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B cells have been engineered ex vivo to express an HIV-1
broadly neutralizing antibody (bNAb). B cell reprograming
may be scientifically and therapeutically useful, but current ap-
proaches limit B cell repertoire diversity and disrupt the orga-
nization of the heavy-chain locus. A more diverse and physio-
logic B cell repertoire targeting a key HIV-1 epitope could
facilitate evaluation of vaccines designed to elicit bNAbs, help
identify more potent and bioavailable bNAb variants, or
directly enhance viral control in vivo. Here we address the chal-
lenges of generating such a repertoire by replacing the heavy-
chain CDR3 (HCDR3) regions of primary human B cells. To
do so, we identified and utilized an uncharacterized Cas12a or-
tholog that recognizes PAMmotifs present in human JH genes.
We also optimized the design of 200 nucleotide homology-
directed repair templates (HDRT) by minimizing the required
30-50 deletion of the HDRT-complementary strand. Using these
techniques, we edited primary human B cells to express a hem-
agglutinin epitope tag and the HCDR3 regions of the bNAbs
PG9 and PG16. Those edited with bNAb HCDR3 efficiently
bound trimeric HIV-1 antigens, implying they could affinity
mature in vivo in response to the same antigens. This approach
generates diverse B cell repertoires recognizing a key HIV-1
neutralizing epitope.
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INTRODUCTION
Traditional vaccination approaches do not elicit broadly neutralizing
antibodies (bNAbs) that target conserved epitopes of HIV-1 envelope
glycoprotein trimer (Env).1–4 Human precursor B cell receptors
(BCRs) that can develop into bNAbs are rare,5,6 and mature bNAbs
have properties that are difficult to access through antibody matura-
tion.1,7,8 A number of groups have begun to explore an alternative to
conventional vaccines in which B cells themselves are reprog-
rammed.9–13 This approach employs CRISPR-mediated editing of
the BCR loci so that the edited B cell expresses a mature HIV-1
bNAb. In addition to its long-term potential for reprograming human
immune responses, BCR editing can be applied more immediately to
generate animal models useful for assessing vaccination strategies,
and for developing more potent and bioavailable bNAb variants.
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The BCR includes a membrane-bound heavy chain (H) covalently
associated with a light chain (L). Both chains are composed of a var-
iable and a constant region. The heavy-chain variable domain is
formed by a process of VDJ recombination of the immunoglobulin
heavy-chain (IgH) gene. In humans, one of the 38 to 46 functional
variable (VH) genes recombines with one of 23 diversity (DH) and
one of six joining (JH) genes.14 The recombination process also intro-
duces diversity at the junctions of VH, DH, and JH genes through
removal and addition of nucleotides. The light-chain variable domain
is formed similarly by VJ recombination of the IgL gene. The naive B
cell repertoire thus reflects extensive combinatorial diversity.15–18

This diversity is further amplified after antigen exposure. B cells un-
dergo somatic hypermutation (SHM) as they compete for access to
antigens in the lymph-node germinal centers, a process resulting in
affinity maturation of the BCR.19

The combinatorial diversity of the B cell repertoire complicates efforts
to reprogram BCR. To date, investigators have bypassed this chal-
lenge by targeting an unvarying intron between the recombined var-
iable region and the IgM constant region (Cm).9,11–13 This strategy
introduces a single cassette encoding an exogenous promoter and
bNAb heavy- and light-chain sequences into this heavy-chain intron.
By design, these constructs halt expression of the native variable
heavy chain. Expression of the native B cell light chain is usually
also prevented through various mechanisms. While powerful and
convenient, this approach eliminates combinatorial diversity and re-
lies solely on SHM to broaden the HIV-1 neutralizing response. In
addition, it introduces several less physiologic elements, including
novel locations for both variable genes, use of exogenous promoter,
and some architectural differences between the expressed bNAb-
like construct and native antibodies. These limitations may be espe-
cially important if edited B cells need to adapt efficiently to a diverse
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HIV-1 reservoir,20,21 or when the edited repertoire is used to study B
cell biology.22

Here we develop a complementary approach in which sequence en-
coding a bNAb HCDR3 is introduced into a diverse BCR repertoire
at its native location. This approach is useful with antibodies that
are highly dependent on the HCDR3 to bind antigen, including mem-
bers of an exceptionally potent class of bNAbs that recognize the Env
apex/V2-glycan epitope.23,24 However, retaining combinatorial diver-
sity in a natural B cell setting poses several challenges. First, long ho-
mology arms of a homology-dependent repair (HDR) template
(HDRT) can overwrite the V-encoded region of a heavy chain. Sec-
ond, the region 50 of the HCDR3-encoding region is necessarily
diverse, and thus editing can be variably efficient due to mismatch
of a homology arm with its chromosomal complement. Third, intro-
ducing exogenous HCDR3 requires deletion of chromosomal mate-
rial of unknown length and content, rather than simply insertion of
a sequence, or direct replacement of a known sequence. To address
these challenges, we identified a previously uncharacterized Cas12a
variant25 that efficiently recognizes a specific four-nucleotide proto-
spacer adjacent motif (PAM) present in the 30 region of the most
commonly used JH genes in humans. We also optimized the use of
200-nucleotide (nt) single-stranded HDRT with short (�50 nt) ho-
mology arms, demonstrating in the process that editing efficiency is
primarily determined by the length of a 30 mismatch tail rather
than the relationship of the HDRT to transcription direction (sense
or anti-sense) or to the target strand of the CRISPR guide RNA
(gRNA). With these procedures, we altered the specificity of primary
human B cells by editing their HCDR3 regions to bind HIV-1 Env,
while retaining the original diversity of the VH and VL repertoire.
These studies demonstrate the feasibility of an alternative approach
to human B cell reprogramming.

RESULTS
Targeting a conserved region of the IgH locus with a Cas12a

ortholog

Amajor challenge of precisely replacing the HCDR3-encoding region
of a diverse primary B cell population is the variability of the mature
IgH locus. This variability arises from the random combinations of V,
D, and J segments that are joined imprecisely and unpredictably.16 It
complicates two processes necessary for CRISPR-mediated editing of
the B cell locus, namely the selection of a gRNA that must comple-
ment a 20- to 24-nt genome sequence, and the design of HDRTwhose
50 and 30 homology arms must complement even longer genomic re-
gions.26–28

We began by designing a gRNA that recognizes a large proportion of
BCR and targets genome cleavage to site of insertion, where it is most
efficient. The HCDR3 is encoded by the 30 end of a VH gene, a DH
gene, and the 50 end of a JH gene (Figure 1A). There are six human
JH segments, and a JH4 alone participates in about 50% of productive
human VDJ-recombination events.29,30 Due to junctional diversity,
the 30 JH region is conserved, but the 50 is less predictable. However,
the 30 of JH4 did not contain any canonical Cas12a PAM31 sequences
(TTTV), and the available Cas9 PAM (NGG)32 mediates cleavage too
distal from the site of insertion. Instead, two potential non-canonical
Cas12a PAM sites, GTTC and TTCC,33 were well positioned to facil-
itate gRNA recognition of conserved JH regions while cleaving where
a new HCDR3 would be inserted. We therefore characterized a num-
ber of Cas12a orthologs for their ability to recognize these divergent
PAM sites. To do so, we tested several uncharacterized Cas12a ortho-
logs25 in a human B cell line Jeko-1. Jeko-1 cells were transfected
with plasmids encoding BsCas12a, TsCas12a, Mb2Cas12a, or
Mb3Cas12a along with plasmids encoding gRNAs adjacent to the
GTTC and TTCC PAM regions. DNA cleavage within the HCDR3
frequently results in error-prone non-homologous end-joining
(NHEJ) that eliminates expression of the Jeko-1 BCR.34 Thus, loss
of IgM expression indicates a successful double-strand break. Among
the Cas12a orthologs tested, Mb2Cas12a most efficiently cleaved the
Jeko-1 JH4 region initiated with GTTC and TTCC, with the highest
efficiency (�18%) observed when the GTTC PAM was targeted
(Figure 1B).

Ribonucleoprotein (RNP) forms of CRISPR effector proteins, electro-
porated into cells, are typically more efficient than plasmids express-
ing the same protein.28,35 We accordingly produced Mb2Cas12a RNP
and compared its editing efficiency with a commercial AsCas12a RNP
in Jeko-1 cells, again as determined through loss of IgM expression.
These RNPs cleaved a canonical Cas12a TTTG with comparable effi-
ciency but Mb2Cas12a cleaved three non-canonical PAM regions
more efficiently (Figures 1C and 1D), demonstrating that Mb2Cas12a
has a broad PAM specificity and efficiently edits the HCDR3 region of
Jeko-1 cells. Notably, Mb2Cas12a RNP efficiently cleaved JH4 when
initiated with a GTTC PAM, and this PAM region is conserved in
the JH genes of both humans and rodents.

We also characterized the target specificity of Mb2Cas12a RNP in
Jeko-1 cells using the iGUIDE assay.36 Perhaps due to its broader
PAM specificity, Mb2Cas12a showed a somewhat higher off-target
profile compared with that of AsCas12a (IDT) when a region with
a TTTN PAM, used by both enzymes, was targeted (Figure S1, Table
S1). Notably off-target NHEJ was less frequent when targeting a
GTTN PAM-initiated JH4 region used in subsequent primary B cell
editing studies.

Optimization of gene editing using single-stranded HDR

templates

We also optimized the design of HDRT used to replace a native
HCDR3 region. Again, the underlying diversity of the recombined
heavy chains limited our options. Most importantly, the HDRT ho-
mology arms needed to remain short to maximize complementarity
to the 30 VH region. We therefore optimized a strategy based on short
single-stranded DNA (ssDNA) HDRT with 50-nt homology arms by
monitoring the efficiency with which a hemagglutinin (HA) tag could
replace the Jeko-1 HCDR3 region. Specifically, we compared sense
and anti-sense forms of two distinct HDRTs (Figure 2A), each with
different length linkers bounding the HA tag, and cleavage at
four distinct Mb2Cas12a sites and four proximal SpCas9 sites
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Figure 1. Targeting the conserved region of JH4 gene requires a Cas12a ortholog recognizing non-canonical PAMs

(A) A representation of the coding region of an antibody heavy-chain variable region is presented. As indicated, the HCDR3 (green) is encoded by the 30 of a recombined V

gene, a D gene, and the 50 of a J-chain. To insert a common HCDR3 into a diverse population of BCR, the gRNA of a CRISPR effector protein must complement a conserved

HC region at the 30 end of the recombined J-gene, while cleaving amore variable region near the site of HCDR3 insertion. Note that, unlike Cas9, Cas12a cleaves distally from

its PAM and seed regions. The preferred PAM recognition sequence of commonly studied Cas12a orthologs is TTTV. However, as shown, JH4, the most frequently used JH

gene in all species, contains optimally located GTTC and TTCC PAM sequences, located 30 of the HCDR3-encoding sequence but oriented Cas12a cleavage within this

sequence. This PAM, sequence of the gRNA, and the Cas12a cut sites are indicated. (B) To identify a Cas12a ortholog efficient at cleaving these non-canonical PAMmotifs,

the human B cell line Jeko-1 was co-transfected with two plasmids encoding the CRISPR protein (BsCas12a, TsCas12a, Mb2Cas12a, or Mb3Cas12a), and their corre-

sponding gRNA. Control samples were transfected without gRNA plasmids. Targeting efficiency was measured by flow cytometry as loss of IgM expression. Among these

Cas12a orthologs, Mb2Cas12most efficiently cleaved the J-chain region initiated with GTTC and TTCC (orange). Error bars indicate standard error (SEM) of two independent

experiments, and asterisks indicate statistical significance relative to controls. Statistical difference was determined by non-paired Student’s t-test (****p < 0.0001). (C)

Mb2Cas12a RNP was compared with commercial AsCas12a RNP for their ability cleave four distinct regions in the HCDR3-encoding region of Jeko-1 cells. Loss of IgM

expression indicates successful introduction of a double-strand break and NHEJ. RNPwith gRNA targeting an irrelevant site (EMX1) was used as control. (D) Results of three

experiments similar to that shown in (B). Error bars indicate SEM of at least two independent experiments. Asterisks indicate significant differences from the canonical TTTG

PAM (Mb2Cas12a or AsCas12a, respectively). Statistical difference was determined by non-paired Student’s t-test (****p < 0.0001).
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(Figure S2A). Note that some of these sites are unique to the Jeko-1
HCDR3 region, and are therefore not generalizable to primary B cells.
Knock-in efficiency was determined by flow cytometry with fluores-
cently labeled anti-HA antibodies (Figure 2B). We observed that on
average, with four different cut sites and two sets of distinct HDRT,
Mb2Cas12a and SpCas9 edited with comparable efficiencies (Fig-
ure 2C). We analyzed these same data by comparing a number of pa-
rameters proposed to impact editing efficiencies in other sys-
tems.27,28,37,38 However, no significant differences were detected
186 Molecular Therapy Vol. 30 No 1 January 2022
when sense or anti-sense-strand HDRTs were used (Figure 2D),
and only a modest difference for Mb2Cas12a, but not for SpCas9,
was observed when target (complementary to gRNA) or non-target
strand HDRT was used (Figure 2E). At each site, SpCas9 and
Mb2Cas12a always preferred the same strand HDRT regardless of
it being sense/anti-sense or target/non-target (Figure S2B). These ob-
servations were distinct from those of previous studies,27,38 perhaps
because both DNA deletion and insertion are required to replace an
HCDR3.



Figure 2. Optimization of ssDNA templates for Mb2Cas12a-mediated editing the HCDR3-encoding region of a human B cell line

(A) A diagram representing four HDRTs used in (B–E). Specifically, sense and anti-sense forms of HDRT-A, were used to replace a 9-nt region (gray) with a 39-nt insert (green),

and both forms of HDRT-B were used to replace a 36-nt region with a 69-nt region; 50-nt homology arms of the sense and anti-sense forms are represented in red and blue,

respectively. SpCas9 (cyan) and Mb2Cas12A (orange) cleavage sites of the target strand (complementary to gRNA) are indicated by arrows. Note that paired Cas9 and

Cas12a cleavage sites are separated by at most 5 nts. (B) A representative example of an experiment used to generate (C–E) in which editing efficiency of Mb2Cas12A or

SpCas9 RNP was monitored through recognition of an HA tag introduced into the HCDR3 of the Jeko-1 cell BCR by flow cytometry. Control cells were electroporated with

Mb2Cas12a RNP without an HDRT. (C) A comparison of Mb2Cas12a (Mb2) and SpCas9 (Cas9) knock-in efficiencies, measured as described in (B), with the four different

HDRTs and for all four sites shown in (A). Differences between Mb2 and Cas9, and among the four sites, are not significant (n.s.). The same data generated for (C) was

replotted according to whether the sense or anti-sense HDRTwas used (D), or whether the HDRT complemented the gRNA target or non-target strand. (E) Non-target strand

is the PAM-containing strand, and the target strand is the strand annealed to gRNA. Again, as indicated, most differences were not significant. However, the HDRT-

complementary to the Mb2Cas12a gRNA target strand were slightly more efficient than those complementary to the non-target strand (p = 0.027). Dots in (C–E) represent

pooled data from two independent experiments. Statistical significance was calculated by one-way ANOVA with Tukey’s multiple comparison test.
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Figure 3A presents a model of a system in which deletion of chromo-
somal DNA and insertion of novel sequence are both necessary for
successful editing. After CRISPR-mediated formation of a double-
strand break, HDR is initiated by 50 to 30 resection of DNA, exposing
two 30 ends, one of which can anneal to a single-stranded HDRT ho-
mology arm. However, at least one 30 end necessarily includes
sequence that must be deleted 30 to 50, either on the HDRT-comple-
mentary strand, creating a 30 mismatch tail, on the opposing strand,
or on both. As shown in Figures 3B and 3C, the length of this 30

mismatch tail, determined as shown in Table S2, strongly predicts ed-
iting efficiency in this system regardless of whether the double-
stranded break was mediated by Mb2Cas12a or SpCas9. Specifically,
editing is significantly more efficient when mismatch tails are shorter
than 10 nt, presumably because longer tails prevent polymerase prim-
ing and templated extension of the 30 arm.We presume that this prin-
ciple can be extended to other systems in which a templated sequence
must replace a chromosomal region by HDR.

Reprogramming B cell specificity toward HIV through HCDR3

replacement

Using the strategies described above, we then designed HDRT that
is optimal for site 4 (Figure S2A) to replace the Jeko-1 HCDR3 with
Molecular Therapy Vol. 30 No 1 January 2022 187
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Figure 3. The length of the 30 mismatch tail

determines replacement efficiency with short

single-stranded HDRT

(A) A model showing where a 30 mismatch tail occurs. A

cut site (yellow) is introduced into a region of the gene

targeted for replacement (gray), asymmetrically dividing

this region. Efficient 50 to 30 resection exposes two 30

ends. AnHDRT can complement a strand with a short (left

figures) or long 30-mismatch tail (right figures), which must

be removed before the remaining 30 end can be extended

to complement the HDRT insert region and its distal ho-

mology arm. We propose that the removal of this 30

mismatch tail is a rate-limiting step determining editing

efficiency when genomic sequences are replaced. (B) The

predicted length of the 30-mismatch tail in experiments

using HDRT-A and HDRT-B presented in Figure 2 are

plotted against the efficiency with which an HA tag is

introduced into the HCDR3 region, as determined by flow

cytometry. Error bar indicates SEM from two independent

experiments. (C) A comparison of editing efficiency be-

tween those with short (<10 nt) or long (>10 nt) 30

mismatch tails. Editing by SpCas9 or Mb2Cas12a is

significantly more efficient with short 30 mismatch tails, as

determined by one-way ANOVA with Tukey’s multiple

comparison test (p < 0.0001). Dots represent pooled data

from two independent experiments.
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those of PG9 or PG16 (Figure 4A), two potent HIV bNAbs directed
against a V2 apex of the HIV-1 Env trimer.39,40 The gRNA used in
site 4 (Figure S2A) targets the conserved region of JH4 (Figure 1A),
and is the only sequence tested that is also consistently present in
primary B cells. To monitor the successful introduction of these
HCDR3s in contexts in which the resulting BCR does not bind sol-
uble native-like HIV-1 Env trimer (SOSIP),41,42 we employed an
antibody, PSG2,43 that recognizes sulfated tyrosines present at the
tips of the PG9 and PG16 HCDR3. In addition, we monitored
HIV-1 Env binding with two reagents, a SOSIP protein derived
from the HIV-1 isolate BG505, and the multivalent nanoparticle
(E2p)44 based on the same BG505 HIV-1 isolate. Jeko-1 cells were
edited with HDRT-PG9-CVR and HDRT-PG9-CAR to express
two forms of the PG9 HCDR3, distinguished by an alanine (A) or
valine (V) immediately adjacent to the HCDR3-initiating cysteine.
The original PG9 antibody has the valine, while its germline
VH3-33 has the alanine. Cells edited with either HDRT could be
recognized by all three binding reagents, indicating that the result-
ing BCR could bind the BG505 Env (Figures 4B and 4C). As ex-
pected, none of these three antigens bound Jeko-1 cells in which
a control HDRT, introducing an HA tag into the HCDR3, was em-
ployed. However, Jeko-1 cells edited to express the PG16 HCDR3
were recognized only by PSG2, indicating that editing was efficient,
188 Molecular Therapy Vol. 30 No 1 January 2022
but the resulting BCR did not bind HIV-1 Env.
This is plausibly due to the incompatibility of
the PG16-HCDR3 with the Jeko-1 VH, a sup-
position supported by subsequent experiments
in primary human B cells. Finally, we tested
whether increasing one end of the homology arm could further
enhance the editing efficiency. We observed that, at the same total
length, symmetric homology arms facilitated more efficient editing
than did asymmetric arms (Figure S2C).

We further characterized Jeko-1 cells edited with HDRT-PG9-CAR
by enriching edited cells by fluorescence-activated cell sorting
(FACS) with the PSG2 antibody (Figure 4D). Sorted cells were then
analyzed by flow cytometry for their ability to interact with PSG2, SO-
SIP variants derived from three HIV-1 isolates and from a negative
mutant, and BG505-E2p (Figure 4E). Each of these reagents bound
PG9-HCDR3-edited cells efficiently, with CRF250 SOSIP proteins
binding most efficiently and therefore used in subsequent experi-
ments. In parallel, next-generation sequencing (NGS) analysis was
performed on the HCDR3 region of unedited Jeko-1 cells, cells edited
with HDRT-PG9-CAR before they were sorted, and the same cells
sorted with either PSG2 or the E2p nanoparticle presenting multiple
BG505 proteins. HCDR3 sequences were divided based on whether
HDR was successful and whether the introduced sequence exactly
matched that in the HDRT (Figure 4F). We observed that before
sorting, the original Jeko-1 HCDR3 bearing indels reflecting NHEJ
predominated. After sorting, HCDR3 that matched the HDRT predo-
minated. Collectively, the data shown in Figure 4 indicate that the



Figure 4. The BCR specificity of Jeko-1 cells can be reprogrammed with a novel HCDR3

(A) The amino acid sequence of the native Jeko-1 cell HCDR3 region and those of the HIV-1 neutralizing antibodies PG9 and PG16 are shown. The amino acid translations of

the new sequences from the four HDRTs used in the subsequent panels are represented in green italics, in the context of the remaining Jeko-1 region. (B) Mb2Cas12a RNP

targeting the GTTC PAM of site 4 in Jeko-1 cells shown in Figure 2B were co-electroporated with the indicated HDRT. Editing efficiency was monitored on the vertical axis by

flow cytometry with fluorescently labeled PSG2, an antibody that recognizes sulfotyrosines within the PG9 and PG16 HCDR3 region, a similarly labeled HIV SOSIP or E2p.

The horizontal axis indicates IgM expression, and its loss indicates imprecise NHEJ after Mb2Cas12a-mediated cleavage. Note that introduction of a PG16 HCDR3 was

efficient, as indicated by PSG2 recognition, but unlike the PG9 HCDR3, it did not bind the Env trimer. Cells edited to express an HA tag did not bind any reagent. SOSIP

proteins were derived from the BG505 HIV-1 isolate. (C) A summary of three independent experiments similar to that shown in (B) of flow cytometric studies used to generate

(B). Error bars indicate SD. (D) Jeko-1 edited with PG9-CAR HDRT were enriched by FACS with the anti-sulfotyrosine antibody PSG2. (E) Cells enriched in (D) were analyzed

2 weeks later by flow cytometry for their ability to bind PSG2, a BG505-based nanoparticle (BG505-E2p), SOSIP trimers derived from the indicated HIV-1 isolate, or an V2

apex negative mutant (dBG505-SOSIP). Gray control indicates wild-type Jeko-1 cells. (F) Unedited Jeko-1 cells and those edited with PG9-CAR HDRT without sorting, or

sorted with PSG2 or with E2p, were analyzed by NGS of the VDJ region. Sequences were divided into four categories, depending on whether the edited sequence exactly

matched the HDRT (Perfect HDR), whether the HDRT sequence was visible but modified (Imperfect HDR), whether the original Jeko-1 HCDR3 region was intact (Original), or

whether this region was modified by NHEJ as indicated by the presence of insertions or deletions (Indel). Representative examples of each category are shown below the

charts.
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HCDR3 of Jeko-1 cells can be replaced by that of PG9 to generate a
BCR that efficiently binds multiple HIV-1 SOSIP proteins. This
approach can be used to insert the HCDR3 of other apex bNAbs,
such as CAP256 (Figure S2D).
Using consensus sequences of multiple VH families to edit

primary human B cells

The preceding studies showed that Mb2Cas12a could cleave a
conserved region of the JH4 gene useful for introducing an exogenous
Molecular Therapy Vol. 30 No 1 January 2022 189
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Figure 5. Editing primary human B cells with HDRT recognizing consensus

sequences of multiple VH families

(A) A panel of PG9-CAR HDRT with homology arms complementary to JH4 and to

consensus VH1-, VH3-, and VH4-family sequences were evaluated for their ability

to edit primary human B cells. Cells electroporated withMb2Cas12a RNP and PG9-

CAR HDRT were analyzed by flow cytometry with the anti-sulfotyrosine antibody

PSG2modified with two distinct fluorophores to eliminate non-specific binding from

either fluorophore. (B) A summary of results from experiments similar to that shown

in (A), using primary B cells from three independent donors. Note that a mixture of

three HDRTs edited more cells than any individual HDRT. Null indicates that cells

were not electroporated and control indicates cells electroporated with Mb2Cas12a

RNP and an HDRT that is not homologous to any sequence in the human genome.

Mix indicates cells electroporated with RNP and an equimolar mixture of HDRT with

VH1-, VH3-, and VH4-specific homology arms. Error bars indicate range of three

independent experiments, and asterisks indicate statistical significance calculated

by one-way ANOVA with Tukey’s multiple comparison test (*p < 0.5; **p < 0.01;

****p < 0.0001). (C) NGS analysis of primary B cells from two human donors. %HDR

was quantified as described in Figure 4F, including both perfect and imperfect. The

portion of VH-family of edited cells in HDR-positive sequences was also counted.
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HCDR3 sequence, that editing with sense-strand HDRT in this
setting is optimal because it minimizes the length the 30 mismatch
tail, and that the PG9 HCDR3 could function with the divergent
Jeko-1 heavy and light chain to bind multiple HIV-1 Env trimers.
However, primary human B cells pose an additional challenge: in
contrast to Jeko-1 cells, the VH-gene sequences of primary cells are
variable and unpredictable. This difficulty complicates the design of
the 50 homology arm, which must complement the 30 region of the
VH gene. Alignment of the 30 regions of the most commonly used
VH gene families, namelyVH1,VH3, andVH4 (Figure S3A), revealed
190 Molecular Therapy Vol. 30 No 1 January 2022
a good deal of interfamily diversity, but showed that intrafamily di-
versity was limited among the 30 nts. We accordingly evaluated
HDRT with 50 homology arms based on consensus sequences for
each of these VH families in primary human B cells. These cells
were isolated from peripheral blood and activated by an anti-
CD180 antibody11 for 48 h before electroporation with Mb2Cas12a
RNP along with different HDRTs. Editing efficiency was measured
48 h post electroporation by flow cytometry using the anti-sulfotyro-
sine antibody PSG2 (Figure 5A). Two different fluorophores were
used to label PSG2 to eliminate non-specific binding from either flu-
orophore. As negative controls, primary human primary B cells were
activated in the same way, but they were not electroporated (null), or
electroporated with Mb2Cas12a RNP and an HDRT that was not ho-
mologous to any sequence in the human genome. The HDRT homol-
ogous to VH1 had relatively lower efficiency than to the other two
families, largely due to the lower VH1 usage frequency in mature hu-
man B cells (Figure 5B). An equal mixture of three HDRTs (those of
VH1, VH3, and VH4) edited more cells than any individual HDRT,
suggesting a diverse pool of B cells could be targeted simultaneously.
NGS performed on two sets of B cells from different donors edited
with the mixed HDRT, and the frequency of successful in-frame edit-
ing reflected the efficiencies of the individual HDRT (Figure 5C).
These data show that, using consensus HDRT homology arms,
approximately 1% of primary human B cells can be edited to express
the PG9 HCDR3. Note that all primary human cells we tested, from
multiple donors, expressed the JH4*02 allele. A modified gRNA
should be used for the other JH4*01 and JH4*03 for optimal results.
We also compared the editing efficiency of Mb2Cas12a and SpCas9
for this particular JH4 site in human primary B cells. While the
knock-out efficiency was comparable (Figure S3B), the Mb2Cas12a
more efficiently than SpCas9 inserted an HA tag using the optimized
HDRT (Figure S3C).

The diversity and specificity of HCDR3-edited primary human B

cell repertoires

To determine if HCDR3-edited BCR acquired their reprogrammed
specificity and retained their VH diversity, edited B cells were
expanded for a week and then sorted with an appropriate antigen.
To evaluate their specificity and diversity, we tested HDRT encoding
the PG9 HCDR3, PG16 HCDR3, or an HA tag (Figure 6). As in Fig-
ure 5, Mb2Cas12a RNPs were used to cleave the JH4 region, and mix-
tures of three HDRTs, recognizing consensus 30 VH1, VH3, or VH4
sequences, directed the insertion of the novel HCDR3. Edited cells
were sorted with an anti-HA antibody (Figure 6A) or the CRF250 SO-
SIP trimer derived from the CRF_AG_250 isolate (Figures 6B and
6C). Heavy-chain sequences were analyzed by NGS before (blue)
and after (red) sorting. As anticipated, sorting changed the frequency
of successfully edited B cells. Critically, in each case, multiple VH1,
VH3, and VH4 genes continued to be represented after sorting, sug-
gesting that the combinatorial diversity of the repertoire could be pre-
served after introducing the PG9 HCDR3 into primary B cells. Light-
chain sequences from sorted PG9-HCDR3 inserted population were
also analyzed by NGS (Figure 6D). The distribution of light chains
was largely preserved after sorting, but a notable decrease in kappa



Figure 6. Reprogrammed primary human B cells retain VH-gene and light-chain diversity

Primary cells were electroporated with Mb2Cas12a RNP and HDRT encoding an HA tag (A) or the HCDR3 regions of the HIV-1 neutralizing antibodies PG9 (B) and PG16 (C),

with the same mixture of homology arms as those used in Figure 5. Cells were sorted with an anti-HA antibody (HA tag [A]) or an SOSIP trimer derived from the CRF_AG_250

isolate (B and C). Approximately 2% to 3% of cells were sorted by the SOSIP trimer. Edited cells were analyzed by NGS before and after sorting, the percentages of PG9 and

PG16-HCDR3 inserts were enriched from �1% to 30%. The frequency of each VH1-, VH3-, and VH4-family genes from BCR sequences bearing the desired inserts was

measured. Flow cytometry histograms display one of two experiments with similar results, and bar graphs indicate the mean of those two experiments. (D) The frequency

of each light chain genes of PG9-HCR3 inserted primary cells pre (blue) and post (red) sorting was analyzed by NGS. Bar graphs indicate the mean of two independent

experiments.
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chains was observed. Thus the combinatorial diversity of the reper-
toire of HCDR3-edited B cells can be maintained.

To confirm that this HCDR3 could function when expressed with
multiple variable genes, we expressed in HEK293T cells antibody
variants with the PG9 HCDR3 and light chain, but encoded with
several distinct VH genes. We focused on VH1-, VH3-, and VH4-
family genes that generated a high signal after sorting, and included
VH3-33, the original PG9 variable gene, for comparison. All five VH
genes generated antibodies that could detectably express and bind a
SOSIP trimer, with BCR expressed from the VH3-30 sequence bind-
ing most efficiently (Figure 7). Similarly, soluble forms of these anti-
bodies could neutralize at least one HIV-1 isolate (Figure S4).
Notably, antibodies generated from the VH3-30 gene bound SOSIP
trimers and neutralized HIV-1 more efficiently than those based
on VH3-33, indicating that VH3-30 and perhaps several other VH
genes could serve as alternative starting points for PG9-like anti-
bodies. The same test was performed for PG16-HCDR3 with three
VH genes identified from sorting. Each bound the HIV SOSIP trimer
(Figure 7C). In contrast, PG16 HCDR3 on the VH from Jeko-1 cells
(VH2-70) failed to bind HIV Env. Similarly, Jeko-1 cells edited with
the CH01 HCDR3 failed to bind SOSIP trimers (Figure S2D), but
primary human B cells edited with CH01 HCDR3 detectably bound
these trimers (Figure S4A). We also further confirmed binding of an-
tibodies composed of the PG9 germline light chain (Vl2-14), the
most enriched kappa chain (Vk2-28), and each of two enriched
lambda (Vl2-8, Vl1-51) light chains combined with the most efficient
germline VH for PG9 (Figure 7). As a control, a light chain whose
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Figure 7. Binding of PG9 HCDR3 and PG16 HCDR3

pairing with germline VH and VL genes

293T cells were used to express PG9 HCDR3 and PG16

HCDR3 paring with multiple germline VH and VL genes.

(A) Constructs composed of the heavy chains expressed

from the indicated VH genes enriched in Figure 6 or that of

PG9, the PG9 HCDR3, a transmembrane domain, and

the native PG9 light chain were expressed on the surface

of 293T cells and analyzed by flow cytometry. The no-VH

construct expresses the Fc region (truncated at the hinge)

with the transmembrane domain. (B) Mean fluorescence

intensity of SOSIP staining from the successfully trans-

fected cells (IgG-positive population) was normalized to

the IgG expression. The mean of two experiments shown

in (A) is presented. (C) Binding experiments similar in (A)

with PG16. In addition to the VH genes enriched in Fig-

ure 6, the VH gene of Jeko-1 (VH2-70) paring with the

PG16HCDR3was also tested. (D) Binding experiments of

the best VH gene (VH3-30) for PG9 paring with the original

(mature) and the germline light chains of the PG9, and the

enriched light chains from Figure 6. One representative of

two independent experiments is shown for (A, C, and D).
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frequency was diminished after sorting, Vl3-21, impaired association
with HIV Env.

Collectively, Figures 6 and 7 show that diverse human B cells can be
edited to express the PG9 and PG16 HCDR3, enabling these cells to
bind an SOSIP trimer and express receptors primed to adapt to spe-
cific isolates in an HIV-positive person. However, these engineered
repertoires have not been subjected to early immune-tolerance check-
points, a potential risk for their human use.

To address this concern, we examined the autoreactivity of the
PG9 HCDR3 engrafted on the primary human BCR repertoire.
We performed an HEp-2 cell staining45 with the antibodies bearing
the PG9 HCDR3 on six combinations of VH and VL chains. We
observed than all six were markedly less autoreactive than the
autoreactive HIV-1 neutralizing antibody 2F5 (Figure S5), suggest-
ing that autoreactivity would not be a frequent result of this
approach.

DISCUSSION
Transgenic mice engineered to express human variable-chain se-
quences of bNAbs and inferred germline forms of these bNAbs
have been used extensively to study bNAb maturation in response
to HIV-1 antigens.46–48 These mice were developed primarily to study
vaccination strategies, but they could potentially be used to improve
the breadth and potency of bNAbs as well. The advent of CRISPR
technologies enables ex vivo editing of mature B cells, and adoptive
transfer edited B cells into a new murine host.9,11–13 CRISPR-medi-
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ated editing of B cells is more rapid and versatile
than developing a transgenic mouse, but a more
limited subset of B cells express the bNAb of in-
terest. These cells can nonetheless be amplified through vaccination,
and they undergo class switching and SHM. As this technology ad-
vances, reprogramming of mature naive B cells could replace trans-
genic mice as a means of evaluating and optimizing vaccine protocols.
This approach could also be developed as an in vivo alternative to
phage- and yeast-display technologies to improve the breadth, po-
tency, or bioavailability of existing antibody or even another biologic.
Finally, this technology may form the basis of future vaccines and cell
therapies, following a path established by chimeric antigen-receptor
(CAR) T cells. By retaining the diversity of the response, such engi-
neered B cells could be stimulated to respond to a wider range of vi-
ruses than any monoclonal antibody, and/or adapt to specific viral
variants reactivated in an infected person after interruption of anti-
viral therapy.

Nearly every reported effort to date to reprogram primary B cells uses
a conserved intron downstream of the VDJ-recombined variable re-
gion.9,11–13 A typical insertion cassette initiates with a poly(A) tail
to terminate transcription of the native variable region, followed by
an exogenous promoter, a human bNAb light-chain variable-region
sequence, a P2A peptide or linker, and a heavy-chain variable-region
sequence with a splice donor that promotes splicing to native constant
genes. This approach is efficient because every mature B cell could
theoretically be modified, because HDRT with long homology arms
can be used, and because a single editing event introduces both vari-
able chains at once. This efficiency makes this approach attractive to
most investigators, but other approaches that preserve the organiza-
tion of the heavy-chain locus have been attempted. For example,
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Voss et al.10 have explored an alternative in which the entire native
variable-region was replaced by the heavy-chain variable of the
bNAb PG9.

A common property of all previous investigations is that an entire
heavy chain or heavy-chain/light-chain pair are introduced. Thus,
initially B cells express a monoclonal antibody that then can diversify
through SHM. As a consequence, one major contributor to antibody
diversity, namely combinatorial diversity, is bypassed. Such an
approach is necessary for many HIV-1 bNAbs because antigen recog-
nition is distributed across multiple CDR loops; however, most
known V2-glycan/apex bNAbs have long, acidic HCDR3 regions
that make an unusually large contribution to Env recognition.23,24

Moreover, neutralization with these antibodies is especially potent,
typically 10-fold higher than with other classes of bNAbs.49 Finally,
antibodies of this class, uniquely recognizing a quaternary epitope,
are especially sensitive to the quality of HIV-1 antigens.40 We there-
fore undertook to reprograming human B cells to express the HCDR3
of a potentV2-glycan/apex antibody while largely preserving the
combinatorial diversity of the repertoire. Ultimately, we anticipate
this diversity will enhance and personalize the adaptive humoral
response to the diversity of HIV-1 isolates in reservoirs of infected
humans.

However, before this concept can be tested, we had to address several
challenges unique to introducing an HCDR3 into primary human B
cells. These challenges arose from two sources. First, for optimal edit-
ing, a double-strand break should be introduced near the insert re-
gion, in this case at the 50 of a commonly used J-gene such as JH4.
However, due to junctional diversity, this region is highly variable
in a diverse repertoire. Second, HDRT with long homology arms
are typically more efficient, but long arms would complement only
a narrow BCR subset or overwrite the native VH gene.

To address the first challenge, we initiated studies with the CRISPR
effector protein Cas12a. We began with Cas12a because, unlike the
more commonly employed Cas9, this CRISPR effector protein cleaves
distally from its PAM and seed regions. Thus, a more variable region
can be cleaved from a more predictable gRNA target sequence. How-
ever, most commonly studied Cas12a orthologs, including LbCas12a
and AsCas12a, use restrictive PAM recognition sequences31 absent in
human JH4 sequences. We therefore characterized a number of less
studied Cas12a variants, and identified one, Mb2Cas12a, that effi-
ciently recognized a GTTC PAM present at an optimal location in
both human and rodent JH4 genes. Thus, electroporated Mb2Cas12a
RNP efficiently introduced double-strand breaks near the 50 of the
JH4-encoded region in Jeko-1 cells and in primary human B cells.

Our second challenge arose from the unpredictability of the VH-en-
coded region in the diverse repertoire of primary B cells, precluding
the use of long HDRT. We accordingly designed HDRT that recog-
nized short consensus sequences at the 30 of three VH-gene families.
We also optimized the efficiency of editing using these shorter
HDRTs. To do so, we first evaluated the impact of two parameters
that have been proposed to alter editing efficiency. First, we asked
whether the HDRT should complement the coding or non-coding
sequence, and we also investigated whether it should complement
the gRNA target strand or its opposite. Both parameters have be re-
ported to contribute to editing efficiencies of other systems,27,38 but
neither of these variables had a dramatic impact on editing efficiency
in our study. Further analysis identified a distinct, decisive factor in
editing efficiency, namely the length of the 30 mismatch tail. While
50-30 resection is among the first events in HDR, removal of the 30

end is rate limiting. Our data suggest that the pace of removal of
the 30 end of the HDRT-complementary strand is especially critical,
and if the necessary deletion is greater than 10 nts, editing is signifi-
cantly impaired. These data are consistent with previous observations
that Pol d, the polymerase responsible for 30 extension of the HDRT-
associated strand, has modest 30 exonuclease activity,50,51 and con-
forms to a previously proposed model, the synthesis-dependent
strand annealing (SDSA) model.52 Regardless of the underlying
mechanism, this optimization enabled editing efficiencies with
Mb2Cas12a and short single-stranded HDRT comparable to those re-
ported with Cas9 and much longer HDRTs.

With these tools in hand, we showed that the HCDR3 regions of pri-
mary human B cells could be reprogrammed to encode three novel
sequences, two of which derived from HIV-1 bNAbs. In each case,
edited cells could be enriched by FACS with an appropriate antigen
while still largely retaining the diversity of the edited repertoire. Inter-
estingly, in the case of cells edited to express the PG9 HCDR, this
approach more efficiently enriched BCR encoded by the V3-30 heavy
chain than for V3-33, the heavy-chain gene from which the bNAb
PG9 originally derived. We confirmed this observation by showing
that a PG9 variant constructed from this germline form of this VH
gene neutralizes more efficiently than one constructed from the germ-
line V3-33 gene. As importantly, a number of VH genes enriched in
this manner bound SOSIP trimers and neutralized HIV-1. Thus, at
least in the case of PG9, a range of modified BCR could respond to
an SOSIP antigen or to HIV-1 emerging from a reactivated reservoir.

Despite its several advantages, this approach has some limitations.
First, editing efficiency is of necessity lower than when the target re-
gion is well defined. Further optimization using combinations of
HDRT recognize a broader range of VH families may help increase
the proportion of successfully edited B cells. In addition, antigen
stimulation in vivo can amplify an initially small fraction of edited
and engrafted B cells, compensating in part for this limitation. Sec-
ond, this approach requires some initial affinity between the
HCDR3 region and a target antigen. Of course, as we show with
the HA tag, many kinds of peptides and small folded domains
can be introduced and perhaps affinity matured to an appropriate
antigen or binding protein. Finally, ex vivo editing of B cells is
less efficient and more expensive than in vivo editing. Interestingly,
the small HDRT used here could be combined with Mb2Cas12a and
a gRNA in a single adeno-associated virus vector to facilitate direct
in vivo editing, although the efficiency and utility of such editing re-
mains to be demonstrated.
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In short, we have overcome several challenges associated with intro-
ducing an exogenous HCDR3 sequence into a diverse repertoire of
human BCR. In the process, we have identified and characterized a
Cas12a ortholog especially useful in introducing double-strand breaks
near the DJ junction of a recombined heavy chain, and described an
optimized approach for replacing genomic regions with short HDRT.
Finally, we showed that this approach could create a diverse repertoire
of B cells capable of recognizing a critical epitope of HIV-1 Env. These
studies establish foundations for proof-of-concept studies in primate
models of HIV-1 infection.
MATERIAL AND METHODS
Plasmids

Wild-type Mb2Cas12a (pcDNA3.1-hMb2Cpf1), Mb3Cas12a
(pcDNA3.1-hMb3Cpf1), TsCas12a (pcDNA3.1-hTsCpf1), and
BsCas12a (pcDNA3.1-hBsCpf1) plasmids were gifts from Dr. Feng
Zhang (Addgene: 92,292, 92,293, 92,267, 92,300). pMAL-his-
LbCpf1-EC was a gift from Dr. Jin-Soo Kim (Addgene: 79,008) and
was used to express Mb2Cas12a in E. coli for protein production.
For Cas12a protein production, each Cas12a gene was codon opti-
mized for E. coli, synthesized by IDT, and cloned into pMAL-his-
LbCpf1-EC vector.
Mb2Cas12a protein production and purification

Expression cassette of maltose binding protein (MBP)-Mb2Cas12a-
His in pMal vector was transformed to Rosetta 2 (DE3) (Novagen)
competent cells. A single colony was first grown in 5 mL, then scaled
up to 10 L for production, in LB broth with 4 mm/mL chloramphen-
icol and 100 mg/mL carbenicillin. Cell cultures were grown to OD
�0.5 before placing on ice for 15 min, and added with 0.5 mM
IPTG at 16�C to induce expression. After 18 h of incubation, cells
were resuspended in the buffer with 50 mM NaH2PO4, 500 mM
NaCl, 15 mM imidazole, 10% glycerol, and 10 mM Tris at pH 8.0,
then sonicated on ice for 20 min at 18 W output before clarified by
centrifugation for 25 min at 50,000 � g. Clarified supernatant was
loaded to the HisTrap FF column (GE Healthcare) and eluted with
linear imidazole gradient from 10 mM to 300 mM using ÄKTA ex-
plorer (GE Healthcare). To remove the N-terminal MBP tag, the pro-
tein elution fractions were pooled and concentrated with a 50-kDa
molecular weight cutoff ultrafiltration unit (Millipore), then 1 mg
of TEV protease was used per 50 mg protein for cleavage during dia-
lyzing to the buffer with 250 mM NaCl, 0.5 mM EDTA, 1 mM DTT,
and 20 mM HEPES with pH 7.4 for 48 h at 4�C. For cation exchange
chromatography, the protein was diluted with 2-fold volume of
20 mM HEPES with pH 7.0 and loaded on HiTrap SP HP column
(GE Healthcare) equilibrated with 100 mM NaCl, 20 mM HEPES
at pH 7.0. Proteins were eluted with a linear NaCl gradient from
100 mM to 2 M, then further purified by size exclusion chromatog-
raphy with Superdex 200 26/60 column (GE Healthcare) with the
protein storage buffer (500 mM NaCl, 0.1 mM EDTA, 1 mM DTT,
10% glycerol, and 20 mM HEPES at pH 7.5). Pure protein fractions
were pooled and concentrated followed with endotoxin removal
with columns from Pierce.
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RNP formation and electroporation

Mb2Cas12a, AsCas12a, and SpCas9 gRNAs were ordered from IDT.
RNAs were resuspended in RNase-free water and refolded by incuba-
tion at 95�C for 5 min and cooling down at room temperature for 1 h.
For each electroporation sample, RNP complexes were formed by
mixing 200 pmol of Mb2Cas12a, AsCas12a (Alt-R AsCas12a [Cpf1]
V3 from IDT) or SpCas9 (Alt-R SpCas9 Nuclease V3 from IDT)
with 300 pmol of crispr RNA and PBS. The RNP mixture was incu-
bated at room temperature for 15 to 30 min, then added with 600
pmol of ssDNA HDRT. For the mixture of HDRT (VH1, VH3, and
VH4) to target primary cells, 200 pmol of each was used. HDRT
and gRNA sequences used in this study are listed in Table S3.
HDRT contains PS modification as advised by IDT. Jeko-1 cells (2
million/sample) and human primary B cells (4 to 5 million/sample)
were harvested and rinsed with PBS before resuspension in electropo-
ration solution. Cells were electroporated using Lonza 4D modules
according to Lonza’s protocols. After electroporation, cells were incu-
bated in the cuvette for 15 min at room temperature before transfer-
ring to the antibiotic-free media. Culture media was refreshed in 24 h.

iGUIDE assay

Off-target identification assay was performed and analyzed as
described previously.36 Briefly, 1 million of Jeko-1 cells were electro-
porated with RNP complexes and 200 pmol of iGUIDE dsODN using
Lonza 4D. Cells were harvested 48 h post electroporation to extract
genomic DNA, following by genome shearing, ligation of adaptors,
and introduction of UMI tags. Amplicons were sequenced by Illu-
mina Miseq using the 2 � 150 platform.

HIV protein and antibodies

BG505 SOSIP v5.2 ds (E64K A316W A73C-A561C I201C-A433C)42

and BG505 E2p44 were constructed as previously described. Amino
acid sequences were codon optimized and synthesized by IDT and
cloned into the CMV/R expression plasmid following a human IgH
signal peptide. The apex negative mutant (dBG505) was constructed
by altering the V2 basic patch of the BG505 apex from RDKKQK to
IDNVQQ to abolish PGT145 and PG9 binding. All proteins were pro-
duced in transiently transfected Expi293F (Invitrogen) cells. Protein
constructs were co-transfected with plasmids encoding furin, FGE (for-
mylglycine generating enzyme), and PDI (protein disulfide isomerase),
respectively (at 4:1:1:1 ratio) using FectoPRO (Polyplus) according to
the manufacturer’s protocol. Supernatants were harvested 5 days after
transfection, filtered, and purified with CH01 or PGT145 affinity col-
umn. Proteins were eluted with gentle Ag/Ab elution buffer (21027;
Thermo). The elution was exchanged to buffer (358 mM HEPES,
75mMNaCl pH 8.0). For antibody production, heavy- and light-chain
plasmidswere co-transfected (1:1.25 ratio) inExpi293F cells. The super-
natants were harvested 5 days later, and the IgGwas purified using pro-
tein A Sepharose (GEHealthcare) and eluted with gentle Ag/Ab elution
buffer (21027; Thermo), following buffer-exchanged into PBS.

Human cell culture

Human blood samples were obtained through OneBlood (Florida),
and were conducted in accordance with IRB protocols approved by
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the Institutional Review Board at the Scripps Research Institute
(TSRI). Peripheral blood mononuclear cells were isolated by density
gradient centrifugation with Ficoll (GE Healthcare), stored in liquid
nitrogen, then thawed in a 37�C water bath and resuspended in hu-
man B cell medium composed of RPMI-1640 with GlutaMAX, sup-
plemented with 10% FBS, 10 mM HEPES, 1 mM sodium pyruvate,
and 53 mM 2-mercaptoethanol (all from Gibco). B cells were isolated
bymagnetic sorting using the Human BCell Isolation Kit II (130-091-
151) from Miltenyi according to the manufacturer’s instructions and
cultured in the above medium supplemented with 2 mg/mL anti-hu-
man RP105 antibody clone (312907; BioLegend).
Flow cytometry and cell sorting

IgM expression was detected by fluorescein isothiocyanate (FITC)
anti-human IgMantibody (cloneMHM-88; BioLegend).HA insertion
was detected byAPC anti-HA antibody (clone 16B12; BioLegend). Re-
programmed specificity of B cells were validated by binding with
PSG2, SOSIP, E2p proteins conjugated with different fluorophores us-
ing Lightning-Link Antibody Labeling Kits according to manufac-
turer’s instructions. Cultured cells were harvested by centrifugation
and rinsed by FACS buffer (PBS, 0.5% BSA, 1 mM EDTA) and resus-
pend to 10 million/mL in 100 mL. Cells were stained for 20 min on ice
with fluorescently labeled antibodies (1 mg/mL) or proteins (3 mg/mL),
thenwashed twice with FACS buffer beforemeasuring fluorescence by
BD Accuri C6 flow cytometer or sorting by BD FACSAria Fusion
sorter. Flow data were analyzed by FlowJo software.
Sequencing and analysis of the edited B cell IgH and IgL

repertoire

Human B cells harvested post gene editing or cell sorting were lysed
for RNA extraction by the RNeasy Micro Kit (74004; Qiagen).
Primers used for reverse transcription and library amplification
were modified from previous29 (see Table S4). IgH and IgL mRNA
were reverse transcribed using different methods. For the IgH
mRNA, first-strand cDNA synthesis was carried out by SuperScript
III (Thermo Fisher) using primers specific for IgM and IgG. For the
IgL mRNA, template-switching oligo was appended to the cDNA
by SMARTScribe transcriptase (Takara Bio) during reverse transcrip-
tion. Residual primers and dNTPs were degraded enzymatically (Exo-
SAP-IT; Thermo Fisher) according to the manufacturer’s protocol.
Second-strand synthesis reaction was carried out using HotStarTaq
Plus (Qiagen). Residual primers and dNTPs were again degraded
enzymatically (ExoSAP-IT) and dsDNA was purified using SPRI
beads (SPRIselect, Beckman Coulter Genomics). Eluted dsDNA was
amplified (HotStarTaq Plus), and the PCR products were using
SPRI beads (SPRIselect). Of the eluted PCR product, 10 mL was
used in a final indexing using NEBNext Multiplex Oligos for Illumina
(E7710S, NEB) following the manufacturer’s instructions. PCR prod-
ucts were purified with 0.7 volumes of SPRI beads (SPRIselect). SPRI-
purified libraries were sequenced on an IlluminaMiSeq using 2� 250
base pairs. Sequencing reads were processed and analyzed. Briefly,
paired reads were merged with PANDAseq53 using the default merg-
ing algorithm then trimmed and collapsed by UMI throughMigec us-
ing the “checkout” algorithm. Processed reads were mapped by MiG-
MAP based on IgBlast.54,55

Autoreactivity assay

Reactivity of antibodies bearing the PG9 HCDR3 paring with various
VH and VL genes to human epithelial HEp-2 cells was determined by
indirect immunofluorescence on HEp-2 slides using FITC-conju-
gated goat anti-human IgG (Zeus Scientific). The anti-HIV-1 anti-
body 2F5 is used as a positive control. Slides were incubated with
150 mg/mL of antibodies for 30 min following two PBS rinses. Slides
were photographed on an Olympus fluorescent microscope.

Neutralization assay

Pseudoviruses were produced by co-transfection of different HIV en-
velope plasmids acquired through the NIH AIDS Reagents Program
along with NL4-3-DEnv in HEK293T cells using PEIpro (Polyplus).
Supernatant was harvested 48 h post transfection, clarified by centri-
fugation and 0.45 mm filter, and aliquoted for storage at�80�C. TZM-
bl neutralization assays were performed as previously described.56

Briefly, titrated antibodies in 96-well plates were incubated with pseu-
dotyped viruses at 37�C for 1 h. TZM-bl cells were then added to the
wells with 50,000 cells/well. Cells were then incubated for 48 h at
37�C. At 48 h post infection, cells were lysed in wells and subjected
to Firefly luciferase assays. Viral entry was determined using Britelite
Plus (PerkinElmer), and luciferase expression was measured using a
Victor X3 plate reader (PerkinElmer).

Statistical analysis

Data were expressed as mean values ±SD or SEM, and all statistical
analyses were performed in GraphPad Prism 7.0 software. IC50 of
antibody neutralization was analyzed using default settings for log(i-
nhibitor) versus normalized response method. Statistical difference
was determined using non-paired Student’s t-test or one-way
ANOVA with Tukey’s test. Differences were considered significant
at p < 0.05.
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SUPPLEMENTARY FIGURE LEGENDS 

Figure S1. Off-target analysis by iGUIDE assay. (A) Target specificities of Mb2Cas12a RNP 
in comparison with AsCas12a. iGUIDE assay was used to determine genome-wide off-target 
activities when targeting the IgM and JH4 region in Jeko-1 cells. In each panel the top sequence 
indicates the on-target sequence. Each panel of a representative result of three replicates. Complete 
list of off targets is shown in Table S1. (B) The mean of off-target percentage of Mb2Cas12a and 
AsCas12a was shown in bar graph, with each dot representing one experiment. 

Figure S2. Mb2Cas12a and SpCas9 target regions. (A) A graphical representation of the Jeko-
1-cell heavy-chain locus with VH, DH, JH, CH, and HCDR3 regions represented in blue, yellow, 
purple, gray, and green, respectively. The Jeko-1-cell heavy-chain derives from VH2-70 and JH4 
genes, as indicated. Black bar and arrow indicate HCDR3 region whose nucleotide and amino-
acids are shown below. Four distinct Mb2Cas12a (orange) and SpCas9 (cyan) PAM and matching 
cleavage sites, used in Figures 2 and 3, are indicated. Note that Mb2Cas12a leaves 5’ overhangs 
and that SpCas9 creates blunt ends. For each cut site, each DNA strand is labelled according to 
whether it is the target (T) or non-target (NT) strand of the indicated CRISPR protein and gRNA. 
(B) Summary of HA knock-in efficiency at different cut sites. Sense-strand (red) and anti-sense 
(blue) HDRT could be either NT or T depending on the cut site. Top panel used HDRT-A, and 
bottom panel used HDRT-B. At each site, SpCas9 AND Mb2Cas12a always preferred the same 
strand regardless of it being sense/anti-sense or NT/T.  (C) Mb2Cas12a RNP targeting the GTTC 
PAM of Site 4 in Jeko-1 cells with the HDRT of different homology arms. Number indicates length 
of the 5’ and 3’ homology arm, respectively. Editing efficiency was by flow cytometry with 
fluorescently labeled PSG2. (D) HCDR3 derived from other HIV bNAb (CAP256 and CH01) were 
tested in a similar way in Figure 4B. Specificity of edited Jeko-1 was determined by fluorescent 
labeled HIV SOSIP trimers. One representative from three independent experiments is present in 
panel C and D. 

Figure S3. Mb2Cas12a-mediated HDR using the HDRT with consensus sequences of the 3’ 
VH regions. (A) 5’ homology arms of HDRT used to edit primary human B cells, as shown in 
Figures 5 and 6, were designed based on the intrafamily conservation of the 3’ of the indicated VH 
genes, as shown. Sequence logo presents conserved residues, full height indicates conserved within 
the indicated family and smaller letters indicated less conservation. The 5’ homology arms used in 
the figures are shown in black. (B) Comparison of IgM knockout efficient by SpCas9 and 
Mb2Cas12a in primary human B cells targeting IgM or JH4, respectively. (C) Comparison of the 
efficiency of HA-insertion to the HCDR3 region by SpCas9 and Mb2Cas12a in primary human B 
cells targeting the JH4 region.  

Figure S4. Inserting the CH01 HCDR3 to primary human B cells and neutralization of PG9 
HCDR3 pairing with multiple VH genes. (A) HCDR3 derived from HIV bNAb CH01 was 
inserted to human primary B cells and sorted by HIV SOSIP trimers for NGS analysis, similarly 
described in Figure 6A. Specificity of edited Jeko-1 was determined by fluorescent labeled HIV 



SOSIP trimers. (B) The IC50 values of soluble forms of the antibodies characterized in Figure 7A 
against indicated HIV-1 isolates is represented.   

Figure S5. Autoreactivity assay. Autoreactivity of antibodies bearing the PG9 HCDR3 paring 
with various VH and VL genes to human epithelial HEp-2 cells was determined by indirect 
immunofluorescence on HEp-2 slides using FITC-conjugated goat anti-human IgG. The anti-
HIV-1 antibody 2F5 is used as a positive control. All antibodies samples were tested at 150 
Pg/mL. 
 

Table S1. Off targets identified by iGUIDE assay. All off-targets identified from the three 
replicates are shown. 

Table S2. The length of 3’mismatch tail. Actual DNA sequences of the target region and 
HDRT-B from the study of Figure 2C and D,                                                                                                                             
and indicates how the length of the 3’ mismatch tail was calculated. 

Table S3. gRNA and HDRT sequences. All gRNA and ssDNA HDRT were ordered from IDT. 

Table S4. Primers used for NGS.  
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