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ABSTRACT
Background  Cell therapies for solid tumors are thwarted 
by the hostile tumor microenvironment (TME) and by 
heterogeneous expression of tumor target antigens. We 
address both limitations with a novel class of chimeric 
antigen receptors based on plant lectins, which recognize 
the aberrant sugar residues that are a ‘hallmark’ of 
both malignant and associated stromal cells. We have 
expressed in T cells a modified lectin from banana, H84T 
BanLec, attached to a chimeric antigen receptor (H84T-
CAR) that recognizes high-mannose (asparagine residue 
with five to nine mannoses). Here, we tested the efficacy 
of our novel H84T CAR in models of pancreatic ductal 
adenocarcinoma (PDAC), intractable tumors with aberrant 
glycosylation and characterized by desmoplastic stroma 
largely contributed by pancreatic stellate cells (PSCs).
Methods  We transduced human T cells with a second-
generation retroviral construct expressing the H84T 
BanLec chimeric receptor, measured T-cell expansion, 
characterized T-cell phenotype, and tested their efficacy 
against PDAC tumor cells lines by flow cytometry 
quantification. In three-dimensional (3D) spheroid 
models, we measured H84T CAR T-cell disruption of 
PSC architecture, and T-cell infiltration by live imaging. 
We tested the activity of H84T CAR T cells against tumor 
xenografts derived from three PDAC cell lines. Antitumor 
activity was quantified by caliper measurement and 
bioluminescence signal and used anti-human vimentin to 
measure residual PSCs.
Results  H84T BanLec CAR was successfully transduced 
and expressed by T cells which had robust expansion 
and retained central memory phenotype in both CD4 
and CD8 compartments. H84T CAR T cells targeted and 
eliminated PDAC tumor cell lines. They also disrupted 
PSC architecture in 3D models in vitro and reduced total 
tumor and stroma cells in mixed co-cultures. H84T CAR T 
cells exhibited improved T-cell infiltration in multicellular 
spheroids and had potent antitumor effects in the 
xenograft models. We observed no adverse effects against 
normal tissues.
Conclusions  T cells expressing H84T CAR target 
malignant cells and their stroma in PDAC tumor models. 
The incorporation of glycan-targeting lectins within CARs 
thus extends their activity to include both malignant cells 
and their supporting stromal cells, disrupting the TME 
that otherwise diminishes the activity of cellular therapies 
against solid tumors.

INTRODUCTION
Cellular immunotherapies, including 
chimeric antigen receptor (CAR) T cells, 
have revolutionized the treatment of hema-
tological malignancies. However, no CAR T 
cell has shown similar efficacy for the treat-
ment of solid tumors. This limited success is 
attributed in part to the heterogenous and 
hostile tumor microenvironment (TME) 
that prevents access to malignant cells and 
adversely affects the survival and function of 
infiltrating effector cells. A lack of targetable 
tumor specific antigens that are also consis-
tently expressed by malignant cells is an 
added major challenge.1

Altered glycosylation patterns are a hall-
mark of cancer.2 Distinct from most tumor-
associated antigens, cancer-associated glycans 
are found not only on tumor cells but also 
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	⇒ In contrast to successful treatment of hematological 
malignancies, cell therapies for solid tumors have 
been thwarted by the hostile tumor microenviron-
ment that impedes chimeric antigen receptor (CAR) 
T-cell activity. Novel therapies are required to over-
come the antigen heterogeneity and stromal barri-
ers present in solid tumors.

WHAT THIS STUDY ADDS
	⇒ We have generated a novel lectin-based CAR T cell 
that can recognize malignant cells while also dis-
rupting the supportive stromal cell component of 
solid tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Banana lectin binds high-mannose glycans that are 
associated with the progression of multiple cancers. 
The use of H84T BanLec as a CAR T-cell targeting 
moiety broadens therapeutic activity with cytotox-
icity against malignant cells and supporting stroma. 
This enhances antitumor activity for treatment of 
solid cancers.
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on cellular stromal components of the TME,3 making 
them ideal targets for immunotherapies. High-mannose 
glycans, which consists of five to nine mannose mole-
cules covalently linked to an Asn residue, promote cancer 
progression and metastasis.4–6 Moreover, distinct high-
mannose glycosylation patterns are present on the tumor-
associated stroma. This contrasts with distant normal 
stroma that has low abundance of high mannose.6 7 
Hence, abnormal glycan signatures are present on malig-
nant cells and on adjacent supporting stroma. Targeting 
high-mannose residues should therefore both directly 
destroy malignant cells and disrupt the protective TME.

Lectins are proteins that, inter alia, recognize terminal 
sugars in glycoproteins with high specificity8 and there-
fore represent a means of targeting the tumor glycome. 
We have designed a CAR derived from banana lectin 
(BanLec), an engineered lectin in which a single amino 
acid change, (histidine to threonine—H84T), uncoupled 
its mitogenicity from its glycan binding properties.9 We 
chose to analyze the effects of T cells expressing this CAR 
targeted to pancreatic ductal adenocarcinomas (PDAC). 
This tumor has an intensely desmoplastic stroma contrib-
uted by pancreatic stellate cells (PSCs) that in normal 
pancreas are quiescent.10 When activated in response to 
inflammation or tumor, PSCs proliferate and develop a 
myofibroblast phenotype. The resulting desmoplastic 
remodeling11 12 limits the therapeutic T-cell infiltration 
likely required for effective cellular therapy.

Here, we describe how H84T CAR-T cells can directly 
target PDAC and also disrupt pancreatic stroma in vitro 
and in vivo. This dual mechanism thereby reduces tumor 
burden without reliance on consistent expression of a 
single antigen. The H84T CAR is one of the few CARs 
developed that targets tumor-specific glycans and is the 
first CAR driven by a lectin that shows in vivo efficacy.

RESULTS
Glycan profiling of PDAC tumors and PSCs
H84T BanLec binds high-mannose oligosaccharides13 
that are low or absent on normal mature cells. This 
property limits cross-reactivity with normal human, non-
human primate, and rat tissues. Weak membrane staining 
was observed in rare leukocytes found in a few human 
tissues while the strongest staining was measured in cyto-
plasmic fractions of granulocytes and monocytes (SRI 
Biosciences Safety Report). This is consistent with high 
mannose branched N-glycans expressed on immature 
proteins before they are processed and reach the cell 
membrane, and therefore do not represent non-tumor 
specific targets for the lectin on the surface of healthy 
cells as confirmed by the lack of hematotoxicity seen when 
H84T BanLec was administered to rats14 (Defense Biosci-
ences Safety Report). By contrast, when we character-
ized the glycan profile of three different PDAC cell lines 
and primary PSCs by mass spectrometry (figure 1A and 
online supplemental figure 1), each cell line had unique 
glycan profiles but the CFPAC-1 and Capan-1 PDAC cell 

lines both expressed complex oligosaccharides, including 
targets for H84T. Panc-1 cells exhibited fewer complex 
saccharides compared with the other two tumor lines, 
with high mannose contributing to 85% of the expressed 
N-glycans. Primary PSCs exhibit more paucimannose 
compared with the other cell lines but high-mannose 
glycans were still the majority, contributing to over 75% 
of observed glycan intensity.

We confirmed that H84T BanLec could bind and recog-
nize these high-mannose glycans by flow cytometry on all 
three PDAC cell lines and PSCs (figure 1B). By contrast, 
and consistent with earlier specificity analyses, H84T 
BanLec did not bind normal T cells which have a greater 
expression of complex sialylated N-glycans with only 40% 
of the observed glycan intensity being attributed to high-
mannose N-glycans measured on PDAC cell lines. These 
data confirmed the binding specificity of H84T BanLec to 
malignant tumor and stroma cells while sparing normal 
cells.

Development of H84T CAR T cells
We investigated whether H84T BanLec could be used as 
a binder in a CAR and expressed in T cells, and whether 
the engineered cells would directly kill PDAC tumor lines. 
We cloned H84T into a second-generation CAR retroviral 
construct including an IgG4 short hinge region, CD28 
transmembrane domain, 41BB costimulatory domain, 
and zeta chain (figure  2A). We tested other constructs 
with different costimulatory, hinge, and transmembrane 
domains, but this configuration ultimately provided the 
best ex vivo T-cell expansion. Therefore, we proceeded 
with functional testing of this transgenic H84T CAR 
construct. Following transduction, we detected stable 
surface expression on activated T cells of the H84T CAR 
using a custom H84T CAR specific antibody (mean expres-
sion: 70.9%±12.8%, n=6, figure 2B). During H84T CAR 
T-cell expansion in media supplemented with low concen-
trations of dasatinib (50 nM), there was no evidence of 
fratricide with H84T CAR T expanding identically to 
non-transduced (NT) controls (figure 2C). Analysis of T 
cell phenotype by flow cytometry confirmed retention of 
central-memory-like T cells (CCR7+CD45RA+) in both the 
CD4+ and CD8+ compartments (figure 2D,E).

Antitumor activity of H84T CAR T cells against PDAC tumor 
cell lines
We cultured H84T CAR T cells or NT control T cells 
with PDAC cell lines at effector to target ratios of 1:4. We 
measured residual viable tumor by MTS (3-(4,5-dimeth
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfop
henyl)-2H-tetrazolium) tetrazolium salt assay at 24 and 
72 hours after T-cell addition (figure  3A, n=3 donors). 
Compared with cultures of target cells alone or with NT 
T cells, H84T CAR T cells significantly reduced viable 
tumor cells at 72 hours (CFPAC-1 p=0.001, CAPAN-1 
p=0.003, Panc-1 p<0.0001). We confirmed H84T CAR 
T-cell targeting of tumor cells engineered to express GFP 
by assessing residual viable PDAC cell lines using flow 

https://bcmedu-my.sharepoint.com/:b:/g/personal/mkmckenn_bcm_edu/EVyemLS192ZAhCGQcyuW3jEBg9l-9PNFAu9irVSR_AjRFg?e=dOF7Ch
https://bcmedu-my.sharepoint.com/:b:/g/personal/mkmckenn_bcm_edu/EVyemLS192ZAhCGQcyuW3jEBg9l-9PNFAu9irVSR_AjRFg?e=dOF7Ch
https://bcmedu-my.sharepoint.com/:b:/g/personal/mkmckenn_bcm_edu/ERY2hmfrgyFDmABktUPjDAkB2ArBTGdz6RJNrr645rbJCg?e=NoCy49
https://bcmedu-my.sharepoint.com/:b:/g/personal/mkmckenn_bcm_edu/ERY2hmfrgyFDmABktUPjDAkB2ArBTGdz6RJNrr645rbJCg?e=NoCy49
https://dx.doi.org/10.1136/jitc-2022-005891


3McKenna MK, et al. J Immunother Cancer 2023;11:e005891. doi:10.1136/jitc-2022-005891

Open access

cytometric measurement of total GFP+7-AAD- cells with 
quantitative beads 24–96 hours after T-cell addition at 
an effector to target ratio of 1:4 (figure 3B, n=3 donors). 
Tumor cell death in these co-cultures at 72 hours corre-
sponded to an increased T-cell expansion (online supple-
mental figure 2). H84T CAR T cells also secreted greater 
than two logs higher interferon (IFN)-γ after co-culture 
with all three PDAC cell lines than did NT control T cells 
at both 24 and 72 hours (figure 3C).

Activity of H84T CAR T cells against PSCs
The hostile environment of the PDAC stroma is a major 
impediment to treatment with CAR T cells and other 
cellular therapies. Primary PSCs are a major component 

of the desmoplastic structure of PDACs. These PSCs can 
express branched mannose glycans at sufficient density 
for binding by biotinylated H84T BanLec (figure  1). 
Therefore, we measured the activity of H84T CAR T cells 
against primary PSCs in two-dimensional (2D) co-cul-
ture at an effector to target ratio of 1:4. In contrast to 
H84T CAR T-cell co-cultures with PDAC tumor cells, we 
observed no significant cytotoxicity by H84T CAR T cells 
against PSC in either the MTS or flow cytometry assays 
(figure  4A,B). There was, however, evidence of H84T 
CAR T activation given that culture with PSCs stimulated 
increased IFN-γ secretion as compared with PSC culture 
with NT T cells (figure 4C). Thus, PSC appears to express 

Figure 1  Glycan profile of PDAC tumor cell lines and primary PSCs. (A) Summary of N-glycan analysis by MALDI-TOF mass 
spectrometry for CFPAC-1, Panc-1, Capan-1, and PSCs. N-glycan profiling is described in detail in the methods section. 
(B) Cell surface detection of high-mannose expression by biotinylated H84T BanLec. PDAC tumor cells, PSCs, and activated 
T cells (ATCs) were stained with 0.4 µg/mL biotinylated H84T BanLec followed by APC streptavidin. Cells were stained with 
streptavidin alone (2° only) for control. Surface expression was analyzed by flow cytometry and mean fluorescent intensity is 
represented on histogram plots. BanLec, banana lectin; PDAC, pancreatic ductal adenocarcinoma; PSC, pancreatic stellate 
cells.
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sufficient target glycans to activate H84T cells, but insuffi-
cient to trigger target cell killing.

To investigate the potential for H84T CART activation 
mediated by the PSC stromal elements to disrupt tumor 
architecture, we used a three-dimensional (3D) in vitro 
model.15 PSCs alone form spheroids within 24 hours. After 
CSFE (carboxyfluorescein succinimidyl ester) staining to 
label the cells with green fluoresence, we used an Incucyte 
Live imaging device to track GFP intensity in PSC spher-
oids over time in the presence of H84T CAR or control 
T cells (1:4 effector to target ratio). H84T CAR T cells 
disrupted the overall 3D architecture (figure 4D) of PSC 
spheroids leading to diffuse and significantly reduced GFP 
intensity (figure  4E, p<0.001). To determine if effector 
cell signaling following CAR engagement was required 
to disrupt the PSC architecture and infiltrate spheroids, 
we generated truncated H84T CAR T cells (H84TΔ) 
that lacked the CD3z intracellular signaling domain. We 
confirmed that H84TΔ T cells showed reduced phospho-
CD3z expression compared with full-length H84T CAR T 
cells by flow cytometry (online supplemental figure 3a). 
H84T signaling deficient CAR T cells marginally reduced 
the PSC signal compared with NT T cell controls, but 
less so than full-length H84T CAR T cells (online supple-
mental figure 3b). Similarly, PSC spheroids treated with 
H84T CAR T cells showed an increase in Annexin V 

expression compared with PSC spheroids treated with NT 
or H84TΔ T cells (online supplemental figure 3c). These 
results suggest that H84T CAR T cells can infiltrate, 
disrupt, and target the stromal barrier created by PSCs, 
providing a novel mechanism of targeting heterogenous 
PDAC tumors.

H84T CAR T cells target and destroy heterogenous PDAC 
tumors in 3D in vitro models
Histologically, PDAC tumors are comprised of up to 
50–80% stroma cells.16 17 Therefore, to determine the 
combined consequences of direct tumor cell killing and 
PSC perturbation by H84T CAR T cells we used both 
2D and 3D cultures that were combinations of PDAC 
and PSC. In 2D cultures, irrespective of the presence of 
PSCs, H84T CAR T cells were able to reduce the overall 
viability of tumor cells and PSCs at 24, 48, and 72 hours 
post culture (figure 5A).

To test the effect of H84T CAR T cells in complex 3D 
tumor spheroid models, we generated tumor spheroids 
containing both tumor and PSCs. None of the PDAC cell 
lines (CFPAC-1, Capan-1, and Panc-1) were able to form 
tumor spheroids alone but addition of PSCs provided 
support for multicellular tumor spheroids (online supple-
mental figure 4). At a ratio of 4 PSCs to 1 tumor cell, 
we found that PDAC tumor cells could form consistent 
spheroids with all three target tumor cell lines.

Figure 2  H84T CAR T-cell development. (A) Schematic diagram of retroviral CAR construct expressing H84T banana lectin 
binder with intracellular 41BB costimulatory domain and CD3z signaling domain. (B) H84T CAR expression was determined by 
flow cytometry with a rabbit anti-H84T antibody and goat anti-rabbit IgG Alexa Fluor 488 secondary antibody. Representative 
staining of one donor is shown in the plots on the left (left: non-transduced T cells; right: H84T CAR transduced). The average 
of six healthy donor T-cell transductions is quantified as percent CAR expression. (C) Average of five T-cell donor counts post 
transduction calculated by trypan blue counts. (D) Non-transduced (NT) and H84T CAR T cell CD4:CD8 ratio on day 14 post 
transduction quantified by flow cytometry. (E) Day 14 T-cell memory phenotype for CD4 (left) and CD8 (right) T cells. Memory T-
cell populations were determined by cell surface expression of CCR7 and CD45RA staining quantified by flow cytometry. CAR, 
chimeric antigen receptor; Tcm, central memory; Teff, T effector cells; Temra,T cell effector memory.
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Using Panc-1 cells labeled with GFP and unlabeled 
PSCs, we generated these mixed cellularity spheroids and 
added control NT or H84T CAR T cells at a 1:2 effector 
to tumor cell ratio and measured loss of GFP over time 
using Incucyte Live image analysis. H84T CAR T cells 
both reduced GFP intensity and disrupted spheroid struc-
ture compared with controls (figure 5B).

Since H84T CAR T cells could destroy the PSC spheroid 
stromal architecture (figure 4D), we investigated whether 
these effects modified H84T CAR T-cell infiltration of 
mixed tumor/stromal spheroids. CFPAC-1 tumor cells 
labeled with GFP were cultured with unlabeled PSCs at 
a ratio of 1:4. After 96 hours, NT and H84T CAR T cells 
were labeled with cell tracker red dye and added to spher-
oids at a 1:4 ratio of effector to tumor cells. We measured 

the mean RFP intensity under the brightfield mask of 
tumor and PSCs (online supplemental figure 5). H84T 
CAR T cells but not control T cells progressively infiltrated 
PDAC tumor+PSC spheroids for 48 hours and remained 
detected under the brightfield mask, suggesting that the 
activities of H84T CAR T cells allow penetration of PSC-
contributed barriers in a PDAC tumor model (figure 5C, 
p<0.001). This is different from the activity that we 
observe with a conventional HER2 targeted CAR T cell 
that can only target tumor antigen but not PSCs (online 
supplemental figure 6). HER2 directed CARs have shown 
potent antitumor activity against solid tumors, including 
the PDAC that we are using in our studies (online supple-
mental figure 6A).18 19 HER2 CAR T cells remain on the 
periphery of PSC spheroids (online supplemental figure 

Figure 3  Antitumor activity of H84T CAR T cells against PDAC tumor cell lines. (A) 4×104 PDAC tumor cell lines were seeded 
in 96-well plates and 1×104 NT or H84T CAR T cells were added. Tumor cell viability was determined by MTS assay at 24 hours 
and 72 hours post T-cell addition. Optical density (OD) values were obtained at 492 nm wavelengths. Averages of three technical 
triplicates of three different donor T cells are represented. P values determined by unpaired student’s t-test. (B) Co-culture of 
PDAC tumor cell lines with NT or H84T CAR T cells at a 4:1 ratio. Residual viable tumor cells labeled with GFP firefly luciferase 
were quantified by flow cytometry, 7-AAD staining and absolute counting beads. Samples were collected at 24, 48, 72, and 
96 hours post T-cell addition. n=3–4 donors per cell line. P values determined by two-way analysis of variance comparing NT 
versus H84T; *p<0.05; **p<0.005;***p<0.0005; ****p<0.0001. (C) Supernatant from PDAC tumor cell lines cultured with NT or 
H84T CAR-T cells were collected 24 and 72 hours post T-cell addition (1:4 effector:target ratio). IFN-γ secretion was measured 
by ELISA assay. Average of three donors are represented. MTS, Tetrazolium Assay, 7-AAD; 7-aminoactionomycin D; CAR, 
chimeric antigen receptor; GFP;green fluorescent protein; IFN, interferon; PDAC, pancreatic ductal adenocarcinoma; NT, non-
transduced.
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6B) and exhibit less infiltration in heterogenous tumor 
and PSC spheroids when compared with H84T CAR 
T cells (online supplemental figure 6C). These results 
confirm the unique ability of H84T CAR T cells to disrupt 
the PSC supportive architecture of PDAC tumors.

In vivo antitumor and anti-stromal activity of H84T CAR-T 
cells targeting heterogenous PDAC xenograft tumors
CFPAC-1 PDAC tumor cells labeled with GFP firefly lucif-
erase (FfLuc) and PSCs were injected subcutaneously into 
NSG MHC KO mice. The tumors were monitored for 14 
days until tumors reached an average volume of 40 mm3. 
After a single injection of 1×106 NT or H84T CAR T cells, 
we monitored tumor signal via bioluminescence inten-
sity and caliper measurements (figure  6A). H84T CAR 
T cells reduced the overall tumor signal compared with 
NT controls (figure 6B), which correlated with an overall 

reduced tumor volume (figure  6C). Tumor density was 
determined by ImageJ analysis of residual tumors on Day 
42 post T-cell infusion (figure 6D). Representative H&E 
sections are shown in online supplemental figure 7.

GFP-FfLuc labeled NT and H84T CAR T cells were 
used to confirm H84T CAR T-cell homing to the primary 
tumor site with persistence greater than 30 days post infu-
sion (figure 6E,F). In addition to efficacy against CFPAC-1 
cells, antitumor activity of H84T CAR T cells was observed 
in reduced volume measurement of Panc-1 PDAC tumors 
(figure 6G). Similar antitumor activity was also observed 
with Capan-1 PDAC tumor cells co-injected with PSCs. 
Tumor volume and signal intensity were reduced in mice 
treated with H84T CAR T cells when compared with treat-
ment with NT T cells (figure  6H,I, and online supple-
mental figure 8).

Figure 4  Anti-stromal activity of H84T CAR T cells against PSCs. (A) 4×104 primary PSCs were seeded in 96-well plates and 
1×104 NT or H84T CAR T cells were added. PSC cell viability was determined by MTS assay at 24 hours and 72 hours post T-
cell addition. Optical density (OD) values were obtained at 492 nm wavelengths. Averages of three technical triplicates of seven 
different donor T cells are represented. (B) Primary PSCs were stained with CSFE and cultured with NT or H84T CAR T cells 
are 4:1 ratio. Residual viable PSCs were detected by CSFE+7-AAD– and quantified by absolute count bright beads via flow 
cytometry. (C) Supernatant from PSCs cultured with NT or H84T CAR-T cells were collected 24 and 72 hours post T-cell addition 
(1:4 effector:target ratio). IFN-γ secretion was measured by ELISA assay. Averages of three donors are represented. (D) 4×103 
PSCs labeled with CSFE were seeded in 1% agarose coated 96-well plates and allowed to form spheroids for 24 hours. 
2×103 NT or H84T CAR T cells were then added and images were acquired every 2 hours for 4 days by the Incucyte Live imaging 
system. Representative image of one donor T cell and spheroids is shown 96 hours post T-cell addition. (E) The green integrated 
intensity of CSFE labeled PSC spheroids were quantified by Incucyte Live image analysis post T-cell addition over time. Results 
are an average of four technical replicates of three different donors. P value determined by two-way analysis of variance. CSFE, 
Carboxyfluorescein succinimidyl ester; 7-AAD, 7-aminoactinomycin D; GFP, green fluorescent protein; CAR, chimeric antigen 
receptor; IFN, interferon; PSC, pancreatic stellate cells.
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To evaluate whether the beneficial antitumor effects of 
H84T CAR T cells in vivo were mediated in part by remod-
eling tumor stromal elements, we stained the CFPAC+PSC 
residual tumors on Day 42 with anti-human vimentin, 
a marker for stromal cells. Tumors treated with H84T 
CAR-T cells had reduced vimentin staining compared 
with tumors treated with NT T cells (figure 6E), consis-
tent with H84T CAR T-cell disruption and reduction of 
the stromal component.

Finally, we observed no toxicity in any of the in vivo 
studies, an outcome consistent with the predicted lack 
of substantive cross-reactivity of the H84T binder with 
normal tissues, including normal pancreas (SRI Biosci-
ences Safety Report).

Figure 5  Activity of H84T CAR T cells in heterogenous pancreatic ductal adenocarcinoma tumor models. (A) 2×104 Panc-1 
cells only or in combination with 2×104 PSCs were cultured for 24 hours in 96-well plates. 5×103 NT or H84T CAR T cells were 
then added and total viable tumor and PSCs were determined by MTS assay. Optical density was measured at 492 nm and 
tumor only control was normalized to 1. Measurements were acquired at 24 hours, 48 hours, and 72 hours post T-cell addition. 
(B) 2×103 GFP labeled Panc-1 tumor cells and 8×103 PSCs were co-cultured in 1% agarose coated 96-well plates for 48 hours. 
1×103 NT or H84T CAR T cells were then added and imaged on the Incucyte Live imaging system for another 48 hours. GFP 
intensity of tumor cells was quantified over time (right) and representative images at time 0 hour and 96 hours post T cells are 
shown. P value<0.001 determined by two-way analysis of variance (ANOVA). (C) 2×103 GFP labeled CFPAC-1 tumor cells and 
8×103 PSCs were co-cultured in 1% agarose coated 96-well plates for 96 hours. 1×103 NT or H84T CAR T cells labeled with cell 
tracker red were then added and spheroids were imaged every 2 hours on the whole well spheroid imaging setting. Spheroid 
images before T cells were added and 96 hours post T-cell addition is shown on the left. The red intensity of T cells quantified 
under the brightfield mask is graphed on the right (p<0.001 determined by two-way ANOVA). Quantification for determining 
T-cell signal within spheroids are further described in online supplemental figure 5 . CAR, chimeric antigen receptor; PSC, 
pancreatic stellate cells; NT, non-transduced; GFP, green fluorescent protein; MTS, MTS Tetrazolium assay.

https://bcmedu-my.sharepoint.com/:b:/g/personal/mkmckenn_bcm_edu/EVyemLS192ZAhCGQcyuW3jEBg9l-9PNFAu9irVSR_AjRFg?e=dOF7Ch
https://bcmedu-my.sharepoint.com/:b:/g/personal/mkmckenn_bcm_edu/EVyemLS192ZAhCGQcyuW3jEBg9l-9PNFAu9irVSR_AjRFg?e=dOF7Ch
https://dx.doi.org/10.1136/jitc-2022-005891
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Figure 6  In vivo antitumor and anti-stromal activity of H84T CAR-T cells against three different PDACs. (A) NSG MHC KO 
mice were engrafted subcutaneously with 1×106 GFP-FfLuc labeled CFPAC-1 tumor cells and 1×106 PSCs. Tumors were 
allowed to establish for 2 weeks and then 1×106 NT or H84T CAR-T cells were intravenously delivered. (B) Tumor signal was 
quantified by bioluminescence signaling through IVIS imaging. N=4 mice per group. (C) Tumor volume was measured by the 
caliper and volume was calculated overtime. P value<0.001 determined by simple linear regression. (D) Residual tumors were 
resected on Day 36 post T-cell infusion and processed for H&E staining. Mean pixel density of H&E staining was quantified by 
ImageJ. Four sections per each tumor were quantified and graphed. N=3 tumors/NTR group and N=4 tumors/H84T group. P 
value determined by unpaired student’s t-test. (E, F) NSG MHC KO mice were engrafted subcutaneously with 2×106 Panc-1 
tumor cells and 2×106 PSCs. Tumors were allowed to establish for 2 weeks and then 1×106 NT or H84T CAR-T cells labeled 
with GFP-FfLuc were delivered intravenously. T-cell signal was quantified by bioluminescence signaling through IVIS imaging 
(F) bioluminesence images. (G) Tumor volume was measured by the caliper and volume was calculated overtime. N=4–5 mice 
per group. (H, I) NSG MHC KO mice were engrafted subcutaneously with 3×106 GFP-FfLuc labeled Capan-1 tumor cells 
and 3×106 PSCs. Tumors were allowed to establish for 1 week and then 1×106 NT or H84T CAR-T cells were intravenously 
delivered. Tumor volume (H) was quantified by caliper measurement and tumor signal (I) was quantified by bioluminescence 
signaling through IVIS imaging. N=4 mice per group. (J) Residual CFPAC-1+PSC tumors from mice treated with either NT or 
H84T CAR T cells were stained for anti-human vimentin to detect stroma cells. Vimentin pixel count was calculated by ImageJ 
analysis and representative IHC images are shown for three mice in each group. CAR, chimeric antigen receptor; PDAC, 
FfLuc, firefly luciferase; PDAC, pancreatic ductal adenocarcinoma; PSC, pancreatic stellate cells; NT, non-transduced; IHC, 
immunohistochemistry; GFP, green fluorescent protein.



9McKenna MK, et al. J Immunother Cancer 2023;11:e005891. doi:10.1136/jitc-2022-005891

Open access

DISCUSSION
We show that CAR T cells using a binder derived from 
an engineered BanLec (H84T) can recognize distinctive 
glycosylation patterns on both malignant PDAC cells and 
on the PSCs that form a major cellular component of 
their supporting stroma. Consequently, H84T CAR T cells 
can kill malignant cells directly and can facilitate CAR 
T-cell access to the interior of the tumor by disrupting the 
stromal barrier. This ability of a lectin-derived targeting 
element to simultaneously recognize heterogeneous 
patterns of tumor cell and stellate cell glycosylation helps 
address two major obstacles to successful immune cell 
therapy of pancreatic cancer, namely antigen heteroge-
neity and the hostile TME. Since aberrant patterns of 
glycosylation, including high-mannose residues, are wide-
spread among many different tumor types, this approach 
may have application beyond pancreatic cancer.

Aberrant glycosylation has been associated with cancer 
progression for decades as it has been found to promote 
tumor cell proliferation, metastasis, and angiogenesis.20 
Tumor specific glycans have been a promising target for 
immunotherapies with monoclonal antibodies developed 
against tumor glycolipids such as the disialoganglioside 
GD2, leading to Food and Drug Administration approval 
of dinutuximab in 2015 for treatment of high-risk neuro-
blastoma.21 However, the direct detection of glycan deter-
minants has been difficult to develop as many carbohydrate 
associated glycan patterns are not immunogenic.22 Of the 
available antibodies listed in the Database for Anti-Glycan 
Reagents (https://dagr.ccr.cancer.gov/About) only a 
fraction of them target different epitopes, with even 
fewer recognizing mannose molecules23 considered to 
promote malignant progression of multiple tumors.6 7 24 
The lack of glycan specific antibodies has limited prog-
ress in targeting altered glycosylation patterns.25 When 
such antibodies have been available, their application has 
been tumor restricted. Nevertheless, there is preclinical 
success of CAR T cells targeting cancer-specific antigen 
glycoforms of the Tn (Thomsen-nouveau) antigen and 
sialyl-Tn antigen expressed on cell membrane proteins 
such as mucin (Muc1).26 27 Muc1 is an O-glycosylated 
protein that is aberrantly glycosylated at the Tn antigen 
site on multiple tumors including leukemia, breast, and 
pancreatic cancers.28

As an alternate to monoclonal antibody (scFv) derived 
targeting moieties, lectins have been substituted as CAR 
components that target glycosphingolipids such as Gb3, 
on multiple different cancer types including Burkitt’s 
lymphoma, and colorectal and breast cancer cell lines.29 
Gb3 is expressed as multiple isoforms, which may limit 
discrimination between normal and malignant cells. By 
contrast, H84T BanLec, recognizes 5–9 mannose mole-
cules covalently linked to asparagine residues of multiple 
proteins expressed on the surface of cancer cells. The 
majority of immature proteins expressing high-mannose 
glycans are normally cleaved in the Golgi before mature 
proteins are transported to the cell membrane, but this 
pathway is dysregulated in both cancer cells as well as 

tumor-associated stroma cells, such as the PSCs studied 
here.4–7 This provides a unique target on both malignant 
cells and the tumor stroma recognized by H84T CAR 
T cells. Furthermore, because high-mannose glycans 
have minimal expression on normal cells, the specificity 
of H84T lectin and the CAR T cells derived therefrom 
should be high, with minimal on-target; off-tumor toxic-
ities. Studies with the H84T lectin itself on human, non-
human primate and rat tissues showed no binding to 
normal tissues/organs, including pancreas. Our own in 
vitro and in vivo studies with the H84T lectin and associ-
ated binder in a CAR T-cell supports the tumor specificity 
of H84T BanLec, with no toxicity from the H84T CAR 
T cells in our in vivo studies, with all mice maintaining 
both body weight and healthy body condition scores post 
T-cell infusion. Accurate assessment of safety and toler-
ability can only be accomplished in a clinical study, but 
should unexpected off target organ toxicity arise, there 
is precedence for successful modification of CAR expres-
sion or binders’ affinity.30 31 Like all exogenous proteins, 
H84T CAR-expressing T cells might be targeted by a host 
immune response.32 Previous mouse studies showed that 
animals could indeed generate an antibody response to 
H84T BanLec, but these produced no functional inhibi-
tion.33 Although we cannot predict the immune response 
to H84T CAR expressing T cells since our in vivo studies 
used immune-compromised animals with human tumor 
xenografts, these animals will partially mimic the human 
recipients of CAR T cells, in whom immune reactivity 
will be diminished by their tumor, its treatment and the 
standard lymphodepleting/cytoreductive chemotherapy 
given prior to all CAR T cell infusions.34

Targeting the tumor glycome by H84T CAR T may 
be particularly valuable given the impact of aber-
rant glycosylation of tumor antigens on the efficacy of 
conventional (scFv-based) CAR T-cell function.35 Extra-
cellular N-glycan abundance correlates with reduced 
CAR T-cell cytotoxicity as it inhibits effective immune 
synapse formation.36 For example, the activity of CAR T 
cells directed to CD44v6 on pancreatic cancer could be 
improved by ablating α−1,6-mannosylglycoprotein 6-β-N-
acetylglucosaminyltransferase 5, an enzyme involved in 
complex-type N-glycosylation of proteins or by treatment 
of the tumor with 2DG (2-deoxy-D-glucose), a glucose/
mannose analog that disrupts N-glycan expression. Simi-
larly, hyper-glycosylation of CD19 leads to antigen escape 
and CAR T-cell failure.37 These two studies both suggest 
that suppressing aberrant glycosylation can improve CAR 
T-cell activity, and our approach that directly targets the 
glycome may ultimately be of complementary value, for 
example, in sequential or pulsed therapies that could 
overcome tumor glycome editing to escape one or other, 
but not both, of these therapeutic strategies.

While H84T CAR T cells were directly cytotoxic against 
PDAC tumor cell lines in conventional 2D co-culture 
assays (figure 3), in these same assays they had minimal 
direct cytotoxicity against PSCs despite the detection of 
high-mannose glycans, although at levels lower than for 

https://dagr.ccr.cancer.gov/About
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the PDAC cells themselves (figure 1). Nonetheless, IFN-γ 
secretion by H84T CAR T cells cultured with PSCs indi-
cated that interaction and activation through the H84T 
CAR had indeed occurred, since a similar phenomenon 
was not observed with NT T cells (figure  4). To better 
establish the biological consequences of this apparently 
non-lytic CAR T activation, we used 3D PSC spheroids,15 38 
since such systems better mimic solid tumor characteris-
tics including cell-to-cell interactions, nutrient gradients, 
polarity, cellular ECM (Extracellular Matrix) composi-
tion and overall structure.39 Moreover, studies culturing 
breast cancer cells in 2D versus 3D environments found 
substantive differences in N-glycosylation patterns40 that 
may be sufficient to modulate the consequences of an 
interaction between a lectin CAR and its potential target. 
Similarly, studies in gastric cancer showed higher glycan 
expression in 3D multicellular spheroids compared with 
2D cultures.41 Importantly, when comparing the compo-
sition of N-glycans there was little difference between 3D 
models and human tumor xenografts or primary human 
(gastric) carcinomas,41 suggesting 3D models better 
mimic the glycan structures on the surface of tumors in 
vivo compared with 2D cultures. Finally, PSCs are known 
to alter their phenotype when cultured in 3D systems, 
an effect that is accentuated when cultured with PDAC 
tumor cell lines.42 Consistent with these precedents, 
the effects of H84T CAR T cells were more striking in 
3D than in 2D cultures. The compact spheroidal 3D 
cultures, formed when PSCs are cultured alone or in 
combination with PDAC cells, were disrupted in the pres-
ence of H84T BanLec CAR T, resulting in a diffused and 
degraded spheroid architecture (figures  4 and 5). We 
observed that full-length CAR induces greater PSC cell 
death and disruption of PSC spheroids compared with 
the truncated H84T, suggesting that while a limited anti-
tumor effect (spheroid disruption) is obtained following 
binding of the truncated CAR, maximal antitumor 
activity requires both receptor binding and effector T-cell 
activation. The improved ability of H84T CAR T cells to 
infiltrate the combined PDAC and PSC spheroids shown 
in figure 5C is a result consistent with their vitiated struc-
ture and will in turn expose more malignant cells and 
PSC to CAR T-cell targeting, a ‘virtuous circle’ of tumor 
disruption and destruction. Our in vivo xenograft models 
produced responses consistent with the observed ex vivo 
effects, with biopsied materials showing both a reduction 
in vimentin positive stromal cells and reduced tumor 
density and volume (figure 6). H84T CAR showed similar 
antitumor activity in all three PDAC and PSC xenograft 
tumor models tested with consistent tumor volume 
measurements.

H84T BanLec CAR can be expressed on the surface 
of natural killer cells that were found to mediate SARS-
CoV-2 clearance.43 We have now confirmed that we can 
indeed express H84T BanLec CAR on T cells and present 
the first report of a CAR T-cell guided by a lectin with anti-
tumor activity in vivo, thus representing a new paradigm 

for CAR T development against cancer.44 H84T CAR T 
cells provide a dual mechanism of action against solid 
tumors that has not been previously described. The ability 
to simultaneously target both malignant cells and their 
supporting tumor stromal elements allows us to improve 
T-cell infiltration and facilitate targeting of the malignant 
cells themselves. Moreover, the use of a lectin CAR that 
targets patterns of glycosylation present on many solid 
tumors but lacking on normal cells4–7 (absent chronic 
inflammation or adjacent tumor), may allow H84T CAR 
activity to be widely inclusive of diverse human solid 
tumors, producing equity of outcome.

METHODS
Cells and culture condition
PDAC cell lines, CFPAC-1, Capan-1, and Panc-1, were 
obtained from ATCC (Manassas, Virginia, USA). GFP-
FfLuc expressing cell lines were generated by gamma 
retroviral transduction with PG13 vector packaging 
cell line. Primary PSCs were obtained from ScienCell 
Research Laboratories. PSCs were used between the third 
and eighth passages and cultured in Stellate Cell Media 
and in tissue culture treated flasks treated with poly-L-
lysine. Panc-1 tumor cell line was maintained in Dulbec-
co’s modified Eagle’s medium (supplemented with 10% 
fetal bovine serum (FBS) (GE Healthcare Life Sciences, 
Marlborough, Massachusetts, USA) and 2 mmol/L L-glu-
tamine. CFPAC-1 and Capan-1 cells were maintained in 
Iscove’s modified Dulbecco media (complete with 10% 
or 20% FBS, respectively). All cell lines were routinely 
tested for mycoplasma using the MycoAlert detection kit 
(Lonza; Basal, Switzerland).

N-glycan analysis
Purification of protein N-glycans was performed using 
standard protocols available through The National Center 
for Functional Glycomics website (www.ncfg.hms.harvard.​
edu). In brief, cells were lysed via probe sonication, and 
the cellular proteins were reduced by 10 mM DTT (Dith-
ioThreitol), alkylated by 55 mM iodoacetamide, and 
peptides obtained by overnight trypsin digestion. N-gly-
cans were released from the tryptic peptides by overnight 
digestion with PNGase-F at 37°C. Released N-glycans were 
purified from intact proteins by C18 flow-through.

N-glycan permethylation was performed using a fresh 
slurry of NaOH/DMSO (Sodium Hydroxide/Dimethyl 
sulfoxide) and iodomethane mixed with the dried N-gly-
cans. After the mixture became white, semi-solid and 
chalky, H2O was added to stop the reaction and dissolve 
the sample. Chloroform:water liquid–liquid extractions 
were performed to remove residual salts and the chlo-
roform fraction (containing the permethylated glycans) 
was then evaporated by vacuum centrifugation. Permeth-
ylated N-glycans were further desalted by C18 Sep-Pak 
(50 mg) according to the manufacturer’s protocols.

For MALDI-TOF (Matrix-assisted laser desorption/
ionization-time of flight mass spectrometry) analysis, 

www.ncfg.hms.harvard.edu
www.ncfg.hms.harvard.edu
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permethylated N-glycans were resuspended in 50% aceto-
nitrile, mixed 1:1 with DHB (2,5-Dihydroxybenzoic acid) 
matrix and spotted on a metal 384 spot target plate. 
Spectra from the samples were obtained in a Bruker 
MALDI-TOF instrument using FlexControl Software in 
the reflection positive mode with a mass/charge (m/z) 
range of 1000–6000. Ten independent captures (repre-
senting 1000 shots each) were obtained from each sample.

CAR T-cell generation
Healthy normal donors gave informed consent to 
participate to donate peripheral blood mononu-
clear cells (PBMCs) through an Institutional Review 
Board-approved protocol. PBMCs were isolated using 
Lymphoprep according to manufacturer’s instructions 
(Axis-Shield PoC AS, Dundee, Scotland). T cells were acti-
vated in 24-well non-tissue culture-treated plates coated 
with OKT3 (1 mg/mL; Ortho Biotech, Bridgewater, New 
Jersey, USA) and NA/LE anti-human CD28 antibodies 
(1 mg/mL; BD Biosciences, San Jose, California, USA) 
at a density of 1×106 cells per well. H84T CAR-T cells 
post transduction were expanded in conventional CTL 
media (45% RPMI-1640 media (HyClone Laboratories, 
Marlborough, Massachusetts, USA), 45% Click’s medium 
(Irvine Scientific, Santa Ana, California, USA), 10% heat-
inactivated FBS (HyClone Laboratories, Marlborough, 
Massachusetts, USA) and 2 mmol/L glutaMAX (Gibco 
by Life Technologies, Carlsbad, California, USA) supple-
mented with 10 ng/mL recombinant human interleukin 
(IL)-7 and IL-15 cytokines and 50 nM dasatinib to reduce 
tonic signaling and retain central memory CAR-T popu-
lations.45 46

H84T BanLec was cloned into the SFG (retroviral 
backbone) vector expressing IgG4 short hinge, CD28 
transmembrane domain, 41BBz costimulatory domain, 
and CD3z signaling domain. H84TΔ retained the same 
extracellular binder without the 41BBZ and CD3z 
signaling domains. We performed transfection for retro-
viral supernatant with 293 T cells and purified vector 
as described.47 Retroviral transduction was performed 
as previously described.18 Transduction efficiency of T 
cells was measured by flow cytometry after staining with 
a rabbit anti-H84T antibody generated in house at 1 µg/
mL for 30 min, washed and then stained with 2 µg/mL 
Alexa Fluor 488 Goat anti-rabbit IgG (Jackson Immu-
noResearch, Cat 111-545-144).

The vector encoding the HER2 directed CAR (second-
generation HER2.28z; clone FRP5) was a kind gift from 
Dr Stephen Gottschalk. Transduction efficiency was 
measured by flow cytometry using a chimeric Erb2-Fc 
fusion protein (R&D Systems, Minneapolis, Minnesota, 
USA) with AF-647 anti-Fc antibody (Southern Biotech, 
Birmingham, Alabama, USA).

Flow cytometry
PDAC tumor cell lines, primary PSCs, and activated T 
cells were stained with biotinylated H84T lectin to recog-
nize high-mannose glycan expression. Cells were stained 

with 0.4 µg/mL biotinylated H84T BanLec followed by 
APC streptavidin. Cells were stained with streptavidin 
alone (2° only) for control.

H84T CAR expression was described in the previous 
section. Both NT and H84T CAR T cells were stained for 
CD4, CD8, CCR7, and CD45RA (BD Biosciences, San Jose, 
California, USA) to determine T-cell memory phenotype.

Phospho-CD3ζ staining was performed by fixation in 
2% formaldehyde at room temperature for 10 min. Cells 
were washed in phosphate-buffered saline (PBS) supple-
mented with 2% FBS followed by incubation with 100% 
cold methanol for 20 min at 4°C. Cells were then washed 
three times with PBS+2% FBS and stained with CD247 
(Invitrogen, Waltham, Massachusetts, USA). Data were 
acquired on a BD CANTO II flow cytometer for all assays 
and data analyzed using FlowJo software.

Cytotoxicity assays
H84T CAR T and NT T cells were co-cultured with 
CFPAC-1, Capan-1, Panc-1 cell lines or PSC cell lines 
expressing GFP (or CSFE stained PSCs) at a 1:4 (effector 
to target) ratio. Residual tumor and PSCs were measured 
by GFP+7-AAD- staining quantified by flow cytometry 
and CountBright Absolute Counting Beads (Invitrogen 
by Thermo Fisher Scientific, Carlsbad, California, USA). 
For MTS (a colorimetric method) assays, tumor cells and 
T cells were seeded in the same ratio in a 96-well plate 
(2×104 tumor: 5×103 T cells). Viability of tumor cells was 
assessed at indicated time points by removing all superna-
tants from each well. 10 µL of CellTiter 96 AQueous One 
Solution (Promega, Madison, Wisconsin, USA) + 90 µL of 
media were then added to each well and incubated for 
1 hour at 37°C. The optical density was then measured at 
492 nm. For 2D cultures of both PDAC and PSCs together, 
cancer cells and PSC were seeded at a 1:1 ratio. T cells 
were added at a 1:4 effector to target ratio to the tumor 
cells only. MTS assay was performed as described to deter-
mine total viable tumor and PSCs remaining after T-cell 
addition.

IFN-γ ELISA
Tumor and PSCs were seeded in the same co-culture exper-
iments for cytotoxicity studies. Supernatant was collected 
24 and 72 hours after T-cell addition and analyzed for 
IFN-γ secretion (R&D Systems, Minneapolis, Minnesota, 
USA) according to the manufacturer’s protocol.

3D spheroid assays
96-well tissue culture plates were coated with 1% agarose 
to create a low-attachment binding surface to allow forced 
suspension of tumor cells as described previously.48 49 We 
seeded 2×103 tumor cells in 50 µL and PSCs were then 
added at different ratios to tumor in 50 µL volume. Cells 
were imaged until spheroids formed spontaneously and 
confirmed by microscope visualization. Studies deter-
mined that 2×103 tumor and 8×103 PSCs were required 
for spheroid formation 48 hours post cell addition. 1×103 
NT or H84T CAR T cells were then added to spheroids. 
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Spheroids were monitored by Incucyte Live cell image 
analysis. If Annexin V was used for apoptosis detection, 
AF594 Annexin V (Invitrogen by Thermo Fisher Scien-
tific, Carlsbad, California, USA) stain was used at 1:2000 
dilution. Multispheroid protocol was used for image 
acquisition and quantified by the total red object inte-
grated intensity parameter that represents the summed 
pixel intensity in calibrated units. For T-cell infiltration 
assay, NT or H84T CAR T cells were labeled with Cell-
Tracker Red (Invitrogen by Thermo Fisher Scientific, 
Carlsbad, California, USA). GFP labeled tumor and unla-
beled PSCs were set up in the same ratios as all other 
experiments. Whole well spheroid protocol was used for 
image acquisition. Red mean intensity was calculated by 
Incucyte imaging software specifically under the bright-
field mask of the tumor spheroid as shown in online 
supplemental figure 3.

Xenograft mouse models
Breeder pairs of NOD.Cg-Prkdcscid H2-K1tm1Bpe H2-Ab1e-

m1Mvw H2-D1tm1Bpe Il2rgtm1Wjl/SzJ mice (NSG MHC KO, 
Stock No. 025216) were purchased from The Jackson 
Laboratory (Bar Harbor, Maine, USA) and bred in the 
Baylor College of Medicine animal facility. Female and 
male (12–16 weeks old) mice were used for experiments. 
All animal experiments were conducted in compliance 
with the Baylor College of Medicine IACUC (Protocol 
#AN-4758).

We injected 1×106 CFPAC-1 cells expressing FfLuc and 
1×106 unlabeled PSCs subcutaneously without Matrigel. 
Tumors were allowed to establish for 2 weeks and then 
1×106 NT or H84T CAR-T cells were delivered intrave-
nously via tail vein. For the Capan-1 tumor model, we 
injected 3×106 Capan-1 cells expressing FfLuc and 3×106 
unlabeled PSCs subcutaneously without matrigel and 
tumors were allowed to establish for 1 week until palpable. 
For the Panc-1 tumor model we injected 2×106 unlabeled 
Panc-1 cells with 2×106 unlabeled PSCs and tumors were 
allowed to establish for 2 weeks. NT or H84T CAR T cells 
were then infused (1×106) and tumor was monitored by 
Xenogen-IVIS Imaging System (Caliper Life Sciences, 
Hopkinton, Massachusetts, USA). For Panc-1 mice, NT 
or H84T CAR T cells transduced with GFP-FfLuc were 
delivered intravenously. Mice were injected intraperito-
neally two times a week with D-luciferin (150 mg/kg), 
and signal intensity (Radiance) was measured as total 
photon/sec/cm2/sr (p/s/cm2/sr) after imaging for both 
10 s and 1 min exposures.50 For GFP-FfLuc labeled T-cell 
experiments, mice were imaged post T-cell infusion on 
day 0 and then two times a week for 3 min exposures for 
the remainder of the experiment. Tumor volume was 
measured by caliper and volume was calculated by length 
(mm) × length (mm) × width (mm) measurements. 
We collected and processed residual tumors that were 
sectioned and stained for H&E and vimentin IHC (Cell 
Signaling, (D21H3) XP Rabbit mAb #5741) by the Baylor 
Pathology Core.

Statistics
All statistical analyses used GraphPad Prism software. 
We employed unpaired two-tailed Student’s t-test with 
Welch’s correction to determine the statistical signif-
icance of differences between samples. Simple linear 
regression analysis and two-way analysis of variance with 
Tukey’s multiple comparison test with an alpha value of 
0.5 was used for time course studies to compare treat-
ments. Simple linear regression was used for tumor 
growth curves to determine whether the slopes and inter-
cepts are significantly different from one another. All 
numerical data are represented as mean with SD. Results 
were considered statistically significant when p<0.05.
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