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Despite promising results with chimeric antigen receptor 
modified T(CAR-T) cells and virus-specific T(VST) cells, 
both forms of therapy are limited by timely availability, 
affordability, in vivo persistency, and antigen escape. To over
come these barriers, we developed multitargeting hypo-al
loimmunogenic CAR-T and VST for off-the-shelf administra
tion. We generated bi-specific CAR-T against CD19 and CD22 
and tri-specific VST against S, M, and N proteins of SARS- 
CoV-2 for real patient use. Portions of these clinical-grade 
products were collected for proof-of-concept laboratory 
studies mimicking off-the-shelf settings. By electroporation 
delivery of Cas9 nuclease/guide RNA (gRNA) ribonucleopro
tein, we developed a single-step approach to knockout B2M, 
achieving efficient (>80% of cells) B2M null on both bi-specific 
CAR-T and tri-specific VST, leading to marked reduction of 
allo-immunogenicity with intact potency, antigen specificity, 
phenotypes, and proliferative potential. Using newly designed 
paired Cas9 nickases-AAV6 B2M site-specific knockin system, 
we further refined the approach to re-express HLA-E in B2M 
null bi-specific CAR-T cells (>50% of cells), offering protec
tion from natural killer cytotoxicity. The editing was highly 
specific with minimal off-target effects. Our approach enables 
expedient production of clinical-grade, off-the-shelf, hypo-al
loimmunogenic, multi-specific CAR-T and VST, with 
improved potential for long-term in vivo persistence, primary 
disease control, genome-safety, immediate availability, prod
uct homogeneity, and reduced cost.

INTRODUCTION

Chimeric antigen receptor modified T (CAR-T) cells and virus-spe
cific T (VST) cells are two common forms of cellular therapy. CAR-T 
are commercially available for B-lineage acute lymphoblastic leuke
mia, lymphoma, and myeloma,1 whereas VST are available for 
Epstein-Barr virus (EBV) post-transplant lymphoproliferative dis
ease.2 Recently, VST have also been studied for the treatment of 
SARS-CoV-2 infections,3–6 building a platform technology for future 
pandemics. Although the clinical results are promising, both CAR-T 
and VST have limitations in (1) timely availability, (2) affordability, 
(3) quality variability, and (4) in vivo persistency. Poor persistence of 

autologous CAR-T cells after infusion or even manufacturing failure 
are common, partly because these cells have often been exposed to 
intensive chemotherapy before collection for CAR-T manufacturing, 
whereas persistence of allogeneic CAR-T and VST is limited by 
allo-rejection.

To improve in vivo persistence, we developed herein proof-of- 
concept hypo-alloimmunogenic CAR-T and VST that could be 
administered off-the-shelf with optimized gene-editing efficiency, 
genome safety, and product affordability. Their efficacy was further 
enhanced by multitargeting, including bi-specific tandem CAR 
against both CD19 and CD22 tumor-associated antigens and tri-spe
cific VST against the S, M, and N proteins of SARS-CoV-2.

RESULTS

Generation of multi-specific CAR-T and VST

A clinical trial for bi-specific CAR-T (NCT0542990) was conducted 
at our center, and five clinical products were generated under Good 
Manufacturing Practice (GMP) standards for autologous patient use. 
All five clinical bi-specific CAR-T products, which express anti- 
CD19-CAR and anti-CD22-CAR in tandem (Figure 1A), had high 
transduction efficiency, with an average of 69.3% CD3+ cells express
ing CAR against CD19 and CD22 (Figure 1B; Table S1). Only 
trace amounts of natural killer (NK) cells were present, while all 
other immune cells were substantially depleted (including mono
cytes, B cells, neutrophils, and eosinophils) (Table S1). We examined 
the specific cytotoxicity of the bi-specific CAR-T using EuTDA 
assay. Raji (CD19+CD22+), RS4;11 (CD19+CD22dim), and K562 
(CD19–CD22–) were chosen as target cells based on their antigen 
expression profiles. As expected, the CAR-T showed specific cytotox
icity toward target-positive Raji cells (average lysis of 32.2% at 10:1 
effector to target ratio) and RS4;11 cells (21%), but with only mini
mal activity on the target-negative K562 cells (4.8%; Figure 1C).
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Figure 1. Generation of multispecific anti-CD22/ 

anti-CD19 CAR-T cells and anti-SMN SARS-CoV-2 

T cells 

(A) Illustration of the bi-specific CAR-T cells. ScFv; single 

chain fragment variable region. The CD19-CAR and 

CD22-CAR are expressed in tandem as a single 

molecule on the cell surface. (B) Characterization of 

bi-specific CAR-T product by flow cytometry. 

Representative flow plots showing cells stained for anti- 

CD19 CAR, anti-CD22 CAR, and CD3. (C) Specific 

cytotoxicity of the bi-specific CAR-T cells measured by 

EuTDA assay. The bi-specific CAR-T cells were 

incubated with the target cells at the effector: target 

ratio (E:T) of 5:1 and 10:1. The potency of bi-specific 

CAR-T cells are expressed as specific lysis (%) of target 

cells. (D) Illustration of SARS-CoV-2-specific T cells. 

Donors of SARS-CoV-2-specific T cells are either 

convalescent (n = 6), vaccinated (n = 1), or both (n = 1). 

One unit of whole blood or leukapheresis was collected 

from the donors, stimulated by the overlapping peptides 

pools of SARS-CoV-2 proteins S, M, and N. The 

functionally reactive, IFN-γ-expressing T cells were 

enriched by cytokine capture system (CCS, Miltenyi 

Biotec) and cryopreserved as clinical-grade products. 

(E) Specific reactivity to SMN peptide pool measured by 

intracellular IFN-γ assays. Flow plot of the intracellular 

IFN-γ assays (performed only on sample 8). The SARS- 

CoV-2-specific T cells were re-stimulated with no 

peptides (control), CMV, or SARS-CoV-2 peptides for 

2 h and were incubated further for 4 more hours in the 

presence of brefeldin A. The cells were stained 

accordingly to the protocol of the rapid cytokines 

inspector kit, and IFN-γ expression in CD3+ cells was 

quantified by flow cytometry. Figure reproduced from 

the prior publication3 with new plots added.
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In another set of trials (NCT04351659 and NCT04457726), we man
ufactured clinical-grade SARS-CoV-2-specific T cells under GMP 
standards from convalescent donors who had recovered from 
SARS-CoV-2 infection (henceforth referred to as VST) and the sub
sequently performed adoptive infusion of these VST to immuno
compromised patients at risk of COVID-19 mortality. All clinical 
VST products (Figure 1D) were composed primarily of CD3+ 

T cells (55% ± 4.7%, Table S2), with only trace amount of NK cells. 
To confirm their specificity in recognizing SARS-CoV-2 antigens, 
the interferon-γ (IFN-γ) response of one of the VST samples (8) 
was measured in the presence of peptides from specific antigens. 
Since the VST were produced by stimulation with overlapping pep
tides from the S, M, and N proteins of SARS-CoV-2 (the SMN pep
tides), these cells reacted only to the SMN peptides but not to those of 
cytomegalovirus (CMV) (Figure 1E) or EBV (data not shown).

Optimization of B2M knockout by CRISPR-Cas9 

ribonucleoprotein (RNP)

To generate hypo-alloimmunogenic HLA-I null T cells, we designed 
five guide RNAs (gRNAs) targeting different parts of B2M gene (g1– 
g5; Figure 2A; Table S3). The gRNAs, in the form of crRNA;tracrRNA 
(Crispr RNA; trans-activating Crispr RNA) duplex, were combined 
with recombinant CRISPR-Cas9 nuclease to form ribonucleoprotein 
(RNP) complexes and delivered into activated normal T cells by elec
troporation. The g5, which targeted the first exon of B2M, showed 

the best efficiency in knocking out B2M and reducing HLA-ABC 
expression on the T cells (Figure 2B). The specificity of editing was 
confirmed by T7E1 endonuclease assay (mismatch cleavage assay), in 
which g5 specifically cleaved the PCR product amplified from the first 
but not the second exon of B2M (Figure 2C). For gRNA, a single gRNA 
molecule (sgRNA) is often considered more efficient than the crRNA; 
tracrRNA duplex7; however, we found that while using CRISPR-Cas9 
RNP with optimization, both sgRNA and crRNA;tracrRNA worked 
equally well (Figures 2D and 2E). Thus, the crRNA;tracrRNA duplex 
was used for subsequent experiments to facilitate versatile multisite 
knockout (KO) when needed, allowing the use of various crRNA 
coupled with the universal tracrRNA.

Consistent KO of B2M in bi-specific CAR-T without affecting 

their CAR expression or proliferative potential

Next, we tested the B2M KO on the bi-specific CAR-T. Similar to 
normal T cells, g5 showed the best editing efficiency (Figures 3A 
and 3B); therefore, we went on to KO B2M on all five bi-specific 
CAR-T clinical products using g5. The KO was efficient generally, re
sulting in an average of ∼80% of HLA-ABC− KO CAR-T cells in the 
samples (range from 68.4% to 88.3%; Figure 3C). Importantly, the 
B2M KO did not alter the proportion of CAR+ cells in the KO sam
ples in comparison to that of wildtype (WT) (mean 66.6% vs. 67.4%; 
Figure 3D). Within the KO samples, the proportion of CAR+ cells 
were the same in the HLA-ABC+ and HLA-ABC− subpopulations 

Figure 2. Optimization of B2M knockout by 

CRISPR-Cas9 ribonucleoprotein (RNP) 

(A) Schematic of B2M locus on chromosome 15. The 

position and orientation of the candidate guide RNAs 

(gRNAs) are illustrated, with one gRNA targeting the 

promoter and two gRNAs each targeting exon 1 and exon 

2, respectively. The best-performing gRNA g5 is high

lighted in red and was used throughout the study. (B) 

Examining the gRNAs efficient. The gRNAs (crRNA; 

tracrRNA) were combined with Cas9 to generate the RNP 

complex, which was then electroporated into stimulated 

T cells. The cells were allowed to recover for 4 days in 

culture, and the percentage of HLA-ABC− cells was 

determined by flow cytometry using CD45 and HLA- 

ABC antibodies (n = 6–11). (C) Validation of genome 

editing. Genomic DNA was extracted from the cells 

4 days post-electroporation and the region flanking the 

first exon of B2M gene was amplified for T7 

endonuclease (T7E1) assay. The intact (∼500 bps) and 

cleaved fragments (∼200 and 300 bps) were resolved 

on 2% agarose gel. (D) Optimized editing using g5/ 

Cas9 RNP complex. The g5, either in the form of 

crRNA;tracrRNA (cr) or single sgRNA (sg), was 

combined with Cas9-RNP for knockout of B2M in 

T cells, as described in (B). Representative flow plots 

show the level of HLA-ABC− cells. (E) The summary 

graph for experiment in (D) (n = 3).
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(mean CAR+/HLA+ vs. CAR+/HLA–, 65.7% vs. 63.6%; Figure 3E), 
confirming that the presence of CAR did not interfere with B2M 
KO mediated by CRISPR-Cas9; in turn, B2M KO did not affect 
CAR-expression. Furthermore, as measured by the DELFIA cell pro
liferation assay, B2M KO did not alter the proliferative potential of 
CAR-T (Figure 3F).

B2M null bi-specific CAR-T were hypo-alloimmunogenic but 

retained antileukemic potency

To confirm the reduction in alloimmunogenicity of the B2M KO 
CAR-T, we performed a one-way mixed leukocyte reaction (MLR) 
assay (Figure 4A). In the assay, the bi-specific CAR-T (as stimula
tors) and third-party donor cells (as responders) were labeled with 
Violet and CFSE, respectively. The stimulators were growth-arrested 
by irradiation before being co-cultured with the responders. By the 

Figure 3. Consistent knockout of B2M in bi-specific 

CAR-T cells without affecting their CAR expression 

or proliferative potential 

(A) Schematic of the study. B2M knockout abolishes the 

surface expression of all HLA class I (major histocom

patibility complex class I) complexes (for simplicity, only 

HLA-A, HLA-B, and HLA-C are depicted), generating 

B2M null (i.e., HLA-I null), hypo-alloreactive bi-specific 

CAR-T cells for allogenic transfer.(B) Verification of B2M 

knockout in bi-specific CAR-T cells. The efficiency of 

promising gRNAs (g3 and g5) were examined on the bi- 

specific CAR-T cells. Representative flow plots are 

shown for bi-specific CAR-T sample 3.(C–E) 

Characterization of the edited bi-specific CAR-T cells. 

Showing the representative flow plots for sample 5 (top) 

and the summarized data for all five CAR-T samples 

(bottom). The levels of B2M knockout (CD45 and HLA- 

ABC), CAR-expressing cells (CD45 and CD19 CAR), 

and knockout of CAR-expressing cells (HLA-ABC and 

CD19 CAR staining) are shown in (C), (D), and (E), 

respectively (n = 3–5 for each samples). (F) Proliferation 

of the edited bi-specific CAR-T cells. Five days post 

electroporation, the cells were plated and incubated 

further for an additional 5 days, after which proliferation 

was assessed using DELFIA assay. The rate of 

proliferation of wild-type cells was set at 100%, and 

triplicates were performed for each sample.

end of the 6–7 day co-culture, the percentage 
of highly proliferative responder T cells 
(CD3+/CFSEdim; violet− ), which correlated 
with the alloimmunogenicity of stimulators, 
was determined by flow cytometry. In MLR as
says using normal T responder cells (untrans
duced, non-CAR) and B2M-null stimulator 
population purified (>98%) by magnetic bead 
separation, the purified KO cells markedly 
reduced the number of CD3+/CFSEdim 

responder T cells (WT, 12.5%; KO, 1.7%; i.e., 
KO was 13.6% of the WT) (Figure 4B, top). 

For bi-specific CAR-T stimulator, even without depleting the resid
ual bi-specific HLA-ABC+ cells (percentage of HLA-ABC− CAR-T 
in samples 1 to 5: 80%, 80%, 73%, 65%, and 88%, respectively), 
B2M KO still significantly reduced the percentage of CD3+/CFSEdim 

responder T cells (36 ± 14.9% of the WT; Figure 4C), demonstrating 
diminished alloimmunogenicity.

At effector to target (E:T) ratio of 10:1, the average specific lysis on Raji, 
RS4;11, and K562 by the bi-specific CAR-T before B2M KO was 43%, 
40%, and 11%, respectively. In comparison, the B2M KO bi-specific 
CAR-T possessed similar level of specific cytotoxicity (average specific 
lysis of Raji, RS4;11, and K562 was 42%, 40%, and 11%, respectively) 
(Figure 4D). Collectively, the results demonstrate that our editing 
approach successfully generates hypo-alloimmunogenic bi-specific 
CAR-T cells without compromising antileukemic potency.

Molecular Therapy: Methods & Clinical Development

4 Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025 



Figure 4. B2M dull bi-specific CAR-T cells were hypo-alloimmunogenic but retained antileukemic potency 

(A) Schematic of the mixed leukocyte reaction (MLR) assay. The irradiated stimulators (bi-specific CAR-T cells or normal T cells) and the responder cells (allogenic PBMC; 

peripheral blood mononuclear cells) were fluorescent labeled by Celltrace Violet and CFSE, respectively, and co-cultured at a stimulators to responder (S:R) ratio of 1:2 for 6– 

7 days. The proliferation of allogenic responder T cells was then analyzed by flow cytometry. (B) Representative flow plots showing the gating strategy for MLR (bi-specific 

CAR-T sample 3). A set of no stimulator cells (none), wild-type, and knockout normal T cells (untransduced, non-CAR) were included for validation. The irradiated, non- 

proliferative bi-specific CAR-T cells (violet+) were distinguished from the allogenic responder cells (CFSE+/− ; proliferating cells exhibited diminished CFSE signal). The 

percentage of highly proliferative responder T cells (CD3+CFSEdim) within the total CD3+CFSE+ cells was determined using histogram for each sample. (C) Summary graph 

showing the proportion of highly proliferative responder T cells (CD3+CFSEdim) in (B) for each individual sample, with the level of wild-type stimulator cells set at 100%. The 

percentages of B2M null cells in the knockout samples 1–5 were 80%, 80%, 73%, 65%, and 88%, respectively. (D) Specific cytotoxicity of the edited bi-specific CAR-T cells 

measured by EuTDA assay. The bi-specific CAR-T cells were incubated with the target cells at the effector: target ratio (E:T) of 5:1 and 10:1, with the potency expressed as 

specific lysis (%) of the target cells (n = 5, one experiment for each sample).
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Consistent knockout of B2M in SARS-CoV-2 VST without 

affecting their memory-cell phenotype or proliferative potential

Reducing alloimmunogenicity could improve in vivo persistency 
of other cell therapies such as allogeneic VST. Particularly in a 
pandemic situation, the generation of large amount of VST suitable 

Figure 5. Consistent knockout of B2M in SARS- 

CoV-2-specific T cells without affecting their 

memory-cell phenotype or proliferative potential 

(A) Schematic overview of the generation of the B2M 

knockout SARS-CoV-2-specific T cells. (B) Efficiency of 

B2M knockout on SARS-CoV-2-specific T cells. The 

SARS-CoV-2-specific T cells was expanded and 

electroporated with Cas9-RNP. The percentage of 

HLA-ABC− cells was determined by flow cytometry 

4 days later, and the summarized graph are shown (n = 

7, one experiment per sample). (C) The B2M knockout 

cells were further enriched by cell-depletion using HLA- 

ABC-biotin-streptavidin microbeads and magnetic 

beads column, at which the enrichment was >98% for 

all samples (p⋅KO; pure knockout). Representative flow 

plots shown for one sample (7). (D) Immunocomposition 

and the representative flow plots showing the gating 

strategy (sample 3). The cells were gated for CD45+, 

and then gated separately for CD14+, CD19+, CD56+, 

and CD3+. The summary graph for all samples is shown 

on the right. (E) Immunophenotype of the SARS-CoV-2- 

specific T cells and the representative flow plots 

(sample 8). The viable CD3+ cells were gated for 

CD62L+/CD45RO+ subpopulations. The summary 

graph for all sample is shown on the right. Naive, CD62L+ 

CD45RO− naive T cells; TCM, CD62L+CD45RO+ T 

central memory cells; TEM, CD62L− CD45RO+ 

T effector memory cells; TEMRA, CD62L− CD45RO− T 

terminal effector memory RA+ cells. (F) Proliferation of 

the edited SARS-CoV-2-specific T cells. Five days 

post electroporation, the cells were plated and 

incubated for another 5 days, before being subjected to 

DELFIA assay. The proliferation rate of wild-type cells 

set at 100%, and triplicates were performed for each 

sample.

for large numbers of recipients is crucial. As a 
proof of concept, we examined the feasibility 
of our B2M editing approach on the anti- 
SMN SARS-CoV-2-specific T cells that were 
generated for adoptive transfer to immuno
compromised patients (NCT04351659 and 
NCT04457726).3,6 These cells were harvested 
from convalescent and/or vaccinated individ
uals and cryopreserved (Figure 5A). For 
the majority of these clinical products, we 
successfully thawed, expanded and gene-edited 
the tri-specific anti-SMN VST, except for 
one (2) which was not expanding well 
after thaw and electroporation (Figure 5B; 
Table S2). Similar to what we observed on 

CAR-T, approximately 80% B2M KO was achieved in the VST 
(Figure 5B).

By magnetic bead separation, we produced a highly purified KO pop
ulation (p⋅KO, >98% of HLA-ABC− cells; Figure 5C). Compared 
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with the original clinical products, the expanded VST cells (both WT 
and p⋅KO) were free of monocytes and B cells (Figure 5D; Table S4) 
and enriched in T cells with the following composition: T effector 
memory cells (TEM) (CD62L− CD45RO+; 35.1% ± 9.22), terminal 
effector memory CD45RA+ cells (TEMRA) (CD62L− CD45RO− ; 
35.1% ± 7.98), T central memory cells (TCM) (CD62L+CD45RO+; 
16.5% + 5.33), and naive T cells (CD62L+CD45RO− ; 13.4% ± 3.74) 
(Figure 5E; Table S4). Importantly, the KO of B2M did not alter 
the composition of memory cell phenotypes and did not dampen 
their proliferative potential (Figure 5F).

B2M knockout SARS-CoV-2 VST were hypo-alloimmunogenic 

but retained anti-SMN potency

B2M KO of the SARS-CoV-2 VST significantly reduced their alloim
munogenicity in MLR assay (average 29.1% of the WT, Figures 6A 
and 6B). To confirm the specificity and potency of the B2M KO 
VST, we measured their IFN-γ response to specific SARS-CoV-2 
SMN peptides. As expected, VST reacted only to the SMN peptides 
but not to those of CMV (Figure 6C) or EBV (data not shown). There 
was no notable difference in the extent of IFN-γ response between 
the WT and p⋅KO cells when challenged with the SMN peptides 
(Figure 6D), implying that the edited VST retained their function
ality and specificity in recognizing SARS-CoV-2 antigens. Taken 
together, these observations demonstrated the generalizability of 
our B2M editing approach to both clinical-grade CAR-T and VST.

Analysis on editing specificity of B2M knockout

While the on-target editing of B2M is efficient, CRISPR-Cas9 
nuclease might introduce unwanted, off-target mutations that could 
potentially pose safety concern for clinical use. To provide insight for 
the specificity of g5, we employed targeted amplicon sequencing to 
analyze the editing profile of the B2M KO samples, for both bi-spe
cific CAR-T (KO, 1–5) and tri-specific VST (KO, 2 and 3; p⋅KO for 1, 
4, and 5). The amplicon panel comprised the B2M site (On-1) as well 
as 13 potential off-target sites (Off_1–Off_13) sharing high homol
ogy with the guide sequence of g5 (Figure S1A). The pair-end 
sequencing data were reassembled, merged, and fully mapped to 
the target sites (Tables S5 and S6 for CAR-T and VST, respectively), 
with all types of genomic variations categorized (Tables S7 and S8 for 
CAR-T and VST, respectively). The percentage of non-homologous 
end-joining, which represented the insertions and deletions (indels) 
generated exclusively by CRISPR-Cas9 editing, was summarized in 
Figure S1B. Expectedly the on-target editing was very efficient, 
with indels exceeding 96% on the KO samples of the bi-specific 
CAR-T, resulting in ∼80% frameshift, which was largely consistent 
with the percentage of HLA-ABC− cells observed via flow cytometry. 
The editing was equally efficient on VST, with the percentage of in
dels being significantly higher in p⋅KO samples (>98%) than in KO 

(60%–65%). For off-target effects, only two KO samples showed a 
slightly higher level of indels (0.5% and 0.8%) on one of the off-target 
sites (Off_1 on chromosome 17, which had no nearby gene), while at 
all other off-target sites, the levels of indels are similar between KO 
and the respective WT samples (Figure S1B; Tables S9 and S10 for 
CAR-T and VST respectively). Interestingly, the indel profiles on 
the B2M site were similar across the KO samples (Figure S1C; repre
sentative profiles of p⋅KO samples), demonstrating the high speci
ficity and reproducibility of the Cas9 RNPs editing approach, with 
negligible off-target mutations.

Strategy to express B2M-HLA-E fusion by site-specific knockin 

to the B2M loci

While KO of B2M reduces T cell alloimmunogenicity, the complete 
depletion of HLA class I molecules may elicit lysis by NK cells, which 
could be counteracted by re-expressing the minimally polymorphic 
HLA-E, which binds the inhibitory receptors NKG2A/B on the NK 
cells.8,9 When fused to B2M, the HLA-E molecules could be re-ex
pressed on the cell surface specifically, even without endogenous 
B2M.8,10 We tested if this was feasible to knock in a B2M-fused 
HLA-E expression cassette exactly at the B2M locus targeted by g5 
through homologous direct repair (HDR) (Figure 7A). The DNA 
repair template, which contains an upstream homologous arm 
(HA) (5′HA; 800 bps specific to the B2M promoter and part of first 
exon, upstream of the g5 target site), the expression cassette for 
B2M-flexible linker (G4S)-HLA-E (B2M-HLA-E) fusion, and a 
downstream HA (3′HA; 800 bps specific to the first intron of B2M 
downstream of the gRNA target site), was delivered to the cells by 
adeno-associated virus (AAV serotype 6, which is specific for 
T cells). Another AAV repair template expressing EGFP was con
structed as reporter (sequences of the templates can be found in 
Table S11). While Cas9-mediated DNA breakage could be used to 
initiate HDR, we hypothesized that its efficiency could be enhanced 
by Cas9 nickase (Cas9n), which produces a single-strand DNA nick 
(break) instead. When Cas9n is complexed with two gRNAs target
ing opposite DNA strand in a close proximity (tens to hundreds of 
base pairs apart) and with the protospacer-adjacent motif (PAM) 
of each gRNA facing outward from the target region (the PAM- 
out configuration), the two DNA nicks create a double strands 
DNA break with 5′ overhangs, in contrast to the blunt-end break 
created by Cas9.11 These 5′ overhangs facilitate HDR, leading to 
efficient knockin in the presence of a DNA repair template.12,13

Paired Cas9 nickase allows efficient knockin and eliminates off- 

target editing

Given the aforementioned rationale, we searched for additional 
gRNAs that could pair with g5 in a PAM-out configuration for 
creating break at B2M locus. We identified 3 gRNAs (s1, s2, and 

Figure 6. B2M knockdown SARS-CoV-2 T cells were hypo-alloimmunogenic but retained anti-SMN potency 

(A) MLR assay for the edited SARS-CoV-2-specific T cells. Experimental set up and analysis were the same as described before (Figures 4A and 4B), except that SARS-CoV- 

2-specific T cells were used as stimulator. (B) Summary graph showing the proportion of highly proliferative responder T cells (CD3+CFSEdim) in (A) for individual sample, with 

the level of wild-type stimulator cells set as 100%. (C and D) Intracellular interferon-γ (IFN-γ) assays. Experimental setup was described before (Figure 1E). Representative flow 

plots for sample 1 are shown, and the summary graph is presented in (D).
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Figure 7. Knock in of B2M-HLA-E fusion to the B2M gene locus 

(A) Schematic representation of the strategy to re-express B2M-HLA-E fusion in B2M knockout cells. Paired gRNAs (g5 and s1-3) were complexed with Cas9 nuclease 

(Cas9) or nickase (cas9n) to mediate B2M knockout and the knockin of B2M-HLA-E (or EGFP, as reporter) in the presence of single-strand DNA repair template delivered by 

(legend continued on next page) 
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s3; Figures 7A and S2A) that share similar 3′HA and could poten
tially pair with g5 and Cas9n. We first examined the efficiency of 
these gRNAs on B2M KO in normal T cells. As expected, none of 
these gRNAs alone could produce editing in combination with 
Cas9n; editing was observed only when a pair of gRNAs was used, 
with the g5-s2 pair being most efficient (Figure 7B). We then tested 
whether Cas9n could outperform Cas9 for HDR using the EGFP 
repair template, which carried 3′HA compatible to site targeted by 
s2. As an expression vector, the AAV template did not integrate to 
the genome and did not express at high levels (Figure 7C). The 
AAV template only integrated in the presence of g5-s2 RNP of 
Cas9 or Cas9n. Remarkably, Cas9n is much more efficient in creating 
a knockin, producing ∼50% of GFP+/HLA-ABC− cells (50.5 ± 3.4%, 
versus 22.5 ± 3.5 by Cas9; Figure 7C). The AAV integration is specific 
to the B2M locus, as strong GFP expression was observed only in 
cells edited with g5 or s2 but not by control gRNA targeting else
where (Figure S2B). The GFP+/HLA-ABC− (knockin) cells consisted 
of a GFPhigh and a GFPlow populations (signal on a log scale; 
Figures S2B and S2C) with the intensity of GFP signals roughly in 
a 2:1 ratio, respectively. Additionally, there was a small population 
of GFP+/HLA-ABC+ cells. We reasoned that these could be attrib
uted to allelic KO/knockin, at which the GFPhigh and GFPlow popu
lations (of GFP+/HLA-ABC− ) represent the cells having genotype of 
B2MKI/KI (two copies of GFP) and B2MKI/KO (one copy of GFP), 
respectively, while the GFP+/HLA-ABC+ cells represent genotype 
of B2MKI/WT (Figure S2C). After establishing the Cas9n;g5-s2 pair, 
we deployed it to create B2M-HLA-E knockin cells (KI) using the 
AAV template. Similarly, the Cas9n;g5-s2 RNP efficiently produced 
HLA-ABC− /HLA-E+ cells having surface expression of HLA-E 
readily detected by flow cytometry (of the KI, 45.3 ± 4.3%; 
Figure 7D). We further depleted the unedited cells in both KO and 
KI in one sample to verify the expression of HLA-ABC and 
HLA-E of the edited cells by flow cytometry (Figure 7D). We 
confirmed the integration of the B2M-HLA-E cassette by PCR ampli
fication of regions flanking the 5′HA and 3′HA to the coding region 
of B2M-HLA-E (Figure 7E). Taken together, the Cas9n-AAV6 
knockin approach worked well in producing the B2M null, HLE-E 
expressing T cells.

Lastly, to gain insight to the specificity of g5-s2 pair, we employed 
genome-wide, unbiased identification of DSBs enabled by 
sequencing (GUIDE-seq) to identify potential off-target sites of the 
two gRNAs in combined with Cas9 nuclease.14,15 The g5 is highly 
specific, with only on-target editing to the intended B2M locus 
(Figure 7F; Tables S12 and S13), consistent with the analysis of tar
geted amplicon sequencing (Figure S1B). In comparison, s2 is less 
specific, with two main off-target sites identified on chromosome 
22 (chr22; chr22:35229896-35229919) and chromosome 5 (chr5; 
chr5:65546219-65546242) (Figure 7F; Table S14). We tried to verify 
these potential off-target sites by T7E1 assay. We detected substantial 
editing at the chr22 site on cells edited with Cas9;s2 or Cas9;g5-s2 
(Figures 7G and S2D). In sharp contrast, this off-target editing was 
completely absent in cells edited with Cas9n instead of Cas9 
nuclease. No trace of editing was found on the chr5 site 
(Figures 7G and S2D). In summary, our result demonstrated the 
“paired nickase” strategy enables efficient and site-specific knock 
in while eliminating potential off-target editing mediated by Cas9 
nuclease.

B2M-HLA-E fusion cf. resistance to cytotoxicity induced by NK 

cells

Next, we examined whether the B2M-HLA-E could functionally sup
press NK-cell activity using the well-established NK92MI cell model. 
The edited T cells were co-cultured with NK92MI cells for 3 days, 
and the composition of remaining T cells in the culture was analyzed 
by flow cytometry (Figure 8A). Co-culture with NK92MI markedly 
reduced the proportion of total HLA-ABC− cells in the KO, which 
could be prevented by the knock in among KI T cells (29.3% ± 2% 
and 68.1 ± 6.3%, percentage of HLA-ABC− cells among KO versus 
KI; Figure 8B), suggesting specific depletion of HLA-ABC− cells by 
NK92MI in the absence of HLA-E.

We thus moved on to ask if the knock in could confer protection 
from primary NK cells as well. Primary NK cells were isolated 
from healthy donors, and the expression of receptors NKG2A and 
NKG2C was analyzed by flow cytometry (Figure 8C). Similar to 
NK92MI, nine out of ten NK samples predominantly expressed 

AAV (serotype 6). AAV: adeno-associated virus; (G4S)4: flexible linker contains 4× Gly-Gly-Gly-Gly-Ser; P2A: 2A peptides facilitating ribosomal skipping during translation; 

HA: homologous arm. The most efficient gRNA pair g5 and s2 (highlighted red) was chosen for further experiments. (B) Evaluation of editing efficiency of g5 and s1-3 at B2M 

gene. The gRNAs were combined with Cas9 or Cas9n to generate the RNP complex, which was delivered to normal T cells as previously described. Four days post- 

electroporation, the cells were harvested to determine the percentage of HLA-ABC− cells by flow cytometry (top) or to estimate the efficiency of editing by the same T7E1 

assay for B2M (bottom). (C) Assessment of knockin efficiency at B2M locus using the EGFP expression cassette. The experiment set up was the same as in (B), except that 

AAV particles were either included or omitted post-electroporation. Four days later, the cells were analyzed by flow cytometry for HLA-ABC and EGFP expression. The 

representative flow and the summary graph of results is shown on the right (n = 3). (D) Knockin of B2M-HLA-E fusion in normal T cells. The experimental setup was the same 

as in (C) except the AAV particles containing cassette expressing B2M-HLA-E were used. HLA-ABC and HLA-E expression was determined by flow cytometry, with 

representative flow plots shown. HLA-ABC+ cells were depleted in one sample to obtain the purified knockout (KO) and knockin (KI) cells. The summary graph of knockin 

experiment is shown on the right (n = 8). (E) Verification of knockin at the genome level. Genomic DNA were isolated from edited cells. PCR products (highlighted by arrows) 

were amplified using primers specific to the 5′ or 3′ of the B2M-HLA-E fusion expression cassette and the flanking region of the targeted B2M locus. PCR products were 

resolved on a 1% agarose gel. (F) GUIDE-seq analysis for g5 and s2. The on-target and potential off-target editing sites were summarized. Each row represented one site, 

detailing its nucleotide sequence, annotated coordinates, the GUIDE-seq read counts, and a brief description. Off-target site mismatches were highlighted using colored 

nucleotides. (G) Evaluation of potential off-target sites for gRNA s2. The same T7E1 assay was performed on gDNA extracted from T cells edited using g5 and/or s2, 

combined with either wild-type Cas9 or Cas9n. Primers specific for the two most prominent off-target sites (chr22 and chr5; identified in (F)) were used. The digested PCR 

products were resolved on a 2% agarose gel.
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NKG2A (Figure 8D), consistent with prior studies.10,16 We then 
examined the cytotoxicity of these NKG2A-expressing NK cells on 
normal T cells using EuTDA assay, where T cells served as targets. 
Consistently with the NK92MI experiment, co-culture with primary 
NK resulted in high-specific lysis of KO cells (54 ± 7.9%), whereas the 

specific lysis of KI cells (23 ± 5.5%) was reduced to a level comparable 
to the background level of WT cells (9 ± 3.9%) (Figure 8E). Lastly, we 
asked if the knockin strategy would also work in the bi-specific 
CAR-T cells. The B2M-HLA-E knockin was equally efficient in 
CAR-T cells (Figure 8F), and the expression of B2M-HLA-E 

Figure 8. Suppressing activity of NK cells by B2M-HLA-E fusion 

(A) Co-culture of edited T cells with NK92MI cells. Edited T cells were co-cultured with NK92MI for three days before being harvested for flow cytometry. T cells were gated by 

CD56− CD3+, and their HLA-ABC and HLA-E expression was analyzed by flow cytometry. The summary graph showing the percentage of HLA-ABC− cells I presented is 

shown in (B) (n = 3). (C) Analysis of primary NK cells. The percentage of CD56+ NK cells expressing receptors NKG2A and/or NKG2C were quantified by flow cytometry. The 

summary graph, including data from NK92MI (highlight in red) and 10 primary NK cell samples, is shown in (D) (n = 10). (E) Specific cytotoxicity of primary NK cells against 

edited T cells was measured by EuTDA assay. NK cells (effector, E) and edited T cells (targets, T) were co-cultured at the E:T ratio of 2:1 for 3 h before determining specific lysis 

of T cells. Summarized data showing 11 experimental sets from five T cell samples in combinations with seven allogenic NK cell samples (all expressing NKG2A at significantly 

higher levels than NKG2C). (F) Knock in of B2M-HLA-E in bi-specific CAR-T sample. The same analysis as described in Figure 7D was performed. (G) Specific cytotoxicity of 

primary NK cells against edited bi-specific CAR-T cells was measured by EuTDA assay. Primary NK cells and edited bi-specific CAR-T cells were co-cultured at E:T ratio of 

2:1 for 3–4 h, after which specific lysis of T cells was determined (n = 4).
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protected the CAR-T cells from primary NK cells as measured by the 
EuTDA cytotoxicity assay (WT, 2 ± 1.4%; KO, 52 ± 2.5%; and KI, 
15 ± 4.0%; Figure 8G).

DISCUSSION

In this study, we expanded upon our previous research involving 
multi-specific CAR-T (NCT05429905) and SARS-CoV-2-specific 
VST cells (NCT04351659 and NCT04457726), with the aim of modi
fying similar clinical-grade products manufactured under GMP 
practices for expedient off-the-shelf adoptive cell therapy. As a proof 
of concept, and with the focus on the clinical translatability, we 
demonstrated the feasibility to KO B2M (>80%) on these multi-spe
cific clinical-grade products by an efficient CRISPR-Cas9 based 
method. In addition, the process of KO could be converted into a 
B2M site-specific “knockin” using a newly designed g5-s2;Cas9n- 
AAV6 system that allows the re-expression of HLA-E, protecting 
B2M null cells from lysis by NK cells. The manufacturing and editing 
process (KO and knock in) can be performed using a single commer
cially available clinical instrument (e.g., CliniMACS Prodigy), paving 
the way for the production of off-the-shelf products with immediate 
availability, improved in vivo persistence, optimized gene-editing ef
ficiency and safety, and reduced cost per recipient. These features are 
particularly attractive for CAR-T cells as all current commercial 
CAR-T products are autologous, with considerable product vari
ability, manufacturing lag time, and financial burden.

All antigen-specific immunotherapies are vulnerable to immune 
escape via antigen loss, such as CD19-negative relapse, which 
commonly occurs after CD19 CAR-T therapy, or SARS-CoV-2 var
iants carrying RBD mutations, which led to the rapid obsolescence of 
U.S. Food and Drug Administration (FDA)-approved monoclonal 
antibodies.17 Thus, multitargeting strategies are actively being inves
tigated. We have previously shown excellent results with co-admin
istration of CD19 and CD22 CAR-T.18 Similarly, we have previously 
shown that COVID-19 vaccines generate broad T cell response 
against SMN peptides,19 which are highly conserved across all 
SARS-CoV-2 variants. Although the COVID-19 pandemic has sub
sided, future pandemics with other virus will likely face similar chal
lenges with antigen escape. Thus, adoptive transfer of multi-valent 
CAR-T and VST remains a desirable clinical goal.

Aside from antigen loss, another common mechanism of cellular 
therapy failure is the lack of in vivo persistency, which is problematic 
for autologous cells due to poor cell fitness and for allogeneic cells 
due to allo-rejection. Here, we sought to address these challenges 
by developing a streamlined, efficient, and genome-safe process of 
B2M KO and HLA-E knockin, which can be seamlessly integrated 
into the clinical production of allogeneic, off-the-shelf multispecific 
CAR-T and VST. It is well-established that B2M ablation alone is suf
ficient to block HLA class I surface expression,20,21 making it an 
effective strategy to evade allo-rejection by CD8+ T cells. Early at
tempts of this approach were generally unsatisfactory due to the 
limited editing efficiency in primary cells.22,23 Editing clinical-grade 
products is even more challenging, as CAR-T and VST have been 

extensively manipulated ex vivo and may not tolerate additional 
cell processing. Even with CRISPR-Cas9 technology, the efficiency 
of B2M KO was only 50%–60% on primary T cells,24–26 which could 
be increased to ∼80% with two rounds of electroporation27 but at the 
cost of reducing proliferative potential to one-third. Here, we 
demonstrated that a high level of B2M KO (>80%) can be achieved 
by a single-step electroporation in the difficult-to-edit clinical-grade 
products, without compromising proliferative potential.

Although B2M KO prevents T cell alloreactivity, it renders the cells 
susceptible to NK-mediated lysis.28,29 One strategy to mitigate NK 
toxicity is to re-express a B2M fused form of HLA-E on cell surface, 
which suppresses NK activity in the absence of endogenous B2M.8,9

By employing paired Cas9n and HDR mediated by AAV6 delivered 
template, we achieved efficient “knockout by knockin” that re-ex
pressed B2M-HLA-E in nearly 50% of the edited T cells. Of the 
two dominant HLA-E alleles (account for ∼100% in population), 
we choose HLA-E*01:03 (HLA-EG) because of its higher affinity to 
peptide and higher level of surface expression.30 Given that NK cells 
are also inhibited by killer-cell immunoglobulin-like receptors,31 do
nors who are positive for all three KIR-ligand C1, C2, and Bw4 are 
preferable and are readily available in clinical settings to further 
enhance the persistence of edited CAR-T and VST.

CRIPSR-Cas9 may induce non-specific, off-target editing, leading to 
the development of several high-throughput methods to identify 
these off-target sites, including GUIDE-seq, CIRCLE-seq, SURRO- 
seq, and CHANGE-seq.15,32–34 In silico platforms such as COSMID 
and Cas-OFFinder have been developed to complement or even 
replace these empirical methods.35,36 Noticeably, bioinformatic 
pipelines with refined algorithm can predict all the off-target sites 
identified by empirical methods.37 Using sequencing guided by bio
informatics prediction, our analysis revealed no significant (>1%) 
off-target editing in the B2M KO cells (with g5). The specificity of 
Cas9 editing can be significantly enhanced by the paired Cas9n 
approach,11,38,39 an advantage inherent to paired nickases. This 
prompted us to develop a site specific B2M-HLA-E knockin using 
paired Cas9n with gRNAs g5 and s2. While GUIDE-seq analysis 
confirmed that g5 is highly specific, one major off-target site 
(chr22) was identified for s2. However, this off-target editing by s2 
was completely eliminated by using Cas9n, rather than Cas9 
nuclease, further supporting the merit of paired nickase approach. 
Our findings align with another recent study demonstrating that 
paired nickases greatly reduce off-target editing and chromosomal 
translocations caused by their respective nucleases.40 Using newly 
designed algorithm “CAST-seq,” tailored to characterize chromo
somal aberrations produced by Cas9n, the authors found that paired 
nickases introduced chromosomal aberrations only at the on-target 
site, consistent with our findings on the g5-s2 pair.

T cell immunity plays a key role in the clearance of SARS-CoV-2 and 
resolution of COVID-19.41,42 Patients with robust T cell immunity 
tend to be asymptomatic or experienced mild disease,43 whereas 
those suffering from severe disease often present with T cell 
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dysfunction and lymphopenia.44,45 Furthermore, immunocompro
mised patients may not have adequate response after vaccination, 
as observed in the majority of patients in our prior VST trial,6

rendering them at risk for severe disease despite vaccination. In 
these contexts, adoptive transfer of SARS-CoV-2 VST from conva
lescent or vaccinated donors to these patients may elicit rapid and 
robust secondary responses, a concept previously explored for 
CMV, EBV, and adenovirus (ADV).46–50 Encouraging clinical 
benefits was recently demonstrated in a long-term retrospective 
analysis.51 A cell bank with established platform of VST production 
and, potentially, gene editing would effectively support viral T cell 
immunotherapy. Several groups, including ours,3,52–57 have reported 
the production of SARS-CoV-2-specific T cells. We demonstrated 
that persistence of donor VST at a level detectable by clinical 
assay is crucial for patient outcome. Among the eight patients who 
had detectable donor SARS-COV-2-specific T cells following 
adoptive cell transfer, none progressed to severe disease or died of 
COVID-19. In contrast, among the other four patients without 
evidence of donor micro-chimerism, two died of COVID-19.6

These observations highlight the importance of further clinical 
development of hypo-alloimmunogenic VST which are more 
durable in vivo, even for just a few days.6 As demonstrated in the cur
rent study, B2M KO enables SARS-CoV-2-specific T cells to evade 
allo-rejection, thereby facilitating allogenic adoptive transfer. This 
platform can be seamlessly adapted to produce VSTs targeting 
other viruses. To our knowledge, this is the first report of gene 
editing in clinical-grade products of SARS-CoV-2-specific T cells. 
Emerging clinical data suggest that adoptive infusion of SARS- 
CoV-2-specific T cells to severe and immunocompromised 
individuals is safe and effective in promoting recovery.4–6,57 Our 
rapid production method for hypoimmunogenic multispecific 
VST, which takes only 2 days for manufacturing, could be useful 
in future pandemics—whether caused by new variants or novel 
viruses.

In addition to allo-rejection, allogeneic cell therapy is also limited by 
graft-versus-host disease (GvHD). Knocking out the endogenous 
T cell receptor is technically feasible; however, it will render VST 
non-functional. Furthermore, endogenous TCRs have been shown 
to be essential for long term persistence of CAR-T.58 Within the 
T cells populations, the naive and central memory T cell subsets 
are much more alloreactive (i.e., they react to allo-antigens, a key fac
tor in GvHD) than effector memory T cell subsets, which have pre
viously been exposed to other antigens (e.g., viruses, and thus be
comes VSTs). To address this, our group and others have pursued 
naive T cell depletion instead, because the depletion process (1) 
does not affect the function of VST and CAR-T, (2) is technically 
easy, (3) does not further manipulate the genome, and (4) could be 
combined easily with HLA-ABC− cell enrichment after B2M KO 
for the manufacturing of bidirectional hypo-alloimmunogenic and 
hypo-alloreactive cellular products. Naive T cell depletion strategy 
had been demonstrated successfully in CAR-T model by the removal 
the most alloreactive CD45RA+ or CD27+ naive T subsets from the 
CAR-T product.59,60

This study has several notable strengths and limitations. First, our 
experiments were on real patients’ cell products, which avoid under
reporting of failed experiments or bias in using cell lines and normal 
T cells—which are typically easier to grow and manipulate geneti
cally. Second, the g5 crRNA;tracrRNA and g5-s2;Cas9n-AAV6 
gene-editing approaches were novel, versatile, and robust. A major 
limitation is that while the CAR-T and VST are hypo-alloimmuno
genic, they may still be susceptible to elimination by CD4+ cells 
and macrophages. In this regard, our B2M-HLA-E design and 
gene-editing approach could potentially be adopted to KO CIITA 
and re-express CD47 in attempt to protect against rejection by 
CD4+ cells and macrophages. While our technology platform holds 
promise for enhancing persistence of therapeutic cells for off-the- 
shelf settings, further studies are needed to confirm their persistence 
and functionality in vivo.

Conclusion

In summary, we present a simple and robust platform that 
efficiently generates hypo-alloimmunogenic bi-specific anti-CD22/ 
CD19 CAR-T and tri-specific anti-SMN SARS-CoV-2 T cells, which 
may be administered off-the-shelf with potential for better diseases 
control, genome-safety, immediate availability, and reduced product 
variability and cost.

MATERIALS AND METHODS

Ethics approval and consent to participate

The study was approved by the hospital centralized institutional re
view board (CIRB 2019/2866 and 2021–2063). Pan-T and NK cells 
were obtained as resibi-specific of apheresis product from anony
mous donors contributing at the blood service group of Health Sci
ence Authority (approval 202006-08). The relevant clinical trials for 
bi-specific CAR-T (NCT05429905) and SARS-CoV-2-specific T cells 
(NCT04351659 and NCT04457726) were registered at ClinicalTrials. 
gov. All donors of CAR-T and SARS-CoV-2-specific T cells products 
were consented for research.

Manufacturing of multi-specific CAR-T cells and SARS-CoV-2 

T cells

All the CAR-T and VST collected for research described herein were 
originally manufactured for clinical use. All donors consented to 
donate unused portions of their T cells for research purposes.

Bi-specific CAR-T

The CAR-T cells were produced by the Prodigy TCT System (Milte
nyi). Unmobilized peripheral blood mononuclear cells were first en
riched for CD4+ and CD8+ cells, which were then activated with 
MACS GMP T Cell TransAct (Miltenyi Biotec, Cat 130-111-160) 
on day 0, and were transduced by the lentiviral particles the following 
day (day 1). The aCD22-CD19 vector expresses a tandem CAR 
generated by linking anti-CD22 and anti-CD19 scFV in frame to 
CD8 hinge and transmembrane domain, the 4-1BB (CD137) 
signaling domain, and the CD3 zeta signaling domain. The 
expression of aCD22-CD19 CAR was detected by CD19 CAR and 
CD22 CAR detection reagents (cat. 130-115-965 and 130-126-727, 
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respectively, Miltenyi Biotec). Quality control tests (cell composi
tion, potency, sterility, viral copy number, and replication-compe
tent lentivirus assay) were conducted on day 5 and day 12 of the 
CAR-T production (Table S1). At the end of the 12-day expansion 
period of the bi-specific CAR-T cells in TexMACS GMP Medium 
supplemented with interleukin-7 (IL-7) and IL-15, the cells were 
harvested. The whole manufacturing process was run in a GMP- 
compliant Cell Therapy Facility at Health Sciences Authority or at 
the Stem Cell Laboratory of National University Hospital, Singapore.

Anti-SMN SARS-CoV-2-specific T

The eligibility criteria of convalescent and vaccinated donors and the 
overnight manufacturing process of clinical-grade SARS-CoV-2- 
specific T cells using automated CliniMACS Prodigy IFN-γ Cytokine 
Capture System (CCS) (Miltenyi Biotec) have been described previ
ously.3 Briefly, one unit of whole blood or leukapheresis was 
collected from each donor once and 1 × 109 cells were stimulated us
ing PepTivators (Miltenyi Biotech), the overlapping peptide pools of 
the SARS-CoV-2 spike protein (S; cat. 130-126-700), membrane 
glycoprotein (M; cat. 130-126-702), and nucleocapsid phosphopro
tein (N; cat. 130-126-698). Cells were labeled with the Catchmatrix 
reagent, which contained bispecific antibodies for CD45 and IFN- 
γ, and bound by MACS microbeads conjugated to IFN-γ-specific 
antibody. Captured SARS-CoV-2-specific T cells were analyzed by 
flow cytometry and cryopreserved (Table S2).

Cell preparation before and after gene-editing

Bi-specific CAR-T

Cells from the bi-specific CAR-T products were cultured in 
TexMACS medium (TexMACS-IL2) supplemented with 10 ng/mL 
human recombinant IL-2 (PeproTech, cat. 200-02) and re-activated 
by T Cell TransAct (Miltenyi Biotec, cat. 130-111-160) in the titer of 
1:100 for 48 h before electroporation for gene editing. Cells were then 
recovered in the TexMACS-IL2 medium for 4 days before analysis.

SARS-CoV-2-specific T

VST were cultured in TexMACS-IL2 medium and activated by T Cell 
TransAct in the titer of 1:100. The cells were supplemented with 
fresh medium every three days for 7 to 10 days until the cell count 
reached ∼1 × 106 before electroporation.

Pan-T and NK cells

Fresh cells were isolated from the apheresis product using Pan T cell 
isolation kit (cat. 130-096-535) and NK cell isolation kit (cat. 130- 
092-657) (Miltenyi Biotec). T cells were cultured and activated 
following the same protocol as CAR-T. NK cells were maintained 
in the complete NK MACS medium (cat. 130-114-429, Miltenyi Bio
tec) supplemented with 100 ng/mL of IL-2.

gRNA, Cas9 RNP, electroporation, and AAV

gRNAs were designed using GPP sgRNA Designer (currently up
dated to CRISPick, https://portals.broadinstitute.org/gppx/crispick/ 
public) (Table S3). The gRNAs were prepared either in form of 
sgRNA or in crRNA;tracrRNA duplex, were reconstituted to 2 μg/ 

μL in duplex buffer (all from Integrated DNA Technologies, IDT). 
Hybridization of crRNA;tracrRNA was carried out by mixing equal 
molarity of crRNA and tracrRNA and heated up to 94◦C for 2 min, 
cooled to 60◦C for 1 min, and cooled to room temperature thereafter. 
The Cas9 RNP complex was formed by mixing 2.5 μg of Cas9 
nuclease (Alt-R S.p. Cas9 Nuclease V3; IDT, cat. 1081059) with 
4 μg of gRNA in 6μL of buffer R for 15 min at room temperature. 
The cells were washed thrice with PBS (without Ca2+/Mg2+), and re
suspended in the desired volume of buffer R before mixing with 
the Cas9 RNP. The Cas9 RNP complex was then combined with 
0.1–0.2 × 106 cells in 6μL of Buffer R, and electroporated using 
the 10μL Neon tips with the pre-set program no. 24 of the Neon sys
tem (1,600 V, 10 ms pulse, 3 pulses) (all from Thermo Fisher Scien
tific, cat. MPK5000). Electroporated cells were released immediately 
to pre-warmed TexMACS-IL2 for recovery. For 1–2 × 106 cells, the 
reagents were scaled up, and the cells were electroporated using 
100 μL Neon tips instead.

Same experimental setup was deployed for knockin experiment, at 
which a total of 4 μg of gRNAs was used for both single gRNA 
(4 μg, with Cas9 nuclease) or paired gRNAs (2 μg + 2 μg) to form 
Cas9 RNP complex (with Cas9 nuclease or nickase; Alt-R S.p. 
Cas9 D10A nickase, cat. 1081063, IDT). Electroporated cells 
(0.1–0.2 × 106) were released immediately to 0.5 mL of pre-warmed 
TexMACS-IL2 in a 24-well plate and returned to the incubator for 
recovery; after 15 min, 10 μL of purified AAV viral particles were 
added to the cells and incubated further for another 4 days with me
dium refreshment.

Cloning of AAV template vectors and the production of AAV 

particles

The AAV production vectors pDGM6 (110660), pAdDeltaF6 
(112867) and pAAV-GFP (32395) were obtained from Addgene. 
EGFP and B2M-HLA-E knockin cassettes were cloned to the back
bone vector pAAV-GFP (Table S11). The knockin cassettes were 
flanked by 800 bps of HAs, which contained sequences identical to 
the upstream (5′-) and downstream (3′-) regions of the gRNA g5 
cleavage sites. The P2A-EGFP sequence was cloned from pCAG- 
CBE4max-xCas9(3.7)-P2A-EGFP (RTW4637) (140000, Addgene). 
The B2M-HLA-E, which contained the first exon of B2M, a 4×
G4S linker and the coding sequence of HLA-E (allele *01:03, HLA- 
EG), was amplified from the clones OHu18032 (B2M) and 
OHu20168 (HLA-E) (both from Genscript) and the fragments 
were assembled at 50◦C for 1 h using Gibson assembly master mix 
(cat. E2611S, NEB).

The pDGM6 contained the AAV6 cap genes, AAV2 rep genes, and 
ADV helper genes, while pAdDeltaF6 expressed ADV genes (E4, 
E2a, and VA). The pAAV-GFP contained inverted terminal repeat 
(ITR) of AAV2, allowing the production of single strand (ss) AAV. 
Transfection of these three vectors into the HEK293T packaging cells 
produced AAV particles of serotype 6 (with AAV6 cap), which are 
capable of infecting hematocytes, including T cells. Briefly, 4 μg 
each of the three vectors was mixed with 24 μL of transfection 
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reagents (TurboFect, cat. R0531; Thermo Fisher Scientific) and 
added to 7 × 106 HEK293T cells in a 10-cm dish (day 1). One day 
after transfection, the medium was replaced with 10 mL of DMEM + 
L-glutamine (without serum), and cells were incubated until day 7. 
On day 7, medium and cells were harvested together and cleared us
ing 0.45 μM filter, and the AAV particles were purified using AAV 
purification Midi Kit following the producer’s protocol (cat. 63300, 
Norgen Biotek). The eluted AAV was aliquoted and stored at − 80◦C.

Quantification of AAV particles

The titration of AAV particles was carried out using quantitative 
PCR as described.61 A primer pair and probe targeting the AAV2 
ITR were used to determine the number of single-strand DNA-con
taining AAV particle. Briefly, a 20 μL reaction containing 0.75 μL of 
primers (20 μM), 1μL of probe (2.5 μM), 1 μL of purified AAV elute 
(or standard), and 10 μL of 2× Taqman GT master mix (cat. 
4371355, Thermo Fisher Scientific) was run on CFX96 Thermo 
cycler (Bio-Rad) under the following conditions: activation at 95◦C 
for 3 min, 40 cycles of denaturation at 95◦C for 15 s, annealing 
and extension at 55◦C for 30 s, and plate reading. A standard curve 
was generated using plasmid pAAV-GFP, which, like the AAV par
ticle, contains two copies of AAV2 ITR per molecule. The AAV 
elutes were estimated to contain ∼10 × 1010 virus copies (VR) per 
μl, and 1–10 × 106 VR/cell was used for T cells infection.

T7E1 endonuclease digestion assay

The T7E1 assay was performed using the Alt-R Genome Editing 
Detection Kit (IDT, cat. 1075932). Genomic DNA was extracted us
ing DNeasy Blood & Tissue Kits (QIAGEN, cat. 69504). Primers 
were designed to amplify the region spanning exon 1/2 of the B2M 
gene, as targeted by the gRNAs g1–g5, or on the regions targeted 
by gRNA s2 on chromosome 22 and 5, respectively (Table S3). A 
20 μL PCR reaction was performed using GoTaq master mix (Prom
ega, cat. M7122) with the following cycling parameters: 95◦C for 
10 min, 40 cycles of 95◦C for 30 s, 55◦C for 30 s, 72◦C for 30 s, 
and final amplification of 72◦C for 7 min. After PCR, 1 μL of the 
10 × T7E1 reaction buffer was added to 8 μL of the PCR product, 
and the mixture was denatured in a thermal cycler as follows: 
10 min at 95◦C, cooled to 85 ◦C at the ramp rate of 2 ◦C/s, and further 
cooled to 25 ◦C at the ramp rate of 0.3 ◦C/s. Then, 1 μL of T7 endo
nuclease I (1 unit/μL) was added, and the reaction was incubated at 
37◦C for 1 h. The digested products were resolved on 1% agarose gel.

Purification of B2M knockout cells

The purification of B2M KO cells (HLA-ABC− ) were performed 
using magnetic bead separation. Cells were labeled with biotin- 
HLA-ABC antibody (cat. 130-120-571), incubated with streptavidin 
microbeads (cat. 130-048-101), and washed before being loaded onto 
the magnet-bound LD column (cat. 130-042-901). The HLA-ABC−

cells were collected in the flow-through.

Flow cytometry analysis

The lymphocytes were washed once in PBS, stained with antibodies 
and 7AAD (1 μg/mL; cat. A1310, Thermo Fisher Scientific) for dead 

cell exclusion. Cells acquisition and analysis was performed by 
BD LSRII and FlowJo, respectively (BD Bioscience). Antibodies to 
use: human CD45-APC (2D1; cat. 17-9459-42) and human 
HLA-ABC-PE (W6/32; cat. 12-9983-42) (both from eBioscience) 
for B2M KO; Biotin-CD19 CAR Detection Reagent (which 
recombinantly expressed fusion protein consisting of the human 
CD19 extracellular domains; cat. 130-115-965) and Streptavidin- 
APC-Vio 770 (cat. 130-106-794) for CAR expression; CD45-vioblue 
(5B1; cat. 130-113-122), CD3-FITC (REA613; cat. 130-113-138), 
CD4-viogreen (REA623; cat. 130-113-230), CD8-APC-vio770 
(REA734; cat. 130-110-681), CD56-PE (REA196; cat. 130-113-312), 
CD14-APC (REA599; cat. 130-110-520), and CD19-PE-vio770 
(REA675; cat. 130-113-647) for immune composition; CD3-FITC 
(REA613), CD45RO-APC-vio770 (REA611; cat. 130-113-557), and 
CD62L-PE (REA615; cat. 130-114-151) (all from Miltenyi Biotec) 
for T cell subsets of SARS-CoV-2-specific T cells; CD3-FITC, 
HLA-ABC-PE, and HLA-E (3D12; cat. 342606, Biolegend) for 
knockin analysis; CD3-BV421 (UCHT1; cat. 300434, BioLegend), 
CD56-FITC (REA196; cat. 130-113-312, Miltenyi Biotec), HLA- 
ABC-PE, and HLA-E for NK92MI co-culture; CD3-APC/Cyanine7 
(SK7; cat. 344818, BioLegend), CD56-PE (REA196; cat. 130-114- 
549), NKG2A-FITC (REA110; cat. 130-113-565), and NKG2C- 
APC (REA205; cat. 130-117-547) (Miltenyi Biotec) for NK cells 
analysis.

Mixed leukocytes reaction assay

The CAR-T or VST were used as stimulator cells, while PBMCs from 
anonymous donors served as responder cells. The stimulator and 
responder cells were resuspended in PBS and labeled by 1 μM of 
CellTrace Violet (cat. C34557) and 1 μM of Celltrace CFSE (cat. 
C34554) (both from Thermo Fisher Scientific), respectively, at 
37◦C for 30 min. The labeled cells were washed three times with 
PBS and resuspended in TexMACS-IL2. The stimulator cells were 
then irradiated at 30 Gy using X-ray irradiator (Radsource 
RS2000). Approximately 0.5 × 106 irradiated stimulator cells were 
combined with 1 × 106 responder cells (at 1:2 ratio) in 1 mL of 
TexMACS-IL2 and co-cultured for 6–7 days. The cells were then 
washed, stained with 7-AAD and CD3-PE (UCHT1; cat. 980008, 
BioLegend), and analyzed by flow cytometry. The stimulators cells 
were excluded based on Violet signal, and the percentage of alloreac
tive responder T cells was determined as the percentage of CD3+/ 
CFSEdim cells out of the total CD3+ population.

DELFIA proliferation assay

Proliferation was determined by DELFIA cell proliferation kit (cat. 
AD0200; PerkinElmer Inc.), following manufacturer’s protocol. 
Approximately 10,000–20,000 cells were plated per well in a 
96-well plate in 200 μL of TexMACS-IL2 and incubated for five 
days. Cells were labeled with 1 μM BrdU for 4 h in the culture incu
bator before harvesting for the assay. The cells were fixed on plate, 
heated at 60◦C for 1 h, incubated with an anti-BrdU-Europium anti
body for 1 h, and then washed. Europium detection solution was 
then added to the well, and the Europium signal was detected using 
Tecan SPARK plate reader.
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EuTDA cytotoxicity assay

The cytotoxic potency of CAR-T and primary NK cells was 
assessed using DELFIA EuTDA cytotoxicity reagent (Cat AD0116, 
PerkinElmer Inc.). The target cells were labeled with BATDA, a cell- 
permeable compound. Within viable cells, BATDA is hydrolyzed, 
becoming impermeable and trapped within the cells. The 
hydrolyzed BATDA is only released upon cell lysis, forming the fluo
rescent compound EuTDA in the presence of europium, generating a 
quantifiable fluorescent signal proportional to the extent of cell death 
(lysis). Briefly, about 1 × 106 of targets cells (Raji, RS4;11, and K562) 
were labeled with 1.25 μL of BATDA reagent in 1 mL of RPMI culture 
medium for 30 min at 37◦C. The BATDA loaded cells were then 
washed three times with PBS (phosphate buffered saline), resuspended 
in TexMACS-IL2. The labeled cells were adjusted to 1 × 105/mL and 
50 μL were added to V-bottom plate (cat. 249952; Thermo Fisher Sci
entific) in triplicates. The labeled cells were than mixed with 50 μL of 
effector (CAR-T) cells at 1 × 106/mL, 0.5 × 106/mL, 0.1 × 106/mL, or 
no effector, for effector-to-target (E:T) ratio of 10:1 or 5:1 and 0 (spon
taneous release), respectively. For NK and T cells co-culture, the target 
cells (T and CAR-T cells) were labeled in the same way in TexMACS- 
IL2 and mixed with NK cells at E:T ratio of 2:1. Reading for maximum 
release was prepared by mixing 10 μL of lysis buffer and 40 μL of me
dium to the labeled cells. The cells were then incubated for 2 to 4 h at 
37◦C, after which the V-bottom plate was centrifuged for 5 min at 
1,500 rpm; 20 μL of the supernatant was transferred to a microtitration 
plate, mixed with 200 μL of europium solution, and incubated for 
15 min on orbital shaker at room temperature, protected from light. 
The europium signal (counts) was read using Tecan SPARK plate 
reader. The result was reported as percentage of specific lysis, calcu
lated using the following formula:

% Specific release =
(Experimental release - Spontaneous release)
(Maximum release-Spontaneous release)

x 100 %
(Equation 1) 

IFN-γ detection assay

The reactivity and specificity of SARS-CoV-2-specific T cells were as
sessed using Rapid Cytokine Inspector Kit (cat. 130-097-343), which 
comprises antibodies CD3-vioblue (BW264-56), CD4-APC (VIT4), 
CD8-FITC (BW135/80), CD14-PerCP (TÜK4), and CD20-PerCP 
(LT20), along with IFN-γ-PE (cat. 130-097-600). Approximately 
0.1 × 106 cells were placed in 100 μL of TexMACS (without cytokine) 
per well on the 96-well plate overnight. The next day, peptivator pep
tides were added to individual wells at 0.6 nmol/mL and incubated 
for 2 h. Peptivators specific for the protein S (cat. 130-126-700), N 
(cat. 130-126-698), and M (cat. 130-126-702) of SARS-CoV-2 were 
used in bulk (SMN), while peptivators for pp65 of CMV (cat. 130- 
093-438) or EBV (cat. 130-099-764) were used as negative control 
(all from Miltenyi Biotec). Brefedin A was then added to the cells 
at 1 μg/mL and incubated for another 4 h. The cells were then har
vested for staining following the kit’s protocol, and the level of intra
cellular IFN-γ was analyzed by flow cytometry.

CRISPR-targeted amplicon sequencing

The amplicon panel was designed using rhAmpSeq CRISPR anal
ysis system (IDT) and produced by IDT. The panel comprised 
the on-target site at the first exon of B2M (site ID: On_1) and addi
tional 14 predicted off-target loci (site ID: Off_1 to Off_14). PCR 
amplification of Off_14 was unsatisfactory upon sequencing and, 
therefore, was removed from the analysis. The amplicon library 
for each sample was constructed from 10 to 50 ng of genomic 
DNA using rhAmpSeq CRISPR library kit and was uniquely in
dexed. The indexed libraries were then pooled, cleaned up, and 
paired-end sequenced on Novaseq 6000 (Novogene; for the 
CAR-T samples) or HiSeq X Ten platform (BGI; for the VST sam
ples). The indels were analyzed and visualized on the cloud-based 
platform (BlueBee, IDT).

PCR validation of knockin to the B2M loci

PCR was performed on the genomic DNA isolated from edited 
T cells using specific primers (Table S3) and GoTaq PCR master 
mix (cat. M7122, Promega) under the following conditions: activa
tion at 95◦C for 1 min, followed by 40 cycles of denaturation at 
95◦C for 30 s, annealing at 62◦C for 30 s and extension at 72◦C for 
2 min, and with final extension at 72◦C for 5 min. The amplified 
product was then resolved on a 1% gel agarose.

Co-culture with NK92MI cells

NK92MI (CRL-2408, ATCC) was maintained in supplemented 
Alpha Minimum Essential Medium (αMEM) as recommended by 
ATCC. For co-culture, 0.1 × 106 NK92MI and 0.1 × 106 T cells 
were combined in 100 μL of αMEM (supplemented with 10 ng/mL 
of IL-2) in a 96-well plate and incubated for 3 days before being har
vested for flow cytometry analysis.

GUIDE-seq

The empirical method, which relies on the capture of integration of 
double-stranded oligodeoxynucleotides (dsODN) into the double- 
stranded break (DSBs) produced by Cas9 nuclease, was reported 
previously.14,15 Briefly, blunt-ended, end-protected dsODN was pre
pared by annealing the two modified oligonucleotides (Table S3). 
The dsODN (100 pmol), along with the gRNA;Cas9 nuclease com
plex (with either g5 or s2), was electroporated into the activated 
T cells as described before. The T cells were harvested 4 days post- 
electroporation for genomic DNA extraction. The dsODN contains 
a NdeI restriction site, and the efficiency of dsODN integration was 
estimated by NdeI digestion of the same PCR products at the B2M 
site for T7E1 assay. Integration frequency of >5% was achieved in 
the edited samples, whereas the control (dsODN without Cas9 
nuclease) showed no integration. The DNA samples were than pro
cessed by CD Genomics for GUIDE-seq analysis.

Statistical analysis

Data were reported as mean ± standard error of the mean (SEM). 
Statistical significance was determined using paired two tailed Stu
dent’s t test.
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