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Metastatic solid tumors remain the principal cause of cancer mortality
worldwide. High tumor burden impairs responses to chimeric antigen
receptor (CAR) T cell therapy, yet off-tumor toxicity limits the doses that can
be safely delivered. Strategies to selectively enhance CAR T cell activity at
tumor sites could widen the therapeutic window. Using syngeneic models
of extensive metastatic lung adenocarcinoma and melanoma, we show that
8 Gy of tumor irradiation significantly enhanced CART cell persistenceina
manner critically dependent on dendritic cells (DCs). Irradiation promoted
trogocytic antigen dressing of tumor antigens onto DCs, which then
expanded CART cells through the chimeric receptor. Without functional
DCs, irradiation failed to sustain CAR T cell persistence and tumors relapsed.
Irradiationincreased CAR T cell numbers within tumors but notin adjacent
normallung tissue that also expressed target antigen, conferring robust
control of tumor without increased toxicity. These data define a mechanistic
basis and rationale for combining radiotherapy with CART cell therapy.

CARs are engineered receptors that redirect the specificity of T cells
to target antigens"”. CAR T cells directed to the target antigen CD19
can clear large volumes of B cell ymphoma®, often achieving durable
remissions. This discovery ignited efforts to apply CAR technologies
tootheradvanced cancers where treatment options remain limited*”.
Instark contrast to CD19 CART cells, however, CART cells targeted to
solid tumors have diminished expansion and do not persist*”.

This is attributed in part to the immunosuppressive microen-
vironment within solid tumors, a challenge that is compounded
by the extensive tumor burden common in participants enrolled in

CART cell trials and the narrow therapeutic window when targeting
antigens shared with normal tissues. Fatal on-target, off-tumor tox-
icity has been reported with infusion of 1 x 10'° ERBB2 CAR T cells®.
Conversely, doses up to 3 x 108 CAR T cells per m? of mesothelin CAR
T cellsdid not confer radiographic responses and the CAR transgene
was undetectable in autopsy specimens’. Despite a rapid evolution
of technologies that venture to optimize the CAR T cell product®,
few strategies have effectively addressed the inherent limitations of
this narrow therapeutic window in treating extensive solid cancers
or the profound negative influence of the tumor microenvironment
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(TME)’. No existing strategies enable controlled CAR T cell expansion
at the tumor site.

Crucially, the chimeric receptor can provide a means for T cells
to derive costimulatory signals from antigen-presenting cells (APCs)
labeled withthe CAR target. DCs, the most potent APCs at driving T cell
responses, have successfully been engaged to expand CART cells. One
approach enlists the endogenous T cell receptor (TCR) of virus-specific
T cells to recognize viral peptides presented on the major histocom-
patibility complex (MHC) by DCs'*". Alternatively, RNA-LPX and
Amph-ligand technologies that mark DCs with target antigens in vivo
can expand CART cells through the chimeric receptor?*—a promis-
ing approach being tested in a phase 1 clinical trial for solid tumors
(NCT04503278)". In the absence of vaccination-based approaches,
thelimited persistence of solid tumor-directed CART cells suggested
that APC-derived costimulatory signals areinaccessible in this setting
andnorolefor DCs was apparent. However, we observed that syngeneic
28C CART cells had enhanced efficacy when directed to ectopic and
endogenous antigens on irradiated tumors and aimed to resolve how
theimmunology of CAR T cells differs in this context.

By targeting a cross-species homologous antigen (human CD19)
not expressed by the host with a mouse scFv (§)25C1 mouse IgG1k")
that does not bind endogenous host antigens, we intended to isolate
the ‘on-target’ activity of CART cells to target* tumor cells. However, we
discovered that antigen dressing of tumor antigens onto DCs enabled
these potent APCs to expand T cells through the chimeric receptor.
We quantify the effect of tumor irradiation on CAR T cell infiltration
and cytotoxicity, as well as on antigen dressing by DCs, and explore
whether tumor irradiation can widen the therapeutic window of CAR
Tcelltherapy for persons with extensive solid tumor, even when target-
ing tumor antigens also expressed endogenously on normal tissues.

Results

To model the immune cell interactions that CAR T cells encounter
within the TMEs of individuals, we use a syngeneic Kras®'?®; Trp53™~
(KP) lung tumor model. This model has been shown by 10x single-cell
sequencingto develop myeloidinfiltrates akin to those seenin human
non-small-cell lung cancer (NSCLC)**"”". Moreover, to model the treat-
ment of extensive solid cancers, we administer CART cells to orthotopic
lung tumors 28 days after tail-vein injection (TVI), when KP tumors
measure 2.2 mm?on average and occupy 20% of lung area”. Untreated
mice typically reach humane endpoints within the following 2 weeks
(Extended DataFig.1a-c,l), reflecting the advanced stage of the disease
atthe time of CART cell treatment.

Irradiation enhances CART cell persistence and efficacy
against established lung tumors

Clonal KP cell lines transduced with the model target antigen human
CD19 (hCD19) developed with identical kinetics to founder lines
(Extended Data Fig. 1a-c), suggesting that this antigen did not trig-
ger an endogenous immune response that measurably impacted
tumor growth.

Tail vein-injected KP cells engraft primarily within the lungs,
enabling us to irradiate them in a thoracic radiotherapy (TRT) portal
(Extended Data Fig. 1d). Furthermore, 8 Gy of TRT does not cause
radiation-induced lung injury or impact survival of wild-type (WT)
C57BL/6) mice'® and is a clinically well-tolerated palliative dose”.

We then assessed whether irradiation enhanced CART cell cyto-
toxicity (Fig. 1a—c). We found that 8 Gy sensitized target” KP cells to CAR
T cell cytotoxicity, with no further benefit from higher doses (Fig. 1b).
C57BL/6 lung-tumor-bearing mice were treated with either 8 Gy of
TRT (Extended Data Fig. 1d) or left unirradiated before lymphodeple-
tion with cyclophosphamide and adoptive transfer of syngeneic CAR
T cells® (Fig. 1a). Irradiated mice showed significantly reduced tumor
burden (Fig. 1c), indicating enhanced CAR T cell cytotoxicity in vivo.
Furthermore, CART cellstargeted toirradiated target’ tumorsbut not

target” tumorssignificantly increased survival (Fig.1d), demonstrating
arequirement for both tumor irradiation and CAR target recognition
by T cells for effective treatment.

Tracking of thoracic tumor bioluminescence revealed that both
CART cells alone and irradiation without CAR T cells temporarily
reduced tumor bioluminescence. However, only mice that received
irradiation followed by CAR T cell treatment showed a pronounced
and sustained reduction in tumor bioluminescence (Fig. 1e,g) and
improved survival (Fig. If).

These datasuggested thatirradiation enhanced CART cell efficacy
by sensitizing tumors to cytotoxicity. Notably, tumor bioluminescence
declined steadily (Fig. 1e), indicating prolonged CART cell activity last-
ing several weeks. These data compelled us to explore whether CAR
T cells were behaving differently inirradiated tumors.

Lung-tumor-bearing mice were treated with syngeneic T cells
transduced with CAR-2A-DsRed constructs and the number of DsRed*
CART cells was quantified in dissociated PBS-perfused lungs. Irradia-
tion did not impact homing, as the number of CART cells was similar
inthe lungs and thoracic lymph nodes of irradiated and unirradiated
mice 3 days after injection (Extended Data Fig. 1e-g). However, 9 days
after transfer, the numbers of CD8" and CD4" CART cells were eight-
fold and twofold higher, respectively, in irradiated tumor-bearing
lungs (Fig. 1h,i) but not in lymph nodes (Extended Data Fig. 1h), indi-
cating that irradiation enhanced CAR T cell numbers where tumors
were. Notably, DsRed"CD45°'CD3" endogenous T cells were not
expandedin either lungs or lymph nodesinirradiated mice (Fig.1jand
Extended Data Fig. 1i), suggesting that these cells did not contribute
significantly to the antitumor response.

Totrack CART cellnumbersinindividual mice, lung-tumor-bearing
mice were treated with syngeneic T cells double-transduced with CAR
and click beetle red (CBR) Luciferase constructs®’. CAR T cell biolumi-
nescence declined rapidly in unirradiated mice. In irradiated mice,
however, CAR T cell bioluminescence diverged after the first week
andremained elevated (Fig. 1k). Evidently, the effect of irradiation was
twofold:increasing cytotoxicity and enhancing CAR T cell persistence.

Low-dose radiotherapy delivered focally* or to the entire host
(total-body irradiation, TBI)*? has been shown to enhance CAR T cell
activity against lymphoma. Lymphoid lineages, however, are sensitive
toirradiation”, while human NSCLC lineages are among the most radio-
resistant®. Unlike A20 lymphoma cells, KP adenocarcinoma cells were
resistant to increasing doses of irradiation (Extended Data Fig. 1j,k).
Moreover, 8 Gy of TRT alone marginally delayed progression of disease
(Extended DataFig. 1I).

Totest whetherlow-dose irradiation couldimpact CART cell activ-
ity, target” KP lung-tumor-bearing mice were treated with 2 Gy or left
unirradiated before CART cell treatment as before. Low-dose TRT did
notincrease the persistence of CAR T cells to the same degree as 8 Gy
(Fig.11). Interestingly, 2 Gy of TBI transiently increased the persistence
of CART cells compared to unirradiated mice but did not impact sur-
vival (Fig.1m,n), suggesting that higherirradiation doses are required
toenhance CART cell efficacy against radioresistant histologies such
aslung adenocarcinoma.

Tumor irradiation enhances CART cell effector function
To identify gene signatures associated with enhanced CAR T cell
activity, CAR T cells were sorted for RNA sequencing from irradiated
and unirradiated lung-tumor-bearing mice 2 weeks after transfer.
Atotal of 522 genes were differentially expressed (DESeq2, n=5 per
group, FDR < 0.1; Fig. 2a and Supplementary Table 1), of which 71 genes
wereenriched in CD8" CART cellsisolated fromirradiated mice com-
pared to unirradiated controls, while 451 genes showed significantly
lower expression.

Tumor irradiation promoted expression of genesinvolvedin ‘res-
piratory chain’,‘mitochondrial protein complex’ and ‘NADH dehydroge-
nase complex’ Gene Ontology cell components (Extended DataFig. 2a)
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Fig. 1| Enhanced persistence and efficacy of CART cells in irradiated tumors.
a,c,d, C57BL/6 female mice inoculated with 5 x 10° target* (hCD19") orthotopic
lung tumors (KP19) through TVIwere randomized 3 weeks later to 8 Gy of TRT or
noirradiation. Cohorts were lymphodepleted and treated with syngeneic T cells
transduced with ah1928Z-2A-DsRed retroviral construct toadose of 4 x 10°CAR T
cells per mouse and lungs were isolated 9 days after CAR T cell transfer. b, Target”
Luciferase” KP19 cells were irradiated at the doses indicated before trypsinization
8 hlater for coculture atindicated effector-to-target (E:T) ratios with CART

cells. Data are mean + s.e.m. (n =12 technical replicates per dilution). c, Left:
representative H&E images of tumor-bearing lungs of mice on day 9 after CART
cell therapy. Scale bar,1 mm. Right: quantification of tumor area as a percentage
of the total area of the lung cross-section (right). Data from two experiments;
each dot represents amouse (n =11 mice for 0 Gy, n =13 mice for 8 Gy).
P=0.0041,*P<0.01, two-sided t-test. d, Survival of mice injected with 5 x 10°
target” or target” KP cells per mouse. After 3 weeks, mice were irradiated or not,
lymphodepleted and treated with 2.5 x 10° CAR T cells per mouse. ***P < 0.0001,
log-rank (Mantel-Cox) test. e-g, Thoracic bioluminescence kinetics (e,g) and
survival (f) of mice injected with 5 x 10° CBR-Luciferase” target* KP cells (e-g).
Mice were randomly allocated to treatment groups based on thoracic tumor
luminescence at 2 weeks after TVI of tumor cells asina and lymphodepleted and

treated with untransduced (UT) or CAR-transduced syngeneic mouse T cells.
Faint lines track tumor bioluminescence from individual mice. Median values are
inbold (n=5).*P=0.0259, log-rank (Mantel-Cox) test. h-j, Representative flow
cytometry plots (h) and numbers of DsRed* CART cells (i) or DsRed CD45'CD3"*
endogenous T cells (j) in lungs of KP19 tumor-bearing female mice 9 days after
adoptive transfer of CAR T cells. Mice inoculated with 5 x 10° target” KP lung
tumors were treated with syngeneic T cells transduced with a CAR-2A-DsRed
retroviral construct to adose of 4 x 10° CAR T cells per mouse (1 = 5 mice for 0 Gy,
n=7mice for 8 Gy). **P=0.0025 (left) and *P= 0.0177 (right), Mann-Whitney
Utest. Datarepresentative of duplicate experiments. NS, not significant.

k-m, Thoracic bioluminescence kinetics of Luciferase and CAR double-
transduced syngeneic mouse T cells (2.5 x 10° CAR T cells per mouse) injected
into mice inoculated with 5 x 10° target" orthotopic KP lung tumors as in a. Data
inkwere combined from two independent experiments (n =10 for 0 Gy,n =20
for 8 Gy).*P < 0.05; week 1, P=0.0332; week 2, P= 0.0211; week 3, P= 0.0329,
two-sided t-test. Datainl,m, n = 5. Faint lines track T cell bioluminescence from
individual mice. Median values are inbold. P=0.0190, *P < 0.05, ordinary one-
way ANOVA. n, Survival of mice injected with 5 x 10° target” KP cells followed by
indicated treatment before infusion of 2.5 x 10° CART cells per mouse (n =5 per
group). Statistical analysis conducted using a log-rank (Mantel-Cox) test.
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Fig. 2| Tumor irradiationinduces transcriptional programs and phenotype
associated with enhanced CART cell effector functions. a,b, CD8' CART
cells were sorted from single-cell suspensions of tumor-bearing lungs isolated
10-12 days after adoptive transfer (as in Fig. 1a) and individually processed for
bulk sequencing (n=5).a, Volcano plot of DEGs (FDR < 0.1and FC > 1) in CD8*
CART cells fromirradiated versus unirradiated mice. b, Heat map displaying
relative amounts of transcripts of genes clustered by expression (columns) and
mice (rows). Rows represent individual mice (n =5 mice per group). Relative
expression levels (zscores) of genes are shown, color-coded according to
legend. Asterisks indicate significant DEGs (two-sided Wald test, P < 0.05).

¢, Representative paraffin sections of KP19 tumor-bearing lungs isolated

9 days after adoptive transfer and stained for DsRed expression on CART cells
(hematoxylin counterstain). Black arrowheads indicate DsRed* CART cells.
Scalebars,100 pm. d, Quantification of intratumoral DsRed* CAR T cell density.
Each dot represents atumor nodule from representative lung sections (n=5
mice for O Gy (18 tumors), n =7 mice for 8 Gy (40 tumors)). ****P < 0.0001,

two-sided Mann-Whitney U-test. e-h, Representative cytometry plots (e,g)

and quantification (fh) of mean fluorescence intensity (MFI) of indicated

surface markers on CD8* CART cells 3 days (e,f; n = 5 mice; two-sided t-test: PD1,
P=0.0388; TIGIT, P=0.076; ICOS, P=0.0071; TIM3, P= 0.0425; LAG3, P= 0.039;
2B4, P=0.4899) or 9 days (g,h; n=5mice for 0 Gy, n =7 mice for 8 Gy; two-sided
t-test: PD1, P=0.0046; TIGIT, P= 0.003; 1COS, P=0.0005; TIM3, < 0.0001;
LAG3, P=0.0023;2B4, P=0.0491) after adoptive transfer. Data are representative
of an experiment performed in duplicate. i, CD4* CART cells were sorted from
single-cell suspensions of tumor-bearing lungs isolated 10-12 days after adoptive
transfer (as in Fig. 1a) and pooled (n = 5 mice per group) before processing for
bulk sequencing. Genes with <twofold expression between groups are shown
ingray; others are shown in black. j, Quantification of MFI of indicated surface
markers on CD4" CART cells 9 days after adoptive transfer (n = 5 mice for O Gy,
n=7mice for 8 Gy; two-sided ¢-test: PD1, P= 0.0057; TIGIT, P= 0.0042; ICOS,
P=0.0013; TIM3, P=0.0006; LAG3, P= 0.0014; 2B4, P= 0.3759).*P< 0.05,
*P<0.01
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and cell-cycle pathways (Extended Data Fig. 2b). WikiPathways ontol-
ogy terms showed significant enrichmentin ‘electron transport chain’,
aswell as enrichment of pathways involved in ‘oxidative phosphoryla-
tion’ and ‘IL-2 signaling’ (Extended Data Fig. 2c). These analyses sug-
gest that CD8" CART cells exhibit differential metabolic activity and
cytokine signalinginirradiated tumors.

We then assessed expression genes broadly implicated in T cell
immunology (Fig. 2a,b). CD8" CART cells in irradiated tumors dem-
onstrated elevated expression of the transcription factor Foxp3, pre-
viously shown to be expressed in effector CD8" T cells within human
NSCLC where it was associated with higher levels of granzymes and
effector cytokines®. Consistent with this, CD8" CAR T cells in irradi-
ated tumorswere enriched inmammalian phenotype ontology terms
involved in cytolysis (Extended Data Fig. 2d) and key effector genes
used by cytotoxic T cellstoinduce apoptosisin target cells (Prf1, Gzma,
Gzmband Rab27a) (Fig.2a,b), indicating that these cells were poised for
cytotoxic function. Moreover, the number of tumor-infiltrating CAR
T cells was fivefold greater in irradiated mice (Fig. 2¢,d), reflecting an
elevated effector-to-target ratio. Along with increased expression of
cytotoxicity-related and metabolism-related genes, this suggested that
the enhanced cytotoxicity observed in vivo (Fig. 1c,e) was not solely
because of tumor cell sensitization.

Although gene transcripts associated with T cell dysfunction
and exhaustion had variable expression (Fig. 2a,b), surface levels of
checkpoint and coinhibitory receptors were elevated on CD8* CAR
Tcellsas early as 3 days after transfer into unirradiated mice (Fig. 2e,f)
and continued to rise the following week (Fig. 2g,h). However, sur-
face levels of these receptors remained low on CART cells inirradi-
ated mice. Similarly, CD4* CART cells in irradiated mice did not vary
in levels of checkpoint or coinhibitory receptor transcripts (Fig. 2i)
but maintained low surface expression of these receptors (Fig. 2j and
Extended DataFig.2e). These datasuggest that CART cellsinirradiated
tumors downregulate coinhibitory receptors post-transcriptionally.

Anti-CSFIR preconditioning fails to enhance CART

cell efficacy

Macrophages are the predominant myeloid population within the
TME of human NSCLC? and have recently been shown to exhibit the
highest capacity for glucose uptake in tumors, exceeding that of cancer
cells and T cells on a per-cell basis”. Interestingly, 8 Gy of irradiation
reduced MERTK" macrophages by 50% (Extended Data Fig. 3a,b). As
CART cell transcriptional signatures showed enhanced metabolic
fitness (Extended Data Fig. 2a,c) and macrophages have been attrib-
uted with immune dysfunction in NSCLC"*, we hypothesized that
irradiation-induced depletion of these primary metabolic competi-
tors and immune regulators may relieve nutrient competition and
contribute to the enhanced metabolic activity and persistence of CAR
Tcellsinirradiated tumors.

To test whether targeted depletion of macrophages alone could
enhance CART cell persistence, we administered either anti-CSF1R***°
orisotype antibody before adoptive transfer of syngeneic CART cells
to mice that had established lung tumors (Extended Data Fig. 3c). Sur-
prisingly, anti-CSF1R treatment had no measurable effect on survival
of mice treated with CAR T cells (Extended Data Fig. 3d). Further-
more, anti-CSFIR treatment did not enhance CAR T cell cytotoxic-
ity (Extended Data Fig. 3e) or persistence (Extended Data Fig. 3f,g).
However, anti-CSFIR treatment was sufficient to abrogate upregu-
lation of PD1 and TIGIT on CAR T cells (Extended Data Fig. 3h), sug-
gesting that TRT may mitigate the upregulation of checkpoint and
coinhibitory markers on CAR T cells in part through depletion of
tumor-associated macrophages.

These data demonstrate that elimination of a dominant
glucose-consuming population in the TME is insufficient to enhance
CART cell therapy and the enhanced activity observed in CAR T cells
from irradiated tumors is not attributable to depletion of these

macrophages. We then pivoted to assess whether other APCs in the
TME were regulating CART cellsinirradiated tumors.

DCsarerequired for CART cells persistence

inirradiated tumors

CART cell bioluminescence remained elevated in irradiated mice for
2 months after adoptive cell transfer and increased after mice were
rechallenged with target” KP cells (Extended Data Fig. 4a). To expand
and persist, T cells require strong proliferation signals from APCs,
the most potent of which are DCs*. Furthermore, CD8" CAR T cellsin
irradiated tumors were significantly enriched for expression of CclS,
which encodes a cytokine involved in the recruitment of DCs to the
TME?? (Fig. 2a). Therefore, we hypothesized that DCs were driving the
enhanced persistence of CART cellsinirradiated tumors.

Classical DCs, comprising two distinct subsets (DCland DC2
canbedistinguished from otherimmune lineages by expression of the
transcription factor Zbtb46 (refs. 35,36). To time depletion of DCs,
we used a knock-in mouse model in which an IRES-diphtheria toxin
receptor (DTR)-mCherry cassette was knocked into the 3’-UTR of the
Zbtb46locus™®. The expression of Zbtb46 on endothelial cells* neces-
sitates the generation of Zbtb46°™ ™ bone marrow (BM) chimerasin
which DT administration does not deplete host endothelial cells or
cause lethality** but depletes DCs* (Extended DataFig. 4b,c). We used
nongenotoxic depletion of host hematopoietic stem and progenitor
cells with anti-CD117-conjugated saporin toxin® to generate Zbtb-
46°™™R BM chimeras that were theninjected with target* KP cellsand
randomized for CART cell treatment (Fig. 3a). Remarkably, sustained
depletion of DCs abolished the enhanced persistence of CAR T cells
seeninirradiated mice. By contrast, CAR T cells in unirradiated mice
declined with indistinguishable kinetics between DC depleted and
nondepleted conditions (Fig. 3a). These data suggest that CAR T cells
do not form productive interactions with DCs in unirradiated tumors
butdosoinirradiated tumors.

In addition, CD8" CART cells maintained low levels of PD1 and
TIGITinirradiated tumorswhether DCs were depleted or not (Fig. 3b,d).
Furthermore, depletion of DCs did notimpact early CART cellinfiltra-
tioninto tumors (day 9 after injection; Fig. 3¢c,e). Together, these data
suggest that DCs were not driving enhanced infiltration of CAR T cells
into irradiated tumors but were required for sustaining CAR T cells
over the following weeks.

)33,34'

Antigen-dressed DCs expand CART cells through
the chimericreceptor
Interestingly, 8 Gy of irradiationin the setting of lymphodepleting chem-
otherapy did not drastically alter the numbers (Extended Data Fig. 4d)
or transcriptional programs of DCs repopulating tumor-bearing
lungs (Extended Data Fig. 4e). To assess DC and CAR T cell interac-
tions directly, syngeneic T cells transduced with CAR-2A-mCherryNLS*
constructs were added to culture wells that contained DC1 or DC2
freshly sorted from KP tumor-bearing lungs and the number of mCher-
ryNLS" CART cells was quantified on fluorescence images taken at
serial time points thereafter (Fig. 4a,b). DCs sorted from target* KP
tumor-bearing lungs had the capacity to expand CAR T cells in cocul-
ture, while DCs sorted from target” KP tumor-bearing lungs did not
(Extended DataFig. 5a,b). Therefore, we hypothesized that target anti-
gensonDCswereactivating CART cells through the chimericreceptor.
To test the requirement of antigen recognition by the chimeric
receptor, we cocultured freshly sorted DCl1s and DC2s from target”
KP tumor-bearing lungs with syngeneic T cells transduced with either
an ‘on-target’ CAR, containing an scFv recognition domain that binds
the target antigen, or an ‘off-target’ scFv that did not (Fig. 4a,b).
The addition of DCs was not sufficient to increase CAR T cell num-
bers in the absence of target antigen recognition (off-target scFv)
but did increase numbers of on-target CAR T cells (Fig. 4b-d and
Extended Data Fig. 5a,b). Expansion of on-target CAR T cells was not
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Fig.3 | DCs arerequired for enhanced persistence of CART cellsinirradiated
tumors. a, Zbtb46°™*""® nongenotoxic BM chimeras inoculated with 7 x 10°
target” orthotopic KP lung tumors through TVl were randomized 3 weeks later
to 8 Gy of TRT or noirradiation. Cohorts were then lymphodepleted and treated
with Luciferase and CAR double-transduced syngeneic mouse T cells to a dose
0f 2.5x10° CAR T cells per mouse. To ensure sustained depletion of DCs, DT was
administered starting the day before CAR T cellinjection and every 2-3 days
after for the remainder of the experiment in the cohorts indicated. Kinetics
ofthoracic CART cell persistence by BLI were determined. Faint lines track
bioluminescence from individual mice. Median values are showninbold (n= 6
forno DT + 8 Gy, n=7for DT + 8 Gy and n =5 for 0 Gy). Day 17, P=0.0140; day 23,
P=0.0426; day 28, P=0.0182, Mann-Whitney U-test. b,d, Representative flow
cytometry plots (b) and quantification (d) of DsRed* CAR T cells in the lungs
oftarget” KP tumor-bearing mice isolated 9 days after adoptive cell transfer
and stained for expression of indicated surface markers. Zbtb46°™°™® or WT
BM chimeras were inoculated with 7 x 10° target” orthotopic KP lung tumors
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through TVIthen treated 3 weeks later with 8 Gy of TRT. Cohorts were then
lymphodepleted and treated with syngeneic T cells transduced with a CAR-2A-
DsRed retroviral construct to adose of 2.5 x 10° CAR T cells per mouse. To ensure
sustained depletion of DCs, DT was administered starting the day before CART
cellinjectionand every 2-3 days after to both groups of mice (n=5for WT + 8 Gy,
n=6for Zbtb46°™"™* + 8 Gy). Statistical analysis conducted using a two-sided
t-test. ¢, Representative paraffin sections of target* KP tumor-bearing lungs
isolated 9 days after CART cell infusion, stained for DsRed expression on CAR

T cells (example indicated by black arrowhead; hematoxylin counterstained).
Scalebars, 100 pm. e, Quantification of intratumoral DsRed* CART cell density
9 days after infusion of CAR T cells. Each dot represents a tumor nodule from
representative lung sections from representative lung sections fromn=>5

(WT +8 Gy, 33 tumors) or n = 6 (Zbtb46°™"'* + 8 Gy, 40 tumors) mice per
irradiated group (n=4-10 tumors per lung section). Bars illustrate mean values.
***P=0.0007, ordinary one-way ANOVA.

due to endogenous TCR recognition of peptide-MHC presented on
DCs, as off-target CART cells derived from the same spleen donor have
identical TCR repertoires. Therefore, these data suggested that DCs
wereactivating T cells through the chimeric receptor with CAR target
antigens obtained from tumor cells.

While transfer of cell-surface proteins between immune cells
has been reported in several contexts®®, how cell-surface proteins are
taken up and processed by DCs and the consequences of this for CAR
T cell therapy have not been established. To determine whether DCs
could obtain surface proteins directly from tumor cells, a process we
refer to as ‘antigen dressing’, we cocultured BM-derived DCs (BMDCs)
with nonenzymatically dissociated KP cells expressing human CD19
with eGFP fused to theintracellular domain (Extended Data Fig. 5¢,d).
Confocal microscopy of cocultured BMDCs visualized hCD19 and
eGFP staining colocalized with CD11c on the cell membrane (Fig. 4e
and Extended DataFig. 5e). BMDCs underwent antigen dressing from
irradiated hCD19-eGFP* KP cells after only 15 min of coculture. Tumor
cell irradiation increased antigen dressing of hCD19-eGFP onto
BMDCs after 2 h of coculture (Fig. 4f). Interestingly, trypsinization of
irradiated tumor cells before coculture abrogated antigen dressing

(Extended Data Fig. 5f), suggesting that trypsin-sensitive moieties
on tumor cells provide substrates for transfer of antigen to BMDCs.
BMDC antigen dressing of hCD19-eGFP* KP cells irradiated with a
2-Gy dose was comparable to tumor cellsirradiated with an 8-Gy dose
(Extended Data Fig. 5g). Together, these data suggest that antigen
dressing can occur through trogocytosis of surface proteins within
minutes of conjugate formation between live cells, in contrast to phago-
cytosis and internalization that takes place over hours™,

To detect DC antigen dressing in vivo, we injected mice with
hCD19-eGFP* KP cells (Extended Data Fig. 5c,d). Surface staining
of live singlets with anti-hCD19 antibody revealed a clear shift in
eGFP-positive DCs compared toisotype-stained samples (Fig. 4g), dem-
onstrating that DCs undergo antigen dressing of tumor-derived surface
antigensin vivo.

We also observed antigen dressing onto macrophages (Extended
Data Fig. 5h). Although macrophages are also professional APCs,
they failed to expand mCherryNLS" CAR T cells in ex vivo cocultures
(Extended DataFig. 5i,j). This finding suggests that the identity of the
target cell dictates the fate of the CART cell effector, leading us to ques-
tion whether other professional APCs, namely B cell lineages, could
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by target” KP tumors. b, Representative x10 widefield fluorescence images of
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CART cells to CD11b*XCR1™ DC2s. Data representative of two independent
experiments. Cells were cultured in DC medium supplemented with FLT3L.

c,d, CART cell numbers counted over four x10 widefield fluorescence images
taken per replicate well at successive time points after addition of off-target (left)
oron-target (right) CART cells to DC2 (c) or DCl1s (d). Each faint line represents
the change in number of CART cells per replicate well from baselineatt=0(n=5
technical replicates per mouse). DCs sorted from two mice. Median values are
inbold. Datarepresentative of three independent experiments. e, BMDCs unfed
at steady state or cocultured with hCD19-eGFP*KP cellsirradiated with 8 Gy
for1h were stained with anti-CD11c, anti-GFP and anti-hCD19. Scale bars, 5 pm.
Datarepresentative of 14 images of BMDCs, showing surface colocalization of
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f, Representative flow cytometry plots gated on CD45"MHCII'CD11c* BMDCs
cocultured for 15 or 120 min with nonenzymatically dissociated hCD19-eGFP
fusion-expressing KP cell lines that were irradiated or not (24 h before) and
stained for surface positivity of hCD19-eGFP fusion protein with anti-hCD19.
Data representative of two independent experiments (two BM donor mice per
BMDC preparation for each of two independent experiments). g, Representative
flow cytometry plots of DC1and DC2 isolated from hCD19-eGFP* KP tumor-
bearing mice stained for surface positivity of hCD19-eGFP fusion protein with
anti-hCD19 or isotype antibody. hCD19-eGFP* KP cells were injected via TVIand
allowed to grow for 4 weeks before isolation. Gating strategy shown in Extended
Data Fig. 5h. Datarepresentative of n = 4 tumor-bearing mice. h, h1928C-2A-
mCherryNLS CART cell numbers counted over four x10 widefield fluorescence
images taken per replicate well at successive time points following addition to
wellsinal:1E:Tratio withhCD19" A20 B cell lymphoma or KP adenocarcinoma.
BALB/c-derived CART cells were used in A20 cocultures; C57BL/6 cells were
used in KP cocultures. Each faint line represents the change in number of CAR

T cells per replicate well from baseline at ¢ = 0 (n = 5 technical replicates). Data
representative of two independent experiments.
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Fig. 5|Sustained CART cell activity required for durable control of irradiated
tumors. a-e, Batf3”7 miceinoculated with 5 x 10° target* orthotopic KP lung
tumors through TVIwere randomized 3 weeks later to 8 Gy of TRT or no
irradiation. Cohorts were then lymphodepleted and treated with syngeneic T
cells transduced with a CAR-2A-DsRed retroviral construct to a dose of 4 x 10°
CART cells per mouse. a, Representative paraffin sections of tumor-bearing
lungs stained for DsRed in adoptively transferred CART cells (selected example
indicated by black arrowhead; hematoxylin counterstain). Tumor-bearing lungs
wereisolated 9 days after CAR T cell transfer for histologic analysis. Scale bar,
100 um. b, Quantification of intratumoral DsRed* CAR T cell density. Each dot
represents a tumor nodule from representative lung sections fromn = 5(0 Gy,
30 tumors) or n =6 (8 Gy, 16 tumors) mice (n =4-10 tumors per lung section).
****pP < 0.0001, Mann-Whitney U-test. ¢,d, Representative H&E images (c) and
quantification (d) of tumor-bearing lungs of mice on day 9 after CAR T cell
therapy. Quantification of the tumor area as a percentage of the total area of

the lung cross-section (right) is shown (n = 5for 0 Gy, n = 6 for 8 Gy).*P=0.0177,
two-sided t-test. Scale bar,1 mm. e, Kinetics of Luciferase* KP19 thoracic tumor
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bioluminescence. Male mice were randomly allocated to 8 Gy of TRT or no
irradiation treatment groups on the basis of thoracic tumor luminescence

at 2 weeks following TVI of tumor cells asina and then lymphodepleted and
treated with CAR-transduced WT male C57BL/6 T cells. Faint lines track tumor
bioluminescence from individual mice. Median values are showninbold (n=5
for 0 Gy, n =7 for 8 Gy). Statistical analysis conducted using a two-sided t-test.
f, Quantification of DsRed* CAR T cells in the lungs of KP19 tumor-bearing mice
isolated 9 days after adoptive transfer of CAR T cells (n = 5 mice). Statistical
analysis conducted using a two-sided ¢-test. g, Kinetics of CART cell persistence
by thoracic bioluminescence (left) and survival (right) in Batf3” mice. Batf3"~
miceinoculated with 5 x 10° target” orthotopic KP lung tumors through TVI
were randomized 3 weeks later to TRT or noirradiation. Cohorts were then
lymphodepleted and treated with Luciferase and CAR double-transduced
syngeneic mouse T cells to a dose of 2.5 x 10° CAR T cells per mouse (n=5).
Faintlines track CAR T cell bioluminescence from individual female mice.
Median values are shown in bold. Results are representative of two experiments
reproduced in male and female cohorts.

expand CART cells. Syngeneic mCherryNLS" CAR T cells expanded
when targeted to hCD19* A20 B cell lymphomas but not hCD19" KP
adenocarcinomas (Fig. 4h), suggesting that B cell lineages also harbor
additional stimulatory signals that canexpand CART cells. These data
may explain in part the durable persistence of B cell-targeted CAR
T cellsin the absence of tumor irradiation.

Sustained CART cell activity required for durable control of
irradiated tumors

Antigen dressing was detectable on DC1 (Fig. 4g) that expanded CAR
Tcellstoalesser degree than DC2 (Fig. 4c,d and Extended DataFig. 5a,b).
However, DC1 has a critical role for cytotoxic T cell immunity*~*.
Therefore, we tested whether irradiation would enhance CAR T cell
efficacy in mice deficient for the transcription factor Batf3 and lack
DC1s*. Once again, the numbers of tumor-infiltrating DsRed” CAR
T cells were increased (Fig. 5a,b) and tumor burden was reduced in
irradiated Batf3” mice (Fig. 5c,d). However, bioluminescenceimaging
(BLI) of thoracic tumor revealed that this reduction was not sustained
(Fig. 5e). Critically, irradiation did not affect CAR T cell persistence
or survival of irradiated Batf3” mice (Fig. 5f,g). These data demon-
strate thatsensitization of tumors to cytotoxicity by irradiation is not
sufficient to control solid tumors and highlight the requirement for
sustained activity of CART cells.

Irradiation enhances CAR T cell expansion in tumors but not
adjacent normal tissue

The enhanced expansion of CART cells inirradiated tumors raised
the concern that irradiation might also increase CAR T cell numbers
in normal tissues expressing the target antigen, thereby exacerbat-
ing on-target, off-tumor toxicity. To test this, we generated 28-based
mouse CAR constructs with an scFv specific to endogenously expressed
tumor antigens (Extended DataFig. 6a,b). We selected CAR target anti-
gens with varying abundance in the stromal tissue of mouse lungs,
ranging from asmall fraction to the majority (Fig. 6a,b). The disialogan-
glioside GD2, expressed on melanoma, neuroblastomaand glioma*>*?,
was detectable on 1% of stromal cells (high tumor selectivity). By con-
trast, epithelial celladhesion molecule (EpCAM), expressed highly on
normal epitheliaand epithelial-derived carcinomas****, was found on
37% of stromal cells (lower tumor selectivity).

Mice harboring advanced B16-F10 melanoma or KP adenocarci-
noma lung metastases wererandomized to TRT or left unirradiated and
treated with GD2 CAR T cells (B16-F10 tumor-bearing mice; Fig. 6¢c-g
and Extended Data Fig. 6e) or EpCAM CART cells (KP tumor-bearing
mice; Fig. 6h-1and Extended Data Fig. 6f) and harvested 9 dayslater. As
withhCD19 28T CART cells (Fig. 1), irradiation increased intratumoral
CART cellnumbers and reduced tumor burden when targeted to GD2
(Fig. 6¢-e) or EpCAM-expressing tumors (Fig. 6h-j), demonstrating
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Fig. 6 | Robust efficacy of CART cells targeted to endogenous antigens
onirradiated tumors. a,b, Representative flow cytometry plots (a) and
quantification (b) of single-cell suspension of non-tumor bearing WT lungs
stained for markersindicated (n=>5).***P < 0.0001, ordinary one-way ANOVA.
c-g, C57BL/6 mice inoculated with 1 x 10° B16-F10 melanoma cells through TVI
were randomized 3 weeks later to 8 Gy of TRT or no irradiation. Cohorts were
then lymphodepleted and treated with syngeneic T cells transduced with GD2
CAR-2A-DsRed retroviral construct to a dose of 3 x 10° CAR T cells per mouse
and lungs wereisolated 9 days after CART cell transfer. ¢, Representative H&E
sections of tumor-bearing lungs. Right, quantification of the tumor areaasa
percentage of the total area of the lung cross-section. Each dot represents a
mouse (n =9-10 mice per group at time of CAR T cell injection, butonlyn=6
mice in the unirradiated group survived until the time of tissue isolation; n =10
for 8 Gy).*P=0.0302, two-sided ¢-test. Scale bars,1 mm. d,e, Representative
paraffin sections (d) and quantification (e) of B16-F10 melanoma-bearing lungs
stained for DsRed expression on GD2 CART cells (dots represent density in tumor
nodules from representative lung sections; n = 4-10 tumors per lung section;
n=6for0 Gy (19 tumors), n=10 for 8 Gy (21 tumors)). *P = 0.0227, two-sided
t-test. f,g, Representative paraffin sections (f) and quantification (g) of DsRed”
GD2 CART cellsin uninvolved lung parenchyma of B16-F10 melanoma-bearing
lungs (dots represent cell numbers per nontumorous sample area per section;
n=6for0 Gy, n=10 for 8 Gy). Statistical analysis conducted using a two-sided
t-test. DsRed expression on GD2 CART cells is shown (hematoxylin counterstain).
Arrowheads indicate DsRed" CAR T cells. Scale bars, 100 pum. h-1, C57BL/6 mice
inoculated with 5 x 10° KP lung tumors through TVl were randomized 3 weeks
later to 8 Gy of TRT or noirradiation. Cohorts were then lymphodepleted

and treated with syngeneic T cells transduced with EpCAM CAR-2A-DsRed
retroviral construct to adose of 3 x 10° CAR T cells per mouse and lungs were
isolated 9 days after CART cell transfer. h, Left: representative H&E sections

CART cell injection CART cell injection

of tumor-bearing lungs of mice on day 9 after CART cell therapy. Scale bars,

1 mm. Right: quantification of tumor area as a percentage of the total area

of thelung cross-section. Each dot represents amouse (n = 6).*P=0.0450,
two-sided ¢-test. i,j, Representative paraffin sections (i) and quantification (j)

of KP tumor-bearing lungs stained for DsRed expression on EpCAM CART cells
(dots represent density in tumor nodules from representative lung sections
from n = 6 mice per group (0 Gy, 63 tumors; 8 Gy, 33 tumors; n =4-10 tumors
perlungsection)). *P=0.0131, two-sided t-test. k,I, Representative paraffin
sections (k) and quantification (I) of DsRed” EpCAM CAR T cells in uninvolved
lung parenchyma in KP tumor-bearing lungs (dots represent cell numbers per
nontumorous sample area per section; n = 6 mice). Statistical analysis conducted
using atwo-sided ¢-test. DsRed expression on EpCAM CAR T cellsis shown
(hematoxylin counterstain). Arrowheads indicate DsRed” CART cells. Scale bars,
100 pm. m-0, hCD19°EpCAM" Luciferase® KP lung-tumor-bearing mice were
randomized to irradiation or left unirradiated and then randomized to treatment
with3 x10° CART cells targeted to either hCD19 or to EpCAM. Thoracic tumor
bioluminescence kinetics (m), survival (n) and normalized body weight (o) after
treatment with CAR T cells as indicated (n =9 for O Gy, n =10 for 8 Gy). Faint lines
track values fromindividual mice. Median values shownin bold.**P=0.0028,
log-rank (Mantel-Cox) test. p, Kinetics of EpCAM CAR T cell persistence by
thoracic bioluminescence in C57BL/6 mice inoculated with 5 x 10° orthotopic

KP lung tumors through TVIand then randomized 3 weeks later to indicated
treatment. The oxaliplatin/cyclophosphamide (Ox/CP) group was treated with
2.5 mg kg oxaliplatin and 150 mg kg™ cyclophosphamide 3 days before CAR
Tcells. Irradiation was delivered 7 days before CAR T cells. Cohorts were then
treated with Luciferase and CAR double-transduced syngeneic mouse T cellsto a
dose of 2.5 x10° EpCAM CAR T cells per mouse (n =5 per group). Faint lines track
CART cell bioluminescence from individual mice. Median values shown in bold.
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the robustness of these effects across distinct cancer histologies and
antigen classes.

Notably, despite 37-fold more EpCAM™ than GD2" cells in nor-
mal lung tissue (Fig. 6a,b), the numbers of GD2-targeted and EpCAM-
targeted CART cells in normal lung parenchyma remained equiva-
lently lowinbothirradiated and unirradiated mice (Fig. 6f,g,k,1). These
datademonstrate thatirradiation drives potent CAR T cell expansion
selectively withinthe TME, even when the target antigen is abundantly
present on adjacent healthy tissue.

Irradiation widens the therapeutic window of CAR T cell therapy.
The differential expansion of CAR T cells inirradiated tumor suggested
thatirradiation could enhance efficacy without proportionally increas-
ing toxicity. To test this directly, we compared hCD19 CAR or EpCAM
CART cellsin a head-to-head experiment. These CAR constructs had
equivalent cytotoxicity against hCD19"EpCAM* KP adenocarcinoma
cellsinvitro (Extended Data Fig. 6b). Because severe pulmonary toxic-
ity was previously observed in mice treated with 10 x 10°but not 3 x 10°
EpCAM CAR T cells*®, we evaluated whether irradiation increased
toxicity at thislower dose. Tumor-bearing mice were treated with either
8 Gy of TRT or left unirradiated before adoptive transfer of syngeneic
hCD19 or EpCAM 28{ CART cells.

Irradiated mice showed apronounced and sustained reductionin
tumor bioluminescence after treatment with EpCAM 28C CART cells
(Fig. 6m), producing survival curves that overlapped with those of
irradiated mice treated withhCD19 28T CARTT cells (Fig. 6n). However,
EpCAM 287 CART cells had no antitumor effect in unirradiated mice.
Critically, despite enhanced efficacy, irradiated mice treated with
EpCAM28C CART cellsshowed noincrease in weight loss compared to
unirradiated controls or to mice receiving the same dose of hCD19 28(
CART cells (Fig. 60) and no acute lethality was observed. These data
demonstrate thatirradiation widens the therapeutic window for CAR
T cells targeted to endogenously expressed target antigens.

In non-tumor-bearing mice, CD8" CAR T cells targeting
endogenous antigens exhibited PD1 and coinhibitory receptor
expression that scaled with antigen prevalence on lung stroma
(Extended Data Fig. 6c,d). This correlation suggested that chronic
antigenencounter in normal tissues might drive exhaustion and impair
CART function against low-selectivity targets. For GD2, a highly selec-
tive tumor antigeninlung, irradiated mice showed reduced PDI'TIGIT*
staining compared to unirradiated mice (Extended Data Fig. 6e), mir-
roring the findings seen when the target antigen was hCD19 (Fig. 2g,h).
Interestingly, EpCAM CART cells displayed elevated staining of these
markersinirradiated KP tumor-bearing mice (Extended Data Fig. 6f),
yet the strategy improved tumor control. Collectively, these findings
demonstrate the robustness of this combination therapy in targeting
antigens with varying levels of tumor selectivity.

To further contextualize our findings in clinically relevant settings,
we tested whether three fractions of 4 Gy of TRT (totaling 12 Gy, with a
biological effective dose (BED) of 28 Gy for /8 = 3, comparable to the
BED 0f29.3 Gy for asingle fraction of 8 Gy) or 2 Gy of TBI could sustain
CART celllevels. We also evaluated oxaliplatin and cyclophosphamide,
animmunogenic chemotherapy regimen previously shown toenhance
CART cell efficacy against lung tumors*, to determine its effect on CAR
Tcell persistence. Interestingly, three fractions of 4 Gy led to adelayed
increased in EpCAM CART cell levels, whereas oxaliplatin and cyclo-
phosphamide did not (Fig. 6p). These dataindicate that focal high-dose
irradiation regimens can enhance CAR T cell efficacy and additional
optimization may adapt this strategy to various clinical scenarios.

Discussion

Despite the transformative impact of immunotherapies, meta-
static solid tumors remain the primary driver of cancer mortality
worldwide*®*°, Extensive disease is amajor negative prognostic factor
forresponsetoboth checkpoint blockade and cellularimmunotherapy.

Larger tumors impair immune responses*, with both preclinical and
clinical studies demonstrating reduced effectiveness of PD1blockade™
and cellular therapies against bulky disease™*, Participants enrolledin
CART celltrials for solid tumors typically have extensive disease and, to
date, this promising technology has not achieved the same outcomes
as CD19 CART cell therapy for B cell malignancies.

Here, we resolve how distinct effects of tumor irradiation over-
come key barriers to CAR T cell therapy in orthotopic mouse mod-
els of extensive metastatic lung adenocarcinoma and melanoma.
Our data support an updated radiobiological model in which irra-
diation acts through interconnected mechanisms. First, irradia-
tion conditions tumor cells for antigen transfer to DCs (Fig. 4f and
Extended Data Fig. 5f). Second, irradiation licenses productive
DC-CART cell engagement: DC depletion impacted CAR T cell per-
sistence only inirradiated tumors (Fig. 3a), indicating that thisinter-
action is functionally absent without irradiation. Third, CART cells
expanded selectively withinirradiated tumors but notinadjacent nor-
maltissue where the same antigen was widely expressed (Fig. 6f,g,k,1),
suggesting that differential effects of irradiation on tumor versus
normal tissue drive spatially restricted DC:CAR T cell organization.
Critically, sustained CAR T cell persistence required an intact DC
compartment. In its absence, tumors relapsed despite strong initial
responses (Figs. 3a and 5e-g), underscoring that durable tumor con-
trol depends on DC-mediated immune conditioning.

Unexpectedly, DCs engaged CAR T cells through the chimeric
receptor. We show that DCs acquire intact surface antigens from tumor
cellsthrough atrogocytic process of antigen dressing. As professional
phagocytes, DCs express diverse families of receptors that recognize
damaged and dead cells (adhesion receptors, TAM and scavenger
receptors and C-type lectin receptors) that may contribute to antigen
dressing and we do not exclude processes other than trogocytosis
that may contribute to the display of native tumor antigen on DCs.
Tumorirradiation facilitated engagement of antigen-dressed DCs with
CART cells, as this interaction was not evident in unirradiated mice.
Antigen-dressed DCs were found in tumor-bearing lungs, suggesting
that these cells engage CAR T cells in the vicinity of lung tumors, in
contrast to vaccination-based approaches thatlabel DCsinthe lymph
nodes with target antigens and expand CAR T cells systemically'>".

Interestingly, while B cell lymphoma could also expand CART cells,
antigen-dressed macrophages did not, demonstrating that the nature
ofthe target cell canimpact the fate of the effector. This likely reflects
animmunoregulatory bias of these macrophage subsets, as CART cells
targeting F4/80" macrophages are cleared from circulation within
10 days of infusion®. Moreover, these findings offer an additional
explanation for the striking disparity inoutcomes of CART cell therapy
between B cell cancers and solid tumors and posit that the success of
second-generation CARs against solid tumors may be contingent on
harnessing DC-derived signals.

While further studies are needed to optimize this strategy for
the clinic, our data provide important guideposts. Low doses of focal
irradiation or TBI did not enhance CAR T cell persistence in our mod-
els of extensive lung metastases. Although prior work has shown that
low-dose local radiotherapy® or low-dose TBI?? can enhance CAR T cell
efficacy against hematologic cancers in mouse models and although
there is an active clinical trial investigating low-dose radiotherapy
to bridge participants to CAR T cells for persons with large B cell
lymphoma®*, our data and prior work® suggest that low-dose radio-
therapy may not work in the context of histologies such as NSCLC or
melanoma, whichare amongst the most radioresistant®, in contrast to
lymphoid lineages, which are radiosensitive’ (Extended Data Fig. 1j).
These findings suggest that the capacity of radiation to facilitate
DC-CART cell interactions is a distinct radiobiological endpoint.
Hypofractionated conformal regimens may be ideally suited to achieve
thisinindividuals. Whether radiotherapy parameters should be opti-
mized for immune conditioning warrants prospective investigation.
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To irradiate the widely disseminated advanced lesions in our lung
metastasis model, we used anterior-posterior fields to treat the bilat-
erallungs with doses not associated with radiation-induced pulmonary
toxicity in mice or nonhuman primates'®, However, recent data suggest
that tumor-directed hypofractionated radiotherapy is sufficient to
enhance immunotherapy for NSCLC***. Thus, while not specifically
tested in our study, we speculate that conformal tumor-directed radio-
therapy that spares uninvolved tissue can achieve the same effects
reported here and mitigate risks of pulmonary toxicity.

The role of the endogenous T cell compartment in support-
ing a CART cell response has been reported in certain contexts in
individuals®®° and in preclinical models?*® and it is interesting
to speculate whether endogenous T cells contribute to CAR T cell
treatment of irradiated tumors. However, we found that endoge-
nous T cell numbers were decreased in both lungs and lymph nodes
of irradiated mice compared to unirradiated controls (Fig. 1j and
Extended Data Fig. 1i). Moreover, a comparison of survival curves
from irradiated KP lung-tumor-bearing mice treated with nontar-
geted CART cells (Fig. 1d) versus those that received irradiation alone
(Extended DataFig. 1l) indicates thatendogenous T cell responses did
not significantly impact tumor controlin this context and in this model,
whether tumors expressed hCD19 or not.

Critically, a prospective randomized trial found that 12 Gy of TBI
with autologous CD34" hematopoietic stem cell rescue in addition to
nonmyeloablative chemotherapy did notimprove CRrates of TIL ther-
apy for participants with metastatic melanoma®*. As tumor-directed
radiotherapy can spare the BM and minimize disruption of myelopoie-
sis, in contrast to systemic genotoxic agents or TBI, it may be better
suited to maintain the conditions that generate theimmune cascades
for tumor clearance. Intratumoral DCs acutely decline by more than
80% after 4-12 Gy of irradiation and then normalize within 6 days**“.
Therefore, CAR T cells infused 7 days after irradiation encounter
tumors with restored DC populations'®***” (Extended Data Fig. 4d,e).

Other pleiotropic effects of irradiation including altered tumor
metabolic activity are not excluded. Doses of radiotherapy > 5 Gy
reduce tumor uptake of tracer-labeled glucose 5-6 days after
irradiation®®®’, These data suggest that tumor metabolic activity is
significantly reduced at the time that we administer CART cells. The
upregulation of metabolic pathwaysin CAR T cellsinirradiated tumors
(Extended DataFig. 2a,c) may reflect increased availability of glucose,
fatty acids’® and other metabolites inirradiated tumors. Further study
of the metabolic impact of irradiation on tumor may aid the effective
clinical translation of this approach, for example, whether alterna-
tive hypofractionated regimens that achieve equivalent metabolic
endpointsto asingle 8Gy fraction might yield comparable therapeutic
effects. Notably, recent work demonstrated that ultrahigh-dose-rate
(>80 Gy s™) radiotherapy enhances CAR T cell efficacy through
macrophage-centered metabolic reprogramming’”, although durable
CART cell persistence was not observed. The sustained CAR T cell num-
bers seen here with conventional dose rates (2.1 Gy min™) may reflect
the inclusion of lymphodepleting chemotherapy in the conditioning
regimen, as well as the distinct immune microenvironments of brain
versus lung tumors.

Thelack of persistence in Batf3” mice despite equivalentirradia-
tion highlights the primacy of DC-mediated immunology to the find-
ings presented. However, DC-mediated activation of T cells increases
their metabolic demands’?and the metabolic gene signatures observed
in CART cells fromirradiated tumors may, therefore, reflect the down-
stream consequences of sustained DC engagement rather than an
independent effect of irradiation on nutrient availability. Consist-
ent with this interpretation, depletion of macrophages, a dominant
glucose consumer in the TME, was insufficient to enhance CAR T cell
persistence (Extended Data Fig. 3). Instead, irradiation may create a
metabolically permissive microenvironment thataccommodates the
heightened demands of DC-activated CAR T cells.

While our data establish that DCs are required for sustained
CAR T cell persistence in irradiated tumors, the precise signals
that DCs provide beyond antigen display remain to be defined.
Second-generation CARs incorporate costimulatory domains, yet
the failure of antigen-dressed macrophages to expand CAR T cells
(Extended Data Fig. 5h,i) suggests that additional DC-specific sig-
nals arerequired. Several nonmutually exclusive possibilities include
DC-specific costimulatory ligands or cytokines that integrate with
CAR signaling to sustain proliferation. Moreover, the differential
contributions of DC subsets merit consideration; while DC2 drove
greater CART cell expansion ex vivo (Fig. 4c,d), DC1 was essential for
durable persistence in vivo (Fig. 5f,g), suggesting that these subsets
provide complementary signals. We also cannot exclude contributions
from other cell types. For example, the enrichment of IL-2 signaling
pathways observed in CAR T cells from irradiated tumors (Fig. 2b
and Extended Data Fig. 2c) implicates this essential axis, potentially
through autocrine or paracrine signaling. Future studies (CRISPR
screening and RNA sequencing) may further elucidate DC-specific
signals driving the effects reported here.

In conclusion, we demonstrate the robustness of this approach
targeting both protein and ganglioside antigens with low or high
selectivity for tumor. By locally amplifying CAR T cell effects without
proportionally increasing toxicity in normal tissues, tumor irradiation
may widen the therapeutic window, offering a path toward effective
CART cell therapy for solid malignancies.

Methods

Allanimal procedures were approved by the Institutional Animal Care
and Use Committee (IACUC; protocol no. TR202500000026) of the
Icahn School of Medicine at Mount Sinai. Mice within experiments were
matched by age and sex. Irradiation experiments requiring randomiza-
tion of mice were performed with female mice. All studies performed
on mice were conducted in accordance with the IACUC at the Icahn
School of Medicine at Mount Sinai.

Mouse strains

Mice (6-12 weeks of age at the start of experiments) were used fol-
lowing a protocol approved by the Mount Sinai IACUC. Mice were
maintained at specific-pathogen-free health status in individually
ventilated cages at 21-22 °Cand 39-50% humidity. C57BL/6) (000664),
BALB/cJ (000651), B6(Cg)-Zbtb46 ™ HBEChMnz/y (7pth46-DTR; 019506),
CD45.1C57BL/6)-Ptprc™“=/} (033076) and B6.129S(C)-Batf3™kmm/)
(013755) mice were purchased from The Jackson Laboratory. WT
C57BL/6, CD45.1, Zbtb46°™P™® and Batf3”~ mice were either bred
at the Icahn School of Medicine at Mount Sinai or purchased from
The Jackson Laboratory and housed for a minimum of 7 days before
experimental use.

Celllines and culture conditions

KP (from the M.M. lab) and A20 (American Type Culture Collection
(ATCC), TIB-208) cell lines were transduced to express CAR target
antigen human CD19 using vesicular stomatitis virus glycoprotein G
(VSV-G) pseudotyped lentiviral supernatants derived from 293T cells
transfected with self-inactivating lentiviral transfer plasmid (pLM
backbone)”. Stably transduced cells were single-cell-sorted to gener-
ate clonal cell lines before use in mice. KP19 clonal lines and B16-F10
melanoma cells (ATCC, CRL-6475) were transduced with eGFP-
CBR-Luciferase retroviral vectors to generate CBR-Luciferase” KP19
or B16-F10 cells. Cells were tested for Mycoplasma using PCR of DNA
extracts fromlysed cell pellets (forward primer sequence, CGCCTGAG-
TAGTACGTTCGC; reverse primer sequence, GCGGTGTGTACAAGACC-
CGA). Gel electrophoresis was used to visualize which PCR products
came from Mycoplasma-positive and Mycoplasma-negative cells.
Mycoplasma-negative cells were expanded and batches were frozen
for future use.
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Mouse tumor models

To model primary lung adenocarcinoma, mice were intravenously
(i.v.) injected through the tail vein with KP engineered to express
human CD19 (KP19), KP cells expressing both human CD19 and
eGFP-CBR-Luciferase (CBR-Luciferase® KP19) or KP cells expressing
ahuman CD19-eGFP fusion protein (5 x 10°-7 x 10° cells per mouse in
200 pl of PBS). KP cells were grown in complete cell culture medium
(DMEM +10% FBS +1% penicillin-streptomycin + 2 mM glutamine)
and were detached for use at 70% confluence using 0.25% trypsin.
The tumor cells were originally derived from KP mice”™ generated by
crossing LSL-Kras®?™* mice (The Jackson Laboratory) with Trp53"mice
(TheJackson Laboratory).Inallin vivo experiments, mice were blindly
randomized before allocation to treatment groups as noted in the
figure legends and below. This was achieved by pooling and then ran-
domly separating mice into new cages. This allocation occurred at the
2-week time point following TVI of tumor cells before randomization
totreatment groups. Intumor bioluminescence tracking experiments,
outliers, if present, were reallocated to ensure equal means of tumor
bioluminescence. Tumor quantification was performed on hematoxy-
linand eosin (H&E)-stained slides of formalin-fixed paraffin-embedded
4-umlungtissue sections. Slides were scanned using an Olympus digital
scanner and analyzed using the Panoramic viewer and QuPath software.
As this study uses an orthotopic lung metastasis model, tumor and
size could not be measured by external caliper. Tumor burden was
monitored by weekly BLI when possible. Mice were monitored daily
for signs of morbidity. Humane endpoints, as defined by the IACUC of
thelcahnSchool of Medicine at Mount Sinai, included body weight loss
exceeding 20% of pretreatment weight, labored breathing or respira-
tory distress, hunched posture, reduced mobility, failure to groom or
body conditionscore of 2 or below”. Mice meeting any of these criteria
were killed by CO, inhalation.

TRT

Mice were deeply anesthetized using intraperitoneal injection of a
mixture of ketamine (100 mg kg™) and xylazine (10 mg kg™). Anes-
thetized mice were placed supine on an aluminum shelf plate under a
cone-shapedirradiation fieldinaRS2000 small animalirradiator (Rad
Source Technologies) that delivered 160 kV photons at 25 mA, with a
doserate of 2.1Gy min™.

Mice were treated with a half-beam block technique eliminating
divergence into the neck superiorly. Radiation was delivered to the
thorax through an aperture formed between two 2-mm lead sheets
suspended above the mice, which shielded the head and neck superior
to the apex of the thorax and tissues inferior to the xiphoid process.
Following irradiation, mice were kept warm under a heat lamp and
monitored untilambulatory.

Lentiviral vector construction, production and transduction

of cell lines

Transfer lentiviral plasmid was generated by cloning target sequences
using standard molecular biology techniques into a self-inactivating
lentiviral plasmid (pLM backbone)”. Human CDI9 cDNA was cloned
in pLM-lentiviral vector backbone under the control of the PGK pro-
moter. The hCD19-eGFP fusion was generated by fusing the eGFP
sequence at the C terminus of CD19 using a GS linker and cloned into the
pLM-lentiviral vector backbone as described previously®'. VSV-G pseu-
dotyped lentiviral supernatants derived from transfected 293T cells
(ATCC, CRL-3216) were used to transduce KP cells (see above) to gene-
rate KP19 cells expressing human CD19. Transduction was performed
insix-well plates containing 4 ng ml™ polybrene.

Genetic modification of T cells

Plasmids encoding the SFGy retroviral vector’”” were prepared
using standard molecular biology techniques as described previ-
ously’®. VSV-G pseudotyped retroviral supernatants derived from

transduced gpg29 fibroblasts (H29) were used to construct stable
retroviral-producing cell lines as described previously®*7®,

SFG-h1928C comprises an scFv specific for human CD19 derived
from the heavy chain (VH) and light chain (VL) variable regions from
hybridomacellline SJ25C1, which was cloned into an all-murine CD28/
CD3C-based CAR SFG construct. The SFG-m1928C construct comprises
a scFv specific for the mouse CD19 derived from the VH and VL chain
variable regions from hybridoma cell line 1D3 as previously described”.
To generate EpCAM CAR, an EpCAM-specific scFv, G8.8, was synthe-
sized in VH-VL format with an N-terminal mouse CD8a signal peptide
and MYC tag and cloned into the mouse CD28/CD3¢-based CAR SFG
construct. This design was also applied to generate GD2 and CD105
CAR, whereby scFvs specific to these antigens were synthesized in
VH-VL format on the basis of published sequences of monoclonal
antibody 14G2a (ref. 80) and M)7/18 (ref. 76), respectively, and cloned
into an all-murine CD28/CD3{-based CAR SFG construct.

The scFv regions are preceded by a mouse CD8A leader peptide
and followed by the Myc tag sequence (EQKLISEEDL), mouse CD28
transmembrane and intracellular domains and mouse CD3intracellu-
lar domain®. The SFG-CAR-2A-DsRed and SFG-CAR-2A-mCherryNLS
vectors were constructed by Gibson assembly of the CAR gene without
the stop codonto DsRed or mCherryNLS with a P2A self-cleaving pep-
tide sequence (GSGATNFSLLKQAGDVEENPGP)®'.

Spleens from killed 6-week-old mice were crushed and strained,
the red blood cells (RBCs) were lysed and T cells were enriched by
negative selection using the PanT CellIsolation Kit II, mouse (Miltenyi
Biotec). Cells were then expanded in vitro by culturing in RPMI11640
(Gibco, 11875093) supplemented with FBS (10%), penicillin-strep-
tomycin (100 U per ml), sodium pyruvate (1 mM), HEPES (10 mM),
B-mercaptoethanol (Gibco, 21985-023), MEM nonessential amino
acids (13; Gibco, 11140050), 50 IU of recombinant human IL-2 (Pep-
rotech, 200-02) and anti-CD3/28 Dynabeads (Life Technologies)
at abead-to-cell ratio of 1:2. Then, 24 h after initiating T cell activa-
tion, T cells were transduced with retroviral supernatants by cen-
trifugation on RetroNectin-coated plates (Takara), as described
previously®. Transduction efficiencies were determined 4 days later
by flow cytometry and CARs were injected into tumor-bearing mice
or used for in vitro experiments. For T cell imaging studies, mouse
T cells were also transduced with retroviral supernatants encoding
SFG-GFP-CBR-Luciferase*®.

BLI and quantification

For bioluminescence tumor studies, mice were inoculated i.v. with
5x10° CBR-Luciferase" KP19 tumor cells on day 0 and imaged weekly
until mice reached humane endpoints.

For tracking of CBR-Luciferase” CART cells, mice inoculated with
KP19 tumor cells 3 weeks beforehand were randomized to treatment
groups before undergoing lymphodepletion and i.v. injection of
CBR-Luciferase® CAR T cells.

Cohortswere thenimaged 3 days afteri.v. CART cellinjections and
weekly thereafter until mice reached humane endpoints.

Mice wereinjected with 1.5 mg of Luciferindilutedin PBSper20 g
ofbody weight through retro-orbitalinjectionand imaged immediately
after. BLI was performed using the Xenogen in vivo imaging system
(Xenogen) with Living Image software (Xenogen). Acquisition of imag-
ing datasets was conducted to guarantee equal tumor burden of mice
at the time of treatment. Mice were then randomized into different
treatment cohorts before CAR T cell therapy.

Cytotoxic lymphocyte assay

A total of 50,000 GFP-Luciferase-expressing clonal target” KP cells
or B16-F10 melanoma cells were trypsinized and added to 96-well
clear-bottom plates containing serial dilutions of CAR T cells and
cocultured for 18 h after a brief centrifugation at 300g for 1 min.
Then, 0.15 mg Luciferin in PBS was added to cocultures immediately
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before acquisition of luminescence on plate reader. For irradiation
of cell lines, culture plates at 70% confluency were irradiated on the
top-shelf plateunder a cone-shapedirradiation field inthe Rad Source
RS2000 irradiator.

Adoptive transfer of CART cells

Mice were lymphodepleted using 200 mg kg™ cyclophosphamide
(Sigma) intraperitoneally 3-4 days before adoptive transfer of
2.5x10°-4 x10° CAR' T cellsi.v. as indicated.

Flow cytometry and FACS

Mice were killed with CO, and single-cell suspensions from perfused
mouse lungs were obtained upon lungtissue digestion with collagenase
IV (0.25 mg mI™; Sigma) at 37 °C for 30 min in agitation (80 r.p.m.)
followed by passing through a 70-pm cell strainer and ammonium
chloride-potassium lysing buffer (Lonza) for 5 minat room tempera-
ture. For flow cytometry or FACS, cells were stained in FACS buffer (PBS
supplemented with 2% BSA and 5 mM EDTA) with different combina-
tions of the following monoclonal antibodies: CD45 (clone 30-F11,
BioLegend, 103137; 1:800 dilution), CD45.1 (clone A20, BioLegend;
1:200dilution), B220 (clone RA3-6B, BioLegend; 1:100 dilution), human
CD19 (clone HIB19, BioLegend; 1:50 dilution), Ly6G (clone 1A8, Bio-
Legend, 127621; 1:200 dilution), CD64 (clone X54-5/7.1, BioLegend;
1:200 dilution), MERTK (clone 2B10C42, BioLegend; 1:200 dilution),
CD2 (clone RM2-5, BioLegend, 100113;1:200 dilution), Siglec-F (clone
E50-2440,BD Pharmingen, 740956;1:200 dilution), MHC-I-A/I-E (clone
M5/114.15.2, eBiosciences, 12-5321-82; 1:400 dilution), CD11b (clone
M1/70, eBiosciences, 45-0112-82; 1:200 dilution), CD11c (clone N418,
Invitrogen, 47-0114-82; 1:250 dilution), XCR1 (clone ZET, BioLegend;
1:250 dilution), CD3 (17A2, BioLegend; 1:200 dilution), CD8a (clone
53-6.7, BioLegend, 558106; 1:1,000 dilution), CD4 (clone GK1.5, eBio-
sciences, 17-0041-82; 1:1,000 dilution), CD44 (clone IM7, BioLegend;
1:200 dilution), PD1 (clone RMP1-30, BioLegend; 1:200 dilution) and
TIGIT (clone Vstm3, BioLegend; 1:200 dilution). For flow cytometry,
cellswere analyzedinaBD LSR Fortessaanalyzer or CYTEK Aurora. For
FACS, cells were prepared, stained and purified using a BD FACSAria
sorter or Beckman Coulter CytoFLEX SRT cell sorter. Flow cytometry
data were acquired using FACS Diva software version 7 (BD) and the
data obtained were analyzed using FlowJo.

Imaging and quantification of CART cells in mouse

tissue sections

Mice were killed with CO, and the left mouse lung was dissected after
perfusion of the mouse lungs with10 ml of PBS through the right ven-
tricle. Formalin-fixed paraffin-embedded tissue sections (4 pm) of the
lungs were stained using immunohistochemical staining as previously
described®. In brief, slides were baked at 50 °C overnight, deparaffi-
nizedin xylene and rehydrated in decreasing concentrations of ethanol
(100%,90%,70%,50% and distilled H,0). Sample slides were incubated
inpH9 buffers at 95 °Cfor 30 minforantigen retrieval, thenin 3% hydro-
gen peroxide for 15 min and finally in serum-free protein block solution
(Dako) for 30 min. Primary antibody staining was performed using a
1:200dilution for1 hatroom temperature or at4 °C overnight, followed
by signal amplification using associated secondary antibody conju-
gated to horseradish peroxidase for 30 min. Chromogenic revelation
was performed using AEC (Vector). Tissue sections were counterstained
with hematoxylin, mounted with aglycerol-based mounting medium
and finally scanned to obtain digitalimages (Aperio AT2, Leica). DsRed
was detected using anti-RFP (NBP1-69962 Novus Biologicals).

The tumor region of interest (ROI) was distinguished from lung
parenchyma on corresponding paraffin sections stained with H&E.
Nodules >40,000 pum?were selected for quantification of intratumoral
CART cell density. Cell segmentation was performed using StarDist
extension (https://github.com/ksugar/stardist-sparse). Sample train-
ing images were used to train the system for accurate positive cell

detection. Quantification of positively stained cells was successively
performed on the ROIs using the trained algorithm and annotations
were exported for downstream analysis.

Nongenotoxic BM transplantation

Nongenotoxic BM transplantation was performed as previously
described?”. In brief, biotinylated anti-CD117 (BioLegend, clone 2B8S,
lot B376226) was combined with streptavidin-saporin conjugate (IT-27,
lot 201-151, Advanced Targeting Systems) in a1:1 molar ratio and then
diluted in PBS to desired concentration. CD117-saporin conjugates
were administered at 1 mg kg™ (-10 pg of streptavidin-saporin) per
recipientto selectively deplete host hematopoietic stem and progeni-
tor cells. Invivo administration ofimmunotoxin was performed by i.v.
injections (300 pl).

Donor BM cells were obtained by canulating and flushing femurs
and tibias isolated from Zbtb46°™"™® mice and resuspended in PBS
after RBClysis. BM cell numbers were determined on Nexcelom slides
onaCellometer Auto 2000. Next, 10 x 10° BM cells were transplanted
through retro-orbitali.v.infusion 5 days after CD117-saporin conjugate
injection. Donor BM cells were allowed to repopulate the hosts for
34 days before the mice were injected with 7 x 10° target* KP adeno-
carcinoma cells through TVI.

DT injections

Unnicked DT from Corynebacterium diphtheriae was purchased from
List Biological Laboratories. Zbtb46°™"® BM chimeras were injected
intraperitoneally with afirst dose of 640 ng DT per mouse, followed by
injections of 400 ng per mouse every 2-3 days (Monday, Wednesday
and Friday).

Live-cellimaging of CAR T cells and DCs in ex vivo cocultures
C57BL/6 mice were injected with1 x 10° target* KP tumor cells through
the tail vein and whole lungs were perfused and digested to generate
single-cellsuspensionsasabove.XCR1*CD11b-DCland CD11b*XCR1 DC2
populations were sorted from live CD45'Ly6G B220"MERTK CD11c"
MHCII" cells. Syngeneic T cells transduced with CAR-2A-mCherryNLS
constructs asabove were cocultured in 96-well flat-bottom plates ata
10:1ratiowith DC1or DC2 populations sorted the same day from target*
KP tumor-bearing lungs or with DC medium alone. DC medium con-
sisted of RPMI 1640 (Gibco, 11875093) supplemented with FBS (10%),
penicillin-streptomycin (100 U per ml), B-mercaptoethanol (Gibco,
21985-023) and 100 ng ml™final concentration of recombinant human
FLT3L (carrier-free formulation, BioLegend). Plates were briefly centri-
fuged and thenimaged at 6-h intervals for mCherryNLS fluorescence
using the BioTek Cytation 7 cell imaging multimode reader (Agilent)
integrated with the BioTek BioSpa 8 automated incubator (Agilent). The
accompanying Gen5 software (Agilent) was used to count the number
of mCherryNLS-positive CAR T cells over four nonoverlapping x10
widefield images captured per 96-well chamber for each time point.

RNA sequencing

Forbulk sequencing, CD4 and CD8 h1928(-2A-DsRed CAR T cells were
sorted using the CytoFLEX SRT (Beckman Coulter) into 200 pl of TRIzol
LS (Invitrogen,10296010) in DNA LoBind tubes (Eppendorf, 022431021)
precoated with FBS with 1x B-mercaptoethanol (Gibco, 21985-023).
Cells were flash-frozen and submitted to Azenta Life Sciences for RNA
extraction, library preparation and bulk sequencing. Quality control,
trimming and alignment to produce a gene expression matrix from
FASTQ files were conducted through the Mount Sinai Human Immune
Monitoring Core (HIMC). The sequencing data were processed using
the nf-core RNA-seq pipeline (https://nf-co.re/rnaseq). In brief, we
performed quality control and trimming of the raw FASTQ files using
FastQCand Trim Galore software, respectively. The processed FASTQ
fileswere aligned to the Mus musculus genome using STAR. Salmon was
used to generate a gene-by-sample count matrix for further analysis.
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Variance stabilization transformation was performed to produce read
counts and principal component analysis was successively performed.
The count dataofthe transcripts were normalized using the Bioconduc-
tor package DESeq2. Analysis of differentially expressed genes (DEGs)
was also performed using the DESeq2 package with a P-value threshold
of <0.05. Genes of interest were aggregated and their expression was
standardized with zscores across the samples to produce the heat map.
We performed over-representation analysis (ORA) using the web-based
gene set analysis toolkit (WEBGestalt) version 2019 (GSE263352).

For10xsingle-cell sequencing, the CD11b"CD11c" double-positive
fraction was sorted from the CD45'CD3 mCD19 Ly6G™ fraction of the
single-cell suspension from tumor-bearing lungs 10 days after radio-
therapy was delivered to halfthe cohort. Mice wereirradiated 3 weeks
after TVI of target” KP cells. Both cohorts underwent lymphodeple-
tion 7 days before sorting. Live cells were submitted to the Mount
Sinai HIMC for single-cell sequencing on the 10x platform. Librar-
ies processed with Cell Ranger version 6.1.2 and aligned to reference
refdata-gex-mm10-2020-A (GSE316247).

BMDC coculture

To generate mouse BMDCs, BM precursors were cultured in IMDM
medium supplemented with 10% fetal calf serum, 20 mM glutamine,
100 U per ml penicillin-streptomycin and 50 pM -mercaptoethanol
and supplemented with granulocyte-macrophage colony-stimulating
factor at a concentration of 50 ng ml™, derived from supernatant
obtained from transfected J558 cells, for a period of 9 days, as per
established protocols. Immature DCs were isolated by gently retriev-
ing semiadherent cells from the culture dishes and added to vials
containing nonenzymatically digested tumors cells (using Cellstripper,
Corning) ataratio of 1:10.

For confocal imaging of antigen-dressed BMDCs, BMDCs were
cultured on glass coverslips and fixed by incubating for 15 minonicein
3.7% w/v paraformaldehyde. The cells were then quenched for 10 min
with 50 mM NH,Cl in PBS. Subsequently, the cells were incubated for
1h with specific primary antibodies in PBS, washed twice and incu-
bated for 1 hwith fluorescently labeled secondary antibodies. Finally,
the cells were mounted onslides using Prolong Gold antifade reagent
with DAPI. Confocal microscopy was performed using a Zeiss LSM 780
system (Carl Zeiss) with x63 objectives. Image processing was carried
out with Zeiss LSM Image Browser (Carl Zeiss) and ImageJ software.

Statistics analysis

No statistical methods were used to determine sample sizes, although
preliminary experiments were leveraged to estimate appropriate
sample sizes, with an effort to achieve a minimum of n =4 mice per
experimental group per experiment, which proved sufficient to ascer-
tain reproducible and biologically relevant results. The sample sizes
reported in the present study are comparable to those used in previ-
ousand similar publications'®". All experiments were performed with
distinct biological replicates for in vivo studies and further validated
with technical replicates for invitro experiments, including coculture
experiments, as indicated in the text and in the figure legends. For
invivostudies, in particular, variation amongst mice that were inocu-
lated with tumor cells was taken into consideration.

Data collection and analysis were not performed blind to the con-
ditions of the experiments. For biological experiments, mice that met
endpoint criteria before initiating CAR T cell therapy were excluded
from survival analyses. Mice that met endpoint because of tumor
growth outside the lungs (that is facial or tail nodules) were excluded
from survival analyses. All in vivo irradiation experiments were per-
formedinfemale mice to avoid aggression-related injury in mixed-sex
housing of randomized cohorts. Both the KP lung adenocarcinoma
and B16-F10 melanoma models were established and characterized
in female mice accordingly. Sex was, therefore, not considered as a
variable in the study design.

Atwo-sided Student’s t-test was used for determination of statisti-
calsignificance unlessindicated otherwise in figure legends. Shapiro-
Wilk tests were used to confirm normality with a = 0.05 for data where
the Student’s t-test was used for pairwise comparisons. Survival curves
were generated using the Kaplan-Meier method and differencesamong
groups were assessed with the log-rank (Mantel-Cox) test to evaluate
the overall significance of survival distributions (P < 0.05 indicating a
global difference across all groups). Bars show median values unless
otherwise noted.

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

Data availability

Bulk RNA-seq data and single-cell RNA-seq data were deposited to the
Gene Expression Omnibus (GEO) under accession codes GSE263352 and
GSE316247, respectively. All other data supporting the findings of this
study are available within the article and its Supplementary Informa-
tion. All other data supporting the findings of this study are available
fromthe corresponding author onreasonable request. Materials that
are subject to existing intellectual property obligations will be made
available upon execution of amaterial transfer agreement. Source data
are provided with this paper.
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Extended Data Fig. 1| Generating a non-immunogenic lung tumor model
targeted by CART cells. a, Flow cytometry of hCD19-expressing KP lung
adenocarcinoma clone expressing GFP-Luciferase. b, Bioluminescence kinetics
of KP-hCD19* GFP-Luciferase* clonal cell line after tail-vein injection into C57BL/6
mice, quantified in right panel, n = 4 mice. ¢, Survival of mice after tail-vein
injection (TVI) of KP lung adenocarcinoma cells expressing the CAR target hCD19
compared to founder KP clones that are negative for hCD19 expression (Target").
Two dose levels were used as indicated. Expression of hCD19 did not alter growth
kinetics of KP tumor cells suggesting that this human gene did notinduce an
endogenous adaptive immune response. n = Smice per group. d, Irradiation
protocol. Middle figure showed bioluminescence imaging of KP-hCD19" GFP-
Luciferase’ clonal cell line three weeks after tail-veininjection into C57BL/6

mice, illustrating that the majority of lung tumor bioluminescence is captured
within the “radiation portal” shown in the right panel. Anesthetized mice were
placed supine on an aluminum shelf plate under a cone shaped irradiation field
(left panel) in aRS2000 Small Animal Irradiator (Rad Source Technologies Inc.)
to deliver 160 kV photons at a25 mA, with a dose rate of 2.1 Gy/min. Mice were

treated with a half-beam block technique (right panel) eliminating divergence
into the neck superiorly. Radiation was delivered to the thorax through an
aperture formed between two 2 mm lead sheets placed above the mice, that
shielded the head and neck superior to the apex of the thorax, and tissues inferior
to the xiphoid process. e-g, Quantification of numbers of CD8" and CD4* CART
cellsinthelungs (e) or thoracic LNs (f,g) of KP19-tumor bearing mice harvested 3
days after adoptive transfer of CART cells. n =5 mice per group, two-sided t-test.
h-i, numbers of CD8" and CD4* CAR T cells (h) or endogenous T cells (i) in thoracic
LNs of KP19-tumor bearing mice harvested 9 days after adoptive transfer of CAR
T cells. n = 5mice per group, two-sided t-test. j-k, Quantification of numbers of
A20 (j) or hCD19" KP cells (k) 2 days after plating. Cells were exposed to indicated
doses of irradiation, or not, 24 hours prior to harvesting (KP cells trypsinized)
and quantification. n = 6 technical replicates, mean + SEM. Results representative
of threeindependent experiments. I, Survival of mice after TVI5x10° of hCD19*
KP lung adenocarcinoma cells. Mice were randomized to treatment with 8 Gy of
thoracicirradiation or not, then followed for survival. TVI, tail vein injection; RT,
radiotherapy. n = Smice per group. Logrank Mantel-Cox test ** p value 0.0027.
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Extended Data Fig. 2 | Differential transcriptional programs and phenotypes

of CART cellincident onirradiated tumors. a-d, 1589 genes that were
differentially expressed between CD8" CART cells sorted fromirradiated
vs unirradiated mice (DESeq2, threshold of p < 0.05) were used for gene set
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enrichment analysis using WebGestalt. 5 mice per group. e, Quantification of
mean fluorescence intensity (MFI) of indicated surface markers on CD4" CAR
T cells 3-days post adoptive transfer. n = 5 mice per group, two-sided t-test
*p value 0.0332.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-026-01167-6

Gated on CD45* cells
-RT

MERTK*Macs

+RT

©
o
>
&
w
=
FSC
d e
100,
T
CART cells
g
50 ::-CSHR
3 sotype
*n n=5
T T
0 5 10
Weeks post TVI
i ] — a-CSF1R
2 108+ = |sotype a-CSF1R h
s " il (P
: el
£ 105+ g
8 E w
- )
- 5
O 104—5 =
T T 1
0 10 20 30

Days post CAR T cell injection

Extended Data Fig. 3| a-CSFIR preconditioning does not enhance CART cell
persistence or therapeutic efficacy. a-b, Representative flow cytometry plots
and quantification (b) of MERTK" macrophages in KP tumor-bearing lungs. Mice
inoculated with via tail vein-injection of 5x10° tumor cells were randomized
three weeks later to 8 Gy thoracicirradiation or noirradiation. Mice were then
harvested 2 weeks after radiotherapy and macrophages were quantified.n=5
mice per group. Two-tailed t-test *** p value 0.0004. c-h, Mice inoculated

with 5x10° target” orthotopic KP lung tumors via tail vein-injection were
lymphodepleted and randomized three weeks later to treatment with anti-CSFIR
or Isotype antibody prior to CART celli.v. injection. Results representative of two
independent experiments. d, Survival of mice treated with anti-CSFIR or

Isotype antibody prior to CART celli.v. injection. Log rank (Mantel-Cox) test.

e, Representative H&E images of tumor-bearing lungs of mice at day 9 after CAR
T cell therapy treated with either a-CSFIR or Isotype antibody. Quantification
ofthe tumor area as a percent of the total area of the lung cross-section (right) is
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shown. n =4 (Isotype) n =5 (aCSF1R) mice per group. Scale bar =1 mm. f, Kinetics
ofthoracic CART cell persistence by Bioluminescence imaging. Mice inoculated
with KP19 lung tumors were lymphodepleted and randomized to treatment

with anti-CSFIR or Isotype antibody as in ¢, and then treated with Luciferase

and CAR double-transduced syngeneic mouse T cells. Faint lines track BLI from
individual mice, median values shown in bold. n = 5. g, Quantification of CD8" and
CD4"DsRed” CART cell numbers in enzymatically digested lungs of KP19-tumor
bearing mice harvested 9 days after adoptive transfer of CAR T cells treated with
either a-CSF1R or Isotype antibody. n = 4 (Isotype) n = 5 (aCSFIR) mice per group,
two-sided t-test. h, Representative flow cytometry plots and quantification

of CD8"and CD4" CART cellsisolated 9-days post transfer and stained for
expression of indicated surface markers. n =4 (Isotype) n = 5 (aCSFIR) mice per
group; two-tailed t-test * p value 0.0185, *** p value 0.0003. RT, radiotherapy, LD,
lymphodepletion.
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Extended Data Fig. 4 | Quantification and characterization of changes

in DCsin lung tumors withirradiation. a, Kinetics of thoracic CAR T cell
persistence by Bioluminescence imaging. Mice inoculated with KP19 lung
tumors were randomized to treatment with thorax radiotherapy asin Fig. 1a,
and thenlymphodepleted and treated with CBR Luciferase and CAR double
transduced syngeneic mouse T cells. Lines track BLI from individual mice.
Arrow indicates time point when mice were rechallenged with 5x10° target”
KP19 cellsintravenously. n = 5. Data representative of two independent
experiments. In total, 9 surviving mice we rechallenged with tumor showing an
average 2-fold increase in CAR T cell thoracic flux two-days after rechallenge.
b-c, Representative flow cytometry plots and quantification (c) of single-cell
suspensions from spleens of Zbtb46°™°™ or WT BM chimeric mice (asin Fig. 3b)
were stained for MHCII* CD11c* CD45'Lineage-negative (CD19- CD3e” NK1.1°
B2207) DCs.n=5(WT) n= 6 (Zbtb46-DTR) mice per DT treated group (n=2in
no DT group shown for reference), two-sided t-test p value 0.0049 indicated
by **between groups indicated by line on plot. d-e, Mice inoculated with 5x10°

target” CBR-Luciferase” orthotopic KP lung tumors via tail vein-injection were
distributed based on thoracic tumor luminescence to ensure equal distribution
of thoracic tumor burden to receive either 8 Gy or no thoracic irradiation 25
days after tail-vein injections. They were then lymphodepleted and harvested on
day 35-post tail-vein injections for quantification of dendritic cell populations
(d; n=10 mice per group) or for single cell sequencing of the sorted CD45'CD3"
mCD19°,Ly6G-, CD11b * CD11c * myeloid cell compartment (e; n = 3 mice per
group.). DCs were defined as CD11b ~Xcr1* DCls or CD11b * Xcrl~ DC2s within

the following population: Live CD45", Ly6G-, MERTK", B220", MHCII' CD11c".

e, Expression profiles from single cell sequencing of cDC1and cDC2 sorted

from mice treated with lymphodepleting chemotherapy alone or with 8 Gy of
thoracic radiotherapy. Mice were harvested 10 days after radiotherapy for single
cellisolation and sorting. Plots show Log,FC of gene expression. Log, ratios
were -1for all DEGs among cDCl cells (left) and cDC2 cells (right), indicating
similar transcriptome programs n = 3 mice per group. RT, radiotherapy, LD,
lymphodepletion.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| DCs sorted from target” KP tumors and not target” KP
tumor-bearing lungs can expand CART cells ex vivo. a-b, Quantification of
numbers of h1928z- transduced syngeneic T cells in serially-imaged cocultures
with DC2 (a) or DC1 (b) sorted from target” vs. target” KP tumor-bearing lungs.
On-target (h1928z-2A-mCherryNLS) CART cells have the SJ25C1 scFv binding
domain that binds the target protein hCD19 expressed by target” KP tumors, but
not target” KP tumor. 3 technical replicates per group shown. DCs sorted from
single cell suspensions pooled from n =2 mice per group. ¢, KP tumors were
transduced with lentiviral constructs expressing a human CD19-EGFP fusion
molecule that allowed for detection of cell-surface vs. intracellular localization
ofthe molecule by surface staining of cells with a-hCD19 antibody and co-
expression of EGFP.d, Fluorescence imaging of hCD19-EGFP* KP clonal cell line.
Fluorescence image representative of multiple routine imaging of these cell

lines performed during passaging. Scale bar,100um. e, BMDC co-cultured with
8Gy-irradiated hCD19-EGFP*KP cells for 1 hour were fixed on glass coverslips

and stained with anti-CD11c, anti-GFP and anti-hCD19 antibodies. Arrowheads
indicate antigen-dressed hCD19-EGFP on CD11c+ cells. Bars: 5 pm. Representative
of 14 totalimages of BMDCs. Bars: 5 um. f, Representative flow cytometry plots
gated on MHCII*CD11c* bone marrow derived DCs (BMDC) cocultured for 2 hours
with non-enzymatically dissociated 8Gy-irradiated hCD19-EGFP+KP cells.

For the trypsinization condition, non-enzymatically dissociated tumor cells
were pelleted and resuspended in trypsin 0.025% solution for 5 minutes then
neutralized with FBS-media prior to coculture. Two bone marrow donor mice
per BMDC preparation for two independent experiment (second independent
experiment shownin g). g, Representative flow cytometry plots gated on
MHCII*CD11c* BMDC cocultured for 2 hours with non-enzymatically dissociated
2 Gy vs 8Gy-irradiated hCD19-EGFP fusion-expressing KP cells. Right panel:
Quantification of technical replicates showing percentage of BMDCs positive
for hCD19-EGFP. n =3 technical replicates per group. h, Gating strategy for

Fig. 4g and representative flow cytometry plots of Monocyte-derived
macrophages (MOMACS) and alveolar macrophages (AM) in cell suspensions
isolated from hCD19-EGFP* KP tumor-bearing mice, stained for surface positivity
of hCD19-EGFP fusion protein with a-hCD19 or isotype antibody. hCD19-EGFP

KP cells were injected into mice via the tail-vein and allowed to grow for 4-weeks
prior to harvest. i-j, Quantification of numbers of h1928z-2A-mCherryNLS*
syngeneic T cells in serially-imaged cocultures with alveolar macrophages

(g) or monocyte-derived macrophages (h) sorted from target” KP tumor-bearing
lungs. n =5technical replicates. Data representative from two independent
experiments.
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Extended DataFig. 6 | Generating CART cells to endogenously expressed
tumor antigens. a, 2.5x10* Luciferase* B16-F10 melanoma cells were added to
coculture atindicated effector-to-target (E:T) ratios with GD2-CART cells and
cultured for 18 hours. Mean + SEM, 12 replicates per dilution. b, 5x10* hCD19*
Luciferase” KP cells were added to coculture atindicated E:T ratios with either
hCD19- or EpCAM-targeted CAR T cells at the indicated E:T ratios and cultured
for 18 hours. Mean + SEM, 12 replicates per dilution. c-d, Representative flow
cytometry plots and MFI (d) of indicated markers on CART cells in the lungs
of WT mice harvested 4 days after adoptive transfer of 2.5x10° CAR T cells per
mouse. CAR-2A-DsRed retroviral constructs differed only in the sequence
encoding for the scFv recognition domains indicatedinred; n=5.e, C57BL/6
miceinoculated with 1x10° B16-F10 melanoma cells via tail vein-injection were
randomized three weeks later to 8 Gy thoracicirradiation or noirradiation.
Cohorts were then lymphodepleted and treated with syngeneic T cells
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transduced with GD2 CAR-2A-DsRed retroviral construct to a dose of 3x10° CAR
T cells per mouse, and lungs were harvested 9-days after CAR T cell transfer.
Representative cytometry plots and quantification (right panel) of indicated
surface markers on CD8" GD2 CART cells 9-days post adoptive transfer.n=6

(0 Gy) n=10 (8 Gy) mice per group. Two-tailed t-test ** p value 0.0013.

f, C57BL/6 mice inoculated with 5x10° KP lung tumors via tail vein-injection were
randomized three weeks later to 8 Gy thoracic irradiation or noirradiation.
Cohorts were then lymphodepleted and treated with syngeneic T cells
transduced with EpCAM CAR-2A-DsRed retroviral construct to a dose of 3x10°
CART cells per mouse, and lungs were harvested 9-days after CAR T cell transfer.
Representative cytometry plots and quantification (right panel) of indicated
surface markers on CD8" EpCAM CART cells 9-days post adoptive transfer.n=6
mice per group. UT, untransduced.
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Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

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 No statistical methods were used to predetermine sample size. Sample sizes were estimate based on preliminary experiments and was set to

5-10 mice per group to account for the variability in tumor engraftment using the tail-vein injection technique. We made the effort to achieve
a minimum samples size which proved to be sufficient to reproducibly observe significance.

Data exclusions  None

Replication All experimental results were reproduced prior to assembly of the manuscript. Data compiled from multiple experiments are included. In vitro
and in vivo experiments were replicated and cross-validated with complimentary approaches (i.e. Bioluminescence tumor or T cell tracking
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validated with IHC or flow cytometry in separate cohorts)
Randomization Inallin vivo experiments, mice were blindly randomized prior to allocation to treatment groups as noted in legends and methods. This was
done by pooling and then randomly separating mice into new cages. In tumor tracking experiments, outliers if present were reallocated

allocated at the two week time point following TVI of tumor cells prior to randomization to treatment groups.

Blinding Mice were tracked individually using ear tags and cage card identification to ensure treatment groups were not accidentally mixed. Therefore,
blinding was not possible.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
] Antibodies XI|[] chip-seq
Eukaryotic cell lines |:| |Z Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms

Clinical data

Dual use research of concern

Plants
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Antibodies

Antibodies used Brilliant Violet 785TM anti-mouse CD8a [ clone 53-6.7 , 100750 BioLegend ], Brilliant Violet 650TM anti-mouse/human CD45R/B220
[ clone RA3-6B, 103241 biolegend ], Brilliant Violet 421TM anti-mouse CD366 (Tim-3) [ Clone B8.2C12, 134019 biolegend ], APC/
Cyanine7 anti-mouse CD3 [ Clone 17A2, 100221 biolegend ], APC/Cyanine7 anti-human CD19 [ clone HIB19, 302218 biolegend ],
Myc-Tag (9B11) Mouse mAb (Alexa Fluor 647 Conjugate) [ NA, 2233 Cell Signaling Technology ], Brilliant Violet 605™ anti-mouse
CD279 (PD-1) Antibody [ clone 29F.1A12, 135220 biolegend ], Brilliant Violet 711™ anti-mouse CD223 (LAG-3) Antibody [ clone
C9B7W, 125243 ], Spark Blue™ 550 anti-mouse CD3 Antibody [ clone 17A2, 100259 ], APC anti-mouse CD105 [ Clone MJ7/18,
120413 biolegend ], Pacific Blue™ anti-mouse/rat/human CD27 [ Clone LG.3A10, 124217 biolegend ], APC anti-mouse CD134
(OX-40) [ clone OX-86, 119413 biolegend ], Brilliant Violet 750™ anti-mouse CD4 [ clone GK1.5, 100467 biolegend ], NBP1-69962
RFP Antibody [ , NBP1-69962 novus biologicals ], alexa Fluor 700 anti-human/mouse/rat CD278 (ICOS) [ clone C398.4A, 313528
Biolegend ], APC/Fire™ 810 anti-mouse CD45 [ clone 30-F11, 103174 Biolegend ], APC/Fire™ 750 anti-mouse CD244.2 (2 B4 B6
Alloantigen) [ clone m2 B4, 133516 ], PerCP anti-mouse/human CD44 [ clone IM7 , 103036 BioLegend ], PE/Cyanine7™ anti-mouse
TIGIT (Vstm3) [ clone 1G9, 142108 BioLegend ], Alexa Fluor® 700 anti-mouse Ly-6G Antibody [ clone 1A8, 127621 Biolegend ], PE/
Cyanine7 anti-mouse CD2 Antibody [ clone RM2-5, 100113 BioLegend ], BD OptiBuild™ BV786 Rat Anti-Mouse Siglec-F [ clone
E50-2440, 740956 BD Pharmingen ], Alexa Fluor™ 532 MHC Class Il (I-A/I-E) Monoclonal [ clone M5/114.15.2, 12-5321-82
eBiosciences ], PE-Cyanine7 CD11b Monoclonal [ clone M1/70, 45-0112-82 eBiosciences ], CD11c APC-eFluor™ 780 [ clone N418,
47-0114-82 Invitrogen ], Alexa Fluor™ 700 CD4 Monoclonal [ clone GK1.5, 17-0041-82 eBiosciences ], anti-CSF1R [ clone AFS98,
BioXCell ], Isotype 1gG2 [ clone 2A3, BioXCell ], Biotinylated anti-CD117 [ clones 2B8, B376226 BioLegend ], streptavidin-SAP
conjugate [ clone IT-27, 201-151 Advanced Targeting Systems ], Brilliant Violet 510™ anti-mouse/rat XCR1 [ clone ZET,

BioLegend ], Brilliant Violet 421™ anti-mouse MERTK (Mer) [ clone 2B10C42, BiolLegend ], eVolve™ 605 CD45 Monoclonal [ clone
30-F11, eBiosciences ], PerCP/Cyanine5.5 anti-mouse CD64 (FcyRl) [ clone X54-5/7.1, Biolegend ]

Validation All antibodies used were titrated or used as recommended by the manufacturer. Species validation and antibody data are available
on the manufacturer website. All antibodies used are commercially available.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293T cells, retroviral producer cell lines, and B16-F10 melanomas were obtained from ATCC. KrasG12D/+ p53-/- (KP)
adenocarcinoma cell lines were a kind gift of Dr Miriam Merad. gpg29 fibroblasts were a kind gift from Dr Michel Sadelain.

Authentication COA were provided with cell lines from ATCC. No other authentication was performed. Morphology and properties pertinent
to the experiments, for example, antigen expression, were confirmed by cytometry.

Mycoplasma contamination KP adenocarcinoma and B16-F10 melanoma cells lines were confirmed negative for Mycoplasma

Commonly misidentified lines  No commonly mid-identified cell lines were used
(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 All experiments were performed under the approved IACUC protocol # TR202500000026. 5-16 week old C57/BI6 mus musculus
strains were used. WT mice purchased from CRL, Batf3-/- (B6.129S(C)-Batf3tm1Kmm/J), Zbtb46DTR (B6(Cg)-Zbtb46tm1(HBEGF)Mnz/
J) mice from Jackson labs. As this study uses an orthotopic lung metastasis model, tumor and size could not be measured by external
caliper. Tumor burden was monitored by weekly bioluminescence imaging when possible. All in vivo irradiation experiments were
performed in female mice to avoid aggression-related injury in mixed-sex housing of randomized cohorts. Both the KP lung
adenocarcinoma and B16-F10 melanoma models were established and characterized in female mice accordingly. Sex was therefore
not considered as a variable in the study design.

Wild animals This study did not involve wild animals

Reporting on sex Due to risk of fighting between male mice following randomization, experiments were done primarily in female mice.
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Field-collected samples  This study did not involve samples collected from the field

Ethics oversight Icahn School of Medicine at Mount Sinai (ISMMS) Institutional Animal Care and Use Committee

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

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-anyexperiments-tused-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots
Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

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 Sample preparation is described in detail in Material and Methods. In summary, PBS-perfused Tumor bearing lungs were
manually chopped and enzymatically digested with collagenase for 30 minutes at 30C. Cells were then RBC lysed, filtered,
and counted prior to staining with antibody cocktails in PBS/EDTA/BSA buffer.

Instrument Cytek Aurura 5L or BD Fortessa

Software FlowJo v10.1 (BD), BD FACSDIVA

Cell population abundance Purity was confirmed at 99% in post-sort samples. Post-sorted cells were contained within the prescribed sorting gates with
95-99%.

Gating strategy Gating strategies are provided in the figures or figure legends. Isotype stained, or fluorophore-negative samples were used to

define positive/negative gating, as indicated in the figure legends.

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