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Original Article
Envelope protein-specific B cell receptors
direct lentiviral vector tropism in vivo
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While studying transgene expression after systemic adminis-
tration of lentiviral vectors, we found that splenic B cells are
robustly transduced, regardless of the types of pseudotyped en-
velope proteins. However, the administration of two different
pseudotypes resulted in transduction of two distinct B cell pop-
ulations, suggesting that each pseudotype uses unique and spe-
cific receptors for its attachment and entry into splenic B cells.
Single-cell RNA sequencing analysis of the transduced cells
demonstrated that different pseudotypes transduce distinct B
cell subpopulations characterized by specific B cell receptor
(BCR) genotypes. Functional analysis of the BCRs of the trans-
duced cells demonstrated that BCRs specific to the pseudotyp-
ing envelope proteins mediate viral entry, enabling the vectors
to selectively transduce the B cell populations that are capable
of producing antibodies specific to their envelope proteins.
Lentiviral vector entry via the BCR activated the transduced
B cells and induced proliferation and differentiation into
mature effectors, such as memory B and plasma cells. BCR-
mediated viral entry into clonally specific B cell subpopulations
raises new concepts for understanding the biodistribution of
transgene expression after systemic administration of lentiviral
vectors and offers new opportunities for BCR-targeted gene de-
livery by pseudotyped lentiviral vectors.
Received 19 October 2023; accepted 4 March 2024;
https://doi.org/10.1016/j.ymthe.2024.03.002.

Correspondence: Kouki Morizono, Division of Hematology and Oncology,
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INTRODUCTION
The host range of lentiviral vectors is defined by the tropisms of the
envelope proteins pseudotyping the vectors.1 The tropisms of the en-
velope proteins are usually defined by two factors. One is the cognate
receptor(s) to which the envelope proteins bind, and the other factor
is the types of cells, tissues, organs, and species that express these
cognate receptor(s). Thus, when we need to transduce broad types
This is an open access article under the CC BY-N
of cells, tissues, and organs, we pseudotype lentiviral vectors with en-
velope proteins, whose cognate receptors are broadly expressed in a
wide variety of cells, tissues, and organs.2 On the contrary, when we
need to selectively transduce only desired cell types, we must first
eliminate the native binding activity of the pseudotyped envelope pro-
teins to their cognate receptors by mutating their receptor-binding
domain and then conjugating the vectors with the targeting ligands
that can specifically bind target cells.3–11

Based on this principle, we developed lentiviral vectors that selectively
transduce only desired cell types.12–17We achieved this by pseudotyp-
ing lentiviral vectors with modified Sindbis virus envelope proteins.
The Sindbis virus envelope protein consists of two types of envelope
proteins: E1 and E2. E1 mediates the fusion with the target cell’s
membrane, and E2mediates the binding to the target cells. To redirect
the tropism of the Sindbis virus envelope protein, we mutated the re-
ceptor-binding domains of E2 to eliminate its binding to its cognate
receptors (laminin receptor and heparin sulfate) and then conjugated
it with targeting ligands that specifically bind to desired cell types.18,19

When we administered the lentiviral vector pseudotyped with the
modified Sindbis virus envelope protein, which contains mutations
in its receptor-binding domains, into immunodeficient mice, we
observed a decrease of systemic transgene expression (especially
from the liver and spleen).15,16 These results demonstrated that the
interaction of the pseudotyped envelope protein with its cognate
Molecular Therapy Vol. 32 No 5 May 2024 ª 2024 The Authors. 1
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receptors defines the transduction efficiency of cells, tissues, and or-
gans in vivo and the biodistribution of lentiviral transgenes. However,
these results were obtained using immunodeficient mice that lack T
and B cells. Therefore, the lentiviral transduction of these immune
cell populations was not examined in our previous experimental
settings. Thus, we investigated how the abrogation of the receptor
binding domains affects the biodistribution of lentiviral transgene
expression after systemic administration of the vectors into immuno-
competent mice.

In the study described here, we found that systemic administration of
lentiviral vectors into immunocompetent mice results in robust trans-
duction of splenic B cells, regardless of the types of pseudotyping en-
velope proteins used. Envelope protein 2.2 1LFLAG1L, derived from
Sindbis virus, maintains efficient transduction of splenic B cells
despite the loss of its original receptor-binding activity, suggesting
that transduction of splenic B cells involves (a) novel mechanism(s)
of virus binding. Here, we report that B cell receptors (BCRs) specific
to pseudotyped envelope proteins mediate binding to pseudotyped
lentiviral vectors and facilitate lentiviral transduction. This vector en-
try mechanism supports not only viral entry of the 2.2 1LFLAG1L
pseudotype but also the vesicular stomatitis virus G protein (VSV-
G) pseudotype, which has a broad host range and is widely used in
gene therapy. We also report that viral entry via BCRs leads to the
activation of BCR-mediated signaling pathways that promote cell
proliferation and the differentiation of transduced B cells into mature
effectors that include memory B and plasma cells.

RESULTS
Spleen cells are robustly transduced in vivo using lentiviral

vectors pseudotyped with modified Sindbis virus envelope

proteins

We have previously altered the tropism of lentiviral vectors by pseu-
dotyping them with modified Sindbis virus envelope proteins con-
taining mutations in multiple receptor-binding domains; these mu-
tations reduced systemic transduction in non-obese diabetic
(NOD)/severe combined immunodeficiency (SCID) mice.15 Howev-
er, these studies used immunodeficient mice lacking T and B cells,
which potentially under-represented the tropism for these cell types.
To address this issue, we injected immunocompetent C57BL6 mice
with lentiviral vectors pseudotyped with either the 2.2 1LFLAG1L
envelope protein (Sindbis virus envelope protein with mutations
to abrogate its receptor-binding activity; Figure S1), the wild-type
Figure 1. Robust transduction of splenic B cells by intravenous administration

(A) Whole-body imaging of the LumiScarlet lentiviral transgene after intravenous injection

amounts of the vectors injected were adjusted by the HIV p24 CA protein (3 mg p24/mo

expression in the liver and spleen. Averages of relative luminescence units per 1 mg of p

Sindbis, n = 6 for 2.2 1LFLAG1L. (C) Average percentages of cell populations in the Sca

SD. (D–G) Averages of percentages of transduced cells in (D) whole B cell or B cell subp

1LFLAG1L pseudotypes. (H) Percentages of transduced cells in whole B cell or B cell su

produced in the presence (n = 1) or absence (n = 3) of saquinavir. The transduction data o

(D) Significance was calculated using a two-sample, two-sided, unpaired Student’s t tes

plasma cells; Lo-L Plsm, long-lived plasma cells; GCA,germinal center activated B cell
Sindbis virus envelope (Sindbis), or VSV-G envelope protein.
Transduction was assessed by detection of bioluminescence and/or
fluorescence from the LumiScarlet transgene.20 Consistent with pre-
vious results from immunodeficient mice, the receptor-binding
domain abrogation in 2.2 1LFLAG1L substantially reduced liver
transduction compared with the Sindbis or the VSV-G pseudotypes
(Figure 1A). However, we unexpectedly observed similar or
increased transduction of the spleen by 2.2 1LFLAG1L compared
with the VSV-G and Sindbis pseudotypes. We confirmed these re-
sults by isolating each organ and measuring luciferase activity per
milligram of extracted protein (Figure 1B). These results suggest
that splenocyte transduction by the 2.2 1LFLAG1L-pseudotyped
vector is mediated by molecular mechanisms independent of inter-
actions with Sindbis virus cognate receptors.

Flow cytometry analysis found that B cells are the major splenocyte
subpopulation transduced by all pseudotypes (Figure 1C). Within
the total B cell population, all pseudotypes showed more efficient
transduction of mature or differentiated cell subpopulations (i.e.,
short- and long-lived plasma cells, germinal center-activated cells,
and memory B cells) relative to less differentiated subpopulations
(i.e., transitional B cells; Figures 1D–1G and S2A and S2B).21,22 All
three pseudotypes, particularly 2.2 1LFLAG1L, also increased the ab-
solute cell numbers of later B cell populations while reducing the
prevalence of relatively immature populations, such as T1 B cells
(Figures S2C–S2M). Although these shared patterns of transduction
with Sindbis and 2.2 1LFLAG1L pseudotypes might suggest binding
to common Sindbis virus cognate receptors.18,19 it would not explain
the additional enhancement of spleen B cell transduction by the (re-
ceptor-binding site-mutated) 2.2 1LFLAG1L pseudotype compared
with the Sindbis pseudotype for most B cell subsets.

We next investigated whether the fluorescent signals observed in B
cells were caused by pseudotransduction mediated by the binding
of fluorescent proteins contaminated in lentiviral vector virions. To
eliminate this possibility, we injected the 2.2 1LFLAG1L pseudotype
produced in the presence of an HIV-1 protease inhibitor, saquinavir,
which does not block production and budding of lentiviral vectors but
inhibits post-binding steps of lentiviral transduction.23–25 The sa-
quinavir-treated vectors did not show any EGFP expression in B cells
(Figure 1H), demonstrating that the fluorescent signals observed in
our prior experiments are the results of bona fide viral transduction
but not pseudotransduction.
of lentiviral vectors

of lentiviral vectors pseudotyped with either VSV-G, Sindbis, or 2.2 1LFLAG1L. The

use). Representative images of each experimental group are shown. (B) Transgene

rotein are shown. Error bars represent standard deviation (SD). n = 3 for VSV-G and

rlet-expressing cells analyzed by flow cytometry. Numbers are shown as average ±

opulations in the spleen after intravenous injection of (E) VSV-G; (F) Sindbis or (G) 2.2

bpopulations in the spleen after intravenous injection of 2.2 1LFLAG1L pseudotypes

f saquinavir-treated 2.2 1LFLAG1L pseudotype is the average and SD of three mice.

t (**p < 0.01). Fo, follicular B cells; Mz, marginal zone B cells; Sho-L Plsm, short-lived

s; Mem, memory B cells. Error bars represent SD.
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Figure 2. Properties of viral receptors mediating binding of pseudotyped lentiviral vectors

(A) Schematics of the hypothesis of transduction of B cells with lentiviral vectors expressing GFP and Sclt pseudotyped with different types of envelope proteins,

respectively, when both envelope proteins use the same receptor (left) or different receptors expressed on different cells (right). (B) Expression of GFP and Scarlet in

splenic B cells and their subpopulations when these transgenes are delivered by lentiviral vectors pseudotyped with the same or different envelope proteins. Averages

and SDs derived from three replicates as well as representative flow cytometry profiles are shown for each experimental condition. n = 3 for each experimental group. (C)

Binding of Scarlet-labeled MLV pseudovirions pseudotyped with VSV-G (VSV-G [MLV] Src Sclt) or 2.2 1LFLAG1L (2.2 1LFLAG1L [MLV] Src Sclt) to splenic B cells

(C57BL6) transduced with lentiviral vectors pseudotyped with VSV-G (GFP+) or 2.2 1LFLAG1L (Ametrine+). Averages and SDs derived from 3 replicates as well as

representative flow profiles are shown for each experimental condition. Significance was calculated using a two-sample, two-sided, unpaired Student’s t test (**p < 0.01).

(legend continued on next page)
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We also conducted histological analysis of the transduced spleens.
Morphologically, a small eccentric germinal center is noted within
the follicle in VSV-G transduction (Figure S2N), but a larger and
more prominent germinal center is seen in the follicle in 2.2
1LFLAG1L transduction (Figure S2O). Transduced cells (GFP+) are
seen in the perifollicular areas in both spleens and within the germinal
center (Figure S2O, bottom right and inset). Morphological analysis
of GFP-expressing cells suggested that both 2.2 1LFLAG1L and
VSV-G pseudotypes also transduce marginal zone macrophages,
which is consistent with their known function to trap blood-borne
viruses.26

We then tested whether these pseudotypes could transduce various
murine, rat, and human B cell lines as well as human primary B
cells in vitro. Unlike the pantropic VSV-G pseudotype, the Sindbis
and 2.2 1LFLAG1L pseudotypes failed to efficiently transduce any
of the B cell lines or primary B cells (Figures S3A–S3H). Given that
the 2.2 1LFLAG1L pseudotype transduced primary mouse splenic
B cells more efficiently than the VSV-G pseudotype (Figure 1D),
in vivo transduction of splenic B cells appears to be mediated
by different binding/entry mechanisms than those analyzed in
in vitro settings.

We observed previously that the viral envelope lipid phosphatidylser-
ine (PtdSer) can mediate virus attachment by binding to host PtdSer-
recognizing molecules such as TIM-1 and Axl, regardless of the types
of envelope proteins (i.e., independent of envelope protein cognate re-
ceptors).27,28 Thus, we investigated whether B cells transduced with
the 2.2 1LFLAG1L-pseudotyped vector express TIM-1 and/or Axl
(Figure S3I). However, neither molecule was expressed on transduced
B cells, suggesting that other receptor(s) besides PtdSer receptors
mediate in vivo transduction of splenic B cells.

Receptors specific to 2.2 1LFLAG1L or VSV-G pseudotype

facilitate transduction of splenic B cells

To identify the receptor(s) mediating splenic B cell transduction, we
first examined whether the transduction of B cells with each pseudo-
type was mediated by the same receptor(s). Because differentiated B
cells, which is the relatively small number in the total B cells, ex-
pressed the transgene at a high percentage, we hypothesized that, if
two different pseudotypes use the same receptor(s), then the percent-
age of co-transduced (double-positive) cells would be higher than ex-
pected by random distribution (Figure 2A, left). To test this hypoth-
esis, we co-injected the VSV-G (Scarlet-expressing) and 2.2
1LFLAG1L (GFP-expressing) pseudotypes into the same mouse
and measured the frequency of co-transduction (percentage GFP+/
Scarlet+). We first analyzed this in the B cell subpopulations with rela-
tively high transduction efficiency (long-lived plasma cells, germinal
center activated [GCA]) B cells, and memory B cells). As a positive
(D) Binding of MLV pseudovirions pseudotyped with VSV-G to splenic B cells transduc

pseudotyped with 2.2 1LFLAG1L to splenic B cells transduced with the 2.2 1LFLAG1

Fab domain or control goat Ab. Averages and SDs derived from three replicates ar

Student’s t test (**p < 0.01).
control, animals were injected with two vectors bearing the same en-
velope protein and showed a significantly greater percentage of dou-
ble-positive (co-transduced) cells than expected under independence,
demonstrating shared tropism (Figure 2B). When animals were in-
jected with two vectors bearing different envelope proteins, the per-
centage of double-positive cells was significantly lower than expected
under independence (i.e., distinct tropism), suggesting that the
different pseudotypes use distinct receptors expressed on different
cell populations (Figure 2A, right). Within the total B cell pool, the
rate of co-transduction by heterologous envelopes was also signifi-
cantly lower than that observed for homologous envelopes. These re-
sults indicate that the VSV-G and 2.2 1LFLAG1L pseudotypes
employ different transduction receptors.

We next examined whether binding of VSV-G and 2.2 1LFLAG1L to
splenic B cells is mediated by different receptors specific to each pseu-
dotyping protein. We co-injected a VSV-G-pseudotyped vector ex-
pressing GFP and 2.2 1LFLAG1L-pseudotyped vector expressing
Ametrine, and we investigated whether GFP-expressing cells prefer-
entially bind VSV-G-pseudotyped MLV (Murine Leukemia Virus)
pseudovirions and whether Ametrine-expressing cells preferentially
bind 2.2 1LFLAG1L-pseudotyped MLV pseudovirions in vitro (with
MLV pseudovirions labeled with Scarlet protein in both cases to
quantitate its binding to cells; Figure 2C). VSV-G-transduced
(GFP+) cells preferentially bound VSV-G-pseudotyped MLV pseudo-
virions, while cells transduced with 2.2 1LFLAG1L (Ametrine+) pref-
erentially bound 2.2 1LFLAG1L-pseudotyped MLV pseudovirions.29

Thus, transduction of splenic B cells with VSV-G or 2.2 1LFLAG1L
pseudotypes appears to be mediated by receptors specific to each en-
velope protein. These results were observed not only in C57BL6 but
also BALB/c mice (Figure S3J), suggesting that these results are not
specific to any specific genetic background. Similar experiments using
a lentiviral vector pseudotyped with the Ebola virus glycoprotein
(EboZ) showed that the EboZ-pseudotyped MLV pseudovirion pref-
erentially bound to the splenic B cell population transduced with the
EboZ-pseudotyped lentiviral vector (Figure S3K).30 These results
again support the hypothesis that distinct receptors mediate the bind-
ing of lentiviral vectors pseudotyped with distinct envelope proteins.

Our data indicated that the same subpopulation (differentiation
stage) of B cells has specific virus-binding receptors for VSV-G, 2.2
1LFLAG1L, or EboZ exclusively. Similarly, it is known that B cells ex-
press BCRs specific to one antigen, which can be different for each B
cell. Because of this similarity, we examined whether BCRs participate
in differential tropism of pseudotyped viral particles. We concealed
the antigen-binding domain (antibody fragment [Fab] domain) of
the BCR using an anti-mouse Fab antibody and found substantial re-
ductions in attachment of MLV pseudovirions to splenic B cells (Fig-
ure 2D). To confirm that these effects were mediated by BCRs, we
ed with the VSV-G-pseudotyped lentiviral vector and binding of MLV pseudovirions

L-pseudotyped lentiviral vector in the absence or presence of goat anti-mouse Ig

e shown. Significance was calculated using a two-sample, two-sided, unpaired
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Figure 3. BCR mediates envelope protein-specific

transduction of pseudotypes

(A) Sorting strategy for single-cell analysis of a splenic B

cell population transduced with VSV-G or 2.2 1LFLAG1L

pseudotype and untransduced with any pseudotype and

splenic B cells of a mouse with no vector injection. (B)

Heavy chain and (C) light chain V region usage of B

cells transduced with VSV-G pseudotype, 2.2

1LFLAG1L pseudotype, untransduced splenic B cells,

or splenic B cells with no vector injection.
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next used single-cell sequencing to isolate the BCR sequences from
the transduced cells and examined their binding specificity and ability
to mediate lentiviral vector transduction.

Lentivirally transduced B cells express BCRs specific to the

envelope protein used for their transduction

To identify the specific BCR sequences of the cells transduced by
VSV-G (Scarlet-expressing) or 2.2 1LFLAG1L (GFP-expressing)
pseudotypes, we administered both vectors to a C57BL6 mouse
and conducted single-cell BCR sequencing of VSV-G-transduced
6 Molecular Therapy Vol. 32 No 5 May 2024
(Scarlet+/GFP�), 2.2 1LFLAG1L-transduced
(Scarlet�/GFP+), and untransduced (Scarlet�/
GFP�) splenic B cells isolated 4 days post vector
administration (Figure 3A). (Co-transduced
cells could not be analyzed due to insufficient
numbers.) B cells that were exposed to the vec-
tor but remained untransduced showed a
heavy-chain (Figure 3B) and light-chain (Fig-
ure 3C) V-gene distribution similar to splenic
B cells from a control naive mouse unexposed
to any vector. B cells that were transduced
with VSV-G or with 2.2 1LFLAG1L both
showed a marked skew in V-gene distribution,
but the specific V-gene usage patterns differed
markedly by pseudotype. These results sug-
gested BCR genetic sequence as the key deter-
minant of selective viral entry.

To analyze BCR specificity toward pseudotyp-
ing envelope proteins, we identified the 10
most frequent BCR sequences of 2.2
1LFLAG1L-transduced cells and the 9 most
frequent BCR sequences of VSV-G-trans-
duced cells (Table 1) and tested whether the
antibodies based on these BCR sequences
specifically bind to human and mouse cells
expressing 2.2 1LFLAG1L (Figure S4A)
or VSV-G (Figure S4B). Eight of 10 anti-
bodies derived from 2.2 1LFLAG1L-trans-
duced cells specifically recognized 2.2
1LFLAG1L expressed on both the mouse
B16F10 cell line and the human HEK293T
cell line (Figure S4A). The other two antibodies did not bind to
any cells tested (2.2 08 and 10 hIgG1), possibly because recognition
epitopes are abundantly present on the virus but not on the enve-
lope-expressing cells.31 Thus, we analyzed the binding specificity
of these two BCRs by ectopically expressing them as the BCR
form in CD79 HEK293T cells (HEK293T cells ectopically express-
ing CD79 as the chaperone for the BCR) and tested binding
of Scarlet-labeled lentiviral vectors pseudotyped with either 2.2
1LFLAG1L or VSV-G (Figure S4C).32 These two BCRs mediated
specific binding of the 2.2 1LFLAG1L pseudotype, confirming the



Table 1. Most frequent BCRs isolated from transduced splenic B cells

Rank by frequency
No. of cells sharing the
same BCR sequence BCR name

Heavy-chain
V regiona

Light-chain
V regiona Binding antigen

Pseudotypes supported
for transduction Isotype/subclass

BCRs isolated from splenic B cells transduced with the 2.2 1LFLAG1L pseudotype (total of 5,715 cells)

1 12 2.2 01 IGHV1-55 IGKV12-46 2.2 1LFLAG1L 2.2 1LFLAG1L IgG3

1 12 2.2 02 IGHV1-18 IGKV6-17 2.2 1LFLAG1L 2.2 1LFLAG1L IgG2c

3 10 2.2 03 IGHV1-55 IGKV10-96 2.2 1LFLAG1L 2.2 1LFLAG1L IgG2c

4 9 2.2 04 IGHV1-55 IGKV6-15 2.2 1LFLAG1L 2.2 1LFLAG1L IgG2c

4 9 2.2 05 IGHV1-9 IGLV1 2.2 1LFLAG1L 2.2 1LFLAG1L IgM

6 7 2.2 06 IGHV1-55 IGKV8-24 2.2 1LFLAG1L 2.2 1LFLAG1L IgG2c

7 6 2.2 07 IGHV1-55 IGKV8-24 2.2 1LFLAG1L 2.2 1LFLAG1L IgG3

7 6 2.2 08 IGHV8-12 IGKV17-127 2.2 1LFLAG1L 2.2 1LFLAG1L IgG2c

7 6 2.2 09 IGHV1-75 IGKV5-48 2.2 1LFLAG1L 2.2 1LFLAG1L IgG2c

7 6 2.2 10 IGHV1-9 IGKV12-44 2.2 1LFLAG1L 2.2 1LFLAG1L IgM

BCRs isolated from splenic B cells transduced with VSV-G pseudotype (total of 5,998 cells)

1 10 VSV 01 IGHV11-2 IGKV14-126 VSV-G on human cells VSV-G IgM

1 10 VSV 02 IGHV14-2 IGKV17-121 VSV-G on human cells VSV-G IgM

3 6 VSV 03 IGHV1-12 IGKV6-32 human antigen VSV-G and 2.2 1LFLAG1L IgG2b

4 5 VSV 04 IGHV14-2 IGKV4-79 VSV-G VSV-G IgM

4 5 VSV 05 IGHV1-64 IGKV13-85 VSV-G VSV-G and 2.2 1LFLAG1Lb IgG2c

4 5 VSV 06 IGKV13-85 IGKV13-85 VSV-G VSV-G IgM

4 5 VSV 07 IGHV1-18 IGKV5-37 VSV-G none IgM

4 5 VSV 08 IGHV1-80 IGKV2-109 human antigen VSV-G and 2.2 1LFLAG1L IgG2c

4 5 VSV 09 IGHV1-64 IGKV12-46 VSV-G VSV-G IgM

aV-regions in italic font are shown to be enriched in each transduced population as shown in Figures 3B and 3C.
bEnhancement of 2.2 1LFLAG1L pseudotype transduction was not observed on Ramos cells.
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antigenic specificity of all BCRs isolated from 2.2 1LFLAG1L-trans-
duced primary B cells to be specific to 2.2 1LFLAG1L. The anti-
genic specificity of BCRs derived from VSV-G-transduced cells
was distinct from that of 2.2 1LFLAG1L-transduced primary B cells
and showed a more complex array of binding targets (Figure S4B).
VSV-G-specific BCR sequences 04, 05, 06, 07, and 09 encoded an-
tibodies that specifically bound to VSV-G. VSV-G 03 and 08
sequence antibodies bound to a human antigen present on
HEK293T cells but not mouse B16F10 cells, and VSV-G 01 and
02 sequence antibodies bound weakly to untransfected and 2.2
1LFLAG1L-expressing HEK293T cells while binding more strongly
to VSV-G-expressing HEK293T cells (but not VSV-G-expressing
mouse B16F10 cells). VSV-G 01 and 02 likely recognize human an-
tigens exposed and/or upregulated in response to the cytotoxicity of
VSV-G and, thus, were abundantly present on VSV-G-transfected
HEK293T cells (and possibly the VSV-G pseudotype).33,34 In sum-
mary, among nine antibodies derived from VSV-G-transduced
cells, five specifically recognized VSV-G, two recognized epitopes
related to VSV-G expression, and two recognized human antigens
that were derived from vector producer HEK293T cells (Table 1).
These results encouraged us to test the hypothesis that BCRs
mediate viral binding and entry.
Virus-specific BCRs mediate viral transduction

We ectopically expressed each of the isolated BCRs on CD79
HEK293T cells and investigated whether these BCRsmediate pseudo-
type-specific increases in transduction efficiency (Figure 4A). As ex-
pected, all BCR sequences isolated from 2.2 1LFLAG1L-transduced
primary B cells selectively enhanced CD79 HEK293T cell transduc-
tion by the 2.2 1LFLAG1L pseudotype. These results demonstrate
that entry of the 2.2 1LFLAG1L pseudotype is specifically mediated
by the BCR. Likewise, three BCRs isolated from VSV-G-transduced
cells also specifically enhanced target cell transduction by the
VSV-G pseudotype (VSV 04, 06, and 09) (Figure 4B).

It is possible that the roles of BCRs in VSV-G pseudotype transduc-
tion cannot be properly quantitated in CD79 HEK293T cells due to
lack of signaling from BCRs in CD79 HEK293T cells and/or masking
by highly efficient viral entry via the VSV-G cognate receptors. For
this reason, we thought to use a human B cell line, Ramos, to express
the BCRs and assess transduction. Since Ramos cells have endoge-
nous light and heavy chains, ectopic expression of the BCR can result
in heterodimerization between exogenous and endogenous chains,
impeding analysis. Thus, we generated single-chain BCRs (ScFv
BCRs) of VSV 01–09 and 2.2 1LFLAG1L-associated BCR 2.2 05 (as
Molecular Therapy Vol. 32 No 5 May 2024 7
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Figure 4. BCRs mediate envelope protein-specific transduction of pseudotypes

(A and B) Enhancement of 2.2 1LFLAG1L or VSV-G pseudotype transduction of CD79 HEK293T cells by ectopic expression of BCRs isolated from splenic B cells

transduced with (A) 2.2 1LFLAG1L or (B) VSV-G pseudotype. Averages and SDs derived from three replicates are shown. Transduction efficiencies of untransfected

CD79 HEK293T cells with 2.2 1LFLAG1L and VSV-G pseudotypes are 1.32 ± 0.03 and 5.4 ± 0.6%, respectively. (C) Transduction of Ramos cells ectopically expressing

ScFv BCRs with the 2.2 1LFLAG1L (left) or VSV-G (right) pseudotype. n = 3, and averages are shown with SD (error bars). Significance was calculated by comparing the

transduction efficiency of Ramos cells with that of cells expressing ScFv BCR, using a two-sample, two-sided, unpaired Student’s t test (*p < 0.05, **p < 0.01).

(D) Transduction of human primary B cells ectopically expressing ScFv BCRs with the 2.2 1LFLAG1L (left) or VSV-G (right) pseudotype. n = 3, and averages are

shown with SD (error bars). Significance was calculated by comparing the transduction efficiency of human primary B cells with that of cells expressing ScFv BCRs, using

(legend continued on next page)

Molecular Therapy

8 Molecular Therapy Vol. 32 No 5 May 2024

Please cite this article in press as: Takano et al., Envelope protein-specific B cell receptors direct lentiviral vector tropism in vivo, Molecular Therapy (2024),
https://doi.org/10.1016/j.ymthe.2024.03.002



www.moleculartherapy.org

Please cite this article in press as: Takano et al., Envelope protein-specific B cell receptors direct lentiviral vector tropism in vivo, Molecular Therapy (2024),
https://doi.org/10.1016/j.ymthe.2024.03.002
a specificity control), to avoid heterodimerization with endogenous
BCRs and ectopically expressed them (Figure 4C). The 2.2 1LFLAG1L
05 ScFv BCR specificity control specifically enhanced transduction by
the 2.2 1LFLAG1L pseudotype. In this setting, six of the nine ScFv
BCRs derived from VSV-G-transduced B cells specifically increased
transduction by VSV-G-pseudotyped vectors. Of note, the VSV 03
and 08 ScFv BCRs showed enhancement of both VSV-G and 2.2
1LFLAG1L pseudotype transduction, which is consistent with the
observation above that VSV 03 and 08 BCR-derived antibodies
bind human antigen(s), which may be commonly present on both
pseudotypes. These results confirm that antigen-specific BCRs ex-
pressed on target cells play a key role in mediating the transduction
of distinct B cell populations by lentiviral vectors pseudotyped with
distinct envelope proteins.

We also examined the effects of several anti-VSV-G ScFv BCRs on
transduction of primary B cells, which are resistant to transduction
by the VSV-G pseudotype. We confirmed that the expression levels
of the ScFv BCRs were comparable with that of the endogenous
IgG1 BCR (data not shown). As a specificity control, we confirmed
that the 2.2 1LFLAG1L 05 ScFv BCR rendered non-permissive pri-
mary B cells permissive to transduction by the 2.2 1LFLAG1L pseu-
dotype (Figure 4D). VSV-G-specific ScFv BCRs specifically enhanced
the efficiency of primary human B cell transduction by the VSV-G
pseudotype 6- to 7-fold. These results confirmed that anti-viral
BCRs can facilitate the viral transduction of primary B cells.

Recombinant antibodies derived from lentivirally transduced B

cells neutralize viruses containing the same envelope protein as

the transducing lentiviral vectors

Because BCRs isolated from the transduced B cells recognized pseudo-
typed envelope proteins, some of the recombinant antibodies derived
from these cells will be able to bind neutralizing epitopes of the enve-
lope proteins, which could lead to a novel approach in isolating
neutralizing antibodies against viruses of the origin of the pseudotyp-
ing envelope protein. Thus, we testedwhether recombinant antibodies
derived from B cells transduced by the VSV-G pseudotype could
neutralize infection by VSV.35 Three of nine (VSV 04, 05, and 09) re-
combinant antibodies derived from VSV-G pseudotype-transduced
cells neutralized VSV infection (Figure 4E). Conversely, none of the
antibodies derived fromB cells transduced by the 2.2 1LFLAG1L pseu-
dotype neutralized VSV infection, confirming the binding specificities
of BCR/antibodies of transduced cells and presenting novel ap-
proaches for the generation of neutralizing antibodies against viruses.

Viral transduction promotes proliferation and differentiation of B

cells

We next examined whether virus binding to BCRs activates BCR
signaling pathways in Ramos cells. Binding of the 2.2 1LFLAG1L
a two-sample, two-sided, unpaired Student’s t test (*p < 0.05, **p < 0.01). (E) Recom

the same envelope protein as the transducing lentiviral vectors. Shown is blocking

calculated by comparing the transduction efficiency without blockers with that with t

**p < 0.01).
pseudotype to the 2.2 05 ScFv BCR phosphorylated the BCR signaling
molecules ERK and Akt, while binding of VSV-G pseudotype to the
VSV 03, 04, 05, and 06 ScFv BCRs induced phosphorylation (Fig-
ure S5A).36 Of note, both the VSV-G and 2.2 1LFLAG1L pseudotypes
elicited signaling via the VSV 08 BCRs that recognize human antigens
possibly present on the envelope of both pseudotypes. These data
demonstrate that vector binding to pseudotype-specific BCRs can
induce B cell signaling.

To determine whether BCR signaling plays a functional role in pseu-
dotype-specific vector transduction, we blocked BCR signaling with
Ibrutinib and idelalisib (Figure S5B).37,38 Neither ibrutinib nor idela-
lisib had any significant effect on transduction (Figure S5C), suggest-
ing that BCR signaling does not play an essential role in the BCR-
mediated viral entry step.

However, it is possible that BCR signaling may contribute to prolifer-
ation and/or differentiation of the transduced cells in vivo even if it
does not play an essential role in the viral entry step. To assess this
hypothesis, we compared the single-cell transcriptomics profile of
VSV-G- or 2.2 1LFLAG1L-transduced splenic B cells with that of un-
transduced or uninfected mouse B cells (Figure 5A). Consistent with
the flow cytometry analysis (Figures 1E and 1G), single-cell transcrip-
tomic phenotyping found that the highly differentiated B cell subpop-
ulations, including germinal center, memory B cells, and plasma cells,
were predominately transduced. We observed elevated expression of
Blimp1 and Xbp1, which control plasma cell terminal differentiation,
and the proliferation markers Pcna and Ki67 in transduced B cells
compared with uninfected and untransduced populations (Fig-
ure 5B).39–41 The 2.2 1LFLAG1L pseudotype upregulated prolifera-
tion and differentiation indicator genes more strongly than the
VSV-G pseudotype.

Transduced B cells also produced higher amounts of antibodies
and underwent BCR/antibody class switching from immunoglob-
ulin D (IgD) to IgM, IgG, and IgE (Figure 5B). The 2.2 1LFLAG1L
pseudotype induced class switching more efficiently than the
VSV-G pseudotype, which is consistent with our data showing
that eight of 10 of the most frequent antibodies from the B cells
transduced by the 2.2 1LFLAG1L pseudotype are IgG, while only
three of nine are IgG for those transduced by the VSV-G pseudo-
type (Table 1).

These results indicate that BCR-mediated viral entry induces pro-
liferation and differentiation of transduced cells. Given that the
absolute cell numbers of the relatively immature B cell subpopula-
tions decreased while those of differentiated mature B cell subpop-
ulations increased in lentivirally transduced spleens (Figures S2D–
S2M), it is likely that lentiviral transduction via BCRs induced
binant Abs derived from lentivirally transduced B cells neutralize viruses containing

of infection of HEK293T cells with VSV by recombinant Abs. Significance was

he blockers using a two-sample, two-sided, unpaired Student’s t test (*p < 0.05,
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Figure 5. Antiviral BCR-mediated viral entry induces

clonal response of infected B cells

(A) Single-cell gene expression analysis to compare

subpopulations of splenic B cells of naive, untransduced

cells and those transduced with the VSV or 2.2

1LFLAG1L pseudotype. (B) Heatmap of expression of

genes mediating various B cell functions in naive, un-

transduced cells and those transduced with the VSV or

2.2 1LFLAG1L pseudotype.
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differentiation of immature transduced B cells into mature effector
cells.

Antiviral BCRs mediate transduction of redirected lentiviral

vectors

We also investigated whether transduction of lentiviral vectors redir-
ected by conjugation with targeting ligands can bemediated by antiviral
BCRs. We used a modified Sindbis virus envelope protein redirected to
integrin aV/b3 and aV/b5 by replacing the FLAG tag of 2.2 1LFLAG1L
to an integrin-binding peptide (RGD-4C), designated as 4CRGD (Fig-
ure S1).13 BCRs recognizing 2.2 1LFLAG1L enhanced transduction of
the 4CRGD pseudotype in vitro (Figure 6A). When we co-injected
VSV-Gpseudotype-expressingEGFPand4CRGDpseudotype-express-
ing Ametrine, these two pseudotypes transduced distinct B cells popu-
lations (Figure 6B). B cells transduced by the 4CRGDpseudotype specif-
ically bound to Scarlet-labeled MLV pseudovirions pseudotyped with
2.2 1LFLAG1L (Figure 6C). This specific binding is blocked by anti-
bodies against the Fab domain of BCRs (Figure 6D). These results
demonstrated that lentiviral vectors redirected by insertion of targeting
ligands can still be recognized by BCRs recognizing the backbone viral
envelope proteins, resulting in antiviral BCR-mediated lentiviral
transduction.
10 Molecular Therapy Vol. 32 No 5 May 2024
DISCUSSION
These studies demonstrate that BCRs that spe-
cifically recognize viral envelope protein epi-
topes can mediate the binding and cell entry
of lentiviral vectors. Viral entry via anti-enve-
lope protein BCRs allowed for transgene
expression in B cells with lentiviral vectors
pseudotyped with 2.2 1LFLAG1L that bear
no receptor-binding domains for their cognate
receptors. This suggests that BCRs potentially
mediate entry of various types of pseudotyped
lentiviral vectors into B cells that lack any
expression of cognate viral receptors that
would otherwise restrict the vector tropism
for other cell types.

Our studies utilized mice with no prior expo-
sure to any forms of the envelope proteins,
ensuring that all identified antiviral BCRs ex-
isted prior to vector administration, which
can be explained through several molecular
mechanisms. Natural polyreactive IgM antibodies are produced in-
dependent of prior antigenic exposure to specific pathogens and play
a critical role in protecting the host from VSV and other viruses.42,43

Naturally occurring polyreactive BCRs are likely to play a significant
role in transduction with VSV-G pseudotypes, which may explain
why the majority of the BCR/antibody sequences derived from B
cells transduced by VSV-G pseudotyped vectors were IgM isotypes
(Table 1). By contrast, the majority of BCRs of 2.2 1LFLAG1L pseu-
dotype-transduced cells were class-switched IgGs, which usually
occur in germinal centers following antigen binding to the BCR.
One study showed that BALB/c mice have germline BCRs that
bind the influenza virus hemagglutinin (HA) protein with high affin-
ity, which induced germinal center formation.44,45 Our tissue anal-
ysis of the spleen from the 2.2 1LFLAG1L pseudotype-injected
mouse showed enhanced germinal center formation, which would
be consistent with the hypothesis that germline BCRs recognizing
2.2 1LFLAG1L undergo class switching and affinity maturation in
germinal centers.

Although lentiviral transduction via this route will occur in small
populations in B cells, it is highly selective to the specific B cell sub-
sets capable of generating antibodies against the envelope proteins.
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Figure 6. Antiviral BCRs mediate transduction of

redirected lentiviral vectors

(A) Enhancement of 4CRGD pseudotype transduction of

CD79 HEK293T cells by ectopic expression of BCRs

isolated from splenic B cells transduced with the 2.2

1LFLAG1L or VSV-G pseudotype. Averages and SDs

derived from three replicates are shown. The

transduction efficiency of untransfected CD79 HEK293T

cells with 4CRGD pseudotypes is 0.99% ± 0.2%.

Significance was calculated by comparison with the

transduction efficiency of untransfected CD79 HEK293T

cells using a two-sample, two-sided, unpaired

Student’s t test (**p < 0.01). (B) Transduction of splenic

B cells (C57BL6) with lentiviral vectors pseudotyped

with VSV-G (GFP+) or 4CRGD (Ametrine+). Averages

and SDs of the percentages transduced cells derived

from 3 replicates are shown. (C) Binding of Scarlet-

labeled MLV pseudovirions pseudotyped with VSV-G

(VSV-G [MLV] Src Sclt) or 2.2 1LFLAG1L (2.2

1LFLAG1L [MLV] Src Sclt) to splenic B cells transduced

with lentiviral vectors pseudotyped with VSV-G (GFP+)

or 4CRGD (Ametrine+). Averages and SDs were derived

from 3 replicates. Significance was calculated using

a two-sample, two-sided, unpaired Student’s t test

(*p < 0.01). (D) Binding of MLV pseudovirions

pseudotyped with 2.2 1LFLAG1L to splenic B cells

transduced with 4CRGD-pseudotyped lentiviral vector

in the absence or presence of goat anti-mouse Ig Fab

domain or control goat Ab. Averages and SDs derived

from three replicates are shown. Significance was

calculated using a two-sample, two-sided, unpaired

Student’s t test (p < 0.01).
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Our results suggest new opportunities to selectively transduce B cell
subpopulations expressing BCRs against desired envelope proteins
by pseudotyping the vectors with the envelope proteins of the target
virus. For example, lentiviral vectors pseudotyped with EboZ will
transduce B cells expressing anti-Ebola virus BCRs in vivo, which
enables expression of antiviral effector molecules from the cells
that can proliferate and differentiate in response to Ebola virus
replication. It is also conceivable that epitopes might be engineered
into vector particles to direct transduction based on B cell antigen
specificity (e.g., conjugating 2.2 1LFLAG1L with target antigens,
etc.)17

Beyond the general opportunity for BCR-specific vector targeting by
engineered envelope proteins, the present results also identify key
empirical opportunities for optimizing the bio-
logical impacts of this approach through stra-
tegic selection of envelope backbones. The 2.2
1LFLAG1L pseudotype transduces splenic B
cells more efficiently than the Sindbis pseudo-
type, likely due to the abrogated binding of 2.2
1LFLAG1L to cognate receptors so that the 2.2
1LFLAG1L pseudotype can reach splenic B cells
efficiently without being trapped by the liver
and/or other cell types in the blood and spleen. This preferential
tropism for splenic B cells may also increase the effective “multiplicity
of binding, entry, and transduction” and thereby enhance BCR
signaling, proliferation of transduced B cells, and their differentiation
into memory B and plasma cells. Because the half-life of plasma cells
and memory B cells can be as long as the life of the host, and B cells
can induce tolerance to their transgene products, in vivo B cell trans-
duction with the 2.2 1LFLAG1L pseudotype may have more durable
biological effects than other pseudotypes.22,46–49

Our data also proposed a genetic strategy for isolating BCR/
antibody sequences that encode neutralizing antibodies. Current
protocols for mapping neutralizing antibodies by single-cell
sequencing depend on immunization with viral antigens followed
Molecular Therapy Vol. 32 No 5 May 2024 11
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by staining of BCRs with fluorescence-conjugated viral antigens
and subsequent cell sorting.50 This method cannot identify high-
affinity antibodies from plasma cells due to the downregulation
of BCRs on plasma cells. Our method uses integrated lentiviral re-
porter genes to identify antiviral B cells; therefore, such B cells can
be identified after differentiation into plasma cells with antibody
affinity maturation.

Our results indicated differentiation of transduced cells into long-
lived plasma cells within 4 days of vector administration. It is conceiv-
able that such rapid differentiation into long-lived plasma cells occurs
when splenic B cells encounter replication-competent viruses.
Because long-lived plasma cells downregulate BCRs, it is conceivable
that rapid differentiation into long-lived plasma cells protects B cells
capable of producing antiviral antibodies from antiviral BCR-medi-
ated infection with viruses.

Given the vast diversity-generating mechanisms of BCR genomic
rearrangement, it is conceivable that BCRs may recognize not only
lentiviral vectors but also exterior features of other enveloped and
non-enveloped viruses and viral vectors as well as other types of
gene delivery vehicles and thereby facilitate their entry into B cells.
Future research is needed to establish this potential and to map the
breadth of the effects of BCR-mediated gene transduction/viral infec-
tion in vivo across a wide range of gene delivery vectors and viruses.

MATERIALS AND METHODS
Cells

Ramos, Raji, Daudi, Sp2/0, P3X63, Y3-Ag 1.2.3, HEK293T, and
HEK293T-related cells were cultured in IMDM (Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS) (Cytiva, Marlborough, MA, USA) and 1� pen/strep.
CD79 HEK293T and CD79 Sp2/0 cells were generated by co-trans-
duction of HEK293T cells with lentiviral vectors expressing human
CD79A with a hygromycin-resistant gene and human CD79B with
a puromycin-resistant gene, followed by culture in the presence of hy-
gromycin (800 mg/mL, Thermo Fisher Scientific) and puromycin
(2 mg/mL, Thermo Fisher Scientific). Human peripheral blood
mononuclear cells (PBMCs) were obtained from healthy normal
donors and purchased from the UCLA CFAR Virology Core.
PBMCs were cultured in B cell stimulation medium (IMDM supple-
mented with 10% FBS, 1� pen/strep, 500 IU/mL human
interleukin-2 (IL-2; Shenandoah Biotech, Warminster, PA, USA),
50 ng/mL human IL-10 (Shenandoah Biotech), 10 ng/mL human
IL-15 (Shenandoah Biotech), 50 nM 2-mercaptoethanol, 1 mg/mL
ODN2006 (InvivoGen, San Diego, CA, USA), and 100 ng/mL human
soluble CD40 ligand (Shenandoah Biotech).38

Plasmid cloning and construction

Primers and synthetic genes were ordered from Integrated DNA
Technologies (Coralville, IA, USA). All constructs were made by
the In-fusion kit (Takara Bio, San Jose, CA, USA) in general. pLV-
EF1a-CD79A-IRES-Hygro was generated from pLV-EF1a-IRES-
Hygro (Addgene, Watertown, MA, USA) by inserting human
12 Molecular Therapy Vol. 32 No 5 May 2024
CD79A cDNA between the BamH1 and EcoR1 sites.51 pLV-EF1a-
CD79B-IRES-Puro was generated from pLV-EF1a-IRES-Hygro
(Addgene) by inserting human CD79B cDNA between the BamH1
and EcoR1 sites. Zeocin hIgG1-mem was generated from pFUSEss-
CHHIh-hG1 (InvivoGen) by inserting a cDNA sequence of the hu-
man IgM transmembrane and the cytoplasmic domains between
the Nsi1 and Hpa1 sites. The expression vectors of membrane-
anchored and soluble forms of immunoglobulin heavy chains were
generated by inserting V regions of synthesized heavy-chain DNAs
between the EcoR1 and Nhe1 sites of zeocin hIgG1-mem and pFU-
SEss-CHHIh-hG1, respectively. Expression vectors of immunoglob-
ulin light chains were generated by inserting V regions of synthesized
light-chain DNAs between the EcoR1 and BsiW1 sites of pFUSE2ss-
CLIg-hk. cDNAs of single-chain antibodies of BCRs were designed by
connecting the 3ʹ end of the light-chain variable region sequences to a
flexible linker (GGGGSX3), followed by the 5ʹ end of the light-chain
variable region sequences. To distinguish ScFv BCRs from endoge-
nous BCRs when expressed on human B cells, we added a FLAG
tag sequence at the 5ʹ end of the ScFv sequences. The designed cDNAs
were synthesized and inserted between the EcoR1 and Nhe1 sites of
zeocin hIgG1-mem to generate ScFv BCRs. The ScFv BCRs sequences
were then cloned between the BamH1 and Sal1 sites of cppt2e or the
Age1 and Spe1 sites, pRRL MND GFP (Addgene), to generate lenti-
viral vectors expressing ScFv BCRs. The LumiScarlet, Scarlet, and
Ametrine sequences were synthesized and inserted between the
BamH1 and EcoR1 sites of FUGW to generate FULumiScltW,
FUScltW, and FUAW, respectively.52 The cDNA of Src Sclt was
designed and synthesized by replacing the VPX sequence of Src-
Pro-FLAG-VPX with the Scarlet sequence.53 The Src Sclt expression
vector was generated by replacing the VSV-G sequence of pCMV-
VSV-G with synthesis of the Src Sclt sequence. 2.2 1LFLAG1L was
generated by inserting the cDNA of the FLAG tag between the
AVR2 and BstE2 sites of 2.2 1L1L.

Transfection and lentiviral and retroviral production

To generate lentiviral vectors, we performed transient transfection of
HEK293T cells, using TransIT LT1 (MirusBio, Madison, WI, USA)
according to the manufacturer’s protocol. To generate regular lentivi-
ral vectors, HEK293T cells (1.4� 107) were transfected with one type
of envelope protein expression vector (6–7 mg), packaging plasmid ps
PAX2 (12–13 mg), and one type of lentiviral vector plasmid expressing
the transgene of interest (12–13 mg). To generate lentiviral vectors
treated with saquinavir, HEK293T cells were cultured in the presence
of 3 mM saquinavir (NIH HIV Reagent Program, Manassas, VA,
USA) after transfection. To generate lentiviral pseudovirions labeled
with Scarlet, HEK293T cells (1.4 � 107) were transfected with one
type of envelope protein expression vector (6–7 mg), packaging
plasmid ps PAX2 (12–13 mg), and Intron2 Src Scarlet (0.5 mg). To
generate the S protein-pseudotyped lentiviral vector containing b-lac-
tamase and Src Scarlet, HEK293T cells (1.4 � 107) were transfected
with HDM-SARS2-Spike-D21-D614G (8 mg), ps PAX2 (12–13 mg),
FUGW (6–7 mg), pCMV4-BlaM-Vpr (3 mg), and Intron2 Src Scarlet
(0.5 mg).54 To generate MLV pseudovirions labeled with Scarlet,
B16F10 cells (9 � 106) were transfected with one type of envelope
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protein expression vector (6–7 mg), packaging plasmid pUMVC
(12–13 mg), and Intron2 Src Scarlet (0.5 mg).55 Three days post
transfection, the supernatant was subjected to ultracentrifugation
(20,000 rpm, 4�C, 2 h) with the SW32 rotor (Beckman Coulter Geno-
mics, Brea, CA, USA), using PBS containing 20% sucrose as a
cushion. The pellet containing the virus was resuspended in Hanks’
buffered saline (100-fold concentration). The amounts of lentiviral
vectors and lentiviral pseudotypes were quantitated by HIV p24
ELISA (XpressBio, Frederick, MD, USA), and the amounts of MLV
pseudovirions were quantitated by fluorescent western blotting using
a rabbit anti-murine leukemia virus p30 gag capsid polypeptide (Ab-
solute Antibody, Wilton, UK) and anti-rabbit IgG StarBright 700
antibody (Bio-Rad, Hercules, CA, USA).

Generation of replication-deficient VSV

Replication-deficient VSV seed particles (VSVDG-luc/GFP) pseudo-
typed with VSV-G were generated as described previously and gener-
ously provided by Dr. Michael Letko (Washington State University)
and Dr. Vincent Munster (NIH).35 To make subsequent seed particle
stocks, HEK293T cells were transfected with a plasmid encoding
VSV-G and infected 24 h later with replication-deficient VSV seed
particles pseudotyped with VSV-G. Supernatant containing newly
made seed particles was collected 24 h post infection, centrifuged to
remove cell debris, and aliquoted and stored at �80�C until use.

Production of recombinant antibodies

Recombinant antibodies were produced by transfecting HEK293T
cells with their expression vector plasmids using TransIT LT1.
HEK293T cells (1.4 � 107) were transfected with one type of
heavy-chain expression vector (12 mg) and one type of corresponding
light-chain expression vector (18 mg). One day post transfection, cells
were cultured with AIM-Vmedium supplemented with 1� pen/strep.
The supernatants were collected and filtered 5 days post transfection.
The supernatants were incubated with MabCapture A (Thermo
Fisher Scientific) beads for 1 h at room temperature (RT). The beads
were pelleted by centrifugation then washed in columns, and recom-
binant antibodies were eluted according to the manufacturer’s proto-
col. The buffers of all purified proteins were changed to Tris-buffered
solution (Thermo Fisher Scientific) using Zeba spin columns
(Thermo Fisher Scientific).

In vivo transduction of splenic B cells by intravenous injection of

lentiviral vectors

This study was carried out in accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the Na-
tional Institutes of Health, and was approved by the institutional An-
imal Care and Use Committees of the University of California, Los
Angeles (protocol ARC-2022-033). For bioluminescence imaging
and flow cytometry analysis of transduced splenic cells, lentiviral vec-
tors expressing LumiScarlet (FUFlagLumiScltW) pseudotyped with
the VSV-G, Sindbis, or 2.2 1LFLAG1L envelope protein were retro-
orbitally injected into C57BL6 albino mice (female, 6 weeks old;
The Jackson Laboratory, Bar Harbor, ME, USA). The virus amount
was adjusted by HIV p24 amount (3 mg HIV p24 in 150 mL PBS).
Four days post vector administration, we anesthetized the mice and
intraperitoneally injected them with fluorofurimazine (8.8 mM
100 mL/mouse; Promega, Madison, WI, USA). CCCD images were
obtained using a cooled IVIS charge-coupled device (CCD) camera
(Xenogen, Canbury, NJ, USA) 0, 5, or 10 min after substrate injection.
The data were analyzed with Living Image software (PerkinElmer) at
the time point showing the maximum bioluminescence signals (pre-
dominantly 5–10 min post injection). After imaging, the mice were
sacrificed, and the livers and spleens were isolated. The spleen cell sus-
pensions were prepared by passing spleen tissue through a cell
strainer (40 mm), followed by red blood cell lysis with LCK red blood
cell lysis buffer, and cell numbers were counted by Logos LunaII. The
liver and half of the spleen cells were lysed by tissue cell lysis buffer
(Goldbio, St. Louis, MO, USA) containing a protease inhibitor cock-
tail (Thermo Fisher Scientific), usingMACSdissociator (Miltenyi Bio-
tec, Gaithersburg, MD, USA), followed by removal of cell debris by
centrifugation. Bioluminescence activities in the supernatants were
measured by an in vitro luciferase assay, and protein concentrations
were measured using detergent-compatible Bradford assay (Thermo
Fisher Scientific). An in vitro bioluminescence assay was conducted
by mixing the same volume of 17.6 nM fluorofurimazine in
NanoGlo buffer (Promega), using a GloMax 20/20 luminometer
(Promega).56 For flow cytometry analyses, cells were incubated with
anti-CD16/CD32 (FcgRII-III, clone 2.4G2; eBioscience, San Diego,
CA, USA) to reduce nonspecific staining. Transitional T1 and T2/
T3 cells, follicular B cells, marginal zone B cells, and B-1 cells were
resolved by flow cytometry after incubation with the appropriate
combinations of the following antibodies: BV421-conjugated anti-
mouse CD21, BV650-conjugated anti-mouse CD23, APC-conjugated
anti-mouse CD19, and SuperBright 780-conjugated anti-mouse IgM
antibodies.22 Short- and long-lived plasma cells, GCA B cells, and
memory B cells were resolved by flow cytometry after incubation
with the appropriate combinations of the following antibodies:
APC-conjugated anti-mouse B220, BV711-conjugated anti-mouse
CD138, SuperBright 780-conjugated anti-mouse CD19, APC-conju-
gated anti-mouse GL7, BV421-conjugated anti-mouse CD38,
BV650-conjugated anti-mouse IgD, and BV605-conjugated anti-
mouse CD95 antibodies.21 B, T, and natural killer (NK) cells as well
as macrophages and conventional and plasmacytoid dendritic cells
were resolved by flow cytometry after incubation with the appropriate
combinations of the following antibodies (Abs): BV421-conjugated
anti-mouse CD11c, SuperBright 780-conjugated anti-mouse F4/80,
BV605-conjugated anti-mouse CD19, BV711-conjugated anti-mouse
CD4, APC H7-conjugated anti-mouse B220, and APC-conjugated
anti-mouse CD49b Abs. Flow cytometry analyses were performed
on an Attune NxT flow cytometer (Thermo Fisher Scientific), and
data were analyzed by FCS Express 5 (De Novo Software, Pasadena,
CA, USA). Expression levels of Axl and TIM-1 in transduced splenic
B cells were also investigated by staining splenocytes transduced
with Scarlet-expressing the 2.2 1LFLAG1L pseudotype with BV711-
conjugated anti-mouse Axl, Alexa 488-conjugated anti-mouse
TIM-1, and APC-conjugated anti-mouse CD19 Abs. For histological
analyses, GFP-expressing lentiviral vectors pseudotyped with either
2.2 1LFLAG1L or VSV-G (2 mg HIV p24 in 150 mL PBS) were
Molecular Therapy Vol. 32 No 5 May 2024 13
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retro-orbitally injected into C57B6 mice (female, 6 weeks old; The
Jackson Laboratory). Four days post injection, the mice were
sacrificed, and their spleens were isolated and fixed in 10%
formalin overnight. This was followed by rinsing with water, storage
in 70% ethanol, and submission to the UCLA TPCL for making
slides, H&E staining, and staining GFP, mouse CD3, and mouse
B220. For double infection of GFP- and Scarlet-expressing lentiviral
vectors, each type of lentiviral vector expressing LumiScarlet
(FUFlagLumiScltW) and GFP (FUGW) pseudotyped with the VSV-
G, 2.2 1LFLAG1L, EboZ envelope protein was retro-orbitally injected
into C57BL6 mice (female, 6 weeks old). Both types of vectors were
adjusted to 3 mg HIV p24 in 150 mL PBS. Four days post injection,
the mice were sacrificed, and the splenic cells were stained and
analyzed by flow cytometry as described above. For the virus binding
assay, Ametrine-expressing lentiviral vectors (FUAW) pseudotyped
with either 2.2 1LFLAG1L or 4CRGD and FUGW pseudotyped
with either VSV-G or EboZ were co-injected into C57BL6 and
BALB/c mice. Both types of vectors were adjusted to 3 mg HIV p24
in 150 mL PBS. Four days post-injection, the splenocytes were isolated
as described above and stained with anti-CD3 APC, anti-CD19
BV650, and Scarlet-labeled MLV pseudovirions pseudotyped with
either VSV-G, 2.2 1LFLAG1L, or EboZ in the presence or absence
of either Fabʹ2 goat anti-mouse IgG Fabʹ2 or control goat IgG Fabʹ2
(20 mg/mL) at RT for 1 h. Virus binding to B cells was analyzed by
measuring Scarlet+ populations in the CD19+CD3� population.

Transduction of various types of B cells

Sp2/0, Y3-Ag 1.2.3, Ramos, Raji, and Daudi cells (1� 105) were incu-
bated with 200 mL of GFP-expressing lentiviral vector (FUGW) pseu-
dotyped with VSV-G, Sindbis, or 2.2 1LFLAG1L at the virus concen-
trations shown in Figures 1A–1D and S3A–S3D (1,000, 100, or 10 ng
HIV p24/mL). Three days post transduction, GFP expression was
analyzed by flow cytometry. PBMCs from healthy donors were
cultured for 3 days in B cell stimulation medium, and then the cells
were transduced with 200 mL of various pseudotypes (FUGW) at
1,000 or 100 ngHIV p24/mL. Three days post transduction, the trans-
duced cells were stained by BV421 conjugated anti-mouse CD19 Ab,
and percentages of GFP-expressing cells in the CD19 populations
were analyzed by flow cytometry.

Single-cell gene expression and BCR sequence analysis

The 2.2 1LFLAG1L-pseudotyped GFP-expressing lentiviral vector
(FUGW) and VSV-G pseudotyped Scarlet-expressing lentiviral vec-
tor (FUScltW) were retro-orbitally co-injected into C57BL6 mice
(female, 6 weeks old, 4 mg p24 for both vectors in 150 mL PBS).
Four days post injection, we isolated splenocytes as described above
and stained the cells with anti-CD19 APC Ab. B cells that were single
positive for GFP or Scarlet or were untransduced B cells were sorted
by the UCLA JCCC/CFAR Flow Cytometry Core. We also isolated
splenic B cells from a mouse that did not receive any vector adminis-
tration. The sorted cells were subjected to BCR sequencing using the
Chromium Single Cell Mouse BCR amplification kit and gene expres-
sion sequencing using Chromium Next GEM Single Cell 5 reagent kit
v.2 (10� Genomics, Pleasanton, CA, USA). The next-generation
14 Molecular Therapy Vol. 32 No 5 May 2024
sequencing was done using NovaSeq (paired end 2 � 100 bp; Illu-
mina, San Diego, CA, USA). 6,000 cells were subjected to sequencing.
200,000 and 5,000 reads per cells were analyzed for gene expression
and BCR sequencing, respectively. Gene expression was analyzed
by Loupe browser v.6.00, and the BCR sequence was analyzed by
Loupe VDJ browser v.4.0.0 (10� Genomics).57,58

Functional analyses of BCRs as virus receptors

CD79 HEK293T cells (2 � 106) were transfected with light-chain
(3 mg) and heavy-chain (2 mg) expression vectors of BCRs. One day
post transfection, transfected cells (1 � 105 cells/well) were seeded
into 48-well plates. Two days post transfection, the transfected cells
were transduced with the 2.2 1LFLAG1L-pseudotyped GFP-express-
ing lentiviral vector (FUGW) (10 ng HIV p24/mL), VSV-G-pseudo-
typed Scarlet-expressing lentiviral vector (FUScltW) (0.25 ng HIV
p24/mL), or 4CRGD-pseudotyped Ametrine-expressing lentiviral
vector (FUAW) (75 ng HIV p24/mL). Two-days post virus transduc-
tion, cells were harvested and stained with Alexa 647 goat Fab anti-
human IgG (Fc). GFP+, Scarlet+, or Ametrine+ populations among
Alexa 647+ populations were analyzed by flow cytometry.

Binding of recombinant Abs to VSV-G and 2.2 1LFLAG1L

B16F10 (9 � 106) and HEK293T (1.4 � 107) cells were transfected
with 24 mg of either expression vector of VSV-G, 2.2 1LFLAG1L, or
control empty vector, together with FUAW, using TransIT LT1.
Two days post transfection, cells were stained with recombinant
Abs or human IgG1 isotype control Ab, followed by PE-conjugated
Fab goat anti-human IgG Ab. The Ab binding to Ametrine+ popula-
tions was analyzed by flow cytometry. To analyze binding of Scarlet-
labeled HIV pseudovirions pseudotyped with VSV-G (40 ng HIV
p24/mL) or 2.2 1LFLAG1L (400 ng HIV p24/mL), CD79 HEK293T
cells were transfected with expression vectors of light and heavy
chains of the negative control BCR, VSV 04 BCR, 2.2 08 BCR, or
2.2 10 BCR, as described above. Two days post transfection, cells
were stained with either VSV-G- or 2.2 1LFLAG1L-pseudotyped
pseudovirions together with Alexa 647 goat Fab anti-human IgG
(Fc). Scarlet+ populations among Alexa 647+ populations were
analyzed as virus binding by flow cytometry.

Transduction and signaling of ScFv BCR-expressing Ramos

cells

Ramos cells were transduced with various ScFv BCR-expressing len-
tiviral vectors. The transduced cells were stained with APC-conju-
gated anti-FLAG Ab and sorted by the UCLA JCCC/CFAR Flow Cy-
tometry Core. Ramos cells and ScFv BCR-expressing Ramos cells
(1 � 105) were transduced with 200 mL of GFP-expressing lentiviral
vector (FUGW) pseudotyped with VSV-G (5 ng HIV p24/mL) or
2.2 1LFLAG1L (1 mg HIV p24/mL). Two days post transduction,
GFP expression was analyzed by flow cytometry. When investigating
signaling upon virus binding, cells were incubated with control me-
dium or lentiviral vectors pseudotyped with VSV-G or 2.2 1LFLAG1L
(5 mg HIV p24/mL) for 1 h at 37�C. The cells were then fixed with 4%
paraformaldehyde for 20 min at RT. The fixed cells were then per-
meabilized by 100% methanol (Thermo Fisher Scientific) on ice for
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30 min, followed by staining with Alexa 647 mouse anti-Akt (pS473;
BD Biosciences, Franklin Lakes, NJ, USA) or mouse anti-ERK1/2
(pT202/pY204, BD Biosciences) Abs.36When investigating the effects
of BCR signaling inhibitors, Ramos cells or ScFv BCR-expressing Ra-
mos cells were incubated with 100 nM ibrutinib or idelalisib for
30 min before and during incubation with virus.

Ectopic expression of human ScFv BCR on human PBMCs and

transduction

Human PBMCs were cultured in B cell stimulation medium 3 days
before transduction of ScFv BCR-expressing lentiviral vectors. Hu-
man PBMCs (4 � 106) were incubated with GALV-pseudotyped
ScFv BCR-expressing lentiviral vectors (5 mg HIV p24 in 1.5 mL
DMEM + 3% BSA) in 6-well plates. The plates were spun at
1,500 rpm for 30 min at RT and then incubated for 6 h. The cells
were then cultured in B cell stimulation medium for 3 days. BCR
expression was confirmed by flow cytometry after staining the cells
with human TruStain FcX, BV421 anti-human IgD, KIRAVIA Blue
520 anti-human CD19, and mouse anti-FLAG IgG PE. The cells
were then transduced with the GFP-expressing lentiviral vector
(FUGW) pseudotyped with 2.2 1LFLAG1L and Scarlet-expressing
lentiviral vector (FUScltW) pseudotyped with VSV-G for 2 h at
37�C. Cells were cultured for 2 days, harvested, and stained with hu-
man TruStain FcX, BV421 anti-human CD19, and anti-Flag APC
Abs. GFP and Scarlet expression in CD19+ and FLAG+ populations
was analyzed by flow cytometry.

Blocking vesicular stomatitis virus infection by recombinant Abs

HEK293T cells (1 � 105 cells/well) were seeded in a 24-well plate
1 day before infection. VSV expressing GFP and luciferase reporter
genes (VSV-G/VSVDG-luc/GFP) was incubated with 10, 1, or
0.1 mg/mL of recombinant Abs (2.2 05 and VSV 04 hIgG1), isotype
control human IgG1 Abs, or control medium for 30 min at RT before
transduction. HEK293T cells were incubated with VSV-G/VSVDG-
luc/GFP (250 mL/well, MOI 0.15) or an equivalent amount of the virus
preincubated with Abs for 2 h at 37�C. One day post transduction,
GFP expression was analyzed by flow cytometry.
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