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SUMMARY

Cholangiocarcinoma (CCA) is a biliary tree malignancy with a dismal prognosis.
Tumor microenvironment (TME), including cancer-associated fibroblasts (CAFs)
has been shown to be involved in drug resistance. To model the interactions be-
tween cancer cells and the TME, we established CCA complex patient-derived
organoids (cPDOs) to include epithelial PDO (ePDOs) and matched CAFs. While
ePDOs were sensitive to bortezomib, we found the matched cPDOs were rela-
tively resistant. Mechanistically, this resistance was correlated with over-expres-
sion of CXCR4 in the CAF component of cPDOs. In accord with the role of CXCR4
in the resistance to bortezomib, we found that a CXCR4 inhibitor can reverse the
resistance to bortezomib in vivo. Furthermore, we found that the inhibition of
CXCR4 allowed bortezomib to sensitize CCA to anti-PD1 treatment, with a signif-
icant reduction of tumor burden and long-term overall survival. This novel cancer/
stroma/immune triple treatment holds great promise for the treatment of CCA.

INTRODUCTION

Cholangiocarcinoma (CCA) is a highly aggressive cancer emerging from the epithelium of the biliary tree.

CCA accounts for 15% of all primary liver malignancies. CCA has a dismal prognosis with a 5-year overall

survival (OS) rate of 10%, and a median OS of 24 months.1,2 Surgical resection or liver transplantation are

the only potentially curative approaches, but are feasible only in a minority of patients who are diagnosed

early in their disease course.3,4 Of note, even after resection with curative intent, approximately 70% of pa-

tients recur. Therefore, almost all patients with CCA require effective systemic treatment.5 A number of

recent studies have identified promising therapies for CCA. For example, durvalumab, an investigational

anti-PD-L1 treatment is investigated in trials for CCA.6 The recent years have also witnessed targeted ther-

apies in combination with standard chemotherapy for CCA.7 However current first-line therapy has a

limited impact on outcomes.5 CCAs are densely desmoplastic and their relative resistance to therapy is

thought to be due, in large part, to activated cancer-associated fibroblasts (CAFs) that support cancer cells

and render them resistant to chemotherapy as well as to immune therapies.8

Bortezomib (BTZ) is a proteasome inhibitor that is Food and Drug Administration (FDA) approved for mul-

tiple myeloma.9 Bortezomib was reported to be effective in vitro in several cancers including CCA.10–12 In a

high-throughput drug screening on primary patient-derived organoids (PDO), we found that BTZ is highly

effective against CCA cells in vitro.13 These in vitro findings are in contrast to several human clinical trials

which have not found BTZ effective in CCA, pancreatic cancer and hepatocellular carcinoma with desmo-

plastic features.10–12 In corroborating these findings, we hypothesized that the clinical trial failures were not

due to the cell-intrinsic potency of BTZ but rather due to the tumor microenvironment (TME) and CAFs that

protect cancer cells from BTZ.

Immune checkpoint inhibitors (ICIs) hold promise in a variety of solid cancers. Patients treated with these

agents oftentimes display increased survival and long-term remission. For these reasons, ICI has become a

first-line drug for some of thesemalignancies.14–17 In CCA, however, when used alone, ICIs have shown only

a modest clinical benefit.18 It was noted that CCAs display a relatively low infiltrate of T lymphocyte and

immune positive modulating factors in the tumor mass.19,20 Therefore, it was hypothesized that this relative

ineffectiveness of ICI in CCA is at least in part due to the rich TME that CCAs display and which renders

immune surveillance ineffective.
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C-X-C chemokine receptor 4 (CXCR4) inhibitors were shown to decrease CAF activation and reverse the

immunosuppression in the TME of several solid cancers, such as breast, pancreatic, hepatocellular cancer

(HCC), glioblastoma, and others.21–26 In addition, the combination of a CXCR4 inhibitor with a pro-

grammed cell death protein 1 (PD1) provided a significant benefit in preclinical animal models of cancer

as well as in human clinical trials.21–26 Of further importance, a high CXCR4 expression correlates with

CCA progression and metastasis. In addition, the OS of patients with intrahepatic CCA correlates inversely

with CXCR4 expression.26 Last, activated CAF in the TME of CCA secretes stromal cell-derived factor-1

(SCF-1), which activates CXCR4 to induce CCA cell invasion via ERK1/2 and Akt.24

In this study, we hypothesized that combining a CXCR4 inhibitor with an anti-PD1 agent as well as BTZ can

overcome the overall immunosuppressive TME. Firstly, using a human CCA PDO-derived subcutaneous

PDX mouse model, we demonstrated that CXCR4 inhibition can decrease the activation of CAFs in

CCAs and reverse BTZ resistance. In addition, using subcutaneous and orthotopic immunocompetent

CCA mouse model, we report that a CXCR4 inhibitor increased the effectiveness of anti-PD1 in CCA sensi-

tized with BTZ. The triple combination therapy resulted in a significant reduction in tumor size and long-

term overall survival. This study provides the foundation of a novel effective therapy in CCA that can be

applied in future clinical trials.
RESULTS

Establishment of a patient-derived epithelial organoid and matched patient-derived

xenograft from a human cholangiocarcinoma specimen

As we reported previously, human CCA tissue obtained at surgery was utilized to establish an epithelial

patient-derived organoid line (ePDO61).13 The tumor utilized to establish this ePDO was a poorly differen-

tiated intrahepatic cholangiocarcinoma with extensive necrosis. There was lymphovascular invasion. Two

lymph nodes were positive for metastatic carcinoma. The ePDO61 was utilized to establish a matched pa-

tient-derived xenograft model (PDX61) by the implantation of ePDOs into NOD SCID-IL2R-g chain-defi-

cient (NSG) mice, as we have done previously.27 Figures 1A–1C shows staining for cholangiocyte markers

(CK7 and CK19), an epithelial marker (EPCAM) as well as a stem cell marker (LGR5). The similar staining

pattern and intensity argue that ePDO61, as well as PDX61 represent suitable models of the primary

CCA specimen. Hematoxylin and eosin (H&E) staining for these 3 matched tissues is shown in Figure 1D

and further demonstrates a similar appearance.
Establishment of complex patient-derived organoids to include fibroblasts along with

epithelial cancer cells

Human CCAs tend to be highly desmoplastic.28 The dense stromal infiltrate is thought to participate

in the survival of cancer cells through multiple mechanisms, including the inhibition of immune re-

sponses against the cancer.28 To model some of these complex interactions between epithelial cancer

cells and stromal cells (including fibroblasts) we aimed to develop cPDOs by 3-dimensional co-

culturing of human tumor fibroblasts obtained from primary CCA resection specimens with epithelial

cancer cells obtained from matched specimens. First, we isolated cancer-associated fibroblasts (CAFs)

from the human CCA resection specimens and then verified their identity with a combination of CAF

markers: alpha smooth muscle actin (a-SMA), Collagen-1, fibroblast specific protein-1 (FSP1), vimentin

and fibroblast activation protein (FAP)29–31 (Figure S1). Then, these CAFs were co-cultured with ePDOs

established from the same tumor. Bright-field image and cell tracker live staining demonstrated the

growth of a cystic epithelial organoid within a matrix of CAFs (Figures 2A and 2B). cPDO cultures

were embedded in OCT on day 14 and slides were cut for immunostaining with the purpose of

comparing against human tissue as well as PDX tissue. Figure 2C (panel 1) shows the self-organization

of cPDO cultures with islands of CK7-stained CCA cells surrounded by collagen-1 secreted by CAFs in

the co-culture. This appearance is strikingly similar to human CCA tissue, as well as CCA PDX in vivo

(panels 2 and 3 in Figure 2C).
Drug testing in epithelial patient-derived organoids and matched complex patient-derived

organoids

Wepreviously reported a high throughput drug screening in ePDOs.13 This previous effort identified BTZ as

a highly effective drug with inhibitory concentration 50 (IC50) ranging from 1 nM to 30.37 nM across mul-

tiple liver cancer PDO lines. Here, we contrasted the IC50 of BTZ in three CCA ePDOs vs. matched cPDOs
2 iScience 26, 106095, March 17, 2023
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Figure 1. Primary human CCA is similar to a matched ePDO as well as PDO-derived PDX

(A–C) IF staining with antibodies anti-CK7 and -CK19, EPCAM, as well LGR5 is similar in primary CCA, matched ePDO and PDX. Scale bar - 50 mm

(D) H& E staining is similar in primary human CCA tissue and matched ePDO and PDX. Scale bar - 50 mm.
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lines. We hypothesized that if CAFs participate in inducing resistance to BTZ, then we should see a higher

value for IC50 in matched cPDOs vs. ePDOs. Indeed, as Figure 2D shows, a concentration of 10 nM of BTZ is

sufficient to kill all cancer cells in the ePDO, while the same concentration is not sufficient in the matched

cPDO. Further increases in the dose of BTZ in cPDO demonstrate that there are some live PDO cells even at

a concentration of BTZ of 10 mM. The calculated IC50 of BTZ increased more than 100-fold in cPDOs vs.

matched ePDOs in the three different CCA patient-derived PDOs (Figure 2E and Table 1). These results

argue that CAFs in the cPDO are responsible, at least in part, for inducing resistance to BTZ. These results

also argue that drug resistance mechanisms can be modeled in vitro by the addition of CAFs to ePDO

cultures.
iScience 26, 106095, March 17, 2023 3
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Figure 2. cPDOs are relatively resistant to BTZ when compared to matched ePDOs

(A) 3D co-cultures of CAFs (stained with cell tracker red) and CCA cells (stained with cell tracker green) were followed for 14 days. Live images are shown on

Day 1 and Day 7. Scale bar - 50 mm.
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Figure 2. Continued

(B) Bright-field image shows cystic-shaped epithelial organoids surrounded by spindle-shaped CAFs in the 3D culture on day 14.

(C) The self-organization of cPDOs is strikingly similar to matched human CCA tissue as well as matched PDX tissue. CK7 stains CCA cells in the figure.

Collagen produced by CAFs is stained in the figure as well. Scale bar - 50 mm.

(D) Increasing concentrations of BTZ from 0.001 to 10 mMhave a differential effect on ePDO andmatched cPDO cultures at 96 h. Green – Live CCA PDO cells,

Blue - Dead CCA PDO cells, Red - CAFs. Scale bar - 200 mm.

(E) IC50 curves are calculated and displayed for three ePDO vs. matched cPDO.

(F) qRT-PCR array shows differentially expressed genes in CAFs co-cultured with ePDO vs. fibroblasts grown without cancer. The arrow indicates CXCR4,

which was found to be upregulated approximately 500-fold.

(G) qRT-PCR shows that CXCR4 is upregulated in CAFs co-cultured with ePOD from three patients with CCA (61 CAF - 570-fold; 28-5 CAF- 200-fold; and 23-

3CAF - 250-fold respectively compared with fibroblasts alone), n = 3, paired two-sided Student’s t test Data were present as Mean G SEM, *p < 0.05.
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Evaluation of fibroblast gene expression in complex patient-derived organoids

To further explore the mechanism of relative BTZ resistance in cPDO vs. matched ePDO, we contrasted

gene expression in CAFs isolated from the cPDO61 vs. the same fibroblasts grown without cancer cells.

A qRT-PCR array including a panel of 80 human fibrosis-related genes was performed and CXCR4 was

found to be upregulated 500-fold in CAFs vs. the same fibroblasts grown without cancer cells (Figure 2F).

To confirm the upregulation of CXCR4 in co-cultured CAF, RT-PCR was applied to measure CXCR4 gene

expression in CAFs isolated from 3 different CCA patient-derived cPDOs vs. the same fibroblasts grown

without cancer cells. As shown in Figure 2G, CXCR4 was upregulated 250- to 500-fold. Although there

were other genes that were upregulated in CAFs, we chose CXCR4 for further studies because of its known

role in CCA in previous studies24,26,32 and the fact that there are FDA-approved small molecule inhibitors of

CXCR4.
In vivo dual treatment with bortezomib-NP and a CXCR4 inhibitor

NSG mice carrying subcutaneous PDX61 tumors were treated with BTZ or combination of BTZ and plerix-

afor, an inhibitor of CXCR4. BTZ was given intra-tumorally, in a nanoparticle formulation that provides a sus-

tained release for 5 days33 (Figures S2 and 3A - panel 1). As shown in Figures 3B and 3C, adding plerixafor

increased the ability of BTZ to suppress CCA growth in vivo. H&E staining is shown in Figure 3D demon-

strating less tumor cells in the combination treatment.
The impact of CXCR4 inhibition on stroma

Molecular studies on the PDX61 model demonstrated that there are more cleaved caspase 3 positive

apoptotic cells (Figures 4A and 4C), less proliferative Ki67 positive as well as less CK19-positive cancer cells

in the combination treatment arm vs. BTZ group (Figures 4B, 4E, and 4F). In addition, we found that the

combination of BTZ with the CXCR4 inhibitor therapy decreased the a-SMA positive CAF cells in the tumor

mass (Figures 4B and 4D). There results argue that the CXCR4 inhibitor can reduce the CAFs in CCA.

Furthermore, we conclude that the relative resistance to BTZ in cPDO is, at least in part, due to CAFs

and that their impact can be diminished by treatment with a CXCR4 inhibitor.
In vivo combined treatment with bortezomib-NP, a CXCR4 inhibitor, and a checkpoint

inhibitor

In addition to the effects on stroma, CXCR4 was noted to enhance the effects of immune checkpoint inhib-

itors in several solid cancers.21,23,25,34,35 Based on these studies, we formulated the hypothesis that the in-

hibition of CXCR4 would allow a checkpoint inhibitor to more successfully stimulate the activity of immune

cells that, by extension, would be more effective against cancer cells treated with BTZ. To test this hypoth-

esis, we implemented the treatment regimens shown in Figure 4A (panels 2 and 3), in an immunocompetent
Table 1. IC50 of BTZ in cPDOs vs. matched ePDOs in the three different CCA patient-derived PDOs

PDOs

IC50 (nM)

ePDO cPDO

23–3 171.9 1.35

28–5 89 0.1

61 103.9 1.027

iScience 26, 106095, March 17, 2023 5
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Figure 3. BTZ, plerixafor, and anti-PD1 treatments are effective in vivo in models of CCA

(A) Schematic of drug administration for BTZ, plerixafor and anti-PD1 in subcutaneous and orthotopic CCA models.

(B) Gross images of tumors from each of the 3 treatment arms are shown in the 61PDX mouse model.

(C) A bar graph depicts the statistically significant decrease of tumor mass in the combined vs. the BTZ alone arm in the 61PDX mouse model. p < 0.05,

n = 3-4.

(D) H& E staining of CCA PDX from each of the 3 treatment arms are shown in the 61PDX mouse model. Scale bar - 100 mm.

(E) Gross images of tumors from tumor-bearing mice treated with different combination treatments in SC SB1 CCA mouse model.

(F) A plot of tumor weights at the end of treatment in the SC SB1 mouse model.

(G) A plot of tumor sizes in the SB1 CCA mouse model. Tumor volumes were measured twice a week after the inoculation until endpoint.

(H) A plot of body weights for all treatment groups in the SC SB1 CCAmouse model, n = 5, unpaired two-sided Student’s t test Data were present as MeanG

SEM, *<0.05, **<0.01 *** < 0.001. NS - no statistical significance.

(I) Survival curve of mice bearing orthotopic SB1 CCA, n = 5. *<0.05, **<0.01 *** < 0.001. NS - no statistical significance. Survival significance was determined

via log-rank test.

ll
OPEN ACCESS

iScience
Article
mouse CCA model, as previously described.36 We implemented 2 variants of this immunocompetent CCA

model—a subcutaneous model (for ease of serial measurements of subcutaneous tumors) and an ortho-

topic model (for better modeling of cancer for survival studies). As shown in Figures 4E–4G, anti-PD1 treat-

ment alone did not have an effect on tumors, mirroring clinical experience with anti-PD1 in patients with

CCA. Similarly, CXCR4 inhibition alone did not impact tumors in a significant manner. Treatment with

BTZ alone decreased the weight (Figure 4F) and size (Figure 4G) of tumors, as expected. While the com-

bination of BTZ and anti-PD1 did not appear to be more effective than BTZ alone, the combination of

BTZ and CXCR4 inhibition appeared more effective at controlling tumor size than BTZ alone. Finally, the

combination of BTZ, CXCR4 inhibitor, and PD1 inhibitor was the most effective at controlling tumor weight

and size. In regards to safety, none of the treatments had a significant negative effect on animals, as

demonstrated by similar weight in each of the arms (Figure 4H). Since orthotopic models are felt to

more closelymodel human disease, we chose to use such amodel for survival studies. As shown in Figure 4I,

BTZ with CXCR4 combination improved the overall survival in this SB1 orthotropic CCA model, bringing

further proof that CXCR4 inhibition allows uninhibited tumor killing prompted by BTZ. However, as shown,

triple therapy was even more efficacious in terms of extending survival, likely secondary to immune activa-

tion prompted by anti-PD1 treatment.

The impact of CXCR4 inhibition on fibrosis and immunity

To explore how CXCR4 inhibition facilitates enhanced anticancer activity, we performed real-time PCR on

RNA extracted from bulk SB1 CCA tumors treated with each drug combination. We selected genes rele-

vant to fibrosis, TME, as well as immune responses based on published work.34 As shown in Figure 5A,

CXCR4 inhibition alone significantly inhibited several fibrosis-related genes. In addition, CXCR4 inhibition

alone also significantly upregulated Interferon gamma (Ifng), Granzyme A (Gzma), and Granzyme B (Gzmb),

which are critical anti-tumor immunity genes, while inhibiting immune-suppressive genes (Figure 5B). BTZ

treatment alone upregulated Ifng and Gzma but left the rest of the genes mostly unaffected. Most impor-

tantly, the triple therapy significantly increased T cell activation markers (Ifng, Gzma) (Figure 5C), while

decreasing several immune-suppressive and checkpoint markers (Fasl, IL10, Tgfb1, Tim3, and PDCD4) (Fig-

ure 5D). These results suggested the triple therapy induced an immunostimulatory TME.

The impact on immune cells distribution as well as cytokines of combined therapy with

bortezomib-NP, CXCR4 inhibition, and immune checkpoint inhibition

To further investigate the mechanism of action of triple therapy, we examined the immune cell infiltration

and distribution in tumor mass via immune fluorescence staining, as shown in Figures 6A, 6D, and 6E, we

found no increase in the numbers of CD8+ T cells infiltrating the tumor mass (CK19 positive) in BTZ treat-

ment alone. In contrast, there was a slight increase of CD8 cells in the BTZ + CXCR4 group as well as in the

BTZ + anti-PD1 group. However, the triple therapy resulted in a massive cytotoxic T lymphocyte infiltration

into the tumor mass and killing of CK19-positive CCA cells. Figures 6B, 6C, and 6F demonstrated that there

were less Ki67-positive proliferative cells as well as more apoptotic cleaved caspase 3 positive cells in the

triple therapy arm, corresponding with more CD45+, CD8+ immune cell infiltration.

To obtain further clarity in regards to immune cell infiltration of tumors for each treatment arm, we per-

formed flow cytometry on single cell suspensions obtained from tumors from each treatment arm, similar

to previous studies25,34 (Figures 7A–7H). CD45+ CD3+ T lymphocytes and CD4+ T helper cells are increased

by plerixafor, plerixafor + BTZ as well as by the triple therapy (Figures 7A–7C). However, CD8+ cytotoxic T
iScience 26, 106095, March 17, 2023 7
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Figure 4. BTZ combined with plerixafor inhibited the proliferation of cancer cells and activation of CAFs

(A) IF staining showed that BTZ combined with plerixafor induced cancer cell apoptosis (cleaved caspase 3 positive) and reduced desmoplasia (a-SMA

positive). Scale bar - 50 mm.

(B) IF staining showed that BTZ combined with plerixafor decreased the proportion of Ki67-positive proliferative cells as well as CK19-positive live tumor

cells. Scale bar - 50 mm.

(C) Quantification of cleaved caspase 3 positive cells in three treatment groups.

(D) Quantification of a-SMA positive cells in three treatment groups.

(E) Quantification of Ki67-positive cells in three treatment groups.

(F) Quantification of CK19-positive cells in three treatment groups. n = 3, unpaired two-sided Student’s t test Data were present as Mean G SEM, *<0.05,

**<0.01 *** < 0.001. NS - no statistical significance.
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lymphocyte are only increased by plerixafor + BTZ treatment and even more significantly by the triple

therapy (Figure 7D). In addition, triple combination significantly decreased the amount of CD45+ F4/80+

tumor-associated macrophages in the tumor mass compared with all rest groups (Figures 7E and 7F).

Furthermore, there were no changes in Cr1+ MSDCs as well as CD11b+ DC cells in triple treatment groups

compared with control (Figures 7G and 7H). These FACS results indicated that the triple combination ther-

apy turned the ‘‘cold’’ immunosuppressive CCA MET into a ‘‘hot’’ immune-activated environment.25,34

To evaluate CD8+ cytotoxic T lymphocytes activation, cytokines of T lymphocyte activation markers were

determined with ELISA on bulk tumor extracts.25,34 As shown in Figures 7I–7K, the triple therapy signifi-

cantly increased T lymphocytes activation related cytokines IFN-g, IL-2, and TNF-a. The level was increased

by 2- to 4-fold for the triple therapy, while BTZ + CXCR4 inhibitor therapy increased IFN-g, IL-2, and TNF-a
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Figure 5. Combined therapy has a significant impact on immune cell regulation

(A) Plerixafor inhibits several fibrosis genes.

(B) Plerixafor affects immune response-related genes.

(C) BTZ alone has a minimal impact on immune response-related genes.

(D) Triple therapy has a significant impact on immune response-related gene expression. Unpaired two-sided Student’s t

test. Data were present as Mean G SEM (n R 4), * <0.05.
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Figure 6. Triple therapy induces the infiltration of T lymphocytes into tumor mass

(A) Orthotopic SB1 CCA IF staining showed fewer CK19-positive tumor cells, but more tumor-infiltrated CD8+ cytotoxic T cells in the triple therapy group.

(B and C) Triple therapy results in infiltration with CD45+ and CD8+ cells, less staining with Ki67 indicating less proliferation, and more staining with cleaved

caspase 3, indicating increased apoptosis. Scale bar - 50 mm.

(D) Quantification of CD8+ cells in all treatment groups.

(E) Quantification of CK19-positive cells in all treatment groups.

(F) Quantification of Ki67-positive cells, CD45+ cells and cleaved caspase 3 positive cells in three combination treatment as well as the control group. n = 3,

unpaired two-sided Student’s t test Data were present as Mean G SEM, *<0.05, **<0.01 *** < 0.001.
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levels by 1.4-2.4-fold compared to control. The rest of the treatments only slightly increased the TNF-a

levels vs. control while there is no significant changes in IFN-g and IL-2. Therefore, triple combination ther-

apy indicated the most positive activation of TME to facilitate the CD8+ cytotoxic T lymphocytes activation

toward killing tumor cells.
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Figure 7. Flow cytometry analysis showed that triple therapy transforms a cold immunosuppressive environment into a hot immune activation

environment; Cytokine analysis via MSD multi-spot assay showed T lymphocyte activation-related cytokines are upregulated in triple therapy

compared with control

(A–D) Flow cytometry data showed there are muchmore 7AAD�CD45+ CD3+ T lymphocytes, 7AAD�CD45+ CD3+ CD8+ CTLs as well as 7AAD�CD45+ CD3+

CD4+ T helper cells in the triple therapy group.

(E and F) Flow cytometry data showed that there are less F4/80+ macrophages in the triple treatment group, however, (G-H) There is no significant difference

with 7AAD� CD45+ Cr1+ MDSC and 7AAD� CD45+ CD11b+ DC cell in triple treatment compared with control. Unpaired two-sided Student’s t test. Data

were present as Mean G SEM (n R 4), * <0.05.

(I-K) Cytokine analysis of IFN-g, IL-2. and TNF-a. Unpaired two-sided Student’s t test. Data were present as Mean G SEM (n R 4), * <0.05.
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DISCUSSION

CCA is a highly desmoplastic tumor, with a dense fibrotic and immune infiltrate.37 Accumulating evidence in-

dicates that TME renders CCAs resistant to treatment, by either direct drug metabolization or through

decreasing immune surveillance.37While immune checkpoint inhibitors (ICI) represent a promising therapeutic

approach in many malignancies, in CCA, ICI alone confers minimal benefit.18,38 A rationally designed combi-

nation therapy thatmodulates the TME to allow uninhibited drug treatment of cancer cells, as well as increased

immune surveillance, is needed to impact outcomes for patients with CCA. We hypothesized that a combina-

tion of (1) a small molecule effective in CCA in a cell-intrinsic fashion with (2) a small molecule that inhibits TME

and (3) an ICI molecule to dis-inhibit immune surveillance, will have a significant effect in CCA. Here we report

that the novel combination of a proteasome inhibitor, a CXCR4 inhibitor, and a PD1 inhibitor significantly

impact CCA growth and extend survival in relevant in vivo models. The data presented herein lays the foun-

dation for human clinical trials that have the potential of changing the treatment paradigm in this lethal cancer.

Although TME is known to play major roles in CCA treatment, the relative paucity of animal models to accu-

rately portray the interplay between stroma and epithelial cancer cells has been a major limitation to drug

discovery efforts. Here, we report, for the first time in CCA, an in vitro model of human CAF-cancer inter-

actions that is able to model stroma-cancer interactions in vivo. For example, in our system, we found that

CAFs increase IC50 for BTZ by 11-fold, in accord with previous data that show BTZ is active against CCA in

culture systems in vitro, but relatively resistant in vivowhere CAFs are present. In addition, we show how this

co-culture system allowed the identification of CXCR4 as a key player in CCA.

The derivation of a PDO-based PDX model is also of importance. The establishment of PDO and PDX

models is difficult for liver cancers.39 The ability to first establish PDO lines, and then implant these cancer

PDO lines into immunosuppressed mice to derive PDX models is of major importance to further in vivo

studies. Here we show that this PDX model showed similar desmoplastic features as the original CCA tu-

mor. In addition, we were able to utilize this PDX model to evaluate if our hypothesis that CXCR4 inhibition

can indeed render CCA sensitive to BTZ in vivo is correct. Indeed, we have shown that by adding CXCR4

inhibition to BTZ, the CCA tumor growth was inhibited, and the overall survival was extended. In addition,

we were able to utilize this model to show that CXCR4 inhibition decreases a-SMA expression which offers a

mechanistic understanding of how the treatment works.

Recent studies have shown that CXCR4 along with its ligand CXCL12 are involved in the negative modulation

of the immune TME in breast, pancreatic cancer, and HCC.21,23,25,34,35 In addition, it was shown that blocking

the CXCR4-CXCL12 pathway results in enhanced activity of immune cells such as T lymphocytes.21,23,25,34,35 By

extension, it was shown that CXCR4 inhibitors facilitated tumor sensitivity to ICI therapy. In addition, CXCR4

inhibition was previously shown to decrease the ability of the stroma to counteract the effects of chemo-

therapy.21,23,25,34,35 In this study, we showed that inhibiting CXCR4 results in the augmentation of the effects

of BTZ. In addition, we also showed that in CCA, a highly desmoplastic cancer, the triple therapy with BTZ,

CXCR4 inhibition, and PD1 inhibition showed the greatest controlling of tumor growth as well as the best over-

all survival in vivo. Using flow cytometry as well as immune fluorescence staining, infiltration of activation of the

immune cell population in treated CCA tissue was analyzed. The results showed that anti-PD1 alone was inef-

fective for promote the effect of immune cells to infiltrate and activate in the tumor, which was in line with 2

recent reports in CCA,40,41 CXCR4 inhibitor alone showed an increased amount of CD3+ and CD4+ T lympho-

cyte, but showed no effect on tumor growth and overall survival, CXCR4 inhibitor combinedwith BTZ promote

CD3+ andCD4+ as well as CD8 T lymphocyte withmoderate inhibition of tumor growth and survival extension.

Of note, triple combination showed the maximal increase of CD3+, CD4+ as well CD8+ T lymphocytes and

decreased F4/80+ tumor-associated macrophages. This immune cell population changes indicated that triple

therapy overcomes the immune-suppressive TME and promotes the best synergistic therapy effect.
12 iScience 26, 106095, March 17, 2023
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In summary, the triple therapy of BTZ, CXCR4 inhibition, and PD1 inhibition showed the best inhibition of

tumor growth as well as the longest overall survival in CCA. This study provides an encouraging preclinical

foundation that requires further validation for possible application in human clinical trials. Further ques-

tions need to be answered, such as the duration of the BTZ sustained release, as well as the mode of de-

livery to patients. A percutaneous, ultrasound-guided, needle injection appears possible, however, such an

approach needs to be investigated. Both CXCR4 inhibition, as well as immune checkpoint inhibitor options

do exist in the clinic, however, a sustained release formulation of BTZ that is injected intra-tumorally would

have to be cleared by the FDA prior to utilization in the clinic.

Limitations of the study

The findings of this study need to be validated through further preclinical work, as well as human trials. The

impact of stroma on cancer drug metabolism and ultimately, the response to chemotherapy, requires care-

ful validation prior to clinical translation.
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KEY RESOURCES TABLE
REAGENTS or RESOURCE SOURCE IDENTIFIER

Antibodies

CK7 antibody Santa Cruz Cat#sc-23876

CK19 antibody Abcam Cat#ab76539

CK19 antibody Thermofisher Scientific Cat#10712-1-AP

Ki67 antibody Abcam Cat#ab15580

EPCAM antibody Thermofisher Scientific Cat#14-9326-82

LGR5 antibody Abcepta Cat#AP2745D

Collagen-1 antibody Abcam Cat#ab138492

a-SMA antibody Abcam Cat#ab150301

Ki67 antibody BD Cat#556003

Cleaved caspase 3 antibody Cell Signaling Technology Cat#9661

CD8 antibody Thermofisher Scientific Cat#MA1-145

CD45 antibody Thermofisher Scientific Cat#PA5-96061

FSP1 antibody Abcam Cat#ab197896

Vimentin antibody MilliporeSigma Cat#SAB5700782

FAP antibody MilliporeSigma Cat#F4771

Fc blocker anti-mouse CD16/32 BioLegend Cat#101302

PE anti-mouse CD4 BioLegend Cat#100511

PE-Cy7 anti-mouse CD8a BioLegend Cat#100721

Brilliant violet 711 anti-mouse CD45 BioLegend Cat#103147

FITC anti-mouse CD45 BioLegend Cat#103107

PE/cy7 anti-mouse CD11b BioLegend Cat#101215

Pacific blue anti-mouse Cr-1 BioLegend Cat#108429

PE anti-mouse F4/80 BioLegend Cat#123109

FITC anti-mouse CD3 Thermofisher Scientific Cat#11-0032-82

Anti- mouse PD1 BioXcell Cat#Clone RMP1-14

Chemicals, peptides and recombinant proteins

7-ADD BioLegend Cat#420403

collagenase 1A MilliporeSigma Cat#C9891

DNase MilliporeSigma Cat#9003-98-9

33%/77% percoll MilliporeSigma Cat#P4937

Bortezomib Selleckchem Cat#S1013

Plerixafor Selleckchem Cat#S8030

RIPA lysis buffer Cell Signaling Technology Cat#98065

cOmplete� Protease Inhibitor Cocktail Roche Cat#50-100-3301

Goat serum Gibco Cat#16210072

Fetal Bovine Serum Gibco Cat#A3840402

DMEM Gibco Cat#10566016

Critical commercial assays

EPCAM positive selection kits Stem cell technologies Cat#17846

The proinflammatory Panel 1 mouse V-PLEX kit Meso Scale Discovery Cat#K15048D-1

RNeasy mini kit Qiagen Cat#74004

(Continued on next page)
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Continued

REAGENTS or RESOURCE SOURCE IDENTIFIER

human fibrosis qRT-PCR array plate Qiagen Cat#330231

CellTiter-Glo� Luminescent Cell Viability Assay Promega Cat#G7572

SYBR Green PCR master mix Applied Biosystems Cat#4344463

PierceTM BCA protein assay kit Thermofisher Scientific Cat#23227

Experimental models: Cell lines

Human primary CCA PDOs Johns Hopkins PDO 28-5, PDO61, PDO23-3

human CCA CAFs Johns Hopkins CAF28-5, CAF61, CAF23-3

SB1 cell line Mayo Clinic Mouse SB1

Experimental models: Organisms/Strains

Mouse C57BL/6J The Jackson Laboratory JAX: 000664

NOD SCID-IL2R-g chain–deficient (NSG) mice The Jackson Laboratory JAX: 005557

Software and algorithms

Flowjo-10.6 Tree Star www.flowjo.com

GraphPad Prime 9 GraphPad software www.graphpad.com
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

Dr. Florin M. Selaru (fselaru1@jhmi.edu).
Materials availability

The study did not generate new unique reagents.

Data and code availability

d Microscope data reported in this paper will be shared by the lead contact upon request. All data re-

ported in the paper should be directed to the lead contact.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies were approved by the Animal Care and Use Committee (ACUC) at the Johns Hopkins Uni-

versity. Both male and female NOD SCID-IL2R-g chain–deficient (NSG) mice as well as C57BL/6 were pur-

chased from Jackson Laboratory (Jackson Laboratory, Bar Harbor, ME) and housed at the animal facility of

Johns Hopkins University under pathogen-free conditions. 5 to 8-week-old male and female NSG mice as

well as male and female C57BL/6 mice were used for subcutaneous as well as liver orthotopic SB1 CCA cell

implantation, as previously described.36
METHOD DETAILS

CCA patients and samples

Fresh human CCA specimens were collected at surgery at The Johns Hopkins Hospital under and informed

consent approved by the Institutional Review Board.
PDO and cell line culture

CCA PDOs were established and cultured as described by us and others before.13 Fibroblasts were iso-

lated from the same tumors as epithelial cancer cells, identified and cultured as described.29 Briefly, fresh

human CCA tissues containing a dense stroma and fibroblasts were cut into small sizes and digested in
iScience 26, 106095, March 17, 2023 17
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2.5% collagenase 1A (MilliporeSigma, Burlington, MA) and DNase for 1 to 2 h in a 37�C water bath to pro-

duce a single cell suspension. Cells were then filtered with a 100-mM strainer. A 33%/77% percoll

(MilliporeSigma, Burlington, MA) was used to isolate fibroblasts from other cells within the tumor. CAFs

were plated into flasks with DMEM+10% FBS and cells at passage 3–7 were used in this study, as previously

described.29 In this study, CCA PDO 28-5 and matched CAF28-5 are derived from a 56-year-old female

CCA patient, 23-3 PDO and matched 23-3 CAF are derived from a 59-year-old female CCA patient,

61PDO and matched 61CAF are derived from a 45-year-old female CCA patient. SB1 mouse CCA cells

were generously provided by Dr. Gregory Gores at Mayo Clinic. SB1 cells were cultured in DMEMmedium

supplemented with 10% FBS as described.36 Cells are cultured in a 37 �C humidified incubator supplied

with 5% CO2.

Drug testing in complex CCA PDOs

Three CCA PDO lines and CAFs from the same patients were co-culture at a ratio of 1:1 in Matrigel for

14 days to create complex PDOs (cPDOs). BTZ, previously identified by us to be effective for epithelial

CCA PDOs (ePDOs), was used in cPDOs at decreasing concentrations of 10 mM, 1 mM, 0.1 mM, 0.01 mM

and 0.001 mM. Matched ePDOs cultures were treated with the same doses of BTZ. Live/dead images

were captured to detect cell viability. In addition, cell TiterGlo (Promega, Madison, WI) assay was used

to determine the cell viability with a plate reader (Perkin-Elmer EnVision Plate Reader, Waltham, MA).

Inhibitory concentration 50 (IC50) was calculated in GraphPad Prism 9 (GraphPad Software, San Diego,

CA). Co-cultured CAFs and ePDOs were separated with EPCAM positive selection kits (17846, Stem cell

technologies, Vancouver, Canada).

Sustained release BTZ-loaded nanoparticle formulation

To ensure sustained treatment with BTZ without high toxicity, we have used a nanoparticle formulation of

BTZ that releases BTZ over 7 days as described before,33 The BTZ-NPs were prepared by sequentially mix-

ing BTZ solution (1 mg/mL at DI water) with tannic acid (4 mg/mL at DI water), ovalbumin (1 mg/mL at DI

water), and PEG-b-PLGA solution (7 mg/mL at acetonitrile) within a confined impingement jets mixer under

the same method reported in our previous study.42 The BTZ-NPs were characterized by measuring hydra-

tion radius, polydispersity index and surface charge using Zetasizer Nano ZS (Malvern Instruments, PA,

USA). A transmission electron microscope (Tecnai 12 Twin, Field Electron and Ion Company, Hillsboro,

OR, USA) was used to characterize morphology of nanoparticles. BTZ-NPs were suspended in 1 mL of

PBS within a dialysis tube (MW 100 kDa, SpectrumLab, Waltham, MA, USA), and incubated in a 50-mL

centrifuge tube containing 9 mL of PBS at 37�C on a shaker at 100 rpm to measure the release kinetics.

At predetermined time points, 1% of medium outside of dialysis tube was collected and replaced with a

same volume of fresh PBS. The concentration of BTZ within collected medium sample was measured

with a high-performance liquid chromatography (HPLC, 1260 Infinity, Agilent Technologies, Santa Clara,

CA, USA) using UV-vis spectroscopy at 280 nm with mobile phase composed of acetonitrile/water (60/

40, v/v) at a flow rate of 1 mL/min. To evaluate colloidal stability, nanoparticle suspension was stored at

4 �C for 30 days; and the changes in average size and surface charge were measured during the process.

After adding 9.5% trehalose as cryoprotectant, the BTZ-NPs were lyophilized at room temperature and

10 Pa using a FreeZone Traid Benchtop Freeze Dryers (Labconco, Kansas City, MO, USA). The lyophilized

BTZ-NPs were stored at 4�C; and when used, the lyophilized NPs were reconstituted with the same volume

of deionized water before lyophilization process. The differences in average size, surface charge and poly-

dispersity index were measured.

Using the method described above, BTZ was successfully encapsulated within nanoparticles during a

sequential flash nanocomplexation / flash nanoprecipitation process, with an average hydration radius

of 72 nm. The BTZ-NPs provided a releasing duration of BTZ for 5 days, showed excellent colloidal stability.

They can be reconstituted readily after lyophilization with minimal changes in average size, surface charge

and polydispersity index. These BTZ-NPs can be used as an off-the-shelf formulation for efficacy study as

described in this manuscript.

Animal studies

We utilized human CCA 61PDO cells (the PDOs are derived from a 45-year-old female CCA patient) to

create a PDX mouse model in NSG mice. PDX tumors that reached a volume of 1 cm3 were harvested,

cut into 1 mm3 pieces, and implanted in the right flank of additional NSG mice. Fifteen days after tumor

implantation, the NSG mice were randomized into 3 groups for treatment.
18 iScience 26, 106095, March 17, 2023
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An immune competent CCAmousemodel was created by employing C57BL/6malemice. In brief, SB1 cells

were implanted subcutaneously in C57BL/6 mice and once the tumors grew, the animals were euthanized,

tumors harvested, and cut into 1 mm3 size to re-implanted into C57BL/6 mice. The pieces of tumor were

implanted either subcutaneously or in the right liver lobe. Drug treatments were started 3 days post tumor

implantation. Mice were weighted twice a week. Survival was determined in the liver implantation arm,

while tumor size was measured in the subcutaneous transplantation model.

Bortezomib (Selleckchem, Houston, TX) was used to generate extended release bortezomib-nanoparticle

(BTZ). BTZ was used at a dose of 1 mg/kg every 7 days. Plerixafor (Selleckchem, Houston, TX) is a CXCR4

inhibitor that was used at a concentration of 10 mg/kg/day. Anti-mouse PD1 (Clone RMP1-14, BioXcell,

Lebanon, NH) or isotype control antibody (Bio X cell, Lebanon, NH) was used at a dose of 100 mg given

every 3 days. All drugs were given via intraperitoneal injections.
Flow cytometry (FACS) analysis

Tumors were harvested, minced and then digested into single cell suspensions with 2.5 mg/ mL collage-

nase type 1 and DNase (1 mg/mL). Cell suspensions were filtered through 70 mm cell strainers, and re-sus-

pended in cold PBS. Seven-amino-actinomycin D (7AAD, Invitrogen, Waltham, MA) was utilized to gate live

cell. Cells were blocked with rat anti-mouse CD16/CD32 mAB Fc blocker for 15 min at 4�C in FACS buffer

(13 PBS with 1% BSA, 0.1% sodium azide) in the dark. Surface antibody staining were then added for 1 h at

4�C in the dark, antibodies are as shown in the supplementary data. FACS data were obtained with a Sony

SH800s cell sorter machine (Sony Biotechnology, San Jose CA). FACS data were analyzed using Flowjo-10.6

(Tree Star, Ashland, OR).
Gene expression analysis

RNA was extracted with Trizol and purified with RNeasy mini kit (Qiagen, Hilden, Germany). Gene expres-

sion was analyzed with a qRT-PCR array for human fibrosis (Qiagen, Hilden, Germany). We performed addi-

tional qRT-PCR reactions for other genes of interest as shown in Supplementary data. The relative gene

expression was determined via real-time SYBR Green PCR master mix (Applied Biosystems, Waltham,

MA) on a QuantStudio 3 machine (Applied Biosystems, Waltham, MA).
Electrochemiluminescence (ECL) assay

Frozen tumor tissues were lysed using RIPA buffer (98065, Cell Signaling) with cOmplete� Protease Inhib-

itor Cocktail (Roche, Basel, Switzerland). Cell suspensions were sonicated with a sonicator (Thermofisher

Scientific, Waltham, MA). The protein concentration was measured using PierceTM BCA protein assay kit

(Thermofisher Scientific, Waltham, MA). The proinflammatory Panel 1 mouse V-PLEX kit (Meso Scale Dis-

covery, Rockville, MD) was used to measure the concentration of 3 cytokines: interferon-gamma (IFN-g),

interleukin 2 (IL-2) and tumor necrosis alpha (TNF-a) in the tumor mass.25
Histology and immunofluorescence (IF) staining

ePDOs and cPDOs were embedded into optimal cutting temperature (OCT) media. Frozen sections were

cut with a Leica cryostat, and 10 mm slices were utilized for IF staining. Tumor specimens were fixed in 10%

formalin overnight, embedded in paraffin. Sections of 6 mmwere cut and stained with primary antibodies at

4�C overnight, details of antibodies are in the supplementary data then slides were incubated with Alexa

fluor 488/594/647 secondary antibodies at room temperature for 1 h. DAPI was utilized for nuclear staining.

Images were captured with Zeiss invert microscope or Zeiss LSM 510 confocal microscope.
QUANTIFICATION AND STATISTICAL ANALYSIS

The data were presented as mean G standard error of the mean (SEM). GraphPad Prime 9 was used for

statistical analyses. Groups were analyzed using Student’s t test or by one-way ANOVA tests. Data for sur-

vival curves were analyzed with the log-rank (Mantel-Cox) test. A two-sided p-value that was smaller than

0.05 or 0.01 was considered statistically significant.
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