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ABSTRACT
Background  Approximately 50% of patients who 
receive anti-CD19 CAR-T cells relapse, and new 
immunotherapeutic targets are urgently needed. We 
recently described CD72 as a promising target in B-cell 
malignancies and developed nanobody-based CAR-T 
cells (nanoCARs) against it. This cellular therapy design is 
understudied compared with scFv-based CAR-T cells, but 
has recently become of significant interest given the first 
regulatory approval of a nanoCAR in multiple myeloma.
Methods  We humanized our previous nanobody 
framework regions, derived from llama, to generate 
a series of humanized anti-CD72 nanobodies. These 
nanobody binders were inserted into second-generation 
CD72 CAR-T cells and were evaluated against preclinical 
models of B cell acute lymphoblastic leukemia and B cell 
non-Hodgkin’s lymphoma in vitro and in vivo. Humanized 
CD72 nanoCARs were compared with parental (“NbD4”) 
CD72 nanoCARs and the clinically approved CD19-directed 
CAR-T construct tisangenlecleucel. RNA-sequencing, 
flow cytometry, and cytokine secretion profiling were 
used to determine differences between the different 
CAR constructs. We then used affinity maturation on the 
parental NbD4 construct to generate high affinity binders 
against CD72 to test if higher affinity to CD72 improved 
antitumor potency.
Results  Toward clinical translation, here we humanize 
our previous nanobody framework regions, derived from 
llama, and surprisingly discover a clone (“H24”) with 
enhanced potency against B-cell tumors, including patient-
derived samples after CD19 CAR-T relapse. Potentially 
underpinning improved potency, H24 has moderately 
higher binding affinity to CD72 compared with a fully llama 
framework. However, further affinity maturation (KD<1 nM) 
did not lead to improvement in cytotoxicity. After treatment 
with H24 nanoCARs, in vivo relapse was accompanied 
by CD72 antigen downregulation which was partially 
reversible. The H24 nanobody clone was found to have no 
off-target binding and is therefore designated as a true 
clinical candidate.
Conclusion  This work supports translation of H24 CD72 
nanoCARs for refractory B-cell malignancies, reveals 
potential mechanisms of resistance, and unexpectedly 
demonstrates that nanoCAR potency can be improved by 
framework alterations alone. These findings may have 

implications for future engineering of nanobody-based 
cellular therapies.

INTRODUCTION
Engineered cellular immunotherapies such 
as CD19 chimeric antigen receptor T cells 
(CAR-T cells) have emerged as a central pillar 
of oncologic care for patients with relapsed 
and refractory B cell malignancies. Though 
complete remission is achieved in 70%–90% 
of B-cell acute lymphoblastic leukemia 
(B-ALL) or non-Hodgkin’s lymphoma (NHL) 
patients who receive CD19 CAR-T cells, only 
~50% remain in remission 1 year after treat-
ment.1–3 Outcomes for patients who relapse 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Our group recently demonstrated that CD72 is a 
promising, previously unexplored immunotherapy 
target for B cell malignancies, and that nanobody-
based anti-CD72 chimeric antigen receptor T cells 
(CD72 nanoCARs) have potent antitumor efficacy in 
preclinical models.

WHAT THIS STUDY ADDS
	⇒ Of many factors known to impact CAR-T cell effi-
cacy, the role of the antigen recognition domain is 
relatively understudied. Here, we find that frame-
work humanization of anti-CD72 nanobodies lead 
to enhanced antitumor potency of CD72 nanoCARs, 
potentially due to enhanced binding affinity to CD72, 
compared with the original anti-CD72 nanobody se-
quence. This work describes preclinical characteri-
zation and development of a novel cellular therapy, 
while also informing CAR design principles.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study motivates a future, first-in-human phase 
1 clinical trial evaluating humanized CD72 nano-
CARs in patients with CD72+ B cell malignancies 
who do not respond to CD19 CAR-T cell therapy.
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after CD19 CAR-T cell therapy are dismal and remain 
an unmet medical need.4–6 CD22 CAR-T cells are under 
investigation as a second-line cellular therapy strategy, 
but these therapies appear only rarely curative and are 
typically used clinically as a bridge to allogeneic stem cell 
transplant.7 New immunotherapeutic targets are urgently 
needed to provide additional alternatives after CD19 
CAR-T relapse.

Our laboratory recently identified CD72 as a prom-
ising immunotherapy target upregulated in KMT2A-
rearranged B-ALL, with subsequent work suggesting that 
CD72 was expressed on essentially all genomic subtypes 
of B-ALL as well as B-cell NHL patient samples.8 CD72 is 
a B-cell-restricted, highly expressed surface antigen that 
is an inhibitor of the B cell receptor signaling complex.9 
In this previous work, we developed a fully synthetic 
nanobody against CD72 (“NbD4”) using a yeast display 
platform, demonstrating that NbD4 nanobody-based 
CAR-T cells (nanoCARs) are efficacious in vitro and in 
vivo.8 Loss of CD19 on B-ALL models did not alter CD72 
expression and NbD4 nanoCARs remained effective at 
eliminating these tumors.8 In vivo, however, we found that 
NbD4 nanoCARs were consistently less potent than single 
chain variable (scFv)-based CD19 CAR-T when both were 
equipped with an equivalent 4-1BB costimulatory domain 
in the CAR backbone. Therefore, we sought to employ 
iterative CAR engineering to improve anti-CD72 nano-
CARs prior to clinical translation.

While modification of domains related to CAR signaling 
has been extensively investigated, much less is known 
about how modifications of the binding domain impact 
CAR phenotypes. Nanobodies (VHH), derived from llama 
heavy chain-only antibodies, are obligate monomers. 
However, the great majority of previously investigated 
CAR-T cells incorporate an scFv for antigen recognition, 
comprizing a linked heterodimer of a variable heavy and 
variable light (VH and VL) chain.10 11 Toward discerning 
relevant properties of antibody fragment design in CARs, 
some groups have hypothesized that the affinity of an scFv 
may impact CAR-T potency.12 13 Specifically, Ghorashian 
et al tested low affinity (~15 nM KD) CD19 “CAT” CAR-T 
cells and found that they had enhanced persistence in 
vivo and increased in vitro cytotoxicity compared with 
traditional high-affinity (<1 nM KD) FMC63-based CD19 
CAR-T.14 Notably, the FMC63 scFv clone is used in all 
current FDA-approved CD19 CAR-T cell products. These 
findings suggest that tuning the binding affinity of the 
antigen recognition domain can have a profound impact 
on downstream CAR function and persistence.

It is unknown if similar features apply to nanobody-based 
CAR-T cells. Investigation of this question has become 
highly relevant, as ciltacabtagene autoleucel (“cilta-cel”), 
a CAR-T cell targeting BCMA for relapsed/refractory 
multiple myeloma,15 was recently FDA approved. This 
cell therapy product, based on a biepitopic nanobody 
design16 demonstrated a favorable safety profile and 
impressive clinical responses when compared with 
scFv-based CAR-T cells.17 Given the success of cilta-cel, 

numerous additional nanobody-based CAR-T cells,10 16 or 
CAR-T cells incorporating other related “single domain 
binders”,18–20 are under preclinical investigation for a 
variety of indications. Notably, studies of recombinant 
proteins have suggested that nanobodies may have higher 
stability than scFv’s while achieving similar target affinity 
and specificity.10 High specificity is critical for use in 
CAR-T to avoid off-target cytotoxicity to essential tissues. 
As obligate monomers, nanobodies may lead to reduced 
CAR-CAR interactions at the T-cell surface, decreasing 
tonic signaling and T-cell exhaustion versus VH-VL inter-
actions across neighboring scFv’s.10 Finally, scFv’s require 
a synthetic linker between VH and VL domains, leading to 
an additional potential source of immunogenicity.21 For 
all of these reasons, nanobody-based CAR-Ts may provide 
advantages over scFv-based CAR-Ts.

Among several proposed mechanisms by which CD19 
CAR-T fails in patients, one is the development of anti-
drug antibodies versus the murine-derived scFv.21–23 Here, 
we thus sought to reduce potential immunogenicity of 
the NbD4 nanobody via framework humanization. The 
goal of this strategy, commonly used in protein engi-
neering, is to reduce immunogenicity of the therapeutic 
product in humans.10 This method is used to mutate 
specific amino acids in the framework (constant) regions 
of the llama-derived nanobody sequence to be identical 
to the equivalent human residues, while keeping the 
complementarity-determining regions (CDRs, unique 
sequences that lead to specificity of antigen recognition) 
unchanged.

Surprisingly, during this humanization process, we 
unexpectedly found that one sequence clone (“H24”) 
significantly increased CAR potency against B cell malig-
nancy lines in vitro and in vivo. We found that H24 
showed moderately increased binding affinity versus 
NbD4, potentially underlying this increased potency; 
however, further maturation to much higher-affinity 
binders did not markedly improve CAR-T cell activity, in 
line with prior findings with scFv-based CAR-T cells.14 24 25 
In preclinical evaluation, the H24 nanobody showed high 
specificity for CD72 and favorable antitumor effects 
compared with CD19 CAR-T. To our knowledge, it has 
not previously been demonstrated that framework muta-
tions of a nanobody CAR binder alone can enhance CAR 
potency in vitro and in vivo. Collectively, our evaluation 
suggests that H24 CD72 nanoCARs are both potent and 
safe, supporting clinical translation of this potentially 
promising new cellular therapy for patients at the highest 
risk of morbidity and mortality from aggressive B cell 
malignancies.

MATERIALS AND METHODS
CAR engineering
Empty CAR, CD19, and NbD4 CAR expression plasmids 
used identical components aside from the variable extra-
cellular binding domains (no binder for empty CAR, 
CD19-directed scFv with clone FMC63, or CD72 directed 
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parental nanobody NbD4). The CD8 hinge and transmem-
brane domain, 4-1BB costimulatory domain, and CD3ζ 
signaling domain are identical to those used in the clinically 
approved CD19-directed CAR construct tisangenlecleucel. 
H24 nanoCAR expression plasmid included the H24 anti-
CD72 nanobody binder, an IgG4 hinge region mutated to 
avoid Fc receptor interaction (“EQ”)26 a CD28 transmem-
brane domain, and a CD28 costimulatory domain. All 
humanized binders and affinity matured nanoCARs used 
identical CAR backbones to the H24 nanoCAR construct. 
Additional details are in online supplemental methods.

Lentiviral vector production
Lenti-X 293T cells were transfected with each CAR 
expression plasmid, cultured for 2–3 days, and then lenti-
virus harvested. Primary human T cells were transduced 
with lentivirus. Additional details in online supplemental 
methods.

CAR-T in vitro cytotoxicity assays
Cytotoxicity assays were conducted by mixing target cells 
with CAR-T cells for 24 hours using the indicated effec-
tor:tumor (E:T) ratios. For measuring cytotoxicity by 
bioluminescence with target cell lines stably expressing 
effLuc, 150 µg/mL of d-luciferin (Gold Biotechnology, 
LUCK-1G) was added to each sample, incubated for 
10 min at room temperature, and then read using a 
GloMax Explorer Plate Reader (Promega). Additional 
details are available in online supplemental methods.

Murine experiments
NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, Jackson Laborato-
ries) strain mice were used for all experiments. Mice were 
infused via tail-vein injection with 1e6 SEM B-ALL cells 
or 5e5 JeKo-1 NHL cells. Tumor burden was quantified 
via non-invasive bioluminescence imaging. Mice received 
either CAR-T cells via tail-vein injection. Symptomatic 
disease was the survival endpoint. Additional details are 
in online supplemental methods.

Biolayer interferometry
Biolayer interferometry data (BLI) were obtained using 
an Octet RED384 (ForteBio) instrument. Biotinylated 
CD72 protein was loaded onto a streptavidin biosensor, 
and after blocking with 10 uM biotin, each of nanobody 
was added to determine binding affinity. Additional 
details are in online supplemental methods.

Statistical analysis
All statistical analyses were performed in GraphPad Prism 
V.9. Data are presented as mean±SD, unless otherwise 
specified. Statistically significant differences are included 
in each figure and/or figure legend. All n values given are 
biological replicates, unless otherwise specified. A p<0.05 
was considered statistically significant.

RESULTS
Optimizing the CD72 nanoCAR backbone construct
Our original description of the CD72 nanoCAR incor-
porated the anti-CD72 nanobody clone “NbD4” with a 

4-1BB-based backbone with CD8 hinge and transmem-
brane domain, designed to be analogous to that in 
the FDA-approved, commercially available anti-CD19 
product tisagenlecleucel. As a first step toward product 
optimization, we sought to investigate whether alternate 
backbone designs may improve in vivo CD72 nanoCAR 
potency. Recent work demonstrated that a mutated IgG4 
(EQ) hinge sequence with CD28 costimulatory domain 
was most efficacious in a glioblastoma CAR-T model.27 
We investigated this backbone with an NbD4 binder 
(NbD4.EQ.28z) in comparison to the prior tisagenlec-
leucel backbone (​NbD4.​bbz) and a construct with CD28 
hinge+transmembrane+costimulatory domain (NbD4.
CD28z), similar to that in axicabtagene ciloleucel and 
brexucabtagene autoleucel. In in vitro cytotoxicity assays, 
NbD4.EQ.28z eliminated JeKo-1 lymphoma and NALM6 
B-ALL tumors at lower E:T ratios than NbD4.CD8bbz and 
NbD4.28bbz nanoCARs (online supplemental figure 1A). 
In an in vivo model of JeKo-1 tumor implanted intrave-
nously in NOD scid gamma (NSG) mice (1e6 tumor cells 
at day −4, 4e6 CAR-T cells at day 0) we found that the 
EQ.28z backbone again outperformed comparators in 
both survival and tumor burden (online supplemental 
figure 1B-D). Indeed, these mice did not develop discern-
ible tumor burden even on rechallenge with 1e6 Jeko 
cells at day 52 (online supplemental figure 1C). Based on 
these results, we moved forward with the EQ.28z back-
bone for further preclinical optimization.

Humanized CD72 nanoCARs have potent anti-tumor efficacy 
and improve on parental NbD4 nanoCAR efficacy
Toward assessing potential immunogenicity, sequence 
analysis demonstrated the llama-derived framework of 
NbD4 showed ~82% homology to the framework of a 
fully human IgG4 variable heavy chain fragment (online 
supplemental figure 2A). This degree of homology is 
markedly higher than that of the murine-derived FMC63 
scFv (~63% homology) used in commercially available 
CD19 CAR-T cell products. Therefore, while risk of 
immunogenicity appears lower than murine scFv binders 
at baseline, further framework humanization of the anti-
CD72 nanoCAR binder may still provide an opportunity 
to further minimize this risk.

We thus developed a strategy integrating several muta-
tions described in prior reports of nanobody framework 
humanization.28 Notably, in these experiments, the CDRs 
were all identical to the parental NbD4 (figure 1A). We 
first tested 18 humanized framework sequence variants for 
in vitro cytotoxicity versus the KMT2A-rearranged B-ALL 
model SEM. Patients with KMT2A-rearranged B-ALL 
have dismal outcomes, and our prior work described 
that CD72 is specifically upregulated in these tumors. 
We, therefore, used the SEM line as an initial filter to 
determine the anti-tumor efficacy of CD72 nanoCARs.8 
We found a wide range of efficacies, with many human-
ized variants showing decreased CD72 nanoCAR cytotox-
icity in 24-hour co-culture assays, but some performing 
with similar or possibly improved efficacy compared 

https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
https://dx.doi.org/10.1136/jitc-2023-006985
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Figure 1  Humanized CD72 nanoCARs have potent anti-leukemia and lymphoma efficacy in vitro. (A) Structural model of 
the H24 nanobody, in which the framework amino acid substitutions that differentiate NbD4 from H24 are shown in purple. 
Green amino acids cannot be mutated to human without disrupting obligate monomer nature of nanobody and thus remain as 
llama-derived sequence in H24. Blue regions represent complementary determining regions (CDRs). Protein structural model 
created with RaptorX software.49 (B) In vitro cytotoxicity assays of various humanized anti-CD72 nanoCARs against KMT2A-
rearranged B-ALL (SEM). Data are normalized to untransduced T cells (UTD). n=3 technical replicates per data point. (C) In vitro 
cytotoxicity assays of various humanized anti-CD72 nanoCARs against mantle cell lymphoma (JeKo-1). Data are normalized 
to untransduced T cells. n=3 technical replicates. (D) Humanized anti-CD72 nanoCARs were co-cultured in the presence or 
absence of SEM tumor cells for 24 hours, and then flow cytometry was used to determine degranulation by CD107a expression 
(n=1). B-ALL, B cell acute lymphoblastic leukemia.
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with the parental NbD4 sequence (figure  1B; Online 
supplemental figure 2B). Notably, the binder with the 
highest homology to human (H6, 95% homology) almost 
completely abrogated nanoCAR efficacy (figure 1B). We 
further probed a subset of variants from our initial screen 
above for cytotoxic efficacy against both JeKo-1 and SEM 
tumor cells (figure  1C), with “H15”, “H20”, and “H23” 
all showing favorable performance versus the parental 
NbD4 sequence. We also profiled CAR-T cell memory/
stem-ness markers, based on CD62L/CD45RA staining, 
finding overall similar characteristics of these human-
ized sequences to the parental NbD4 both pretumor and 
post-tumor exposure (online supplemental figure 3A,B). 
Cytokine release profiling after SEM or JeKo-1 exposure 
suggested that H23 in particular showed increased TNFα, 
IL-2, IL-4 and IL-10 secretion compared with parental 
NbD4 (online supplemental figure 4A,B). For additional 
variants, we separately evaluated the in vitro phenotype of 
T-cell degranulation, an important determinant of CAR-T 
potency, as measured by CD107a expression after 24 
hours of co-culture. We found particularly strong degran-
ulation of the H24 sequence variant (89% human frame-
work) compared with NbD4 (82% human) (figure 1D).

Further in vitro cytotoxicity testing revealed H24 to 
show superior efficacy over NbD4 in repeat antigen stim-
ulation assays (figure  2A) versus both SEM and JeKo-1 
cells (figure 2B,C and online supplemental figure 4C). To 
further investigate the properties of the H24 nanoCAR, we 
investigated in vitro cytotoxicity using a live-cell imaging 
(Incucyte) platform. In both SEM and JeKo-1 cell line 
models, we found that H24 nanoCARs led to either equal 
or more rapid tumor elimination kinetics than CD19 
CAR-T or parental NbD4 nanoCARs (figure 2D,E).

Integrating these analyses, we focused on the “H23” 
and “H24” sequence variants as candidates for further 
investigation. These nanobody framework regions have 
90% and 89% homology to equivalent human sequence, 
respectively. Collectively, these data suggest that nano-
body framework mutations (alone), without changing the 
CDRs, can have a marked impact on anti-tumor activity 
and immunophenotypes of CD72 nanoCARs.

H24 nanoCARs prolong survival of in vivo KMT2A-rearranged 
B-ALL models and can eliminate B-ALL patient tumors 
relapsed after CD19 CAR-T cells
As an initial evaluation of in vivo efficacy, to resolve differ-
ences between constructs we performed a low-dose CAR 
“stress test” of H23.EQ.28z and H24.EQ.28z CD72 nano-
CARs in comparison to the parental NbD4 sequence (​
NbD4.​bbz), NbD4.EQ.28z, anti-CD19 CAR-T cells (posi-
tive control; tisagenlecleucel-analogous backbone, as in 
our prior study, used as gold-standard clinical compar-
ator,2 29 and “empty” (no binder sequence) control 
CAR-T (figure  3A). In this study, 1e6 SEM B-ALL cells 
were implanted on Day −7 with 1.5e6 CAR-T cells admin-
istered on day 0. Based on bioluminescence imaging, 
we found that while CD19 and H24-based CAR-T led to 
equivalent tumor control at an early time point (Day 12; 

figure 3A,B), H24 nanoCARs ultimately led to prolonged 
tumor control and significantly improved survival versus 
all other tested CAR-T constructs, including CD19 CAR-T 
(p=0.0027; figure 3C). At this low (“stress”) dose, neither 
NbD4 nanoCARs nor CD19-based CAR-T prolonged 
survival versus empty control. This finding suggested that 
the H24 humanized variant is superior to H23 and could 
also improve efficacy over the parental NbD4 sequence. 
This conclusion was supported by a further short-term in 
vivo study comparing H24.EQ.28z versus various NbD4 
constructs, where H24 nanoCARs outperformed all NbD4 
constructs at day 6, and showing equivalent B-ALL control 
to CD19 CAR-T (online supplemental figure 4D,E).

We anticipate that patients most likely to benefit from 
CD72 nanoCAR therapy are those who relapse after, or do 
not respond to, CD19 CAR-T. We thus evaluated ex vivo 
cytotoxicity of H24 nanoCARs against patient B-ALL spec-
imens relapsed after CD19 CAR-T (online supplemental 
table 2). First, for a pediatric B-ALL tumor we established 
a patient-derived xenograft model and extracted tumor 
from murine splenocytes. In this relapsed specimen, we 
importantly noted that CD19 expression was negative 
while CD72 expression was preserved (figure  3D). H24 
nanoCARs had potent antitumor efficacy against this 
CD19negCD72pos B-ALL sample, while CD19 CAR-T had 
negligible cytotoxicity (figure  3E,F). CD72 had similar 
expression to CD19 in two adult post-CD19 CAR-T B-ALL 
specimens, and CD72 notably had higher expression than 
CD22 in both samples (figure  3G,H). H24 nanoCARs 
were also superior at eliminating adult primary B-ALL 
tumors that had relapsed after CD19 CAR-T (figure 3I).

In separate analyses, H24 nanoCARs had similar in 
vitro proliferation kinetics to CD19 CAR-T against both 
SEM and JeKo-1 tumors (online supplemental figure 
5A,B). H24 nanoCARs and CD19 CAR-T also had similar 
in vivo persistence in murine peripheral blood against 
SEM tumors (online supplemental figure 5C).

Taken together, the data above are consistent in estab-
lishing the superior potency of humanized H24-based 
nanoCARs over the parental NbD4-based nanoCARs. In 
addition, H24 EQ.28z nanoCARs appear to have similar 
if not somewhat improved efficacy versus ​CD19.​bbz (clin-
ical gold standard) CAR-T, both in vitro and in vivo in 
the tested models as well as ex vivo versus CD19 CAR-T 
relapsed B-ALL specimens. These data confirm that 
nanobody framework humanization can lead to signifi-
cantly improved characteristics of CD72 nanoCARs. We, 
therefore, moved forward with the H24 sequence as our 
lead candidate.

H24 nanoCARs exhibit a unique transcriptional profile 
compared with CD19 CAR-T cells after exposure to SEM
Given our results above, we hypothesized that H24 nano-
CARs and CD19 CAR-T in a tisagenlecleucel backbone 
may employ different transcriptional programs to elimi-
nate tumors. To study these dynamics, we used bulk RNA-
sequencing (RNA-seq) on CAR-T cells before and after 
SEM co-culture in vitro. We first evaluated expression of 
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Figure 2  H24 nanoCARs have enhanced antitumor potency versus NbD4 nanoCARs and are non-inferior to CD19 CAR-T 
cells. (A) Experimental design for the tumor rechallenge experiments. (B) In vitro 24-hour cytotoxicity assays comparing H24, 
NbD4, and CD19 CAR-T cells against SEM and JeKo-1. Data are normalized to untransduced T cells (UTD). n=6 technical 
replicates. (C) CAR-T cells from figure 2B were exposed again to SEM tumor at 24 hours at noted E:T ratio. n=6 technical 
replicates. (D) Empty CAR, H24 nanoCARs, and CD19 CAR-T cells were cocultured with SEM or JeKo-1 tumor cells at 1:3 E:T 
ratio for 72 hours; data obtained using Incucyte live-cell imaging (n=6). (E) Empty CAR, H24 nanoCARs, and CD19 CAR-T cells 
were co-cultured with SEM tumor cells at either a 1:1 or 1:3 E:T ratio for 72 hours using Incucyte. n=6 technical replicates. Data 
in figure 2D and figure 2E are generated using two-way ANOVA for multiple comparisons. ****p<0.0001. ANOVA, analysis of 
variance.
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Figure 3  H24 nanoCARs prolong survival in mice implanted with KMT2Ar B-ALL tumor and eliminate pediatric and adult B-
ALL tumors relapsed after CD19 CAR-T cell therapy. (A) NSG mice were injected with 1e6 luciferase-labeled SEM B-ALL cells 
on day −7, and on day 0 mice were treated with a low-dose in vivo CAR stress test with 1.5e6 CAR-T cells per mouse; CAR 
design as noted per arm. n=4–6 mice per arm. (B) Tumor burden assessed weekly via BLI; quantified BLI intensity shown. 
(C) Kaplan-Meier curves of overall survival. (D) Flow cytometry for CD19 or CD72 was performed on B-ALL PDX splenocytes, 
derived from a pediatric patient relapsed after CD19 CAR-T cell therapy (representative of n=3). (E) H24, CD19, or empty CAR-T 
cells were cocultured ex vivo with PDX splenocytes for 24 hours. Flow cytometry was performed against CD72 to assess tumor 
cytotoxicity (n=3). (F) Ex vivo cytotoxicity for the various CAR-T cell constructs versus PDX sample, assessed by flow cytometry; 
percent cytotoxicity normalized to untransduced T cells (n=3). (G, H) Flow cytometry for CD19, CD72, and CD22 was performed 
on two adult B-ALL patient samples relapsed after CD19 CAR-T cell therapy. (I) Ex vivo cytotoxicity versus adult patient sample 
#1, performed as in (E) (n=3). Insufficient sample was available for sample #2 to perform cytotoxicity assay. Data in figure 3B 
are generated using an unpaired two-tailed t-test. Data in figure 3C generated using the log-rank (Mantel-Cox) test. ns=*p<0.05, 
**p<0.01, ***p<0.001. B-ALL, B cell acute lymphoblastic leukemia; ns not significant.
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sentinel T cell transcription factors, as recently compiled 
by Wu et al,30 pretumor and post-tumor exposure, finding 
potential increases in transcripts associated with cytotox-
icity (IFNG, GZMH), specific cytokines (IL-4, IL-21), and 
inhibitory markers (CTLA4, TIGIT), for H24 nanoCARs 
versus CD19 CAR-T post-tumor exposure (figure  4A). 
We next used Gene Set Enrichment Analysis (GSEA) to 
evaluate alterations in the broader set of expressed tran-
scripts. We confirmed significantly increased signatures 
of IFNγ signaling (figure  4B; p<0.001, FDR 0.026) and 
T-cell receptor signaling (figure 4C; p<0.001, FDR 0.017) 
in H24 versus CD19 post-tumor. GSEA also confirmed 
that pathways in cytokine signaling, IL-4, IL-2, and inter-
feron stimulated genes are also upregulated in H24 nano-
CARs compared with CD19 after tumor exposure (online 
supplemental figure 6A). To validate these RNA-seq 
findings, we cocultured CAR-T cells with SEM or JeKo-1 
tumors and found that H24 nanoCARs secrete high levels 
of cytokines involved in tumor elimination by CAR-T 
(figure  4D,E; Online supplemental figure 6B). To eval-
uate pretumor and post-tumor expression of memory/
stem-ness phenotypes of H24 nanoCARs, NbD4 nano-
CARs, CD19 CAR-T, and empty CAR-T control, we stained 
for CD45RA and CD62L. After exposure to SEM, the 
number of naïve T cells was similar between H24, NbD4, 
and CD19 CAR-T cells. After exposure to JeKo-1 tumors, 
H24 nanoCARs appeared to show moderately decreased 
naïve T-cell (Tn) phenotypes and increased T-effector 
memory RA (TEMRA) cells (figure 4F,G).

We further evaluated alterations in individual genes 
related to numerous CAR-T phenotypes,31 ranging from 
cytolytic function to exhaustion to persistence (online 
supplemental figure 6C-I). Given the trend toward 
increased expression of inhibitory receptors by RNA-seq, 
PD1, TIM3, and LAG3 were further assessed by flow cytom-
etry. The expression of these exhaustion markers was not 
significantly different between CD19 CAR-T and H24 
nanoCARs (online supplemental figure 7A,B). CD62L 
expression, a marker of memory qualities, is higher in 
H24 nanoCARs compared with NbD4 but less than CD19 
CAR-T (online supplemental figure 7C). Taken together, 
these findings suggest that H24 nanoCARs demon-
strate increased cytolytic capacity compared with CD19 
CAR-T, though potentially with mildly increased inhibi-
tory receptor expression. Our findings are reinforced by 
studies suggesting the different CD28 and 4-1BB costimu-
latory domains may lead to differential CAR-T transcrip-
tional programs.29 32 Here, these differences appear likely 
to reflect the changes in the CAR backbone, antibody 
binder, and target.

H24 nanoCARs lead to persistent CD72 antigen loss in vivo
We next sought to investigate potential mechanisms 
of resistance to H24 nanoCARs, as understanding such 
processes will be highly relevant to future clinical trans-
lation of this product. For CD19 CAR-T, numerous such 
mechanisms of resistance have been described, including 
splicing aberrations leading to loss of the FMC63 

epitope,33 34 CD19 antigen downregulation,35 anti-murine 
scFv antibodies,21–23 lineage switch,36 37 and immune 
microenvironment-based CAR-T suppression,38 39 among 
others.40 We therefore pursued a follow-up in vivo study 
using the JeKo-1 model implanted intravenously in 
NSG mice (figure  5A). We found that H24 nanoCARs 
again outperformed NbD4 nanoCARs in tumor control 
(figure  5B), though in this specific study CD19 CAR-T 
cells outperformed both anti-CD72 nanoCARs. Mouse 
weight across the course of the study was similar between 
CD19 CAR-T cells and H24 and NbD4 nanoCARs (online 
supplemental figure 8). After appearance of symptomatic 
disease, mice were sacrificed and splenocytes harvested 
for flow cytometry. Immediately after relapse, CD72 
antigen expression was significantly downregulated on 
tumor cells in the nanoCAR-treated arms (p<0.001 vs 
CD19-treated arm or JeKo-1 cells in culture by t-test) 
(figure 5C).

To probe the dynamics of this antigen downregulation, 
we subsequently implanted tumor cells from relapsed 
nanoCAR-treated mice into a new cohort of tumor-naïve 
NSG mice. We sacrificed this secondary implant cohort at 
day 29 post-JeKo-1 infusion (figure 5D). While the sample 
size is small, precluding firm conclusions, we found that 
both of the re-implanted mice following NbD4 treatment 
quickly regained wild type CD72 levels on JeKo-1, while 2 
of 3 reimplanted mice following H24 relapse maintained 
very low CD72 levels (figure 5D). These findings suggest 
that even in the absence of ongoing immune pressure, 
CD72 antigen loss induced by H24 nanoCARs may be of 
a lasting duration, whereas the less potent NbD4 nano-
CARs lead to a more rapidly reversible phenotype after 
the end of treatment. Furthermore, these results empha-
size that antigen downregulation may be an important 
mechanism of resistance to be considered, and poten-
tially overcome, in the context of clinical translation of 
anti-CD72 nanoCARs.

H24 has moderately increased binding affinity for CD72 
compared with NbD4
Given more potent antitumor efficacy and more persistent 
CD72 suppression in murine models, we hypothesized 
that the H24 nanobody may have altered biophysical char-
acteristics compared with the parental NbD4. We, there-
fore, purified each of these recombinant nanobodies 
as an Fc-domain fusion protein. BLI demonstrated that 
H24 has a moderately, but significantly, higher binding 
affinity for recombinant CD72 extracellular domain 
than NbD4 (KD 33.0±0.04 nM vs 50.4±0.05 nM, respec-
tively) (figure  6A). Notably, these results are consistent 
with prior studies of CD19-binding scFv’s, suggesting that 
binding affinities in the double-digit nM range may be 
most efficacious in CAR-T format.14 To validate the BLI 
using an orthogonal approach, biotinylated recombinant 
CD72 protein was added to nanoCAR-expressing T cells 
at different doses. Gating on the CAR+T cell population, 
with equivalent CAR expression based on intracellular 
GFP tag, we found that H24 nanoCARs led to significantly 
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Figure 4  H24 nanoCARs exhibit a unique transcriptional profile compared with CD19 CAR-T cells after exposure to SEM. 
Bulk RNA-sequencing performed in triplicate on empty CAR, CD19, and H24 CAR-T cells before and after 24-hour exposure 
to SEM tumor cells. (A) Heat map of genes relevant for T cell differentiation (classified by reference 30) that are differentially 
expressed between empty CAR, CD19 CAR-T cells, and H24 nanoCARs, either before or after 24 hours SEM exposure (1:1 
E:T). (B, C) GSEA plot and heat map of “hallmark interferon gamma response genes” and “KEGG T cell receptor signaling 
pathway” between CD19 CAR-T cells and H24 nanoCARs after exposure to SEM. (D) Multiplexed cytokine profiling from culture 
supernatant after 24-hour SEM exposure (n=3 biological replicates). (E) Multiplexed cytokine profiling from culture supernatant 
after 24-hour Jeko exposure (n=3 biological replicates). (F) Memory marker profiling for CD45RA and CD62L before tumor 
exposure, after 24-hour exposure to SEM tumor cells, and after 24-hour exposure to JeKo-1 tumor cells. Representative of 
n=2 technical replicates. (G) Graphical representation of data from figure 4G, in which the number of naïve T cells (CD45RA+/
CD62L+), central memory T cells (Tcm: CD45RA-/CD62L+), T-effector memory RA (TEMRA) cells (CD45RA+/CD62L−), and 
effector memory T cells (Tem: CD45RA-/CD62L−) are shown from the different CAR-T cell constructs in figure 4F. RNA-seq 
data are publicly deposited to the Gene Expression Omnibus (GEO) repository with accession number: GSE218791.50 Data in 
figure 4D and figure 4E are generated using an unpaired two-tailed t-test. ns=*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. E:T, 
effector:tumor; ns, not significant.
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increased signal of recombinant CD72 compared with 
NbD4 nanoCARs, consistent with increased affinity of the 
H24 nanobody versus NbD4 (figure 6B, p<0.05).

H24 nanobody is highly specific for CD72 with a reassuring 
preclinical toxicity profile
Moving toward clinical translation, it is critical to verify 

Figure 5  H24 nanoCARs have in vivo lymphoma efficacy and lead to persistent CD72 antigen loss. (A) NSG mice were injected 
with 5e5 firefly-luciferase labeled JeKo-1 mantle cell lymphoma cells on day −4, and on day 0 mice were treated with 3e6 
CAR-T cells per mouse (n=5/arm, as shown). BLI was performed on day −1 to randomize the mice into different treatment arms 
to ensure the disease burden was equal across all CAR constructs. (B) Tumor burden was assessed weekly via BLI, quantified 
BLI images on each day after CAR-T cell injection are shown. (C) At sacrifice, quantitative flow cytometry for CD72 expression 
was performed on relapsed Jeko tumors from n=3 mice/arm. (D) Relapsed JeKo-1 tumors were reimplanted into untreated NSG 
mice in the absence of anti-CD72 immune pressure. 29 days after reimplantation, quantitative flow cytometry was performed 
on relapsed Jeko tumors for CD72 expression. Data in figure 5B, figure 5C, and figure 5D are generated using an unpaired two-
tailed t-test. ns=*p<0.05, ***p<0.001. BLI, biolayer interferometry.
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Figure 6  H24 has higher binding affinity to CD72 than NbD4 and is highly specific for CD72. (A) Representative biolayer 
interferometry plots demonstrating H24 and NbD4 nanobody binding to the biotinylated extracellular domain of CD72. Raw 
data in black; best fit data from Octet Forte software in red. Data are representative of two technical replicates. Best-fit kon, koff, 
and calculated KD are listed. (B) Flow cytometry with recombinant biotinylated CD72 (secondary: streptavidin AF647 conjugate) 
supports higher affinity of H24 versus NbD4. CAR expression was normalized between all CAR-T cells based on intracellular 
GFP expression. Bar graphs represent the mean±SD for percentage of T cells that are positive for recombinant CD72 binding 
based on shown gating. Data are representative of two separate experiments from two different T cell donors. (C) HEK cells 
were engineered to overexpress each of the antigens listed per Retrogenix protocols, and then cells were fixed and evaluated 
for binding to H24 binder. Possible interactions indicating binding to H24 are shown in green, and non-specific screen hits found 
with both H24 and rituximab biosimilar in black. (D) HEK cells overexpressing CBLIF, CD72, or wild-type HEK (negative control) 
were generated per Retrogenix protocols and stained with H24 nanobody-Fc fusion. As a positive control, HEK overexpressing 
CD20 was stained with rituximab biosimilar. AF647 anti-human IgG Fc detection antibody was used as the secondary antibody 
for both the H24 and rituximab conditions. H24 binding to CBLIF-expressing cells was considered to be artifactual based on 
internal validation and assay standards at Retrogenix, given substantial overlap with HEK-alone staining. Data in figure 6B are 
generated using an unpaired two-tailed t-test. *p<0.05. CBLIF, cobalamin binding intrinsic factor.
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that the H24 nanobody sequence does not have any off-
target binding to other antigens and solely interacts with 
CD72. We thus performed nanobody specificity studies 
using a commercial platform (Retrogenix) evaluating 
binding to arrayed HEK293 cells overexpressing 6019 
individual membrane-spanning proteins. As an important 
positive control, initial studies on fixed cells confirmed 
H24 nanobody interaction with CD72. After comparison 
to rituximab biosimilar to eliminate non-specific screen 
hits, these findings suggested a potential interaction of 
H24, but not rituximab, with one other tested protein, 
cobalamin binding intrinsic factor (CBLIF) (figure 6C). 
While this protein, located solely within the gastric 
lumen,41 is not anticipated to be accessible by circulating 
CAR-T cells, follow-up confirmatory assays on live cells 
found the CBLIF hit to be a non-specific artifact of the 
initial screen, and CD72 was confirmed to be the only vali-
dated target of H24 (figure 6D). Supporting this finding 
of target specificity, incubation of H24 nanoCARs with 
peripheral blood mononuclear cells from a normal donor 
found depletion of B-cells, as expected, but no impact on 
any other profiled normal tissues (online supplemental 
figure 9A,B) and various immune cell subtypes (online 
supplemental figure 9C). In vivo toxicity studies revealed 
no histopathological differences across 14 murine tissues 
between H24 nanoCARs, CD19 CAR-T, and empty CAR-T 
(online supplemental table 3). Taken together, these 
studies support the efficacy and on-target specificity of 
H24 nanoCARs.

High affinity nanobodies generated by affinity maturation do 
not improve nanoCAR efficacy
As a moderate increase in binding affinity appeared to 
increase nanoCAR potency, we investigated whether 
further increasing anti-CD72 nanobody binding affinity 
would lead to improved performance. We thus used an 
affinity maturation strategy via yeast display (online supple-
mental figure 10A), based on the parental NbD4 CDR 
sequence (figure 7A), to generate a series of nanobodies 
with very high affinity for CD72. Notably, in generating 
our initial library for affinity maturation (see Methods), 
we not only allowed the CDRs to vary as is typical in these 
approaches, but also allowed a binary choice at our prior 
sites of backbone humanization (see figure 7B) between 
the llama or human sequence. Using flow cytometry-
based sorting on yeast, similar to our previously described 
strategy,8 we significantly enriched for nanobodies that 
bound to 50 pM of input recombinant antigen (online 
supplemental figure 10B). The selected affinity matured 
binders had several mutations in the CDRs, as expected, 
but, remarkably, also converged on several framework 
mutations also included in H24 (figure 7B). This finding, 
from a relatively unbiased screen, may suggest the key 
nanobody framework mutations that drive the higher 
affinity of H24 versus NbD4.

BLI confirmed the findings from the on-yeast selec-
tion, whereby representative, recombinantly expressed 
clones (NbD4.7, NbD4.13) both demonstrated binding 

affinity (KD) of<1.3 nM (figure  7C), over an order of 
magnitude higher affinity than either NbD4 or H24. We 
next incorporated these high affinity binders into the 
EQ.28z CAR backbone. When evaluated versus either 
SEM (figure 7D) or JeKo-1 (figure 7E) tumors in vitro, 
we found no increased cytotoxicity of either NbD4.7 or 
NbD4.13 nanoCARs when compared with H24, despite 
much higher affinity for the target CD72. Taken together, 
these findings support the notion that for single-domain 
antibodies such as nanobodies, increased binding affinity 
alone is insufficient to improve CAR-T activity.

DISCUSSION
Our work here underpins the preclinical development 
and future clinical translation of nanobody-based CAR-T 
cells (“nanoCARs”) against CD72 for the treatment of 
patients with relapsed and refractory B-cell malignan-
cies. Surprisingly, we found that humanization of amino 
acid residues in the framework region alone were able 
to increase the in vitro and in vivo efficacy of our previ-
ously published nanobody design. While these modified 
residues appeared to drive a moderate increase in affinity 
for the target CD72, a much greater increase in nano-
body affinity did not improve nanoCAR performance. In 
vitro and in vivo CAR-T characterization, as well as binder 
specificity screening, supports the clinical translation of 
“H24”-based CD72 nanoCARs for patients with relapsed 
and refractory B-cell malignancies.

Toward broader relevance of our findings, nanobody-
based CAR-T cells have recently been FDA-approved for 
multiple myeloma, and several other nanobody-based 
CAR-T cells have been investigated in the preclinical 
setting.10 16 We note that complete framework humaniza-
tion is not possible, as it would lead to loss of the obligate 
monomer properties of the nanobody (see figure  1A). 
However, as interest in this cell therapy modality accel-
erates, our work suggests that partial framework human-
ization, as carried out here, may carry two benefits: (1) 
reduce potential immunogenicity of llama sequence 
even further, beyond an already low level compared with 
murine-origin antibodies, to avoid resistance due to anti-
drug antibodies and (2) improving the performance of 
the CAR-T itself. To the latter point, our work implies 
that optimization of antibody fragments in CAR-T format 
should not be limited to modification solely of the CDRs, 
and, furthermore, obtaining very high affinity nanobodies 
may be counter-productive. One recent study also made a 
similar observation after humanizing an anti-CD19 scFv.42 
This concept necessitates a significant shift in current 
antibody engineering approaches.

Notably, in both in vitro and in vivo studies, against the 
SEM B-ALL model, H24 CD72 EQ.28z nanoCARs showed 
either equivalent or improved performance compared 
with FMC63 ​anti-​CD19.​bbz CAR-T cells (“gold standard” 
tisagenlecleucel backbone). In vitro against the JeKo-1 
lymphoma model, H24 nanoCARs and CD19 CAR-T had 
equivalent potency, though in vivo CD19 CAR-T cells 
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Figure 7  High affinity nanobodies generated by affinity maturation do not improve CAR-T cell efficacy. (A) Schematic for the 
design of the affinity matured nanobody binders against CD72. (B) Shown are the amino acid sequence alignments of parental 
NbD4, H24, NbD4.3, NbD4.7, and NbD4.13. Amino acids in red are mutations that are in either the CDRs or the framework 
regions that are different than parental NbD4. (C) Representative biolayer interferometry plots demonstrating NbD4.7 and 
NbD4.13 binding to the biotinylated extracellular domain of CD72. Raw data is in blue for NbD4.7 and black for NbD4.13, while 
best fit data is in red. Data are representative of two independent experiments. (D) In vitro 24 hours cytotoxicity assay against 
SEM comparing affinity matured nanoCARs NbD4.7 and NbD4.13 to H24.EQ.28z at E:T 1:3 and 1:10, cocultured for 24 hours. 
Data normalized to untransduced T cells (UTD) co-cultured with SEM at the indicated E:T ratios. n=3 technical replicates per 
data point. (E) In vitro 24 hours cytotoxicity assay against JeKo-1 comparing affinity matured nanoCARs NbD4.7 and NbD4.13, 
both with EQ.28z backbone, to H24.EQ.28z at various E:T ratios (1:3, 1:10). Data normalized to untransduced T cells (UTD) 
cocultured with JeKo-1 at the indicated E:T ratios. n=3 technical replicates per data point. Data in figure 7D and figure 7E are 
generated using an unpaired two-tailed t-test. ns=*p<0.05, **p<0.01, ***p<0.001. E:T, effector:tumor.
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could still outperform H24 nanoCARs. These results, 
together with additional characterization described 
above, support the clinical translation of H24 CD72 nano-
CARs for patients relapsing after CD19 CAR-T. We have 
initiated necessary studies at our institution to pursue an 
Investigational New Drug application and a subsequent 
Phase I clinical trial.

New treatment options are urgently needed for these 
patients relapsing after CD19-directed therapy, particu-
larly as CD22-directed CAR-T alone, without HSCT, have 
not been curative in this population.7 Current CD22 scFv-
based CARs may suffer from diminished performance 
due the specific linkage between the heterodimeric VH 
and VL domains.11 As nanobodies are obligate monomers, 
we anticipate that similar complications will not exist for 
CD72 nanoCARs. That said, however, antigen downregu-
lation, also frequently seen with CD22-targeting CAR-T,7 
may remain a significant clinical hurdle, and will need 
to be investigated in clinical trials. Recent studies from 
an independent group confirmed that essentially all pedi-
atric B-cell tumors express CD72, including after relapse 
on CD19-directed therapies, and, remarkably, a majority 
of pediatric acute myeloid leukemia specimens were also 
positive for this antigen.43 Future work will aim to incor-
porate new engineering strategies44–46 to design cell ther-
apies to target tumors with even lower antigen density, 
as well as investigate mechanisms of CD72 downregula-
tion and potential cotargeting strategies to overcome this 
phenomenon.8

In general, while extensive work has gone into opti-
mizing the signaling-relevant domains of CAR-T cells, 
much less has been investigated regarding optimal prop-
erties of CAR-T antibody binders. Our results endorse a 
“goldilocks” model of nanobody optimization, previously 
only demonstrated for scFv-based CAR-T,14 whereby nano-
bodies with moderate affinity for CD72 (KD~10–50 nM) 
outperform those with sub-nM affinity. The biological 
mechanisms underlying the diminished performance 
of high affinity binders remain to be unraveled, though 
they may relate to CAR-T cell processivity of killing or 
increased trogocytosis at high target affinity.47 48

In terms of limitations, our results here have only 
been applied to anti-CD72 nanobodies generated in our 
group. Future work will investigate whether the same 
framework mutations identified here uniformly improve 
nanobody-based CAR-T performance, or whether benefi-
cial framework modifications are specific to each binder 
sequence and/or target. Furthermore, while our prior 
target expression analyses,8 binder specificity studies, and 
in vitro cytotoxicity assays versus normal tissues (online 
supplemental figure8,9)) support a strong safety profile 
of targeting CD72, clinical studies are required to demon-
strate both the safety and efficacy of our H24 nanoCARs. 
As we found that CD72 expression appeared higher than 
CD22 on two adult B-ALL patient tumors who relapsed 
after tisagenlecleucel (figure  3G,H), a more thorough 
comparison of CD72 and CD22 as B-ALL targets will be 
an interesting topic for a future study. Our RNA-seq and 

flow cytometric data suggest that CD72 nanoCARs may 
express slightly higher exhaustion markers and have less 
naïve T cells than ​CD19.​bbz CAR-T cells. This phenotype 
will need to be more thoroughly evaluated in the eventual 
CD72 nanoCAR clinical trial. Furthermore, we found that 
H24 nanoCARs do not always outperform CD19 CAR-T 
cells in vivo; however, this comparison may not be rele-
vant in terms of future clinical translation, as H24 nano-
CARs will be administered in patients who relapse after 
CD19 CAR-T cell treatment.

In conclusion, our results support a paradigm shift in 
antibody design for cell therapies, whereby alterations of 
the framework, not just CDRs, must also be considered 
when optimizing antibody recognition domains. This 
strategy, designed to reduce immunogenicity, serendipi-
tously led to an improved anti-CD72 cell therapy with a 
reassuring preclinical toxicity profile that may be a viable 
therapeutic option for patients who relapse after CD19-
directed immunotherapy.
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