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Introduction
Pancreatic ductal adenocarcinoma (PDAC) has a detrimental prognosis, with an overall 5-year survival rate 
of  12% even with state-of-the-art therapy (1). The main limiting factors of  PDAC therapy are early metasta-
ses and ineffective radio- and chemotherapy. The latter is caused, partially, by the predominant presence of  
stromal cells and extracellular components within the tumor mass (2). The stiff  fibrotic extracellular matrix 
(ECM) of  the tumor stroma, produced mainly by pancreatic stellate cells (PSCs), limits the diffusion of  nutri-
ents, rendering the PDAC stroma hypoxic and acidic compared with the healthy pancreas (3). Moreover, 
fibrosis hampers the antitumor immune response, as the cytotoxic CD8+ lymphocytes are substituted by neu-
trophil granulocytes and myeloid-derived suppressor cells (MDSCs) (reviewed in refs. 4, 5).

In the healthy pancreas, PSCs are localized near acinar, and ductal cells and are in a so-called quiescent state 
(6). In PDAC, PSCs are a heterogeneous cell group mainly functioning as protumor cancer-associated fibroblasts 
(CAFs) (7). On the one hand, PSCs differentiate into myofibroblastic CAFs (myCAFs) upon noxious stimuli such 
as inflammation, hypoxia, or mechanical stress. They express activation markers such as α-smooth muscle actin 
(αSMA), migrate to the site of injury, proliferate, and remodel the ECM. On the other hand, PSCs can differentiate 
into immunomodulatory CAFs (iCAFs), attracting a wide range of tumor-promoting and antitumor immune cells. 
However, it is important to note that CAFs are a heterogeneous group of cells derived from different lineages and 
do not only originate from PSCs. Multiple therapeutic strategies — e.g., cellular reprogramming with vitamin D 
— target tumor-promoting CAFs in pancreatic cancer (8, 9). However, none of these therapies exploits the unique 
pancreatic pH landscape, detailed below.

Acid-base homeostasis is a fundamental physiological function of  every cell. The intracellular pH (pHi) 
is usually slightly more acidic (ΔpHi = 0.2) than the extracellular pH (pHe) (10). Numerous pH-sensory 
and pH-regulatory molecules maintain pHi. Perturbed pHe can be directly sensed by GPCRs and other 
pH-sensing membrane proteins — e.g., ion channels (11). Cells use acid extruders — such as the Na+/H+ 
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exchanger NHE1 (Slc9a1), the Na+/HCO3
– cotransporter NBC1 (Slc4a4), or the V-type H+-ATPase (Atp6v0) 

— in case of  intracellular acidification (10). From these transporters, NHE1 is particularly well druggable; 
multiple validated inhibitors are available, from which cariporide has also been tested in large clinical trials 
(12, 13). In cancer cells, pH homeostasis is consistently dysregulated. Their pHi is usually higher than pHe 

(14) because of  increased expression of  pH-regulating transporters such as NHE1 (15–18). However, how 
pH regulation is altered in PSCs during PDAC is unknown.

The healthy pancreas has a unique pH landscape (19). Upon each meal, ductal cells secrete up to ~150 
mM HCO3

– into the ductal lumen (20). This, in turn, leads to an equimolar efflux of  H+ across the baso-
lateral membrane into the stroma. Otherwise, the ductal epithelial cells would be unable to maintain their 
pHi homeostasis. Consequently, all cells residing in the pancreatic stroma, such as PSCs, are intermittently 
exposed to a substantial acid load, detected in proof-of-principle measurements with pH microelectrode 
(21). However, in our view, the reported values are an underestimation of  the postprandial interstitial aci-
dosis of  the pancreas. How PSCs react to such an environmental acidosis has not been investigated to 
date. It is plausible that tumorous transformation of  the ductal cells in the early stages of  pancreatic tum-
origenesis (in pancreatic intraepithelial neoplasia [PanIN]) impairs ductal cell polarity and, thus, apical 
HCO3

– secretion into the ductal lumen (19). Less apical HCO3
– secretion results in reduced H+ extrusion 

into the pancreatic stroma and, hence, in attenuated acidification or relative alkalinization of  the interstitial 
pH. We hypothesize that this prolonged decrease in intermittent acidity is a major determinant of  the PSC 
phenotype and leads to tissue fibrosis in PDAC. We tested this hypothesis by combining in vitro and in vivo 
experiments focusing on pH regulation and PSC and CAF phenotypes, with the aim of  better understand-
ing desmoplasia in PDAC and identifying a potential therapeutic target for its disruption.

Results
Altered environmental pH triggers a PSC phenotype switch in vitro. First, we aimed to illustrate the impact of  
environmental pH on the PSC phenotype in the healthy and cancerous pancreas (Figure 1A). We per-
formed an unbiased screening using RNA-Seq of  primary murine PSCs cultured at pHe6.6 and pHe7.4 
(GSE223205; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE223205). This pH range can 
plausibly occur locally in the pancreas stroma and along the course of  PDAC (3). The replicates in each 
group were homogeneous according to principal component analysis (Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.170928DS1). We 
found a total of  1,769 genes differentially regulated between the 2 groups (log2FC > 0.58, P < 0.05), with 
804 genes being upregulated at pHe7.4 and 965 genes being upregulated at pHe6.6 (Supplemental Figure 1B 
and Supplemental Table 1). A gene set enrichment analysis (GSEA) (Figure 1B and Supplemental Figure 1, 
C and D) revealed that cell proliferation, communication, adhesion, and cell cycle pathways are markedly 
upregulated in PSCs cultured at pHe7.4. In contrast, immune response–related pathways are upregulated 
at pHe6.6. Next, we compared our results with gene expression signatures of  published PSC-derived CAF 
subpopulations (7, 22) (Figure 1C). Genes from iCAFs were highly expressed at pHe6.6, and PSCs cultured 
at pHe7.4 highly expressed myCAF marker genes (Supplemental Table 3). These findings suggest that PSCs 
isolated from the healthy pancreas with a physiological history of  intermittent acidification have an immu-
nomodulatory phenotype when kept in an acidic environment. However, they acquire a myofibroblastic 
phenotype upon removal of  the extracellular acidity when kept at pHe 7.0 and 7.4. Therefore, we will des-
ignate them as iPSCs and myPSCs, respectively.

To confirm the pHe-dependent phenotype switch of  PSCs, we cultured freshly isolated PSCs from WT 
mice in media with a pH range from pHe6.0 to pHe7.4 for 72 hours and then quantified αSMA expression 
as a derivative of  the myofibroblastic phenotype. For a more robust readout of  myofibroblastic PSC phe-
notype and αSMA quantity, we multiplied cell area with αSMA intensity. As expected from the RNA-Seq 
data, the myCAF phenotype heavily relied on the environmental pH (Figure 1, D and E). The highest 
expression of  αSMA was found at pHe7.4 (pHe6.0: 1,166 ± 146 a.u., pHe6.6: 8,090 ± 1,137 a.u., pHe7.0: 
140,365 ± 17,508 a.u., pHe7.4: 323,756 ± 30,015 a.u.; n ≥ 142 cells from N = 3 mice). Western blot exper-
iments comparing αSMA normalized to vimentin protein levels in PSCs cultured at pHe6.6 versus pHe7.4 
recapitulated the immunocytochemistry data (αSMA/vimentin protein expression) (pHe6.6: 0.11 ± 0.08 
a.u., pHe7.4: 1.23 ± 0.18 a.u., P = 0.015, n = 4 samples from n = 4 mice) (Supplemental Figure 2, A and 
B). The percentage of  viable cells in the population was reduced at pHe6.0 (12% ± 2%) and pHe6.3 (31% ± 
5%), while it was hardly affected at pHe > 6.5 (pHe6.6: 83% ± 2%; pHe7.0: 96% ± 1%; pHe7.4: 94% ± 2%, 
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Figure 1. Environmental alkalization induces myofibroblastic PSC differentiation and proliferation. (A) Concept 
of the working hypothesis. In the healthy pancreas, the marked HCO3

– secretion upon each meal results in a distinct 
stromal acidification, keeping the PSCs in a quiescent nonfibrotic phenotype. Upon malignant transformation in early 
PDAC (PanIN), ductal secretion decreases, resulting in a relief of the intermittent acidity ( = relative stromal alkaliza-
tion), leading to a myofibroblastic PSC differentiation. Acidic → alkaline pHe is depicted by yellow → purple colors. (B) 
Hallmark gene set enrichment analysis (GSEA) of RNA-Seq data from PSCs cultured at pHe7.4 versus pHe6.6 shows the 
top 5 differentially regulated pathways (n/N = 3/3). (C) A heatmap of RNA-Seq expression mean Z scores computed 
for published signature genes of immunomodulatory CAFs (left) and myofibroblastic CAFs (right). The gene (rows) Z 
scores for pHe6.6 and pHe7.4 are color coded. Dark green indicates higher expression Z scores (n/N = 3/3). (D) Immuno-
cytochemistry images of PSCs cultured at pHe6.6 or pHe7.4. The activation marker αSMA (yellow) and the general PSC 
marker vimentin (magenta) are labeled. Nuclei are stained with DAPI (cyan). Scale bar: 50 μm. (E) Cell areas multiplied 
by αSMA intensity is taken as a readout for the myofibroblastic PSC phenotype. It is plotted as a function of pHe. Mean 
values are shown as n ≥ 142 from N = 3 mice. Half-maximum (EC50) pHe-dependent PSC activation occurs at pHe7.0. 
Note the logarithmic scale of the ordinate. (F) Representative Western blot (top) of p53 and GAPDH of PSCs cultured at 
pHe6.6 or pHe7.4, with subsequent quantification (bottom) (n/N = 3/3). (G) Representative cell cycle histogram of PSCs 
cultured at pHe6.6 (red) and pHe7.4 (blue), assessed by flow cytometry with propidium iodide (PI) staining. Cell popu-
lations at different stages of the cell cycle are indicated by arrows. (H) The bar chart depicts the percentage of PSCs at 
the G0/G1 phase of the cell cycle when cultured at pHe 6.6 (red) and pHe7.4 (blue). Data points are npHe6.6 = 3 and npHe7.4 = 5 
measurements from n = 3 individual mice. Statistical tests in F and H were performed with 2-tailed unpaired Student’s 
t tests. A was created with BioRender.com.
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cells from n = 5 fields of  view of  n = 5 mice, P < 0.0001) (Supplemental Figure 2, C and D). Increased cell 
proliferation of  myPSCs was underlined by the fact that p53 protein was more expressed at pHe6.6 than at 
pHe7.4 (Figure 1F) (relative p53 expression to GAPDH: pHe6.6: 0,04 ± 0.01, pHe7.4: 0.01 ± 0.01;lysates 
from N = 3 mice each, P = 0.038). Cell cycle progression was also diminished at pHe6.6 compared with 
pHe7.4 (Figure 1, G and H; percentage of  PSCs in G0/G1 after 72 hours: pHe6.6: 93 ± 1%; pHe7.4: 80 ± 
2%; n ≥ 3 measurements from N = 3 mice, P = 0.017). Taken together, environmental pH was crucial in 
tuning the differentiation of  PSCs. They acquired iPSC and myPSC phenotypes at pHe6.6 and pHe7.4, 
respectively.

NHE1 is a key regulator of  PSC pH homeostasis. Since the myofibroblastic phenotype switch occurs in 
PSCs at pHe7.4 but not at pHe6.6, we hypothesized that pH sensory and regulatory ion transporters are 
involved in the process. Thus, we evaluated our RNA-Seq data regarding the respective gene ontology term 
(GO:0015075; https://www.ebi.ac.uk/QuickGO/term/GO:0015075) (Figure 2A). We found 43 trans-
porter genes differentially upregulated at pHe7.4 and 44 at pHe6.6 as well as a number of  genes that were 
highly expressed in both groups (Supplemental Table 3). From these, we selected and further validated the 
expression of  5 transporter genes (Figure 2B) and 10 ion channel genes (Supplemental Figure 3) and com-
pared them with the housekeeper genes Ywhaz and 18s rRNA by means of  quantitative PCR (qPCR). We 
used freshly isolated PSCs as well as PSCs cultivated at pHe7.4 or pHe6.6 for 5 days (Figure 2B; n = 6 from 
N = 3 mice). Notably, the Na+/H+ exchanger NHE1 (encoded by SLC9A1) has more mRNA expression in 
PSCs than most other pH-regulatory proteins under all investigated conditions. Because of  its pathophys-
iological relevance in cancer (23) and good druggability with small molecules such as cariporide (24), we 
decided to further investigate this protein.

To explore the subcellular localization of  NHE1 in vitro, we performed immunocytochemistry. Freshly 
isolated PSCs derived from healthy WT mice — i.e., quiescent PSCs — expressed NHE1 predominantly 
intracellularly (Figure 2C). However, NHE1 translocated to the plasma membrane of  PSCs from healthy 
WT mice already after 24 hours of  culturing in either pHe6.6 (iPSC) or pHe7.4 (myPSC). Similarly, CAFs 
freshly isolated from murine PDAC (KPfC) expressed NHE1 also mainly in their membrane.

Western blot analysis confirms our immunocytochemistry results. NHE1 was highly expressed in both 
freshly isolated and cultured PSCs as well as in PDAC-derived CAFs (Figure 2D). However, there were dis-
tinct differences: freshly isolated PSCs expressed the small (~80 kDa) intracellular, nonglycosylated NHE1 
protein, whereas PSCs cultured for 120 hours and tumor-derived CAFs expressed the larger (~100 kDa) gly-
cosylated, plasma membrane-residing NHE1.

We next focused on NHE1 functionality. We revealed its activity by measuring the pHi recovery following 
an NH4

+ prepulse (25) (Figure 2E). When PSCs from WT mice are cultured in vitro for 72 hours, the pHi 
closely follows the pHe (Figure 2F). PSCs kept at pHe6.6 have a pHi of  pHi 6.60 ± 0.01 (n cells/N mice = 
74/3). In contrast, the pHi of  PSCs cultured at pHe7.4 was pHi 7.10 ± 0.02 (n cells/N mice = 113/3). Similar-
ly, the pHi of  CAFs freshly isolated from KPfC-mice (cultured at pHe7.4) was pHi 7.11 ± 0.01 (n cells/N mice 
= 41/3). The NH4

+ prepulse protocol revealed almost no Na+-independent pH recovery in any of  these cells 
(Figure 2G) (pHe6.6: 0.040 ± 0.004 pH unit/min, n cells/N mice = 156/5; pHe7.4: 0.060 ± 0.003 pH unit/
min, n cells/N mice = 135/5; PDAC-CAF: 0.015 ± 0.005 pH unit/min, n cells/N mice = 41/3). In contrast, 
pHi immediately recovered upon readdition of  extracellular Na+. The rate of  pHi recovery was faster in PSCs 
cultured at pHe7.4 than in PSCs cultured at pHe6.6 (Figure 2H) (pHe7.4: 0.38 ± 0.05 pH unit/min, n cells/N 
mice = 45/3; pHe6.6: 0.11 ± 0.01 pH unit/min, n cells/N mice = 35/3; P < 0.0001). The pH recovery was 
primarily due to the action of  NHE1, as inhibition of  NHE1 with cariporide (10μM) almost completely 
abolished pHi recovery (pHe6.6: 0.019 ± 0.003 pH unit/min, n cells/N mice = 39/3; pHe7.4: 0.061 ± 0.003 
pH unit/min, n cells/N mice = 68/3). CAFs freshly isolated from tumor-bearing KPfC-mice also expressed a 
highly active NHE1, with the resting pHi and the rate of  NHE1-dependent recovery being similar to PSCs cul-
tured at pHe7.4 (vehicle-treated KPfC-mice: pH recovery: 0.44 ± 0.09 pH unit/min, n cells/N mice = 11/3). 
This also applies to CAFs isolated from another PDAC mouse model that is driven by κB-Ras1 deficiency 
(26) (Supplemental Figure 4, A and B, npH6.6 = 111, npH7.4 = 94 cells from n = 5 mice).

RNA-Seq and qPCR analyses indicate that the Na+- HCO3
– cotransporter NBC1 (Slc4a4) and the mono-

carboxylate transporter 4 (Slc16a3) and numerous other transporters are also expressed in PSCs that could 
complement and/or compensate for blocked NHE1 activity. To rule out this possibility, we performed pHi 
measurements in CAFs derived from vehicle-treated KPfC-mice in a CO2/HCO3

– buffered environment 
where HCO3

– transporters are active (Supplemental Figure 4C). We found that Na+-dependent pH recovery 
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Figure 2. NHE1-mediated pH recovery is inhibited by cariporide in PSCs. (A) Volcano plot analysis of ion transporter genes 
(GO:0015075) derived from the RNA-Seq data of PSCs cultured at pHe7.4 and pHe6.6 (n/N = 3/3). Genes indicated by red (n = 
43) and blue (n = 44) dots highlighted in rectangles are upregulated at pHe6.6 and pHe7.4, respectively. (B) Subsequent qPCR 
validation of ion transporter gene expression levels by the 2–ΔCT method compared with the housekeeping genes Ywhaz and 
18s rRNA. Bar charts show mean expression of genes from freshly isolated quiescent PSCs (0 hours, white) and PSCs cul-
tured at pHe7.4 (blue) or pHe6.6 (red) (n/N = 6/3). (C) Representative immunofluorescence images showing the cellular local-
ization of NHE1 in freshly isolated quiescent PSCs (0 hours), PSCs cultured at pHe7.4 or pHe6.6 for 120 hours, or vehicle-treat-
ed KPfC-derived PSCs (PDAC-PSC) (NHE1: magenta; DAPI: blue). Scale bar: 10 μm. (D) NHE1 Western blots are shown, with 
the top bands at 100 kDa corresponding to the glycosylated NHE1, whereas bands with lower molecular weight (80 kDa) 
correspond to the unglycosylated NHE1. Lysates are from N = 3 mice each. (E) pHi recordings of WT PSCs cultured at pHe6.6 
(left) and pHe7.4 (middle) or KPfC-derived CAFs (cultured at pHe7.4; right). pHi was acidified temporarily by applying the NH4

+ 
prepulse (*) technique. NHE1-independent pHi recovery starts when pHi has reached its minimum in the presence of the 
Na+-free solution (“0 Na+”). NHE1-dependent pHi recovery can be observed in the last step (Ctrl) of the experiment when 
cariporide was added to the Na+-containing superfusion as indicated. Lines show mean pHi of npH6.6 = 35, npH6.6+CARI = 39, npH7.4 
= 45, npH7.4+CARI = 68, nPDAC-CAF = 11, and nPDAC-CAF+CARI = 22 cells from N = 3 mice each. (F) Quantification of resting pHi of PSCs 
cultured at pHe6.6 (red) or pHe7.4 (blue) and CAFs (purple), respectively, derived from E (npH6.6 = 74, npH7.4 = 113, and nPDAC-CAF+CARI 
= 41 cells from N = 3 mice each). (G) Scatter plot depicts the rate of Na+-independent pHi recovery of PSCs cultured at pHe6.6 
(red), pHe7.4 (blue), or CAFs (purple), derived from E (n/N see F). (H) Comparison of the rate of Na+-dependent pHi recovery 
of WT PSCs cultured at pHe6.6 (red) or pHe7.4 (blue), or CAFs (purple) as explained in E (n/N see E). Statistical tests in F–H 
were performed with 1-way ANOVA with Tukey’s post hoc test.
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was primarily due to the action of  NHE1 (Supplemental Figure 4, D and E; pH recovery: 0.68 ± 0.04 pH 
unit/min, n cells/N mice = 30/3). In summary, NHE1 acted as the major acid extruder in PSCs and CAFs, 
and its inhibition with cariporide led to intracellular acidification of  in vitro cultured PSCs and ex vivo 
PDAC-derived CAFs.

Lack of  acidity facilitates YAP-1–mediated mechanotransduction and myofibroblastic PSC differentiation. Next, 
we aimed to get mechanistic insight into how cellular pH alkalinization results in the PSC phenotype 
switch. It is known that PSCs are quite susceptible to mechanical stimuli and express αSMA and, thus, 
exhibit a myofibroblastic phenotype predominantly on a rigid substrate (27, 28). We hypothesized that this 
major pathway of  myPSC differentiation may be influenced by environmental pH. Therefore, we plated 
freshly isolated WT murine PSCs onto hydrogels with varying stiffness (Figure 3A) and cultured them at 
pHe7.4 or pHe6.6 for 72 hours. Cells were larger and had more αSMA (derived from cell area × αSMA 
intensity) when plated on the 1 GPa glass substrate than on the 11 kPa hydrogel surface (Figure 3B) (1 GPa: 
335,493 ± 28,248 a.u., n cells/N mice = 170/3; 11 kPa: 88,304 ± 12,031 a.u., n cells/N mice = 65/3; P < 
0.0001). This difference was not seen when culturing PSCs at pHe6.6 (1 GPa: 35,722 ± 7,685 a.u., n cells/N 
mice = 100/3; 11 kPa:39,577 ± 7,214 a.u., n cells/N mice = 51/3; P < 0.0001; Figure 3C). From this, we 
concluded that the myPSC but not the iPSC phenotype (PSCs cultured at pHe7.4 and pHe6.6, respectively) 
relied on substrate stiffness at least with respect to cell size and αSMA positivity.

We then investigated whether pHe influenced mechanosignaling via YAP1, a well-characterized tran-
scription factor in PSCs (29). Immunocytochemistry (Figure 3D) revealed that the nuclear/cytosolic ratio of  
YAP1 was higher in pHe7.4 than in pHe6.6, indicating increased YAP1-mediated transcription in myPSCs 
as compared with iPSCs (Figure 3D) (1 GPa, pHe7.4: 1.5 ± 0.1, n cells/N mice = 63/3; pHe6.6: 1.1 ± 0.1, n 
cells/N mice = 43/3; P = 0.018). Overall, these data point out that the YAP1-mediated mechanosignaling 
was pH dependent and not utilized in iPSCs kept in an acidic environment.

Acidic pHe partially alters myPSC phenotype only in the presence of  cariporide. PSC phenotypes depend on the 
given stimulus (7, 30). Our results above indicate that environmental pH was crucial in PSC differentiation. 
However, in our initial experimental setting, we investigated a multitude of different pH-independent path-
ways by seeding cells from their native tissue environment onto plastic and into a cell culture medium. To test 
whether the sole removal of acidity was sufficient to induce differentiation of iPSC to myPSCs (e.g., through 
YAP-1–mediated mechanosignaling as shown above), we changed the medium pH of pHe6.6-cultured iPSCs, 
either to pHe6.6 (Resting) or to pHe7.4 (PanIN-like) after 72 hours (Figure 4A). Indeed, after just 3 days of cul-
ture at pHe7.4, PSCs differentiated from the iPSC to the myPSC phenotype as indicated by the drastic rise of  
αSMA expression (Figure 4B) (pHe6.6 → pHe6.6 [resting]: 35,722 ± 7685 a.u., n cells/N mice = 100/3; pHe6.6 
→ pHe7.4 [PanIN-like]: 1,414,669 ± 222,374 a.u., n cells/N mice = 64/3; P < 0.0001). Hence, we conclude that 
iPSCs cultured at pHe6.6 could further differentiate into myPSCs, with extracellular alkalinization (i.e., relief  
of extracellular acidity) being a sufficient stimulus.

We next tested whether PSCs (PanIN-like) can be reprogrammed from the myPSC to the iPSC pheno-
type by simply changing back the environmental pH to pHe6.6 (PDAC-like). This was not the case (Figure 
4A). PSCs retained their myofibroblastic phenotype since αSMA positivity and cell size do not change (Fig-
ure 4B) (pHe7.4 → pHe6.6 [PDAC-like]: 1,421,502 ± 146,424 a.u., n cells/N mice = 94/3; P = 0.45). We 
reasoned that myofibroblastic PSCs retained their phenotype because of  their pronounced NHE1 activity; 
reacidifying the environment alone would not alter pHi anymore because cells could get rid of  excess H+ 
rapidly through NHE1. To test this hypothesis, we applied cariporide with environmental reacidification 
(Figure 4C). In this “PDAC-like” pH shift, application of  cariporide indeed affected the myPSC phenotype 
(Figure 4D) (PDAC-like+CARI: 2,575,631 ± 282,664 a.u., n cells/N mice = 74/3; PDAC-like: 5,421,677 ± 
557,953 a.u., n cells/N mice = 74/3; P < 0.0001). This interpretation was supported by pHi measurements 
(Figure 4E). NHE1-mediated pHi recovery also occurred at a high rate in PSCs whose culture medium was 
reacidified after activation (pHe7.4 → pHe6.6) (Figure 4F) (Na+-dependent pH recovery: control: 0.56 ± 
0.07 pH unit/min, n cells/N mice = 35/3; cariporide: 0.14 ± 0.01 pH unit/min, n cells/N mice = 79/3; P < 
0.0001). These findings indicate that the NHE1 function maintained the myofibroblastic PSC phenotype in 
a harsh acidic tumor environment, while NHE1 inhibition partially disrupted it (Figure 4G).

Adjuvant PDAC therapy with an NHE1 inhibitor reduces desmoplasia. If  the inhibition of  NHE1 decreased 
the myofibroblastic nature of  PSCs, this would become evident by a reduced fibrosis in pancreatic cancer. 
We tested this idea in pancreatic tumor–bearing KPfC mice that harbored heterozygous loss of  p53 and 
conditionally expressed mutant K-Ras (genotype Kraswt/LSL–G12D Tp53fl/+ PDX1-Cre+) (31, 32). Cariporide was 
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given as an adjuvant drug complementing the standard therapy with gemcitabine (28, 29). To mimic the 
clinical situation of  patients with PDAC who usually suffer from a late diagnosis and therapy initiation, we 
started to apply cariporide at week 20. At that time point, most KPfC mice have already developed manifest 
PDAC (33). We treated the mice with 3 mg/kg cariporide i.p. daily for 1 month and initiated chemotherapy 
with gemcitabine at the end of  this period (Figure 5A).

The macroscopic total volume of  the pancreata (Figure 5B) and microscopic relative area of  tumor 
lesions normalized to total tissue area (Figure 5C) did not differ between the gemcitabine + cariporide 
double treatment group and the vehicle-treated group (volume: gemcitabine + cariporide: 0.4 mL, 95% CI, 
0.3–0.7 mL; P = 0.84, vehicle: 0.4 mL, 95% CI, 0.3–0.7 mL; relative tumor area: gemcitabine + cariporide: 
35%, 95% CI, 32–50%, n = 12 mice; vehicle: 41%, 95% CI, 34–54%, n = 10 mice; P = 0.78). However, the 
histochemical analysis of  fibrosis by means of  Sirius red staining revealed a clear difference (Figure 5D). 
The total area of  fibrosis in tumors relative to total tumor area was reduced by ~ 30% in mice treated with 
gemcitabine + cariporide compared with vehicle treatment (Figure 5E; gemcitabine + cariporide: 31 ± 4%, 
n = 12 mice; vehicle: 45 ± 4%, n = 11 mice; P = 0.03). To ensure that statistics were not biased by a few 
individual tumor nodes that were very large in size, we investigated the extent of  fibrosis in each individual 
tumor node in every tissue section (Figure 5F). We confirmed the antifibrotic effect of  cariporide. Cari-
poride decreased fibrosis when compared with vehicle treatment (cariporide: 34%, 95% CI, 31%–37%, n 
individual tumor nodes/N mice = 279/11; vehicle: 40%, 95% CI, 37%–42%, n individual tumor nodes/N 
mice = 400/11, P = 0.0005). Moreover, gemcitabine + cariporide treatment decreased fibrosis more than 
gemcitabine alone (gemcitabine + cariporide: 31%, 95% CI, 27%–34%, n individual tumor nodes/N mice 
= 476/12; gemcitabine: 38%, 95% CI, 35%–41%, n individual tumor nodes/N mice = 239/9 P = 0.0001). 
These findings point out that NHE1 inhibition was an effective adjuvant therapeutic strategy to counter 
excess fibrosis in PDAC. The following sections delineate whether the decrease in fibrosis was due to a 
direct effect on PSCs or, rather, an indirect effect mediated by other cell types such as immune cells.

NHE1 orchestrates CAF activation in PDAC. We reasoned that the decreased fibrosis in the gemcitabine 
+ cariporide treatment group was due to a decreased myCAF phenotype due to NHE1 inhibition. To 
ascertain whether PSCs express NHE1 in PDAC, we performed IHC (Figure 6A). We found that NHE1 
was ubiquitously expressed in cell membranes in pancreatic cancer (Supplemental Figure 6). Indeed, it was 
expressed in αSMA+ CAFs (Figure 6B) but also CK19+ PDAC and ductal cells as well as in immune cells.

Figure 3. PSC mechanotransduction medi-
ated by YAP1 is inhibited at acidic pHe. (A) 
Immunocytochemistry images of PSCs cultured 
on substrates of different stiffnesses at pHe6.6 
(top) and pHe7.4 (bottom). The activation mark-
er αSMA (yellow) and the general stellate cell 
marker vimentin (magenta), as well as nuclei 
(cyan), are labeled. Scale bar: 50 μm. (B) Cell 
area multiplied with mean αSMA fluorescence 
intensity was taken as a readout of myofi-
broblastic PSC phenotype on hydrogels with 
11 kPa stiffness or on glass (1 GPa). n11kPa = 65, 
n1GPa = 170 cells from N = 3 mice. (C) Represen-
tative immunofluorescence images of YAP1 in 
PSCs (green) under the indicated cell culture 
conditions. YAP1, when translocated from 
the cytosol (#) into the nucleus (*), initiates 
transcription. Scale bar: 50 μm. (D) The ratio of 
nuclear/cytosolic YAP1 fluorescence intensity 
was determined as a readout of YAP1-mediated 
signal transduction. n11kPa-pH6.6 = 68, n11kPa-pH7.4 = 
51, n1GPa-pH6.6 = 43, n1GPa+pH7.4 = 63 cells from N = 
3 mice each. Statistical tests in B and D were 
performed with 1-way ANOVA with Tukey’s 
post hoc test.
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To investigate whether the myCAF phenotype was affected during gemcitabine + cariporide treatment, 
we isolated CAFs from KPfC mice after the treatments outlined in Figure 5A and immediately evaluated 
their phenotype from αSMA staining fluorescence intensity and cell size (Figure 6C). To verify the fibroblastic 
nature of  the isolated cells, we showed by Western blot that only KPfC-derived tumor cells but not CAFs 
expressd a high level of  mutated KRas G12D (Supplemental Figure 7). We found that CAFs derived from 
KPfC mice treated with gemcitabine + cariporide were markedly less myofibroblastic than those isolated 

Figure 4. The myofibroblastic phenotype of activated PSCs is partially reversed by cariporide but not by acidic pHe 
alone. (A) After culturing PSCs at pHe6.6 for 72 hours, medium was changed to pHe6.6 (Resting) or to pHe7.4 (PanIN-
like) for another 72 hours. Lastly, the medium of pHe7.4-incubated cells was reacidified to pHe6.6 for another 72 hours 
(PDAC-like). Representative images of PSCs stained for αSMA (yellow), vimentin (magenta), and DAPI (cyan) are shown 
below each condition. Scale bar: 50 μm. (B) Scatter plot shows cell areas multiplied by αSMA fluorescence staining 
intensity (logarithmic scale) under conditions described in A. nResting = 100, nPanIN-like = 64, and nPDAC-like = 94; N = 3 mice. 
(C) Immunocytochemistry of PDAC-like PSCs in the absence (left) or presence (right) of cariporide (CARI). Scale bar: 50 
μm. (D) Scatter plot shows cell areas multiplied by αSMA fluorescence intensity (logarithmic scale) under conditions 
described in C. nPDAC-like = 74, nPDAC-like+CARI = 74; N = 3 mice. (E) Intracellular pH measurements of PSCs where culture 
medium is reacidified after activation (pHe7.4 → pHe6.6, PDAC-like). Intracellular pH was acidified temporarily by apply-
ing the NH4

+ prepulse technique, as shown in Figure 2. NHE1-dependent pH recovery can be observed when cells are 
superfused with Na+-containing solution (Ctrl) without (black) or with cariporide (red). Lines indicate the mean pHi of 
nPDAC-like = 35, nPDAC-like+CARI = 79 cells from N = 3 mice. (F) Comparison of the rate of Na+-dependent recovery of PSCs in the 
absence or presence of cariporide derived from E. (G) Illustration of extended working hypothesis. In manifest PDAC, 
acidic pHe fails to acidify pHi because of NHE1-mediated H+ extrusion (left). Therefore, PSCs and CAFs remain myofibro-
blastic, ultimately promoting tumor desmoplasia. However, upon NHE1 inhibition with cariporide, PSCs and CAFs fail to 
counterbalance the acid stress, which disrupts the myofibroblastic phenotype (right). Statistical comparison in B was 
performed with 1-way ANOVA with Tukey’s post hoc test, whereas in D and F, statistical comparisons were performed 
with 2-tailed unpaired Student’s t tests. G was created with BioRender.com.
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from mice receiving a gemcitabine monotherapy (Figure 6D) (gemcitabine + cariporide; 592,059 ± 165,706 
a.u., n cells/N mice = 70/4; gemcitabine: 7,339,572 ± 1,609,547 a.u., n cells/N mice = 59/3; P = 0.0023). 
When assessing cell area and αSMA fluorescence intensity separately (Supplemental Figure 5, A and B), we 
observed a decrease in cell area in gemcitabine + cariporide–treated CAFs compared with gemcitabine treat-
ment (vehicle: 3,822 ± 412 μm2, n cells/N mice = 61/3; cariporide: 2,602 ± 255 μm2, n cells/N mice = 63/3; P 
= 0.038; gemcitabine: 3,308 ± 329 μm2, n cells/N mice = 59/3; gemcitabine + cariporide; 2,006 ± 245 μm2, n 
cells/N mice = 70/4; P < 0.0001). This decrease in cell area could be attributed to NHE1 inhibition and may 
be a reflection of  a reduced cell volume (34).

Finally, as a global readout of  CAF function, we assessed cell migration after the treatments (Figure 
6E). CAFs derived from KPfC mice treated with gemcitabine + cariporide migrated more slowly than 
CAFs isolated from gemcitabine-treated mice (Figure 6F) (gemcitabine + cariporide: 0.05 ± 0.01 μm/
min, n cells/N mice = 40/4; gemcitabine: 0.1 ± 0.01 μm/min, n cells/N mice = 30/3; P = 0.0006). 
We also recapitulated this finding by exposing untreated κB-Ras–deficient PDAC-derived CAFs to cari-
poride (Supplemental Figure 5C). In these cells, migration was also inhibited in the presence of  10 μM 
cariporide (Supplemental Figure 5D) (cariporide: 0.08 μm/min ± 0.01, n cells/N mice = 30/3; control: 

Figure 5. NHE1 inhibitor treatment leads to reduced desmoplastic reaction in murine PDAC. (A) Schematic representation of the 4-week–long treat-
ment protocol of KPfC mice. Treatment started at the age of week 20. Cariporide was applied daily (1/D), and gemcitabine (100 mg/kg i.p.) was coinjected 
with cariporide (3 mg/kg i.p.) on the days indicated by the arrows. (B) Total pancreas volume of KPfC mice after gemcitabine (GEM) or cariporide (CARI) 
monotherapy or gemcitabine + cariporide (GEM+CARI) combined chemotherapy. Inlet demonstrates that pancreas volume was measured via volume dis-
placement. Data points depict individual pancreata; NVehicle = 11, NGEM = 9, NCARI = 11, NGEM+CARI = 11. (C) Relative tumor area in histological KPfC tissue sections 
was obtained by dividing total tumor area by total tissue area after H&E staining. Data points depict individual pancreata; NVehicle = 11, NGEM = 9, NCARI = 11, 
NGEM+CARI = 11. (D) Representative images of PDAC nodes (marked with *) after H&E and Sirius red stainings. The degree of fibrosis correlates with the area 
of Sirius red+ (marked in red, #) tissue neighboring the cancerous tissue. Scale bar: 100 μm. (E) Relative tumor fibrosis of each Sirius red–stained KPfC 
tissue section was determined by dividing the summed area of fibrosis within every tumor node (sum of thresholded black areas in every node in the inlet) 
by the summed area of the tumor nodes. Data points depict individual pancreata; NVehicle = 11, NGEM = 9, NCARI = 11, NGEM+CARI = 12. (F) To obtain the fibrosis per 
tumor node, the area of Sirius red+ fibrosis (black thresholded area in the inlet) was divided by the total area of the respective tumor node. Data points 
depict individual tumor nodes; nVehicle = 400, nGEM = 239, nCARI = 279, nGEM+CARI = 476. Data and statistical comparison in B, C, and F are shown as median ± 
95% CI with Kruskal-Wallis statistical test with Dunn’s post hoc test, and in E as mean ± SEM with 1-way ANOVA with Tukey’s post hoc test. Inlets for A 
and B were created with BioRender.com.
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0.11 ± 0.01 μm/min, n cells/N mice = 43/5; P = 0.025). To summarize, inhibition of  the Na+/H+ 
exchanger NHE1 in WT and pancreatic tumor–bearing mice shifted CAF differentiation toward a less 
myofibroblastic phenotype.

NHE1 inhibition enhances lymphocytic immune infiltration in KPfC mice. Above, we focused on NHE1 in 
PSCs and CAFs. However, it is known that a wide range of  other cells, including PDAC cells, lymphocytes, 
and neutrophils, also express NHE1, as observable from Supplemental Figure 6 (18, 35–37). We, there-
fore, followed up the relevance of  NHE1 in immune cell infiltration more closely after observing that the 

Figure 6. NHE1 orchestrates PDAC-derived CAF activation. (A) Representative H&E and IHC images of healthy and 
tumorous ducts. The colors of the IHC image indicate cell nuclei stained with NHE1 (magenta), αSMA+ PSCs and CAFs 
(yellow), DAPI (cyan), and CK19+ ductal or tumor cells (green). Scale bar: 40 μm. (B) αSMA+ cells (*) from A are depicted 
with higher magnification, which are also NHE1+. Scale bar: 20 μm (C) Immunocytochemistry of CAFs derived from 
KPfC mice after a 1-month treatment with vehicle (top) or gemcitabine + cariporide (bottom). Myofibroblast marker 
αSMA (yellow), the general mesenchymal marker vimentin (magenta), and nuclei (cyan) are labeled. Scale bar: 20 μm. 
(D) KPfC-derived CAF activation after therapy was assessed by multiplying cell area with the fluorescence intensity 
of αSMA. nVehicle = 61, nGEM = 59, nCARI = 63, nGEM+CARI = 70 from N ≥ 3 mice. Note the logarithmic scale of the ordinate. (E) 
Trajectories of migrating KPfC-derived CAFs are shown by individual black lines. The treatment of the respective mice 
is indicated. Trajectories of the treatment groups are always normalized to common starting points. The radii of the 
orange circles highlight the mean translocation of cells in each population. Scale bar: 20 μm. (F) Mean cell migration 
velocities of individual CAFs were calculated from the trajectories in C. nVehicle = 30, nGEM = 30, nCARI = 19, nGEM+CARI = 40 
cells from N ≥ 3 mice. Statistical tests in D and F were performed with 1-way ANOVA with Tukey’s post hoc test.
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primarily periodic acid–Schiff+ (PAS+) infiltrates in vehicle- or gemcitabine-treated cohorts shifted to PAS– 
ones in the cariporide or gemcitabine + cariporide treatment groups (Figure 7A and Supplemental Figure 
8). Furthermore, the immune cell infiltration in cariporide-treated animals was often accompanied by a 
disruption of  the architecture of  tumor foci, which may indicate a more effective immune response. These 
observations suggest that NHE1 inhibition shifts the immune cell infiltrate from a largely innate immune 
cell–rich one to a more lymphocytic infiltration.

To confirm this idea, we further characterized each PDAC sample quantitatively with CD3 and Ly6G 
IHC staining, labeling T lymphocytes and neutrophils, respectively (Figure 7B). We focused our evaluation 
on the CD3/Ly6G ratio in PDAC lesions, specifying that a high lymphocyte/neutrophil ratio has a favor-
able prognostic value for patient survival (38). Indeed, when comparing the number of  CD3+ and Ly6G+ 
cells in each tumor section, we found that the CD3/Ly6G ratio (Figure 7C) had increased by approximate-
ly 4 times in the gemcitabine + cariporide group as compared with the vehicle-treated group (gemcitabine + 
cariporide: 8.5, 95% CI, 4.9–10.6, n = 11 mice; vehicle: 2.2, 95% CI, 0.9–5.2, n = 9 mice; P = 0.03). Upon 
assessing the CD3/Ly6G ratio of  each individual tumor node (Figure 7D), we found it to be 2.5-fold higher 
in the gemcitabine + cariporide–treated than in the gemcitabine-treated group (gemcitabine + cariporide: 
2.6, 95% CI, 2.1–3.1, n individual tumor nodes/N mice = 398/11; gemcitabine: 1.1, 95% CI, 0.9–1.5, n 
individual tumor nodes/N mice = 276/9; P < 0.0001). We also noted that T cells not only accumulated in 
the periphery of  individual tumor foci but also penetrated into the depth of  the cancer tissue when mice 
were treated with gemcitabine + cariporide (Figure 7, A and B).

Taken together, our results indicate that the small-molecule inhibitor of  NHE1, cariporide, targeted the 
PDAC stroma in vivo on at least 2 vital fronts; it disrupted the vicious cycle leading to marked fibrosis, and 
it shifted tumor immune cell infiltrate to a more lymphocytic one, consistent with a more potent antitumor 
response.

Discussion
Our study was performed at the background of  the unique pH landscape of  the pancreas with the intermit-
tent postprandial acidification of  the interstitium that challenges all cells residing in the pancreatic stroma. 
Therefore, we studied how the inhibition of  one of  the major acid extruders, NHE1, affects the function 
and phenotype of  PSCs, which are important cells in the pancreatic stroma. The ultimate question was 
whether targeting NHE1 affects PDAC progression. To this end, we showed that environmental acidosis 
is a crucial factor in keeping PSCs in the healthy organ in a nonmyofibroblastic state (Figure 1). This 
aligns well with our initial hypothesis that an intermittent acidosis after each meal would prevent the PSC 
phenotype change. The immunomodulatory-to-myofibroblastic phenotype switch was only induced after 
changing pH from pHe6.6 to pHe7.4 in vitro (Figures 1 and 4). These findings are consistent with the idea 
that the physiological intermittent acidity of  the pancreas stroma acts like a “brake” to prevent premature 
PSC activation and excessive fibrosis. In pancreatic pathophysiology, removing this “acid brake” and the 
subsequent iPSC-to-myPSC phenotype switch favorably leads to ECM synthesis and wound healing in the 
short term. In the long term, however, reacidifying the environmental pH fails to revert the myPSC pheno-
type and terminate the fibrotic process, leading to excess fibrosis. Thus, depending on the context, intersti-
tial/extracellular acidity acts like a double-edged sword. Thereby, the continuous supply of  the stimulatory 
cancer cell secretome could make the difference in pancreatic cancer.

Based on our results, we argue that increased NHE1 activity, which is prominent in “PanIN-
like” and “PDAC-like” myPSCs and tumor-derived CAFs (Figure 2), was a major determinant in 
maintaining the vicious cycle of  the desmoplastic reaction. This assumption relies on the observa-
tion that PSCs only lost their myofibroblastic phenotype upon environmental reacidification when 
NHE1 was inhibited with cariporide (Figure 4). Further studies are needed to unravel whether this 
effect was due to decreased PSC activation or transdifferentiation to an immunomodulatory (or 
other) phenotype.

We could recapitulate this finding in vivo, where there was an apparent decrease in PDAC fibrosis (Fig-
ure 5) and myCAF phenotype (Figure 6) when applying the combined gemcitabine + cariporide treatment. 
These results imply that NHE1-inhibition may be a viable antifibrotic therapy in PDAC. However, antifibrot-
ic drugs in cancer therapy are discussed controversially. On the one hand, complete elimination of  fibrosis 
leads to enhanced invasiveness and more metastases (39). On the other hand, too much fibrosis creates a 
protective niche for tumor cells, allowing them to escape chemotherapy and immune response (40, 41). We 
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propose that inhibiting NHE1 might be a compromise between not targeting the fibrotic PDAC stroma and 
its complete elimination, both of  which are potentially harmful. Adjuvant therapy with cariporide reduced 
fibrosis and promoted lymphocyte infiltration (Figure 7) but did not lead to excess loss of  ECM, which 
would promote tumor invasiveness (Figure 5). This complex response underpins that therapeutic NHE1 
inhibition is not a purely antifibrotic therapy. Additional effects can, for example, be elicited by also targeting 
NHE1 in cancer cells (42).

In our view, we made 2 other important observations. We discovered that cariporide, in combination 
with gemcitabine, modulated tumor immune cell infiltration in favor of  a CD3+ lymphocyte-rich immune 

Figure 7. Lymphocyte/neutrophil ratio increases upon NHE1 inhibition in tumor sections of KPfC mice. (A) H&E 
(left) and PAS-stained KPfC mouse tissue sections after vehicle and gemcitabine + cariporide (GEM+CARI) therapy. 
Cells of innate immunity, such as neutrophils (arrows), utilize glycogen and are thus PAS+ (purple), in contrast to, 
for example, lymphocytes. Scale bar: 50 μm. (B) Representative IHC images stained for Ly6G+ neutrophils (magenta, 
arrows on left image), CD3+ lymphocytes (yellow, arrows on the right image), and nuclei with DAPI (cyan). Scale bar: 
50 μm. (C) CD3/Ly6G ratio was assessed by dividing the number of CD3+ cells by the number of Ly6G+ cells in every 
tumor node. Data points depict the mean CD3/Ly6G ratio derived from each tumor node in individual mice; NVehicle = 
10, NGEM = 9, NCARI = 10, NGEM+CARI = 11 mice. (D) To obtain the CD3/Ly6G ratio per tumor node, the number of CD3+ cells 
was divided by the respective number of Ly6G+ cells in each tumor node. Data points depict individual tumor nodes; 
nVehicle = 386, nGEM = 276, nCARI = 301, nGEM+CARI = 398. Data and statistical comparison in D and E are represented as 
median ± 95% CI using Kruskal-Wallis statistical test with Dunn’s post hoc test.
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response in KPfC mice (Figure 7). Based on our results, we propose a mechanism contributing to the neu-
trophil-to-lymphocyte switch in immune infiltration. Lymphocytes are unable to migrate through confined 
spaces when the mesh is too narrow for the nucleus to pass (43). Fewer myCAFs in the tumor reduce fibro-
sis, leading to an increased ECM mesh diameter, enabling lymphocytes to reach sites in the desmoplastic 
tumor that were too dense beforehand. On the other hand, neutrophil chemotaxis is impaired by cariporide 
(35). Taken together, it is plausible that both mechanical and biochemical cues lead to lymphocyte-rich 
immune response upon cariporide treatment. Other NHE1-regulated mechanisms, such as an altered 
metabolism, could also play a role. It has been recently shown that NHE1 inhibition promotes antitumor 
immune response in glioblastoma (36). Therapy of  glioma-bearing mice with cariporide in combination 
with chemotherapy (temozolomide) induces metabolic rewiring and increases T-lymphocyte infiltration 
into the tumor through metabolic reprogramming.

Moreover, we found that changing environmental pH induced specific responses in PSCs. Acidification 
led to a dramatic upregulation of  inflammation-related genes (Figure 1), whereas relative alkalization — 
i.e., relief  of  acidity — promoted cell proliferation and cell cycle (Figure 1, F–H). In addition, releasing the 
“acid brake” by alkalinization appears to be permissive for YAP1-mediated mechanotransduction (Figure 
3) and subsequently for pathways involved in cell adhesiveness and proliferation (Figure 1 and Supplemen-
tal Figure 1). This result is reinforced by our earlier studies that a key mechanosensor in PSCs, Piezo1, is 
inhibited by acidic pH (44, 45) and that Piezo1 is coupled to the YAP/TAZ pathway (46). Also, altered 
cellular metabolism under differential mechanical stimuli in PDAC modulates energy production, which 
regulates cell adhesion, cytoskeletal dynamics, and ECM remodeling (47).

A key question regarding the therapeutic applicability of  cariporide is whether inhibited NHE1 can 
be substituted by another acid-base regulating transporter in stellate cells or CAFs. This appears not to 
be the case; otherwise, cariporide therapy would not have shown the antifibrotic effects. Mechanistically, 
we found that the pH recovery after intracellular acidification happened in PSCs and CAFs primarily in a 
Na+-dependent manner in the absence and presence of  HCO3

– (Figure 2). We did not find any functional 
evidence for Na+-independent pH regulators such as carbonic anhydrases or the vacuolar-type (V-type) 
ATPase in PSCs. After applying cariporide, the pH recovery became markedly slower in the presence of  
HCO3

– but was not completely abolished. This implies that, besides NHE1, the Na+/HCO3
– cotransporters 

such as NBC1 (Slc4a4) can further stabilize the pHi in PSCs and CAFs. However, it has been recently shown 
that NBC1 in PDAC is rather expressed in epithelial tumor cells and regulates environmental HCO3

– accu-
mulation, cellular glycolysis, and subsequent lactate release. Upon NBC1 inhibition, reduced lactate and 
increased HCO3

– in the TME improve CD8+ T cell–mediated immune response (37). This aligns with our 
results that revealed the increased lymphocyte/neutrophil ratio upon NHE1 inhibition (Figure 7). Whether 
there is an actual interplay between NHE1 and NBC1 that can be exploited therapeutically in PDAC is 
highly probable. NHE1 inhibition would primarily target CAFs, NBC1 inhibition would primarily target 
cancer cells, and both would favor lymphocytic immune response. Such a combined approach could target 
pancreatic cancer and stellate cells in a complementary way and result in an efficient modulation of  the 
immune cell infiltrate. In summary, we argue that NHE1 function is not replaceable in PSCs but rather has 
a delicate interaction with other pH regulators culminating in an altered tumor immune response. These 
results support that cariporide should be explored as an adjuvant therapy in PDAC.

Methods
Animal experiments. WT C57BL/6J mice were sacrificed for experiments involving in vitro–activated PSCs. 
Therapeutical studies with cariporide and gemcitabine were conducted in a blinded fashion with KPfC 
mice that harbored heterozygous loss of  p53 and conditionally expressed mutant K-Ras (K-RasG12D) from 
the endogenous locus in the pancreas (Kraswt/LSL–G12D Tp53fl/+ Pdx1-Cre+) (31, 32). This is achieved by a Lox-
SOP-Lox (LSL) cassette that prevents expression of  the mutant K-Ras protein prior to Cre recombinase–
mediated recombination and consequent excision of  the STOP cassette that is controlled by the Pdx1 pro-
motor (Pdx1-Cre) (48). Treatment with the NHE1 inhibitor cariporide or its vehicle (control group) started 
at the age of  week 20 for 25 days (31, 49–51). Animals in the cariporide and gemcitabine + cariporide 
groups received daily i.p. injections with 3 mg/kg bodyweight cariporide (Medchemexpress) dissolved in 
0.9% saline + 2% DMSO, with a total injection volume of  5.5 mL/kg bodyweight. Control animals were 
injected with 0.9% saline + 2% DMSO. Animals in the gemcitabine and caripoirde+gemcitabine group 
additionally received 3 dosages of  100 mg/kg bodyweight gemcitabine i.p. (Ely Lilly) at days 18, 21, and 
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24 (Summarized treatment protocol in Figure 5A). We used equal numbers of  male and female animals in 
the 4 experimental groups.

As an additional validation of  in vivo PSC activation, we isolated CAFs from κB-Ras–deficient mice, 
which were generated by crossing Pdx1-Cre and LSL-KRasG12D with conventional κB-Ras and κB-Ras2–
conditional KO mice. All mice were on a C57BL/6J background (48, 52). Mice were housed in individu-
ally vented cages (IVC) containing nesting material. Constant ambient temperature (22°C ± 2°C), constant 
humidity (55% ± 10%), and a 12-hour light/12-hour dark cycle were provided.

Isolation of  PSCs and CAFs. PSCs and CAFs were isolated as described previously (44, 53). Briefly, 
murine pancreata were isolated from WT C57BL/6J mice and digested enzymatically with 0.1% collage-
nase P (Sigma-Aldrich, Merck KGaA) at 37°C for 25 min. We used a cube of  3 × 3 × 3 mm for isolating 
CAFs from KPfC or κB-Ras mouse-derived pancreata. After centrifugation with 200g at room temperature 
for 5 minutes, the homogenized tissue was resuspended in cell culture medium (DMEM/Ham F12 1:1, 
supplemented with 10% FCS and 1% penicillin/streptomycin; Sigma-Aldrich) and seeded onto FCS-coat-
ed tissue culture dishes, glass-bottom dishes, or hydrogel-coated glass-bottom dishes for 2 hours. CAFs 
derived from KPfC or κB-Ras–deficient mice were allowed to adhere for only 30 minutes, as we found 
that contamination with cancer cells became substantial after 2 hours. Afterward, nonadherent cells were 
vigorously washed off  the tissue culture plate, resulting in a homogeneous PSC or CAF culture. Depending 
on the experiments, PSCs and CAFs were cultured for different time periods (2 hours, 24 hours, 3 days, 
6 days, 9 days) with pHe6.6 or pHe7.4 media. To avoid trypsin-mediated PSC activation, PSCs and CAFs 
were used for experiments without passaging directly after isolation (54).

RNA-Seq and qPCR. For RNA-Seq, the Rneasy Mini Kit (Qiagen, 74104) was used to extract RNA 
from PSCs cultured for 120 hours at pHe6.6 or pHe7.4 according to the manufacturer’s instructions. The 
quality and quantity of  isolated RNA were evaluated using the NanoDrop 2000. Libraries were prepared 
and sequenced (~20 M single reads per sample) using the Illumina Next-Seq 500 sequencing platform 
(High-Output Kit, 75 Cycles v2 Chemie) at the Genomics Core Facility (University Hospital Münster, 
Münster, Germany).

Subsequent bioinformatics processing and analysis were primarily carried out on the Galaxy plat-
form (55). First, raw fastq files were aligned and mapped against the murine reference genome (mm10) 
with the HISAT2 v2.2.1 algorithm (RRID: SCR_015530) (56). Counts were subsequently extracted 
using featureCounts 2.0.1 (57), and differential expression of  genes was analyzed using limma 3.50.1 
(58), filtering out genes with CPM < 0.5 with a minimum of  samples = 2. Principal component analysis 
shows low heterogeneity within biological replicates but a high degree of  dissimilarity between different 
treatments (Supplemental Figure 1A). Features with FDR-adjusted P < 0.05 were declared significantly 
differentially expressed. The resulting gene lists were further processed with GSEA using fgsea 1.8.0 
(59) and EGSEA 1.20.0 (60). RNA-Seq data are publicly available on the Gene Expression Omnibus 
(GEO; GSE223205).

For qPCR, RNA was prepared from freshly isolated WT-mouse derived PSCs and from PSCs cultured 
for 120 hours at pHe6.6 or pHe7.4, using TRIzol (Invitrogen) following the manufacturer’s instructions. 
cDNA was generated using SuperScript IV Reverse Transcriptase (Invitrogen) from 2 μg of  RNA per reac-
tion. qPCR was performed using TaqMan Gene Expression Master Mix (Thermo Fisher Scientific) with 
predesigned TaqMan probes on 96-well TaqMan Express Plates. qPCR was monitored using a Quant-
Studio 3 Real-Time PCR System (Thermo Fisher Scientific) using the cycling protocol of  the master mix 
manufacturer. Data were analyzed using the QuantStudio Design and Analysis Software (Thermo Fish-
er Scientific). Since we found no published evaluation of  housekeeping genes with respect to their pHe 
sensitivity, we initially used 3 housekeeper genes for our assays. From 18s rRNA, Ywhaz, and Ppia, Ppia 
was found to be expressed pHe dependently and omitted from referencing by using the geNorm algorithm 
(RRID: SCR_006763) (61).

Protein extraction and Western blot. Total protein was extracted from freshly isolated WT mouse-derived 
PSCs, PSCs cultured for 120 hours at pHe6.6 or pHe7.4, and KPfC-derived CAFs using radioimmuno-
precipitation assay (RIPA) buffer (Thermo Fisher Scientific) and 1% Complete Mini protease inhibitor 
(Roche). Protein concentration was assessed with Pierce BCA Protein Assay Kit (Thermo Fisher Scientif-
ic). Western blots of  NHE1, vimentin, αSMA, KRas, and p53 were performed as described previously (62). 
In total, 15 μg of  denatured total cellular protein was applied to each lane of  4%–15% Mini-PROTEAN 
TGX Stain-Free Protein Gels (Bio-Rad) for electrophoresis at 80 mV. After overnight transfer to PVDF 
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membranes at 4°C, we detected the total amount of  protein on the membrane following the manufactur-
er’s instructions. Next, we blocked the membrane with PBS containing 5% skim milk for 1 hour and then 
incubated the blots with primary antibodies against NHE1 (611775, RRID: AB_399261, 1:1,000, BD Bio-
science), p53 (10442-1-AP, RRID: AB_2206609, 1:1,000, Proteintech), αSMA (A2547, RRID: AB_476701, 
1:500, Sigma-Aldrich, Merck KGaA), vimentin (10366-1-AP, RRID: AB_2273020, 1:1,000, Proteintech), 
and G12D mutant–specific KRas antibody (14429, RRID: AB_2728748, 1:500, Cell Signaling Technology) 
overnight at 4°C. After washing 3 times with PBS, we applied HRP-conjugated goat anti-mouse secondary 
antibody (1:10,000, goat anti–mouse IgG H&L, ab6708, RRID: AB_956005, Abcam). Chemiluminescence 
was detected using a Chemidoc MP detection system (Bio-Rad), and band intensities were evaluated with 
the ImageLab software (Bio-Rad).

Histology, IHC, and immunocytochemistry. For histology and IHC, pancreata were fixed in 4% paraformal-
dehyde, embedded in paraffin, and then cut into 2 μm sections with a RM2125 microtome (Leica). After-
ward, sections were deparaffinized with xylene, rehydrated in a stepwise manner, and stained with H&E or 
PAS (Biozol) and Sirius red (Roche) according to the manufacturer’s instructions. Representative images 
were taken with AxioImager (Zeiss) and subsequently processed with ImageJ (RRID: SCR_003070). For 
scanning whole tissue slices, the Leica SCN400 scanner was used with the Leica SCN400 Client software 
(Leica). Analysis of  whole tissue scans was performed with QuPath software in a blinded fashion (RRID: 
SCR_018257) (63). First, a pixel classifier was trained to distinguish Sirius red+ fibrosis from nonfibrotic 
tissue using training images derived from multiple different tissue sections. The quality of  the pixel classifi-
cation algorithm was compared with the manual classification of  fibrosis, and training was stopped when 
the automatic classification was at least as accurate as the manual classification. Then, individual tumor 
nodes were manually annotated on Sirius red–stained slices. Next, the pixel classification algorithm was 
applied to all Sirius red–labeled sections, resulting in the absolute and relative areas of  Sirius red+ fibrosis 
in each tumor node as an output.

For IHC stainings, antigen retrieval was done using 10 mM sodium citrate buffer (pH 6.0), followed by 
blocking in 1% BSA-containing PBS for 1 hour (Sigma-Aldrich). Slides were stained with primary antibod-
ies in a humidified chamber at 4°C overnight. Primary antibodies included the following: goat anti-CK19 
(sc-33111, RRID: AB_2234419, 1:100, Santa Cruz Biotechnology), rabbit anti-NHE1 (HPA052891, RRID: 
AB_2681981, 1:200, Atlas Antibodies), and Alexa Fluor 488–conjugated mouse anti-αSMA (53-9760-82, 
RRID: AB_476701, 1:600, Thermo Fisher). In case of  immune cell staining, we used: rabbit anti-CD3 
(ab5690, RRID:AB_305055, 1:200, Abcam) and rat anti-Ly6G (MAB1037, 1:100, R&D Systems). After 
washing 3 times in PBS, the following secondary antibodies were used: donkey anti–rabbit Alexa Fluor 
488 (711-545-152, RRID: AB_2313584, 1:1,000, Jackson ImmunoResearch) and donkey anti–goat-Cy3 
(705-165-003, RRID: AB_2340411, 1:1,000, Jackson ImmunoResearch). Slides were mounted in DAKO 
mounting medium (Agilent) with 0.001% DAPI (Sigma-Aldrich, Merck KGaA) and covered with cover-
slips. For representative images, confocal microscopy was performed on a Leica DMI 6000 setup (Leica) 
in the Las-X software with 405 nm, 488 nm, 514 nm, and 633 nm lasers with a 630× total magnification. 
Afterward, images were processed using ImageJ (NIH).

An inverted Nikon ECLIPSE Ti2 widefield microscope (Nikon) equipped with a triggered and calibrated 
Lumencor Spectra III LED light source, a motorized stage, 4× (NA = 0.2) and 20× (NA = 0.75) air objectives, 
and a Photometrics Prime 95B sCMOS camera was used in a semiautomated manner to acquire the Ly6G 
(Alexa Fluor 647), CD3 (Cy3), and the nuclear (DAPI) signals of the 5 μm–thick tissue sections in their entirety 
at a 550 nm per-pixel resolution. For greater efficiency, the microscope slides were positioned in a custom-built 
slide holder capable of carrying 4 slides simultaneously. The Nikon NIS Elements (ver. 5.21.03) JOBS acqui-
sition automation was set up to first record a low-resolution (4× objective) composite, DAPI overview image 
of all 4 slides. Next, outlines delineating the respective tissue section were generated, within which multiple 
points were distributed; at each point, the microscope automatically identified the respective z coordinate cor-
responding to the tissue in-focus plane. The resulting z coordinates were interpolated to generate a tissue sec-
tion–specific focus map, along which the final, overlapping, multichannel images were acquired and ultimately 
stitched into a single image depicting the entire tissue section. The acquisition speed was enhanced by having 
the camera directly trigger the respective excitation wavelengths (635, 555, and 390 nm), utilizing a multiband-
pass filter cube and short (30 ms) exposure times. For subsequent image analysis, the resulting Nikon.nd2 files 
were batch converted to the .ims format (hierarchical data format 5 based) with the Imaris File Converter ver. 
9.8.2 (Bitplane). All samples were acquired in a blinded fashion using the same acquisition settings.
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IHC was evaluated in a blinded manner in QuPath (63). First, an object classification algorithm was 
trained from training images derived from multiple different tissue sections to separately detect CD3+ and 
Ly6G+ cells. The training was stopped when the manual classification was similar to automatic classifica-
tion. Next, every tumor node in each tissue section was manually annotated, followed by segmentation of  
each individual cell in the tumor nodes using the DAPI channel. Finally, cells were classified as CD3+ and 
Ly6G+ using the trained automatic cell classification algorithm, giving the number of  CD3+ and Ly6G+ 
cells in each tumor node as output.

Immunocytochemistry was performed on PSCs isolated directly onto glass-bottom dishes, where they 
were ultimately visualized. Following washing cells with PBS, fixation, and permeabilization were per-
formed with ice-cold methanol at –20°C for 5 minutes. Afterward, dishes were carefully washed 3 times 
with PBS and blocked with PBS containing 10% FCS. Primary antibodies against αSMA (A2547, RRID: 
AB_476701, 1:200, Sigma-Aldrich, Merck KGaA), vimentin (10366-1-AP, RRID: AB_2273020, 1:500, Pro-
teintech), YAP1 (sc-101199, RRID: AB_1131430, 1:250, Santa Cruz Biotechnology), and NHE1 (611775, 
RRID: AB_399261, 1:200, BD Bioscience) were applied overnight at 4°C. After washing 3 times with PBS, 
Alexa Fluor 488–conjugated secondary antibodies against mouse (Invitrogen, 1:500) and Cy3-conjugated 
antibodies against rabbit (Invitrogen, 1:500) were applied at room temperature for 1 hour. Lastly, after 
washing 3 times with PBS, 0.01% DAPI was applied in 1 mL PBS, and cellular fluorescence was acquired 
within 24 hours.

pHi measurements. Assessment of  pHi was conducted ratiometrically using the fluorescence indica-
tor BCECF-AM (Invitrogen) as previously described (64). PSCs and CAFs were either superfused with 
HEPES-buffered or CO2/HCO3

– buffered Ringer’s solution. Prior to conducting pHi measurements with 
HEPES-buffered Ringer’s solution, HCO3

– buffered cell culture medium was exchanged to the HEPES-buff-
ered Ringer’s solution, and cells were allowed to adapt for 1 hour to the environment. HEPES-buffered 
Ringer’s solution had the following composition (in mM): 122.5 NaCl, 5.4 KCl, 1.2 CaCl2, 0.8 MgCl2, 5.5 
D-glucose, and 10.0 HEPES, titrated to pH 7.4 with NaOH. When performing pHi measurements in the 
presence of  CO2/HCO3

– buffered Ringer’s solution, all solutions contained 24 mM NaHCO3 instead of  
equimolar NaCl to maintain osmolarity, and solutions were continuously bubbled with 5% CO2 using the 
gas mixing system DIGAMIX SA27 (Wösthoff). The appropriate pH of  solutions was regularly monitored 
by a Knick 766 electrode-based pH meter.

To study the NHE1-dependent pH recovery after acidification, NH4
+ prepulse was performed (25). 

First, cells were perfused with 20 mM NH4
+-containing Na+-free solution (in mM: 102.5 N-Methyl-D-glu-

camin hydrochloride, 20 NH4Cl, 5.4 KCl, 1.2 CaCl2, 0.8 MgCl2, 1 BaCl2, 5.5 D-glucose, and 10.0 HEPES, 
titrated to pH 7.4 with KOH) for 1 minute to alkalinize pHi. Afterward, PSCs were superfused with Na+-
free solution (in mM: 122.5 N-Methyl-D-glucamin hydrochloride, 5.4 KCl, 1.2 CaCl2, 0.8 MgCl2, 5.5 
D-glucose, and 10.0 HEPES, titrated to pH 7.4 with KOH) for 10 minutes to acidify pHi. Eventually, Na+ 
was added back with control Ringer’s solution for 5 minutes, and Na+-dependent recovery was observed 
in the presence of  solvent (0.1% DMSO) or 10 μM cariporide. Lastly, for calibration purposes, cells super-
fused with a modified Ringer’s solution containing 1 μM nigericin (Sigma-Aldrich, Merck KGaA) (in mM: 
125 KCl, 1 MgCl2, 1 CaCl2, and 20 HEPES, titrated to pH 7.5 and pH 6.5).

Data acquisition was performed with a setup consisting of  a fluorescence microscope (Zeiss Axiovert 
100), a high-speed shutter, and a polychromator (Visitron Systems), using dual excitation wavelengths of  
440 nm and 490 nm and emission wavelength of  510 nm. Data analysis was performed using the Visiview 
3.0 software (Visitron Systems). Fluorescence intensities were measured over the whole-cell area and cor-
rected for background fluorescence. Subsequently, for each time point, the 440 nmex/490 nmex fluorescence 
intensity ratios were calculated. Since the BCECF fluorescence ratio follows a linear trend between pH 6.5 
and pH 7.5, 2-point calibration was performed using linear regression.

Cell migration. The migratory behavior of CAFs on a 2-dimensional substrate was assessed as previously 
described (44). Even though a 2-dimensional setting imposes nonphysiological constraints, it offers a reliable 
readout regarding the adhesive and migratory machinery of the cells (65). Briefly, CAFs originating from 
PDAC-bearing mice were seeded in 12.5 cm2 flasks that were precoated with ECM components resembling the 
desmoplastic stroma (66), containing the following components: 40 μg/mL laminin (Sigma-Aldrich, Merck 
KGaA), 40 μg/mL fibronectin (Sigma-Aldrich, Merck KGaAy), 800 μg/mL collagen I (Corning), 12 μg/mL 
collagen III (Corning), and 5.4 μg/mL collagen IV (BD Biosciences). Following cell adhesion overnight at 
37°C containing 5% CO2, flasks were sealed air-tight and inserted into 37°C temperature-controlled chambers. 
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In the chambers, cell motility was observed using an inverted microscope (Zeiss Axiovert 40, Zeiss) and record-
ed every other 15 minutes using the MicroCamLab 3.1 software (Bresser). From the recordings, cell contours 
were segmented using the Amira software (Thermo Fisher Scientific) and further processed to determine cell 
velocities (μm/min) from the displacement of the cell centroid over time (quantification detailed by Dieterich 
et al.; ref. 67). Cell translocation indicates the start-to-end net cellular displacement.

Polyacrylamide hydrogel production and stiffness measurements. Polyacrylamide gels were prepared using 
a chemical polymerization protocol (68). Glass-bottom dishes were defatted with EtOH and pretreated 
with 0.1M NaOH. Afterward, the glass was silanized with APTMS ([3-Aminoprpyl]trime-thoxysilane; 
Sigma-Aldrich) and subsequently treated with 0.5% glutaraldehyde at room temperature for 30 minutes. 
Different stiffness of  polyacrylamide gels was achieved by applying different component concentrations, 
as detailed in Supplemental Table 1. After mixing the gel components, polymerization was initiated by 
0.003% Tetramethylethylendiamine (TEMED) and 1% Ammoniumperoxodisulfate (APS). After mixing 
the solution, 8 μL solution was pipetted in the middle of  the glass-bottom dish and immediately covered 
by a 15 mm diameter glass coverslip. Polymerization was allowed overnight at 4°C. Next, gels were treat-
ed with the photoactivated heterobifunctional crosslinker 0.05% Sulfo-SANPAH (Sigma-Aldrich, Merck 
KGaA) under 302 nm UV light for 15 minutes. After washing, gels were coated with the collagen-contain-
ing matrix used for cell migration studies.

Hydrogel stiffness was measured using a NanoWizard 3 NanoScience atomic force microscope (JPK 
Instruments AG). The cantilevers (Novascan Technologies), equipped with a spherical polystyrene bead of  
10 μm diameter, were precalibrated, having spring constants of  0.03–0.04 N/m. The deflection sensitivity of  
the cantilever was calibrated before each measurement. Hydrogel stiffness measurements were conducted at 3 
parts of  the hydrogels, with 5 times probing the substrate at each point. All measured positions of  the gel were 
at least 1 mm apart from each other to confirm gel homogeneity. The Young’s moduli were calculated from 
the measured force-distance curves using the JPK Data Processing software (Bruker Nano GmbH).

Statistics. Biological replicates (N) refer to the number of  mice employed for each experimental series. 
n reflects the number of  individual data points in any given experimental condition (e.g., number of  cells, 
number of  tumor foci). To calculate data distribution, the D’Agostino-Pearson test was applied. Normally 
distributed data are given as mean ± SEM; not normally distributed data are given as median ± 95% CI. 
For data following normal distribution, 2-tailed unpaired Student’s t tests or 1-way ANOVA with Tukey’s 
post hoc test were performed. When data did not follow a normal distribution, Mann-Whitney U test or 
nonparametric 1-way ANOVA-on-ranks (Kruskal-Wallis) statistical test with Dunn’s post hoc test was con-
ducted. We used GraphPad Prism 7 (RRID: SCR_000306) for statistical analysis and data presentation. 
Statistical significance was assumed when P < 0.05.

Study approval. All animal experiments involving WT C57BL/6J mice, KPfC mice, and K-RasG12D–
expressing κB-Ras–deficient (NKiras1–/– NKiras2fl/– Kraswt/LSL–G12D Pdx1-Cre+) mice were approved by the local 
authorities (LANUV).

Data availability. All raw data can be accessed in the Supporting Data Values file. Moreover, RNA-Seq 
data are publicly available on the GEO Omnibus (GSE223205). Further information and analytic methods 
that support the findings are available upon request from the corresponding author.
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