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ABSTRACT OF THE THESIS

Cell Intrinsic Role of MicroRNA-23-27-24 Family in Germinal Center B Cells

by

Ziyue Zhang

Master of Science in Biology

University of California San Diego, 2023

Professor Li-Fan Lu, Chair

Elevated expression of microRNA-23~27~24 (miR-23) family in T cells has been shown

to be crucial to restrict follicular helper T (TFH) cell response. Interestingly, like Bcl-6 and many

other molecules that play important roles in both TFH cells and germinal center (GC) B cells,

two key components in orchestrating proper humoral immunity, we have found that the miR-23

family is also upregulated in germinal center (GC) B cells. Nevertheless, the cell intrinsic role of

vii



this miRNA family in regulating GC B cell response has yet to be characterized. In this study,
through employing cell type specific gain-of-function and lost-of function approaches, we show
the miR-23 family plays an equally important role in regulating GC B cell responses. However,
while the entire miR-23 clusters coordinately limit GC B cell responses, individual members of
the miR-23 family contribute to GC B cell regulation in distinct manners. Moreover, despite the
fact that GC B cell responses were clearly impacted by the deletion or overexpression of the
miR-23 family in B cells, the frequencies of TFH cells in those mice remained unchanged. These
results implied that while the miR-23 family serves as negative regulators in limiting GC B cell
differentiation and function, they might also play a positive role in promoting GC B/TFH cell
interaction. Consistent with this notion, our RNA-seq analysis revealed a network of genes
involved in GC B cell biology that are respectively up- and down-regulated in the absence of
miR-23 family-mediated regulation. Collectively, our work demonstrates that the miR-23
clusters are pivotal molecular regulators to ensure proper GC B cell responses not only through
targeting TFH cells as shown previously but also by directly inhibiting GC B cells in a cell-

intrinsic manner.
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INTRODUCTION

Chapter 1: Germinal Center Response

Germinal centers (GCs) are specialized structures crucial for mounting humoral response.
Activated B cells proliferate and undergo affinity maturation in the GCs, and eventually
differentiate into plasma cells (PCs) or memory B cells (Nutt &Tarlinton, 2011; Merlo &
Mandik-Nayak, 2013). Humoral immunity is thus capable of providing long term protection
against pathogens through generation of sustainable antibody responses and immune memory.

Upon activation through antigen-induced cross-linking of antigen specific B cell
receptors (BCRs) and interaction with cognate T cells, a subset of B cells differentiates into GC
B cells (Pelet et al., 2008). GC B cell differentiation is initiated by the expression of the B cell
lymphoma 6 protein (Bcl-6) and can be characterized by their reactivity with plant lectin peanut
agglutinin (PNA) (Coico et al., 1983). GC B cells proliferate and undergo affinity-based
selection in the GCs. Activation-induced cytidine deaminase (AID) is upregulated in GC B cells,
facilitating somatic hypermutation in the variable regions of BCR. GC B cells bearing high-
affinity BCR are rescued from apoptosis by combination of BCR and CD40 signaling provided
by antigen-bearing follicular dendritic cells (FDCs) and follicular helper T (TFH) cells.
Positively selected B cells proliferate and eventually differentiate into PCs or memory B cells
(Luo & Yin, 2021; Shlomchik & Weisel, 2012; Klein & Dalla-Favera, 2008).

TFH cells are a specialized subset of CD4+ helper T cells that can localize to B cell
follicles through expression of CXCR5. While Bcl-6 was identified as the master regulator of
GCB cell differentiation, it also serves as a key transcriptional factor in TFH cell differentiation,
suggesting the existence of a shared regulatory circuits between these two important immune cell

subsets. Expression of several surface molecules and production of key cytokines by TFH cells



have been shown to be pivotal for formation and maintenance of GCs through regulating
activation and survival of GC B cells (Crotty, 2011). Among them, CD40L expressed by TFH
cells is critical to provide activation, proliferation, and survival signal to GC B cells. In the
absence of CD40L, GC response is completely inhibited (Foy et al., 1994). PD-1 also plays a
role in maintaining GCs. It has been shown that loss of PD-1 in TFH cells or PD-1 ligand on GC
B cells results in increased apoptosis in GC B cells and decreased PC population (Good-
Jacobson et al., 2010). Moreover, TFH cell-derived cytokines such as IL-4 and IL-21 are also
crucial for mounting optimal GC response. While IL-4 has been reported to protect GC B cells
from apoptosis and mediate optimal T cell help (Wurster et al., 2002; Yusuf et al., 2010), IL-21 is
shown to regulate GC B cell proliferation and differentiation (Avery et al., 2010; Linterman et al.,
2010).

It is now well appreciated that the effect of T cell-B cell interaction (T-B interaction) in
GCs is bidirectional. While TFH cell defects can lead to impaired GC responses (Chakhtoura et
al., 2021), impairment in B cells can also cause defective T cell priming and proliferation (Ron &
Sprent, 1987). This can be mediated through bidirectional signaling of surface molecule
interaction between TFH and GC B cells. As discussed above, CD40-CD40L interaction provides
proliferation and survival signal to GC B cells. At the same time, this interaction is also
important for antigen-specific T cell priming and clonal expansion (Grewal et al., 1995).
Additionally, GC B cells also possess surface molecules important for TFH cell differentiation. It
has been shown that ICOSL expression on GC B cells plays an important role in regulating TFH
cell differentiation by interacting with 1ICOS (Nurieva et al., 2008). As such, positive feedback
signals between B cells and TFH cells through the CD40-CD40L and ICOSL-ICOS interactions

support the formation of GCs.



Chapter 2: microRNA in Immune Regulation

MicroRNAs (miRNAs) are a class of endogenous small RNA molecules that play key
roles in post-transcriptional regulation of gene expression (He & Hannon, 2004). They are first
transcribed by RNA polymerase Il from genomic DNA into primary miRNA (pri-miRNA) and
further processed by the Drosha RNase Ill endonuclease to form stem loop precursor miRNA
(pre-miRNA). The pre-miRNA is actively transported to the cytoplasm, where it is further
cleaved by Dicer, another RNase Il endonuclease, to produce a double stranded RNA duplex
(miRNA:miRNA*) containing the mature miRNA and its complementary strand. The mature
miRNA strand is then incorporated into the RNA-induced silencing complex (RISC) by binding
protein Argonaute (AGO), while the complementary strand is degraded (Bartel, 2004) (Bushati
& Cohen, 2007). AGO plays a critical role in target recognition of RISC. Binding of miRNA to
AGO induces conformational change, exposing the 2-8 nucleotide seed sequence of the miRNA
(Meister, 2013). The seed sequence guides RISC to their targets mainly through direct binding to
the 3’ untranslated region (UTR) of the mRNA. This interaction eventually downregulates target
gene expression through induction of mMRNA degradation or repression of protein translation
(Bartel, 2004).

The role of miRNAs in regulating a wide range of biological activities has long been
appreciated. Dysregulated miRNAs are associated with the development of various diseases
including metabolic disorder, cardiovascular diseases, and cancer (Rupaimoole & Slack, 2017).
In the immune system, mounting evidence has also demonstrated that miRNAs serve as
important molecular regulators that control the development and function of many immune cell
populations. For example, in T cells, absence of Dicer leads to impaired T cell development and

aberrant differentiation in T helper cell subsets (Muljo et al., 2005). Likewise, ablation of Dicer



in B cells also results in defective B cell development and antibody responses (Koralov et al.,
2008). Specifically, several miRNAs have been recently identified to play a critical role in
regulating GC response and the resultant humoral immunity. For instance, miR-155 was
previously reported to regulate GC response by negatively regulating AID expression in B cells
(Teng et al., 2008). To this end, miR-155 deficiency in B cells leads to defective affinity
maturation and failure in producing high affinity antibodies (Thai et al., 2007; Vigorito et al.,
2007). In addition, the role of miR-146 in inhibiting GC B and TFH cell responses has also been
well documented. Deficiency of miR-146 results in spontaneous accumulation of TFH and GC B
cells at GCs (Pratama et al., 2015). Like Bcl-6, miR-146 is highly expressed and can function in
a cell intrinsic manner in both TFH and GC B cells. T cell-specific deletion of miR-146 leads to
accumulation of TFH cells and a subsequent increase in GC B cell population (Pratama et al.,
2015). Similarly, B cell-specific depletion of miR-146 results in an autonomous expansion of GC
B cells and a correspondingly increased TFH cell population (Cho et al., 2018). Nevertheless,
considering the drastic phenotype observed in B cells devoid of the entire miRNA network, it is
thus not surprising that miRNAs other than miR-155 and miR-146 could also play a pivotal role
in regulating GC responses. To this end, we have recently demonstrated that the miR-23~27~24
family inhibits TFH cells by targeting multiple molecules essential for TFH cell biology (Wu et

al., 2019).



Chapter 3: The miR-23~27~24 family

The miR-23~27~24 family is composed of multiple members and two paralogs: miR-
23a~27a~24-2 (miR-23aC) and miR-23b~27b~24-1 (miR-23bC). Individual miRNA members
within this family, miR-23a and miR-27a differ by one nucleotide with their corresponding
paralogs in mature sequences, while miR-24-1 and miR-24-2 share the same mature sequences
(Chhabra et al., 2010).

Previous studies have demonstrated the critical role of miR-23 family in regulating T cell
responses. Individual members of the miR-23 family play diverse roles in controlling the
differentiation and function of various effector T cell subsets and regulatory T (Treg) cells. While
miR-24 and miR-27 collaboratively limit T helper 2 (Th2) cells by inhibiting GATA3 and IL-4,
forced expression of miR-24 promotes Thl and Th17 response through inhibition of TCF1 (Cho
et al., 2016; Cho et al., 2017). miR-27 can also inhibit Treg cells by targeting multiple genes
important for Treg cell differentiation and function, including c-Rel, IL-10, and GZMB (Cruz et
al., 2017). It has also been shown that miR-23 functions as a key regulator that inhibits CD8+
cytotoxic T cell effector function by inhibiting Blimp-1 expression (Lin et al., 2014).

As discussed above, we have previously demonstrated the critical role of miR-23 family in
regulating humoral immunity. T cell-specific ablation of miR-23 family resulted in enhanced
TFH cell differentiation, which in turn resulted in enhanced GC B cell response and elevated
antibody production. Individual members of miR-23 family collaborate with each other to limit
TFH cell responses, as enforced expression of any individual member could all result in impaired
TFH and the corresponding GC B cell responses. Mechanistically, miR-23~27~24 clusters target
a network of genes including a transcription factor, thymocyte selection—associated HMG-box

protein (TOX) that are crucial for TFH cell biology (Wu et al., 2019). Considering the



aforementioned notion of a possible presence of shared regulatory circuits between TFH and GC
B cells, it is thus plausible that miR-23 family might also play a cell-intrinsic role in regulating
GC B cell responses. Indeed, our preliminary studies have demonstrated that like what was
observed in TFH cells, a similar up-regulation of miR-23 family could also be found in GC B
cells. In this study, by establishing mouse models with B cell-specific deletion or overexpression
of miR-23 family, we have identified the miR-23 clusters as cell intrinsic inhibitors of GC B
cells. Interestingly, however, while that the entire miR-23 clusters coordinately limit GC B cell
responses, unlike what was found in TFH cells, individual members of the miR-23 family
contribute to GC B cell regulation in distinct manners. Moreover, despite the fact that GC B cell
responses were clearly impacted by the deletion or overexpression of the miR-23 family in B
cells, the frequencies of TFH cells in those mice remained unchanged. These results implied that
while the miR-23 family serves as negative regulators in limiting GC B cell differentiation and
function, they might also play a positive role in promoting GC B/TFH cell interaction. Further
RNA-seq analysis has supported this notion as a network of genes that are involved in GC B cell
biology and T cell-B cell interactions were respectively up- and down-regulated in the absence of
miR-23 family-mediated regulation. Together, our work demonstrates that the miR-23 clusters
are pivotal molecular regulators to ensure optimal GC B cell responses not only through
targeting TFH cells as shown previously but also by directly inhibiting GC B cells in a cell-

intrinsic manner.



RESULTS
Chapter 1: miR-23 Family Inhibits GC B Cell Response

Previously, we have shown that the miR-23 family is crucial for modulating humoral
immunity by controlling TFH cell response (Wu et al., 2019). Given that many regulatory
circuits were found to be shared between TFH and GC B cells, we hypothesized that the miR-23
family also plays a pivotal role in regulating GC B cell response through cell intrinsic
mechanisms. To test our hypothesis, we first examine the expression of miR-23 family in GC B
cells versus non-GC B cells. Our results showed that all individual members of the miR-23
family were upregulated in GC B cells (Fig.1), implying a cell intrinsic regulatory role of miR-
23 family in GC B cells.

To study the role of miR-23 family in GC B cells, we generated mice with B cell-specific
deletion of both miR-23 clusters (DKO) where miR-23a/b cluster floxed (miR-23a/bC") mice
were crossed with CD19-Cre mice. In addition to loss-of-function study, to examine the role of
miR-23 family in B cells, we also employed a gain-of-function approach by generating mice
with B cell-specific overexpression of miR-23a cluster (CTg) using a similar method (Fig.2).

Upon obtaining the mice, we first examined GC B cell response in the context of acute
infection. Mice were infected with lymphocytic choriomeningitis virus (LCMV), and GC B cell
response was accessed on day 8 post infection. Consistent with what was observed in the TFH
study, the DKO mice exhibited increased GC B cell frequencies, while reduced frequencies of
GC B cells was observed in CTg mice when compared to wild-type (WT) mice (Fig.3 A and B).
These results suggest that similar to its role in controlling TFH cells, miR-23 family also plays

an inhibitory role in regulating GC B cell response in a cell intrinsic manner.



Since elevated GC B cell response was observed in DKO mice, we sought to examine if
antibody production, another main functional feature of humoral immunity, is also affected by
the disruption of the miR-23 family. To this end, mice were immunized with 4-hydroxy-3-
nitrophenylacetyl (NP)-ovalbumin (OVA). This approach not only allowed us to measure GC B
cell responses but also permit the assessment of NP-specific antibody production. Analogous to
the LCMV infection studies, similar GC B cell phenotype was observed on day 8 post
immunization, where mice with miR-23 family-deficient B cells exhibited elevated GC B cell
frequencies. On the other hand, enforced miR-23 family expression in B cells resulted in
diminished GC B cell responses (Fig.4 A and B). These findings were further supported by
histological analysis of GCs, where enlarged GCs were observed in the DKO mice, but
decreased in CTg mice (Fig.4 C). Consequently, DKO mice produced higher levels of NP-

specific IgG1 antibodies, while CTg mice produced less in comparison to the WT mice (Fig. 4D).



Chapter 2: Distinct Roles of different miR-23 Family Members in Regulating GC B Cells

Thus far, we have identified an inhibitory role of miR-23 family in regulating GC B cell
response, but how individual members of miR-23 family contribute to the regulation of GC B
cell response is still unclear. Previous study demonstrated that every member of the miR-23
family collaborate with each other to limit TFH cell response (Wu et al., 2019). Given the similar
role of miR-23 family in regulating TFH and GC B cell responses, we hypothesized that
members of miR-23 family might also modulate GC B cell response in the same manner. To
directly test our hypothesis, we generated mice with B cell-specific overexpression of individual
miR-23 family members (23Tg, 24Tg, and 27Tg) (Fig.2).

Surprisingly, different from what we expected, under acute infection with LCMYV, while
overexpression of miR-27 did result in reduced GC B cell frequency, similar to what we
observed in CTg mice, enforced expression of miR-23 actually led to elevated GC B cell
frequencies. On the other hand, overexpression of miR-24 did not seem to have any detectable
effect on GC B cell response (Fig.5 A and B). The same phenotype was also observed in the NP-
OVA immunization model (Fig.5 A and C). These results showed that within the miR-23 family,
miR-27 plays a dominant role in driving the GC B cell phenotype and that the antagonizing
effect from miR-23 might be critical to ensure an optimal GC B cell response required to protect
us the host from infection without unwanted autoimmunity.

As discussed above, T-B interaction at GCs is essential for proper GC response. Defects
in TFH cells result in compromised GC B cell response, while impaired GC B cells also lead to
reduced TFH cell frequencies (Chakhtoura et al., 2021; Ron & Sprent, 1987). Supporting this
notion, our previous analysis of mice devoid of the miR-23 family in T cells has also

demonstrated an indirect effect of T cell-specific ablation of the miR-23 family on



GC B cell response (Wu et al., 2019). Interestingly, however, inconsistent with our previous
studies, modulation of the miR-23 family in GC B cells did not appear to have any impact on
TFH cell response. DKO and CTg mice exhibited comparable levels of TFH response in both
LCMV infection and NP-OVA immunization models, regardless of changes in GC B cell
frequencies (Fig.6 B and C). These results suggest that in addition to serving as negative
regulators in limiting GC B cell differentiation and function, the miR-23 family might play an

opposite role in promoting GC B/TFH cell interaction.
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Chapter 3: miR-23 Family Regulates a Network of Genes in GC B Cells

To investigate the molecular mechanisms underlying miR-23 family-mediated regulation
of GC B cell response, we first sought to examine TOX, a transcription factor which was
previously identified as the direct target of miR-23 family in TFH cells. As described in our
previous study, TOX is induced in TFH cells in a Bcl-6 manner and modulation of miR-23
family in T cells resulted in altered TOX expression (Wu et al., 2019). Consistent with a well-
established role of Bcl-6 in GC B cells, TOX was also found to be up-regulated in GC B cells
(Fig.7A). Therefore, it is possible that TOX is also targeted by miR-23 family in GC B cells and
the miR-23 family-TOX axis is crucial to control GC B cell responses. Interestingly, however,
unlike what we have observed in TFH cells, modulation of miR-23 family expression did not
affect TOX expression in GC B cells. As shown in Fig. 7B, TOX expression in GC B cells of
DKO and CTg mice is comparable to that in WT mice. Moreover, TOX depletion in B cells
actually resulted in an elevated GC B cell response, inconsistent with what was observed in CTg
mice, where GC B cell response was reduced (Fig.7C and D). These results suggest that while
TOX remains a functional important molecule in regulating GC B cell responses, it is not a direct
target of miR-23 family in GC B cells, and therefore cannot explain the mechanism of miR-23
family mediated regulation of GC B cell response.

To further investigate the potential molecular mechanisms employed by miR-23 clusters
to control GC B cell responses, we took an unbiased approach to examine genes that are
differentially regulated in a miR-23 family-dependent manner. To this end, GC B cells sorted
from LCMYV infected mice of each genotype were subjected to bulk RNA-sequencing. Next, we
examined the expression pattern of genes involved in GC B cell response in GC B cells isolated

from DKO mice (Fig.8A and B). Differentially expressed genes from Fig.8B were selected as
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potential direct and indirect targets of miR-23 family. The expression level of this list of genes
was further analyzed in GC B cells isolated from CTg mice (Fig.8C). Considering the opposite
GC B cell phenotypes found in DKO and CTg mice, we reasoned that the potential molecules
that could account for the observed phenotype should also demonstrate the opposite expression
patterns between GC B cells isolated from these two mouse lines. Therefore, genes with opposite
expression patterns between GC B cells isolated from DKO and CTg mice in comparison to the
WT were selected (Fig.8D). Among them, genes such as IL-4Ra and Myc that have been
previously shown to promote formation and maintenance of germinal centers (Gonzalez et al.,
2018; Calado et al., 2012), were up-regulated in GC B cells from DKO mice while down-
regulated in those from CTg mice. On the other hand, genes, such as TNFAIP3 and Pten, that are
known to restrict GC B cell survival and BCR signaling (Tavares et al., 2010; Luo et al., 2019),
were down-regulated in DKO GC B cells but found to be up-regulated in CTg GC B cells. As
previously discussed, miR-27 likely plays a dominant role in driving the miR-23 family-
dependent phenotype in GC B cells (Fig.5). Therefore, genes with similar expression patterns in
27Tg and CTg GC B cells but with the opposite expression patterns in DKO GC B cells were
further explored. To this end, BATF and Myc were found to be down-regulated in both CTg and
27Tg GC B cells but up-regulated in DKO GC B cells, while expression of Pten showed the
reversed trend (Fig.8D and E). While we could not find any miR-27 binding site in those genes,

their upstream regulators could be targets of miR-27.
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DISCUSSION

While the importance of humoral immunity in protecting the host from various invading
pathogens has been well appreciated, the comprehensive understanding of how humoral
immunity is being regulated is still limited. In this study, we identified the miR-23 family as cell
intrinsic regulators to ensure optimal GC B cell responses. To this end, our data clearly
demonstrated that B cell-specific depletion of the miR-23 clusters resulted in enhanced GC B
cell response and antibody production whereas enforced expression of this miRNA family led to
impaired GC B cell responses and the resultant humoral immunity.

Prior to this study, our previous work has already demonstrated an important regulatory
role of the miR-23 family in controlling humoral immunity. To this end, it was shown that
depletion of miR-23 family in T cells resulted in elevated TFH cell frequencies, suggesting that
the miR-23 family limits humoral immune responses via targeting TFH cells (Wu et al., 2019). In
the current study, while we have observed a similar inhibitory effect of miR-23 family in
modulating GC B cell responses, further analysis showed discrepancies between the regulatory
mechanisms employed by the miR-23 family in regulating these two immune cell populations.
First, individual members of the miR-23 family were found to collaborate with others to regulate
TFH cell response, as similarly reduced TFH cell response was observed in mice with T cell-
specific overexpression of any miR-23 family member (Wu et al., 2019). On the other hand,
despite the overall inhibitory effect of the miR-23 family in controlling GC B cell response, our
results demonstrated that only miR-27 overexpression could lead to reduced GC B cell responses,
while miR-23 actually promotes them. This result, albeit surprising, is not completely
unexpected, as similar antagonizing effects of the each miR-23 family member have also been

detected in other T cell subsets. To this end, overexpression of miR-24 resulted in increased Thl
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cell differentiation, whereas overexpression of miR-27 resulted in reduced Thl cell responses
(Cho et al., 2016). Secondly, while miR-23 family regulates TFH cell response by directly
targeting TOX, our current studies ruled out TOX a target of miR-23 family in GC B cells, as
modulation of miR-23 family did not affect TOX expression in GC B cells. Moreover, when
TOX was depleted in B cells, enhanced rather than reduced GC B cell response was observed,
inconsistent with what we observed in mice with B cell-specific miR-23 family overexpression.
Finally, in our previous study, modulating miR-23 family in T cells not only lead to altered TFH
cell responses but could also indirectly impact GC B cells due to the bidirectional effects of T-B
interaction for mounting proper GC response (Wu et al., 2019; Chakhtoura et al., 2021).
However, in our current study, altered GC B cell responses resulted from B cell-specific
modulations of the miR-23 family did not lead to any changes in TFH cell frequencies. These
results suggested that while the miR-23 family generally plays an inhibitory role in GC B cells, it
can also act as a positive regulator to promote T-B interactions.

Our analysis of RNA-seq data further revealed possible molecular mechanisms that could
account for miR-23 family-mediated regulation of GC B cells. To this end, BATF, Myc, and Pten
were identified as potential indirect targets of miR-27 that can play major regulatory roles in GC
B cells. Previously, BATF and Myc are both shown to be crucial in promoting GC formation and
maintenance (Inoue et al., 2017; Calado et al., 2012), while Pten is known to function as a
negative regulator in BCR signaling pathways (Luo et al., 2019). While we could not find any
miR-27 binding site in those genes, their upstream regulators could be targets of miR-27
responsible for the GC B cell phenotype observed in our miR-23 family mutant mice.

In this study, we demonstrated a key role of miR-23 family in regulating GC B cell

response and total antigen-specific antibody production. Nevertheless, considering the complex
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nature of GC responses and humoral immunity, further studies are needed to investigate the
impact of the miR-23 family-mediated gene regulation in controlling PC and memory B cell
differentiation. Moreover, additional experiments are also required to validate and identify the
direct target of miR-23 family in regulating GC B cell biology. Collectively, it is undoubtedly
that the knowledge obtained from these studies will not only help us gain a further appreciation
of the pivotal role of miRNAs in regulating humoral immunity but also facilitate the
development of novel approaches to target these important molecular regulators to elicit optimal

humoral immunity against infection without causing unwanted autoimmunity.
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MATERIALS & METHODS

Mice

Mice with B cell specific deletion of miR-23 family were generated by breeding miR-
23~27~24a/b" mice to CD19-Cre mice. Mice carrying miR-23a cluster transgene and transgene
of individual miR-23 family members were generated as previously described (Wang et al.,
2013). Mice with B cell specific overexpression of miR-23a cluster and individual members
were generated by breeding the aforementioned mice to CD19-Cre mice. Mice with B cell
specific deletion of TOX were generated by breeding TOX™ mice to CD19-Cre mice. All mice
were maintained and handled in accordance with the Institutional Animal Care and Use
Guidelines of University of California, San Diego and National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals and the Animal Research: Reporting In Vivo

Experiments (ARRIVE) guidelines.

Infection and immunization

For LCMV infection, LCMV Armstrong stocks were prepared and quantified as
previously described (Harker et al., 2011). Mice were inoculated intraperitoneally with 2 x 10°
plague-forming unit viruses and taken down on day 8 post infection for GC response study. For
NP-OVA, mice were inoculated intraperitoneally with 200ug of NP-OVA (Biosearch technology)

aluminum emulsion and taken down on day 8 post immunization for GC response study.

Enzyme-linked immunosorbent assay (ELISA)

For detection of NP-specific antibodies, NP,7-BSA antigen was coated onto a 96-well

Costar assay plate. Plates were blocked with 1% bovine serum albumin (BSA) in phosphate-
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buffered saline (PBS). Serial dilutions of sera in 1% BSA in PBS were applied to the plates and
incubated at room temperature for 2 hours. Plates were incubated for 1 hour with horseradish
peroxidase-conjugate antibody against total mouse IgG1 (Jackson ImmunoReseach). 3,3',5,5'-
tetramethylbenzidine substrate (BioLegend) was used for color development. Absorbance was
measured at 450nm with a microplate reader (Molecular Devices). Plates were washed with

0.05% Tween in PBS between each step before color development.

Immunophenotyping and flow cytometry

Single-cell suspensions were prepared from spleens by slide mechanical grind in PBS.
For all FACS analysis, cells were first stained with Ghost Dye Red 780 (Tonbo Biosciences),
followed by subsequent staining. Surface staining includes Abs against CD4, CD8a, CD44, B220,
and GL7(Thermo Fisher Scientific), and peanut agglutinin (PNA) (Vector Laboratories).For
CXCR staining, cells were stained with purified Ab against CXCR5 (BD Biosciences) for 1 hour,
followed by staining with biotinylated goat anti-rat 1gG (Jackson ImmunoResearch) for 30 min,
and then surface staining was performed with indicated Abs as well as fluorescence-labeled
streptavidin (Thermo Fisher Scientific). FOXP3/ Transcription Factor Staining kit was used for
intracellular staining according to the manufacturer’s instructions (Tonbo Biosciences).
Intracellular staining of FOXP3, TOX (Thermo Fisher Scientific), and BCL6 (BD Biosciences)

was performed after fixation and permeabilization.

Immunostaining

Freshly dissected spleens were rapidly frozen in Tissue-Tek O.C.T. (Sakura). Sections 10

pm in thickness were cut with CryoStar NX50 (Thermo Fisher Scientific), attached on glass
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slides, and fixed in cold acetone for 20 minutes, followed by air drying. Sections were blocked
with 10% normal rat serum and 1% BSA in PBS for 30 minutes and stained with anti-CD4-
phycoerythrin (PE), anti-GL7-AlexaFluor488, and anti-lgD-eFluor450 (Thermo Fisher Scientific)
overnight at 4°C and washed 3 times with 1% Tween in PBS. Images were acquired on an LSM

700 system (Carl Zeiss Inc.).

Quantitative real-time PCR

For detecting TOX expression in GC B cells, total RNA of FACS-sorted GC B cells
(CD4'B220"PNAGL7*) was extracted using the RNeasy kit (QIAGEN). Complementary DNAs
(cDNAs) were generated by the iScript cDNA synthesis kit (Bio-Rad Laboratories).And real-
time PCR was performed using SYBR Green PCR kits (Applied Biosystems). For detecting
expression level of miR-23 family members in GC B cells, TagMan MicroRNA Assay (Thermo
FisherScientific) was performed. All real-time reactions were run on a 7900HT Fast Real-Time
PCR System (Thermo Fisher Scientific). The primer sequence used are as follows:

TOX: 5’-AACTCGAGTTGCGCACTCAAAGCAGTTC-3°(F),

5’-AAGCGGCCGCTGCAGCTAAGATGCCAGTGA-3’ (R).
Gapdh:5-CGTCCCGTAGACAAAATGGT -3’ (F),

S-TCAATGAAGGGGTCGTTGAT-3’ (R).

Gene expression profiling
GC B cells in the spleen of LCMV infected WT and mutant mice were sorted on a
FACSAria Il cell sorter (BD Biosciences) followed by total RNA isolation with TRIZOL. Poly-A

RNA-sequencing was performed using two biological replicates for each cell population.
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Sequenced reads were aligned to mouse reference genome (mm9) with STAR (Dobin et al.,
2013)on San Diego Supercomputer Center (SDSC)-Triton Shared Computing Cluter (TSCC)
(SDSC, 2022). Sequence read counts were obtained using featureCounts (Liao et al., 2014), and
differential expression analysis was performed with DEseq2 (Love et al., 2014). Seaborn was

used to generate gene expression heatmaps (Waskom, 2021).

Statistical analysis

Unpaired Student’s t test was done on all reported data using Prism software (GraphPad)

(*P <0.05; **P < 0.01; ***P < 0.001)

Cheng-Jang Wu, Jiayi Dong, and Nimi Marcel contributed to producing data presented in

the thesis. The thesis author is the primary author of this thesis.
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Figure 1. miR-23 family is upregulated in GC B cells. gPCR analysis for the expression of
individual miR-23 family members in GC B cells and non-GC B cells. Total splenocytes were
sorted for B220"PNA*GL7* GC B cells and B220"PNA"GL7 non-GC B cells.

20



miR-23a/bC"" mouse CD19-Cre mouse

Q_) % ’_)
l
B

DKO mouse

miR-23aC™*x CD19-Cre —CTg
miR-23a™*x CD19-Cre —23Tg
miR-24-2"¢/*X CD19-Cre —24Tg
miR-27a™*X CD19-Cre —27Tg

Figure 2. Schematic of the generation of B cell conditional knockout and overexpression
mice. Cre mediated recombination under control of CD19 promoter results in B cell specific
deletion and overexpression of miR-23 clusters and individual family members.
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Figure 3. miR-23 family inhibits GC B cell responses during acute infection. (A)
Fluorescence activated cell sorting (FACS) analysis, (B) frequencies of PNA*Bcl-6" GC B cells
in the spleen from ~12-week-old DKO and CTg mice compared to WT controls 8 days after

LCMYV infection.
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Figure 4. miR-23 family inhibits GC B cell response and antibody production in
immunization. (A) FACS analysis, (B) frequencies of PNA*Bcl-6* GC B cells in the spleen
from ~12-week-old DKO and CTg mice compared to WT controls 8 days after NP-OVA
immunization. (C) Immunohistological analysis of GC response in NP-OVA immunized spleen
sectioned and stained forGL7 (green), CD4 (red), and IgD (blue). (D) Enzyme-linked
immunosorbent assay analysis of total NP-specific IgG1 antibodies in sera of DKO or CTg mice
compared to WT controls (optical density at 450nm).
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Figure 5. miR-23 family members antagonize each other in regulating GC B cell response.
(A) FACS analysis, (B) fold-change of frequencies of PNA*Bcl-6* GC B cells in the spleen from
~12-week-old 23Tg, 24Tg, and 27Tg mice compared to WT controls 8 days after LCMV
infection and (C) NP-OVA immunization.
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Figure 6. Modulation of miR-23 family in GC B cells does not affect TFH cell responses. (A)
FACS analysis, (B) frequencies of CXCR5'Bcl-6" TFH cells in the spleen from ~12-week-old
DKO and CTg mice compared to WT controls 8 days after LCMV infection and (C) NP-OVA

immunization.
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Figure 7. TOX is not a target of miR-23 family in GC B cells. (A) qPCR analysis for the
expression of TOX in GC B cells and non-GC B cells. Total splenocytes were sorted for
B220"PNA*GL7* GC B cells and B220*PNA"GL7 non-GC B cells. (B) FACS analysis (left)and
fold change of TOX gMFIlin PNA*Bcl-6" GC B cells (right) from ~12-week-old DKO and CTg
mice compared to WT controls 8 days after NP-OVA immunization. (C) FACS analysis (left) and
frequencies of PNA'Bcl-6° GC B cells(right) from 10-12-week-old B cell specific TOX
knockout mice compared to WT controls.
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Figure 8. miR-23 family regulates a network of genes in GC B cells. (A and C) Volcanos plot
demonstrating gene expression in GC B cells of DKO mice and CTg mice compared to WT
controls, respectively. (B) Expression pattern of genes associated with GC B cell development
and function in GC B cells of DKO mice compared to WT controls. (D) Gene expression in GC
B cellsof DKO and CTg mice that demonstrated opposite trend compared to WT controls. (E)
\olcano plot demonstrating gene expression in GC B cells of 27Tg mice compared to WT (left)
and expression pattern of the list genes in panel D in GC B cells of 27Tg mice compared to WT
controls (right).
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