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Tebentafusp, a T cell engager, promotes
macrophage reprogramming and in
combination with IL-2 overcomes
macrophage immunosuppression in cancer

Esra Güç 1, Agatha Treveil 1, Emma Leach1, Anna Broomfield1,
Antonio Camera1, James Clubley 1, Paula Nieto Garcia 2,
AnastasiyaKazachenka1, RahulKhanolkar 1, Luis delCarpio 3,HolgerHeyn 4,
Jessica C. Hassel5, Joseph J. Sacco 6, Sarah Stanhope1, Laura Collins1,
Josep M. Piulats 3, Koustubh Ranade7 & Adel Benlahrech 1

Uveal melanoma (UM) is the most common intraocular cancer in adults, with
metastatic disease (mUM) occurring in approximately half of the patients.
Tebentafusp, an immune-mobilizing monoclonal T cell receptor against can-
cer (ImmTAC), is a therapeutic shown to improve overall survival (OS) in HLA-
A*02:01+ adult patients with mUM. Here we investigate the impact of tumor-
associatedmacrophages (TAM)on ImmTACactivity. In vitro,M2macrophages
inhibit ImmTAC-mediated tumor-killing in a dose-dependent and contact-
dependent manner. Accordingly, high baseline intratumoral TAM-to-T cell
ratios correlate with shorter OS (HR = 2.09, 95% CI, 1.31–3.33, p = 0.002) in
tebentafusp-treated mUM patients from a phase 2 trial. By contrast, IL-2 con-
ditioning of T cells overcomesM2macrophage-mediated suppression in vitro,
while ImmTAC treatment leads toM2-to-M1macrophage reprogrammingboth
in vitro and in tebentafusp-treated mUM patients. Overall, we show that
tebentafusp reshapes the tumor microenvironment to enhance anti-tumor T
cell activity, whilst combining tebentafusp with IL-2 may enhance benefit in
patients with high levels of TAM.

T cell engagers are a new class of immunotherapy molecules with
notable efficacy in redirecting T cells to recognize and eliminate target
tumor cells. Blinatumomab, the first CD19xCD3 bispecific T cell
engager (BiTE), gained FDA approval for the treatment of certain
hematologic malignancies1,2. Subsequently, immune-mobilizing
monoclonal T cell receptor against cancer (ImmTAC) molecules,
engineered as high affinity T cell receptor - anti-CD3 (TCR-CD3)

bispecific fusion proteins3, have emerged as pioneering T cell engagers
for the treatment of solid tumors. ImmTAC molecules bind with
picomolar affinity to antigens presented by target cells on human
leukocyte antigen (HLA) molecules. The anti-CD3 single-chain variable
fragment effector domain binds to polyclonal T cells and forms an
immune synapse leading to T cell-mediated elimination of target cells,
irrespective of their endogenous TCR specificity. Tebentafusp, a first-
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in-class TCR-CD3 bispecific therapy, targets a gp100-derived peptide
(expressed inmelanocytes/melanomacells) presentedonHLA-A*02:01
molecules and has shown efficacy in both cutaneous and uveal
melanoma4,5. In a phase 3 trial (NCT03070392)6,7 of HLA-A*02:01+

patients with previously untreatedmetastatic uvealmelanoma (mUM),
tebentafusp treatment demonstrated improved therapeutic benefit
compared to investigator’s choice of therapy consisting of either
pembrolizumab, ipilimumab, or dacarbazine. The one- and three-year
survival rates with tebentafuspwere 73%6 and 27%7 comparedwith 59%
and 18% with control treatments, respectively.

The tumor immune microenvironment (TME) can influence the
anti-tumor activity of immunotherapies8. Tumor-associated macro-
phages (TAM) are among themost abundant immune cells in the TME,
and their infiltration is often associated with T cell suppression and
exhaustion8,9. TAM suppress T cells via multiple mechanisms, includ-
ing secretion of immunomodulatory cytokines and enzymes (e.g.,
interleukin-10 [IL-10], transforming growth factor-β [TGF-β], indolea-
mine 2,3-dioxygenase)9,10, expression of checkpoint ligands (e.g., pro-
grammed cell death-ligand 1 and 2 [PD-L1 and PD-L2]), and induction of
regulatory T cell (Treg) expansion11,12. TAM have additionally been
associated with immune exclusion where they impede T cell infiltra-
tion into the tumor regions through decreasing T cell motility13 or by
inducing T cell apoptosis14. Conversely, TAM have also been linked to
favorable clinical outcomes in certain indications, such as gastric and
colorectal cancers15. The conflicting role of TAM in tumor progression
is largely attributed to their marked plasticity, where their functional
polarization is spatially and temporally shaped by cues from their
surrounding microenvironment16–18. Multiple macrophage subsets
exist, and these have been historically grouped into either classically
activated pro-inflammatory macrophages (M1 macrophages) or alter-
natively activated anti-inflammatory macrophages (M2
macrophages)19. While advances in single-cell and spatial proteomics
and transcriptomics have revealed that macrophages exist in a spec-
trum of phenotypic and transcriptional states reflecting their diverse
roles in pro- and anti-inflammatory responses to pathogens and
tumors, wound healing, and tissue remodeling20–22, the utilization of
the broad M1/M2 designations remains a useful shorthand. The main
type of TAM present within uveal melanoma is reported to be of the
pro-tumoral M2 phenotype expressing CD163 within enucleated eye
specimens and their presence is associated with poor overall survival
(OS)23. TAM were also described within liver metastases from mUM,
however, their prognostic role remains conflicted23–25.

Here, we evaluate the role of M2 macrophages on ImmTAC-
mediated killing of tumor cells in vitro where we find that macro-
phages suppress cell killing and we investigate the mechanisms by
which this is achieved.We confirm these findings in vivo using biopsies
collected in a phase 2 clinical trial of tebentafusp in uveal melanoma
patients26, wherewe find that the relative ratios of CD163+ TAM toCD3+

T cells dictate clinical response.We also identify an ImmTAC-mediated
M2 to M1 reprogramming of macrophages in vitro which we validate
in vivo. Finally, we show that conditioning of T cells with interleukin-2
(IL-2), a promoter of T cell activity, overcomes macrophage-mediated
T cell suppression. As IL-2 is an approved treatment formelanoma, this
combination could be an important strategy that could enhance out-
comes with tebentafusp, and potentially other T cell engagers in
patients with solid tumors.

Results
Pro-tumoral macrophages suppress ImmTAC-redirected T cell
activation and killing in vitro
To assess the effect of macrophages on the ability of ImmTAC to
redirect T cells against tumor cells, we established a co-culture model
using target antigen-expressing cancer cell lines, healthy primary
human T cells, and autologous monocyte-derived macrophages dif-
ferentiated into pro-tumoral M2 phenotypes (Fig. 1a, Supplementary

Fig. 1, and Supplementary Fig. 2). ImmTAC-redirected T cell-mediated
tumor killing was assessed by mimicking a physiologically relevant co-
culture with a low effector (E): target (T) ratio (1:2) and tumor killing
was assessed at 20 h to better capture early and late apoptotic events
prior to partition of tumor cytoplasmandnuclei into apoptotic bodies.
ImmTAC was able to promote CD8+ T cell activation (measured by
CD69 expression, Fig. 1b) and killing of the melanoma cell line A375
(Fig. 1c), whilst CD69 upregulation and tumor killing were reduced in
the presence of M2 macrophages (Fig. 1b, c).

We extended and confirmed these observations in antigen-
expressing THP-1 leukemic tumor cells, where ImmTAC was able to
promote CD8+ T cell activation (CD69 expression) and interferon
(IFN)-γ release against these target cells (Fig. 1d, e). CD69 upregulation
and IFN-γ secretion by ImmTAC-redirected T cells was drastically
reduced in the presence of M2 macrophages (Fig. 1d, e). ImmTAC-
redirected T cells induced tumor lysis in 18.5% (±4.5% standard error of
the mean [SEM]) of target cells at 20 h (Fig. 1f, g). Tumor cell elim-
ination by ImmTAC-redirected T cells was significantly reduced in the
presence of M2macrophages (Fig. 1f, g), and macrophage-mediated T
cell suppressionwas substantiallymore evident in the presence of pro-
tumoral M2 macrophages compared with M1 macrophages (Supple-
mentary Fig. 3a). M2 macrophage suppression of T cell activation and
tumor killing was dose dependent, with a 1:5 T cell-to-M2 ratio (E:M2)
achieving almost complete T cell inhibition (Fig. 1h, i).

To gain further insight on the effect of M2 macrophage suppres-
sion, T cells were sorted post ImmTAC redirection, and their tran-
scriptomic profile was assessed by bulk RNA-sequencing. We
confirmed the ability of ImmTAC to redirect T cell activation at a
transcriptional level using T cell activation pathways previously
described by Szabo et al27. Specifically, ImmTAC-stimulated T cells
demonstrated upregulation of genes associated with proliferation,
IFN-γ response, cytokines, and cytolytic pathways (Fig. 2a, b). The
presence of M2macrophages in co-cultures significantly impacted the
transcriptome of ImmTAC-redirected T cells (314 and 541 genes
downregulated and upregulated, respectively [absolute log2 fold-
change > 0.75; adjusted p <0.05]) (Fig. 2c), with CD8+ T cell activation
and proliferation genes27 notably downregulated (Fig. 2d, Supple-
mentary Data File 1 and 2).

Macrophage suppression of ImmTAC-redirected T cells in vitro
is contact dependent and does not rely on individual known
checkpoint receptor interactions
We investigated the mechanisms by which M2 macrophages suppress
ImmTAC-redirected T cells in vitro. Cell culture assays were repeated
using transwells to assess whether macrophage suppression occurs via
secretion of immunosuppressive factors or through direct cell-to-cell
contact.M2macrophageswere either cultured togetherwithT cells and
tumor cells or seeded on a transwell insert to prevent direct cell-cell
contact (Fig. 3a). M2 macrophages only suppressed T cell activation
(Fig. 3b) and tumor-killing (Fig. 3c, d)when in direct contactwithT cells.

We therefore investigated the role of common checkpoint
receptors and ligands including PD-1, PD-L1, T cell immunoglobulin
and mucin domain-containing protein 3 (TIM-3), T cell immunor-
eceptorwith immunoglobulin and ITIMdomain (TIGIT), T lymphocyte-
associated antigen 4 (CTLA-4), lymphocyte activation gene-3 (LAG-3),
and the macrophage checkpoint leukocyte immunoglobulin like
receptor B1 (LILRB1)28,29. M2 macrophage-mediated suppression of
ImmTAC-induced T cell activation (Fig. 3e), secretion of IFN-γ (Fig. 3f),
and tumor killing (Fig. 3g) was not reversed by individual checkpoint
receptor blockade. We focused on neutralizing PD-1, LAG-3, and CTLA-
4 checkpoint receptors, which are clinically validated in melanoma,
and we assessed their combined role in M2 macrophage-mediated
suppression. Simultaneous blockade of PD-1, LAG-3, and CTLA-4 did
not restore IFN-γ secretion (Fig. 3f), whilst their blockade resulted in
partial restoration of ImmTAC-mediated tumor killing (Fig. 3g). These
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findings suggest thatM2macrophage suppression of ImmTAC therapy
may rely onmultiple overlapping pathways and targeting individual or
a subset of checkpoint receptors may not be sufficient to fully reverse
the suppression.

To assess the role of well-known immunosuppressive factors
secreted by M2 macrophages on ImmTAC redirection of T cells, we
neutralized TGF-β, IL-10, and inhibited arginase12. Blocking these
soluble factors did not reverse macrophage suppression of ImmTAC-
redirected T cell activation and tumor killing (Supplementary Fig. 3b).
While we cannot exclude the possibility of uncharacterized soluble
inhibitory factors, these results are consistent with the hypothesis that
macrophage suppression is cell-cell contact-dependent.

Pre-treatment of T cells with IL-2 enhances ImmTAC-redirected
tumor killing and overcomes pro-tumoral macrophage
suppression
Since targeting known inhibitory checkpoint pathways individually did
not reverse M2 macrophage-mediated suppression, we explored

whether augmenting T cell responsiveness to ImmTAC could reduce
their sensitivity to macrophage suppression. We first evaluated and
confirmed that several T cell-activating cytokines, including IL-2, IL-7,
and IL-15, were capable of enhancing ImmTAC-mediated tumor killing
in a dose-dependent manner in the absence of any M2 macrophages
(Supplementary Fig. 4a).

IL-2 is known to reduce the TCR signaling threshold30, enhance T
cell activation and proliferation, and is an approved immunotherapy
for melanoma31,32. Additionally, IL-2 in combination with tumor-
targeting treatments showed potential benefit in reprogramming
macrophages in mouse models33. We therefore focused on IL-2 and
characterized its effect on T cells and their sensitivity to M2-mediated
inhibition. First, we explored simultaneous versus staggered IL-2-
ImmTAC combination to assess the most effective combination
strategy. Clinically relevant IL-2 doseswerederived froma phase 2 trial
of adoptive therapy for patients with metastatic melanoma who were
administered low dose subcutaneous IL-2 (125,000 IU/kg/day)34.
ImmTAC-mediated killing of tumors was enhanced by IL-2
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Fig. 1 | Pro-tumoral macrophages suppress ImmTAC-redirected T cell activa-
tion and tumor killing in vitro. a Schematic diagram of ImmTAC-redirection
assays using pan T cells (Effectors, E) co-culturedwith cancer cells (targets, T) in the
presence or absence of M2 macrophages. b CD69 expression by T cells redirected
against the melanoma tumor cell line A375. Median fluorescent intensity (MFI) on
CD3+CD8+ T cells was quantified per donor (mean of 2 biological replicates is
shown, two independent experiments). cQuantification of early and late apoptotic
A375 tumor cells by flow cytometry (mean of 2 biological replicates is shown, two
independent experiments). d CD69 expression by T cells redirected against THP-1
tumor cells. MFI on CD3+CD8+ T cells was quantified per donor (n = 7 biological
replicates, Wilcoxon matched-pairs single rank test, two-sided p values < 0.05 are
shown). e IFN-γ levels in co-culture supernatants measured by ELISA (n = 4

biological replicates, Mann-Whitney test two-sided p values < 0.05 are shown).
f Representative tumor killing flow cytometry plots. Early apoptotic (Annexin V+

7AAD-) and late apoptotic cells (Annexin V+ 7AAD+) percentages were quantified for
estimation of total dying THP-1 targets (labeled orange). g Quantification of early
and late apoptotic targets following co-culture with ImmTAC-redirected T cells in
the presence or absence of M2 macrophages (n = 7 biological replicates, Wilcoxon
matched-pairs single rank test, exact two-sided p values are given).
h, i Quantification of CD69 expression by ImmTAC-redirected CD3+ CD8+ T cells
(h) and early and late apoptotic targets (i) using decreasing E:M2 cell ratio (n = 4
biological replicates). Abbreviations: E = Effectors, T = Targets, M2 =M2 macro-
phages, MFI = Mean Fluorescence Intensity.
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combination where pre-treatment with IL-2 for 4 days was superior to
simultaneous ImmTAC IL-2 administration (Supplementary Fig. 4b).
Ensuing experiments, unless otherwise stated, used IL-2 pre-treated
T cells for 4 days as effector cells to assess the combinatorial benefit of
IL-2 therapy with tebentafusp.

ImmTAC-mediated activation of T cells pre-treated with IL-2
resulted in significant induction of pro-inflammatory cytokines but not
enhanced CD69 expression (Fig. 4a, b and Supplementary Fig. 4c, d).
Tumor killing by ImmTAC-redirected T cells was up to 2-fold higher
when T cells were pre-treated with IL-2 (Fig. 4c, d). IL-2 pre-treated
T cells were less susceptible to M2macrophage suppression following
ImmTAC-redirection (Fig. 4a–d).

We used transcriptomic and flow cytometry analyses to under-
stand the molecular mechanisms induced in T cells by IL-2 that made
them less sensitive to M2 inhibition. Pre-treatment of T cells with IL-2
resulted in minimal signs of activation at the cell surface (assessed by
lack of CD69 and CD25 expression; Supplementary Fig. 4c) and low
levels of IFN-γ and IL-2 secretion (Supplementary Fig. 4d). Tran-
scriptomic analysis showed that IL-2 pre-treatment results in weak
upregulation of genes associated with proliferation (mean log2 fold-

change = 0.9 ± 0.14 SEM) and CD8+ T cell-associated cytokines (mean
log2 fold-change = 1.3 ± 0.13 SEM) (Supplementary Fig. 4e–g).

To further understand the impact of IL-2 pre-treatment on
ImmTAC-redirected T cells with or without M2 macrophages, tran-
scriptomic analysis of sorted T cells was performed after 20 h of
ImmTAC-redirection. Co-culture with M2 macrophages caused a
drastic reprogramming of gene expression in ImmTAC-redirected
T cells, significantly upregulating 541 genes and downregulating 314
genes compared to ImmTAC-redirected T cells in the absence of M2
macrophages (Figs. 2c, 4e). In contrast, M2 macrophages hadminimal
effects on ImmTAC-redirected IL-2 pre-treated T cells as only 30 genes
were differentially regulated (14 upregulated, 16 downregulated) in the
presence of M2macrophages (Fig. 4e), with five of these genes related
to CD8+ T cell activation27 (Supplementary Table 1, Supplementary
Data File 3).

Top-ranked T cell activation genes previously described by Szabo
et al.27 were found to be highly induced by ImmTAC-redirection of
untreated and IL-2 treated T cells in the absence of M2 macrophages
(Fig. 4f). However, upregulation of these genes by ImmTAC-redirected
untreated T cells was inhibited in the presence of M2 macrophages
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c Bulk-RNA-seq analysis of effector T cells sorted after 20 h of co-cultures. Volcano
plot shows differentially upregulatedor downregulated genes of T cells in ImmTAC
redirected co-cultures in the presence of M2 macrophages (n = 4 biological repli-
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Article https://doi.org/10.1038/s41467-025-57470-w

Nature Communications |         (2025) 16:2374 4

www.nature.com/naturecommunications


(Fig. 4f, Supplementary Table 1). Conversely, M2 macrophages had
minimal influence on ImmTAC-redirection of IL-2 pre-treated T cells at
the transcriptomic level relative to ImmTAC-redirected untreated
T cells (Fig. 4f, Supplementary Table 1).

In addition, common cell surfacemarker genes of T cell activation
(CD69, IL2RA) and cytokine/chemokine gene expression (IFN-γ, TNF,
CXCL10, IL-2) were upregulated in response to ImmTAC-redirection of
untreated and IL-2-treated T cells (Fig. 4g). M2 macrophages sig-
nificantly inhibited the upregulation of these genes by ImmTAC-
redirected untreated T cells, but not IL-2 pre-treated T cells (Fig. 4g).
Although IL-2 pre-treated T cells were thoroughly washed prior to co-
culture with macrophages, IL-2 may be captured by CD25 expressing
T cells and may act in trans on M2 macrophages. In our study, M2
macrophages expressed minimal levels of IL2RA and IL2RB (Supple-
mentary Fig. 4h), suggesting that this potential trans-signaling might
not be the main driver by which IL-2 pre-treated T cells overcome M2
macrophage suppression. However, IL-2 receptor genes were found to
be upregulated by M2 macrophages 20 h post co-culture with
ImmTAC-redirected T cells, suggesting that they may respond to IL-2
stimulation post activation as previously described35,36 (Supplemen-
tary Fig. 4h). The mechanisms by which IL-2 renders T cells less sen-
sitive to M2 macrophage inhibition were found to be independent of
PD-1, PD-L1, TIM-3, TIGIT, CTLA-4, andLAG-3blockade (Supplementary

Fig. 5). Of note, inhibition of the PD-1/PD-L1 axis further augmented IL-
2-mediated enhancement of ImmTAC-redirection of T cell activation,
IFN-γ release, and tumor killing; effects which were independent of
macrophage presence (Supplementary Fig. 5).

Combining ImmTAC redirection and IL-2 pre-treatment of
T cells induces macrophage reprogramming from a pro- to an
anti-tumoral phenotype
We previously established that the TAM-to-T cell ratio is important for
T cell suppression (Fig. 1). To ascertain how T cells can overcome
macrophage suppression in this scenario, we assessed whether mac-
rophage polarization may be influenced by ImmTAC-redirection at
high effector T cell-to-M2 macrophage (E:M2) ratios, given that mac-
rophages are highlyplastic andpolarize their phenotype in response to
their cytokine milieu. By assessing T cell activation and M2 macro-
phage polarization simultaneously in ImmTAC-redirected co-culture
assays, we confirmed the direct correlation between E:M2 ratios and T
cell activation (up to 11.5-fold±2.5 standard deviation [SD] reduction in
CD69 expression in low E:M2 ratio conditions, Fig. 5a). However, at
high E:M2 ratios, M2 polarization (assessed by CD163 expression)
was reduced, suggesting a M2 to M1 reprogramming occurring in
the presence of ImmTAC-redirected T cells. This reprogramming
showed trends to be more pronounced with IL-2-pre-treated T cells
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(Fig. 5a). High E:M2 ratios also reduced expression of the M2 marker
CD206 and increased macrophage expression of the costimulatory
molecules CD40, CD80, and CD86 by macrophages (Supplemen-
tary Fig. 6).

To further assess the extent of M2 macrophage reprogramming
by ImmTAC-redirected T cells, sorted macrophages were subjected to
bulk RNA-seq analysis 20 h post co-culture with ImmTAC-redirected
T cells (1:1 E:M2 ratio) and their transcriptomic profiles were compared
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with reference M1 and M2 macrophages using dimension reduction
(Fig. 5b, Supplementary Table 2) and gene set enrichment analyses
(Supplementary Fig. 7) using published gene signatures (Supplemen-
tary Table 3)37–39. We found thatM2macrophages were reprogrammed
towards M1 macrophages at the transcript level in the presence of
ImmTAC-redirected T cells. This reprogramming wasmore prominent
when macrophages were exposed to ImmTAC-redirected IL-2-pre-
treated T cells (Fig. 5b, Supplementary Table 2).

Based on variance, we highlighted expression of the top 15M1- and
M2-associated genes from published gene signatures (Fig. 5c, Supple-
mentary Table 4), further supporting ImmTAC-mediated M2 to M1
macrophage reprogramming. Since IFN-γ is a master regulator of M1
macrophage polarization40,41, we explored IFN-γ signaling-related genes
such as IFITM1, ISG15, IRF138,40, and downstream cytokines/chemokines
including CXCL10, IL-1B, TNF40. M2 macrophages exposed to ImmTAC-
redirected T cells substantially upregulated IFN-γ-inducible genes to
similar levels observed inM1macrophages that had been polarizedwith
recombinant IFN-γ and lipopolysaccharide (LPS) (Fig. 5d).

To evaluate whether M2 macrophage reprogramming by
ImmTAC-redirected T cells was cell contact dependent, we subjected
M2 macrophages to supernatants derived from ImmTAC-redirected
untreated or IL-2-pre-treated T cells (Supplementary Fig. 8a). M2
macrophages downregulated surface expression of CD206 and upre-
gulated CD86 whilst CD163 levels remained unaltered when cultured
with ImmTAC supernatants, suggesting that ImmTAC-mediated M2-
M1 reprogramming is partially mediated through soluble factors
(Supplementary Fig. 8b). These reprogrammed macrophages lost the
ability to suppress ImmTAC-mediated redirection of T cells against
tumor cells (Supplementary Fig. 8c).

High ratio of CD163+ TAM-to-T cells in tumor biopsies is asso-
ciated with short OS on tebentafusp treatment
We described that pro-tumoral macrophages suppress ImmTAC-
redirected T cell activation and killing in vitro (Fig. 1). This led to the
hypothesis that the relative number of TAM compared to T cells in
tumor biopsies may modulate clinical outcomes with ImmTAC
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therapy. We, therefore, investigated the effect of TAM on clinical
outcomes in patients treated with tebentafusp, a TCR-CD3 bispe-
cific that targets gp100 on melanoma cells. Baseline tumor biopsies
from metastatic uveal melanoma (mUM) patients treated with
tebentafusp in a phase 1/2 study (IMCgp100-10226) were analyzed by
immunohistochemistry. CD163 and CD3 markers were used to
identify immunosuppressive TAM and T cells respectively. High
immunosuppressive TAM (CD163+) counts alone within the TME at
baseline were not associated with OS on tebentafusp (hazard ratio
[HR] = 1.37; 95% confidence interval [CI], 0.85-2.22; p = 0.193,
Fig. 6a). Similarly, high CD3+ T cell levels alone within the TME at
baseline were not associated with OS (HR = 0.82; 95% CI, 0.52-1.29;
p = 0.393; Fig. 6a). However, patients with high CD163+ TAM-to-CD3+

T cell ratios (ratio of CD163:CD3 > 2) at baseline had shorter OS
compared with those with a low CD163+ TAM-to-CD3+ T cell ratio
prior to treatment (HR = 2.09; 95% CI, 1.31-3.33; p = 0.002;
Fig. 6b, c). Similarly, patients with high CD163+ TAM-to-CD3+ T cell
ratio showed less tumor reduction upon tebentafusp treatment
(odds ratio [OR] = 3.07; 95% CI, 1.17-8.41; p = 0.02; Supplemen-
tary Fig. 9a).

We previously established that M2 macrophages exerted their
inhibitory function through direct cell-cell contact (Fig. 3a–d). To
establish whether direct TAM-T cell interactions occur in tebentafusp-
treated mUM patients, we stained a subset of baseline tumor biopsies
from patients with high CD163+ TAM-to-CD3+ T cell ratio (n = 14) with a

custommulti-immunofluorescence panel of markers including CD3 (T
cells), CD163 (TAM), and SOX10 (tumor cells), followed by nearest
neighbor spatial image analysis (Fig. 6d, Supplementary Fig. 9b). We
defineddirect TAM-to-T cell interaction based ondistances of nomore
than 10 µM as previously described42,43. Direct TAM-to-T cell interac-
tions were identified in all tumor biopsies analyzed with a mean of 21%
of tumor infiltrating CD3+ T cells being in direct contact with CD163+

TAM (range 10% -36%).
These results are consistent with the hypothesis developed from

the in vitro cell culture experiments and highlight the importance of
the ratio of macrophages to T cells in macrophage-mediated sup-
pression of ImmTAC activity in vivo.

Tebentafusp treatment induces upregulation of anti-tumoral
macrophage gene signatures in patients with mUM
Since ImmTAC can re-polarize pro-tumoral M2 macrophage to anti-
tumoral M1 in T cell co-cultures, we assessed whether ImmTAC treat-
ment can influence macrophage polarization in vivo. We performed
gene-set enrichment analysis of tumor biopsies of patients with mUM
collected at baseline and after 3 doses of tebentafusp treatment
(Fig. 7a) to determine M1- and M2-associated gene signatures37–39,44

(Fig. 7b, Supplementary Table 3). We found an enrichment of M1
macrophage-associated genes (normalized enrichment score [NES]
=0.7, adjusted p =0.003) but not M2 macrophage-associated genes
(NES =0.37, p =0.62, Fig. 7b).
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Gene expression of inflammatory markers (IL-1B, IFN-γ-inducible
chemokines CXCL10, CXCL11, and IFN-γ-induced IRF1 and IFITM1) was
significantly upregulated in tumor biopsies collected after 3 doses of
tebentafusp treatment (1.3–2.5-fold-change, Fig. 7c). Conversely, the
M2 macrophage-associated genes CA2 and ARG145,46 were significantly
downregulated (0.9–1.3 fold-change) in post tebentafusp treatment
biopsies (Fig. 7c).

Since the above-mentioned explorations relied on bulk RNA-seq
analysis, we could not exclude the potential contribution of other
myeloid cells, including dendritic cells, which can also express a
number of macrophage-associated genes47,48. We therefore extended
our analysis to explore baseline TAMusing single-cell RNA-seq analysis
of eight tumor biopsies from patients with mUM (Supplementary
Figs. 10 and 11). One of these patients was HLA-A*02:01+ and treated
with tebentafusp as first-line therapy. Prior to treatment with teben-
tafusp, this patient had four non-evaluable hepatic lesions and one
measurable liver metastatic lesion, which remained stable by RECIST
1.1 criteria on tebentafusp treatment for 18 months, followed by sur-
gical removal (Fig. 8a, Supplementary Fig. 10, Supplementary Table 5).
We explored the genomic profile of TAM from this patient’s baseline
and on-treatment tumor samples. Tumor and immune cells were
clustered using unsupervised clustering approach (Supplementary
Fig. 10a, b, Supplementary Data File 4) and myeloid cells (including
TAM) were annotated using published gene signatures37–39. Prior to
tebentafusp treatment, TAM andmonocytic precursorsmade up 55.1%
(±16 SD) of all myeloid cells in the tumor biopsy and expressed M2-
associated gene signatures (Supplementary Fig. 11d, e). The tumor
sample collected after 18months of tebentafusp treatment showed the
emergence of a second TAM cluster which consisted of 55.6% of all
identified TAM populations (Fig. 8b, c). Transcriptomic analysis of all
myeloid cells using M1- and M2-associated gene lists revealed that 7
out of 9 most expressed genes within the myeloid compartment were
M2-associated andwere expressedby all TAMpopulations, whilst 2 out
of 9 most expressed genes were M1-associated (NFKBIA and NAMPT)
and were found to be expressed within the tebentafusp-induced TAM
and monocyte clusters (Fig. 8d). This was confirmed using a

multivariate linear model analysis where M2 gene signature was sig-
nificantly associated with TAM subsets whilst M1 gene signature was
confined to monocytes and tebentafusp-induced TAM (Fig. 8e).
Transcriptomic profiling of pre-treatment TAM and tebentafusp-
induced TAM population using M1- and M2-associated gene lists fur-
ther revealed that tebentafusp-induced TAMs expressed considerably
more M1-associated genes with inflammatory and anti-tumoral func-
tions such as CCL4, IL1B, NFKB1, IRF1 and IRF7 compared with pre-
treatment TAM (Fig. 8f, g, Supplementary Table 3, and Supplementary
Data File 4). Notably, both baseline and tebentafusp-induced TAM
populations expressed similar levels of M2-associated genes apart
from genes such as ITGA4, LGALS9, and TGFB1, which were down-
regulated in tebentafusp-induced TAM populations (Fig. 8f, g). Taken
together, these results demonstrate the effect of tebentafusp on
macrophage reprogramming fromapro- to ananti-tumoral phenotype
as early as day 16, after 3 doses of tebentafusp, and up to 18months on
treatment.

Discussion
In this study, we investigated the role of TAM in ImmTAC-mediated
tumor killing both in vitro and in patients with mUM treated with
tebentafusp. We identified an additive effect of IL-2 pre-treatment
combined with ImmTAC-mediated redirection of T cells in counter-
acting TAM-mediated immunosuppression and TAM reprogramming
towards an anti-tumoral phenotype. Both outcomes were strongly
dependent on TAM-to-T cell ratios and their cell-cell interactions.

Presence of TAM in cutaneous melanoma has been associated
with poor OS in multiple studies49–51. Evidence for the prognostic role
of TAM in patients with UM remains contradictory. An early study
showed that high levels of TAM, defined by either CD68 or CD163
expression, in primary UM correlated with poor OS23. Later studies in
mUM showed that above median expression of CD68, but not CD163,
expression correlated with longer OS following isolated hepatic
perfusion24. More recently, Mariani et al.25 showed that the level of
TAM (CD68+ or CD163+) was higher in biopsies ofmUMcomparedwith
primary UM. Moreover, CD68 positivity at the metastatic site was
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associated with longer OS25. Our findings may explain some of these
discrepancies, as we found that the CD163+ TAM-to-CD3+ T cell ratio is
a key determinant of clinical outcome, rather than CD163+ TAM infil-
tration alone. TAM-mediated immunosuppression appears to be

particularly relevant in conditionswith highTAM levels and lowT cells.
While we cannot exclude the possibility that CD163+ TAM-to-CD3+ T
cell ratio may be prognostic, the potential association with tumor
reduction observed in our study suggests that itmaybe specific toCD3
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T cell engagers. However, it must be noted that RECIST response
underestimates the survival benefit from tebentafusp as previously
reported26.

ImmTAC-inducedT cell activation resulted in immune checkpoint
marker upregulation in our in vitro co-culture model, however block-
ade of individual checkpoint receptors did not alleviate macrophage-
mediated suppression, nor did inhibitionofwell-known soluble factors
includingTGF-β and arginase, suggesting the existenceof additional or
overlapping mechanisms by which M2 macrophages exert their sup-
pressive function. One potential mechanism could be spatial con-
straints restricting T cell access to tumors or depletion of essential T
cell nutrients, particularly at high M2 macrophage-to-T cell ratios.
However, this is unlikely to be the sole mechanism of suppression
given that M1 macrophages were found to be less suppressive at the
same macrophage-to-T cell ratios.

We explored an alternative approach to enhance T cell activation
through cytokine pre-treatment to decrease the TCR signaling
threshold and reduce T cell sensitivity to M2 macrophage inhibition.
We utilized IL-2, given its documented pleiotropic effects on T cell
activation and proliferation and its role in enhancing immunotherapy
efficacy31. Concurrent signaling of IL-2 and TCR has been shown to be
necessary for memory CD8+ T cell development and secondary
antigen-dependent activation52. In our in vitro models, T cell pre-
treatment with IL-2 resulted in a transcriptional shift to an activation
goldilocks statewhere T cells showedminimal signs of phenotypic and
functional activity in the absence of ImmTAC, while they were sig-
nificantly more responsive when redirected by ImmTAC against
tumors. Additionally, our macrophage phenotype analysis revealed
that ImmTAC redirection induces strong macrophage reprogram-
ming, which synergizes with IL-2 pre-treatment. These results suggest
that combining IL-2 with ImmTAC therapy may reduce the impact of
suppressive macrophages and offer enhanced therapeutic benefits
compared with ImmTAC alone. Taken together, our data lays the
foundation for the clinical evaluation of ImmTACand IL-2 combination
therapies. Agents that could be explored include aldesleukin31, which is
approved for treatment of metastatic renal cell carcinoma and meta-
static melanoma53, and other engineered IL-2 molecules that pre-
ferentially activate effector T cells but not Tregs54.

The concept of reprogramming TAM to be anti-tumoral has
recently gained significant interest, as increasing evidence indicates
that TAM exhibit multiple phenotypes in tumors including mUM55. Our
study is the first to demonstrate that tebentafusp can reprogram sup-
pressive TAM towards an anti-tumoral phenotype both in vitro and in
the clinic, after just 3 doses. This reprogramming is likely driven by IFN-
γ-mediated signaling as indicatedbyRNA-seq data revealing an increase
in IFN-γ signaling-dependent gene expression in response to ImmTAC-
mediated T cell redirection. Qin et al.56 have shown that in patients with
mUM, IFN-γ-mediated pathways play a crucial role in predicting
responses to immune checkpoint blockade, supporting our findings
that IFN-γ signaling may play a key role in patients responding to
ImmTAC-redirected therapy. However, in vitro reprogramming occurs
concurrently with macrophage-mediated T cell suppression, further
emphasizing that both aspects depend on the TAM-to-T cell ratio.

Single-cell RNA sequencing of tumors from a patient with mUM
confirmed that TAM upregulate anti-tumoral markers on tebentafusp
treatment. However, it remains unclear whether these tebentafusp-
induced TAM reflect a transcriptional shift from pro-tumoral towards
anti-tumoral or the recruitment of de novo macrophages to the TME,
or perhaps both. Nonetheless, these findings suggest that ImmTAC
therapy can induce a long-lasting effect on the TME and on TAM
phenotypes that is favorable to T cell immunotherapy. Interestingly,
despite significant genetic reprogramming towards an anti-tumoral
phenotype, these cells did not demonstrate reduced expression of
M2-associated markers such as MRC1, CD163, or CD209. While
these biomarkers are used to identify M2 macrophages, their

immunosuppressive role, especially when co-expressed with anti-
tumoral M1 markers, remains unclear. Of note, in the in vitro setting,
CD163 was found to be downregulated at high M2-to-T cell ratio fur-
ther highlighting the need to fully characterize whether these repro-
grammed macrophages in patient tumors exhibit functional anti-
tumoral properties such as killing andphagocytosis of tumor cells, and
T and NK cell activation57.

Altogether, our study highlights the importance of the TAM-to-T
cell ratio in determining clinical response to ImmTAC immunotherapy.
We conclude that at low TAM-to-T cell ratios, T cell engagers such as
tebentafusp can reshape the TME towards an anti-tumoral environ-
ment, while in patients with high TAM-to-T cell ratios, combining
ImmTAC with IL-2 would allow T cells to overcome TAM-mediated
inhibition and thus augment anti-tumor activity (Supplementary
Fig. 12). Our observations provide strong rationale for testing this
combination in the clinic.

Methods
Clinical studies
Tumor biopsies were obtained frompatients withmUMenrolled in the
phase 2 IMCgp100-102 study (NCT02570308)26. This was a multi-
center, single-arm, open-label phase 2 study of tebentafusp in 127HLA-
A*02:01+ patients with treatment-refractory mUM. The primary end-
point was objective response rate based on RECIST v1.1. Samples for
single-cell RNA-seq were derived from a patient from the IMCgp100-
202 study (NCT03070392)6,7, a phase 3 study of previously untreated
HLA-A*02:01+ patients with mUM. Patients were randomized 2:1 to
receive tebentafusp or the investigator’s choice of therapy with either
pembrolizumab, ipilimumab, or dacarbazine, stratified according to
the lactate dehydrogenase level and the primary endpoint was OS.

Patient tumor biopsy for immunohistochemistry
Tumor biopsies were collected prior to tebentafusp infusion. Biopsies
were fixed and processed for immunohistochemistry analysis. After
blocking with Discovery Inhibitor (Roche Diagnostics), the following
primary antibodies were used: CD3 (2GV6, Roche Diagnostics) and
CD163 (MRQ-26, Roche Diagnostics). Antibody staining was amplified
using horseradish peroxidase-labeled secondary antibodies, detected
using purple kits, and counterstained with hematoxylin and bluing
reagents on the Ventana autostainer (reagents from Roche Diag-
nostics). Slideswere dehydrated and cover slipped. Stained slideswere
scanned using either the MIDI II (3DHISTECH) or Pannoramic 250
FLASH III (3DHISTECH)Whole-Slide Scanners. Digital image analysis of
the scanned images was carried out using HALO™ software (Indica
Labs) to quantify the number of positive CD3 and CD163 cells within
the tumor, peri-tumoral stroma, and TME (tumor + peri-tumoral
stroma).

A subset of tumor biopsies was stained with a custom multiplex
immunofluorescence (mIF) InSituPlex® panel of markers including
CD3, CD163, and SOX10, nuclear staining was detected with DAPI
(Ultivue). Slides were scanned with the Axioscan Z1 scanner (Zeiss).
Image processing was carried out on the STARVUE Image Data Science
Platform, images were co-registered by Ultistacker.AI software and
UltiAnalyzer.AIwasused toquantify cell densities and signal intensities
on the mIF images (Ultivue). Nearest neighbor analysis was conducted
to assess the spatial relationships between cells. Cell coordinates were
mapped and the distance between each cell and its nearest neighbors
was calculated using NearestNeighbour function from scikit-learn
python package (v1.5.2) and visualized with squidpy package (1.5.0).
For each cell, only neighbors located within 10 microns were included
to limit the analysis to cells with direct contact.

Patient tumor biopsy for bulk-RNA sequencing
RNA sequencing libraries were generated from tumor biopsy samples,
which had been placed in RNAlater or were snap frozen, using the
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Illumina TruSeq stranded mRNA kit at E.A.Genomics. Paired end
fragments of 100 bp length were sequenced (50 million reads per
sample) using the IlluminaNovaseq system. Following sequencing, raw
FASTQfiles were trimmedusing TrimGalore (v0.6.2)58, and quality was
assessed using FastQC and MultiQC (v1.9)59. The resulting reads were
alignedusing STAR aligner (v2.5)60. Readsweremapped to theGRCh38
primary assembly provided by Ensembl. Gene expression was quanti-
fied using RSEM (v 1.2.25)61. Transcript per kilobase per million (TPM)
values were log2 transformed in R. A pseudo-count value of 1 was
added to each TPM value prior to transformation.

T cell and monocyte isolation from PBMC
Peripheral blood mononuclear cells (PBMC) were derived from blood
from healthy individuals who consented to donate at Immunocore as
part of a UK Health Research Authority-approved study. PBMC were
isolated from fresh blood by using Lymphoprep™ density gradient
media.Monocytes were positively selected from PBMC by using CD14+

Microbeads, while pan T cells were negatively selected using the pan T
cell Isolation Kit (Miltenyi Biotec). Isolated cells were stored in liquid
nitrogen in freezing medium (10% dimethyl sulfoxide (DMSO, Sigma-
Aldrich) + 90% fetal bovine serum (FBS)).

Cell lines
A375 cell line was derived from a 54-year-old female with malignant
melanoma (CRL-1872TM, ATCC). MP41 cell line was derived from a 49-
year-old female with uveal melanoma (CRL-3297TM, ATCC). THP-1 cell
line was derived from a 1-year-oldmalewith acutemonocytic leukemia
(TIB-202TM, ATCC).

Cell culture
Primary T cells, macrophages, and THP-1 cells were cultured in R10
medium (RPMI 1640media supplementedwith 10% fetal bovine serum
(FBS), 1% L-Glutamine (Gibco), and 1%Penicillin-Streptomycin (Gibco)).
A375 human cutaneous melanoma cells were cultured in 10% DMEM
medium supplementedwith 4.5 g/L glucose (Gibco). CD14+monocytes
sorted from PBMC were cultured in 50ng/ml human recombinant
macrophage colony-stimulating factor (Peprotech) for six days in six-
well plates for macrophage differentiation. Cells were differentiated
into M2 macrophages in 20 ng/ml IL-4 (BioLegend) or differentiated
into M1 macrophages by using 50ng/ml IFN-γ (BioLegend) and 10 ng/
ml LPS (Sigma-Aldrich) for 24 h. Macrophages were detached from the
flask by washing with ice cold PBS buffer with 2% FBS and 2mM
Ethylenediaminetetraacetic acid solution (EDTA, Sigma-Aldrich).
Untreated and IL-2 pre-treated T cells were cultured for four days in
either R10 medium or R10 medium supplemented with 150 IU/ml
aldesleukin (Proleukin®, Novartis) respectively. T cells were then
thoroughly washed with PBS and resuspended in fresh R10 medium
before use in co-culture assays. For xCELLigence cytotoxicity mea-
surements, PBMC were treated for four days with increasing con-
centrations of aldesleukin, recombinant IL-7, or IL-15 (Miltenyi Biotec).

Co-culture assays
Tumor cells were washed with PBS and labeled with 1 µM Cell Tracer
Violet (CTV) (Thermo Fisher Scientific) for 15min at 37 °C. 1 × 105 CTV-
labeled THP-1 cells were seeded in U-bottom 96-well plates and 5 × 104

M2 macrophages and 5 × 104 untreated or IL-2-treated T cells were
added on each well. Cells were incubated for 90min at 37 °C before
addition of 0.1 nM of ImmTAC molecule (Immunocore) on the co-
cultures. Supernatants were collected 20h or 48 h later for cytokine
analysis. Cells were analyzed using flow cytometry. For mechanism of
action studies, nor-NOHA monoacetate (BioTechne), TGF-β, IL-10
(Thermo Fisher Scientific), Tim-3, CTLA-4 (BioLegend), TIGIT (Tebu-
Bio), LAG-3 (Abcam), and LILRB1 (Thermo Fisher Scientific) neutraliz-
ing antibodies, and pembrolizumab and atezolizumab (Selleck Che-
micals GmBH) were used. For transwell co-culture assays, 96-well

transwells (Corning) with 1 µmpore size were used.Macrophages were
seeded on top of the transwell; tumor cells and T cells were seeded on
the bottom well of the plate. Cells were co-cultured for 24 h.

PBMC-mediated cytotoxicity was measured by xCELLigence.
15 × 103 uveal melanoma MP41 cells were seeded into 96-well E-Plates
(PET) and placed in an xCELLigence RTCA MP instrument (ACEA
Biosciences, USA). Cell impedance was recorded for 24 h at 37 oC and
5% CO2. Plates were then removed and either untreated or cytokine
pre-treated PBMC in 5:1 (E:T) ratio were added in the presence or
absence of 100 pM ImmTAC (Immunocore). MP41 tumor cell lysis was
then tracked in real-time based on the tumor impedance-derived cell
index for three days in accordance with the manufacturer guidelines.
Impedance-derived normalized cell indexes from target alone and
target effector and ImmTAC cocultures were used to estimate PBMC
cytolytic activity over time. Area under the curve (AUC) values over
72 h cytolysis were calculated.

Cytokine multiplex assays
Co-culture supernatants were collected and IFN-γ, CXCL11, IL-2, TNF-α
cytokine levels were measured using Meso Scale Discovery (MSD)
V-Plex or Milliplex MAP 11-plex custom magnetic bead panel (Milli-
pore) according to manufacturer instructions. Samples were diluted
1:25 and cytokines were measured by electrochemiluminescence
detection technology ~620 nm by MSD Quickplex SQ 120 or Luminex
Magpix® instrument xPONENT 4.3. Total cytokine levels were quanti-
fied by using linear regression curves inMSD DiscoveryWorkbench or
xPONENT 4.2 software.

Flow cytometry
Co-cultures were harvested 24 h after ImmTAC treatment and washed
with cold PBS supplemented with 2% FBS and 2mM EDTA. For T cell
activation analysis, cells were labeled with anti-human CD3, CD69,
CD8, CD25, LAG-3, and PD-1 (BioLegend). For M1 and M2 phenotype
analysis, cells were labeled with CD163, CD40 (BioLegend), CD206,
CD86, CD80 (BD Bioscience). Viability of cells was assessed by Zombie
NIR live/dead staining (BioLegend) or 7AAD Staining solution and APC
Annexin V for apoptosis detection kit (BioLegend). Samples were then
acquired on a BD LSRFortessaTM X-20 flow cytometer (BD Bioscience)
or ID7000 spectral analyzer (Sony). Data analysis was performed using
FlowJo V10.7.1 (Tree Star Inc,USA). A full list of antibodies and reagents
used in this study is provided in Supplementary Data File 5.

Cell sorting and bulk-RNA sequencing in vitro
T cells and macrophages were sorted from co-cultures 20 h after
ImmTAC-redirected killing. Cells were sorted using a Sony MA900
Multi-Application Cell sorter (Supplementary Fig. 2). To sort T cells
only, cells were labeled with CTV dye before their addition to co-
cultures. For macrophage sorting, THP-1 tumor cells were labeled with
CTV, while macrophages were labeled by CD163 (BioLegend), and
CTVmid/-CD163high cells were sorted. Sorted T cells and macrophages
were lysed by RLT buffer (Qiagen), and samples were processed for
RNA extraction. Sample RNA was extracted by RNA Micro-column
extraction kit (Qiagen). T cell RNA-seq libraries were prepared by using
NEBNext® Ultra II Directional RNA Library Preparation Kit, Strand-
specific, PE100 Base Reads (60M Total Reads). For macrophage RNA-
seq analysis, low-input Poly A+ RNA (Takara Bio) used to enrich mRNA
transcripts with 50Mpaired samples, in total 100M reads. SMART-Seq
HT PLUS mRNA Library Construction (PolyA + Capture) were used
(Takara Bio), 250pg to 10 ng amount of RNA used prior to amplifica-
tion, sequencing was done on NovaSeq 2X 100bp PE. Following
sequencing, raw FASTQ files were trimmed using Trim Galore
(v0.6.2)58, and quality was assessed using FastQC andMultiQC (v1.9)59.
The resulting reads were aligned using STAR aligner (v2.5)60. Reads
were mapped to the GRCh38 primary assembly provided by Ensembl.
Gene expression was quantified using RSEM (v 1.2.25)61. Transcript per
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kilobase per million (TPM) values were log2 transformed in R. A
pseudo-count value of 1 was added to each TPM value prior to trans-
formation. Downstream analysis and plotting of the data were carried
out in R. Batch normalization against lot number was carried out using
the Limma package62. Differential expression analysis was carried out
using DESeq263, controlling for patient as a batch effect. Differentially
expressed protein coding genes were filtered using adjusted p-
value < 0.05 and absolute log2 fold change > 0.75. BiomaRt64 was used
for gene name ID conversion. The package ReactomePA65 was used to
carry out functional overrepresentation analysis, with pathways con-
sidered significant if the adjusted p-value was <0.05.

Preparation of single cell suspension from biopsies for single-
cell RNA-sequencing
After surgery, liver metastasis biopsies from patient 1 to 8 (corre-
sponding IDs: UM2101, PULSE1291, UM0039, UM0015, UM0006,
UM0004, UM0041, andUM0019 respectively, Supplementary Table 5)
were placed in DMEM culture medium (Gibco) and transported to the
CNAG (Centro Nacional de Análisis Genómico) on ice. Upon arrival,
samples were transferred in a 10mm Petri dish on ice, washed twice
with cold 1X Hank’s Balanced Salt Solution (HBSS, Thermo Fisher Sci-
entific), and minced using a razor blade. Next, the samples were
digested for 20min at 37 °C with 2mL of a pre-warmed dissociation
mix (200U/mlCollagenase II andDNAase I [Sigma-Aldrich] in 1XHBSS)
with gentle shaking in a thermomixer. Enzymatic digestion was stop-
ped by adding 10% FBS (Thermo Fisher Scientific) and cell suspension
filtered with a 70 μm and 40 cell μm strainer (Corning). Cells were
washedwith 1XHBSS and centrifuged for 5min at 400× g at 4 °C. Cells
were counted and processed for analysis. The on-treatment sample
belonging to patient 8 (ID UM2146) was previously disaggregated and
cryopreserved at IDIBELL and successively sent to CNAG for proces-
sing. A cryotube containing approximately 2 million cells was thawed
and transferred into a pre-warmed media (Hibernate-A [Gibco] sup-
plementedwith 10% FBS). Cells were centrifuged at 200 × g for 8min at
4 °C and counted for analysis.

CD45-positive cells enrichment for single-cell RNA-sequencing
CD45-positive cells from sample IDs UM2101, UM0041, and UM0019
(Supplementary Table 5) were isolated by Magnetic-activated cell
sorting (MACS) using the OctoMACS™ Separator and MS columns
(Miltenyi Biotec) according to manufacturer instructions. CD45-
positive cells from sample IDs PULSE1291 and UM2146 were isolated
using the EasySep™ Release Human CD45 Positive Selection Kit
(StemCell Technologies) following manufacturer instructions. The
pooled eluates were concentrated by centrifugation at 4°C and
resuspended in appropriate volume of 1X PBS with 0.05% bovine
serum albumin (Thermo Fisher Scientific) and counted.

Cell encapsulation and single-cell RNA-sequencing library
preparation
Samples were loaded for a Target Cell Recovery between 3000 and
8000 cells on the Chromium Controller instrument (10X Genomics).
More specifically, baseline samples UM0039, UM0015, UM0006,
UM0004, UM0041, and pre-treatment sample UM0019, were encap-
sulated using the Chromium Next GEM Single Cell 3’ Reagent Kit v3,
while baseline samples belonging to UM2101, PULSE1291 and on-
treatment sample UM2146 were encapsulated using the Chromium
Next GEM Single Cell 5’ Reagent Kit v1.1 (sample UM2101) and v2
(samples PULSE1291 and UM2146, Supplementary Table 5). cDNA
libraries were prepared following manufacturer instructions of pro-
tocol CG000183 for the standard 3’ assay, and protocols CG000207
and CG000331 for 5’ assay. Sequencing was carried out on a
NovaSeq6000 system (Illumina) using the following sequencing con-
ditions: 28bp (Read 1) + 8 bp (i7 index) + 0 bp (i5 index) + 91 bp (Read
2) for single indexed libraries and 28 bp (Read 1) + 10 bp (i7 index) +

10 bp (i5 index) + 90 bp (Read 2) for dual-indexed libraries. Approxi-
mately 40,000 read-pairs per cell for the Gene Expression (GEX)
library and 10,000 read-pairs per cell for the TCR librarywereobtained
after sequencing.

Single-cell RNA-sequencing data analysis
Raw sequencing data (FASTQ) was processed using Cellranger Multi1
(v6.0.1, 10x Genomics) to align reads to the GRCh38 human genome.
Low-quality cells were filtered in a sample-specific manner. Overall,
excluded cells with less than 200 and more than 30,000 unique
molecule identifiers, less than 100 and more than 6000 detected
genes or a mitochondrial expression larger than 25% of the tran-
scriptome (potentially broken cells or empty droplets). To harmonize
samples across patients, batches, and libraries, we performed a stan-
dard downstream analysis with Seurat3 and integration with Har-
mony4. All these steps were carried out in R4.2.25 and used Harmony
batch correction algorithm, across batches, libraries, and patients. The
main clusters were identified after principal component analysis using
the Louvain algorithm. Identified clusters were annotated in a marker-
gene-based manner using Seurat’s FindAllMarkers function. This pro-
cess was repeated also for annotated cluster subsets such as immune
cells and myeloid compartments. Bad-quality clusters (those only
expressing mitochondrial genes) and those with high-doublet scores
(computed using Scrublet) were removed. Throughout the analysis of
myeloid clusters, Ucell7 package and published gene signature data-
sets were used37–39.

Ethical approvals for use of human material
All uses of humanmaterial have been approved for this study. The use
of PBMC from healthy donor volunteers for the in vitro investigations
was approvedby theOxfordAResearch EthicsCommittee under study
protocol reference 13/SC/0226. All participants provided written
informed consent.

Ethical approval for the use of tumor biopsies obtained from
uveal melanoma patients treated with tebentafusp were obtained
through the phase 2 IMCgp100-102 study (NCT02570308)26 which
was approved by the relevant ethics bodies at each participating site
as published by Carvajal et al.26. This trial was carried out in accor-
dance with the principles of the Declaration of Helsinki and Good
Clinical Practice guidelines, and the study protocol was approved by
the relevant ethics bodies at each participating site: Princess Mar-
garet Cancer Centre, Toronto, Canada; Charite Universitaetsmedizin
Berlin—Campus Benjamin Franklin, Berlin, Germany; Uni-
versitaetsklinikum Heidelberg, Heidelberg, Germany; Institut Catala
d’Oncologia (ICO) l’Hospitalet, Hospital Duran i Reynals, Barcelona,
Spain; Hospital Universitario Virgen Macarena, Seville, Spain; Centro
de Investigación Biomédica en Red de Cáncer (CIBERONC), Madrid,
Spain/Hospital Universitario La Paz, Madrid, Spain; Hospital General
Universitario de Valencia, Valencia, Spain; The Clatterbridge Cancer
Centre, Wirral, UK; Mount Vernon Cancer Centre, Northwood, UK;
Columbia University Medical Center, New York, USA; Washington
University School of Medicine, St Louis, USA; Thomas Jefferson
University Hospital, Philadelphia, USA; Vanderbilt University Medical
Center, Nashville, USA; Memorial Sloan Kettering Cancer Center,
New York, USA; University of Colorado Cancer Center, Aurora, USA;
TheAngelesClinic andResearch Institute, a Cedars-Sinai Affiliate, Los
Angeles, USA; H. Lee Moffitt Cancer Center and Research Institute,
Inc., Tampa, USA; University of California San Diego Moores Cancer
Center, La Jolla, USA;California PacificMedical Center, San Francisco,
USA; Baylor Scott & White Health, Dallas, USA; Dean A. McGee Eye
Institute, University of Oklahoma, Oklahoma City, USA; Georgetown
University—Lombardi Comprehensive Cancer Center, Washington,
USA; University of Miami Hospital Clinics/Sylvester Comprehensive
Cancer Center, USA; The University of Chicago Medical Center,
Chicago, USA; Roswell Park Cancer Institute, Buffalo, USA; and
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Providence Portland Medical Center, Portland, USA. All Patients
provided written informed consent before being screened for
enrollment.

The use of tumor biopsies from uveal melanoma patients for
single-cell RNA-seq analysis was approved by The Hospital de Bell-
vitge/Catalan Cancer Institute Institutional Review Boards and Ethics
Committee at IDIBELL. All recruited patients provided informed con-
sent for this study.

For all analyses using humanmaterial in this study, sex andgender
of trial participants and healthy volunteers were not considered in the
study design.

Statistical analysis
Statistical analyses of in vitro biological assays were calculated using
GraphPad Prism 9.0.1. Data is presented as mean ± SEM unless other-
wise indicated. Matched pairs were compared by Wilcoxon matched-
pairs single-rank test and unmatched groupswere compared byMann-
Whitney test and Tukey’s multiple comparisons test. All comparisons
were two-sided and p values below 0.05 were considered statistically
significant. Survival analysis was carried out using the R package
survminer v0.4.9, the Cox likelihood ratio test was used to assess dif-
ferences between survival curves, whilst Wald test (DESeq2) was used
for differential gene expression analysis. Univariate Cox proportional
hazards methods (R package survival v3.2-11) were used to model the
prognostic importance of potential predictors of survival. Fisher’s
exact test was used to compare categorical data between groups (R
stats package 4.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are included in the article and its supplementary Information.
The raw values for charts and graphs are available in the Source Data
File whenever possible. All differentially expressed gene datasets
identified in this study have been provided in Supplementary Tables
and Data Files within this manuscript. Information on all commercially
available and unique reagents used in this study have been provided in
the supplementary Information (Supplementary Data File 5).

Bulk RNA sequencingdata from the in vitro studies (healthydonor
T cells and macrophages) have been deposited in European Genome-
phenome Archive (EGA) under EGAD50000001226. Bulk RNA
sequencing data from tumor biopsies from mUM patients have been
deposited in EGA under the EGAD50000001225. Single cell RNA
sequencing from tumor biposies from mUM patients have been
deposited in Gene Expression Omnibus (GEO) under GSE287090. To
access RNA sequencing data, researchers should submit their request
including purpose, hypothesis, and rationale through The EGA repo-
sitory platform (https://ega-archive.org/). Access will be subject to
approval by the relevant committee at Immunocore Ltd to comply
with patient consent and to determine the scientific purpose of data
reuse. Source data are provided with this paper.

Code availability
No custom-made code was generated for this study and all publicly
available r packages are listed in the methods section of this
manuscript.
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