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In vivo CRISPR/Cas9 screens identify new regulators
of B cell activation and plasma cell differentiation
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Immune responses to pathogens lead to the generation of plasma cells through a complex interplay of B cells with their
microenvironment in lymphoid organs. To identify new regulators of B cell activation and plasmablast differentiation in the
context of the splenic microenvironment, we established an in vivo system for pooled sgRNA CRISPR/Cas9 screens in
immunized mice. To improve the infection efficiency of naive B cells, we generated Cd23-Cre Rosa26'S--E<°R/+ mice exhibiting
increased expression of the ecotropic lentivirus receptor EcoR on naive B cells. Upon adoptive B cell transfer and immunization
of recipient mice, 379 sgRNAs, targeting genes with high expression in plasma cells, were analyzed for their effects on
plasmablast generation. Gene hits, encoding 23 positive and 18 negative regulators of B cell activation, plasmablast
differentiation, or homeostasis, were uniquely identified in these in vivo screens. Validated genes encoded proteins involved in
cell adhesion, signal transduction, protein folding, iron transport, and enzymatic processes. Hence, our in vivo screening
system identified novel regulators controlling B cell-mediated immune responses.

Introduction

B cell responses are essential for humoral immunity against
pathogens as they lead to the generation of activated B cells and
germinal center (GC) B cells that subsequently develop into
antibody-secreting plasma cells that produce large amounts of
antigen-specific antibodies to eliminate the infection (Cyster
and Allen, 2019; Nutt et al., 2015). Upon antigen encounter,
the newly generated, antibody-secreting cells in peripheral
lymphoid organs remain proliferative and are thus referred to as
plasmablasts. Upon withdrawal from the cell cycle, these plas-
mablasts can home to the bone marrow, where they develop into
quiescent long-lived plasma cells, functioning as immunological
memory against pathogens (Fooksman et al., 2024; Nutt et al.,
2015; Tellier et al., 2024). Misguided B cell responses can also act
as key mediators of diseases, such as allergies, antibody-
mediated autoimmunity, and tumor malignancies (Cyster
and Allen, 2019).

B cell responses are initiated in secondary lymphoid organs
once mature B cells encounter their cognate antigens. The na-
ture of the antigen determines how B cell responses develop and
give rise to different outcomes (Elsner and Shlomchik, 2020).
For instance, engagement of the B cell antigen receptor (BCR) by
polysaccharide antigens (T cell-independent [TI] type II anti-
gens) initiates a signaling cascade that is sufficient to cause B cell
activation and subsequent differentiation into memory B cells

and low-affinity antibody-secreting plasma cells (Garcia de
Vinuesa et al., 1999b; Obukhanych and Nussenzweig, 2006),
whereas B cell activation by peptide antigens requires, in addi-
tion to BCR engagement, the interaction between B cells and
cognate antigen-specific CD4* T cells. These T cell-dependent
(TD) B cell responses lead additionally to the generation of GCs
within B cell follicles and the differentiation of GC B cells into
memory B cells and plasma cells expressing higher affinity an-
tibodies (Victora and Nussenzweig, 2022).

The transition from mature B cells to antibody-secreting cells
is associated with substantial changes in cell morphology and the
expression of hundreds of genes (Shi et al., 2015; Tellier et al.,
2016; Minnich et al., 2016). Known key regulators of plasma cell
differentiation and function are the transcription factors Irf4
(Sciammas et al., 2006; Klein et al., 2006), Blimpl (Prdmi)
(Tellier et al., 2016; Minnich et al., 2016), Xbpl (Bettigole and
Glimcher, 2015; Wéhner et al., 2022), and E-proteins (Wohner
et al., 2016; Gloury et al., 2016). Recent efforts to investigate the
function of novel regulators expressed in plasma cells have used
targeted CRISPR/Cas9 screens to inactivate many genes simul-
taneously (Newman and Tolar, 2021; Pinter et al., 2022; Trezise
etal., 2023; Turner et al., 2022; Xiong et al., 2023; Chu et al., 2016).
Although these studies have been comprehensive and revealed
novel genes that are important for plasma cell differentiation, they
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were performed with in vitro-cultured activated B cells and,
therefore, did not consider the role of the microenvironment in
secondary lymphoid organs in controlling the development of
B cell responses.

Immune cell activation, differentiation, and function are af-
fected by complex cellular and microenvironmental signals that
occur in vivo and cannot be easily modeled in vitro. Chemokines,
cytokines, and adhesion molecules expressed by stromal cells or
other hematopoietic cells in the niche have been shown to reg-
ulate B cell-mediated immune responses and the lifespan of
plasma cells (Cassese et al., 2003; Garcia de Vinuesa et al., 1999a;
Hargreaves et al., 2001; Robinson et al., 2020). CRISPR/Cas9-
based in vivo genetic screens in mouse models have recently been
used to unravel the regulatory mechanisms of immune cell fate
and function primarily in the T cell lineage (Dubrot et al., 2022;
Huang et al., 2021; Long et al., 2021). To identify new regulators
of B cell activation and plasma cell development in the context of
the microenvironment of secondary lymphoid organs, we es-
tablished an in vivo model system for pooled single-guide RNA
(sgRNA) CRISPR/Cas9 screens. We performed successful
screening experiments, in which naive sgRNA-transduced do-
nor B cells were transferred into recipient mice to undergo dif-
ferentiation into activated B cells and plasma cells in vivo upon
TD and TI immunization. Our screening experiments simulta-
neously investigated the functions of 379 genes that are highly
expressed in plasma cells. Their importance in the development
of B cell responses and in the generation, survival, and/or
maintenance of antibody-secreting cells was tested. We identi-
fied and validated several novel positive and negative regulators
that are implicated in the control of these late-stage immune
processes.

Results

Establishing an in vivo model system for CRISPR/Cas9
screening of novel regulators of B cell responses

As the microenvironment of secondary lymphoid organs is
crucial for the development of immune responses, we estab-
lished an in vivo model system for CRISPR/Cas9 screens to
identify new genes that regulate B cell-mediated immune re-
sponses. The system consists of isolating Cas9-expressing naive
B cells, transducing them with lentiviral (LV) particles carrying
sgRNAs targeting the genes of interest, transferring these
transduced naive donor B cells to recipient mice, and evaluating
the abundance of sgRNAs in the resulting plasmablasts after
immunization of the recipient mice (Fig. 1 A).

As such, this system requires the transduction of naive B cells
and their in vitro culture for a few days, both of which are dif-
ficult to achieve without the activation of B cells. We first ex-
plored the in vitro culture conditions for naive B cells by
analyzing the viability and naive status of B cells upon culturing.
Thus, splenic B cells were cultured in B cell medium without any
additional additives or in B cell medium containing lipopoly-
saccharide (LPS) as a reference culture condition. Additionally,
B cells were cocultured with stromal OP9 cells in the presence or
absence of soluble B cell-activating factor (sBAFF) or only with
SBAFF. Among the conditions tested after 3 days, culturing of
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B cells on stromal OP9 cells alone or on OP9 cells with sBAFF
appeared to be best in maintaining the naive B cell state, as as-
sessed by the absence of expression of the activation marker
CD69, the maintenance of IgD expression, and the absence of
plasmablasts (Fig. 1, B and C). The B cells cultured on OP9 cells
with sBAFF exhibited the highest cell viability (75%) and con-
tained on average 15% of dividing cells, while B cells cultured on
OP9 cells alone contained no dividing cells, but had on average a
lower cell viability (54%) (Fig. 1, B and C). For all further ex-
periments, we have chosen the OP9 cell-plus-sBAFF condition,
as we considered the higher cell viability to be more important
for obtaining enough infected naive B cells to be able to perform
B cell transfer experiments.

Unless activated, naive B cells are poorly transducible with
commonly used LVs. This poor infection efficiency is likely
caused by the low expression of the corresponding viral re-
ceptors on naive B cells. We therefore used CRISPR/Cas9 engi-
neering to generate a Rosa26 knock-in mouse that carries the
cDNA encoding the solute carrier SLC7Al1 downstream of a
loxP-flanked transcriptional termination sequence (LoxP-Stop-
LoxP [LSL]) (Fig. 2 A). SLC7AL is the receptor for ecotropic LVs,
which is also known as ecotropic receptor (EcoR). Mice carrying
the Rosa26MSL-E«°R allele were crossed with transgenic Cd23-Cre
mice (Kwon et al., 2008) to generate Cd23-Cre Rosa26lSL-Ecor/+
mice. Cre recombinase expression from the Cd23-Cre transgene
(Kwon et al., 2008) is initiated during the transition from im-
mature to mature B cells, thus leading to excision of the stop
cassette and transcription of the Slc7al cDNA in mature B cells.
Flow cytometric analysis showed that splenic B cells isolated
from Cd23-CrelSL-EcoR/+ mice expressed threefold higher levels of
the EcoR SLC7A1 compared with B cells from control Cd23-Cre
Rosa26*/* mice (Fig. 2 A). B cells isolated from these mice were
infected ex vivo with ecotropic LV particles expressing mCherry
as a fluorescent reporter protein (mCherry-LV) (Fig. 2 B). After
infection and 3 days of in vitro culture on OP9 cells with sBAFF,
B cell transduction was assessed by flow cytometry. Approxi-
mately 8% of the B cells from Cd23-Cre Rosa26SL-E<R/+ mice were
mCherry*, whereas control B cells isolated from Cd23-Cre
Rosa26*/* mice were poorly transduced, as expected (Fig. 2 B).
Notably, the percentage of infected mCherry* B cells strongly
increased from day 2 to day 3 during in vitro culture on OP9 cells
with sBAFF (Fig. S1 A), while the mCherry-LV apparently in-
fected the few dividing cells in culture with a fourfold higher
efficiency compared with the majority of nondividing cells (Fig.
S1 B). We therefore sorted the infected mCherry* B cells after
3 days in culture, followed by their transfer to recipient mice.

As SLC7A1 is a cationic amino acid transporter, its higher
expression could affect B cell differentiation. By flow cytometric
analysis, we therefore assessed the percentage and number of
different B cell populations in Cd23-Cre Rosa26SL-EcoR/* and
control Cd23-Cre Rosa26*/* or Rosa26-SL-ER/+ mice at the steady
state. No differences were found in the percentage or number of
total B, immature B, transitional 1 (T1) B and transitional 2 (T2)
B, mature B, follicular (FO) B, marginal zone (MZ) B, and GC
B cells and plasmablasts in the spleen, or bone marrow plasma
cells (Fig. 2, C-E). Hence, we conclude that ectopic expression of
SLC7A1 does not affect late B lymphopoiesis.
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Figure 1. In vitro culture conditions maintaining the naive B cell state. (A) Schematic diagram of the different steps of the in vivo CRISPR/Cas9 screening
system. Briefly, naive B cells isolated from donor mice of the indicated genotype are transduced with LV particles expressing sgRNAs specific for the genes of
interest and a neutral control gene. After infection, the cells are cultured in vitro for 3 days. Transduced mCherry* donor B cells are sorted by flow cytometry and
transferred to recipient mice of the indicated genotype, which are immunized with the hapten NP to induce an immune response. The resulting mCherry*
plasmablasts are isolated, and the abundance of sgRNAs in plasmablasts is determined and compared with the abundance of the sgRNAs in the donor B cells.
(B) Flow cytometric analysis of wild-type naive splenic B cells cultured in vitro for 3 days under different conditions. B cells were cultured either in the B cell
medium alone, or additionally in the presence of LPS, sBAFF, OP9 cells, or OP9 cells plus sBAFF. Before starting the culture, B cells were labeled with the
CellTrace Violet dye. After 3 days, the cell viability, CD69 and IgD cell surface protein expression, differentiation into plasmablasts (CD138*CD22-), and cell
proliferation were assessed. (C) Summary of all the data generated with the different culture conditions indicated. The statistical data are shown as mean
values with SEM and were analyzed by one-way ANOVA with Tukey’s multiple comparisons test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Each dot
corresponds to one mouse. Independent experiments were performed from two (IgD) to 10 (viability) times.
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Figure 2. Characterization of the Rosa26'S-E<eR allele. (A) Schematic diagram and expression of the Rosa26'SL-E«R allele. SLC7A1 (EcoR) protein expression
was analyzed by flow cytometry in mature B cells from Cd23-Cre Rosa26-5-"5<°*/+ and control Cd23-Cre Rosa26*/* mice and is displayed as a histogram or
quantification of the geometric mean fluorescence intensity (gMFI). Statistical data are shown as mean values with SEM and were analyzed by the unpaired
ttest; ***P < 0.001. Each dot represents one mouse. (B) Flow cytometric analysis of B cells from Cd23-Cre Rosa26-S--E<°R/+ and control Cd23-Cre Rosa26*/* mice,
which were transduced with ecotropic LV particles expressing the mCherry fluorescent reporter protein (mCherry-LV) and were subsequently cultured in vitro
for 3 days in the presence of OP9 cells with sBAFF. The percentage of transduced mCherry* B cells is shown. The bar graph indicates the transduction efficiency
relative to all B cells. Statistical data are shown as mean values with SEM and were analyzed by the multiple unpaired t test with Holm-Sidak’s correction;
*¥¥¥p ¢ 0.0001. Two experiments were performed, and each dot corresponds to one mouse. (C) Flow cytometric analysis of splenic B cells from Cd23-Cre
Rosa26SL-EcoR/+ and control Cd23-Cre Rosa26*/+ mice. The frequencies are shown for total B cells (CD19*B220"), immature B cells (CD19*CD93*), T1 B cells
(CD19*CD93*IgM'CD23-), T2 B cells (CD197CD93*IgMPCD23*), mature B cells (CD19*CD93"), MZ B cells (CD19*CD93-CD21MCd23-/*°), FO B cells
(CD19+CDY3-CD21'°CD23M), GC B cells (CD19*B220*GL7*CD95*), and plasma cells (CD138*TACI*). (D) Flow cytometric analysis of bone marrow plasma
cells from Cd23-Cre Rosa26-SL-EcoR/+ and control Cd23-Cre Rosa26*/+ mice. (E) Quantification of the number of total B, immature B, mature B, GC B, and
plasma cells in the spleen, and plasma cells in the bone marrow from Cd23-Cre Rosa26S-E<°R/+ and control (Cd23-Cre Rosa26*/* and Rosa26*/*) mice.
Statistical data are shown as mean values with SEM. All pairwise comparisons are nonsignificant, as analyzed by the multiple unpaired t test with Holm-
Sidak’s correction test. Two (A and B) and three (C-E) independent experiments were performed. Each dot represents one mouse.

The design of the in vivo model system for CRISPR/Cas9
screening depends on donor B cells from mice carrying the Ro-
5a26SLEcoR and Rosa26-SL-Cas9 glleles, as well as the Cd23-Cre
transgene (Fig. 1 A). To exclude differentiation biases due to dif-
ferences in BCR affinity or specificity, we used B cells from mice
carrying the immunoglobulin heavy chain IghP'-#" and immu-
noglobulin k light-chain gene knockout (Igk-) alleles, which gen-
erate monoclonal B cells expressing the same BCR (Fig. 1 A). The
IghB-8bi allele expresses a rearranged immunoglobulin heavy
chain that, when combined with an immunoglobulin A light chain,
recognizes the hapten 4-hydroxy-3-nitrophenyl acetyl (NP) (Shih
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et al., 2002). Hence, the genotype of the donor mice is Cd23-Cre
Rosa26LSL-EcoR/LSL-Cas9 [ghBl-8hi/+ [gk-/- (Fig, 1 A). Approximately
95% of the B cells in these mice are specific for the hapten NP. Once
isolated, infected with ecotropic LVs, and cultured in vitro for
3 days on OP9 cells with sBAFF, the transduced B cells expressing
a fluorescent protein will be isolated by flow cytometric cell
sorting and transferred to recipient mice. Recipient mice of the
Cd23-Cre Rosa26%*%/* genotype express the immunogenic Cas9
endonuclease and Cre recombinase and thus tolerate the donor
B cells (Fig. 1 A). After the transfer of donor B cells, recipient mice
will be immunized with the antigen NP, and several days later,
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donor B cell-derived plasmablasts will be isolated, and the
abundance of sgRNAs in the plasmablast population in com-
parison with the abundance of sgRNAs in the donor B cells
(before transfer) will be determined. Underrepresented and
overrepresented sgRNAs are considered to target potentially
positive and negative regulators of B cell activation or plas-
mablast differentiation, respectively (Fig. 1 A).

Validation of the in vivo CRISPR/Cas9 screening system

After setting up the different steps of the screening protocol, we
next tested the functionality of this in vivo model system (Fig. 3
A). For this, naive B cells were isolated from donor mice and
transduced with LV particles expressing mCherry as a fluores-
cent reporter protein and a neutral control sgRNA (sg.Chrl, also
referred to as sg.Control, Table S1) targeting a sequence in a gene
desert region on Chrl. Approximately 16 h after transfer, recip-
ient mice were immunized with NP-conjugated keyhole limpet
hemocyanin (NP-KLH)/alum to induce a TD B cell immune re-
sponse. On different days after immunization, we investigated
the presence and fate of splenic mCherry* donor-derived B cells
by flow cytometric analysis (Fig. 3 B). At day 3 after immuni-
zation, 13,400 mCherry* cells were detected, which did not yet
differentiate into plasmablasts or GC B cells (Fig. 3 B). In con-
trast, at day 5 and 7 after immunization, the spleen contained
higher proportions of mCherry* cells, which consisted of plas-
mablasts (30%) and GC B cells (52-58%). At day 10, the propor-
tion of mCherry* cells was already reduced again with most of
the remaining cells being GC B cells and only very few cells being
plasmablasts (Fig. 3 B). Immunofluorescence staining of spleen
sections from recipient mice at 5 and 7 days after NP-KLH
immunization revealed mCherry* IRF4* plasmablasts and
mCherry* IgD- GC B cells located in the splenic red pulp or
B cell follicles, respectively (Fig. S1 C).

As a proof of principle, we next tested the in vivo system by
transducing naive donor B cells with LV particles carrying
sgRNAs targeting the genes of the well-known plasma cell reg-
ulators Irf4 (Mittriicker et al., 1997; Sciammas et al., 2006) and
Prdml (Blimp1) (Shapiro-Shelef et al., 2003; Turner et al., 1994).
Recipient mice received mCherry* donor B cells, which ex-
pressed either sg.Prdml, sg.Irf4, or sg.Chrl, followed by immu-
nization with NP-KLH/alum and flow cytometric analysis at day
6 after immunization (Fig. 3 C). As expected, mCherry* plas-
mablasts and mCherry* GC B cells were generated in the control
sg.Chrl experiment. In contrast, the sg.Prdml experiment ex-
hibited no mCherry* plasmablasts, but an increased proportion
of mCherry* GC B cells, indicating that Prdml inactivation in
donor B cells led to GC B cell accumulation (Fig. 3 C). Almost no
mCherry* B cells were found in the spleen of mice that received
donor B cells expressing sg.Irf4 (Fig. 3 C), as expected, because
activated B cells are known to require IRF4 to differentiate into
GC B cells and plasma cells (Ochiai et al., 2013; Willis et al., 2014).

We next investigated the utility of the in vivo CRISPR/Cas9
system also for studying TI B cell immune responses. Recipient
mice receiving mCherry* donor B cells were immunized with
the NP-conjugated polysaccharide Ficoll (NP-Ficoll) in PBS
(Fig. S1 D). Flow cytometric analysis of splenocytes identified
21,600 mCherry* cells on day 3 after immunization but revealed
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increased numbers of mCherry* cells on days 5 and 7. At day 7,
70% of the mCherry* cells were plasmablasts (Fig. S1 D).

Together, these results demonstrated that the novel in vivo
CRISPR/Cas9 system was effective and functional, thus indi-
cating its suitability for pooled sgRNA-based screens in vivo in
mature B cells.

Identification of new regulators of B cell responses by in
vivo screens
As genome-wide sgRNA CRISPR/Cas9 screens are not feasible in
vivo in the mouse, we performed instead pooled sgRNA screens.
For this purpose, we selected genes, which are highly expressed
in plasma cells compared with naive B cells. Analysis of pub-
lished RNA-seq data from our laboratory revealed 712 genes with
amore than eightfold higher expression in plasma cells (Wohner
et al., 2022) (Fig. S1E). We next removed genes, which were not
present in at least one of three similar RNA sequencing (RNA-
seq) datasets from other laboratories (Miiller-Winkler et al.,
2020; Choi et al., 2019; Yoshida et al., 2019), were highly ex-
pressed in GC B cells (Glaros et al., 2021), or were associated with
cell proliferation, which resulted in 379 selected genes (Fig. SLE).
We then chose two sgRNAs for each gene of interest, which were
designed according to the VBC score sgRNA prediction tool
(Michlits et al., 2020), that is explained in detail in the Materials
and methods. Insertion and deletion (indel) sequencing analysis
of selected sgRNAs revealed a high editing efficiency of 80-90%
of indels, as shown in Fig. S2, A and B. The final sgRNA library
contained 882 sgRNAs including two sgRNAs of 62 control genes
(Table S2 and Materials and methods). We next prepared a li-
brary of ecotropic mCherry LVs carrying the 882 sgRNAs for
subsequent infection of naive donor B cells (Fig. S3 A).

To screen for genes important for the development of TD
B cell responses, we immunized recipient mice with NP-KLH/
alum. At day 7, donor-derived splenic cells, which were enriched
by immunomagnetic depletion of recipient cells, were used for
flow cytometric sorting of GC B cells (CD19*CD95*GL7*) and
plasmablasts (TACI*CD138*) (Fig. S3, B and C; and Materials and
methods). Sorted cells from five or six individual recipient mice
were pooled to create replicate samples (Fig. S3 D). Changes of
sgRNA abundance in plasmablasts and GC B cells were identified
relative to the infected donor B cells (before transfer), which
indicated that essential genes were efficiently selected against in
contrast to members of the nonexpressed control olfactory re-
ceptor (Olfr) gene family, as expected (Fig. 4 A). Statistical
analyses of the significant changes in sgRNA abundance iden-
tified multiple genes that were required for the development or
survival of both cell types (Fig. 4 B and Table S3). As expected,
the screen identified Prdml and Irf4 as positive regulators of
plasmablast development, while Irf4, but not Prdmi, was also
essential for the generation of GC B cells (Fig. 4, B and C). Rexo2,
which was previously validated as a regulator of plasmablast
development in an in vitro CRISPR/Cas9 screen (Pinter et al.,
2022), was also essential in vivo for the development of plas-
mablasts and GC B cells (Fig. 4, B and C). Several hits of the in vivo
screen were identified as positive regulators involved in the
control of the homeostasis of the endoplasmic reticulum (ER) or
protein secretion, such as Ernl, Ssr2, Ssr4, Manf, Erlecl, Herpudi,
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Figure 3. Testing of the in vivo model system used for CRISPR/Cas9 screening experiments. (A) Schematic diagram of the setup used for testing the in
vivo CRISPR/Cas9 screening system. Naive B cells isolated from donor mice were transduced with LV particles expressing a neutral control sgRNA and the
mCherry reporter protein. After infection, B cells were cultured in vitro for 3 days in the presence of OP9 cells and sBAFF. Transduced mCherry* B cells were
sorted by flow cytometry and transferred to recipient mice, which were immunized 16 h later with NP-KLH in alum. mCherry* plasma cells and mCherry* GC
B cells were analyzed by flow cytometry at different time points after immunization. (B) Naive B cells of the donor genotype were infected with a mCherry-LV
expressing a neutral control sgRNA and sorted followed by transfer to mice of the recipient genotype and NP-KLH immunization, as described in A. Flow
cytometric analysis of splenocytes from recipient mice was performed 3, 5, 7, and 10 days after immunization. The percentages of total mCherry* B cells in total
splenocytes, mCherry* plasmablasts (TACI*CD138%), and mCherry* GC B cells (GL7*CD95*) within the mCherry* B cell population (left), and the absolute
numbers of these cells (right) are indicated. AF, autofluorescence measured in the BV605 channel. (C) Naive B cells isolated from donor mice were transduced
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with LV particles expressing a control sgRNA (sg.Chrl) or sgRNAs targeting Prdm1 or Irf4. After infection, B cells were cultured in vitro for 3 days and transduced
mCherry* B cells were transferred to recipient mice followed by immunization with NP-KLH, as described in A. 6 days after immunization, the splenocytes were
analyzed by flow cytometry. The percentages of total mCherry* B cells, mCherry* plasmablasts, and mCherry* GC B cells among total B cells are indicated.
Statistical data (B and C) are shown as mean values with SEM and were analyzed by the multiple unpaired t test with Holm-Sidak’s correction test; *P < 0.05;
*¥P < 0.01; ****P < 0.0001. Two independent experiments (B and C) were performed. Each dot represents one mouse.

P4hb, Kderl3, Arl5a, Ap3sl, and Unci3b (Fig. 4 C). Moreover, the
screens revealed a group of novel genes, including enzymes,
adhesion molecules, transporters, and signaling proteins, which
may be important for the initial B cell response, plasmablast
development, and/or homeostasis (Fig. 4, D and E). Several of
these genes appear to code for common positive regulators, as
their inactivation affected the generation of both plasmablasts
and GC B cells (Fig. 4 D). Moreover, other gene hits encoding
potential positive regulators may act in a cell type-specific
manner as their inactivation interfered with the formation of
either plasmablasts or GC B cells (Fig. S2 C). Notably, several
sgRNA hits appear to code for cell type-specific negative regu-
lators as their gene inactivation resulted in an increase of either
plasmablasts or GC B cells (Fig. 4 E and Fig. S2 C).

To identify genes regulating the TI B cell responses, we
immunized recipient mice after transfer of sgRNA library-
transduced donor B cells with NP-Ficoll (Fig. S4 A). 6 or 7 days
after immunization, donor-derived splenic cells were enriched
and used for flow cytometric sorting of plasmablasts (TAC-
1*CD138*) and TACI*CD138~ cells, which were enriched for
memory B cells (mCherry*GL7-CD38*TACI*CD138") (Fig. S4, B
and E). Sorted cells from seven or nine individual recipient
mice were pooled to create replicate samples (Fig. S4, C and D).
By quantifying the changes in sgRNA abundance in plasmablasts
and memory B cells compared with donor B cells, we identified
multiple genes that potentially regulate the development or
survival of both cell types (Fig. 4 F and Table S3). As many of the
potential regulators found in the TI screens were also identified
in the TD screens (Fig. 4, C-E), we show the respective data of
these regulators for the TI screen in Fig. 4, G and H.

We next compared the regulators identified in our in vivo
CRISPR/Cas9 screening experiments with the published hit list
of the in vitro CRISPR/Cas9 screens that were performed with
in vitro-generated plasmablasts (Newman and Tolar, 2021;
Pinter et al., 2022; Trezise et al., 2023; Turner et al., 2022; Xiong
et al., 2023; Chu et al., 2016). This comparison revealed that the
majority (over 80%) of regulators identified in our study (Fig. 4,
C-H; indicated in green color) were uniquely identified in the in
vivo screen. In summary, our in vivo CRISPR/Cas9 screening
system identified novel regulators involved in the control of
TD and TI B cell responses, plasmablast formation, and/or
homeostasis.

Validation of potential regulators of B cell responses

Several of the genes identified in the in vivo screens are poten-
tially interesting as their role in regulating late B cell responses is
so far unknown. We selected 15 potentially positive and 9 po-
tentially negative regulators for validation in a competitive
experimental setting (Fig. 5 A). Briefly, recipient mice were
injected with a mixture of mCherry* and mAmetrine* donor

Calderén et al.
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B cells at a ratio of ~2.5 to 1. The mCherry* cells expressed a
sgRNA targeting a gene of interest, while the mAmetrine* cells
expressing the control sgRNA (sg.Chrl) were used as reference
cell population. The proportion of mCherry* versus mAmetrine*
cells in recipient mice was analyzed 7 days after NP-KLH/alum
immunization. Control mice that received sg.Control-expressing
mCherry* and sg.Control-expressing mAmetrine* cells had
similar frequencies of mCherry* and mAmetrine* plasmablasts
or GC B cells (Fig. 5 B). In contrast, mice that received a mixture
of sg.Prdml-expressing mCherry* and sg.Control-expressing
mAmetrine* cells lacked mCherry* plasmablasts (Fig. 5 B and
Fig. 6 A). Inactivation of Amigo2 and Slc22al7, encoding two po-
tentially positive regulators, led to an almost complete absence of
mCherry* cells, suggesting that both genes may play an essential
function at early stages of B cell activation. Instead, the inacti-
vation of Cd44, encoding a potentially negative regulator, re-
sulted in the accumulation of mCherry* plasmablasts (Fig. 5 B).
As we performed several validation experiments for the differ-
ent genes (Fig. 5 B; Fig. 6 A; and Fig. S5, A and B), we calculated
the normalized mCherry*/mAmetrine* cell ratio for each gene in
plasmablasts and GC B cells, as explained in Fig. S5 C, and show
the validation results for all genes tested in Fig. 6, B and C.

Inactivation of other positive regulator genes, such as Aldhil2,
Manf, Gmb134, Isg20, Zfyve2l, Tmemi98, and Ccrl2, reduced the
proportion of mCherry* plasmablasts and GC B cells relative to
the respective mAmetrine* control cells (Fig. 6, B and C). Qpctl
inactivation resulted in a preferential reduction of mCherry*
plasmablasts. In contrast, the inactivation of potentially negative
regulator genes, such as Prg3, Sdf2l1, Stk3, Prdx4, Atxnl, and Cpeb2,
caused an accumulation of mCherry* plasmablasts and in some
cases also an increase in GC B cells relative to the reference
control mAmetrine* cells (Fig. 6, B and C), consistent with the
initial screening result (Fig. 4 E). In summary, these validation
experiments confirmed that many of the potential regulators
identified in our in vivo screens seem to play a critical role in the
process of B cell activation, GC B cell formation, plasmablast
differentiation, or survival.

Discussion

B cell-mediated immune responses are crucial for immunity and
long-term protection against pathogens, but are also involved in
various diseases such as autoimmunity, allergy, and cancer
(Cyster and Allen, 2019; Nutt et al., 2015). Here, we developed an
in vivo screening method for pooled sgRNA CRISPR/Cas9 screens
to identify new regulators of B cell responses. This model system
relies on the in vivo activation of sgRNA-expressing naive donor
B cells and the differentiation of these cells into effector B cells
within the microenvironment of secondary lymphoid organs. To
achieve this, we generated a mouse, in which mature B cells
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Figure 4. CRISPR/Cas9 screens for new regulators of B cell responses. (A-E) Results of the CRISPR/Cas9 screens performed upon TD immunization.
(A) Difference of sgRNA abundance in PBs versus donor B cells (left) and GC B cells versus donor B cells (right) is shown as log, FC for all sgRNAs in the library,
neutral control sgRNAs targeting olfactory receptor genes (Olfr), sgRNAs targeting essential genes, and sgRNAs targeting the well-known PB regulators Irf4 and
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Prdm1. (B) Volcano plot displaying the depletion or enrichment of sgRNAs (x axis) in PBs versus donor B cells (left) and in GC B cells versus donor B cells (right).
The P values (y axis) were calculated using MAGeCK (Li et al., 2014). For each gene, the sgRNA with the more significant P value was plotted. A twofold change in
sgRNA abundance is indicated by a dashed line. Potentially positive (brown, P < 0.05, log,FC < -1) and negative (blue, P < 0.05, log,FC > 1) regulators are
highlighted for PBs (left plot) and GC B cells (right plot). (C-E) Heat map showing the depletion or enrichment of sgRNAs in PBs versus control donor B cells (left
column) and in GC B cells versus control donor B cells (right column). The different color shadings indicate the log,FC, while the circle size refers to the P value
(-logio)- Genes uniquely found in our in vivo screens for PB regulators are highlighted in green color. Erlecl, Qpctl, Zfyve21, and Isg20 were previously identified in
an in vitro CRISPR/Cas9 screen as regulators of antibody secretion, but not as regulators of PB differentiation (Trezise et al., 2023). The sgRNA depletion data for
well-known positive regulators of plasma cell development (above) and positive regulators involved in the homeostasis of the ER (below) are shown in C. The
sgRNA depletion data of novel potentially positive regulators of PB differentiation or homeostasis are shown in D. The sgRNA enrichment data for novel
potentially negative regulators of PB differentiation or homeostasis are shown in E. ns, nonsignificant. (F-H) Results of the CRISPR/Cas9 screens performed
upon Tl immunization. (F) Volcano plot displaying the depletion or enrichment of sgRNAs (x axis) in PBs versus donor B cells (left) and memory B cells (Mem B,
TACI*CD138") versus donor B cells (right). The P values (y axis) were calculated using MAGeCK. For each gene, the sgRNA with the more significant P value was
plotted. Potentially positive (brown, P < 0.05 and log,FC < -1) and negative (blue, P < 0.05 and log,FC > 1) regulators are highlighted for PBs (left) and memory
B cells (right). (G and H) Common potential PB regulators identified in the Tl and TD CRISPR/Cas9 screening experiments. The heat maps show the depletion
(G) or enrichment (H) of the sgRNAs, which were identified in the TI CRISPR/Cas9 screen by comparing PBs versus control donor B cells (left column) and
memory B cells versus control donor B cells (right column). The sgRNA depletion data for well-known positive regulators of plasma cell development (left) and
novel potentially positive regulators of PB differentiation or homeostasis are shown in G, while the respective data for potentially negative regulators are
indicated in H. The Tnfrsf17 (BCMA) sgRNA was depleted only in the TI sgRNA screen. ns, nonsignificant. Multiple replicate samples were analyzed in two
independent sgRNA screening experiments in response to TD or Tl immunization, as described in detail in Fig. S3 D (TD) and Fig. S4 D (T1). FC, fold change; PB,

plasmablast.

ectopically express the receptor SLC7A1 for the ecotropic enve-
lope protein of the murine leukemia virus, which allows efficient
ex vivo transduction of naive B cells without activation. These
transduced naive B cells were cultured in vitro for 3 days on OP9
cells with sBAFF, which preserved their naive phenotype and
cell viability, before they were sorted and transferred to recip-
ient mice. Upon immunization with model antigens, these
sgRNA-carrying naive donor B cells could mount TD and TI B cell
immune responses in the recipient mice. Finally, using this
novel system, we performed several in vivo CRISPR/Cas9
screens, which identified novel genes important for the de-
velopment of B cell responses in vivo.

One of the main challenges in developing the in vivo model
system was the transduction of naive B cells. Mouse B cells are
commonly transduced by LVs after activation via Toll-like re-
ceptor stimulation, such as TLR9 with CpG, TLR4 with LPS, or
CD40 receptor stimulation in conjunction with IL-4 (Janssens
et al., 2003; Rossi et al., 2003). However, we considered it es-
sential for a successful screen that B cells should be activated in
situ within the microenvironment of secondary lymphoid or-
gans. Mature naive B cells express only low levels of the trans-
porter SLC7A1 (EcoR), the receptor for the ecotropic envelope
protein of the murine leukemia virus. Upon B cell activation, the
expression of SLC7A1 is rapidly increased, leading to efficient LV
infection. Therefore, we adopted the strategy of expressing the
receptor at higher levels in naive mature B cells by generating
the Rosa26SL-EcoR allele and crossing it into Cd23-Cre mice to
induce specific expression only at late B cell stages. As SLC7Al is
a cationic L-amino acid transporter (Closs et al., 2006), its
overexpression could potentially affect the function of mature
B cells. At steady state and upon immunization, B cell sub-
populations and antibody-secreting cells were, however, present
at normal frequencies in the spleen of Cd23-Cre Rosa26-SL-EcoR/+
mice compared with control mice, demonstrating that mature
B cells and plasmablasts are not affected by higher expression of
SLC7AL

One important limitation of our study was the number of
genes that could be tested simultaneously by the in vivo CRISPR/

Calderén et al.
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Cas9 screening system. A minimal representation of ~500 cells
per sgRNA is usually recommended at the end of the screening
experiment (Doench, 2018; Bock et al., 2022). By using a library
size of 882 sgRNAs, we achieved this sgRNA representation for
plasmablasts and GC B cells at day 7 of the TD screening ex-
periments (Fig. S2 D and Fig. S3 D). It has been reported that a
relatively small fraction of the intravenously injected B cells
survive and engraft in vivo in secondary lymphoid organs
(Taylor et al., 2015). Our direct flow cytometric measurements
identified 13,400 or 21,600 infected mCherry* B cells in the
spleen of one mouse at day 3 after the initial transfer of 200,000
donor B cells in the TD or TI immunization experiment,
respectively (Fig. 3 B, Fig. S1 D, and Fig. S2 D). Under the as-
sumption that each cell was infected by only one sgRNA-
expressing LV of the screening library consisting of 882
sgRNAs, the measured mCherry* B cell numbers resulted in a
representation of 15 or 25 B cells per sgRNA for one mouse at day
3 after TD or TI immunization, respectively (Fig. S2 D). As the
sorted B cells from five or nine mice were pooled to generate one
replicate sample (Fig. S3 D and Fig. S4 D), this led to a reasonably
high representation of 75 or 225 cells per sgRNA for each repli-
cate sample at the bottleneck stage (day 3) of the TD or TI
screening experiment (Fig. S2 D). Notably, the sgRNA repre-
sentation at day 7 was strongly increased in plasmablasts (524
cells/sgRNA) and GC B cells (664/sgRNA) at the end of the TD
experiment, which testifies to the high quality of this screening
experiment. In contrast, the sgRNA representation was lower in
plasmablasts (90 cells/sgRNA) and memory B cells (103 cells/
sgRNA) at day 7 of the TI experiment, which is likely caused by
the lower cell proliferation observed upon TI immunization.
Although the lower sgRNA representation somehow limited the
relevance of the TI screening experiments, we found neverthe-
less many common positive and negative regulators by analyzing
plasmablasts generated by TD and TI immunization.
Employing the in vivo system, we identified 48 genes that are
potentially important for the development of antibody-secreting
cells, and thus for B cell-mediated immune responses. These
genes include well-known positive regulators such as the
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Figure 5. Validation of gene hits of the TD B cell responses by sgRNA-mediated gene inactivation. (A) Schematic diagram of the experiments used for
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expressing the mCherry reporter protein and a sgRNA targeting the gene of interest. In parallel, donor B cells were transduced with LV particles expressing the
mAmetrine reporter protein and the control sgRNA (sg.Chrl). After infection, the cells were cultured in vitro for 3 days in the presence of OP9 cells and sBAFF.
Transduced mAmetrine* and mCherry* B cells were sorted by flow cytometry, mixed, and transferred to recipient mice, which were then immunized with NP-
KLH/alum 16 h later. The frequency of mAmetrine* and mCherry* PBs in the spleen was analyzed by flow cytometry 7 days after immunization. (B) mCherry*
and mAmetrine* sgRNA-expressing B cells were mixed at a 2.5:1 ratio and transferred into recipient mice, followed by immunization. Flow cytometric analysis of
splenocytes from recipient mice was performed 7 days after immunization. mCherry* B cells expressed either the control sgRNA (sg.Chrl) or sgRNAs targeting
Prdm1 (sg.Prdm1), positive regulator genes (sg.Amigo2, sg.Slc22a17, and sg.Qpctl), and a negative regulator gene (sg.Cd44). The percentage of mCherry* (red gate)
and mAmetrine* (blue gate) B cells among the total B cells (CD19*CD138~'° and CD19'°CD138"; green gate) is shown. The percentages of mCherry* and
mAmetrine* PBs (TACI*CD138*) and GC B cells (GL7*CD95*) in total B cells (green numbers) and within the mCherry* B cells (red numbers) or mAmetrine*
B cells (blue numbers) are indicated. PB, plasmablast.
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Figure 6. Validation of positive and negative regulators of plasmablast and GC B cell formation by sgRNA-mediated gene inactivation. (A) mCherry*
and mAmetrine* sgRNA-expressing B cells were mixed at a 2.5:1 ratio and transferred into recipient mice, followed by NP-KLH immunization. Flow cytometric
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analysis of splenocytes from recipient mice was performed 7 days after immunization. mCherry* B cells expressed either the control sgRNA (sg.Chr1) or sgRNAs
targeting Prdm1 (sg.Prdm1), positive regulator genes (sg.Manf and sgZyve21), or negative regulator genes (sg.Prdx4 and sg.Atxn1). The percentage of mCherry*
(red gate) and mAmetrine* (blue gate) B cells among the total B cells (CD19*CD138/'° and CD19'°CD138*; green gate) is shown. The percentages of mCherry*
and mAmetrine* plasmablasts (TACI*CD138*) and GC B cells (GL7*CD95*) in total B cells (green numbers) and within the mCherry* B cells (red numbers) or in
mAmetrine* B cells (blue numbers) are indicated. (B and C) Analysis of the loss (left) or gain (right) of plasmablasts and GC B cells upon sgRNA-mediated
inactivation of candidate genes coding for positive or negative regulators, respectively. The ratio of the percentage of mCherry* plasmablasts (B) or mCherry*
GC B cells (C) (expressing the sg.Control [sg.Chrl] or sgRNAs targeting the indicated genes) versus mAmetrine* plasmablasts (B) or mAmetrine* GC B cells (C)
(expressing the sg.Control) was determined in total B cells, respectively. The calculation of the different ratios is explained in detail in Fig. S5 C. The ratios, which
were determined by analyzing different control mice (gray), experimental mice (black), and mice with inactivation of the known regulator genes Prdm1 or Irf4
(red), are indicated. Statistical data are shown as mean values with SEM and were analyzed by the multiple unpaired t test with Holm-Sidak’s multiple
comparisons test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Each dot represents one mouse. The validation experiments were performed at least

two times.

transcription factors Irf4 (Sciammas et al., 2006; Klein et al.,
2006) and Prdml (Tellier et al., 2016; Minnich et al., 2016).
Plasma cells produce large amounts of antibodies that require
expansion of their ER (Nutt et al., 2015; Bettigole and Glimcher,
2015). It was expected that several positive regulators found in
the CRISPR/Cas9 screens are involved in the control of the ho-
meostasis of the ER, many of which were identified in previous
in vitro CRISPR/Cas9 screening studies (Pinter et al., 2022;
Trezise et al., 2023; Xiong et al., 2023). The screening experi-
ments performed here also identified a number of genes en-
coding regulators of plasma cell development and/or survival
that were not found in previously performed in vitro CRISPR/
Cas9 screens. These novel genes are most likely relevant for the
in vivo regulation of B cell responses. We used the in vivo model
system in a competitive setting to validate 15 positive and 9
negative regulators of these unique hits, which indicated that
70% (17) of these genes could be validated. Several of the vali-
dated genes appear to regulate the development of both plas-
mablasts and GC B cells. This finding suggests that these genes
may play a role in early B cell activation preceding the com-
mitment to the GC B cell and plasma cell lineages. Other genes
were specifically implicated in the formation of plasmablasts or
GC B cells, respectively. Ultimately, gene-specific deletion in
mature B cells will be required to investigate the precise function
of these novel genes in vivo in the mouse.

Amigo2 and Slc22a17 have emerged as prominent genes among
the validated positive regulators. Both TD and TI screening ex-
periments identified Amigo2 and Slc22al7 as essential positive
regulators of the development or survival of plasmablasts, GC
B cells, and memory B cells. Amigo2 is an adhesion molecule that
belongs to the immunoglobulin and leucine-rich repeat protein
superfamily, which was primarily studied in the nervous system
(Kuja-Panula et al., 2003; Ono et al., 2003). It has been shown to
be a neuronal activity-dependent gene with an important role in
signal transduction by inhibiting apoptosis, and thus inducing
neuronal cell survival (Ono et al., 2003). Moreover, Slc22a17 has
been implicated in iron transport by binding and internalizing
iron-loaded lipocalin-2, which promotes cell survival by in-
creasing the intracellular iron concentration. In contrast, iron-
lacking lipocalin-2, once imported by Slc22a17, binds and exports
intracellular iron, which results in Biml-mediated apoptosis
(Devireddy et al., 2005; Yang et al., 2002). Hence, as both Amigo2
and Slc22al7 appear to control cell survival, their loss likely in-
terferes with the B cell immune response at an early stage.

Calderén et al.
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Qpctl encodes a glutaminyl-peptide cyclotransferase-like
protein. QPCTL is a Golgi-resident enzyme that catalyzes the
cyclization of N-terminal glutamine and glutamic acid residues
to a pyroglutamate residue on target proteins (Stephan et al.,
2009). Qpctl was identified in a previous in vitro CRISPR/Cas9
screen as a regulator of antibody secretion (Trezise et al., 2023).
In our TD screening experiments, Qpctl inactivation led to the
depletion of plasmablasts without affecting GC B cells, which
was supported by validation experiments. However, in the TI
screening experiments, inactivation of the Qpctl gene affected
the development of both plasmablasts and memory B cells.
QPCTL was recently shown to modify the monocyte chemoat-
tractants CCL2 and CCL7, which protects them from proteolytic
inactivation, thus influencing monocyte migration and homeo-
stasis (Barreira da Silva et al., 2022). What the relevant target
proteins of QPCTL may be in B cells is still unknown and may
thus be an interesting question to be addressed by future
investigation.

Zfyve2l and Isg20 were previously described to regulate an-
tibody secretion by plasma cells (Trezise et al., 2023). In addi-
tion, our TD screen now demonstrated that upon inactivation of
either gene, the development or survival of plasmablasts and GC
B cells was impaired. ZFYVE2I is a member of a protein family
that shares the FYVE domain for binding phosphatidylinositol-
3-phosphate in the plasma membrane and that can modulate cell
adhesion and migration by regulating focal adhesion (Nagano
et al., 2010). In endothelial cells, ZFYVE21 promotes the degra-
dation of endosome-associated PTEN, leading to increased
PI(3,4,5)P3 levels that facilitate AKT-dependent recruitment of
the NF-kB-inducing kinase (Fang et al., 2019). On the other
hand, ISG20 is a type I interferon-induced protein belonging to
the DEDD 3'-5" exonuclease superfamily. It exhibits RNA exo-
nuclease activity, which has been associated with the inhibition
of a broad range of RNA viruses. How these two proteins,
ZFYVE21 and ISG20, regulate B cell responses remains to be
elucidated.

One of the most prominent genes, acting as a negative
regulator of B cell responses, is Cd44, which encodes a trans-
membrane glycoprotein involved in cell adhesion and signal
transduction (Ponta et al., 2003). Cd44 was previously shown to
be dispensable for B lymphopoiesis (Bradl et al., 2004), although
this study did not examine plasma cell frequencies in vivo. In vitro
experiments have shown that the CD44 ligand hyaluronic acid
can induce B cell activation, proliferation, and differentiation
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(Rafi et al., 1997). CD44 engagement with anti-CD44 monoclonal
antibodies promotes in vitro survival of isolated bone marrow
plasma cells (Cassese et al., 2003). CD44 has furthermore been
implicated in lymphocyte recirculation (Protin et al., 1999). Our
TD and TI screening results revealed a specific increase of splenic
plasmablasts that were generated from sg.Cd44-expressing
B cells. Furthermore, validation experiments confirmed a pref-
erential increase of plasmablasts upon Cd44 inactivation in
B cells. Future studies involving specific inactivation of Cd44 in
mature B cells will shed light on the two interesting hypotheses
of whether Cd44-deficient plasmablasts accumulate in the spleen
due to impaired migration and egress from the organ or due to
reduced apoptosis leading to increased survival.

The identified negative regulator gene Atxnl codes for a
polyglutamine protein that is localized in the nucleus and in-
teracts with the transcriptional repressor Capicua to regulate
gene transcription (Lam et al., 2006). In a multiple sclerosis (MS)
mouse model, Atxnl was recently found to repress B cell acti-
vation and cytokine production. Furthermore, Atxnl KO mice
have increased serum levels of IgG and IgM antibodies (Didonna
et al., 2020). Although these results are consistent with our
identification of Atxnl as a negative regulator of plasmablast
generation, the differentiation of Atxni-deficient B cells into
plasma cells has not yet been studied.

Other validated negative regulator genes that were newly
found in our screens include Stk3, Sdf2l1, and Prdx4. The serine/
threonine kinase 3 (Stk3) is a key component of the Hippo sig-
naling pathway, which regulates immune cell function by reg-
ulating cellular adhesion, intracellular signaling, metabolism,
cell growth, and survival (Hong et al., 2018; Ardestani et al.,
2018). The analysis of the Hippo signaling pathway in the
B cell lineage has mainly focused on the homolog Stk4 (Bai et al.,
2016; Abdollahpour et al., 2012), and, to date, no study has clearly
shown an effect of this pathway on the generation, survival, or
migration of plasma cells. Stromal cell-derived factor 2 like
1 (SDF2L1) is an ER-localized protein, whose levels are increased
in response to ER stress (Fukuda et al., 2001; Sasako et al., 2019).
In pancreatic B-cells, SDF2L1 plays a role in ER-associated
degradation of misfolded proinsulin (Fukuda et al., 2001).
Peroxiredoxin-4 (PRDX4) is a 2-cysteine peroxiredoxin that is
found predominantly in the ER (Rhee et al., 2012; Tavender et al.,
2008). It is a major component of the ER oxidative protein-
folding pathway and acts as a sensor of H,0, in protein disul-
fide isomerase-mediated protein folding (Rhee et al., 2012; Sato
et al.,, 2013; Yan et al., 2015). How the two ER proteins SDF2L1
and PRDX4, which regulate plasma cell homeostasis, lead to the
accumulation of plasma cells in the spleen upon immunization
remains to be elucidated.

Multiple studies have used in vivo CRISPR/Cas9 screens to
identify new regulators of different T cell-related processes by
using focused pooled sgRNA libraries targeting genes involved in
a particular pathway (Huang et al., 2021; Fu et al., 2021; Huang
etal., 2022). In these studies, T cells were activated in vitro prior
to transduction with sgRNA-carrying viral particles. Our ap-
proach based on ectopic SLC7A1 expression may also be useful
for studying T cell differentiation by allowing the transduction
of naive T cells ex vivo followed by their proper activation in vivo
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upon antigen encounter within secondary lymphoid organs.
This approach could allow for the screening of regulators im-
plicated in the homeostasis or activation of naive T cells.
Lastly, our in vivo model system may also be suitable for in-
vestigating the importance of genes in specific pathways during
the development of B cell-mediated immune responses. For in-
stance, it could be used to explore the role of individual genes or
groups of genes in the development of a particular effector B cell
subset, such as light or dark zone GC B cells, memory B cells, or
plasmablasts expressing a specific class of immunoglobulin.

Materials and methods

Mice

All mice were maintained on the C57BL/6] genetic background:
Rosa26%2s9/+ (Platt et al., 2014), Rosa26-5-Cas%/+ (Platt et al., 2014),
Rosa26LSL-miR17-92/LSL-miRI7-92 (Xiag et al., 2008), IghP3hi/+ (Shih
et al., 2002), Igk/~ (Zou et al., 1993), and transgenic Cd23-Cre
(Kwon et al., 2008) mice. Experimental and control mice were
cohoused under standard pathogen-free conditions at a tem-
perature of 22°C and 55% humidity, with a day cycle of 14-h light
and 10-h dark and with unrestricted access to food and water.
Mice were euthanized by carbon dioxide inhalation. All ex-
periments were performed with mice at the age of 8-14 wk and
according to valid project licenses approved and regularly con-
trolled by the Austrian Veterinary Authorities.

Generation of the Rosa26'SL-E<eR allele

To create the Rosa26™S-EcR allele, Slc7al cDNA was first cloned
into the CAG-STOP-eGFP-Rosa26 CTV plasmid (Addgene plasmid
no. 15912) by replacing the IRES-eGFP sequence with Slc7al cDNA
to generate the CAG-STOP-Slc7al-Rosa26 plasmid. A 3,564-bp-
long DNA fragment was PCR-amplified from the CAG-STOP-
Slc7al-Rosa26 plasmid using upstream (5'-CTGGCACTTCTTGGT
TTTCC-3') and downstream (5'-GCTGCATAAAACCCCAGATG-3')
primers. The Rosa26™S-EcoR gllele was generated by CRISPR/
Cas9-mediated genome editing in mouse two-cell embryos
(2C-HR-CRISPR) (Gu et al., 2018). For this, two-cell embryos
of the Rosa26mSL-miR17-92/LSL-miR17-92 genotype (on the C57BL/6]
background) were injected with Cas9 protein, three appro-
priate sgRNAs (linked to the scaffold tracrRNA; Table S1), and
the double-stranded 3,564-bp DNA repair template to generate
the Rosa26"SL-E<eR allele (Fig. 2 A). Cas9 protein and backbone-
modified sgRNAs were obtained from Integrated DNA Technol-
ogies (IDT). Correct targeting of the Rosa26'SLE<R allele was
verified by DNA sequencing of the respective PCR fragments.
The Rosa26lSL-EcoR gllele was genotyped by amplification of a
692-bp PCR fragment with the primers 5'-TTAAGCCTGCCCAGA
AGACT-3'" and 5'-TGACAGGGTCAGTCCTCCTC-3'. In a separate
PCR, the wild-type Rosa26 allele was genotyped by amplification
of a 170-bp PCR fragment with the primers 5'-CTCTTCCCTCGT
GATCTGCAACTCC-3’ and 5'-TCCCGACAAAACCGAAAAT-3'.

Antibodies

The following monoclonal antibodies (clone, fluorophore, cata-
log number, manufacturer) were used for flow cytometric
analysis of cells: CD19 (1D3, BV786, 563333; BD Biosciences),
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CD21/CD35 (7G6, BV605, 747763; BD Biosciences), CD23 (B3B4,
PE/Cyanine7, 101614; BioLegend), CD38 (90, PE, 102718; Bio-
Legend), B220/CD45R (RA3-6B2, BV510, 103248; PE, 103208;
BioLegend), CD45.1 (A20, Biotin, 110704; BioLegend), CD69 (PE/
Cyanine7, 104512, H1.2F3; BioLegend), CD93 (AA4.1, PE, 136504;
BioLegend), CD95/Fas (Jo2, PE/Cyanine7, 557653; BD Bio-
sciences), CD138 (281-2, APC, 142506; BV605, 142516; Bio-
Legend), CD267/TACI (8F10, PE, 133404; BioLegend; BV421,
742:840; BD Biosciences), IgD (11.26¢c, BV421, 405725; BioLegend;
11.26¢, FITC, 405703; BioLegend), IgM (11/41, PerCP-eFluor 710,
46-5790-82; Thermo Fisher Scientific), GL7 (GL-7, PerCP/Cya-
nine5, 144610; BioLegend), and SLC7A1 (SA191A10, PE, 150504;
BioLegend) antibodies.

Definition of cell types by flow cytometry

The different hematopoietic cell types were identified by flow
cytometry using an LSRFortessa flow cytometer (BD Biosciences)
or sorted by using FACSAria II and FACSAria III cell sorters op-
erated using BD FACSDiva software (version 8.0) as follows: im-
mature B (B220*CD19*CD93*), T1 (B220*CD19*CD93*IgM*CD23"),
T2 (B220*CD19*CD93* [gM*CD23"), mature B (B220*CD19*CD93"),
MZ B (B220*CD19*CD93-CD21CD23/-), FO B (B220*CD19*CD93"
CD21™CD23M), GC B (B220*CD19*CD95*GL7*), plasmablasts
(CD138*TACI*), and total B cells (CD19*B220"). For analysis of
the validation experiments, total splenic B cells were defined as
the sum of CD19* and CD138* cells.

In vitro B cell cultures

CD43- B cells were enriched from the spleen or lymph nodes
of mice by immunomagnetic depletion of non-B cells using
CD43 (Ly-48) MicroBeads (Miltenyi Biotec). B cells were cul-
tured in B cell medium (RPMI 1640; Gibco) supplemented with
25 mM HEPES, 10% heat-inactivated FBS (Gibco), 1 mM gluta-
mine (Gibco), penicillin/streptomycin (Gibco), and 50 pM
B-mercaptoethanol (Gibco). The cells were seeded at a density of
2 x 106 cells in 2 ml of medium. We tested different in vitro con-
ditions to culture naive B cells, preserving their viability and naive
state. In the reference control cultures, B cells were kept only in
B cell medium or LPS from Escherichia coli (L4130; Sigma-Aldrich)
was added to the cultures at a concentration of 25 pg/ml. Addi-
tionally, B cells were cultured with 10 ng/ml human recombinant
SBAFF (60-mer, AG-40B-0112; AdipoGen Life Sciences) or on
stromal OP9 cells in combination with or without sBAFF. OP9 cells
were added at a density of 1.5-2 x 10° cells in 2 ml of medium. The
cultures were maintained for 3 days. The cells were stained with
the Viability Dye eFluor 780 (Thermo Fisher Scientific) to analyze
cell viability and with different B cell surface marker-specific
antibodies for phenotypic characterization by flow cytometry. In
some experiments, CD43" B cells were labeled with 5 uM CellTrace
Violet dye (Thermo Fisher Scientific) in PBS for 20 min at 37°C.
After washing with B cell medium, the cells were cultured under
different conditions for 3 days. Cell Trace Violet dye dilution was
used as a readout of cell proliferation.

In vitro plasmablast differentiation
Plasmablasts were generated in vitro by stimulation of CD43-
B cells with 0.2 uM CpG (ODN 1826; InvivoGen) plus 10 ng/ml IL-
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4 (404-ML-025/CF; R&D Systems) and 10 ng/ml IL-5 (405-ML-
025; R&D Systems). CD43" B cells were plated at a density of 1 x
106 cells per 2 ml of B cell medium. After 4 days, the cultures
were analyzed using flow cytometry to determine the percent-
age of plasmablasts (CD138*CD19%).

Immunizations

To induce a TD NP-specific response, mice were immunized
intraperitoneally with 100 pg NP-KLH (IMMBI-042; Biosearch
Technologies) in alum adjuvant. To induce a TI NP-specific
immune response, mice received an intraperitoneal injection
of 50 pg of NP-conjugated high-molecular-weight polysacchar-
ide Ficoll (NP-Ficoll, IMMA1-008; Biosearch Technologies)
in PBS.

Immunohistological analysis

Mouse spleens were dissected and fixed with 4% paraformal-
dehyde in PBS for 1 h, cryopreserved with 30% sucrose in PBS
overnight, and embedded in Tissue-Tek O.C.T. Compound (Sa-
kura). For immunofluorescence staining, 10-pm cryosections
were fixed with cold acetone, hydrated in PBS, and blocked with
2 pg/ml anti-mouse CD16/32 (2.4G2, 553142; BD Biosciences)
antibody diluted in 5% BSA in PBS for 30 min. Sections were
stained for 2 h with Alexa Fluor 488-conjugated anti-mouse IgD
(11-26c.2a, 405718; BioLegend), Alexa Fluor 647 anti-mouse IRF4
(IRF4.3F4, 646408; BioLegend), rabbit polyclonal anti-mCherry
(ab167453; Abcam), and BV421 anti-mouse TCRp (H57-597; Bio-
Legend) antibodies, diluted with a solution containing 2 pg/ml
anti-mouse CD16/32, 1% BSA in PBS. Finally, the sections were
incubated with donkey anti-rabbit IgG (H+L) Alexa Fluor 568
(A10042; Invitrogen) diluted in PBS containing 2 pg/ml anti-
mouse CD16/32 and 1% BSA and mounted with ProLong Dia-
mond Antifade Mountant (Invitrogen). The sections were imaged
using a Zeiss LSM 880 confocal microscope operated by ZEN Black
(version 2.3, Zeiss) software and a 20x/0.8 Plan-Apochromat
lens at zoom factor 1 (415 nm/pixel) (Zeiss). Images were ac-
quired with identical settings for the laser power, detector gain,
and amplifier offset, with pinhole diameters set for one airy
unit. The tile regions were stitched, and maximal intensity
projection images of the z-stack were obtained using ZEN Blue
(version 3.1).

Viral vectors and oligonucleotides

LV sgRNA expression vectors were generated using pLenti-
CRISPRv1 (Addgene plasmid no. 49535) or pLentiCRISPRv2
(Addgene plasmid no. 52961). All LV vectors, sgRNAs, and oli-
gonucleotide sequences used in this study are listed in Fig. S2 E;
and Tables S1 and S2, respectively.

LV production and B cell infection

Lenti-X 293T LV packaging cells (632180; Takara) were cultured
in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) sup-
plemented with 10% FBS, L-glutamine (4 mM, Gibco), sodium
pyruvate (1 mM, Sigma-Aldrich), and penicillin/streptomycin
(Gibco). The cells were maintained at 37°C with 5% CO, and
routinely tested for Mycoplasma contamination. Semi-confluent
Lenti-X cells were cotransfected with LV plasmids, pCMVR8.74
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helper (Addgene plasmid no. 22036), and pCMV-Eco (Cell Bio-
labs) envelope plasmids using polyethyleneimine (PEI) trans-
fection (MW 25,000, Polysciences), as previously described
(Michlits et al., 2020). B cell medium was used for LV collec-
tion. The virus-containing supernatant was cleared of cellular
debris by centrifugation or filtration through a 0.45-pm PES
filter before use for B cell transduction.

B cells were transduced at a density of 2 x 10° cells per well in
a 6-well plate with the ecotropic LV by spinfection at 800xg for
1hat 32°C or 2 h at room temperature, in the presence of 4 pg/ml
polybrene (Sigma-Aldrich). Immediately after spinfection,
SBAFF and OP9 cells were added to the wells, and 16 h later,
~80% of the medium in the well was carefully removed and fresh
B cell medium, supplemented with sBAFF, was added. B cells
were cultured for 3 days, and the percentage of transduction was
analyzed. On average, 8% of the naive B cells were transduced
upon LV infection (Fig. 2 B), which is below the threshold rec-
ommended for achieving predominantly single-copy transduc-
tion (Doench, 2018; Michlits et al., 2020).

Transfer of the transduced B cells

CD43- B cells from the spleen and lymph nodes of donor mice
were transduced with a mCherry-LV expressing a control sgRNA
(sg.Chrl) by spinfection followed by subsequent culture for
3 days on OP9 cells with sBAFF, as described above. On the third
day of culture, the transduced mCherry* donor cells were sorted,
and 200,000 sorted cells were transferred intravenously into
recipient mice. Recipient mice were immunized with NP-KLH
(in alum) or NP-Ficoll (in PBS) after 16 h, and the donor-derived
mCherry* cells from the spleen were analyzed by flow cytometry
on different days after immunization (day 3, 5, 7, and 10; Fig. 3 B
and Fig. S1 D). The percentages and numbers of total mCherry*
cells, mCherry* plasmablasts, and mCherry* GC B cells were
analyzed. For proof-of-principle experiments, donor B cells were
transduced with Prdml- or Irf4-targeting sgRNAs, sorted, and
transferred to recipient mice. Donor-derived mCherry* cells
were analyzed 6 days after immunization in recipient mice
(Fig. 3 C).

LV sgRNA library construction
The selection of the 379 genes for this study, which are highly
expressed in plasmablasts compared with naive B cells, is de-
scribed in Fig. S1 E. The mouse sgRNA library was designed to
target these 379 genes, with two sgRNAs per gene. Additionally,
112 sgRNAs were included to target 56 olfactory receptor genes,
which were not expressed in the B cell lineage, along with 12
sgRNAs targeting essential genes (Prcl, Cdkl, Top2a, Dtl, Chekl,
and Espll). sgRNAs that induced full protein loss due to frame-
shift mutations were selected, as previously described (Michlits
et al., 2020). In total, the library contained 882 sgRNAs (Table
S2). The sgRNA library was constructed by using a pool of
synthesized oligonucleotides (Twist Bioscience). Library am-
plification and cloning into the library vector (Fig. S2 E) were
performed as described previously (Michlits et al., 2020).

The low-complexity CRISPR library, consisting of two
sgRNAs per gene, is a key feature that enables in vivo
CRISPR screens. To ensure efficient CRISPR-based knockout
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perturbations, we designed our sgRNA library based on the VBC
score, an advanced sgRNA prediction algorithm, which reliably
identifies sgRNAs that efficiently generate loss-of-function al-
leles (Michlits et al., 2020). The VBC score algorithm takes into
account all the different steps in CRISPR/Cas9-based mutagen-
esis, i.e., DNA cleavage, repair outcome, impact on target pro-
teins, and stringent selection against off-target effects. Notably,
beyond the validations described in the original study, the VBC
score has recently been independently validated as a superior
sgRNA prediction algorithm by the Functional Genomics Con-
sortium in a comprehensive analysis of different CRISPR li-
braries and sgRNA design strategies (Lukasiak et al., 2025).

Analysis of editing efficiency of sgRNAs

Mature CD43" B cells were infected with a single sgRNA-
expressing mCherry-LV, cultured for 3 days on OP9 cells with
SBAFF, and then stimulated with CpG, IL-4, and IL-5 for another
3 days, as described above (in vitro B cell cultures). The infected
mCherry* B cells were isolated by flow cytometric sorting, fol-
lowed by DNA preparation. Indel sequencing was performed by
PCR amplification (Table S1) and sequencing of a DNA fragment
spanning the sgRNA break site, and the editing efficiency of the
sgRNA was determined by the TIDE analysis (Brinkman et al.,
2014).

In vivo CRISPR/Cas9 screening system

For screening, the sgRNA library was packaged into LV particles
by PEI transfection in Lenti-X 293T cells (632180; Takara). The
virus-containing supernatant was cleared of cellular debris by
filtration through a 0.45-um PES filter and used to transduce
B cells. Donor B cells were enriched by immunomagnetic de-
pletion of non-B cells using CD43 MicroBeads from the spleens
and lymph nodes of CD45.2 Rosa26SL-Cas9/LSL-EcoR [g-/- [ghBl-8hi/+
Cd23-Cre mice. Infected mCherry* B cells were sorted 3 days
after transduction, and two aliquots of 240,000 cells (~300-fold
cell coverage per sgRNA) were pelleted, stored at -80°C, and
saved as donor B cell input controls. Transduced mCherry* do-
nor B cells, 200,000 cells per recipient, were intravenously
transferred to CD45.2/CD45.1 Cd23-Cre Rosa26°2°/* recipient
mice.

In the morning after the transfer of donor B cells, recipient
mice were immunized with NP-KLH in alum (TD screen). 7 days
after immunization, the spleens were dissected, and splenic
single-cell suspensions were prepared. Red blood cells were
lysed with ACK buffer (Gibco), and the cell suspension was in-
cubated with anti-CD16/32 antibody at 1 ug/ml in FACS buffer
for 15 min. Donor-derived cells were then enriched by further
incubation of the cell suspension with biotinylated anti-CD45.1
antibody at a final concentration of 1 pg/ml and subsequent
immunomagnetic depletion of CD45.1* cells with Anti-Biotin
MicroBeads (Miltenyi Biotec). CD45.2*-enriched donor-derived
B cells were stained with antibodies, and CD138*TACI* plasma-
blasts and CD19*GL7*CD95* GC B cells were sorted. The gating
strategy used for flow cytometric cell sorting is shown in Fig. S3
B. Sorted plasmablasts and GC B cells from each recipient mouse
were pelleted and frozen at -80°C until further processing. The
screening experiments were performed twice. A total of 21
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recipients were divided into four groups analyzed as biological
replicate samples (Fig. S3 D).

For the screening performed upon induction of a TI B cell
response, donor B cells were isolated and transferred to recipient
mice, as described above. Fractions of 200,000 mCherry*-
transduced donor B cells were used as the donor B cell input
controls. Recipient mice were immunized the next morning with
NP-Ficoll (in PBS), and their spleens were dissected 6 or 7 days
after immunization. CD45.2*-enriched donor-derived B cells
were stained with antibodies, and CD138*TACI* plasmablasts
and CD138-TACI* memory B cells were sorted. The gating
strategy used for flow cytometric cell sorting is shown in Fig. S4
B. Sorted plasmablasts and CD138-TACI* cells from each recipi-
ent mouse were pelleted and frozen at -80°C until further pro-
cessing. The screening experiment was performed twice, as
described above. 25 recipients were divided into three groups,
which were analyzed as biological replicate samples (Fig. S4 D).

Generation of next-generation sequencing libraries
Next-generation sequencing (NGS) libraries of sorted cells were
prepared as previously described (Michlits et al., 2020). Briefly,
genomic DNA was isolated by cell lysis (10 mM Tris-HCl, 150 mM
NaCl, 10 mM EDTA, 0.1% SDS), proteinase K treatment, and di-
gestion with DNase-free RNase (10977035; Thermo Fisher Sci-
entific). Lysates from sorted mouse cells in the same experiment
were pooled to achieve a representation of 500-900 cells per
sgRNA for TD B cell responses (Fig. S3 D) or ~100 cells per sgRNA
for TI B cell responses (Fig. S4 D). Four or three replicate samples
were prepared for each cell type.

Genomic DNA was isolated using two rounds of phenol
extraction and isopropanol precipitation. Genomic DNA was
subjected to several freeze-thaw cycles before nested PCR
amplification of the sgRNA cassette. Barcoded NGS libraries
were generated for each pooled sample by using a two-step PCR
protocol. The first PCR used 0.5 pl of Q5 Hot Start High-Fidelity
DNA Polymerase (M0493; New England Biolabs) in 50-pl re-
actions containing 100 ng of genomic DNA. For each sample, the
resulting PCR products were pooled and purified using MBSpure
magnetic PCR purification beads (in-house) and used as input for
a second PCR, introducing standard Illumina adapters using
10 ng of the DNA template. The final Illumina libraries were
pooled and sequenced using a HiSeq 2500 platform (Illumina).
Primers used for library amplification are listed in Table S1.

Bioinformatics analysis of the pooled sgRNA-sequencing data

To quantify raw sequencing reads, we used the crispr-process-nf
Nextflow pipeline, available at https://github.com/ZuberLab/
crispr-process-nf as described previously (de Almeida et al.,
2021). In brief, all guides in the sgRNA library were padded
with Cs to equal length before creating an index for Bowtie
2 (version 2.3.0). Random 6mer nucleotides were trimmed using
the fastx_trimmer from the fastx-toolkit (version 0.0.14)
(http://hannonlab.cshl.edu/fastx_toolkit/) before demultiplex-
ing using 4mer sample barcodes with a fastx_barcode splitter
(--mismatches 1 --bol). Next, barcodes and 20mer spacers were
trimmed, and reads were aligned with Bowtie 2 and quantified
with featureCounts (version 1.6.1). To calculate the enrichment
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or depletion of sgRNAs, we pooled the data of the two experi-
ments, containing both replicate samples generated for each cell
type (Fig. S3 D and Fig. S4 D). To this end, we used the crispr-
mageck-nf Nextflow workflow, available at https://github.com/
ZuberLab/crispr-mageck-nf. First, count tables were filtered to
exclude sgRNAs with fewer than 50 counts in the control and
sorted samples before further downstream analyses. Read
counts were median-normalized, and average log, fold changes,
P values, and false discovery rates were calculated using MA-
GeCK (0.5.9) (Li et al., 2014). If the sorted samples had a median
of 0, a +1 pseudocount was added to each sgRNA for each sample
included in the analysis. To calculate the enrichment of sgRNAs
in sorted plasmablasts, GC B cells, and memory B cells, sgRNA
counts within the sorted populations were compared with sorted
donor B cell populations. For the analysis of gene hits, sgRNAs
were ranked according to their abundance in the donor B cell
control samples (Table S3). For TD responses, lowly abundant
sgRNAs with a rank value below 70 and, for TI responses,
sgRNAs with a rank value below 106 were excluded. A group of
genes with an essentiality score lower than -0.2 (Cenpi, Crlsl,
Ddost, Hsp90bl, Hspa5, Odcl, Ppal, Rpnl, Secélg, Sec63, Selll, Slc33al,
SIc35bl, Spcs2, Spes3, Ubas) were also excluded from the list of
gene hits due to their essential functions in different cell types
(Table S3).

Validation of potential positive and negative regulators
To validate the gene hits of the screens, naive B cells were iso-
lated from the spleen of Cd23-Cre Rosa26-SL-Casd/LSL-EcoR [gl-/-
IghP'-8hi/+ donor mice and transduced with ecotropic LV particles
expressing a sgRNA targeting the gene to be validated or a
neutral control sgRNA (sg.Chrl), targeting a sequence in a gene
desert region of chromosome 1 (Table S1), and expressing the
mCherry fluorescent reporter protein. In parallel, a fraction of
naive B cells was transduced with LV particles expressing the
control sg.Chrl and mAmetrine fluorescent protein. After spin-
fection and 3 days of in vitro culture, the transduced mCherry*
and mAmetrine* donor B cells were sorted by flow cytometry,
mixed at a 2.5:1 ratio, and transferred to recipient mice. Control
mice received a mixture of mCherry* control sg.Chrl B cells and
mAmetrine* sg.Chrl B cells. The experimental recipient mice
received a mixture of mCherry* B cells expressing the sgRNA
targeting the test gene, and mAmetrine* sg.Chrl B cells. Control
and experimental recipient mice received ~200,000 total donor
B cells by intravenous injection. Recipient mice were immu-
nized, and 7 days after immunization, mCherry* and mAme-
trine* donor-derived B cells in the spleen were analyzed by flow
cytometry. The percentages of mCherry* plasmablasts or
mCherry* GC B cells were determined relative to the percentages
of mAmetrine* plasmablasts or mAmetrine* GC B cells, respec-
tively, as shown in Fig. 6, B and C, and described in Fig. S5 C.
We mixed the experimental mCherry* and control mAme-
trine* sgRNA-transduced B cells at a ratio of 2.5:1 prior to their
transfer into recipient mice based on the following two reasons.
First, the infection efficiency of the mCherry-LV was higher than
that of the mAmetrine-LV, which thus resulted in higher num-
bers of infected mCherry* B cells compared with the infected
mAmetrine* B cells. Consequently, a higher number of the
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important experimental mCherry* B cells could be analyzed in
the validation experiments. Second, we used the mAmetrine*
B cells only as control cells to calculate and normalize the effect
of the sgRNAs of interest in the mCherry* B cells among the
different transplanted mice as described in Fig. S5 C.

Statistical analysis

Statistical analyses were performed using the GraphPad Prism
10 software. Two-tailed unpaired Student’s t test was used to
assess the statistical significance of one observed parameter
between two experimental groups. Holm-Sidék’s correction test
was employed, when multiple unpaired Student’s t tests were
applied. When more than two experimental groups were com-
pared, one-way analysis of variance was used combined with
Tukey’s multiple comparisons tests to determine the statistical
significance.

Online supplemental material

Fig. S1 describes the analysis of different aspects of the in vivo
sgRNA screening system. Fig. S2 contains the experimental data
that determined the editing efficiency of selected sgRNAs,
identified GC B cell- and plasmablast-specific sgRNA hits, and
identified the sgRNA representations at different stage of the
TD and TI screening experiments. Moreover, schematic diagrams
of the different LV vectors used are shown. Fig. S3 contains a
schematic diagram, the flow cytometric sorting data, and the
sgRNA representation results of the in vivo screening experiments
that identified novel regulators of the TD B cell responses. Fig. S4
contains a schematic diagram, the flow cytometric sorting data,
and sgRNA representation results of the in vivo screening ex-
periments that identified novel regulators of the TI B cell re-
sponses. Fig. S5 displays the validation data of gene hits of the TD
B cell responses and contains an explanation how the validation
data were normalized for their presentation in Fig. 6, B and C.
Table S1 contains the sequences of the oligonucleotides used for
gene cloning, library preparation, and PCR amplification. Table S2
contains the information and sequences of all sgRNAs used for the
screening experiments. Table S3 contains the entire dataset of all
sgRNA screening experiments in response to TD and TI immu-
nization, including the normalized read counts, fold changes, and
P values of all sgRNAs.

Data availability

The data of the sgRNA CRISPR/Cas9 screening experiments,
underlying Fig. 4, are available in Table S3 in the online sup-
plemental material of the published article.
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Figure S1. Description and characterization of different aspects of the sgRNA screening system. (A) Flow cytometric analysis of mCherry expression in
B cells at 2 and 3 days after infection with a control mCherry-LV. The cells were cultured on OP9 cells with sBAFF (right). The frequencies of mCherry* B cells are
shown as mean values with SEM and were analyzed by one-way ANOVA with Tukey’s multiple comparisons test; ***P < 0.001; ****P < 0.0001. (B) Flow
cytometric analysis of dividing and nondividing mCherry* B cells after 3 days in culture on OP9 cells with sBAFF. Mature CD43- B cells were incubated with
CellTrace Violet prior to infection with a control mCherry-LV and were subsequently cultured for 3 days. The frequencies of mCherry* B cells among the dividing
and nondividing B cell population are shown as mean values with SEM and were analyzed by the unpaired t test; ***P < 0.001. (C) Immunofluorescence staining
of spleen sections from recipient mice at 5 and 7 days after immunization with NP-KLH/alum. LV infection and B cell transfer were performed as described in D.
Spleen sections were stained with antibodies against IgD (green), mCherry (red), TCRB (blue), and IRF4 (white). A nonimmunized mouse, which did not receive
transduced mCherry* B cells, was used as a control. The scale bar represents 100 um. (D) Time course of plasmablast formation upon immunization with NP-
Ficoll. Naive B cells isolated from the donor mice were transduced with LV particles expressing a neutral control sgRNA (sg.Chrl) and the mCherry reporter
protein. After infection, B cells were cultured in vitro for 3 days in the presence of stromal OP9 cells and sBAFF. Transduced mCherry* B cells were isolated and
transferred to recipient mice, which were immunized 16 h later with NP-Ficoll in PBS. Flow cytometric analysis of splenocytes from recipient mice at day 3, 5,
and 7 after immunization (left) revealed the percentages of mCherry* B cells in total splenocytes and mCherry* plasmablasts (TACI*CD138*) within the
mCherry* cells, as shown in the bar graphs (right). Absolute numbers of the mCherry* B cells and mCherry* plasmablasts in the spleen are also indicated (far
right). Statistical data are shown as mean values with SEM and were analyzed by the Welch ANOVA with the Brown-Forsythe test; *P < 0.05; **P < 0.01;
¥¥¥¥P < 0.0001. Each dot represents one mouse. AF, autofluorescence measured in the BV605 channel. (E) Scheme describing the steps taken for the selection
of the 379 genes to be studied in the in vivo CRISPR/Cas9 screening experiments. The data shown in A, B, and D are based on two independent experiments.
Each dot corresponds to one mouse.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20250594

Calderén et al.
In vivo CRISPR/Cas9 screens in B cells

S2

9202 YOJBI | UO JOSN 43U)0l|qIq[EuSZ - UBYOUSN| WNusZ Z)oywisH Ad Jpd v6506202 Wel/z8.5202/¥660520Z0/E/c2z/Ipd-ajoie/wal/Bio"ssaidnu/:dny woly papeojumod



sg.Cd44 100 TIDE
g - totaleff. = 88% 64.6 .
5 . <)
o Y
29 °
g E 40
S 8
g . 20
: MV O O SR
- o T P &
-10 -5 4,01 5 10 EOIPR AP
Deletion Insertion &
c PB PB
2 Common positive negative
i Soat2 ® positive regulators regulators regulators
L AKUDT b eatt Bag3 Ssr2 Soat2 Cd44
Prdm1 i AnkrdzN { GC B cells Txndc5 Qpetl Bhihe41 Prdx4
gl ol tel S0 S | positive regulators Zfp658 Prdm1 Timd2 Atxn1
@ .
= 1 L P94 Spes1 Sdc1 Ankub1 Stk3
3 1 ® g Cdd4 PB
& Ssr2 g0 o i L positive regulators Ache Herpud1 Ankrd24 Prg3
= ®Sdet ; B q) Atat1 Lyé6i 1fi211 Sdf2l1
e 9 S ! GC B cells Zfyve2s Ari5a Dnm3 olfmi3
u_N.g Ernt negative regulators Ggh Gm5134 Cdr2 Gpméa
2e o PB Ctla4 B3gnt9 Dnajc25 Mrc1
i) 5 ;
) O JROK AN HEL A 0o : Edem1 Ap3s1 Cryba4 Cish
3 i2d { negative reguialors - g Unci3b Apbat Rab3sb
& Tmem1ga8 - Sard L& Tandes 1 « Opposite 6430548MO8Rik 1118 Ssr4 Ly6k
5} ° P eiey : Lmik3 Anxa9 Ackr3 Vsir 5
-2 Prkarzb Isg20 . Ctlad e Apoa2 Adk
C'crlz Tram2 c2
{ { Hook1 Chid1
-3 T T Zfp9
-4 -3 -2 -1 0 1 2
Log,FC
PB vs donor B cells
Experiment Sorted mCherry* B cells Transferred donor B ells Dg;\gm HeteOm ImmLaIESdimes Day7
mCherry*
Transferred mCherry*  [EUOISHVAE B cells mCherry” cells
Eefimerit lra:;tz: qp Representation| donor Bcell Representation B cel;;:Tber cele . _|representation representation
" cells (millions) eS| number per (EElEEGA) immunization (c:,klls/ RNA) (RN (OEIIS/ngNA)- ol
mouse =g per 5 mice (= 1 replicate)
per 1 mouse  per 1 mouse CH replicat)
1(TD) 6.4 7,256 200,000 227 13,431 15 75 GCPBBzeIIS I Zzi
mCherry*
B cells mCherry* cells
pi representation
(cells/sgRNA)|  (cells/sgRNA) per 9 mice
per 9 mice (=1 replicate)
(=1 replicate)
PB
1(T) 5.0 5,669 200,000 21,627 25 225 Mem BscellsI 191;)3
PGK-mCherry [51TR| w[ RRE[ cPPT [AUB] sorna [ APGK [ mcherry [ weRE [3LTR (V) |

Establisment and testing
of the in vivo system

EFto-mCherry [517R]w[RRE [ oPPT [AUB] orNA [ hEFta | mChemy | wPRE [ 31TR (siN) |

Library vector

EFiuamCherry [s17r W[ RRE| cPPT [ PBS [AUB] soriA [nEFtas| mCherry [ wPRE [ 3LTR (sIN) | In vivo CRISPRICasg screening

EFfas-mCherry [517R| w|RRE | cPPT [AUB| sornA

hEF1as| mChery | WPRE [ SLTR (SIN) |

Validation of gene hits

EF1as-mAmetrine ‘5‘LTR‘W|RRE|CPPT ‘m SgRNA [hEF1as|mAme‘rme‘ WPRE ‘ 3LTR (SIN) ‘

Figure S2. Indel sequencing data, identification of GC B cell- and PB-specific sgRNA hits, and sgRNA representation at different stages of the
screening experiments. (A and B) Indel sequencing. Mature CD43- B cells were infected with the indicated sgRNA mCherry-LVs, cultured for 3 days on OP9
cells with sBAFF, and then stimulated with CpG, IL-4, and IL-5 for another 3 days, followed by flow cytometric sorting of the mCherry* B cells and DNA
preparation. Indel sequencing was performed by PCR amplification and sequencing of a DNA fragment spanning the sgRNA break site, followed by TIDE analysis
(Brinkman et al., 2014). (A) Percentages of indels are indicated relative to the break site of sg.Cd44 (position 0, black), demonstrating that the percentage of
indels is 88% for the sg.Cd44. (B) Percentages of indels are shown for the indicated sgRNAs, as determined by the indel sequencing and TIDE analysis.
() Identification of GC B cell-specific and PB-specific positive and negative regulators, as determined by CRISPR/Cas9 screening experiments at day 7 after NP-
KLH immunization. The log,FC plot (left) indicates the sgRNA hits that were determined by a more than twofold change in sgRNA abundance in GC B cells and
PBs (corresponding to Fig. 4, B-E). The genes corresponding to the GC B cell-specific and PB-specific sgRNA hits are shown (right), and their fold changes and P
values are indicated in Table S3. The common positive regulators are shown in Fig. 4, C and D, as being significant in both cell types, while the PB-specific
positive regulators are indicated as being nonsignificant in the GC B cell analysis (Fig. 4, C and D). (D) sgRNA representation at different stages of the TD and Tl
screening experiments. Flow cytometric analysis was used to determine the number of sorted mCherry* B cells at the start, the splenic mCherry* B cells at day 3
after B cell transfer (Fig. 3 B [TD] and S1D [T1]), and the splenic mCherry* PBs, GC B cells, and memory B cells at day 7 (Figs. S3 D [TD] and S4D [T1]). As the
screening library contained 882 sgRNAs, the number of identified B cells was divided by 882 to determine how many cells contained one specific sgRNA (cells/
sgRNA) under the assumption that each cell was only infected by one sgRNA virus (MOI = 1). (E) Schematic representation of the LV vectors used in this study.
LVs containing the PGK-mCherry or EFla-mCherry gene were used for establishing and testing of the in vivo CRISPR/Cas9 screening system. The sgRNA library
was cloned in a LV vector containing the EFlas-mCherry gene. The validation experiments were performed with LVs containing the EFlas-mCherry or EFlas-
mAmetrine gene. 5'LTR, 5’ long terminal repeat; ¥, psi packaging signal; RRE, Rev response element; cPPT, central polypurine tract; PBS, primer binding site for
DNA sequencing library preparation; hU6, human U6 promoter; hPGK, human phosphoglycerate kinase promoter; hEF1a, human elongation factor 1a promoter;
hEF1las, human elongation factor la short promoter; WPRE, woodchuck hepatitis virus posttranscriptional regulatory element; 3'LTR (SIN), 3’ long terminal
repeat (self-inactivating); FC, fold change; PBs, plasmablasts.
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Figure S3. CRISPR/Cas9 screen for identifying new regulators of the TD B cell responses. (A) Schematic diagram of the in vivo CRISPR/Cas9 screening
experiments used to study the TD B cell responses. Naive B cells isolated from donor mice were transduced with LV particles, each expressing one of the 882
sgRNAs and the mCherry reporter protein. After infection, B cells were cultured in vitro for 3 days in the presence of OP9 cells and sBAFF. Transduced mCherry*
donor B cells were sorted by flow cytometry and transferred to recipient mice, which were immunized 16 h later with NP-KLH/alum. 7 days after immunization,
splenic mCherry* CD45.2* cells were enriched by anti-CD45.1 antibody-mediated MACS depletion of the CD45.1*CD45.2* recipient cells. Plasmablasts and GC
B cells were isolated from the enriched fraction by flow cytometric sorting, followed by DNA extraction, library preparation, and DNA sequencing. DNA was also
extracted from a fraction of the sorted transduced mCherry* donor B cells before immunization, followed by library preparation and DNA sequencing. (B) Flow
cytometric analysis of the enriched mCherry* CD45.2* B cells from recipient mice. The gates used for the sorting of plasmablasts (TACI*CD138*) and GC B cells
(CD19*GL7+CD95*) are indicated. The percentages of mCherry* plasmablasts and mCherry* GC B cells within the sorted cell population are shown. (C) Numbers
of sorted plasmablasts and GC B cells (left), the percentage of mCherry* plasmablasts and mCherry* GC B cells within the sorted cell population (middle), and
the numbers of mCherry* plasmablasts and mCherry* GC B cells (right) were determined for individual recipient mice analyzed in two independent screening
experiments. (D) Total sgRNA representation in each plasmablast and GC B cell replicate sample analyzed in two screening experiments. The sgRNA repre-
sentation was estimated by dividing the number of mCherry* plasmablasts or GC B cells by the number of the 882 sgRNAs constituting the sgRNA library. Each
plasmablast and GC B cell replicate sample contained cells that were obtained from five or six recipient mice after pooling. Each colored box represents the
individual contribution of each mouse to the sgRNA representation of the entire replicate sample.
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Figure S4. CRISPR/Cas9 screen for identifying new regulators of the TI B cell responses. (A) Schematic diagram of the in vivo CRISPR/Cas9 screening
experiments used to study the TI B cell responses. The Tl screening experiment was performed as described in detail for the TD screening experiment (Fig. S3
A), except that the transplanted mice were immunized with NP-Ficoll and that plasmablasts (TACI*CD138*) and memory B cells (Mem B, TACI*CD138") were
isolated at day 6 or 7 by flow cytometry. (B) Flow cytometric analysis of enriched mCherry* CD45.2* B cells from recipient mice. The gates used for the sorting of
plasmablasts and memory B cells are indicated. The percentages of mCherry* plasmablasts and mCherry* memory B cells within the sorted cell population are
shown. (C) Numbers of sorted plasmablasts and memory B cells (left), the percentage of mCherry* plasmablasts and mCherry* memory B cells within the
sorted cell population (middle), and the numbers of sorted mCherry* plasmablasts and mCherry* memory B cells (right) were determined for individual re-
cipient mice analyzed in two independent screening experiments. (D) Total sgRNA representation in each plasmablast and memory B cell replicate sample
analyzed in two screening experiments. The sgRNA representation was estimated by dividing the number of mCherry* plasmablasts or mCherry* memory
B cells by the number of the 882 sgRNAs constituting the sgRNA library. Each plasmablast and memory B cell replicate sample contained cells that were
obtained from seven or nine recipient mice after pooling. Each colored box represents the individual contribution of each mouse to the sgRNA representation of
the entire replicate sample. (E) Flow cytometric definition of mCherry* memory B cells. Sorted mCherry* donor B cells were transferred to recipient mice, which
were immunized 16 h later with NP-Ficoll in PBS. Flow cytometric analysis of splenocytes 6 days after immunization is shown. Donor-derived mCherry* cells
were mainly TACI*CD138* plasmablasts or CD138-GL7-CD38*TACI" cells that phenotypically correspond to memory B cells.
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Figure S5. Validation of the indicated regulators of TD B cell responses by sgRNA-mediated gene inactivation. (A and B) Flow cytometric analysis of
two independent validation experiments performed by sgRNA-mediated inactivation of putative positive and negative regulators. The outline of the strategy
and flow cytometric analysis of the validation experiments is explained in detail in Fig. 5 A. mCherry* and mAmetrine* sgRNA-transduced B cells were mixed at a
ratio of 2.5:1and transferred into recipient mice, followed by immunization with NP-KLH/alum. Flow cytometric analysis of splenocytes from recipient mice was
performed 7 days after immunization. mCherry* donor B cells expressed the control sgRNA (sg.Chrl) or sgRNAs targeting positive regulator genes (sg.Isg20,
sg.Ccrl2, sg.Tmem198, and sg Aldh1l2) or negative regulator genes (sg.Prg3 and sg.Stk3), while the mAmetrine* donor B cells expressed only the control sgRNA.
The percentages of mCherry* and mAmetrine* plasmablasts (TACI*CD138*) and GC B cells (GL7*CD95*) in total B cells (CD19*CD138/*° and CD19'°CD138;
green), in mCherry* cells (red), or in mAmetrine* cells (blue) are shown. The ratios of mCherry* versus mAmetrine* plasmablasts and GC B cells were quantified
and calculated, as explained in C, and are shown in Fig. 6, B and C. (C) Calculations of the ratio of mCherry* to mAmetrine* plasmablasts in total B cells relative to
the control. The corresponding results are shown in Fig. 6 B. First, the ratio (R) of the percentage of mCherry* plasmablasts (sg.Control [sg.Chr1]) in total B cells
versus the percentage of mAmetrine* plasmablasts (sg.Control) in total B cells was determined for each control (c) mouse. Subsequently, the mean value of the
control group (mean control group) was determined by dividing the sum of all Rc values by the total number of control mice analyzed. In parallel, the ratio (R) of
the percentage of mCherry* plasmablasts (for each sgRNA test gene) in total B cells versus the percentage of mAmetrine* plasmablasts (sg.Control) in total
B cells was determined for each experimental (e) mouse. We then normalized the Re value of each experimental mouse by dividing it by the mean value of the
control group, which allowed to plot all Re values of the different mice in the same graph by setting the mean Rc value to 1 as shown in Fig. 6 B. The same
calculation was used to determine the ratios for GC B cells (Fig. 6 C).
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Provided online are Table S1, Table S2, and Table S3. Table S1 contains the sequences of the oligonucleotides used for gene cloning,
library preparation, and PCR amplification. Table S2 contains the information and sequences of all sgRNAs used for the screening
experiments. Table S3 contains the entire dataset of all sgRNA screening experiments in response to TD and Tl immunization,
including the normalized read counts, fold changes, and P values of all sgRNAs.
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