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Serine-threonine kinase ROCK2 regulates germinal
center B cell positioning and cholesterol biosynthesis
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and therapeutically targetable regulator of GC responses.

Introduction

Efficient humoral responses require B cells to integrate signals
that coordinate their positioning, differentiation, and metabolic
reprogramming (1-3). Productive interactions between B cells and
T cells are central to these responses, as T cells provide key sig-
nals, such as CD40L and IL-21, that instruct B cell fate decisions
and promote the formation of germinal centers (GCs) (3-5). GCs
are transient anatomical structures that serve as the major sites of
clonal expansion, affinity maturation, and plasma cell (PC) differ-
entiation (1-3). The mature GC is histologically characterized by
the appearance of 2 polarized microenvironments that facilitate
the compartmentalization of specific functional processes (3). The
GC “dark zone” (DZ) is primarily composed of rapidly dividing
centroblasts and is the major site of somatic hypermutation (SHM)
(3). In contrast, the GC “light zone” (LZ) is believed to be the site
where affinity maturation occurs (3). The gene signature of GC
B cells is controlled by an antagonistic network of transcription
factors centered around BCL6 that is absolutely required for the
formation and maintenance of the GC B cell program (4). Other
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Germinal center (GC) responses require B cells to respond to a dynamic set of intercellular and microenvironmental signals
that instruct B cell positioning, differentiation, and metabolic reprogramming. RHO-associated coiled-coil-containing
protein kinase 2 (ROCK2), a serine-threonine kinase that can be therapeutically targeted by ROCK inhibitors or statins, is a
key downstream effector of RHOA GTPases. Although RHOA-mediated pathways are emerging as critical regulators of GC
responses, the role of ROCK2 in B cells is unknown. Here, we found that ROCK2 was activated in response to key T cell signals
like CD40 and IL-21 and that it regulated GC formation and maintenance. RNA-Seq analyses revealed that ROCK2 controlled

a unique transcriptional program in GC B cells that promoted optimal GC polarization and cholesterol biosynthesis. ROCK2
regulated this program by restraining AKT activation and subsequently enhancing FOXO01 activity. ATAC-Seq (assay for
transposase-accessible chromatin with high-throughput sequencing) and biochemical analyses revealed that the effects of
ROCK2 on cholesterol biosynthesis were instead mediated via a novel mechanism. ROCK2 directly phosphorylated interferon
regulatory factor 8 (IRF8), a crucial mediator of GC responses, and promoted its interaction with sterol regulatory element-
binding transcription factor 2 (SREBP2) at key regulatory regions controlling the expression of cholesterol biosynthetic
enzymes, resulting in optimal recruitment of SREBP2 at these sites. These findings thus uncover ROCK2 as a multifaceted

transcription factors also play important roles in the regulation of
GC responses. In particular, interferon regulatory factor 8 (IRF8)
and PU.1 control GC development through several mechanisms
including the regulation of BCL6 expression (6-10) and FOXO1, a
DZ-specific transcription factor that helps maintain GC architec-
tural polarity (11-13).

In addition to interactions with T cells, GC B cells respond
to microenvironmental cues that regulate key GC processes and
reinforce the transcriptional networks driving B cell differentia-
tion (2). B cell positioning within the GC is controlled by several
GPCRs and their chemokine and lipid ligands, including CXCL13,
CXCL12, S1P, 70,25-HC, and S-geranylgeranyl-L-glutathione (2,
14-17). Disruption of these signaling pathways results in abnormal
GC architecture, impaired B cell differentiation, and attenuated
humoral responses (2). GC B cells also face increased energetic
and biosynthetic demands (18), and the maintenance of GC
responses requires the metabolic reprogramming of B cells via sev-
eral metabolic sensors, in particular mechanistic target of rapamy-
cin complex 1 (mTORC1) and glycogen synthase kinase 3 (GSK3)
(19-21). GC B cells, furthermore, undergo substantial rewiring of
their B cell receptor (BCR) and CD40 signaling pathways, which,
in the case of the BCR, results in differential AKT phosphorylation
and activity (13, 22).

The RHO kinases (ROCKs) ROCK1 and ROCK?2 are a pair
of ubiquitously expressed serine-threonine kinases that are key
downstream effector molecules of RHOA (23-25). Upon RHOA


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://doi.org/10.1172/JCI132414

The Journal of Clinical Investigation

A
4o ROCK1 IVK
algM: - + + + NS
aCD40: - - + + 21 Ns
1 - - -+ £
Saeaes -
X
ROCK1 IVK 8"
[v'4
- e ..
Input
C
Ramos ROCK1 IVK
aCD40: - + - + 18 Ngs
IL21: - - + + RS

0.6

ROCK1 IVK

|E’~g 0.0

Input IL21: - - + +

RESEARCH ARTICLE

B do
—_ ROCK2 IVK
algM: - + + + k%
aCD40: - - + + 20
2t - - -+ g s
- ool <
"
ROCK2 IVK 80.5
©
- —— 00
algM:
Input aCDA40:
1IL21:
D
Ramos
oCD40: - + -+
21 - - o+ o+
53 — e——
ROCK2 IVK
o = f 2 =

Input

Figure 1. ROCK2 is activated by CD40 and IL-21 signals. (A and B) CD23* B cells purified from C57BL/6 mice were collected immediately or cultured for 3
days with anti-IgM (algM) (5 pug/mL), anti-CD40 (5 pug/mL), and/or IL-21 (50 ng/mL). ROCK1 and ROCK2 kinase activity was examined by incubating immu-
noprecipitated ROCK1 (A) or ROCK2 (B) from extracts with purified recombinant MYPT1 as a substrate. Phosphorylated recombinant MYPT1 (p-MYPT1) was
detected using an antibody against p-MYPT1. Total ROCK1 and ROCK2 input levels for each sample are shown in the lower panels. Quantifications show
the ratio of p-MYPT1 to input ROCK protein expression. n = 4. (C and D) Ramos cells were either left unstimulated or stimulated for 6 hours with anti-CD40
(1 ng/mL) and/or IL-21 (100 ng/mL). ROCK1 (C) and ROCK2 (D) IVK assays were performed on nuclear extracts of Ramos cells as in A and B. Quantifications
show the ratio of p-MYPT1 to input ROCK protein expression. n = 3. Data represent the mean + SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001, by 1-way

ANOVA followed by Dunnett’s test for multiple comparisons. d0, day 0.

binding, the ROCKs become activated and function as central
coordinators of a tissue response to stress and injury, largely due
to their ability to regulate cytoskeletal rearrangements (23-25). In
line with these findings, dysregulation of ROCK activity in nonhe-
matopoietic cells has been linked to cardiovascular- and metabo-
lism-related diseases, and a decrease in ROCK activity has been
implicated in the antiinflammatory effects of statins (25). The
ROCKSs are activated in response to various physiological signals
including those mediated by the G12/13 subfamily of GPCRs,
like SIPR2, which regulates the confinement of GC B cells and
whose dysregulation has been linked to B cell lymphomagenesis
(26, 27). Although the ROCKs share a high degree of homology in
their kinase domain and can target similar substrates in vitro, they
display more limited similarity in the remainder of the molecule,
suggesting that ROCK1 and ROCK2 can mediate unique sets of
functions (23-25). Indeed, in T cells, ROCK2 has been shown to
promote the differentiation of Th17 and T follicular helper (Tth)
cells because of its ability to regulate the activity and expression of
IRF4 and STAT3 (28-30). Whether ROCK2 has specific roles in B
cell differentiation is, however, not known.

In this study, we specifically examined the regulation and
role of ROCK2 in B cells. We found that ROCK2 was selectively
activated in B cells in response to T cell-dependent (TD) signals
and that B cell-specific deletion of ROCK2 impaired GC forma-
tion and maintenance, resulting in defective humoral responses.
Through genome-wide sequencing approaches, we demonstrated
that ROCK?2 regulated a unique transcriptional program in GC B

cells, which included both inhibitory and activating effects. In par-
ticular, ROCK?2 inhibited AKT activation and promoted the tran-
scriptional activity of FOXOL. In line with these findings, the lack
of ROCK2 was associated with defective GC polarization. Inter-
estingly, ROCK2 induced the expression of key enzymes in the
mevalonate pathway by controlling the activity of sterol regula-
tory element-binding transcription factor 2 (SREBP2), the master
regulator of cholesterol biosynthesis. These studies thus identify
ROCK?2 as a key regulator of the positioning and metabolic repro-
gramming of GC B cells.

Results

ROCK2 is activated in response to CD40 and IL-21 signals. Although
upstream components of the RHOA pathway have recently
emerged as important regulators of GC responses (16, 26), the role
of key downstream RHOA effectors like the ROCKsin GC B cellsis
largely unknown. To assess the involvement of the ROCKs in this
compartment, we first used in vitro systems to evaluate whether
ROCK activity could be regulated by key T cell-derived signals,
such as those provided by CD40 engagement and IL-21, which are
known to promote GC formation (3-5). Purified CD23* follicular
B cells (FoBs) from C57BL/6 mice were stimulated with different
combinations of anti-IgM and anti-CD40 antibodies and IL-21. As
reported (31), stimulation of CD23* B cells with IL-21 in the pres-
ence of BCR and CD40 engagement induced Bcl6 and Aicda and
repressed Irf4 expression (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/

jci.org  Volume130  Number7  July 2020

3655


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://www.jci.org/articles/view/132414#sd
https://doi.org/10.1172/JCI132414DS1

RESEARCH ARTICLE

The Journal of Clinical Investigation

A CD23- CD23- ROCK1 IVK c ROCK2 IVK
wT Rock2 wT Rock2 17 NS NS 200 T,
2 o 2 | Ns NS >
algM: & + + + + + + S + + + o+ 4+ o+ : . . = I
aCD40:g-++-++ g-++_++ G 12 -I T 3 L.
T S S S G . - + g BB wiR S =
Q 06 e
- oo - - . e} 80.5
m x i ND ND ND
0.0 0.0
ROCK1 IVK ROCK2 IVK oo ST
algM: + + + + o+ o+ algM: + + + + + +
—e | — — — |—-.{ | oCD40: - + + -+ 4+ oCD40: - + + -+ o+
— 21 - - + - -+ 21 - -+ - - o+
Input Input CD23- CD23-
wT Rock2 WT Rock2
D E .
Day 7 Germinal center B cells
CD23-Rock2 o e WT
2.61 < ° - CD23-Rock2
@
Qo
1S
)
c
! 3
v o O
G

NP-specific B cells

2,0 g 20
[} —
= %1.5 X 15
Q =
58 o
i g 10 _E 1.0
Z 4 =]
o L o5 c 05
o "'5 -
= [0}
0.0 O oo
Day 7

Cy1-Rock2

J
£ gz.o °
9@ §15 [ *%*
+ C
u_ L]
P4 %1'0 % ° o
X2 . +

%5 0.5 .: o 5

0.0-Lem—at: % o2 Qe
Day 0 Day 7 Day 10 Day 0 Day 7 Day 10
3656 jei.org  Volume130  Number7  July 2020

NP-specific germinal center B cells

~ 20

N
o

o

o
o

% NP+*IgG1+CD38P
(of splenocytes)
Cell number (x108

0.0

o
o

Day 0 Day 0 Day 7 Day 10
Germinal center B cells

** o WT
-~ Cy1-Rock2

o
°
L

Cell number (x108)

NP-specific germinal center B cells
o 20 *hkk o 20 *
Q —~ . )
5o ) =4
0L s . X 15
[ ° <
3 % X5
10} 5 1.0 ° o 10
25 e ° 5 *kk
A 2 os ° ¥ 2 os }
Z 35 [} oS = o5
S polese P 8 0.0 : Sl
Day 0 Day 7 Day 10 Day 0 Day 7 Day 10


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7

The Journal of Clinical Investigation

Figure 2. ROCK2 deficiency leads to impaired GC responses. (A-C) ROCK1
and ROCK2 IVK assays (A) were performed on extracts from CD23* cultures
from Rock2f (WT) or C023-Cre Rock2™f (CD23-Rock2) mice as in Figure 1,
A and B. Kinase activity was quantified for ROCK1 (B) and ROCK2 (C) as the
ratio of p-MYPT1 to input ROCK protein. n = 3. Data represent the mean

+ SEM. P values were determined by 1-way ANOVA followed by Dunnett’s
test for multiple comparisons. Lanes in A were run on the same gel but
were noncontiguous. (D-G) WT and CD23-Rock2 mice were immunized
with 100 pg NP-CGG for 7 to 10 days. Representative FACS plots (D)

and pooled guantifications of total GC B cells (E) (B220*Fas*GL7*), total
NP-specific B cells (F) (B220*IgM-IgD-Gr1-NP*IgG1*), and NP-specific GC B
cells (G) (B220*IgM-1gD-Gr1"NP*IgG1*CD38") from WT (solid blue circles)
and CD23-Rock2 (open blue circles) mice. (H-K) WT and Cy1-Cre Rock2

I (Cy1-Rock2) mice were immunized as in D-G. Representative FACS plots
(H) and pooled quantifications of total GC B cells (1), total NP-specific B
cells (), and NP-specific GC B cells (K) from WT (solid blue) or Cy1-Rock2
(open blue) mice. n > 6. Data are from at least 2 independent experiments
per time point and represent the mean + SEM. *P < 0.05, **P < 0.01, ***P
< 0.001, and ****P < 0.0001, by unpaired 2-tailed t test.

JCI132414DS1). We then performed in vitro kinase (IVK) assays to
assess ROCK1- and ROCK2-specific activity in response to these
signals (Figure 1, A and B). We found that ROCK1 was highly
activated in B cells, irrespective of stimulation with anti-IgM,
anti-CD40, or IL-21 (Figure 1A and Supplemental Figure 1B). In
contrast,we detected only low levels of ROCK2 activity at base-
line or following anti-IgM stimulation alone (Figure 1B). However,
ROCK?2 activation was strongly induced following CD40 stimu-
lation and remained high in the presence of IL-21 (Figure 1B and
Supplemental Figure 1B). Consistent with these in vitro findings,
the phosphorylation of ezrin/radixin/moesin (p-ERM) proteins,
which are classic ROCK targets, was increased in GC B cells and
plasmablasts (PBs)/PCs from immunized mice (Supplemental
Figure 1C). RHOA activity matched the ROCKI1 activation pattern
(Supplemental Figure 1, D and E). We found that the activity of the
2 ROCK isoforms was differentially regulated during B cell activa-
tion, with upregulation of ROCK2 activity being observed primar-
ily following CD40 engagement.

Since stimulation of murine B cells with anti-CD40 and IL-21
activated ROCK2, we next asked whether ROCK2 activity is also
regulated by these signals in human B cells. To address this, we
used a GC-derived Burkitt lymphoma cell line (Ramos) that has
been previously used to study the signals driving GC exit (32,
33). ROCKI1 activity was high in Ramos cells at baseline and was
unaffected by stimulation with anti-CD40 or IL-21 (Figure 1C).
ROCK?2 activity was again low at baseline but could be robustly
induced upon either CD40 engagement or IL-21 stimulation (Fig-
ure 1D). Combination of these signals further enhanced ROCK2
activity (Figure 1D). Stimulation of Ramos cells with anti-CD40
and IL-4 also promoted ROCK?2 activity, suggesting that various
T cell-derived signals known to promote humoral responses may
contribute to ROCK2 activation (Supplemental Figure 1, F and G).
Thus, whereas ROCK1 was constitutively activated, ROCK2 acti-
vation was controlled by key T cell-derived signals known to con-
trol GC B cell responses.

ROCK?2 deficiency leads to impaired GC responses. The selec-
tive activation of ROCK2 in response to T cell-dependent signals
raised the possibility that ROCK2 could play a functional role in
regulating GC responses. To evaluate this possibility, Rock2/#
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mice were crossed with mice expressing Cre under the control
of the Feer2a promoter (CD23-Cre). CD23-Cre Rock2"f (termed
CD23-Rock2) mice allow for the selective deletion of Rock2
in mature B cell populations (34). Rock2"? (termed WT) mice
served as controls. We confirmed Rock2 deletion in B cells puri-
fied from CD23-Rock2 mice (Supplemental Figure 2, A and B).
Rockl expression was comparable in WT and CD23-Rock2 mice
(Supplemental Figure 2, A and B). We then performed IVK assays
in CD23-Rock2 B cells following stimulation with anti-IgM,
anti-CD40, and IL-21 (Figure 2, A-C). We found no detectable
ROCK?2 activity in CD23-Rock2 B cells, whereas ROCK1 activity
was comparable between CD23-Rock2 B cells and WT B cells
(Figure 2, A-C). Therefore, the absence of ROCK2 in B cells did
not lead to enhanced ROCK1 activation.

We next examined whether B cell development was altered
in the absence of ROCK2. No abnormalities in the development
of bone marrow, blood, or splenic B cell populations (35) were
observed in CD23-Rock2 mice (Supplemental Figure 2, C-H).
Baseline levels of serum Igs were also comparable between WT
and CD23-Rock2 mice (Supplemental Figure 2I). The absence of
ROCK?2, therefore, did not alter mature B cell development.

To directly examine the contribution of ROCK2 to GC
responses, we next immunized WT and CD23-Rock2 mice with
a TD antigen, 4-hydroxy-3-nitrophenol-acetyl (NP) conjugated
to chicken gamma globulin (CGG). Compared with WT mice,
the frequencies and numbers of GC B cells (B220*GL7*Fas*) on
day 7 and day 10 after immunization were greatly reduced in the
spleens of CD23-Rock2 mice (Figure 2, D and E). We also assessed
antigen-specific B cell responses by monitoring the binding of
fluorescently labeled NP. A significant population of WT B cells
bound NP by day 7 (Figure 2F and Supplemental Figure 3A).
The frequency and total numbers of NP-specific B cells (B220*
IgMIgD-Gr1I'NP*IgG1*) in the spleens of CD23-Rock2 mice were
greatly reduced compared with WT mice, an effect that we also
observed on day 10 after immunization (Figure 2F and Supple-
mental Figure 3A). Consistent with the decreases in total NP-
specific B cells, we also observed a marked reduction in NP-
specific GC B cells (CD38) in CD23-Rock2 mice compared with
WT mice on days 7 and 10 after immunization (Figure 2G and
Supplemental Figure 3A). B cell-specific ROCK2 was thus required
for optimal GC B cell responses.

To assess whether ROCK2 also plays a role in the maintenance
of GC B cellresponses, we crossed Rock2"# mice with mice express-
ing Cy1-Cre, which deletes during the early stages of the GC reac-
tion (36, 37). Rock2”" (WT) mice again served as a control for these
experiments. Similar to what we observed in CD23-Rock2 mice,
Cy1-Cre Rock2™# (termed Cyl-Rock2) mice had markedly reduced
GC B cells compared with WT mice (Figure 2, H and I). GC B cells
from Cyl-Rock2 mice also exhibited significantly reduced class
switching to IgG1 and were less proliferative than were WT GC B
cells (Supplemental Figure 3, B and C). Antigen-specific responses
were also greatly decreased in Cyl-Rock2 mice compared with
responses in WT mice (Figure 2, ] and K, and Supplemental Figure
3D). Thus, the lack of ROCK2 in B cells resulted in defective for-
mation and/or maintenance of GC B cell responses.

Loss of ROCK2 impairs PC formation and humoral responses.
Given the impact of B cell ROCK2 on GC formation and mainte-
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Figure 3. Loss of ROCK2 impairs PC formation and humoral responses.
Rock2f/f (WT) or Cy1-Rock2 mice were immunized with 100 pg NP-CGG for
7 to 28 days. (A and B) Representative FACS plots (A) and pooled quanti-
fications (B) of PB/PCs (B220°CD138*) from WT (solid blue circles) or Cy1-
Rock2 (open blue circles) mice on day 7 after immunization. n > 12. Data
are from 4 independent experiments and represent the mean + SEM. ***p
< 0.001and ****P < 0.0001, by unpaired, 2-tailed t test. (C-E) Represen-
tative ELISPOT images (C) and quantifications of total (D) and NP-specific
(E) ASCs in spleens from the indicated mice on day 14 and day 28 after
immunization. n > 4. Data are from 2 independent experiments per time
point and represent the mean + SEM. *P < 0.05 and P = 0.15, by unpaired,
2-tailed t test. (F) Pooled ELISA analysis of NP_-specific and NP, -specific
1gG1 from serum of the indicated mice from days 0-28 after immunization.
n = 8. Data were pooled from 2 independent experiments and represent
the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001,
by 2-way ANOVA followed by Holm-Sidak’s test for multiple comparisons.
(G) Ratio of NP_,-specific IgG1 to NP__ -specific IgG1 titers in serum from
the indicated mice on day 28 after immunization. n = 8. Data are from 2
independent experiments and represent the mean + SEM. Statistical sig-
nificance was determined by unpaired, 2-tailed t test. (H and 1) Pie charts
(H) and plots (I) showing the mutation frequency of the 470-bp J 4 region
in sorted FoBs (B220*GL7-CD38MCD23*) and GC B cells (B220*GL7*CD38") on
day 14 afterimmunization. n >36 clones from 4 mice per genotype. Data
were pooled from 2 independent experiments and represent the mean +
SEM. Statistical significance was determined by unpaired, 2-tailed t test.

nance, we next examined whether expression of ROCK2in B cells
also contributed to PB/PC formation. Compared with WT mice,
the frequencies and numbers of splenic PBs/PCs (B220°CD138*)
from Cyl-Rock2 mice on day 7 after immunization were signifi-
cantly decreased (Figure 3, A and B). We also assessed PB/PC
differentiation at later time points by enzyme-linked immuno-
spot (ELISPOT) assay (Figure 3C and Supplemental Figure 4A).
Compared with WT mice, the number of splenic and bone mar-
row IgG* antibody-secreting cells (ASCs) in Cyl-Rock2 mice was
decreased on day 14 after immunization, whereas the number of
IgM* ASCs was not affected (Figure 3, C and D, and Supplemen-
tal Figure 4, A and B). We also observed a significant reduction
in the frequency of total (NP_, ) and high-affinity (NP_,-reactive)
antigen-specific IgG* ASCs in the spleens and bone marrow of
immunized Cyl-Rock2 mice compared with WT mice (Figure
3, C and E, and Supplemental Figure 4, A and B), which was
accompanied by a significant reduction in both NP_, - and NP _-
reactive IgG1 titers (Figure 3, F and G). NP_, -reactive IgM titers
in Cyl-Rock2 mice were only transiently decreased (Supplemen-
tal Figure 4C). According to these observations, the absence of
ROCK?2 in B cells affected both low- and high-affinity humoral
responses to a similar extent.

To further assess whether ROCK2 is necessary for SHM, we
sorted GC B cells from immunized WT or Cyl-Rock2 mice and
sequenced a portion of the J 4 intron of the heavy chain variable
region. The mutation frequency in this intronic region provides
a surrogate measurement of activation-induced cytidine deami-
nase (AID) activity and SHM (38). As a control, we also sorted and
sequenced the J 4 region of FoBs from WT and Cyl-Rock2 mice. As
expected, only a few mutations were found in the FoBs from WT
and Cyl-Rock2 mice, whereas several mutations were observed in
GC B cells (Figure 3, Hand I). We detected no significant difference
in the mutation rate between WT and Cy1-Rock2 GC B cells (Figure
3I). These data suggest that ROCK2 is not required for SHM.
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ROCK2 regulates a distinctive transcriptional program in GC B
cells. To gain insights into the mechanisms by which ROCK2 pro-
motes the formation and maintenance of GC B cells, we next sorted
B cells from immunized mice and used RNA-Seq to compare the
transcriptomes of WT and CD23-Rock2 GC B cells, using the cor-
responding FoBs as controls. We first confirmed the deletion of
Rock2 in sorted GC B cells from CD23-Rock2 mice (Figure 4A).
RNA-Seq analyses revealed that only 24 genes were differentially
expressed in CD23-Rock2 FoBs compared with expression in WT
FoBs (P < 0.01) (Figure 4B and Supplemental Table 1). Among
these genes, we found that ROCK2 promoted the expression of
activation-induced cytidine deaminase (Aicda) and several genes
implicated in RHOA-mediated signaling pathways, including
sphingosine-1-phosphate receptor 2 (SIpr2) and germinal center-
associated signaling and motility (Gcsam), the gene encoding
HGAL (refs. 16, 39 and Figure 4B).

In contrast to the small number of genes differentially
expressed by the FoBs from CD23-Rock2 and WT mice, a total of
284 genes were either upregulated (269 genes) or downregulated
(15 genes) in CD23-Rock2 GC B cells compared with WT GC B
cell genes (Figure 4C). GC B cells from WT and CD23-Rock2
mice expressed similar transcript levels of GC markers such as
Bcl6, Ezh2, Bach2, Fas, and Ung, which, as expected, were higher
than the transcript levels detected in FoBs (Supplemental Figure
5A). FACS analysis further confirmed that the expression of key
GC markers such as BCL6 and ephrin-B1 was similar in WT and
CD23-Rock2 GC B cells (Supplemental Figure 5, B and C). Gene
set enrichment analysis (GSEA) indicated that among the top
enriched pathways (FDR Q < 0.05) in CD23-Rock2 GC B cells rel-
ative to WT GC B cells were gene sets related to GPCR signaling
receptor expression and activity (Figure 4, D and E, and Supple-
mental Figure 5D). In CD23-Rock2 GC B cells, we used real-time
quantitative PCR (RT-qPCR) to confirm the upregulation of several
target genes including C-C motif chemokine receptor 6 (Ccr6),
Ccr7, G protein-coupled receptor 183 (Gprl83, encoding EBI2),
integrin subunit a M (Itgam), and IL-9 receptor (II9r), known to
play important roles in the localization of B cells (2, 15, 17, 40)
(Figure 4F). Increased expression of a subset of these targets was
also corroborated by flow cytometry of GC B cells from Cyl-Rock2
mice (Supplemental Figure 5, E and F). The effect of ROCK2 on
chemokine receptor expression was selective, as CXCR5 surface
levels were unaffected in Cyl-Rock2 GC B cells compared with
expression in WT GC B cells (Supplemental Figure 5G). Thus,
ROCK2 controlled the expression of key receptors, such as Gpr183/
EBI2, that are known to regulate the positioning of GC B cells.

To further evaluate the effects of ROCK2 deficiency on GC B
cell localization, we performed an immunohistochemical analysis
of the spleens of CD23-Rock2 mice. No gross abnormalities in
the overall architecture of the spleens of immunized CD23-Rock2
mice were observed (Figure 4G). CD23-Rock2 mice, however,
had significantly smaller GCs (B220*PNA*) on day 7 after immu-
nization compared with WT mice (Figure 4H). Since a lack of
ARHGEF1, an upstream regulator of ROCK activation, leads to the
hematogenous spread of GC B cells (26), we also assessed whether
an absence of ROCK2 in B cells resulted in an increased number
of GC B cells in the blood. No GC B cells were observed in the
blood of young immunized CD23-Rock2 mice (Supplemental Fig-
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Figure 4. ROCK2 regulates a distinctive transcriptional program in GC B cells. WT or CD23-Rock2 mice were immunized with 100 pg NP-CGG for 7 days,
and FoBs (B220*GL7-CD38M"CD23*) and GC B cells (B220*GL7*CD38") were sorted for RNA-Seq analyses. (A) Representative RT-gPCR analysis of Rock2

in sorted FoBs and GC B cells from the indicated mice. n = 4. Data are from technical triplicates and are representative of 4 independent experiments.
Data represent the mean + SD. ***P < 0.001, by unpaired, 2-tailed t test. (B) Plot shows the log-transformed FC (logFC) values for genes differen-

tially expressed (unadjusted P < 0.01) between WT and CD23-Rock2 FoBs. (C) Volcano plot shows the genes differentially expressed (unadjusted P <
0.01) between WT and CD23-Rock2 GC B cells. 46. The unadjusted P values in B and C were determined using edgeR3.24.3 in R. (D) Plot shows the top
enriched gene sets by GSEA that were upregulated in CD23-Rock2 GC B cells. Dotted line indicates the significance cutoff at a FDR of 0 = 0.05. GO, Gene
Ontology. (E) Heatmap of the scaled expression of genes enriching the GPCR_Activity gene set in CD23-Rock2 GC B cells. (F) Representative RT-qPCR
analyses of the indicated genes in sorted GC B cells. n = 4. Data show technical triplicates and are representative of 4 independent experiments. Data
represent the mean + SD. *P < 0.05, ***P < 0.001, and ****P < 0.0001, by 2-tailed t test. Rel, relative. (G) H&E-stained images of splenic sections on
day 7 after immunization. Scale bars: 200 um. (H) Representative immunofluorescence images show the expression of B220 (blue) and PNA (red) on
splenic sections from WT and CD23-Rock2 mice and pooled quantifications of the average GC count per x10 field per mouse and the average GC size per
mouse. Scale bars: 100 um. n = 6 per genotype. Data are from 3 independent experiments and represent the mean + SEM. **P < 0.01and P = 0.10, by
Mann-Whitney U test. DOWN, downregulated; UP, upregulated.

3660 jei.org  Volume130  Number7  July 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7

The Journal of Clinical Investigation RESEARCH ARTICLE

PAKT (T308) PAKT (8473)
2.0 1.5 *
m " wT m
=" ) Cy1-Rock2 = 10]vfe Ca
[ & o
210 2
© o ©
§ 05 . E 0.5
0.0 ’ o 102 100 10t 10° 0.0
WT Cyt- WT Cyt-
Rock?2 Rock?2
B PAKT(T308) PAKT(S473)
*

WT CD23-Rock2 3 *

o

algM: + + + + + + algM:
aCD40: - + + .- + + aCDA40:
21 - - + - - 4+ IL21:
PAKT(T308) | w « wo w v = pAKT (S473)
AKT | - e e s s e o= AKT
algM: +
aCD40: + + + + EEWT
21 - - + + mCD23-Rock2 21 - - 4
. . D E
Enrichr upstream regulator analysis FoxO1-repressed GC targets FoxO1 GC B cell targets
ROCK2-repressed gene set Enrichment plot: FOXO1_REPRESSED_GCB Om
(ChEA 2016) 22" N\ CD23-Rock?] g
RELA GC B cells NI
FOXO1 Bon 8 D 14
NCOR T ;
IRF8 L I
MYB ] - Hiikaas 8 10)
SMAD3 : VE o
TP53 Q
STAT6 - 8
RlTJF’,\g; NES =-1.42 -—
— T T T ™ FDR g =0.00
0 3 6 9 12
—log,, (adjusted P value)
F G H Day 7
GCBcells FoB Gated on B220*GL7*Fas* DZ LZ
Q 3 GC GC
Fox & WT Cr1-Rock2 B cells Bcells
q,}ﬁ“ f{,b'Q\ g 4 277 kkkk
& & =
o PR X s L
pFox - an @ 5 Te ®le )
(S256) Q 2 3 o
: S
FoxO1| = & g & = =
T8,

Actin | e asssemeeass

WTCy1 WTCyl-  WT Cyl-
Rock2 Rock2 Rock2
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(5473) in GC B cells from WT (black) and Cy1-Rock2 (red) mice on day 7 after immunization. WT non-GC B cells (gray) are shown as a control. Quantifi-
cations were based on 3 independent experiments and were normalized to WT mice for each experiment. n > 6. Data represent the mean + SEM. *P <

0.05 and ***P < 0.001, by unpaired, 2-tailed t test. (B) Representative immunoblots and pooled quantifications of p-AKT (T308) and p-AKT (5473) from
extracts of CD23* B cells from WT and CD23-Rock2 mice cultured for 3 days as in Figure 1, A and B. Quantification was calculated as the densitometric
ratio of p-AKT to total AKT. n = 3. Data are from 3 independent experiments and represent the mean + SEM. *P < 0.05, by unpaired, 2-tailed t test. (C)
Upstream regulator analysis of genes upregulated in CD23-Rock2 GC B cells as determined by Enrichr analysis using the ChEA 2016 database. (D) GSEA
plot shows enrichment of the FOXO1-repressed gene set in CD23-Rock2 GC B cells. NES, normalized enrichment score. (E) Box plot shows the mean log FC
of FOXO1-repressed target genes significantly upregulated in CD23-Rock2 GC B cells. Each point represents the log FC of a different gene, with the whisker
plot showing minimum to maximum values and the median. (F) Representative immunoblot of p-FOX01(5256) and total FOX01in sorted FoBs and GC B
cells from the indicated mice on day 7 after immunization. Data are representative of 2 independent experiments. (G and H) Representative FACS plots (G)
and gquantifications (H) of DZ (CXCR4"CD86") and LZ (CXCR4"CD86") GC B cells from WT or Cy1-Rock2 mice on day 7 after immunization. n >8. Data are
from 3 independent experiments and represent the mean + SEM. ***P < 0.001 and ****P < 0.0001, by unpaired 2-tailed t test.
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Figure 6. B cell ROCK2 is dispensable for T cell-B cell interactions and Tfh responses. (A) Representative histograms of the indicated markers on the
surface of GC B cells from WT (black) or Cy1-Rock2 (red) mice on day 7 after immunization. WT non-GC B cells (shaded gray) are shown as a control. Data
are representative of at least 4 mice per genotype across 2 independent experiments. (B) Pooled quantification of B cell-T cell (T-B) conjugates from cul-
tures of OT-1I T cells with WT or CD23-Rock2 B cells loaded with OVA peptide (amino acids 323-339). n = 3. Data are from 3 independent experiments and
represent the mean + SEM. Statistical significance was determined by 2-way ANOVA followed by Holm-Sidak’s test for multiple comparisons. (C) Quan-
tifications of the frequency and number of Tfh cells (CD4*CXCR5*PD1*) after immunization. n >4. Data are from at least 2 independent experiments per
time point and represent the mean + SEM. Statistical significance was determined by unpaired, 2-tailed t test. (D) Quantification of IL-21, IL-4, and IFN-y
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independent experiments and represent the mean + SEM. Statistical significance was determined by unpaired, 2-tailed t test. (E and F) Rock2™/f

(WT) and CD4-Cre Rock2™f (CD4-Rock2) mice were immunized with 100 ug NP-CGG for 7 to 28 days. (E) Representative FACS plots of Tfh cells on day 7
after immunization. Data are representative of 4 mice per genotype across 2 independent experiments. (F) ELISA analysis of NP-specific IgG1 on days 0 to
28 after immunization. n = 4. Data are representative of 2 independent experiments and indicate the mean + SEM. Statistical significance was determined
by 2-way ANOVA followed by Holm-Sidak’s test for multiple comparisons.

ure 5, H and I). Therefore, the absence of ROCK2 alone was insuf-  including GPCRs, results in AKT activation (41). Since the ROCKs
ficient to cause systemic dissemination of GC B cells, at least in ~ have been shown to regulate the activity of various components
young mice. of the AKT signaling pathway, including pyruvate dehydrogenase

Bcell ROCK2 regulates AKT activity and GC polarization. Signal-  kinase 1 (PDK1) and phosphatase and tensin homolog (PTEN) (42,
ing downstream of several receptors important for GC responses,  43), we next investigated whether the absence of ROCK2 in GC
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Figure 7. ROCK2 promotes cholesterol biosynthesis pathways in GC B cells by enhancing the activity of SREBP2. (A) Plot shows the top enriched gene

sets downregulated in CD23-Rock2 GC B cells compared with WT GC B cells. Dotted line indicates significance cutoff at FDR Q = 0.05. (B) GSEA plot shows
the enrichment of the GO_STEROL_BIOSYNTHETIC_PROCESS gene set in WT GC B cells. (€) Schematic shows the enzymes and intermediates involved in
the cholesterol biosynthesis pathway. Enzymes highlighted in red are encoded by genes that contribute to the downregulation of the GO_STEROL_BIO-
SYNTHETIC_PROCESS gene set in CD23-Rock2 GC B cells (A). (D) Representative RT-gPCR analysis of the indicated genes in sorted FoBs or GC B cells from
WT or CD23-Rock2 mice 7 days after immunization. n = 3. Data are based on technical triplicates and are representative of 3 independent experiments.
Data represent the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by unpaired, 2-tailed t test. (E) Total cholesterol in sorted FoBs and
GC B cells 7 days after immunization. n = 2. Data are from 2 independent experiments and represent the mean + SEM. **P < 0.01, by unpaired, 2-tailed t
test. (F) CD23* B cells from WT (black) or CD23-Rock2 (blue) mice were purified and stimulated for 3 days as in Figure 1, A and B. Plots show representative
data for ChIP-gPCR of SREBP2 binding to the indicated loci. Data are representative of 3 independent experiments and indicate the mean + SD.

inhibition of its transcriptional activity (41). The increased AKT
activity in B cells lacking ROCK2 suggested that the ROCK2-con-
trolled transcriptional program might include FOXO1 target
genes. An upstream regulator analysis using the ChIP Enrichment
Analysis (ChEA) 2016 database from Enrichr indeed identified
FOXO1 as one of the top potential regulators of the ROCK2-
repressed gene set in GC B cells (Figure 5C). GSEA, furthermore,
revealed that FOXO1l-repressed GC targets (11) were upregulated
in CD23-Rock2 GC B cells compared with WT GC B cells (Figure
5, D and E, and Supplemental Figure 6B), suggesting that these
genes are normally also inhibited by ROCK2. In line with these

B cells alters AKT activity. GC B cells from immunized Cyl-Rock2
mice had significantly higher p-AKT levels than did WT GC B cells
(Figure 5A). In line with these findings, CD23-Rock2 B cells had
higher levels of p-AKT than did WT B cells upon in vitro stimula-
tion with anti-IgM, anti-CD40, and IL-21 (Figure 5B and Supple-
mental Figure 6A). These findings show that ROCK2 restrained
AKT activation in GC B cells.

One of the key targets of AKT is FOXO1 (41), a transcription
factor that is critically important for the partitioning of GC B cells
between the dark and light zones (11-13). AKT-dependent phos-
phorylation of FOXO1 results in its cytoplasmic sequestration and
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Figure 8. ROCK2 phosphorylates IRF8 and promotes its cooperation with SREBP2. (A) Plot shows the top-overrepresented motifs from a de novo motif
analysis of peaks at loci of differentially expressed genes between WT and CD23-Rock2 GC B cells. (B) Representative results for ChIP-gPCR of SREBP2, IRF8,
and PU.1 binding to the indicated loci. Data are representative of 3 independent experiments and indicate the mean + SD. (C) Schematic shows the location

of the ROCK phosphorylation consensus sequence on the mouse (Mmirf8) and human (HsIRF8) IRF8 protein. (D and E) 293T cells were transfected with con-
structs expressing PU.1, FLAG-tagged SREBP2, and either FLAG- or HA-tagged WT IRF8 (WT) or a mutant of IRF8 (A) at S164. ONP assays of nuclear extracts
from 293T cells assessed with biotinylated oligonucleotides from a Prdm1 intronic region (D) or a Sgle promoter region (E) followed by immunoblot analysis of
precipitated proteins or inputs. Quantification shows the ratio of precipitated protein to input protein. n = 3. Data represent the mean + SEM. **P < 0.01, ***P
< 0.001, and ****P < 0.0001, by unpaired, 2-tailed t test (D) or 1-way ANOVA followed by Tukey's test for multiple comparisons (E). Lanes in D were run on the
same gel but were noncontiguous. ND, not detected. (F) ONP assay of nuclear extracts from WT or CD23-Rock2 B cells following stimulation for 3 days as in
Figure 1, A and B, using biotinylated oligonucleotides from a Sgle promoter. Quantification shows the ratio of precipitated protein to input protein. n = 3. Data
represent the mean + SEM. ****P < 0.0001, by 1-way ANOVA followed by Tukey's test for multiple comparisons.
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findings, we observed a marked increase in FOXO1 phosphoryla-
tion in sorted GC B cells from CD23-Rock2 mice compared with
WT GC B cells (Figure 5F). In addition, we detected lower levels
of FOXO1 protein known to accompany its phosphorylation upon
gating either total GC B cells or LZ B cells (Supplemental Figure 6,
C and D, and ref. 44). Thus, ROCK2 promotes FOXO1 activation
and controls a FOXO1-repressed gene set in GC B cells, probably
through its ability to regulate AKT activity.

Mice with B cell-specific manipulations of components of the
AKT pathway, including AKT, PTEN, and FOXO1, exhibit alter-
ations in GC polarity including loss of the DZ (11-13). To assess
whether ROCK2 could also contribute to GC partitioning, we first
evaluated the frequencies of GC B cell subpopulations by exam-
ining the expression of CXCR4 and CD86 on the surface of GC B
cells (Figure 5G and Supplemental Figure 6E). Consistent with
decreases in the number of total GC B cells, immunized Cyl-
Rock2 and CD23-Rock2 mice had reduced numbers of both DZ
(CXCR4"CD86") and LZ (CXCR4°CD86") GC B cells compared
with WT mice (Figure 5H and Supplemental Figure 6F). The effects
on DZ GC B cells were, however, more pronounced than those on
LZ GC B cells, and GCs from either Cyl-Rock2 or CD23-Rock2
mice had an increased frequency of LZ GC B cells and a decreased
DZ/LZ GC B cell ratio (Figure 5H and Supplemental Figure 6F).
Immunofluorescence staining also showed abnormalities in the
DZ/LZ ratio, in which CD23-Rock2 mice contained a smaller DZ
(CD35IgD") than did WT mice, with the GC LZ (CD35'IgD")
comprising the majority of the GC structure (Supplemental Fig-
ure 6, G and H). These findings show that the absence of ROCK2
in B cells resulted in skewed DZ/LZ GC B cell ratios.

B cell ROCK2 is dispensable for T cell-B cell intevactions and Tfh
responses. Since reciprocal signals between B cells and T cells are
required for productive humoral responses (1, 3), we next assessed
the role of B cell ROCK2 in mediating T cell-B cell interactions.
Although surface expression levels of MHC class II (MHCII),
CD40, CD80, and IL-21R were mostly similar between Cyl-
Rock2 and WT GC B cells, we observed some alterations in the
expression of PD1 ligands in Cy1-Rock2 GC B cells compared with
expression levels in WT GC B cells (Figure 6A and Supplemental
Figure 7A). To directly examine whether B cell ROCK2 is involved
in mediating the interactions of B cells with T cells, we used con-
jugate assays to monitor the interaction of OVA-pulsed WT and
CD23-Rock2 B cells with activated OT-II T cells expressing an
OVA-specific T cell antigen receptor, as previously described (6).
We observed no differences in the ability of WT and ROCK2-
deficient B cells to form conjugates with T cells (Figure 6B). These
data suggest that the presence of ROCK2 in B cells is not required
to mediate in vitro conjugate interactions of B cells with T cells.

In line with the ability of ROCK2-deficient B cells to form
conjugates normally with T cells, the frequencies and numbers
of Tth cells in immunized WT and Cyl-Rock2 and CD23-Rock2
mice were similar, and these cells displayed comparable lev-
els of BCL6, ICOS, and CXCR5 (Figure 6C and Supplemental
Figure 7, B-F). No differences in the production of IL-21, IL-4,
or IFN-y (Figure 6D and Supplemental Figure 7, G-1) or in the
localization of T cells within the GCs (Supplemental Figure 7])
were detected in mice lacking ROCK2 in B cells. Since the ratio
of T follicular regulatory (Tfr) to Tfh cells can correlate with
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the magnitude of antibody responses (45), we also assessed the
frequency of Tfr cells, which was unchanged in Cy1-Rock2 mice
(Supplemental Figure 7K). We found that B cell-specific ROCK2
was dispensable for the proper generation and function of fol-
licular T cell subsets. Given the importance of B cell ROCK2 in
mediating optimal GC and humoral responses, we next assessed
the requirement for T cell ROCK2 in mediating TD responses by
crossing Rock2"f mice with CD4-Cre-expressing mice. CD4-Cre
Rock2"? (termed CD4-Rock2) or control Rock2"# (WT) mice were
immunized with NP-CGG. We observed no differences in Tth cell
frequencies or numbers in CD4-Rock2 mice compared with WT
mice (Figure 6E). Total and antigen-specific GC B cell responses
were also unaffected in CD4-Rock2 mice (Supplemental Figure 8,
A-D). Furthermore, CD4-Rock2 mice exhibited similar levels of
NP-specific antibodies (Figure 6F). Therefore, in contrast to the
findings with B cell ROCK2, expression of ROCK2 in T cells was
not required for efficient TD humoral responses.

ROCK?2 induces expression of the cholesterol biosynthesis path-
way in GC B cells by enhancing the activity of SREBP2. In addition
to mediating inhibitory effects in GC B cells, genome-wide tran-
scriptional analysis revealed that a smaller set of targets was
downregulated in CD23-Rock2 GC B cells (Figure 4C). Remark-
ably, among the top downregulated pathways were those related
to sterol and cholesterol biosynthesis (Figure 7, A-C, and Sup-
plemental Figure 9A). Downregulation of several key enzymes
involved in cholesterol biosynthesis, including squalene epoxi-
dase (Sqle), 3-hydroxy-3-methylglutaryl-CoA synthase 1 (Hmgcsl),
3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), isopentenyl-
diphosphate delta isomerase 1 (Idil), and lanosterol synthase
(Lss), was confirmed by RT-qPCR in GC B cells from CD23-Rock2
mice (Figure 7D). Consistent with these findings, total cholesterol
levels were significantly reduced in GC B cells from CD23-Rock2
mice compared with those from WT GC B cells (Figure 7E). We
found that the expression of these targets was also decreased in
CD23-Rock2 B cells following in vitro stimulation with anti-IgM,
anti-CD40, and IL-21 (Supplemental Figure 9B). Expression of the
low-density lipoprotein receptor (Ldlr) was also lower in CD23-
Rock2 GC B cells than in GC B cells from WT mice (Supplemental
Figure 9C). Taken together, these data suggest that ROCK2 pro-
motes cholesterol biosynthesis in GC B cells.

SREBP2 is the major transcriptional regulator of sterol synthe-
sis and directly induces the expression of enzymes involved in the
mevalonate pathway (46). In response to cholesterol starvation,
SREBP2 is activated by a complex process involving its transport
from the endoplasmic reticulum to the Golgi, where it is cleaved,
followed by the translocation of transcriptionally active fragments
to the nucleus (46). Transcript expression of Srebfl and Srebf2,
the genes encoding SREBP1 and SREBP2, respectively, was sim-
ilar in CD23-Rock2 GC B cells compared with expression in WT
GC B cells (Supplemental Figure 9D). Furthermore, we did not
detect any significant differences in the proteolytic processing of
SREBP2 in CD23-Rock2 B cells compared with WT B cells (Supple-
mental Figure 9E). To directly assess whether ROCK2 could pro-
mote the transcriptional activity of SREBP2, we next performed
ChIP assays with an anti-SREBP2 antibody followed by RT-qPCR
using primers encompassing regulatory sites previously shown to
be bound by SREBP2 (47). These experiments demonstrated that
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the binding of SREBP2 to the promoters of Sqle, Hmgcr, and Idil
was decreased in CD23-Rock2 B cells compared with that seen in
WT B cells (Figure 7F). Taken together, these data suggest that, in
GC B cells, ROCK2 regulates the cholesterol biosynthesis pathway
by enhancing SREBP2 transcriptional activity.

ROCK?2 phosphorylates IRF8 and promotes its cooperation with
SREBP2. To gain further insights into the mechanisms by which
ROCK?2 controls the expression of key enzymes in the mevalonate
pathway in GC B cells, we next performed ATAC-Seq on GC B
cells from CD23-Rock2 mice. We selected 2300 peaks that were
found in -10 kb:+200 bp regions around the transcription start
sites of differentially expressed genes (P < 0.01, fold change [FC]
>2) between CD23-Rock2 and WT GC B cells. We then deter-
mined the transcription factor-binding motifs overrepresented in
these peaks (Figure 8A). The top motif found in ATAC-Seq peaks
from the differentially expressed genes corresponded to mem-
bers of the ETS family of transcription factors, including PU.1
(Figure 8A), which promotes the transcriptional profile of GC B
cells through interactions with IRF8 (7, 10). IRF8-binding sites
were also significantly overrepresented in the motif analysis (Fig-
ure 8A). To evaluate whether promoters bound by SREBP2 could
also be targeted by IRF8 and PU.1, we performed ChIP-qPCR
assays with antibodies against IRF8 or PU.1 (Figure 8B). In addi-
tion to SREBP2, we also observed binding of both IRF8 and PU.1
to the promoters of Sqle and Hmgcr (Figure 8B). Targeting of IRF8
and PU.1 to these sites was decreased in CD23-Rock2 B cells (Fig-
ure 8B). These findings show that ROCK2 regulated the ability of
IRF8 and PU.1 to bind to the promoters of Sqle and Hmgcr.

Since we previously demonstrated that ROCK2 can phos-
phorylate and regulate the activity of IRF4 during Th17 differ-
entiation (28), we next investigated the possibility that ROCK2
could also phosphorylate and regulate the activity of IRF8. Given
that IRF8 is a 50-kDa protein, we performed in vitro kinase assays
using a deletion mutant of IRF8 that lacks the amino-terminal
DNA-binding domain (IRF8A1-150) to avoid overlap of IRF8 pro-
tein with the heavy chain of the precipitating antibody. Extracts
from 293T cells transfected with the IRF8A1-150 mutant were
immunoprecipitated with an IRF8 antibody and incubated with
purified, constitutively active ROCK2. IRF8 phosphorylation
upon incubation with the constitutively active ROCK2 protein was
detected using a phospho-serine antibody (Supplemental Figure
10A). An examination of the murine IRF8 protein revealed the pres-
ence of a potential ROCK2 consensus site at S164, which is located
in the linker domain of IRF8 and is conserved in murine and human
IRF8 (Figure 8C and Supplemental Figure 10B). To assess whether
the phosphorylation of IRF8 regulates its activity, we generated
an IRF8 mutant in which S164 was mutated to alanine (IRF8A).
We next examined the ability of IRF8A to bind DNA by oligonu-
cleotide precipitation (ONP) assay using an oligonucleotide repre-
senting the Prdm1 intronic region, a classic target of IRF8 and PU.1
in B cells (7). WT IRF8 strongly bound the PrdmI oligonucleotide
either alone or in combination with PU.1 (Figure 8D). In contrast,
the IRF8A mutant exhibited a significantly reduced ability to bind
to the Prdml oligonucleotide (Figure 8D). Cotransfection of the
IRF8A mutant together with PU.1 also interfered with the ability of
PU.1 to bind to this site (Figure 8D). Thus, IRF8 phosphorylation
facilitated its DNA binding and its interaction with PU.1.
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We next performed ONP assays using an oligonucleotide from
the Sqle promoter to assess the impact of IRF8 phosphorylation on
binding to this target site. In contrast to WT IRF8, binding of IRFS8A
to the Sqgle oligonucleotide was significantly decreased (Figure 8E).
Expression of IRF8A also decreased the ability of SREBP2 to bind
to this site, suggesting that the phosphorylation of IRF8 is required
for optimal targeting of SREBP2 to the Sgle promoter (Figure 8E).
Furthermore, when we subjected extracts from either WT or
CD23-Rock2 B cells stimulated in vitro to ONP assays with the Sqgle
oligonucleotide, we found that endogenous IRF8 could bind to this
site and that binding of both IRF8 and SREBP2 was decreased in
the absence of ROCK2 (Figure 8F). Taken together, these data sug-
gest that ROCK2, by regulating IRF8 phosphorylation, promotes
the targeting of SREBP2 and IRF8 transcriptional complexes to the
promoters of key enzymes in cholesterol biosynthesis.

Discussion

Efficient GC responses require a complex interplay of signals that
regulate B cell positioning, differentiation, and metabolic repro-
gramming (1-3). The molecular mechanisms used by B cells to coor-
dinate these dynamic responses remain incompletely understood.
Here, we demonstrate that the Rho kinase family member ROCK2
was activated in B cells in response to key T cell-derived signals and
was required for efficient GC responses. Although ROCK?2 activity
in B cells was induced upon activation, high levels of ROCKI1 activity
in B cells could be observed irrespective of the stimulatory condi-
tions, suggesting that the activation of ROCK1 and ROCK2 in the
B cell compartment was differentially regulated. The existence of
different multiprotein complexes where ROCK1 and ROCK2 are
coupled with distinct guanine nucleotide exchange factors (GEFs)
may potentially underlie these differences, since several different
GEFs can activate RHOA (48). We show that ROCK2 regulated GC
formation and maintenance by controlling a unique transcriptional
program that promoted the proper positioning and metabolic fit-
ness of GC B cells. These effects were associated with the ability of
ROCK?2to inhibit AKT activation and promote a FOXO1-dependent
transcriptional program. Notably, we also found that ROCK2 reg-
ulated the expression of key cholesterol synthesis enzymes in GC
B cells by enhancing the targeting of SREBP2 to their promoters in
amanner that depended on the ROCK2-mediated phosphorylation
of IRF8. These studies thus suggest that ROCK2 can function as a
multifaceted regulator of GC B cell responses.

Proper positioning of B cells within a follicle is an essential
requirement for the formation and function of GCs (2). B cell
trafficking and localization within the follicle is regulated by a
complex set of guidance cues that includes gradients of chemo-
kines and lipid mediators that are sensed by multiple GPCRs (2,
3). Expression of Gpri83/EBI2 and CCR7 mediates the attraction
of B cells toward the outer region of the follicle, and downregula-
tion of their expression after cognate interactions with T cells is
important for B cell positioning at the center of the follicle (15, 17,
49). The ability of ROCK2 to regulate the expression of these and
other GPCRs thus suggests that ROCK2 supports a transcriptional
program that promotes the confinement of early GC B cells within
the follicle. Interestingly, other key receptors that promote GC
confinement, like SIPR2 and P2RY8, act via a Ga13/RHOA axis (2)
and would thus likely activate the ROCKs by their actions on cyto-
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skeletal dynamics. Hence, the ROCK2-controlled transcriptional
program may complement the ROCK-mediated cytoskeletal func-
tions, enabling precise regulation of GC B cell positioning.

In addition to helping regulate B cell localization within the
follicle, we found that ROCK2 also contributed to the proper
partitioning of these cells between the GC DZ and LZ, and its
absence resulted in defective GC DZ formation. Interestingly, B
cells lacking ROCK?2 exhibited enhanced AKT activation, and the
transcriptional program repressed by ROCK2 in GC B cells over-
lapped with the FOXO1-regulated gene set. Although we cannot
exclude the possibility that the skewed DZ/LZ ratios observed in
the absence of ROCK2 may have contributed to these findings, the
marked increases in FOXO1 phosphorylation detected in ROCK2-
deficient GC B cells suggest that these effects were due to the
ability of ROCK?2 to inhibit AKT activation and thereby control
FOXOL1 activity. Recent reports have shown that the BCR- and
CD40-driven AKT signaling networks in naive and GC B cells
are differentially regulated in order to ensure optimal B cell selec-
tion in GCs (13, 22). Interestingly, enhanced AKT activation in
ROCK2-deficient B cells was particularly noticeable upon stim-
ulation with IL-21, suggesting that ROCK2 could limit the acti-
vation of AKT and likely promote the nuclear translocation of
FOXO1 upon the productive interaction of a GC B cell with a Tth
cell. Upregulation of FOXO1 activity, in turn, would be expected to
facilitate the acquisition of a DZ GC phenotype, leading to reentry
of positively selected GC B cells into the DZ for further rounds of
affinity maturation. Activation of ROCK2 in GC B cells may there-
fore constitute another important layer in the complex signaling
rewiring that GC B cells undergo during the selection process.

The establishment and maintenance of GC responses depend
on productive collaborations between T and B cells, whereby T
cell-derived signals promote the GC B cell phenotype and B cell-
derived signals reinforce the Tth phenotype (1, 3). Surprisingly,
Tth cell differentiation and cytokine production were unaffected
in mice with B cell-specific ROCK2 deletion. The lack of ROCK2 in
B cells, furthermore, did not impair T cell-B cell conjugate forma-
tion, suggesting minimal requirements for B cell ROCK2 during
the physical interaction of a B cell with a T cell in vitro, although
we cannot exclude the possibility that ROCK2-deficient B cells
failed to form effective cognate interactions with T cells in vivo.
Surprisingly, mice lacking ROCK2in T cells also exhibited normal
frequencies and numbers of Tth and GC B cells upon immuniza-
tion. Given that administration of a selective ROCK?2 inhibitor in
autoimmune mouse models decreased the numbers of Tth cells
(30, 50), simultaneous targeting of ROCK2 in multiple compart-
ments may be required to uncover its role in Tth responses. Alter-
natively, and not mutually exclusively, the pathogenic features of
Tth cells in autoimmune settings may render them more sensitive
to manipulations of ROCK2 activity levels.

Maintenance of established GCs require B cells to adapt and
survive in microenvironments with limited nutrient availability
(18). Strikingly, our studies have uncovered an important role for
ROCK?2 in controlling the expression of key cholesterol biosyn-
thesis enzymes in GC B cells. The ability of GC B cells to control
de novo cholesterol biosynthesis via ROCK2 is likely to provide
them with several advantages due to both the structural and sig-
naling roles of these lipids. Indeed, given that cholesterol is a crit-
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ical component of plasma membranes, controlling its production
could help meet the increased demands for membrane biosyn-
thesis that GC B cells face during their rapid growth and terminal
differentiation. Cholesterol homeostasis in B cells is also probably
essential for lipid raft maintenance and the proper propagation of
signals that drive B cell selection, such as those mediated by the
BCR (51). Interestingly, AKT signaling has been shown to promote
cholesterol biosynthesis (52), suggesting that ROCK2 modulates
AKT signaling and cholesterol biosynthesis viaindependent mech-
anisms. Of note, one of the critical downstream steps in the meva-
lonate pathway is the generation of intermediates like geranyl-
geranyl pyrophosphate that are necessary for the prenylation
and activation of small GTPases such as RHOA (48). Thus, by
controlling de novo cholesterol biosynthesis, ROCK2 could also
promote activation of the RHOA family of small GTPases and
thus reinforce its own activation, generating a powerful positive
feedback loop. Given the complex biology of this family, detailed
biochemical approaches beyond ELISAs will be required to dissect
the specific role of ROCK2 in this process.

Our studies showed that ROCK2 modulated the expression of
the mevalonate pathway in B cells via a mechanism whereby the
activity of SREBP2 was enhanced by its interaction with a critical
controller of GC B cells, IRF8, thereby enabling cholesterol bio-
synthesis to be regulated in a lineage-selective manner. These
findings suggest that, in addition to promoting the expression of
classical GC target genes such as Bcl6 and Aicda (6,7, 9, 10), IRF8
also plays important roles in modulating the metabolic reprogram-
ming of GC B cells. SREBP2-IRF8 interaction is dependent on the
phosphorylation of a serine residue on IRF8, which is located in
the linker region of IRF8 and would be expected to affect both its
DNA binding activity and cofactor interactions, which is indeed
what we observed. Phosphorylation of IRF8 also affected its inter-
action with PU.1, which likely contributes to the finding that TD
responses were more profoundly decreased in ROCK2-deficient
mice as compared with mice lacking IRF8 alone (7, 8,10). Although
ROCK2 can also phosphorylate IRF4 (28), the known downregula-
tion of IRF4 expression observed in GC B cells (4) renders IRF8
the relevant physiological target in GC B cells. Thus, we predict
that the functional outcome of the ROCK2-mediated actions in B
cells will be dictated not only by the presence of signals like CD40
and IL-21, which control ROCK?2 activity, but also by the differen-
tial availability of IRF family members. Interestingly, high levels
of IRF8 are also observed in myeloid cells and reactive microglia
and, like the ROCKs, IRF8 has been linked to vascular inflamma-
tion and cardiovascular disease (25, 53, 54), raising the possibility
that the role of IRF8 as a coregulator of SREBP2 function may not
be restricted to B cells and that ROCK-IRF8-SREBP crosstalk may
play a broader role in inflammatory responses.

Our studies identify ROCK2 as a multifaceted regulator of GC
B cell responses, which can help B cells to rapidly integrate their
positioning and metabolic requirements during the complex orga-
nizational changes that underlie GC formation and maintenance.
Given the availability of a wide range of ROCK inhibitors (24, 25),
including selective ROCK2 inhibitors and statins, as well as recent
studies highlighting the use of the mevalonate pathway as a vaccine
adjuvant (55), the involvement of ROCK2 in the regulation of GC
responses could have immediate and broad therapeutic implica-
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tions. Since alterations in upstream regulators of the RHOA pathway
like ARHGEF1 have emerged as key abnormalities in lymphoma-
genesis, a detailed understanding of whether these alterations are
linked to deficiencies in ROCK2 activation will be critical to safely
harness the therapeutic potential of this pathway.

Methods
Mice. The generation of Rock2”! and CD23-Cre mice was previously
described (34, 56). C57BL/6, B6.Cg-Tg(Cd4-Cre)1Cwi/Bflu] (CD4-
Cre), and B6.129P2(Cg)-Ighgl™ %" /] (Cyl-Cre) mice were obtained
from The Jackson Laboratory. All mice were on a C57BL/6 back-
ground. Male and female mice between 6 and 10 weeks of age were
used in all experiments unless otherwise noted. All the mice used in
the experiments were housed in a specific pathogen-free animal facil-
ity at HSS and Weill Cornell Medical College.

Immunizations, cell sorting, and flow cytometry. Mice were immu-
nized with 100 ug NP, _
For cell sorting, single-cell suspensions from pooled spleens were

-CGG in alum O to 28 days before analysis.

preenriched for B cells with biotinylated anti-B220 and streptavidin
microbeads. B cells stained with B220, CD23, CD38, and GL7 were
sorted on either a BD FACS Aria II or a BD Influx. For intracellular
cytokine staining, splenocytes were stimulated with 50 pg/mL PMA
and 1 uM ionomycin for 4 hours. Cells were incubated with brefeldin A
for the final 3 hours of stimulation. After stimulation, cells were fixed
and permeabilized with a Transcription Factor Staining Kit (eBiosci-
ence) and stained using anti-IL-4, anti-IFN-y, or recombinant mouse
IL-21R Fc chimera followed by a phycoerythrin-labeled (PE-labeled),
affinity-purified F(ab'), fragment of goat anti-human Fcy. For detec-
tion of phosphorylated antigens, splenocytes were fixed in BD Fixa-
tion Buffer for 20 minutes at room temperature (RT). Next, cells were
washed and permeabilized in 90% methanol for 30 minutes at -20°C
and then incubated with antibody for 45 minutes at RT. The antibod-
ies used are described in Supplemental Table 3. Data were acquired
on a BD FACSCanto and analyzed with Flow]Jo (Tree Star) software.

Cell cultures and transfections. Ramos cells were grown in Iscove’s
DMEM with 10% FBS and 100 U/mL penicillin/streptomycin. Cell
lines were monitored with the MycoAlert Mycoplasma Detection Kit
and cultured under mycoplasma-free conditions. 293T cells were
grown in DMEM with 10% FBS and 100 U/mL penicillin/streptomy-
cin and transfected using the Mirus Transfection Kit with SREBP2,
HA-IRF8(WT), or HA-IRF8(S164A) constructs. For murine cultures,
single-cell suspensions from pooled spleens were enriched for B cells
using biotinylated anti-CD23 and streptavidin microbeads. CD23" B
cells were cultured in RPMI 1640 medium with 10% FBS, 100 U/mL
penicillin/streptomycin, 1x nonessential amino acids, 2 mM L-glu-
tamine, 25 mM HEPES (pH 7.2-7.6), and 50 uM B-mercaptoethanol,
followed by stimulation with 5 pg/mL F(ab’)2 anti-mouse IgM and 5
pg/mL anti-mouse CD40 with or without 50 ng/mL IL-21.

RT-qPCR and ChIP assays. Total RNA was isolated using the
RNeasy Plus Mini Kit (QIAGEN). cDNAs were prepared using the
iScript cDNA synthesis kit. RT-qPCR was performed using the iTaq
Universal SYBR Green Supermix. Gene expression was calculated
using the AACt method and normalized to Ppia. For ChIP assays, cells
were harvested and chromatin extracts prepared using the truChIP
Chromatin Shearing Reagent Kit (Covaris). One hundred micrograms
of the sonicated DNA-protein complexes was used for immunoprecip-
itations with anti-SREBP2, anti-IRF8, anti-PU.1, or normal anti-rabbit
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Ig control antibodies. DNA purified from the immunoprecipitates and
inputs was analyzed by RT-qPCR. All primers used are listed in Sup-
plemental Table 2.

Immunoblot analysis, kinase activity assays, and oligonucleotide pre-
cipitation assays. Extracts were prepared as previously described (28).
The antibodies used for immunoblotting are detailed in Supplemen-
tal Table 3. The complete unedited blots are shown in the supplemen-
tal material. For ROCK kinase activity assays, ROCK1 or ROCK2 was
immunoprecipitated from nuclear extracts using anti-ROCK1 or anti-
ROCK?2 antibodies as described previously (28). ROCK-mediated
phosphorylation of IRF8 was assessed by in vitro ROCK2 kinase
assays using recombinant active ROCK2 and immunoprecipitated
IRF8 protein lacking the DNA-binding domain (IRF8A1-150). Briefly,
immunoprecipitated IRF8A1-150 was incubated with 50 ng purified
active ROCK2 in kinase buffer (25 mM Tris, pH 7.5,10 mM MgCl,, 5
mM B-glycerolphosphate, 0.1 mM Na,VO,, and 2 mM DTT) contain-
ing 1 pM ATP for 30 minutes at 30°C. The kinase reactions were ter-
minated by adding SDS-PAGE sample buffer and resolved on a 10%
SDS-PAGE gel followed by detection of phosphorylated products
using an antibody specific for phosphorylated serine residues. ONP
assays were conducted as described previously (28). The oligonucle-
otide sequences are listed in Supplemental Table 2. RHOA activation
assays were performed using the RhoA G-LISA Activation Assay Kit
(Cytoskeleton Inc.).

ELISAs, ELISPOT assays, and total cholesterol assays. For the
total Ig ELISA, plates were coated with 10 pg/mL goat anti-mouse
Ig at 4°C overnight and blocked in 1% BSA in PBS at RT for 1 hour.
For the NP-specific Ig ELISA, plates were coated with 50 pg/mL
NP-BSA conjugated at the appropriate ratio at 4°C overnight and
blocked in 2% BSA in PBS at RT for 1 hour. Sera were diluted at
various ratios and incubated on coated plates at 25°C for 2 hours.
Plates were then incubated with either alkaline phosphate-labeled
or HRP-labeled goat anti-mouse IgM, IgG1, IgG2c, IgG3, or IgA
Fc antibody for 1 hour before development. For the total IgE Ig
ELISA, the manufacturer’s protocol was followed. For ELISPOT
assays, plates were coated overnight at 4°C with 100 pg/mL goat
anti-mouse Ig for detection of total Ig ASCs or 50 pug/mL NP-BSA
conjugated at the appropriate ratio (NP_,  and NP_) for detection of
NP-specific Ig ASCs. Nonspecific binding was blocked with 3% BSA
and 5% FBS in PBS, and samples were incubated at 37°C for 2 hours.
Antibodies conjugated to biotin (goat anti-mouse IgG or goat anti-
mouse IgM) were added and incubated overnight at 37°C followed
by streptavidin-alkaline-phosphate and detection using 5-bromo-4-
chloro-3-indolyl phosphate (BCIP). For total cholesterol assays,
cell extracts from sorted cell populations were prepared with 1%
NP, -based lysis buffer. Assays were performed using a total cho-
lesterol assay kit (Cell Biolabs). Analyses were calculated by pool-
ing single replicates from 2 independent experiments.

Histology and immunofluorescence staining. For H&E staining,
spleens were fixed in formalin for 4 hours and embedded in paraffin.
For immunofluorescence staining, half the spleens were embedded
in OCT and frozen in 2-methylbutane surrounded by dry ice. Fro-
zen blocks were cut into 9-um sections with cryotome and stored at
-80°C. Upon thawing, sections were allowed to dry at RT, fixed in cold
acetone for 15 minutes, washed in PBS, and incubated in a blocking
solution (0.3% BSA in PBS) for 15 minutes to minimize nonspecific
binding. Sections were then incubated with antibodies for 25 minutes
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to 1 hour at RT. Signal from the primary antibodies was detected by
staining with streptavidin-Alexa 594, goat anti-rat-BV-horizon, or
donkey anti-rabbit-Alexa 488. Images were acquired with a Nikon
Eclipse microscope and analyzed with Image] (NIH).

In vitro cell conjugate assays. In vitro cell conjugate assays were
conducted as described previously (6). Briefly, OT-II T cells were
activated with anti-CD3 and anti-CD28 antibodies and cultured
for 4 days with 10 pg/mL recombinant IL-2. Activated T cells were
labeled with PerCP-conjugated anti-CD3. B cells were activated for
2 days with 0.4 pg/mL LPS and labeled with Cell Trace Violet. The
labeled B cells (5 x 10° cells/well) were plated in a 96-well plate and
pulsed for 30 minutes at 37°C with increasing doses of OVA peptide
(amino acids 323-339). Activated OT-II T cells were then added (5 x
10° cells/well), and plates were centrifuged at RT for 5 minutes. The
cell pellets were incubated for 30 minutes at 37°C and immediately
acquired on a BD FACS Canto.

J4 sequencing. ] 4 sequencing was performed as described previ-
ously (57). In brief, an intronic region 3' to the JH4 exon of IgH was
PCR amplified from genomic DNA extracted from sorted GC B cells
and follicular B cells from WT and Cyl-Rock2 mice. PCR products
were cloned into the pCR4-Bunt-TOPO vector and sequenced with
GeneWiz. The obtained J 4 intronic sequences were aligned to the
mm?9 assembly of the mouse genomic sequence. The primers used for
J,4 sequencing are listed in Supplemental Table 2.

RNA-Seq analysis. The quality of all RNA and library prepara-
tions was evaluated with BioAnalyzer 2100 (Agilent Technologies).
Sequencing libraries were sequenced by the Epigenomics Core Facility
at Weill Cornell Medicine using a HiSeq 2500, 50-bp paired-end reads
at a depth of approximately 22 to 30 million reads per sample. Read
quality was assessed and adaptors trimmed using FASTP (58). Reads
were then mapped to the mouse genome (mm10), and reads in exons
were counted against Gencode v27 with STAR2.6 Aligner (59). Differ-
ential gene expression analysis was performed in R using edgeR 3.24.3.
Genes with low expression levels (<2 counts per million in at least 1
group) were filtered from all downstream analyses. Replica-associated
batch correction was performed by directly incorporating a batch-spe-
cific term into a linear model. Differential expression was estimated
using a quasi-likelihood framework. The Benhamini-Hochberg FDR
procedure was used to correct for multiple testing. Genes with an
unadjusted P value of less than 0.01 were considered differentially
expressed. Downstream analyses were performed in R using a visual-
ization platform build with Shiny developed by bioinformaticians at the
David Z. Rosensweig Genomics Research Center at the HSS.

GSEA was performed using GSEA software (Broad Institute) (60).
Genes were ranked by the difference of log-transformed counts per
million for contrasted conditions. The Molecular Signatures Data-
Base, version 62 (Broad Institute) was used as a source of gene sets
with defined functional relevance. Gene sets ranging between 15 and
1000 genes were included in the analysis. Nominal P values were FDR
corrected, and gene sets with an FDR below 0.05 were used to create
GSEA enrichment plots.
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ATAC-Seq analysis. The nuclei of sorted WT and CD23-Rock2
GC B cells were prepared by incubation of cells with nuclear prepara-
tion buffer (0.30 M sucrose, 10 mM Tris, pH 7.5, 60 mM KCl, 15 mM
NaCl, 5 mM MgCl,, 0.1 mM EGTA, 0.1% NP40, 0.15 mM spermine,
0.5 mM spermidine, and 2 mM 6AA) (61). Libraries were prepared
as previously described (62). Paired-end, 50-bp sequences were
generated from samples with an Illumina HiSeq 2500 and, follow-
ing adapter trimming with FastP, were aligned against the mouse
genome (mm10) using bowtie2 with --local -q -p options. Peaks were
called using MACS2 with --macs2 callpeak -f BAMPE --nomodel
--shift -100 --extsize 200 -B --SPMR -g $GENOMESIZE -q 0.01
options. De novo transcription factor motif analysis was performed
with HOMER on ATAC-Seq peaks found within 10 kb upstream of
the transcription start site of genes differentially expressed (P < 0.01,
FC >2) in the RNA-Seq between WT and CD23-Rock2 GC B cells.

Statistics. P values were calculated using an unpaired, 2-tailed ¢
test for 2-group comparisons and by 1-way ANOVA followed by either
Tukey’s or Dunnet’s test for multiple group comparisons. P values of
less than 0.05 were considered significant. Statistical analyses were
performed using GraphPad Prism 7 (GraphPad Software).

The RNA-Seq and ATAC-Seq data were deposited in the NCBI's
Gene Expression Omnibus (GEO) database (GEO GSE1413238).

Study approval. All experiments were performed according to the
protocols approved by the ACUC of the HSS, Weill Cornell Medicine.
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