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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is an inherently chemoresistant tumor. Chemotherapy leads to apoptosis of cancer
cells, and in previous studies we have shown that tumor-associated macrophage (TAM) infiltration increases following
chemotherapy in PDAC. Since one of the main functions of macrophages is to eliminate apoptotic cells, we hypothesized that
TAMs phagocytose chemotherapy-induced apoptotic cells and secrete factors, which favor PDAC chemoresistance. To test this
hypothesis, primary human PDAC cultures were treated with conditioned media (CM) from monocyte-derived macrophage
cultures incubated with apoptotic PDAC cells (MØApopCM). MØApopCM pretreatment rendered naïve PDAC cells resistant to
Gemcitabine- or Abraxane-induced apoptosis. Proteomic analysis of MØApopCM identified YWHAZ/14-3-3 protein zeta/delta
(14-3-3ζ), a major regulator of apoptotic cellular pathways, as a potential mediator of chemoresistance, which was subsequently
validated in patient transcriptional datasets, serum samples from PDAC patients and using recombinant 14-3-3ζ and inhibitors
thereof. Moreover, in mice bearing orthotopic PDAC tumors, the antitumor potential of Gemcitabine was significantly enhanced
by elimination of TAMs using clodronate liposomes or by pharmacological inhibition of the Axl receptor tyrosine kinase, a 14-
3-3ζ interacting partner. These data highlight a unique regulatory mechanism by which chemotherapy-induced apoptosis acts as
a switch to initiate a protumor/antiapoptotic mechanism in PDAC via 14-3-3ζ/Axl signaling, leading to phosphorylation of Akt
and activation of cellular prosurvival mechanisms. The data presented therefore challenge the idea that apoptosis of tumor cells is
therapeutically beneficial, at least when immune sensor cells, such as macrophages, are present.

Introduction

Pancreatic ductal adenocarcinoma (PDAC), the most fre-
quent form of pancreatic cancer, is considered the deadliest
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of all solid cancers. While currently the fourth most fre-
quent cause of cancer-related deaths worldwide, by 2030,
PDAC is expected to become the second-leading cause of
cancer-related deaths, trailing only lung cancer [1]. At the
clinical level, PDAC is characterized by late diagnosis due
to a lack of early and specific symptoms, and as such,
approximately 80% of patients present with nonresectable
disseminated/advanced disease [2]. For these patients,
treatment options include combinations of 5-FU, Oxalipla-
tin and Irinotecan or Gemcitabine and Abraxane; however,
therapeutic intervention only slightly improves overall
survival beyond 6 months and very rarely result in long-
term (>5 years) progression-free survival [3].

Over the past decade we have come to appreciate that
cancer cells need the tumor microenvironment to maintain
tumor growth, metastasize and proliferate in the presence of
therapeutic challenges. Tumor-associated macrophages
(TAMs), a main component of the tumor mass in many
malignant carcinomas including PDAC [4], can represent
up to 50% of the tumor stroma and are believed to be
pivotal at all levels of tumorigenesis due to protumorigenic
factors secreted by these cells [5]. For example, Nielsen
et al. showed that macrophage-secreted granulin, a secreted
glycoprotein that stimulates fibroblast migration, facilitates
successful PDAC cell metastasis in the liver by activating
resident hepatic stellate cells into myofibroblasts, which in
turn promotes liver fibrosis via secretion of periostin [6].
Thus, at the functional level, TAMs can modulate the pri-
mary and secondary microenvironments to facilitate tumor
cell dissemination or secondary metastatic lesion growth.

TAM-secreted growth factors, chemokines, and cyto-
kines (IL-17, IL-6, IL-8, TNFα, TGF-β1) can also orches-
trate numerous events critical for tumor progression and
metastasis (reviewed in [7]). Specific to PDAC, we have
shown that the cationic antimicrobial peptide 18/leucine
leucine-37 (LL-37) and free interferon-stimulated gene 15
(ISG15) are secreted by TAMs and can activate pancreatic
cancer stem cells, promoting tumor growth, epithelial to
mesenchymal transition (EMT) and metastasis [8, 9].
Recent evidence now also implicates TAMs as critical
players in tumor cell chemoresistance [10–13]; however,
more studies in this area are still needed to determine the
molecular mechanisms by which TAMs may promote
tumor chemoresistance, specifically in PDAC.

Chemotherapy can lead to cancer cell necrosis or apop-
tosis. Numerous studies have shown that post-treatment
tumor cell death can be perceived by the immune system as
a repair signal, initiating a wound-healing response that can
favor sustained tumor growth and even tumor chemoresis-
tance via immune cell-secreted factors (reviewed in [14]).
We hypothesized that TAMs sense apoptotic cancer cells
and put into motion a process to reduce further apoptosis by
releasing factor(s) that inhibit apoptosis (i.e. promoting

chemoresistance). In line with this hypothesis, we show that
macrophages secrete the antiapoptotic factor YWHAZ/14-
3-3 zeta/delta (14-3-3ζ) following phagocytosis of apoptotic
PDAC cells, rendering naïve PDAC cells resistant to
chemotherapeutic-induced apoptosis. In addition, we show
in an in vivo orthotopic transplantation model that macro-
phage elimination or targeting 14-3-3ζ signaling using the
Axl receptor tyrosine kinase inhibitor SGI-7079 [15] can
improve chemotherapeutic efficacy, resulting in reduced
tumor growth in mice. As such, we propose that neutraliz-
ing 14-3-3ζ or targeting the 14-3-3ζ/Axl axis may represent
a mechanism to overcome TAM-mediated chemoresistance
in PDAC.

Results

PDAC cell apoptosis promotes macrophage
polarization

TAM infiltration is a hallmark of PDAC, and the increased
expression of TAM markers, such as CD163 or MSR1,
correlate with reduced overall survival [16] (Supplementary
Fig. S1A and B). To evaluate TAM infiltration during
chemotherapy, we analyzed macrophage infiltration and
apoptosis in PDAC tumors from patients treated with
Gemcitabine, Gemcitabine and radiotherapy or Gemcitabine
and Abraxane and in untreated PDAC samples for com-
parison. Immunohistochemical (IHC) analysis consistently
showed CD163-positive cell infiltrates across samples.
Likewise, TdT-mediated dUTP nick-end labeling (TUNEL)
analysis showed TUNEL-positive apoptotic cells in
Formalin-Fixed Paraffin-Embedded (FFPE) sections of
therapy-treated samples compared with scarce staining in
samples from untreated control patients (Fig. 1a and Sup-
plementary Fig. S2A). Since one of the main functions of
macrophages is to eliminate apoptotic cells [17], we hypo-
thesized that apoptotic PDAC cells may promote macro-
phage polarization towards a more TAM-like phenotype
following their phagocytosis. To test this hypothesis, we
first confirmed that CD163-positive macrophages colocalize
with TUNEL-positive cells in serial sections of the afore-
mentioned samples (Fig. 1b and Supplementary Fig. S2B).
Next, we determined an appropriate dose of Gemcitabine or
Abraxane that could induce a greater than twofold increase
in apoptosis (Supplementary Fig. S3) in the primary PDX-
derived human PDAC cultures Panc354 (TP53 mutant) and
Panc286 (TP53 wild-type (wt)) (Supplementary Fig. S4).
Using 1 µg/ml of Gemcitabine, green-labeled apoptotic
Panc354 cells (with PKH67) were cocultured with red-
labeled nonpolarized monocyte-derived macrophages (with
DilC) to measure colocalization, and follow-up analyses
showed that macrophages efficiently phagocytosed
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apoptotic Panc354 cells (Fig. 1c and Supplementary Fig.
S5A and B). We additionally assessed the CD163-positive
(i.e. “M2”-like) population within the double-positive

(DilC18+/PKH67+) population 12 h following coincuba-
tion of DilC18-stained macrophages with PKH67-stained
apoptotic cells, and we observed that 20−25% of the

Tumor-associated macrophage-secreted 14-3-3ζ signals via AXL to promote pancreatic cancer. . . 5471



macrophages were CD163-positive (Fig. 1d), indicating that
the major subpopulation of macrophages that participates in
the phagocytosis process are non-M2 macrophages, as
would be expected since M1 macrophages have higher
phagocytic capacity. Interestingly, however, macrophages
cocultured with apoptotic PDAC cells for 48 h showed a
more elongated morphology (Fig. 1e) and increased the
expression of the M2 macrophage cell surface markers
CD163 and CD206 (Fig. 1f), suggesting polarization to an
alternatively activated “M2”-like state over time, which was
partially observed as early as 12 h (Fig. 1d). Polarization
was also confirmed by assessing the expression of TAM-
PDAC-associated transcripts, specifically ACTA1, COL1A1,
COL3A1, CTGF, LOX, LOXL2, MMP3 and SPARC (Sup-
plementary Fig. S5C). All TAM-PDAC mRNAs, except
SPARC, significantly increased in macrophages following
phagocytosis of apoptotic PDAC cells.

Macrophages that phagocytose apoptotic PDAC
cells secrete factors that promote PDAC
chemoresistance and self-renewal

To determine if the aforementioned TAM-like macrophages
secrete factors that could promote PDAC cell chemoresis-
tance, an in vitro system to produce conditioned media
(CM) from monocyte-derived macrophage cultures (MØ)
cocultured with apoptotic PDAC cells was established (Fig.
2a). Panc354 cells pretreated with CM from MØs of dif-
ferent donors cocultured with apoptotic PDAC cells
(MØApopCM) were highly resistant to subsequent Gemci-
tabine treatment (Fig. 2b). Specifically, Gemcitabine-
mediated apoptosis (early and late) was reduced in cul-
tures pretreated with MØApopCM by greater than twofold
and cell viability increased to almost basal untreated levels.
To confirm this observation, the chemoresistance of

Panc354 (TP53 mutant), Panc185 (TP53 mutant) and
Panc286 (TP53 wt) cells to Gemcitabine or Abraxane was
assessed using control MØCM and MØApopCM generated
from monocytes isolated from five healthy donors. Shown in
Fig. 2c are the combined results of all experiments per-
formed with all donors. While donor-to-donor variability
was observed (Fig. 2b), pretreatment of naïve PDAC cul-
tures with MØApopCM consistently resulted in significantly
reduced chemotherapy-mediated apoptosis (Fig. 2c). Inter-
estingly, while MØApopCM was considerably more effective
than MØCM at promoting chemoresistance to both Gemci-
tabine and Abraxane in the TP53 mutant PDX-derived cell
lines (Panc354 and Panc185), in TP53 wt Panc286 cells, a
significant difference in chemoresistance between MØCM
and MØApopCM was only observed with Abraxane (Fig. 2c).

Elimination of macrophages enhances PDAC tumor
sensitivity to Gemcitabine in vivo

While Gemcitabine induces PDAC cell apoptosis in vivo
and in vitro (Fig. 1a and Supplementary Fig. S3), it is well
documented that Gemcitabine is ineffective at the level of
tumor eradication [18]. Building upon our initial hypoth-
esis, we evaluated whether the anticancer properties of
Gemcitabine could be augmented by eliminating macro-
phages using clodronate-encapsulated liposomes in a syn-
geneic orthotopic mouse model of PDAC tumorigenesis
(Fig. 3a). Neither clodronate treatment nor Gemcitabine
treatment alone significantly reduced tumor growth; how-
ever, a significant reduction in tumor volume was noted
when treatments were combined (Fig. 3b, c). At the histo-
logical level, a clear regression in tumor mass as well as
tumor cell and stroma content were noted only in mice
receiving both clodronate and Gemcitabine (Fig. 3d and
Supplementary Fig. S6), with one mouse experiencing
complete tumor elimination (right, Fig. 3d). Comparing the
other three groups, there was no histological difference in
tumor cell differentiation or stroma composition (Supple-
mentary Fig. S6). Regarding the mechanism, clodronate-
encapsulated liposomes reduced the percentage of macro-
phages in vivo (Fig. 3e and Supplementary Fig. S7A and B),
and Gemcitabine-induced apoptosis (Fig. 3f and Supple-
mentary Fig. S7C) as expected, indicating that each treat-
ment was effective and thus the observed enhanced effect of
Gemcitabine, when used in combination with clodronate-
encapsulated liposomes, was likely a result of clodronate-
mediated macrophage elimination.

14-3-3ζ is expressed in conditioned media and in
human PDAC samples

Proteomic and mass spec (MS) analysis of the secretome
from macrophages cocultured with apoptotic tumor cells

Fig. 1 PDAC cell apoptosis and macrophage conditioning. a CD163
(TAM marker), terminal deoxynucleotide transferase dUTP nick-end
labeling (TUNEL) and DAPI expression in FFPE PDAC samples from
patients treated with Gemcitabine (GEM) plus radiotherapy (RT) or
GEM plus Abraxane (ABX). Scale bar: 50 μm. b CD163, TUNEL and
4′,6-diamidino-2-phenylindole (DAPI) expression in FFPE serial
sections from GEM plus ABX-treated patients. Arrows indicate
colocalization. Scale bar: 50 μm. c Flow cytometric analysis of mac-
rophage (MØ) cultures from n= 2 different donors incubated for 4 h
with apoptotic PDAC (PDACApop) cells. PDACApop cells were labeled
with PKH67 and MØ were labeled with DilC 8 h post coincubation. d
Flow cytometric analysis of macrophage (MØ) cultures (n= 1) incu-
bated for 4 h with apoptotic PDAC (PDACApop) cells. PDACApop cells
were labeled with PKH67 and MØ were labeled with DilC and
additionally stained for CD163 8 h post coincubation. e Light micro-
graphs of MØ and MØ incubated with PDACApop cells for 4 h (n= 1).
f Flow cytometric analysis of CD163 and CD206 cell surface
expression for MØs shown in panel (e). All cytometry gates were
established based on isotype controls. PDAC Pancreatic ductal ade-
nocarcinoma, TAM tumor-associated macrophage
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(MØApopCM) was performed to identify secreted factors
that could favor PDAC cell chemoresistance. MS analysis
revealed the presence of approximately 23 proteins, con-
sidering reliable those proteins identified with a Mascot
Score >60 and removing all proteins identified in culture
medium (Supplementary Table S1). Since several of these

23 proteins were still identifiable in MØCM and in the live
tumor cell secretome, as well as in the secretome from
macrophages cocultured with live tumor cells (MØLiveCM),
we focused on proteins unique to the secretome from
macrophages cocultured with apoptotic tumor cells
(MØApopCM) and with a Mascot Score >40 (Fig. 4a and

Fig. 2 PDAC apoptotic cells induce macrophages to secrete factors
that promote chemoresistance. a Diagram of in vitro system to produce
conditioned media (CM) from MØ cultures incubated with PDACApop

cells. b Representative flow cytometric analysis of Annexin-V staining
in Panc354 cells 48 h post treatment with GEM. Cell were either non-
pretreated (No PT) or pretreated with MØCM or MØApopCM for 24 h
prior to challenge with or without (UT) 1 µg/ml of GEM (n= 3).
Gating strategies are shown. c Fold change in total apoptosis in
Panc354, Panc286 or Panc185 cells. Cell were either No PT or

pretreated with MØCM or MØApopCM derived from donors for 24 h
prior to chemotherapeutic challenge with or without (UT) GEM (1 µg/
ml) or ABX (10 µM), as indicated. Early and late apoptosis was
determined 48 h post treatment. Average fold changes were compiled
from five separate experiments performed with CM from macrophages
of (n= 5) different donors. Fold changes were calculated as a function
of UT control (set at 1.0). Statistical significance: *p < 0.05,
***p < 0.001. PDAC pancreatic ductal adenocarcinoma
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Supplementary Table S2). Of the resulting 17 proteins, three
proteins were identified with putative antiapoptotic func-
tions, including YWHAZ/14-3-3ζ, TIMP metallopeptidase

inhibitor 1 (TIMP1) and Hornerin (HORN). 14-3-3ζ
showed a high Mascot score [120], indicating that its
identification was not a random event, and a high number of

Fig. 3 Tumor-associated macrophages favor PDAC tumorigenicity
and chemoresistance. a Experimental set-up for Clodronate (Clod) and
Gemcitabine (GEM) in vivo efficacy studies in a syngeneic orthotopic
tumor implantation model (i.p. intraperitoneal). b Representative
images (dashed line marks tumor area), c average weight of pancreata
and d H&E histological images from indicated group. Average (Avg.)
tumor weights in panel (c) were compiled from two separate

experiments each with (n= 6) mice per treatment group. Statistical
significance: *p < 0.05. e IHC analysis of YM-1 (murine M2 macro-
phage marker) staining and f TUNEL and DAPI expression in FFPE
samples of pancreata from indicated treatment groups. PDAC pan-
creatic ductal adenocarcinoma, IHC Immunohistochemistry, TUNEL
TdT-mediated dUTP nick-end labeling
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Fig. 4 14-3-3ζ is expressed in MØApopCM and in human PDAC
samples. a Proteomics analysis of proteins enriched in the secretome
of macrophages cocultured with apoptotic tumor cells (MØApopCM).
Shown are the Mascot scores for each identified protein (x-axis) and
putative functions (y-axis). b Boxplots showing the differential
expression of 14-3-3ζ in PDAC samples vs. normal adjacent tissue in
two independent series of transcriptomics data (left: n= 13 adj. nor-
mal, n= 118 tumor; right: n= 70 adj. normal, n= 108 tumor).
c Kaplan−Meier curve showing the overall survival of PDAC patients,

stratified according to the median value of 14-3-3ζ expression
(n= 96). The hazard ratio (HR) and number of patients at risk are
shown. d Quantification of 14-3-3ζ levels in the serum of 35 matched
PDAC patients pre- and post chemotherapy. Scatter plots showing
e progression-free survival (PFS) or f overall survival (OS) of patients
with no significant change or with a greater than 15% increase (Up) in
14-3-3ζ levels. Statistical significance: *p < 0.05. PDAC pancreatic
ductal adenocarcinoma
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matches [28] representing the number of MS/MS spectra
matched to this protein. Since 14-3-3ζ is a secreted protein
capable of direct diffusion through cell membranes [19] and a
member of a larger family of highly conserved dimeric pro-
teins that have been shown to mediate antiapoptotic signaling
[20], it was designated as the top candidate for follow-up.

While 14-3-3ζ overexpression has been observed in dif-
ferent tumor entities [21, 22], its expression and role in PDAC
has not been rigorously examined. Using three publicly
available transcriptome datasets (META dataset [23], Janky
et al. [24] and Jandaghi et al. [25]], the transcriptional levels
of 14-3-3ζ expression were evaluated and, as expected, 14-3-
3ζ expression was significantly elevated in whole pancreatic
tumor samples vs. adjacent normal tissue (Fig. 4b and Sup-
plementary Fig. S8A). Interestingly, however, in the 68
pancreatitis samples from the Jandaghi et al. dataset, 14-3-3ζ
expression was unchanged (Fig. S8A), indicating that its
expression may either be tumor specific or a consequence of
chemotherapy as most samples included in many datasets are
from surgical samples from patients that have received che-
motherapy. For the Bailey et al. series [26], well-annotated
clinical data were available, and although not significant (p=
0.0696), a clear deviation and decrease in median overall
survival of 14-3-3ζ high-expressing patients compared to the
14-3-3ζ low-expressing patients was appreciated (Fig. 4c). To
gain insight into the function of 14-3-3ζ in PDAC, GSEA
comparing the samples belonging to the top and bottom
quartiles of 14-3-3ζ expression was performed. Using the
“Hallmark” genesets collection, we observed significantly and
commonly enriched pathways across all series, including p53
and mTOR signaling, apoptosis and G2M checkpoint (Sup-
plementary Fig. S9).

Finally, ELISA analysis of 14-3-3ζ protein levels in
serum samples obtained before and following chemotherapy
from 34 PDAC patients (Supplementary Table S3) revealed
a significant increase in 14-3-3ζ levels following che-
motherapy (Fig. 4d). To evaluate the changes on a patient-
to-patient level, we calculated the fold increase in 14-3-3ζ
after treatment. For those patients where progression-free
survival (PFS) or overall survival (OS) data were available,
we observed a significant decrease in survival when 14-3-3ζ
levels significantly increased following chemotherapy (Fig.
4e, f) compared to patients showing a decrease or no
change. Of note, no correlations could be made with respect
to the type of chemotherapy used, age, sex or staging.

14-3-3ζ promotes PDAC chemoresistance

Having observed clear and consistent results with Panc354,
we used this cell line to further study 14-3-3ζ at the mole-
cular level in vitro. In concordance with the dataset series
(Fig. 4b), 14-3-3ζ mRNA was expressed at high levels in
PDAC cells and increased when apoptosis was induced (Fig.

5a). In macrophages, 14-3-3ζ mRNA levels increased by
twofold when incubated with apoptotic PDAC cells; how-
ever, at the protein level no apparent increase in intracellular
14-3-3ζ was observed (lane 2 vs. 1, Fig. 5a, b). We recon-
ciled this difference by the fact that significant amounts of
14-3-3ζ were detected in the secretome of macrophages
incubated with apoptotic PDAC cells (lane 6 vs. 5, Fig. 5b),
which additionally validates the proteomic MS data
obtained. Finally, a notable increase in 14-3-3ζ was
observed in Panc354 cells treated with MØApopCM (lane 4
vs. 3, Fig. 5b). Importantly, we show that 14-3-3ζ detected
in MØApopCM was due to phagocytosis of PDACApopcells
by inhibiting phagocytosis with 10 μM colchicine plus 2 μM
cytochalasin D (Fig. 5c), as previously described [27], and
performing WB analysis on CM harvested from macro-
phages in the presence or absence of the inhibitors (Fig. 5d).

To test whether 14-3-3ζ alone can mediate chemoresis-
tance, PDAC cells were pretreated with recombinant
14-3-3ζ (r14-3-3ζ) and apoptosis was determined post
chemotherapeutic challenge. Cells pretreated with r14-3-3ζ
showed enhanced chemoresistance in multiple experiments
(Fig. 5e, f), and more importantly, this protective effect
could be abrogated by blocking r14-3-3ζ with an
anti-14-3-3ζ polyclonal antibody (Fig. 5f), demonstrating
specificity and at the same time suggesting that 14-3-3ζ
neutralization may be therapeutically beneficial.

14-3-3ζ drives chemoresistance by activating AXL-
mediated prosurvival pathways

While more than 100 14-3-3ζ binding partners have been
identified to date [28], Reichl et al. recently showed that the
receptor tyrosine kinase Axl binds to 14-3-3ζ, this interac-
tion is necessary for Axl-mediated downstream events [29],
and Axl has been implicated in PDAC chemoresistance
[30]. As such, AXL expression levels were evaluated in
normal adjacent tissue, PDAC samples and pancreatitis
tissues in the Jandaghi et al. series (Supplementary
Fig. S8B). Likewise, AXL levels were quantified in PDAC
cells treated with MØApopCM or r14-3-3ζ, and in both cases,
relative mRNA levels of Axl increased (Fig. 6a). In addi-
tion, and more importantly, the phosphorylation of Axl and
AKT, the latter being an essential downstream mediator of
phospho-Axl [31] and known binding partner of 14-3-3ζ
[32], were induced in Panc354 cells treated with r14-3-3ζ
(Fig. 6b), highlighting that 14-3-3ζ can activate important
prosurvival proteins, via phosphorylation of the receptor
tyrosine kinase Axl. To confirm the latter, we used the Axl-
specific inhibitor SGI-7079 [15] and no longer observed
phosphorylation of both Axl and AKT in the presence of
r14-3-3ζ (Fig. 6b). More importantly, SGI-7079 also
reversed the capacity of r14-3-3ζ to protect Panc354 cells
from Gemcitabine-induced apoptosis (Fig. 6c–e).
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Inhibition of Axl potentiates the anticancer efficacy
of Gemcitabine in vivo

Axl signaling potentiates prosurvival, proproliferation and
prometastasis pathways in cancer [33], and in PDAC, Axl
signaling has been shown to play an important role in cel-
lular plasticity, metastasis and chemoresistance [30, 34].
Based on our findings linking 14-3-3ζ and Axl signaling in
PDAC chemoresistance, SGI-7079 was used to block Axl
signaling in the syngeneic mouse model of PDAC tumor-
igenesis described above. Following 2−3 weeks of treat-
ment with Gemcitabine, SGI-7079, or a combination of
both (Fig. 7a), tumor weights (Fig. 7b, c) and metastases
(Fig. 7d) were evaluated. In line with our in vitro data,
inhibition of Axl signaling not only augmented the capacity
of Gemcitabine to reduce tumor burden in vivo (Fig. 7c),
but a notable and profound effect on tumor mass was noted
in the majority of mice receiving the combination treatment
(Fig. 7b, c), with two mice experiencing complete tumor
regression. Interestingly, while SGI-7079 alone had no
effect on tumor burden, mono and combination treatments
with SGI-7079 reduced metastasis in 60% and 100% of the
mice, respectively (Fig. 7d), confirming previous links
between Axl and EMT [35].

Consistent with our human serum sample analyses
(Fig. 4d–f), a significant and consistent increase in murine
14-3-3ζ serum levels was observed in mice receiving
Gemcitabine, which was irrespective of Axl inhibition.
Acknowledging that Axl is also expressed on immune
cells and targeting Axl signaling in combination with
Gemcitabine can affect the immune cell landscape of the
tumor microenvironment [11], we evaluated the infiltra-
tion of YM-1-positive M2 macrophages (Fig. 7f and
Supplementary Fig. S10A) and the percentage of CD45+
F4/80+ macrophages (Supplementary Fig. S10B) in the
pancreata of treated mice by IHC and flow cytometry,
respectively, and observed a marked but nonsignificant
reduction in these cell populations. Lastly, to apply these
findings to the Bailey et al. dataset series, we stratified
patients based on 14-3-3ζ and AXL expression and
observed that the overall survival of patients expressing
both genes at high levels (top quartile) was significantly
lower (p= 0.0126) (Fig. 6g and Supplementary Fig.
S10C), demonstrating a significant biological relationship
between 14-3-3ζ and Axl in PDAC.

Discussion

It is well accepted that TAMs secrete factors that are anti-
inflammatory or immunosuppressive [5]. Likewise, we now
appreciate that they also promote wound healing, tumor
growth and metastasis [36]; activate the CSC compartment
[7]; and mediate radio [37] and chemoresistance [38].
However, no study to date has addressed the effect that post
chemotherapy-induced apoptotic cell death can have on
TAMs and how such an interaction may influence PDAC
chemoresistance. Appreciating the observations that (1)
CD163+ positive macrophages are present in high per-
centages following chemotherapy (Fig. 1a), (2) che-
motherapy induces apoptosis in human PDAC tumors (Fig.
1a), and (3) a main function of macrophages is to eliminate
apoptotic cells via phagocytosis (Fig. 1b) [17], we set out to
dissect the effect that apoptotic cancer cells have on mac-
rophages. The concept that macrophages respond to apop-
totic cells is not new. As early as 1998, Peter Henson and
colleagues showed that macrophages that have ingested
apoptotic cells in vitro inhibit proinflammatory cytokine
production, challenging the idea that phagocytosis of
apoptotic cells by macrophages is a “quiet process” [39].
Specifically, they showed that phagocytosis of apoptotic
cells inhibited macrophage production of proinflammatory
cytokines, but increased production of TGF-ß1, PGE2, and
PAF, three known active anti-inflammatory/suppressive
factors [39]. In essence, their study revealed that macro-
phages are critical immune sensor cells that respond to
specific scenarios, such as apoptosis induction, to inhibit the

Fig. 5 14-3-3ζ promotes PDAC chemoresistance. a RTqPCR analysis
of 14-3-3ζ relative mRNA expression levels in Panc354 cells, apop-
totic Panc354 cells (PDACApop), naive MØ or MØ incubated for 4 h
with PDACApop. mRNA expression levels for each target gene are
normalized to ß-actin levels (n = 4 samples per group). b Expression
of 14-3-3ζ, detected by western blotting, in total lysates from naive
MØ, MØ incubated for 4 h with PDACApop, Panc354 cells, or Panc354
cells treated for 24 h with MØApopCM, or in concentrated CM from
naïve MØ (MØCM) or MØ incubated for 4 h with PDACApop

(MØApopCM). Tubulin was used as a loading control. Total Raji cell
lysate was used as a positive control (Pos Ctl). Blot representative of
two independent experiments. c Representative light and immuno-
fluorescence overlaid micrographs of MØ cultures incubated for 4 h
with PKH67-stained PDACApop cells in the presence or absence of the
phagocytosis inhibitors (10 μM colchicine+ 2 μM cytochalasin D). d
Expression of 14-3-3ζ, detected by western blotting, in concentrated
CM from naïve MØ (MØCM) or MØ incubated for 4 h with PDA-
CApop (MØApopCM) with or without phagocytosis inhibitors (Inhib).
Tubulin was used as a loading control. Total Raji cell lysate was used
as a positive control (Pos Ctl). e Representative flow cytometric ana-
lysis of Annexin-V staining in Panc354 cells 48 h post treatment with
GEM. Cells were either non-pretreated (No PT) or pretreated with r14-
3-3ζ for 6 h prior to challenge with or without (UT) 1 µg/ml of GEM.
Gating strategies are shown (left). Quantification of total apoptosis
(right). Average of two independent experiments. f Quantification of
total apoptosis in Panc354 cells 48 h post treatment with GEM. Cells
were either non-pretreated (No PT) or pretreated for 6 h with r14-3-3ζ
alone, an anti-14-3-3ζ antibody (1 μg/ml) or a combination of both
prior to challenge with or without (UT) 1 µg/ml of GEM. Average of
two independent experiments (n= 3 samples/experiment). Statistical
significance: *p < 0.05, **p < 0.01, ***p < 0.001. PDAC pancreatic
ductal adenocarcinoma
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release of toxic and immunogenic byproducts of apoptosis,
but at the same time stimulating an anti-immune phenotype
to control inflammation. Herein, we build upon the study by
Fadok et al. and others that have followed [40], focusing our
attention on how macrophages respond to chemotherapy-
induced apoptotic cells in the context of cancer.

We provide data to show that CD163 macrophages are
present together with apoptotic cells in PDAC tumors fol-
lowing chemotherapy, macrophages can readily phagocy-
tose apoptotic PDAC cells, their phagocytosis promotes
macrophage M2-like polarization and the subsequent
release of factors that can act on naïve PDAC cells ren-
dering them resistant to chemotherapeutic challenge. Inter-
estingly, it appears as though TP53 mutant cells benefit
more from these secreted factors, which may be due to a
synergistic effect between the pathways activated by the
MØCM and the impaired p53-triggered apoptosis in these
cells. More research is still required to dissect this obser-
vation. Using an unbiased MS approach to identify secreted
factors unique to macrophages that have ingested apoptotic
cells in vitro, we identified 14-3-3ζ as a potential driver of
TAM-mediated chemoresistance. It is important to note that
it has been shown by Miller and colleagues that Gemcita-
bine and other chemotherapeutics can also induce necrop-
tosis, a more recently described mechanism of cell death
that denotes coordinated cellular necrosis, and one that has
been described as an unexpected driver of pancreatic
oncogenesis [41]. As such, we cannot rule out that PDAC
death by other mechanisms may have also influenced our
secretome analysis.

14-3-3ζ, the top candidate protein investigated in this
study, is one of seven isoforms of the larger 14-3-3 protein
family, which participate in many biologic processes

including DNA replication, DNA repair, apoptosis and
malignant transformation [20]. 14-3-3ζ, in particular, can
act as direct suppressor of apoptosis by binding to and
sequestering the proapoptotic mediators BCL2-associated
agonist of cell death (Bad) and BCL2-associated X protein
(Bax) [28] (Fig. 8). In addition, 14-3-3ζ has been shown to
play a central role in tumorigenesis and progression in many
cancer types, and it has been proposed as a novel molecular
target for cancer therapy [42]. Endogenous 14-3-3ζ forms
both homodimers and heterodimers with other 14-3-3
family members, inhibiting inherent cellular antitumor
pathways such as apoptosis and promoting cell cycle, pro-
liferation and adhesion [28] (Fig. 8). We hypothesize that
during chemotherapy, endogenous 14-3-3ζ is in association
with intracellular proteins and that additional exogenous
14-3-3ζ provided by macrophages is necessary to enable
PDAC cells, via phospho-Axl signaling mediators such as
Akt, to overcome prolonged and continuous chemother-
apeutic insult (Fig. 8). This hypothesis is supported by our
two in vivo studies where we show that (1) murine PDAC
tumors respond significantly better to Gemcitabine when
macrophages are deleted, and (2) Axl signaling inhibition
in vivo with SGI-7079 significantly augmented the effects
of Gemcitabine. Along these lines it is important to discuss
the recent work by Brekken and colleagues, where they
show that targeting Axl in PDAC with the Axl inhibitor
BGB324 also enhanced the therapeutic effects of Gemci-
tabine in vivo [11]. The authors demonstrate that Axl
inhibition (1) promoted PDAC cell differentiation, (2) cre-
ated an antitumor immune stimulatory microenvironment
and (3) reduced the infiltration of protumor immune cells
including TAMs. While our phenotypes with the Axl inhi-
bitor SGI-7079 were very similar, the mechanism of action
we propose is distinct but not mutually exclusive. Indeed,
the effects observed by Brekken and colleagues using
BGB324 may also be partially due to inhibiting 14-3-3ζ/Axl
axis signaling, as much as our results may also be partially
due to modulation of the tumor immune microenvironment
and/or a reduction in TAM infiltration, although the
reduction we observed was not significant in our syngeneic
model using SGI-7079 (Supplementary Fig. S10B). None-
theless, the fact that targeting Axl may result in the mod-
ulation and inhibition of multiple overlapping pathways that
are essential for PDAC-resistant mechanisms is in and of
itself interesting and positions Axl as a target of significant
interest.

At the same time, the elimination of macrophages
achieved similar effects as those achieved with SGI-7079,
suggesting that targeting TAMs also holds significant clin-
ical potential. It is important to note that while clodronate
has been shown to primarily affect phagocytic cells (i.e.
macrophages), we cannot rule out that 5 weeks of clo-
dronate treatment may have also affected other cellular

Fig. 6 14-3-3ζ drives chemoresistance by activating AXL-mediated
prosurvival pathways. a RTqPCR analysis of relative mRNA expres-
sion levels of Axl in Panc354 cells following no treatment (UT Ctrl),
treatment with MØCM or MØApopCM for 24 h (top), or treatment with
4 µg/ml of r14-3-3ζ for 12 or 24 h (bottom). mRNA expression levels
are normalized to ß-actin levels, and data are represented as fold
change compared to UT Control (set at 1.0). n= 4 samples per group.
Statistical significance: *p < 0.05, **p < 0.01. b Expression of p-Axl,
total Axl, p-AKT or total AKT, detected by western blotting, in total
lysates from synchronized Panc354 cells treated for the indicated
minutes with r14-3-3ζ in the presence or absence or SGI-7079 (1 µM).
GAPDH was used as a loading control (top). Fold change in phos-
phoprotein levels determined by densitometric analysis of two repli-
cate experiments (bottom). c Representative light micrographs, d
representative flow cytometric analysis of Annexin-V staining and e
quantification of total apoptosis in Panc354 cells 48 h post treatment
with GEM. Cells were either (1) non-pretreated (No PT), (2) pretreated
with r14-3-3ζ for 6 h, (3) pretreated with SGI-7079 (SGI; 1 µM) for 5
h, or (4) pretreated with SGI (1 µM) for 5 h followed by r14-3-3ζ for 6
h prior to challenge with or without (UT) 1 µg/ml of GEM. Average of
three independent experiments (n= 3 samples/experiment). Statistical
significance: *p < 0.05, ***p < 0.001
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subtypes present in the microenvironment, increasing its
antitumor properties. Nonetheless, we conclude that the
effect observed with clodronate and gemcitabine combina-
tion treatment was due to both macrophage elimination and

gemcitabine-induced apoptosis induction. The latter has
been extrapolated to the clinic in a dose-finding study by
Nywening et al., where researchers showed that the addition
of a small molecule CCR2 inhibitor PF-04136309 (an

Fig. 7 Inhibition of Axl with SGI-7079 potentiates the anticancer
efficacy of Gemcitabine. a Experimental set-up for SGI-7079 (SGI)
and Gemcitabine (GEM) in vivo efficacy studies in a syngeneic
orthotopic tumor model. GEM (125 mg/kg twice/weekly) and SGI (50
mg/kg PO QD). b Representative images (dashed line marks tumor
area), c average weight of pancreata (n= 5 mice per treatment group)
and d summary of in vivo metastasis (including lung, liver, spleen,
diaphragm, lymph nodes or peritoneum). Shown are the number of
mice with metastases/total number of mice examined (n), and the

respective p value determined by Chi-square test (95% CI). e Quan-
tification of 14-3-3ζ levels in the serum of mice 24 h post indicated
treatment. f IHC analysis of YM-1 staining in FFPE samples of pan-
creata from indicated treatment groups. g Kaplan−Meier curve
showing the overall survival of PDAC patients, stratified according to
the median value of 14-3-3ζ and AXL expression (both high vs. both
low) (n= 50). The hazard ratio (HR) and number of patients at risk are
shown. Statistical significance: *p < 0.05, ***p < 0.001, n.s.= not
significant. CTRL= control. PDAC pancreatic ductal adenocarcinoma
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inhibitor of monocyte recruitment) to FOLFIRINOX
resulted in significant tumor shrinkage in 48% of patients
[43], double the historical response rate of FOLFIRINOX
alone. Whether a more potent effect would have been
observed in combination with Axl inhibitors is still
unknown but should be considered in light of our and
Brekken and colleagues’ findings. Lastly, it is likely that
other antiapoptotic factors identified in the secretome from
macrophages that had phagocytosed apoptotic cancer cells
may also play a role in PDAC chemoresistance, and as such,
inhibitors targeting these other factors may also be clinically
beneficial. Apart from Hornerin, we also identified TIMP1
in MØApopCM. Importantly, D’Costa et al. recently showed
in the KPC mouse model of PDAC that Gemcitabine
treatment increases TIMP1 expression, its expression cor-
relates with resistance, TIMP1 inhibition resensitizes
tumors to Gemcitabine and radiotherapy and a linear

relationship between TIMP1 expression and infiltration by
CD11b+ Gr1+ myeloid cells was observed [44].

In conclusion, we provide here a mechanistic analysis of
the role of 14-3-3ζ in PDAC chemoresistance. Notably,
while we propose a temporal order of events to explain our
model, we cannot exclude that these events may also occur
in a different order. Nevertheless, all of our data support the
underlying observation that 14-3-3ζ is secreted by macro-
phages that have phagocytosed apoptotic PDAC cells, and
upon interacting with Axl can mediate chemoresistance by
activating prosurvival pathways. Since a relationship
between 14-3-3ζ and Axl is strong in hepatocellular carci-
noma (HCC) [29] and Axl is an accurate biomarker of
cirrhosis and HCC development [45], we propose that 14-3-
3ζ and Axl may represent markers that could putatively
guide pancreatic cancer patient treatment. Indeed, we report
here for the first-time detectable levels of 14-3-3ζ in serum

Fig. 8 Model of the effects of endogenous and exogenous 14-3-3ζ on
PDAC cell survival and chemoresistance. (Left) Endogenous 14-3-3ζ
forms both homodimers and heterodimers with other 14-3-3 family
members (e.g. 14-3-3σ), inhibiting inherent cellular antitumor path-
ways such as apoptosis by sequestering proapoptotic mediators such as
BAD, BAX and FOXO. These interactions will inevitably promote
cell cycle, proliferation and adhesion. (Right) During chemotherapy,
endogenous 14-3-3ζ is in association with intracellular proteins.
Exogenous 14-3-3ζ provided by macrophages that have phagocytosed
chemotherapy-induced apoptotic PDAC cells can passively diffuse
through the plasma membrane and interact with AXL tyrosine kinase

receptor, resulting in its phosphorylation and subsequent activation/
phosphorylation of downstream mediators such as AKT, which will
promote survival in the presence of prolonged and continuous che-
motherapeutic insult. From a clinical perspective, the prosurvival
capacity of 14-3-3ζ can be inhibited by either inhibiting Axl phos-
phorylation with inhibitors such as SGI-7079 or BGB324, neutralizing
14-3-3ζ with antibody-based approached or eliminating macrophages
and/or inhibiting their recruitment with compounds such as PF-
04136309 (a CCR2 inhibitor) or the monoclonal antibody (RG7155)
that blocks the dimerization interface of the CSF1 receptor (CSF1R).
PDAC pancreatic ductal adenocarcinoma
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of 34 PDAC patients and in mice following chemotherapy.
Of note, those patients that showed a significant increase in
14-3-3ζ showed a significant reduction in PFS and OS
compared to patients where no changes in 14-3-3ζ levels
were observed. While testing of a larger number of samples
with preset extraction criteria would be necessary before
definitive conclusions could be drawn, these data confirm
that chemotherapy induces 14-3-3ζ expression in vivo and
suggests that free 14-3-3ζ levels may have prognostic value.
Finally, the role of 14-3-3ζ may be more pleiotropic than
originally believed, affecting pathways other than apoptosis.
For example, in a very recent study by Wang et al., the
authors show that 14-3-3ζ delivered by exosomes can impair
the antitumor function of tumor-infiltrating T lymphocytes in
HCC [46], highlighting that more research is still needed to
fully understand the broad role(s) of 14-3-3ζ in cancer.
Nevertheless, this study details a new role for 14-3-3ζ in
PDAC chemoresistance and at the same time emphasizes a
unique regulatory mechanism where macrophages, specia-
lized immune sensor cells, can respond to chemotherapy-
induced apoptosis, initiating previously unappreciated pro-
tumor/antiapoptotic mechanisms, thus challenging the idea
that apoptosis of tumor cells is always beneficial.

Materials and methods

Primary human pancreatic cancer cells, patient
samples, and macrophages

PDAC patient-derived xenografts (PDAC PDX) were pro-
cessed and cultured as previously described [47]. Blood
samples were obtained from PDAC patients and healthy
donors with informed consent and with approval from the
Ethics Committees of each respective hospital. Monocyte-
derived macrophage cultures were established from CD14-
positive monocyte-enriched cultures.

Flow cytometry

For cell surface marker expression, refer to primary and
secondary antibodies listed in Table S4. For all assays,
DAPI was used to mark dead cells and data were analyzed
with FlowJo 9.3 software (Tree Star Inc., Ashland, OR).

Conditioned media (CM) experiments

Monocyte-derived macrophages were cultured with or
without apoptotic PDAC cells for a total of 3−5 h. Apop-
totic cells were removed, cultures were extensively washed
and macrophages were cultured for an additional 24 h to
allow for the accumulation of secreted factors. CM was
used for WB or chemoresistance assays.

In vivo assays

Wild-type C57Bl/6 8-week-old female mice were pur-
chased directly from the Instituto de Investigaciones Bio-
médicas "Alberto Sols" Animal Facility (Madrid, Spain).
Protocols were approved by the Universidad Autonoma de
Madrid Ethics Committee (CEI 60-1057-A068) and La
Comunidad de Madrid (PROEX 335/14). For syngeneic
orthotopic experiments, murine PDAC tumor pieces
(derived from a backcrossed K-Ras+/LSL-G12D;Trp53LSL-
R172H;PDX1-Cre (KPC) mouse [48]) of approximately 20
mm3 were orthotopically implanted into the pancreas of
recipient C57Bl/6 mice. Treatments were initiated
~3 weeks post transplantation and pancreas and liver were
harvested 5−6 weeks later. Numbers of mice required for
each experiment (tumor progression, tumor weight, and
histological analyses) were calculated on the basis of pre-
viously published work without prior power analysis. Age-
matched animals with similar tumor burden were rando-
mized and treated in groups of 5−6 mice. The investigators
were not blinded during group allocation or when assessing
the results or analyzing data.

RNA preparation and RTqPCR

Total RNA was isolated by the GTC method. mRNA
relative copy numbers were determined by RTqPCR using
standard curves and normalized to ß-actin levels. Primers
are listed in Table S5.

Gene expression datasets and GSEA analyses

The gene expression datasets used in this study are publicly
available. The dataset from Janky et al. [24] was down-
loaded from GEO (GSE62165); the dataset from Jandaghi
et al. [25] from ArrayExpress (E-MTAB-1791); the dataset
from Bailey et al. was included in a supplementary figure of
their published work [26]; and the META dataset, con-
taining datasets GSE15471, GSE16515, GSE22780, and
GSE32688, was generated as described in [23].

Proteomics analysis: sample preparation, mass spec
(MS) and bioinformatic analysis

MS and MS/MS data were acquired using a LTQ-Orbitrap
XL (ThermoFisher Scientific, Waltham, Massachusetts,
USA). The 15 most intense doubly and triply charged
peptide-ions were automatically chosen by the Xcalibur
software (ThermoFisher Scientific) and fragmented, and MS
data were processed to generate peak lists for protein
identifications. Database searches were carried out with
MASCOT server. The SwissProt database was used,
allowing two missed cleavages, carbamidomethyl (C) as
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fixed modification, oxidation (M) and phosphorylation (ST)
as variable modifications. The peptide tolerance was set to
30 ppm and the MS/MS tolerance to 0.8 Da. See Supple-
mentary Tables S1 and S2.

Statistical analyses

Results are presented as means ± standard error of the mean
(sem) unless stated otherwise. All experiments were per-
formed at least twice. Pair-wise multiple comparisons were
performed with one-way ANOVA (two-sided) with
Bonferroni adjustment. When indicated, and if the sample
distribution was considered normal using the D'Agostino-
Pearson omnibus test, a paired or unpaired t test was
performed. p values < 0.05 were considered statistically
significant. All analyses were performed using GraphPad
Prism version 5.0c (San Diego California USA).
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