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A CAR enhancer increases the activity and 
persistence of CAR T cells

Taha Rakhshandehroo1, Shreya R. Mantri    1,7, Heydar Moravej    1,7, 
Benjamin B. V. Louis1,7, Ali Salehi Farid1, Leila Munaretto1, Kathryn Regan2, 
Radia M. M. Khan1, Alexandra Wolff1, Zoe Farkash1, Min Cong1, Adrien Kuhnast1, 
Ali Nili    1, Uk-Jae Lee    1, Harris H. Allen    1, Lea Berland1, Ester Simkova    1, 
Safak C. Uslu    1, Soheil Tavakolpour1, Jennifer E. Rowley1,2, Elisabeth Codet1, 
Haneyeh Shahbazian1, Jessika Baral1,3, Jason Pyrdol1, Caron A. Jacobson3,4, 
Omar Nadeem3,4, Hadi T. Nia    2, Kai W. Wucherpfennig    1,3,5 & 
Mohammad Rashidian1,3,5,6 

Although chimeric antigen receptor (CAR) T cell therapies have 
demonstrated promising clinical outcomes, durable remissions remain 
limited. To extend the efficacy of CAR T cells, we develop a CAR enhancer 
(CAR-E), comprising a CAR T cell antigen fused to an immunomodulatory 
molecule. Here we demonstrate this strategy using B cell maturation 
antigen (BCMA) CAR T cells for the treatment of multiple myeloma, with 
a CAR-E consisting of the BCMA fused to a low-affinity interleukin 2 (IL-2). 
This selectively induces IL-2 signaling in CAR T cells upon antigen–CAR 
binding, enhancing T cell activation and antitumor activity while reducing 
IL-2-associated toxicities. We show that the BCMA CAR-E selectively binds 
CAR T cells and increases CAR T cell proliferation, clearance of tumor cells 
and development of memory CAR T cells. The memory cells retain the ability 
to re-expand upon restimulation, effectively controlling tumor growth upon 
rechallenge. Mechanistic studies reveal the involvement of both CAR and 
IL-2 receptor endodomains in the CAR-E mechanism of action. The CAR-E 
approach avoids the need for specific engineering and enables CAR T cell 
therapy with lower cell doses.

Chimeric antigen receptor (CAR) T cell therapy is being extensively 
investigated as a standalone treatment or in combination with other 
therapies for various solid tumors, hematological malignancies and 
autoimmune disorders1–5. Six CAR T cell therapies have received Food 
and Drug Administration approval6, including four that target cluster 
of differentiation 19 (CD19) in B cell leukemias and lymphomas and 
two that target B cell maturation antigen (BCMA) in multiple myeloma 
(MM). BCMA is preferentially expressed in mature B lymphocytes and 

shows minimal expression in hematopoietic stem cells or nonhemat-
opoietic tissue. It has a crucial role in the survival of bone marrow 
plasma cells without notably impacting overall B cell homeostasis 
and is an important marker on malignant plasma cells in MM. BCMA 
CAR T cells have demonstrated remarkable efficacy in heavily pre-
treated persons with MM, with studies reporting an overall response 
rate of 80%, even in persons with extramedullary lesions2,3,7. Despite 
this progress, critical challenges remain, particularly in terms of the 
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The BCMA–mutIL-2 protein was expressed in HEK293T cells and puri-
fied using standard methods at a yield of approximately 40 mg l−1. 
The purity of the protein was validated by SDS–PAGE analyses  
(Supplementary Fig. 1).

In vitro characterization of the BCMA CAR-E
To assess the binding affinity of BCMA–CH3–mutIL-2 (referred to as 
‘BCMA CAR-E’), flow cytometric analysis was performed by staining 
BCMA CAR T cells with varying concentrations of the BCMA CAR-E. 
We observed a half-maximal effective concentration (EC50) of ~0.21 nM 
for the BCMA CAR-E. Minimal binding of the CAR-E to nontransduced 
T cells was noted, along with minimal binding of VHH–mutIL-2, a con-
trol construct that replaced the BCMA ectodomain with an irrelevant 
nanobody (VHH) in the CAR-E, to BCMA CAR T cells (Fig. 1b). This 
provides additional evidence that the binding of the CAR-E to CAR 
T cells is primarily driven by the BCMA and that the mutIL-2 molecule 
exhibits weak binding to both CAR T and nontransduced T cells. The 
BCMA–mutIL-2 CAR-E did not exhibit binding to any immune cell 
populations in human peripheral blood mononuclear cells (PBMCs) 
(Supplementary Fig. 2).

Next, we evaluated the functional effects of the BCMA CAR-E on 
BCMA CAR T cells. After a 24-h resting period without cytokines, CAR 
T cells were incubated with varying concentrations of the BCMA–
mutIL-2 CAR-E for 24 h, followed by an assessment of the expression 
of the CD69 activation marker32 using flow cytometric analysis. The 
results demonstrated a dose-dependent and selective increase in CD69 
expression on CAR T cells (Fig. 1c), while no effect was observed on 
nontransduced T cells (Fig. 1d). Moreover, the BCMA CAR-E treatment 
resulted in a significantly higher increase in CD69 expression compared 
to VHH–mutIL-2, BCMA–CH3 or their combination, suggesting that the 
observed effect is only evident when the low-affinity IL-2 molecule is 
fused to the antigen.

The BCMA CAR-E does not inhibit killing efficacy of CAR T cells
To test whether the BCMA CAR-E inhibits the killing activity of BCMA 
CAR T cells, a killing assay was conducted using CAR T cells and 
patient-derived BCMA+ OPM2 cancer cells in the presence of varying 
concentrations of the BCMA CAR-E. The results demonstrated no inhi-
bition of killing even at the highest tested concentration (100 nM) of 
the CAR-E (Fig. 1e). Incubating the CAR-E treatment for 3 h and subse-
quently removing it, mimicking in vivo conditions, or maintaining the 
BCMA CAR-E throughout the entire 40-h killing assay did not markedly 
affect the killing efficacy of CAR T cells. Of note, as anticipated, the 
addition of the control VHH–mutIL-2 molecule did not affect killing 
efficacy either (Fig. 1e).

The CAR-E selectively induces signal transducer and activator 
of transcription 5 (STAT5) activity in CAR T cells
To evaluate the impact of the BCMA CAR-E on STAT5 activity, BCMA CAR 
T cells were exposed to varying concentrations of the CAR-E. Following a 
5-min incubation at 37 °C, cells were fixed and stained for pY694 STAT5. 
The results revealed that the BCMA–mutIL-2 CAR-E induced phospho-
rylation of STAT5 in CAR T cells with an EC50 of ~0.014 nM (Fig. 1f). In 
contrast, the VHH–mutIL-2 molecule required a higher concentra-
tion (EC50 = 3.9 nM) to induce STAT5 phosphorylation, indicating an 
over 200-fold decrease in sensitivity. Wild-type IL-2 exhibited a lower 
EC50 (approximately 0.001 nM). BCMA CAR T cells preblocked with 
BCMA–CH3 showed a significant decrease in phosphorylated STAT5 
(pSTAT5) levels to the same degree as control VHH–mutIL-2, validating 
that the potency of the CAR-E is mediated through antigen-to-CAR 
binding (Fig. 1f). To determine whether the CAR-E binding to a target 
cell can result in STAT5 signaling in an adjacent cell (trans-activation), 
nonblocked and preblocked BCMA CAR T cells were cocultured in the 
presence of varying concentrations of the CAR-E. Preblocked CAR 
T cells illustrated lower pSTAT5 levels compared to their cocultured 

duration of response. For instance, half of the persons treated with 
the CAR T therapy idecabtagene vicleucel experience disease relapse 
within 1 year, coinciding with the disappearance of CAR T cells from 
the bloodstream2,3,8. Notably, the majority of relapses remain BCMA 
positive8,9. For example, in idecabtagene vicleucel-treated participants, 
BCMA-expressing bone marrow tumor cells were observed in all six 
biopsy samples taken at disease progression. Soluble BCMA was detect-
able in 82 of 84 evaluable participants at disease progression8. This 
suggests that antigen loss is not the major mechanism behind relapse. 
Although more promising results were observed with the CAR T cell 
therapy ciltacabtagene autoleucel, long-term data are needed to gain 
a comprehensive understanding of its relapse rate10.

Several strategies have been developed to enhance CAR T cell 
activity and persistence, including (1) the choice of costimulatory 
domain such as 4-1BB, CD28 or their combinations11–15; (2) the use of 
genome-editing technologies to regulate exhaustion or activation 
pathways16–20; (3) the use of inducible systems to equip CAR T cells 
with the capacity to express cytokines and their receptors such as 
interleukin-7 (IL-7), IL-12, IL-15 or their combinations21–25; and (4) the 
use of switch constructs that feature a receptor designed to bind to 
an inhibitory molecule (for example, IL-4), while the intracellular 
domain is engineered to induce T cell fitness (for example, IL-7 endo-
domain)26,27. An interesting approach used an orthogonal IL-2 and 
IL-2 receptor (IL-2R) system to preferentially deliver the orthogonal 
IL-2 to the ortho-IL-2R-engineered CAR T cells28. Alternative methods 
have been devised to facilitate interactions between CAR T cells and 
dendritic cells, thereby providing costimulation through dendritic 
cells29,30. These multifaceted strategies hold great promise but neces-
sitate additional engineering steps on CAR T cells, resulting in inherent 
challenges such as intricate design and operation, potential immuno-
genicity and the risk of potential DNA mutations. Additionally, further 
genetic modification of CAR T cells may worsen toxicity. Consequently, 
despite considerable effort, these approaches have had limited clini-
cal application. To overcome these limitations without introduc-
ing additional genetic modifications to CAR T cells, we developed 
antigen-based CAR enhancers (CAR-Es). This method involves fusing 
a target antigen (for example, BCMA) with a low-affinity enhancer 
molecule (for example, IL-2), allowing for precise targeting of CAR 
T cells and facilitating the preferential delivery of immune-modulating 
agents after infusion. As the enhancer molecule, we chose to use the 
IL-2 cytokine, which promotes the activation of T cells and enhances 
their antitumor activity. Our findings demonstrate that the CAR-E 
selectively enhances the functionality and persistence of CAR T cells. 
This approach offers an off-the-shelf treatment option, allowing for 
the optimization of dosage and treatment schedules to minimize 
potential toxicity.

Results
Design and development of the BCMA CAR-E
We constructed a fusion protein consisting of the human BCMA protein 
ectodomain fused with a low-affinity mutant human IL-2 dimer (referred 
to as ‘mutIL-2’)31. The mutIL-2 molecule contains two substitutions 
(H16A and F42A) that decrease its affinity for human IL-2Rβ (3-fold; KD 
of ~610 nM) and IL-2Rα (CD25) (110-fold; KD of ~1,200 nM)31 (Fig. 1a). 
Consequently, the BCMA–mutIL-2 fusion protein preferentially deliv-
ers the low-affinity IL-2 molecule to the surface of CAR T cells through 
antigen-to-CAR-specific binding, minimizing effects on normal T cells, 
regulatory T cells or systemic toxicity.

To improve pharmacokinetics and enhance stability, we incorpo-
rated the CH3 domain of human immunoglobulin G1 (IgG1) (approxi-
mately 14 kDa in size) between the antigen and the mutIL-2 molecule 
(Fig. 1a). To facilitate purification through Ni-NTA affinity chroma-
tography and for in vitro characterization and in vivo assessment of 
the pharmacokinetic properties of the fusion protein, a C-terminal 
6xHis-tag and a FLAG tag (DYKDDDDK) were included in the design. 

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-024-02339-4

nonblocked CAR T cells, indicating that the CAR-E affects the targeted 
CAR T cells (cis-activation) and not any adjacent cells.

Taken together, the analysis of STAT5 activity supports the notion 
that the BCMA CAR-E exerts its influence on targeted CAR T cells 
through the cis delivery of the low-affinity IL-2, with the effect medi-
ated by antigen-to-CAR binding.

The CAR-E slowly internalizes at 37 °C
Considering that T cells rapidly internalize IL-2R within minutes of 
IL-2 binding33, we assessed the internalization of the CAR-E using the 
fluorescently labeled BCMA–mutIL-2 CAR-E. In short, BCMA CAR T cells 
were exposed to AlexaFluor647-labeled BCMA–mutIL-2, BCMA–CH3 or 
VHH–mutIL-2 at a concentration of 2 nM. The cells were incubated at 
either 4 °C or 37 °C for various time intervals, followed by fixation and 
subsequent microscopy imaging. We observed that, as anticipated, the 
control VHH–mutIL-2 underwent rapid internalization within 30 min 
at 37 °C, whereas the internalization of the BCMA–mutIL-2 CAR-E was 
significantly slower (Supplementary Fig. 3). Notably, the internaliza-
tion rate of BCMA–CH3 was slower than that of the BCMA–mutIL-2 
CAR-E, suggesting that the low-affinity IL-2 likely contributes to the 
internalization rate of the CAR-E compared to BCMA–CH3 molecules. 
The experiment was repeated with similar settings and yielded consist-
ent results (Supplementary Fig. 4).

These findings suggest that the BCMA CAR-E prolongs the interac-
tion between the low-affinity IL-2 molecules and the IL-2R, potentially 
leading to a prolonged IL-2 signaling response.

The CAR-E enhances persistence of CAR T cells in an MM model
Pharmacokinetic studies illustrated that, as anticipated, the circulatory 
half-life of the CAR-E was short (1–1.5 h) (Fig. 2a). To assess the impact 
of the CAR-E treatment on CAR T cell persistence in vivo, we used an 
MM xenograft mouse model using OPM2 engrafted in immunocom-
promised NOD-scid IL-2rγnull (NSG) mice. NSG mice were intravenously 
injected with OPM2 cells (1 million), followed by BCMA CAR T cells 
2 weeks later (0.5 million CAR+ cells; 4-1BB–CD3ζ CAR construct), with 
a subset also receiving the BCMA–mutIL-2 CAR-E treatment (Fig. 2b). 
After 1 month or longer, mice were euthanized and flow cytometric 
analyses were performed on the isolated organs. Our findings revealed 
a significant presence of CAR T cells in the spleen and bone marrow 
of the BCMA–mutIL-2 CAR-E-treated group compared to nontreated 
animals (Fig. 2c). These experiments were replicated multiple times 
with similar outcomes (Fig. 2d, Supplementary Fig. 5 and Supplemen-
tary Table 1). An additional control group receiving CAR T cells plus 
VHH–mutIL-2 treatment (n = 7) did not exhibit significant expansion 
or persistence of CAR T cells compared to the control group receiving 
only CAR T cells without treatment (Fig. 2d). These results suggest that 

a b   

c  d  e

CAR-E BCMA–mutIL-2 CAR-E

CAR-E treatment activates 
rested CAR T cells

CAR-E treatment does not block 
CAR T cells killing ability

CAR-E treatment does not 
activate nontransduced T cells

f

0.001
0.01 0.1 1 10 10

0

0

50

100

[Treatment] nM

%
 b

in
di

ng

BCMA–CH3–mutIL-2 (BCMA CAR T cells)

VHH–CH3–mutIL-2 (BCMA CAR T cells)

BCMA–CH3 (BCMA CAR T cells)

BCMA–CH3–mutIL-2 (nontransduced T cells)

BCMA–mutIL-2 (EC50 = 0.014)
Preblocked, BCMA–mutIL-2 (EC50 = 1.1)
BCMA–mutIL-2 (EC50 = 0.04)
Preblocked, BCMA–mutIL-2 (EC50 = 2.0)
VHH–mutIL-2 (EC50 = 3.9)
Teceleukin (IL-2) (EC50 = 0.001)

Coculture

10
–7

10
–6

10
–5

10
–4

10
–3

10
–2

10
–1

10
0

10
1

10
2

0

50

100

[Treatment] nM

%
pS

TA
T5

 Y
69

4+

0.0001
0.001

0.01 0.1 1 10 10
0

0

20

40

60

[Treatment] nM

%
C

D
69

+  C
AR

+  c
el

ls

BCMA–CH3–mutIL-2

VHH–CH3–mutIL-2
BCMA–CH3

VHH–CH3–mutIL-2 + BCMA–CH3

Spacer 

Ag

E

E

Antigen (targets the
CAR molecule)

Enhancer molecule

Key:
Ag

CH3

BCMA

mutIL-2

10
0101

0.1
0.01

0.0010
0

50

100

[Treatment] nM

Su
rv

iv
al

 (%
)

CAR T + BCMA–CH3–mutIL-2 (3-h incubation)

Nontransduced T cells + BCMA–CH3–mutIL-2 

CAR T + VHH–CH3–mutIL-2 (3-h incubation)
CAR T + BCMA–CH3–mutIL-2

CAR T + VHH–CH3–mutIL-2

CD3/C
D28 0

0.001
0.01 0.1 1 10

0

20

40

60

%
C

D
69

+  T
 c

el
ls

NS

P < 0.0001

BCMA–CH3–mutIL-2 [nM]

Fig. 1 | Design and characterization of the BCMA CAR-E. a, Schematic of the 
CAR-E therapeutic platform. Left: the general design of the CAR-E. Right: the 
structure of the developed BCMA–mutIL-2 CAR-E. b, The BCMA–mutIL-2 CAR-E 
binds to BCMA CAR T cells with high specificity and affinity. Nontransduced T 
cells and VHH–mutIL-2 were used as controls. A secondary AlexaFluor647-labeled 
anti-FLAG antibody was used for staining. Error bars represent the mean ± 95% CI.  
c,d, Incubation of rested BCMA CAR T cells for 24 h with the BCMA CAR-E 
treatment results in dose-dependent activation of CAR T cells (c) but not 
nontransduced T cells (d). In c, the results of the unpaired t-test indicated 
a statistically significant (P ≤ 0.0001) increase in activation in the BCMA–
mutIL-2 treatment group compared to the VHH–mutIL-2, BCMA–CH3 or their 
combination control groups at a concentration of 0.1 nM or higher. Error bars 
represent the mean ± 95% CI. In d, no treatment and CD3–CD28 activation were 
used as negative and positive controls, respectively. Error bars represent the 

mean ± 95% CI. An unpaired two-sided t-test was used. NS, not significant. e, The 
BCMA–mutIL-2 CAR-E does not block the killing efficacy of the CAR T cells. OPM2 
cells were coincubated with BCMA CAR T cells or nontransduced T cells (E:T ratio  
of 1:1; 30,000 cells of each) in the presence of varying concentrations of the 
CAR-E or the control VHH–mutIL-2. Treatments were allowed to remain in the 
mixture either for the entire duration of the experiment or for 3 h, as indicated 
in the legend. Live (PI−) OPM2 cells were counted 40 h later. Error bars represent 
the mean ± s.d. f, The BCMA–mutIL-2 CAR-E results in the phosphorylation of 
STAT5 in CAR T cells. The percentage of CAR T cells stained positive for pSTAT5 
is shown, as assessed by flow cytometry. BCMA CAR T cells were treated with the 
indicated treatments followed by the assessment of STAT5 phosphorylation. For 
the preblocking experiments, the BCMA CAR T cells were treated with BCMA–CH3 
(100 nM) for 20 min at 4 °C before exposure to the CAR-E treatment at 37 °C. Error 
bars represent the mean ± s.d. For b–f, n = 3 technical replicates for each point.
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the BCMA–mutIL-2 CAR-E can lead to enhanced persistence of CAR 
T cells in vivo and that the BCMA component in the CAR-E is essential 
for its effect on CAR T cells, consistent with the in vitro findings. Further 
analysis revealed that the BCMA–mutIL-2 treatment had a more pro-
nounced effect on CD8+ CAR T cells, resulting in a significant increase 
in their proportion (Fig. 2e). The cohorts receiving only CAR T cells 
or CAR T cells with VHH–mutIL-2 control treatment did not yield a 
sufficient number of persistent CAR T cells for comparable analysis.

Furthermore, flow cytometric analyses of the spleen and bone mar-
row, gating on green fluorescent protein (GFP)-positive OPM2 cells at 
the endpoint, revealed that several animals had completely eliminated 
tumor cells, regardless of the treatment. Specifically, 6 of 12 mice 
from the ‘CAR T cell + PBS’ cohort, 4 of 7 from the ‘CAR T cell + VHH–
mutIL-2’ cohort and all 22 mice from the ‘CAR T cell + CAR-E’ cohort 
fully cleared the tumor cells from their spleen, bone marrow and liver 
(Supplementary Fig. 5 and Supplementary Table 1). This outcome is 
likely attributable to the clinically relevant dose of CAR T cells used in 
this experiment. It is noteworthy that potential relapses at longer time 
points may occur; however, not all mice were monitored for potential 
relapse in this experiment as the main objective was to investigate the 
persistence of CAR T cells. Nevertheless, the findings indicate that the 
CAR-E treatment not only enhanced CAR T cell persistence but also 
improved the elimination of tumor cells.

The CAR-E enables therapy with a low dose of CAR T cells
Next, we conducted an experiment following a similar setting as 
described previously. However, in this study, we used a lower dose 
of only 100,000 CAR T cells (Fig. 3a). Notably, all mice treated with 
the BCMA–mutIL-2 CAR-E achieved complete tumor clearance (n = 5), 
whereas none of the control mice receiving either only CAR T cells 
(n = 4) or CAR T cells combined with VHH–mutIL-2 treatment (n = 4) 
were able to eliminate the tumors (Fig. 3b,c).

Analysis of blood samples collected at various time points revealed 
a robust expansion of CAR T cells in the circulation following the CAR-E 
treatment (Fig. 3d and Supplementary Fig. 6). This expansion resulted 
in elevated levels of interferon-γ (IFNγ) in the circulation (Supplemen-
tary Fig. 7a). Additionally, the treatment facilitated the generation of a 
diverse range of memory CAR T cells (Fig. 3e). The mice treated with the 
CAR-E exhibited no signs of toxicity according to clinical observations 
and weight measurements (Fig. 3h). Treatment with VHH–mutIL-2, 
while modestly improving the initial response compared to the no 
treatment group (Fig. 3c), did not induce significant expansion of 
CAR T cells in circulation (Fig. 3d) nor did it lead to the formation of 
memory CAR T cells in circulation (Fig. 3e). Although analyzed almost 
2 weeks earlier than the CAR-E-treated cohort (day 41 compared to day 
56), very few CAR T cells were detectable in the spleen or bone marrow 
of the VHH–mutIL-2-treated mice. In contrast, a substantial number 
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Fig. 2 | CAR-E treatment results in enhanced persistence of CAR T cells  
in vivo. a, Assessment of the circulating half-life of the BCMA CAR-E. NSG mice  
were administered 8 mg kg−1 of the BCMA–mutIL-2 CAR-E (i.p., n = 3). Blood 
samples were collected by tail-vein puncture at five different time points  
(30 min, 2 h, 8 h, 24 h and 48 h) after administration. An ELISA was performed  
to determine the concentration of the treatments in the sera. The circulating  
half-life was estimated to be ~1.5 h. Error bars represent the mean ± s.d.  
b, NSG mice were injected with OPM2 (human MM) cells followed by BCMA CAR 
(human) T cell administration according to the schedule. The BCMA–mutIL-2 
CAR-E treatment (200 μg or less per dose, as indicated in Supplementary Fig. 5)  
was administered twice per week for 2 weeks, followed by once per week until 
the endpoint. c, Flow cytometric analyses performed 1 month or longer after 
injection of CAR T cells showed persistence of BCMA CAR T cells in the spleen 
(left) and bone marrow (right) of treated mice compared to control mice. BCMA 
CAR T cells were detected by costaining with an anti-human CD45 antibody 
and AlexaFluor647-labeled BCMA. Similar results were obtained in repeated 

experiments. Additional control cohorts received VHH–mutIL-2 treatment 
with the same dose and schedule (200 μg or less per dose, as indicated in 
Supplementary Fig. 5). d, Pooled data from the experiments in c are shown. 
PBMCs from four different donors were used for the experiments. A one-way 
analysis of variance (ANOVA) with a post hoc Tukey’s test was used for normal 
data (spleen) and a Kruskal–Wallis test with a post hoc Dunn’s test was used for 
non-normal data (bone marrow). Individual flow graphs for the pooled data are 
presented in Supplementary Fig. 5 and summarized in Supplementary Table 1. 
Error bars represent the mean ± s.d. e, Further analyses revealed that BCMA–
mutIL-2 treatment had a stronger effect on CD8+ CAR T cells, increasing their 
proportion from ~30% to ~70% of total CD4+ and CD8+ CAR T cells. ‘CAR + VHH–
mutIL-2’ or ‘CAR + PBS’ cohorts did not yield sufficient persisting CAR T cells 
for similar analyses. Data were analyzed by group mean comparisons using a 
one-way ANOVA and subsequent Tukey post hoc analysis. Error bars represent 
the mean ± s.d.
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of CAR T cells with a diverse range of memory phenotypes were evi-
dent in the spleen and bone marrow of the CAR-E-treated mice almost 
2 months after CAR T cell injection (Fig. 3f,g,i,j), consistent with our 
earlier experiments discussed in Fig. 2. These results further support 
the notion that the BCMA component of the CAR-E is essential for lead-
ing to a robust expansion of CAR T cells and guiding them to develop 
enduring memory cells.

Overall, these results underscore the efficacy of the BCMA–mutIL-2 
CAR-E treatment in enhancing the clearance of tumor cells by CAR 
T cells and emphasize its potential in the generation of long-lasting 
memory cells.

The CAR-E leads to functional CAR T cells 3 months  
after infusion
Subsequently, we aimed to evaluate the long-term functionality of 
CAR T cells following treatment with the CAR-E. A similar experiment 
was conducted wherein mice received 1 million OPM2 cells followed 
by 0.5 million BCMA CAR T cells (Supplementary Fig. 8a). A group of 
mice received the CAR-E treatment (six doses, 200 μg per dose on days 
4, 10, 14, 17, 21 and 28; n = 5). The control group received VHH–mutIL-2 
treatment at the same dosage and schedule (n = 5), while an additional 
control cohort received only tumor cells (n = 3). As anticipated, all mice 
receiving CAR T cells exhibited an initial response compared to control 
mice without CAR T cells (Supplementary Fig. 8b). All the CAR-E-treated 
mice (n = 5) and three of five mice in the VHH–mutIL-2 group survived 
for 3 months, which encompassed the duration of the experiment 
(Supplementary Fig. 8b, day 77). The surviving mice were euthanized 
3 months after injection of CAR T cells and the splenocytes and bone 
marrow cells were analyzed. The CAR-E-treated mice exhibited a sig-
nificant abundance of CAR T cells homing and persisting in the bone 
marrow and spleen compared to mice receiving CAR T cells with the 
nontargeted low-affinity IL-2 (VHH–mutIL-2) treatment (Supplemen-
tary Fig. 8c), consistent with our previous results (Figs. 2 and 3). Given 
that there was a 2-month period of no treatment before the mice were 
euthanized, these results further suggest that the treatment facilitated 
the generation of memory cells among CAR T cells. To evaluate the 
functionality of the persisting CAR T cells in the CAR-E-treated mice, an 
in vitro killing assay was performed using the CAR T cells harvested from 
the bone marrow and spleen. These 3-month-old cells demonstrated 
efficient killing of tumor cells, indicating their sustained functional-
ity in the long term (Supplementary Fig. 8d). Phenotypic analyses of 
the cells by flow cytometry revealed the presence of CAR T cells with 
memory phenotypes (Supplementary Figs. 8e and 9).

To gain deeper insights into the characteristics of the persisting 
CAR T cells, we performed single-cell RNA sequencing (scRNAseq) 
analysis on CAR+ T cells isolated from mice treated with either the 
BCMA–mutIL-2 treatment or the VHH–mutIL-2 control. Despite the 
limited presence of CAR T cells in the VHH–mutIL-2-treated mice, a 
sufficient number of cells were obtained from one of the VHH-treated 

mice for the experiment (Supplementary Fig. 10a). The scRNAseq 
analysis revealed that the predominant population of persistent CAR 
T cells in the BCMA–mutIL-2-treated mouse consisted of CD8+ T cells 
(Supplementary Fig. 10b,c), which exhibited an enrichment of genes 
associated with an activated T cell state (Supplementary Fig. 10d,e). 
This was evidenced by elevated expression levels of granzyme family 
genes, other cytotoxicity-associated genes and major histocompat-
ibility complex (MHC) class II genes. No significant differences in acti-
vation markers were observed between CAR T cells obtained from the 
BCMA–mutIL-2-treated and VHH–mutIL-2-treated mice, as the mice 
had already cleared the tumors over 60 days earlier. Furthermore, the 
BCMA–mutIL-2 treatment did not induce the upregulation of exhaus-
tion markers, indicating that the treatment did not induce exhaustion 
in the persisting CAR T cells. Additionally, the diversity of T cell recep-
tor (TCR) clonotypes was evaluated in the BCMA–mutIL-2-treated and 
VHH–mutIL-2-treated mice (Supplementary Fig. 10f,g). Both groups 
displayed similar diversity in clonotypes present, suggesting that the 
BCMA–mutIL-2 CAR-E treatment could effectively facilitate the pres-
ence of a diverse TCR repertoire in persisting CAR T cells, as opposed 
to promoting the dominance of a restricted set of TCR clones.

Persisting CAR T cells retain the capacity to re-expand
To investigate the prolonged persistence of human CAR T cells and 
whether they retain the capacity to re-expand, we replicated the experi-
ment using NSG mice lacking both class I and class II MHC molecules 
(referred to as NOD-scid H2-K1null H2-Ab1null H2-D1null IL-2Rγnull (NSG-MHC 
I/II double knockout (DKO)) mice). These mice demonstrate a delayed 
onset of graft-versus-host disease when exposed to human T cells. 
Furthermore, we examined whether the CAR-E remains effective when 
treatment was initiated 2 weeks after CAR T cell injection.

Accordingly, a similar experiment to that described in Supple-
mentary Fig. 8 was conducted using NSG-DKO mice, with the CAR-E 
treatment being initiated on day 14 (Supplementary Fig. 11a). Regular 
BLI and blood analyses were used to assess tumor burden and CAR 
T cell expansion in circulation. The blood analyses indicated a robust 
expansion of CAR T cells in the CAR-E-treated group compared to the 
no treatment control group and, notably, all the CAR-E-treated mice 
(n = 5) cleared tumors, while three of the five control mice did (Sup-
plementary Fig. 11b–e).

To assess the development of functional memory CAR T cells, all 
responding mice were rechallenged with 1 million OPM2 cells on day 
91 after the injection of CAR T cells. In the CAR-E-treated cohort, four 
of five mice showed no tumor growth, while all three remaining con-
trol mice exhibited tumor growth (Supplementary Fig. 11b, day 101). 
Blood analyses after rechallenge revealed CAR T cell re-expansion in 
the circulation of the CAR-E-treated mice (Supplementary Fig. 11d,g). 
The only CAR-E-treated mouse that could not fully control the tumor 
growth did not show any CAR T cells in the circulation (M1 in Supple-
mentary Fig. 11g).

Fig. 3 | The BCMA CAR-E enables treatment with a low dose of CAR T cells. 
a, Experimental setup. b,c, BLI analyses monitoring tumor burden in different 
groups (b), along with a survival analysis (c). The same quantification scale was 
used for all images (photons per second). d, Analyses of blood samples revealed 
that the CAR-E expands CAR T cells in the circulation. Data were analyzed with 
a one-way ANOVA on days 7, 14 and 21. Once all mice in the PBS cohort were 
euthanized, BCMA–mutIL-2 and VHH–mutIL-2 comparisons were performed 
with multiple Mann–Whitney U tests on days 28 and 35. Error bars represent the 
mean ± s.e.m. e, Analysis of blood samples showed the generation of memory 
CAR T cells in the BCMA–mutIL-2 group. Data were analyzed using uncorrected 
multiple Mann–Whitney U tests. Error bars represent the mean ± s.e.m. f,g, For 
the BCMA–mutIL-2 cohort, 2 months after CAR T cell injection, a substantial 
number of CAR T cells were detected in the spleen. In the ‘CAR T cell + PBS’ group, 
CAR T cells were detected in the spleen; however, these mice succumbed to 
tumor growth at around 20 days after CAR T cell injection. Data were analyzed by 
a two-way ANOVA with Tukey’s multiple-comparisons test. Individual flow data 

are shown in Supplementary Fig. 6. Error bars represent the mean ± s.e.m. h, The 
treated mice maintained consistent body weight throughout the experiment. 
Error bars represent the mean ± s.e.m. i, Persisting CAR T cells in the BCMA–
mutIL-2-treated mice’s spleen exhibited a CCR7+CD45RA+CD62L+ stem-cell 
memory phenotype, which was absent in the ‘CAR T cell + VHH–mutIL-2’ or ‘CAR 
T cell + PBS’ cohorts. j, tSNE plot displaying FlowSOM-defined clusters among 
persisting BCMA CAR T cells from BCMA–mutIL-2-treated mice (spleen and 
bone marrow) and VHH–mutIL-2-treated mice (only bone marrow). tSNE plot 
was based on surface marker expression of CD8α, CD4, CD45, CD45RA, CD45RO, 
CD62L, CD69, PD1, HLA-DR, CCR7 and BCMA CAR and revealed the presence 
of distinct memory T cell populations. CAR T cells were detected in the bone 
marrow of the VHH–mutIL-2-treated group but not the spleen. Further analyses 
are shown in Supplementary Fig. 7. The experiments in a–j used PBMCs from one 
donor; sample sizes were n = 4, 4 and 5 individual mice for PBS, VHH–mutIL-2 and 
BCMA–mutIL-2 groups, respectively.
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To further challenge the persisting CAR T cells in the responder 
mice, a second rechallenge was conducted 144 days after the injection 
of CAR T cells (1 million OPM2 cells). Notably, no CAR-E treatment 
was administered between the first and second rechallenge (days 91 
and 144). Two of four mice exhibited no tumor growth and the other 
two, while showing no signal in the bone marrow, showed a signal 
only in the liver, significantly lower than that of the control naive mice  
(Supplementary Fig. 11b, day 153). The two mice that fully controlled 
the growth of tumor cells in the second rechallenge showed the pres-
ence of stem-cell memory and naive CAR T cells in the circulation after 
the first rechallenge, suggesting that these are potentially the main 
CAR T cell subpopulations that allow re-expansion of the CAR T cells  
(M4 and M5 in Supplementary Fig. 11g).

On day 160, the remaining four mice treated with the CAR-E were 
euthanized and flow cytometric analyses of the organs revealed a 
significant presence of CAR T cells in the spleen and bone marrow 
(Supplementary Figs. 11h and 12). Notably, the bone marrow analysis 
at the endpoint indicated that the mouse in the CAR-E treatment group 

that exhibited a partial response to the initial rechallenge displayed 
a predominance of TEM (CD45RA−CD45RO+CCR7−) CD4+ CAR T cells  
(M1 in the CAR-E group, Supplementary Fig. 11h). In contrast, the  
other four CAR-E-treated mice exhibited a diverse range of memory 
CAR T cell phenotypes, including C–C chemokine receptor 7 (CCR7)+ 
cells (M2–M5 in the CAR-E group; Supplementary Fig. 11h). The control 
cohort displayed a less diverse population of CAR T cell phenotypes 
(Supplementary Fig. 11h).

A lower frequency of the CAR-E treatment remains effective
Next, we conducted an experiment to investigate the efficacy of a 
reduced frequency of the CAR-E treatment initiated 2 weeks after CAR 
T cell injection, as shown in Fig. 4a. The treatment group received four 
doses of the CAR-E treatment (4 mg kg−1 per dose) on days 14, 18, 21 
and 28 (Fig. 4a).

Bioluminescence imaging (BLI) analyses demonstrated that all 
mice (n = 5) receiving the CAR-E cleared tumors, while none of the con-
trol mice (n = 4) achieved tumor clearance (Fig. 4b–d). Blood analyses 
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Fig. 4 | Lower doses of the CAR-E remain effective. The persisting CAR T 
cells retain the capacity to re-expand and control tumor growth upon 
rechallenge. a, Experimental setup (n = 5 for ‘CAR T cell + CAR-E’ cohort and 
n = 4 for ‘CAR T cell only with no treatment’ cohort). Surviving mice underwent 
rechallenge with 1 million OPM2 cells on day 60, followed by the CAR-E treatment 
on days 68, 70, 74, 77 and 80 at 4 mg kg−1. Naive mice served as rechallenge 
controls. b, BLI monitored tumor burdens on the indicated days. The same BLI 
quantification scale was used for all images (photons per second). c, Survival 
analyses. All the CAR-E-treated mice survived for the duration of the experiment. 
Statistical analyses were conducted using the log-rank test (P value = 0.0047).  
d, Quantification of BLI analyses from b. e, Blood collected on the indicated days 
analyzed for CAR T cell presence in the circulation by flow cytometric analyses 
showed that CAR-E treatment robustly expanded CAR T cells in the circulation. 
The CAR-E treatment restarted on day 68 robustly re-expanded CAR T cells in the 
circulation. Individual data points for each mouse are presented. f, IFNγ levels 

were quantified using a multiplexed bead-based immunoassay on 1:25 diluted 
serum samples collected on the same days when CAR T cell counts were assessed 
as shown in e. g, At the endpoint, CAR T cells in the bone marrow and spleen 
of mice treated with the CAR-E showed a robust phenotypic diversity. Human 
CD45+BCMA–CAR+ cells from the bone marrow and spleen of mice were gated 
and concatenated. FlowSOM analysis was conducted on pooled populations 
to identify eight major phenotypic metaclusters. A heat map representing the 
mean fluorescence intensity of each marker within each metacluster was used to 
qualitatively describe each cluster (Supplementary Fig. 16). The proportion of 
each metacluster within the bone marrow and spleen of each mouse is depicted. 
The no treatment ‘CAR T cell only’ cohort did not have enough persisting CAR T 
cells in the bone marrow or spleen to allow for a similar analysis. The experiments 
in a–g used PBMCs from one donor; sample sizes were n = 4 and 5 individual mice 
for the CAR T only and CAR T + CAR-E groups, respectively.
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indicated that the four doses of the CAR-E treatment were sufficient 
to robustly expand CAR T cells in all the treated mice compared to the 
control cohort (Fig. 4e and Supplementary Fig. 14). Cytokine assess-
ments also revealed elevated levels of IFNγ in the CAR-E treatment 
cohort (Fig. 4f).

One of the CAR-E-treated mice (M5) showed liver relapse on day 
60 (Fig. 4b). Regardless, all five CAR-E-treated mice underwent tumor 
rechallenge on day 60. All mice showed a considerably lower signal 
compared to the control naive mice (Fig. 4b, day 66). While the mice 
exhibited liver signals, none showed bone marrow signals, suggesting 
the presence of functional memory CAR T cells in the bone marrow. 
To investigate whether the CAR-E treatment could prompt CAR T cell 
re-expansion and control tumor growth in liver metastasis, mice were 
retreated with the CAR-E (4 mg kg−1) on days 68, 70, 74, 77 and 80. 
All mice successfully cleared the liver metastasis (Fig. 4b, day 83). 
The mouse that showed relapse on day 60 (M5, Fig. 4b) also cleared 
the tumor, although it exhibited some signal on the last day of the 

experiment. Blood analyses confirmed that the CAR-E resulted in 
a robust re-expansion of the CAR T cells (Fig. 4e). Flow cytometric 
analyses on day 90 revealed the presence of CAR T cells with diverse 
memory phenotypes (Fig. 4g and Supplementary Fig. 15).

In summary, the results indicated that the BCMA CAR-E not only 
facilitated the complete clearance of tumor cells but also promoted 
the formation of functional memory CAR T cells.

The CAR-E expands CAR T cells in the absence of tumor 
antigens
We hypothesized that the CAR-E mechanism of action is independ-
ent of tumor cells. To test this, mice were solely injected with 0.25 
million BCMA CAR T cells in the absence of tumor cells. Additionally, 
to simultaneously assess whether the CAR-E impact is dose depend-
ent, we assigned mice to different cohorts receiving varying doses of 
the BCMA–mutIL-2 CAR-E treatment (Fig. 5a). Organs were collected 
1 month later and assessed using flow cytometric analyses.

a

b c

d e

f g

NSG-DKO mice

BCMA CAR T cells
(i.v., 0.25 × 106)

D0

Treatment, twice per
week for 4 weeks Organs collected

for flow analysis
1 month later

2 4 6 8

1 × 106

2 × 106

3 × 106

C
AR

 T
 c

el
ls

 p
er

 s
pl

ee
n

CAR-E dose
(mg kg−1)

2 4 6 8

1 × 105

5 × 105

CD8+ CAR T, R = 0.40,
P = 0.078
Total CAR T,  R = 0.45,
P = 0.046

CD4+ CAR T, R = 0.62,
P = 0.003

C
AR

 T
 c

el
ls

 p
er

 b
on

e
m

ar
ro

w

CAR-E dose
(mg kg–1)

CD4+ CAR T cells CD8+ CAR T cells Total CAR T cells
100

101

102

103

104

105

106

107

C
AR

 T
 c

el
ls

 p
er

 s
pl

ee
n

0 mg kg–1

2 mg kg–1

4 mg kg–1

8 mg kg–1

P = 0.024
P = 0.002 P = 0.002

100

101

102

103

104

105

106

C
AR

 T
 c

el
ls

 p
er

 b
on

e
m

ar
ro

w

2 mg kg–1

0 mg kg–1

4 mg kg–1

8 mg kg–1

P = 0.015
P = 0.002 P = 0.002

100

102

104

106

108

C
AR

 T
 c

el
ls

 p
er

 
sp

le
en

BCMA–mutIL-2 (n = 8)

PBS (n = 3)
BCMA–CH3 (n = 5)

Low-dose IL-2 (n = 5)
VHH–mutIL-2 (n = 5)

10–1

100

101

102

103

104

105

106

C
AR

 T
 c

el
ls

 p
er

 
bo

ne
 m

ar
ro

w PBS (n = 3)
BCMA–CH3 (n = 5)

Low-dose IL-2 (n = 5)
BCMA–mutIL-2 (n = 8)

VHH–mutIL-2 (n = 5)

C
D

8+  C
AR

 T
 c

el
ls

 p
er

sp
le

en PBS
2 mg kg–1

4 mg kg–1

8 mg kg–1

P = 
0.025

P = 0.048 P = 0.009
P = 0.019 P = 0.008 

TEM TEMRA TSCM TCM TNaive-like

100

101

102

103

104

105

C
D

8+  C
AR

 T
 c

el
ls

 p
er

 
bo

ne
 m

ar
ro

w

PBS
2 mg kg–1

4 mg kg–1

8 mg kg–1

P = 0.008

P = 0.008 P = 0.008

P = 0.008

P = 0.048

CD4+ CAR T

P 
va

lu
es

vs
. B

C
M

A–
m

ut
IL

-2

P 
va

lu
es

vs
. B

C
M

A–
m

ut
IL

-2

0.6026
PBS BCMA–CH3 Low-dose IL-2 VHH–mutIL-2 PBS BCMA–CH3 Low-dose IL-2 VHH–mutIL-2

0.0004 0.1622 0.0003
CD8+ CAR T 0.0965 0.0003 0.0270 0.0562
Total CAR T 0.1695 0.0003 0.0270 0.0379

 0.2839 0.5178 0.7011  0.0012
 0.3682 0.0021 0.0499  0.0023
0.1939 0.0386 0.0781  <0.0001

CD8+ CAR T, R = 0.82,
P < 0.0001
Total CAR T,  R = 0.83,
P < 0.0001

CD4+ CAR T, R = 0.77,
P < 0.0001

CD4+ CAR T cells CD8+ CAR T cells Total CAR T cells

CD4+ CAR T cells CD8+ CAR T cells Total CAR T cellsCD4+ CAR T cells CD8+ CAR T cells Total CAR T cells

100

101

102

103

104

105

106

107

TEM TEMRA TSCM TCM TNaive-like

CD4+ CAR T
CD8+ CAR T
Total CAR T

Fig. 5 | The CAR-E expands CAR T cells in the absence of tumor cells in a 
dose-dependent manner. a, Experimental setup. Mice received varying doses 
of the BCMA–mutIL-2 CAR-E treatment (n = 5 for each cohort). b,c, Spleen (b) 
and bone marrow (c) were isolated 30 days after the injection of CAR T cells 
and CAR+ cells were counted by flow cytometric analyses. Left: column bars 
indicating the absolute number of detected CAR T cells. Right: statistical analyses 
demonstrate that the CAR-E leads to dose-dependent expansion of CAR T cells. 
The significance between the PBS group and the group of mice receiving the 
lowest treatment dose (2 mg kg−1) was measured using a two-sided unpaired 
t-test. Additionally, a linear regression was conducted to demonstrate the dose-
dependent effect of the treatment, where error bars represent the mean ± 95% 
CI. d,e, Persisting CAR T cells consisted of different subsets of memory T cells 
in the spleen (d) and bone marrow (e). TEM cells, CD45RA−CD45RO+CCR7−; TEMRA 
cells, CD45RA+CD45RO+CCR7−; TSCM cells, CD45RA+CD45RO+CCR7+; TCM cells, 

CD45RA−CD45RO+CCR7+; TNaive-like cells, CD45RA+CD45RO−CCR7+. In d,e, we used 
the Shapiro–Wilk test to assess normality. Normal datasets were analyzed using 
an unpaired two-sided t-test, while non-normal datasets were analyzed using 
a Mann–Whitney U test. The experiments in a–e used PBMCs from one donor, 
with all conditions having n = 5, where n represents individual mice. f, Both the 
antigen and the low-affinity IL-2 components of the CAR-E are essential for its 
impact. Mice received CAR T cells and different treatments (4 mg kg−1) following 
a schedule similar to that shown in a. The BCMA–CH3 antigen, VHH–mutIL-2 
or low-dose wild-type IL-2 treatments could not result in the expansion or 
persistence of CAR T cells. The experiments in f,g used PBMCs from two donors. 
A Kruskal–Wallis test was used for each subset of CAR T cells and total T cells. 
Subsequently, a post hoc Dunn’s analysis was conducted to compare each group 
with the treatment group. The table below the graph displays the adjusted  
P values. Error bars represent the mean ± s.e.m. for all box plots.
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As expected, the CAR-E treatment resulted in the expansion and 
persistence of CAR T cells in the spleen and bone marrow (Fig. 5b,c and 
Supplementary Fig. 17). Furthermore, the results demonstrated that 
the CAR-E impact on CAR T cells is dose dependent (Fig. 5b,c). Even at 
the lowest tested dose of 2 mg kg−1, there were a substantial number of 
persisting CAR T cells compared to the no treatment cohort (Fig. 5b,c). 
Additional analyses indicated that the CAR-E induced the generation 
of memory CAR T cells (Fig. 5d,e).

To confirm the essential role of the low-affinity IL-2 component 
of the CAR-E, a similar experiment, as described above, was repeated 
using the 4 mg kg−1 dose and 0.25 million CAR T cells. Mice received 
the BCMA–mutIL-2 CAR-E treatment, the BCMA–CH3 molecule or no 
treatment. As anticipated, the antigen-only BCMA–CH3 treatment 
cohort did not result in the expansion or persistence of CAR T cells, 
further validating that both the BCMA and the low-affinity IL-2 compo-
nents of the CAR-E are necessary for its impact on CAR T cells (Fig. 5f,g 
and Supplementary Fig. 18). This aligns with our previous in vitro and 
in vivo analyses (Figs. 1, 2 and 3). A cohort that received low-dose IL-2 
also failed to result in substantial persisting CAR T cells (Fig. 5f,g). Fur-
thermore, as expected, the nontargeted low-affinity IL-2 (VHH–mutIL-2) 
did not lead to the expansion or persistence of CAR T cells (Fig. 5f,g), 
consistent with our prior findings discussed in Figs. 1, 2 and 3 and  
Supplementary Fig. 11.

In summary, these findings demonstrate that the CAR-E can 
expand CAR T cells and promote the development of diverse memory 
phenotypes, regardless of the presence of tumor cells. Both the BCMA 
and the low-affinity IL-2 component of the CAR-E are necessary for  
its efficacy.

The CAR-E requires engagement of both IL-2R and CAR  
(4-1BB–CD3ζ) endodomain
To better understand the mechanism of action of the CAR-E, we investi-
gated whether its effect on CAR T cells is solely mediated by anchoring 
the low-affinity IL-2 onto CAR T cells through BCMA-to-CAR binding 
or whether it involves simultaneous engagement of both IL-2R and 
CAR endodomains. For this purpose, CAR T cells were made using 
a construct lacking the 4-1BB–CD3ζ intracellular endodomain but 
retaining an identical extracellular ectodomain (referred to as CAR 
intracellular domain deletion or CAR-ICD-Δ). In vitro analyses demon-
strated that the BCMA–mutIL-2 CAR-E induced pSTAT5 in CAR-ICD-Δ 
T cells, similar to full CAR T cells (Fig. 6a), suggesting that the effects of 
low-affinity IL-2 were similar in both CAR constructs and were mediated 
by antigen-to-CAR binding.

However, while the CAR-E robustly activated full CAR T cells, as 
evidenced by elevated CD69 expression and increased production of 
IFNγ and tumor necrosis factor-α (TNFα), its impact on CAR T cells with 
the CAR-ICD-Δ construct was negligible (Fig. 6b–d). Dasatinib, a pro-
tein kinase Lck inhibitor, and ruxolitinib, a Janus kinase inhibitor, both 
individually and in combination, significantly inhibited the impact of 
the CAR-E (Fig. 6e–g), further suggesting that the CAR-E engages both 
CAR and IL-2R endodomains. Subsequently, we compared the in vivo 
impact of the CAR-E on full CAR and CAR-ICD-Δ T cells. Mice injected 
with 0.25 million CAR T cells in the absence of tumor cells received 
CAR-E treatments (4 mg kg−1 twice per week for 4 weeks; Fig. 6h). After 
1 month, animals were euthanized and their organs were analyzed by 
flow cytometry. While the CAR-E robustly expanded CAR T cells with 
the full CAR construct, consistent with our previous results, it did not 
result in the expansion or persistence of CAR-ICD-Δ T cells (Fig. 6i).

To gain additional insights into the mechanism of action of the 
CAR-E, we investigated its impact on the transcriptome of CAR T cells. 
Various treatments, including BCMA–mutIL-2 CAR-E, VHH–mutIL-2, 
BCMA–CH3 antigen and wild-type IL-2, were added to CAR T cells. As 
an additional control, CAR-ICD-∆ T cells were treated with the BCMA–
mutIL-2 CAR-E. Treatments were removed after 2 h to mimic in vivo 
conditions and cells were subjected to bulk RNAseq 2 or 22 h later.

The CAR-E induced substantial transcriptomic changes, dem-
onstrating quantitatively larger fold changes compared to all other 
conditions, including wild-type IL-2 (Fig. 6j–n). The differences in gene 
upregulation of the BCMA–mutIL-2 compared to wild-type IL-2, VHH–
mutIL-2 and BCMA–CH3, as well as the gene set enrichment analysis of 
these different conditions (Supplementary Fig. 19), showed that, while 
these control treatments had an effect on their own, the stimulation 
induced by the CAR-E was greatly superior (Fig. 6l,m). The impact of 
the CAR-E on CAR-ICD-∆ T cells was mild, further emphasizing the 
essential role of the CAR endodomain in the CAR-E’s mechanism of 
action (Fig. 6j,k).

In summary, these findings indicate that the mechanism of action 
of the CAR-E goes beyond merely delivering low-affinity IL-2 to CAR 
T cells. Instead, it operates by engaging both the CAR endodomain 
and IL-2R molecules.

Discussion
Relapse remains a major concern in persons with MM receiving BCMA 
CAR T cells. Most relapses are associated with BCMA-expressing 
tumors8, indicating that CAR T cell functionality and persistence must 
be augmented. In this study, we address this critical clinical shortcom-
ing by developing the CAR-E approach, which delivers an enhancer 
molecule to CAR T cells. We showed that a BCMA CAR-E consisting of 
the BCMA ectodomain fused to a low-affinity IL-2 enhances the activity 
and persistence of BCMA CAR T cells.

Our results demonstrate that the CAR-E engages both IL-2R and 
the CAR endodomains. Inhibiting either signaling pathway reduces the 
impact of the CAR-E. The CAR-E loses its effect on CAR T cells lacking 
a CAR endodomain. The antigen alone modestly activates CAR T cells 
at high concentrations in vitro and cannot expand CAR T cells in vivo, 
highlighting the essential role of the low-affinity IL-2 component in 
the CAR-E’s mechanism of action. Similarly, treatment with the non-
targeted low-affinity IL-2 (VHH–mutIL-2) cannot mimic the effects 
observed with the BCMA–mutIL-2, emphasizing the indispensable role 
of the antigen in the CAR-E mechanism of action. The slower internali-
zation rate of the CAR-E compared to free IL-2 results in prolonged IL-2 
signaling, which could be pivotal to its potency despite a brief circula-
tory half-life. Costimulatory molecules in the CAR endodomain, such 
as 4-1BB or CD28, may contribute differently to the CAR-E mechanism 
of action.

The generation of memory CAR T cells has been a longstanding 
challenge in the field. Our results demonstrate that the CAR-E can guide 
CAR T cells in developing memory cells with diverse phenotypes and it 
can do so independently of the presence of tumor cells. The CAR-E leads 
to the generation of a spectrum of different memory subtypes, includ-
ing stem-cell memory populations. This diversity is likely responsible 
for the observed long-term persistence of CAR T cells that retain the 
capacity to re-expand upon restimulation. This capability of the CAR-E 
may be attributable to its mechanism of action, simultaneously engag-
ing both IL-2R and CAR (4-1BB–CD3ζ) endodomains.

Incorporating a full-size (inactive) Fc molecule would greatly 
extend the circulatory half-life to several days because of FcRn recy-
cling. However, pulsing CAR T cells with the CAR-E is likely superior to 
prolonged exposure, which may lead to exhaustion or the generation 
of terminally differentiated CAR T cells. Therefore, a CAR-E with a short 
half-life is expected to be more effective in promoting the generation of 
memory CAR T cells. Additionally, this reduces potential competition 
with tumor antigens for CAR binding. While one dose of an Fc-based 
CAR-E may result in uncontrolled expansion of CAR T cells, a single 
dose of a CAR-E with a short half-life is unlikely to result in uncontrol-
lable CAR T cell proliferation, thereby enhancing the safety profile in 
patients. Therefore, we opted to use the CH3 domain of IgG1 as the 
spacer for CAR-E molecules.

The CAR-E approach can be generalized to deliver diverse 
immune-modulating molecules to CAR T cells to enhance their activity 
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Fig. 6 | The CAR-E induces substantial transcriptomic changes in CAR T 
cells and its efficacy requires signaling through both the CAR and the IL-2R 
endodomains. a, The CAR-E induces pSTAT5 activity similarly in CAR T cells and 
CAR-ICD-∆ T cells. Error bars represent the mean ± s.d. b–d, The CAR-E activates 
CAR T cells but almost completely loses its impact on CAR-ICD-∆ T cells, as 
evidenced by lower CD69 expression levels (b) and reduced induction of IFNγ (c) 
and TNFα (d) production. Error bars represent the mean ± s.d. The experiment 
used PBMCs from one donor. In a–d, n = 3 technical replicates for each condition. 
e–g, Dasatinib and ruxolitinib decrease the impact of the CAR-E on CAR T cells, as 
demonstrated by decreased CD69 expression levels (e) and reduced IFNγ (f) and 
TNFα (g) production. CAR T cells were treated with varying doses of the CAR-E 
treatment and the individual inhibitor or their combination, with assessments 
conducted 24 h later (n = 3 technical replicates for each point). Error bars 
represent the mean ± s.d. h,i, The CAR-E cannot expand CAR-ICD-∆ T cells in vivo.  
The experimental setup is shown in h (n = 5 mice per group). Organ analyses 

1 month after the injection of cells revealed significant persistence of full CAR 
T cells, while no CAR-ICD-∆ T cells could be detected (i). The experiment used 
PBMCs from one donor. Data are presented as the mean ± s.d. and were analyzed 
by a two-sided unpaired t-test. j–n, The CAR-E rapidly induces substantial 
transcriptomic changes in CAR T cells. CAR T cells underwent a 2-h incubation 
with the BCMA–mutIL-2 CAR-E or control molecules (10 nM), followed by 
treatment removal. Subsequently, RNAseq was performed 2 and 24 h later.  
A volcano plot showing the highest upregulated genes at 4 h when CD8+ CAR 
T cells were treated with the CAR-E (j). A volcano plot showing that the BCMA–
mutIL-2 CAR-E has a negligible impact on CD8+ CAR-ICD-∆ T cells (k). P values 
were obtained using a Wald test (j,k). l–n, The top 40 upregulated genes are 
displayed for the CAR-E treatment for CD8+ CAR T cells (l) and CD4+ CAR T cells 
(m). The treatment conditions in both CD4 and CD8 CAR T cells, at 2 and 24 h (n). 
Additional RNAseq analyses are included in Supplementary Fig. 19.
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and trafficking. Although the low-affinity IL-2 molecule serves as an 
excellent enhancer, other enhancer molecules should be investigated, 
especially for long-term efficacy (>6–12 months after the injection of 
CAR cells). For example, evaluating the inclusion of IL-7, IL-12, IL-15 and 
IL-21 in CAR-E design is worth pursuing. It is also possible to deliver 
inhibitory molecules to CAR T cells to decrease their activity as needed 
and potentially in a reversible manner. Currently, persons with MM 
receive BCMA CAR T cell therapy after failing to respond to other treat-
ments, including chemotherapy, which may lower T cell quality. While 
most persons with MM exhibit a promising initial response to CAR T cell 
therapy, investigating the effects of the CAR-E on patient-derived T cells 
could shed light on the CAR-E’s impact on CAR T cells with potentially 
lower initial quality compared to those derived from healthy donors.

Several studies have reported that the baseline levels of soluble 
BCMA do not influence a person’s response to BCMA CAR therapy3,34–36. 
Our extensive in vitro and in vivo data demonstrate that the CAR-E 
does not hinder CAR T cell activity. This is likely attributable to the 
higher-affinity binding of membrane-bound antigen to CAR molecules 
resulting from the formation of a tumor–T cell synapse, the dynamic 
nature of interactions between the CAR and CAR-E molecules and the 
short half-life and intermittent dosing of the CAR-E treatment.

The CAR-E approach can also be adapted to CAR T cells directed at 
other liquid tumors, such as CD19 or CD22 CAR T cells, or solid tumors, 
such as glypican 3, mesothelin or human epidermal growth factor 
receptor 2 CAR T cells. Furthermore, the approach has the potential to 
enhance the activity and persistence of CAR natural killer cells.

The expansion of CAR T cells by the CAR-E treatment may offer the 
possibility of reducing or even eliminating lymphodepleting chemo-
therapy as a preconditioning regimen. Lymphodepletion typically 
results in an increased concentration of homeostatic, T cell-stimulating 
cytokines such as IL-7 and IL-15 (ref. 37). By selectively delivering IL-2 
to CAR T cells, the CAR-E could bypass the need for lymphodepletion, 
as IL-2 and IL-15 use the same receptors for signaling.

A major challenge of CAR T cell therapy relates to pharmacokinet-
ics, namely, an initial massive expansion followed by a sharp drop-off 
in CAR T cell numbers. Massive T cell expansion leads to cytokine 
release syndrome (CRS) because of the activation of T cells leading to 
cytokine release, in turn activating other immune effector cells such 
as monocytes and macrophages, which further elaborate inflamma-
tory cytokines within the first 1–2 weeks after CAR T cell infusion. The 
sharp drop-off after initial expansion is because of a failure of T cells 
to persist, increasing the likelihood of disease relapse. Current genetic 
engineering approaches aimed at improving CAR T cell persistence 
may intensify initial expansion, exacerbating CRS. In contrast, the 
CAR-E approach promotes T cell persistence even after tumor antigen 
clearance and at a desired time point. For instance, the CAR-E initiation 
could occur several weeks after CAR T cell injection, well beyond the 
CRS window. Moreover, the short half-life of CAR-E molecules and inter-
mittent dosing reduce the risk of the CAR-E-induced CRS occurrence.

Our evaluation of the CAR-E treatment involved assessing its 
potency and side-effect profile in human CAR T cells and human xen-
ograft models in immunodeficient mice. The limited cross-reactivity 
of human cytokines in mice restricted our ability to fully evaluate the 
CAR-E-mediated immune-related adverse events. Therefore, careful 
clinical testing of the CAR-E treatment is needed to determine whether 
the resulting expansion and persistence of CAR T cells are well tolerated 
after tumor reduction.

The potential for immunogenicity with the CAR-E is minimal 
because of its nearly fully self-human protein construct, with only two 
point substitutions in the IL-2 component and G4S linkers between the 
components. Persons with MM, who exhibit elevated levels of BCMA 
soluble antigen, have not reported immunogenicity associated with 
BCMA protein. However, the immunogenicity issue requires evaluation 
in nonhuman primates and phase 1 trials. Even if the CAR-E shows immu-
nogenicity in some persons, it is unlikely to compromise CAR T cell 

activity, as shown in Fig. 1e. Furthermore, the short half-life enhances 
the safety profile, with the CAR-E rapidly clearing from circulation.

In summary, the CAR-E robustly enhances CAR T cell activity and 
persistence and drives the generation of a diverse range of memory 
subpopulations of CAR T cells that retain the capacity to re-expand 
upon restimulation. The CAR-E approach offers an opportunity to 
selectively target CAR T cells after infusion and deliver immunomodu-
latory molecules to their cell surface. The approach does not require 
additional engineering of CAR T cells and can be integrated with Food 
and Drug Administration-approved or newer generations of CAR cells.
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Methods
Cell lines and culture
PBMCs were obtained by Ficoll gradient of apheresis leukoreduction 
collars of healthy platelet donors. HEK293T cells were cultured in com-
plete DMEM (Gibco), 1% l-glutamine (Gibco), 1% nonessential amino 
acids (Gibco), 1% pyruvate (Gibco), 1% penicillin and streptomycin 
(Cytiva) and 10% FBS (Biowest). OPM2 cells and PBMCs were cultured 
in complete RPMI-1640 medium (Gibco), 1% l-glutamine (Gibco), 1% 
nonessential amino acids (Gibco), 1% pyruvate (Gibco), 1% penicillin and 
streptomycin (Cytiva) and 10% FBS (Biowest). All cells were grown in 5% 
CO2, 95% air-humidified incubators at 37 °C. OPM2 cells were geneti-
cally engineered to express GFP and firefly luciferase. Liver-derived 
and bone marrow-derived OPM2 cells were obtained from metastatic 
lesions in the bone marrow and liver of a mouse injected with OPM2 
cells. Bone marrow-derived cells were used in experiments detailed 
in Figs. 3, 4 and 6h and Supplementary Fig. 11 and liver-derived OPM2 
cells were used in rechallenge experiments detailed in Fig. 4 and Sup-
plementary Fig. 11.

Mouse studies
All experiments adhered to the pertinent ethical and safety protocols. 
The studies were carried out under the oversight of the Dana-Farber 
Cancer Institute Institutional Animal Care and Use Committee (IACUC; 
protocol number 20-006) and the Boston Children’s Hospital Com-
mittee on Animal Care (protocol number BCH 00001455). Our study 
did not involve research with human subjects, as no personal or spe-
cific information was required for the human PBMCs obtained from 
healthy donors. The xenograft models used were described previ-
ously38. Briefly, 5–8-week-old NSG and NSG-DKO mice were either 
purchased from Jackson Laboratory or bred in-house. All mice were 
sex-matched and age-matched into groups. Xenograft models were 
established by intravenous injection of 1 × 106 OPM2 cells expressing 
GFP and luciferase in 200 μl of PBS. Mice received indicated treat-
ments in 300 μl of PBS through intraperitoneal (i.p.) injections. Tumor 
burden was assessed using the IVIS Lumina Series III (Perkin Elmer) 
after i.p. injection of d-luciferin (200 µl, from a 15 mg ml−1 solution; 
2-min imaging). BLI intensity was analyzed by Aura imaging analysis 
software (Spectral Instruments Imaging). Peripheral blood from mice 
was obtained by submandibular bleeding in an EDTA-coated tube and 
analyzed for CAR T cell detection and expansion. In brief, the volume 
of blood was determined to calculate absolute values. Samples were 
then centrifuged and serum was collected. Cell pellets were resus-
pended in 500–1,000 μl of ACK lysis buffer (150 mM NH4Cl, 10 mM 
KHCO3 and 0.1 mM EDTA) for 1 min. Cells were then washed twice in 
fluorescence-activated cell sorting (FACS) buffer (PBS + 1% BSA). Sam-
ples were then stained with anti-CD45–PacificBlue (1:50, Biolegend), 
anti-CD4–PE/Dazzle594 (1:50, Biolegend), anti-CD8–FITC (1:50, Bio-
legend), anti-CCR7–AlexaFluor700 (1:50, Biolegend), anti-CD62L–
PE (1:50, Biolegend), anti-CD45RO–PerCP/Cy5.5 (1:50, Biolegend), 
anti-CD45RA–APC/Fire750 (1:50, Biolegend), anti-programmed cell 
death protein 1 (PD1)–BV605 (1:50, Biolegend), anti-human leuko-
cyte antigen (HLA)-DR–PE/Cy7 (1:50, Biolegend), anti-CD69–BV421 
(1:50, Biolegend) and recombinant BCMA–AlexaFluor647 (10 nM, 
made in-house). Samples were run on an SP6800 Spectral Analyzer 
(Sony, FCS express software) or Aurora (Cytek, SpectroFlo). The flow 
rate and acquisition time were noted to calculate absolute values. 
The gating strategy was established and data were analyzed using 
FlowJo (Supplementary Fig. 20). All experiments were performed in 
a randomized fashion and included proper control groups. Animals 
were euthanized at the end of the experiment or when they met pre-
specified endpoints according to the IACUC protocols. Upon endpoint, 
major immune organs (spleen and bone marrow), as well as essen-
tial organs where possible metastatic lesions can form (that is, liver), 
were isolated, weighed and analyzed. In brief, the spleen was crushed 
using a plunger and passed through a 40-μm strainer to acquire a  

single-cell suspension. The bone marrow was aspirated using a 
30-gauge insulin needle. The liver, lung and kidney were diced using 
surgical scissors in 3 ml of digestion buffer (1 ml of RPMI + 2 ml of PBS). 
Type 1 collagenase (Worthington) was added at a final concentration of 
100 μg ml−1 and incubated at 37 °C for 1 h. The resulting samples were 
passed through a 40-μm strainer to acquire a single-cell suspension. 
Samples were then stained with the same antibodies used to stain blood 
samples and analyzed. The flow rate and acquisition time were noted 
to calculate absolute values.

Generation of the proteins
All genes were codon-optimized for HEK293 mammalian expression, 
synthesized and inserted into a vector expression system with a signal 
sequence. To facilitate production of the products, we generated sta-
ble HEK293T cell lines. Accordingly, HEK293T cells were transfected 
with pPAX2, pVSVG (packaging vectors) and the lentivirus plasmid 
containing the sequence of interest. The virus was harvested at 48, 72 
and 96 h, sedimented at 20,000g for 2 h and resuspended in optiMEM 
medium. A new batch of HEK293T cells was then subjected to three 
rounds of transduction with the virus. Cells were allowed to recover 
in complete DMEM and were subjected to puromycin selection to 
retain only those cells that integrated the lentivirus plasmid. Cells were 
then expanded, washed with PBS and incubated in serum-free DMEM 
for 48–72 h. The supernatant was harvested and protein expression 
was confirmed by SDS–PAGE and immunoblotting. Proteins were 
then purified by adsorption onto a Ni-NTA metal affinity column. 
Nonspecifically bound proteins were removed by washing with a low 
concentration of imidazole (20 mM). The imidazole concentration 
was then increased to 250 mM, allowing recovery of the protein of 
interest. The protein was then further purified by size-exclusion chro-
matography and stored in 50 mM HEPES buffer (pH 7.5) at −80 °C  
until use.

Production of CAR T cells
For the BCMA CAR T cells, we used the anti-human BCMA scFv followed 
by the human 4-1BB and CD3ζ intracellular signaling domain39. The 
human signaling CAR construct was transduced into HEK293T cells 
that stably produce gammaretrovirus pseudotyped with the envelope 
of the feline endogenous virus (RD114)40. High viral titer clones were 
isolated using limiting dilution. The high expression clone was then 
seeded and grown in complete DMEM containing 10% FBS until 80% 
confluency. The medium was then exchanged with complete RPMI 
medium containing 10% FBS. After 24 h, the virus-containing medium 
was harvested, sterile-filtered using a 0.45-μm polyethersulfane filter 
and used for producing CAR T cells.

The production of CAR T cells was adapted from previous stud-
ies41. In brief, PBMCs were isolated from whole blood obtained from 
apheresis leukoreduction collars of platelet healthy donors using 
Ficoll gradient. Whole PBMCs were used. PBMCs were resuspended in 
RPMI medium containing 10% FBS, 200 IU per ml IL-2 (Teceleukin, BRB 
Preclinical Biologics Repository), 60 ng ml−1 IL-7 (glycosylated, BRB 
Preclinical Biologics Repository), 10 ng ml−1 IL-15 (BRB Preclinical Bio-
logics Repository), 2 μg ml−1 anti-human CD3 (BRB Preclinical Biologics 
Repository) and 0.5 μg ml−1 anti-human CD28 (CD28.1 clone, Biolegend) 
at a cell concentration of 4 × 106 cells per ml in 3 ml of medium for every 
well of a six-well plate. After 24 h, cells were harvested, spun down and 
resuspended in 1 ml of fresh RPMI medium with FBS, IL-2, IL-15 and IL-7, 
in addition to 2 ml of medium harvested from anti-human BCMA CAR 
gammaretrovirus-producing cells. The PBMCs inoculated with gam-
maretrovirus were then plated onto retronectin-coated six-well plates 
(coated with 1 ml of 20 μg ml−1 retronectin in PBS for 24 h at 4 °C) at a 
concentration of 4 × 106 cells per ml in 3 ml for every well of a six-well 
non-tissue culture-treated plate. The cells underwent spinoculation in 
a centrifuge for 1 h at 2,000g at 30 °C. Afterward, cells were incubated 
at 37 °C. The transduction step was repeated once more with fresh 
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gammaretrovirus-containing medium, cytokines and spinoculation. 
Flow cytometry analysis was used to assess the transduction efficiency 
of the CAR transgene using the dsRed reporter gene and recombinant 
BCMA labeled with AlexaFluor647.

Flow cytometry analysis
FlowJo software was used for FlowSOM and fast interpolation (Fl)-based 
t-stochastic neighborhood embedding (tSNE) analyses. For FltSNE 
and FlowSOM analyses, CAR T cells from the spleen and bone marrow 
were downsampled and concatenated such that there was an equiva-
lent number of cells between the analyzed conditions. For FltSNE, the 
maximum number of iterations was set to 1,000, perplexity was set to 
20, θ was set to 0.5 and learning rate was set to 200.

Binding assays
Cells were washed once with FACS buffer (PBS + 1% BSA). They were 
then stained with various concentrations of the proteins and incubated 
on ice for 20 min. Cells were then washed twice with FACS buffer and 
stained with anti-FLAG AlexaFluor647 (1:500, Biolegend) on ice for 
20 min. PBMCs were further stained with anti-CD3–FITC (1:100, Bioleg-
end), anti-CD20–PE/Cy7 (1:100, Biolegend) and anti-CD11b–PacificBlue 
(1:100, Biolegend) on ice for 20 min. Cells were then washed twice 
with FACS buffer and analyzed using the BD FACSCanto II (Becton 
Dickinson). Flow cytometry data were analyzed using FlowJo software 
(Becton Dickinson).

pSTAT5 assay
Initially, CAR T cells were incubated in complete RPMI medium without 
the presence of cytokines (rested) for 24 h. Cells were then stained with 
CellTrace Blue (Invitrogen) or CellTracker Red (Invitrogen) for 30 min 
at 37 °C for the indicated conditions. Cells were washed once with com-
plete RPMI + 10% FBS medium. CAR T cells stained with CellTracker Red 
were blocked using recombinant BCMA–CH3 (100 nM) for 20 min on 
ice while cells stained with CellTrace Blue were not blocked. Cells were 
then washed once with complete RPMI + 10% FBS medium followed 
by seeding of approximately 2 × 105 cells (the two separately stained 
cells cocultured or separately cultured) per well of a 96-well plate in 
the presence of serial dilutions of treatments or cytokine controls 
at 37 °C. After 5 min of incubation, cells were immediately fixed with 
1.5% formaldehyde in PBS for 10 min at room temperature. Cells were 
then permeabilized with ice-cold 100% methanol for 20 min on ice. 
Fixed and permeabilized cells were washed twice with FACS buffer and 
then incubated with anti-STAT5 pY694–PE/Cy7 (1:200, Biolegend) for 
30 min on ice. Cells were then washed twice with FACS buffer and ana-
lyzed using the BD FACSCanto II (Becton Dickinson). Flow cytometry 
data were analyzed using FlowJo (Becton Dickinson), dose–response 
curves were fitted to a logistic sigmoidal model and EC50 values and 95% 
confidence intervals (CIs) were calculated using Prism data analysis 
software (GraphPad).

Activation assay
Initially, CAR or nontransduced T cells were incubated in complete 
RPMI medium without the presence of cytokines (rested) for 24 h. 
Approximately 2 × 105 cells per well of a 96-well plate were then seeded 
in the presence of serial dilutions of treatments or cytokine controls at 
37 °C for 24 h. Cells were then washed twice with FACS buffer. Primary 
staining was conducted with BCMA–CH3 for 20 min on ice to stain all 
CAR-expressing cells. Cells were washed with FACS buffer and stained 
with anti-CD69–BV421 (1:100, Biolegend) and anti-FLAG tag–Alex-
aFluor647 (1:500, Biolegend) for 20 min on ice. Cells were then washed 
twice with FACS buffer and analyzed using the BD FACSCanto II (Becton 
Dickinson). Flow cytometry data were analyzed using FlowJo (Becton 
Dickinson), dose–response curves were fitted to a logistic sigmoidal 
model and EC50 values and 95% CIs were calculated using Prism data 
analysis software (GraphPad).

CAR T cell killing assays
OPM2 cells, expressing GFP, were seeded at a concentration of approxi-
mately 1 × 105 cells per well of a 96-well flat-bottom plate. Either BCMA 
CAR T cells or nontransduced T cells were seeded at a concentration 
of approximately 1 or 2 × 105 CAR+ cells per well (E:T ratio = 1:1 or 2:1) in 
the presence of serial dilutions of treatments or controls at 37 °C. Cells 
were then assessed for GFP-positive tumor cells using BD FACSCanto 
II (Becton Dickinson) 24, 48 and 72 h later and absolute numbers of 
live tumor cells were calculated. Dose–response killing curves were 
generated using Prism data analysis software (GraphPad).

Pharmacokinetic study
NSG mice were administered a dose of 8 mg kg−1 of BCMA–mutIL-2 by 
i.p. injection. Blood samples were collected from mice at various time 
points through intravenous tail-vein blood draw. After a 30-min period 
at room temperature, serum was isolated from the blood samples 
using centrifugation. Collected serum was analyzed using a sandwich 
ELISA detection assay. In brief, ELISA plates were coated with 5 μg ml−1 
solution of purified anti-6xHis-tag antibody (Biolegend) overnight at 
4 °C. The plate was washed with PBS and incubated with blocking buffer 
(PBS + 2% BSA) for 1 h at room temperature. The serum was diluted 1:50 
and incubated for 2 h at room temperature. The plate was then washed 
with washing buffer (PBS + 0.05% Tween-20) and incubated with horse-
radish peroxidase-conjugated anti-FLAG tag antibody (Biolegend, 
1:2500) for 1 h at room temperature. The plate was washed with wash-
ing buffer and incubated with TMB solution (Biolegend) for 20 min.  
The reaction was stopped using 2 N H2SO4 solution and absorbance 
was read using a spectrophotometer at 450 nm.

Cytokine detection assay
Serum collected from mice at different time points was first diluted 
1:25. Two different methods were used to assess cytokine levels in the 
serum. The first method we used was an IFNγ ELISA kit (Biolegend). In 
brief, a 96-well plate was coated with IFNγ capture antibody overnight 
at 4 °C. The plate was washed with PBS-T (PBS + 0.1% Tween-20) and 
blocked with blocking buffer (PBS + 4% BSA) for 1 h at room tempera-
ture. The plate was then washed and incubated with diluted serum for 
2 h at room temperature. Next, the plate was washed and incubated 
with biotinylated IFNγ detection antibody for 1 h at room temperature 
and then washed and incubated with avidin–horseradish peroxidase 
for 30 min at room temperature. TMB substrate was used as a detec-
tion reagent and 2 N H2SO4 was used as a stopping reagent. IFNγ levels 
were assessed by absorbance at 450 nm using a Luminometer. The 
second method we used was a flow cytometry-based immunoassay 
(Biolegend). In brief, our diluted serum was mixed with a precoated 
premixed bead slurry containing beads of different sizes and APC 
florescence, each conjugated to a different capture antibody. The 
bead–serum mixture was incubated for 2 h at room temperature. 
Upon washing the beads, the biotinylated detection antibodies were 
incubated for 2 h at room temperature followed by an additional 
30 min at room temperature upon the addition of avidin–PE. The 
beads were analyzed by flow cytometry and differentiated by size 
and APC florescence, while the level of cytokines was assessed by  
PE florescence.

Preparing samples for scRNAseq
After animals were euthanized, cells derived from their bone marrow 
and spleen were isolated and converted into a single-cell suspension. 
Cells were counted and stained with AlexaFluor647-labeled BCMA, 
propidium iodide (PI) and 2 µl (1 µg) of Biolegend TotalSeq-C hash-
ing antibody per 1 million cells in 100 µl of FACS wash buffer (2% FBS 
in PBS). Unique hashing antibodies were used for cells derived from 
the bone marrow and spleen of the BCMA–mutIL-2-treated and VHH–
mutIL-2-treated mice. CAR T cells were sorted into PBS with 0.1% BSA 
and live cells were processed directly for droplet-based 5′-end parallel 
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scRNAseq. A total of 5,000 CAR T cells from the bone marrow and 
spleen of the BCMA–mutIL-2-treated mouse and 2,500 CAR T cells 
from the bone marrow and spleen of the VHH–mutIL-2-treated mouse 
(as more cells could not be obtained from the VHH–mutIL-2-treated 
mouse) were loaded onto the 10x channel with a recovery of 5,369 cells. 
The 10x Genomics chromium single-cell 5′ library and gel bead kit v2 
were used according to the manufacturer’s protocol (10x Genomics). 
scRNAseq libraries were sequenced through Novogene on the NovaSeq 
PE150 at a sequencing depth of 20,000 reads per cell for the 5′ gene 
expression library and at a sequencing depth of 5,000 reads per cell 
for the V(D)J and cell surface protein libraries.

scRNAseq analysis
Gene counts for each sample were obtained using the CellRanger 
multifunction through 10x cloud computing and pooled using the 
CellRanger aggr function to produce a .h5 file that could be loaded into 
R as a Seurat object. The Seurat pipeline was applied for quality control 
filtering (number of total counts, <20,000; number of molecular identi-
fiers, <6,000; ribosomal RNA, <10% of the reads). Data were then scaled 
and normalized using scTransform and original samples were traced 
back using the demultiplexing function HTODemux(). The phenotype 
of the cells was then determined using projection of our sample to the 
Seurat pbmc_multimodal dataset using the FindTransferAnchors() 
and FindQuery() workflow. The FindMarkers() function was used to 
find differentially expressed genes between chosen groups. The heat 
maps were generated with the DoHeatmap() function with a down-
sampling of 500 cells. Gene Scores were obtained by creating a list of 
the genes of interest, which was given as the feature for the function 
AddModuleScore().

Preparing samples for bulk RNAseq
CAR T cells were incubated in complete RPMI medium without the 
presence of cytokines for 24 h. A 96-well plate was seeded with approxi-
mately 2 × 105 cells per well in the presence of 10 nM treatment or 
controls at 37 °C for 2 h. Cells were washed with FACS buffer and left 
at 37 °C for 2 or 22 h (4-h and 24-h time points). Cells were stained with 
anti-CD8–FITC (1:50, Biolegend), anti-CD4–PE/Dazzle594 (1:50, Biole-
gend) and AlexaFluor647-labeled BCMA and sorted on the Sony Sorter 
MA900. In total, 10,000 CD4+ and 10,000 CD8+ cells were sorted per 
condition. The SMART-seq mRNA library preparation kit (Takara Bio) 
was used to generate mRNA libraries, with each replicate tagged with a 
unique index. Libraries were pooled and sequenced through Novogene 
at a sequencing depth of 20 million reads per sample.

Bulk RNAseq
Gene counts for the samples were obtained by trimming the FASTQ 
files and transcript quantification using the RNAlysis software. Gene 
names were obtained from the Homo sapiens Ensembl database with 
biomaRt and differential expression between different conditions 
was determined using the DESeq2 pipeline. Volcano plots were drawn 
using the EnhancedVolcano library (https://github.com/kevinblighe/
EnhancedVolcano), with cutoffs at log(FC) > |2| and P value > 10−6. 
Heat maps were generated using the pheatmap library. Gene set 
enrichment analysis was performed using the pipeline of the fgsea 
package with the ranking metric being −log10(P value) × sign (fold 
change) and basing the computations on the hallmark pathways of 
the MSigDB collection.

Microscopy imaging
For the microscopy imaging experiments, BCMA CAR T cells with a 
transduction efficiency of ~50%, as determined by flow cytometry, 
were used. First, the cells were allowed to rest for 1 day in a complete 
RPMI solution without cytokines. The rested cells were initially stained 
with 10 μM of CellTracker Blue CMAC (Invitrogen, C2110) solution in 
complete RPMI medium for 30 min at 37 °C. For the experiment shown 

in Supplementary Fig. 3, 300,000 cells were seeded onto precoated 
poly(d-lysine) glass coverslips (Neuvitro GG-12-1.5-PDL) and incu-
bated at 37 °C for 45 min to adhere to the coverslips. The CAR T cells 
were subsequently incubated with the indicated treatments (2 nM 
AlexaFluor647-labeled BCMA–mutIL-2, BCMA–CH3 or VHH–mutIL-2 or 
no treatment) in complete RPMI medium under specified conditions. 
AlexaFluor647-labeled proteins were made using a sortase reaction, as 
previously reported42. The samples were then washed two times with 
PBS + 2% BSA solution, then fixed using Cytofix buffer (BD, 554655) 
and mounted using Antifade mounting solution. Finally, the slides 
were imaged using an inverted bright-field microscope (Leica Thun-
der Imager, Leica LAS X software) equipped with a ×63 objective. The 
imaging process involved the use of the bright-field channel, as well 
as three distinct fluorescent channels: CellTracker Blue, dsRed and 
AlexaFluor647. High-resolution 16-bit images were acquired with a 
pixel size of 0.1026 μm. For the experiment shown in Supplementary 
Fig. 4, 200,000 cells labeled with CellTracker Blue were mixed with 
the indicated treatments (AlexaFluor647-labeled BCMA–mutIL-2 or 
BCMA–CH3; 2 nM) and subsequently seeded into a μ-Slide eight-well 
glass-bottom plate (Ibidi, catalog number 80807). Live imaging was 
conducted using a CSU-W1 SoRa confocal microscope equipped with a 
×60 objective, maintaining constant laser settings, temperature (37 °C) 
and CO2 levels (5%) throughout the imaging period. High-resolution 
16-bit images were acquired with a pixel size of 0.108 μm at the indi-
cated time points.

Image processing
For Supplementary Fig. 3, the acquired images were subjected to analy-
sis using ImageJ software. Initially, the CellTracker Blue channel was 
used to segment and delineate the cellular cytoplasm and membrane. 
This channel was converted into a binary image using the Huang 
method for thresholding. Subsequently, cells were identified through 
the application of the ‘analyze particles’ function, wherein particles 
with a size greater than five pixels and a circularity exceeding 0.05 were 
selected. This process generated region of interest (ROI) areas. Follow-
ing the identification of ROIs, the ROI for each cell was scaled by factors 
ranging from 0.1 to 2.0, while maintaining the same centroid. ROIs with 
scaling factors of 0.8 and 1.4 were designated as representing the 
cytoplasm and the entire cell, respectively. The area between these two 
ROIs was defined as the membrane region. Finally, the mean and inte-
grated intensities of the other channels were measured within the 
predetermined ROIs after background subtraction. For Supplementary 
Fig. 4, binarized fluorescent images from the AlexaFluor647 and Cell-
Tracker Blue channels were used for analysis; cell masks generated 
from the binary of the CellTracker Blue channel were eroded into ten 
concentric rings. Relative intensity, defined as the number of pixels 
within a ring positive for AlexaFluor647 fluorescence divided by the 
total number of pixels within a ring, was normalized by the area under 
the curve. To quantify the degree of internalization, a moment of inter-
nalization was defined as M = C∑1

0.1n2 × I (n) , where the normalized 
relative intensity I within each concentric ring is weighted by its dis-
tance n toward the cell exterior from center.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data are provided in this paper and Supplementary Infor-
mation. RNAseq data generated in this study are available from the 
National Center for Biotechnology Information Sequence Read Archive 
(PRJNA1118916). The Ensembl H. sapiens database (https://useast.
ensembl.org/Homo_sapiens/Info/Index) was used to identify RNA 
transcripts. Any remaining raw data are available from the correspond-
ing author upon reasonable request.
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Code availability
No custom code was developed for the analyses of the results.
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