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CDS8'T cells maintainKkilling of
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The accepted paradigm for both cellular and anti-tumor immunity relies
upon tumor cell killing by CD8" T cells recognizing cognate antigens
presented in the context of target cell major histocompatibility complex
(MHC) class I (MHC-I) molecules. Likewise, a classically described
mechanism of tumor immune escape is tumor MHC-1 downregulation. Here,
wereport that CD8" T cells maintain the capacity to kill tumor cells that are
entirely devoid of MHC-l1 expression. This capacity proves to be dependent
instead oninteractions between T cell natural killer group 2D (NKG2D) and
tumor NKG2D ligands (NKG2DLs), the latter of which are highly expressed
on MHC-loss variants. Necessarily, tumor cell killing in these instances
isantigenindependent, although prior T cell antigen-specific activation
isrequired and can be furnished by myeloid cells or even neighboring
MHC-replete tumor cells. In this manner, adaptive priming can beget innate
killing. These mechanisms are active in vivoin mice aswell asin vitroin
human tumor systems and are obviated by NKG2D knockout or blockade.
These studies challenge the long-advanced notion that downregulation of
MHC-lis aviable means of tumorimmune escape and instead identify the
NKG2D-NKG2DL axis as atherapeutic target for enhancing T cell-dependent
anti-tumor immunity against MHC-loss variants.

Thelong-accepted paradigm for adaptive anti-tumor cellularimmunity ~ exclusively in the context of cell surface major histocompatibility
relies on antigen-specific tumor targeting by activated CD8" T cells. complex (MHC) class I (MHC-I) molecules. A critical component of
CDS8' T cell cytotoxicity, in turn, is classically believed to depend  theantigen-presentation function of MHC-lis -2 microglobulin (32m),
upon T cell receptor (TCR) recognition of tumor antigens presented  which is conserved across all classical MHC-I alleles present in mice
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and humans. In turn, mutationsin f2m leading to decreased or absent
MHC-l expression are purported to constitute acommon mechanism
by which tumors are able to evade T cell responses, rendering them
immunologically ‘cold’ (refs.1-4). The frequency of such MHC-I down-
regulation varies by tumor histology, with certain tumors, such as
glioblastoma, often expressing little to no MHC-I*°.

Recent preclinical and clinical studies, however, have dem-
onstrated somewhat mixed roles for MHC-I and 32m in dictating
responses to cancerimmune-based platforms, such asimmune check-
pointblockade (ICB). While some have suggested that resistance to ICB
emerges through inactivation of tumor antigen presentation’”’, for
instance, others have implied that low tumor 2m and MHC-I expres-
sion is instead associated with favorable prognosis'®". These mixed
findings highlight the need for further investigation into the role of
tumor MHC-I as well as revisiting traditional notions of anti-tumor
immunity.

Following our recentinvestigationsinto T cell exhaustionand ICB
resistance in tumors'", we sought to better evaluate the role of MHC-I
expression within the tumor microenvironment (TME). Herein, we
reveal that T cell-activatingimmunotherapies remain effective against
gliomaand melanomalines engineered to lack MHC-I expression. Such
efficacy proves independent of natural killer (NK) cells and, instead,
relies consistently upon CD8' T cell-mediated cytotoxicity, despite the
absence of MHC-1 on tumor targets. This cytotoxicity is both antigen
and MHC agnostic and, instead, is mediated by T cell NKG2D engage-
ment of non-classical MHC-INKG2D ligands (NKG2DLs) on tumor cells.
Subsequent tumor cell killing depends on prior TCR activation (albeit
even by an irrelevant antigen), revealing that adaptive priming can
beget subsequentinnate killing. Tumor cell killing appears to involve
cytotoxic degranulation but is not dependent on Fas. This cytotoxic-
ity mechanismisactiveinvivoin mice aswell asinvitroin human cells
andis required for killing of MHC-negative tumor cells evenin tumors
with heterogeneous MHC expression. Such findings challenge the
traditional model of T cell-mediated tumor cell killing and likewise
provide a therapeutic blueprint for licensing immune responses in
MHC-loss tumor variants.

Results
Immunotherapy for MHC-I-negative tumors requires CD8*
Tcells
We have previously demonstrated the efficacy of the combination of
4-1BB agonismand anti-programmed cell death protein 1(PD-1) check-
pointblockade (aPD-1/4-1BB)inamurine CT2A gliomamodel. Unsurpris-
ingly, such efficacy proved dependent on the presence of CD8* T cells™.
More recently, to examine the antigen-specific response, we engi-
neered a CT2A mouse gliomatumor line to express tyrosinase-related
peptide 2 (TRP2), a weakly immunogenic model antigen, creating
the CT2A-TRP2 line. The combination aPD-1/4-1BB therapy
demonstrated similar efficacy against orthotopically implanted
CT2A-TRP2 tumors, resulting in 80% long-term survival (Fig. 1a).

With initial intent to examine the impact of tumor antigen
presentation on facets of the TME, we used CRISPR to knock out
(KO) the gene encoding 32m in the CT2A-TRP2 line, generating the
CT2A-TRP2-B2mKO line (Fig. 1b). CT2A-TRP2-$2mKO cells lacked
MHC-I expression (H2K" and H2D") as assessed by flow cytometry.
MHC-I KO was further confirmed with an interferon (IFN)-y stimula-
tion assay®. IFN-y stimulation resulted in upregulation of H2K" and
H2D" in parental CT2A-TRP2 cells but not in CT2A-TRP2-B2mKO cells
(Fig.1c). Additionally, TRP2 TCR-transduced CD8" T cells (TRP2 T cells)
failed to kill CT2A-TRP2-f2mKO tumors in vitro but efficiently killed
parental CT2A-TRP2 tumors, providing functional validation of MHC-I
knockdown in the CT2A-TRP2-32mKO line (Fig. 1d).

Surprisingly, we found that mice harboring intracranial (i.c.)
CT2A-TRP2-$2mKO tumors remained responsive toimmunotherapy,
demonstrating 100% long-term survival in response to combination

aPD-1/4-1BB treatment and 90% long-term survival in response to
anti-4-1BB monotherapy (Fig. 1e). As with CT2A-TRP2 tumors, the
CT2A-TRP2-B2mKO tumor was uniformly fatal without treatment.
Immunotherapeutic efficacy against CT2A-TRP2-$2mKO tumors was
notspecific tothei.c.compartment, as aPD-1/4-1BB remained effective
against this MHC-I-negative gliomawhenimplanted subcutaneously as
well (Fig. 1f). Furthermore, aPD-1/4-1BB retained efficacy against ortho-
topically implanted melanomas lacking MHC-1 (B16-F10-OVA-2mKO,
referred to hereafter as B16-OVA-2mKO) (Fig. 1g). Ultimately, immuno-
therapeutic success in MHC-I-negative tumors was restricted neither
togliomasnor to thei.c.compartment.

Intrigued, we sought to determine the immune cell population
responsible for the efficacy ofimmunotherapy against MHC-I-negative
tumors. As NK cells are known to eliminate cells with absent or reduced
MHC", we first investigated by depleting NK cells before implant-
ing CT2A-TRP2-2mKO tumors (Extended Data Fig. 1b). Even in the
absence of NK cells, aPD-1/4-1BB still elicited 100% long-term survival
(Fig.1h). We therefore explored whetherimmunotherapeutic efficacy
against CT2A-TRP2-2mKO tumors might still be dependent on CD8*
T cells, even in the absence of tumor MHC-1 expression. Depletion of
CD8'T cells (Extended Data Fig. 1c) completely abrogated the survival
benefit of aPD-1/4-1BBin mice bearing CT2A-TRP2-32mKO tumors. This
proved true whether CD8"T cells were depleted before tumor implanta-
tion (Extended DataFig.1d) or at early (day 3) or late (day 7) time points
after tumor implantation (Fig. 1i,j). Of note, CD4" T cell depletion had a
modest but notsignificantimpact onsurvival (Extended DataFig. 1e,f).

Antigen-specific killing persists in MHC-I-negative tumors
Continued dependence on CD8" T cells raised the question as to
whether cytotoxic killing of MHC-I-negative tumors still occurs
in an antigen-specific fashion. Interestingly, we noted that «PD-1/
4-1BB-treated mice bearing MHC-I-negative CT2A-TRP2-32mKO tumors
accumulated a greater number of TRP2-specific CD8" T cells in the
tumor thansimilarly treated mice bearing MHC-I-positive CT2A-TRP2
tumors (Fig. 2a and Extended Data Fig. 2a). To test the role of antigen
specificity, weimplanted CT2A-TRP2-2mKO or CT2A-2mKO tumors
(lacking both TRP2 and MHC-I expression) i.c. into mice lacking CD8"
T cells (CD8KO). Mice subsequently received an adoptive transfer of
TRP2-specific CD8' T cells (TRP2 ALT), producinga T cell compartment
exclusively specific for TRP2 (Fig. 2b). TRP2 ALT in combination with
«PD-1/4-1BB was sufficient to eliminate 100% of CT2A-TRP2-2mKO
tumors (Fig. 2c) but was uniformly unsuccessful against CT2A-32mKO
tumors lacking TRP2 expression (Fig. 2d). Additionally, weimplanted
CT2A-TRP2-32mKO tumorsi.c.into transgenic OT-1 mice. The majority
of T cells in these mice recognize residues 257-264 of the ovalbumin
(OVA) peptide (OVA,s, 5., SIINFEKL) in the context of H2K® but possess
noreactivity against TRP2. Combination aPD-1/4-1BB was completely
ineffective against CT2A-TRP2-2mKO tumors in these mice (Fig. 2e),
further suggesting that tumor-specific T cells remain necessary, even
in the absence of tumor MHC-1 antigen presentation.

Above, we demonstrated that TRP2 T cells failed to kill CT2A-
TRP2-B2mKO tumor cells in vitro (Fig. 1d), confirming that CD8"
T cells alone cannot kill MHC-I-negative tumors, even in the presence
of a cognate antigen. We hypothesized then that an additional cell
population must be facilitating the observed cytotoxicity in vivo.
In vivo, infiltrating myeloid cells constitute the bulk of immune cells
within the brain TME”. We therefore examined whether adding bone
marrow-derived macrophages (BMDMs) would license in vitro kill-
ing of CT2A-TRP2-$2mKO tumors by TRP2 T cells. CT2A-TRP2 or
CT2A-TRP2-32mKO (Fig. 3a) tumor cells were cultured with TRP2
T cells in the presence of either TRP2 peptide-loaded BMDMs (TRP2
macrophages) or unpulsed BMDMs (unpulsed macrophages). While
TRP2 T cells alone (but not TRP2 macrophages) efficiently killed
MHC-I-positive CT2A-TRP2 tumors, neither TRP2 T cells alone nor
TRP2 macrophages alone proved capable of killing MHC-I-negative
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Fig.1|Immunotherapies remain effective against tumor cells lacking MHC-1
ina CD8' T cell-dependent manner. a, Kaplan-Meier survival curve of mice
implanted with CT2A-TRP2 tumorsi.c. and then treated with anti-PD-1, anti-4-
1BB or aPD-1/4-1BB therapy or PBS vehicle control (untreated tumor) (n = 5 per
group). a, anti. b, Flow cytometry of tumor cells stained for H2K® and H2D®, the
HLA haplotypes expressed in C57BL/6 mice. ¢, Flow cytometry of tumors stained
for H2K® and H2D" following 24 h of in vitro stimulation with IFN-y (20 ng mI™).
d, Percent survival of CT2A-TRP2 tumor cells or CT2A-TRP2-$2mKO tumor cells
co-cultured with tumor-specific TRP2-specific CD8" T cells (TRP2 T cells) (10:1
effector:target ratio, n = 6 co-cultures per group). After 24 h of co-culture, the
number of remaining viable tumor cells was quantified using flow cytometry, and
percent survival was calculated in comparison to values from tumor-only wells.
An effector:target ratio curve is shown in Extended Data Fig. 1a. e, Kaplan-Meier
survival curve of C57BL/6 mice implanted with CT2A-TRP2-32mKO tumorsi.c.

and then treated with anti-PD-1, anti-4-1BB or aPD-1/4-1BB therapy or PBS vehicle
control (n =8 per group). f,g, Subcutaneous tumor growth curves of CT2A-TRP2-
32mKO (f) and B16-OVA-B2mKO (g) tumors implanted into C57BL/6 mice (n =5
per group). h, Kaplan-Meier survival curve of mice implanted with CT2A-TRP2-
B2mKO tumorsi.c. in the presence or absence of NK depletion with anti-NK1.1
therapy (n =5 per group).ij, Kaplan-Meier survival curves of miceimplanted
with CT2A-TRP2-B2mKO tumorsi.c. followed by CD8" T depletion with anti-CD8«
therapy in the early priming stage (i) (day 3 after tumor implantation) or the later
effector stage (j) (day 7 after tumor implantation). Dataind, fand g are shown as
mean £ s.e.m. The Pvalue in d was calculated with a two-tailed Student’s ¢-test.
Tumor growth curvesin fand g were compared with two-way ANOVA and Tukey’s
multiple-comparison test. Survival curvesina, e and h-j were assessed by the
two-sided Gehan-Breslow-Wilcoxon test. The experimentsina,d, eand g-iwere
repeated independently at least two times with similar results.
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Fig. 2| Antigen-specific killing persists in the absence of tumor MHC-1.

a, Absolute counts of tumor-specific TRP2 CD8" T cells per gram of tumor from
C57BL/6 mice bearing either i.c. CT2A-TRP2 or CT2A-TRP2-32mKO tumors.

Mice were implanted with CT2A-TRP2-32mKO or CT2A-TRP2 tumorsi.c.and
then treated with i.p. aPD-1/4-1BB at day 18. Tumors were then collected 24 h
later, dissociated, stained for the TRP2 tetramer and assessed by flow cytometry
(n=5mice per group). Data are from one of two independent experiments with
similar results. Data are shown as mean + s.e.m. b, Schematic of the experimental
design. ¢,d, Kaplan-Meier survival curves of CD8" T cell global KO mice (CD8KO)

implanted i.c. with CT2A-TRP2-B2mKO (n = 5 mice per group) (c) or CT2A-B2mKO
(lacking TRP2 expression) (n =5 mice per group) (d) tumors. Mice were treated
with10 x 10° TRP2 TCR-engineered T cells on day 7, followed by i.p. «PD-1/4-1BB
therapy or vehicle control. e, Kaplan-Meier survival curve of OT-1mice implanted
with CT2A-TRP2-B2mKO tumors, which do not express the OVA antigen, creating
amodel with few to no tumor-specific T cells present (n = 5 mice per group).

The Pvalue for awas calculated with one-way ANOVA and post hoc Tukey’s test.
Survivalin c-e was assessed by the two-sided Gehan-Breslow-Wilcoxon test.

CT2A-TRP2-32mKO tumors. Remarkably, however, the combination
of TRP2 macrophages and TRP2 T cells was indeed sufficient to kill
CT2A-TRP2-B2mKO tumorsinvitro. Interestingly, the combination of
unpulsed macrophages and TRP2T cells also failed to resultin signifi-
cant tumor cell killing, suggesting that antigen-cognate interactions
between macrophages and CD8" T cells are necessary for deriving
cytotoxicity against tumor cells lacking MHC-1. Sham TCR-transduced
CD8'T cells failed to kill either tumor cell line, evenin the presence of
TRP2-loaded macrophages. Importantly, we recapitulated these find-
ingsinanadditional murine gliomaline (GL261) expressing a different
target antigen (OVA) using OVA-specific OT-1T cells and OVA-pulsed
macrophages (Fig. 3b-d).

While these results suggested the importance of antigen-cognate
interactions between antigen-presenting cells (APCs) and T cells, the
role of suchinteractions betweenT cellsand tumor cells lacking MHC-I
remained less clear. Therefore, we performed in vitro cytotoxicity
experiments using antigen-matched OT-1CD8" T cells and OVA-pulsed
macrophages co-cultured with OVA-negative CT2A-TRP2-2mKO
tumor cells. We found that the combination of OT-1T cells and OVA-
pulsed macrophages was sufficient to kill CT2A-TRP2-2mKO tumor
cells, even though the tumor itself expressed neither MHC-I nor the
cognate OVA antigen (Fig. 3e). These data suggest that, following
antigen-specific TCRactivation, CD8" T cells kil MHC-I-negative tumors
via both an antigen-independent and tumor MHC-I-independent
mechanism.

CDS8’ T cells kill MHC-I-negative tumors via direct contact

We next examined the mechanistic requirements for killing tumor
cells that lack MHC-I. To determine first whether a soluble factor
might be involved, we used 0.4-um Transwell plates, which allow
cytokines and other soluble mediators, but not cells, to pass through
freely. MHC-I-negative CT2A-TRP2-B2mKO tumor cells were placed
on the bottom of the Transwell plates, with various combinations of
TRP2 T cells and TRP2 macrophages added to either the same or
opposite side of the membrane. Physically separating T cells and/or
macrophages from tumor cells obviated tumoricidal activity, sug-
gesting arequirement for direct cell-cell contact rather thanasoluble
factor (Fig. 4a).

We then investigated whether macrophages or T cells more
directly contributed to the contact-dependent tumor cytotoxicity
mechanism. For these experiments, weinstead used 5.0-pm Transwell
plates, which allow for the smaller T cells, but not the larger macro-
phages, to pass through to the bottom of the well containing tumor
cells (validation in Extended Data Fig. 3a). CT2A-TRP2-32mKO tumor
cells were placed on the opposite side of the Transwell insert from
T cells and macrophages. This setup permitted T cells to first make
direct contact with macrophages and subsequently pass through
the membrane to make direct contact with tumor cells. The extent of
tumor killing here was not significantly different from thatin whichall
three cell types were in contact (Fig. 4a). This suggests that killing of
MHC-I-negative tumors requires direct contact between tumor cells
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Fig.3|In the absence of tumor MHC-I, CD8' T cell killing requires antigen-
specific activation by APCsinvitro. a, Left, TRP2 T cells were co-cultured

with TRP2 macrophages (M¢), unpulsed macrophages and CellTrace
Violet-stained tumor cellsata10:1T cell:CT2A-TRP2 tumor cell ratioand a 5:1
macrophage:tumor cell ratio. After 24 h of co-culture, the number of remaining
viable tumor cells was quantified using flow cytometry, and percent survival was
calculated in comparison to tumor cell-only wells (n = 6 co-cultures per group).
Sham-transduced T cells (sham T cells) were used as a control (n =3 co-cultures
per group). Right, groups are as stated but with CT2A-TRP2-2M tumor cells
(n=6co-cultures per group). b, OVA SIINFEKL peptide (257-264)-specific

OT-1T cells were co-cultured with amurine glioma model expressing OVA
antigen (GL261-OVA) or MHC-I-negative GL261-OVA-B2mKO tumor cells for 24 h
atalO:1effector:target ratio. Percent survival was calculated as described above

(n=6co-cultures per group). OVA M@, OVA-pulsed macrophage. ¢, GL261-OVA
tumor cells were co-cultured with OT-1T cells alone (1 = 6 co-cultures) or OVA-
pulsed macrophages alone (n = 4 co-cultures) or both (n = 4 co-cultures), and
percent survival after 24 hwas calculated (10:1T cell:tumor cell ratio and 5:1
macrophage:tumor cellratio). d, Asin ¢, but with GL261-OVA-$2mKO tumor
cells (all n = 6 co-cultures). e, CT2A-TRP2-$2mKO tumor cells were co-cultured
with non-tumor-specific OT-1CD8" T cells (OT-1T cells) alone (n = 4 co-cultures)
or OT-1T cells and OVA-pulsed macrophages (n = 6 co-cultures) atal0:1T
cell:tumor cell ratio and a 5:1 macrophage:tumor cell ratio. All data are shown
asmean +s.e.m. Pvalues were determined by two-tailed, unpaired Student’s
t-test for band e and by one-way ANOVA with post hoc Tukey’s test fora, cand d.
Experimentsin a-e were repeated independently at least two times with similar
results.

and TCR-stimulated T cells, while macrophages need only fill the role
of providing antecedent antigen-specific T cell stimulation.

We now aimed to test whether such phenomena would persist
invivo. Earlier, we demonstrated that aPD-1/4-1BBimmunotherapy was
ineffective againsti.c. CT2A-TRP2-$2mKO tumorsimplanted into OT-1
mice (Fig. 2e). In this model, all CD8" T cells are specific for OVA, and
TCRactivationdoes not occur due to the absence of OVA antigen within
the system. Our in vitro data above suggested that, although killing of
MHC-I-negative tumors is tumor antigen agnostic, cognate antigen s
stillnecessary for therequired antecedent TCR activation. We therefore
tested whether injecting cognate antigen-loaded macrophages into
the tumor might prove sufficient for licensing animmunotherapeutic
response against tumors lacking both MHC-1and the same cognate anti-
gen. Toaccomplish this, weimplanted MHC-I-negative, OVA-negative
CT2A-TRP2-B2mKO gliomas orthotopically into OT-1 mice and
subsequently administered cognate OVA-loaded macrophages or
non-cognate TRP2-loaded macrophages into the tumor, followed by
treatment with aPD-1/4-1BBimmunotherapy (Fig. 4b). Tumor-bearing
OT-1 mice implanted with OVA-pulsed macrophages demonstrated
a significant survival advantage compared to OT-1 mice implanted
with TRP2 macrophages (Fig. 4c). These datasuggest thatin vivo TCR
activationis both necessary and sufficient to resultin T cell-mediated
killing of MHC-I-negative tumorsin atumor antigen-agnostic fashion.

We next sought to determine whether macrophages are exclu-
sively required for TCR stimulation, or whether other MHC-I-positive
APCs might also play that role. To assess this, we employed an
anti-colony-stimulating factor 1receptor (CSFI1R) antibody to deplete
macrophagesinvivo before orthotopicallyimplanting B16-OVA-2mKO

tumors into the flanks of mice' (a subcutaneous melanoma model was
used here to eliminate microglia as a confounding population). The
depletion of macrophages had no effect on the growth of untreated
tumors or onthe effectiveness of aPD-1/4-1BB therapy (Fig. 4d). Similar
findings were still encountered in the central nervous system, where
the efficacy of aPD-1/4-1BB was maintained against CT2A-TRP2-32mKO
tumorsimplantedi.c.into Ccr2-KO mice, which have decreased tumor
infiltration by peripheral macrophages"” (Extended Data Fig. 3b). In
sum, these findings suggest that, while macrophages may indeed
be sufficient for the adaptive priming stage of cytotoxicity against
MHC-I-negative tumors, they are not specifically necessary.

To better assess other potential sources of the requisite TCR
activation, we first performed in vitro cytotoxicity experiments by
mixing CD8" T cells with both MHC-I-positive and MHC-I-negative
tumor cells, eliminating macrophages from the culture. Unsurpris-
ingly, OVA-specific OT-1 T cells cultured only with MHC-I-negative,
OVA-negative CT2A-TRP2-$2mKO tumor cells failed to resultin tumor
killing. However, the simple addition of MHC-I-positive OVA-positive
(CT2A-OVA) tumor cells licensed T cell killing of antigen-mismatched
CT2A-TRP2-$2mKO tumor cells (Fig. 4e). This suggested that antigen-
cognate TCR activation by neighboring MHC-I-positive tumor
cells might alone be sufficient to elicit CD8" T cell killing of their
MHC-I-negative counterparts. Likewise, simple TCR activation by
activating anti-CD3 antibody also proved sufficient to inducekilling of
MHC-I-negative tumor cellsinvitro (Fig. 4f). Interestingly, theaddition of
antibodies blocking lymphocyte function-associated antigen 1 (LFA-1)
and intercellular adhesion molecule 1 (ICAM-1) modestly reduced
invitro cytotoxicity against both MHC-I-positive and MHC-I-negative
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Fig.4|CDS8' T cells require contact with APCs and subsequently tumor
cells to mediate cytotoxicity against MHC-I-negative tumors. a, CT2A-
TRP2-B2mKO tumor cells were co-cultured with TRP2 CD8" T cells and TRP2
macrophages in different combinations on either side of a 5.0-umor a 0.4-um
Transwell as depicted. After 24 h of co-culture, the number of remaining viable
tumor cells was quantified using flow cytometry, and percent survival was
calculated in comparison to tumor cell-only wells. Cells were plated ata10:1T
cell:tumor cell ratio and a 5:1 macrophage:tumor cell ratio (n = 4 co-cultures
per group for all three cell types together and 5.0-pm Transwell groups; all
others, n=3 co-cultures per group). b, Schematic of the experimental design.
¢, CT2A-TRP2-2mKO tumors werei.c.implanted into OT-1 mice. Cognate
antigen-loaded OVA-pulsed macrophages (5 x 10°) or non-cognate antigen-
loaded TRP2 macrophages (5 x 10°) were theni.c. implanted into the tumor
site at day 5 followed by aPD-1/4-1BBimmunotherapy. Mice were evaluated
for overall survival in the days following tumor implantation (n = 5 per group).

d, Subcutaneous tumor growth curve of B16-OVA-$2mKO tumors implanted

into C57BL/6 mice treated with aPD-1/4-1BB in the presence or absence of
macrophage depletion with anti-CSF1R therapy (n = 5 per group). e, Percent
survival of CT2A-TRP2-$2mKO tumor cells after 24 h of co-culture with OT-1T
cells either in the presence or the absence of OVA antigen stimulation provided by
MHC-I-positive CT2A-OVA tumors at a10:1 effector:target ratio. Percent survival
was calculated as described above (n =7 co-cultures per group). f, Percent
survival of CT2A-TRP2-$2mKO tumor cells co-cultured with OT-1T cellsin the
presence or absence of stimulating anti-CD3 antibody (10:1 effector:target ratio,
n=6co-cultures per group). Datain aand d-fare shown as mean +s.e.m. Pvalues
were determined using one-way ANOVA with post hoc Tukey’s test for aand by
two-tailed, unpaired Student’s ¢-test for e and f. Tumor growth curvesind were
analyzed with two-way ANOVA and Tukey’s multiple-comparison test. Survival in
cwas assessed by the two-sided Gehan-Breslow-Wilcoxon test. Experimentsin
aand c-fwererepeated independently at least two times with similar results.

tumors, providing further evidence of a T cell contact-dependent
cytotoxicity mechanism (Extended Data Fig. 3¢).

NKG2D mediates T cell recognition of MHC-I-negative tumors

In an effort to clarify the nature of the cell-cell contact-dependent
mechanism underlying CD8* T cell recognition of MHC-I-negative
tumors, we first employed an unbiased approach to examine differ-
ences ininflammatory gene expression profiles in antigen-specific
CDS8" T cells exposed to both MHC-I-negative tumors and cognate

antigen-loaded macrophages. Gene sets from primed OT-1T cells
co-cultured with OVA-pulsed macrophages either alone or in com-
bination with antigen-negative CT2A-TRP2-$2mKO tumor cells were
both compared to primed OT-1T cells alone. OVA-negative 2mKO
tumor lines were used to ensure the absence of tumor-TCR inter-
actions. OT-1TCRactivation for these experiments was accomplished
by concomitant culture with OVA-pulsed macrophages. TCR-activated
OT-1cells exposed to CT2A-TRP2-B2mKO cells exhibited increased
expression of genes denoting both NK and T cell functions, increases
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not seen simply with TCR activation of OT-1 cells (Fig. 5a). Within the
Tcellfunction gene set, differentially expressed genes included those
encoding activation markers but not receptors involved in direct
contact-mediated cytotoxicity (Extended Data Fig. 4a). Notably, in
the apoptosis gene set, expression of Tnfsf10, which encodes the
TNF-related apoptosis-inducing ligand (TRAIL), was slightly increased
(log, (fold change) = 0.562, adjusted Pvalue = 0.0262) (Extended Data
Fig.4b). Therefore, given its known role in contact-dependent T cell
cytotoxicity, we investigated whether TRAIL might be involved in
killing MHC-I-negative tumors in vitro. However, blocking TRAIL did
notsignificantly reduce T cell-mediated in vitro cytotoxicity directed
against either MHC-I-positive or MHC-I-negative tumors (Extended
DataFig. 4¢).

Within the NK cell function gene set, expression of Kirk1, which
encodes the cytotoxic receptor NKG2D, was especially prominent
in OT-1 cells exposed to CT2A-TRP2-32mKaO cells (Fig. 5b, log, (fold
change) = 1.1, adjusted P value = 3.25 x 10~5). NKG2D is an activating
receptor traditionally associated with cytotoxic function in NK cells,
although it is also expressed on activated CD8" T cells for which its
role has mainly been described as co-stimulatory® 2. In mice, the
ligands for NKG2D are the f2m-independent non-classical MHC-Imole-
cules RAE-1, H60 and MULT-1 (ref. 18). Unlike classical MHC-I, which
is expressed on all nucleated cells, non-classical MHC-1 expression is
generally induced by stress and is upregulated on tumor cells****%,
The expression of non-classical MHC-1 on tumor cells has been shown
to be further upregulated following exposure to chemotherapy or
ionizing radiation®.

Similarly, following TCR activation, engagement of the NKG2D
receptor by its ligands on a target cell activates cytotoxic effector
functions in the NKG2D" cell, including the release of cytotoxic
granules and expression of Fas ligand (FasL)*?°. NKG2D effector
functions in CD8" T cells, specifically, appear to be dependent on
concurrent TCR activation to limit effector activity to appropriate
surrounding targets”*°. In murine CD8" T cells, NKG2D expression is
upregulated in response to TCR activation (Extended Data Fig. 4d).
As CD8* T cell-mediated killing of MHC-I-negative tumors in our
models was likewise dependent on TCR activation but did not require
antigen-cognate interactions between T cells and tumor cells, we
hypothesized that NKG2D might be an important contributor to the
tumoricidal mechanism. Toinitially assess this, we began by examining
NKG2D expressionon T cellsinour models. Accordingly, we examined
differences in NKG2D expression on CD8* T cells infiltrating either
CT2A-TRP2 or CT2A-TRP2-32mKO gliomasinuntreated mice orin mice
treated with aPD-1/4-1BB.NKG2D levels proved significantly higher on
CD8'T cells infiltrating treated MHC-I-negative CT2A-TRP2-32mKO
tumors than on either treated MHC-I-positive tumors or untreated

tumors (Fig. 5¢). Detecting such increased levels of NKG2D on T cells,
we conversely examined two of our MHC-I-negative tumor lines for the
presence of the relevant NKG2DLs. The CT2A-TRP2-32mKO line was
found to highly express the non-classical MHC-I molecules RAE-1and
MULT-], findings that were recapitulated with the additional glioma
line GL261-OVA-B2mKO (Extended Data Fig. 4e,f).

To examine the functional contribution of NKG2D to CD8*
T cell killing of MHC-I-negative tumors, we repeated our prior in vitro
tumor cytotoxicity studies, this time in the presence or absence of
NKG2D-blocking antibody. OT-1 T cells were again cultured with
OVA-negative, MHC-I-negative CT2A-TRP2-2mKO tumor cells,
although, for these experiments, we used CT2A-OVA cells as the source
of OVA antigen presentation and OT-1 TCR activation. As with our previ-
ousresults, OT-1T cells successfully killed CT2A-TRP2-32mKO tumors,
but only when an OVA-presenting cell was likewise present (Fig. 5d).
Killing of CT2A-TRP2-$2mKO cells, however, was completely abrogated
inthe presence of anti-NKG2D-blocking antibody (Fig. 5d). The use of a
CT2A-OVAtumorasasource of OVATCR stimulation also permitted us
to evaluate the impact of anti-NKG2D therapy on concomitantkilling
of MHC-I-positive tumor cells. No suchimpact was seen, as CT2A-OVA
cellswerereadily killed under either condition (Extended Data Fig. 4g).

The downstream cytotoxic effectors of NKG2D signaling can
include granzymes, perforin and FasL?*?!, raising the question as to
which of these might be mediating MHC-I-negative tumor cell killing
in our system. Our expression analysis data revealed an increase in
granzyme B and FasL expression (Extended Data Fig. 4h,i) in TCR-
activated T cells exposed to MHC-I-negative tumors, suggesting that
degranulation may play arole in the tumoricidal mechanism. Indeed,
degranulation by OT-1 T cells was increased in the presence of
MHC-I-negative tumor cells and cognate antigen-loaded macrophages
as compared with that with macrophages alone (Fig. 5e). Given the
results of prior studies®**, we additionally specifically tested the
role of FasL-Fas interactions. FasL expression on tumor-infiltrating
CD8' T cellswasincreased in response toimmunotherapy but was not
significantly differentacross CD8'T cellsisolated from MHC-I-positive
versus MHC-I-negative tumors (Extended Data Fig. 4j-I). Additionally,
in vitro, antigen-negative Fas receptor-KO (FasKO) melanomas were
still susceptible to killing by TCR-activated CD8" T cells (Extended Data
Fig. 5a), suggesting that FasL-Fas interactions are not critical for the
tumoricidal mechanism.

To determine whether blocking NKG2D might similarly abro-
gate killing of MHC-I-negative tumors in vivo, we subcutaneously
implanted CT2A-TRP2-32mKO tumorsinto C57BL/6 mice and treated
themwith anti-NKG2D antibody or a vehicle control. Mice treated with
anti-NKG2D antibody exhibited a significantly increased rate of tumor
growth, akinto thatseeninourinvitro models (Fig. 5f). To additionally

Fig.5|NKG2D on activated CDS8" T cells mediates killing of MHC-I-negative
tumor cells in both murine and human tumor models. a, Gene set pathway
analysis of RNA expression by OT-1CD8" T cells co-cultured with either
OVA-pulsed macrophages alone or in conjunction with CT2A-TRP2-32mKO

cells, compared to OT-1cells cultured alone (n = 3 co-cultures per group). Red,
increased expression of pathway genes; blue, reduced expression. TLR, Toll-like
receptor. b, Differential expression analysis of NK cell function genes between
OT-1cells cultured alone or co-cultured with OVA-pulsed macrophages and CT2A-
TRP2-B2mKO cells. Pvalues were adjusted for multiple testing (Methods). The
horizontal dashed line is at an adjusted Pvalue of 0.05. ¢, Percent of NKG2D*CD8*
T cellsin tumors of mice bearing CT2A-TRP2 tumors treated with «PD-1/4-1BB
(n=5)orPBS (n=4) or mice bearing CT2A-TRP2-$2mKO tumors and treated

with aPD-1/4-1BB (n = 4) or PBS (n=4).d, Percent survival of CT2A-TRP2-32mKO
cells co-cultured with OT-1 cells alone (n = 6 co-cultures) or in combination with
CT2A-OVA gliomacells and either animmunoglobulin G (IgG) control (n = 8 co-
cultures) or an NKG2D-blocking antibody (dNKG2D, n = 8 co-cultures). e, Percent
of107a* OT-1T cells co-cultured for 6 hwith OVA-pulsed macrophages and
MHC-I-positive or MHC-I-negative tumor cells assessed by flow cytometry (n=3
co-cultures per group). f, Subcutaneous tumor growth of CT2A-TRP2-32mKO

tumors in C57BL/6 mice treated with either anti-NKG2D antibody or the PBS
vehicle control (n = 8 per group). g, Survival of M202-32mKO cells co-cultured
with MART-1-specific DMF5 transduced T cells (DMFS5) + MART-1stimulation
provided by MHC-I-positive M202 tumor cells at a 1:1 effector:target ratio (n =8
co-cultures per group). h, Survival of M202 cells in co-culture with either

DMF5T cellsalone (n =5 co-cultures) or with either the IgG isotype control (n =4
co-cultures) or anti-NKG2D antibody (n = 5 co-cultures) (left) or M202-32mKO
cells (n=6,n=4,n=6co-cultures, respectively) (right) at al:1effector:target
ratio. i, Differential gene expression of PanCanAtlas (TCGA) samples with B2M
mutations (n =132) compared to 200 B2M-wild-type PanCanAtlas samples;
dataset Pvalues were adjusted for multiple testing (Methods). j, Percent survival
0fM202-32mKO or M202-32mKO-RAE-1d cells co-cultured with OT-1cells

with or without activating anti-CD3 antibody at a 1:1 effector:target ratio (n =6
co-cultures per group). Growth curves in fwere compared with two-way

ANOVA. Pvalues were determined using two-way ANOVA with Tukey’s multiple-
comparison test for ¢, by one-way ANOVA with Tukey’s multiple-comparison test
ford, e, handjand by two-tailed, unpaired Student’s ¢-test for g. Experiments in
d-handjwererepeated independently two times with similar results. Data in
c-handjareshownasmean +s.e.m.
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assess theimpact of NKG2D blockade on amore potent mode of tumor
killing involving immunotherapy, we used ICB-responsive B16-F10
melanomas treated concomitantly with aPD-1/4-1BB. Administering
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Having examined the role of NKG2D both in vitro and in vivo in
mice, the question remained as to whether similar mechanisms for
killing of MHC-I-negative tumors might be at play inhuman cancers. To
address thetranslational relevance, we performed in vitro cytotoxicity
experiments using the M202 human melanomaline (humanleukocyte
antigen (HLA)-A*0201), which expresses the MART-1tumor-associated
antigen, or an MHC-I-negative B2M-KO version of the same cells
(M202-32mKO). Tumors were co-cultured with DMF5 TCR-transduced
human T cells (DMF5T cells), which recognize MART-1 presented in the
context of HLA-A*0201 (refs. 35-37). Similar to our murine experiments,
DMFS T cells alone efficiently killed MHC-I-positive M202 cells but
failed to killM202-B2mKO cells unless undergoing concurrent MART-1
TCR stimulation or non-specific TCR stimulation with anti-CD3 anti-
body (Fig. 5g and Extended Data Fig. 5¢,d). Sham-transduced human
CD8' T cells failed to kill either M202 or M202-32mKO cells in vitro
(Extended Data Fig. 5e). Furthermore, the addition of anti-NKG2D
antibody entirely abrogated killing of MHC-I-negative M202-32mKO
cellsbut had no effect on the killing efficiency of MHC-I-positive M202
cells (Fig. 5h). These datasuggest that NKG2D-mediated T cell killing of
MHC-I-negative tumors s pertinent to and persists amid human cancer.

We next stained M202-32mKaO cells for expression of human NKG-
2DLs and found that they expressed high levels of MICA, MICB, ULBP3
and ULBP1, with each being more highly expressed on M202-32mKO
cellsthanon parental MHC-I-positive M202 cells (Extended Data Fig. 5f).
We therefore assessed NKG2DL expression in human 2m-mutant
tumors using The Cancer Genome Atlas (TCGA) PanCanAtlas dataset.
Differential expression analysis demonstrated significantly higher
expression of NKG2DLs MICB and ULBP3 in B2M mutants thanin human
B2M-wild-type tumors (Fig. 5i). Higher expression of NKG2DLs MICA
and MICB was also recently demonstrated in the setting of B2M-mutant
mismatch repair-deficient colon, stomach and uterine cancers®®. Thus,
MHC-loss variant tumor cells would appear to be more susceptible to
NKG2D-mediated recognition.

The question remained, then, as to whether simply furnishingacell
with NKG2DL would be sufficient to mediate its MHC-I-independent
killing by CD8* T cells. To assess this, we engineered a human B2M-KO
melanomaline (M202-32mKO) to express the mouse NKG2DL RAE-1d
(Extended Data Fig. 5g). Human tumor cells were used, as there is no
baseline level of murine NKG2DL expression. Allogeneic reactivity
was renderedirrelevant by the absence of MHC-I (Fig. 5j). As expected,
even following TCR activation by anti-CD3 therapy, murine OT-1T cells
remained unable to kill untransfected MHC-I-negative human cells
(Fig. 5j). Notably, however, murine OT-1T cells readily killed human
M202-32mKO melanoma cells engineered to express murine RAE-1d
(Fig. 5j). These data, in turn, raised the question as to how tumor
specificity might be maintained in the microenvironment, if NKG2DL
expression is sufficient to mediate antigen-indiscriminate killing. To
further evaluate risk to non-tumor cells, we performed cytotoxicity
experiments using primary mouse fibroblasts (exposed to MHC-replete
tumor cells to simulate the tumor environment) and observed these
cellsto bessignificantly less susceptible to killing than MHC-I-negative
tumor cells placed under the same conditions (Extended Data Fig. 5h).
Accordingly, primary fibroblasts were found to also express signifi-
cantly lower levels of RAE-1d than CT2A-TRP2-$2mKO cellsand had no
expression of MULT-1 (Extended Data Fig. 5i). These data suggest that
the higher levels of NKGD2L observed on 32m-mutant and 32mKO
tumors make them more susceptible to NKG2D-mediated CD8" T cell
killing, while lower NKGD2L levels on surrounding normal tissues
may be protective against this antigen-indiscriminate cytotoxicity
mechanism.

Discussion

Traditional models of anti-tumor immunity have centered on tumor
cellkilling as a function of CD8* T cell recognition of cognate antigen
presented exclusively in the context of tumor cell MHC-I molecules'**.

Here, we report an alternate T cell mechanism for tumor cytotoxic-
ity that depends neither on tumor antigen nor on tumor MHC-I
expression. This mechanism is particularly active and effective
against MHC-I-loss variants and is mediated instead by T cell NKG2D
engagement of non-classical MHC-I (NKG2DLs) on tumor cellsin an
antigen-independent and indiscriminate fashion. Subsequent tumor
cell killing depends on prior TCR-mediated T cell activation (even if
by an ultimately tumor-irrelevant antigen), meaning that adaptive
priming is then paired with subsequent innate killing*°. Cell killing
itself appears to involve cytotoxic degranulation with granzyme
and perforin. This mechanism remains active in tumors containing a
mixture of MHC-I-replete and MHC-I-deficient cells, where TCR activa-
tion can seemingly be provided by either MHC-I-replete tumor cells
or adjacent myeloid APCs. Likewise, the mechanism extrapolates to
human tumorsand T cells, suggesting clinically relevant findings.

Our findings call into question the conventional notion that tumor
downregulation of MHC-I necessarily represents an effective mode
of immune escape***. Results from recent clinical studies appear to
corroborate that such notions may indeed be faulty™**5, Within glio-
blastomaalone, for instance, two separate studies gathering single-cell
RNA sequencing datafrom human tumors have found B2M expression
tobeinversely correlated with survival™*®, Likewise, additional studies
have implied that MHC-I loss does not necessarily render tumor cells
invulnerable to CD8" T cell-dependent immunotherapies, including
ICB'**. The perception of MHC-I loss as a means of cancer immune
escape, then, is perhaps best described as controversial.

While some studies to date have indeed highlighted a possible
prognostic benefit to tumor MHC-1loss, these have often attributed
suchbenefittoasudden conferred susceptibility to NK cell-mediated
killing'****”_ Strikingly, however, we demonstrate that NK cells are not
required for the efficacy of an ICB-involving regimen employed against
MHC-I-negative tumors. Additionally, while recent studies have found
Y8 T cells to be effectors against MHC-I-negative tumors, we have shown
that this function extends to CD8" T cells, a particular surprise given
the previously held requirements of CD8" T cell-mediated killing for
MHC-I*%. By stark contrast, we find that CD8* T cells are indeed required
to maintain immunotherapeutic efficacy against MHC-I-negative
tumors, despite the absence of a traditional T cell killing mechanism.

Aninteresting facet of our data is the apparent antigen indepen-
dence of the described T cell killing mechanism. While CD8" T cell cyto-
toxicity in our studies required relatively concurrent TCR activation,
subsequent TCR-mediated recognition of tumor cells was not required.
Therefore, tumor cells lacking MHC-I need not be present or even
express the same antigen that was enlisted for T cell activation. Instead,
only tumor expression of NKG2DL was required (and sufficient), and
tumor cells lacking MHC-I appeared to have increased expression
of these ligands, leaving them more susceptible to this mode of cell
killing. The implication, however, is that T cells specific for irrelevant
antigens need only be activated in the vicinity of tumors lacking MHC-I
but possessing NKG2DLs to effect a cytotoxic response. In this manner,
polyclonally or agnostically activated T cells can become potential
effectorsin this cytotoxicity model.

As target NKG2DL expression proved sufficient to mediate
T cell killing, the concern arises for how tumor specificity (and
self-tolerance) might be maintained within the TME in the face of
antigen-indiscriminate cytotoxicity. The requirements for relatively
concomitantadaptive T cell priming, higher expression of NKG2DL on
MHC-I-negative tumors and relatively low levels of NKG2DL on neigh-
boring healthy cells all may provide amodicum of tumor selectivity and
protection. Additionally, and interestingly, CD8" T cells co-cultured
with MHC-I-negative tumor cells and cognate antigen-loaded
macrophages upregulated the inhibitory receptor NKG2A (KlrcI)
(Fig. 5b), which binds to B2m-dependent Qa-1 (HLA-E in humans)**~",
While Qdm or Qa-1is not present in our 32mKO tumor models, con-
current upregulation of inhibitory receptors on T cells may further
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constrain this mechanism from affecting healthy non-tumor cells
within the TME, should they express the relevant ligands.

These findings, while surprising, are perhaps not entirely with-
out precedent. While the role of NKG2D in CD8" T cells has mainly
been described as co-stimulatory’®?, it has previously been shown
that NKG2D receptor-ligand interactions can lead to the forma-
tion of immunologic synapses between T cells and target cells in an
antigen-independent manner". Our findings of a contact-dependent
cytotoxicity mechanism with evidence of degranulation support
this notion of immunologic synapse formation by NKG2D in an
antigen-independent manner.

Interestingly, Upadhyay et al. recently described abystanderkilling
phenomenon by chimeric antigen receptor T cells in the context of
mixed antigen-positive and antigen-negative tumors®. While chimeric
antigenreceptor T cellsactinan MHC-independent fashion regardless,
theauthorsalsoreported the ability of endogenous bystander T cells to
killamixed MHC-I-positive and MHC-I-negative tumor invitro, in aseem-
ingly Fas-dependent fashion. Direct activation of the TCR was required
and was provided by MHC-replete tumor cells. While we uncovered a
similar phenomenon, we also show that TCR stimulation cancome from
non-tumor sources (that is, myeloid cells) and s thus sufficient to medi-
atekilling of tumors entirely devoid of MHC-1. Our findings are further
contrasted, as we additionally highlight a role for NKG2D in mediating
tumor cell recognition and killing, a mechanism that persists when
Fas is absent. We instead suggest a role for perforin and granzyme in
mediating tumor cell killing following NKG2D-based tumor recognition.

Here, we characterize an MHC-I- and antigen-independent
CD8" T cell mechanism for tumor cell killing that is seen consistently
in vivo as well as in human tumor cells. We demonstrate that CD8*
T cell-dependentimmunotherapies canindeed remain effective against
tumors, even when uniformly lacking MHC-1. Further investigations
into the role of NKG2D and NKG2DLs in mediating tumor immuno-
therapeutic susceptibility as well as into other potential therapeutic
implications for these findings are warranted.

Methods

Ethics statement

The research performed in this study complies with all ethical regu-
lations. All mouse experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) at Duke University Medical
Center (protocol A163-21-08). The maximum subcutaneous tumor size
permitted by the Duke University Medical Center IACUCis 2,000 mm?.
This maximum tumor size was never exceeded in the studies. Source
dataare provided for allin vivo experiments.

Mice

ThelACUC at Duke University Medical Center approved all experimental
procedures. Animal experiments involved the use of female mice at
6-12 weeks of age. Animals were maintained under pathogen-free
conditions, in temperature- and humidity-controlled housing, with
free access to food and water, under a 12-h light-dark cycle at the
Cancer Center Isolation Facility of Duke University Medical Center. All
experimental procedures were approved by the Institutional Animal
Care and Use Committee at Duke University Medical Center. C57BL/6
mice were purchased from Charles River Laboratories. OT-1(003831),
CD8KO (002665) and Ccr2-KO (004999) mice were purchased from
Jackson Laboratories. Mice were housed at the Duke University Medical
Center Cancer Center Isolation Facility under pathogen-free condi-
tions. Female mice were used for in vivo survival experiments to avoid
unwanted immunogenicity related to sex chromosomes. Sex was not
consideredinthe study design.

Celllines
Murine cell lines included CT2A glioma, GL261 glioma, B16-F10 (B16)
melanomaand YUMMER-FasKO melanomallines. The YUMMER-FasKO

celllineswerekindly provided by K. Wood (Duke University). All murine
cell lines are syngeneic in C57BL/6 mice. We transfected CT2A cells
to express the antigen TRP2 to generate CT2A-TRP2 cells. Addition-
ally, we transfected GL261 and B16 cells to express OVA to generate
GL261-OVA and B16-OVA cells, respectively. To KO B2min CT2A-TRP2,
GL261-OVA and B16-OVA cells, we used a CRISPR-based strategy and the
LentiCRISPRv2 plasmid (52961, Addgene) as described previously>.
Briefly, the lentiCRISPRv2 vector was digested with BsmBI (NEB),
purified by gel electrophoresis using the QIAquick Gel Extraction Kit
(Qiagen), ligated with phosphorylated oligonucleotides and trans-
formed into Stbl3 bacteria. Positives clones were verified and
sequenced. We used gRNA that targets the first exon of the B2m
gene, and the sequenceis as follows: 5-CCGAGCCCAAGACCGTCTAC.
HEK293T cells (kindly provided by J. Sampson, Duke University) were
then transfected with LentiCRISPRv2-32m, psPAX2 (Addgene, 12260)
and pVSVg (Addgene, 8454). Transfected cells were cultured for 48 h,
and then supernatant was collected, and tumor cells were transduced
with Polybrene Infection/Transfection Reagent (Sigma-Aldrich) at
8 ug ml™. Cellswere cultured in viral supernatant for 24 h. The medium
was changed, and cells were cultured for another 5 d. H2K®- and
H2D’-negative cells were single-cell sorted and confirmed by flow
cytometry. C57BL/6 murine adult primary dermal fibroblast cells were
obtained from Cell Biologics (C57-6067). The human melanomaM202
and M202-32mKO cell lines were kindly provided by A. Ribas (UCLA).
All cell lines with the exception of YUMMER were cultured in vitro in
Dulbecco’s Modified Eagle Medium (DMEM) with 2 mM L-glutamine
and 4.5 mg ml™ glucose (Gibco) containing 10% FBS. YUMMER cells
were cultured in DMEM/F12 containing10% FBS and supplemented with
non-essential amino acids. To generate M202-2mKO cells expressing
murine RAE-1d knockin, cDNA encoding mouse RAE-1d was cloned
into theretroviral MSGV1backbone. To generate retrovirus, HEK293T
packaging cells were co-transfected with plasmids encoding mRAE-1d,
Gag-Pol and VSV-G. Retrovirus was collected 48 h later and used to
transduce M202-2mKO human melanoma cells at a concentration
of 1 mlviral supernatant per 10° M202-32mKO cells. Three days later,
M202-32mKO cells expressing high levels of murine RAE-1d were sorted
by flow cytometry. M202-2mKO-RAE-1d cells were expanded before
use in subsequent experiments. All cell lines were authenticated and
tested negative for mycoplasma and interspecies contamination by
IDEXX Laboratories.

Invivo tumor experiments

Tumor cellswere collected in their logarithmic growth phase via trypsi-
nization (Gibco, 25300-054) and then resuspended in PBS. For i.c.
implantation, tumor cells were mixed 1:1with 3% methylcellulose and
loaded into a 250-pl Hamilton syringe (Hamilton, 81120). Mice were
anesthetized using isoflurane. Injection sites were shaved, and then
mice were placed in a stereotactic frame. After sterilization of the
scalp, amidlineincision was made to expose the bregma. The Hamilton
syringe was positioned over the bregma, moved 2 mm laterally to the
right, lowered 5 mmbelow the surface of the skull and then raised1 mm
to create a pocket for the tumor suspension.

An infusion pump was then used to infuse 5 pl of tumor cells
at 120 pl min™. For CT2A-TRP2, 2.5 x 10* cells were injected; for
CT2A-TRP2-$2mKO, 5.0 x 10* cells were injected. These doses were
determined by tumorgenicity experiments performed to determine
the doserequired foramedian survival of around 21 d. After complet-
ing the infusion, the syringe was left in place for an additional 45 s
before removal. Bone wax was used to cover theinjection site, and then
the incision was stapled close. Mice were euthanized if there was any
bulging of the skull or eyes or if they experienced failure to ambulate.

For subcutaneous implantation, tumor cells were collected as
described above and resuspended in PBS. The appropriate num-
bers of tumor cells were administered in 200 pl PBS under the skin
of the right flank. For B16-OVA-B2mKaO, 2.5 x 10° cells were injected
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subcutaneously. For CT2A-TRP2-$2mKO, 1 x 10 cells were injected sub-
cutaneously. These doses were determined by tumorgenicity experi-
ments. Tumors were measured every 3 d. Amaximal tumor burden of
2,000 mm? was not exceeded. Mice were killed when tumor volume
reached 2,000 mm?, tumors were over 20 mm in one direction, or
tumors became ulcerated. Followingkilling, tumors were subsequently
assigned the endpoint target volume of 2,000 mm?.

Tumors were implanted into the indicated mouse strain for each
experiment. Mice wererandomly assigned to treatment groups withina
givengenotype. Humane endpoint checks for mice were performed by
ananimal technicianblinded to expected outcomes. Inadoptive trans-
fer experiments with TRP2-specific T cells, we administered 10’ TRP2
TCR-transduced T cellsintravenously 7 d after tumor implantation. For
adoptive transfer experiments with antigen-loaded macrophages, we
pulsed macrophages with the OVA,;;_,., (SIINFEKL) peptide and then
administered 5 x 10° macrophagesi.c. at the tumor site 5 d after tumor
implantation. Unless otherwise indicated, mice were monitored for
survival orkilled once they reached a humane endpoint.

Invivo antibody treatment

Antibodies for in vivo treatment were obtained from BioXCell. These
include anti-mouse PD-1(RMP1-14, BE0146), anti-mouse 4-1BB (LOB12.3,
BE0169), anti-mouse CD8a (2.43, BEOO61), anti-mouse CD4 (GK1.5,
BE0003-1), anti-mouse NK1.1 (PK136, BEO036), anti-mouse NKG2D
(HMG2D, BEO111) and anti-mouse CSFIR (AFS98, BE0213) antibodies.
Forinvivo treatment with anti-PD-1and anti-4-1BB antibodies, 200 pug
each of anti-PD-1and anti-4-1BB antibodies was diluted with PBS for a
total injection volume of 200 pl. Mice received intraperitoneal (i.p.)
injections of ICB (anti-PD-1and anti-4-1BB antibodies) every 3 d, start-
ing on day 9 after tumor implantation, for a total of four treatments,
unless otherwise specified. For antibody depletion of CD8" T cells,
CD4" T cellsand NK cells, 200 pg of anti-CD8«, anti-CD4 or anti-NK1.1
antibody was diluted with PBS for a total injection volume of 200 pl.
For depletions beginning before tumor implantations, mice received
i.p.injections each day for 3 d, with the last dose given1d before tumor
implantation. Maintenance doses were then given every 6 d. Control
treatments consisted of 200 pl PBS. Depletion of CD8" (BioLegend
APC anti-mouse CD8a clone QA17A07,155005), NK (BioLegend AF488
NK1.1 clone PK136,108718; BioLegend PE NKp46, 137611) and CD4"
(BioLegend PE CD4 clone GK1.5,100408) cells was validated by flow
cytometry of blood samples before tumor implantation and againin
the blood of tumor-bearing mice 1 dbefore the scheduled maintenance
dose. For in vivo blockade of NKG2D, 250 pg of anti-NKG2D antibody
was given starting at day 8, continuing every 3 d until humane end-
points were reached™. For in vivo depletion of macrophages, 400 pg
of anti-CSF1R antibody was diluted in PBS for a total injection volume
of 200 pl. Antibody depletion was started 3 d before tumor implanta-
tion, and maintenance doses were thengiven every 3 d for the duration
of the experiment’.

Generation of antigen-specific T cells

We engineered TRP2 TCRT cells by retroviral transduction of T cells
with the pMX-TRP2-TCRB-2A-a vector (a kind gift from T. Schumacher,
Netherlands Cancer Institute) as described previously**. This TCR
recognizes the TRP2,4, 155 €pitope in the context of H2K®. Briefly, we
transfected HEK293T cells with vectors encoding the TRP2 TCR and
retroviral packaging genes to generate TCR-encoding retrovirus. TRP2
TCR retrovirus was then used to transduce mouse T cells 48 h after
activation with concanavalin A in the presence of 50 U ml™ human
IL-2. Transduction was performed in non-tissue culture 24-well plates
previously coated with 0.5 mlRetroNectin (Takara) ata concentration
of 25 pg ml™ in PBS. Cells were split every 48 h for 5d in mouse T cell
medium (RPMIwith10% FBS, non-essential amino acids, L-glutamine,
sodium pyruvate, B-mercaptoethanol, penicillin-streptomycin and
gentamycin) before use.

We engineered humanT cells to express the DMF5 TCR that recog-
nizes the MART-1antigen expressed by the human melanomaM202 cell
line®***¢, DMF5 TCR-a and TCR- were cloned into the MSGV1 retroviral
backbone as a bicistronic message with a P2A self-cleaving peptide
separating the c.and f domains. DMF5 TCR retrovirus was generated
by transfecting HEK293T cells with the DMF5 TCR MSGV1 vector and
separate vectors encoding Gag-Pol and the gibbon-ape leukemia
virus envelope. Anonymous healthy donor peripheral blood mono-
nuclear cells (Stemcell) were activated with anti-CD3 antibody (OKT3,
BioLegend) in the presence of 100 U ml™ human IL-2. After 48 h, acti-
vated T cells were transduced with DMF5 TCR retrovirus to generate
DMF5 T cells. DMF5 T cells were split into fresh human T cell medium
(RPMI supplemented with 10% FBS, L-glutamine, HEPES, sodium
pyruvate, non-essential amino acids and penicillin-streptomycin) plus
100 U mlI™'IL-2 every 48 h.

OT-1T cellswereisolated from OT-1mice by culturing OT-1spleno-
cytesinT cellmedium supplemented with 50 IU mI™ IL-2and 1 pM OVA
SIINFEKL peptide (AnaSpec) for 48 h. Cells were purified for CD8" T cells
as described above and subsequently cultured in TCM with 50 IU ml™
IL-2, splitting every 24 hfor a total of 4 d.

Monocyte purification, macrophage differentiation and
antigenloading

Ly6C" monocytes were purified from bone marrow as previously
described®. Briefly, bone marrow was flushed from the tibiae, femora,
humeri and sternum of C57BL/6, CD45.1 (B6.SJL-Ptprc Pepc’/Boy))
or 2mKO (B6.129P2-B2mKO"™"*/Dcr], Jackson Laboratory stock
002087) mice into cRPMI-10 medium (glutamine-free RPMI-1640
mediumwith10% FBS,100 U mI™ penicillin, 100 pg ml™ streptomycin,
100 pM MEM non-essential amino acids, 2 mM L-glutamine and 1 mM
sodium pyruvate). Red blood cells (RBCs) were lysed with ammonium-
chloride-potassium buffer at room temperature for 2 minand neutra-
lized with cRPMI-10. The cell suspension was then passed through a
70-pumnylon cell strainer and incubated for 30 min at4 °Cin separation
buffer (0.5% bovine serum albumin, 2 mM EDTA in PBS) containing
biotinylated anti-CD3g, anti-CD4, anti-CD8q, anti-CD11c, anti-CD19,
anti-B220, anti-CD49b, anti-I-A®, anti Sca-1, anti-c-Kit, anti-TER-119 and
FITC-conjugated anti-Ly6G and anti-CCR3 (5 pul mI™ for anti-CCR3 anti-
body; all others at1.25 pl mI™) antibodies. Cells were then washed with
labeling buffer (2 mM EDTAin PBS) and then incubated for 15 minat4 °C
in labeling buffer containing streptavidin-conjugated and anti-FITC
MicroBeads (Miltenyi Biotec). Cells were negatively selected using
MACS LD columns according to the manufacturer’s instructions.
The resulting classical monocytes (>90% purity) were cultured for
5-7 d in non-tissue culture-treated dishes containing macrophage
differentiation medium (glutamine-free RPMI-1640 medium with
20%FBS,100 U ml™ penicillin, 100 pg ml™ streptomycin, 100 pM MEM
non-essential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate
and 50 ng ml™ recombinant murine M-CSF (PeproTech, 315-02)). To
prevent macrophage polarization, no additional cytokines were added.
Monocyte-derived macrophages were loaded with antigen by adding
10 puM peptide dissolved in DMSO to the culture for 4 h or an equal
volume of DMSO vehicle-only control. BMDMs were then washed
twice with PBS to remove remaining antigen, separated from culture
plates using a non-enzymatic dissociation agent (Corning Cellstripper,
25-056-Cl) and counted.

Tissue processing and flow cytometry

Adetailed protocol for processing and staining tumors can be found in
ref.56.Inbrief, after perfusion with PBS and 1% heparin, tumor-bearing
hemispheres were collected on day 18 after tumor implantation. A
single-cell suspension was generated and passed through a 70-um
filter. After RBC lysis (RBC Lysis Buffer, Thermo Fisher Scientific) for
3 min, myelin was removed from the sample by Percoll (Sigma-Aldrich)
centrifugation. Cells were then resuspended at1 x 10° ml™in 100 pl PBS
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and transferred to a 96-well plate. Before further staining, samples
were resuspended in Zombie Aqua viability dye (1:400, BioLegend)
andincubated for 30 minonice.

For extracellular staining of collected or in vitro cultured cells,
samples were incubated with Fc blocking solution (1:100 anti-mouse
CD16/32 antibody, BioLegend, 101302) in FACS buffer (1x PBS with
2% FBS). After blocking, samples were incubated with antibodies
(Supplementary Table 1) for 30 minonice. Stained samples were then
fixed with 2% formaldehyde in PBS on ice for 15 min.

Before acquisition, 10 pl of AccuCheck Counting Beads (Thermo
Fisher Scientific) was added to each sample. To calculate the number
of cells per gram of tumor, the following calculation was used: number
of acquired cells x (number of input beads + number of acquired
beads) x (1+fraction of sample stained) x (1+ tumor weight). Samples
were acquired on an LSRFortessa (BD Biosciences) using FACSDiva
software version 9 (BD Biosciences) and analyzed using FlowJo version
10 (BD Biosciences).

Mouse or human-specific antibodies were purchased from BD
Biosciences, Invitrogen, MBL International, R&D Systems or BioLegend
and are listed in Supplementary Table 1. Tissue processing and flow
cytometry was performed as described previously”.

For CD107a staining, 1 x 10° OT-1T cells were co-cultured with
5x10* OVA-loaded BMDMs, 1 x 10* CT2A-OVA tumor cells or 1x10*
CT2A-TRP2-32mKO tumor cells or cultured alone in TCM supple-
mented with IL-2 in 96-well plates. Macrophages were stained with
CellTrace Violet. At the start of co-culture, anti-mouse CD107a antibody
(Supplementary Table 1) was added, along with GolgiStop (2 uM;
BD Biosciences) to prevent antibody breakdown. After 5 hof co-culture
at 37 °C, cells were Fc blocked and then stained for CD8 (BV650,
Supplementary Table 1), washed and fixed with formalin®®.

Invitro cytotoxicity assays

Invitro cytotoxicity assays were performed by co-culturing sorted CD8*
T cells (Miltenyi Biotec, 130-104-075) with tumor cells in the presence
or absence of antigen-pulsed macrophages. Before co-culture, target
cells were labeled with CellTrace Violet (Invitrogen) or CellTrace Far
Red, and macrophages were labeled with CellTrace CFSE according to
the manufacturer’s protocol to distinguish each cell type. TRP2 T cells,
OT-1T cells, DMF5 T cells or sham-transduced T cells were co-cultured
with the designated target cell in T cell medium for 24 hiin 96-well
flat-bottom plates. For cytotoxicity experiments with murine T cells,
1x10* total tumor cells, 1x10° T cells and 5 x 10* macrophages were
added to each well. For cytotoxicity experiments with human T cells,
1x10* total tumor cells and 1 x 10* T cells were added to each well.
For cytotoxicity experiments with mixed tumor cells, 5 x 10° tumor
cells of each line were added, for a total of 1 x 10* tumor cells per
well. After 24 h, cells were detached using trypsin and resuspended in
100 pl FACS buffer with 10 pl CountBright beads (Life Technologies
Absolute Counting Beads, C36950) per well. Remaining viable tumor
cells were quantified with flow cytometry. Percent lysis was calcu-
lated by counting remaining viable tumor cells in experimental wells
versus tumor-only control wells, normalized as cells per bead
and expressed as percent survival compared with tumor-only
control wells (percent survival = ((experimental well viable cells +
bead count) + (tumor-only well viable cells + bead count)) x 100.
In vitro cytotoxicity assays were performed with the following
tumor cell lines: CT2A-2mKO, CT2A-TRP2-2mKO, CT2A-TRP2,
GL261-OVA, GL261-OVA-f2mKO, YUMMER-FasKO, M202 and
M202-B2mKO.

For cytotoxicity assays with blocking antibodies, 10 pg mi™
anti-mouse NKG2D (clone HMG2D, BioXCell, BEO111), anti-mouse
TRAIL (clone N2B2, Invitrogen, 16-5951-85), anti-mouse ICAM-1
(clone YN1/1.7.4, BioLegend, 116101), anti-mouse o.LFA-1 (clone M17/4,
BioLegend, 101118) or anti-human NKG2D (clone 1D11, BioXCell,
BE0351) antibodies were added to T cells 30 min before co-culture

with tumor cells. Remaining viable tumor cells were quantified after
24 hasdescribed above.

For in vitro cytotoxicity involving TCR activation through the
anti-CD3 antibody, mouse anti-CD3 (145-2C11, BioLegend, 100340) or
humananti-CD3 (OKT3, BioLegend, 317326) antibodies were diluted in
PBSto1pg ml™andthenadded to 96-well plates (100 pl per well). Plates
wereincubated at 5% CO,and 37 °Cfor 2 h, and then anti-CD3 antibody
was aspirated from the wells before the addition of cells.

Invitro Transwell cytotoxicity assays

Transwell in vitro cytotoxicity experiments were performed as
described above using 6.5-mm 0.4-pm and 5.0-um Transwell inserts
(Corning Costar; 0.4 um, 3470; 5.0 um, 3421) with the following
modifications. A total of 1x 10° CT2A-OVA-B2mKO tumor cells were
counted, stained with CellTrace Violet and plated on the bottom of
24-well plates. BMDMs were loaded with TRP2 peptide as described
above and then stained with CFSE. TRP2 macrophages (5 x 10*) and
TRP2-specific T cells (1 x 10°) were then plated in the top compartment
of the Transwell at a10:1 ratio of T cells to tumor cells and a 5:1 ratio
of macrophages to tumor cells. After 24 h of culturing, cells were dis-
lodged and quantified by flow cytometry. The inability of macrophages
to pass through the 5.0-um Transwell barrier was confirmed by the
absence of CFSE-positive cells.

RNA expression analysis

OT-1T cells were isolated from OT-1 mouse splenocytes, which were
activated and cultured as described above. OT-1T cells were then
co-cultured either alone in T cell medium supplemented with IL-2
(50 IU mI™IL-2), with OVA-loaded macrophages or withboth OVA-loaded
macrophages and CT2A-TRP2-$2mKO tumor cells. Cells were cultured
ata5:1Tcell-to-tumor ratio and a2:1T cell-to-macrophage ratio. After
24 h of co-culture, CD8" T cells were sorted by flow cytometry, and
RNA was extracted (RNeasy Mini Kit, Qiagen). RNA was analyzed on
an nCounter MAX Analysis System (NanoString) with the PanCan-
cer Immune Profiling Panel (NanoString) according to manufacturer
instructions. Expression data were normalized and quality controlled
using nSolver (version 4.0.70). Differential expression and gene set
analysis were performed using nSolver Advanced Analysis software
(version 2.0.134). Differential expression analysis P values were
corrected for multiple testing using the Benjamini-Yekutieli false
discoveryrate.

Analysis of NKG2D ligand expression within B2M-mutated
tumors

Pan-Cancer Atlas mRNA Illumina HiSeq data were downloaded from
the PanCanAtlas (TCGA), and samples were analyzed for mutations
within the B2M gene. Analysis was performed using R (version 4.2.2).
RNA sequencing data from patients with B2M mutations (n =132)
were compared to RNA sequencing data from 200 patients that
were randomly subset from the remaining 10,327 patients within the
PanCanAtlas dataset. Differential gene expression was evaluated using
DeSeq2 (version1.38.3). Differential expression analysis Pvalues were
calculated using the Wald test and corrected for multiple testing using
the Benjamini-Hochberg false discovery rate. log, (fold change) and
adjusted P values for each gene were plotted using ggplot2 (version
3.4.2). NKG2DLs were specifically highlighted to assess expression of
ligands in B2M-mutant compared to B2M-wild-type tumors.

Statistics and reproducibility

Differential expression analyses were performed as stated above.
Graphs represent mean * s.e.m. unless otherwise stated. Statistical
analysis was conducted in GraphPad Prism version 9.5.0 (GraphPad
Software), primarily using two-tailed, unpaired t-tests, two-way analysis
of variance (ANOVA) or one-way ANOVA to compare means across
groups. For all experiments, a P value of <0.05 was considered
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statistically significant. No statistical methods were used to prede-
termine sample size. Sample sizes were instead determined based on
historical sample sizes capable of detecting biologically significant
differences for certain assays. If no historical data were available, pilot
experiments were performed to determine the relative variability of
the assay. Data were assumed to be normal, but this was not always
formally tested.

The statistical tests employed for each data presentation and
number of samples (n) are designated in the respective figure legends.
Individual datapoints are represented as dotsin graphs. Analyses were
adjusted for multiple comparisons as indicated in figure legends.
Kaplan-Meier curves were generated for survival analyses, and the
two-sided Gehan-Breslow-Wilcoxon test was used to compare curves.
No datawere excluded from analysis. Mice that underwent treatment
were randomized, within their genotype, to treatment groups after
tumor injection. In vitro experiments were not randomized. All survival
studies were monitored with the help of veterinary staff from the Duke
animal facility who wereblinded to the studies and reported endpoints
accordingly. Other data collection and analysis were not performed
blind to the conditions of the experiments and outcome assessment.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Gene expression data that support the findings of this study have been
deposited in the Gene Expression Omnibus under accession code
GSE220960. Human Pan-Cancer cohort RNA expression data were
derived from the TCGA Research Network: https://portal.gdc.cancer.
gov/about-data/publications/pancanatlas. The remaining data are
available within the article or as source data. All other data supporting
the findings of this study are available from the corresponding author
uponreasonable request. Source data are provided with this paper.

Code availability

No customalgorithms were used in this study. The R code that was used
to perform differential expression analysis on the TCGA PanCan cohort
canbe found on Zenodo: https://doi.org/10.5281/zenodo.8007006.
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Extended Data Fig. 4 | Characterization of MHC-I-independent cytotoxicity
mechanism by CD8' T cells. a-b. Differential expression analysis depicting
log2 fold change versus logl0 adjusted p value for differential expression of

T cell function genes (a) or apoptotic function genes (b) between OT-1T cells
co-cultured with OVA macrophages and CT2A-TRP2-32mKO tumors as compared
with OT-1T cells cultured alone (n = 3 co-cultures/group). P values adjusted for
multiple testing (Methods). c. Survival of CT2A-TRP2-$2mKO cells or CT2A-TRP2
co-cultured with OT-1CD8" T cells and blocking antibody for TRAIL or isotype
control 10:1 ET ratio (n = 6 co-cultures/group). d. Percent NKG2D* OT-1CD8*
Tcellsafter 12 hin co-culture with antigen loaded M¢ or alone in TCM +IL-2. 2:1
T cell to M@ ratio (n = 3 co-cultures/group). e-f. CT2A-TRP2-$2mKO (e) and
GL261-OVA-32mKO (f) expression of NKG2D ligands RAE-1d and MULT-1. g.
Survival of CT2A-OVAin co-culture with OT-1T cells, CT2A-TRP2-$2mKO tumors
and IgGisotype control or xNKG2D 10:1 ET ratio (n = 6 co-cultures/group).

h-i. Log2 Normalized expression of granzyme B (h) or Fas-L (i) in OT-1T cells

co-cultured with cognate antigen loaded macrophages or cognate antigen
loaded macrophages and MHC-I-negative CT2A-TRP2-32mKO (line at median
with bars for min and max, n =3 co-cultures/group).j. Geometric mean
fluorescence intensity (gMFI) of Fas-L expression in tumor infiltrating CD8*

T cells from mice bearing CT2A-TRP2 tumors treated with aPD-1/4-1BB (n =5)
or PBS (n =4) or mice bearing CT2A-TRP2-$2mKO and treated with aPD-1/4-1BB
(n=4)orPBS (n =4).k. Gating strategy for tumor infiltrating lymphocytesinjand
Figs.2a &5c. 1. Gating for NKG2D" and FasL* CD8" T cell in Fig. 5c and Extended
DataFig. 4j, respectively. P values were determined using two-way ANOVA with
post-hoc Tukey’s test for j, one-way ANOVA with post-hoc Tukey’s test for ¢ (left)
&d, and by two-tailed, unpaired Student’s t-test for c (right) g-i, 1. Datain c¢,dj &
gare shown as mean + SEM. In vitro data are representative findings from one
of aminimum of two independently repeated experiments with similar results.
ET ratio, effector to target ratio. FMO fluorescence minus one. TIL: Tumor
infiltrating lymphocyte.
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Extended Data Fig. 5| NKG2D-mediated killing of MHC-I-negative tumors
isrecapitulated by human CDS8 + T cells and is limited in healthy tissues. a.
Survival of Yummer FasKO cells co-cultured with OT-1T cells (n = 3 co-cultures/
group), or OT-1T cells and OVA+ tumor 10:1ET ratio (n = 6 co-cultures/group).
b. Subcutaneous tumor growth curve of B16-OVA-B2mKO, treated with either
oPD-1/4-1BB or NKG2D and a«PD-1/4-1BB, n = 8 mice/group). . Percent survival
of MART-1 antigen positive M202 or M202-32mKO melanoma cells co-cultured
with MART-1specific DMFS5 transduced T cells (DMF5). L1 ET ratio (n=8
co-cultures/group). d. Survival of M202-32mKO cells co-cultured with DMF5

T cells +/-activating human aCD3 antibody. 1:1 ET ratio (n = 3 co-cultures/
group). e. Survival of M202 (n = 8 co-cultures/group) or M202-2mKO (n=6

co-cultures/group) after 24 hwith untransduced human T cells (Sham T) I:11ET
ratio. f. M202 and M202-32mKO expression of human NKG2D ligands MIC-A/
MIC-B, ULBP3 and ULBP1. g. M202-32mKO tumors were engineered to express
murine NKG2D ligand RAE-1d. h. Survival of primary mouse dermal fibroblast
cells or CT2A-TRP2-$2mKO cells co-cultured with OT-1T cells (n = 6 co-cultures/
group) and OVA+ tumor (CT2A-OVA) (n = 8 co-cultures/group), 10:1ET ratio. i.
Primary fibroblast and CT2A-TRP2-32 mKO expression of NKG2D ligands RAE-1d
and MULT-1. Tumor growth curves in b were compared with two-way ANOVA. p
values were determined by two-tailed, unpaired Student’s t-test for a, c-e, & h.
Dataina,b, c-e, & hare shown as mean + SEM. Experiments in a-i were repeated
independently two times with similar results. ET ratio, effector to target ratio.
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Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data including cytotoxicity assays were collected using BD FACSDiva Software v.9. mRNA counts were measured using the
NanoString nCounter platform.

Data analysis Flow cytometry data were analyzed with Flowjo Software v.10 (BD).
Statistical analyses for in vitro and in vivo studies were performed with GraphPad Prism Software v9.5.0.

nSolver (v. 4.0.70) and nSolver Analysis Software (v. 2.0.134) (NanoString Technologies) were used for the analysis and quality control of
mMRNA data.

Differential expression analysis of TCGA PanCan Cohort was performed with R (v. 4.2.2) using DeSeq2 (v. 1.38.3), and the plot was generated
using ggplot2 (v. 3.4.2).

The R code that was used to perform the differential expression analysis on the TCGA PanCan cohort can be found on Zenodo: https://
doi.org/10.5281/zenodo.8007006

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Gene expression data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession code GSE220960.

The human Pan-Cancer cohort RNA expression data were derived from the TCGA Research Network: https://portal.gdc.cancer.gov/about-data/publications/
pancanatlas.

The remaining data are available within the article or source data file. Source data are provided with this paper. All other data supporting the findings of this study
are available from the corresponding author upon reasonable request.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Not applicable

Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Power analysis was not used to predetermine sample size. Sample sizes were instead determined based on historical sample sizes that were
capable of detecting biologically significant differences for certain assays. If no historical data was available, pilot experiments were
performed to determine the relative variability of the assay. All in vivo survival experiments were performed with at least 4 biologic replicates
to ensure reproducibility. Sample sizes for in vivo experiments were chosen based on historical experience and were variable based on
numbers of surviving mice available at experimental time-points or technical limitations.

Data exclusions  No data were excluded from analysis.
Replication All major experiments were run with at least 3 biologic replicates, and attempts at experimental replication were successful.

Randomization  Mice were randomly assigned to treatment groups within a given genotype. Mice were randomized after intracranial injection and prior to
treatment. In vitro groups were randomly assigned.

Blinding For survival experiments, humane endpoint checks for mice were performed by an animal technician blinded to expected outcomes. For all

other experiments, blinding was not possible due to personnel shortages not allowing for availability of separate investigators for data
acquisition and analysis.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology IZ D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXX OO s
CIOXECIX X

Antibodies

Antibodies used Antibodies and dilutions used for flow cytometry are noted below:

Murine CD8a Clone QA17A07 Biolegend 155005 APC 1:100

Murine CD8a Clone 53-6.7 Biolegend 100705 FITC 1:100

Murine CD8a Clone 53-6.7 Biolegend 100741 BV650 1:100

Murine CD107a Clone 1D4B Biolegend 121605 FITC 1:100

Murine CD45 Clone 30-F11 Biolegend 103139 BV605 1:100

Murine NKG2D Clone Cx5 Biolegend 130214 PE/Dazzle 594 1:100

Murine CD3 Clone 17A2 Biolegend 100227 BV421 1:100

Murine CD3 Clone 17A2 Biolegend 100235 APC 1:100

Murine CD4 Clone RM4-5 Biolegend 100512 PE 1:100

Murine Fas-L Clone MFL3 Invitrogen 25-5911-82 PE/Cyanine7 1:100
Murine CD4 Clone GK1.5 Biolegend 100434 PerCP/Cyanine5.5 1:100
Murine NKp46 Clone 29A1.4 Biolegend 137627 AF647 1:100

Murine RAE-1d Clone 186107 BD Biosciences 748075 BB700 1:100

Murine ULBP-1/MULT-1 Clone 237104 R&D Systems FAB2588A APC 1:100
Murine H2-Kb/H2-Kd Clone 28-8-6 Biolegend 114607 PE 1:100

Human MICA/MICB Clone 6D4 Biolegend 320907 APC 1:100

Human ULBP1 Clone 170818 R&D Systems FAB1380P PE 1:100

Human ULBP3 Clone 166510 R&D Systems FAB1517P PE 1:100

Murine Trp2 Tetramer H-2Kb TRP-2 Tetramer-SVYDFFVWL, MBL International TB-5004-1 bPE 1:100
Murine NK1.1 Clone PK136 Biolegend 108718 AF488 1:100

Murine CD16/32 (Fc Block)Clone 93 Biolegend 101302 Unconjugated 1:100
Zombie Aqua (Live/dead) BioLegend 42310 BV 510 1:400

For functional blocking experiments: anti-mouse NKG2D (Clone HMG2D, BioXCell Catalog # BEO111), anti-mouse TRAIL (Clone N2B2,
Invitrogen Catalog #16-5951-85) , anti-mouse ICAM-1 (Clone YN1/1.7.4, BioLegend Catalogue #116101), anti-mouse LFA-1 (Clone
M17/4, Biolegend Catalogue # 101118), or anti-human NKG2D (Clone 1D11, BioXCell Catalogue #BE0351). All blocking antibodies and
corresponding vendor-matched isotype controls were used at 10 ug/mL.

Detailed information from the manufacturers:

FFlow cytometry:
https://www.biolegend.com/en-us/products/apc-anti-mouse-cd8a-recombinant-antibody-16376?GrouplD=BLG 15858
https://www.biolegend.com/en-gb/products/fitc-anti-mouse-cd8a-antibody-153
https://www.biolegend.com/en-us/search-results/brilliant-violet-650-anti-mouse-cd8a-antibody-7635?GrouplD=BLG2559
https://www.biolegend.com/de-at/products/fitc-anti-mouse-cd107a-lamp-1-antibody-3587
https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-cd45-antibody-8721?GrouplD=BLG6831
https://www.biolegend.com/en-us/products/pedazzle-594-anti-mouse-cd314-antibody-15542
https://www.biolegend.com/en-us/search-results/brilliant-violet-42 1-anti-mouse-cd3-antibody-7326
https://www.biolegend.com/en-us/products/apc-anti-mouse-cd3-antibody-8055?GrouplD=BLG242
https://www.biolegend.com/nl-be/products/pe-anti-mouse-cd4-antibody-482
https://www.thermofisher.com/antibody/product/CD178-Fas-Ligand-Antibody-clone-MFL3-Monoclonal/25-5911-82
https://www.biolegend.com/en-gb/products/percp-cyanine5-5-anti-mouse-cd4-antibody-4220?GrouplD=BLG4745
https://www.biolegend.com/en-us/search-results/alexa-fluor-647-anti-mouse-cd335-nkp46-antibody-12304?Groupl|D=BLG8849
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
bb700-rat-anti-mouse-rae-1.748075
https://www.rndsystems.com/products/mouse-ulbp-1-mult-1-apc-conjugated-antibody-237104_fab2588a
https://www.biolegend.com/en-us/products/pe-anti-mouse-h-2k-b-h-2d-b-antibody-1686?Group|D=BLG2368
https://www.mblintl.com/products/tb-5004-1/
https://www.biolegend.com/en-us/search-results/alexa-fluor-488-anti-mouse-nk-1-1-antibody-3143?GrouplD=GROUP20
https://www.biolegend.com/en-us/products/purified-anti-mouse-cd16-32-antibody-190?GrouplD=BLG9237
https://www.biolegend.com/en-ie/products/apc-anti-human-mica-micb-antibody-3065
https://www.rndsystems.com/products/human-ulbp-1-pe-conjugated-antibody-170818_fab1380p?
gclid=EAlalQobChMISYWOkeGs_wIVEEFyCh14vQcQEAAYASAAEEKtffD_BwE&gclsrc=aw.ds
https://www.rndsystems.com/products/human-ulbp-3-pe-conjugated-antibody-166510_fab1517p?
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Validation

gclid=EAlalQobChMI_dSM_OGs_wIVVENyChObIAG7EAAYASAAEgKh8fD_BwE&gclsrc=aw.ds
https://www.thermofisher.com/order/catalog/product/C34557
https://www.thermofisher.com/order/catalog/product/C34554
https://www.thermofisher.com/order/catalog/product/C34564
https://www.biolegend.com/en-us/products/zombie-aqua-fixable-viability-kit-8444?GrouplD=BLG2181

Functional blocking:

https://bioxcell.com/invivomab-anti-mouse-nkg2d-be0111
https://www.thermofisher.com/antibody/product/CD253-TRAIL-Antibody-clone-N2B2-Monoclonal/16-5951-85
https://www.biolegend.com/fr-lu/products/ultra-leaf-purified-anti-mouse-cd54-antibody-18350
https://www.biolegend.com/en-us/products/ultra-leaf-purified-anti-mouse-cd11a-antibody-8079
https://bioxcell.com/invivomab-anti-human-nkg2d-cd314-be0351

Each primary antibody has been validated by the manufacturer for use to detect the indicated murine or human targets. Blocking
antibodies were reported by the manufacturer as functionally blocking. All antibodies are from commercial sources and have been
validated by the vendors and validation materials are available on the appropriate websites from vendors (Biolegend, Thermo Fisher,
MBL International, Invitrogen, R&D Systems). All antibodies utilized in this manuscript were optimized by titrating to achieve a
maximal staining index.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Murine cell lines studied included CT2A malignant glioma, GL261 malignant glioma, B16-F10 melanoma (B16), and YUMMER
melanoma. The CT2A line was provided by Robert L. Martuza (Massachusetts General Hospital) and the GL261 line was
provided by the National Cancer Institute. These cell lines are additionally available commercially (CT2A, Sigma-Aldrich,
SCC194; GL261, DSMZ, ACC 802). The B16-F10 cell line was a gift from J. Sampson. The YUMMER-FasKO cell line was a gift
from K. Wood. All cell lines are syngeneic in C57BL/6 mice. Human cell lines used were M202 and M202 B2mKO, both a gift
from A. Ribas, and HEK 293T cells, a gift from J. Sampson. Murine adult primary dermal fibroblasts (C57BL/6) cells were
obtained from Cell Biologics (Catalog #C57-6067).

All cell lines were authenticated and tested negative for mycoplasma, and interspecies contamination by IDEXX Laboratories.
(Westbrook, ME). Cell lines were authenticated by using NIST published 9 species-specific STR markers to establish genetic
profiles. Interspecies contamination check for human, mouse, rat, African green monkey and Chinese hamster was also
performed for each cell line.

Mycoplasma contamination All cell lines were confirmed to be mycoplasma negative by IDEXX Laboratories.

Commonly misidentified lines  No commonly misidentified lines were used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

The Institutional Animal Care and Use Committee (IACUC) at Duke University approved all experimental procedures. Animal
experiments Experiments were conducted on age and sex matched female mice between 8-12 weeks of age. C57BL/6 mice were
purchased from Charles River Laboratories. OT-1 (#003831), CCR2KO (#004999), and CD8KO (#002665) were purchased from Jackson
Laboratories. Animals were maintained under pathogen-free conditions, in temperature and humidity controlled housing, with free
access to food and water, under a 12-h light/dark cycle at the Cancer Center Isolation Facility of Duke University Medical Center.

This study did not use wild animals.

Female mice were used for in vivo survival experiments to avoid unwanted immunogenicity related to sex chromosomes as syngeneic
tumor lines were derived from female animals. Sex was not considered in the study design.

This study did not involve samples collected from the field.
All mouse experiments were approved by the Institutional Animal Care and Use Committee at Duke University Medical Center

(protocol A163-21-08). The maximum subcutaneous tumor size permitted by Duke University Medical Center IACUC is 2000 mm3.
This maximum tumor size was never exceeded in the studies.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Sample preparation is extensively detailed here (PMID: 34597618). In brief, blood, spleen, and tumor were collected at day
17 post tumor implantation. Briefly, tissues were processed in RPMI, minced into single cell suspensions, cell-strained,
counted, stained with antibodies, and analyzed via flow cytometry. Blood samples were directly labeled with antibodies and
red blood cells subsequently lysed using eBioscience RBC lysis buffer (eBioscience, San Diego, CA) or BD Pharm Lyse (BD
Biosciences). Spleen and tumor samples were subjected to RBC lysis prior to antibody-labeling.

For CD107a staining, 1x105 OT-1 T cells were co-cultured with 5x104 OVA loaded BMDMs, 1x104 CT2A-OVA tumor, 1x104
CT2A-TRP2-B2mKO tumor, or alone in TCM supplemented with IL-2 in 96 well plates. Macrophages were stained with
CellTraceTM Violet. At the start of co-culture, anti-mouse CD107a antibody (Supplementary Table 1) was added, along with
Golgistop (2uM; BD Biosciences) to prevent antibody breakdown. After 5h of co-culture at 37 degrees Celsius, the cells were
Fc blocked then stained for CD8 (BV650, table 1), washed, and formalin fixed

Analysis was performed with a BDLSR Fortessa Cell analyzer (BD Biosciences). Sorting was performed with a Sony SH800.

Flow cytometry data was collected with FACS Diva Software v.9 (BD Biosciences) and analyzed using FlowJo v.10 (BD
Biosciences). Sorting performed with Sony SH800 Software.

Cellisolation of CD8+ T cells was accomplished using negative selection beads (Miltenyi Biotec Cat. 130-104-075) or via FACS
sorting with a Sony SH800. The purity of sorted cells was confirmed by flow cytometry and verified to be over 90%.

The primary gating strategy is provided in Extended Data 4k. Live cells were gated using live/dead staining. FSC-A/FSC-H plots
were used to determine singlet gates. FSC-A/SSC-A plots were used to determine cell population gates. In vitro panels
included CellTrace stains for gating in/ out cell populations of interest when applicable. Positive and negative gates were
determined based on isotype, untreated, or controls. In vivo tumor infiltrating lymphocyte panels were gated using
fluorescence minus one (FMO) controls.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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