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Tertiary lymphoid structures (TLSs) are de novo ectopic lymphoid aggregates that
regulate immunity in chronically inflamed tissues, including tumours. Although
TLSs form due to inflammation-triggered activation of the lymphotoxin (LT)-LT(
receptor (LTBR) pathway’, the inflammatory signals and cells thatinduce TLSs
remainincompletely identified. Here we show that interleukin-33 (IL-33), the
alarmin released by inflamed tissues?, induces TLSs. In mice, /[33 deficiency severely
attenuates inflammation- and LTBR-activation-induced TLSs in models of colitis
and pancreatic ductal adenocarcinoma (PDAC). In PDAC, the alarmin domain

of IL-33 activates group 2 innate lymphoid cells (ILC2s) expressing LT that engage
putative LTBR" myeloid organizer cells to initiate tertiary lymphoneogenesis.
Notably, lymphoneogenic ILC2s migrate to PDACs from the gut, can be mobilized

to PDACs in different tissues and are modulated by gut microbiota. Furthermore,
we detect putative lymphoneogenic ILC2s and IL-33-expressing cells within

TLSs in human PDAC that correlate with improved prognosis. To harness this
lymphoneogenic pathway forimmunotherapy, we engineer arecombinant human
IL-33 protein that expands intratumoural lymphoneogenic ILC2s and TLSs and
demonstrates enhanced anti-tumour activity in PDAC mice. In summary, we identify
the molecules and cells of a druggable pathway that induces inflammation-
triggered TLSs. More broadly, we reveal alymphoneogenic function for alarmins
and ILC2s.

Secondary lymphoid organs (SLOs) are key mammalian structures
that coordinate immune responses to acute tissue injury. SLOs drain
regional tissue antigens and colocalize immune cells that sample anti-
gens with effector immune cells to thereby coordinate a structural
and cellular strategy to patrol tissues and rapidly mount adaptive
immune responses. However, in chronic inflammatory states, hosts

ectopic lymphoid organs, termed TLSs, are ubiquitous structures that
regulate immunity in chronically inflamed tissues?, including infection,
inflammation and cancer.

In cancer, hosts ostensibly develop TLSs*in any tissue that can boost
endogenous®and therapeutic* ® anti-tumour immunity. Therefore, new
strategies toinduce TLSs are attractive, as most human tumours have

fewer infiltratingimmune cells (immunologically cold), rendering them
resistant to current immunotherapies. However, in contrast to SLOs

must develop lymphoid organs ectopically within inflamed tissues
to boost the intensity and proximity of the immune response. Such
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Fig.1|/IL33 expression correlates with TLS transcriptional signatures
inhuman tumours. a,b, Unbiased correlation of bulk tumour mRNA gene
expression to TLS transcriptional signatures (TLS signatures 1(ref.4), 2 (ref.7)
and 3 (ref. 8)) inhuman PDAC (a, top). Correlation of bulk tumour /L33 mRNA
expressionto TLS transcriptional signaturesand L7Bin human PDAC (a, bottom)
and human tumours (TLS signature 1; b). ¢,d, Immunohistochemistry (c, left)
and immunofluorescence (c, right), and the immunofluorescence-quantified
frequency of bulkIL-33" cells (c) and IL-33"CD45" cells (d), and association with

that are preformed, TLSs assemble de novo in chronically inflamed
tissues. As such, inflammation-induced drivers and cells that induce
TLSs remain incompletely identified.

IL-33 mediates lymphoneogenesis

To identify candidate inflammatory signals that induce TLSs in
tumours, we searched for genes with expression that positively cor-
related with known TLS transcriptional signatures*”®in PDAC—alethal
model cold tumour with few TLSs but, when present, higher intratu-
moural TLS density boosts immunity and is correlated with longer
survival®’. As TLSs are identified by inducing chemokines and resident
cells (activated T cells, B cells, dendritic cells (DCs) and myeloid cells)?,
we selected three principally non-overlapping transcriptional signa-
tures thatidentify intratumoural TLSs based on chemokines’, cells® or
otherimmunotherapy-promoting factors*. We found that expression
of IL33—which encodes the alarmin canonically released in inflamed
tissues'®—correlated with all three TLS signatures (Fig. 1a) and with LTB
expression (LTB encodes the TLS-inducing cytokine" LTB) in three dif-
ferent PDAC cohorts (n =328 PDACs; Fig. 1a, Extended DataFig.1aand
Supplementary Table1), as well asin other cold and hot tumours (n =11
histologies, 3,887 tumours; Fig. 1b and Extended Data Fig. 1b). Within
TLSs in PDAC, we detected IL-33" cells, including IL-33" immune cells

survival (candd) in human PDAC. The dotted red linein cshows the putative TLS.
Adj. panc., adjacent pancreatic tissue; HR, hazard ratio. nrepresents the number
of tumours (a-c) or patients (survival;cand d). High and low (in the survival
plotsincandd) represent > (high) or < (low) the median frequency of the cohort.
Horizontal barsin dot plotsindicate the median (c, d). Pvalues were calculated
using two-sided Pearson correlation (aand b), two-tailed Mann-Whitney U-test
(c (left) and d (left and middle)) and two-sided log-rank test (c (right) and d
(right)). For ¢, scale bars, 20 pm (left) and 50 pm (right).

(Fig.1c (left), Extended DataFig.1c,d and Supplementary Table 2) that
were more abundantin tumours compared withinadjacent pancreatic
tissues (Fig. 1c (middle) and 1d (left)), and enriched in tumours with
TLSs compared with those without (Fig. 1d (middle)). Furthermore,
higherintratumoural IL-33*bulk and IL-33* immune cell densities were
correlated withimproved PDAC survival (Fig. 1c (right) and 1d (right)).
Together, these resultsidentified a correlation betweenIL-33 and TLSs
in cancer.

To probe apotential causative link between IL-33 and TLSs, we used
aKras-and Trp53-driven orthotopically implanted PDAC mouse model
(PDAC mice) with few baseline TLSs to first examine whether endog-
enous /[33is required for de novo lymphoneogenesis. We found that
activating the LTP receptor (LTPR)>—a canonical signal for TLS neo-
genesis*"—generated intratumoural TLSs and controlled tumoursin
wild-type (WT) but notin /(33”7 PDAC mice (Fig. 2a (left) and Extended
DataFig. 2a). /133 was also required for inflammation-induced lym-
phoneogenesis, as oral dextran sulfate sodium (DSS), which provokes
chemical colitis (DSS-colitis mice)* and models human inflamma-
tory bowel disease, stimulated colonic lymphoid aggregates in
WT but not in /1337 mice (Fig. 2a (right)), exacerbating weight loss
and diminishing survival (Extended Data Fig. 2b). Endogenous
IL33 is therefore required to induce TLSs in models of cancer and
inflammation.
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Fig.2| The alarmin domain of IL-33 induces TLSsin PDAC and chemical
colitis. a, Haematoxylin and eosin staining (H&E) (top) and quantification
ofintratumoural TLSs (bottom left) and intracolonic lymphoid aggregates
(LA; bottomright) inanti-LTBR-treated PDAC (left) and DSS-colitis (right) WT
and/[337 mice.b, H&E (top) and immunofluorescence (IF; middle) staining,
and the TLS density (H&E quantified; bottom) in vehicle (veh.) and rIL-33-treated
PDAC mice. PDAC1-6, orthotopic PDAC mice established with six PDAC cell lines.
c,d, Intratumoural TLS maturation states (immunofluorescence quantified) (c),
andthe B cell frequency and clonality and somatic hypermutation (d) in vehicle-
treated and rIL-33-treated PDAC mice. e, H&E and colonic LA quantification

Full-length IL-33 protein contains two domains—an N-terminal
nuclear-localization domain and a C-terminal alarmin domain
that, after tissue injury, is extracellularly cleaved to IL-33,45_,5, and
binds to the receptor ST2'°. To probe whether 1L-33 served as an
inflammation-induced extracellular TLS trigger, we administered
the alarmin domain of IL-33 (IL-33,4,_,¢, hereafter, recombinant IL-33
(rIL-33)) to PDAC mice at doses (Extended Data Fig. 1e) that roughly
approximated IL-33 steady-state levels in human sera of patients
with PDAC (Extended Data Fig. 1f and Supplementary Table 3). rIL-33
induced de novointratumoural TLSs across several TLS-poor, distinct
cell-line-derived PDAC mouse models that spanned a range of intra-
tumoural T cellinfiltrates (Fig. 2b and Extended Data Fig. 2¢,d). rIL-33
also induced different TLS maturation states, increasing the density
of intratumoural lymphoid aggregates® (early TLS) and primary fol-
licles® (intermediate TLS) in PDACs (Fig. 2c and Extended Data Fig. 2e).
Moreover, tumours in rIL-33-treated PDAC mice evidenced TLSs with
BCL6" B cells (Extended Data Fig. 2f), and increased intratumoural
B cell frequencies, B cell clonal expansion and somatic hypermuta-
tion® (Fig. 2d), suggesting germinal centre reactions and secondary
follicle generation (late TLS)™. In DSS-colitis mice, rIL-33 expanded
coloniclymphoid aggregatesto alesser degree (Fig. 2e), but attenuated
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invehicle-treated and rIL-33-treated DSS-colitis mice. Data were collected

2 weeks (a, left), 3 weeks (b, PDAC 3 and 4; cand d) and 3-5weeks (b, PDAC1, 2,5
and 6) after tumour implantation, and 2 weeks after DSS initiation (a (right)
ande), pooled from>2independent experiments with n>2 mice per group with
consistent results. nrepresents the number of individual tumours or organs
fromindividual mice analysed separately, or Bcell clones (d, right). The dotted
linesina, band e show putative TLS/LA; the horizontal barsina-eshow the
median. Pvalues were calculated using two-way analysis of variance (ANOVA)
with Tukey’s multiple-comparison test (a) and two-tailed Mann-Whitney
U-test (b-e).Scale bars,20 pm (a, b (top) and e) and 10 pm (b (bottom)).

weight loss and enhanced mouse survival (Extended Data Fig. 2g).
Thus, the alarmin IL-33 triggers lymphoneogenesis in cancer and
inflammation.

IL-33 expands lymphoneogenic ILC2s

As these results suggested an IL-33-driven lymphoneogenic pathway,
we next sought toidentify the cells that mediate rIL-33-induced TLSs. As
we previously reported that rIL-33 dominantly expands intratumoural
ST2"ILC2sin PDAC mice'®, we examined the single-cell transcriptomes
of ST2*ILC2s in tumours and tumour draining lymph nodes (DLNs) in
rlL-33-treated PDAC mice for ymphoneogenic molecules™ (Fig. 3a). We
detected anintratumoural population of ILC2s that co-expressed Kirgl
andLtb (Fig.3aand Extended DataFig.3a,b), Lta (Extended Data Fig. 3b)
and LT, the LTal/B2 heterotrimeric cytokine essential for TLS neogen-
esis" (Fig. 3b and Extended Data Fig. 3¢,d). Consistently, in multiple
PDAC models and DSS-colitis mice, rIL-33 expanded intratumoural
(Fig.3cand Extended Data Fig. 3e) and gut (Fig. 3d) KLRGI" ILC2s, but
not KLRGI" ILC2s, that expressed LT (Extended Data Fig. 3c,f). These
rIL-33-induced intratumoural KLRG1" ILC2s also expressed canonical
ILC2 transcription factors (TFs) (Gata3and Rora (Fig.3a and Extended
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Fig.3|See next page for caption.

DataFig.3g-j) and /d2 (Extended DataFig. 3h)), cytokines (/[5,/[13and
Areg; Extended Data Fig. 3h) and receptors (/l7rand Nmur1”™"; Fig. 3a
and Extended Data Fig. 3i), but not ILC1 (Tbx21 (encoding T-BET);
Extended DataFig. 3j) or ILC3 (Rorc (encoding RORyt); Extended Data

Fig.3h,j) TFs. Thus, rIL-33 expands KLRG1" ILC2s expressing LT that may
mediate lymphoneogenesis.

Recent reports have revealed that ILC2s and precursors selectively
express the neuromedin receptor (NMURI1) that can be used for
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Fig.3|IL-33 activates lymphoneogenicILC2s. a, Single-cellRNA-sequencing
(scRNA-seq) analysis of purified tumour and DLN ILC2s from rIL-33-treated
PDAC mice. The uniform manifold approximation and projection (UMAP)
representations show cells by unsupervised clusters (top left), organs (bottom
left) and select genes (right). The heat map (middle) shows the top 25 genes
by cluster. The heat map scale barrepresentsthezscore. The UMAP scale
barrepresents gene expression. b, Gating (left) and LT expression by flow
cytometry (right) and confocal imaging (bottom) in intratumoural KLRGI*
ILC2s from rIL-33-treated WT and Ltb”~ PDAC mice. FMO, fluorescence minus
one; MFI, mean fluorescence intensity. ¢,d, Gating, and the frequency and
number of intratumoural (c) and gut (d) ILC2s in vehicle-treated and rIL-33-
treated PDAC (c) and DSS-colitis (d) mice. e, Gating (left), ILC2 frequency
(middle) and intratumoural TLS density (right) inrIL-33 and DT-treated
Nmurl““*®*Rosa26""""® and littermate control Rosa26""*"* PDAC mice.

f, Intratumoural TLS density (left), gating, frequency and the number of ILC2s,

and thenumber of DLN immune cells (right) in rIL-33-treated NmurI**c"
Ltb™"and littermate control PDAC mice. g, Tumour KLRGI' ILC2s were sort-
purified fromrIL-33-treated /7F* Ltb™" or I17r""/*Ltb** littermate PDAC mice
and transferred to /[7r"*“Rora” PDAC mouse recipients. The TLS density,
KLRGI'ILC2 frequency and numberinrecipient PDACs. Data were collected at
10 days (a), 2 weeks (b and d-f) and 5 weeks (c) after tumour implantation, and
2 weeks (g) after transfer, pooled from >3 independent experiments withn >3
mice per group with consistent results. nrepresents the number of individual
tumours or organs fromindividual mice analysed separately. The horizontal
bars show the median. Inf, littermate controls include Ltb/"* and Nmur1ire-<¢
Ltb™* combined. Pvalues were calculated using two-tailed Mann-Whitney
U-test (b, e (right), fand g) and two-way ANOVA with Holm’s test (c,dand e
(left)). Scale bars,1 pm (b (left)), 5 um (b (all others)), 20 um (e and f (left)) and
100 um (f (right)).

ILC2-specific genetic targeting®®*. To investigate whether ILC2s con-
tribute to IL-33-mediated lymphoneogenesis, as ILC2s (but not other
ILCs orimmune cells) in our model also selectively expressed NMUR1
(Extended Data Fig. 4a), we used Nmur1“*¢®"Rosa26"""'* transgenic
mice? that constitutively express the human diphtheria toxin recep-
tor (DTR) on NMURT" cells to acutely and selectively deplete all ILC2s.
In Nmur1“*c"Rosa26-*™* PDAC mice, diphtheria toxin (DT) initiated
2 days before tumour implantation and rIL-33 treatment depleted ILC2s
by approximately 85% within tumours and across organs (Fig. 3e (left))
while sparing ILC3s (Extended Data Fig. 4b) and other immune cells
(Extended Data Fig. 4c). Notably, acute ILC2 depletion during rIL-33
treatment reduced intratumoural TLSs by approximately 65% (Fig. 3e
(right)). Thus, ILC2s contribute to IL-33-mediated lymphoneogenesis.

Next, to examine whether ILC2s used cell-intrinsic LT toinduce intra-
tumoural TLSs, we generated transgenic mice that lack Ltb on ILC2s
(NmurI<? tb""), In rIL-33-treated NmurI“*°L tb"" PDAC mice,
compared with the littermate controls, ILC2-targeted Ltb deletion
reduced intratumoural TLS density by approximately 70% without
altering the frequencies of KLRG1* ILC2s (Fig. 3f), ILC1s, ILC3s and other
immune cellsintumours (Extended Data Fig. 4d (top)),immune cellsin
DLNs (Fig. 3f (right)) orimmune cell subsetsin organs (Extended Data
Fig. 4d (bottom)). Consistently, a broader genetic strategy to delete
Ltbonall IL-7R* lymphocytes (/I7r* Ltb™") also reduced intratumoural
TLSs, but notably also reduced intratumoural KLRG1* ILC2s (Extended
DataFig. 4e), to suggest that non-ILC2 lymphocyte LT signalling may
maximally expand KLRG1'ILC2s in tumours. rIL-33-treated /[7r"** Ltb™"
PDAC mice also had comparable intratumoural frequencies of other
immune cells but fewer eosinophils (Extended Data Fig. 4e (right)),
consistent with the downstream effects of ILC2 depletion*?2, To con-
firmthat ILC2s used LT to impact TLS formation using an orthogonal
approach, we purified and transferred intratumoural KLRG1* ILC2s from
rIL-33-treated IL7r"* Leb™ or 17r**Leb™* littermate PDAC mice® (that
is, KLRG1*ILC2s proficient or deficient in Ltb) into I[7r"*Rora™ PDAC
recipients that exhibit reduced peripheral ILC2s in tissues® (Fig. 3g).
Compared with transferred ILC2s with intact L¢b, and consistent with
the results in Nmur1®*¢[ tp"" PDAC mice (Fig. 3f), ILC2-intrinsic Lth
deficiency reduced TLS formation withoutimpairing rIL-33-mediated
intratumoural KLRGI* ILC2 accumulationintumours (Fig. 3g). Collec-
tively, these molecular and cellular loss- and gain-of-function experi-
ments suggest that rIL-33-activated KLRGI" ILC2s induce TLSs in PDACs
using a pathway involving LT.

InSLOs and TLSs, inducer cells express LT that binds to LTBRon TLS
organizer cells to stimulate the expression of chemokines and adhe-
sion molecules, and coordinate lymphoneogenesis®. To identify the
organizer cells that cooperate with rIL-33-induced KLRG1" ILC2s to
induce TLSs in PDAC, we found that intratumoural CD11b* myeloid
cells most highly expressed LTPR (Extended Data Fig. 5a). Compared
with LTBR  myeloid cells, intratumoural LTBR* myeloid cells expressed
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adistinct transcriptome (Extended Data Fig. 5b-e and Supplementary
Table 4), with higher TLS-inducing chemokines, including Cxcl13%
and Ccl19* (Extended Data Fig. 5d), the canonical organizer cell
adhesion molecule VcamI* (Extended Data Fig. 5e) and inflamma-
tory chemokines that recruit TLS cellular components®° (Extended
Data Fig. 5e). Intratumoural LTBR" myeloid cells also expressed /[33
mRNA and protein (Extended Data Fig. 5f). Consistently, LTBR activa-
tion expanded intratumoural KLRG1" ILC2s in WT but not /[33”" PDAC
mice (Extended Data Fig. 5g) to indicate LTR stimulation may expand
KLRGI'ILC2s through an endogenous IL-33-dependent circuit. To test
whether myeloid-cell-derived endogenous IL-33 modulated KLRGI*
ILC2sin tumours, we purified IL-33 proficient (WT) or deficient (/[337")
LTBR" myeloid cells from PDACs and co-implanted them with PDAC
cells into pancreata of /[33” mice (Extended Data Fig. 5h). LTBR*
myeloid-cell-derived IL-33 induced KLRGI" ILC2s in PDACs to express LT
andinduce TLSs (Extended DataFig. 5h). Together, these datasuggest
that KLRGI" ILC2s and intratumoural myeloid cells cooperate as TLS
inducer and organizer cells, respectively, to augment IL-33 signalling
and induce TLSs in tumours.

Lymphoneogenic ILC2s can migrate from the gut

As our findings suggested a lymphoneogenic function for ILC2s, we
investigated whether lymphoneogenic KLRG1" ILC2s expand locally
or migrated to tumours®. In PDAC mice, as rIL-33 expanded KLRG1"
ILC2sintheblood (Extended Data Fig. 6a), we used congenic parabiotic
mice with PDACs in recipient pancreata to test whether KLRG1* ILC2s
migrated haematogenously to tumours (Extended DataFig. 6b). rIL-33
administered to donor parabionts induced donor KLRGI" (Fig. 4a) but
not KLRG1™ ILC2s or non-ILCs (Extended Data Fig. 6¢,d) to migrate to
recipient parabiont blood and tumours. Thus, KLRG1' ILC2s migrate
haematogenously to tumours.

AsILC2s can migrate to tissues from the gut®, we hypothesized that
the gut might be one source of KLRG1*ILC2s that migrate to pancreatic
tumours. To trace the origin of intratumoural KLRG1* ILC2s, we used
KikGR transgenic mice in which all cells express agreen-to-red photo-
convertible protein. We treated KikGR PDAC mice with rIL-33, photo-
converted gut tissue and searched for gut-derived red KLRG1" ILC2s
in PDACs (Fig. 4b). In rIL-33-treated PDAC mice, we detected rare red
KLRGI'ILC2sintumours of gut-photoconverted but not control (sham
treated; peritoneum-photoconverted) mice (Fig. 4b and Extended Data
Fig. 6e), indicating that KLRG1" ILC2s can migrate to PDACs through
agut-blood circuit.

To examine whether PDACs primed suchagut-derived migratory ILC2
circuit, we searched for gut-derived signals that may stimulate ILC2s
to migrate. As recent findings indicate gut microbiota can stimulate
ILC2s to migrate inacute inflammatory states®, we examined whether
PDACs altered gut microbiotaand, consequently, stimulated gut ILC2
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and PDAC mice.d, Gut /{33 mRNA (left), blood KLRG1"ILC2s (middle) and
theintratumoural TLS density (right) in rIL-33-treated PDAC mice treated
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Fig.5|Anengineered humanIL-33 therapeutic stimulates TLSs and anti-
tumour activityin PDAC. a,ST2 activationin HEK blue humanIL-33 reporter
cellswith H-rIL-33, H-e-rIL-33 and H-e-rIL-33-Fc. EC,, half-maximal effective
concentration.b-d, Theintratumoural KLRG1'ILC2 frequency (b), TLS
density (c) and tumour volume (d) in PDAC mice treated with vehicle, mouse
rIL-33, H-rIL-33 or escalating H-e-rIL-33-Fc. Curves inawere fit by nonlinear

reservoirs®. Notably, PDACs not only increased intrapancreatic KLRG1"
ILC2 frequencies (Extended DataFig.7a), but alsoincreased the diver-
sity and altered the composition of gut microbiota (Extended Data
Fig. 7b) and increased gut /[33 mRNA expression (Fig. 4c), suggesting
that gut microbial changes may increase gut IL-33 levels and stimu-
late gut KLRG1" ILC2s to migrate®. Consistently, antibiotic-mediated
microbiotaablation® decreased gut /133 mRNA expression, decreased
the frequency of blood KLRG1*ILC2s and reduced intratumoural TLSs
(Fig. 4d). Furthermore, microbiota ablation slightly reduced serum
IL-33, and reciprocally increased the frequency of gut KLRG1"* ILC2s
(Extended DataFig. 7c) that, consistently, was reduced after microbiota
restorationin germ-free mice (Extended DataFig. 7d), suggesting that
microbiota composition may modulate the ability of gut KLRG1" ILC2s
toenter the circulation. Collectively, these results suggest that KLRGI"
ILC2s can migrate to tumours from the gut and are modulated by gut
microbiota.

As these results suggest PDACs prime the host to extrude ILC2s to
inflamedsites, we investigated whether PDACs could amplify the ILC2
response to tumours in distant tissues. To test this, we administered
rIL-33 to mice with either single (skin alone, subcutaneous (s.c.) PDAC)
or dual (s.c.and pancreatic) PDACs. In contrast to single-PDAC mice, in
whichrIL-33 expanded intratumoural KLRG1' ILC2s yet did not control
s.c. PDAC growth, in dual-PDAC mice, rIL-33 further amplified KLRG1"
ILC2 frequencies, boosted TLS densities (Fig. 4e) and controlled
tumour growthins.c. PDACs (Extended Data Fig. 8a). To confirm that
dual-PDACs amplified KLRG1" ILC2s that trafficked haematogenously
tos.c. tumours, we modelled dual PDACs in parabiotic mice with pan-
creaticPDACsin donor parabionts ands.c. PDACsin recipients (Fig. 4f).
Consistent with the findings in dual-PDAC mice, pancreatic PDACs in
donor parabiontsincreased riL-33-induced KLRG1* but not KLRG1"ILC2
migration to s.c. PDACs in recipient parabionts (Fig. 4f and Extended
DataFig. 8b). This pancreatic PDAC-amplified haematogenous KLRG1"
ILC2 trafficking to s.c. PDACs required distinct cytokines compared

1082 | Nature | Vol 638 | 27 February 2025

regression. Datawere collected at 3-4 weeks (b and ¢) after tumour implantation,
pooled from>2independent experiments with n >3 mice per group with
consistent results. nvaluesrepresent the number of individual tumours from
individual mice. The horizontal bars show the median. Pvalues were calculated
using extra-sum-of-squares Ftest (a) and two-way ANOVA with Tukey’s multiple-
comparison correction test (b-d).

to acute infections as, although both rIL-33 and rIL-25 expanded
KLRG1"ILC2s in donor PDACs (Extended Data Fig. 8c), only rIL-33%
and not rIL-25* disseminated KLRG1* ILC2s from donor parabionts
intorecipient parabiontblood ands.c. PDACs (Extended DataFig. 8c).
Furthermore, increased migration to s.c. PDACs in dual-PDAC mice
was accompanied by restricted s.c. PDAC growth in an ST2-, LTPR-,
Ltb- and Rora-dependent manner (Extended Data Fig. 8d-g). Finally,
microbiotaablationin parabiotic PDAC mice decreased donor-derived
ILC2s in recipient s.c. PDACs and gut, but not recipient DLNSs (Fig. 4g
and Extended DataFig. 8h), indicating that microbiota amplify KLRGI"
ILC2sin tumours connected to agut-blood circuit. Insummary, ahost
pancreatic PDAC amplifies microbiota-mediated haematogenous ILC2
migration to PDACs in distant tissues.

Engineered IL-33 amplifies lymphoneogenesis

To examine the relevance of our findings in humans, we next inves-
tigated whether LT-expressing KLRG1" ILC2s are present in human
cancer.In human PDACs, we detected KLRGI" ILC2s that expressed LT
(Extended DataFig. 9a-c and Supplementary Table 5), suggesting that
KLRGI" ILC2s may exert similar lymphoneogenic function in human
tumours. To investigate the association between IL-33-activated ILC2s
andintratumoural TLSs, we developed ahuman transcriptional signa-
ture of rIL-33-activated ILC2s (Methods) and examined its association
with TLS signatures*”® in tumours spanning a spectrum of immune
activity (n =12 histologies, 4,037 tumours). Activated ILC2 signatures
correlated with all three TLS transcriptional signatures (Extended Data
Fig.1g), suggesting that KLRG1" ILC2s may contribute to TLS formation
in human tumours.

Asthe presence of KLRGI' ILC2sin human tumours suggested that the
IL-33-ILC2-TLS pathway could be manipulated forimmunotherapy, we
engineered human rIL-33 (H-rIL-33) toincreaseits activity and half-life
in vivo. First, to eliminate cysteine oxidation that triggers disulfide



bonding and conformational changes that disrupt the ST2-binding
site of [L-33, we substituted all four cysteine residuesin humanIL-33,;, 570
to serine residues® (hereafter, H-enhanced-rIL-33 (H-e-rIL-33)). We
found that H-e-rIL-33 enhanced ST2 activation compared with H-rIL-
33, consistent with previous observations® (Fig. 5a). Next, to prolong
the H-e-rIL-33 half-life in vivo, we used an established approach® and
fused H-e-rIL-33 to the human IgG1 Fc fragment (H-e-rIL-33-Fc) with
described L234A/L235A substitutions that limit Fc gamma receptor
binding through a short Gly/Ser-containing linker. We then confirmed
that H-e-rIL-33-Fc enhanced in vitro ST2 activation compared with
H-rIL-33 and H-e-rIL-33 (Fig. 5a). As numerous studies have shown
that human IL-33 is biologically active in mice®, we tested whether
H-e-rIL-33-Fc expanded KLRG1*ILC2s and induced TLSs in mice. Con-
sistently, H-e-rIL-33-Fc expanded intratumoural KLRG1" ILC2s and
TLSsinadose-dependent manner (Fig. 5b,c) to control PDAC tumours
(Fig. 5d). Thus, the IL-33-ILC2-TLS axis is a previously undescribed
pathway that can be engineered to treat pancreatic cancer (Extended
DataFig.10).

Discussion

We find that IL-33, an alarmin that is canonically released by damaged
tissues, activates amigratory cellular ymphoneogenic response. Such
a pathway may have been predictable in hindsight—lymphoid tissue
inducer cells, the cells thatinitiate prenatal lymphoid organogenesis,
contract in the postnatal adult*°. Although ILC3s may subsume some
lymphoneogeniclymphoid tissue inducer functioninadults*, ILC3s do
not canonically respond to damage signals. Thus, one may hypothesize
that a non-redundant cellular pathway must initiate lymphoneogen-
esis in response to tissue injury. Indeed, our findings highlight IL-33
as a candidate inflammatory TLS initiator, and ILC2s as a candidate
inducer, of such a pathway.

Our observations do not imply ILC2s are the sole inducers of
IL-33-driven lymphoneogenesis. Although gain- and loss-of-function
studies demonstrate ILC2s indeed induce TLSs in an LT-dependent
manner, our results do not exclude that IL-33-driven TLSs may harness
contributions from other ST2" cells, including activated T cells** and
B cells™ that respond to IL-33'**2, Moreover, IL-33 may also activate
other immune* and non-immune* cells to exert both anti- and, pos-
sibly, pro-neoplastic effects in different contexts through non-TLS
mechanisms. As Nmurl is expressed in the nervous system*, our genetic
strategy to selectively deplete ILC2s by targeting Nmur1 with DT may
confound attempts to study TLS formationin neuronal tissues. Yet, as
ILC2s respond early to tissue damage and recruit other lymphocytes to
injuredsites, ILC2s are prime candidate apex cells toinitiate IL-33-driven
TLSs and amplify the TLS response'. This broadens the scope of the
recognized alarmin function of IL-33, and the role of ILC2s as sentinels
of injury, toinclude inflammation-triggered lymphoneogenesis.

The fidelity of such a mobile lymphogenic pathway is further sup-
ported by companionintratumoural myeloid cells that appear to coop-
eratively generate TLSs. Indeed, myeloid cells and otherimmune cells
inducibly expressIL-33*¢ and LTBR*, and release cytosolic IL-33*¢ (not
demonstratedin our study) through atranslocation pathway for leader-
less proteins* thatlack a secretory signal peptide. Yet, why myeloid cells
possess the molecular machinery to expressIL-33 has remained unclear.
We posit that myeloid cells may use IL-33 to feedback and sustain LT
expression to ensure continuous local levels of IL-33. Thus, IL-33 may
be expressed in myeloid cells to both expand inducer cells in injured
tissues toinitiate TLSs and enable organizer cells to further amplify this
response. Although we find that myeloid cellsuse IL-33 toinduce LT on
ILC2s, this pathway may extend to other IL-33- and LT-expressing cells.
Notably, as we do not demonstrate that myeloid cells secrete IL-33, we
cannotrule out that the N-terminal domain may also contribute to lym-
phoneogenesis. Yet, these findings—self-sustained expression of the
inducingligand through a cellular and molecular feedback loop—bear

the hallmark of a novel TLS pathway. Physiologically, this organizational
structure would logically preprogram SLOs at defined anatomical loca-
tions and equip migratory cells with molecular machinery to trafficto
tissues toinduce TLSs.

Our finding that PDAC primes this host lymphoneogenic response
from the gut and is modulated by microbiota is notable, as a precise
understanding of cells that link gut microbiota to both TLSs and tumour
immunity remains in evolution. However, we did not investigate, and
therefore cannot rule out, the functional contributions of ILC2s migrat-
ing to tumours from other sources, or of non-migratory ILC2s. Thus,
ascirculating ILC2s can derive from different tissue reservoirs®, ILC2s
may plausibly migrate to tumours not only from the gut but also from
alternative reservoirs to generate a coordinated host response to a
tumour. Notwithstanding, our findings introduce ILC2s as potential
cells through which microbiota may modulate tumour immunity.

The ability to engineer the IL-33-ST2 pathway to boost TLSs and
potentially control PDAC could have implications for cancer immu-
notherapy. As PDAC phenocopies the approximately 80% of immuno-
logically cold tumours that appear to be insufficiently immunogenic
and therefore insensitive to first-generation immunotherapies that
amplify endogenousimmunity, strategies to boost TLSs in PDAC could
unlock pathways to activateimmunity in other cancers, either as mono-
therapy orin combination with other activating strategies. Yet, as the
role of IL-33 in cancer appears multifaceted (for example, full-length
IL-33 expressed in cancer cells may accelerate tumour growth***®in
contrast to selective delivery of the ST2-binding domain of IL-33 as
shown here) and in evolution, clinical translation will require rational
application. Although we activate this pathway, one also envisions
blocking this pathway to treat chronic inflammatory diseases medi-
ated by excess TLS activity. Regardless, our findings more broadly
suggest that alarmin-triggered lymphoneogenesis can be harnessed
forimmunotherapy.
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Methods

Mice

C57BL/6 (WT, CD45.2) and C57BL/6 CD45.1 mice were purchased
fromJackson Laboratory. /[1rl1”~ (ST2 deficient) and /{337 mice were
a gift from M. J. Rosen. Ltb"? mice and Ltbr’~ mice were previously
described®*%2, I[7r"*Rora™ mice were a gift from A. N.J. McKenzie.
NmurI®**""Rosa*"™f mice were previously described?. Ltb™ mice
were crossed to NmurI“**" and I[7r*"* mice to obtain NmurI“* " tp""
and Il7r* Leb™ mice. CAG-KikGR> mice were a gift from G. E. Diehl.
Germ-free mice were provided by the gnotobiotic facility at Weill
Cornell Medical Center. For all experiments, 6-14-week-old mice
were age and sex matched and randomly assigned to specified treat-
ment groups, with at least two independent experiments performed
throughout. Sample sizes for experiments were determined without
formal power calculations. Animals were bred and maintained ina
specific-pathogen-free animal facility. All experiments were conducted
inaccordance with an Institutional Animal Care and Use Committee
(IACUC) approved protocol at Memorial Sloan Kettering Cancer Center
(MSK) and in compliance with all IACUC-relevant ethical regulations.

Celllines and animal procedures

Cell lines. All tumour cell lines (gifts from R. H. Vonderheide and B.J
Stanger) were derived from KPC (PdxI-cre;L SL-Kras®?”*;L SL-Trp53™72)
or KPCY (PdxI-cre;LSL-Kras®P*;1 SL-TrpS3%72H*: Rosa26""") mice. All
celllineswere authenticated asbona fide PDAC celllines based on histo-
pathological verification by adedicated pancreatic cancer pathologist.
The HEK-Blue-IL-33 cellline (Invivogen) was cultured in DMEM (Gibco),
10% FBS (Gibco), penicillin (100 IU mlI™), streptomycin (100 pg ml™) and
100 pg ml™ normocin (Invivogen) at 37 °C in 5% CO,. All of the other
cell lines were cultured in DMEM with 10% FBS and glutamine (2 mM)
at37°Cin 5% CO,. All of the cell lines were regularly tested using the
MycoAlert Mycoplasma Detection Kit (Lonza).

PDAC tumours. Tumours wereimplanted orthotopically (pancreatic,
PDAC mice) or s.c. as previously described™. In brief, for orthotopic
implantation, mice were anaesthetized using isoflurane, and a small
(7 mm) left abdominal side incision was made. Tumour cells (10° cells
for KPC-4662 (PDAC 6); 10° cells for all others) were suspended in
Matrigel (Becton Dickinson), diluted 1:1 with cold PBS, and injected
as a 50 pl volume into the tail of the pancreas with a 31-gauge needle.
Successful injection was verified by the appearance of a fluid bubble
withoutintraperitoneal (i.p.) leakage. The abdominal wall was closed
with absorbable PDS-IIsutures (Ethicon), and the skin was closed with
wound clips (Roboz). For s.c. implantation, tumour cells (5 x 10° cells
for KPC-4662 (PDAC 6); 5 x 10* cells for all others) were resuspended in
sterile PBS and implanted s.c. All tumours (PDAC and s.c.) were estab-
lished with KPC-4662 (PDAC 6) unless otherwise specified. For sham
surgery, mice were treated with orthotopic Matrigel injections only.
In PDAC mice, tumour volumes were measured using serial ultra-
sound (Vevo 2100 microultrasound, Visual Sonics) and analysed
(Vivo Lab v.3.1.1, Fuji Film Visual Sonics) as previously described®.
Tumours were collected at the indicated timepoints. To assess T cell
infiltrates in PDACs derived from different cell lines (Extended Data
Fig. 2c), tumours were collected at timepoints with comparable vol-
umes. For s.c. tumours, tumour length and width were measured
every 2-3 days with callipers, and tumour volumes were calculated as
volume = (length/2) x width?. Mice were euthanized at the indicated
timepoints and processed for histology or flow cytometry. No blinding
was performed in experimental mouse interventions, as knowledge
of the treatment groups was required. For survival analyses, survival
was determined by a tumour volume of 2500 mm? or mouse health
requiring euthanasia as defined by institutional IACUC guidelines. No
mouse tumours exceeded IACUC-defined maximal tumour volumes

of >2 cm?. In Fig. 2b and Extended Data Figs. 2c,d and 3e, PDAC L is cell
line 6419, PDAC 2is cell line 50, PDAC 3 is cell line 6694, PDAC 4 is cell
line 52, PDAC 5is cell line 6499 and PDAC 6 is cell line 4662.

Anti-LTBR treatment. Mice were treated with 100 pg of anti-LTBR ago-
nistic antibody (3C8, Invitrogen) or isotype control (Invitrogen) i.p.
every 3 days as described™.

DSS-colitis. 3% DSS (m/v) (MP Biomedicals) was dissolved in drink-
ing water. Mice were iteratively exposed to DSS for 7 days, followed
by 7 days of recovery>, and euthanized for analyses at the indicated
experimental timepoints. rIL-33 was initiated on day O of DSS treatment.

Acute ILC2 depletion with diphtheria toxin. Nmurl“*¢""Rosa's:°™®
mice or littermate control Rosa"*“*™® mice were treated with twice daily
i.p.injections of 100 ng DT (EMD Millipore) for 7 days beginning 2 days
before tumourimplantation, and every 2 days thereafter, as previously
described®.

Parabiosis. Female congenic CD45.1 and CD45.2 mice (aged 6 weeks)
were surgically connected as previously described®. In brief, mice
of similar body weight were co-housed 2 weeks before surgery and
placed onto continuous prophylactic antibiotics (Sulfatrim diet, WF
Fisher and Son) beginning the day before surgery. Lateral skinincisions
from the elbow to knee were made on each mouse, and forelimbs and
hindlimbs were sutured together. After surgery, mice were maintained
on prophylactic sulfamethoxazole (Sulfatrim diet) for 2 weeks, fol-
lowed by a normal diet thereafter. After confirming blood chimerism
4 weeks following parabiotic surgery, pancreatic and/or s.c. PDACs
wereimplanted as described above. To ablate microbiota in parabiotic
mice, after confirming blood chimerism, donor mice were treated with
daily antibiotics (as described below) by oral gavage for 5 days before
PDAC implantation, with subsequent antibiotic treatment maintained
in the drinking water throughout the experimental duration. Parabi-
onts were euthanized and organs were collected 14 days after tumour
implantation.

Photoconversion. ILC2 migration was tracked using CAG-KikGR® mice
that express Kikume Green-Red (KikGR) photoconvertible fluorescent
protein. In brief, orthotopic PDACs were established, PDAC mice were
treated daily withrIL-33 and, 6 days after tumour implantation, tissue
was photoconverted®. To do so, a1l cmincision was made into the ab-
dominal wall, and the caecum and small intestine (gut) or peritoneum
were photoconverted using a 405 nm violet laser for 10 min. PDACs
were collected 2 days later to assess gut-derived photoconverted ILC2s
by flow cytometry.

Microbiome ablation. Microbiome was ablated using an antibi-
otic cocktail of vancomycin (50 mg ml™; Sigma-Aldrich), neomycin
(10 mg ml™; Sigma-Aldrich), metronidazole (100 mg ml™; Santa Cruz
Biotech) and amphotericin (1 mg ml™; MP Biomedicals) administered
daily by oral gavage for 5 days™. Orthotopic PDAC tumours were then
implanted, and microbiome ablation was maintained with ampicillin
(1mg ml™; Sigma-Aldrich), vancomycin (0.5 mg ml™; Sigma-Aldrich),
neomycin (0.5 mg ml™; Sigma-Aldrich), metronidazole (1 mg ml™; Santa
Cruz Biotech) and amphotericin (0.5 pg ml™; MP Biomedicals) in the
drinking water for the duration of the experiment.

Faecal microbiota transfer. To reconstitute microbiotain germ-free
mice, fresh faecal samples were collected from WT C57BL/6 mice,
resuspended insterile PBS (6 faecal pellets per1 ml of PBS), and 200 pl
of the suspension was administered by oral gavage every other day
for 2 weeks*®. PDACs were then implanted and microbiome recon-
stitution was maintained with subsequent weekly faecal microbiota
transfer.
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Blood collection. Peripheral blood was collected from the subman-
dibular vein of mice using a golden rod animal lancet (Medipoint) in
plasma separation tubes with lithium heparin (BD Biosciences) and
Microvette CB300Z (Sarstedt).

Microbiome analysis

DNA extraction and 168 library generation. Faecal samples were
collected, DNA was extracted from single faecal pellets and deposited
into a Qiagen PowerBead glass 0.1 mm tube (Qiagen) using the Promega
Maxwell RSC PureFood GMO and Authentication Kit (Promega) accord-
ing to the manufacturer’s instructions. DNA was quantified using the
Quant-iT dsDNA High Sensitivity Assay Kit with the Promega GloMax
platereader onamicroplate (Fisher Scientific).16S libraries were then
generated as described previously (Earth Microbiome Project; https://
earthmicrobiome.org/protocols-and-standards/16s/). Ampliconlibrar-
ies were washed using Beckman Coulter AMPure XP magnetic beads,
and the library quality and size were verified using the PerkinElmer
LabChip GXIl withthe DNA 1K Reagent Kit (Perkin Elmer) according to
the manufacturer’s instructions. Libraries were normalized to 2 nM
using the PerkinElmer Zephyr G3 NGS Workstation (Perkin Elmer) and
pooled using identical volumes across normalized librariesintoal.5 ml
Eppendorf DNA tube.

Sequencing and data processing. Pooled libraries were sequenced
(Illumina MiSeq) at a loading concentration of 7 pM with 15% PhiX,
paired-end 250 (MiSeq Reagent Kit v2, 500-cycles). Demultiplexed
raw reads were processed using the Nextflow®, nf-core® ampliseq®°
pipeline (v.2.4.0), with the following parameters: -profile singularity
--FW_primer GTGYCAGCMGCCGCGGTAA --RV_primer CCGYCAATT
YMTTTRAGTTT --dada_ref_taxonomysilva--ignore_empty_input_files
--ignore_failed_trimming --min_frequency 10 --retain_untrimmed
--trunclenf240 --trunclenr 160. Specifically, reads were trimmed with
cutadapt®, PhiX, and quality filtering, read pair merging and amplicon
sequence variant resolution was performed with DADA2%%, Subsequent
taxonomic assignment was also performed with DADA2, using the Silva
reference database® (v.138). Abundance tables were analysed using the
QIIME2 software package. Tables were rarefied to 8,000 sequences for
the Shannon diversity and principal component analyses.

Recombinant H-rIL-33 and H-e-rIL-33-Fc

H-rIL-33 and H-e-rIL-33-Fc proteins were produced by GenScript Bio-
tech. Inbrief, target DNA sequences were codon-optimized, synthesized
andsubclonedinto acytomegalovirus promoter-driven expression vec-
tor following the humanIL-2 signal peptide sequence. The proteins were
expressed by transient transfectionin HD Chinese hamster ovary cells
and purified by affinity chromatography, followed by size-exclusion
chromatography to obtain the desired purity. The purified protein was
analysed by SDS-PAGE, western blotting and high-performance liquid
chromatography analysis to determine the molecular mass and purity.

RecombinantIL-33, IL-25, H-rIL-33 and H-e-rIL-33-Fc treatment

After tumour implantation, mice were treated with i.p. injections of
500 ng carrier-free recombinant murine IL-33', IL-25 (R&D Systems)
or H-rIL-33 (Proteos) daily for 7 days, and then every 2 days thereafter.
For H-e-rIL-33-Fc, after tumour implantation, mice were treated every
2 daysfor7 days, and then every 4 days thereafter at theindicated doses.

Human samples

Alltissues were collected at MSK according to MSK Institutional Review
Board (IRB) approved study protocols. Informed consent was obtained
for all of the patients. The study was performed in strict compliance
withallinstitutional ethical regulations. All tumour samples were surgi-
cally resected primary PDACs (for tumour transcriptomic profiling and
serum IL-33 measurement; Supplementary Tables1and 3), or surgically
resected human PDAC (immunohistochemistry/immunofluorescence,

flow cytometry; Supplementary Tables 2and 5). The human PDAC tissue
microarrays', PDAC RNA-seq from ICGC®* and human tumour sequenc-
ing from TCGA® have been previously described.

Tumour transcriptomic profiling
For the MSK cohort, primary PDACs from surgically resected patients
with PDAC were randomly selected to undergo transcriptomic pro-
filing as previously described®. In brief, total RNA from fresh-frozen
OCT-embedded tumours was extracted using TRIzol RNA Isolation Rea-
gents (Life Technologies), qualified on an Agilent BioAnalyzer, quanti-
fied by fluorometry (Ribogreen) and prepared for whole-transcriptome
expression analysis using the WT Pico Reagent Kit (Affymetrix). RNA
was then amplified using low-cycle PCR followed by linear amplification
using T7invitro transcription technology. The cRNAwas then converted
to biotinylated sense-strand DNA hybridization targets, hybridized
to GeneChip Human Transcriptome Array 2.0 (Affymetrix), scanned
using the GeneChip Scanner 3000 and analysed usingR (v.4.0.3).
Forthe TCGA cohort, RNA-seq datasets were obtained from https://
gdc.cancer.gov/ under the identifiers of TCGA-PAAD® (TCGA PDAC
cohort), TCGA-BRCA®, TCGA-SKCM®8, TCGA-ACC, TCGA-BLCA,
TCGA-KICH, TCGA-MESO, TCGA-PCPG, TCGA-PRAD, TCGA-TGCT or
TCGA-UCS. For the ICGC cohort, RNA-seq data were obtained from
previously published data®’. For PDACs in all cohorts, patients
with histologically diagnosed PDAC were included. All data were
log,-transformed.

Cellisolation

Mouse and human PDACs and mouse intestines were mechanically
dissociated and incubated in collagenase (collagenase Il for mouse
tumours, collagenase IV for human tumours, both 5 mg ml™; Worthing-
ton Biochemical, Thermo Fisher Scientific), DNase I (0.5 mg ml™;Roche
Diagnostics) and Hank’s balanced salt solution (Gibco, Thermo Fisher
Scientific) for 30 min at 37 °C. Digestion was then quenched with FBS
(Life Technologies). Digested tumours and DLNs were then mechani-
cally disassociated and filtered through 100 mm and 40 mm nylon
cell strainers (Falcon, Thermo Fisher Scientific) using PBS with 5% FBS
(Life Technologies) and 4 mM EDTA (pH 8.0, Invitrogen). Spleens were
mechanically dissociated and filtered through 70 mmand 40 mm nylon
cellstrainers (Falcon, Thermo Fisher Scientific) using PBS with 5% FBS
and2 mMEDTA, followed by red blood cell (RBC) lysis (RBC lysis buffer,
Invitrogen Scientific). Peripheral blood was processed with RBC lysis
and filtered through 40 mm nylon cell strainers. Mouse Fc receptors
were blocked with FceRIIl/II-specific antibody (1 pg per 1x 10° cells;
2.4G2, Bio XCell).

ILC2 and myeloid cell adoptive transfer

Donor orthotopic PDAC donor mice were treated with 500 ng
carrier-free murinerIL-33 (R&D Systems) in sterile PBS daily for 10 days.
For ILC2 transfer, live CD45'1lin"CD90*KLRG1*ILC2s from tumours were
sort-purified to 98% purity at day 10 after implantation using the Aria
CellSorter (BD Biosciences). Then, 5 x 10*ILC2s were immediately trans-
ferred to orthotopic PDAC-tumour-bearing /l7r”* Ror@™ mice through
i.p.injection3 days after tumour implantation. For myeloid cell transfer,
live CD45'NK1.1"CD11b*LTBR" cells were sort-purified to 90% purity
using the Aria Cell Sorter. For adoptive transfer, 5 x 10° CD11b*LTBR*
cells were mixed with tumour cell suspensions and injected into the tail
of the pancreas using a 31-gauge needle. rIL-33 treatment (500 ng per
mouse as described above) was administered in recipient mice on the
day of ILC2 or myeloid cell transfer until the day of tissue collection.
Tissues were collected at the indicated timepoints.

Flow cytometry

All of the samples were analysed on the FACS LSR Fortessa (BD Bio-
sciences) system. Mouse ILC2s were defined as live CD45°lin (CD3,
CD5, NK1.1, CD11b, CD1l1c, CD19, FceR1)CD90*. Mouse KLRG1" ILC2s
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were defined as live CD45°lin (CD3, CDS5, NK1.1, CD11b, CD11c, CD19,
FceR1)CD90*KLRGI". All KLRG1" ILC2s as defined were confirmed to
be GATA3" in our model (Extended Data Fig. 3a). Human ILC2s were
defined as live CD45'lin"(CD3, CDS5, CD56, CD11b, CD11c, CD14, CD16,
CD19, TCRa/f, FceR1)CD127°'CRTH2". Human KLRG1" ILC2s were
defined as live CD45'lin (CD3, CD5, CD56, CD11b, CDl1c, CD14, CD16,
CD19, TCRa/B, FceR1)CD127*CRTH2'KLRGI". The following defini-
tions were used for other immune cells: ILCL, live CD45'lin " TBET";
ILC3, live CD45'1in"NK1.1'RORyt"; NK, live CD45'CD3"NK1.1*; B cells,
live CD45"CD3°NK1.1'CD19%; CD4" T cells, live CD45"NK1.1" CD3*
CD8CD4";CD8' T cells, live CD45'NK1.1 CD3*CD4 CD8"; Eosinophils,
live CD45°NK1.1°CD3°CD19 CD11b*SIGLECF*; macrophages, live CD45"
NK1.1"CD3°CD19°CD11b*F4/80"; myeloid-derived suppressor cells
(MDSCs), live CD45'NK1.1°CD3°CD19 CD11b'SiglecF Gr-1*; DCs,
live CD45'NK1.1' CD3"CD19 Gr-1'F4/80 CD11c*MHC-II*.

Mouse cells were stained with the following antibodies according
to the manufacturer’s instructions: from BioLegend, CD11c (N418,
BV510), CD19 (6D5, PE and BV785), CD25 (PCé61, PerCP-Cy5.5), CD3
(145-2C11,BV711), CD4 (RM4-5,BV711 and BV786), CD45 (30-F11, Pacific
Blue), CD45.1(A20,BV711and APC-Cy7), CD45.2 (104, Pacific Blueand
APC-Cy7),CD8(53-6.7,BV510), KLRG1 (2F1/KLRG1, BV510), LTBR (5G11,
PE-Cy7), NK1.1(PK136,BV605), SIGLECF (S17007L,APC), CD127 (A7R34,
PE-Cy7) and Zombie Red Fixable Viability dye (423110); from BD Bio-
sciences, CD11b (M1/70, Alexa Fluor 700, APC, and APC-Cy7), CD5 (53-
7.3,APC), CDl1c (HL3, APC), CD90.2 (53-2.1, BV786), GATA3 (L50-823,
BV711and PE), Gr-1(RB6-8C5, BV605), NK1.1 (PK136, BV650 and APC),
DRAQ7 (51-9011172), T-BET (04-46, BV650), RORyt (Q31378, PE) and
4’,6-diamidino-2-phenylindole (DAPI); from Invitrogen Scientific, CD11c
(N418, FITC), CD127 (A7R34, FITC), CD19 (eBiolD3, Alexa Fluor 700),
CD3(17A2, AlexaFluor 700), CD8 (53-6.7, Alexa Fluor 700), F4/80 (BMS,
PE-CyS5), FceR1 (MAR-1,APC), FOXP3 (FJK-16s, FITC), IL-33 (396118, PE),
MHC class11(M5/114.15.2, Alexa Fluor 700), ST2 (RMST2-2, PE-Cy7) and
TCRV[ (MR-9-4, Alexa Fluor 700).

To detect mouse LT, single-cell suspensions were incubated with
recombinant mouse LTBR-Fc chimeric protein (1 pg ml™, R&D systems)
in PBS with 5% FBS and 4 mM EDTA for 30 min in the dark at 4 °C, fol-
lowed by incubation with asecondary antibody (goat anti-mouse IgG2a
conjugated, Invitrogen) for 30 min in the dark at 4 °C, as previously
described®. As positive controls, 3 x 10° bulk splenic T cells (isolated by
negative selection using the mouse Pan T Cell Isolation Kit II, Miltenyi
Biotech) from WT (positive control) or Ltb™ (negative control) mice
were stimulated in vitro with anti-CD3/anti-CD28 (1 pg ml™, BD Bio-
sciences) in coated six-well plates with 10% RPM, 100 IU ml™ penicillin
and 100 pg ml™ streptomycin for 4 h based on a previously described
protocol” and examined for surface LT expression using identical
staining methods as described above. To analyse mouse NMUR1 protein
expression, single-cell suspension was first blocked with 2% normal
mouse serum (Jackson ImmunoResearch) in FACS buffer (1% BSA,
2.5mM EDTA, 25 mM HEPES, 0.05% sodium azide in PBS) followed by
viability staining using LIVE/DEAD Fixable Aqua Dead Cell Stain dye
(Thermo Fisher Scientific) in PBS. Cells were then incubated 30 min
with anti-mouse NMURI1-biotinylated antibody (12-A03-A; previously
described)® at 0.0173 mg ml™ contained in the surface staining anti-
body mix. Then, after washing with FACS buffer, cells were counter-
stained with Streptavidin-BV650 conjugated fluorochrome at 1/250
dilution (BioLegend) for 15 min, followed by the intracellular staining
and detection using the methods described above.

Human cells were stained with the following antibodies according to
themanufacturer’sinstructions: from BD Biosciences, GATA3 (L50-823,
PE); from BioLegend, CD11b (ICRF44, APC), CD45 (HI30, Pacific Blue),
CD56 (HCD56,BV605), CRTH2 (BM16, PerCP/Cy5.5and PE), FceR1 (AER-
37,APC), KLRG1 (2F1/KLRG1, BV510), TBET (4B10, BV711) and TCRa/3
(IP26, APC); from Invitrogen Scientific, CD14 (61D3, APC), CD16 (CB16,
APC), CDl1c (3.9, APC), CD127 (RDRS5, FITC), CD3 (OKT3, Alexa Fluor
700), CD5 (L17F12, APC) and CD19 (HIB19, AF700).

To detect human LT, single-cell suspensions were incubated with
recombinant human LTBR-Fc chimeric protein (2 pg mI™, R&D systems,
629-LR) in PBS with 1% FBS and 0.5 mM EDTA (pH 8.0, Invitrogen) for
30 minin the dark at 4 °C followed by incubation with a secondary
antibody (mouse anti-human IgG, Invitrogen) for 30 min in the dark
at4 °C. All of the samples for flow cytometry were from prospectively
collected unselected patients (Supplementary Table 5).

H&E staining

Pancreatic tumours were cut into 2-mm-thick slices and fixed in 4%
paraformaldehyde solution (Electron Microscopy Sciences), embedded
in paraffin, stained with H&E, and scanned on the Panoramic Scanner
(3DHistech) with the x20/0.8 NA objective. The number of TLSs were
determined in at least three sections using QuPath (v.0.2.3; https://
qupath.github.io/). Acompact aggregate of ymphocytes >5,000 pm?
was considered as a TLS™. In DSS-colitis mice, lymphoid aggregates
were counted in a section of a colon and normalized by the length of
each colonicsection.

Serum IL-33 detection

Human. Serum was collected and stored (-80 °C) until use. IL-33 lev-
els were measured by multiplexed cytokine array (Human Cytokine/
Chemokine 71-Plex Discovery Assay Array; Eve Technologies). Patient
clinicopathological characteristics are shown in Supplementary Table 3.

Mouse. Serum was collected 48 h after the last rIL-33 dose and stored
(=80 °C) untiluse.IL-33 levels were measured by multiplexed cytokine
array (Mouse Cytokine Th1712-Plex Discovery Assay, Eve Technologies).

Immunohistochemistry

Immunohistochemistry was performed on previously described human
PDAC tissue microarrays'. In brief, paraffin-embedded tissue sections
were deparaffinized with EZPrep buffer (Ventana Medical Systems).
Antigenretrieval was performed with CC1 buffer (Ventana Medical Sys-
tems), followed by Background Buster solution (Innovex). Avidin-biotin
blocking solution (Ventana Medical Systems) was then used to block
tissue sections for 30 min. The sections were incubated with anti-human
IL-33 antibody (AF3625, R&D System) for 4 h, followed by 60 min with
biotinylated rabbit anti-goat IgG (Vector labs) at 1:200 dilution. IL-33
positivity was detected using the DAB detection kit (Ventana Medical
Systems). Any cell demonstrating cytoplasmic or nuclear IL-33 positiv-
ity was designated to have positive staining. Nucleated cellsina TLS
were determined and counted using the Analyse Particles function
in Image]J (v.2.3.0, NIH). IL-33" cells in a TLS were counted manually.

Immunofluorescence

Three-colour. Paraffin-embedded tissues were sliced into 7 um sec-
tions. Multipleximmunofluorescence was performed using a Discovery
XT processor (Ventana Medical Systems) as described previously®.
To stain slides for B220, the sections were incubated with anti-B220
(RA3-6B2, BD Biosciences) for 6 h, followed by 60 min incubation
with biotinylated horse anti-goat IgG (Vector Laboratories) at 1:200
dilution. Detection was performed with Streptavidin-HRP D (Ventana
Medical Systems), followed by incubation with Tyramide Alexa Fluor
594 (Invitrogen) prepared according to the manufacturer’s instruc-
tions with predetermined dilutions. The sections were thenincubated
with anti-CD3 (Dako) for 6 h, followed by 60 minincubation with bioti-
nylated goat anti-rabbit IgG (Vector Laboratories) at 1:200 dilution.
Detection was performed with Streptavidin-HRP D (Ventana Medical
Systems), followed by incubation with Tyramide Alexa 488 (Invitrogen)
prepared according to the manufacturer’sinstructions with predeter-
mined dilutions. Finally, the sections were incubated with anti-LYVE-1
(R&D systems) for 6 h, followed by 60 minincubation with biotinylated
goat anti-rabbit IgG (Vector Laboratories) at 1:200 dilution. Detection
was performed with Streptavidin-HRP D (Ventana Medical Systems),
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followed by incubation with Tyramide Alexa 647 (Invitrogen) prepared
according to the manufacturer’s instructions with predetermined
dilutions. After staining, the slides were counterstained with DAPI
(Sigma-Aldrich) for 10 min and cover-slipped with Mowiol.

Five-colour in mice. Paraffin-embedded tissues were sliced into 7 um
sections. Multiplex immunofluorescence was performed using a Dis-
covery XT processor (Ventana Medical Systems) as described®. The
sequential antibody staining was conducted as follows: 6 hincubation
with anti-MECA-79 (BD Pharmingen) followed by 60 min incubation
with secondary antibody (Al488); 6 h incubation with anti-BCL6 (Ab-
cam) followed by 60 minincubation withsecondary antibody (CF594);
6 hincubation with anti-CD11c (Cell Signaling) followed by second-
ary antibody (Al647); 6 hincubation with anti-CD3 (Dako) followed
by secondary antibody (CF543); and 6 h incubation with anti-B220
(BD BioScience) followed by secondary antibody (CF430). For TLS
quantification, the number of TLSs was determined in at least three
sections using CaseViewer (3DHISTECH). Mouse TLSs were determined
as acompact aggregate of T and B lymphocytes and high endothelial
venules. TLS maturation states” 7 were defined as follows: lymphoid
aggregates, CD3'B220"CD11c" MECA-79'BCL67; primary follicles,
CD3'B220*CD11c"MECA-79"BCL6".

Five-colour in humans. Automated multiplex immunofluores-
cence was conducted using the Leica Bond BX staining system.
Paraffin-embedded tissues were sectioned at a thickness of 5 pm
and baked at 58 °C for 1 h. The slides were loaded in Leica Bond and
staining was performed as follows. The samples were pretreated with
EDTA-based epitoperetrieval ER2 solution (Leica, AR9640) for 20 min
at100 °C. The 4-plex antibody staining and detection were conducted
sequentially. The primary antibodies against IL-33 (1.25 pg ml™, R&D
Systems), MECA-79 (1.25 ug ml™, BD Pharmingen), CD21 (5 pg ml ™,
Leica Biosystems), CD45 (0.625 pg ml™, Abcam) and CD3 (1:10, Roche
Diagnostics) were used.

For rabbit antibodies, Leica Bond Polymer anti-rabbit HRP was
used; for goat, rat and mouse antibodies, rabbit anti-goat (Jackson
ImmunoResearch), rabbit anti-rat (Vector Laboratories) and rabbit
anti-mouse (Abcam) secondary antibodies were used before applying
the Leica Bond Polymer anti-rabbit HRP. Next, Alexa Fluor tyramide
signal amplification reagents (Life Technologies) or CF dye tyramide
conjugates (Biotium) were used for detection. After each round of
immunofluorescence staining, epitope retrieval was performed to
denature primary and secondary antibodies before applying another
primary antibody. The slides were then washed in PBS and incubated
in 5 pg mI™ DAPI (Sigma-Aldrich) in PBS for 5 min, rinsed with PBS and
mounted in Mowiol 4-88 (Calbiochem). The slides were kept overnight
at-20 °Cbeforeimaging. CD45 and IL-33 positivity was determined by
CaseViewer (3DHISTECH). IL-33" and IL-33" CD45" cells were quantified
on ImageJ (National Institute of Health), and cells per area estimated
by calculating surface area based on presence of DAPI" cells. Human
TLSs were determined as compact aggregate structures of T cells
(CD45*CD3%)"”, B cells (CD45*CD21")"” and high endothelial venules
(MECA-79%)°.

B cell receptor sequencing

Mouse B cell receptor sequencing was done by Adaptive Biotechnology.
Inbrief, ten 5 um curls of FFPE blocks for each sample were preserved
at -80 °C. DNA was extracted, and immunosequencing of the CDR3
regions of mouse B cell receptor chains was performed on genomic DNA
from FFPE-fixed samples using the immunoSEQ Assay (Adaptive Bio-
technologies™). All of the samples were amplified in abias-controlled
multiplex PCR, followed by high-throughput sequencing, identification
and quantification of absolute abundances of unique CDR3 regions.
The resulting sequencing data were processed and analysed on the
immunoSEQ Analyser web-based relational database.

Somatic hypermutation

Allrearrangements were exported to FASTA files using the Fasta Con-
version toolinthe Immunoseq Analyzer web-based platform and input
to the nf-core/airrflow pipeline for analysis using the Immcantation
toolset”. Each rearrangement was annotated with its germline V(D)
J gene allele using IgBlast with the Mus musculus IMGT germline ref-
erence v.2022.10.04 (http://www.imgt.org/IMGT_GENE-DB). Rear-
rangements with productive heavy-chain sequences were retained
for analysis of B cell clonal relationships, and clones were defined by
VDJ-aware spectral clustering using the R package SCOPer’®. Mutation
frequencies were computed using the observed mutations functionin
the R package Shazam”.

Digital droplet PCR

For purified cells, frozen cells were lysed in 1 ml of TRIzol Reagent
(Thermo Fisher Scientific), and phase separation was induced with
200 pl of chloroform. RNA was extracted from 350 pl of the aqueous
phase using the miRNeasy Micro Kit (Qiagen) on the QlAcube Connect
(Qiagen) according to the manufacturer’s protocol. The samples were
eluted in 30 pl of RNase-free water.

For whole intestine, frozen tissues were homogenized in in TRIzol
(Thermo Fisher Scientific), and phase separation was induced with
200 pl of chloroform. RNA was extracted from the aqueous using the
MagMAX mirVana Total RNA Isolation Kit (Thermo Fisher Scientific)
on the KingFisher Flex Magnetic Particle Processor (Thermo Fisher
Scientific) according to the manufacturer’s protocol with 350 plinput.
Samples were eluted in 35 pl of elution buffer.

PCR expression probes were designed (Bio-Rad) for the following
genes: mouse /133 (AMmuCPE5096722), Ltbr (dMmuCPE5113608),
Ccl19 (dMmuCPE5092188), Cxcl9 (AMmuCPE5122450) and Cxcl13
(dMmuCPES5110356). Droplet generation was performed on the QX200
ddPCR system (Bio-Rad) using cDNA generated from 0.8-2 ng total
RNA with the One-Step RT-ddPCR Advanced Kit for Probes (Bio-Rad)
according to the manufacturer’s protocol with reverse transcription
at42 °Cand annealing/extension at 60 °C. Each sample was evaluated
intechnical duplicates. Plates were read and analysed (QuantaSoft)
to assess the number of droplets positive for genes of interest. The
number of droplets was normalized to the input amount of total RNA.

scRNA-seq

Library preparation, sequencing and post-processing for single-cell
immune profiling have been previously described™. Inbrief, ST2* ILC2s
were purified from tumours and DLNs from PDAC mice treated with
rIL-33for 10 days,and CD45'CD11b*LTBR" and CD45'CD11b*LTBR  cells
were purified from tumours of PDAC mice treated with rIL-33 for 14 days.
scRNA-seq libraries were prepared according to the manufacturer’srec-
ommendations (Chromium Single Cell V(D)J User Guide PN-1000006,
10x Genomics). Cell suspensions (85-90% viable) at a concentration
0f 90-200 cells per pl were loaded onto the 10x Genomics Chromium
platform to generate Gel Beads in Emulsion (GEMs), targeting about
2,000 single cells per sample. After GEM generation, the samples were
incubated at 53 °Cfor 45 minin the C1000 Touch Thermal cycler witha
96-Deep Well Reaction Module (BioRad) to generate poly(A) cDNA bar-
coded atthe 5’ end by the addition of atemplate switch oligolinked toa
cellbarcode and unique molecularidentifiers (UMIs). After breaking the
GEMs, the single-stranded cDNA was cleansed with DynaBeads MyOne
Silane Beads (Thermo Fisher Scientific). The cDNA was then amplified
(98 °Cfor45s;then16 cyclesof 98 °Cfor20s,67 °Cfor30s,72°Cforlh),
after whichthe cDNA quality was assessed using the Agilent Bioanalyzer
2100, obtaininga product of about 1,200 bp.cDNA (50 ng) was enzymati-
cally fragmented, end repaired, A-tailed, subjected to a double-sided
size selection with SPRIselect beads (Beckman Coulter) and ligated to
adaptors provided in the kit. Within each library, a unique sample kit
was then introduced through 14 cycles of PCR amplification using the
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indexes provided in the kit (98 °C for 45 s; 14 cycles of 98 °C for 20 s,
54°Cfor30s,72°Cfor20s;72°Cfor1min;thenheldat4 °C).Asecond
double-sided selection was then performed on the indexed libraries,
after which thelibraries were quantified using Qubit fluorometric quan-
tification (ThermoFisher Scientific). The Agilent Bioanalyzer 2100 was
used toassess the quality (average library size 450 bp), after which cDNA
was amplified with 18 cycles, and a unique sample index was added to
eachlibraryin1é6cycles. Diluted libraries were then clustered using the
NovaSeq 600 system on a paired-end read flow cell, sequenced for 28
cyclesonR1(10x barcode and the UMIs), followed by 8 cycles of 17 index
(sampleindex), and 89 bases on R2 transcript, obtaining approximately
100 million clusters per samples. Primary processing of sequencing
images was done using Illumina’s Real Time Analysis software (RTA).
10x Genomics Cell Ranger Single Cell Software suite v.3.0.2 (https://
support.10xgenomics.com/single-cell-gene-expression/software/pipe-
lines/latest/what-is-cellranger) was used to demultiplexsamples, align to
the mouse genomic reference mm10, filter, count UMIs, single-cell 5’ end
genes and control quality according to the manufacturer’s parameters.
Processed data were subsequently analysed in R (v.4.0.3).

Toestimate a TLS chemokine signature’ in myeloid cells, asignature
score was computed for the 12 chemokines’ using the GSVA method®°
inR (v.4.0.3). Inbrief, to achieve quality control, low-quality cells were
filtered out based on the median absolute deviation of unique feature
counts and mitochondrial counts®, followed by normalization using a
global-scaling method. Assay datawere then extracted and applied as
the expression set, with the 12 chemokines (CCL2, CCL3, CCL4, CCLS,
CCLS, CCL18, CCL19, CCL21A, CCL21B, CXCL9, CXCL10, CXCL11and
CXCL13) provided as areference gene set using the GSVA function. The
ensuing consensus expression was projected onto target cell popula-
tions using UMAP and violin plot visualizations.

TLS and ILC2 transcriptional signatures

Known TLS gene signatures were extracted from each transcriptomic
dataset (see the “Tumour transcriptomic profiling’ section). In brief,
the signaturesincluded the genes CD798B, EIF1AY, PTGDS, CCR6, SKAPI,
CETPand CD1Dinref.4; CCL2, CCL3, CCL4, CCLS5, CCLS8, CCL18, CCL19,
CCL21,CXCL9,CXCL10,CXCLIIand CXCL13inref.7;and CXCL13,CD200,
FBLN7,1COS, SGPP2, SH2DIA, TIGIT and PDCDI1 inref. 8. The signature
score was calculated as the mean gene expression. Pearson’s correlation
tests were performed using the rcorr function of the Hmisc package
(v.4.5)inR (v.4.0.3).

To establish a human intratumoural ILC2 transcriptional signature
(ILC2score), wefirstidentified candidate differentially expressed genes
inrlL-33-activated KLRG1* ILC2s in tumours and DLNs of PDAC mice,
based on purified single-cell transcriptomes (from scRNA-seq above)
using the Seurat package on R. After unsupervised clustering, we com-
puted differentially expressed genes for each cluster in the dataset
shown in Fig. 3a using Wilcoxon rank-sum test with adjustment for
multiple comparisons. As aresult, we identified 341 genes significantly
and specifically upregulated in KLRGI" ILC2s (cluster O).

We nextidentified human orthologues of the 341 genes upregulated
in mouse KLRG1" ILC2s using the Ensembl Biomart database®?, and
identified genes with unique human orthologues. We next downloaded
the raw read counts for the primary pancreatic cancers (PAAD) from the
RNA-seq TCGA dataset using TCGAbiolinks R package® . We removed
non-coding genes fromthe read count matrix, as well as genes with <1
read per million in at least 5% of the samples in the dataset. We then
restricted the ILC2 genelist to the genes expressed (as defined above)
inthe TCGAPAAD dataset, ordered them by the statistical significance
in the mouse differential expression analysis and selected the top 20
genestoserveasthehumanlILC2score (LAPTMS,IL7R, TSPAN13, LY6E,
S100A10,5100A6, HSPAS, SELPLG,ITM2B, B2M, CORO1A, PFN1,MYL12B,
CNN2,RAC2, TSPO, TMSB4Y, PTPNIS, CD52 and RPL37A).

To evaluate the relationship between this ILC2 score and TLS sig-
natures*”®, we computed the log-transformed normalized gene

expression inthe TCGA-PAAD dataset described above using the TMM
method®® from edgeR package. Consensus expression of the three
existing TLS signatures and the new ILC2 score was computed using
the GSVA method®°. We ran t-tests for Pearson correlations between
the consensus expression of the ILC2 score and each of the three exist-
ing TLS signatures and applied the Bonferroni correction for multiple
testing.

Confocal microscopy
To visualize LT expression on KLRGI" ILC2s, PDAC mice were treated
with rIL-33 for 2 weeks, intratumoural KLRG1" ILC2s were sort puri-
fied and surface LT expression was detected with recombinant mouse
LTBR-Fc chimeric protein (1 pg ml™, R&D systems) as described above
(see the ‘Flow cytometry’ section). Sort-purified KLRG1" ILC2s and
MACS-purified CD3/28-stimulated T cells were incubated with recom-
binant mouse LTBR-Fc chimeric protein (1 pg ml™, R&D systems) in
5% FBS at 4 °C for 30 min. Cells were then stained with PE-conjugated
anti-mouse IgG2a antibody (Invitrogen) at 4 °C for 30 min. Cells were
thensettled on 0.01% polylysine-coated coverslips for 30 minatroom
temperature, fixed on coverslips with 4% PFA and permeabilized with
0.1% Triton X-100 for 20 minat room temperature. The coverslips with
fixed cells were mounted with Molecular Probes SlowFade Diamond
Antifade Mountant with DAPI (Thermo Fisher Scientific).

To visualize LT-PE and nuclear DAPI, the images were taken on
a point laser-scanning confocal system (SP5, Leica) with a x63
oil-immersion using objective 2 (x2 visual magnification). Images with
binomial signals were visualized using Image].

Invitro studies

ST2 reporter assay. A total of 5 x10* HEK-Blue IL-33 cells (Invivo-
gen) was seeded onto 96-well plates with DMEM, 10% FBS, penicillin
(100 IU mI™*) and streptomycin (100 pg ml™). Cells were incubated for
24 hat37°Cin5%CO,with H-rIL-33 (Proteos), H-e-rIL-33 or H-e-rIL-33-Fc
at the designated concentrations. After incubation, 20 pl of superna-
tantwas added to 180 pl of QUANTI-Blue solution (Invivogen) per well
inaflat-bottom 96-well plate. The plate was incubated for 2 hat 37 °C
in 5% CO, followed by 630-nm-wavelength absorbance detection on
the Cytation 3 reader (BioTek).

Statistics

Comparisonsbetweentwogroupswere performed using unpaired Mann-
Whitney U-test with the Benjamini-Krieger—Yekutieli false-discovery
approach for multiple-timepoint comparisons (two-tailed). Compari-
sons among multiple groups were performed using one-way ANOVA
followed by Kruskal-Wallis multiple-comparison post-test. Compari-
sons among multiple groups across multiple timepoints were per-
formed using two-way ANOVA followed by Sid4k’s multiple-comparison
post-test. ECs, curves were compared using an extra sum of squares
Ftest. Correlations between two variables were calculated using lin-
ear regression. All alpha levels were 0.05; P < 0.05 was considered to
be a significant difference. Statistical analyses were performed using
R (v.4.0.3,scRNA-seq) and Prism v.9.2.0 (GraphPad Software, all else).

Material availability
Allmaterialis available fromthe corresponding author onreasonable
request.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Source data are provided for all experiments. RNA-seq data from the
TCGA andICGCare publicly available®*. All other bulk RNA expression
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data are available under Gene Expression Omnibus (GEO) accession
number GSE184585. scRNA-seq data of ILC2s have been previously
reported'and are available under GEO accession number GSE136720.
scRNA-seq data of myeloid cells are available under GEO accession
number GSE225990. 16S rRNA gene sequencing data are available
under BioProject ID number PRINA944673. Source data are provided
with this paper.
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Extended DataFig.1|Intratumoural /L33 expressionin human tumours.

a, b, Correlation of intratumoural /L33 mRNA expression to TLS transcriptional
signatures (TLS signature:1%,27,3%),and LTB mRNA expression in human PDAC
cohorts (top, Memorial Sloan Kettering Cancer Center (MSK) cohort; bottom,
International Cancer Genome Consortium (ICGC) cohort) and human tumours
fromthe Cancer Genome Atlas (b). ¢, IL-33 immunohistochemistry inhuman
PDACswith TLSs. Dotted red lines = putative TLS. d, Immunofluorescence

images of TLSsin human PDACs. e, f, Serum IL-33 inrIL-33-treated PDAC mice (e)
andinhuman PDAC patients (f). g, Correlation of IL-33-activated human ILC2
transcriptional signature to TLS signatures (TLS signatures: 1%, 27, 3%) inhuman
tumours from the Cancer Genome Atlas. n=number of tumours (a, b, g), mice (e)
or patients (f). Data collected at 4 weeks (e) after tumour implantation, pooled
from2independentexperiments withn >3 mice per group with consistent
results. Pvalues by two-sided Pearson’s correlation (a, b, g).
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Extended DataFig.2|Disease and immune activity with IL-33 modulation
inPDAC and DSS-colitis. a, Tumour weight in anti-LTBR-treated WT and

11337"PDAC mice. b, Weightloss and survivalin WT and /1337~ DSS-colitis mice.

c,Frequency of CD4"and CD8" T cellsin PDAC mouse models withlowand
moderate T cellinfiltration.d, H&E of TLSsin T cell low and T cell moderate
tumours. Dotted white lines = putative TLS. e, f, Immunofluorescence images
ofintratumoural lymphoid aggregates and primary follicles (e) and TLSs with
BCL6"Bcells (f) inrIL-33-treated PDAC mice. g, Weight loss and survivalin

9 105+ 100 — Vehicle (n = 32)
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vehicle-treated and rIL-33-treated DSS-colitis mice. Data collected 2 (a),
3(c,dPDAC3,4)and3-5(c,dPDAC1,2,5, 6, e, f) weeks after tumour
implantation, pooled from >2 independent experiments with n >3 mice per
group with consistent results. n=individual tumours fromindividual mice
orindividual mice analysed separately. Horizontal bars = median. Pvalues
by one-way ANOVA with Tukey’s multiple comparison test (a), two-tailed
Mann-Whitney U-test (c), two-way ANOVA with Sidak’s multiple comparison
test (b, g, weightloss), and log rank test (b, g, survival).
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Extended DataFig. 3 |See next page for caption.
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Extended DataFig.3|IL-33 expands LT-expressing KLRG1' ILC2sin PDAC
mice.a, KLRGI'ILC2 gating strategy.b, Ltaand Ltb mRNA expression
inpurified KLRGI'ILC2s (digital droplet PCR - left; scRNA-seq - right).
c,d,f, LT expression on KLRG1'ILC2s by flow cytometry (c, rIL-33-treated
PDAC mice; f, rIL-33-treated DSS-colitis mice), and confocal imaging of
purified intratumoural KLRG1"ILC2s (d). Ind, LT expression by flow cytometry
(left) and confocal imaging (right) on xCD3 and aCD28-stimulated WT and
Ltb™" T cells (flow cytometry histograms) shown as positive and negative
controls. e, Frequency of intratumoural KLRGI" ILC2s in rIL-33-treated PDAC
mice. PDAC1-6 =orthotopic PDAC mice established with PDAC cell lines 1-6.
g-i, sScRNA-seq of 794 purified tumour ILC2s (g) and 1,668 purified tumour
anddraininglymphnode (DLN) ILC2s (h, i) from PDAC mice. Heat map =top 25

genes foreach cluster. UMAP, violin plots=ILC transcription factors (h), and
markers (i) in unsupervised clusters in Fig. 3a, and ILC2 cytokines (h). Thx21
was undetectable.j, ILC transcription factors onintratumoural KLRG1' ILC2s
fromriL-33-treated PDAC mice by flow cytometry. Data collected 10 days (g-j)
and 2 weeks (b-f) after tumour implantation, pooled from >2 independent
experiments with n >2 mice per group with consistent results. n=individual
tumours fromindividual mice analysed separately. Horizontal bars = median;
violin plots show the distribution with minima, maxima, and median (lines).
Pvalues by two-way ANOVA with Tukey’s multiple comparisons test (bleft, e, f),
Wilcoxonsigned rank test (b, i violin plots), two-way ANOVA with Holm’s
post-test (c), and two-way ANOVA with Sidak’s multiple comparisons test (d).



a ILC1/NK ILC2 ILC3 Neutrophils
10° ]
104
10° o) 0 01 0 15 o2
0 i
FMO i Anti-NMUR1 FMO Anti-NMUR1 FMO Anti-NMURH1 FMO Anti-NMUR1
CD4' T cells CD4- (CD8") T cells Eosinophils Myeloid cells/B cells
T 10° El
§1o‘ .
> 0 0.1
Bro : o
20 i
8 ‘FMC‘) ) 3 Anti‘—NM‘URT . ‘FMC‘) . Anli‘—NM‘UR1‘ . FMO . A‘nt\‘—NML‘JRW‘ FMO Anti-NMUR1
010° 10* 10° 010° 10* 10° 010° 10* 10° 010° 10* 10° 010° 10¢ 10° 010° 10¢ 10° 5707167 10° 7107 707 T0*
NMURT1 (biotin + SA-VB650) —
100 Tumour DLN Spleen Gut
= @ @ gg O Nmur1icre-eGrp
2 (n=5)
% 50
s
z
NG
o &
VN &
AT K o A SN S @
g K 58 o S
S § @ FFE e
b Tumour DLN Spleen
£ 10° 02 0.7 0.7 Tumour DLN Spleen Gut
ER- <10+ <10* <10* <104
:ﬁ 14 o 5.0 5.0 5.0 O ROSA26L8L-0™R
& s 83.6 53.9 16.9 @ o o (n=14 spleen
g 0 3 e} o 9 others)
:D [e) Nmu,7lcre€GFF
03 05 24.1 57 9 25 25 25 ROSAZ65-0TR
9_ g o (n=21spleen
5 8 oo o 25 others)
18.9 ] 26 45 & 8 o
‘ o
T T T o T o o Tor ILC1 ILC2 ILC3 ILC1 ILC2 ILC3  ILC1 ILC2 ILC3 ILC1 ILC2 ILC3
GATA3 -BV711-A —
c Tumour d Tumour
14 0 ROSA265-0™ 5.0 60 O Littermate control
” o (n=19) o (n=137)
= 12}
= g o Nmurticreecee = O Nmur1icre-eGee [ thin
S Q@ ROSA26:5-01 8 40 o (n=25)
n=25 [te)
27 go ( ) 225 o 3
o o
5 | o 2 20
3 8 8 5
° g o f A o 8a ® 2
BE §& , ,' S BY o8 0 IR . 5]
Co,, OO@,) /rce// Coy o%o’% ’14080 ILCT iLC3 Co,. Oba,erc%@ee " '5‘0&}]%%, Mg,
Gy oy s 0/7,& Gy oy Hig
60 Spleen 100 Gut
2 80.
i}
o4 E 60
2 o
[a]
820 o 0
* &’
N
o 8. & M, M 0 Me 8. &
o, oo M 8o oo My My Co,,. Coo. M Os), Do Cp., O Os), D,
N fef N c‘r sy, s g, Bse ,fa, ro’rc% o &/,7%/7?" S0 g, Oe,r"'o% oy s,,,%f Se
s St 3 A s oty ot "
e riL-33
Littermate IL7r%* Ltb** | IL7r%" Ltb""
Littermate
IL7r%" Ltb** IL7rce" Ltb™
<87 o001 PN i ” 8 0001 olLittermate IL7r°** Ltb™ (n = 18)
. o2 | o 3 60 OJL7r= Lth" (n = 23)
[ O w 64
T3 23 2
g7 + O 4 g 40
8¢ o | ¥ o
38 a S 20
3 20 =
E L B I On = 0 =T
ot 15.0 2 800, 03, 0003  OLittermate IL7r°" Lth** Coy. C0s. ece//sosfiq, Sog 4”0@0 r, s o,
. ' 5 o o OIL7Iow* L cey. 0y, e o, Pl N
P-4 8 600 E s s S
= om10cy ) €02
[ & 400 3 ©
L = J
N O par} o
= od = 8
=5 2004 20'1
x LA i I IR % g i@
10¢ x orv—,_‘é 0
CD90 - BV786 X pn= 17 22 n= 13 22

Extended DataFig.4|Acute and conditional ILC2 deletion does notimpact
intratumoural ILC1s, ILC3s or non-ILClymphocytes.a, NMUR1expression
onintratumouralimmune cellsin rlL-33-treated in Nmur1‘"**“* PDAC mice.

b, ¢, Gating and frequency of all ILCs (b) and immune cells (c) in organs of rIL-33
and diphtheria toxin (DT)-treated Nmurl“"*¢°"ROSA26"*"™® and littermate
control ROSA26 """ PDAC mice. d, Quantification of ILCs and immune cellsin
organs of rIL-33-treated Nmur1‘*°* | tb" and littermate control PDAC mice.
e, Intratumoural KLRG1' ILC2 gating, frequency and number (left), TLS density

(middle) andimmune cell frequency (right) in rIL-33-treated /[7/"*Ltb™" and
littermate control /L7r*Ltb”* PDAC mice. Dotted line = putative TLS. Data
collected 2 (b-e) and 4 (a) weeks after tumour implantation, pooled from >2
independent experiments withn >3 mice per group with consistent results.
n=individual tumours or organs fromindividual mice analysed separately.
Horizontal bars=median.Ind, littermate control = Ltb’/* and Nmurl ¢t
combined. Pvalues by two-way ANOVA with Sidak’s multiple comparison test
(b, eright) and two-tailed Mann Whitney test (e left, middle).
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Extended DataFig. 5| Intratumoural LTBR" myeloid cells functionas TLS
organizers. a,LTBR expressioninintratumouralimmune cellsin rIL-33-treated
WT PDAC mice. b, Gating and Ltbr mRNA expression by digital droplet PCRin
purified intratumoural LTBR" and LTBR myeloid cells. c-e, scRNA-seq of 8,409
LTBR"and 6,220 LTPBR intratumoural myeloid cells purified from rIL-33-treated
PDAC mice.Inc, UMAP=cells by unsupervised clusters. Heat map = top 50
differentially expressed genesin LTBR*and LTBR cells.d, Intratumoural LTBR*
and LTBR myeloid cell phenotypes by scRNA-seq (left) and TLS-inducing
chemokine expression by digital droplet PCR (right). UMAP = cells by

LTBR expressionand TLS signature genes’. e, Violin plots of chemokines
differentially (Ieft) and globally (right) expressed by LTBR" cells. f, /[33

mRNA expression (left) by digital droplet PCR and IL-33 protein (right) by
flow cytometryin purified intratumoural myeloid cells. g, Intratumoural

KLRGI'ILC2 density inagonist anti-LTBR-treated WT and /[33”~ PDAC mice.

h, Experimental schema (top) and LT MFl of intratumoural KLRG1* ILC2s and
intratumoural TLS density (bottom) in rIL-33-treated PDAC mice co-implanted
with LTBR cells purified from WT or //337- PDAC mice. Data collected 4 (a)
and 2 (b-h) weeks after tumour implantation, pooled from >2 independent
experiments withn >2 mice per group with consistent results. n=individual
tumours fromindividual mice analysed separately. Horizontal bars = median;
violin plots show the distribution with minima, maxima, and median (lines).
MFI=mean fluorescence intensity. Pvalues by one-way ANOVA test (a),
two-tailed Mann-Whitney test (b, d right, f, h), Wilcoxon signed rank test

(d, eviolin plots), and two-way ANOVA with Sidak’s multiple comparison test
(g, h LT MFI).
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Extended DataFig. 6 |ILC2gating strategy and frequency in parabiotic
PDAC mice. a, Frequency of KLRG1'ILC2s in blood of rIL-33-treated PDAC mice.
b-d, Experimental schema and gating strategy (b) of donor and recipient KLRG1"
ILC2sinrecipientblood. Gating (c) and frequency of donor-derived non-ILCs
(cbottom), KLRG1 ILC2s (d top) and CD45" cells (d bottom) in recipient blood
and tumours. e, Gatinginsham and photoconverted KikGRPDAC miceasin

Fig.4b;gated on KLRG1'ILC2s. Data collected 7 (a-d, blood) and 14 (¢, d, tumour)
days after tumourimplantation, pooled from >2independent experiments with
n>3micepergroup with consistentresults. n=individual tumours or organs
fromindividual mice analysed separately. Horizontal bars = median. Pvalues by
two-tailed Mann-Whitney test (a, ¢, d).
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Extended DataFig.7 | PDACs alter diversity and composition of gut
microbiota. a, Pancreatic KLRG1"ILC2 frequency insham-treated and PDAC
mice. b, Experimental schema and faecal microbiome analyses in PDAC mice by
alphadiversity (Shannonindex, left) and principal coordinate analysis (right).
c,Experimental schema, serumIL-33,and gut KLRG1* ILC2s in rIL-33-treated
PDAC mice with and without antibiotic (Abx) treatment.d, Gut KLRG1"ILC2s
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(FMT) from WT mice. Data collected 3 (a, b) and 4 (c, d) weeks after tumour
implantation, pooled from>2independent experiments withn >3 mice per
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Mann-Whitneytest (a, ¢, d) and Welch’s t-test (b).
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Extended DataFig. 8 |See next page for caption.



Article

Extended DataFig. 8| Molecular determinants of rIL-33-mediated dual PDAC
control.a, Tumour volumeinskin (subcutaneous (s.c.)) PDACs in vehicle-treated
andrIL-33-treated mice withs.c. PDAC alone (single PDAC) or s.c. and pancreatic
PDACs (dual PDAC). b, Gating of ILC2s from parabiotic mice withs.c. PDACs in
recipients with/without pancreatic PDACsin donors as in Fig. 4f. ¢, Experimental
schema (left), gating (top) and quantification of donor-derived ILC2sin donor
pancreatic (bottom left), recipients.c. PDAC (bottom middle) and blood
(bottomright) in parabiotic PDAC mice treated with vehicle, rIL-33 or rIL-25.

d, e, TumoursizeinriL-33-treated WT, /l1rl1”" and Ltbr’"s.c. PDAC (single) ands.c.
+pancreatic (dual) PDAC mice.f, g, Tumour volumeins.c.PDACsinrIL-33-treated

littermate Cre-control, II7r*Ltb™ (F) and I17r"*Rora”” (g) single and dual
PDAC mice. h, Gating of ILC2s from parabiotic mice withs.c. PDACs inrecipients
and pancreatic PDACs indonors treated with or without antibiotics (Abx) asin
Fig.4g.Data collected at 5-9 days (c, blood), 2 (b, ¢, tumour) and 3-5 (d) weeks
post-implantation, pooled from>2independent experiments withn>3 mice per
group with consistentresults. n=individual tumours or organs fromindividual
mice analysed separately. Horizontal bars = median. Cre-control littermates =
17 Leb™ (F) and 17F°"*Rora™* (g). Pvalues by two-way ANOVA with Tukey’s
multiple comparisontest (a), two-tailed Mann-Whitney test (d tumour weight)
and two-way ANOVA with Sidak’s multiple comparison test (all else).
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Extended DataFig.9 | Humanintratumoural KLRG1' ILC2 gating and phenotype. a-c, Gating strategy (a) and marker expression (b, ¢) onintratumoural KLRG1"*

ILC2sinhuman PDACs. n=individual patients. MFI=mean fluorescence intensity. Pvalues by paired two-tailed Mann Whitney test (b, c).
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Extended DataFig.10 | The IL-33-ILC2-TLS pathway. Proposed schematic of Diseases, and Sloan-Kettering Institute for Cancer Research, eachin New York,
IL-33-ILC2-TLS pathway. TLS: tertiary lymphoid structure. © 2024 Memorial NY.Allrightsreserved. Republished with permission.
Sloan-Kettering Cancer Center, Memorial Hospital for Cancer and Allied
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

lXI The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For flow cytometry, all samples were analyzed on a FACS LSR Fortessa (BD Biosciences) using FlowJo (version 10.7.1, Tree Star).

Pathologic slides were digitized using Panoramic Flash 250 (3Dhistech, Budapest Hungary) using Zeiss 20x/0.8NA objective and custom filters
for A488, A546, A594 and A647.

H&E: Slides were scanned on the Panoramic Scanner (3DHistech, Budapest, Hungary)

IHC: Nucleated cells in a TLS were determined and counted using the Analyze Particles function in ImageJ (ver. 2.3.0, NHI, USA). IL33+ cells in a
TLS were counted manually.

IF: CD45 and IL33 positivity was determined by CaseViewer (3DHISTECH Ltd.).

Confocal: To visualize LT-PE and nuclear-DAPI, the images were taken on a point laser scanning confocal system (SP5, Leica, Wetzlar,
Germany) with a 63x oil immersion objective 2.

Microbiome analysis: Pooled libraries were sequenced using lllumina MiSeq.

0202 [1dy

ST2 reporter assay: 630-nm wavelength absorbance detection was performed on a Cytation 3 reader (BioTek).

B cell receptor sequencing: Immunosequencing of the CDR3 regions of mouse B cell receptor chains was performed on genomic DNA from
FFPE-fixed samples using the immunoSEQ Assay (Adaptive Biotechnologies)

ddPCR: Droplet generation was performed on a QX200 ddPCR system (Bio-Rad) using cDNA generated from 0.8-2 ng total RNA with the One-
Step RT-ddPCR Advanced Kit for Probes (Bio-Rad) according to the manufacturer’s protocol with reverse transcription at 42°C and annealing/




extension at 60°C. Each sample was evaluated in technical duplicates. Plates were read and analyzed (QuantaSoft) software to assess the
number of droplets positive for genes of interest.

Data analysis Statistical analyses were performed using R (version 4.0.3, single cell RNA sequencing) and Prism 9.2.0 (GraphPad Software, all else).
Tumor transcriptomic profiling: Data were analyzed using R (version 4.0.3).
Flow cytometry: Data were analyzed using FlowJo (version 10.7.1, Tree Star).
H&E: The number of TLSs were determined in at least 3 sections using QuPath ver.0.2.3.
IHC: Nucleated cells in a TLS were determined and counted using the Analyze Particles function in ImagelJ ver. 2.3.0.

IF: 1L33+ and 1L33+CD45+ cells were quantified on ImageJ ver. 2.3.0, and cells per area estimated by calculating surface area based on
presence of DAPI+ cells.

Confocal: The images with binomial signals were visualized using Image) ver. 2.3.0.

Single-cell RNA sequencing: Primary processing of sequencing images was done using Illumina’s Real Time Analysis software (RTA). 10X
Genomics Cell Ranger Single Cell Software suite v3.0.2 (https://support.10xgenomics.com/ single-cell-gene-expression/software/pipelines/
latest/what-is-cellranger) was used to demultiplex samples, align to mouse genomic reference mm10, filter, count UMls, single-cell 5" end
genes, and control quality per the manufacturer’s parameters. Processed data were subsequently analyzed in R (version 4.0.3).

Microbiome analysis: Demultiplexed raw reads were processed using Nextflow, nf-core ampliseq pipeline (version 2.4.0), with the following
parameters: -profile singularity --FW_primer GTGYCAGCMGCCGCGGTAA --RV_primer CCGYCAATTYMTTTRAGTTT --dada_ref_taxonomy silva --
ignore_empty_input_files --ignore_failed_trimming --min_frequency 10 --retain_untrimmed --trunclenf 240 --trunclenr 160. Specifically,
reads were trimmed with cutadapt (https://doi.org/10.14806/ej.17.1.200), PhiX, and quality filtering, read pair merging, and amplicon
sequence variant resolution was performed with DADA2. Subsequent taxonomic assignment was also performed with DADA2, using the Silva
reference database, (version 138). Abundance tables were analyzed using the QIIME2 software package.

B cell receptor sequencing: Sequence data were processed and analyzed on the immunoSEQ Analyser web-based relational database.

Somatic hypermutation: Rearrangements with productive heavy chain sequences were retained for analysis of B cell clonal relationships, and
clones were defined by VDJ-aware spectral clustering using the R package SCOPer. Mutation frequencies were computed using the observed
mutations function in the R package Shazam

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

Data

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

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

Source data are provided for all experiments. RNA sequencing data from the TCGA and ICGC are publicly available. All other bulk RNA expression data are available
under Gene Expression Omnibus (GEO) accession number GSE184585. scRNA-seq data of ILC2s have been previously reported and are available under GEO
accession number GSE136720. scRNA-seq of myeloid cells are under GEO accession number GSE225990. 16s rRNA gene sequencing is available under BioProject ID
number PRINA944673.

All other data are available from the authors on reasonable request.

Field-specific reporting
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Life sciences study design

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

Sample size Sample sizes were determined based on our and other investigators experience with the respective cell lines used. No statistical methods
were used as we observed many statistically significant effects in the data with the above methods of sample size selection without a priori
sample size calculations.

Data exclusions  No data were excluded from the analyses.
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Replication All findings reported were reproducible and data shown are pooled from >=2 independent experiments, with comparable results in each
experiment.

Randomization  6-to 14-week old mice were matched by age and sex and randomly assigned to specific treatment groups. Littermate controls were used as
appropriate.

Blinding No blinding was performed in experimental mouse interventions as knowledge of the treatment groups was required. All digital quantification
was automated, with all experimental groups quantified in an identical fashion.

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.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |X| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

XXOOXOOS
OO0XXOXX

Antibodies

Antibodies used Mouse Flow Antibody
Target Channel Antibody name Maker Catalog # Clone Amount (u/50uL unless noted)
CD11b APC APC Rat Anti-Mouse CD11b BD Bioscience 553312 M1/70 0.5
CD11b APC-Cy7 APC-Cy7 Rat Anti-CD11b BD Bioscience 557657 M1/70 2
CD11c APC APC Hamster Anti-Mouse CD11c BD Bioscience 550261 HL3 0.5
CD11c BV510 Brilliant Violet 510 anti-mouse CD11c BioLegend 117338 N418 0.5
CD11c FITC Anti-Mo CD11c, FITC Invitrogen 11-0114-85 N418 0.5
CD127 FITC Anti-Mo CD127, FITC Invitrogen 11-1271-85 A7R34 1
CD127 PE-Cy7 PE/Cyanine7 anti-mouse CD127 BiolLegend 135014 A7R34 1
CD19 PE PE anti-mouse CD19 BiolLegend 115508 6D5 1
CD19 BV785 Brilliant Violet 875 anti-mouse CD19 Biolegend 115543 6D5 1
CD19 AF700 Anti-Mo CD19, Alexa Fuor 700 Invitrogen 65-0193-82 eBio1D3 1.25
CD25 PerCP-Cy5.5 PerCP-Cy5.5 anti-mouse CD25 BiolLegend 102030 PC61 1.5
CD3 BV711 Brilliant Violet 711 anti-mouse CD3e BioLegend 100349 145-2C11 0.5
CD3 AF700 Anti-Mo CD3e, Alexa Fluor 700 Invitrogen 56-0032-82 17A2 1.25
CD4 BV711 BV711 anti-mouse CD4 BioLegend 100550 RM4-5 0.5
CD4 BV786 Brilliant Violet 76 anti-mouse CD4 BioLegend 100552 RM4-5 0.5
CD45 PacBlue Pacific Blue anti-mouse CD45 BiolLegend 103126 30-F11 0.5
CD45.1 PacBlue Pacific Blue anti-mouse CD45.1 BioLegend 110722 A20 0.5
CD45.1 BV711 BV711 anti-mouse CD45.1 BioLegend 110739 A20 0.5
CD45.2 APC-Cy7 APC-Cy7 annti-mouse CD45.2 BioLegend 109824 104 0.5
CD5 APC APC Rat Anti-Mouse CD5 BD Bioscience 550035 53-7.3 0.5
CD8 BV510 Brilliant Violet (BV) 510 anti-mouse CD8a BiolLegend 100751 53-6.7 2
CD90.2 BV786 BV786 Rat Anti-Mouse CD90.2 BD Bioscience 564365 53-2.1 0.5
DAPI PacBlue DAPI solution BD Bioscience 564907 1ul/1ml
DRAQ7 APC-Cy7 DRAQ7 BD Phermigen 51-9011172 1
F4/80 PE-Cy5 Anti-Mo F4/70, PE-Cy5 Invitrogen 15-4801-82 BM8 0.5
Fc-block n/a InVivoMab anti-mosue CD16/32 BioXCell BEO307 2.4G2 10ul/sample
FCER1 APC Anti-Mo FceRi alpha, APC Invitrogen 17-5898-82 "MAR-1" 0.5
GATA3 BV711 BV711 Mouse anti-GATA3 BD Horizon 565449 L50-823 2
GR-1 BV605 BV605 Rat Anti-Mouse Ly-6G and Ly-6C BD Bioscience 563299 RB6-8C5 0.3
IL-33 PE IL-33 Monoclonal antibody (396118) invitrogen MA5-23640 396118 10
IL17Rb PE PE anti-mouse IL17RB BioLegend 146306 9B10 1.25
Isotype of alL-33 PE Rat IgG2a kappa Isotype Control, PE invitrogen 12-4321-80 eBR2a 1
KLRG1 BV510 Brilliant Violet 510 anti-mouse/human KLRG1 BioLegend 138421 2F1/KLRG1 1.25
LTBR PE-Cy7 PE/Cyanine7 anti-mouse lymphotoxin beta receptor antibody BioLegend 134410 5G11 0.5
MHC class2 AF700 Anti-Mo MHC Class II, Alexa Fluor 700 Invitrogen 56-5321-82 M5/114.15.2 0.5
NK1.1 BV650 BV650 anti-mouse NK1.1 BD Bioscience 564143 PK136 0.5
NK1.1 APC APC Mouse Anti-Mouse NK1.1 BD Phermigen 550627 PK136 0.5
NK1.1 BV60S Brilliant Violet 605 anti-mouse NK1.1 BioLegend 108740 PK136 0.5
NMUR1-biotinylated antibody clone 12-A03-A 0.0173 mg/ml
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RORgt PE PE Mouse anti-Mouse RORgt BD Bioscience 562607 Q31-378 1.25

Secondary Ab of mLTBR-Fc PE R-phycoerythrin goat anti-mouse 1gG2a conjugated Invitrogen P21139 0.5
Siglec-F APC APC anti-mouse CD170 (Siglec F) BioLegend 155508 S17007L 0.5

ST2 PE-Cy7 Anti-Mo IL-33R(ST2), PE-Cy7 Invitrogen 25-9335-82 RMST2-2 0.5

T-BET BV650 BV650 Mouse Anti-T-bet BD Bioscience 564142 04-46 1.25

TCR Vb AF700 Anti-Mo TCR V beta 5.1/5.2, Alexa Fluor 700 Invitrogen 56-5796-82 MR-9-4 5

Zombie Red Tx-Red BiolLegend 4231110 1pl/1ml

Streptavidin-BV650 Biolegend 405232 1:250

Human Flow Antibody

Target Channel Antibody name Maker Catalog # Clone Amount (p/50uL)

GATA3 PE PE Mouse anti-GATA3 BD Biosciences 560074 L50-823 4

PD-1 BV786 BV786 Mouse Anti-Human CD279 (PD-1) BD Biosciences 563789 EH12.1 2
RORgt BV650 BV650 Mouse anti-Human RORgt BD Biosciences 563424 Q21-559 2
Secondary Ab for hLTBR-Fc BV650 BV650 Mouse Anti-Human 1gG BD Biosciences 740596 G18-145 2
Secondary Ab for hLTBR-Fc PE PE Mouse Anti-Human 1gG BD Biosciences 555787 G18-145 2
CD117 PE-Cy5 PE/Cy5 anti-human CD117 (c-kit) BioLegend 323412 A3C6E2 2

CD11b APC APC anti-human CD11b BiolLegend 301310 ICRF44 2

CD161 BV785 Brilliant Violet 785 anti-human CD161 BioLegend 339930 HP-3G10 2

CD25 APC-Cy7 APC/Cy7 anti-human CD25 BiolLegend 302614 BC96 2

CDA45 PacBlue Pacific Blue anti-human CD45 BiolLegend 304029 HI30 2

CD56 BV60S Brilliant Violet 605 anti-human CD56 (NCAM) BioLegend 318334 HCD56 2
CRTH2 PerCP-Cy5.5 PerCP/Cy5.5 anti-human CD294 (CRTH2) BioLegend 350116 BM16 4
CRTH2 PE PE anti-human CD294 (CRTH2) BioLegend 350106 BM16 4

FceRla APC APC anti-Human FceRla BiolLegend 334612 AER-37 2

|ICOS BV711 Brilliant Violet 711 anti-human/mouse/rat CD278 (ICOS) BioLegend 313548 C398.4A 2
NKp44 PE-Cy7 PE/Cy7 anti-human CD336 (NKp44) BioLegend 325116 P44-8 2

T-BET BV711 Brilliant Violet 711 anti-Tbet BioLegend 644820 4B10 2

TCR a/b AF700 Alexa Fluor 700 anti-human TCR a/b BioLegend 306730 IP26 2

KLRG1 BV510 Brilliant Violet 510 anti-mouse/human KLRG1 BioLegend 138421 2F1/KLRG1 2
CD11c APC Anti-Hu CD11c, APC Invitrogen 17-0116-42 3.9 2

CD127 FITC Anti-Hu CD127, FITC Invitrogen 11-1278-42 eBioRDR5 2

CD14 APC Anti-Hu CD14, APC Invitrogen 17-0149-42 61D3 2

CD16 APC Anti-Hu CD16 Invitrogen 17-0168-42 eBioCB16 2

CD19 AF700 Anti-Hu CD19 Invitrogen 56-0199-42 HIB19 2

CD3 AF700 Anti-Hu CD3, Alexa Fluor 700 Invitrogen 56-0037-42 OKT3 2

CD5 APC Ant-Hu CD5, APC Invitrogen 17-0058-42 L17F12 2

ST2 PE Anti-Hu IL-33R (ST2), PE Invitrogen 12-9338-42 hiL33Rcap 4
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Recombinant Protein

Product name Maker Catalog # Application Concentration/Dose

rhLTBR/Fc Chimera R&D systems 629-LR Flow 2ug/ml, 30min

rmLTBR/Fc Chimera R&D systems 1008-LR Flow 1ug/ml, 30min, 4C

Recombinant Mouse IL-33 Protein R&D systems 3626-ML-010/CF Treatment (i.p.) 500 ng/body
Recombinant Mouse IL-25 Protein R&D systems 1399-ML-010/CF Treatment (i.p.) 500 ng/body
Diphtheria toxin (DT) EMD Millipore 322326 100 ng

in vivo/ vitro material

Product name Maker Catalog # Application Dose Details

Lymphotoxin beta Receptor Monoclonal Antibody Invitrogen 16-5671-82 Culture N/A Clone 3C8
Lymphotoxin beta Receptor Monoclonal Antibody Invitrogen 16-5671-38 Vivo 100ug/ injection Clone 3C8
Rat IgG1 kappa Isotype control Invitrogen 16-4301-38 vivo 100ug/ injection Isotype for aLTBR agonist

Validation All antibodies were validated by the manufacturer and used per their instructions. In our experiments, isotype and/or FMO
control samples were included. Additional information on validation can be found on the manufacturers' websites.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) All tumor cell lines were derived from KPC (Pdx1-Cre;LSL-KrasG12D/+;LSL-Trp53R172H/+) or KPCY (Pdx1-Cre;LSL-KrasG12D/
+;LSL-Trp53R172H/+; Rosa26YFP/YFP) mice and were gifts from R.H. Vonderheide and B.J Stanger. The HEK-Blue-IL33 cell line
was obtained from Invivogen.

Authentication All cell lines were authenticated as bonafide pancreatic cancer cell lines. This was based on histopathologic verification by a
dedicated pancreatic cancer pathologist that these cell lines generate tumors on intra-pancreatic implantation that faithfully
recapitulate features of both human pancreatic cancers and pancreatic cancers that develop in spontaneous genetically
engineered mice.
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Mycoplasma contamination Cell lines were regularly tested using MycoAlert Mycoplasma Detection Kit (Lonza). None of the cell lines used in this study
tested positive for Mycoplasma.

Commonly misidentified lines  no commonly misidentified lines were used in this study.
(See ICLAC register)




Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6 (wild-type [WT], CD45.2) and C57BL/6 CD45.1 mice were purchased from Jackson Laboratory. I11rl1-/- (ST2 deficient) and
1133-/- mice were a gift from M.J. Rosen. Ltbfl/fl mice were a gift from A.V. Tumanov. NmurliCre-eGFP ROSALSL-DTR mice are
previously described24. Ltbfl/fl was crossed to NmurliCre-eGFP and II7rCre/+ to obtain NmurliCre-iGFP Ltbfl/fl and 117rCre/+Ltbfl/fl
mice. II7rCre/+Rorafl/fl mice were a gift from A.N.J. McKenzie. Ltbr-/- mice were a gift from T.T. Lu. CAG-KikGR33 mice were a gift
from G.E. Diehl. Germ-free mice were provided by the gnotobiotic facility at Weill Cornell Medical Center (MSK). For all experiments,
6-14-week old mice were age, and sex-matched and randomly assigned to specified treatment groups, with at least two independent
experiments performed throughout. Both male and female animals were utilized. Animals were bred and maintained in a specific
pathogen-free animal facility at Memorial Sloan Kettering Cancer Center.

Wild animals No wild animals were used.

Field-collected samples  No field-collected samples were used in this study.
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Ethics oversight Animals were bred and maintained in a specific pathogen-free animal facility, and all experiments were conducted in accordance
with an Institutional Animal Care and Use Committee (IACUC) approved protocol at Memorial Sloan Kettering Cancer Center (MSK)
and in compliance with all relevant ethical regulations.

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

Human research participants

Policy information about studies involving human research participants

Population characteristics Clinical characteristics of patients in the tissue microarray, flow cytometry, ILC2 culturing, and transcriptomic cohorts are
outlined in Supplementary Tables 1, 2, 3, and 5 and are provided below.

Clinicopathological characteristics of PDAC patients in MSK transcriptome cohort (n = 82)
Characteristic n (%)

Sex

Male 40 (49)

Female 42 (51)

Age (y)

Median (IQR) 68 (62-75)
Tumor location

Head 53 (65)

Body/tail 29 (35)
Procedure
Pancreaticoduodenectomy 53 (65)
Distal pancreatectomy 29 (35)
pT

12(2)

21(1)

378(95)

41(1)

pN

033 (40)

148 (59)

x1(1)

pM

081(99)

11(1)

Pathological Stage
1A2(2)

IB1(1)

I1A 30 (37)

1IB 47 (57)

i)

IV 1(1)

Surgical margin

Positive 9 (11)

Negative 71 (87)

S
NA 2 (2) =
Adjuvant Treatment Eé
Yes 61 (74) S
No 21 (26)

Clinicopathological characteristics of PDAC patients in IHC and IF cohort (n = 11)

Characteristic n (%)
Sex




Male 4 (36)

Female 7 (64)

Age (y)

Median (IQR) 70 (62-79)
Tumor location

Head 9 (82)

Body/tail 2 (18)
Procedure
Pancreaticoduodenectomy 9 (82)
Distal pancreatectomy 2 (18)
pT

10(0)

20(0)

311 (100)

40(0)

pN

05 (45)

16(55)

pM

011 (100)

10(0)

Pathological stage

IIA'5 (45)

IIB 6 (55)

Surgical margin

Positive 4 (36)

Negative 7 (64)
Adjuvant treatment

Yes 11 (100)

No 0 (0)
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Clinicopathological characteristics of PDAC patients in flow cytometry cohort (n = 9)
Characteristic n (%)

Sex

Male 4 (44)

Female 5 (55)

Age (y)

Median (IQR) 67 (63-80)
Procedure
Pancreaticoduodenectomy 6 (66)
Distal pancreatectomy 2 (22)
Total pancreatectomy 1 (11)

pT

14 (44)

23(33)

31(11)

4 0(0)

x1(11)

pN

x1(11)

Pathological stage
13(33)

112(22)

1113 (33)

Local recurrence 1 (11)
Surgical margin
Positive 0 (0)

Negative 9 (100)

Adjuvant treatment =
Yes 7 (77) §
No 2 (22) S

S

Clinicopathological characteristics of PDAC patients with serum IL33 measurements (n = 77)

Characteristic n (%)
Sex
Male 43 (56)
Female 34 (44)




Pathological stage
132 (42)
1143 (56)
112 (2)
Neoadjuvant treatment
Yes 26 (34)
No 51 (66)
Adjuvant treatment
Yes 66 (86)
No 8 (10)
Unknown 3 (4)

Recruitment All patients eligible for surgical resection at Memorial Sloan Kettering Cancer Center were recruited to participate in an
Institutional Review Board-approved protocol. All patients who provided informed consent had samples collected; all study
procedures were conducted in strict compliance with all ethical and institutional regulations. As patients were only recruited
at Memorial Sloan Kettering Cancer Center, there is the potential for institution-specific selection bias. We do not believe
that this potential bias would impact the results of this study.
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All tumor samples were surgically resected primary PDACs (for tumor transcriptomic profiling or serum IL33 measurement) or
surgically resected human PDAC (flow cytometry,). The human PDAC tissue microarrays, PDAC RNA sequencing from the
ICGC, and human tumor sequencing from the TCGA have been previously described.

Ethics oversight All tissues were collected at Memorial Sloan Kettering Cancer Center under study protocol #15-149 that was approved by the
Memorial Sloan Kettering Cancer Center Institutional Review Board. Informed consent was obtained for all patients. The
study was in strict compliance with all institutional ethical regulations.

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

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
|X| 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).
|X| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation Mouse and human PDACs and mouse intestines were mechanically dissociated and incubated in collagenase (collagenase Il
for murine tumors, collagenase IV for human tumors, both 5 mg/ml; Worthington Biochemical Corp., Fisher Scientific), DNAse
I (0.5 mg/ml; Roche Diagnostics), and Hank's balanced salt solution (Gibco, Fisher Scientific) for 30 minutes at 37°C. Digestion
was then quenched with fetal bovine serum (FBS, Life Technologies). Digested tumors and DLNs were then mechanically
disassociated and filtered through 100- and 40-mm nylon cell strainers (Falcon, Fisher Scientific) using PBS with 5% FBS (Life
Technologies) and 2 mM EDTA (pH8.0, Invitrogen). Spleens were mechanically dissociated and filtered through 70- and 40-
mm nylon cell strainers (Falcon, Fisher Scientific) using PBS with 5% FBS and 2 mM EDTA, followed by RBC lysis (RBC lysis
buffer, Invitrogen Scientific). Peripheral blood was processed with RBC lysis and filtered through 40-mm nylon cell strainers.
Mouse Fc receptors were blocked with FceRlll/Il-specific antibody (1 mg per 1 x 106 cells; clone 2.4G2, Bio XCell).

Instrument Flow cytometry data were collected on a BD LSR Fortessa (BD Biosciences). Flow cytometry sorting was performed on a BD
FACS Aria (BD Biosciences).

Software Data were analyzed using FlowJo Software (version 10.7.1, Tree Star).

Cell population abundance For ILC2 transfer, live, CD45+, lineage—, CD90+, KLRG1+ ILC2s from tumors were sort-purified to 98% purity at day 10 post-
implantation using an Aria Cell Sorter (BD Biosciences)

For myeloid cell transfer, live, CD45+, NK1.1-, CD11b+, LTBR+ cells were sort-purified to 90% purity using an Aria Cell Sorter.

Gating strategy Mouse ILC2s were defined as live, CD45+, lineage- (CD3, CD5, NK1.1, CD11b, CD11c, CD19, FceR1), CD90+. All live, CD45+,
lineage—-, CD90+ cells were GATA3+ (Extended Data Figure 3a).

Mouse KLRG1+ were defined as live, CD45+, lineage- (CD3, CD5, NK1.1, CD11b, CD11c, CD19, FceR1), CD90+, KLRG1+.
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The following definitions were used for other immune cells:
ILC1 - live, CD45+, lineage-, Thet+

ILC3 - live, CD45+, lineage-,NK1.1-, Rorgt+

NK - live, CD45+, CD3-, NK1.1+

B cell - live, CD45+, CD3-, NK1.1-, CD19+

CD4+ T cell - live, CD45+, NK1.1-, CD3+, CD8-, CD4+




CD8+ T cell - live, CD45+, NK1.1-, CD3+, CD4-, CD8+

Eosinophils - live, CD45+, NK1.1-, CD3-, CD19-, CD11b+ SiglecF+

Macrophage - live, CD45+, NK1.1-, CD3-, CD19-, CD11b+, F4/80+

Myeloid derived suppressor cell (MDSC) - live, CD45+, NK1.1-, CD3-, CD19-, CD11b+ SiglecF- Gr-1+
Dendritic cells (DCs) - live, CD45+, NK1.1-, CD3-, CD19-, Gr-1-, F4/80-, CD11c+, MHC-II+

Human ILC2s were defined as live, CD45+, lineage- (CD3, CD5, CD56, CD11b, CD11c, CD14, CD16, CD19, TCRa/b, FceR1),
CD127+, CRTH2+.

Human KLRG1+ ILC2s were defined as live, CD45+, lineage- (CD3, CD5, CD56, CD11b, CD11c, CD14, CD16, CD19, TCRa/b,
FceR1), CD127+, CRTH2+, KLRG1+.

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