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Solid tumors impose immunologic and physical barriers to the efficacy of chimeric antigen receptor (CAR) T cell therapy
that are not reflected in conventional preclinical testing against singularized tumor cells in 2-dimensional culture. Here, we
established microphysiologic three-dimensional (3D) lung and breast cancer models that resemble architectural and
phenotypical features of primary tumors and evaluated the antitumor function of receptor tyrosine kinase–like orphan
receptor 1–specific (ROR1-specific) CAR T cells. 3D tumors were established from A549 (non–small cell lung cancer) and
MDA-MB-231 (triple-negative breast cancer) cell lines on a biological scaffold with intact basement membrane (BM) under
static and dynamic culture conditions, which resulted in progressively increasing cell mass and invasive growth phenotype
(dynamic > static; MDA-MB-231 > A549). Treatment with ROR1-CAR T cells conferred potent antitumor effects. In
dynamic culture, CAR T cells actively entered arterial medium flow and adhered to and infiltrated the tumor mass. ROR1-
CAR T cells penetrated deep into tumor tissue and eliminated multiple layers of tumor cells located above and below the
BM. The microphysiologic 3D tumor models developed in this study are standardized, scalable test systems that can be
used either in conjunction with or in lieu of animal testing to interrogate the antitumor function of CAR T cells and to obtain
proof of concept for their safety and efficacy before clinical application.
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Introduction
Adoptive immunotherapy with gene-engineered chimeric antigen receptor (CAR) T cells has obtained clin-
ical proof  of  concept in hematologic cancers with CD19 as an exemplary target antigen in B cell leukemia 
and lymphoma (1–3). A current focus in the field is to expand applications of  CAR T cell therapy from 
relatively rare hematologic malignancies to prevalent solid tumors. We are pursuing the receptor tyrosine 
kinase-like orphan receptor 1 (ROR1) as a target antigen for CAR T cells in several hematologic malig-
nancies and solid tumors (4, 5). Uniform high-level expression of  ROR1 protein was first shown in B cell 
chronic lymphocytic leukemia, mantle cell lymphoma, and a subset of  acute lymphoblastic leukemia and 
recently also in distinct histologic subsets of  prevalent epithelial cancers, including lung, breast, colon, 
pancreas, renal, and ovarian cancers (6–8). We have demonstrated in previous work that ROR1 has only 
very limited expression in normal adult tissues and performed toxicology studies in nonhuman primates 
that did not reveal toxicity of  ROR1-directed immunotherapy to vital normal organs (9). In addition, there 
is evidence for a critical role of  ROR1 in malignant transformation and oncogenic signaling that supports 
the use of  ROR1 as a target in cancer immunotherapy (10).

We have recently reported on the development of  a ROR1-specific CAR with optimized targeting domain 
affinity and extracellular spacer design that confers specific recognition and potent reactivity against ROR1+ 
lymphoma in preclinical models in vitro and in vivo (5, 11). We have also demonstrated that CD8+ T cells 
expressing this ROR1-CAR are capable of  conferring cytolysis of  MDA-MB-231 triple-negative breast cancer 
(TNBC) cells in conventional 2D coculture (5). Although encouraging, the use of  singularized tumor cells in 
2D culture is simplistic and does not consider the specific challenges in tumor architecture, phenotype, and 

Solid tumors impose immunologic and physical barriers to the efficacy of chimeric antigen receptor 
(CAR) T cell therapy that are not reflected in conventional preclinical testing against singularized 
tumor cells in 2-dimensional culture. Here, we established microphysiologic three-dimensional (3D) 
lung and breast cancer models that resemble architectural and phenotypical features of primary 
tumors and evaluated the antitumor function of receptor tyrosine kinase–like orphan receptor 1–
specific (ROR1-specific) CAR T cells. 3D tumors were established from A549 (non–small cell lung 
cancer) and MDA-MB-231 (triple-negative breast cancer) cell lines on a biological scaffold with 
intact basement membrane (BM) under static and dynamic culture conditions, which resulted in 
progressively increasing cell mass and invasive growth phenotype (dynamic > static; MDA-MB-231 
> A549). Treatment with ROR1-CAR T cells conferred potent antitumor effects. In dynamic culture, 
CAR T cells actively entered arterial medium flow and adhered to and infiltrated the tumor mass. 
ROR1-CAR T cells penetrated deep into tumor tissue and eliminated multiple layers of tumor cells 
located above and below the BM. The microphysiologic 3D tumor models developed in this study are 
standardized, scalable test systems that can be used either in conjunction with or in lieu of animal 
testing to interrogate the antitumor function of CAR T cells and to obtain proof of concept for their 
safety and efficacy before clinical application.
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microenvironment that CAR T cells encounter when combating a solid tumor. In the present study we are 
therefore evaluating the antitumor function of  ROR1-CAR T cells in microphysiologic 3D tumor models that 
reflect these challenges more realistically and provide an alternative to testing in animal models.

We have in previous work established protocols for the engineering of  vascularized and nonvascular-
ized 3D tissues in bioreactors (BioVaSc-TERM technology) (12). The BioVaSc is derived from decellular-
ized porcine jejunum and used as a collagen scaffold with intact basement membrane (BM) that permits the 
engraftment and propagation of  normal and cancerous epithelial tissues in 3D culture. We have recently 
demonstrated the development of  a 3D lung tumor from A549 non–small cell lung cancer (NSCLC) using 
the BioVaSc technology (13–15). The A549 tumor model uses the nonvascular part of  the BioVaSc — the 
small intestinal submucosa and mucosa (SISmuc) — for cell engraftment. Intriguingly, the resulting lung 
tumor resembled the architecture of  primary lung carcinomas and recapitulated “real-life” pathophysio-
logic features, including growth kinetic, tumor cell migration and invasion, and epithelial-mesenchymal 
transition after stimulation with TGF-β1 (13, 14).

Here we established microphysiologic 3D tumor models of  A549 NSCLC and MDA-MB-231 TNBC 
using the SISmuc technology to assess the antitumor function of  ROR1-CAR T cells. We obtained 3D tumors 
with considerable cell mass and demonstrate that ROR1-CAR T cells rapidly infiltrate and migrate through 
the 3D tumor tissue and confer a specific and potent antitumor effect over a several-day time course. ROR1-
CAR T cells were able to sustain their cytolytic activity, cytokine secretion, and proliferation for several days 
in culture but displayed functional and phenotypic indicators of  T cell exhaustion at the end of  the analysis 
period. The data illustrate the utility of  microphysiologic 3D culture systems for evaluating CAR T cell per-
formance beyond the scope of  conventional testing in 2D in vitro and in xenograft animal models.

Results
Invasive growth of  A549 lung and MDA-MB-231 breast cancer in 3D culture. We established microphysiologic 3D mod-
els of NSCLC (A549 cell line) and TNBC (MDA-MB-231 cell line) using the SISmuc platform. First, we applied 
static culture conditions in cell crowns (i.e., 2 metal rings for matrix fixation) and performed histopathologic 
analysis on cross sections of the resulting tumors after 14 days of incubation (Figure 1 and Supplemental Figure 
1A; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.126345DS1). 
Staining was performed for the epithelial marker pan-cytokeratin (PCK) to detect tumor cells and collagen IV 
(Col IV) to detect extracellular matrix (ECM). Tumor architecture was evaluated using a customized grading 
system (Table 1). We found that A549 tumor cells formed a confluent monolayer that populated the entire SIS-
muc area and settled deep into crypts. However, A549 cells did not cross the BM (grade 1) (Figure 1). The distri-
bution of MDA-MB-231 cells was more scattered on the SISmuc surface and denser within crypts. Remarkably, 
there were MDA-MB-231 cells that had crossed the BM barrier and had migrated into the matrix of the former 
mucosa compartment (grade 2) (Figure 1). For each cell line, this architecture and phenotype was confirmed in 
more than 10 replicate experiments that we established on distinct batches of SISmuc scaffold.

In the next set of experiments, we applied dynamic culture conditions in a flow bioreactor to establish a 
larger tumor mass of A549 and MDA-MB-231 cells on the SISmuc platform. Histopathologic analysis was per-
formed on day 14 after transfer to the bioreactor (Figure 1 and Supplemental Figure 1B). We found that the mass 
of A549 cells had considerably increased compared with the static culture model and comprised several layers 
of tumor cells that spanned the entire scaffold surface. In addition, there was a higher degree of migration, with 
A549 cells packing the entire lumen of crypt structures and invasion of A549 cells across the BM (grade 2) (Fig-
ure 1). Also with MDA-MB-231 cells, there was a substantial increase in tumor mass in the dynamic compared 
with the static culture system and a shift to an aggressive and destructive growth phenotype. The data show that 
MDA-MB-231 cells infiltrated the entire SISmuc matrix and crossed the barrier between former mucosa and 
submucosa compartments (grade 3). Accordingly, the MDA-MB-231 tumors displayed high-level expression of  
the mesenchymal marker vimentin, consistent with epithelial-mesenchymal transition (Figure 1). This architec-
ture and phenotype were obtained consistently in more than 10 independent experiments with distinct batches 
of SISmuc scaffold. We confirmed that A549 and MDA-MB-231 cells that we isolated from the 3D tumors had 
retained uniform expression of the ROR1 antigen (Supplemental Figure 2).

Taken together, these data show that microphysiologic 3D tumor models of breast and lung cancer can be 
established on the SISmuc platform using the A549 and MDA-MB-231 cell lines. The use of static and dynamic 
culture conditions, respectively, provides tumors with increasing cell mass and distinct architectural features that 
permit interrogating the antitumor function of CAR T cells in an increasingly challenging microenvironment.
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ROR1-CAR T cells eliminate large 3D masses of  lung and breast cancer. We sought to determine whether 
ROR1-specific CAR T cells are able to mediate an antitumor effect in the 3D A549 lung and MDA-MB-231 
breast cancer models under static conditions (grades 1 and 2, respectively). In this set of  experiments, we 
used an optimized ROR1-CAR comprising a targeting domain specific for the R12 epitope, a short IgG4-Fc 
hinge spacer, and a 4-1BB_CD3ζ signaling module (5). We treated tumors with increasing concentrations 
of  CD8+ ROR1-CAR–modified or non–CAR-modified control T cells (Figure 2A) (dose range: 5 × 104 to 1 
× 106) and performed M30 ELISA to detect caspase-cleaved keratin 18 as a measure of  tumor cell apoptosis 
over a 3-day period. Experiments were done in n = 4 biological replicates with T cell lines from different 
donors. Indeed, we found that ROR1-CAR T cells conferred a specific and potent antitumor effect in the 
3D models. There was a higher M30 ELISA signal at each analysis time point (starting at 24 hours) and in 
each of  the A549 and MDA-MB-231 cell crowns that we had treated with ROR1-CAR T cells compared 
with control T cells (Figure 2B). The antitumor effect was dose dependent; e.g., with higher doses of  CAR 
T cells, there was a higher peak ELISA signal, and the peak signal occurred earlier during the 3-day analysis 

Figure 1. Invasive growth of A549 lung cancer and MDA-MB-231 breast cancer in 3D culture. The tumor cell lines A549 
(lung cancer) and MDA-MB-231 (breast cancer) were cultured on SISmuc scaffolds under static and dynamic culture condi-
tions. Tumor composition and architecture were evaluated by immunofluorescence staining Left column: pan-cytokeratin 
(PCK, shown in green) and vimentin (Vim, shown in red). Nuclei are counterstained with DAPI (blue). Right column: PCK 
(green) and collagen IV (Col IV, red). Nuclei are counterstained with DAPI (blue). Scale bars: 100 μm (lower images, repre-
sentative for all images of a column). Grading was performed according to the scheme presented in Table 1.
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period. When we administered 5 × 105 or 1 × 106 ROR1-CAR T cells to A549 lung cancer, the peak ELI-
SA signal was obtained during the 6- to 24-hour time interval, with an 11.2-fold and 14.5-fold increase in 
apoptosis induction compared with control T cells, respectively (Figure 2B). When we administered 2.5 × 
105 ROR1-CAR T cells to A549 lung cancer, the peak ELISA signal was obtained during the 24- to 48-hour 
interval, and at doses lower than 2.5 × 105 ROR1-CAR T cells, the peak signal was obtained during the 
48- to 72-hour interval (Figure 2B). Of  note, the M30 ELISA specifically measures apoptosis of  cells with 
epithelial phenotype, and accordingly, we obtained a higher overall signal in the A549 lung cancer model 
compared with the MDA-MB-231 breast cancer model because the 3D tumors derived from MDA-MB-231 
displayed a partly mesenchymal phenotype (Figure 1).

We obtained medium samples at 6 hours, 24 hours, 48 hours, and 72 hours during the 3-day assay peri-
od and detected high levels of  IFN-γ at each analysis time point after treatment with ROR1-CAR T cells. 
The amount of  IL-2 that we detected by ELISA declined between the 24-hour and 72-hour time points, 
indicating that IL-2 had been consumed by activated CAR T cells (Figure 2C). The magnitude of  IFN-γ 
and IL-2 release by ROR1-CAR T cells was similar in the A549 and the MDA-MB-231 models. Flow 
cytometric analysis on T cells on day 3 showed uniform expression of  the activation markers CD25 and 
CD69 on ROR1-CAR T cells but not on non–CAR-modified control T cells (Figure 2D). Together, these 
data show that ROR1-CAR T cells mediate a specific antitumor effect against 3D microphysiologic tumor 
models of  A549 lung cancer and MDA-MB-231 breast cancer under static culture conditions.

ROR1-CAR T cells sustain their antitumor function for several days in 3D culture. We extracted the SISmuc 
scaffolds on day 3 after T cell administration and prepared cross sections for immunofluorescent stain-
ing. We performed costaining for CD45 and DAPI to distinguish T cells (CD45+DAPI+) and tumor cells 
(CD45–DAPI+). These analyses confirmed that ROR1-CAR T cells had conferred a specific and potent 
antitumor effect in the A549 NSCLC and MDA-MB-231 TNBC models. In particular, the data show that 
ROR1-CAR T cells had attached to the apical tumor cell layer, had migrated through the BM and SISmuc 
matrix, and could be detected in the former mucosa compartment (Figure 3A). On high-power resolution, 
the direct interaction of  ROR1-CAR T cells with A549 and MDA-MB-231 tumor cells could be visualized 
(Figure 3B). Overall, the number of  infiltrating T cells in the scaffold correlated with the number of  T cells 
that had been administered (Figure 3A). Even at the lowest CAR T cell dose level, a substantial proportion 
of  tumor cells had been eliminated, regardless of  how deeply tumor cells had migrated into crypts and the 
tissue matrix. Costaining for CD45 and Ki67 and cell counting confirmed that there was an increase in 
absolute ROR1-CAR T cell number on day 3 after administration and a high percentage of  proliferating 
ROR1-CAR T cells (Figure 3C).

In summary, these data show that ROR1-CAR T cells are able to infiltrate and migrate through the 
tumor matrix and maintain their function for at least 72 hours after administration under static culture con-
ditions. ROR1-CAR T cells were capable of  eliminating tumor cells that were harbored in crypt structures 
and ECM on the contralateral side of  the BM, indicating they possess and maintain a substantial migratory 
capacity within the tumor mass.

Programmed cell death 1 induction on CAR T cells after exposure to tumor cells in 3D culture. We analyzed expres-
sion of  programmed cell death 1 (PD-1) on ROR1-CAR–modified and non–CAR-modified control T cells 
at the end of  the assay period in the static A549 lung cancer and MDA-MB-231 breast cancer models. We 
detected PD-1 on both CD8+ and CD4+ ROR1-CAR T cells (CD4 > CD8) (Supplemental Figure 3, A and 
B). There were higher levels of  PD-1 on ROR1-CAR T cells that had been exposed to MDA-MB-231 breast 
cancer cells compared with A549 lung cancer cells (Supplemental Figure 3, A and B). ROR1-CAR T cells 
that we had maintained in assay medium without exposure to tumor cells served as reference. No significant 
difference in PD-1 expression was detected between control T cells that had been exposed to tumor cells or 

Table 1. Grades of invasiveness represented by the 3D tumor models

Grade Phenotype Represented by model
1 Tumor cells populate former crypt structures but do not cross the basement membrane A549, static culture
2 Single tumor cells cross the BM; crypt structure is preserved MDA-MB-231, static culture/ A549, dynamic culture
3 Tumor cells cross the BM and infiltrate the extracellular matrix (ECM), thereby 

disrupting crypt structure morphology
MDA-MB-231, dynamic culture
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maintained in assay medium. Of note, we detected uniform expression of  programmed cell death ligand 1 
(PD-L1) on MDA-MB-231 cells and A549 cells (MDA-MB-231 > A549) (Supplemental Figure 3C). These 
data confirm that ROR1-CAR T cells undergo specific activation in 3D culture and suggest that, depending 
on the particular tumor model, CAR T cells enter differential grades of  activation and exhaustion.

Variations in CAR targeting domain and spacer design affect antitumor function in 3D culture. We were interested 
in determining whether testing in 3D culture can disclose differences in antitumor function between ROR1-
CAR constructs that comprise distinct targeting domains and spacer designs. We used the ROR1-CAR with 
“high-affinity” R12 targeting domain, customized short IgG4-Fc hinge spacer, and 4-1BB_CD3ζ signaling 
module that we had previously “optimized” in 2D in vitro culture and in xenograft in vivo models as refer-

Figure 2. ROR1-CAR T cells induce apoptosis of 3D lung cancer and breast cancer in static culture. (A) Expression of 
truncated epidermal growth factor receptor (EGFRt) transduction marker on CD8+ ROR1-CAR T cells before functional 
testing. ΔMFI depicts the difference in geometric mean fluorescence intensity between ROR1-CAR T cells and unmod-
ified control T cells. (B) Quantification of apoptosis induced by ROR1-CAR T cell treatment with increasing CD8+ T cell 
numbers for 72 hours. Apoptosis was measured with M30 ELISA from supernatants collected at the indicated time 
points and is presented as fold change compared with the respective control T cell treatment (red line). n = 4. Data are 
presented as arithmetic mean ± SD, Wilcoxon’s rank-sum test: *P < 0.05. (C) ELISA-based quantification of IFN-γ and 
IL-2 from supernatants collected at the indicated time points from static tumor models treated with 1 × 106 T cells for 
72 hours. Data are presented as arithmetic mean of 3 cell crowns ± SD. n = 1 experiment. (D) Expression of CD25 and 
CD69 on CD8+ ROR1-CAR T cells and unmodified control T cells at the end of the 72-hour analysis period in the static 
tumor model. One representative plot of n = 3 experiments is shown.
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ence and used a “suboptimal” ROR1-CAR with “low-affinity” 2A2 targeting domain for comparison (5). 
In this set of  experiments, we used the A549 lung cancer model under static culture conditions. First, we 
showed that the 2A2 ROR1-CAR worked best with a short IgG4-Fc hinge spacer rather than a long IgG4-
Fc hinge-CH2-CH3 spacer domain, as demonstrated by superior production of  IFN-γ and IL-2 in 3D culture 
(Supplemental Figure 4). This confirmed our prior data in conventional 2D in vitro culture that had identified 
the short spacer as the optimal configuration for targeting the 2A2 ROR1 epitope (5). Then, we compared the 
antitumor function of  T cells expressing the R12 and 2A2 ROR1-CAR constructs in 3D culture. We found 
stronger apoptosis induction with the R12 ROR1-CAR, most evident when ROR1-CAR T cells were admin-
istered at a low dose (5 × 104). At this dose, the peak signal in the M30 ELISA was obtained in the 24- to 
48-hour interval. When ROR1-CAR T cells were administered at higher doses (2.5 × 105 to 1 × 106), the M30 
ELISA signal obtained with the 2 ROR1-CAR constructs was similar. At the 1 × 106 dose level, the peak M30 

Figure 3. ROR1-CAR T cells migrate into tumor tissue and proliferate in static 3D culture. (A) Immunofluorescence staining of lymphocyte marker CD45 
(green) on paraffin sections of untreated tumor models (Untreated) or tumor models treated with increasing doses (5 × 104, 2.5 × 105, 1 × 106 cells) of unmod-
ified CD8+ control T cells (Control) or CD8+ ROR1-CAR T cells (ROR1-CAR). Nuclei are counterstained with DAPI (blue). Scale bar: 50 μm. (B) Close-up of CD45 
immunofluorescence staining (green) on paraffin sections of CD8+ ROR1-CAR T cell–treated 3D tumor models. Nuclei are counterstained with DAPI (blue). 
Scale bar: 10 μm. (C) Mean number of T cells per image and proliferation of T cells in static 3D tumor models treated with 5 × 104 unmodified CD8+ control T 
cells (Control) or CD8+ ROR1-CAR T cells (ROR1-CAR) assessed by quantification of Ki67/CD45 immunofluorescence double staining. CD45+ and Ki67+CD45+ 
cells were counted in 10 images per condition. n = 4. Data are presented as arithmetic mean ± SD, 2-tailed Student’s t test: *P < 0.05; **P < 0.01.
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ELISA signal was already obtained in the 6- to 24-hour interval (Figure 4A). The R12 ROR1-CAR induced 
stronger IFN-γ and IL-2 production compared with the 2A2 ROR1-CAR at each of  the analysis time points. 
Peak IFN-γ production occurred in the 6- to 24-hour interval, and peak IL-2 production occurred in the first 
6 hours of  the assay period (Figure 4B). By flow cytometric analysis, we detected uniform expression of  the 
activation markers CD25 and CD69 on R12 ROR1-CAR T cells and 2A2 ROR1-CAR T cells at the end of  
the 72-hour assay period (Figure 4C). From this comparison, the R12 ROR1-CAR emerged as the superior 
construct and was therefore advanced to further evaluation in dynamic 3D culture.

Taken together, these data show that ROR1-CAR constructs that differ in targeting domain and spacer 
design confer different degrees of  reactivity in 3D culture. These data affirm our prior notion that variations 
in CAR design affect tumor recognition and CAR T cell function and suggest that test campaigns in 3D 
tumor models can be performed to identify CAR designs with optimal and suboptimal reactivity.

ROR1-CAR T cells penetrate and destroy invasive 3D tumors in dynamic culture. Next, we assessed the per-
formance of  R12 ROR1-CAR T cells against A549 lung cancer and MDA-MB-231 breast cancer in the 
dynamic culture system with constant medium flow in a closed-circuit setup (grades 2 and 3, respectively). 
This setup provides additional challenges because T cells are administered into a medium reservoir and 
have to (a) enter arterial medium flow, (b) adhere to and penetrate into the SISmuc tumor matrix, and (c) 
encounter a larger number of  tumor cells compared with the static model. We treated tumors with a fixed 
dose of  10 × 106 ROR1-CAR T cells (CD8+/CD4+ at 1:1 ratio) (16) and performed M30 ELISA at 24-hour 
intervals over a 5-day period. Experiments were done in n = 4 biological replicates with T cell lines from 
different donors. We detected specific and very potent antitumor activity of  ROR1-CAR T cells against 
A549 lung cancer and MDA-MB-231 breast cancer (Figure 5A). With A549 lung cancer, apoptosis induc-
tion peaked between 24 hours and 48 hours after ROR1-CAR T cell transfer (7.7-fold higher compared with 
control T cells) and continued over the entire 5-day period (Figure 5A). With MDA-MB-231 breast cancer, 
apoptosis induction peaked in the first 24 hours after CAR T cell administration (3.6-fold higher compared 
with control T cells) and subsequently declined. Analysis of  the culture medium by ELISA revealed that 
CAR T cells had produced very high levels of  IFN-γ and IL-2 (Figure 5B). At the end of  the 5-day assay 
period, CD8+ and CD4+ ROR1-CAR T cells displayed an activated phenotype as assessed by expression of  
CD25 and CD69 (Figure 5C and Supplemental Figure 5).

On day 5, we performed a detailed histopathologic analysis on the SISmuc scaffolds. We found that 
ROR1-CAR T cells (CD45+DAPI+) had migrated throughout the entire tumor matrix (Figure 6A, white 
arrows) and were present at a higher frequency compared with control T cells. In the A549 lung cancer model, 
ROR1-CAR T cells eliminated multiple layers of  tumor cells that had been located on top of  the matrix and 
markedly reduced the number of  tumor cells in crypts. Non–CAR-modified control T cells did not convey a 
discernable antitumor effect. In the MDA-MB-231 breast cancer model, ROR1-CAR T cells had removed a 
substantial proportion of  tumor cells in the entire tissue matrix as evidenced by immune fluorescence staining 
for CD45/DAPI and PCK/Col IV (Figure 6, A and B). In both tumor models, there was a high percentage of  
proliferating ROR1-CAR T cells as assessed by Ki67 staining (Figure 6C) and a significant increase in abso-
lute numbers of  ROR1-CAR T cells compared with control T cells (Figure 6C).

Collectively, the data show that ROR1-specific CAR T cells confer substantial antitumor reactivity 
against invasive A549 lung cancer and MDA-MB-231 breast cancer that have grown to comprise large cell 
masses and display a destructive growth phenotype. ROR1-CAR T cells remain viable for several days in 
dynamic 3D culture and surmount physical and immunologic barriers to exert their antitumor functions.

Discussion
The clinical proof  of  concept for the safety and efficacy of  adoptive immunotherapy with CAR T cells in 
prevalent solid tumors is still pending. The challenges that have been postulated for CAR T cells to over-
come include migrating through endothelial and stroma barriers surrounding the tumor cells, withstanding 
“chronic” antigen exposure in a large tumor mass, and maintaining viability and function in the tumor 
microenvironment that is poised with immunosuppressive cytokines, cellular ligands, and metabolites (17). 
Therefore, significant efforts are being invested in preclinical studies that seek to interrogate CAR T cell 
antitumor function and to guide the evolution of  CAR technologies beyond the point that is deemed neces-
sary for achieving therapeutic efficacy in the clinical setting. A problem is that conventional preclinical test 
models do not reflect the unique attributes and challenges that solid tumors impose. In the majority of  pre-
clinical studies, the potency of  CAR T cells is probed against singularized cells of  established solid tumor 
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cell lines in vitro at effector/target cell ratios that cannot be achieved in humans, and in murine xenograft 
models, where tumor cell lines are ectopically inoculated and form tumor lesions that do not resemble the 
architecture and phenotype of  primary human tumors (18). Therefore, we set out to develop an alternative 
test system that incorporates physical and immunologic barriers of  solid tumors more realistically and 
focused on lung and breast cancer as the 2 most prevalent cancers in men and women.

The microphysiologic 3D tumor models used in this study are based on a biological matrix derived 
from decellularized porcine jejunum that contains an intact BM and therefore permits rapid engraftment of  
epithelial cancer cells. We inoculated this matrix with 2 established and widely accepted tumor cell lines, 
A549 (NSCLC) and MDA-MB-231 (TNBC). Upon static and dynamic culture, tumors could be routinely 
established and displayed a consistent phenotype with characteristic architecture. There are several lines 
of  evidence supporting the notion that the density and culture environment of  immortalized tumor cell 
lines affect their differentiation, signal transduction, and drug sensitivity (19, 20). Indeed, we have shown 

Figure 4. Variations in ROR1-CAR targeting domain affect antitumor function in 3D lung cancer models. (A) Quantifi-
cation of apoptosis induced by ROR1-CAR T cells with either 2A2 or R12 targeting domains during 72-hour treatment with 
increasing CD8+ T cell dose (5 × 104, 2.5 × 105, 1 × 106). Apoptosis was measured with M30 ELISA from supernatants collect-
ed at the indicated time points and is presented as fold change compared with the same dose of control T cells (red line). 
Data are presented as arithmetic mean of 3 cell crowns ± SD. n = 1 experiment. (B) ELISA-based quantification of IFN-γ 
and IL-2 from supernatants collected at the indicated time points from static tumor models treated with increasing CD8+ 
T cell numbers for 72 hours. Data are presented as arithmetic mean of 3 cell crowns ± SD. n = 1 experiment. (C) Expression 
of CD25 and CD69 on CD8+ ROR1-CAR T cells and unmodified control T cells at the end of the 72-hour analysis period in the 
static tumor model. One representative plot of 3 cell crowns from n = 1 experiment is shown.
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in previous studies that tumor cells established on our 3D scaf-
fold have a more realistic proliferation rate and differentiation 
state, drug sensitivity, and response compared with tumor cells 
in conventional 2D culture (13, 15). In our dynamic 3D culture 
models with A549 cells and MDA-MB-231 cells, there were 
multiple layers of  tumor cells and tumor cell aggregates in for-
mer crypts that provided a substantially greater challenge to 
CAR T cells for conferring their antitumor reactivity compared 
with singularized tumor cells in 2D culture. We have shown in 
previous work with normal and malignant tissue models that 
continuous medium flow in the dynamic 3D culture system 
results in superior nutrient supply and waste product removal 
compared with the static culture system (21). Accordingly, the 
dynamic culture approach yielded a greater tumor cell mass 
and supported the invasion of  tumor cells beyond the BM for 
both A549 lung cancer and MDA-MB-231 breast cancer in 
our microphysiologic 3D models. In particular, MDA-MB-231 
cells displayed more rapid and more aggressive growth com-
pared with A549 cells, consistent with previous studies in 2D 
in vitro and organoid culture that described the invasive poten-
tial of  this cell line (22).

Several strategies for ex vivo testing of  tumor-reactive T cells 
have been proposed, including the use of  suspension cultures or 
gel cultures with tumor organoids. Tumor organoids have been 
derived from A549 lung cancer and MDA-MB-231 breast cancer 
cells (23, 24). An advantage of  organoids is that they are fast-
er and easier to produce compared with microphysiologic 3D 
models and are easier to scale up for high-throughput testing. 

However, organoids do not resemble primary tumor architecture, and the tumor cell mass is much lower 
compared with our 3D models. Therefore, several critical features of  CAR T cells, including their ability to 
penetrate and migrate through tumor tissue and their response to chronic antigen exposure, cannot be ade-
quately addressed in organoids. Another approach that has been proposed for evaluating the interaction of  T 
cells and solid tumor cells is the use of  a microscale fluidic device where tumor cells are inserted as single cells 
or cell aggregates in collagen gel and T cells are supplemented in a parallel channel with directional medium 
flow (25). An advantage of  this microfluidic model is that it is easier to obtain information on the performance 
of  individual T cells, even though the spatiotemporal resolution in this setup is low. The microphysiologic 3D 
models described in our study are more laborious to establish compared with organoids and more difficult to 
set up compared with the microfluidic system. Importantly, however, they can be scaled up to medium- and 
high-throughput testing and provide a global view on CAR T cell performance. This view can even be refined 
by disassembling the 3D scaffold at the end of  the assay to perform detailed histologic and phenotypic analy-
ses on T cells, as well as residual tumor and stroma cells.

Figure 5. ROR1-CAR T cells induce tumor cell apoptosis of 3D lung 
and breast cancer in dynamic culture. (A) Quantification of apopto-
sis induced by ROR1-CAR T cells during 5 days of treatment. Apop-
tosis was measured with M30 ELISA from supernatants collected at 
the indicated time points and is presented as fold change compared 
with the respective control T cell treatment (red line). n = 4. Data are 
presented as arithmetic mean ± SD, Wilcoxon’s rank-sum test: *P < 
0.05. (B) ELISA-based quantification of IFN-γ and IL-2 from superna-
tants collected over time from dynamic tumor models treated with 
T cells for 5 days. n = 4. Data are presented as arithmetic mean ± SD, 
Wilcoxon’s rank-sum test: *P < 0.05. (C) After 5 days of treatment, 
CD8+ T cells were analyzed for expression of CD25 and CD69 by flow 
cytometry. One representative plot of n = 4 experiments is shown.
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The data obtained in our 3D lung and breast cancer mod-
els show that ROR1-CAR T cells are able to penetrate and 
migrate through a tumor mass and confer a potent antitumor 
effect over a several-day period. In the static 3D model, the 
adherence and migration of  T cells is supported by gravity. 
However, in the dynamic 3D model, ROR1-CAR T cells 
had to actively adhere to and migrate into the tumor from 
the constant medium flow. The bioreactor used for dynam-
ic culture is constructed as a single circuit that provides an 
even amount of  pressure throughout the system. The SISmuc 
matrix is connected to the circuit on both the apical and the 
basal sides, and therefore the same pressure applies on both 
sides. With these conditions, the bioreactor did not artificial-
ly favor ROR1-CAR T cell migration into the tumor mass. 
We have determined that the shear stress exerted on T cells 
in the bioreactor is 0.0004 dyn/cm2 (21), which is below the 
physiologic value measured in postcapillary venules of  3–30 
dyn/cm2 (26). By increasing the flow rate, shear stress can be 
enhanced to analyze its influence on T cell adherence and 
migration into the tumor tissue in future studies.

We provide evidence that ROR1-CAR T cells rapidly 
induced apoptosis of  A549 and MDA-MB-231 tumor cells, 
produced high levels of  cytokines, and were induced to pro-

ductively proliferate in both the static and dynamic culture systems. ROR1-CAR T cells had a phenotype 
consistent with strong activation; i.e., they expressed high levels of  CD25 and CD69. ROR1-CAR T cells 
were also induced to express PD-1, which is commonly observed in activated but also in exhausted T cells 
(27–29). Notably, we detected residual tumor cells at the end of  the 3-day and 5-day time courses in both 
the static and dynamic culture systems, and with both the A549 lung cancer and the MDA-MB-231 breast 
cancer models. Our histopathologic analyses did not reveal whether these residual tumor cells had still been 
alive or whether they had been undergoing the process of  apoptosis at the time of  formalin fixation and 
paraffin embedding. However, we would speculate that these tumor cells had indeed been alive and had not 
been eliminated by ROR1-CAR T cells during the assay period. These data may indicate that the elimina-
tion of  scattered residual tumor cells requires more time or that ROR1-CAR T cells were entering a state of  
exhaustion and were unable to eliminate these tumor cells. Accordingly, in future study protocols in our 3D 
tumor models, we will administer a second dose of  ROR1-CAR T cells alone or administer a combination 
treatment of  ROR1-CAR T cells and immune checkpoint inhibitors.

There is a continuous effort in the field to optimize existing and to develop novel CAR designs. 
We and others have shown in previous work that, for example, the choice of  targeting domain, spacer 
design, and signaling module affect tumor cell recognition and antitumor function of  CAR T cells (5, 

Figure 6. ROR1-CAR T cells migrate into tumor tissue and induce 
tumor cell lysis in a dynamic 3D culture. (A) Immunofluorescence 
staining of CD45 (green) on paraffin sections of dynamic tumor 
models treated with control or ROR1-CAR T cells. White arrows 
mark T cells that had migrated into the tissue matrix. Nuclei are 
counterstained with DAPI (blue). Scale bar: 100 μm. (B) Immunoflu-
orescence double staining of PCK (green) and Col IV (red) on paraffin 
sections of untreated dynamic tumor models as well as tumor mod-
els treated with CD4+ and CD8+ untransduced control T cells or CD4+ 
and CD8+ ROR1-CAR T cells with a total T cell number of 1 × 107 per 
condition. Scale bar: 100 μm. (C) Mean number of T cells per image 
and T cell proliferation assessed by quantification of Ki67/CD45 
immunofluorescence double staining. CD45+ and Ki67+CD45+ cells 
were counted in 10 images per condition. n = 4. Data are presented 
as arithmetic mean ± SD, 2-tailed Student’s t test: *P < 0.05; **P < 
0.01; ***P < 0.001.
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11, 30). However, there is presently no consensus on whether a single assay or a combination of  in 
vitro and in vivo assays constitutes a “gold standard” for evaluating CARs and for predicting safety 
and efficacy in humans (18). It seems plausible, however, to assume that conventional 2D (in vitro) test 
systems may be more useful for assessing “short-term” CAR T cell effector functions, such as cytolytic 
activity and cytokine secretion, whereas animal models (in vivo) may provide a “long-term” read-
out of  overall CAR T cell performance, including engraftment and proliferation. In this regard, the 
microphysiologic 3D models presented in this study are attractive because they provide information 
on both short- and long-term CAR T cell functions. We have performed several test campaigns with 
ROR1-CAR T cells in our 3D models and detected differences in antitumor function between CAR 
constructs with variable targeting domain, spacer domain, and costimulatory domain that we had also 
noted in 2D test systems and in murine xenograft models in previous work (5). Of  particular interest, 
we supported superior antitumor functions with ROR1-CAR T cells expressing the “high-affinity” R12 
targeting domain (0.11 nM) compared with the “low-affinity” 2A2 targeting domain (0.42 nM) (31, 
32) in our 3D tumor models and supported the previously “optimized” R12 ROR1-CAR as the most 
potent construct, supporting its continuous preclinical and clinical development (9).

In the present study, we have focused on lung cancer and breast cancer to evaluate the antitumor func-
tion of  ROR1-CAR T cells. The SISmuc 3D culture system can be readily adapted to accommodate other 
cancer entities, as we have recently demonstrated for colorectal cancer (21, 33). The 3D tumor models used 
in our study are based on a modular tissue engineering platform that can incorporate additional challenges 
for CAR T cells. In previous work, we have demonstrated the potential to generate vascularized tissue 
from our BioVaSc scaffold by engrafting the ECM matrix of  the mesenteric artery and vein with human 
endothelial cells (34). Further, we have demonstrated the potential to include fibroblasts and other stroma 
cells into the extracellular SISmuc matrix and are currently developing protocols that allow inclusion of  
regulatory T cells and myeloid-derived suppressor cells into our 3D culture system to better simulate the 
immunosuppressive tumor microenvironment.

The BioVaSc was originally designed for the generation of  artificial normal human tissues in regener-
ative medicine. Several normal human tissues, including trachea, myocardium, liver, skin, intestine, and 
kidney, have been generated on this platform (12, 35–40). Accordingly, we believe that there is a potential 
for assessing safety and tissue cross-reactivity of  CAR T cells in 3D normal tissue models. With our exist-
ing protocols, it is possible to generate approximately 130 SISmuc scaffolds from 1 porcine jejunum. Each 
scaffold can then be populated with different types of  normal or malignant cells. The microphysiologic 3D 
models described in our study may therefore contribute to reducing the number of  animals in rodent and 
nonhuman primate models that are involved in preclinical CAR T cell research.

Methods
Tumor cell lines. The A549 (Leibnitz-Institut Deutsche Sammlung von Mikroorganismen und Zellkulturen 
[DSMZ], catalog ACC-107, Research Resource Identifier [RRID] CVCL_0023) and MDA-MB-231 (Amer-
ican Type Culture Collection [ATCC], catalog HTB-26, RRID CVCL_0062) cell lines were purchased from 
DSMZ and ATCC, respectively. Both cell lines were cultured in RPMI-1640 (Thermo Fisher Scientific) and 
10% FCS (PAN-Biotech) as directed.

ROR1-CAR and preparation of  CAR T cell lines. Lentiviral vectors encoding ROR1-CARs comprising a 
single-chain variable fragment derived from either the rabbit anti–human ROR1 mAb R12 or the mouse 
anti–human ROR1 mAb 2A2, a short IgG4-Fc hinge or long IgG4-Fc hinge-CH2-CH3 spacer, a CD28 trans-
membrane domain, and a signaling module of  4-1BB_CD3ζ or CD28_CD3ζ have been described (5, 11). 
In each vector, the CAR transgene is separated by a T2A element from an EGFRt as transduction marker 
(41). CD8+ and CD4+ T cells were purified by immunomagnetic separation (Miltenyi Biotec) and activated 
with anti–CD3/CD28 beads (Thermo Fisher Scientific), before lentiviral transduction and enrichment and 
expansion of  CAR+ (i.e., EGFRt+) T cells (42).

SISmuc scaffold and preparation of  lung and breast cancer models. The SISmuc scaffold of  porcine SISmuc, and 
the preparation of  3D tissues under static and dynamic conditions, were performed according to established, 
standardized protocols (12–14, 43). In brief, jejunum was explanted and chemically decellularized with sodi-
um deoxycholate monohydrate, and the mesentery and vascular tree were removed. After γ-sterilization, the 
SISmuc was fixed in a cell crown between 2 metal rings, and 1 × 105 A549 or MDA-MB-231 cells were seeded 
on the luminal side of  the scaffold (Supplemental Figure 1A). The cell crowns were placed in 12-well plates 
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with 2.5 ml RPMI-1640 and 10% FCS medium, and complete medium changes were performed every 2–3 
days. After 11 days of  culture, ROR1-CAR–modified or control T cells were administered directly into the 
medium. For ELISA analyses, medium was obtained from the cell crown. Before dynamic culture, tumor 
cells were allowed to attach to the SISmuc for 3 days under static conditions, and the scaffold was then placed 
into the cassette of  a customized tubing system in a bioreactor (Supplemental Figure 1B and refs. 21 and 44). 
The tubing system contained 45 ml of  medium, and a roller pump (Cole-Parmer) continuously applied a con-
stant medium flow of 3–4 ml/min. After 14 days of  dynamic culture, ROR1-CAR–modified or control T cells 
were administered into a medium reservoir that was connected to the scaffold through an arterial and venous 
tube. For ELISA analyses, medium was aspirated through a sampling port.

ELISA for quantification of  M30, IL-2, and IFN-γ. ELISAs were performed according to the manufactur-
ers’ instructions (M30 Cytodeath ELISA, Peviva; IL-2 and IFN-γ ELISA, BioLegend). All samples were 
analyzed as technical duplicates.

Reisolation of  tumor cells. Tumor cells were reisolated from the SISmuc scaffold for subsequent flow 
cytometric analyses. The scaffolds were washed with PBS/EDTA and trypsin/EDTA applied for approx-
imately 3 minutes, and then, the reaction was stopped with FCS. Cells were mobilized with a cell scraper 
(Sarstedt), passed through a 40-μm cell sieve (Greiner Bio-One), pelleted by centrifugation for 5 minutes at 
300 g, and resuspended in flow buffer consisting of  PBS (Thermo Fisher Scientific) with 0.5% FCS (Ther-
mo Fisher Scientific), 2 mM EDTA (Thermo Fisher Scientific), and 1.5 mM sodium azide (AppliChem).

Phenotypic analysis by flow cytometry. Fluorochrome-conjugated mAbs against CD4 (Miltenyi Biotec, cat-
alog 130-113-258, RRID AB_2726059), CD8 (Miltenyi Biotec, catalog 130-113-157, RRID AB_2725985), 
CD279 (PD-1, Miltenyi Biotec, catalog 130-117-384, RRID AB_2727929), ROR1 (Miltenyi Biotec, catalog 
130-098-317, RRID AB_2653359), CD8a (BioLegend, catalog 301006, RRID AB_314124), CD69 (BioLeg-
end, catalog 310906, RRID AB_314841) CD274 (PD-L1, BioLegend, catalog 329708, RRID AB_940360), 
and CD25 (BD Biosciences, catalog 561399, RRID AB_10643029) were used according to the manufac-
turers’ instructions. The anti-EGFR mAb cetuximab (Bristol-Myers Squibb) was labeled in-house with 
Alexa Fluor 647 using the Alexa Fluor 647 Protein Labeling Kit (Thermo Fisher Scientific) following the 
manufacturer’s instructions (Thermo Fisher Scientific). 7-AAD (BD) was used to exclude dead cells from 
analysis. An FACSCanto II (BD) was used for data acquisition, and data analyses were performed using 
FlowJo v10.0.7 software (Tree Star).

Immunofluorescence staining. Scaffolds were fixed in 4% paraformaldehyde and embedded in paraffin and 
3-μm cross sections prepared using a microtome (Leica Microsystems). Immunofluorescence staining was 
performed with primary antibodies against Col IV (Abcam, catalog ab6586, RRID AB_305584), vimen-
tin (Abcam, catalog ab92547, RRID AB_10562134), Ki67 (Abcam, catalog ab16667, RRID AB_302459), 
CD45 (Agilent Dako, catalog M0701, RRID AB_2314143), and PCK (MilliporeSigma, catalog C2562, 
RRID AB_476839). All primary antibodies were diluted 1:100 and incubated overnight at 4°C. Secondary 
antibodies against mouse IgG (Thermo Fisher Scientific, catalog A-31571, RRID AB_162542) conjugated 
to Alexa Fluor 647 or against rabbit IgG (Thermo Fisher Scientific, catalog A-31572, RRID AB_162543) 
conjugated to Alexa Fluor 555 were diluted 1:400 and incubated for 1 hour at room temperature. Nuclei 
were counterstained by DAPI (Southern-Biotech). Images were acquired using a digital microscope (BZ-
9000, Keyence) or a confocal laser scanning microscope (SP-8, Leica Microsystems) and stored electroni-
cally in TIFF format. Images were processed using the open-source software Fiji (https://fiji.sc). All imag-
es were processed using the identical algorithm.

Analysis of  T cell proliferation by Ki67 staining. Immunofluorescence staining for CD45 and Ki67 was 
performed as described above. Six (dynamic conditions) or 10 (static) images per sample at original mag-
nification ×20 were analyzed, and the percentage of  proliferating T– cells was determined by dividing the 
number of  CD45+Ki67+ by the number of  CD45+ cells.

Statistics. The open-source software R (The Comprehensive R Archive Network) and GraphPad Prism 
6.07 software (GraphPad Software) were used for statistical analyses. All experiments were independently 
repeated n = 4 times unless stated otherwise. No samples were excluded from analysis. Two-tailed Stu-
dent’s t test or Wilcoxon’s rank-sum test were used with a confidence interval of  95%, and results with a P 
value of  less than 0.05 were considered statistically significant.

Study approval. Peripheral blood was obtained from healthy donors after they provided written informed 
consent to participate in research protocols approved by the Institutional Review Board of  the University of  
Würzburg (Ethik-Kommission der Universität Würzburg, Würzburg, Germany).
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The SISmuc scaffold was prepared from porcine intestine. All animals (local supplier) received humane 
care in compliance with the guidelines by the Federation of  European Laboratory Animal Science Associ-
ations, WHO, and FDA (WHO-TRS978 Annex 3 and FDA-OCTGT Preclinical Guidance) after approval 
from the Institutional Animal Care and Use Committee of  the University of  Würzburg and the local com-
petent authority (Regierung von Unterfranken, Würzburg, Germany).
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