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Pancreatic ductal adenocarcinoma (PDA) is a potentially lethal disease lacking effec-
tive treatments. Its immunosuppressive tumor microenvironment (TME) allows it
to evade host immunosurveillance and limits response to immunotherapy. Here,
using the mouse KRT19-deficient (sgKRT19-edited) PDA model, we find that intra-
tumoral accumulation of natural killer T (NKT) cells is required to establish an
immunologically active TME. Mechanistically, intratumoral NKT cells facilitate type
I interferon (IFN) production to initiate an antitumor adaptive immune response,
and orchestrate the intratumoral infiltration of T cells, dendritic cells, natural killer
cells, and myeloid-derived suppressor cells. At the molecular level, NKT cells promote
the production of type I IFN through the interaction of their CD40L with CD40 on
myeloid cells. To evaluate the therapeutic potential of these observations, we find that
administration of folinic acid to mice bearing PDA increases NKT cells in the TME
and improves their response to anti-PD-1 antibody treatment. In conclusion, NKT
cells have an essential role in the immune response to mouse PDA and are potential
targets for immunotherapy.
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Secondary to the difficulty of early detection and limited treatment advances, the 5-y
survival rate of pancreatic ductal adenocarcinoma (PDA) remains low (1, 2). Immune
checkpoint blockade (e.g., anti-PD-1 and anti-CTLA4) has improved the treatment for
multiple cancers, but is only effective in a subset of patients with microsatellite-unstable
PDA, which comprises less than 5% of all cases (3—5). The lack of tumor-killing T cells
and the accumulation of immunosuppressive cells generate an inhibitory tumor microen-
vironment (TME), which helps PDA evade host immunosurveillance and limits response
to immunotherapy (2, 6). Thus, countering the immunosuppressive TME is an important
strategy to improve immunotherapy in PDA (7-13).

Type Linterferon (IFN) signaling is required for the establishment of robust antitumor
adaptive immunity and can enhance the responsiveness to immunotherapy (14, 15).
Blocking host type I IEN signaling abrogates the rejection of highly immunogenic
tumors (16-19), and induction of type I IFN enhances antitumor immunity in immu-
noprivileged tumors (13). Interestingly, early but not late, type I IFN signaling is
essential for some antitumor immune responses (19). Elucidating the mechanism that
contributes to early type I IFN production may contribute to our understanding of
how immune-reactive TME forms and lead to the development of new approaches to
modulate TME in PDA.

The functions of major immune subsets in the TME of PDA, such as T cells, mac-
rophages, and myeloid-derived suppressor cells (MDSCs), have been objects of study
(20-26), but it is critical to characterize the potential roles of the minor immune cell
populations. Natural killer T (NKT) cells are a unique subset of T cells that coexpress
semi-invariant off T cell receptors (TCRs) and NK linage receptors (27-29). More
recently, NKT cells have been reported to play important roles in the immunosurveil-
lance of cancer, but their composition and function in PDA are not well understood
(30-42).

Different from MHC-restricted T cells, NKT cells can be activated by lipid antigens pre-
sented through CD1d on resting dendritic cells (DCs) or directly by cytokines (43-45). Upon
activation, NKT cells can up-regulate CD40L and produce cytokines to influence the function
of immune subpopulations and therefore orchestrate an effective immune response (46-52).
For example, through the engagement of CD40L and CD40, NKT cells facilitate TL-12
production by antigen-presenting cells during activation (47, 48). Also, given that injection
of CD40 agonist antibody increases the production of type I IEN stimulated by LPS (53),
NKT cells may be able to induce the innate immune cytokine, type I IFN, through their
expression of CD40L, perhaps bridging innate and adaptive immunity.
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Here, we demonstrate that intratumoral NKT cells modulate  are controlled by immune system in a T cell-dependent manner
the TME of mouse PDA, and reveal that the capacity of NKT ~ (54). Here, we used this model to evaluate the immune cell
cells for modulating the TME is mediated by their stimulation of ~ populations and signaling pathways required for establishing an
type I IFN production by myeloid cells via CD40 signaling.  immunologically favorable PDA TME. As expected, orthotopic
Additionally, through the administration of folinic acid (FA), we PDA tumors generated with sgKRT19-edited cells were smaller

explored the feasibility of increasing the intratumoral accumula-  than tumors generated with sgScramble-control cells in wild type
tion of NKT cells for enhancing the response to immune check- ~ C57BL/6 mice (Fig. 1 A and B). We used flow cytometry and
point blockade in PDA. immunofluorescence to compare the composition of immune

cells residing within sgKRT19-edited and sgScramble-control
orthotopic tumors, respectively (Fig. 1 C—H and SI Appendix,
Figs. S1 and S2 A-F). T cells tended to increase in tumors
NKT Cells and Immune Control of Mouse PDA. Mouse PDA  formed with sgKRT19-edited cells (S7 Appendix, Fig. S24), and
tumors generated with cancer cells lacking KRT19 expression  significantly T cells had infiltrated into the centers of tumor
cannot capture the T cell-excluding chemokine, CXCL12, and ~ (Fig. 1C). T cells also infiltrated into the centers of the slowly
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Fig. 1. NKT cells and antitumor immunity in sgKRT19-edited PDA tumors. (A) Schematic depicts orthotopic tumor generation with sgkRT19-edited or sgScramble-
control KPC1242 mouse PDA cells in wild type mice. (B) Weights of orthotopic tumors generated with sgkRT19-edited or sgScramble-control PDA cells were
measured on day 14. Mean + SEM, sgScramble (n = 5) and sgKRT19 (n = 5). Unpaired Student's t test, **P < 0.01. Data shown are representative of two independent
experiments. (C) Representative immunofluorescent images show CD3e" T cells in the center of one sgkRT19-edited and sgScramble-control orthotopic tumor
on day 14. (Scale bar, 100 pm.) The number of T cells counted from one image for sgkRT19-edited (n = 10 tumors) and sgScramble-control (n = 9 tumors)
orthotopic tumors. Mean + SEM. Unpaired Student's t test, *P < 0.05. Data shown are representative of two independent experiments. (D-G) The proportions
of DCs (D), NK cells (), Gr1™ MDSCs (F), and NKT cells (G) as a percentage of singlets or CD45" cells from sgKRT19-edited (n = 4) and sgScramble-control (n = 5)
orthotopic tumors in wild type mice. Mean + SEM. Unpaired Student's t test, *P < 0.05, **P < 0.01, ***P < 0.001. Data shown are representative of two independent
experiments. The gating strategy is shown in S/ Appendix, Fig. S1. (H) Representative FACS plots show CD1d-tetramer binding by NKT cells in sgkRT19-edited and
sgScramble-control tumors. Data shown are representative of two independent experiments. The gating strategy is shown in S/ Appendix, Fig. S1. () Schematic
depicts orthotopic tumor generation with sgkRT19-edited and sgScramble-control KPC1242 mouse PDA cells in CD1d™" mice. (J) Weights of orthotopic tumors
generated with sgkRT19-edited (n = 5) or sgScramble-control (n = 5) PDA cells in CD1d™" mice were measured on day 14. Mean + SEM. Unpaired Student's
t test, ns = not significant. Data shown are representative of two independent experiments. (K) Representative immunofluorescent images show CD3e" T cells
in the center of one sgkRT19-edited and sgScramble-control orthotopic tumor generated in CD1d”~ mice on day 14. (Scale bar, 100 um.) The number of T cells
counted from one image for sgkRT19-edited (n = 10 tumors) and sgScramble-control (n = 10 tumors) orthotopic tumors. Mean + SEM. Unpaired Student's t test,
ns = not significant. Data shown are representative of two independent experiments. (L-0) The proportions of DCs (L), NK cells (M), Gr1* MDSCs (N), and NKT
cells (0) as a percentage of singlets or CD45" cells isolated from sgkRT19-edited (n = 5) and sgScramble-control (n = 5) orthotopic tumors in CD1d™" mice were
analyzed by flow cytometry. Mean + SEM. Unpaired Student’s t test, ns = not significant. Data shown are representative of two independent experiments. The
gating strategy is shown in S/ Appendix, Fig. S1. (P) Representative FACS plots show CD1d-tetramer binding NKT cells in sgKRT19-edited and sgScramble-control
tumors generated in CD1d™" mice. Data are representative of two independent experiments. The gating strategy is shown in S/ Appendix, Fig. S1.
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growing sgKRT'19-edited subcutaneous (s.c.) tumors but not in
sgScramble-control s.c. tumors in which T cells distributed to
the invasive margins (SI Appendix, Fig. S2 I and /). NK cells
are protective against PDA through cytolytic function (25, 26),
whereas accumulation of MDSCs and paucity of DCs in PDA limit
antitumor immunity (21, 22). Thus, the observation that more
DCs and NK cells but fewer MDSCs accumulated intratumorally
as compared to the sgScramble-control tumors (Fig. 1 D-F),
represents the immune-activated phenotype of sgKRT19-edited
PDA tumors. Notably, NKT cells were enriched in sgKRT19-
edited tumors, showing increased numbers and percentages of
both total single cells and CD45" cells (Fig. 1 G and H).

We evaluated the potential role for NKT cells in PDA tumor im-
munosurveillance by comparing ngRTl 9-edited and sgScramble-
control tumors generated in CD1d™" mice that lack of NKT cells
(Fig. 1 I-P). In contrast to tumors formed in Wlld type mice
(Fig. 1B), sgKRT19-edited orthotopic tumors in CD1d™~ mice were
equivalent in size to sgScramble-control tumors (Fig. 1/). Also, the
numbers of CD3e" T cells infiltrating the centers of sgKRT19-edited
tumors were low and similar to those in sgScramble-control tumors
(Fig. 1K). The numbers of other intracumoral immune cells were
similar in the ngRT19 -edited and sgScramble-control orthotopic
PDA tumors in CD1d™" mice (Fig. 1 L-P and SI Appendix, Fig. S3
A-F). Also, the s.c. tumors formed in CD1d™" mice with sgKRT19-
edited and sgScramble-control cells had similar growth rates
(ST Appendix, Fig. S3 Gand H) and few T cells infiltrating to the centers
(SI Appendix, Fig. S31). Together, these data demonstrate that NKT
cells are required for the formation of an immune-reactive TME and
the tumor-restraining adaptive immune response of sgKRT19-edited
PDA tumors.

Early Type | IFN Signaling and Adaptive Immune Control of
PDA. We evaluated the immune signaling pathways that might
mediate the dependency on NKT cells in the immune control of

sgKRT19-edited tumors. Gene set enrichment analysis (GSEA) of
bulk RNA-sequencing data (54) of s.c. PDA tumors showed that
the types I and IT IFN responses were among the top up-regulated
pathways (Fig. 2 A and B). While the upregulation of IFN gamma
response most likely reflected adaptive immune responses in the
sgKRT19-edited PDA tumors, the upregulation of the IFN
alpha pathway suggested that an innate immune response was
also occurring. Since NKT cells are at the interface of innate and
adaptive immunity, we assessed whether the type I IFN pathway
depended on the presence of these cells. With sgKRT19-edited
and sgScramble- control PDA s.c. tumors inoculated into wild
type mice and CD1d™”" mice, we compared the expression of
IFN-p and the interferon-stimulated genes (ISGs). The increased
transcription of IFN-p and ISGs in sgKRT19-edited tumors
compared to sgScramble- control tumors that occurred in wild type
mice was absent in CD1d™" mice lacking NKT cells (Fig. 20).
These findings indicate that NKT cells have a role in generating
type I IFN in the sgKRT19-edited PDA tumors.

We assessed whether type I IFN response was related to the
requirement for NKT cells to mediate an adaptive immune
response by inoculating sgKRT19-edited and sgScramble control
PDA cells into IFN-alpha receptor I knockout (IFNARI™") mice
(Fig. 34). In contrast to the smaller tumor sizes of the
sgKRT19-edited PDA tumors relative to the sgScramble-control
PDA tumors in wild type mice (Fig. 3B and SI Appendix, Fig. S4
A and B) the sizes of both types of tumors were similar in
IFNARI”™ mice in orthotopic and s.c. models (Fig. 3C and
SI Appendix, Fig. S4 C and D). Thus, type I IEN signaling is
required for the immune control of sgKRT'19-edited tumors. The
enhanced accumulation of NKT cells and NK cells was maintained
in sgKRT19-edited PDA tumors growing in the IFNARI™" mice
(Fig. 3 D and Eand SI Appendix, Fig. S4 F-]), suggesting that their
intratumoral presence does not depend on type I IFN signaling.
In contrast, the differences in infiltrating T cells, DCs, and MDSCs
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Fig. 2. NKT cells and type I IFN in sgKRT19-edited tumors. (A) GSEA of RNAseq data from sgkRT19-edited (n = 3) and sgScramble-control (n = 4) s.c. tumors show
pathways that are significantly up-regulated in sgkRT19-edited tumors. (B) Heat map shows normalized expression z-scores of the most differentially expressed
genes by RNAseq analysis of sgKRT19-edited (n = 3) tumors compared to sgScramble control (n = 4) s.c. tumors. Published RNAseq data (54) was used for the
analysis in (A) and (B). (C) gPCR measurements are shown of type | IFN-related gene expression relative to Thp in sgkRT19-edited and sgScramble-control s.c.
tumors generated in wild type mice (red open square) and CD1d™" mice (black solid circle). Mean + SEM, sgScramble in wild type (n = 10), sgkRT19 in wild type

(n =9), sgScramble in CD1d™ (n = 9), and sgkRT19 in CD1d™"~
representative of two independent experiments.
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(n = 8). Unpaired Student's t test, ns = not significant, *P < 0.05, ***P < 0.001. Data shown are
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Fig. 3. Type I IFN and immune control of sgkRT19-edited PDA tumors. (A) Schematic depicts orthotopic tumor generation with sgkRT19-edited or sgScramble-
control KPC1242 mouse PDA cells in wild type or IFNARI™" mice. (B and C) Weights of orthotopic tumors generated with sgkRT19-edited or sgScramble-control
PDA cells in wild type (B) or IFNARI”" (C) mice were measured on day 14. Mean + SEM, sgScramble-control in wild type (n = 5), sgkRT19-edited in wild type
(n =5), sgScramble-control in IFNARI™" (n = 5), and sgKRT19-edited in IFNARI™™ (n = 6). Unpaired Student’s t test, ns = not significant, *P < 0.05. Data shown are
representative of two independent experiments. (D-G) The proportions of NKT cells (D), NK cells (), DCs (F), and Gr1* MDSCs (G) as a percentage of singlets
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Unpaired Student’s ¢ test, ns = not significant, *P < 0.05, **P < 0.01. The gating strategy is shown in S/ Appendix, Fig. S1. Data shown are representative of two
independent experiments. (H) Representative immunofluorescent images show CD3e" T cells in the center of one sgkRT19-edited and sgScramble-control
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from day 6 through day 12. (/) Volumes are shown of sgKRT19-edited s.c. tumors with treatments as indicated in (/). Mean + SEM, n = 5 each group. Row-mean
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one-way ANOVA followed by multiple comparison compared to the untreated group, ns = not significant, **P < 0.01.

between sgKRT'19-edited and sgScramble-control orthotopic PDA
tumors were attenuated when generated in the IFNARI™" mice
(Fig. 3 F-H and SI Appendix, Fig. S4K). Therefore, the functions
of NKT cells are upstream of type I IFN and, possibly, the adaptive
immune response in sgKRT'19-edited tumors.

To specify the time at which the innate immune role of type I IFN
signaling is required, we administered anti-IFNAR neutralizing anti-
body to wild type mice bearing sgKRT'19-edited s.c. PDA tumors to
block type I IFN signaling on different days during tumor develop-
ment (Fig. 3 /and /). Administering anti-IFNAR antibody starting
6 d after tumor inoculation did not alter the growth rate of the
sgKRT19-edited tumors. However, when the anti-IFNAR antibody
administration was initiated before tumor inoculation from day -2
through day 4, the tumor growth rates were more rapid and were
similar to continuous neutralization of IFNAR signaling. Thus, type
I IEN is providing an innate immune signal that is required for the
subsequent antitumor adaptive immune response.

CD40 Signaling, NKT Cells, and Type | IFN. To identify the cell
types producing type I IFN in sgKRT19-edited PDA tumors,
we focused on intratumoral CD11c" and CD11b" cells, as these

cells have been reported to be type I IEN-producing cells in other
cancers (55, 56). With RNA fluorescence in situ hybridization
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(RNA-FISH) and probes specific for /rgax (encoding CD11c),
Itgam (encoding CD11b), and Ifnb1, we found that in sgKRT19-
edited PDA tumors, /fz61 mRNA was present predominantly in
cells that expressed either CD11b and/or CD11c¢ (~94%) (Fig. 44
and SI Appendix, Fig. S5). Also, among the IFN-f producing
cells, CD11b"CD11c" cells were the most abundant (~42%).
Accordingly, we conclude that myeloid cells are the major source
of type I IFN in sgKRT'19-edited PDA tumors.

Reminiscent of the report that treating mice with anti-CD40
agonistic antibody enhances LPS-induced type I IEN synthesis
(53), more than 80% of the /fnb1" cells in sgKRT19-edited tum-
ors coexpressed CD40 (Fig. 4B). When we administered neutral-
izing anti-CD40L antibody to mice bearing s.c. PDA tumors,
there was reduced expression of ISGs in both sgkKRT19-edited
and sgScramble-control PDA tumors as compared to tumors in
IgG control antibody-treated mice (Fig. 4C). In addition, a single
treatment with agonistic anti-CD40 antibody enhanced type I
IFN production in unmodified parental KPC1242 s.c. PDA tum-
ors expressing KRT19 and led to control of tumor growth
(SI Appendix, Fig. S6 A-D). By RNA-FISH, the CD11b/CD11c
positive subpopulation of myeloid cells was demonstrated to have
IfnbI transcripts in the agonistic anti-CD40 antibody-treated
tumors (87 Appendix, Fig. S6 E and F). Thus, regulation of type
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IFN production by CD40 signaling may also occur in PDA tum-
ors composed of unmodified cancer cells.

Based on the findings that intratumoral type I IFN is down-
regulated in CD1d”" mice lacking NKT cells (Fig. 2C), that intra-
tumoral accumulation of NKT cells is independent of type I IFN
(Fig. 3D), that NKT cells express CD40L at the initiation of immune
response (45), and that myeloid cells are the intratumoral source of
type L IFN (Fig. 44), we hypothesized that NKT cells may stimulate
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production of type I IFN through interaction of their CD40L with
CD40 expressed by myeloid cells. To test this hypothesis, NKT
cells were purified from mouse livers (Fig. 4 D and E'and S Appendix,
Fig. S7 A and B), cocultured with peritoneal macrophages, and
activated with a-galactosylceramide (aGalCer) (47, 57). After 48
h, IFN-p was detected in the supernatants in cocultures of a-GalCer-
stimulated NKT cells and macrophages, but not in cultures of NKT
cells or macrophages alone, or in unstimulated cocultures (Fig. 4F).
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As expected, RNA-FISH showed that macrophages, but not =~ KPC1242 s.c. PDA tumors with oral administered FA, we observed
NKT cells, produced type I IEN (SI Appendix, Fig. S7C). a-GalCer-  a dose-dependent increase of NKT cells in tumors (Fig. 5 A and
stimulated NKT cells increased their surface-expression of CD40L ~ B). We identified multiple immune response pathways that were
(Fig. 4G and SI Appendix, Fig. S7D), and blocking the CD40- up-regulated in the FA-treated group as compared with the control
CDA40L interaction with anti-CD40L antibody inhibited IFNf  group of mice (Fig. 5C). Notably, type I IEN signaling was up-
production by the cocultured cells (Fig. 4H). Furthermore, we char-  regulated in FA-treated KPC1242 s.c. PDA tumors concomitantly
acterized IFNB-producing cells in cocultured NKT cells and bone with the increased accumulation of NKT cells (Fig. 5C).
marrow—derived DCs (BMDC:s) by flow cytometry analysis (Fig. 4 Since the tumors treated with FA recapitulated the immune-
I-L and S Appendix, Fig. S8). IFNp-preducing cells were induced in ~ reactive TME of sgKRT19-edited tumors, and the latter tumors
the cocultures treated with a-GalCer (Fig. 4/), and were mainly  respond to anti-PD-1 antibody (54), we assessed whether treatment
CD11b"/CD11c"/CD40"/CD8 (Fig. 4 J and K). In contrast to with FA-induced sensitivity of unmodified parental KPC1242 s.c.
CDI11b"CD11c"CD40" cells, CD11c¢"CD8" cells, plasmacytoid DCs PDA tumors to anti-PD-1 antibody immunotherapy (Fig. 5D).
(pDCs), or NKT cells did not produce IFN in the cocultures stim- ~ Administration of FA or anti-PD-1 antibody alone did not affect
ulated with a-GalCer (Fig. 4L). Thus, NKT cells regulate type I IFN tumor growth rate, but the combination resulted in a twofold reduc-
production in vitro by myelomonocytic cells through their expression  tion of tumor growth rate that occurred in more than half of the
of CD40L upon activation. treated mice (Fig. 5 E-G and SI Appendix, Fig. S9A). Moreover, the
synergy between FA and anti-PD-1 antibody requires NKT cells
FA, NKT Cells, and the Response of Mouse PDA to Anti-PD-1  and type I IFN signahng as the suppressmn of tumor growth was

Antibody. FA, also known as leucovorin, has been reported to induce not observed in CD1d™ or IFNARI”" mice (Fig. 5 H and 7 and
NKT cell accumulation in the intestines of neonatal mice (58). SI Appendix, Fig. S9 B-E). These findings suggest that FA may be
Accordingly, when we treated mice bearing unmodified parental ~ a candidate for enhancing immune checkpoint blockade in PDA.
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Fig. 5. FA, NKT cell accumulation, and sensitization of mouse PDA tumors to treatment with anti-PD-1 antibody. (A) Schematic depicts FA treatment of s.c. tumors
generated with parental KPC1242 mouse PDA cells in wild type mice. FA or PBS were administered by oral gavage daily from days 8 through 12 after tumor inoculation.
(B) Flow cytometry measurements of infiltrating NKT cells as percentages of singlets or CD45" cells isolated from s.c. tumors treated with different doses of FA or
PBS. Mean + SEM PBS (n =4), 1 mg FA (n = 4), 2 mg FA (n = 3), and 5 mg FA (n = 3). One-way ANOVA followed by multiple comparison. ns = not significant, *P < 0.05,
**P < 0.01. The gating strategy is shown in S/ Appendiix, Fig. STA. (C) GSEA shows RNA from PBS- or FA-treated (2 mg) tumors. Three tumors from each group of mice
were used for RNAseq. (D) Schematic depicts FA and anti-PD-1 antibody combination treatment in s.c. KPC1242 PDA tumors. 2 mg FA were administered daily, and
isotype control IgG or anti-PD-1 antibody was administered every other day from days 8 to 12 after tumor inoculation. (£) Volume change is shown of s.c. tumors
treated with FA (2 mg) and anti-PD-1 antibody (200 pg) alone or in combination. Mean + SEM, n =5 each group. Row-mean one-way ANOVA followed by multiple
comparison to the PBS + IgG control group, ns = not significant, *P < 0.05. Data shown are representative of two independent experiments. (F) Individual volume
change is shown of s.c. tumors treated with FA and anti-PD-1 antibody alone or in combination. The gray area shows the range + SEM of untreated tumors, n =10
each group. Data shown are representative of two independent experiments. (G) Response rate of s.c. tumors to the indicated treatment. Tumors with growth rate
slower than untreated tumors (underneath gray area) in (F) are considered as responsive. Data shown are representative of two independent experiments. (H and /)
Volume changes are shown of s.c. tumors treated with PBS + IgG control or FA + anti-PD-1 antibody in CD1d™ mice (H) or IFNARI™™ mice (/). Mean = SEM n = 5 each
group. Simple linear regression and slopes comparison, ns = not significant. Data are representative of two independent experiments.
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Discussion

Our study demonstrates the essential role of NKT cells in estab-
lishing an antitumor immune TME in PDA by facilitating the
biosynthesis of the innate immune cytokine, type I IEN, to initiate
the adaptive antitumor immune response (S Appendix, Fig. $10).
This observation emphasizes the role of NKT cells in bridging
innate and adaptive immunity and is consistent with their char-
acteristic expression of markers of both NK cells and T cells. A
previous study has noted that NKT cells suppress intraepithelial
neoplasia (PanIN) lesions (precancerous stage of PDA) growth by
rewiring tumor-associated macrophages (59). Activation of NKT
cells has been utilized as an immunotherapeutic strategy against
mouse PDA (60, 61). Here, by analyzing the regulation of type I
IFN production in sgKRT19-edited PDA tumors lacking T cell-
excluding CXCL12-coat, we revealed that CD40L on NKT cells
interacts with CD40 on myeloid cells to enhance type I IFN
production, thereby achieving the requirement for this innate
immune cytokine to modulate adaptive immunity in PDA. This
observation provides a mechanistic basis for facilitating the func-
tion of NKT cells in therapy of PDA.

Type I IEN can impact the immunological effects of multiple
immune cells including cross-presenting DCs, T cells, NK cells,
and MDSCs (62-66). Particularly, type I IFN facilitates the
recruitment of T cells through the induction of CXCL10 (67-69).
Indeed, the infiltration of T cells into the center of PDA tumors
was attenuated in both CD1d™" and IFNARI”™ mice (Figs. 1K
and 3H). Thus, regulating the production of type I IFN, is a way
that NKT cells can affect the intratumoral infiltration of T cells,
and potentially impact the sensitivity of tumors to immunother-
apy. In parallel with this role of NKT cells in the mouse model of
PDA, type I IFN signaling pathway was observed down-regulated
in a model of prostate cancer in Ja18” mice that lack invariant
NKT cells (40). Thus, the regulation of type I IFN by NKT cells
is possibly a general pattern in tumor immunosurveillance.

More recently, CD1d has been found to influence the intrinsic
function of macrophages on lipid metabolism and NLRP3
inflammasome-stimulated cytokine production (70, 71). In con-
trast to our study of the absence of type I IFN in PDA-bearing
CD1d-deficient mice, CD1d-deficient macrophages secrete more
IFN-p and proinflammatory cytokines upon TLR stimulation (70).
This circumstance may be related to the high individual variation
of Ifubl occurrmg in both ngRTl 9-edited and sgScramble-control
PDA tumors in CD1d”™ mice (Fig. 2C). However, the role of
CD1d on macrophages is unlikely to be related to the essential role
of NK T cells in the production of intratumoral type I IFN and
the subsequent adaptive immune response.

Activation of NKT cells with a-GalCer or adoptive transfer of
modified NKT cells is often used in NKT cell-based therapies
(60, 61, 72-76). Our study explored another way to harness NKT
cells for immunotherapy by showing that treatment with FA of
PDA-bearing mice increases intratumoral accumulation of NKT
cells and can promote efficacy of T cell checkpoint immunother-
apy. In support of this possibility, chemotherapy regimens con-
taining FA have been shown to improve clinical response to
treatment with anti-PD-1 antibody (77, 78).

Materials and Methods

Animals. Experiments were done with 8- to 12-wk-old, age-matched male mice.
C57BL/6J (#000664), IFNARI™'~ [B6(Cg)- Jfnar 1121, 4028288], and CD1d~"~
[B6.129S6-Del(3Cd1d2-Cd1d1)1Sbp/J, #008881] mice were purchased from
Jackson Laboratory. All mice were housed in a specific pathogen-free facility at Cold
Spring Harbor Laboratory (CSHL), on a 12 h light/dark cycle. To avoid the impact of
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stress during transfer, newly purchased mice were housed in the onsite facility for at
least 2 wk before conducting experiments. Wildtype mice with matching age and
sex were included in parallel with CD1d ™"~ or IFNAR1™ mice as control for the
comparison between sgkRT19-edited and sgScramble-control tumors. FAdosage
experiment has been done once, and all other in vivo experiments have been done
atleast twice, and the representative data are shown. All animal experiments were
approved by the CSHL Institutional Animal Care and Use Committee (IACUC) in
concordance with the NIH “Guide for the Care and Use of Laboratory Animals."

Cell Lines. The mouse PDA cell line, KPC1242, was a gift from Dr. David Tuveson at
Cold Spring Harbor Laboratory and maintained in our lab. sgScramble-edited and
sgKRT19-edited KPC1242 cell lines were generated in our lab previously (54).
All mouse PDA cell lines were cultured at 37 °C and 5% CO, in DMEM (Coming,
10-013-CV) supplemented with 10% FBS (Seradigm, 1500-500), 100 units/mL
penicillin, and 100 pg/mL streptomycin.

Tumor Models.

s.c. model. To generate s.c. tumors, 2.5 x 10° cells in PBS were injected into the
right flank of mice after shaving. Tumor length (L) and width (W) were measured
with digital ca||per every 2 or 3 d and calculated according to the following for-
mula: V= (L x W)/2.

Orthotopic model. To generate orthotopic tumors, 1 x 10* cells in a 50/50 PBS/
Matrigel (Corning, growth factor reduced, 356231) mixture were injected to the
pancreas of mice. Tumor mass was measured at the experimental endpoint.

In detail, mice were shaved the day before orthotopic injection. On the day of
injection, Single cell suspensions of sgKRT19-edited or sgScramble-control can-
cer cells were prepared in 50/50 PBS/Matrigel (Corning, growth factor reduced,
356231). After opening a small incision on the left side of the mice below the
chest, the spleen was pulled out carefully with tweezers to bring out the pan-
creas. 1 x 10* cells were injected to the tail of pancreas in 5 pL volume for each
mouse with a gastight syringe and 32-gauge needle (Hamilton, 25 ul Gastight
Syringe Model 1702).To avoid wound tumor formation, after withdrawing cells,
the needle was wiped with ethanol wipes to kill cells attached to the outside of
the needle before injection. The formation of a small transparent bump on the
pancreas indicated a successful injection. If no bump was observed, the injection
probably leaked and would resultin a wound tumor, so the mouse would be killed
immediately. After injection, the needle was held in the pancreas for about 30's
for Matrigel to solidify as a prevention of leakage, and the needle entry point was
cauterized to prevent bleeding and kill any back flashed cancer cells to prevent
wound tumor formation. After a successful injection, the pancreas and spleen were
gently pulled back into the abdominal cavity, the muscle layer was sutured with
biodegradable sutures (Ethicon, 5-0 Coated VICRYL VIOLET 1X18" P-3, J463G),
and skin was closed with clips (ROBOZ, Reflex 7 mm Wound Clips, RS-9258). Triple
antibiotic ointment was applied to the skin wound to prevent infection. Mice that
underwent surgery were monitored in a heating chamber until recovery before
returning to the nest. The well-being of mice was checked in the following 2 d. If
any adverse appearance was observed, the mice would be euthanized according
to the regulations by IACUC at CSHL. Seven days after the injection, clips were
removed. Orthotopic tumors were isolated 14 d after injection for an endpoint
comparison. Tumors formed from leakage were excluded. Images of tumor were
captured, and weights were measured on a scale. One piece of tumor was cut
with a blade and putin 0.CT. compound (SAKURA, Tissue-Tek 0.C.T. Compound,
4583), frozen on dry ice in a model, and kept at —80 °C until cutting slides for
imaging. The rest of the tumor was digested for FACS analysis of immune cell
composition as described in "Flow Cytometry."

Antibody Treatments.

Anti-PD1 treatment. Tumor-bearing mice received three intraperitoneal (i.p.)
injections of 200 pg of anti-mouse PD-1 antibody (BioXcell, BEO273, clone
29F.1A12) or ratIgG2a isotype control (BioXcell, BEOO8Y, clone 2A3), every other
day from days 8 to 12 posttumor inoculation.

Anti-IFNaRI blockade. Mice were i.p. injected with 500 pg of anti-mouse IFNaR-1
antibody (BioXcell, BEO241, clone MAR1-5A3) or mouse IgG1 isotype control
(BioXcell, BEOO83, clone MOPC-21), every other day, from 2 d prior to tumor
inoculation to 12 d postinoculation, from 2 d prior to tumor inoculation to 4 d
postinoculation, or from 6 d prior to tumor inoculation to 12 d postinoculation.
Anti-CD40L blockade. Mice were i.p. injected with 500 pg of anti-mouse CD40L
(CD154) antibody (BioXcell, BEOO17-1, clone MR-1) or polyclonal Armenian
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hamster IgG control (BioXcell, BEO091), every other day, from 2 d prior to tumor
inoculation to 12 d postinoculation.

Anti-CD40 activation. Mice were i.p. injected with 200 g of anti-mouse CD40
antibody (BioXcell, BEO016-2, clone FGK4.5) or rat IgG2a isotype control (BioXcell,
BE008Y, clone 2A3) once on day 11 after tumor inoculation.

FA Treatments. 1 mg, 2 mg, or 5 mg of FA (Sigma, PHR1541) in 100 pL PBS
or PBS along was administrated by oral gavage daily from day 8 to day 12 after
tumor inoculation. FA did not fully dissolve in PBS at above concentrations, and
the suspensions were given to mice.

Immunofluorescence. Fresh frozen tumors embedded in Tissue-Tek OCT
(Sakura, 4583) were sectioned at 10 pm on a Cryostat-Leica CM 3050S. For
immunofluorescent (IF) staining, tumor slices were fixed with PLP buffer (1% PFA,
2 mg/mL NalO,, 14 mg/mL L-lysine in phosphate buffer) at room temperature
(RT)for 5 to 10 min. After three brief washes with PBS, a hydrophobic barrier was
drawn around the tumor slice with the ImmEdge PAP pen (Vector Laboratories,
H-4000) and left to air dry for 3 min. The slices were then permeabilized and
blocked with IF wash buffer (0.1% BSA, 0.2% Triton X-100, 0.05% Tween-20,
0.05% NaN; in PBS) containing 10% normal goat serum (Thermo, 16210064) at
RTfor 1h. After the blocking, the tumor slices were stained at 4 °C overnight with
fluorochrome-conjugated antibodies including: AF488-anti-CD3 (Biolegend,
100210), AF568-anti-KRT19 (Abcam, ab203445), AF594-anti-KRT19 (Abcam,
ab203443), and AF647-anti-panCK (NOVUS, NBP1-48348AF647). After, the
slices were washed with IF wash buffer three times, for 2 min each. Nuclei were
counterstained with DAPI (Thermo, R37606) at room temperature for 5 min. After
the staining, the slices were mounted with ProLong Glass Antifade Mountant
(Thermo Fisher, P36980). Images were obtained on a Leica SP8 confocal micro-
scope at 20x magpnification and analyzed using ImageJ Fiji.

RNA-FISH. RNA-FISH was conducted using the RNAscope Fluorescent Multiplex
Reagent kit (ACDBio, 320850) with the ACD HybEZ Hybridization oven according
to the manufacturer's instructions. The RNAscope probes used were as follows:
Mm-Ifnb1(406531), Mm-Klrb1¢-C2 (424451-C2), Mm-Itgax-C2 (311501-C2),
and Mm-Itgam-C3(311491-C3). Images were obtained using a Leica SP8 confo-
cal microscope at 40x magnification and analyzed using ImageJ Fiji.

In vitro cocultured cells. A sterile coverslip was added to a 24-well plate prior
to the seeding of NKT cells and peritoneal macrophages. After performing
the desired treatment, the medium was gently removed as to not disturb the
coverslip-attached cells. The cells were fixed with 4% PFA for 15 min at 4 °C.
Coverslips were briefly rinsed twice with PBS, and the samples were dehydrated
using sequential washes of 50% ethanol, 70% ethanol, and 100% ethanol and
then rehydrated with PBS. Cells were then treated with 1:15 diluted protease
1l at room temperature for 30 min and then briefly washed twice with PBS.
RNAscope probes were next added to the coverslip and hybridized at 40 °Cin
the HybEZ Hybridization oven. Each channel was then labeled with the RNAscope
Fluorescent Multiplex Reagent kit according to the manufacturer's instructions.
Tumor slides. 10 pm fresh-frozen tumor slices were used for RNA-FISH. Similar
to the cultured cells, tumor slices were fixed with 4% PFA at 4 °C for 15 min and
followed by serial ethanol treatments. Prior to the protease pretreatment, a hydro-
phobic barrier was drawn around the tumor slice. Here, undiluted protease IV was
used to pretreat the tumor slices. Following the pretreatment, the RNAscope probe
hybridization was done as previously stated.

Flow Cytometry. Freshly dissected tumors were digested with 0.2 mg/mL
Collagenase P (Roche, 11213857001), 0.2 mg/mL Dispase (Gibco, 17105041),
and 0.1 mg/mLDNase I (Roche, 10104159001)in RPMI-1640 containing 2% FBS
as described previously (79), with the following modifications. The digestion time
was decreased to 20 min twice. Single cell suspension was blocked with rat anti-
mouse CD16/CD32 antibody (BioLegend, 101302) in Flow Cytometry Staining
buffer (Thermo Fisher, 00-4222-26) for 15 min at 4 °C. Cells were then stained
with fluorochrome conjugated antibodies or CD1d-tetramers (S/ Appendix,
Table S1)at 4 °Cfor 30 min in Flow Cytometry Staining buffer. After staining, the
cells were washed twice with Flow Cytometry Staining buffer. Dead cells were
identified using DAPI (Thermo, R37606) when it was compatible. All staining and
washing were done in a 96-well U-bottom plate with a foil wrapped cover. 1 x 10°
singlets were initially collected for each sample in wild type and CD1d ™"~ mice,
and 3 x 10° singlets were collected for each sample in IFNARI™™ mice. 1 x
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10° singlets were initially collected for each cultured sample. Cell counts shown
were normalized by singlets. Flow cytometry data were obtained using a BD
LSRFortessa™ Cell Analyzer and BD Diva software 6.0. Data analysis was done
using FlowJo v10 software.

qPCR. Tumor samples were snap frozen in liquid nitrogen and total RNA was
isolated using the RNeasy mini kit (Qiagen, 74106), according to the manufac-
turer'sinstructions. cDNAwas prepared using oligo d(T) primers with the Tagman
Reverse Transcription Kit (Thermo, N8080234). Tagman probes for mouse Thp
(Mm00446973_m1), Ifnb1(Mm00439552_s1), Mx7(Mm00487796_m1), Oas2
(Mm00439552_s1), Cd3e (Mm00439552_s1), and Ifng (Mm00439552_s1)
were used. qPCR was conducted using the Tagman Universal Master Mix I
(Thermo, 4440040) on the QuantStudio™ 6 Flex Real-Time PCR System (Thermo
Fisher). Thp was used as the endogenous control.

Mouse Hepatic NKT Cell Isolation. Mouse NKT cells were isolated from the
liver of C57BL/6J mice. Hepatic lymphocytes were enriched via a 37.5% Percoll
centrifugation as described previously (80). Briefly, mouse livers were perfused
with Hank's buffer (8.0 g/L NaCl, 0.4 g/LKCl, 3.57 g/L Hepes, 0.06 g/L Na,HPOQ,
® 2H,0,0.06 g/LKH,PO,, pH 7,4) to remove blood cells and the livers were then
homogenized in RPMI-1640 (Corning, 10-041-CV) by passing the cells through
a 70 um cell strainer (Corning, 352350). Large debris was removed by centrifu-
gation at 60 g, at 4 °C for 4 min. Cells were then pelleted at 600 g, at 4 °C for 8
min, and resuspended in 10 mL of 37.5% Percoll. Lymphocytes were enriched
by centrifugation at 850 g, at 4 °C for 30 min, using a descending rate of four.
Red blood cells were next lysed with ACK lysis buffer. The hepatic lymphocytes
were then resuspended in complete RPMI-1640 medium (containing 10% FBS,
1% Penicillin-Streptomycin, 50 pM B-mercaptoethanol) and counted. Next, NKT
cells were negatively selected by using biotin-labeled antibodies and anti-biotin
magnetic beads. 2 x 10" hepatic lymphocytes were centrifuged at 450 g, at 4
°C for 5 min, and resuspended in 500 uL MACS buffer (0.5% BSA, 2 mM EDTA in
PBS) containing biotinylated anti-mouse CD8, CD19,CD11b, CD11c, Gr1,TCRYS,
TER-119, CD62L, CD24, and CD49b, and FcR blocking antibodies (S/ Appendix,
Table S2). After 10-min incubation at 4 °C, cells were washed with MACS buffer
twice and resuspended in 160 uL MACS buffer. 40 L of anti-Biotin MicroBeads
Ultrapure (Miltenyi Biotec, 130-105-637) was incubated with the biotinylated
antibody labeled cells at 4 °C for 15 min. After two washes with MACS buffer,
cells were resuspended in 400 uL MACS buffer and loaded into a LS column
(Miltenyi Biotec, 130-042-401) for negative selection according to the manu-
facturer's instructions. The percentage of NKT cells in the flow-out collection was
determined by flow cytometry using CD1d-PBS57 tetramer staining.

Mouse Peritoneal Macrophage Isolation. Mouse peritoneal macrophages
were collected by rinsing the abdominal cavity of C57BL/6J mice with complete
RPMI-1640 medium (containing 10% FBS, 1% Penicillin-Streptomycin, 50 uM
[-mercaptoethanol). Red blood cells were lysed with AKC lysis buffer.

NKT Cells and Peritoneal Macrophage Coculture Experiment. 1 x 10°/
well purified NKT cells were cultured with or without 2 x 10°/well peritoneal
macrophages in 96-well U-bottomed plates in complete RPMI-1640, and treated
with or without 50 ng/mL o-GalCer (KRN700, Avanti Polar Lipids, 867000) for
48 h. For blocking assays, 200 pg/mL of anti-CD40L (Bio X Cell, BEO017), or
IgG control (Bio X Cell, BEO091) was added to the culture media. IFN in the
supernatants was quantified using an ELISA kit to IFN (R&D system, DY8234).

NKT Cells and BMDCs Coculture Experiment. BMDCs were generated by
9 d culture of bone marrow cells in complete RPMI-1640 medium supplied
with 200 ng/mL recombinant mouse FIt3T (Biolegend, 550704) (81). Media
were refreshed every 3 d during the induction of BMDCs. 2 x 10°/well puri-
fied NKT cells and 4 x 10°/well BMDCs were cocultured in 48-well plate and
stimulated with a-GalCer (200 ng/mL, Macklin, G862163) for 48 h before
adding Brefeldin A(10 ug/mL, MCE, HY-16592) for an additional 12 h of incu-
bation. Cells were subsequently stained with surface markers: CD1d-PBS57-
APCtetramer, anti-SiglecH-PacBlue, anti-CD11b-BV650, anti-CD11¢-PE/Cy5,
anti-CD8a-APC/Cy7, anti-CD40-AF488, anti-TCRB-BV786, and FcR blocking
antibodies (S/ Appendix, Table S1), followed by intracellular staining with
anti-IFNB (Biolegend, 519202, Clone Poly5192) and subsequent donkey
anti-goat-Alexa Fluor 546 (Invitrogen, A11056, 1:500) antibodies by using
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Foxp3/Transcription Factor Staining Buffer Set (ebioscience, 00-5523-00).
Cells were stored in 1% PFA until analysis.

GSEA. GSEA for our previously published RNAseq data (54) (accession No.
GSE193027) was performed by using a preranked list of genes. Briefly, the
preranked list based on differential expression was analyzed using GSEAv4.2.3
(Broad Institute, Inc.). Hallmark gene sets were used as the reference gene sets
for enrichment. Gene set enrichment plots were obtained from the GSEAv4.2.3,
and the ranked enrichment gene sets were plotted using Prism 9.0 (GraphPad
Software) based on the FDR and the NES values obtained from GSEA software.

RNA Sequencing and Data Analysis. RNAintegrity number (RIN) was determined
using the 2100 Bioanalyzer System (AgilentTechnologies) with the Agilent RNA 6000
Nano Kit (Agilent Technologies, 5067-1511). Only RNAwith a RIN > 8 was used for
sequencing library preparation. Briefly, 4 pg of tumor-derived RNAfrom each sample
was used for library preparation, which was assembled using the TruSeq Stranded
Total RNA kit (Illumina, 20020596) according to the manufacturer's instructions,
except for the modification of 12 PCR cycles instead of the recommended 15. Single
End 76 base pair sequencing was done at the CSHL Next Generation Sequencing
Core facility on the NextSeq High Output platform. RNAseq data were analyzed by
the CSHL Bioinformatics Core facility. In general, FastQC, STAR, featurecounts, RSEM,
and GSEA were used for data analysis with the standard setting.

RNAseq data from our previous published work (54) (accession No. GSE193027)
were used in heat map to depict the differentially expressed genes comparing
subcutaneous sgKRT19-edited tumors and sgScramble control tumors. Genes that
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changed more than twofold and had an adjusted P-value less than 0.0001 were
depicted in the heat map by showing the normalized expression z-score of each
gene in individual tumors.

Statistical Analysis. Unless indicated, all results are presented as the means =
SEM:s. The statistical analysis was described in the figure legends. All statistical
analyses were performed using GraphPad Prism Software version 9.1.0, using a
Pvalue of P < 0.05 to denote statistical significance. The individual Pvalues are
denoted as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Data, Materials, and Software Availability. RNAseq data for Fig. 5Cis availa-
ble in the Gene Expression Omnibus database (accession no. GSE270858) (82).
Previously published data were used for this work (accession no. GSE193027)
(83). All other study data are included in the manuscript and/or S Appendix.
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