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Rab5 improves CAR T cell efficacy via reducing 
fratricide and maintaining surface CAR levels
Meidi Gu1,2�, Kaitlin A. Read1,2�, Vipin Bhardwaj1,2�, Edmund J. Carvalho1,2�, David Nardo1,2�, Justin C. Shayne1,2�, Divanshu Shukla1,2�, 
Wei Liu2,3�, Donald L. Siegel2,3�, Neil C. Sheppard2,3�, Michael C. Milone2,3�, Adam D. Cohen4�, Alfred L. Garfall4�, and James L. Riley1,2�

We show continuous tumor exposure results in a loss of chimeric antigen receptor (CAR) T cell (CART) endocytic activity due to 
downregulation of Rab5. Loss of endocytic activity exacerbates the effects of trogocytosis, the bidirectional transfer of tumor 
target antigens and CARs between malignant cells and CARTs, resulting in CART dysfunction and fratricide. Constitutive 
expression of Rab5 within the CARTs reduced fratricide by reducing the amount of trogocytosed antigens on the cell surface, 
while simultaneously enhancing CAR availability through dissociation of CAR from target, recycling unbound CAR back to the 
plasma membrane, and limiting CAR capture by tumor cells. Rab5-expressing CARTs exhibited superior antitumor activity in 
both BCMA-CARTs isolated from the bone marrow of treated patients and mesothelin-specific CARTs in a solid tumor model. 
These studies uncover an unexpected relationship between endocytosis and CART function and suggest that pairing Rab5 with 
CAR expression could improve the clinical efficacy of CART therapy.

Introduction
Chimeric antigen receptor (CAR) T cell (CART) therapy has led to 
remarkable therapeutic responses in patients with certain he
matological malignancies (Cappell and Kochenderfer, 2023), yet 
its efficacy in solid tumors remains limited (June et al., 2018; 
Rafiq et al., 2020). Significant effort has been devoted to boost
ing the efficacy of CARTs to expand the number of patients who 
could benefit from this therapy, including providing signals that 
prolong CART persistence (Chan et al., 2024; Doan et al., 2024; 
Kagoya et al., 2018; Shum et al., 2017), resist T cell exhaustion 
(Lynn et al., 2019), and help CARTs overcome the immunosup
pressive tumor microenvironment (Narayan et al., 2022). While 
the molecular mechanisms underlying CART dysfunction in 
solid tumors are not fully understood, this knowledge is critical 
to develop rational approaches aimed at improving broad CART 
function.

In the tumor microenvironment, direct cell–cell contact is a 
primary trigger for reprogramming T cell antitumor functions 
(Kim et al., 2024). Trogocytosis is a dynamic form of membrane 
trafficking between 2 cells, with important roles in immune cell 
interactions and tumor biology (Kim et al., 2025; Rechavi et al., 
2009). For CARTs, trogocytosis has been shown to be detri
mental to function, as the transfer of tumor antigens to CARTs 
can trigger fratricide and immune dysfunction (Hamieh et al., 
2019), while CAR molecules transferred into tumor cells impair 

antigen recognition and cytotoxicity (Zhai et al., 2023). Tro
gocytosis can be considered a variant of phagocytosis or trans- 
endocytosis (Rechavi et al., 2009). Attempts to limit both 
processes have been used to increase CAR surface expression 
(Xu et al., 2024; Zhou et al., 2023). Interestingly, studies in
dicate that the endocytic-recycling pathway is crucial for 
sustaining CAR surface expression and functional durability 
(Li et al., 2020; Xie et al., 2025), suggesting that simply 
blocking endocytosis may be counterproductive. These ob
servations suggest that a deeper understanding of how tro
gocytosis is regulated and how it affects CARTs, particularly 
in the context of tumor–CART interactions is needed.

Endocytosis plays a key role in maintaining membrane 
health, signal transduction, lipid homeostasis, and mitosis, but 
how its activity affects CARTs is limited (Charpentier and King, 
2021; Delgoffe et al., 2021). Rab GTPase family proteins are 
central organizers of membrane trafficking (Behnia and Munro, 
2005; Homma et al., 2021; Zerial and McBride, 2001) and play 
essential roles in processes ranging from early endocytosis to 
lysosomal degradation (Birgisdottir and Johansen, 2020; Soreng 
et al., 2018; Zhen and Stenmark, 2015). The human genome 
encodes >60 Rab GTPases. Among them, Rab5, an early endo
some marker, plays a crucial role in the internalization and 
trafficking of membrane receptors, including TCRs (Bucci et al., 
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1992; Yuan and Song, 2020; Zerial and McBride, 2001). Mutations 
in the Rab5 gene directly affect TCR transport and downstream 
TCR signaling (Andre et al., 1997; Finetti et al., 2014; Redpath et al., 
2019). Here, we show that continuous tumor engagement results 
in Rab5 downregulation, which is associated with the loss of en
docytic activity and CART function. This impaired endocytic ac
tivity amplifies the detrimental effects of trogocytosis on CART 
function by allowing target antigen accumulation on T cell sur
faces and promoting CAR capture by tumors. Introduction of Rab5 
into CARTs demonstrated superior target antigen clearance, pre
served CAR surface expression, and improved antitumor efficacy 
both in vitro and in vivo. These findings uncover that loss of en
docytic activity is a previously unrecognized mechanism of CART 
dysfunction and highlight membrane trafficking reprogramming 
as a promising strategy to augment CART therapy.

Results
Continuous tumor interactions lead to downregulation of 
endocytic activity in CARTs
Long-term interactions with tumors limit CART function, which 
can result in tumor relapse (Delgoffe et al., 2021). A continuous 
antigen exposure (CAE) assay models this process in vitro and 
mimics key features of CART dysfunction found in patients 
lacking durable CART responses (Good et al., 2021). We adapted 
this assay to study CART dysfunction using CD19-specific CARTs 
that employed 4-1BB and CD3 zeta signaling domains (19BBz) 
and challenged them with K562 cells expressing CD19 and GFP 
(K.19.GFP) every 2 days to better understand how this dysfunction 
occurs (Fig. S1 a). Consistent with previous findings, CARTs ini
tially controlled tumor growth, but eventually lost this capacity. 
Moreover, the number of CARTs diminished over time, which 
could reflect tumor outgrowth or CART elimination (Fig. 1 a).

To better understand the mechanisms underlying this dys
function, we used bulk RNA sequencing (RNA-seq) to compare 
CARTs before CAE (day 9 after T cell stimulation) with CARTs 
after three rounds of tumor stimulation in the CAE assay (third- 
CAE). Gene expression was significantly altered and samples 
segregated into distinct clusters by tumor stimulation condition, 
suggesting major phenotypic changes (Fig. S1, b and c). Many of 
the observed changes in gene expression reflected the fact that 
CAE-CARTs were more activated than those that had rested 
down after 9 days of culture (Fig. S1 d). Unexpectedly, bulk RNA- 
seq analysis revealed that multiple genes associated with en
docytosis (GO:0030100) were downregulated in CAE-CARTs 
(Fig. 1, b and c). This was surprising given that our studies and 
others have shown that activated T cells exhibit higher endocytic 
activity than resting T cells (Charpentier et al., 2020; Rossatti 
et al., 2022) (Fig. S1 e). To determine whether continuous tumor 
exposure altered endocytic function in CARTs, we incubated 
resting CARTs and CAE-CARTs with AM1-44, a dye widely used 
to track and visualize cell membrane activity, particularly 
endocytosis (Sara et al., 2005). CAE-CARTs exhibited mark
edly reduced dye uptake compared with unchallenged CARTs 
(Fig. S1, f and g). Using pHrodo dextran, which is specifically 
internalized through endocytosis, we again observed im
paired uptake in CAE-CARTs (Fig. 1, d and e), validating that 

CAE results in the loss of endocytic activity in T cells. More 
importantly, to test whether tumor antigen exposure directly 
impairs endocytosis in vivo, we co-infused anti-CD19 (19BBz) 
and anti-mesothelin (MESOBBz) CARTs into mice bearing 
CD19-expressing tumors. After 14 days, the endocytic activity 
of these two tumor-infiltrating CART populations was ana
lyzed, and 19BBz CARTs displayed markedly reduced endo
cytic activity relative to the MESOBBz CARTs (Fig.1, f and g), 
indicating that tumor engagement suppressed T cell endocytic 
activity. Among the Rab family proteins that are down
regulated by tumors (Fig.1 c), Rab5 is the central regulator of 
early endosomes and overall endocytic activity (Grbovic et al., 
2003; Yuan and Song, 2020). It is poorly expressed in resting 
T cells, induced upon T cell activation, and wanes as CARTs 
return to quiescent state (Fig. S1 h). Importantly, upon con
tinuous tumor interaction, Rab5 expression in CARTs was 
markedly downregulated, despite a transient initial increase 
(Fig. 1 h). Thus, reduction in Rab5 expression correlates with 
loss of endocytic activity in CARTs following tumor engage
ment. Together, these results indicate that continuous tumor 
interactions lead to a loss of endocytic activity within CARTs, 
which correlates with impaired CART function.

Forced Rab5 expression restores endocytic activity and 
CART function
To test whether restoring Rab5 expression could rescue endocytic 
activity in CARTs, we co-expressed Rab5 together with 19BBz CAR 
using a T2A sequence (19BBz-Rab5, or Rab5-CART in reference 
to all Rab5 overexpression constructs) (Fig. S2 a). We also co- 
expressed Rab4 and Rab11, which are Rab family members in
volved in endocytic recycling and exocytosis (Longatti et al., 2012; 
Ward et al., 2005). In contrast to control (tEGFR), Rab4, and Rab11- 
expressing CARTs, Rab5-expressing CARTs were able to uptake 
both the pHrodo dextran and AM1-44 dye throughout CAE (Fig. 2, 
a and b), indicating endocytic activity was maintained throughout 
continual tumor engagement when CARTs were able to maintain 
Rab5 expression. Next, we asked if restoration of endocytic ac
tivity resulted in improved CART activity within the CAE assay. 
Strikingly, Rab5-CARTs exhibited prolonged tumor-killing ca
pacity compared with controls, Rab4, or Rab11-CARTs (Fig. 2, c and 
d) and maintained sustained Rab5 expression during the CAE 
assay (Fig. S2 b). Rab5 is known to interact with multiple signaling 
molecules, including PI3K family members that could potentially 
influence CART survival or function (Yuan and Song, 2020). 
However, transcriptional profiling of Rab5-CARTs in the presence 
or absence of tumors revealed only modest differences relative to 
the control CARTs (Fig. S2, c and d), suggesting that Rab5 alone is 
sufficient for improved endocytic activity in CARTs. Moreover, 
surface expression of key T cell markers (TCR, CD25, CD28, and 
CD45) and checkpoint markers (PD-1, Tim-3, and Lag-3) were 
unaltered by enforced Rab5 expression during CAE assay (Fig. S2, 
e and f). These results suggest that enhanced endocytic and cy
tolytic activity of Rab5-CARTs is directly attributable to Rab5 it
self, rather than indirect effects on T cell activation or phenotype. 
Given that Rab5’s GTPase activity functions as an on/off 
switch for its regulation of endocytosis (Homma et al., 2021; 
Wang et al., 2024), we next tested whether this activity is 
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required to maintain CART function. We generated a GTPase- 
defective Rab5 mutant (S35N) and assessed its effect in the CAE 
assay. The S35N variant acted as a dominant-negative mutant, 
causing CARTs to exhibit significantly impaired tumor-killing 

activity (Fig. 2, e–g). Collectively, these findings demonstrate 
that introducing a properly regulated Rab5 restores CART en
docytic activity during continuous tumor challenge, thereby 
rescuing their capacity to become serial killers.

Figure 1. Continuous tumor interactions lead to downregulation of endocytic activity in CARTs. (a) Flow cytometry of the CAE assay at indicated time 
points, used to analyze the presence of K.19 tumor cells (GFP+) and 19BBz-tEGFR CARTs (CD3+). Primary human T cells were activated and transduced with 
19BBz-CAR. After 9 days of culture, 1 × 106 CAR-positive T cells were co-cultured with 2 × 106 K562 cells expressing CD19 and GFP (K.19.GFP). Every 2 days, 
additional 2 × 106 K.19.GFP were added to the co-culture assay. Data are representative of three independent experiments with samples from unique healthy 
donors. (b) Venn diagram showing the overlap between downregulated genes and genes associated with endocytic processes. Bulk RNA-seq identified over 
2,000 genes downregulated in 19BBz-tEGFR CARTs after tumor engagement, of which 54 were annotated as endocytosis-related. (c) Heatmap showing bulk 
RNA-seq expression profiles of endocytosis-related genes in b, excluding four genes with low read counts. Each column represents an individual donor sample 
(n = 4 healthy donors). (d and e) Endocytic activity of CARTs obtained on day 10 after T cell stimulation or after a second-round CAE assay was measured by 
uptake of pHrodo Red dextran at 37°C for 20 min, analyzed by flow cytometry. Data are representative of three independent experiments with samples from 
unique healthy donors. (f and g) pHrodo Red dextran endocytosis was assessed in tumor-infiltrating CARTs. 19BBz-tEGFR and MESOBBz-tEGFR CARTs were 
mixed at a 1:1 ratio and infused into K.19.GFP tumor-bearing mice 7 days after tumor implantation. 14 days after CART infusion, tumor-infiltrating CARTs were 
isolated and incubated with pHrodo Red dextran at 37°C for 20 min. Endocytic activity was compared between CD19-responsive 19BBz-tEGFR and CD19- 
nonresponsive MESOBBz-tEGFR CARTs. Data are representative of two independent experiments, n = 5 mice for each group. (h) Intracellular Rab5 expression 
level in 19BBz-tEGFR CARTs, measured during the CAE assay by flow cytometry; data are representative of two independent experiments with samples from 
unique healthy donors. Error bars show mean ± SEM. Statistical comparisons were made using unpaired t tests. *P < 0.05 and **P < 0.01.
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Figure 2. Forced Rab5 expression restores endocytic activity and CART function. (a) pHrodo Red dextran endocytosis in 19BBz CARTs expressing tEGFR, 
Rab5, Rab4, or Rab11 from third round CAE assay, measured by flow cytometry. Data are representative of three independent experiments with samples from 
unique healthy donors. (b) Comparison of endocytosis activity between tEGFR-CARTs and Rab5-CARTs by tracking AM1-44 uptake in the presence of K.19.GFP 
using confocal microscopy. GFP (green), CD45 (blue), nuclei (red), and AM1-44 (yellow) are shown. Data are representative of two independent experiments. 
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Rab5 expression facilitates target antigen clearance and 
resistance to fratricide
Since endocytosis plays a key role in cell membrane homeostasis 
by recycling proteins on/off the cell surface, we asked if loss of 
endocytic activity in CAE-CARTs would directly lead to the ac
cumulation of tumor-derived proteins, such as CD19, by trogo
cytosis. Control CARTs maintained high levels of CD19 on their 
cell surface throughout the CAE assay, whereas CARTs ex
pressing Rab5 had negligible levels of surface CD19 (Fig. 3, a and 
b). However, at early time points of the co-culture, CD19 ac
quisition was comparable between control and Rab5-CARTs (Fig. 
S2 g), suggesting that Rab5 was not influencing the capture of 
antigen but rather its clearance from the cell surface. CD19 
presence on T cells could reflect CAR-binding CD19 or trogocy
tosis of tumor antigens. To distinguish between these two pos
sibilities, we used two CD19-specific antibodies: FMC63, which 
was the antibody used to make scFv domain of the CD19 CAR 
(Milone et al., 2009) and whose binding should be blocked if the 
CD19 is bound by the CAR, and HIB19, whose binding to CD19 is 
unaffected by CAR engagement. We observed two populations: 
one in which CD19 was accessible to both antibodies, indicating 
trogocytosed antigen; the other in which CD19 was recognized 
only by HIB19, representing CD19 that was bound by CARs. 
Rab5-CARTs had a lower proportion of double positive CD19 
populations, indicating reduced trogocytosis (Fig. 3 c). We 
hypothesized that this reduction of trogocytosed antigen would 
make Rab5-CARTs less susceptible to fratricide. To test this, we 
incubated control or Rab5 CARTs expressing mCherry (19BBz- 
mCherry-T2A-tEGFR or -Rab5, shortened to mCherry-Rab5) 
with K.19.GFP cells for 1 day to allow CD19 acquisition (Fig. 3, d 
and e). These mCherry-CARTs were then mixed with 19BBz-BFP- 
T2A-tEGFR CARTs to distinguish the fresh CARTs from those 
that may have trogocytosed CD19 (Fig. 3, d and f). After 2 days 
of co-culture, mCherry-Rab5 CARTs were abundant, whereas 
mCherry-tEGFR CARTs were largely depleted, and only CAR- 
dim cells survived (Fig. 3, f–h). Likewise, significantly fewer 
apoptotic cells were detected in mCherry-Rab5 CARTs relative to 
control (Fig. 3, i and j), indicating Rab5-CARTs are less suscep
tible to fratricide than control CARTs. Together, these results 
demonstrate that Rab5 expression promotes clearance of trogo
cytosed antigens and reduces CART fratricide, thereby sustain
ing CART function under chronic antigen exposure.

Rab5 expression enables recycling of unbound CARs back to 
the CART cell surface
The results above demonstrate that Rab5 expression reduces 
trogocytosed antigen-triggered fratricide. We were also inter
ested in whether Rab5 could facilitate the clearance of CAR- 
bound CD19 from the cell surface. We first measured CAR 

availability during the CAE assay and observed that control 
CARTs lost their ability to bind CD19 by the third tumor chal
lenge, whereas Rab5 CARTs maintained it throughout the CAE 
assay (Fig. 4, a and b; and Fig. S3, a–d). Similar data were ob
tained in CARTs containing a CD28ζ signaling domain, indicat
ing that this process is not dependent upon the costimulation 
domain (Fig. S3, e–h). Next, we asked how Rab5-mediated en
docytosis regulates the fate of CAR–CD19 complexes. During 
endocytosis, the early endosome is the initial destination of 
surface receptor trafficking (Andre et al., 1997; Hayes et al., 
2002). Thus, to determine whether Rab5 promotes CAR endo
cytosis, we purified early endosomes from mCherry-tagged 
control or Rab5-CARTs from the third round of the CAE assay. 
Endosomes from Rab5-CARTs contained mCherry, Rab5, CD3ζ, 
and a larger form of CD3ζ representing the CAR, whereas only 
endogenous CD3ζ was detected in control CARTs (Fig. 4 c). These 
results indicate that Rab5 promotes CAR internalization and 
retention in early endosomes. To determine whether CARs un
dergo endocytic recycling back to the cell surface, we added a 
FLAG tag juxtaposed to the membrane proximal region of the 
CAR, allowing CAR detection regardless of whether the CAR is 
bound to CD19. We stained these CARTs with anti-FLAG anti
body and observed a population of FLAG positive, FMC63 idio
type negative CARTs, representing CARTs whose CARs are 
occupied by CD19. After 1 h, control CARTs still maintain a siz
able population of FLAG+FMC63-CARTs, whereas this popula
tion was markedly reduced in Rab5-CARTs. This indicates that 
Rab5 promotes the clearance of CD19-bound CARs (FLAG+ 

FMC63−) and return of unbound CARs (FLAG+ FMC63+) back 
to the cell surface (Fig. S4 a; and Fig. 4, d and e). This pool of 
unbound CARs was even more pronounced during the CAE 
assay, where Rab5-CARTs maintained abundant unengaged 
surface CARs, whereas control CARTs were frequently oc
cupied by CD19 (Fig. 4, f and g).

In these CAE studies, we also observed that Rab5 CARTs 
maintained higher surface CAR levels, as indicated by FLAG 
staining (Fig. 4 h). Since CD19 binding does not interfere with 
FLAG antibody recognition, this suggests that Rab5 helps CARTs 
maintain surface CAR persistence. Trogocytosis is a bidirec
tional transfer process in which CARs can be stripped from 
T cells and internalized into tumor cells (Zhai et al., 2023). By 
mixing mCherry-control CARTs with K.19.GFP tumors in a CAE 
assay, we also observed CAR capture by tumors (Fig. S4 b). Im
portantly, Rab5-CARTs co-cultured with tumor cells displayed 
markedly higher levels of CARs on their cell surface relative 
to control CARTs (Fig. 4, i and j). To further understand the fate 
of CAR after CARTs are co-cultured with tumors, we attached 
ascorbate peroxidase 2 (APEX2) to the CAR construct and visu
alized CAR subcellular localization by transmission electron 

(c and d) Representative flow cytometry plots of K.19.GFP tumor cell killing by 19BBz-tEGFR, -Rab5, -Rab4, or -Rab11 CARTs in CAE assay (c). Summary data of 
K.19.GFP survival during CAE assay time points shown in c. Each dot represents an independent experiment using a unique donor (d). Data are representative of 
three independent experiments with samples from unique healthy donors. (e) Representative flow cytometry plots of K.19.GFP tumor cells after being mixed 
with NTDs, tEGFR-CARTs, Rab5-CARTs, or Rab5-S35N-CARTs at indicated time points in the CAE assay. (f and g) Summary of K.19.GFP tumor cells remaining (f) 
and CD3+ T cell persistence (g) during the indicated CAE assay, as shown in e. Experiments shown in e–g are representative of three independent experiments 
with samples from independent healthy donors. Error bars show mean ± SEM. Statistical comparisons were made using unpaired t tests. ***P < 0.001; ns, not 
significant.
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Figure 3. Rab5 expression facilitates target antigen clearance and resistance to fratricide. (a) Measurement of CD19 on the surface of control or Rab5- 
CARTs was measured by flow cytometry at indicated time points during the CAE assay. (b) Summary data of a. Data are representative of three independent 
experiments with samples from unique healthy donors. (c) Representative flow cytometry plots of CD19 on T cell surface, measured at the indicated CAE assay 
time points using anti-CD19 (HIB19) and anti-CD19 (FMC63) antibodies. Data are representative of three independent experiments. (d) Schematic repre
sentation of the CART fratricide assay used in e–j. mCherry-fused 19BBz-CARTs acquired the CD19 antigen from K.19.GFP tumor cells, triggering fratricide 
mediated by BFP-fused 19BBz-CARTs. (e) Representative flow cytometry plots of mCherry-positive tEGFR or Rab5 CARTs 24 h after co-culture with K.19.GFP 
cells, measuring surface CD19 and mCherry expression. (f) Representative flow cytometry plots of mCherry-CART and BFP-fused 19BBz-tEGFR CART pop
ulation frequencies following co-culture for 2 days. (g and h) Summary of f indicating percentage of mCherry+ cells (g) and MFI of mCherry signal (h). (i and j) 
Apoptosis of mCherry-CARTs from f was assessed using SYTOX and Annexin V staining. Data in e–j are representative of three independent experiments with 
samples from unique healthy donors. Error bars show mean ± SEM. Statistical comparisons were made using unpaired t tests. *P < 0.05 and **P < 0.01.
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Figure 4. Rab5 expression enables recycling of unbound CARs back to the CART surface. (a and b) Representative flow cytometry plots of CAR ex
pression in CD4+ CARTs during CAE assay, detected by labeled CD19 protein. Data are representative of three independent experiments with samples from 
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microscopy (TEM). Likewise, tumors incubated with Rab5- 
CARTs internalized fewer APEX2-tagged CARs compared with 
controls (Fig. 4, k and l). These findings indicate that Rab5 helps 
maintain functional CAR on CARTs surface through two com
plementary mechanisms: firstly, Rab5 promotes CAR–CD19 
complex internalization, which leads to dissociation of the CAR 
from CD19 and subsequent recycling of unbound CARs back to 
the cell surface; secondly, Rab5 expression prevents tumor- 
mediated trogocytosis of CARs from the CART surface. These 
two processes preserve a pool of unengaged, functional CARs 
(Fig. S4 c) for sustained tumor engagement.

Introduction of Rab5 into CARTs isolated from patients 
improves CART function
Next, we asked whether bidirectional transfer of antigen and 
CARs occurs within the human tumor microenvironment and if 
this process could be counteracted by Rab5 expression. We first 
confirmed that Rab5 exerted a similar effect on B cell maturation 
antigen (BCMA)-targeting CARTs (BCMABBz) co-cultured with 
H929 cells, in terms of enhancing tumor control, reducing tro
gocytosed antigen, and preserving functional CAR expression 
(Fig. 5, a–c). We then analyzed bone marrow aspirates from 
multiple myeloma (MM) patients collected 7–10 days after in
fusion of BCMABBz CARTs (Garfall et al., 2023). To test whether 
Rab5 could alter CARTs function in patient-derived cells, we 
generated mRNA constructs encoding either tEGFR (control) or 
Rab5 and electroporated them into resting bone marrow aspi
rates, which contained both CARTs and tumor cells. After 24 h, 
Rab5-electroporated CARTs displayed a significantly higher 
ability to bind BCMA protein compared with the tEGFR control 
(Fig. 5, d and e). This suggests that Rab5 overexpression can 
boost CARTs function in a tumor microenvironment. We next 
asked whether Rab5 could help CARTs resist relapse upon tumor 
rechallenge. Patient-derived CARTs were purified from bone 
marrow samples, electroporated with either control or Rab5 
mRNA, and subsequently co-cultured with H929 or KMS-27 
myeloma cell lines. Impressively, Rab5-expressing patient 
CARTs exhibited improved tumor-killing capacity (Fig.5 f), ac
companied by reduced antigen trogocytosis and greater main
tenance of surface CARs (Fig. 5, g and h). In summary, these 
results demonstrate that Rab5 expression restored CART func
tion and improved antigen clearance in patient-derived CARTs.

Rab5 overexpression enhances the ability of CARTs to control 
solid tumors
By promoting antigen clearance from CARTs and preserving 
CAR surface expression, Rab5-expressing CARTs display en
hanced functionality in vitro. To ascertain whether Rab5 ex
pression improves in vivo activity, we established NALM6 
tumors in NSG mice and infused either control and Rab5- 
expressing CD19-specific CARTs. Rab5-expressing CARTs more 
effectively controlled tumor growth than control CARTs, con
sistent with improved mouse survival (Fig. 6, a and b) and re
duced residual tumor cells in the peripheral blood (PB) of 
Nalm6-bearing mice (Fig. 6, c and d). To further evaluate the 
antitumor activity of Rab5-expressing CARTs in a more chal
lenging environment, we infused K.19.GFP cells into the flanks of 
NSG mice where they grow as solid tumors (Kim et al., 2022) 
(Fig. S5 a). Mice were then treated with non-transduced T cells 
(NTDs), 19BBz-tEGFR or 19BBz-Rab5 CARTs. Remarkably, Rab5- 
CARTs eradicated tumors both rapidly and completely (Fig. 6, e 
and f) and significantly improved survival compared with con
trol mice (Fig. 6 g). In a separate experiment, tumors were iso
lated before they were cleared so we could study CARTs within 
the tumor microenvironment (Fig. 6, h and i). Rab5-CARTs re
tained significantly higher levels of surface CAR compared with 
control CARTs (Fig. 6, j and k), despite both groups having 
comparable CAR expression prior to infusion (Fig. S5 b). Clinical 
studies suggest that the presence of CD4+ CARTs correlate with 
durable remission (Melenhorst et al., 2022). Interestingly, CD4+ 

CARTs derived greater benefit from Rab5 expression than CD8+ 

CARTs within the tumor microenvironment (Fig. S5, c–e). This 
correlated with superior CART persistence in mice treated with 
Rab5-CARTs compared with controls (Fig. 6, l and m), a phe
notype also observed in PB (Fig. S5, f and g).

We next investigated whether Rab5 could enhance the effi
cacy of CART therapy against mesothelioma, a clinically rele
vant solid tumor. Mesothelin-targeting CARTs (MESOBBz-CARs) 
have shown promising activity in a phase I clinical trial (Walker 
et al., 2017) but durable cures remain elusive. We first developed 
and validated an in vitro model to test whether Rab5 enhances 
MESOBBz-CARs activity using EMMESO tumor, a human meso
thelioma cell line isolated from a patient’s tumor and stably 
transduced to express human mesothelin that is challenging to 
control both in vitro and in vivo (Moon et al., 2014). MESOBBz- 

unique healthy donors. (c) Western blot showing CAR molecules in early endosome fraction purified from mCherry-fused 19BBz-tEGFR and 19BBz-Rab5 CARTs 
collected during the third-round CAE assay at the indicated time points. Data are representative of two independent experiments using samples from different 
healthy donors. (d and e) See Fig. S4 a for detailed workflow. Measurement of CD19-bound FLAG-CAR (FLAG+FMC63-) and CD19-unbound FLAG-CAR 
(FLAG+FMC63+) on CARTs, indicated by representative flow cytometry plots (d) and summary data (e). Data are representative of three independent ex
periments with samples from different healthy donors. (f and g) CD19-unbound CARs were measured with FLAG-tag–fused control or Rab5-CARTs during the 
CAE assay. CARTs were gated on APC-FLAG+ populations before subsequent analysis of unbound CAR levels via anti-CD19 antibody staining using flow cy
tometry. Data are representative of two independent experiments with samples from unique healthy donors. (h) Surface CAR expression level measured 
staining of FLAG Ab after 48 h of the third-round CAE assay. Data are representative of three independent experiments. (i and j) Confocal imaging of the 
subcellular CAR (red) distribution 24 h after 19BBz-mCherry-tEGFR or -Rab5 CARTs co-cultured with K.19.GFP (green) (i), quantification of the percentage of 
mCherry-CAR internalization into tumor cells (j). Data are representative of three independent experiments with samples from unique healthy donors. (k and l) 
TEM images revealing the subcellular localization of engineered APEX2-tagged CAR molecules (black electron-dense deposits; k) within tumor cells. K.19.GFP 
cells were co-cultured with APEX2-fused control or Rab5 CARTs for 24 h, followed by T cell depletion and fixation. Samples were incubated with DAB and 
hydrogen peroxide to generate electron-dense APEX2 reaction products, and TEM images of K.19.GFP cells were captured. Quantification of the mean number 
of APEX2-CAR–positive vesicles per tumor cells is shown (l). Experiments are representative of five independent experiments. Error bars show mean ± SEM. 
Statistical comparisons were made using unpaired t tests. ***P < 0.001. Source data are available for this figure: SourceData F4.

Gu et al. Journal of Experimental Medicine 8 of 18 
Rab5 restores CAR T cell endocytosis and function https://doi.org/10.1084/jem.20252564 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
e
m
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
3
/
6
/
e
2
0
2
5
2
5
6
4
/
2
0
3
3
1
9
4
/
j
e
m
_
2
0
2
5
2
5
6
4
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
2
2
 
J
u
n
e
 
2
0
2
6



Rab5 CARTs successfully cleared EMMESO co-cultures, whereas 
EMMESO cells were never completely cleared from the culture by 
control MESOBBz CARTs (Fig. 7, a and b), highlighting the im
portance of Rab5 expression in the treatment of solid tumors. 
Next, EMMESO tumor-bearing NSG mice were treated with NTD, 
MESOBBz-tEGFR, or Rab5 CARTs (Fig. S5 h). Compared with 
control CARTs, MESOBBz-Rab5 CARTs cleared tumors much 
more rapidly in all tumor-bearing mice (Fig. 7 c), without causing 

a significant reduction in body weight (Fig. S5 i). In a parallel 
experiment, we isolated tumors 21 days post-CART infusion. Tu
mors from Rab5-CART–treated mice were significantly smaller 
(Fig. 7 d) and contained more tumor-infiltrating CARTs (Fig. S5, j 
and k). Mechanistically, Rab5 expression reduced the uptake of 
tumor-derived material into CARTs (Fig. 7, e and f) and enhanced 
surface CAR expression (Fig. 7, g and h). Again, CD4+ T cells more 
significantly benefited from Rab5 in terms of maintaining higher 

Figure 5. Introduction of Rab5 into CARTs isolated from patients improves CART function. (a–c) Primary human T cells were activated and transduced 
with BCMABBz-CAR expressing either tEGFR or Rab5. After 11 days of culture, 1 × 106 CAR+ T cells were co-cultured with 2 × 106 H929-GFP cells. Flow cy
tometry measuring the persistence of GFP-expressing H929 cells and BCMA-specific CARTs before start of CAE assay and after the third tumor challenge (a), 
BCMA antigen on T cells (b), and surface CAR expression (c). Data are representative of three independent experiments with samples from different healthy 
donors. (d and e) Representative flow cytometry plots (d) and summary data (e) of BCMA CAR expression in T cells from BCMA-CART–treated MM patients, 
electroporated with Rab5 or tEGFR encoding mRNA. (f–h) T cells isolated from MM patients previously treated with BCMA-CART therapy were electroporated 
with tEGFR or Rab5 mRNA, then co-cultured with H929-GFP or KMS-27-GFP tumor cells for 48 h. Tumor elimination capability (f), BCMA expression level (g), 
and surface BCMA-CAR expression level (h) of patients-derived CARTs, measured by flow cytometry. Experiments in d–h are reproducible with three different 
donors. Error bar show mean ± SEM. Statistical comparisons were made using unpaired t tests. **P < 0.01.
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Figure 6. Rab5 CARTs exhibit superior in vivo antitumor efficacy. (a) NSG mice were intravenously injected with 1 × 106 Nalm6 tumor cells. 7 days later, 
mice received 1 × 106 NTDs or the indicated CD19-specific CARTs. Tumor progression was monitored weekly by bioluminescent imaging (BLI). (b) Survival of 
Nalm6-bearing mice following infusion of the indicated CARTs. Data in a and b are representative of two independent experiments, n = 5 mice for each group. 
(c and d) Residual tumor cells and T cells in PB from mice in a were analyzed by flow cytometry on day 22 after tumor injection. Data are representative of two 
independent experiments, n = 5. (e) 1 × 106 K.19.GFP cells were injected s.c. into NSG mice. 7 days later, 1 × 106 of the indicated T cells were infused. Tumor 
progression was monitored weekly using BLI for tumor-bearing NSG mice treated with the indicated 19BBz CARTs. (f) Tumor burden and statistical analyses of 
e. Total flux was quantified as the total photon count of each mouse. (g) Survival curve of tumor bearing mice infused with the indicated CARTs. Data in e–g are 
representative of three independent experiments, n = 5 mice for each group. (h and i) Image (h) and weight (i) of day 14 tumor tissues isolated from mice treated 
with 19BBz-tEGFR or 19BBz-Rab5 CARTs. Data are representative of two independent experiments, n = 6–7 mice for each group. (j and k) CAR surface ex
pression of tumor-infiltrating CARTs 14 days after infusion. (l and m) CART expansion (l) and absolute number (m) of CAR-positive CD3+ T cells isolated from 
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CAR surface expression in the tumor microenvironment (Fig. S5, l 
and m). Rab5 did not affect CART checkpoint marker expression 
(Fig. S5 n), consistent with in vitro observations. As a final test of 
the function of Rab5-expressing CARTs in solid tumors, we em
ployed an in vivo model using AsPC-1 cells, a tumor line that 
naturally expresses mesothelin. Following infusion of control or 
Rab5-expressing MESOBBz CARTs, similar results to the EM
MESO model were observed. Rab5-expressing CARTs exhibited 
superior control of tumor growth compared with control CART 
treatment (Fig. 7, i and j). This enhanced antitumor activity was 
consistent with increased CART expansion within the tumor 
microenvironment (Fig. 7, k and l), as well as higher levels of 
surface CAR, supporting sustained tumor cell killing (Fig. 7, 
m and n). Together, these data confirm that Rab5 engineer
ing markedly enhances CART therapeutic efficacy against 
solid tumors in vivo.

Discussion
Trogocytosis serves as a key mechanism of immune modulation 
within the tumor microenvironment (Kim et al., 2025). Unlike 
phagocytosis, trogocytosis maintains the functionality of the 
exchanged molecules, potentially influencing the balance of 
molecules that potentiate (CD86 or 4-1BBL) or inhibit (TIM-3, 
HLA-G and PD-L1) immune cell activation (Hwang et al., 2000; 
Pagliano et al., 2022; Shin et al., 2021; Tekguc et al., 2021). En
gineering T cells to express CARs introduces additional com
plexities related to trogocytosis (Hamieh et al., 2019). CARTs can 
trogocytose their target antigen, resulting in fratricide. It is 
important to note that although natural CD8 T cells can acquire 
cognate pMHC from APCs or tumor cells, making them suscep
tible to fratricide (Huang et al., 1999); the threat CARTs face from 
fratricide differs substantially from that of natural T cells ac
quiring pMHC. While tumors typically present only hundreds of 
cognate pMHC molecules on their cell surface (Kim et al., 2022; 
Stopfer et al., 2020), the number of target antigens that can be 
captured by CARTs can be orders of magnitude higher, in
creasing the risk of fratricide (Cappell and Kochenderfer, 2021; 
Malik-Chaudhry et al., 2021). Likewise, because trogocytosis is 
bidirectional, large numbers of CARs can also be transferred to 
tumors, leading to a reduction of surface CAR levels on the T cell 
that facilitates immune escape (Zhai et al., 2023), especially since 
CARTs are less sensitive to target antigen than natural T cells 
(Anikeeva et al., 2021; Burton et al., 2023). In endogenous T cells, 
TCR loss is minimal due to limited cognate pMHC abundance on 
target cells (Huang et al., 2013; Stinchcombe et al., 2023), but in 
CARTs, this loss is substantial and results in significant dys
function. In addition to trogocytosis, high-affinity CAR interac
tions with their target can block subsequent CAR binding to new 
tumor cells. Together, fratricide, CAR loss, and CAR blocking 
represent mechanisms of CARTs dysfunction. Lower affinity 
CAR binders have been shown to be less susceptible to fratricide 

since target antigen may not be so readily captured by the CART 
(Olson et al., 2022). We would speculate that if the binders confer 
similar activity to the CARTs, then combining the lower affinity 
binder with ectopic Rab5 expression would synergize to further 
reduce CART dysfunction and fratricide.

Our study reveals that maintenance of endocytic activity can 
counteract the dysfunction caused by trogocytosis. Endocytosis 
removes trogocytosed antigen from the CART surface, pre
venting fratricide; limits CAR capture by tumors, maintaining 
more surface CARs; and facilitates the internalization of antigen- 
bound CARs, allowing antigen dissociation and recycling 
of unbound CARs to the cell surface. Curiously, CARTs lose 
endocytic activity after CAE, exacerbating the effects of CART 
dysfunction.

Endocytosis involves at least five distinct pathways and over 
60 proteins that collaboratively regulate the lipid and protein 
composition of the cell membrane (Zerial and McBride, 2001). 
We found that Rab5 expression is necessary to maintain endo
cytic activity. The importance of Rab5 in CART biology is un
derscored by our finding that expression of a GTPase-mutated, 
dominant-negative version of Rab5 rapidly abolished CART ac
tivity. Conversely, expression of Rab5 was sufficient to enhance 
endocytic activity, suggesting that Rab5 functions as a rate- 
limiting component of endocytic activity in CARTs. Impor
tantly, Rab5 overexpression did not induce global changes 
in gene expression, indicating that its effect is primarily on 
maintaining endocytic activity within the CART without af
fecting other transcriptional processes. Traditionally, endocy
tosis is considered a mechanism of receptor downregulation. 
Our findings reveal a complementary role in the context of 
sustained tumor interactions where endocytosis preserves 
unbound CAR surface persistence. Parallels may exist with the 
Notch pathway, in which endocytosed ligands recycle back to 
the cell surface to enable continued signaling (Le Borgne and 
Schweisguth, 2003).

Rab5-CARTs showed striking therapeutic activity in several 
preclinical models. Introduction of Rab5 via RNA transfection 
into patient-derived bone marrow cells markedly improved the 
function of these minimally manipulated CARTs, suggesting that 
transient delivery of Rab5 via mRNA-LNPs may be an effective 
way to reinvigorate CART activity. Tumor-bearing humanized 
mice treated with Rab5-CARTs cleared tumors quickly and 
prevented relapse over time. Examination of CARTs within 
these tumors confirmed all the findings of our in vitro studies: 
we observed less trogocytosed antigen on Rab5-CARTs and 
much higher levels of available CAR to bind new targets. These 
data provide the basis and rationale to use Rab5-CARTs in the 
clinic.

In summary, we identified a therapeutic strategy to coun
teract trogocytosis-driven target antigen accumulation and CAR 
downregulation. Engineering CARTs with Rab5 prevents frat
ricide, preserves unbound CAR on the cell surface, and markedly 

tumors after 14 days CARTs infusion. Data in j–m are representative of two independent experiments, n = 5-6 mice for each group. Error bars show mean ± SEM. 
Statistical comparisons were made using unpaired t tests. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. In b and g, survival curves were compared 
using the log-rank Mantel–Cox test.

Gu et al. Journal of Experimental Medicine 11 of 18 
Rab5 restores CAR T cell endocytosis and function https://doi.org/10.1084/jem.20252564 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
e
m
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
3
/
6
/
e
2
0
2
5
2
5
6
4
/
2
0
3
3
1
9
4
/
j
e
m
_
2
0
2
5
2
5
6
4
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
2
2
 
J
u
n
e
 
2
0
2
6



Figure 7. Rab5 expression enhances the ability of CARTs to control solid tumors. (a and b) Primary human T cells were activated and transduced with 
MesoBBz-CAR expressing either tEGFR or Rab5. After 18 days of culture, 1 × 106 CAR+ T cells were co-cultured with 2 × 106 GFP+ EMMESO cells. Representative 
flow cytometry plots (a) and summary (b) of GFP+ EMMESO populations throughout the CAE assay. Data are representative of three independent experiments 
with samples from different healthy donors. (c) Individual EMMESO tumor sizes in mice infused with the indicated MESOBBz CARTs, measured weekly. Data 
are representative of three independent experiments, n = 5–11 mice for each group. (d) Representative images of EMMESO tumor tissues isolated 21 days after 
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enhances antitumor efficacy. This approach of augmenting 
membrane trafficking not only sustains CART persistence and 
function under chronic tumor exposure but may also offer a 
broadly applicable strategy to improve the durability and ef
fectiveness of adoptive T cell therapies.

Materials and methods
Cell lines
The human myelogenous leukemia cell line K562 was trans
duced with a lentiviral vector encoding pTRPE-huCD19-CBG- 
GFP minigenes (K.19.GFP). Single-cell clones were sorted, and a 
clone that exhibited stable expression was selected as previ
ously described (Milone et al., 2009). Human EM-Meso-GFP- 
Luc cell line (EMMESO-GFP) (Moon et al., 2014) was a kind gift 
from Dr. Steven M. Albelda laboratory (University of Penn
sylvania, Philadelphia, PA, USA). AsPC-1, H929, and KMS-27 
cell lines are gift from Dr. Carl June laboratory (University 
of Pennsylvania, Philadelphia, PA, USA). K.19.GFP, EMMESO- 
GFP, AsPC-1, H929, and KMS-27 cells were cultured in R10 
media consisting of RPMI-1640 (Gibco) with 10% fetal bovine 
serum (Avantor Seradigm), 1% HEPES (Gibco), 1% GlutaMAX 
(Gibco), and 1% penicillin/streptomycin (Gibco). All cell lines 
were free of mycoplasma contamination.

Mice studies
Animal experiments were performed according to protocols 
approved by the Institutional Animal Care and Use Com
mittee (IACUC) of the University of Pennsylvania. 6- to 
12-week-old female and male nonobese diabetic/severe 
combined immunodeficient/γ-chain−/− (NSG) mice were 
obtained from the Stem Cell and Xenograft Core (RRID: SCR_ 
010035) of the Abramson Cancer Center at the University of 
Pennsylvania. Mice were maintained in pathogen-free 
conditions. Mice health status was routinely checked by 
qualified veterinarians.

Human samples
De-identified healthy donor primary T lymphocytes were pro
vided by the Human Immunology Core (RRID: SCR_022380) at 
the University of Pennsylvania. De-identified post-CART-BCMA 
infusion bone marrow samples were collected from high-risk 
MM patients enrolled on a CART-BCMA clinical trial who con
sented that their cells could be used for research (Garfall et al., 
2023).

Viral vector construction
pTRPE 19BBζ T2A GFP and pTRPE 1928z T2A GFP are third 
generation lentiviral vectors that expresses a CD19-specific CAR 
that uses the 4-1BB or CD28 and CD3z (ζ) signaling domains 
linked via T2A to GFP (Leibman et al., 2017; Shukla et al., 2025b). 
pTRPE 19BBz T2A Rab5 or pTRPE 19BBz T2A tEGFR was gener
ated by replacing GFP with a gblock (IDT) containing the coding 
sequence of Rab5 (GenBank U18420.1), the S35N Rab5 dominant- 
negative mutant, Rab4 (GenBank M28211.1), Rab11 (GenBank 
AF000231.1), or tEGFR. The anti-MESO (M5) CAR (Good et al., 
2021) was a gift from Dr. Carl H. June (University of Pennsyl
vania, Philadelphia, PA, USA) and their Rab5 or tEGFR co- 
expressing constructs were generated in similar manner as 
described above. mCherry, BFP, or APEX2 was fused to the C 
terminus of the CD3ζ chain. A FLAG tag was inserted right 
before the transmembrane region, enabling direct detection of 
surface CAR molecules. To construct a BCMA-specific CAR, a 
llama was immunized with the extracellular domain of BCMA, 
a variable heavy domain of heavy chain (VHH) phage display 
library comprising ∼14 billion members was constructed and 
serially screened for BCMA binding as previously described 
(Bhoj et al., 2021). From this, 100 million VHH BCMA binders 
were isolated. 54 of these were randomly picked and 34 of 54 
had unique sequences. CARs linking these binders to the 4-1BB 
and CD3 zeta chain were generated, and CARs containing clone 
20A conferred the most potent activity against BCMA tumor 
lines. All final constructs were verified using restriction digests 
and whole plasmid sequencing (Plasmidsaurus).

Lentiviral vector production
HEK293T cells were transfected with lentiviral CAR transfer 
plasmid and packaging plasmids using Lipofectamine 2000 
(Invitrogen) following the manufacturer’s protocol. Lentiviral 
supernatants were collected 24 and 48 h after transfection and 
concentrated using high-speed ultracentrifugation as previously 
described (Shukla et al., 2025a). The resulting concentrated 
lentivirus batches were resuspended in cold R10 media and 
stored at −80°C.

CART generation
CARTs were generated as previously described (Medvec et al., 
2018). Briefly, CD4+ and CD8+ human T cells mixed at 1:1 ratio 
and plated at 1 × 106 total T cells/ml were activated with huCD3/ 
CD28 Dynabeads (Gibco) at a 3:1 bead-to-cell ratio. The following 
day, T cells were transduced with lentiviral vectors by adding 

infusion from mice treated with MESOBBz-tEGFR or MESOBBz-Rab5 CARTs. Data are representative of two independent experiments, n = 5 mice for each 
group. (e and f) Tumor-bound MESOBBz CARs, detected in tumor-infiltrating control or Rab5 CARTs 21 days after infusion, using tumor samples from d. Data 
are representative of two independent experiments, n = 5 mice for each group. (g and h) Surface CAR expression 21 days after MESOBBz-tEGFR or MESOBBz- 
Rab5 CARTs infusion, assessed by anti-G4S linker antibody staining in tumor samples from d. Data are representative of two independent experiments, n = 5 
mice for each group. (i) Individual AsPC-1 tumor sizes in mice infused with the MESOBBz CARTs, measured weekly. NSG mice were injected s.c, with 1 × 106 

AsPC-1 cells. After 21 days, tumor-bearing mice were infused with 0.5 × 106 MESOBBz-tEGFR or MESOBBz-Rab5 CAR T cells. Data are representative of two 
independent experiments, n = 10 mice per group. (j) Representative images of AsPC-1 tumor tissues isolated 21 days after MESOBBz-tEGFR or MESOBBz-Rab5 
CARTs infusion. Data are representative of two independent experiments, n = 5 mice for each group. (k and l) Expansion of tumor-infiltrating CARTs was 
assessed 21 days after infusion using tumor samples from j. (m and n) Surface CAR expression on tumor-infiltrating CARTs was measured 21 days after infusion 
using tumor samples from j. Data are representative of two independent experiments, n = 5 mice for each group. Error bars show mean ± SEM. Statistical 
comparisons were made using unpaired t tests. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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the virus supernatant directly to T cell cultures. These cultures 
were maintained in Cell Therapy Systems (CTS), OpTmizer 
T Cell Expansion Serum Free Medium (Thermo Fisher Scientific) 
supplemented with CTS OpTmizer T cells Expansion Supple
ment (Thermo Fisher Scientific), 1% GlutaMAX (Gibco), 1% 
penicillin/streptomycin (Gibco), and 1% HEPES (Gibco). After 3 
days, beads were removed from the cell culture. For the re
mainder of the culture, cells were counted every other day and 
maintained at 0.5 × 106 cells/ml.

CAE assay
A total of 2 × 106 K.19.GFP cells, GFP-expressing-KMS-27, NCI- 
H929 (Sun et al., 2024), or EMMESO (Moon et al., 2014) cells 
were co-cultured with 1 × 106 CAR-positive T cells in 1 ml 
OpTmizer T Cell Expansion Medium in a 12-well plate. Every 24 
h, cells were harvested for flow cytometry analysis of surface 
CAR expression and the presence of tumor. Fresh culture me
dium (0.5 ml) was then added to the remaining cells. Every 48 h, 
surface CAR expression and tumor cell survival were monitored 
as above. Subsequently, an additional 2 × 106 tumor cells re
suspended in 0.5 ml fresh medium were added to the ongoing co- 
culture.

RNA synthesis, electroporation of patient-derived CARTs, and 
detection of BCMA-CAR
Construction of mRNA vector, RNA in vitro transcription (IVT), 
and RNA electroporation were performed as previously de
scribed (Wei et al., 2013). Briefly, the tEGFR and Rab5 coding 
sequence were cloned into an IVT vector containing T7 pro
moter, 5′ and-3′ UTR elements, and poly(A) tail. mRNA was 
synthesized and purified with mMESSAGE mMACHINE T7 
ULTRA Kit and MEGAclear Kit (Invitrogen) followed the in
structions, verified by agarose gel electrophoresis, aliquoted, 
and stored at −80°C. CARTs were isolated from MM patient bone 
marrow (Garfall et al., 2023) using the Dynabeads Untouched 
Human T Cells Kit (Invitrogen). Purified T cells were washed and 
resuspended in OPTI-MEM (Invitrogen) and electroporated 
with 5 µg of IVT RNA. 6 h after electroporation, CARTs were co- 
cultured with indicated tumor cells. Tumor control, BCMA, and 
BCMA-CAR on the cell surface were analyzed at by flow 
cytometry.

Measurement of unbound CAR
FLAG-tagged CD19-BBz CARTs were incubated with AF647- 
conjugated CD19 protein at 37°C for 1 h to allow the formation 
of CD19–CAR complexes, followed by endocytosis and potential 
dissociation. Cells were then washed with ice-cold PBS. To track 
the recycling of CD19-released CARs, cells were incubated with 
anti-FMC63 antibody, which recognizes the scFv domain of 
CD19BBz-CARs, at 37°C for 0, 30, 60, or 120 min. Internalized 
CARs that were released from CD19 and recycled back to the cell 
surface in an unengaged state were identified as double positive 
for both anti-FLAG and anti-FMC63 staining by flow cytometry.

Measurement of endocytic activity
For endocytosis measurement using AM1-44 dye, 5 µM freshly 
prepared AM1-44 was added to rested CARTs or those collected 

from the CAE assay and incubated at 37°C for 1 h. Cells were then 
washed with PBS and fixed with 2% pre-warmed paraformal
dehyde (PFA) at room temperature (RT) for 15 min. After fixa
tion, cells were stained with the indicated dye or antibodies to 
identify the cell membrane or nucleus. The samples were then 
imaged using confocal microscopy. To measure endocytic ac
tivity by tracking pHrodo Dextran uptake, CARTs treated with or 
without tumor cells were incubated with 20 µg/ml pHrodo Red 
Dextran at 37°C for 20 min in serum-free culture buffer, fol
lowed by washing with pre-warmed PBS. The samples were then 
analyzed by flow cytometry.

Fratricide assay
mCherry-fused control or Rab5 CARTs were co-cultured with 
K.19.GFP cells for 24 h to facilitate CD19 transfer to the CARTs. 
These CD19-bearing CARTs were then co-cultured with BFP- 
fused 19BBz-tEGFR CARTs for 2 days. Following co-culture, the 
reduction in the mCherry-positive population was assessed to 
evaluate fratricide mediated by BFP-CARTs. Additionally, CD19 
expression levels on both mCherry-fused donor CARTs and BFP- 
fused recipient CARTs were measured using flow cytometry.

Flow cytometry
CD19 CAR expression was assessed using AF647-labeled CD19 
protein (0.5 µg/ml) or AF647-G4S linker antibody (1:400). MESO 
CAR expression was assessed using AF647-labeled MSLN protein 
(1 µg/ml) for in vitro assays or AF647-G4S linker antibody (1:400) 
for in vivo detection. For staining of other surface markers, cells 
were incubated with a 1:200 dilution of antibodies at 4°C for 
30 min in FACS buffer (PBS + 0.5% FBS). For intracellular 
staining, cells were first fixed and permeabilized with BD Cy
tofix/Cytoperm solution (BD Biosciences) at 4°C for 20 min, 
followed by staining at 4°C for 30 min in the dark. Flow cy
tometry data were acquired using BD LSRFortessa (BD Bio
sciences) and analyzed with FlowJo software (BD Biosciences).

Western blotting and early endosome fraction isolation
T cells were lysed with 1× Lysis Buffer (CST) containing Protease 
Inhibitor Cocktail (Thermo Fisher Scientific) for 10 min on ice. 
Lysed cells were then centrifuged at 12,000 rpm for 10 min at 
4°C, and the supernatant was collected for immunoblot assays. 
For analysis of CARs in endosomes, early endosomes from T cells 
were isolated using the Trident Endosome Isolation Kit (Gene
Tex) according to the manufacturer’s instructions. Briefly, 
T cells were first purified from the tumor rechallenge co- 
cultures using the Dynabeads Untouched Human T Cells Kit 
(Invitrogen). After washing with cold PBS, the cell pellet 
was prepared for endosome isolation following the manu
facturer’s protocol. All procedures were performed on ice 
or at 4°C. The early endosome pellets were resuspended in 
80 μl of 1× lysis buffer (CST) for immunoblotting analysis.

Confocal imaging
mCherry-fused CARTs were incubated with GFP-fused K562 
cells at 1:1 ratio of total 1 × 106 cells for the indicated amount of 
time. For high-content imaging of mCherry-CAR molecules, 
CARTs were stained with CellMask Deep Red Actin Tracking 
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Stain (Invitrogen) and Hoechst 33342 (Thermo Fisher Scientific) 
or anti-CD45 antibody (Bio-Techne) for 15 min at RT, followed 
by three washes with PBS. All the cells were fixed with 2% 
methanol-free PFA buffer for 30 min at RT and then washed 
three times with pre-warmed PBS. The cells were then trans
ferred to glass-bottom dishes (ibidi) and mounted with ProLong 
Glass Antifade Mountant (Invitrogen). Imaging was performed 
using a Leica Stellaris 8 Falcon FLIM confocal microscope with a 
40× (1.30 NA) or a 100× (1.40 NA) oil immersion objective lens. 
Captured images were analyzed using LASX software.

TEM
For TEM, 1 × 106 APEX2-fused CARTs were co-cultured with 2 × 
106 K.19.GFP cells for the indicated period. CART and tumor 
populations were analyzed individually. To facilitate this, CARTs 
were separated using the Dynabeads CD3 kit (Invitrogen) ac
cording to the manufacturer’s instructions. The CD3 negative 
(tumor cells) population was retained for analysis. Purified cells 
were fixed with 2% PFA solution and 2.5% glutaraldehyde 
solution at 4°C for at least 2 h. Samples were then prepared 
for diaminobenzidine (DAB) staining as previously described 
(Stinchcombe et al., 2023). Briefly, fixed cells were washed 
with pre-cold 0.1M sodium cacodylate rinsed in 0.5 M Tris-HCl 
buffer (pH 7.6) and incubated in DAB reaction solution 
(0.75 mg/ml DAB dissolved in HCl and 0.3% vol/vol hy
drogen peroxide in Tris-HCl buffer) for 20 min at 4°C in the 
dark. Samples were washed in Tris-HCl buffer, followed by 
0.1 M sodium cacodylate, and then post-fixed in 0.1% osmium 
tetroxide for 1 h at 4°C. After washing with pre-cold distilled 
H2O (dH2O), samples were stained with 0.5% aqueous uranyl 
acetate overnight at 4°C. The next day, samples were dehy
drated with graded concentrations of ethanol (50, 70, 80, 90, 
and 100%) and embedded in 1:1 and subsequently pure EPON 
resin overnight at RT. Ultrathin sections were prepared by the 
Electron Microscopy Resource Lab (RRID: SCR_022375) at the 
University of Pennsylvania. Sections were imaged with a JEOL 
JEM 1010 transmission electron microscope.

Bulk RNA-seq and data analysis
Human T cells from four different healthy donors were activated 
with anti-CD3/28–coated beads and transduced with either 
19BBz-tEGFR or 19BBz-Rab5 vectors. CARTs expanded in vitro for 
9 days or CARTs co-cultured with K.19.GFP cells at a 1:2 ratio 
(CARTs:Targets) were isolated for analysis. With CAE-CARTs, 
48 h after the third round of target rechallenge, CD3+CAR+ cells 
were enriched. Dead cells were removed using the Dead Cell 
Removal Kit (Miltenyi Biotec). T cells were isolated from target 
K562 cells using the Dynabeads Untouched Human T Cells Kit 
(Invitrogen). Surface CAR-positive cells were sorted by flow 
cytometry. A portion of each sample was reserved to test Rab5 
overexpression via immunoblotting. For RNA-seq analysis, an
other portion (1 × 106 cells per sample) was flash-frozen in liquid 
nitrogen and sent to BGI Genomics for sample quality control, 
mRNA isolation, RNA library preparation, and sequencing. To 
address potential variability in genes with low read count, fil
tering was performed to omit genes in which more than four 
samples had a read count <10. Genes with an adjusted P value 

<0.05 were considered significant, and those with fold changes 
of >2 were defined as differentially expressed genes for the 
present study. Differential gene expression analysis was per
formed using DEseq2.

Xenograft mouse model
NSG mice were purchased from and housed in the Stem Cell and 
Xenograft Core of the Abramson Cancer Center (University of 
Pennsylvania), under pathogen-free conditions. Animal studies 
were approved by the University of Pennsylvania IACUC (pro
tocol 807158). For the CD19-CART mouse model, NSG mice were 
s.c. injected with 1 × 106 K.19.GFP cells suspended in 100 μl 
Matrigel (CORNING): PBS (1:1) into the right flank. Six days after 
tumor implantation, 1 × 106 CAR-positive CD19-CARTs from 
10 days of in vitro culture were i.v. injected into tumor-bearing 
mice. Tumor progression was monitored by bioluminescence 
imaging every 7 days. Body weight and survival conditions were 
checked weekly. For the MESO-CART mouse model, NSG mice 
were s.c. challenged with 1 × 106 EMMESO or AsPC-1 cells in the 
right flank. When the mean tumor volume reached 150 mm3, 
mice were i.v. treated with 0.5 × 106 MESO-CAR-positive CARTs. 
Tumor volumes were calculated using caliper measurements. 
Tumor growth and body weight were assessed weekly. At the 
indicated days after CARTs infusion, mice were sacrificed, and 
tumors were harvested and digested with Tumor Dissociation 
Kit (Miltenyi Biotec) following the manufacturer’s protocol. 
Tumor-infiltrating lymphocytes were processed with Lympho
cyte Cell Separation Medium (Cedarlane) by centrifugation (1200 g, 
20 mins). Spleen samples from tumor-bearing mice were prepared 
by mashing them through 100-µm filters (Falcon), followed by red 
blood cell lysis with ACK Lysis Buffer (Lonza). Peripheral blood 
samples were also treated with ACK Lysis Buffer for 10 min 
on ice. T cells from the above suspensions were identified by 
flow cytometry with anti-mouse CD45−, anti-human CD45+, 
and anti-human CD3+ antibodies.

Study approval
All subjects provided written informed consent for their samples 
to be used as part of research studies. The study was reviewed 
and approved by the University of Pennsylvania Institutional 
Review Board (IRB). The regulatory sponsor was the University 
of Pennsylvania. The Human Immunology Core at the University 
of Pennsylvania maintains an IRB-approved protocol (705906) 
in which healthy individuals provide written consent for their 
apheresis material be used in research studies.

Statistical analysis
Significance of in vivo tumor-bearing mice survival data was 
calculated using the log-rank Mantel–Cox test. Statistical anal
yses on flow cytometry, confocal imaging, and TEM quantifi
cation were determined by unpaired t test. All values and error 
bars are presented as mean ± SEM. All statistical tests were 
performed using GraphPad 10.

Online supplemental material
Fig. S1 supports Fig. 1 by providing additional information on 
gene expression analysis and endocytosis. Fig. S2 describes the 
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vectors and T cells used to study Rab5 overexpression. Fig. S3
shows additional experiments using Rab5 mutants in CAE assay. 
Fig. S4 show confocal images indicating that Rab5 expression 
inhibits CAR trogocytosis into tumor cells, and Fig. S5 presents 
additional data comparing Rab5-CARTs and tEGFR-CARTs from 
in vivo experiments.

Data availability
Bulk-RNA seq data has been deposited at GEO: GSE269885 is 
publicly available as of the date of publication. Any additional 
information required to reanalyze the data reported in this pa
per is available from the lead contact upon request.
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Figure S1. Continuous tumor interactions lead to downregulation of endocytic activity in CARTs. (a) Schematic of CAE assay. (b) Principal component 
analysis (PCA) of bulk RNA-seq data from 19BBz-tEGFR CARTs cultured in the presence (CAE samples) or absence (rested samples, D9) of K.19.GFP tumor cells. 
Each dot represents an individual donor sample. Separation along PC1 and PC2 reflect transcriptomic differences driven by tumor engagement. (c) Volcano 
plots of bulk RNA-seq data displaying gene expression changes in 19BBz-tEGFR CARTs cultured in the presence or absence of K.19.GFP tumor cells. Significantly 
(P value <0.05) upregulated genes (>twofold), downregulated genes (<-twofold), and unchanged genes are highlighted in green, purple, and grey, respectively. 
(d) Normalized enrichment score (NES) for biological pathways obtained post GO analysis, comparing 19BBz-tEGFR CARTs cultured with or without K.19.GFP 
tumor cells. Data in b–d are representative of four samples from different donors. (e) Endocytic activity of rested T cells or T cells activated with anti-CD3/CD28 
beads for 24 h was measured by uptake of pHrodo Red dextran using flow cytometry. Data are representative of three independent experiments with samples 
from independent healthy donors. (f) Endocytic activity of 19BBz-tEGFR CARTs was assessed by AM1-44 uptake in the absence or presence of K.19.GFP and 
visualized by confocal microscopy. GFP (green), endogenous CD45 (blue), nuclei (red), and AM1-44 (yellow) are shown. (g) Integrated density (IntDen) of AM1- 
44 dye in T cells shown in f was quantified using ImageJ. Data in f and g are representative of two independent experiments with samples from independent 
healthy donors. (h) Western blot analysis of Rab protein expression in CARTs before they were treated by tumor cells. Primary human T cells were activated on 
day 1, which induced Rab protein expression. Following anti-CD3/CD28 beads removal on day 3, Rab protein levels were downregulated. Data are repre
sentative of three independent experiments with samples from independent healthy donors. Error bars show mean ± SEM. Statistical comparisons were made 
using unpaired t tests. ****P < 0.0001. Source data are available for this figure: SourceData FS1.
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Figure S2. Rab5 does not affect CART activation and short-term antigen capture. (a) Schematic representation of Rab protein expression 19BBz, 
MESOBBz, and BCMABBz CAR constructs. These constructs are the same with substituted scFv regions targeting CD19, mesothelin, and BCMA antigens, 
respectively. (b) Intracellular flow cytometry staining of Rab5 expression in both control and Rab5-CARTs during CAE assay. Data are representative of two 
independent experiments with samples from independent healthy donors. (c and d) Volcano plots of differential gene expression in control and Rab5 CARTs, 
from bulk RNA-seq. Significantly (P value <0.05) upregulated genes (>twofold), downregulated genes (≤twofold), and unchanged genes are highlighted in 
green, black, and grey, respectively. Data are representative of four samples from different donors. (e and f) Expression levels of the indicated surface markers 
(e) and the expression of T cell exhaustion markers (f) was comparable between 19BBz-tEGFR and -Rab5 CARTs. Data are representative of three independent 
experiments with samples from independent healthy donors. (g) Representative flow cytometry of CD3+CD19+ CARTs cultured with K.19.GFP cells. 19BBz- 
tEGFR or -Rab5 CARTs displayed comparable CD19 trogocytosis after short-term incubation at indicated time points. Data are representative of two inde
pendent experiments with samples from independent healthy donors.
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Figure S3. Rab5 expression maintains surface CARs on CARTs. (a and b) The ability of 19BBz-tEGFR and 19BBz-Rab5 CD8+ CARTs to bind CD19 protein 
shown by representative flow cytometry plots (a) and summary data (b) during the CAE assay. (c and d) The ability of 19BBz-tEGFR, 19BBz-Rab5, or 19BBz- 
Rab5-S35N CARTs to bind CD19 protein, shown by representative flow cytometry plots (c) and summary data (d) during the CAE assay. (e and f) The ability of 
T cells transduced with 1928z-tEGFR or 1928z-Rab5 vectors to bind CD19 protein was measured during the CAE assay by flow cytometry. (g and h) The ability 
of T cells transduced with 1928z-tEGFR or 1928z-Rab5 vectors to control tumor cells was measured during the CAE assay by flow cytometry. Data in a–h are 
representative of three independent experiments with samples from independent healthy donors.
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Figure S4. Rab5 expression inhibits CAR trogocytosis into tumor cells. (a) Staining strategy for detecting unengaged CARs using FLAG-tagged CARTs. 
FLAG-tagged 19BBz CARTs were incubated with CD19 protein at 37°C for 1 h to allow formation of CD19–CAR complexes, followed by endocytosis and potential 
dissociation. To track if CARs were bound to CD19 protein or not, cells were incubated with anti-FMC63 antibody, which recognizes the scFv domain of 19BBz 
CARs, at 37°C for indicate time point. CARs that were released from CD19 were identified as double-positive for both anti-FLAG and anti-FMC63 staining by flow 
cytometry. (b) High-resolution confocal imaging of the cellular localization of mCherry-CARs (red) between CARTs and GFP-expressing tumor cells (green) 
during the indicated time of engagement. T cell surface (F-actin, cyan) and nuclei (dark blue) are shown. The arrow indicates tumor cells exhibiting cytosolic 
uptake of mCherry-fused CARs. Data are representative of three independent experiments with samples from independent healthy donors. (c) High-content 
microscopy showing the spatial distribution of antigen and CARs in control and Rab5-CARTs during the third-round CAE assay. Control and Rab5-CARTs 
expressing mCherry-CARs (red) were co-cultured with K.19.GFP cells (green), then fixed, and stained with Hoechst 33342 (blue) to label nuclei and F-actin 
(cyan) to delineate the cell membrane. Data are representative of two independent experiments with samples from independent healthy donors.
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Figure S5. Rab5 expression augments the ability of CARTs to control solid tumors. (a) Experimental design of in vivo tumor challenge mouse model. 1 × 
106 K.19.GFP cells mixed with Matrigel were s.c. injected to NSG mice on day 0. Tumors were imaged 6 days later, followed by tail i.v. injection with 1 × 106 

19BBz CARTs on day 7. (b) Surface CAR expression level between 19BBz-tEGFR and -Rab5 CARTs before infusion. Data are representative of five independent 
experiments with samples from independent healthy donors. (c–e) Surface CAR expression and absolute CARTs number of CD4+ (c and e), and CD8+ CARTs (d 
and e) isolated from tumors after 14 days CARTs infusion. Data are representative of two independent experiments, n = 5–7 mice for each group. (f) Peripheral 
blood CART expansion was measured 14 days after infusion of 19BBz-tEGFR or -Rab5 CARTs into K.19.GFP tumor-bearing mice. Data are representative of two 
independent experiments, n = 5–7 mice for each group. (g) CAR expression in CARTs from samples in f 14 days after infusion. Data are representative of two 
independent experiments, n = 5–7 mice for each group. (h) Schematic of mesothelin tumor mouse model. 1 × 106 EMMESO-GFP or AsPC-1 cells were s.c. 
injected to NSG mice. Tumor size reached around 150 mm3 after 20 days, 0.5 × 106 NTD, MESOBBz-tEGFR or MESOBBz-Rab5 CARTs were infused i.v. on day 21. 
(i) Body weight of individual EMMESO-tumor–bearing mice was monitored weekly from the day of MESOBBz CART infusion. Data are representative of three 
independent experiments, n = 5–11 mice for each group. (j and k) Expansion of tumor-infiltrating MESOBBz CARTs was detected after 21 days infusion using 
anti-huCD45 and anti-huCD3 antibodies. Data are representative of two independent experiments, n = 5 mice for each group. (l and m) CAR surface expression 
in both CD4+ and CD8+ intratumoral CARTs after 21 days infusion was assessed by flow cytometry (l), and representative data for the percentage of intra
tumoral CARTs are shown (m). Data are representative of two independent experiments, n = 5 mice for each group. (n) Exhaustion markers on tumor infiltrating 
MESOBBz-tEGFR or -Rab5 CARTs were determined 21 days after infusion. Data are representative of two independent experiments, n = 5 mice for each group. 
Error bar show mean± SEM. Statistical comparisons were made using unpaired t tests. **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Gu et al. Journal of Experimental Medicine S6 
Rab5 restores CAR T cell endocytosis and function https://doi.org/10.1084/jem.20252564 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
e
m
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
3
/
6
/
e
2
0
2
5
2
5
6
4
/
2
0
3
3
1
9
4
/
j
e
m
_
2
0
2
5
2
5
6
4
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
2
2
 
J
u
n
e
 
2
0
2
6


	Rab5 improves CAR T cell efficacy via reducing fratricide and maintaining surface CAR levels
	Introduction
	Results
	Continuous tumor interactions lead to downregulation of endocytic activity in CARTs
	Forced Rab5 expression restores endocytic activity and CART function
	Rab5 expression facilitates target antigen clearance and resistance to fratricide
	Rab5 expression enables recycling of unbound CARs back to the CART cell surface
	Introduction of Rab5 into CARTs isolated from patients improves CART function
	Rab5 overexpression enhances the ability of CARTs to control solid tumors

	Discussion
	Materials and methods
	Cell lines
	Mice studies
	Human samples
	Viral vector construction
	Lentiviral vector production
	CART generation
	CAE assay
	RNA synthesis, electroporation of patient
	Measurement of unbound CAR
	Measurement of endocytic activity
	Fratricide assay
	Flow cytometry
	Western blotting and early endosome fraction isolation
	Confocal imaging
	TEM
	Bulk RNA
	Xenograft mouse model
	Study approval
	Statistical analysis
	Online supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material


