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Abstract 

Background  Surgery represents the only curative treatment option for pancreatic ductal adenocarcinoma (PDAC), 
but recurrence in more than 85% of patients limits the success of curative-intent tumor resection. Neural invasion (NI), 
particularly the spread of tumor cells along nerves into extratumoral regions of the pancreas, constitutes a well-recog-
nized risk factor for recurrence. Hence, monitoring and therapeutic targeting of NI offer the potential to stratify recur-
rence risk and improve recurrence-free survival. Based on the evolutionary conserved dual function of axon and vessel 
guidance molecules, we hypothesize that the proangiogenic vessel guidance factor placental growth factor (PlGF) 
fosters NI. To test this hypothesis, we correlated PlGF with NI in PDAC patient samples and functionally assessed its 
role for the interaction of tumor cells with nerves.

Methods  Serum levels of PlGF and its soluble receptor sFlt1, and expression of PlGF mRNA transcripts in tumor tis-
sues were determined by ELISA or qPCR in a retrospective discovery and a prospective validation cohort. Free circulat-
ing PlGF was calculated from the ratio PlGF/sFlt1. Incidence and extent of NI were quantified based on histomorpho-
metric measurements and separately assessed for intratumoral and extratumoral nerves. PlGF function on reciprocal 
chemoattraction and directed neurite outgrowth was evaluated in co-cultures of PDAC cells with primary dorsal-root-
ganglia neurons or Schwann cells using blocking anti-PlGF antibodies.

Results  Elevated circulating levels of free PlGF correlated with NI and shorter overall survival in patients with PDAC 
qualifying for curative-intent surgery. Furthermore, high tissue PlGF mRNA transcript levels in patients undergo-
ing curative-intent surgery correlated with a higher incidence and greater extent of NI spreading to tumor-distant 
extratumoral nerves. In turn, more abundant extratumoral NI predicted shorter disease-free and overall survival. 
Experimentally, PlGF facilitated directional and dynamic changes in neurite outgrowth of primary dorsal-root-ganglia 
neurons upon exposure to PDAC derived guidance and growth factors and supported mutual chemoattraction 
of tumor cells with neurons and Schwann cells.
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Conclusion  Our translational results highlight PlGF as an axon guidance factor, which fosters neurite outgrowth 
and attracts tumor cells towards nerves. Hence, PlGF represents a promising circulating biomarker of NI and potential 
therapeutic target to improve the clinical outcome for patients with resectable PDAC.

Keywords  Pancreatic cancer, Placental growth factor (PlGF), Axon guidance molecule, Neural invasion, Nerves, 
Cancer neuroscience

Graphical Abstract

Background
Pancreatic ductal adenocarcinoma (PDAC) is projected 
to rank as second leading cause of cancer-related deaths 
in the Western world before 2030 [1]. At localized stages, 
surgery with (neo)adjuvant chemotherapy offers a cura-
tive treatment option, but eventually more than 85% of 
patients experience disease recurrence [2–4], with lymph 
node metastasis and neural invasion (NI) representing 
adverse prognostic factors [2, 5–7].

NI constitutes a key pathologic feature of PDAC and is 
perceived as a distinct route of tumor spread independ-
ent from lymphatic and hematogenous dissemination [5, 
7]. NI is associated with an unfavorable clinical course, 
and with neuropathic pain, which frequently limits qual-
ity of life [5, 8, 9]. Current concepts of NI emphasize the 
reciprocal interaction between tumor cells and nerves, 
resulting in enhanced neural plasticity with axonal out-
growth towards tumor cells and tumor cell invasion along 
neurons and ensheathing Schwann cells [5, 7, 10]. Indeed, 
markers of neural plasticity such as increased nerve den-
sities and neural hypertrophy are remarkably prevalent in 

PDAC [7, 11], with neurotrophins, cytokines, cell surface 
ligands and corresponding receptors being mechanisti-
cally implicated [5, 12–17].

Axon and vessel guidance factors uniquely qualify as 
candidate regulators of NI in PDAC [5, 12, 16, 18, 19]. 
Physiologically, axon guidance systems function as sign-
aling cues to direct outgrowth and navigation of neurons 
in the developing brain [20]. As evolution progressed, 
they were co-opted for navigation of the emerging blood 
vessels [21], resulting in dual functions in neurogenesis 
and angiogenesis [22].

Placental growth factor (PlGF) is a member of the vas-
cular endothelial growth factor (VEGF) family. PlGF and 
VEGF share many common structural features and use 
a similar repertoire of receptors. However, despite some 
synergistic functions, both growth factors cause distinct 
biological effects, which vary in a context-dependent 
manner and stem from their different mode of recep-
tor binding and signaling properties [23]. Unlike VEGF, 
which binds VEGFR receptor-1 (VEGFR1) and VEGFR2, 
PlGF selectively binds VEGFR1, as well as Neuropilin-1 
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(Nrp1) and Nrp2 [23, 24]. Apart from enhancing VEGF-
driven activity in angiogenesis, PlGF induces a distinct 
signaling pathway independent from VEGF [23]. PlGF is 
redundant for physiological vessel growth, but substan-
tially contributes to pathological angiogenesis [23, 25, 
26]. Accordingly, PlGF expression is hardly detectable 
under healthy conditions, but increased in malignancies, 
in which intratumoral and/or circulating PlGF levels cor-
related with vascularity, metastasis, recurrence and sur-
vival [23, 25, 27–29].

PlGF functions as a pleiotropic cytokine, which recruits 
and activates proangiogenic, desmoplastic and inflam-
matory cells within the tumor stroma [23, 28, 29]. Con-
versely, PlGF also transmits survival signals to tumor 
cells directly through Nrp1 [24].

The role of PlGF for nerve wiring is poorly understood, 
but similar to angiogenesis likely restricted to pathologi-
cal conditions [23]. Indeed, induction of PlGF reduced 
ischemia induced cortical lesion size and functional 
deficits [30] and protected from retinal neural cell dam-
age [31]. Moreover, induction of PlGF in Schwann cells 
upon peripheral nerve injury stimulated axonal regrowth, 
whereas genetic loss of PlGF accelerated Wallerian 
degeneration [32]. Furthermore, PlGF gene delivery in 
diabetic mice ameliorated sensory neuropathy by pro-
moting regeneration of nerve fibers [33].

Here, we investigate the role of PlGF as a guidance cue 
which impacts the tumor cell-nerve crosstalk to promote 
NI and neural plasticity in PDAC.

Material and methods
Patients and PDAC biomaterials
Serum, tissue and clinicopathological information were 
obtained from individuals with PDAC treated at Char-
ité-Universitätsmedizin Berlin from 1999–2022 (serum; 
detailed cohort description including age, gender and 
TNM classification are listed in Suppl. Table 1 and 2) or 
from 2010–2016 (tissue; Suppl. Table  3). Blood donors 
without history of malignant disease served as controls. 
Ethical approval was obtained from the institutional 
ethics committee (EA1/208/12, EA1/188/17; 62/2002; 
EA4/214/21; EA2/102/23).

Tumor staging with TNM classification using CT or 
MRI scans was performed at the time of blood sampling. 
In non-resectable locally advanced or metastatic disease, 
histopathological diagnosis was obtained by biopsies of 
primary tumors or metastases. In case of curative-intent 
surgery, histopathological features were obtained from 
pathology reports, including TNM, grading, neural inva-
sion (Pn0, Pn1), lymph node metastasis (N0, N1, N2), 
angioinvasion (V0, V1), lymphangioinvasion (L0, L1) 

and histological tumor resection margin (R0, R1, R2). 
Tumor progression was based on multi-phasic computed 
tomography (CT) or magnetic resonance imaging (MRI) 
at follow-up staging visits at least every 3  months. Pain 
intensity was determined using a visual analogue scale 
(VAS 0–10), using the categories no pain (VAS 0), mild 
pain (VAS 1–2), moderate pain (VAS 3–6) and strong 
pain (VAS 7–10).

Reagents
Generation and characterization of neutralizing antibod-
ies to murine PlGF (5D11D4) and human PlGF (16D3) 
have been described [25, 27]. Recombinant human PlGF, 
NGF and GDNF, and Quantikine® ELISA kits for deter-
mination of human and mouse PlGF and human VEGF 
were from R&D Systems (Minneapolis, MN, USA). Cir-
culating human PlGF and sFlt1 were determined using 
Elecsys® PlGF and sFlt1 immunoassays (Roche Diagnos-
tics, Switzerland) as described [27].

Cell lines
Cultures of human pancreatic carcinoma cell lines were 
used up to three months, before being replaced by frozen 
stocks generated shortly after receipt from the reposito-
ries, or after cell line authentication. ASPC1 (CRL-1682) 
cells were from ATCC (Manassas, USA); MiaPaCa 
(DSMZ no.: ACC 733), Panc1 (ACC 783), Capan-1 (ACC 
244), Capan-2 (ACC 245), HUP-T3 (ACC 259) and 
DANG (ACC 249) cells were from DSMZ (Braunsch-
weig, Germany) and maintained as described [34]. The 
immortal HPDE (human pancreatic duct epithelial) cell 
line H6c7 was obtained from the University Health Net-
work (Ontario, Canada). Schwann cells and F11 neurons 
were a generous gift from Carmen Birchmeier and Fritz 
Rathjen (both Max-Delbrück-Center for Molecular Med-
icine, Berlin, Germany), respectively.

Growth and migration assays
105 cells were plated in 24-well-dishes, and cell num-
bers counted using a hemocytometer [34]. For migra-
tion assays, 2 × 105 cells/insert were placed in serum-free 
medium in the upper chamber of 8 µm transwells (Corn-
ing®, Kaiserslautern, Germany) and allowed to migrate 
for 8-12 h towards 1% FCS added to the lower chamber. 
Tumor cell migration towards gradients from Schwann 
cells, cultured in the lower chamber for 16 h in DMEM 
(0.1% BSA), and vice versa, was determined. Migrated 
cells were stained with crystal-violet or DAPI and quanti-
fied by counting 5 standardized fields at 100 × magnifica-
tion [12, 25, 27, 34]. Recombinant PlGF (50  ng/ml) and 
neutralizing anti-PlGF antibodies (100 µg/ml) were used 
as indicated.
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Histomorphometric analysis of neural invasion 
and plasticity
Parameters are based on evaluation of 30 mm2 areas 
within the tumor tissue (intratumoral) and adjacent to 
the tumor/organ margin (extratumoral) using Olympus 
BX46 microscope (Olympus, Tokyo, Japan), Moticam 3.0 
camera and Motic Images Plus 2.0 ML software (Motic, 
Hong Kong, China). Neural plasticity was quantified by 
assessing number, caliber and area of intra- and extra-
tumoral nerves allowing for a detailed representation of 
nerve density (number of nerves / cm2 tissue) and neu-
ral hypertrophy (total nerve area/ number of nerves). 
Neural invasion (NI) of intra- and extratumoral nerves 
was assessed by presence, localization (perineural vs. 
intraneural) and extent (perineural invasion score; NI 
dissemination score) of tumor cells within the neural 
space. Perineural invasion (PNI) score was assessed by 
determining the number of quadrants of the nerve cir-
cumference with PNI (score 0–4). NI dissemination score 
represents a semiquantitative assessment of “extensive” 
(score 2), “focal” (score 1) or “absent” (score 0) dissemi-
nation of neural invasion across standardized tissue sec-
tions. Nerve fraction was quantified by determining the 
percentage of tumor-invaded nerves per total numbers 
of intra- and extratumoral nerves examined. For an over-
view of the histomorphometric parameters determined 
refer to Fig. 4B and Supplement Fig. 4.

Morphometric analysis on serum-matched tissue 
samples in the prospective cohort encompassed the 
determination of the fraction of invaded nerves, the NI 
dissemination score and the determination of nerve den-
sity based on 20 high-power fields.

Preparation of DRG primary cell cultures and enriched 
primary neurons
Dorsal root ganglia (DRG) were freshly isolated from 
newborn male C57Bl6 mice (Charles River Labora-
tories; Sulzfeld, Germany) as described [12]. Cul-
tures of enriched primary neurons were isolated from 
DRGs using FudR (Fluorodeoxyuridine) treatment as 
described [12].

Assays to study neural plasticity
Chemoattraction of neurons by PDAC derived neuro-
trophic factors was interrogated via transwell co-culture 
assays. Whole DRG primary cell cultures or enriched 
primary neurons were seeded in the upper chamber of 
FluoroBlok™ transwell inserts (Corning®, New York, 
USA). Filters with 1  μm pore size selectively allow out-
growing neurites but not neuron cell bodies to project 
through the transwell membranes towards chemoat-
tractant gradients established by tumor cells or their 
conditioned media in the lower chamber. A light-tight 

polyethylene terephthalate membrane efficiently blocks 
light transmission from the FluoroBlok™ top chamber, 
allowing selective detection of CellTracker™ (Thermo 
Fisher, Darmstadt, Germany) labeled neurites at the 
bottom side of the membrane (using Leica DMI6000-B 
microscope). The number, mean length and density of 
neurites were measured. Alternatively, primary neurons 
were visualized by immunofluorescent β3-tubulin stain-
ing and subjected to morphometric analysis using Neur-
iteQuant® and AxioVision (Zeiss, Oberkochen, Germany) 
software [12]. Antibodies to PlGF were used as indicated.

To track the locomotion of individual neurons, primary 
neurons were co-cultured with tumor cells in separate 
patches divided by a 500  μm gap using IBIDI® inserts 
(Gräfeling, Germany). Neurons and tumor cells were 
selectively visualized by CellTracker™ [12].

Tumor models
Local authorities approved animal experiments (proto-
col number: Reg 0101/10; LAGeSo Berlin, Germany). 
Female NMRInu/nu mice (6 weeks old) were from Charles 
River Laboratories (Sulzfeld, Germany). For orthotopic 
xenograft tumors, 106 DANG cells (ACC 249) were 
injected into the head of the pancreas in 30 µl PBS using 
a 29-gauge needle following abdominal midline incision 
[12, 25, 34]. Starting 4 weeks after implantation, Gemcit-
abine (Gemzar®, Lilly, Germany) was i.p. administered 
twice a week at 125  mg/kg. After 7  weeks, mice were 
sacrificed, and primary tumors harvested for quantifi-
cation of intratumoral levels of mouse and human PlGF 
by species-specific Quantikine® ELISA kits as described 
[12, 25].

Statistics
Data are presented as mean ± SEM, circulating PlGF/
sFlt1 as median with interquartile ranges. Significance 
was determined by Mann–Whitney test, Kruskal–Wallis 
test, Fisher’s exact test and ANOVA using SPSS® (v18.0) 
and GraphPad® Prism (v10.0). Survival was estimated 
using the Kaplan–Meier method and Log-rank test. (*) 
P < 0.05 values were considered significant; all tests were 
two-sided.

For ELISA, quantitative RT-PCR, preparation of cell 
extracts and immunoblotting as well as immunohisto-
chemistry refer to Supplemental Material and Methods.

Results
Elevated circulating PlGF/sFlt1 ratio is associated 
with neural invasion and predicts disease prognosis 
in PDAC
Given its release into the circulation, we retrospectively 
assessed circulating PlGF in patients with PDAC (please 
refer to Suppl. Table  1 for cohort description). Since 
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soluble receptor Flt1 (sFlt1; sVEGFR1) binds PlGF [25], 
we also determined sFlt1 and calculated the ratio PlGF/
sFlt1 (from here on referred to as PlGF/sFlt1circ) to esti-
mate the fraction of unbound bioactive PlGF (please refer 
to Suppl. Figure 1A-H for individual results for PlGF and 
sFlt1). Compared to healthy controls, PlGF/sFlt1circ was 
elevated in sera of PDAC patients (Fig. 1A), but did not 
differ between patients with advanced, non-resectable 
versus resectable tumors (Fig. 1B).

Notably, in patients undergoing curative-intent surgery, 
elevated PlGF/sFlt1circ was associated with the occur-
rence of NI (Fig. 1C), but not with lymph node metastasis 
(Fig.  1D) nor histological tumor-free resection margins 
(Fig. 1E).

Based on ROC analyses, a cut-off at 0.251 PlGF/sFlt1circ 
achieved optimal stratification of patients who were eli-
gible for curative-intent surgery into subgroups with or 
without NI (Suppl. Figure  1I). Presurgical PlGF/sFlt1circ 
above this cut-off was linked to shorter overall survival 
(OS; Fig.  1F) and stronger neuropathic pain (Fig.  1H). 

In the palliative situation PlGF/sFlt1circ did not separate 
prognostic subgroups (Fig. 1G).

In contrast to PlGF/sFlt1circ, circulating VEGF in 
patients with PDAC did not differ from healthy con-
trols, nor were VEGF levels associated with lymph node 
metastasis, NI, OS, and pain (Suppl. Figure 1 J-M). More-
over, PlGF/sFlt1circ did not correlate with circulating 
VEGF levels in matched samples from the same patients 
(rS = 0.261; p = ns).

Circulating PlGF/sFlt1 ratio predicts neural invasion 
in a prospective cohort of PDAC
The positive association between PlGF/sFlt1circ and NI 
was corroborated in a prospective validation cohort 
of PDAC patients undergoing curative-intent surgery. 
As before, we found PlGF/sFlt1circ elevated in patients 
with NI (Fig. 2A and Suppl. Figure 2), and tumors from 
patients with PlGF/sFlt1circ above the cut-off at 0.251 
all exhibited NI (p = 0.0195; Fisher’s exact test). Again, 
PlGF/sFlt1circ did not correlate with the incidence 

Fig. 1  High circulating PlGF/sFlt1 serum ratio is associated with neural invasion and shorter survival in patients with PDAC undergoing 
curative-intent surgery. A PlGF/sFlt1circ is elevated in PDAC patients (n = 73) compared to healthy controls (ctr; n = 79). B PlGF/sFlt1circ does not differ 
between patients with non-resectable (locally advanced or metastatic tumors, PT; n = 37) and patients receiving curative-intent surgery (CS; n = 36). 
C In patients receiving curative-intent surgery, those with evidence of NI (Pn1; n = 20) exhibited higher PlGF/sFlt1circ than patients without NI (Pn0; 
n = 16). D and E Comparable PlGF/sFlt1circ ratios in patients with (D N1-2, n = 27) or without (N0; n = 9) lymph node metastasis and in patients 
with R0 (E n = 24) versus R1 resection (n = 12). F and G In Kaplan–Meier estimates PlGF/sFlt1circ above cut-off correlates with shorter OS in patients 
with resectable PDAC (F HR: 4.05; 95% confidence interval: 1.22 to 13.48; Log-rank p = 0.007; n = 17 below and n = 19 above cut-off ), but not with 
palliative disease (G HR: 0.845; 95% confidence interval: 0.33 to 2.19; p = 0.696; n = 20 below and n = 17 above cut-off ). H Tumor-related pain 
was quantified using visual analogue scales (VAS 0–10) and grouped into no or low (0–3, n = 20), or moderate to strong pain (4–10, n = 16). Shown 
are PlGF/sFlt1circ for the curative surgery cohort of patients. A-E and H scatter dot plots with median and interquartile range. *, P < 0.05; ****, 
P < 0.0001; ns, not significant
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and extent of lymph node metastasis (Fig.  2B and C) 
or tumor-free resection margins (Fig.  2D). Fittingly, a 
binominal logistic regression model identified PlGF/
sFlt1circ as predictive of NI in both, the retrospective and 
prospective cohort, whereas neither the status of lym-
phangioinvasion nor resection margins improved the 
model (Suppl. Table 4 and 5).

PlGF and its receptor Nrp1 are expressed 
at the tumor‑nerve interface in PDAC
Consistent with elevated PlGF/sFlt1circ in PDAC patients, 
PlGF mRNA-transcript levels were increased in human 
PDAC tissues (Fig. 3A) and orthotopic xenograft tumors 
(Fig.  3B, and own previous data [25]) compared to the 
adjacent healthy pancreas. Both, tumor cells and tumor 
stroma constitute sources of PlGF, as determined by spe-
cies-specific quantification of murine and human PlGF 
proteins in xenograft tumors (Fig. 3B) and human PDAC 
cell lines (Fig. 3C). High levels of PlGF mRNA transcripts 
correlated with a higher score of stromal inflammation 
and desmoplasia in human PDAC (Suppl. Figure 3A and 
B), consistent with expression of PlGF in tumor-associ-
ated macrophages and cancer-associated fibroblasts [23, 
25, 28, 29]. Moreover, conditioned supernatants from 
PDAC cell cultures induced PlGF expression in primary 
Schwann cells, but not in primary neurons (Fig. 3D).

Consistent with previous reports on expression of 
Nrp1 in tumor and stromal cells in PDAC [29, 35, 36], 
Nrp1 immunoreactivity was found on tumor cells, paren-
chymal nerves and on vascular endothelial cells, but was 
only weakly present in epithelial cells of healthy pan-
creas (Fig.  3E and F). Correspondingly, human pancre-
atic ductal epithelial (HPDE) cells lack Nrp1 mRNA and 
protein expression, which contrasts with abundant Nrp1 
mRNA transcripts and protein levels in most PDAC cell 
lines (Fig.  3G). Experimentally, we found interaction of 
PlGF with the receptor Nrp1 required and sufficient to 

stimulate clonal growth of PDAC cells (Suppl. Figure 3C 
and D).

Notably, Nrp1 mRNA transcripts were also present 
in murine primary neurons, Schwann cells, and dor-
sal root ganglia (DRG; Fig. 3H), as well as in F11 neu-
ron cultures (not shown). In contrast, VEGFR1 mRNA 
transcripts were rarely detectable among human PDAC 
cell lines (Fig.  3G), but expressed in DRGs, primary 
neurons, F11 neurons and Schwann cells (Fig. 3H; and 
not shown), which is consistent with the reported stro-
mal expression pattern in human PDAC tissues [37].

Neural invasion of extratumoral nerves predicts early 
disease recurrence in PDAC
In routine pathology, NI is reported as a qualitative 
feature present in up to 90% of PDAC samples [2, 5, 9, 
11]. To obtain a quantitative representation of NI, we 
performed morphometric analyses evaluating the pres-
ence, quality and area of tumor cell invasion of nerves, 
and the number and diameters of nerves as a meas-
ure of nerve density and hypertrophy (Fig.  4A and B 
and  Suppl. Figure  4). Since NI can spread beyond the 
tumor boundaries, these parameters were recorded in 
standardized areas within the tumor (intratumoral; IT) 
and within the non-transformed pancreas outside the 
tumor margin (extratumoral; ET).

NI of intratumoral nerves (IT-NI) occurred in 
almost all patients, but involvement of extratumoral 
nerves affected only 2/3 of patients (ET-NI; Fig.  4C). 
The extent of NI widely varied between patients and 
between intra- versus extratumoral areas, as indi-
cated by the fraction of tumor-invaded nerves per total 
nerves (Fig. 4F), which was lower in extratumoral when 
compared to intratumoral regions.

Clinically, the presence and extent of ET-NI trans-
lated into an unfavorable prognosis in patients 
undergoing curative-intent surgery. Indeed, strong 

Fig. 2  Circulating PlGF/sFlt1 ratio predicts neural invasion in a prospective cohort of PDAC patients undergoing curative-intent surgery. A PlGF/
sFlt1circ is elevated in patients with NI (n = 32) compared to patients without NI (n = 9). B-D PlGF/sFlt1circ does not correlate with either incidence (B) 
or extent (C) of lymph node metastasis (B n = 12 for N0 and n = 29 for N1-2; C n = 22 for below and n = 19 for above median); or with R0 versus R1 
resection margins (D n = 28 for R0, n = 13 for R1). **, P < 0.01; ns, not significant
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involvement of extratumoral nerves, as reflected by 
an extensive ET-NI dissemination score (Fig.  4D and 
E, and Suppl. Figure  4) and high fractions of tumor-
invaded extratumoral nerves (Fig. 4G and H) correlated 
with shorter disease-free survival (DFS) and OS.

Expression of PlGF transcripts correlates with neural 
invasion of extratumoral nerves
We then assessed whether PlGF mRNA transcript 
levels correlated with the incidence and extent of 
NI in human PDAC tissues. Given the obvious clini-
cal impact (see Fig.  4), our analyses focused on PlGF 

in relation to NI of extratumoral nerves (Fig.  5A-F). 
Tumors with ET-NI exhibited higher PlGF transcript 
levels as compared to tumors in which ET-NI was 
absent (Fig. 5A). Strikingly, all tumors with PlGF tran-
script levels > median showed ET-NI and exhibited a 
higher NI dissemination score, whereas tumors with 
low PlGF transcript levels either completely lacked 
ET-NI (50% of cases; Fig. 5B) or exhibited only low NI 
dissemination scores (Fig.  5C). Moreover, correlation 
analysis demonstrated a positive correlation between 
PlGF transcript levels and the fraction of invaded 
nerves (rS = 0.4996; p = 0.0294; Suppl. Figure 5F). Next, 

Fig. 3  PlGF and its receptors are expressed at the tumor-nerve interface. A PlGF mRNA-transcript expression in human PDAC (n = 13) and healthy 
pancreas (ctr, n = 9). B Human (representing tumor cell derived) and murine (representing host derived) PlGF proteins in DANG orthotopic 
xenograft tumors (PDAC) and paired pancreas (ctr) determined using species-specific ELISA. C ELISA-based quantification of PlGF in supernatants 
of human PDAC cell line cultures (n = 3). D Primary neurons (PN) and Schwann cells (SC) from newborn mice were cultivated with control 
media (ctr) or conditioned media (CM) from MiaPaCa tumor cell cultures and PlGF mRNA expression determined (n = 3). Tumor cell conditioned 
supernatants induce PlGF expression in Schwann cells. E and F Representative IHC for the PlGF receptor Nrp1 in tissues of PDAC (E) and healthy 
pancreas (F). Intratumoral (in E) and intrapancreatic (in F) nerves are indicated by asterisks. Nrp1 expression in ductal epithelial cancer cells 
(arrowheads) and nerves (arrows). G and H mRNA transcripts and protein expression of Nrp1 and VEGFR1, respectively, in (G) human PDAC cell lines, 
the immortalized human pancreatic ductal epithelial cell line HPDE, as well as in (H) dorsal root ganglia (DRG), primary neurons (PN) and Schwann 
cells (SC; n = 3). *, P < 0.05; **, P < 0.01
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we related PlGF transcript levels to morphologic fea-
tures of more advanced ET-NI, such as a wide circum-
ferential range of perineural tumor cell invasion along 
the sheath of nerves (referred to as perineural invasion; 
PNI), and tumor cell invasion within the intraneural 
space of nerves, referred to as intraneural invasion 
(INI; illustrated in Fig. 4A and B). Tumors with ET-PNI 
exhibited higher mean PlGF transcript levels as com-
pared to tumors without ET-PNI (Fig. 5D). Conversely, 
tumors with PlGF transcript levels > median exhibited 
a high ET-PNI score (Fig. 5E) and a larger ET-PNI area 
(Fig.  5F), as determined from the range of circumfer-
ential growth of tumor cells and the area of tumor cell 
clusters within the perineural sheath (scheme illus-
trated in Fig. 4B). Clinically, occurrence and extent of 
ET-INI both predicted early disease recurrence and 
a shorter OS (Suppl. Figure  5A-D). In sharp contrast, 
PlGF transcript levels did not correlate with either 
lymphangioinvasion (Fig.  5G), or incidence (Fig.  5H) 
or the extent of lymphatic metastasis (Fig. 5I).

Circulating PlGF/sFlt1 ratio correlates with a more 
extended neural invasion
Given the correlation of tissue PlGF mRNA to several 
parameters that describe the extent of NI, we next 
asked, whether PlGF/sFlt1circ also reflects the extent 
of NI in a quantitative way. Therefore, we quantified 
NI on the basis of the most pertinent morphometric 
parameters in serum-matched tissue samples in the 
prospective cohort. Subsequent analyses revealed a 
significant correlation between PlGF/sFlt1circ and the 
global fraction of invaded nerves, when both intra-
tumoral and extratumoral nerves were evaluated 
(rS = 0.3244, p = 0.0411; Suppl. Figure 5E).

Taken together, our morphometric analyses link 
PlGF/sFlt1circ and tissue PlGF expression to the pres-
ence and extent of NI in the retrospective and pro-
spective PDAC cohorts and support the notion that 
PlGF/sFlt1circ may serve as a quantitative serum bio-
marker of NI, prompting us to experimentally explore 
the function of PlGF at the tumor-nerve interface.

PlGF mediates mutual chemoattraction between tumor 
cells and Schwann cells
Schwann cells physiologically act as conduits for sub-
sequent axonal outgrowth, but were shown to tempo-
rarily disengage from the perineural sheath and bridge 
the space towards tumor cell colonies in cancer, thus 
promoting NI [14, 38, 39]. We therefore determined 
the effects of PlGF on the mutual chemoattraction of 
Schwann cells and tumor cells. Conditioned media from 
DANG and Panc1 tumor cell lines, which endogenously 
secrete PlGF (Fig.  3C), enhanced the directed migra-
tion of Schwann cells, while inhibition of PlGF by using 
anti-PlGF, but not control IgG1 antibodies abrogated this 
effect (Fig. 6A). Vice versa, conditioned supernatant from 
Schwann cell cultures stimulated the directed migra-
tion of Panc1 and Capan-2 tumor cells (Fig.  6B), while 
blocking PlGF using anti-PlGF antibodies abolished the 
directed migration of PDAC cells towards chemoattract-
ant released by Schwann cells (Fig. 6B). Thus, PlGF con-
stitutes a bidirectional chemoattractant acting on tumor 
cells and Schwann cells.

Tumor derived PlGF regulates neural plasticity
To assess neural plasticity, we performed co-culture 
assays combining PDAC cell lines with primary cell 
cultures from DRGs, freshly isolated primary neurons 
and Schwann cells, or with cultures of F11 hybridoma 
neurons.

Fig. 4  Morphologic parameters of neural invasion and plasticity: Neural invasion of extratumoral nerves predicts early disease recurrence 
and overall survival. A Representative IHC images and magnifications of intratumoral (A1 and A2) and extratumoral NI (A3-A5; scale bars, 200 μm). 
Shown are perineural invasion (PNI; open arrows) and intraneural invasion (INI; filled arrows) of intratumoral (in A1 and A2) and extratumoral 
(intrapancreatic in A3; extrapancreatic in A4 and A5) nerves (asterisks). B Illustration summarizing morphologic parameters of neural plasticity 
and invasion (created with BioRender.com). Neural plasticity is quantified by number, caliber and area of intra-/extratumoral nerves (middle 
panel). Neural invasion is assessed by presence, localization (perineural vs. intraneural) and extent (circumference; score 1–4) of tumor cells 
within the neural space (right panel). C Incidence of tumors with (NI +) or without (NI-) neural invasion (n = 20; p = 0.19, Fisher’s exact test) 
in PDAC specimens (intratumoral) and corresponding adjacent healthy pancreas (extratumoral). D and E Data on DSF and OS was available 
for n = 17 patients. A high neural dissemination score of extratumoral nerves is associated with shorter DFS (D) and OS (E) in patients receiving 
curative-intent surgery. Kaplan–Meier estimates depict DSF and OS of patients with extensive neural invasion of extratumoral nerves (score 
2; n = 6) versus absent or focal neural invasion (score 0 and 1, respectively; n = 11; HR: 4.57; 95% confidence interval: 1.09 to 19.22; Log-rank 
p = 0.0038 in D HR: 4.63; 95% confidence interval: 1.00 to 21.52; Log-rank p = 0.0004 in E). F Percentage of tumor-invaded nerves per total 
nerves in PDAC specimens (intratumoral) and adjacent healthy pancreas (extratumoral). G and H High fraction of invaded extratumoral nerves 
is associated with shorter DFS (G) and OS (H) in patients receiving curative-intent surgery. Kaplan–Meier estimates depict DSF and OS of patients 
with extratumoral nerve fractions above (n = 8) or below (n = 9) median (HR: 3.29; 95% confidence interval: 0.95 to 11.39; Log-rank p = 0.0210 in G; 
HR: 3.93; 95% confidence interval: 1.06 to 14.58; Log-rank p = 0.0013 in H). **, P < 0.01

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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First, primary neurons were co-cultured with either 
human pancreatic ductal epithelial (HPDE) or PDAC 
cells in separate patches using IBIDI® inserts (Suppl. Fig-
ure 6A-C), and nascent neurites were visualized at 48 h. 
Notably, neurite length increased upon co-culture with 
HupT3 PDAC cells as compared to HPDE cells. Moreo-
ver, stimulation of primary neuron cultures with condi-
tioned media from HupT3 and DANG cell lines induced 
mRNA of the growth-associated-protein (GAP)-43, 

a  marker of neural outgrowth and regeneration (Suppl. 
Figure 6D). Thus, ex vivo co-culture approaches capture 
aspects of neural plasticity in PDAC.

Second, whole DRG primary cell cultures instead 
of purified neurons were used, since the inclusion of 
Schwann cells more closely reflects the tumor-nerve 
interface in vivo. PDAC cell supernatants variably stimu-
lated overall neurite length (Fig. 6C), as did recombinant 
PlGF and two established neurotrophic factors, nerve 

Fig. 5  PlGF mRNA transcript levels correlate with the extent of neural invasion of extratumoral nerves. A-I Analyses refer to n = 20 PDAC samples 
that allowed for examination of extratumoral nerves. A PlGF mRNA transcript levels dependent on presence (NI +) or absence of neural invasion 
(NI-). B Incidence of NI in tumors with PlGF mRNA transcripts < median and > median. C Semiquantitative assessment of the NI dissemination 
as extensive (score 2), focal (score 1) or absent (score 0) in tumors with PlGF mRNA transcripts < median and > median. D PlGF mRNA transcript 
levels in tumors without (PNI absent) or with perineural invasion (PNI present). E Circumferential range of PNI was morphometrically determined 
and scored as 0 (absent), 1 (1/4 circumference), 2 (1/2 circumference), 3 (3/4 circumference), and 4 (whole circumference). Shown are PNI 
scores of affected nerves in tumors with PlGF mRNA transcripts < median and > median. F The PNI area fraction was determined by calculating 
the ratio of the PNI tumor cell area and the area of the corresponding nerve. G PlGF mRNA transcripts in tumors without (L0) and with (L1) 
lymphangioinvasion. H and I, Comparable PlGF mRNA expression in tumors with (N1-2) and without (N0) lymphatic metastasis (H) and, conversely, 
similar fractions of tumor infiltrated lymph nodes per total lymph nodes in tumors with PlGF mRNA transcripts < median and > median (I). *, P < 0.05; 
**, P < 0.01; ns, not significant
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growth factor (NGF) or glial-derived neurotrophic factor 
(GDNF; Fig. 6D), used as positive controls.

Importantly, neutralizing antibodies to the endoge-
nously produced PlGF in conditioned media from DANG 
cell cultures significantly reduced neurite length (Fig. 6D-
G) and abrogated the directed migration of F11 neurons 
towards DANG cell supernatants (Suppl. Figure  6E). 
Thus, PlGF supported cancer-mediated neural plasticity.

PlGF is induced following chemotherapy in vitro 
and in vivo
Clinical approaches to reduce tumor recurrence fol-
lowing curative-intent surgery focus on (neo)adjuvant 
chemotherapy. Therefore, we determined PlGF produc-
tion in DANG xenograft tumors treated with the chemo-
therapeutic agent gemcitabine or vehicle. Chemotherapy 
increased PlGF expression in tumor epithelial cells and 
the stroma of PDAC xenografts (Fig. 7A). We also directly 
exposed primary neurons and Schwann cells to con-
ditioned PDAC cell media supplemented with chemo-
therapy or vehicle and determined effects on PlGF. 
Chemotherapy concentration-dependently increased 

PlGF expression in Schwann cells, but not in primary neu-
rons (Fig.  7B), confirming that chemotherapy enhances 
the availability of PlGF in the stromal compartment. In 
line with this observation, own previous data showed, that 
a combination treatment with anti-PlGF and chemother-
apy potentiated growth inhibition of mouse orthotopic 
PDAC compared to monotherapies [25].

Discussion
The neurovascular link as conceptual basis for exploring NI 
in PDAC
Despite impressive improvements in surgical procedures 
and (neo)adjuvant treatments, PDAC recurrence remains 
almost inevitable [2, 3]. Hence, acting on our knowledge 
of NI as a major risk factor in PDAC postoperative tumor 
recurrence constitutes an unmet need, which led us to 
explore the role of the vessel and axon guidance factor 
PlGF in tumor-nerve interactions. The neurovascular 
link offers an appealing concept for NI based on analo-
gies between guidance cues that function in angiogenesis 
and neurogenesis [5, 12, 16, 19–21]. Signals perceived 
hitherto as angiogenic may impact PDAC primarily by 

Fig. 6  PlGF mediates mutual chemoattraction between tumor cells and Schwann cells and stimulates neurite outgrowth. A Neutralizing 
anti-PlGF antibodies inhibit directed migration of Schwann cells from the upper transwell chamber towards conditioned media from DANG 
or Panc1 monolayers (lower chamber) as compared to IgG1 control (n = 3). B Anti-PlGF inhibits directed migration of Panc1 and Capan-2 cells 
towards chemoattractant stimuli from conditioned Schwann cell supernatants placed in the lower chamber (n = 3). C and D Whole primary DRGs 
(containing neurons and Schwann cells) from newborn mice were incubated with supernatants from various PDAC cells (C) or medium containing 
recombinant nerve growth factor (NGF), glial-derived nerve growth factor (GDNF) and PlGF (D). Overall neurite length was determined using 
NeuroQuant® software based on selective staining of primary neurons for neuron-specific β3-tubulin (n = 3–5). PlGF stimulates neurite outgrowth, 
whereas neutralizing antibodies to PlGF secreted by DANG cells inhibit neurite outgrowth. E–G Representative images of β3-tubulin stained 
primary neurons cultured with control media (E), DANG supernatant (F) and DANG supernatant with anti-PlGF (G). *, P < 0.05
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affecting the crosstalk to nerves. In analogy to their bet-
ter studied role in angiogenesis, such signaling pathways 
may offer targetable vulnerabilities of NI.

Functional role of PlGF in NI
PlGF is best known as angiogenic growth factor, but 
evidently also serves a dual role as axon guidance 
cue [23, 31–33]. Our functional studies highlight two 

consequences of this axon guidance role: support of neu-
ral plasticity on one hand, and attraction of tumor cells 
towards nerves on the other hand (Fig. 8).

Specifically, we provide evidence that PlGF facilitates 
directional and dynamic changes in neurite outgrowth of 
primary neurons upon exposure to PDAC-derived guid-
ance cues and supports mutual chemoattraction of tumor 
cells with neuronal cells and Schwann cells, respectively. 

Fig. 7  Chemotherapy induces PlGF expression within the neural compartment of PDAC. A Treatment of mice bearing orthotopic DANG tumors 
with the chemotherapeutic agent gemcitabine induces PlGF production by tumor epithelial cells (human) and stromal cells (mouse) as determined 
using species-specific ELISA. B Conditioned tumor cell supernatant (CM) and gemcitabine dose-dependently induce PlGF expression in Schwann 
cells (n = 3–5). *,P < 0.05

Fig. 8  Cartoon summarizing the proposed model for the role of PlGF in neural invasion in PDAC. PlGF is expressed in various stromal cell types 
within the desmoplastic microenvironment and in tumor cells. Released PlGF then binds to and activates its corresponding receptors VEGFR1 
and NRP1, which exhibit differential expression: NRP1 receptors are present on tumor cells, neurons and Schwann cells. Neurons and Schwann cells 
additionally express VEGFR1. PlGF-mediated activation of VEGFR1 and NRP1 stimulates the mutual attraction between tumor cells and neurons 
as well as Schwann cells, thereby supporting directed neurite outgrowth towards tumor cells and neural invasion. By directed migration tumor 
cells move along nerves from intratumoral into extratumoral regions of the adjacent normal pancreas thereby escaping curative-intent surgery. 
Chemotherapy induces PlGF production within the tumor microenvironment, thus creating a PlGF-rich tumor supportive niche which in turn 
may support neural invasion. Free circulating PlGF levels correlate with the presence of neural invasion and with the fraction of invaded nerves, 
providing a non-invasive biomarker of neural invasion. In addition, therapeutic targeting of PlGF is feasible and might be exploited to counteract 
neural invasion, and thereby reduce recurrence rates following curative-intent surgery. Created with BioRender
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The latter are receiving increasing attention as key play-
ers in NI of PDAC [14, 15, 38–40]. Our current results on 
neural plasticity align well with a previously reported role 
of VEGF and PlGF in cancer-related remodeling of nerves 
and enhancement of neuropathic pain: both growth fac-
tors induced nociceptive sensitization and augmented 
pain sensitivity through selective activation of VEGFR1, 
expressed in sensory neurons [41]. Strikingly, PlGF was 
even more potent than VEGF in inducing nociceptive 
hypersensitivity and neuropathic pain [41], which likely 
stems from differences in their distinct VEGFR1-binding 
and activating properties [23, 26]. Consistent with the 
proposed VEGFR1 dependent mechanisms, we found 
VEGFR1 expressed on neurons and Schwann cells, which 
responded to chemoattractant or trophic cues from PlGF. 
Moreover, we located tissue and cell-based expression 
of Nrp1 to both, the tumor cell and neuronal cell com-
partments in human PDAC, supporting the notion that 
PlGF signaling through Nrp1 might as well contribute to 
the neurotrophic effects of PlGF observed in our experi-
mental ex  vivo models of neural invasion and neurite 
outgrowth.

Clinical assessment of NI and impact on (neo)adjuvant 
treatment situations
Findings from our experimental models translate well 
to our tissue-based observations in human PDAC. High 
PlGF mRNA-transcript levels correlate with higher inci-
dence and greater extent of extratumoral NI, which pre-
dicted early disease recurrence and shorter survival in 
patients who underwent curative-intent surgery.

Despite the undisputed clinical impact of NI for tumor 
recurrence and OS in PDAC [5, 9], neither quantifica-
tion of NI nor the assessment of extratumoral NI within 
the non-transformed tumor-distant pancreas has been 
implemented as standardized procedures in histopatho-
logical reports [42].

So far, only few studies provide comprehensive infor-
mation on extratumoral NI [9]. Our current data add 
to the evidence that the severity of extratumoral NI is 
associated with reduced DFS and OS in PDAC patients 
receiving curative-intent surgery, thus underlining earlier 
proposals to implement quantitative assessment of NI 
in routine pathology reports [9, 43]. This is particularly 
important for more advanced tumors, in which high inci-
dence of NI limits the prognostic value of a purely quali-
tative assessment of NI. Indeed, a recent study on a large 
PDAC cohort indicated a steep increase of NI between 
pT1 and pT2 classified tumors, such that larger PDACs 
(pT3 and pT4) present with NI in approximately 90% of 
cases, irrespective of prior neoadjuvant treatment [8].

Of the several aspects of NI that can be quantified, we 
envision that the evaluation of total nerves and invaded 

nerves in 20 high-power fields, each within the tumor 
boundaries and in the extratumoral area can be easily 
implemented in the routine evaluation of PDAC tissue 
by the pathologist. Indeed, the assessment of the nerve 
fraction as quantified by the ratio of invaded nerves per 
total nerves provided improved information on NI and 
disease-free and overall survival in our cohort, much in 
analogy to the determination of the lymph node fraction. 
With the advent of AI in digitized pathology [44], we 
expect a more comprehensive full morphometric deter-
mination of NI areas and neural hypertrophy will become 
available in the foreseeable future.

As nearly half of patients fail to complete or never 
receive standard of care adjuvant chemotherapy follow-
ing surgery, current discussion favors upfront neoadju-
vant chemotherapy for all patients with localized disease, 
based on several randomized clinical trials and meta-
analyses with improved outcomes [45–48]. Yet, whether 
neoadjuvant chemotherapy has the capacity to target and 
reduce NI remains an unsolved issue, since incidence of 
NI is not reduced [8] and improved DFS likely results 
from delayed recurrence of distant metastasis whereas 
effects on local recurrence are minor [45]. Recent RNA-
profiling analyses of resected PDAC samples with or 
without prior neoadjuvant chemoradiotherapy under-
score this concern [49]: samples from patients receiving 
neoadjuvant treatment revealed more cells with activa-
tion of a neural-like progenitor gene program, possibly 
reflecting an enhanced capacity of tumor-nerve crosstalk. 
Of note, NRP1 was among the marker genes that specify 
the neural-like progenitor program [49], suggesting Nrp1 
might be induced and enhance responsiveness to PlGF in 
tumors upon neoadjuvant treatment.

Targeting PlGF to prevent PDAC recurrence
In our present study, chemotherapy induced expression 
of PlGF in Schwann cells and tumor epithelial cells, cre-
ating a putative scenario in which chemotherapy creates 
a PlGF-rich niche at the tumor-nerve interface, which 
in turn might frustrate efficient tumor cell eradication 
and facilitate disease recurrence. Two recently pub-
lished reports already established that chemotherapy 
induced PlGF expression, which activated Nrp1-express-
ing cancer-associated fibroblasts, and thereby promoted 
desmoplasia and tissue stiffness in PDAC and cholangio-
carcinoma [28, 29]. Consequently, reducing desmoplasia 
and stiffness via PlGF-blockade enhanced chemotherapy 
efficacy through vessel remodeling and improved vessel 
perfusion, and consequently hindered tumor growth [28, 
29]. These studies did not comment on NI, and mouse 
models in general do not faithfully reflect neural inva-
sion [17]. However, tumor stiffness per se can impinge on 
NI by inducing a pro-invasive and neurotrophic tumor 
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phenotype [50]. As tumor stiffness supports NI, PlGF 
may also indirectly promote NI in PDAC via its effects 
on cancer-associated fibroblasts. Such indirect actions 
may complement the direct supportive effects of PlGF 
on the tumor cell-nerve interaction that we describe 
here. Together, these reports raise concerns that (neo)
adjuvant treatments may create a microenvironment 
that favors NI. Consequently, therapeutic targeting of 
PlGF could provide a two-pronged approach to curtail 
NI and a beneficial adjunct to (neo)adjuvant treatments. 
Given the dual signaling of PlGF via Nrp1 and VEGFR1, 
inactivation of the ligand should be targeted, as has been 
studied for anti-PlGF antibodies and a PlGF/VEGF trap 
in preclinical mouse PDAC models [25, 29]. Moreover, 
the humanized monoclonal anti-PlGF antibody TB-403, 
which prevents PlGF binding to VEGFR1 and Nrp1, was 
shown effective in clinical trials [51, 52]. The low or unde-
tectable expression of PlGF in healthy tissues suggests 
a favorable therapeutic window with lack of toxicities. 
Indeed, application of the anti-PlGF antibody TB-403 in 
heavily pretreated, relapsed pediatric medulloblastoma 
stabilized the disease in 7/11 children without significant 
toxicities [51].

PlGF as biomarker for NI
Our retrospective and prospective cohorts of patients 
with PDAC undergoing curative-intent surgery deline-
ated that PlGF/sFlt1circ robustly reflected/predicted NI, 
recommending this easily accessible routine test as a 
circulating biomarker to differentiate patients with high 
or low probability of disease dissemination via NI. We 
also find that tissue PlGF mRNA-transcript levels and 
PlGF/sFlt1circ both reflect quantitative parameters of NI 
determined by morphometry, although the exact correla-
tions differed between our cohorts. While PlGF mRNA 
transcript levels correlated with the fraction of invaded 
extratumoral nerves, analogous analysis in the prospec-
tive cohort revealed a correlation of PlGF/sFlt1circ with 
the global fraction of intra- and extratumoral nerves. 
One possible explanation can be found in the different 
composition of both cohorts. Indeed, in the prospective 
cohort, smaller pT1 and pT2 tumors comprised 75% of 
samples, whereas exclusively larger pT3 and pT4 tumors 
had been available for tissue based PlGF mRNA determi-
nation. Accordingly, the incidence of extratumoral NI in 
the prospective cohort was much lower and detected in 
only 30% of patients, thus precluding correlative analysis 
between PlGF/sFlt1circ and the fraction of invaded extra-
tumoral nerves. We acknowledge that a use of overlap-
ping cohorts in the retrospective analyses on serum- and 
tissue samples would have been more informative, but 
we could only prospectively obtain matched tissue and 
serum samples.

Another limitation of our retrospective cohort stems 
from non-uniform therapies in patients who received 
either surgery only or surgery followed by adjuvant treat-
ment. Consequently, we cannot conclude on the impact 
of adjuvant chemotherapy as potential confounder of our 
correlation between morphometric NI data and disease 
free and overall survival in our retrospective cohort.

Future perspectives
Given the ongoing paradigm switch to upfront neoad-
juvant chemotherapy in resectable PDAC, our results 
mandate a prospective evaluation of PlGF as a circulat-
ing and tissue-based biomarker for NI risk assessment. 
We envision this information can impinge on clinical 
decision making in several ways. For once, patients with 
a negligible risk of NI might be candidates for immedi-
ate surgery and subsequent adjuvant treatment rather 
than neoadjuvant treatment with a risk of providing an 
unfavorable, PlGF-rich tumor supportive niche in the 
perineural space. Second, patients with high risk of NI 
may benefit from targeting PlGF during adjuvant or neo-
adjuvant treatments. Third, high PlGF/sFlt1circ levels may 
alert physicians to a high risk of early tumor recurrence, 
and accordingly aid challenging decisions about surgery 
in multimorbid patients with a high mortality risk.

Thus, further prospective and repeated measurements 
of PlGF/sFlt1circ in well-defined clinical cohorts receiving 
(neo)adjuvant therapies are warranted in randomized tri-
als to evaluate the value of baseline or treatment-induced 
PlGF/sFlt1circ levels for risk allocation of patients to 
groups with high or low probability of NI. Such assess-
ment of circulating PlGF/sFlt1circ might particularly 
prove helpful in neoadjuvant situations, since pretreat-
ment biopsies do not allow for tissue-based evaluation of 
NI and consequently access to NI as prognostic param-
eters would be lost. Furthermore, it is tempting to specu-
late that circulating PlGF/sFlt1circ and tissue-based PlGF 
expression may reflect genetic subtypes of PDAC with 
enhanced capacities of tumor-nerve crosstalk allowing 
patients’ allocation to modified treatment algorithms.

Once validation has been obtained, PlGF directed 
therapies could be rapidly added to clinical trials in (neo)
adjuvant treatments.
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