Rs
(Fig. 5E and fig. S6E). We detected overexpression of T cell exhaus-
tion along with CD28 costimulation signatures in T cell-myeloid
doublets from Rs, implying that exhausted CD8" TILs engaged in
these doublets received CD28 costimulation from the cognate my-
eloid cells (Fig. 5F). Similarly, B-T cell doublets exhibited higher
expression of T cell costimulatory and tumor-reactivity signatures,
implying that B cells could also provide CD28 costimulation to their
paired tumor-specific CD8" TILs (fig. S6F). Last, CD4"-CD8" T cell
doublets overexpressed scores of cytotoxicity and tumor reactivity,
implying important cross-talks between tumor-specific CD8* TILs
and cognate CD4" helper cells (fig. S6F). By deconvoluting cell
states involved in cell doublets, we found that T-myeloid doublets
were enriched specifically in CXCL9* macrophages and CD8" Py or
Tex cells (Fig. 5G and fig. S6G). Thus, these key cell cross-talks were
prevalent between tumor-reactive CD8" TILs and properly polar-
ized macrophages and were likely critical to the recruitment and
functional support of these tumor-specific CD8" T cells, explaining
their strong association with response to TIL-ACT. Conversely,
T-myeloid doublets were rare in NRs and were mostly enriched in
NK-like CD8" T cells and DC2 (Fig. 5G and fig. S6G).

Furthermore, we used mIF to identify CD8*PD-1* or CD8 PD-1*
TILs, CD11c* or CD68" myeloid cells, and CD19" B cells and
examined their mutual interactions in situ (Fig. 5, H to J). We found
higher densities of CD11c* cells (fig. S6H) and detected higher
numbers of mutual interactions between CD8" or CD8*PD-1" TILs
and CD11c" cells in both tumor islets and the stroma compartment
in Rs compared with those in NRs using neighborhood analysis
examined at different radii (20, 45, and 100 pm) (Fig. 5, ] to L, and
fig. S6, I and J). Although cell frequencies and their mutual interac-
tion are interdependent by design, we found that the mutual interac-
tion between CD8% and CD11c' cells was separating more
signficantly Rs and NRs than their respective minimal cell frequen-
cy (Fig 5L and fig. S6K). Furthermore, CD8"PD-1*:CD68*,
CD8"PD-1":CD19", or CD8"PD-1":CD8 PD-1" (i.e., CD4"PD-1*
T cells) pairs were also higher in the stroma of Rs (Fig. 5] and
fig. S6I). These analyses collectively revealed dense immune cell net-
works in the TME of Rs at baseline, unlike in NRs.

We sought to understand deeper, at the protein level, the states of
TILs and myeloid cells residing within T cell-myeloid neighbor-
hoods. We applied the GeoMx protein panel selectively on regions
of interest (ROIs) enriched with T cell-myeloid niches (Fig. 5M and
data file S9). Differential protein expression comparing 74 targets
between baseline melanomas of Rs and NRs revealed that T cell-
myeloid niches of Rs were enriched with proteins, suggesting higher
antigen expression (NY-ESO-1) and presentation (B2M) and poten-
tially higher tumor-cell killing [cleaved caspase-9, BCL2, and
poly(adenosine 5'-diphosphate-ribose) polymerase] (Fig. 5N and
data file S9). In addition, these niches were enriched with costimu-
lating myeloid cell states (CD45, CD11c, PDL1, HLA-DR, and
CD40) and activated, tumor-reactive, antigen-experienced, costim-
ulated, and memory CD8* TILs denoted by overexpressions of
CD8, CD127, GZMA, CD45R0, and CD25 (IL-2RA). TILs in these
niches also overexpressed TIM3, cytotoxic T-lymphocyte associated
protein 4 (CTLA-4), and tumor necrosis factor receptor superfamily
member 9 (4-1BB), validating them as leading biomarkers of our
CD8* TIL ACT clinical response signature (Fig. 3G). In contrast,
T cell-myeloid niches of NRs were characterized by overexpressions of
p53, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Ki67,
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and MET, indicating mostly tumor cell proliferation, and B7-H3
(Fig. 5N and data file S9). Overall, intratumoral T cell-myeloid
niches and other T cell networks likely recruit and nurture tumor-
reactive TILs and are the basis of generating effective responses to
TIL-ACT therapy.

Effective TIL-ACT therapy reprograms myeloid populations

and reconstitutes antitumor CD8" TIL-myeloid cell networks
Next, we sought to determine how TIL-ACT affected TME dynam-
ics by using bulk RNA-seq data from tumors at baseline (T0) and
biopsies acquired a minimum of 30 days after ACT (T30) (fig. S1A)
to capture changes in the TME of Rs versus NRs. Oncogenic epider-
mal growth factor receptor, erb-b2 receptor tyrosine kinase 2
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(ERBB2)/protein tyrosine kinase 6, and PI3K/ERBB4 signaling-
related pathways in T30 biopsies were either down-regulated solely in
Rs or up-regulated uniquely in NRs, possibly reflecting tumor cell
expansion or adaptation (Fig. 6A, fig. S7A, and data file S10). Re-
sponding tumors exhibited an increase in numerous inflammatory
signatures (alternative complement activation, scavenger receptors,
Toll-like receptor 3, NF-kB, IL-18, and IL-10 signaling), denoting
reinvigoration of innate immunity after ACT. T cell activation
[CTLA-4, programmed cell death 1 (PD-1), TCR, CD28, IL-2, and FasL
signaling] and B cell activation (BCR signaling) were specifically
lost in NRs after ACT biopsies. These pathways were already lower
at baseline in tumors of NRs relative to Rs (see also fig. S4F) and
were lost in NR T30 biopsies (Fig. 6A).
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To infer evolution dynamics in specific immune cell subets, we
interrogated bulk RNA-seq data at baseline and after ACT by using
gene signatures that discriminate for cell subtypes, which we de-
rived from our scRNA-seq data. We observed a reconstitution after
ACT of key TME hallmarks observed at baseline, including mainte-
nance of CD8" Py and Tey and CXCL13t CD4* TIL signatures, but
only in Rs. Conversely, NRs lost signatures of CD8" P, and Ty,
CXCL13" CD4" TILs, Treg cells, and DC2 (Fig. 6B). TIL-ACT in-
creased signatures for CXCL9", ISG macrophages, and CD16"
monocytes in Rs specifically (Fig. 6B). This observation was also
validated by mIF analysis, which showed increased densities of both
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infiltrating CD68" and CD11c" myeloid cells from baseline to after
ACT (Fig. 6C). Moreover, by mIF, we confirmed that Rs maintained
a relatively elevated frequency of CD8" TILs expressing PD-1 and/
or granzyme-B after ACT, whereas NRs displayed significantly low-
er frequencies of such tumor-reactive CD8* TILs after ACT relative
to their baseline (Fig. 6D). We observed a decrease in the frequency
of intratumoral CD8*PD-1" TILs in both Rs and NRs, likely repre-
senting bystander T cells not engaging tumor cells that were lost
because of host lymphodepletion. We validated the above finding at
the single-cell level in 7 of the 13 patients. We found that NRs, but
not Rs, lost their CD8 T infiltration after ACT (Fig. 6E and fig. S7B).
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Applying tumor neo-antigen reactivity T cell signatures (9, 10) in
T30 bulk RNA-seq, we found that R CD8* TILs persisting after
ACT exhibited higher tumor-specific signatures (Fig. 6F).

We next asked whether the previously described cellular cross-
talks could also be reconstituted in the TME after TIL-ACT. Analysis
of the available paired scRNA-seq data from baseline and after ACT
in seven patients revealed that many of the original cross-talks were
potentially reestablished, with a marked increase in predicted puta-
tive interactions specifically between the CD8" and the myeloid
compartment at T30 compared with that at baseline, specifically in
Rs (Fig. 6, G and H, and fig. S7C). We also performed paired neigh-
borhood analysis in melanomas from 9 of the 13 patients. In line
with the interactome predicted from the scRNA-seq data, we ob-
served increased CD8" T cell:CD68" macrophage niches in both
CRs and two of the four PRs, whereas these were reduced in the PD
and one of the two SDs (fig. S7D).

From paired scRNA-seq data of baseline and post-ACT tumors,
we identified again the main CD8" TIL states related to tumor im-
mune recognition, as recognized at the steady state, i.e., Pex, Tex
EM-like, and ISG cells. Most of them were predicted to interact
densely with the key myeloid subsets, especially CXCL9* macro-
phages (Fig. 6H and fig. S7E). Although most of the tumor-resident
B cells were depleted after ACT, EM-like, Ty, and ISG CD8" TILs
were also predicted to interact with the available memory B cells
(Fig. 6H and fig. S7E). The interactions between IFNG and IFN-
GR1/2 on CD8* TIL and macrophages, respectively, implied a direct
macrophage polarization by TILs, leading to upregulation of CXCL9
and CXCLI0. The production of additional chemokines by these ac-
tivated macrophages, such as CCL3, CCL4, and CCL5, explained
partly how rich chemokine circuitries could help reestablish the di-
verse inflammatory infiltrate in these tumors after ACT (Fig. 61 and
data file S11). Conversely, as in baseline tumors, we could not pre-
dict any meaningful immune cell interactions in NRs, which were
mainly predicted between CD16" monocytes or monoDCs with
EM-like CD8" TILs (Fig. 6H and fig. S7E). These results suggested
that successful ACT not only restored the TIL repertoire but also
reprogrammed the tumor macrophage population toward CXCL9"
cells, thereby strengthening the potential CD8* T-myeloid in-
teractome.

Thus, successful TIL-ACT leads to the elimination of melanoma
through the establishment of a favorable TME, with re-engraftment
of tumor-reactive TILs after ACT and improvement of the myeloid
compartment after immune reconstitution. The close association of
exhausted CD8" TILs with CD11c* myeloid cells represents a po-
tential biomarker for patient selection for TIL-ACT therapy.

DISCUSSION

This study presents a comprehensive single-cell profiling of longitu-
dinal melanoma samples from patients who received TIL-ACT, pro-
viding insights into the TME and the cellular networks associated
with clinical response to TIL-ACT. Our comparative analysis reveals
that benefit from TIL-ACT is associated with preexisting immunity
in the TME and is characterized by higher immunogenic tumor cells
and tumor-reactive CD8" TILs (9, 10, 22, 35). We found that tumor-
reactive CD8" TILs were engaged in complex and meaningful cell
networks. Myleoid cells were among the key cellular populations
contributing to these interactions and bore distinct signatures in Rs,
specifically overexpressing antigen-processing and presentation,
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costimulatory and type I IFN signatures, and CXCL9/10 chemo-
kines. Recent studies have demonstrated the relevance of tumor-
intrinsic (36) and myeloid-mediated DNA-sensing stimulator of
interferon genes (STING) activation for the tumor IFN signaling
(37), the recruitment of TILs, and the orchestration of antitumor
immune response (38). These rely on the cooperation of CCL5 and
CXCL9/10 chemokines, which ensure recruitment and retention of
TILs in the TME by intratumoral myeloid cells (23) and promote
response to ICB (39). Furthermore, CXCL9/10-expressing myeloid
cells are associated with the presence of CXCL13-expressing TILs
(40). These chemotactic interactions, along with the appropriate ad-
hesion partners reported here, provide the basis for the formation of
cell pairs between effector TILs and myeloid cell partners.

In baseline melanoma responsive to TIL-ACT therapy, we pre-
dicted the cellular interactome by ligandome analysis and docu-
mented a strong intratumoral cross-talk in chemokine, complement,
and IFN pathways and adhesions between tumor-reactive CD8"
TIL and activated myeloid cells. Although traditionally considered
undesirable in scRNA-seq analyses, doublets can provide valuable
information on immune cell interactions (34). We validated these
interactions by demonstrating physical TIL-myeloid cell doublets
and by quantifying cellular neighborhoods in situ through mIF and
niche analysis in the tumor of origin, which revealed denser clusters
of intratumoral T cell-myeloid niches in Rs at baseline. On the basis
of scRNA-seq findings, the T cell-myeloid doublets were largely
populated by CD8 T and IFN-activated myeloid cells, supporting
the specific implication of these cell subsets in driving T cell re-
sponse at baseline. In addition to recruiting TILs, IFN-activated my-
eloid cells can also endow them with costimulatory signals (22),
thereby providing a rich repertoire of relevant polyfunctional TILs
at baseline that can be subsequently expanded ex vivo for TIL-
ACT. The TME of NRs displayed minimal numbers of those interac-
tions and almost no cellular cross-talk when focusing on pathways
such as costimulation, complement, type I IFN, and chemokines.

Many of the above cellular cross-talks may be also implicated in
driving responses to ICB. However, our Rs did not respond to prior
mono- or dual-ICB, indicating that additional inhibitory mediators
are active in the TME at baseline, preventing response to ICB, but
that could have been eliminated upon TIL-ACT. TIL reinvigoration
by ex vivo expansion and host lymphodepletion could contribute to
overcoming TME suppression. When comparing the dynamics of
TIL and TME states from baseline to after ACT, we observed that
tumor-reactive TILs are preponderant, the frequency of IFN-
activated myeloid cells increased, and the T cell-myeloid interac-
tome further increased and diversified. This indicated that effective
TIL-ACT reprograms myeloid populations and increases antitumor
CD8" TIL-myeloid cell networks. Such interactive immune TMEs
could sustain the persistence and functionality of ex vivo reinvigo-
rated and adoptively transferred T cells via additional costimulatory
signals.

Our detailed characterizations of TME states and dynamics as
well as cell-cell interactome will help facilitate the development of
biomarkers for ACT response and guide the next generation of
adoptive cell-based immunotherapies to achieve maximal clinical
benefit. Our findings suggest that tissue signatures documenting the
presence of intratumoral tumor-reactive TIL-myeloid niches with
traits of polyfunctionality, fitness, and costimulation can be used to
select patients who likely would maximally benefit from TIL-ACT
approaches with traditional IL-2-based TIL expansion methodologies.
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Note that the small sample size of our trial cohort and the heteroge-
neity of prior lines of therapy received by these patients may limit
final conclusions. Larger trials are required to further validate and
extend these findings in melanoma and other cancer types. Al-
though a recent trial has demonstrated higher PFS of TIL-ACT ver-
sus anti-CTLA4 therapy (4), how TIL-ACT will perform after dual
anti-CTLA4 and anti-PD-1 combination remains an open question
warranting investigation.

MATERIALS AND METHODS

Study design

We interrogated tumor-microenvironment cellular states and inter-
actions of longitudinal samples from 13 patients with metastatic
melanoma treated with TIL-ACT in our phase 1 clinical study
(NCT03475134) using scRNA-seq and bulk RNA-seq, mIF, and spa-
tial proteomic analyses in pre- and post-ACT tumor tissues. The
number of data points used for analyses is indicated within the fig-
ures or in the figure legends.

Clinical trial design

From March 2018 to December 2020, we enrolled 15 patients in
a single-center phase 1 investigator-initiated trial designed to
test the feasibility of TIL-ACT in our center (ClinicalTrials.gov,
NCT03475134). Among them, two patients did not receive any
trial treatment: one patient failed during the rapid expansion phase
(REP)-TIL and another one withdrew informed consent from the
study before the start of the treatment. Thirteen eligible patients
constitute the “per-protocol” cohort of the study for efficacy analy-
sis (data file S1). Eligible patients were adults with histologically
proven unresectable locally advanced (stage IIlc) or metastatic
(stage IV) melanoma (12 cutaneous melanoma and one mucosal
melanoma) who have progressed on at least one standard first line
therapy, including but not limited to chemotherapy; BRAF and
mitogen-activated protein kinase (MAPK) inhibitors; anti-CTLA4,
anti-PD-1 or anti-LAG3 antibodies; and/or the combination.
When feasible, a biopsy of one metastatic deposit was performed at
screening to assess and quantify the intratumoral CD3" and CD8"
T cell infiltration by a dedicated pathologist (J.D.). In some cases,
archived FFPE material from diagnosis was retrieved for analysis.
Patients were required to have an accessible metastatic site to pro-
cure for TILs with acceptable anticipated perioperative risk and
also at least one separate additional measurable tumor lesion on CT
to be followed according to RECIST 1.1 criteria. Inclusion criteria
included good general health status [eastern cooperative oncology
group performance status (ECOG PS) < 2], sufficient cardiopul-
monary function, including a cardiac stress test showing no revers-
ible ischemia, adequate respiratory function with forced expiratory
volume in 1 s (FEV1) > 65% predicted, forced vital capacity > 65%
predicted and diffusing capacity of the lungs for carbon monoxide
(DLCO) > 50% predicted corrected, and left ventricular ejection
fraction > 45%. Patients with active autoimmune conditions or ac-
quired immunodeficiency were excluded. Patients were required to
have adequate normal organ and marrow function, defined as he-
moglobin > 8 g/100 ml; absolute neutrophil count > 1.0 x 10°
(>1000 mm™); platelet count >100 X 10° (>100,000 mm™>); se-
rum creatinine < 1.5X of the institutional upper limit of normal;
and aspartate aminotransferase and alanine aminotransferase
< 3% of the institutional upper limit of normal. Patients with
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symptomatic and/or untreated brain metastases were excluded. Pa-
tients with definitively treated brain metastases were considered for
enrollment as long as lesions were stable for >14 days before the
beginning of the non-myeloablative (NMA) chemotherapy, with no
evidence of previously unidentified lesions and no requirement
for corticosteroid treatment. Bridging therapy was allowed as
per investigator choice and upon discussion with the principal
investigator.

Clinically eligible patients underwent surgery for TIL harvest
and ex vivo expansion. Only patients having sufficient numbers of
pre-REP-TILs (TIL number higher than 50 millions) were offered
to receive TIL-ACT treatment. TILs were successfully expanded for
all 13 patients from tumor deposits resected by surgery, and the me-
dian number of TILs infused was 55.0 billion cells (range, 12.8
to 84.7).

The primary endpoints were feasibility and safety of ACT using
autologous TILs in our center. Key secondary endpoints were as-
sessment of clinical efficacy of the treatment with respect to objec-
tive response rate (ORR) and PFS, according to RECIST1.1 and
tumor response by iRECIST, as well as OS for a maximum of 5 years.
In particular, ORR was defined as the best overall response (CR or
PR) across all assessment time points, according to RECIST v. 1.1
and iRECIST criteria. Detailed measurements at different time
points (1, 3, and 6 months) are reported in data file S1. The median
follow-up time was of 45.4 months with an IQR ranging from 40.9
to 50.3. OS was defined as the time from start of NMA chemothera-
py until death from any cause. If there was no death date, then the
patient was censored on the last day known to be alive. Exploratory
objectives included collection of translational data regarding the
biological effects of the TIL-ACT and its interaction with the TME,
using paired tumor biopsies before and after treatment. In particu-
lar, tumor samples were collected at screening (if feasible), at sur-
gery (tumor material used for pre-REP), at minimum 30 days after
TIL-ACT, after 4 weeks of nivolumab treatment if applicable (op-
tional), and at progression (optional). Detailed list of patients’ sam-
plesavailable for translational analysis is provided in fig. S1A. Adverse
events were recorded according to NCI Common Terminology Cri-
teria for Adverse Events (v5.0).

Neighborhood mutual interaction analysis, tissue digital
reconstruction, and density map

Starting from previously published work (22), we elaborated a
“mutual interaction” methodology that takes into account “bidirec-
tional” cell-cell interaction.The mutual interaction metric is a way to
compute interactions between two species (cells from two different
cell types in our case) on a surface (i.e., tumor biopsy microscopy slide).
Our total biopsy of area ¢ can be split into intratumoral regions
of area o; (defined by the presence of the SOX10 protein marker) and
stromal regions of area o, (defined by the absence of SOX10) where

6 =0, + O,

We can measure the neighboring of a point (i.e., cell) Py (defined as
starting point) of type A (i.e., cell type A) of coordinates x, 5, with
type B points (i.e., cells from cell type B; defined as ending points) in
the surrounding area with a distance p (i.e., 20, 45, or 100 pm). The
distance between point P4 and a point (i.e., cell) Pg of type B (i.e.,
cell type B) with coordinates xp, yp is then defined as the Euclidean
distance d
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d = (=) + (=7

Pg was considered a neighbor of P, if d < p. Such definition can be
visualized as a circular surrounding of the point P, with a radius p.

To define the mutual interaction between a set of points A with
size n: Sa : {A1, Az, As, ..., Ay} and a set of points B with size m: Sp :
{B1, By, Bs, ..., By}, we defined the function Freigh(A; Sp) that gives
us 1 if there is at least an element of the set B at a distance less or
equal than p for a specific point A;, otherwise zero.

The mutual interaction, in the total area 6, where there are n cells
of type A and m cells of type B, is defined as follows

i=n i=m
Z Fneigh(Ai’ SB) + Z Fneigh(Bi’ SA)
M= i=0 i=0
n+m

The mutual interaction can also be computed in specific area such as
intratumoral or stromal regions. For example, mutual interactions
between cells of type A in the stroma: Sas : {A;, Az, A3, ..., Ag} and
cells of type B in the stroma: Sgs : {B1, Bz, B3, ..., Bo} where there are
k cells of type A and o cells of type B is defined as follows

i=k
Z Fneigh(Ai’ SB) + Z Fneigh(Bi’ SA)
i=0 i=0

i=o0

M=

k+o

In such equation where we focused on intratumoral or stromal re-
gions, we still used the entire set Sg (and S») because a generic point
A; (or B;) can be at the edge of its own tissue (stromal or intratu-
moral, respectively) but could still be a neighbor of type B (or A) in
the complementary tissue (intratumoral or stromal, respectively).
The mutual interaction metric assumes values between zero and one
because, at most, the numerator of the previous formula is k + 0. The
normalizing constant is not introduced simply to scale the values
between 0 and 1 but to define a variable that has a biological mean-
ing. Basically, the mutual interaction metric can be interpreted as
the relative frequency of interacting cells among all possible cells of
both types A and B.

Using precise cell coordinates and phenotypes, we reconstructed
the tissues by digitally representing them across the tissue. In par-
ticular, to visualize densities of mutual interactions in the digital
reconstructed tissue, we used the coordinates of those and a 2D Ker-
nel density estimation (KDE). The KDE allowed us to approximate
the density distribution of specific type of niches (or any other kind
of species in a 2D surface) and displayed the equiprobability lines
for such densities. The higher the number of niches, the higher the
overlap was between the equiprobability lines and the actual tissue.

Statistical methods

Statistical analyses were performed as noted in the figure legends
using R (version 4.0.3) and SAS (version 9.4) software. In general and
unless otherwise mentioned in the legends, statistical significance was
assessed by nonparametric test (Wilcoxon rank sum test) when com-
paring patient data points unless data was log-normalized. Because of
the nature of the clinical study and the subsequent low number of
patients and low statistical power, no adjustment for multiple com-
parisons was performed in patient-based analyses. For other analyses
involving more data points, like single-cell-based analyses, we used
parametric test [Students f test, analysis of variance (ANOVA), and
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linear regressions] with multiple comparison adjustment [Bonferroni,
post hoc Tukey test, and false discovery rate (FDR), respectively]. All
other methods are included in the Supplementary Materials.

Supplementary Materials
This PDF file includes:

Supplemental Methods

Figs.S1to S7

Legends for data files S1to S12
References (41-49)

Supplementary Materials

Other Supplementary Material for this manuscript includes the following:
Data files S1to S12
MDAR Reproducibility Checklist
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