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Abstract

CD40L mRNA stability is dependent on an activation-induced pathway that is mediated by

the binding of RNA binding complexes containing the multifunctional RNA binding protein,
polypyrimidine tract-binding protein 1 (PTBP1) to a 3’ untranslated region of the transcript.

To understand the relationship between regulated CD40L expression and the requirement for
variegated expression during a T-dependent (TD) response, we engineered a mouse lacking the
CDA40L stability element (CD40LAS5) and asked how this mutation altered multiple aspects of

the humoral immunity. We found that CD40LA5 mice expressed CD40L at 60% WT levels

and lowered expression corresponded to significantly decreased levels of TD antibodies, loss of
germinal center (GC) B cells and a disorganized GC structure. Gene expression analysis of B
cells from CD40LAS5 mice revealed that genes associated with cell cycle and DNA replication
were significantly downregulated and genes linked to apoptosis highly upregulated. Importantly,
somatic hypermutation was relatively unaffected although the number of cells expressing high
affinity antibodies was greatly reduced. Importantly, a significant loss of plasmablasts and early
memory B precursors as a percentage of total GL7* B cells was observed indicating that
differentiation cues leading to the development of post-GC subsets was highly dependent on a
threshold level of CD40L dependent on mRNA stability. Thus, regulated mRNA stability plays an
integral role in the optimization of humoral immunity by allowing for a dynamic level of CD40L
expression on CD4 T cells that results in the proliferation and differentiation of pre-GC and GC B
cells into functional subsets.

"Corresponding author: Icovey@dls.rutgers.edu.
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Introduction

At early time points in an immune response CD40/CD40L engagement leads to the

rapid proliferation and differentiation of antigen (Ag)-selected B cells into short-lived
extrafollicular plasmablasts or founder cells that seed germinal centers (GCs) (1-4).
Importantly, enhanced CD4Q signaling at this early stage of the response results in a
preferential shift towards plasmablast differentiation and limits B cell entrance into the
follicles (5-8). CXCR5™ T cells that preferentially help B cells produce antibodies can be
visualized using intravital two-photon imaging as early T follicular helper cell (Tgy)-B

cell interactions at the border of the B cell follicles (9-11). The Tgy cells require BCL-6
and are physically located in the follicle and germinal center (GC) where they are critical
for establishing GCs, selecting high affinity B cells and modulating the differentiation of
cells into plasma and memory subsets (12). These GC processes are highly dependent on
the dynamic signaling between CD40L and CD40 that may flux in amplitude and duration
throughout the course of the response (13). Delivering sufficient levels of CD40L to antigen-
selected B cells is carried out by long-lived immunological synapses of T-B interactions at
the T zone-follicle border allowing the B cells to expand and form GCs. In contrast, T-B
interactions inside GCs are of relatively short duration with a few isolated cases of extended
contact (2, 14, 15). In addition, the quality of Ty cognate signals received by GC B cells
has been shown to lead to the upregulation of ICOSL through a CD40-dependent pathway
and this upregulation is critical for enhancing GC B cell-Tgy interactions (15).

The histological division of the GC into a dark zone (DZ) and light zone (LZ)

reflects a partial compartmentalization of B cell function where proliferation and somatic
hypermutation (SHM) primarily occur in the DZ and selection of high affinity variants

takes place in the LZ (16, 17). LZ B cells with improved antigen binding express a high
density of MHC Il/peptide resulting in increased fitness to compete for limited CD40L
helper function (18-20). Once selected, LZ B cells eventually proceed down differentiation
pathways leading to short-lived antibody secreting cells (ASCs), resting memory B cells,

or plasma cells (21). Alternatively, cells can return to the DZ for additional rounds of
proliferation and SHM. Together these findings shed light on the criticality of CD40-CD40L
interactions for B cell fate decisions at both the onset and later checkpoints of the reaction,
which is reinforced by the phenotype of mice with targeted deletions of CD40L and human
hyper-IgM patients with genetic loss of function mutations in CD40L (5, 14, 16, 18, 19,
22-24). The importance of context-specific bi-directional signaling between GC B cells

and T cells to collectively shape the quality of a GC response is evident. However, our
understanding of pathways that regulate the expression of CD40L throughout the course of a
GC response is limited.

It has previously shown that CD40L mRNA expression in CD4 T cells is dynamically
regulated by an activation-induced process of mRNA stability mediated by RNA binding
complexes containing the polypyrimidine tract-binding protein 1 (PTBP1) (25-28). Whereas
PTBP1 is most well-characterized as playing a major role in splice-site selection of a
diverse set of transcripts in many different cell types, it is also known to be critical for
multiple steps of MRNA biosynthesis including polyadenylation, transport, stability and
initiation of protein translation (29, 30). PTBP1 consists of four RNA recognition motifs
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connected by unstructured linker regions that bind short CU sequences contained within a
longer pyrimidine tract (31, 32). In addition to PTBP1, two PTB paralogs are expressed in
mammalian tissues: PTBP2, which is expressed principally in neurons (33) and ROD1 or
PTBP3, expressed preferentially in hematopoietic cells (34). Recent work targeting PTBP1
and PTBP2 in B cells revealed that PTBP1 plays an essential role in the development or
maintenance of mature B cells, and if deleted is compensated by the upregulation of PTBP2
(35).

Our previous studies that analyzed the expression of CD40L in ex vivoCDA4 T cells
revealed that the mRNA was unstable at early times of activation followed by an increase

in transcript stability at extended times of activation (25, 27). We further showed that the
stability phase of this process was mediated by two PTBP1-containing complexes (termed
Complex I and 1) which bound to three distinct sites (A-C) within the CD40L 3’UTR (26,
27, 36). Although Complex I, which also contains nucleolin, is critical for protecting the
mRNA from decay, Complex Il is likely involved in translational control of CD40L through
hnRNPL, another component of Complex I, which binds to an extended stretch of CA
repeats within site C at the 3’ end of the stability element (37, 38). The possibility that other
proteins, including the PTB paralogs, are essential for the formation of the distinct stability
complexes or under certain circumstances can substitute for PTBP1 has not been resolved.
The binding of Complex | to CD40L mRNA was found to correspond to a phosphorylation
pattern unique to the cytoplasmic fraction of PTBP1 at late times of activation, although
exact amino acids or the kinase(s) that target these sites have yet to be determined (28).
Finally, PTBP1 knockdown in human T cells resulted in decreased CD40L expression,
diminished proliferation as well as reduced activity through PLCy1/ERK1/2 and the NF-xB
signaling pathways (39).

From these earlier studies it was clear that regulated mMRNA decay was critical for
modulating CD40L expression, however, the significance of this regulatory pathway within
the physiological context of a developing immune response was unclear. Thus, in this work
we report the development of a mouse model of reduced CD40L expression that is based

on mutating the mRNA stability element (termed CD40LA5). This model was used to
determine how the stability pathway of CD40L expression functioned in critical biological
events within an emerging TD immune response. Our findings clearly demonstrate that

an intact CD40L stability pathway is essential for optimal production of GC-specific B

cells and the generation of IgM and IgG plasmablasts and precursor B memory cells.
Additionally, significant loss of GC-specific B cells corresponded to a disrupted GC
architecture and an altered distribution of cells between the LZ and DZ. Whereas many of
the observed changes could be explained by a decrease in the number of GL7* B cells due to
reduced proliferation and increased apoptosis, the overwhelming reduction of differentiated
precursor memory and plasmablast pools suggested an additional and important requirement
for precise levels of CD40L expression in determining GC output. Thus, regulated mRNA
stability plays a major role in maintaining the amplitude of CD40L expression on CD4 T
cells that is essential for driving optimal B cell proliferation and differentiation in a humoral
immune response.
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Materials and Methods

Generation of the CD40LAS5 targeting construct

CDA40L Frag. 2 (1418 bp fragment corresponding to the 3’ region of exon 5 (GB
Accession no. AL672128.8, bp 149859-151162) plus downstream sequences (bp 151163-
151277)) were PCR amplified from C57BL/6J genomic DNA using Pfu Polymerase
(Promega) and 0.2uM Frag. 2 primers (all primers listed in Supplementary Table 2). This
fragment was subcloned into the pGEM-T Easy vector using the T-A cloning and site-
directed mutagenesis was carried out targeting 178 bp within the CD40L stability element
corresponding to repetitive CU and CA stretches in binding Sites B and C, respectively
(150812-150990). CDAOL fragments 1 (bp 145532 to 149859) and 3 (bp 151278 to 155100)
were PCR amplified and cloned into pBlueScript (pBS) using Not | and Pst | sites (Frag.
1) and Hind I11 and Not I sites (Frag. 3) to generate pBS-Frag.-1 and pBS-Frag.-3. pBS-
Frag.-1 and Frag. 2 were combined into pBS-Frag.1+2 and the final targeting construct
was generated by combining pBS-Frag. 1+2 and pBs-Frag. 3 into the pEasy Flox vector
(Addgene plasmid # 11725; http://n2t.net/addgene:11725; RRID:Addgene 11725, (40)) to
generate pEasy-Complete. The genetic organization was confirmed by restriction enzyme
analysis and PCR. The fidelity of all exons was confirmed by sequencing.

Generation of CD40LA5 mice

Generation of knock-in mice harboring the pEasy-Complete vector was carried out by the
Rodent Genetic Engineering Laboratory at NYU Langone (NY, NY). Gene Targeting was
carried out using proprietary C57BL/6 Embryonic Stem Cell lines. 200 positive clones were
screened for the presence of the targeted allele. Seven positive clones were analyzed by
PCR and Southern blot analysis and positive clones were introduced by microinjection into
C57BL/6 tetraploid blastocysts, which resulted in the generation of fully ESC-derived mice.
The neomycin-resistance gene (NeoR) was removed by crossing mice carrying the targeted
allele to a Cre-deleter transgenic male and resultant mice carrying the Cre gene were
backcrossed several generations until the Cre gene was no longer detectable by PCR. Only
hemizygote males (Y/+,Y/A5) and homozygote females (+/+, A5/A5) were used in these
studies and both males and females were included in all experiments, where possible. Due
to the location of the mutation on the X chromosome, WT females and A5/A5 females were
not able to be generated from the same litter, but were generated from breeding male Y/+

or Y/A5 to female heterozygotes. All animals were caged within the same room. Mice were
housed in ventilated micro-isolators under specific pathogen-free conditions in a Rutgers
University mouse facility and used at 6-10 weeks of age in accordance with NIH guidelines
and under an animal protocol approved by Animal Care and Use Committee of Rutgers
University.

Immunization

Sheep red blood cells (SRBC) (Innovative Research Inc., Novi, MI) were resuspended at
aratio of 1:1 in PBS and 500 uL injected intraperitoneally (i.p.). Mouse spleens were
harvested at day 8 and splenic mononuclear cells dissociated by mincing between glass
slides, filtered and suspended in HBSS with 5% FBS. Following RBC lysis for 35 seconds
using 1X Ammonium-Chloride-Potassium (ACK) lysis buffer, splenic cells were washed 3
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times with HBSS with 5% FBS, resuspended in RPMI with 10% FBS and counted. Bone
marrow cells were isolated by flushing the femurs with PBS.

NP-KLH (Biosource) was dissolved in sterile PBS at a concentration of 1 mg/ml. For
primary immunizations and secondary boosters (at 21 days), NP-KLH was mixed with Alum
ata 1:1 ratio and 200 uL containing 100 ug was injected i.p. into mice. Prior to injection,
mice blood was collected at day -4, and then following injection at days 7, 14, 21 and 28

by submandibular bleeding, centrifuged and serum collected and stored at -80°C. Draining
mesenteric lymph node cells and splenocytes were collected from NP-immunized mice at
day 28 using protocols described above.

Antibodies and Primers

All antibodies and primers used in this study are listed in Supplementary Tables 1 and 2.

B cell morphological examination

Spleens from SRBC immunized mice (day 8) were embedded and snap frozen in Optimal
Cutting Temperature compound (OCT, Sakura Fintech) and stored at -80°C. Microsections
(20pum) were prepared using a CM1900 cryostat microtome (Leica) and stained with
Mayer’s Hematoxylin (Sigma) followed by Eosin Y stain (Sigma). For expression of
GC-specific proteins, slides were rehydrated with 1X PBS and blocked with 1XPBS +
0.1% Tween 20 (1x PBS-T) containing 1% Fc-block (Mouse Fc Block, BD) and 3%

BSA. Sections were stained with either A594-CD4, APC-IgD and AF488-GL7 mAbs or
FITC-CD21/35, PE-CD23 and A647-CXCR4 mAbs diluted in PBS-T with 1% Fc Block.
After incubation at RT for 1 h, slides were washed with PBS-T, mounted and bright-field
micrographs of sections were imaged using a Nikon Eclipse E600.

Flow Cytometry

Single cell suspensions (1 x 108 cells) from spleen, lymph nodes, thymus, and BM

were stained with Zombie-NIR fixable viability dye (Biolegend) for 15 min, washed and
suspended in PBS with 1% BSA, 2% rat serum and 1ug/mL of anti-FcyR to block FcR
binding. After 10 min of incubation on ice, the appropriate primary antibodies, unconjugated
or conjugated to different fluorescent markers, were added to the cells at a concentration
1-10 ug/ml and incubated for 30 min on ice. The cells were washed 2X with PBS + 1%
BSA, and secondary antibodies were added if needed for 30 min on ice. The cells were
washed 2X in PBS + 1% BSA and fixed in PBS + 1% paraformaldehyde. For staining of
intracellular antigens, fixed cells were either incubated with 0.1% Triton-X for 5 min and
washed twice before staining or maintained in Cytofix/Perm buffer (BD) for the duration

of staining. Flow cytometric analysis was performed on a FACS Calibur or Cytek Aurora
cytometer and results analyzed with FlowJo software (TreeStar). FSC-SSC gating for single
lymphocytes excluding cell aggregates, small erythrocytes, and dead cell debris, was used
for analyzing flow-cytometric data.

The surface mobilization assay to identify preformed CD40L was carried out as previously
described with slight modifications (41). Briefly, splenocytes were harvested from NP-KLH
challenged and boosted mice at 28 days and treated with 10 ug/mL cycloheximide (CHX)
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for 1 h prior to and during activation with 50 ng/mL PMA and 1 ug/mL ionomycin at 37°C
for 30 min. CD4 T cells were identified using CD4-FITC antibody and cells expressing
CD40L with CD40L-PE.

Isolation of Cells

CD19" B cells were isolated from splenocytes using the Mojosort positive selection kit
(Biolegend). Briefly, 10ul of CD19 nanobeads were added to 107 splenocytes and incubated
on ice for 15 min. 2.5 ml of MojoSort buffer was added and cells collected after magnetic
separation. The unlabeled fraction was poured off and the beads washed 1X in PBS and this
process was repeated 2X to remove the non-B cell fractions.

To isolate GC B cells 10 pl of PNA-Biotin was added to 107 total cells, incubated for

5 min on ice followed by addition of 20 pl of anti-Biotin MicroBeads according to the
manufacture’s protocol (Miltenyi Biotec). Cells were washed and resuspend in 500 ul of
buffer and applied to a magnetic column for separation. RNA was isolated CD19 and GC B
cells as described below.

Gene Expression Profiling

CD19* B cell cDNA library was constructed with the Next Ultra RNA Library Prep

Kit for lllumina (NEB). The size range of RNA was estimated on a 2100 Bioanalyzer
(Agilent Technologies) and RNA-seq carried out at Novogene Corp on a NovaSeq 6000
sequencer (Illumina) in a 150 bp paired-end read mode. The raw data were processed

with CASAVA 1.8.2 (Illumina) to generate fastq files. The sequence reads were aligned to
the Mus musculus reference genome (mm?9) using STAR. According to the mapped data,
the fragments per kilobase of exon per million reads (FPKM) was calculated with the M.
musculus genome annotation NCBI build 37.2. The differential expression analysis of two
conditions/groups was performed using the DESeq2 R package. The resulting P values were
adjusted using the Benjamin and Hochberg’s approach for controlling the false discovery
rate. Three biological replicates were used for each population. To identify if biological
functions or pathways that were significantly associated with differentially expressed genes,
the clusterProfiler software was used for enrichment analysis, including Gene Ontology
(GO), KEGG and Reactome database Enrichment. GO, Reactome and KEGG terms with
Pagj< 0.05 are classified as significant enrichment. Results for the RNAseq analysis have
been deposited in the National Institutes of Health Gene Expression Omnibus database
under the accession number GSE163962 (https://www.nchi.nlm.nih.gov/geo/).

Total RNA isolation, cDNA synthesis, and RT-gPCR analysis

Total RNA was isolated from 1-5X10° cells using the TRIzol reagent (Invitrogen) and
DNase treated in solution for 10 min (RNAeasy plus kit) to remove any remaining genomic
DNA. Purified RNA was quantified using a NanoDrop 2000 spectrophotometer and cDNA
was synthesized with 1 pg total RNA using SuperScript 111 First-Strand Synthesis System
kit (Invitrogen). gPCR was performed with Power SYBR Green PCR master mix (Applied
Biosystems, A25741) using forward and reverse primers. GAPDH and p2-microglobulin
were used as endogenous controls.
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Sequencing of V186.2 gene rearrangements

Mice (N = 6) were injected i.p. with 100 ug NP-KLH and dissociated splenocytes were
isolated at day 14 post immunization. PNA positive GC B cells were isolated and RNA
extracted as described above. To selectively amplify V186.2 Cy1 transcripts, RNA was
reverse-transcribed using the Cy1-cDNA primer and 2 pL of cDNA added to reaction buffer
with 10 mM dNTPs, 25 mM MgCls, 0.2 uM each V186.2-leader primer Cy1-PCR primer,
followed by amplification (95°C 2 min, 30X (95°C 30s, 70 °C 30s, 72 °C,905s), 72°C 5
min). A nested PCR was performed with 2 pl of PCR product from the first round with using
0.2 uM each of the V186.2-nested primer and the Cy1-PCR primer. PCR products were
ligated into the pGEM-T Easy vector and selected bacterial colonies sequenced using the T7
primer. Obtained sequences were run against the VBASE?2 database (http://www.vbase2.org,
V186.2 corresponds to musIGHV057). The V186.2 mutation frequency was determined
dividing the number of somatic mutations by the number of VV186.2 nucleotides sequenced
(excluding sequences encoded by N, D, and joining (J) nucleotides).

ELISpot detection of NP-specific antibody forming cells (AFC)

Multi-Screen 96-Well Assay Plates (MilliporeSigma, MSIPS4W10) were pre-treated with 15
ul of 35% EtOH per well for 1 min followed by 3 washes with 200 pl of sterile PBS. The
plates were coated with 100 pl of NP5g_25-BSA (50 pg/ml in PBS) and incubated at 4°C
o/n. Plates were blocked with 100 pl per well RPMI + 10% FBS for 2 h at 37°C. Two-fold
dilutions of cells starting from 1076 cells/100 pl were added to the ELISpot plate and
samples incubated O/N at 37°C and 5% CO2. The plates were washed 6X with 1X PBS-T.
100 pl of AP-conjugated anti-mouse 1gG1 (1ug/ml) was added to the plate at a dilution of
1:2000 in PBS with 2% BSA and incubated at RT for 1 h. Following incubation, plates
were washed 3X with 1X PBS-T, and an additional 3X with PBS. Ready to use NBT/BCIP
substrate buffer was added at 100 ul per well and incubated 5-10 min. Spot development
was stopped by washing under running water and counted after 24 h.

Measurement of antibody responses

Relative levels of anti-NP antibodies in immune sera were assayed by ELISA on serial
dilutions binding to either NP,o_»5-BSA (high valency) or NPg (low valency to restrict
binding to the high-affinity antibody). Briefly, 96-well plates (Nunc, maxisorb) were coated
with 50 pl per well of 5 pg/ml of NP-BSA diluted in PBS. Following overnight incubation at
4°C, plates were washed 3X with 1X PBS-T, blocked with PBS+2% BSA and incubated at
RT for 1 h. Diluted samples were added to plates, incubated for 2 hours at 37 °C and plates
washed 3X with 1X PBS-T and blotted dry. Following the incubation, 50 ul of detection
antibody diluted 1:2000 in PBS-1% BSA was added to each well, incubated at RT for 1

h and plates washed 4X with 1X PBS-T, and 50 pl of PNPP substrate solution added for
10-30 min. Plates were read on a spectrophotometer at 405 nm absorbance. The sample
concentrations were interpolated from the standard curves using GraphPad Prism.

Data analysis and statistics

Unless specifically stated in the figure legend, results are presented as the geometric mean
+ s.e.m. The statistical test for each set of experiments is listed in the figure legend. In the
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majority of cases, P values were calculated by unpaired, student t-test, with *P < 0.05, **P
<0.01, and ***P < 0.001. Statistical analyses were performed on GraphPad Prism software
version 7.

Results

Generation of a mouse model of decreased CD40L expression

The mouse CD40L stability element was previously defined as a 350 bp region that showed
high homology to a stability region in the human CD40L gene. Using the entire region as

a probe in R-EMSA we found that all complexes that bound to this region were competed
for by anti-PTBP1 antibodies suggesting that PTBP1 was a component of all complexes
binding to this region (42). However, the possibility exists that other RNA binding proteins
are in complex with PTBP1 and contribute to mRNA stability. We identified nucleolin as
one such protein and it is possible that other proteins may have important functions in these
complexes. To identify sequences within the 3’UTR that resulted in destabilization of the
transcript, the different regions were cloned into the pGL3 vector and luciferase measured
following transfection into Jurkat cells. We found that Site B and to a lesser extent a region
equivalent to human Site C, enhanced expression of luciferase whereas Site A alone or in
combination with other elements had a negative effect on expression (Supplementary Figs.1la
and 1b). We therefore generated a targeting construct containing a deleted region of 175
bp, which included the regions defined as Sites B and C. Following targeted recombination,
the Joxp flanked Neo” gene was removed by breeding with a Cre-deleter strain and a

pure line of mutant mice lacking the stability element was generated (termed CD40LAS)
(Supplementary Figs. 1c-f).

To understand the role of mMRNA stability in providing threshold levels of CD40L for

TD antibody responses and cellular fate decisions, CD40LA5 mice were analyzed for
production and distribution of T cells and B cells prior to immunization. Distribution

of thymic and splenic T cell subsets revealed no obvious differences with WT controls
(Supplementary Fig. 2a). Additionally, prior to and following antigen challenge, the absolute
number of B220*, B220*1gM*IgD*/", B220*IgM*"IgD*, follicular (B220*CD21i"MCD23M)
and marginal zone (B220*CD21NCD23iM) B cells were similar between CD40LA5 mutants
and WT controls (Supplementary Fig. 2b). Thus, mice carrying the CD40LA5 mutation were
indistinguishable from WT mice with respect to the distribution and number of lymphoid
cells prior to antigen challenge.

The CD40LA5 mice express lower levels of CD40L on CD4 T cells

We next asked whether the expression of CD40L was decreased in CD4 T cells from mice
immunized /n vivo with NP-KLH followed by ex vivo stimulation with antigen presenting
cells (APCs) presenting KLH (APC-KLH). Specifically, CD40L surface expression was
found to be frequently lower in CD40LAS5 CD4 T cells that were solely stimulated ex vivo
alone with APCs alone although this difference was not consistently seen in all animals
(Figs. 1la-b, left panels). Notably, CD40LA5 CD4 T cells that were re-stimulated ex vivo
with APC-KLH expressed significantly less CD40L than WT cells and this difference was
highest at 12 h post activation (Figs. 1a-b, right panels and Fig. 1c). We also examined the
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presence of preformed CD40L in ex vivosplenic CD4 T cells (28 days post immunization
and boost) following acute re-activation with PMA/ionomycin. Similar to what we observed
with APC-stimulation at early time points ex vivo, there was no significant difference in in
this intracellular pool of preformed CD40L upon re-activation between CD40LA5 and WT
CD4 cells (Fig. 1d).

To determine if the observed decrease in CD40L expression in CD4 T cells from CD40LA5S
mice was consistent with altered mRNA stability splenic CD4 T cells were isolated from
NP-KLH immunized mice, stimulated ex vivo for 12 h with APC-KLH and treated with
the transcriptional inhibitor DRB. Decay was measured over a time course of 90 min and
cells collected and analyzed every 30 min for CD40L RNA by RT-gPCR. Compared to our
findings with WT CD4 T cells, the stability of the CD4O0L transcript in mutant cells was
reduced to a ty/» < 30 min from ~ 45 min (Fig. 1e). Finally, to confirm that the stimulation
of CD4 T cells expressing the CD40LA5 mutation did not result in an overall decrease

in activation, splenic CD4 T cells from NP-KLH immunized mice were isolated and the
expression of two additional activation markers were assessed by flow cytometry and RT-
gPCR. In contrast to CD40L, no significant difference in CD69 and CD25 expression was
observed in CD4 T cells from CD40LA5 mice confirming that loss of the stability program
did not result in a global decrease in CD4 T cell activation but was confined to affecting only
the expression of CD40L (Figs. 1f -).

The pathway of CD40L stability is critical for the establishment of the GL7* B cell

population

Although the requirement of CD40-CD40L interactions in the formation of GCs is well
documented in both mice and humans we wished to discern whether the threshold of CD40L
expression provided by mRNA stability is critical for the establishment and function of
these structures (43). Thus, splenic sections from mice injected with sheep red blood cells
(SRBCs) were visualized using immunohistochemistry (IHC) to delineate distinct structural
regions of the GCs including naive B cells (IgD*), T cells (CD4*) and antigen-selected

GC B cells (GL7%) (20, 44). Surprisingly, we found that the GC architecture in spleens
from CD40LA5 mice was highly disorganized relative to those from WT mice; the IgD*
and CD4™* sectors appeared relatively normal, whereas the GL7* area was smaller and
positively stained cells were diffused throughout the GC (Figs. 2a and 2b). When sections
were analyzed in more detail, there appeared to be little difference in the overall number

of initiated GCs, however the size of the individual GC was significantly decreased in

the mutant (median: 5.9 vs 3.8, respectively) and disorganized (Figs. 2c and 2d). Further
confirmation of these findings was carried out using flow cytometry to quantify the GC

B cell population (CD19*Fas*GL7%). Again, we found the GL7+ B cell population was
significantly reduced (approximately 2—3-fold) in mice expressing the CD40LA5 mutation
(Fig. 2e).

Importantly, the frequency of CD4*CXCR5*PD-1* (Tgp) cells was highly similar between
mutant and WT mice thus eliminating the possibility that the decreased frequency of GC B
cells was linked to an overall loss of Ty cells (Fig. 2f). Although there was no significant

difference in the absolute number of Tgy cells, the expression of CD40L at day 8 following
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SRBC injection on this population was decreased by approximately 40% (Fig. 2g). Together,
these findings are consistent with the significant drop in GC B cells from immunized
CDA40LA5 mice being a result of the lowered threshold of CD40L expression on Tgy cells
that depends on the mRNA stability pathway.

GL7* GC B cells from CD40LA5 mice are located predominantly within the LZ

We next asked whether the disruption of the GC structure was solely caused by a decrease
in the frequency of cells or if there were associated changes in the location and distribution
of B cell populations within the GC. This was addressed by analyzing the distribution of
DZ (CD19* GL7*CD86!°CXCR4M) and LZ (CD19*GL7*CD86NCXCRA4!) B cells eight
days after SRBC injection. The DZ/LZ ratio for antigen-specific B cells has previously
been shown to be approximately 2:1 (18). Unexpectedly, we found that the GC B cells

from CD40LA5 mice were predominantly distributed in the LZ presenting a sharply skewed
DZ/LZ ratio of approximately 0.5:1 (Figs. 3a). This unexpected finding was confirmed
using IHC and antibodies against CXCR4, CD21/CD35 and CD23 to visualize the GC
architecture. DZ and LZ regions are defined by expression of CD21/35 and CD23 on the
surface of follicular dendritic cells (FDCs) where LZ FDCs are CD21/35" and CD23M"i and
DZ FDCs are CD21/35M¢d and CD23"9 (45). Additionally, areas of CXCR4N and CXCR4!°
can be used to identify areas of DZ and LZ B cells, respectively (46). In WT samples we
found a clear demarcation of the LZ FDCs (CD21/35" CD23M) whereas this same region
was visibly less demarcated in mice harboring the CD40LAS5 mutation. Additionally, the
CXCR4N cells were primarily in the DZ from WT spleens but the few GC B cells were
dispersed throughout LZ and DZ regions in spleens from the CD40LAS5 mice (Figs. 3b).
Thus, in addition to a marked loss of GC B cells, mice expressing the CD40LA5 mutation
had a major redistribution and positioning of GL7* cells within the DZ and LZ sectors
confirming the need for a threshold of CD40 signaling to properly distribute antigen-selected
B cells within the GC.

The posttranscriptional pathway of CD40LAS5 is critical for B cell proliferation

To gain a mechanistic understanding of the relationship between altered CD40L expression
and the loss and redistribution of GL7* B cells within the GC we carried out RNAseq

with bead sorted CD19* B cells at day 8 following SRBC injection. We chose to look at

this broad B cell population based on the assumption that this approach had the highest
likelihood of capturing critical CD40LA5-dependent transcriptional changes. In contrast,
using GL7* cells exclusively as the starting material had the potential of masking early
differentiation events that were dependent on CD40L levels prior to GL7 expression.
Accordingly, a pattern of 95 downregulated and 99 upregulated genes were identified

being associated with CD19* cells B cells from mice expressing the CD40LAS5 mutation.
Many of the genes that were downregulated mapped to pathways involved in cell cycle,
DNA replication and mismatch repair. We also independently identified a number of genes
associated with apoptosis that were upregulated in the B cells expressing the CD40LA5
mutation (Figs. 4a and b). Because antigen-selected GC B cells represent a small percentage
of the total splenic B cells, we wish to establish whether gene expression changes associated
with proliferation also extended to the GL7* B cells. To this end cells from mutant and WT
spleens were gated on CD19 and GL7 and analyzed for expression of proliferation markers
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Ki-67 and phospho-histone H3 (PHH3) (47). Importantly, we observed highly reduced levels
of both markers indicating that proliferation was significantly inhibited both in CD19 and
GL7* B cells from CD40LA5 mice (Figs. 4c-d). To determine whether apoptosis was also
increased in the GC B cell population we measured the expression of caspase 3 and poly
(ADP-ribose) polymerase or c-Parp, two proteins upregulated in apoptotic cells. GC B cells
from CD40LA5 mice showed significant increases in both proteins suggesting a higher

level of ongoing apoptosis in these cells (Fig. 4€). Together, these results reveal that the
elevated expression level of CD40L resulting from increased mRNA stability is required

for optimal proliferation and cell survival of both CD19* B cells and GC B cells following
immunization. Therefore, changes in both proliferation and apoptosis likely underlie the loss
of GC B cells in CD40LA5 mice.

Loss of the CD40L mRNA stability pathway leads to a reduction in splenic antibody-
secreting B cells

Because CD40L is critical for both early and late antibody responses to TD antigens, we
examined whether the CD40L mRNA stability pathway was critical for early antibody
responses that may occur in part, outside the GC (1, 4, 20, 48, 49). To this end, CD40LA5
and WT mice were immunized with NP-KLH and blood collected at 1, 2 and 3 weeks. Anti-
NP antibodies were evaluated for IgM as well as for the presence of switched antibodies of
the 1gG1, 1gG2b and IgG2c subclasses. Whereas we observed no obvious decrease in levels
of IgM antibodies, the levels of 1gG1, IgG2b, and 1gG2c as early as 7 days in CD40LA5
mice were significantly lower compared to WT mice (Fig. 5a). Analysis of the secondary
response in animals at 28 days post immunization and 7 days after boosting revealed a
significant decline in humoral output in CD40LAS5 mice including a significant decrease in
IgM, 1gG1, IgG2b and IgG2c antibodies. In contrast, there was no observable difference in
IgG3 and IgA although the overall level of IgA was very low in the serum (Fig. 5b).

We next used ELISpot to determine if the basis for the loss of TD antibodies in CD40LAS
mice was due to decreased numbers of responding B cells or alternatively to lowered
antibody expression per responding cell. IgG1-specific antibody-secreting cells (ASCs) were
harvested from spleen at day 28 following injection of NP-KLH at days 0 and 21. Notably,
over a wide range of dilutions there was a clear decrease in the number of ASCs in
CDA40LA5 mice indicating that the CD40L stability pathway resulted in the reduction of
ASCs and not in a lowered amount of antibody produced per cell (Fig. 5c).

The CD40L mRNA stability pathway is required for optimal affinity maturation but not SHM

To determine whether somatic hypermutation and affinity maturation were linked to the
higher threshold of CD40L expression that resulted from mRNA stability experiments were
carried out to identify nucleotide changes in the VVH regions that are known to be associated
with increased antibody affinity. In the NP system, early replacement of a tryptophan (W)
with a leucine (L) at codon 33 in the VH186.2gene has been shown to be associated with

a >10-fold increase in affinity of anti-NP antibodies (50, 51). Therefore, RNA was isolated
from PNA™ splenocytes, 14 days post immunization with NP-KLH and corresponding
cDNAs sequenced across the VH region. We observed that 40% of the CD40LA5 sequences
had the G—T transversion leading to the W33L substitution compared to 60% of the
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WT sequences (Fig. 6a). Although this difference did not reach statistical significance, the
downward trend prompted us to ask whether there was a corresponding decrease in the
number of mutations across the CD40LA5 V186.2 gene which would indicate a potential
AID deficiency. Surprisingly, we found no consistent difference in the total number of
mutations in B cells from CD40LA5 and WT mice suggesting that the lower level of CD40L
does not appreciably impact SHM (Fig. 6b). To further confirm these findings, GC B cells
were analyzed for expression of A/CDA and c-myc, which have both been shown to be
controlled, in part, by CD40 signals (52, 53). Notably, we observed a highly significant
decrease in c-myc expression and no difference in A/CDA expression in PNA* B cells from
CD40LA5 mice (Fig. 6¢).

Since there was no apparent effect of a lowered threshold of CD40L expression on SHM we
next asked whether there was a general loss of affinity matured antibodies relative to total
antibodies. CD40LA5 and WT mice were again immunized with NP-KLH and analyzed by
ELISA at four time points for the production of anti-NP antibodies. NP-BSA conjugates
with a low or high number of haptens per BSA molecule were used as antigens to establish
the degree of ongoing affinity maturation (54, 55). Similar to our findings that examined the
total spectrum of antibody responses (Figs. 5a and b) the overall high affinity IgG1 antibody
response was significantly reduced in the CD40LA5 mice. However, the ratio of high affinity
to total Ab was not significantly different (Figs. 6d and e). Therefore, the higher threshold of
CD40L expression is critical for the expansion of the high affinity B cells in the GC but is
not absolutely required for SHM or for affinity maturation.

The CD40L stability pathway is required for the optimal development of plasma cells

We next asked whether the CD40L stability pathway also impacted downstream fate
decisions that resulted in the differentiation of functional B cell sub-populations. We

first analyzed the B220* antibody-secreting cells (ASCs) that re-express CD138 upon
differentiation into plasmablasts in splenocytes at day 8 after SRBC injection. As predicted
by the loss of GC B cells in CD40LA5 mice, we observed a significant decline in

the absolute number of B220*CD138" cells (plasmablasts) as well as a decrease in the
frequency of plasmablasts within the B220* population (Fig. 7a). We extended this analysis
to compare numbers and percentages of both IgM and IgG1 plasmablasts that expressed
CD138 and were positive for intracellular Ig. As shown in Figs. 7b and 7c, an approximate
3-fold reduction in both the total number and percentage of IgM plasmablasts was observed
in CD40LA5 mice. Further analysis of the B220*IgM™d cells for expression of intracellular
IgG1 and surface CD138 identified a significant decline in the IgG1-expressing plasmablasts
in both total number and percentage (Fig. 7d). Finally, to determine whether observed
differences in splenic populations between WT and CD40LAS5 mice were maintained

in the long-lived plasma cells (LLPCs) resident in the bone marrow and defined as
B220*CD93*CD138*, mice were immunized with SRBC and bone marrow cells harvested.
Similar to our findings with splenic plasma cell subsets, both the number (1.0x10"3 vs.
2.5x1073) and percentage (~0.8% vs. 3.3%) of LLPCs relative to total bone marrow B220*
cells were decreased in CD40LA5 mice relative to WT controls, respectively (Fig. 7e).
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Altered CD40L expression has a disproportionate impact on memory B cells

To investigate the role of the CD40L stability pathway on the development of
(CD19*CD38*1gG1*) precursor memory B cells, mice were analyzed after SRBC injection
and analyzed for both the number and percentage of switched IgG1* B cells. Similar to

our finding with plasma cells there was a significant decrease overall in precursor memory
B cells from CD40LA5 mice (Figs. 8a and b). Given that memory B cells can include
different isotypes including IgM* cells (56-59), we sought to determine whether differences
were observed in switched and unswitched subpopulations from CD40LA5 and WT mice.
Additionally, we wanted to assess expression of PD-L2, CD80 and CD73, three surface
markers, which define developmental and functional heterogeneous populations within the
memory B cell compartment (59, 60). In all PD-L2, CD80 and CD73 precursor subsets
defined by either 1IgG1 or IgM, we found a decrease in the total number of cells from

mice expressing the CD40LA5 mutation (Figs. 8d and 8f (upper graphs). The overall
decrease in numbers of all precursor subsets were consistent with the loss of GC B cells

in the CD40LA5 mice. However, the percentage loss of 1IgG1* and IgM* B cells was not
anticipated and this loss was only seen in the precursor subsets defined by markers CD80

or CD73, and not PD-L2 (Figs. 8c and 8c, 8d and f, lower graphs). The striking decline of
precursor memory B cells of both IgM and IgG1 subsets, strongly suggests that a threshold
of CD40L expression on CD4 T cells is critical for the development of memory B cells
regardless of whether the cell has undergone class switching. These results also indicate that
cells that fail to enter a plasma cell developmental pathway are not necessarily shunted into a
memory pathway and thus, the differentiation of both B cell effector subpopulations appears
to be exquisitely sensitive to a higher threshold of CD40L that depends on mRNA stability.

Discussion

It has long been known that CD40 signaling is central to the development of a GC
response and the multiple studies that analyzed deficiencies in either CD40 or CD40L
established the groundwork for understanding the mechanistic basis for the development
of humoral immunity (61). In this study we sought to extend the binary understanding of
CDA40 signaling by using a mouse model that provides reduced levels of CD40L through a
change in mMRNA stabilization. The model was predicated on previous work showing that
the CD40L mRNA is stabilized through the binding of PTBP1-containing complexes to a
region of the 3’UTR (27, 36, 37). These complexes include other RNA-binding proteins
including, nucleolin, as well as potentially other as yet identified proteins. Notably, we
found that the optimization of many primary and secondary TD B cell responses relies

on a threshold level of surface CD40L that is directly linked to enhanced mRNA stability.
Whereas the elimination of the stability pathway results in a reduction of CD40L expression
on Tgy cells by approximately 40%, the overall impact of this decrease on antibody output
and the development of effector B cell subsets is considerably more pronounced. Our data
strongly suggests that this disproportionate response corresponds to the combined effects
of limited cellular expansion linked to proliferation defects in antigen-selected B cells,
increased apoptosis in GC B cells as well as reduced differentiation of GL7* B cells into
plasmablasts and memory precursor cells.
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Although many of the cell populations and effector molecules in CD40LA5 mice were
greatly affected by the decrease in CD40L expression, we also found little to no effect on
other functional processes. For example, primary IgM and secondary 1gG3 antibody levels
were similar between CD40LA5 and WT mice, which is consistent with results showing that
patients with hyper-IgM syndrome mount IgM responses to TD antigens and mice lacking
CDA40L express both IgM and 1gG3 within a range of normal (61, 62). Also, CSR to all IgG
and IgA heavy chain genes was intact in B cells from CD40LA5 mice although the serum
titer of primary and secondary 1gG1, 1gG2a, -2b and 2c and the secondary IgM antibodies
was significantly lower due to fewer numbers of ASC in the B cell pool. The fact that
CD40LA5 mice were capable of undergoing CSR is consistent with reports showing that
CSR occurs primarily as extrafollicular events prior to B cell seeding of the GC (63). Thus,
the disruption in the GC architecture observed in CD40LAS5 B cells appears to have little
impact on class switching, per se and the decline in the number of switched cells is likely
associated with a loss of proliferative capacity via interactions with CD4 T cells expressing
lower levels of CD40L in the extrafollicular space. It has yet to be determined whether the
severe loss of ASCs is a byproduct of decreased CD40 signaling needed to drive a specific
number of cell divisions linked to class switching and/or the requirement for these signals in
the subsequent clonal expansion of the isotype switched B cells (64, 65).

We also found that both SHM and affinity maturation were relatively normal in B cells from
CD40LA5 mice although the absolute number of cells expressing high affinity mutations

in their BCRs was reduced. This is consistent with SHM occurring in association with
proliferation in the DZ and reflects the severe loss of resident GL7* B cells in this
compartment. The finding of WT levels of somatically mutated sequences in GC B cells
from CD40LA5 mice is further supported by our observation that the level of AicdaRNA in
these cells was similar to WT cells (66, 67). It may be that SHM can occur in DZ B cells

in response to the lower threshold of CD40-CD40L signals received by the LZ B cells or
alternatively SHM is able to function in the absence of CD40 signaling altogether. Support
for this second possibility comes from studies demonstrating that B cells from patients with
Hyper-1gM syndrome undergo SHM via a CD40-CD40L independent pathway (68, 69).

T cell help is considered to be the limiting factor in GC B cell selection and Tgy cells

have been shown to express a comparatively low level of CD40L (18, 19, 70). Furthermore,
enhanced Ty interactions with LZ B cells accelerates S phase and directly corresponds to
the number of cell divisions and mutations that will occur during a single selection cycle
(19). The proto-oncogene c-myc is essential for GC B cells to efficiently integrate CD40
signals leading to functional outcomes including positive selection and cyclic re-entry of LZ
B cells, (52, 53, 71). Importantly, c-myc expression in GC B cells is tightly controlled by
CDA40L expression on Tgy cells and the absolute amount of MYC expressed in GC LZ B
cells determines the subsequent number of cell divisions in the DZ (72). Our data showing
that the diminished population of GC B cells from CD40LAS5 mice express only 25% of the
c-myc RNA levels found in WT cells agrees with these findings. Finally, the loss of GL7* B
cells in the DZ may also be explained, in part, by enhanced apoptosis in both regions of the
GC given that apoptosis has been shown to be the “default” pathway for GC B cells (73, 74).
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The impact of decreased CD40L expression was observed on cell fate decisions within

the GC affecting both the plasmablast and precursor memory B cell subsets. Our results
showing that the percentage of B cells expressing memory markers was significantly
reduced in CD40LA5 mice was highly unexpected given published findings reported that

B memory cells have lower numbers of mutations in their BCRs. Additionally, B memory
cells were found to exit the GC response at earlier iterations compared to their plasma cell
counterparts (75). We anticipated, given the decreased cycling rate and higher representation
in the LZ, that B cells from CD40LA5 mice would potentially enter the memory pool at a
higher frequency than WT cells. Surprisingly, the exact opposite was observed suggesting
that the loss of differentiation into precursor memory B cells could be a result of an

overall breakdown in the GC architecture that may be needed for driving the development
of effector subsets. Alternatively, reducing the level of CD40 signaling may impact other
critical factors such as IL-4 and IL-21, which are known to be required for driving the
differentiation of GC B cells (76). Also, reduced c-myc expression would have a highly
detrimental impact on B cell positive selection in the GC (52, 53, 71). Our results showing
a significant decline in the percentage of both CD80" and CD73" IgM and IgG1 precursor
memory cells are consistent with those of Koike, et. al who described the need for strong
CDA40 signaling in the primary immune response to establish a CD80" B memory subset
(77). It is unclear why the PD-L2* subset was less sensitive to changes in CD40L expression
but may reflect the ability of precursors to partially differentiate down a memory pathway

in the absence of strong CD40 signals. That the CD80M memory cells have been identified
as being part of the larger PD-L2 population may suggest that further differentiation into
this population requires higher or extended levels of CD40 signaling provided by message
stability (60). In future experiments we will test our findings using a system that can directly
identify and follow antigen-selected B cells over a longer time course to understand whether
the CD40LAS5 defect results in a long-term suppression of B cell memory.

In conclusion, our findings provide novel, mechanistic insights into how CD40L expression
is regulated to sustain its role as a critical checkpoint modulator within the GC environment.
The regulated pathway of CD40L mRNA stability is clearly necessary for multiple steps
required for expanding and diversifying the TD humoral response including the generation
of ASCs, precursor memory B cells and plasma cells. Questions related to sustained
differences in antibody output in long-lived GCs from mutant and WT mice as well

as the impact on antigen-specific memory B cell formation will be addressed in future
work. Additionally, this model will be used to understand how limiting CD40L through
mRNA regulation may impact disease pathogenesis in autoimmune conditions where T cells
frequently express CD40L at a consistently unregulated level.
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MRNA stability is critical for optimal CD40L expression and TFH cell
function

Decreased CD40L results in a loss of GL7+ GC B cells and a disorganized
GC

GC B cell differentiation is particularly sensitive to CD40L signaling
thresholds
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Fig. 1: CD40LAS5 mice express less CD40L on activated CD4 T cells.
(a) CD40LA5 and WT littermates were immunized i.p. with 4-hydroxy-3-nitrophenyl-

acetyl-keyhole limpet hemocyanin (NP)-KLH at day 0, boosted 21 days later and draining
mesenteric lymph nodes collected 7 days later. Dissociated cells were incubated with

1 pg/ml KLH for 12 h followed by staining with anti-CD4-PE and anti-CD40L-APC
antibodies. (b) Compiled data showing expression of CD40L on CD4 T cells stimulated
ex vivo with antigen presenting cells (APCs)-alone (left graph) or APCs+KLH (right graph)
(c) Surface CD40L expression on CD4 T cells analyzed as in (a) and expression measured
over a time course of activation with plate bound APCs-KLH. (d) Spleens were isolated
from mice that had been injected with NP-KLH at day 1 and boosted at day 21. Total
splenic cells were treated with 10 ug/ml cycloheximide for 1h prior to activation with

50 ng/ml PMA and 1 ug/ml ionomycin for 30 min. The presence of preformed CD40L
was determined by staining cells with anti-CD4-FITC and anti-CD40L-PE antibodies.
Shown is the graphical representation of three independent experiments with horizontal
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bars representing the geometrical mean and the SD of the mean. (e) Purified CD4 T cells
were isolated from NP-KLH activated mice (as described in a-c), activated with KLH for
12 h, collected and dissociated in media. Incubation was carried out with 50 uM of the
elongation inhibitor 5,6-Dichlorobenzimidizole 1-B-D-ribofuranoside (DRB) for 30, 60 and
90 min. (f-g) Analysis of surface protein (f) and mRNA expression (g) of CD40L, CD25
and CD69 on CD4 T cells isolated from NP-KLH immunized mice (as in (a)). Significance
was determined at the 95% confidence level by paired two tailed t-test (b) and unpaired two
tailed t-test (c-e, g) with significance defined as *P < 0.05, S = not significant.
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Figure 2: Disruption of the CD40L stability pathway results in disorganized GCs and a loss of
GL7* B cells.

(a) GC structures were visualized in mice 8 days following SRBC immunization using 20um
sections of frozen spleens stained with hematoxylin and eosin (H&E) and visualized using

a Nikon Eclipse E600 fluorescence microscope. (b) Splenic sections were stained with anti-
mouse IgD to identify naive B cells (APC-labeled, purple), anti-mouse CD4 for T cells (PE-
labeled, red), and anti-mouse GL7 for GC B cells (Alexa488, green). (c and d) Spleens were
isolated from SRBC immunized mice (as above) and GCs identified using Olympus Studio
2 software. The number of GCs per image frame calculated and the area of each individual
GC quantified and compared between WT and CD40LA5 mice. (e) Representative flow
analysis (middle) and compiled percentages and total cell number (right graphs) of CD19-
gated splenocytes stained with antibodies against GL7 and Fas protein 8 days post SRBC
immunization. Values are averages of WT and CD40LA5 mice (n=7) where bars denote the
geometric mean and s.e.m. (f) Representative flow cytometry data and compiled percentages
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and total cell number (right graphs) of Tgy cells (CD4+CXCR4+PD-1+) isolated from WT
and CD40LA5 spleens 8 days post SRBC immunization using CD4-BV510, CXCR5-BV421
and PD-1-FITC antibodies. Bars represent the geometric means of WT and CD40LAS5 mice
(n=5) with the error bars determined by the s.e.m. (g) Representative histogram of CD40L
expression on Tgy cells and quantification using medium fluorescence intensity (MFI) at

8 days post SRBC immunization (n=5). Bars represent the geometric mean and error bars
the s.e.m. Significance was calculated in all graphs by unpaired, two-tailed t-test where *P
<0.05, **P<0.01, ***P<0.001 and NS = not significant.

J Immunol. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Narayanan et al.

Page 25

LZ
* K]
80 D800 i
a 2 60 - ":euo
CD19* 8 . 8
P | CD19*GL7* d . o' .
] - o2 [+ 200
| WT CD40LA5 2 —
<] 105 3 F > 0 z 5 O o 7
O 17% 65% S v SR
w- . o 1047 E S S
L | - b= E| A\ A\
L == S S S
GL7-A488 L 1o ] ‘ DZ
g o | _ 22%
< 71% 2
O 1023 E - 80 sk 8
101 . . : . % 60 &
102 103 104 © 0 Q
CXCR4-A647 > 3
| 20 +
o 5
> 0 = 5 O
SN
b S
¥
&
WT CD40LA5

CD21/CD35 CXCR4

CD21/CD35

Figure 3: Reduced DZ and increased LZ distribution of GC B cells from CD40LA5 mice.
(a) Spleens from WT and CD40LA5 mice were isolated 8 days post SRBC immunization

and gated on CD19*GL7* cells to identify GC B cells. Sample gating (left panel),
representative histogram (middle) and compiled data (right graphs) depicting GC B cells
from WT and CD40LA5 mice stained with antibodies against CD86 (y-axis) and CXCR4
(x-axis). Values reflect the percentage and total cell number of CD19*GL7* cells that are
CXCRA4!oCcD86M cells (LZ B cells) versus those that are CXCR4MNCD86!° (DZ B cells).
Statistical significance was determined by unpaired, two-tailed t-test where *P < 0.05, and
**P < 0.01. Each symbol represents an individual mouse (n=3-6) and the mean and s.e.m.
indicated by horizontal bars. (b) 20um sections were collected from frozen spleens, fixed
and stained for demarcation of LZ (CD21/35* (FITC, green) or CD23* (PE, red)) and DZ
(CXCR4hi (Alexa 647, magenta)) areas.
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Figure 4: Gene Expression Profiling of CD19* B cells from CD40LA5 mice.
(a) CD19" B cells were isolated from WT and CD40LA5 mice 8 days after immunization

with SRBC. Hierarchical clustering of gene expression profiles using differentially
expressed genes (more than 1.5-fold) between groups (normalized log2 values based on
RNA-seq analysis). Genes with a statistically significant (false-discovery rate g < 0.05)

are displayed and grouped by function; n = 3 biological replicates. (b) GO pathways
showing statistically significant changes in B cells from CD40LA5 mice. (c) Analysis of
intracellular expression of Ki67 (left panel) and quantification of results (right panel) of
splenic GL7* B cells 8 days following SRBC injection. (d) Graphical representation of
intracellular expression of phospho-histone H3 (PHH3) in GL7* B cells 8 days following
injection with SRBCs (left panel) and quantification of n=4 independent experiments (right
panel). (e) Flow cytometric image of intracellular expression of activated Caspase-3 (y-axis)
and cleaved PARP (x-axis) in GL7* cells from WT and CD40LA5 mice (left panels) and
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compiled results for 4 independent experiments (right graphs). Each symbol represents an
individual mouse and the mean and s.e.m. are indicated by horizontal bars. Significance was
determined by unpaired, two-tailed t-test with *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001.
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Figure 5: The CD40LA5 mutation leads to altered TD antibody responses.
WT and CD40LA5 mice (n=6-8 for each group) were injected i.p. with NP-KLH, boosted at

day 21. Serum was collected at day and ELISA analyses were performed on sera collected
from mice (n=6-10) 7, 14, 21 and 28 days following the initial immunization. (a) Changes
in levels of IgM, 1gG1, 1gG2b, 1gG2c antibodies in serum collected on days 7, 14 and 21
post initial immunization and denoted as the primary response. (b) Levels of IgM, 1gG1,
1gG2hb, 1gG2c, 1gG3 and IgA in serum collected 28 days after initial immunization and

7 days post boost (secondary response). (c) Splenic cells were collected at day 28 after
immunization and boost and plated onto an ELISpot plate coated with NPog_»5-BSA. Shown
are results from two mice each and compiled data from four independent experiments. The
number of 1gG1 ASCs per 108 cells were measured after overnight incubation. In all graphs
each symbol represents an individual mouse and the small horizontal lines indicate the mean
and the s.e.m. Significance was determined at the 95% confidence level by unpaired two
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tailed t-test with significance defined as *P < 0.05, **P < 0.01, ***P < 0.001; NS = not
significant.
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Figure 6: The effect of the CD40LA5 mutation on somatic hypermutation and affinity
maturation.

(a) V186.2/Cy1 specific cDNA was generated using PNA* B cells from WT and CD40LA5
mice 14 days after immunization with NP-KLH. Sequences in VV186.2 encoding TTG
(leucine (L), light gray bar) at codon 33 represent high affinity VH regions whereas
sequences with TGG (tryptophan (W), dark bars) represent unmutated sequences. (b)
Graphical representation of total nucleotide changes in the VH186.2 gene (293bp) 14 days
after immunization. The geometric mean and s.e.m. are indicated. (c) Levels of A/cda
RNA and c-mycin PNA* B cells from WT and CD40LA5 mice were determined by RT-
gPCR (n=3-5 independent experiments). Numerical results were normalized to expression
of GAPDH and values from CD40LA5 samples were compared to those of WT (which
were set to 1). (d) Sera was collected from mice (n=10) at days 7, 14, 21, and 28

post immunization/boost and analyzed by ELISA using NPg.BSA to identify high affinity
antibodies 1gG1. The right graph shows the serum titer of antibodies and the left graph
shows the percentage of high affinity antibodies for WT and CD40LA5 mice. For statistical
analysis of codon 33 mutations in the VH186.2gene, a two-tailed Fisher’s Exact Test

was used with a significance level of *P<0.05. Statistical significance of total mutations
identified in the VH186.2 gene was determined using an unpaired, two-tailed t-test with
significance determined at *P < 0.05 and **P< 0.01. NS = not significant. Significance

of ¢ and d was determined using an unpaired, students two-tailed t-test with significance
determined at *P < 0.05 and **P< 0.01. NS = not significant.
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Figure 7: Decreased number and percentage of plasma cell subsets in the CD40LA5 mice.
(a) Representative flow cytometric analysis of B220*CD138" plasma cells from WT

and CD40LA5 spleens, 8 days post SRBC immunization and graphical representation

of compiled data from individual mice showing the total number and percentage of
plasma cells (right graphs). (b) Gating scheme for splenic subsets shown in (c) and

(d). (c) Representative flow cytometry (left panels) and compiled data (right graphs) of
the total number and frequency of B220+CD138*IgM* cells from WT and CD40LA5
spleens, eight days post SRBC immunization (N=4). (d) A representative analysis of
B220*1gM™®9 cells showing expression of CD138* (x-axis) and 1gG1™* (y-axis) (left panels)
and compiled data indicating number and frequency of IgG1* plasma cells from WT and
mutant spleens 8 days post SRBC injection (right graphs). () Representative flow analysis
of B2207CD138*CD93* LLPCs from WT and CD40LAS spleens, 8 days post SRBC
immunization (left histograms). Compiled data of individual mice (right graphs, WT, N =
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3, and CD40LA5, N=5) showing the total counts and the percentage of CD138*CD93* cells
within the B220™ bone marrow population. In all graphs the center value denotes the mean
and error bars denote s.e.m. (right panel). Significance determined by unpaired, two-tailed
t-test with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P< 0.0001.

J Immunol. Author manuscript; available in PMC 2022 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Narayanan et al.

Page 33

a CD19* gated
Naive WT CD40LAS
CD38*1gG1*

-_  EmwT
@ A5
20 Fkk
8y _**

19G1-BV650 —>
2.8

d 2 »
- o .
§ 0 70102104 106 = \{ o §6 i §15
o o, |3 o, = o =
cD19 —> 103 0.24% 3.58% 0.7% X4 . é10 &
00 q0¢ 108 E N bl IR e S
CD38-Pacific Blue > © |- B, .
c
CD19* gated IgM d
WT  ppio CD8o cD73 PD-L2 CD80  CD73 mWT
100 : S ® A5
i =
108 ] %
|2}
100 £
: 3
ol 0 (ke i o
N b~ - s
8 =9 S|t e
o & <
& | cp4oLas g & oy s
ﬁ. 108 b B 8 1 . P=0.053 ko
(=) Ol S5
a | 105 1 =) 0
10t ‘3_3 10 Hekek
a
01 i i o 5" & ﬁ
< B .
o o =UAUR T
0 104 105 108
IgM-BV510 >
f
e CD19* IgM- gated 1gG1 PD-L2 CD80 CD73 B WT
o 20 ** w @ A5
wr  PDL2 CD80 CcD73 8 i
x
108 4 13.9% : 44.2% 39.6% £
3
S
=
(0] o
= =
g N o i
a L 2
m o S
. :
= |10s | 137% B 6.84% | + P=0.53
) 10 5 @) 50l 222 . =
] :
o 20 [ o
104 5 : S0 rL' ﬂ
E| st o 2
0 R i i .H
PD-L2 CD80 cD73

100 106 10° 10°
1gG1-BV650

Figure 8: CD40LA5 mice have a significantly lower percentage of splenic pre-memory cells.

(a) Representative flow cytometric analysis of IgG1*CD38*CD19* precursor memory cells
from WT and CD40LAS5 spleens, 8 days post SRBC immunization and (b) graphical
representation of individual mice showing the total cell counts and the percentage of CD19*
B cells. (c) Representative flow cytometry analysis of WT (top row) and CD40LA5 (bottom
row) splenic IgM B cell precursor memaory subsets expressing markers PD-L2, CD80 and
CD73. (d) Graphical representation of total cell counts (top graph) and the frequency of each
subgroup (bottom graph). (e) CD19*IgM™81gG1* cells evaluated for expression of PD-L2,
CD80 and CD73 (N = 4) and (f) data presented as total counts and frequency. In all graphs
center values denote the mean and error bars denote s.e.m. Determination of significance
was carried out by unpaired, two-tailed t-test where *P < 0.05, **P < 0.01, ***P < 0.001,
****P < (0.0001 and NS = not significant.
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