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Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal cancer,
which is refractory to all currently available treatments and bears
dismal prognosis. About 70% of all PDAC cases harbor mutations
in the TP53 tumor suppressor gene. Many of those are missense mu-
tations, resulting in abundant production of mutant p53 (mutp53)
protein in the cancer cells. Analysis of human PDAC patient data from
The Cancer Genome Atlas (TCGA) revealed a negative association
between the presence of missense mutp53 and infiltration of CD8+

T cells into the tumor. Moreover, CD8+ T cell infiltration was nega-
tively correlated with the expression of fibrosis-associated genes. Im-
portantly, silencing of endogenous mutp53 in KPC cells, derived from
mouse PDAC tumors driven by mutant Kras and mutp53, down-
regulated fibrosis and elevated CD8+ T cell infiltration in the tumors
arising upon orthotopic injection of these cells into the pancreas of
syngeneic mice. Moreover, the tumors generated by mutp53-silenced
KPC cells were markedly smaller than those elicited by mutp53-
proficient control KPC cells. Altogether, our findings suggest that
missense p53 mutations may contribute to worse PDAC prognosis
by promoting a more vigorous fibrotic tumor microenvironment
and impeding the ability of the immune system to eliminate the
cancer cells.

p53 | PDAC | fibrosis | immune infiltration | tumor microenvironment

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal human cancers. It is often diagnosed at advanced stages,

when complete surgical removal is not possible anymore, and re-
sistance is acquired to all currently available therapies. As a result,
less than 10% of the patients diagnosed with PDAC survive more
than 5 y. The introduction of immune checkpoint blockade therapy
has revolutionized the treatment of several types of cancer, most
notably melanoma, lung cancer, and microsatellite unstable colo-
rectal cancer. Unfortunately, to date, the PDAC immunotherapy
regimen, either alone or in combination, has not yielded promising
results in patients with metastatic disease (1). The inefficacy of
immunotherapy is likely to be due, at least in part, to the im-
munosuppressive nature of the PDAC tumor microenvironment
(TME), which is characterized by highly desmoplastic stroma and
immunosuppressive cell populations (2–4). In particular the exten-
sive fibrosis, involving the pathological deposition of dense extra-
cellular matrix (ECM) around the PDAC cancer cells, can provide a
physical and chemical barrier that impairs lymphocyte infiltration,
compromising the ability of cytotoxic T cells to engage and elimi-
nate the cancer cells (5–10).
Activated pancreatic stellate cells, commonly referred as cancer

associated fibroblasts (CAFs), are a major component of the
pancreatic TME. CAFs can act in multiple ways to promote tumor
growth and metastasis (11, 12). Of note, PDAC CAFs can sequester

CD8+ T cells and reduce their infiltration into the peritumoral
compartment of the tumor (6), while antifibrotic treatment disrupts
stromal barriers and modulates the immune landscape, improving
pancreatic cancer response to immune checkpoint blockade (13, 14).
The p53 protein, encoded by the TP53 gene, is a tumor sup-

pressive transcription factor that serves as a major barrier against
the emergence and progression of many types of cancer (15). The
TP53 gene is mutated in about half of all human cancer cases.
Unlike other tumor suppressor genes, the mutational landscape of
TP53 is dominated by missense mutations, which are often asso-
ciated with enhanced stabilization and accumulation of mutant p53
(mutp53) protein within the cancer cells. Numerous studies have
revealed that at least some of the more common TP53 mutations,
and in particular the major hotspot mutations, not only abrogate
p53’s tumor-suppressive role, but also confer upon the mutp53
proteins new oncogenic gain-of-function (GOF) activities. Such
GOF of mutp53 is believed to be due, at least in part, to its ability
to engage in a variety of protein–protein interactions and thereby
modulate the transcriptional landscape of the cell and also impact
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directly a variety of cellular processes (16, 17). Of note, about
70% of all PDAC tumors harbor TP53 gene mutations (18).
Perturbation of p53 in cancer cells can affect ECM deposition

and stromal modification (19–21). Alterations in p53 in pancreatic
cancer cells were shown to trigger cell-extrinsic effects and influ-
ence the features of surrounding stromal CAFs (22). Importantly,
the p53 status of the cancer cells can impact in many ways the
tumor immune microenvironment and the interaction of the im-
mune system with the cancer cells (reviewed in ref. 23). For ex-
ample, wild-type (WT) and mutant variants of p53 can modulate in
diverse manners the antigen presentation machinery and regulate
the expression of activating ligands for NK cells and of immuno-
suppressive molecules such as PDL1. Moreover, p53 status can
influence cytokine and chemokine secretion from the cancer cells,
thereby greatly impacting the immune TME (23–25). Likewise,
cancer cells expressing GOF mutp53 can reprogram macrophages
through exosome-based communication (26), and loss of function
of p53 can trigger cancer-protective systemic inflammation (25)
and attenuate T cell activation by triggering a suppressive myeloid
response (27). Notably, correlations between p53 status and im-
mune infiltration have been observed in breast, head-and-neck, and
gastric cancers (28, 29).
In the present study, we set out to elucidate the impact of mis-

sense TP53 mutations on the immune TME of PDAC. Based on
the analysis of TCGA data, human tumor samples and orthotopic
mouse PDAC xenografts, we now report that the presence of
missense mutp53 restricts the infiltration of cytotoxic CD8+ T cells
into PDAC tumors. This is associated with, and may be partly due
to, elevated expression of ECM-related genes and increased fi-
brosis. Interference with mutp53-dependent processes may thus
facilitate the application of immunotherapy to PDAC tumors.

Results
TP53 Missense Mutations Are Associated with Short-Term Survival of
PDAC Patients. To explore the impact of p53 mutations in PDAC,
TCGA PDAC samples (adenocarcinoma histological type) were
divided into WT p53 tumors, p53-null tumors (harboring frame-
shift and nonsense mutations), and tumors with TP53 missense
mutations.
Mutp53 GOF is believed to be driven by elevated steady-state

levels of mutp53 proteins, largely owing to their extensive sta-
bilization. In agreement, examination of reverse phase protein
array (RPPA) data in TCGA confirmed the presence of signifi-
cantly higher amounts of p53 protein in PDAC tumors harboring
p53 missense mutations, relative to wtp53 tumors (Fig. 1A). As
expected, tumors with null mutations had the lowest p53 protein
levels, even though some of them may still express residual truncated
p53. Two p53 missense mutated tumors displayed p53 levels lower
than the median of the p53-null tumors, and thus were excluded
from further analyses. Altogether, we ended up with 48 WT p53
tumors, 31 p53-null tumors, and 31 tumors harboring missense
TP53 mutations.
To assess the impact of p53 mutational status on overall patient

survival, we compared the percentage of short-term survivors
(STSs; overall survival <1 y after initial diagnosis), long-term
survivors (LTSs; overall survival >3 y after initial diagnosis), and
middle-term survivors (MTSs; overall survival 1 to 3 y after initial
diagnosis) in the different p53 status groups. Of note, the vast
majority of these tumors were derived from patients diagnosed at
an early stage of the disease (30), when tumor resection is still
applicable, accounting for the relatively long overall survival. Re-
markably, whereas in the null and WT p53 groups about 20% of
patients attained long-term survival, only 5% of missense mutated
patients survived for longer than 3 y (Fig. 1 B–D).
These observations suggest that the presence of p53 missense

mutations in PDAC patients is associated with worse disease
outcome than in p53 null and WT p53 cases. In particular, the

comparison with the p53-null tumors supports the notion that
p53 missense mutants possess an oncogenic GOF in PDAC.

Human PDAC Tumors Harboring TP53 Missense Mutations Display
Reduced CD8+ T Cell Infiltration. The abundance and composition
of tumor-infiltrating immune cells can affect cancer progression
and response to therapy (31). Hence, we assessed the relationship
between p53 mutational status and the tumor-associated immune
cell composition in PDAC. The composition of distinct stromal cell
populations can be estimated from bulk tumor gene expression
data, taking advantage of distinctive gene signatures characteristic
of each population. Remarkably, comparison of the Knudsen et al.
(32) lymphocyte gene signatures between p53 missense, null, and
WT PDAC tumors in TCGA revealed that cases with missense p53
mutations were preferentially enriched among the tumors that dis-
played low lymphocyte signatures, relative to p53-null and WT cases
(Fig. 2A). Interestingly, some of the WT p53 tumors displayed high
numbers of CD8+ T cells but relatively low numbers of CD4+

regulatory T cells (Tregs), consistent with a recent report by Blagih
et al. (27). We then aggregated the signatures of the different
lymphocyte subpopulations from Knudsen et al. (32) (displayed in
Fig. 2A) into a single lymphocyte signature and ranked all tumors
accordingly (SI Appendix, Fig. S1). Comparison of the top quartile
(highest lymphocyte signature) and bottom quartile (lowest lym-
phocyte signature) (SI Appendix, Fig. S1) further confirmed that
tumors displaying a low lymphocyte score are enriched with mis-
sense TP53 mutations (Fig. 2B). Importantly, patients with a low
lymphocyte signature tend to have a shorter survival than those
with a higher signature (Fig. 2C). A similar correlation between
p53 missense mutations and reduced numbers of tumor-infiltrating
lymphocytes was seen when we applied the Thorsson et al. (33)
lymphocyte infiltration score to the same PDAC dataset (Fig. 2D).
Importantly, comparative analysis of the PDAC immune land-

scape, as described in Thorsson et al. (33), identified CD8+ T cells
as the population most significantly associated with differences in
p53 mutational status (Fig. 2E), when compared to other types of
lymphocytes or to myeloid cells (SI Appendix, Fig. S2A). Like-
wise, application of the gene signature of Puram et al. (34) confirmed
that missense mutated tumors are characterized by a significantly
reduced abundance of CD8+ cytotoxic cells (SI Appendix, Fig. S2B).
To further investigate the correlation between the presence of

missense mutp53 and the paucity of CD8+ T cells in PDAC, we
analyzed two tissue microarrays (TMAs) of human PDAC tumors
comprising a total of 83 informative samples. Strong positive staining
for p53 is generally considered indicative of the presence of GOF
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Fig. 1. p53 missense mutations in PDAC are associated with elevated p53
protein levels and shorter survival. PDAC samples from TCGA (PAAD dataset
filtered by adenocarcinoma histological type) were divided into WT p53,
p53-null (frameshift and nonsense TP53 mutations), and p53 missense
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Fig. 2. PDAC tumors harboring p53 missense mutations display reduced lymphocyte infiltration. (A) Heat map depicting the relative abundance of various
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missense p53 mutations, owing to stabilization of the mutp53
protein. We therefore employed intense p53 staining as a proxy
for identification of TMA samples harboring GOF mutp53. In
parallel, the same set of tumor samples was stained for CD8, as
well as for CK8 to highlight epithelial cells (Fig. 2F). Altogether,
13 tumors showed high nuclear p53 staining (intense staining in
more than 15% of the cancer cells), whereas the other 70 tumors
had no, or only weak, staining, suggesting that they might have
retained WT TP53, or may carry frameshift or nonsense TP53 mu-
tations, or express nonstabilized missense mutp53. For each tumor
sample, we then analyzed the spatial distribution of CD8+ T cells in
six nonoverlapping fields. We counted for each field the number of
proximal CD8+ T cells (located either within epithelial cancer cell
clusters or less than 10 μm from the nearest cancer cell), and distal
CD8+ cells (located more than 10 μm from the nearest cancer cell)
(SI Appendix, Table S1). After normalization for the percentage of
epithelial cancer cells and of stroma in each field (Materials and
Methods), we calculated for each individual sample the ratio between
the number of proximal versus distal CD8+ cells. As seen in Fig. 2G,
this analysis revealed that in tumors displaying high p53 staining,
CD8+ T cells tended to stay further away from the cancer cells
than in low p53 tumors. This further supports the conjecture that
mutp53 may hamper the infiltration of cytotoxic T cells within
PDAC tumors.
Together, our observations suggest that the presence of mis-

sense mutp53 may disfavor the infiltration of lymphocytes, par-
ticularly cytotoxic CD8+ T cells, into PDAC tumors, possibly
leading to worse patient outcome. The fact that such effect is not
seen in p53-null tumors strongly argues that this may constitute a
GOF activity of mutp53.

Mutant p53 Restricts CD8+ T Cell Infiltration and Promotes Tumor
Growth in an Orthotopic Mouse PDAC Model. To assess more di-
rectly the impact of p53 missense mutations on CD8+ T cell
infiltration in PDAC, we silenced the endogenous mutp53 in two
independent cell lines (KPC-3 and KPC-4), derived from PDAC
tumors of KPC (LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-
Cre) mice (kind gift from D. Tuveson, Cold Spring Harbor Labo-
ratory, New York). In KPC mice, mutant Kras and the p53R172H
mutant, equivalent to the R175H human hotspot p53 mutant, are
specifically expressed in the pancreas, giving rise to aggressive
PDAC tumors (35). Control KPC-3 cells (shC) and their mutp53-
knockdown derivatives (shp53) were injected orthotopically into the
pancreata of syngeneic C57/BL6 mice, and tumors were harvested 2
wk later. Analysis by immunohistochemistry revealed that the KPC-
3 shC tumors, which express abundant mutp53, had markedly less
infiltration of CD8+ T cells compared to the mutp53-depleted
shp53 cells (Fig. 3 A and B). Similar results were obtained in a
second KPC cell line (KPC-4), derived from a different mouse
(SI Appendix, Fig. S3A).
Reduced infiltration of cytotoxic T cells is expected to facili-

tate tumor immune evasion, possibly accelerating tumor growth.
As seen in Fig. 3 C and D, shC tumors, retaining expression of en-
dogenous mutp53, gave rise to bigger tumors than mutp53-depleted
cells when injected orthotopically into syngeneic mice. Importantly,
the effect of mutp53 on tumor growth was markedly less pronounced
in immunodeficient mice (both athymic nude and NSG; Fig. 3E), as
confirmed also for another independently derived PDAC cell line
(KPC-4; see SI Appendix, Fig. S3B).
Altogether, these observations support the conjecture that

mutp53 contributes to enhanced PDAC tumor growth by suppressing
the infiltration of cytotoxic effector cells, although T cell-independent
effects of mutp53 also could play a role in promoting tumor growth.
The above findings establish a causal relationship between the
presence of stabilized missense mutp53 and reduced infiltration of
CD8+ T cells and imply that mutp53 may exert an oncogenic GOF
in PDAC by favoring tumor immune evasion.

p53 Missense Mutations in PDAC Are Associated with Increased
Fibrosis. To point out putative mutp53-dependent mechanisms
underpinning the inhibition of CD8+ T cell infiltration in PDAC,
we employed the TCGA PDAC cohort to infer genes whose ex-
pression is correlated positively and negatively, respectively, with
the CD8+ T cell signature indicated in Fig. 2E. The result of this
analysis is shown in Fig. 4A. As expected, CD8A, GZMB, and
PRF1, indicative of cytotoxic CD8+ T cells, ranked high among
the positively correlated genes. Interestingly, functional profiling
in g:Profiler (36) of the genes negatively correlated with the CD8+

T cell signature (Fig. 4B) revealed enrichment for proteins residing
in extracellular space (GO:CC) and for functional terms related to
fibrosis, such as Rho GTPase signaling, ECM organization, and
collagen formation (REAC). This supports the notion that exces-
sive desmoplastic response hinders the ability of immune cells to
infiltrate PDAC tumors (13, 14, 37, 38).
We then compared the relative expression levels of two of the

functional signatures in Fig. 4B (collagen formation and extracellular
matrix organization) among human PDAC tumors of different TP53
status. Remarkably, expression of those fibrosis-associated genes was
significantly up-regulated in missense mup53 tumors, compared to
p53-null and WT tumors (Fig. 4 C and D). This observation is
consistent with a recent report by Vennin et al., who found that
GOF mutp53 can increase fibrosis in KPC tumors (22).
Tian et al. (39) have recently defined a set of cancer cell ECM

proteins (“matrisome”) associated with poor survival in PDAC.
CAFs are the major source of ECM proteins, and stromal cells
produce over 90% of the total ECM mass of PDAC tumors. Nev-
ertheless, Tian et al. found that elevated levels of ECM and ECM-
associated proteins produced by the cancer cells (“cancer matri-
some”), and not those produced exclusively by PDAC stromal cells,
correlate strongly with poor patient survival (39). Using the gene
signatures developed by Tian et al., we interrogated the relative
representation of the cancer matrisome genes associated with poor
survival in the three TP53 status groups in TCGA. Remarkably, this
analysis revealed a significant association between p53 missense
mutations and elevated expression of genes comprised in the PDAC
poor survival matrisome, relative to p53-null tumors (Fig. 4E).
Furthermore, the PDAC poor survival matrisome gene signature
displayed a significant negative correlation with the estimated
CD8+ T cell content (Fig. 4F).
Together, these observations imply an association between

missense mutp53 and altered composition of the PDAC ECM,
which might lead to reduced infiltration of cytotoxic T cells and
possibly contribute to poor patient survival.

Missense p53-Dependent Fibrosis Is Negatively Correlated with CD8+

T Cell Infiltration in KPC Orthotopic Tumors and Human PDAC. To
corroborate the correlation between high fibrosis and low CD8+

T cell infiltration, orthotopically injected KPC-3 tumors were
stained with Sirius Red to visualize collagen fibers. Indeed, shC
tumors showed more fibrosis than shp53 tumors (Fig. 5 A and B),
as observed also in tumors derived from a different KPC cell line
(KPC-4, see SI Appendix, Fig. S4A). Hence, mutp53 promotes
fibrosis in this syngeneic PDAC model. This is consistent with a
previous report of increased fibrillar collagen density in matrices
remodeled by CAFs educated by mutp53-proficient KPC cells, as
compared to those educated by mutp53-deficient ones (22) Im-
portantly, the extent of CD8+ T cell infiltration was inversely
proportional to Sirius Red staining (Fig. 5C and SI Appendix,
Fig. S4B).
To explore the relationship between p53 status, collagen de-

position and CD8+ T cell infiltration in human PDAC, we im-
aged fibrillar collagen by second harmonic generation (SHG)
microscopy, which allows imaging of noncentrosymmetric mol-
ecules such as collagen fibers. We analyzed the collagen depo-
sition within 10 μm from the cancer cells in tumors with high p53
staining versus tumors with low p53 staining. Indeed, in tumors
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staining strongly for p53, the percentage of the tumor area oc-
cupied by stromal collagen was significantly higher than in those
staining weakly for p53 (Fig. 5 D and E).
Together, our observations imply that p53 missense mutations

impair the infiltration of cytotoxic CD8+ T cells into PDAC
tumors, and this may be due at least in part to the enhancement
of fibrosis.

Discussion
Immune evasion, fibrosis, and modulation of the tumor micro-
environment have emerged as important features of PDAC pa-
thology and determinants of clinical outcome (40–42). Yet, the
molecular and genetic mechanisms that shape cancer and stroma
cell heterogeneity and that are responsible for their variation
among individual patients remain to be fully elucidated. Further-
more, human PDAC tumors are typically “cold,” displaying very low
levels of tumor infiltrating T cells, most probably accounting for the
poor efficacy of immune therapy in this type of cancer (43). Con-
sequently, attempts are being made to convert the “immune cold”
PDAC microenvironment into a more inflamed TME, with the
hope that increased T cell infiltration and activity will sensitize these
tumors to cancer immunotherapy (44).

In the present study, we report that the presence of TP53
missense mutations can selectively reduce CD8+ T cell infiltration
in PDAC tumors, in correlation with the ability of missense mutp53
to augment ECM deposition. Desmoplastic reaction, involving en-
hanced CAF activation and ECM deposition and remodeling, plays
an important role in tumor progression, resistance to therapy, and
immunomodulation in multiple cancer types. In particular, stromal
content, matrix architecture, and collagen density can dictate the
localization and activity of tumor-infiltrating T cells and the ability
of CD8+ T cells to target effectively the cancer cells within the
tumor (6, 40–44).
Despite the well-documented role of the desmoplastic response

in PDAC, targeting the pancreatic TME as a means for achieving
better therapeutic outcome has yielded inconsistent conclusions and
needs to be further explored. On the one hand, depletion of FAP+

stromal cells in a murine PDAC model facilitated immune control
of tumor growth and uncovered the efficacy of anti-PD-L1 immu-
notherapy (5). Likewise, inhibition of FAK activation, thereby cur-
tailing a major mechanism of ECM-driven signaling, was shown to
reduce fibrosis, increase the amount of cytotoxic T cells, and sig-
nificantly hinder tumor progression (14). On the other hand, de-
pletion of α-smooth muscle actin (α-SMA)-positive CAFs resulted in
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Fig. 3. Depletion of endogenous mutp53 augments CD8+ T cell infiltration and favors tumor growth in an orthotopic mouse PDAC model. (A) Mouse KPC-3
PDAC cells, expressing endogenous mutp53 R172H, were stably transduced by infection with recombinant lentiviruses expressing either mouse p53 shRNA
(shp53) or control shRNA (shC). A total of 20,000 cells of each genotype were injected orthotopically into the pancreata of C57BL/6 mice (eight mice per
group). Tumors were harvested after 2 wk and tumor sections were stained for CD8. Representative tumor sections (20× magnification) are shown. (B)
Quantification of CD8+ T cells based on five tumors from each genotype in A. For each tumor, CD8+ cells were counted in three images taken at 20×
magnification. Mean ± SEM for each tumor group is shown. P value: **P < 0.01. (C) Quantification of tumor weight, based on five tumors from each genotype
in A, harvested 2 wk after orthotopic injection. Mean + SEM. P value: **P < 0.01. (D) Photographs of the same tumors as in C. (E) Comparison of tumor weight
in syngeneic versus immunodeficient mice. KPC-3 cells were injected orthotopically in parallel into the pancreata of C57BL/6, NSG, and athymic nude mice, as
in A. To attain comparable sizes of shC tumors in all three genotypes, syngeneic C57BL/6 mice were killed 4 wk after injection, whereas immunocompromised
mice were killed after 3 wk. Mean ± SEM. P value: **P < 0.01; ns, not significant.
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immunosuppression and aggressive tumors (45). Moreover, a
clinical trial based on the use of a sonic hedgehog (SHH) pathway
inhibitor, to reduce the PDAC stromal component, did not in-
crease the efficacy of gemcitabine in human PDAC patients (46).
Likewise, reduction of the stromal content in a mouse PDAC
model by targeting the SHH pathway genetically, or by chroni-
cally inhibiting it, increased cancer aggressiveness (47). There-
fore, full understanding of the determinants and mechanisms
underlying stromal modulation and immunosuppression in PDAC
may pave the road to more rational therapeutic strategies.
TP53 mutations are very frequent in PDAC, being second only

to KRAS mutations. However, unlike in the case of KRAS, TP53
mutations come in very different flavors and may have very dif-
ferent effects. In particular, while all cancer-relevant TP53 muta-
tions most probably abolish the tumor suppressive effects of WT
p53, only missense but not null mutations may potentially confer
GOF activities, and even this is very much context dependent
(48–50). As seen in Fig. 1B, the presence of TP53 missense muta-
tions in PDAC is associated with worse patient prognosis. This
apparent GOF effect of mutp53 is likely to be exerted via multiple
molecular mechanisms. For example, mutp53 can promote PDAC
metastatic propensity by elevating the expression of platelet-derived
growth factor receptor b (PDGFRb), which is achieved through the
ability of mutp53 to bind and inhibit the p53-related p73 protein
(51). Furthermore, missense mutp53 in PDAC cancer cells can
contribute to the formation of a prometastatic environment by in-
creasing the production of ECM proteins (22), as also observed by
us. This is in tune with similar studies in other cancer types, which

demonstrated that mutp53, at least in part via cooperation with
HIF1-alpha, can augment ECM deposition, thereby supporting
stromal stiffening and promoting tumor growth and metastasis
(20, 21).
As shown here, missense mutp53 can also restrict the infiltration

of cytotoxic T cells into PDAC tumors, implicating anticancer im-
munity as an additional mechanism that is manipulated by GOF
mutp53 in favor of tumor progression.
Notably, while p53 is usually not mutated in the tumor stroma,

there is evidence that the WT p53 protein of stromal fibroblasts
can be rewired in the course of tumor progression and contribute
to the cancer-supportive features of the CAFs (52). It remains to
be determined whether this applies also to PDAC CAFs, and
whether missense mutp53 in the PDAC cancer cells may play an
active role in the reconditioning of stromal WT p53, for example,
by regulating exosome abundance and content (26, 53). Inter-
estingly, p53 represses the expression of CXCL12/SDF1 in both
human and mouse fibroblasts (52), and inactivation of p53 leads
to augmented CXCL12 expression and secretion and increases the
ability of the fibroblasts to support tumor growth (54). In that
regard, it is notable that depletion, or inhibition, of CAF-derived
CXCL12 sensitizes PDAC tumors to checkpoint blockade immu-
notherapy (5). Furthermore, a study that looked at multiple cancer
types has revealed that tumors characterized by a high rate of TP53
mutations tend to have a distinctive CAF ECM signature, often
driven by TGF-beta, which is correlated with an immunosuppressive
TME (55).

A B

C D E F

Fig. 4. p53 missense mutations in PDAC are associated with more fibrosis, which is negatively correlated with CD8+ T cell infiltration. (A) Genes positively or
negatively correlated with the CD8+ T cell signature (Fig. 2E) in the TCGA PDAC cohort were defined by a cutoff of R = 0.2 or −0.2, respectively. The detailed
gene list is provided in Dataset S1. (B) Functional profiling (g:Profiler) of genes negatively correlated with the CD8+ T cell signature in A. g:Profiler output is
provided in Dataset S2. (C) Relative expression of extracellular matrix signature genes in the three TP53 status groups in TCGA. (D) Relative expression of
collagen formation signature genes in the three TP53 status groups in TCGA. (E) Relative expression of the PDAC cancer cell matrisome gene signature
associated with poor survival (39) in the three TP53 status groups in TCGA. (F) Correlation between the PDAC cancer cell matrisome gene signature associated
with poor survival (39) and the estimated CD8+ T cell abundance (Fig. 2E) in the TCGA PDAC cohort.
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Augmented ECM deposition is not the only means whereby
mutp53 keeps cytotoxic immune cells away from the cancer cells.
In particular, while this paper was under revision, mutp53 was

reported to inhibit immune cell infiltration by interacting with
TANK binding protein kinase 1 (TBK1) and blunting the cGAS/
STING pathway (56). Hence, mutp53 enlists multiple mechanisms

B CA

D E

Fig. 5. Missense p53-associated fibrosis is negatively correlated with CD8+ T cell infiltration in orthotopic mouse tumors and human PDAC patients. (A)
Representative images of H&E- and Sirius Red-stained sections of tumors derived by injection of KPC-3 shC or shp53 cells into the pancreata of syngeneic
C57BL/6 mice, as described in Fig. 3A (20× magnification). (B) Quantification of Sirius Red staining in KPC-3 shC and shp53 tumors. The percentage of tumor
area occupied by collagen was calculated from five tumors of each genotype, by averaging the values obtained in three images per tumor taken at 20×
magnification. P value: *P < 0.05. (C) Correlation between % area occupied by collagen, determined in B, and number of CD8+ cells calculated as in Fig. 3B.
Each dot represents an image, together comprising 15 images from five mice of each genotype. (D) Representative images of collagen fibers, visualized by a
SHG microscope, from a tumor with low p53 staining and a tumor with high p53 staining, respectively, in a human PDAC TMA. Images were taken at 40×
magnification. (E) Quantification of collagen fibers in human samples, determined by SHG. Data from two TMAs were combined. Shown is the comparison of
fraction area of positive collagen signal within 10-μm bands from neoplastic ducts in tumors with high p53 and low p53 staining (Materials and Methods).
Means ± SEM; P value: **P < 0.01.
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to facilitate tumor immune evasion. It is thus tempting to speculate
that GOFmissense p53 mutants may contribute to the inefficacy of
checkpoint blockade therapy in PDAC, and that depletion of
mutp53 (e.g., by targeted degradation) (57), or attenuation of its
GOF effects, may sensitize PDAC tumors to such therapy. Further
studies are required in order to assess the practicality and effi-
cacy of such approaches and their potential impact on PDAC
patient outcome.

Materials and Methods
Data Acquisition and Processing. TCGA RNA-sequencing (RNA-Seq) expression
profiles, gene somatic mutations, protein expression profiles, and clinical
data were downloaded from https://gdac.broadinstitute.org/ and xena.ucsc.
edu/. TCGA PAAD (pancreatic adenocarcinoma) samples were filtered by
adenocarcinoma histological type and divided according to their TP53 status
into WT p53 tumors, null tumors (harboring frameshift or nonsense muta-
tions), and missense mutated tumors. TCGA-HV-A5A6-01A frameshift vari-
ant p.R342Efs*3 was excluded from the null list because the mutation is
relatively close to the end of the protein and the possible functional impact
of the resultant truncated protein is thus uncertain. Two p53 missense mu-
tated tumors possessing p53 protein levels lower than the median of the null
tumors, as determined by RPPA, were also excluded from the analysis, since
they are not expected to have mutp53 GOF. Altogether, the samples in-
cluded in the analysis comprised 48 WT, 31 null, and 31 missense p53 tumors.

Cell Lines and Cell Culture. KPC cell lines (generous gift from D. Tuveson) were
derived from PDAC tumors arising in KPC mice on a C57BL/6 genetic back-
ground. These mice (Kras +/LSL-G12D; p53 +/LSL-R172H; PDX-Cre) express
mutant Kras and mutp53 exclusively in their pancreata (58). In the present
study we used two KPC cell lines, each derived from a separate mouse: KPC
mT3-2D and KPC mT4-2D (abbreviated as KPC-3 and KPC-4, respectively). The
cells employed in Fig. 3 also expressed GFP, whereas the cells in SI Appendix,
Fig. S3 expressed GFP plus firefly luciferase.

All cells were maintained at 37 °C in a 5% (Vol/Vol) CO2 humidified in-
cubator and were regularly tested for mycoplasma. KPC cells and HEK293
Phoenix cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium,
Biological Industries) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin and streptomycin (P/S) (Biological Industries).

Viral Infections. KPC-3 cells were infected with recombinant lentiviruses based
on the LMP-p53.1224 plasmid to knock down the endogenous mouse p53 (DOI:
https://doi.org/10.1038/ng1651) (generous gift from V. Krizhanovsky, Weizmann
Instute of Science) or LMP empty vector plasmid as control (shp53 and shc,
respectively). KPC-4 cells were infected with recombinant lentiviruses based on
plasmid TRCN0000012361 (Horizon/Dharmacon) to knock down mouse p53, or
SHC002 pLKO1 (Sigma) as control (shp53 and shc, respectively). Lentiviral
packaging was performed by jetPEI-mediated transfection of Phoenix cells with
the indicated plasmid DNAs, together with a plasmid encoding the VSVG en-
velope protein. Virus-containing supernatants were collected 24 h and 36 h
after transfection, filtered, and supplemented with 4 μg/mL polybrene (Sigma).
Puromycin selection was initiated 48 h after infection and continued for a
week. Efficiency of p53 knockdown was verified by qRT-PCR and Western blot
analysis. After the first round of infection described above, the KPC-4-derived
cells were additionally infected with a recombinant lentivirus (Addgene #62511)
expressing luciferase, derived from a retroviral construct (Addgene #25894)
carrying G418 resistance, and infected cells were selected with G418.

In Vivo Orthotopic Injection Model. All animal experiments and methods were
approved by the Weizmann Institutional Animal Care and Use Committee.
Genetically modified cells were injected orthotopically into the pancreata of
male 14-wk-old C57BL/6, NSG, or athymic nude mice (20,000 cells/mouse in
20 μL of Matrigel; 1:1 with DMEM) (12). Tumors were harvested 2 wk
postinjection, unless indicated otherwise in the figure legend.

Tissue Microarray. Human pancreas cancer tissue array 12 cases/24 cores
(PA242e) and advanced stage pancreas cancer tissue array 96 cases/192 cores
(PA1921a) were purchased from US Biomax, Inc. Of those, a total of 83 cases
(10 + 73, respectively) were deemed of sufficient quality to be informative
and were therefore included in the analysis.

Immunohistochemistry and Histological Data Analysis. The 4-μm sections of
2.5% PFA (formalin-fixed) paraffin-embedded (FFPE) tissue specimens were
deparaffinized in xylene and rehydrated through graded ethanol. Antigen

retrieval was performed in citrate buffer (CA) or in Tris-ethylenediamine
tetraacetic acid (EDTA) buffer (in a microwave, 10 min). Tissues were
blocked in 20% normal horse serum blocking solution, followed by avidin/
biotin blocking solution (Vector). Slides were subjected to staining with the
following antibodies: mouse CD8 (eBioscience clone 4SM15), p53 (CM5;
NCL-L-p53-CM5p; Leica Biosystems) and human CD8 (abcam ab17147), CK8
(Millipore MABT329). All antibodies were diluted in PBS containing 2%
normal horse serum. Sections were incubated overnight at room tempera-
ture. For immunofluorescence, sections were incubated with a biotinylated
secondary antibody, followed by conjugated streptavidin. Then, nuclei were
counterstained with DAPI. For Diaminobenzidine (DAB) staining, a 30-min
incubation in quenching solution (methanol, H2O2, HCl) was applied before
antigen retrieval. After primary antibody incubation, biotinylated anti-
bodies were applied followed by incubation in Avidin-Biotin Complex
Staining Kits (ABC Kits). Hematoxylin was used for nuclear staining. Dehy-
dration and incubation in xylene were performed before mounting.

Quantification of CD8+ Cells. Stained mouse and human tissue samples were
digitally scanned at high resolution and viewed using Aperio ImageScope.We
identified mouse PDAC-positive areas within hematoxylin and eosin (H&E)-
stained sections. Likewise, this approach was used to identify and exclude
necrotic areas when calculating the percentage of total PDAC area.

To quantify KPC tumor sections, three regions of interest (20× magnifi-
cation) were randomly selected within the PDAC-positive area as defined by
H&E staining of consecutive slides. CD8+ T cell numbers and Sirius Red-
stained area were quantified by ImagePro.

For the human TMA, high p53 tumors were defined as those showing
intense p53 staining in more than 15% of the cancer cells. CD8+ T cells were
quantified in six digital images per tumor, taken at a magnification of 40×
using the CaseViewer 3D Histech software; only images containing both
cancer cells and surrounding stroma were included. When necessary, a cor-
rection for distortion artifact was performed. In each image, CD8+ cells were
defined as either proximal (residing within epithelial cell clusters or less than
10 μm from the nearest cancer cell) or distal (residing more than 10 μm from
the nearest cancer cell). The number of CD8+ T cells within epithelial cancer
cell clusters in each image was normalized to the percentage of the image
area covered by cancer cells. Similarly, numbers of CD8+ cells within the
stroma were normalized to percentage area composed of stroma. Values
from all six images were then combined to calculate the average proximal/
distal ratio for each tumor in the TMA.

SHG Imaging. TMAs slides were imaged using an upright Leica TCS SP8 MP
microscope, equipped with external non-descanned detectors (NDDs) HyD and
Acusto Optical Tunable Filter (Leica-Microsystems CMS, GmbH) and internal HyD
detectors for confocal imaging. SHG signal was excited by a tunable femtosec-
ond laser 680 to 1,080 Coherent vision II (Coherent) set to a wavelength of
885 nm at 4% power. Emission signal was collected using an external NDD HyD
detector through a long pass filter of 440 nm. Transmitted signal was collected
using a photomultiplier (PMT) detector in transmission position. Images were
acquired using the galvometric scanner (400 Hz) in a format of 1,024 × 1,024
(XY) with a HC FLUOTAR L 25×/0.95 water objective, pixel size of 0.433 μm XY.
Four Z slices were collected per TMA and nine tiles in 10% overlap.

The PA242e TMA set was imaged in sequential mode, imaging tissue SHG,
and then confocal microscopy for fluorescent stains using internal HyD de-
tectors was used.

� CD8 excitation: 488 nm (power 0.5%); emission: 494 to 544 nm
� p53 excitation: 566 nm (power 0.5%); emission: 570 to 627 nm
� CK8 excitation: 633 nm (power 0.12%); emission: 644 to 714 nm
� SHG as described above.

The acquired images were visualized using LASX software (Leica Appli-
cation Suite X, LeicaMicrosystems CMS, GmbH). The images in this paperwere
acquired at the Advanced Optical Imaging Unit, the de Picciotto Cancer Cell
Observatory in Memory of Wolfgang and Ruth Lesser, Weizmann Institute
of Science.

Semiautomatic SHG Image Analysis. We employed a semiautomatic image
analysis pipeline. First, we manually outlined four to eight representative
neoplastic ducts per patient in all TMAs. The following steps were imple-
mented in Fiji (59) macro: A 10-μmband around each tumor duct was created
and max projection of Z-stacks was used. Overlapping band regions and
regions at the edges of the TMA were discarded. To identify positive colla-
gen signals, a fixed threshold for each set of TMAs was used. The threshold
was selected so that it is higher than the background signal within tumor
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regions (which do not contain collagen). To compute the SHG signal score,
we determined the fraction area of positive collagen signal within each
band and averaged the scores from all bands in the same TMA.

Statistical Data Analysis. Statistical analysis was performed using GraphPad
Prism 7.0 software. Mean ± SEM is presented. Survival analysis was done in R,
v. 4.0.3, using the package “survival.”

Data Availability. All study data are included in the article and/or supporting
information.
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