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Summary

Current clinically applied cancer immunotherapies largely focus on the ability of CD8+ cytolytic T-cells
to directly recognise and kill tumour cells'3. These strategies are limited by the emergence of MHC-I-
deficient or IFN-unresponsive tumour cells and the development of an immunosuppressive tumour
microenvironment*®. CD4+ effector T-cells can contribute to tumour immune defence independent of
CD8+ T-cells. However, the potential and the mechanisms of CD4+ T-cell-mediated anti-tumour
immunity are incompletely understood’~'2. Here, we show how an indirect CD4+ T-cell-mediated mode
of action, that is fundamentally different from CD8+ T-cells, enables the eradication of tumours that
would otherwise escape direct T-cell targeting. CD4+ effector T-cells preferentially cluster at tumour
invasive margins where they engage in antigen-specific interactions with MHC-I1+CD11c+ cells, while
CD8+ T-cells briskly infiltrate tumour tissues. CD4+ T-cells and innate immune stimulation reprogram
the tumour-associated inflammatory monocyte network towards IFN-activated antigen-presenting and
tumouricidal effector phenotypes. This results in an amplification loop driving the release of T-cell-
derived IFNy and myeloid cell-derived nitric oxide which cooperatively induce apoptotic death of MHC-
deficient and IFN-unresponsive tumour cells that escape cytolytic CD8+ T-cell therapy. Exploiting the
ability of CD4+ T-cells to orchestrate indirect inflammatory killing of tumour cells complements the direct
cytolytic activity of T-cells to advance cancer immunotherapies.
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Introduction

Initial proof-of-principle for the clinical efficacy of T-cell immunotherapy was provided by adoptive cell
therapies (ACT) utilising ex vivo expanded tumour-infiltrating lymphocytes for patients with metastatic
melanoma'3. The success of monoclonal antibodies that target the immunoregulatory receptors CTLA4
and PD1, an approach now called immune checkpoint blockade, paved the way for the clinical
breakthrough of T-cell-directed immunotherapies™. The efficacy of both strategies is mainly attributed
to the reactivation of CD8+ T-cells that specifically recognise tumour antigens in the form of MHC-I-
bound peptide epitopes on tumour cell surfaces. Following antigen-recognition, CD8+ T-cells release
cytolytic granules that initiate apoptotic death of target cells. Accordingly, most approaches to improve
cancer immunotherapy focus on strategies to further augment their cytolytic effector functions in tumour
tissues. At the same time, these efforts are antagonised by the emergence of MHC-I-deficient or IFN-
unresponsive tumour cell clones that escape the recognition and destruction by cytolytic T-cells*®.

Recently, single cell transcriptional profiling of tumour-infiltrating immune cell landscapes provided new
insights into the composition and the functional states of T-cells within tumour tissues. These studies
not only characterised CD4+ T-cells with helper and regulatory phenotypes, but also revealed the
presence of CD4+ T-cells with cytolytic effector phenotypes that were able to directly recognise and Kkill
MHC-II-expressing malignant cells®'". This has reignited interest to understand how CD4+ T-cells
contribute to tumour immunity independent of CD8+ T-cells'>'8, Historically, CD4+ T-cells were first
shown to control tumours even in the absence of direct recognition and cytolytic destruction of target
cells. More than 50 years ago, it was reported that immune lymphoid cells cooperate with mononuclear
phagocytes and provide protection not only against an infection with bacterial pathogens, but also
against a challenge with tumour cells'%?°, Subsequent work over the next three decades revealed
shared cellular and molecular mechanisms of immune defence against pathogens and tumours,
including indirect activation of CD4+ effector T-cells by MHC-IlI-expressing professional antigen-
presenting cells, the secretion of IFNy and the production of nitric oxide by IFN-activated
macrophages?'-23. However, the spatiotemporal dynamics of CD4 T-cells and the site of action within
the tumour tissue have not been investigated.

With the advent of adoptive cell therapies and immune checkpoint blockade, the main research focus
shifted towards understanding CD8+ cytolytic T-cell effector functions and the role of CD4+ helper and
regulatory T-cells?#2%. The diverse mechanisms of CD4+ T-cell effector functions and their therapeutic
potential received much less attention and remained incompletely understood?6-32. In our work, we
directly compare the anti-tumour effector functions of CD4+ and CD8+ T-cells. Using intravital
microscopy, we demonstrate that CD4+ and CD8+ effector T-cells differ fundamentally in their mode
and their site of action. We show how CD4+ effector T-cells operate at the tumour invasive margin,
where they engage with recruited monocytes and initiate an indirect inflammatory killing process that
depends on the release IFNy and nitric oxide. Thereby, they eliminate MHC-deficient and IFN-
unresponsive tumour cells that otherwise escape cytolytic CD8+ T-cell-mediated control. Finally, we
have established a combinatorial therapeutic strategy that provides a framework for unleashing the full
potential of CD4+ T-cell-mediated tumour immunity.

Eradication of immune evasive tumours

To better understand CD4+ T-cell effector functions in tumour tissues, we expanded on our previous
experimental work using an adoptive cell transfer (ACT) of CD8+ T-cells in a mouse melanoma model®.
As a source for tumour-specific T-cells, we employed pmel-1 TCRtg CD8+ T-cells and TRP-1 TCRtg
CD4+ T-cells. Pmel-1 TCRtg CD8+ T-cells recognise a MHC-I binding peptide epitope of the
melanocytic antigen Pmel/gp100 while TRP-1 TCRtg CD4+ T-cells recognise a MHC-II binding peptide
epitope of the melanocytic antigen TRP-1343. To directly compare effector functions of adoptively
transferred CD8+ and CD4+ T-cells under identical experimental conditions, we designed a recombinant
adenovirus Ad-PT encoding a fusion protein of Pmel/gp100 and TRP-1 that includes both peptide
epitopes recognised by the TCRtg T-cells (Fig. 1a). Our established ACT therapy protocol combines
chemotherapeutic preconditioning with cyclophosphamide (C) one day prior to vaccination with
recombinant adenovirus (V) and intravenous injections of TCRtg T-cells (T) followed by intratumoural
injections of the immunostimulatory nucleic acids polyl:C and CpG as adjuvants () (Fig. 1b). This
protocol was deliberately designed to activate both the adaptive and the innate arm of immune defence
in a context that imitates an acute viral infection®®. Initial experiments confirmed that Ad-PT was able to
simultaneously activate adoptively transferred pmel-1 CD8+ and TRP-1 CD4+ T-cells (Extended Data
Fig. 1a, b). However, the numbers of TRP-1 CD4+ T-cells present in peripheral blood were significantly
lower when compared to pmel-1 CD8+ T-cells. Using ovalbumin as a model antigen, we also observed
significantly lower numbers of adoptively transferred OT-1l TCRtg CD4+ T-cells in peripheral blood when
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compared to OT-I TCRtg CD8+ T-cells (Extended Data Fig. 1c, d), confirming the known intrinsic
difference between CD4+ and CD8+ T-cells in relation to the proliferative capacity of these
lymphocytes®. Nevertheless, adoptively transferred TRP-1 CD4+ T-cells were able to eradicate
established B16 melanomas as efficiently as pmel-1 CD8+ T-cells (Fig. 1b, c; Extended Data Fig. 1e,
f).

Next, we investigated whether TRP-1 CD4+ T-cells are able to control melanomas that lack MHC-I-
deficient or IFN-unresponsive melanomas that are known to escape recognition and destruction by
CD8+ T-cells*. We used HCmel12 mouse melanoma cells that can be readily genetically modified
using CRISPR/Cas9 gene editing®. HCmel12 melanoma cells do not constitutively express MHC-
molecules, but strongly upregulate expression following exposure to IFNy similar to B16 melanoma cells
(Extended Data Fig. 1e, g). Accordingly, disruption of the genes encoding the MHC-I molecules H2-Kb
and H2-Db or the IFN signalling molecule Jak1 both abrogated MHC-I expression on the surface of
HCmel12 melanoma cells (Extended Data Fig. 1g). Robust growth of MHC-I-deficient tumours in vivo
required antibody-mediated depletion of NK cells prior to tumour inoculation. Adoptively transferred
TRP-1 CD4+ T-cells were able to eradicate genetically MHC-I-deficient as well as IFN-unresponsive
HCmel12 cell variants that were not controlled by adoptively transferred pmel-1 CD8+ T-cells (Fig. 1d-
f, Extended Data Fig. 1h). In addition, antibody-mediated depletion experiments confirmed that TRP-1
CD4+ T-cells can exert their anti-tumour effector functions independently of CD8+ T-cells (Extended
Data Fig. 1i).

TRP-1 CD4+ T-cells were previously shown to eradicate B16 melanoma cells through direct recognition
and cytotoxic destruction®. Since MHC-II molecules are not consistently expressed on human
melanoma cells (Extended Data Fig. 2a)'!, we asked whether the presentation of peptide epitopes by
MHC-II molecules on tumour cell surfaces is necessary for effective anti-tumour immunity.
CRISPR/Cas9-mediated disruption of the Ciita gene coding for the MHC-II transactivator abrogated
IFNy-induced expression of MHC-II molecules on the surface of HCmel12 cells (Extended Data Fig. 2b).
To verify antigen-specific recognition, we also generated HCmel12 cells that lack expression of the
target antigen TRP-1 (Extended Data Fig. 2c). In vitro experiments confirmed that TRP-1 CD4+ T-cells
directly recognise MHC-Il-expressing HCmel12 cells in an antigen-specific manner (Fig. 1g). TRP-1
CD4+ T-cells are even more efficiently activated by dendritic cells pulsed with HCmel12 cells tumour
lysates (Fig. 1h). Subsequent in vivo experiments demonstrated that TRP-1 CD4+ T-cells were able to
eradicate established MHC-II-deficient, but not TRP-1-deficient HCmel12 melanomas (Fig. 1i, j,
Extended Data Fig. 2d-g). Thus, TRP-1 CD4+ T-cells can exert anti-tumour activity through indirect
antigen recognition on MHC-II+ tumour-infiltrating antigen-presenting cells.

Intratumoural CD4+ T-cell dynamics

MHC-Il-expressing cells are consistently found in the tumour stroma (Extended Data Fig. 2a). We
therefore hypothesised that the ability of CD4+ effector T-cells to efficiently interact with antigen-
presenting cells might lead to a different spatial distribution and migratory behaviour in tumour tissues
when compared to CD8+ T-cells. To address this hypothesis, we generated amelanotic (Tyr-KO)
tagBFP-expressing HCmel12 cells, eGFP-expressing TRP-1 CD4+ T-cells and Venus-expressing pmel-
1 CD8+ T-cells and performed in vivo fluorescence microscopy following ACT therapy (Extended Data
Fig. 3a-b). Confocal microscopy of established amelanotic tagBFP-labelled HCmel12 tumours treated
with adoptively transferred, eGFP+ TRP-1 CD4+ T-cells and Venus+ pmel-1 CD8+ T-cells revealed only
very few CD4+ T-cells in tumour tissues when compared to CD8+ T-cells (Extended Data Fig. 3d-f),
consistent with our observations in peripheral blood (Extended Data Fig. 1b). CD4+ T-cells were mostly
found in local clusters at the invasive margin and only very rarely within the tumour centre, while CD8+
T-cells were abundant throughout the tumour tissue (Extended Data Fig. 3d-f). Intravital 2-photon
microscopy confirmed the differential intratumoural localisation of adoptively transferred CD4+ and
CD8+ T-cells and revealed substantial differences in their migratory behaviour (Fig. 2a-c, Extended Data
Fig. 3g-1). Importantly, CD4+ T-cells arrested both in the stromal as well as in the tumoural compartment
of the invasive margin, while CD8+ T-cells were highly motile in the stromal compartment and mainly
arrested in association with tumour cells (Fig. 1b, c; Extended Data. Fig 3h,i; Supplementary Videos
1,2). These observations could be due to a preferential interaction of CD4+ T-cells with antigen-
presenting cells within the stromal compartment of the invasive tumour margin in vivo.

A likely interaction partner for CD4+ T-cells are dendritic cells due to their ability to efficiently ingest and
process tumour antigens for MHC-lI-dependent antigen presentation®3%40, To visualise antigen-specific
interactions between TRP-1 CD4+ T-cells and dendritic cells, we additionally generated TRP-1-deficient
amelanotic (TRP-1-KO and Tyr-KO) tagBFP-expressing HCmel12 cells (Extended Data Fig. 4a). TRP-
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1-WT and TRP-1-KO tagBFP+ HCmel12 cells were injected into opposite legs of CD11c-Venus
transgenic mice that harbour fluorescent dendritic cells*! and treated with adoptively transferred eGFP+
TRP-1 CD4+ T-cells (Fig. 2d, Extended Data Fig. 4a). Confocal microscopy of established tumours
revealed local accumulations of eGFP+ TRP-1 CD4+ T-cells in association with MHC-II-expressing
Venus+ myeloid cells within tumour invasive margins only in TRP-1-WT but not in TRP-1-KO tumours
(Fig. 2e, Extended Data Fig. 4c-e). In addition, surrounding tumour cells upregulated the expression of
MHC-II only in TRP-1-WT mice, consistent with the notion that CD4+ T-cells were activated and locally
secreted IFNy. Importantly, intravital 2-photon microscopy demonstrated that CD4+ T-cells arrested and
showed long-lasting close interactions between eGFP+ TRP-1 CD4+ T-cells and Venus+ myeloid cells
only in TRP-1-WT but not in TRP-1-KO tumours (Fig. 2f, g, Extended Data Fig. 4f, g; Supplementary
Video 3). Taken together, our findings indicate that TRP-1 CD4+ effector T-cells locally cluster with
MHC-Ill-expressing CD11c+ myeloid cells at the tumour invasive margin where they maintain prolonged
antigen-specific interactions leading to the local secretion of IFNy in vivo.

Recruitment of IFN-activated monocytes

To better understand how a comparatively small number of CD4+ effector T-cells cause the eradication
of established tumours, we profiled treatment-induced alterations of the tumour immune
microenvironment by flow cytometry (Extended Data Fig. 5a). Initial experiments in CD11c-Venus mice
revealed that a substantial subset Venus+ MHC-II+ cells in CD4 ACT-treated tumours also expressed
CCR2 and high levels of Ly6C. This suggested that among the CD11c-Venus+ cells bona fide dendritic
cells were replaced by Venus+ MHC-II+ inflammatory monocytes in response to therapy (Fig. 3a).
Treated tumours in CD11c¢c-Venus mice indeed showed a strong increase of all inflammatory monocytes,
many of which expressed CD11c-Venus (Extended Data Fig. 5a, b). A comprehensive characterisation
of tumour-infiltrating myeloid cells in wild type mice over time confirmed the dynamic recruitment of
inflammatory CD11b+CCR2+Ly6C-hi monocytes with a peak at day 5 after CD4+ T-cell transfer, while
the number of CD11c+MHC-II+F4/80- conventional and of SiglecH+Sirp1a+ plasmacytoid dendritic cell
declined (Fig. 3b, Extended Data Fig. 5c¢). At the same time, adoptively transferred TRP-1 CD4+ T-cells
dynamically accumulated in tumour tissues (Extended Data Fig. 5d). A compilation of all tumour-
infiltrating immune cells demonstrates that our CD4 ACT regimen dynamically modified the tumour
immune microenvironment with a particular shift towards a myeloid-dominated immune compartment
(Extended Data Fig. 5e).

Our ACT treatment protocol combined the in vivo activation of CD4+ T-cell effector functions with
additional innate immune stimulation using polyl:C and CpG. To separate the contribution of both
interventions for the recruitment and activation of monocytes, we omitted either the innate stimuli or the
CD4+ T-cell transfer from our combined ACT therapy scheme and performed single-cell RNA-seq
analyses of sorted CD11b+ Ly6G- tumour-infiltrating immune cells (Extended Data Fig. 6a; Fig. 3c, d).
Dimensionality reduction and visualisation using UMAP showed a separate clustering of myeloid cells
between untreated and all treated conditions with most pronounced effects occurring after combined
activation of innate and adaptive immunity (Extended Data Fig. 6b; Fig. 3e). Automated cell type
assignment using singleR classified the vast majority of cells in all treated groups (>80%) as monocytes
(Extended Data Fig. 6¢c; Fig. 3f), confirming flow cytometric observations (Extended Data Fig. 5e).
Differential gene expression and gene set enrichment analyses between myeloid cells from untreated
and CD4 ACT treated tumours revealed a strong activation of IFN-response genes upon therapy
(Extended Data Fig. 6d, e). Importantly, both innate immune stimulation and CD4+ effector T-cells
independently induced the expression of IFN-response genes (Extended Data Fig. 6e; Fig. 3g).
Unsupervised Leiden clustering for untreated and CD4 ACT-treated groups dissected 4 and 7 cell states,
respectively (Fig. 3h). Pseudotime inference and subsequent graph abstraction using PAGA identified
three distinct trajectories in CD4 ACT-treated mice, corresponding to differentiation pathways towards
phenotypes of monocyte-derived dendritic cells (ACT1), monocyte-macrophage effectors (ACT2a-c)
and Ly6c-Lo mature monocytes (ACT3a,b), as indicated by the expression of a selected panel of
characteristic marker genes (Extended Data Fig. 6g; Fig. 3i, j). The endpoint cellular states of these
three trajectories in CD4 ACT-treated mice represent IFN-activated counterparts of the intratumoural
monocyte-macrophage network found in untreated controls (NT1-NT3). Taken together, the flow
cytometric and ftranscriptomic analyses reveal that CD4+ T-cells and innate immune stimuli
synergistically initiate a self-amplifying loop that reprogrammed the myeloid network in treated tumours.
This network is characterised by the recruitment of inflammatory monocytes which acquire IFN-activated
cellular states and dynamically shift towards MHC-II antigen-presenting and potentially tumouricidal
effector phenotypes.
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Inflammatory tumour cell killing

Our data show that CD4+ effector T-cells and innate immune stimulation independently promoted the
recruitment of IFN-activated inflammatory monocytes into the tumour microenvironment. Next, we asked
whether CD4+ T-cells and innate immune stimuli synergised on a quantitative or on a qualitative level
for the acquisition of tumouricidal monocyte effector functions. The absolute numbers of inflammatory
Ly6C-hi monocytes in the tumour were not significantly altered when innate stimuli were omitted from
our combined ACT therapy regimen (Fig. 4a). By contrast, both CD4+ T-cells and innate immune
stimulation were indispensable for full iINOS induction in the recruited monocytes (Fig. 4b, Extended
Data Fig. 7a). Functionally, the synergism of the combined therapy was required for the eradication of
established tumours leading to a striking increase in tumour-free survival (Fig. 4c, Extended Data Fig.
7b). We hypothesised that the release of IFNy was responsible for the CD4+ T-cell-driven qualitative
enhancement of tumouricidal monocyte effector functions on the molecular level. In agreement with our
previous results (Fig. 4a, b, Extended Data Fig. 7a), antibody-mediated neutralisation of IFNy did not
influence the absolute number of tumour-infiltrating monocytes, but significantly reduced the frequency
of INOS-expressing monocytes (Fig. 4d, e, ED Fig. 7c). Importantly, CD4 T-cell-derived IFNy was
essential to eradicate established tumours (Fig. 4f, Extended Data Fig. 7d).

CD4+ T-cell-derived IFNy can either act directly on tumour cells or indirectly through IFN-dependent
activation of myeloid cells and the production of nitric oxide?22%:3"42, We hypothesised that nitric oxide
produced by iINOS-expressing myeloid cells would be of particular importance for efficient indirect killing
of IFN-unresponsive and MHC-deficient melanoma cells. To address this hypothesis, we investigated
the impact of a highly specific INOS inhibitor (N6-(1-iminoethyl)-L-lysine, L-NIL) on CD4 ACT treatment
responses of established Jak1-KO tumours in direct comparison to Ciita-KO HCmel12 tumours. Jak1-
KO HCmel12 cells are genetically IFN-unresponsive (Extended Data Fig. 1g) and as a consequence of
disrupted IFN signalling are also functionally deficient not only for MHC-I but also for MHC-II expression
(Extended Data Fig. 8a). In contrast, Ciita-KO HCmel12 cells are genetically MHC-II deficient (Extended
Data Fig. 2b) but IFN-responsive as evidenced by IFNy-dependent upregulation of MHC-I expression
(Extended Data Fig. 8a). In support of our hypothesis, INOS activity was essential for indirect destruction
of IFN-unresponsive Jak1-KO tumours but was not specifically required for the control of IFN-responsive
Ciita-KO tumours by CD4+ effector T-cells (Fig. 4g, h, Extended Data Fig. 8b, ¢). Together, our results
provided evidence that CD4+ effector T-cells indirectly kill IFN-unresponsive, MHC-deficient tumour
cells in vivo through IFN-dependent activation of myeloid effector cells and the production of nitric oxide.

CD4+ T-cell-derived IFNy has previously been shown to act directly on IFN-responsive tumour cells and
to induce cellular senescence®2. Our results raised the question how myeloid cell-derived nitric oxide
contributes to the killing of tumour cells that are IFN-unresponsive. Recent data that elucidated the
cytokine driven immunopathology in COVID-19 patients revealed an inflammatory mode of apoptotic
cell death driven by the concerted action of IFNy, TNF, and nitric oxide*3. Inspired by these observations,
we hypothesised that these inflammatory mediators were also involved in killing melanoma cells in the
course of our CD4 ACT treatment. Therefore. we studied the impact of the nitric oxide donor S-nitroso-
N-acetylpenicillamine (SNAP) and of the inflammatory cytokine IFNy on TNF-mediated melanoma cell
death in vitro (Fig 4i, Extended Data Fig. 9a). Neither TNF nor IFNy alone induced substantial apoptotic
cell death in IFN-unresponsive Jak1-KO or in IFN-responsive Ciita-KO HCmel12 cells. The combination
of TNF and IFNy also did not affect the survival of Jak1-KO HCmel12 cells but dramatically increased
cell death in Ciita-KO cells, indicating that activation of the IFN-signaling cascade can sensitise IFN-
responsive cells for TNF-induced apoptosis. Importantly, the nitric oxide donor SNAP strongly induced
cell death in Jak1-KO HCmel12 cells even without TNF, while SNAP-induced cell death of IFN-
responsive Ciita-KO cells was enhanced in combination with TNF (Fig 4j, Extended Data Fig. 9b). Of
note, the ability of these inflammatory mediators to act in concert and induce apoptotic cell death was
fully recapitulated in a panel of IFN-responsive and IFN-unresponsive human melanoma cell lines (Fig
4k, Extended Data Fig. 9c). These in vitro results demonstrate that myeloid cell-derived nitric oxide is
particularly effective in promoting apoptotic cell death of IFN-unresponsive melanoma cells. Thereby,
nitric oxide complements the ability of IFNy to sensitise IFN-responsive melanoma cells towards TNF-
induced cell death.

Discussion

For many years, CD4+ T-cells have primarily been thought to act as helper cells for the activation of
CD8+ effector T-cells?*, which kill tumour cells by direct cytolysis. Recently, evidence has accumulated
that CD4+ T-cells can also exert direct cytolytic effects against MHC-Il-expressing tumour cells.
However, during tumour evolution, malignant cells escape direct T-cell recognition through genetic loss
or downregulation of MHC expression**. Our results highlight the ability of CD4+ T-cells to cooperate
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with myeloid cells and eliminate tumour cells independent of direct recognition that was first observed
in experiments inspired by investigations to understand immune resistance of mice to bacterial
pathogens'® 2°, We faithfully recapitulate in our experimental model the previously described cellular
and molecular mechanisms underlying this cooperation, many of which are shared between immune
responses to tumours and pathogens. Specifically, indirect antigen presentation, IFN-dependent
recruitment of mononuclear phagocytes and killing at a distance through inflammatory mediators
critically contribute to the control tumours?>284% and pathogens*®4’ alike. In our work we directly
demonstrate that this mode of action allows CD4+ T-cells to control MHC-deficient as well as IFN-
unresponsive tumour cell variants that evade direct T-cell recognition and cytolytic killing. This
complements recent observations demonstrating that an interaction between CD4+ T-cells and NK cells
can also control tumours that evade CD8+ T-cell control®.

Importantly, our experimental model enabled us to dissect the in vivo dynamics and the critical
interaction partners for CD4+ effector T-cells in tumour tissues in direct side-by-side comparison to
cytotoxic CD8+ effector T-cells. Our results show that the dynamics and function of CD4+ T-cells follow
fundamentally different rules than their CD8+ counterparts. Specifically, we found that only very few
CD4+ T-cells infiltrated tumour tissues where they preferentially cluster at the invasive margin of tumours
and engage in antigen-dependent interactions with CD11c+MHC-II+ myeloid cells. By contrast, large
numbers of CD8+ T-cells briskly infiltrated deep into tumour tissues. The strategic positioning of CD4+
T-cells at the tumour invasive margins allowed them to effectively drive the recruitment of an increasing
number of IFN-activated monocytes into the tumour microenvironment. Despite their low abundance,
CD4+ T-cells modulated the phenotypic development of incoming monocytes along differentiation paths
towards antigen-presenting and tumouricidal effector phenotypes. This initiates a self-amplifying loop
that reprogrammes the myeloid network in the tumour microenvironment. Additional innate immune
stimulation boosted tumouricidal effector functions of monocytes and enabled tumour regression from
the outside (Extended Data Fig. 10). Together, our data demonstrate that CD4+ effector T-cells
preferentially recognise and kill tumour cells indirectly in cooperation with myeloid cells, reminiscent of
immune-mediated control of certain pathogens for which antigen presentation and IFN-mediated control
also relies exclusively on indirect mechanisms.

Our work also provides insights into the dynamic development of the monocyte-dendritic cell-
macrophage lineage under inflammatory conditions*®%°, In particular, we show how CD4+ T-cells can
rapidly recruit monocyte precursors into tumour tissues and direct their differentiation towards antigen-
presenting and effector phenotypes. A similar phenotypic plasticity of monocytes under inflammatory
conditions has recently been reported in models of viral infection®', supporting the notion of shared
mechanisms of immune protection against tumours and pathogens.

Further dissecting the critical molecular determinants of our therapeutic approach, we found that IFNy-
induced nitric oxide production by myeloid cells was essential for indirect recognition and destruction of
IFN-unresponsive and MHC-deficient tumours. Subsequent in vitro investigations showed that nitric
oxide promoted apoptotic cell death of IFN-unresponsive melanoma cells, complementing the ability of
IFNy to sensitise IFN-responsive melanoma cells for TNF-induced cytotoxicity. These observations
reconcile seemingly contradictory reports regarding the role of IFNy and nitric oxide in different
experimental models?%32. Apoptotic cell death due to dynamic local accumulation of IFNy and nitric oxide
can also be observed in infected tissues and likely represents an important component of the shared
disease-agnostic inflammatory defence mechanism®2. This notion is supported by the recent report that
immunopathology during acute SARS-CoV-2 infections results from wide-spread inflammatory cell
death due to aberrantly increased systemic levels of IFNy and TNF43.

Taken together, our experimental investigations provide a comprehensive picture of the spatial
organisation and the dynamics of T-cell effector functions in tumour tissues. Our results emphasise the
ability of CD4+ effector T-cells to indirectly recognise and kill tumour cells independent of their MHC
expression and their IFN responsiveness. CD4+ effector T-cells and stimulation of innate pathogen
recognition receptors together reprogram the myeloid network in the tumour microenvironment and
orchestrate an inflammatory mode of apoptotic tumour cell death that is initiated at the invasive margins.
This indirect “outside-in” kiling complements direct MHC-dependent recognition and cytolytic
destruction of tumour cells and controls tumour immune evasion. Our work suggests a great potential
for new treatment options that target CD4+ effector T-cells and simultaneously activate non-specific
innate inflammatory defence mechanism active against tumours and pathogens. This opens new
avenues of research to advance cancer immunotherapies.
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Methods

Mice

Wild type C57BL/6J mice were purchased from Janvier or Charles River. The T cell receptor-transgenic
pmel-1 (B6.Cg-Thy1a/Cy Tg(TcraTcrb)8Rest/J) and TRP-1 (B6.Cg-Rag1tmi1Mom Tyrp1B-w
Tg(Tcra,Terb)9Rest/J) mice, the fluorescent B6-eGFP (C57BL/6-Tg(UBC-GFP)30Scha/J) and CD11c-
eYFP (B6.Cg-Tg(ltgax-Venus)1Mnz) mice, and the congenic CD45.1 (B6.SJL-Ptorc?Pepcb/Boy) mice
were purchased from Jackson Laboratories. Pmel-1-Venus mice were generated by crossing CAG-
Venus mice with pmel-1 mice. TRP-1-eGFP mice were generated by crossing B6-eGFP mice into the
TRP-1-deficient Rag-KO background of TRP-1 mice. All transgenic mice were bred in house. Age
matched cohorts of tumour developing mice were randomly allocated to the different experimental
groups. All animal experiments were conducted with male mice on the C57BL/6 background under
specific pathogen-free conditions in individually ventilated cages according to the institutional and
national guidelines for the care and use of laboratory animals with approval by the Ethics Committee of
the Office for Veterinary Affairs of the State of Saxony-Anhalt, Germany (permit license numbers 42502-
2-1393 Uni MD, 42502-2-1586 Uni MD, 42502-2-1615 Uni MD) in accordance with legislation of both
the European Union (Council Directive 499 2010/63/EU) and the Federal Republic of Germany
(according to § 8, Section 1 TierSchG, and TierSchVersV).

Cell lines and cell culture

The mouse melanoma cell line HCmel12 was established from a primary melanoma in the Hgf-Cd4kR24¢
mouse model by serial transplantation in our laboratory as described previously®®. The mouse
melanoma cell line B16 and the human melanoma cell lines A375 and SKmel28 were purchased from
ATCC (Manassas, VA, USA). The human melanoma cell lines MaMel04 and MaMel102 were kindly
provided by Dirk Schadendorf. All cell lines were cultured in “complete RPMI medium” consisting of
RPMI 1640 medium (Life Technologies) supplemented with 10% FCS (Biochrome), 2 mM L-Glutamine,
10 mM non-essential amino acids, 1 mM HEPES (all form Life Technologies), 20 uM 2-mercoptoethanol
(Sigma), 100 IU/ml penicillin and 100 pg/ml streptomycin (Invitrogen) in a humidified incubator with 5%
COs2. The cell lines were routinely screened for mycoplasma contamination.

Adenovirus generation and expansion

To generate the adenoviral vaccine Ad-PT, a fusion construct was generated consisting of the first 150
base pairs of the human PMEL cDNA (coding for aa1-50 of the human PMEL/gp100 protein including
the CD8+ T cell epitope KVPRNQDWL) and 1404 base pairs of the mouse Trp7 cDNA (coding for aa51-
518 including the CD4+ T cell epitope SGHNCGTCRPGWRGAACNQKILTVR) followed by sequences
coding for a T2A viral self-cleaving peptide and the fluorescent marker protein eYFP. This vaccine
construct was cloned into the pShuttle vector (termed pShuttle-PT-YFP). A recombinant adenovirus
vector with this sequence was then generated by a recombineering technique in E. coli strain SW102
using bacmid pAdZ5-CV5-E3+. The E1 region of this bacmid is replaced by a selection/counter-selection
cassette called Ampicillin, LacZ, SacB (ALS cassette). Next, E. coliwith this bacmid were electroporated
with the PT-YFP transgene with homology arms flanking the ALS cassette obtained by PCR
amplification using pShuttle-PT-YFP as a template. Positive colonies were isolated after antibiotic
selection on LB-sucrose plates. SacB enzyme toxin uses sucrose as a substrate for a toxin and thus
sucrose inhibits the growth of negative colonies with the intact ALS cassette. Ad-PT and Ad-OVA were
expanded utilising the 911 human embryonic retinoblast cell line. A confluent monolayer of the cells in
T175 cell culture flasks was infected with Ad-PT at MOI 1. The cytopathic effects were observed at
around 36 hours of incubation at 37°C. Then, cells were scraped, freeze-thawed three times and the
lysates were cleared by centrifuging at the speed of 7000 x g for 45 minutes. The crude virus was then
titrated by the TCIDso method according to standard protocols.

CRISPR-Cas9 cell engineering

To generate Jak1-KO, MHC-IFKO (H2-Db and H2-Kb double knockout), Ciita-KO, Trp1-KO and Tyr-KO
HCmel12 variants, wild-type HCmel12 melanoma cells were seeded into a 12-well plate at a density of
5x10° cells per well. The cells were co-transfected with 1.6 ug pX330-sgRNA and 0.4 ug plasmid
expressing green fluorescent protein (pRp-GFP) using Fugene HD transfection reagent (Promega)
according to manufacturer’s instructions. GFP positive cells were single cell sorted using a FACSAria Il
Cell Sorter (BD) to generate polyclonal and 3-4 monoclonal populations per targeted gene. The
frequency of specific out-of-frame mutations was analysed by next-generation sequencing (lllumina
MiSeq platform). HCmel12 cells were mock transfected with pX330 plasmid without sgRNA and the
polyclonal cell line was used as a CRISPR-control in all performed experiments. Genomic DNA from
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cultured knockout variants was extracted using the NucleoSpin Tissue kit (Macherey-Nagel) according
to the manufacturer's protocol. A two-step PCR protocol was performed to generate targeted PCR
amplicons for next-generation sequencing. In the first PCR, specific primers for the target gene with
additional adapter sequences complementary to the barcoding primers were used to amplify the
genomic region of interest with Phusion HD polymerase (New England Biolabs). In a second PCR,
adapter-specific universal primers containing barcode sequences and the lllumina adapter sequences
P5 and P7 were used (lllumina barcodes: D501-508 & D701-D712). Next-generation sequencing was
performed with MiSeq Gene & Small Genome Sequencer (lllumina) according to manufacturer's
standard protocols with a single-end read and 300 cycles (MiSeq Reagent Kit v2 300 cycle). For the
detection of insertions or deletions, the web-based program Outknocker (http://www.outknocker.org/)
was used as previously described®. FASTQ files were imported, and the sequence of the target gene
amplicons was used as reference sequence for alignment.

Tumour transplantation experiments

For tumour inoculation, a total of 2 x 10° cells were injected intracutaneously into the shaved flanks or
hindlegs of mice with a 30G (0.3 x 13 mm) injection needle (BD). Tumour development was monitored
by inspection and palpation. Tumour sizes were measured 3 times weekly using callipers and presented
as the mean of the two largest perpendicular diameters. Mice were sacrificed when tumours exceeded
10-15 mm in mean diameter. All experiments were performed in groups of four to six mice and repeated
independently at least twice.

Adoptive cell transfer (ACT) therapy protocol

ACT therapy was performed as previously described®®. In brief, when transplanted melanoma cell lines
reached a mean diameter of 3 to 5 mm, mice were preconditioned for ACT by a single i.p. injection of 2
mg (100 mg/kg) cyclophosphamide in 100 ul PBS one day before intravenous delivery of 2 x 106 naive
gp100-specific CD8* pmel-1 T cells and/or 0.5 x 10® naive TRP-1-specific CD4* T cells (in 100 ul PBS),
isolated from spleens of TCR-transgenic pmel-1 and/or TRP-1 donor mice. The adoptively transferred
T cells were activated in vivo by a single i.p. injection of 2.5 x 108 PFU of the recombinant adenoviral
vaccine Ad5-PT in 100 pl PBS. 50 ug of CpG 1826 (MWG Biotech) and 50 pg of polyinosinic:polycytidylic
acid (polyl:C, Invivogen), diluted in 100 pl distilled water, were injected intratumourally 3, 6 and 9 days
after T cell transfer. Seven days after T cell transfer, blood was taken routinely from the Vena facialis to
confirm successful expansion of transferred T cells via flow cytometry.

Supplementary in vivo treatments

NK cell depletion was performed by a single i.p. injection of 200 ug anti-NK1.1 antibody (clone PK136,
BioXCell) in 100 pl, diluted in pH 7.0 Dilution Buffer (BioXCell). CD8+ T cell depletion was performed by
i.p. injections of initially 100 g, followed by weekly injections of 50 ug anti-CD8 antibody (clone 2.43,
BioXCell). IFNg-blockade was performed by weekly i.p. injection of 500 pg anti-IFNg antibody (clone
XMG1.2, BioXCell) in 100 ul, diluted in pH 8.0 buffer. Inhibition of INOS was performed by daily i.p.
injection of 200 ug N6-(1-iminoethyl)-L-lysine, dihydrochloride (L-NIL, Cayman Chemicals), diluted in
100 ul phosphate-buffered saline.

Flow cytometry

Immunostaining of single cell suspensions was performed according to standard protocols. Single
suspensions were incubated with anti-CD16/CD32 (clone 93; Biolegend) before staining with
fluorochrome-conjugated monoclonal antibodies. Intracellular staining was carried out using a
Fixation/Permeabilization Solution Kit (BD or Biolegend). Single cell suspensions from tumours were
first stained with antibodies against cell-surface antigens, then fixed and permeabilized followed by
intracellular staining. Dead cell exclusion was performed using 7-Aminoactinomycin (7-AAD), propidium
iodide (PI) or Zombie NIR fixable viability dye (Biolegend). All data were acquired with an Attune NxT
acoustic focusing flow cytometer (ThermoFisher) and analysed using FlowJo v10 software for Windows
(Tree Star, Inc.). Fluorescence-activated cell sorting (FACS) was performed with an Aria |l (BD
Biosciences).

Analysis of tumour cell MHC expression and antigen recognition by CD4+ T cells

To quantify the expression of MHC molecules, tumour cells were pre-treated with 100 U/ml recombinant
murine IFNg (Prepotech) for 72h and then analysed by flow cytometry. To assess antigen-recognition
by CD4+ T cells, TRP-1 TCRtg mice were immunised with Ad-PT and subsequently injected with 50 ug
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CpG and 50 pg polyl:C intracutaneously 3 and 6 days after immunisation. TRP-1 CD4+ T cells were
isolated from the spleen and purified by two rounds of magnetic cell sorting (Miltenyi). Direct antigen
recognition was determined by co-culturing purified CD4+ T cells with IFNg pre-treated HCmel12 cells.
Indirect antigen recognition was assessed by initially generating bone marrow-derived dendritic cells
with recombinant GM-CSF and IL-4 (Peprotech) as previously described. After one week, differentiated
bone marrow-derived dendritic cells were then pulsed overnight with HCmel12 lysate, prior to co-culture
with purified CD4+ T cells. For both direct and indirect antigen recognition assays, the production of
IFNg from the CD4+ T cells was measured 16h after co-culture by intracellular cytokine staining using
flow cytometry.

Calculations of absolute immune cell counts in tumour tissues

Tumours were excised with tweezers and scissors and weighed using the Entris 224-1S analytical
balance (Sartorius). Single cell suspensions were created mechanically using 5 ml syringe plungers
(BD) and 70 um cell strainers (Greiner). After immunostaining, cells were resuspended in a defined
volume and analysed on the Attune NxT acoustic focusing flow cytometer that uses a unique volumetric
sample and sheath fluid delivery system allowing for accurate measurements of the volumes of acquired
samples, and thus accurate calculation of cell concentrations. Absolute cell counts were calculated using
the following equation: Absolute cell count (cells per mg) = Recorded cell count/tumour weight
(mg)/recorded proportion of total cell suspension volume (decimal value).

Immunofluorescence microscopy

Tumours were harvested on day 5 after adoptive TCRtg T cells and fixed in 4% paraformaldehyde for
24 hours, then dehydrated in 20% sucrose prior to embedding in OCT freezing media (Sakura Finetek).
Next, 6 pm sections were cut on a CM3058S cryostat (Leica), adhered to Superfrost Plus slides (VWR)
and stored at -20°C until further use. When thawed, slides were either fixed with ice-cold acetone and
stained with indicated antibodies or directly mounted with Vectashield Antifade Mounting Medium
(Vector Laboratories). Images were acquired on an Axio Imager.M2 with a Colibri 7 LED illumination
system (Zeiss) and analysed with ImageJ (http://imaged.nij.gov/ij).

Intravital 2-photon microscopy

Mice were anaesthetised with 100 mg/kg ketamine and 10 mg/kg xylazine i.p., complemented by 3
mg/kg acepromazine s.c. after the onset of anaesthesia. The animals were placed and fixed to a heated
stage. Transparent Vidisic® carbomer gel was applied to moisture the eyes during anaesthesia. The
hind leg was fixed in an elevated position and the skin covering the melanoma was detached using
surgical scissors and forceps. One drop of transparent Vidisic® carbomer gel was used on the exposed
site as mounting medium. Two component STD putty (3M ESPE) placed on both sides of the leg was
used create a level surface using a 24 x 60 mm cover slip which was gently pressed on the putty in a
way that the coverslip made slight contact with the exposed site without exerting pressure on the tumour.
After complete polymerisation of the putty, the mice were transferred onto a 37° C heating plate under
the 2-photon microscope.

Imaging was performed using distilled water or transparent Vidisic® carbomer gel as immersion liquid
with a W Plan-Apochromat 20x/1,0 DIC VIS-IR objective mounted to a Zeiss LSM 700 upright
microscope with the ZEN software environment (Version 2.1, Zeiss), or a LaVision TrimScope mounted
to an Olympus BX50WI fluorescence microscope stand and a XLUMPIlanF| 20/0.95 objective. Excitation
on the LSM700 setup was performed with Mai Tai DeepSee (tuned to 800 nm) and Insight X3 (tuned to
980 nm) Ti:Sa oscillators (both from Spectra-Physics), Venus, SHG, tagBFP and eGFP fluorescence
were read out on a detector cascade with 520 nm dichroic with 534/30 nm BP (transmitted, 980 nm
excitation), 445 nm dichroic (deflected, 800 nm excitation), and 490 nm dichroic with 485 nm SP for
deflected (800 nm excitation) and 525/50 nm BP for transmitted fluorescence, respectively. Excitation
on the TrimScope setup was performed with a Chamaeleon Ultra Il TI:Sa oscillator tuned to 880 nm with
a double split detector array with a 495 nm main dichroic and a 445 nm and 520 nm secondary dichroics
for SHG, tagBFP filtered with a 494/20 BP, eGFP filtered with a 514/30 nm BP, and Venus filtered with
a 542/27 nm BP filter, respectively. Non-descanned PMT (for SHG, Venus, and eGFP in the TrimScope
Setup) and high sensitivity detectors (for tagBFP and eGFP in the Zeiss setup) were used for signal
collection.

Typically, three to four representative field of views of 353 um? size in x- and y- and a z-range of 48 to
60 uym with 4 ym step size were chosen for data acquisition. Z-stacks were captured in 30-60 second
intervals and individual movie length was 15-30 minutes. Data analysis was performed with the Bitplane
Imaris software (V8.3 to 9.7). T cells were identified using the Imaris spot function. Tumour area was
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identified using the surface function with low surface detail. CD11c-Venus cells were identified using the
surface function with high detail. T cell speed was calculated using the Imaris software. Cells were
considered arrested when speed was < 2um/min. Contact duration was measured as the time that the
distance between the centre of mass of a T cell to the closest CD11c cell surface was < 8um. Snapshot
images of 3D rendering and tracking were cropped, arranged and animated for time series using Fiji
(Imaged Version 1.51 s, http://imageJ.nij.gov/ij).

Cell preparation for single-cell RNA sequencing

Tumours were harvested and processed into a single suspension. CD45+ cells were enriched using a
positive selection kit (Miltenyi). Next, individual samples were hashtagged with unique TotalSeq-B
hashtag antibodies B0301-B0310 (Biolegend) and subsequently stained with fluorescently labelled
antibodies. Cell sorting of 1.2x10° CD45*CD11b*Ly6G" cells was performed with an Aria Il (BD) and
loaded onto one lane of a 10x Chromium microfluidics controller. cDNA of hashtag and gene expression
libraries were amplified, and indices added via PCR. Sequencing was performed on an lllumina Novaseq
on two lanes of a S1 cartridge with 150 bp read length in paired end mode. Reading depth was calculated
to obtain ~50.000 reads/cell for the gene expression library and 5.000 reads/cell for the hashtag library.

Single-cell RNA-seq data processing and hashtag-demultiplexing

The scRNA-seq data generated via 10X Genomics Chromium technology were aligned and quantified
using the Cell Ranger Single-Cell Software Suite against the mm10 mouse reference genome. The raw,
unfiltered data generated from Cell Ranger were used for downstream analysis. Quality control was
performed on cells based on the three metrics: total UMI count, number of detected genes and
proportion of mitochondrial gene count per cell. Specifically, cells with < 1000 UMIs, 1000 detected
genes, and more than 25% mitochondrial UMIs were filtered out. To remove potential doublets, cells
with UMI count above 40,000 were removed. Subsequently, we demultiplexed the samples tagged with
distinct hashtag-oligonucleotides using Solo%®. After quality control, we normalized raw counts by their
size factors using scran® and subsequently performed log2 transformation. The logarithmised and
normalised count matrix was used for the downstream analysis.

Dimension reduction, unsupervised clustering and differential gene expression analyses

Analysis of normalised data was performed using scanpy®’. Initially, the 4000 most highly-variable genes
were selected for subsequent analysis using scanpy.pp.highly _variable_genes with the parameter
.,N_top_genes=4000°. Next, a principal component analysis (PCA) was performed with 50 components
using scanpy.tl.pca with the parameters »,n_comps=50, use_highly_variable=True,
svd_solver=*‘arpack®. Subsequently, dimensionality reduction was performed using Uniform Manifold
Approximation and Projection (UMAP) with scanpy.tl.umap. Single cells were automatically assigned
using SingleR%, with transcriptomes from the Immunological Genome Project as a reference. Clustering
of single cells by their expression profiles was conducted employing the Leiden-algorithm using
scanpy.il.leiden with the parameter ,resolution=1.5%. Clusters with fewer than 20 cells were removed
from further analysis. Differential gene expression was performed between cell classified as
macrophages and monocytes from untreated and CD4 ACT treated mice using a hurdle model
implemented in the R package “MAST". Subsequent gene set enrichment analysis was performed using
GSEA in preranked mode using the log2 fold change as ranking metric. The interferon score was derived
by calculating a z-score for all genes from the MSigDB gene set
“‘HALLMARK_INTERFERON_GAMMA_RESPONSE’ for each cell.

RNA velocity

For RNA velocity, count matrices of spliced and unspliced RNA abundances were generated using the
velocyto workflow for 10x chromium samples with the genome annotation file supplied by 10x Genomics
for the mm10 genome and a repeat annotation file retrieved from the UCSC genome browser.
Subsequent analyses were performed using scVelo®. The count matrices were loaded into the scanpy
environment, merged with the previously generated anndata objects and normalized using
scvelo.pp.filter_and_normalize. Next, moments for velocity estimation were calculated, gene-specific
velocities were estimated, and the velocity graphs were computed. Furthermore, a partition-based graph
abstraction graph was generated with velocity-directed edges.
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In vitro cell death assays

For the measurements of apoptosis in murine and human melanoma cell lines cells were first seeded in
96-well plates in complete RPMI medium. Inflammatory mediators were added after 24h (10 U/ml
recombinant murine IFNg (Peprotech); 1000 U/ml recombinant murine TNFa (Peprotech); 100 U/ml
animal-free recombinant human IFNg (Peprotech); 1000 U/ml recombinant human TNFa (Peprotech)
and 100 pM S-nitroso-N-acetylpenicillamine (SNAP, Cayman Chemicals). After 24 hours, floating and
adherent cells where harvested and stained using the FITC Annexin V Apoptosis Detection Kit | (BD
Pharmingen) and analysed using the Attune NxT acoustic focusing flow cytometer (ThermoFisher).
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Fig. 1 | CD4+ effector T cells eradicate MHC-deficient and IFN-unresponsive melanomas that resist
destruction by CD8+ cytotoxic T cells.

a, Structure of recombinant Ad-PT virus designed to simultaneously stimulate pmel-1 CD8* and TRP-1
CD4* TCRtg T cells. b, Experimental protocol for adoptive cell transfer (ACT) therapy of established
tumours in mice consisting of cyclophosphamide pre-conditioning (Cy, C) one day before vaccination
with Ad-PT (V) and adoptive transfer of TCRtg T cells (T) followed by intra-tumoural injections with
polyl:C and CpG (Innate stimuli, 1). c-f, i, j, Graphical representation of the genetic phenotype of the
indicated melanoma cells (left) and Kaplan-Meier survival curves of mice bearing established
melanomas and treated as indicated (number of surviving mice in parenthesis). g, h, Graphical
representation of direct (g) and indirect (h) recognition of melanoma cells by CD4+ T cells (left) and
representative flow cytometry histograms showing IFNg* TRP-1 CD4+ T cells following stimulation by

the indicated melanoma cells (right). Survival was statistically compared using log-rank Mantel-Cox test,
****p<0.0001.
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Fig. 2 | CD4+ effector T cells preferentially migrate within the invasive tumour margin where they form
antigen-dependent local clusters with MHC-II-expressing CD11c+ immune cells.

a, Experimental protocol for intravital 2-photon microscopy (IV-2PM) of tagBFP-labelled HCmel12 Tyr-
KO (amelanotic) melanomas treated with pmel-1 CD8-Venus or TRP-1 CD4-eGFP T cells (left) and
graphical representation of adoptively transferred T cells at the invasive margin (right). b, Arrest
coefficient and mean speed of adoptively transferred pmel-1 CD8-Venus (left) and TRP-1 CD4-eGFP T
cells (right) in the stromal (S) and tumoural (T) compartment at the invasive margin (the bar indicates
the median). ¢, Representative intravital microscopic images (top) and examples for real-time tracking
of pmel-1 CD8-Venus (left) and TRP-1 CD4-eGFP T cells (right) at the invasive tumour margin. d,
Experimental protocol to assess antigen-dependent interactions between TRP-1 CD4-eGFP T cells and
CD11c+ immune cells in CD11c-Venus mice bearing Trp1-WT and Trp7-KO melanomas. e,
Representative immunofluorescence microscopic image of an MHC-lI-stained cryosection from a Trp1-
WT melanoma. f, Representative intravital microscopic images of TRP-1 CD4-eGFP T cells interacting
with CD11c-Venus cells in Trp1-WT and Trp7-KO melanomas. g, Arrest coefficient, mean speed, and
relative contact duration between TRP-1 CD4-eGFP T cells and CD11c-Venus cells (the bar indicates
the median). Data were pooled from at least two biologically independent experiments and groups
statistically compared using a two-way ANOVA with Tukey post-hoc ***p<0.001, ****p<0.0001.
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Fig. 3 | CD4+ effector T cells and innate immune stimulation promote the recruitment of inflammatory
monocytes into tumour tissues and drive the acquisition of IFN-activated effector phenotypes.

a. Representative flow cytometric contour plots showing the gating strategy to assess the phenotype of
CD11¢c-Venus+ MHC-II+ immune cells isolated from melanomas on day 5 after CD4+ T cell transfer
compared to controls (left), distribution of Ly6C expression (right). b, Representative flow cytometric
contour plots showing the gating strategy to assess the distribution of Ly6C expression on
CD11b+LygG- cells (left) and the quantification (right) in melanomas 2, 5, and 8 days after CD4+ T cell
transfer compared to non-treated (NT). ¢, Experimental protocol for a scRNAseq analysis. d,
Representative flow cytometric contour plot showing enrichment of CD11b* Ly6G- cells from single cell
suspensions of CD45+ tumour-infiltrating immune cells. e, Visualisation and dimensionality reduction of
scRNAseq data using uniform manifold approximation and projection (UMAP) comparing samples from
CD4 ACT-treated and non-treated (NT) mice. f-h, Corresponding UMAP plots showing automatically
assigned cell types using SingleR (f), the expression of an IFN-induced gene set as IFN z-score (g) and
graph-based clustering using the Leiden algorithm (h). i, Pseudotime inference using scVelo and graph
abstraction using PAGA for monocytes of CD4-ACT-treated melanomas. j, Bubble plot showing
expression levels of selected signature genes for the individual Leiden clusters arranged according to
the developmental trajectories. Dot size indicates fraction of expressing cells, colours are based on
normalised expression levels.
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Fig. 4 |CD4+ effector T cells and innate immune stimulation synergistically activate tumouricidal
monocytes and orchestrate indirect inflammatory killing of MHC-deficient and IFN-unresponsive

tumours.

a, d, Quantification of tumour-infiltrating inflammatory monocytes in established HCmel12 CRISPR-ctrl
melanomas treated as indicated (+ SEM, n=11-12). b, e, Corresponding quantification of iINOS-
expressing monocytes (x SEM). ¢, f-h, Experimental treatment protocols (left) and Kaplan-Meier survival
curves of mice bearing established melanomas and treated as indicated (number of surviving mice in
parenthesis). i, Experimental protocol to assess the ability of the inflammatory mediators TNFa, IFNy
and the nitric oxide donor SNAP to induce melanoma cell apoptosis. j, k, Quantification of apoptotic
melanoma cells treated as indicated (+ SEM). Data were pooled from at leasttwo biologically
independent experiments. Survival was statistically compared using log-rank Mantel-Cox test. Means
between groups were statistically compared using a one-way ANOVA with Tukey post-hoc, *p<0.05,

*p<0.01, **p<0.001, ****p<0.0001.
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Extended Data Fig. 1 | CD4+ T cells eradicate MHC-I-deficient and IFN-unresponsive that resist destruction by
cytotoxic CD8+ T cells in the same experimental adoptive T cell transfer setting.



Extended Data Fig. 1 |CD4+ T cells eradicate MHC-I-deficient and IFN-unresponsive that resist
destruction by cytotoxic CD8+ T cells in the same experimental adoptive T cell transfer setting.

a, ¢, Experimental protocol to assess the expansion of adoptively transferred pmel-1 CD8+ and TRP-1
CD4+ TCRtg T cells (a) or ovalbumin-specific OT- CD8+ and OT-1l CD4+ TCRtg T cells (c) in peripheral
blood 7 days after ACT. b, d, Representative flow cytometric dot plots identifying expanded T cells in
blood (left) and cumulative results £ SEM (right) from mice treated as indicated. e, g, Graphical
representation of the genetic phenotype of the indicated melanoma cells (left) and representative flow
cytometric histograms for MHC-| expression in the presence or absence of IFNg. f, h, Experimental
treatment protocol (left) and individual tumour growth curves of mice bearing established melanomas
and treated as indicated. i, Experimental treatment protocol (left), individual tumour growth curves of
mice bearing HCmel12 CRISPR-Ctrl melanomas treated as indicated (middle) and Kaplan-Meier
survival graph (right, number of surviving mice in parenthesis). Data shown is from a single
representative experiment and has been repeated independently at least twice. Means in (b) and (d)
were statistically compared using a paired student’s t test. Survival was statistically compared using log-
rank Mantel-Cox test. ***p<0.001, ****p<0.0001.
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Extended Data Fig. 2 | CD4+ effector T cells eradicate established MHC class Il-deficient HCmel12
melanomas through indirect antigen-specific activation in the tumour microenvironment.

a, Summary of primary human melanoma specimens immunohistochemically stained for MHC-II (left)
and representative images (right). b, Representative flow cytometric histograms for MHC-Il expression
on indicated melanoma cells in the presence or absence of IFNy. ¢, Western blot analysis for TRP-1
expression for the indicated melanoma cells. d, f, Graphical representation of the genetic phenotype of
the indicated melanoma cells (left) and experimental treatment protocols (right). e, g, Individual tumour
growth curves of representative groups of mice bearing established melanomas and treated as

indicated.
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when compared to CD8+ effector T cells..



Extended Data Fig. 3 | CD4+ effector T cells show a different spatial distribution and migratory
behaviour in tumour tissues when compared to CD8+ effector T cells.

a, Photographic images of established tumours (left) and graphical representations (right) of the genetic
phenotype of the indicated melanomas (bottom). b, Breeding scheme to generate pmel-1 Venus and
TRP-1 eGFP TCRtg mice. ¢, Experimental protocol for immunofluorescence and intravital 2-photon
microscopy (IV-2PM) of tagBFP-labelled HCmel12 Tyr-KO melanomas treated with pmel-1 CD8-Venus
or TRP-1 CD4-eGFP T cells. d, Representative fluorescence microscopic image of pmel-1 CD8-Venus
T cells and TRP-1 CD4-eGFP T cells in tagBFP-labelled HCmel12 Tyr-KO melanomas. e, Diagrammatic
representation of the T cell distribution in a whole tumour cryosection. f, Corresponding quantification of
pmel-1 CD8-Venus and TRP-1 CD4-eGFP T cell density at the invasive margin (IM) and in the tumour
centre (TC) of a tagBFP-labelled HCmel12 Tyr-KO melanoma (+ SEM). g, Photographic images of the
experimental setup for intravital 2-photon microscopy. h, Representative intravital microscopic images
for pmel-1 CD8-Venus (left) and TRP-1 CD4-eGFP T cells (right) at the invasive tumour margin. Data
in (f) were pooled from two biologically independent experiments. Means between groups were
statistically compared using a one-way ANOVA with Tukey post-hoc, *p<0.05, **p<0.01.
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Extended Data Fig.4| CD4+ effector T cells interact with MHC Il-expressing CD11¢c+ immune cells in local clusters
at the invasive tumour margin.



Extended Data Fig. 4 | CD4+ effector T cells interact with MHC-II-expressing CD11c+ immune cells in
local clusters at the invasive tumour margin.

a, b, Graphical representation (upper left) of the genetic phenotype of the indicated melanomas and
experimental protocol to study antigen-specific interactions between TRP-1 CD4-eGFP T cells and
CD11c+ cells in CD11c-Venus mice. ¢, Representative immunofluorescence microscopic images of
MHC-II-stained cryosections from a Trp1-WT (left) and a Trp7-KO melanoma (right). d, Diagrammatic
representation of MHC-II expression (magenta) and interactions between TRP-1 CD4-eGFP T cells and
CD11c-Venus antigen-presenting cells in corresponding whole tumour cryosections. e, Corresponding
quantification of TRP-1 CD4-eGFP T cell density at the invasive margin (IM) and in the tumour centre
(TC) of in Trp1-WT and Trp1-KO melanomas. f, Representative intravital microscopic images to
measure the distance between TRP-1 CD4-eGFP T cells and CD11c-Venus cells. g, Corresponding
contact duration over time. Data in (e) were pooled from two biologically independent experiments.
Means between groups were statistically compared using a one-way ANOVA with Tukey post-hoc,
*p<0.05, **p<0.01.
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Extended Data Fig. 5 | Flow cytometric profiling of the tumour immune microenvironment reveals a
rapid recruitment of inflammatory monocytes in CD4 ACT-treated mice.

a, Experimental protocol to characterise tumour-infiltrating immune cells in non-treated and CD4 ACT-
treated HCmel12 CRISPR-ctrl melanomas over time. b, Quantification of dendritic cells and
inflammatory monocytes in melanomas of CD11¢c-Venus mice following CD4 ACT therapy compared to
controls. ¢, d, Representative flow cytometric contour plots showing the gating strategy to
comprehensively quantify tumour-infiltrating myeloid (c) and lymphoid (d) immune cell subsets (left) and
cumulative results (right) for the indicated cell types over time (£ SEM). e, Compilation of all tumour-
infiltrating immune cell subsets. Data were pooled from at leasttwo biologically independent
experiments. Means between groups were compared statistically using a one-way ANOVA with Tukey
post-hoc, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Extended Data Fig. 6 | Single cell RNAseq analyses demonstrate that tumour-infiltrating
inflammatory monocytes acquire IFN-activated effector phenotypes upon therapy.



a, Schematics of the workflow for single cell RNA sequencing of intratumoural CD11b+Ly6G- immune
cells. b, Visualisation and dimensionality reduction of scRNAseq data using uniform manifold
approximation and projection (UMAP) comparing samples from the indicated treatment groups
individually with non-treated (NT) mice. ¢, Corresponding UMAP plots showing automatically assigned
cell types using SingleR. d, Volcano plot showing differentially expressed genes comparing samples
from CD4 ACT-treated and non-treated (NT) mice. Genes with —log Q-values > 200 are shown in orange.
e, Enrichment plots from a gene set enrichment analysis of the differentially expressed genes shown in
(d). Gene ontology pathway sets were considered in the analysis. f, UMAP plots showing the expression
of an IFN-induced gene set as IFN z-score for the indicated treatment groups. g, UMAP plots showing
differentiation pathways of monocytes recruited into CD4-ACT-treated melanomas identified by
pseudotime inference and graph abstraction (left) and corresponding expression of the indicated
characteristic marker genes (right).
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Extended Data Fig. 7 | CD4+ T cells and innate immune stimulation synergistically activate tumouricidal
monocytes and drive IFNy-dependent eradication of established melanomas.

a, ¢, Experimental protocol to analyse tumour-infiltrating immune cells (left), gating strategy to identify
inflammatory monocytes (middle) and representative flow cytometric contour plots for INOS expression
(right). b, d, Experimental treatment protocols (left) and individual growth curves of representative
groups of mice bearing established melanomas and treated as indicated.
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Extended Data Fig. 8 | IFNy-induced nitric oxide production by myeloid cells is essential for indirect
recognition and destruction of established IFN-unresponsive and MHC-deficient melanomas by CD4+

T effector cells.

a, Graphical representation of the genetic phenotype of the indicated melanoma cells (top) and
representative flow cytometric histograms for MHC-I and MHC-II expression in the presence or absence
of IFNy (bottom). b, Experimental treatment protocol. ¢, Individual tumour growth curves of
representative groups of mice bearing established melanomas and treated as indicated (L-NIL ~ iNOS

inhibitor).
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Extended Data Fig. 9 | Nitric oxide induces apoptotic cell death of IFN-unresponsive melanoma cells
and complements the ability of IFNy to sensitise IFN-responsive melanoma cells for TNFa-induced

apoptotic cell death.

a, Experimental protocol to assess the ability of the inflammatory mediators TNFa, IFNy and the nitric
oxide donor SNAP to induce melanoma cell apoptosis. b, ¢, Representative flow cytometric contour
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Extended Data Fig. 10| Spatial organisation and dynamics of T cell effector functions in tumour tissues.



Extended Data Fig. 10 | Spatial organisation and dynamics of T cell effector functions in tumour tissues.

a, Graphical representation of direct antigen recognition and cytolytic killing. CD8+ and CD4+ effector T
cells can recognise their antigens as peptide epitopes presented by MHC-molecules on tumour cell
surfaces and initiate direct killing through the release of cytolytic granules. b, Graphical representation
of indirect antigen recognition and inflammatory killing. CD4+ effector T cells also efficiently recognise
tumour antigen on the surface of antigen-presenting cells (APC) including monocyte-derived dendritic
cells (Mo-DC) and engage tumouricidal effector cells of the monocyte-macrophage lineage (Mo-Mac
effectors) to initiate indirect killing through the release of pro-apoptotic inflammatory mediators. ¢, Spatial
organisation and dynamics of direct cytolytic killing. CD8+ effector T cells briskly infiltrate tumour tissues
where they directly interact with tumour cells (left), while CD4+ effector T cells directly interact with
tumour cells mainly near the invasive margin (right). d, Spatial organisation and dynamics of
inflammatory killing. CD4+ effector T cells cluster locally at the tumour invasive margin, where they
indirectly recognise tumour antigen phagocytosed, processed and presented by dendritic cells.
Activated CD4+ T cells secrete IFNy leading to the recruitment and activation of monocytes into the
tumour tissue. IFN-activated monocytes phenotypically develop along differentiations path towards
antigen-presenting monocyte-derived dendritic cells (Mo-DCs) and tumouricidal monocyte-macrophage
effector cells (Mo-Mac effectors). Mo-DCs additionally activate CD4+ T cells and amplify monocyte
recruitment, activation and differentiation. Innate immune stimulation increases the tumouricidal
functions of Mo-Mac effectors. CD4+ T cell-derived IFNy and Mo-Mac effector-derived nitric oxide (NO)
independently promote TNFa-induced apoptotic tumour cell death. This mechanism of indirect
inflammatory outside-in killing eradicates IFN-responsive as well as IFN-unresponsive, MHC-deficient
tumours that evade direct cytolytic killing.



Video 1 — Pmel-1 CD8+ T cells arrest in proximity to HCmel12 tumour cells

WT mice were inoculated i.c. with HCmel12 Tyr-KO tagBFP+ cells and treated with Venus+ pmel-1
CD8+ T cell ACT after tumours reached a mean diameter of 3 mm. Imaging was performed five days
after ACT.

Video 2 — TRP-1 CD4+ T cells arrest in both the tumour and the stroma

WT mice were inoculated i.c. with HCmel12 Tyr-KO tagBFP+ cells and treated with eGFP+ TRP-1
CD4+ T cell ACT after tumours reached a mean diameter of 3 mm. Imaging was performed five days

after ACT.

Video 3 — TRP-1 CD4+ T cells arrest in contact to CD11c+ cells at the invasive tumour margin

CD11c-Venus mice were inoculated i.c. with HCmel12 Tyr-KO tagBFP+ (Trp1 WT) and HCmel12 Tyr-
KO Trp1-KO (Trp1 KO) tumours on contralateral hindlegs and treated with eGFP+ TRP-1 CD4+ T cell
ACT after tumours reached a mean diameter of 3 mm. Imaging was performed five days after ACT.
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