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Abstract

Background: Infections with Streptococcus pneumoniae can cause severe
diseases in humans including pneumonia. Although guidelines for vaccination
have been established, S. pneumoniae is still responsible for a serious burden
of disease around the globe. Currently, two pneumococcal immunizations are
available, namely the pure polysaccharide vaccine Pneumovax23 (P23) and the
conjugate-vaccine Prevenarl3 (PCV13). We recently reported impaired
thymus-independent antibody responses towards P23 in mice overexpressing
the immunoinhibitory adapter SLy2. The purpose of this study was to evaluate
adaptive B-cell responses towards the thymus-dependent vaccine PCV13 in
SLy2-overexpressing mice and to study their survival rate during pneumo-
coccal lung infection. Moreover, we investigated B-cell developmental stages
within the bone marrow (BM) in the context of excessive SLy2-expression.
Methods: B-cell subsets and their surface immune globulins were investigated
by flow cytometry. For class-switch assays, isolated splenic B cells were
stimulated in vitro with lipopolysaccharide and interleukin-4 and antibody
secretion was quantified via LEGENDplex. To study PCV13-specific responses,
mice were immunized and serum antibody titers (immunoglobulin M,
immunoglobulins IgG;, IgG,, and IgG;) were examined by enzyme-linked
immunosorbent assay. Survival rates of mice were assessed within 7 days upon
intranasal challenge with S. pneumoniae.

Results: Our data demonstrate impaired IgG; and IgG; antibody responses
towards the pneumococcal conjugate-vaccine PCV13 in SLy2-overexpressing
mice. This was accompanied by reduced frequencies and numbers of

BM-resident plasmablasts. In addition, we found drastically reduced counts of

Abbreviations: BM, bone marrow; DS, Down syndrome; FO, follicular; GC, germinal center; Ig, immunoglobulin; IL, interleukin; Ko, knockout;
LPS, lipopolysaccharide; MZ, marginal zone; P23, Pneumovax23; PCV13, Prevenarl3; pPS, pneumococcal polysaccharide; SLy2, Src homology
domain 3 lymphocyte protein 2; TD, thymus/T cell-dependent; Tg, transgenic; TI, thymus/T cell-independent; TLR, toll-like receptor.
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1 | INTRODUCTION

Streptococcus pneumoniae is an opportunistic pathogen in
humans, asymptomatically colonizing the upper respiratory
tract under normal conditions. Upon local spread, invasion
of the lower airways or the bloodstream, S. pneumoniae can
cause severe diseases such as sepsis, meningitis, otitis, and
pneumonia.”” It is the most common cause of community-
acquired pneumonia and mortality due to pneumococcal
infections is especially high in infants, the elderly and in
immunocompromised individuals.” Despite the availability
of vaccines, pneumococcal disease still constitutes a major
global health problem.”*

Nowadays, two different types of pneumococcal
immunizations are available. Pneumovax23 (P23) is a pure
mixture of S. pneumoniae-derived capsular polysaccharides
and induces a thymus-independent (TI) B-cell response,
relying on antibodies produced by innate B-1 cells.”® These
cells are mainly located within the peritoneal and pleural
body cavities but can also be found in the bone marrow
(BM) and the spleen, where they constitutively secrete
natural immunoglobulin M (IgM). B-1 cell-derived
antibodies fulfill an important housekeeping function as
they clear apoptotic cells and toxic metabolites from the
circulation.”” Besides, they quickly respond towards infec-
tions, thus representing an important first line defense
against microbial pathogens, such as S. pneumoniae.’

The second vaccine is termed Prevenar13 (PCV13) and
consists of 13 pneumococcal polysaccharides (pPS) cou-
pled to a diphtheria carrier-protein. Therefore, PCV13
accessorily induces thymus-dependent (TD) responses
that are mediated by adaptive B-2 cells and provide long-
lived protection.'”'" Since P23 has been shown to provide
only transient and inadequate protection in high risk
groups, the conjugate-vaccine PCV13 is recommended for
children less than 5 years, adults greater than 50 years and
patients with immune defects.’
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B-cell precursors in the BM of SLy2-Tg mice. The survival rate upon intranasal
challenge with S. pneumoniae was mostly comparable between the genotypes.
Conclusion: Our findings demonstrate an important role of the adapter
protein SLy2 in the context of adaptive antibody responses against pneumo-
coccal conjugate-vaccine. Interestingly, deficits in humoral immunity seemed
to be compensated by cellular immune effectors upon bacterial challenge. Our
study further shows a novel relevance of SLy2 for plasmablasts and B-cell
progenitors in the BM.

antibody responses, B cells, B-cell development, pneumococcal conjugate-vaccine,
pneumonia, Src homology domain 3 lymphocyte protein 2, streptococcus pneumoniae

We recently reported a regulatory role of Src homology
domain 3 lymphocyte protein 2 (SLy2), also termed HACS1
(hematopoietic adapter containing SH3 and SAM domains
1) or SAMSN1 (SAM domain, SH3 domain, and NLS 1), for
B-cell responses towards pneumococcal antigens.'*'"* SLy2
is an immunoinhibitory adapter protein that is mainly ex-
pressed in lymphocytes.'* It is a key player of intracellular
signaling by recruiting and linking downstream effector
molecules upon receptor-induced activation. To this end,
SLy2 holds specific protein interaction modules and is able
to shuttle between the cytoplasm and the nucleus.”” In
humans, SLy2 is encoded on chromosome 21q11.2, a region
frequently disrupted by translocation events in the context
of hematopoietic disorders.”® Several studies have high-
lighted the role of SLy2 for B-cell responses.'*'*'""'* More
precisely, it is upregulated in murine and human B cells
upon activation.'®

The investigation of SLy2-deficient mice revealed an
enlarged compartment of B-1 cells and enhanced pro-
liferative B-cell responses in the absence of the adapter.
Moreover, natural serum IgM levels are increased in these
mice, accompanied by improved antibody responses to
pPS."*'” On the contrary, SLy2-transgenic (Tg) mice,
specifically overexpressing the protein in T and B cells,
harbor decreased proportions of B-1 cells and significantly
reduced titers of homeostatic IgM.'*'” This was accom-
panied by impaired antibody responses towards the pPS-
vaccine P23."” This is of high interest since SLy2 belongs
into a group of 9 genes that are additionally amplified in
Down syndrome (DS) patients and might contribute to the
disease phenotype associated with Trisomy 21.°° DS pa-
tients suffer from several immune defects including
abnormal antibody production and an enhanced suscept-
ibility to pneumococcal infections.”"**

Since TI B-cell responses towards P23 are impaired in
SLy2-Tg mice, we were interested in their TD antibody
production towards the conjugate-vaccine PCV13, which
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is recommended for DS patients. Moreover, we evaluated
the survival rate of SLy2-Tg mice in comparison to their
wildtype (Wt) littermates during acute pneumococcal
infection. Our results revealed reduced rates of
CD138*TACI" plasmablasts (PBs) and PCV13-specific
immunoglobulin G (IgG) levels in SLy2-Tg mice. We
were unable to detect significant alterations with regard
to the survival of SLy2-Tg mice during acute pneumo-
coccal lung infection, probably due to compensatory
mechanisms. Interestingly, the numbers of BM B-cell
precursors were greatly diminished in SLy2-Tg mice,
which is of high interest as DS children also suffer from
defects in B-cell developmental processes.””*’

2 | MATERIALS AND METHODS

2.1 | Mice

SLy2-transgenic  (Tg; over-expressing) mice were
generated as described previously and kept under specific
pathogen-free conditions."” All animal work was per-
formed according to the German animal care regulations
and animal experiments were approved by the local
ethics committee (AZ 29.03.2017; PH1/14 and PH2/19).
For all experiments, age-matched littermate mice
were used. For PCV13-vaccination studies, mice were
9-13 weeks old. For acute infection with S. pneumoniae,
16-17 weeks old mice were used.

2.2 | Immunization experiments

Wt and SLy2-Tg mice were intraperitoneally immunized
with 3ug Prevenarl3 (Pfizer) in 100ul phosphate-
buffered saline (PBS). To analyze cell populations and
serum antibody titers, mice were sacrificed before and 7,
14, and 21 days after immunization to collect blood,
peritoneal lavage (PL), spleen, and BM.

2.3 | Organ preparation

Blood was collected in Microtainer blood collection
tubes (BD Bioscience). After at least 30 min of incuba-
tion at RT, tubes were centrifuged at 15,000g for 90's to
collect the serum in the supernatant. Sera were stored
at —20°C.

PL was performed with 5ml of ice cold PBS. BM was
collected by flushing out femurs with 5mL of ice cold
PBS. Spleens were homogenized with a 70 um cell strai-
ner and subsequently incubated in erythrocyte lysis
buffer to get rid of red blood cells before analysis.

2.4 | Pneumococcal infection

S. pneumoniae (ATCC strain 6303, serotype 3) was stored
at —80°C in inoculated Roti-Store Cryo tubes. The day
before an infection, an inoculated ring was transferred
into 5ml sterile BHI medium and incubated at 37°C
overnight without shaking. An ODgq of 0.5-0.7 defined a
bacterial density of approximately 30 x 10 colony forming
unit (CFU)/ml in the original culture. Mice were slightly
anesthetized and infected with either 1-2 (intermediate
dose) or 2.5-3 (high dose) x 10° CFU in 25 ul sterile PBS
by intranasal application. Upon infection, mice were
continuously monitored for 168 h. To estimate the degree
of disease burden and to guarantee a consistent,
well-defined endpoint, weight, temperature, behavior,
posture, and appearance of mice were assessed at least
every 6 h during the first 3 days. If necessary, additional
inspections during acute phase of infection took place
every 3 h. Mice surviving the first 3 days of infection were
subsequently controlled at least two times per day (more
frequently if necessary), according to their health status
and exactly as described above. Mice losing 15% of their
starting weight or displaying a body temperature of less
than 34.5°C were sacrificed immediately. One hundred
and sixty-eight hours after infection, all mice were sacri-
ficed. For corresponding disease score data sheet please
refer to supplementary Figure 1.

25 |
assay

Enzyme-linked immunosorbent

For assessment of specific immunoglobulin titers in the
sera of mice, high-binding plates were coated with 1pug
PCV13 in coating buffer overnight at 37°C. Before sample
incubation, sera were diluted in sample buffer containing
10 ug/ml cell wall polysaccharides to capture unspecific
antibodies. The samples were incubated on pre-coated
plates for 3h at 37°C. Afterwards, biotinylated antimouse
IgM, 1gG, 1gG,,, or IgG; antibody (BD Bioscience) were
applied, followed by addition of streptavidin-HRP conjugate
(Biotechne). HRP-reaction was induced with 3,3',5,
5'-tetramethylbenzidine substrate (Thermo Scientific) and
stopped by addition of sulfuric acid. Chemoluminescent
read out was done at 450 out of 570 nm.

2.6 | Cell culture

To analyze immune globulin class-switch of B cells, CD19%
cells were isolated from the spleen by Magnetic Activated
Cell Sorting using anti-CD19 micro beads and magnetic
separation columns (Miltenyi Biotech). Before stimulation,
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B cells were stained with the CellTrace CFSE Proliferation
Kit (Invitrogen) at 37°C for 20min and the reaction
was stopped by addition of complete cell -culture
medium (RPMI medium supplemented with 10% FCS, 1%
r-glutamine, 1% penicillin/streptomycine  (P/S) and
0.05 mM B-mercaptoethanol). A total of 2 X 10° B cells were
cultured in 24-well plate inserts in 500 pul medium either
unstimulated, with 25 pug/ml lipopolysaccharide (LPS) only
or with 25 ug/ml LPS plus 10 ng/ml interleukin-4 (IL-4) at
37°C and 5% CO,. After 48h, cells and supernatants
were analyzed via flow cytometry and via LEGENDplex,
respectively.

2.7 | LEGENDplex (multi-analyte flow
assay kit)

To determine the amounts of antibody secreted by
activated B cells in culture, supernatants were analyzed
using the LEGENDplex Mouse Immunoglobulin
Isotyping Panel (BioLegend). The assay was performed in
a V-bottom plate according to manufacturer's protocol
and data acquisition was done with the FACS Canto II
Flow Cytometer (BD Bioscience). BioLegend's LEGEN-
Dplex Data Analysis Software was applied for analysis
(www.biolegend.com/legendplex).

2.8 | Flow cytometry
For flow cytometry, 1 X 10° single cells from PL, BM, and
spleen were incubated with anti-mouse CD16/32
(BioLegend) for 15min to block unspecific Fc-binding
sites. Subsequently, cells were fluorescently stained in two
mixes to identify B-1 cells, CD138™" cells, splenic B-2 cells,
and BM subpopulations: B220-FITC, anti-CD5-PerCP-
Cy5.5, anti-IgD-V450, anti-IgM-APC-Cy7, anti-CD43-PE,
anti-CD138-APC and anti-CD23-BV510, anti-B220-PerCP,
anti-CD21-FITC, anti-CD23-BV510, and GLY7-PE (Bio-
Legend and BD Bioscience). For identification of PBs and
plasma cells (PCs), fluorescent staining was performed
using anti-B220-FITC, anti-CD19-V450, anti-TACI-APC,
anti-CD138-PE, and 7-AAD for exclusion of dead cells.
To analyze surface immune globulins after in vitro sti-
mulation, splenic B cells were incubated with anti-CD19-
V450, anti-CD43-PE-Cy7, anti-CD5-APC, anti-IgM-APC-
Cy7, anti-IgD-PerCP and anti-IgG;-PE (LPS/IL-4) or with
anti-CD19-APC-Cy7, anti-CD43-PE, anti-CD5-APC, anti-
IgA-BV421, anti-IgG,,,-BB700, and anti-IgG;-PE-Cy7 (LPS
only) (Biolegend and BD Bioscience). Proliferation was
analyzed via carboxyfluorescein succinimidyl ester-staining.
All measurements were performed at the BD FACS
Canto II and biaxial gating was done with FlowJo

Open Access,

Version 10. For flow cytometry gating strategies the
reader is referred to Figure S2.

2.9 | Statistics

All illustrations were designed with Graph Pad Prism
Version 7. Statistical testing was done as indicated in
corresponding figure legends.

3 | RESULTS

3.1 | Normal populations of adaptive B
cells, but decreased rates of antibody-
secreting cells in SLy2-Tg mice

Initially, we analyzed B-1 cell populations of the perito-
neum, spleen and the BM in SLy2-Tg mice as compared to
Wt littermates. As previously described by our group, the
overexpression of SLy2 causes decreased proportions of in-
nate B-1 cells (Figure S3)."* The overall counts of spleno-
cytes were comparable between the genotypes and adaptive
B-cell populations isolated from the spleen remained un-
altered, including transitional T1 B cells, follicular (FO) B
cells, marginal zone (MZ) B cells and germinal center (GC)
B cells (Figure 1A). By contrast, the total number of BM
cells was significantly reduced in SLy2-Tg mice (Figure 1A).

We recently reported decreased titers of serum IgM in
SLy2-Tg mice, indicating that excessive expression of the
adapter protein impairs the antibody production in
vivo.'” Since murine antibody-secreting cells (ASCs) are
known to express CD138 on their cell surface, we initially
analyzed the proportion and number of CD138* B cells
in the spleen and BM of mice.””* As shown in Figure 1A,
the frequency of CD138" cells was decreased in both
organs of SLy2-Tg mice.

Important to mention, CD138" B cells constitute a
heterogeneous population. For exact identification of PBs
and PCs, additional markers, such as transmembrane
activator and CAML interactor (TACI) are required.”
For this reason, we went into more detail by examining
CD138 and TACI double-positive cells, a subset that can
be further subdivided into B220™¢™ediate pRg and
B220'°Y PCs.”® As depicted in Figure 1B, PBs and PCs
tended to be reduced in the spleen of transgenic mice;
however these differences did not reach statistical sig-
nificance. By contrast, the absolute number and fre-
quency of CD138"TACI™" Cells were strongly diminished
in the BM of SLy2-Tg mice when compared to the Wt
controls. The same applied to the specific fraction of
CD138"TACI*B220™" PBs (Figure 1B). For flow cyto-
metry gating strategies please refer to Figure S2.”°
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3.2 | In vitro proliferation, class-switch LPS + IL-4 significantly induced B-cell proliferation

and antibody-secretion of isolated B cells (Figure 2A). In addition, LPS-sensing triggered the

upregulation of IgA and IgG,,, on the surface
Since we found decreased ratios of ASCs in the spleen ~ of B cells on a highly comparable level in both
of SLy2-Tg mice, we performed in vitro proliferation groups (Figure 2A). Simultaneous supplementation of
and class-switch assays with isolated splenic B cells. both stimulants led to a drastic reduction in IgD-
Stimulation of CD19" cells with LPS alone or surface expression. Both, Wt and SLy2-Tg B cells
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FIGURE 1 Frequency and count of B-2 cell subsets and CD138"cells in the spleen and bone marrow (BM) of SLy2-Tg and Wt control
mice. (A) Graphs depict the total number of splenocytes and the frequency and number of CD138% cells as well as following splenic B-2 cell
subsets: B220*CD23 TgM™e"[gD'¥CD21'°Y transitional (T1) B cells, B220*CD23 IgM*/~ CD21'°Y follicular (FO) B cells,
B220"CD21"IgM*CD23~ marginal zone (MZ) B cells, and B220*GLY7" germinal center (GC) B cells. In addition, the total count of BM
cells is shown together with BM-resident CD138+ B-cell populations. (B) Graphs depict the TACI and CD138 double-positive cell
populations of spleen and BM. These were further subdivided into B220™e™ediat plasmablasts and B220'°% plasma cells. Data were assessed
via flow cytometry by analysis of n = 6-8 mice per genotype in two to three independent experiments. Error bars indicate the mean + SEM
and significance was determined by Student's ¢ test with a p value of less than 0.05 considered statistically significant (*p < 0.05, **p < 0.01)
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FIGURE 1 Continued

efficiently switched to IgG; in response to LPS + IL-4
(Figure 2A).

Consequently, we quantified the secreted immune
globulins in the supernatants of the in vitro assays
(Figure 2B). Both stimulation approaches induced high
levels of secreted IgM and moderate levels of IgA, IgG,,,
and IgG;. Upon supplementation with IL-4, the B cells
released significant amounts of IgG; into the super-
natants (Figure 2B). There were no differences between
the genotypes.

cell count

cell count
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@ Wildtype (Wt)
O SLy2-Transgenic (Tg)

CD138'TACI'B220™ plasmablasts

% of lymphocytes
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CD138'TACI'B220™ plasmablasts

% of lymphocytes

3.3 |
Prevenarl3 in SLy2-Tg mice

Impaired responses towards

Our previous studies revealed a regulatory role of SLy2
for TI antibody responses towards the polysaccharide
vaccine P23, as they were significantly impaired in its
absence. This occurred in an IL-5 reeceptor o (IL-5Ra)-
dependent manner, since we could demonstrate
decreased levels of IL-5Ra surface expression on
B-1 cells."”
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FIGURE 2 Surface immune globulin (Ig) class-switch and antibody secretion of B cells upon in vitro stimulation. (A) The proliferation rate of
isolated splenic B cells after 48 h of stimulation with lipopolysaccharide (LPS) only or LPS + interleukin-4 (IL-4) is shown. In addition, percentages
of IgA*, IgG,ap ™, IG5 (LPS, upper panel) and IgM*, IgD™, IgG,* (LPS + IL-4, lower panel) B cells are depicted. (B) After 48 h of stimulation,
immune globulins in the cell culture supernatants were quantified by LEGENDplex analysis. Graphs depict the mean fluorescent index (MFI) of
PE-fluorescence, which corresponds to the concentration of either IgM, IgA, 1gG,,, 1gG.y, IgG;, or IgG; in the supernatants. In every assay, an
unstimulated (US) control was included. Data was assessed within three independent experiments using n = 5-9 mice per genotype. Significances
were determined by one-way analysis of variance (ANOVA) with a p value of less than 0.05 considered as statistically significant (*p < 0.05,
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FIGURE 3 Prevenarl3 (PCV13)-specific immune globulin levels in the serum of mice. IgM, IgG,, IgG,, and IgGs titers were determined
by ELISA at Day 0 before immunization and 7, 14 and 21 days post-immunization with PCV13. Graphs depict the optical density (OD) at
450 nm measurement wavelength over time (570 nm reference wavelength). All sera were incubated on one plate to allow for direct
comparison of the time points. Curves represent n = 8-11 mice per genotypes from two independently performed experiments. Error bars
display the mean + SEM. Significance was determined with two-way ANOVA with a p value of less than 0.05 was considered statistically
significant (*p < 0.05, **p < 0.01). ELISA, enzyme-linked immunosorbent assay

We were therefore additionally interested in the TD
antibody response of SLy2-Tg mice towards the
conjugate-vaccine PCV13, which is recommended for
high risk groups. As shown in Figure 3, PCV13-specific
IgM and IgG, responses were comparable between the
genotypes. However, 21 days post-vaccination, Wt mice
produced more amounts of IgG; and IgG; (Figure 3).

Accompanying, we investigated the progression of
BM-resident and splenic CD138" cells as well as adaptive
B-2 cells in the spleen from Day 0 pre- to Day 21 post-
immunization. While splenic MZ B and B-2 cell com-
partments were comparable, SLy2-Tg mice significantly
lacked CD138™ cells within the spleen and the BM at Day
14 post-immunization (Figure 4).

3.4 | Survival of SLy2-Tg and Wt control
mice in the course of acute pneumococcal
infection

As SLy2-Tg mice do not properly respond towards both,
TI and TD pneumococcal vaccination, we next wanted to
assess their survival rate during acute lung infection with
S. pneumoniae. Thus, mice were infected without pre-
vious immunization (Figure 5A), as well as 14 days after
injection of P23 (Figure 5B). For infection, we used two
different doses of CFU: intermediate (1-2x 10° CFU/
mouse) and high (2.5-3 x 10° CFU/mouse).

Figure 5A depicts the survival curves of naive mice after
infection with the two varying doses of S. pneumoniae.

After exposure to an intermediate infection dose, 67%
of all Wt mice and 40% of all SLy2-Tg mice survived
(Figure 5A, left panel). The challenge with a high dose of
bacteria resulted in lower rates of survival, being 0% and
20% for Wt and SLy2-Tg animals, respectively (Figure 5A,
right panel). P23 vaccination before challenge conferred
protection to Wt mice, as 83% of them survived the in-
termediate dose (Figure 5B, left panel) and 33% the high
dose (Figure 5B, right panel). Surprisingly, SLy2-Tg ani-
mals infected with an intermediate dose of S. pneumo-
niae did not benefit from preceding immunization, as
only 29% of them survived (Figure 5B, left panel). By
contrast, upon administration of a high infection dose,
SLy2-Tg mice were protected as well, with their survival
rate being 55% (Figure 5B, right panel). There were no
statistically significant differences in survival between
the genotypes in all conditions examined.

3.5 | Decreased counts and proportions
of B-cell precursors in the bone marrow of
SLy2-Tg mice

Classically, B-2 cells develop within the BM from he-
matopoietic precursors, thereby undergoing a range of
selection and differentiation steps. Meanwhile, they
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individually rearrange their immune globulin gene loci
and finally express a unique B-cell receptor on their
surface to leave the BM as mature naive B cells.””*
While B-1a cells mainly derive from the fetal liver early
in ontogeny, B-1b cells and adaptive B-2 cells can be
reconstituted from BM precursors.”” **

Since the total number of BM cells was drastically
reduced in SLy2-Tg mice, we next analyzed different
precursor populations according to their surface marker
expression. As shown in Figure 6, almost all stages of B-
cell progenitors were impaired upon overexpression of
SLy2. More precisely, the total cell counts of pro-B cells,
pre-B cells as well as immature and mature B cells were
significantly reduced (Figure 6). In addition, pre-B cells
were also decreased in their ratio within the overall
lymphocyte population.

4 | DISCUSSION

Our previous report on SLy2-Tg mice demonstrated de-
creased populations of innate B-1 cells and attenuated
titers of natural antibodies caused by lymphocyte-specific
overexpression of the adapter protein SLy2. This was

accompanied by a significantly impaired TI response to
the pure polysaccharide vaccine P23."* In the present
work, we aimed to investigate TD responses towards the
conjugate-vaccine PCV13 in the context of excessive
SLy2-expression, with an emphasis on adaptive B-cell
subsets.

TD protein antigens usually trigger a rapid extra-
follicular response, shortly followed by the formation of a
GC reaction within the B-cell follicles.”** The GC is a
highly dynamic process during which FO B cells undergo
somatic hypermutation and are positively selected for
increasing antigen affinity. This occurs in dependence of
specialized cognate T follicular helper (Tgy) -cells.
Eventually, highly specific effector B cells arise, includ-
ing class-switched plasma cells and long-lived memory B
cells.”>*® Classically, the immune globulin isotypes
evoked during GC reaction are IgG; and IgG,.*"**

Conveniently, injection of PCV13 triggered huge
amounts of specific serum IgM, followed by IgG, and
IgG; after 2 weeks (Figure 3). Surprisingly, the IgM ser-
um concentrations were fully comparable within the
genotypes, indicating that SLy2 controls IgM induction
under TI, but not TD conditions (Figure 3). This is in
accordance with recent findings regarding SLy2-deficient
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mice."” By contrast, SLy2-Tg mice produced significantly
lower amounts of IgG; and IgG; than their Wt counter-
parts. More precisely, while PCV13-directed IgG; and
IgG; levels peaked in Wt mice at Day 21 post-
immunization, they already dropped after 14 days in the
sera of transgenic animals (Figure 3).

The observation that SLy2-Tg mice still generated equal
levels of IgG; and IgG; at Day 14 post-vaccination points to
normal induction of GC reaction and class-switch in these
mice. This thought is strongly supported by the fact that in
vitro class-switch and Ig secretion of B cells were fully
comparable between the genotypes (Figure 2A,B). More-
over, this points to a regulatory role of the adapter protein
SLy2 specifically in the context of antibody responses to
S. pneumoniae-derived polysaccharides.

The populations of splenic FO and GC B cells were
unaltered in SLy2-Tg mice; both pre- and post-immunization

(Figures 1 and 4). These results indicate that the over-
expression of SLy2 might specifically impair extrafollicular
TD responses.” On the other hand, the reduced serum IgG;,
and IgGs titers were preceded by markedly decreased ratios
of splenic and BM-resident CD138" cells at Day 14 in the
context of SLy2-overexpression (Figure 4). In addition, if
compared to Wt littermates, these mice significantly lacked
steady state CD138"TACITB220™ PBs (Figure 1B). Notably,
further experiments are required to clarify whether these PBs
are mainly derived from the B-1 or the B-2 cell compartment.

Collectively, these findings point to a possible im-
plication of the adapter protein SLy2 in ASC differ-
entiation and/or survival. It is well-established, that the
initiation of the genetic ASC program depends on Blimp-
1 mediated gene repression.””*' Hence, one possibility
would be a SLy2-mediated repression of Blimp-1 and as a
consequence, inhibition of ASC development. On the
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other hand, XBP-1 is a master regulator of ASC activity,
by driving the expression of Ig transcripts in plasma
cells.”” Thus, SLy2 could as well be implicated in XBP-1
mediated regulation of antibody production. Based on
our findings, the role of SLy2 in ASC-specific signaling
pathways should be subject to subsequent work.

Of interest, we recently reported improved PCV13-
specifc IgG, responses in mice deficient for SLy2 and
thus conclude, that the overexpression of the adapter
protein does not necessarily reflect the exact opposite of
its homozygous deletion."” Nevertheless, these data
collectively demonstrate that SLy2 controls both, the
generation of specific IgM and IgG towards TI and TD
pneumococcal vaccine, respectively.

Surprisingly, despite the impaired antibody response of
SLy2-Tg mice towards both pure pPS and conjugate-vaccine,
they had no statistically significant survival disadvantage
upon intranasal infection with S. pneumoniae. While SLy2-
Tg mice tended to be more prone towards infection with
intermediate units of bacteria (Figure 5B, left panel), they
even displayed a better survival rate in the context of a high
infection dose (Figure 5B, right panel). Immune responses
to S. pneumoniae always involve both, humoral and cellular
components: pPS- and protein-specific antibodies act as
neutralizing and opsonizing agents, while CD4" Ty cells
rapidly recruit phagocytes towards the airways by producing

inflammatory cytokines.”” While antibodies have been
shown to be of upmost importance regarding septicemia,
the response to pneumococcal colonization in the naso-
pharynx seems to solely depend on IL-17-secreting CD4" Ty
cells. More precisely, the mucosal clearance of pneumo-
coccal antigens upon intranasal application was fully func-
tional in a study on uMT mice, lacking B cells and
antibodies.** By contrast, immunity to septicemia absolutely
required CD138% ASCs.***° Based on this knowledge we
hypothesize, that cellular components of the immune sys-
tem compensated for the lack of antibodies in SLy2-Tg mice
in our murine model of pneumonia, especially after facing a
high infection dose (Figure 5). Previous experiments with
SLy2-deficient mice further support this hypothesis, as these
did not benefit from their increased serum antibody titers
during pneumonia.”” In addition, when assessing the bac-
terial burden in the blood, we found that our infection
model was exclusively restricted to the lung (data not
shown). We therefore plan to investigate the role of SLy2
during pneumococcal sepsis by intravenous infection of
our mice.

The family of SLy/SASH-adapter proteins comprises
three highly homologous members, namely SLyl1, SLy2,
and SLy3/SASH1.**"" Apart from SLy2, lymphocytes
express high levels of SLy1, which has been shown to be
indispensible for normal development of thymocytes."”**
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In the present work, we found greatly reduced
numbers of B-cell precursors in the BM of SLy2-Tg mice
as compared to Wt littermates (Figure 6). Importantly,
this deficit applied to all stages examined, including pro-
B, pre-B and immature B cells. This indicates that SLy2
not only interferes with one specific transition stage, but
affects the overall progenitor population (Figure 6). B-cell
development is a multistep process. Initially, hemato-
poietic stem cells give rise to common lymphoid pro-
genitors, which are committed to the lymphocyte
lineage.” Subsequently, the B-cell developmental pro-
gram is driven by tight regulation of specific transcription
factors. For example, the differentiation of pro-B and pre-
B cells is controlled by the master regulator Pax-5."" Pax-
5 is expressed throughout B lymphopoiesis and its in-
activation leads to a reversion towards an uncommitted
precursor state.”’ Negative regulation of Pax-5-expression
by SLy2 could be one possible explanation for the se-
verely reduced B-cell precursors in SLy2-Tg mice, hence
this should be subject to future studies.

Interestingly, previous studies on mice expressing a
mutated version of the highly homologous protein SLy1
revealed an impaired ability of the hematopoietic system
to reconstitute the lymphocyte compartment.”” Further,
novel data assessed by our group demonstrate a role of
the SLyl-protein downstream of the IL-7R and preTCR
in developing thymocytes (unpublished data). While the
percentages of pro-B cells and immature B cells were
unaltered in SLy2-Tg mice, the proportion of pre-B cells
within the overall lymphocyte population was dimin-
ished (Figure 6). This observation could point to a special
role of SLy2 in pro-B to pre-B transition, which among
others depends on the IL-7 signaling pathway.’” Based on
the high sequence similarity and conservation of the SLy/
SASH-proteins, SLy2 should be considered as a potential
player during IL-7/IL-7R-signaling in developing B cells.
Collectively, these findings allow speculating that SLy2
might take over similar roles in lymphocyte development
as does its homolog SLy1.

Of note, since the SLy2-transgene in our mouse
model is expressed in both B and T cells, an additive
inhibition of early T-cell progenitors should be debate of
discussion; especially since our phenotype investigation
did not include the CD19-marker (Figure 6). However, in
B cells, the SLy2-transgene is under the control of the Eu
IgH enhancer and therefore already expressed in early
pro-B cells, rearranging their heavy chain.”® By contrast,
T-cell specific SLy2-overexpression depends on the Ick-
promoter, which is initially activated in thymocytes.™
Thus, our observations are likely to reflect a specific ef-
fect of excessively expressed SLy2 on developing B cells.

By interfering with B lymphopoiesis, SLy2 might
negatively control the reconstitution of certain B-cell

Open Access,

compartments in SLy2-Tg mice. This is interesting since
SLy2 is significantly overexpressed in DS patients, which
mount inadequate antibody responses to vaccination and
suffer from B lymphocytopenia.””> More precisely, fe-
tuses with DS show a significant decrease in CD19%
lymphocytes. Furthermore, while B cells usually undergo
enormous expansion during the first year of life, this
process was shown to be defective in children with DS
when compared to healthy controls.”””>° Hence, follow-
up studies should focus on whether SLy2 is implicated in
transcriptional regulation and key pathways during B-
cell development. In this regard, Pax-5 and the IL-7-
signaling pathway might be promising targets.

5 | CONCLUSION

In summary, the present study reveals impaired antibody
responses to pneumococcal conjugate-vaccine in SLy2-Tg
mice, accompanied by decreased populations of BM-
resident plasmablasts. The overall survival rate upon acute
pneumococcal lung infection was comparable between the
genotypes, indicating that the impaired antibody-mediated
protection in SLy2-Tg mice could be compensated by
cellular effectors. Besides, our findings demonstrate a
novel role of the immunoinhibitory adapter protein SLy2
for B-cell developmental processes, as reflected by severely
reduced numbers of precursor cells within the BM.

ACKNOWLEDGMENTS

The authors would like to thank Claudia Miiller and Re-
nate Riehle for excellent technical assistance. This study
was granted by the Jiirgen Manchot Stiftung and supported
by the ICePhA mouse clinic (University of Tiibingen).

CONFLICT OF INTERESTS
The authors declare that there are no conflict of interests.

AUTHOR CONTRIBUTIONS

Jennifer Jaufmann designed and carried out the experi-
ments, analyzed the data and wrote the manuscript. Leyla
Tiimen performed experiments and analyzed the data. San-
dra Beer-Hammer designed experiments, provided experi-
mental and conceptual advice and wrote the manuscript.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

ORCID
Sandra Beer-Hammer
6049-0257

http://orcid.org/0000-0001-


http://orcid.org/0000-0001-6049-0257
http://orcid.org/0000-0001-6049-0257

JAUFMANN ET AL.

Immunity, Inflammation and Disease

545

e WILEY

Open Access,

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Weiser JN, Ferreira DM, Paton JC. Streptococcus pneumoniae:
transmission, colonization, and invasion. Nat Rev Microbiol.
2018;16(6):355-367.

Engholm DH, Kilian M, Goodsell DS, Andersen ES,
Kjaergaard RS. A visual review of the human pathogen Strep-
tococcus pneumoniae. FEMS Microbiol Rev. 2017;41(6):854-879.
Park C, Kwon EY, Choi SM, et al. Comparative evaluation of a
newly developed 13-valent pneumococcal conjugate vaccine in a
mouse model. Hum Vaccines Immunother. 2017;13(5):1169-1176.
Bonnave C, Mertens D, Peetermans W, et al. Adult vaccina-
tion for pneumococcal disease: a comparison of the national
guidelines in Europe. Eur J Clin Microbiol Infect Dis. 2019;
38(4):785-791.

Daniels CC, Rogers PD, Shelton CM. A review of pneumococcal
vaccines: current polysaccharide vaccine recommendations and
future protein antigens. J Pediatr Pharmacol Therap. 2016;21(1):
27-35.

Haas KM, Poe JC, Steeber DA, Tedder TF. B-1a and B-1b cells
exhibit distinct developmental requirements and have unique
functional roles in innate and adaptive immunity to S. pneu-
moniae. Immunity. 2005;23(1):7-18.

Choi YS, Dieter JA, Rothaeusler K, Luo Z, Baumgarth N. B-1
cells in the bone marrow are a significant source of natural
IgM. Eur J Immunol. 2012;42(1):120-129.

Shaw PX, Horkkd S, Chang MK, et al. Natural antibodies with
the T15 idiotype may act in atherosclerosis, apoptotic clear-
ance, and protective immunity. J Clin Invest. 2000;105(1):
1731-1740.

Baumgarth N, Tung JW, Herzenberg LA. Inherent specificities
in natural antibodies: a key to immune defense against pa-
thogen invasion. Springer Semin Immunopathol. 2005;26(4):
347-362.

Jefferies JM, Macdonald E, Faust SN, Clarke SC. 13-valent
pneumococcal conjugate vaccine (PCV13). Hum Vaccines.
2011;7(10):1012-1018.

Berical AC, Harris D, Dela Cruz CS, Possick JD. Pneumo-
coccal vaccination strategies. An update and perspective. Ann
Am Thorac Soc. 2016;13(6):933-944.,

Schmitt F, Schill D, Bucher K, et al. SLy2 controls the anti-
body response to pneumococcal vaccine through an IL-
S5Ralpha-dependent mechanism in B-1 cells. Eur J Immunol.
2015:45(1):60-70.

Jaufmann J, Tumen L, Schmitt F, Schall D, von Holleben M,
Beer-Hammer S. SLy2-deficiency promotes B-1 cell immunity
and triggers enhanced production of IgM and IgG2 antibodies
against pneumococcal vaccine. Immun Inflamm Dis. 2020;8:
736-752.

Claudio JO, Zhu YX, Benn SJ, et al. HACS1 encodes a novel
SH3-SAM adaptor protein differentially expressed in normal
and malignant hematopoietic cells. Oncogene. 2001;20(38):
5373-5377.

Brandt S, Ellwanger K, Beuter-Gunia C, et al. SLy2 targets the
nuclear SAP30/HDAC1 complex. Int J Biochem Cell Biol. 2010;
42(9):1472-1481.

Mitelman F, Mertens F, Johansson B. A breakpoint map of
recurrent chromosomal rearrangements in human neoplasia.
Nature Genet. 1997;15(Spec No:417-74).

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

von Holleben M, Gohla A, Janssen KP, Iritani BM, Beer-
Hammer S. Immunoinhibitory adapter protein Src homology
domain 3 lymphocyte protein 2 (SLy2) regulates actin dy-
namics and B cell spreading. J Biol Chem. 2011;286(15):
13489-13501.

Zhu YX, Benn S, Li ZH, et al. The SH3-SAM adaptor HACS1 is
up-regulated in B cell activation signaling cascades. J Exp Med.
2004;200(6):737-747.

Wang D, Stewart AK, Zhuang L, et al. Enhanced adaptive
immunity in mice lacking the immunoinhibitory adaptor
Hacsl. FASEB J. 2010;24(3):947-956.

Ait yahya-Graison E, Aubert J, Dauphinot L, et al. Classifi-
cation of human chromosome 21 gene-expression variations
in Down syndrome: impact on disease phenotypes. Am J Hum
Genet. 2007;81(3):475-491.

Englund A, Jonsson B, Zander CS, Gustafsson J, Anneren G.
Changes in mortality and causes of death in the Swedish
Down syndrome population. Am J Med Genet, Part A. 2013;
161A(4):642-649.

Kusters MA, Verstegen RH, Gemen EF, de Vries E. Intrinsic
defect of the immune system in children with Down syn-
drome: a review. Clin Exp Immunol. 2009;156(2):189-193.

de Hingh YCM, van der Vossen PW, Gemen EFA, et al. In-
trinsic abnormalities of lymphocyte counts in children with
down syndrome. J Pediatr. 2005;147(6):744-747.

Oracki SA, Walker JA, Hibbs ML, Corcoran LM,
Tarlinton DM. Plasma cell development and survival.
Immunol Rev. 2010;237(1):140-159.

Tellier J, Nutt SL. Plasma cells: the programming of an
antibody-secreting machine. Eur J Immunol. 2019;49(1):30-37.
Pracht K, Meinzinger J, Daum P, et al. A new staining pro-
tocol for detection of murine antibody-secreting plasma cell
subsets by flow cytometry. Eur J Immunol. 2017;47(8):
1389-1392.

Pieper K, Grimbacher B, Eibel H. B-cell biology and devel-
opment. J Allergy Clin Immunol. 2013;131(4):959-971.
Melchers F, ten Boekel E, Seidl T, et al. Repertoire selection by
pre-B-cell receptors and B-cell receptors, and genetic control
of B-cell development from immature to mature B cells.
Immunol Rev. 2000;175:33-46.

Baumgarth N. The double life of a B-1 cell: self-reactivity se-
lects for protective effector functions. Nat Rev Immunol. 2011;
11(1):34-46.

Baumgarth N. A Hard(y) Look at B-1 cell development and
function. J Immunol. 2017;199(10):3387-3394.

Ghosn EE, Yamamoto R, Hamanaka S, et al. Distinct B-cell
lineage commitment distinguishes adult bone marrow hema-
topoietic stem cells. Proc Natl Acad Sci USA. 20123;109(14):
5394-8.

Barber CL, Montecino-Rodriguez E, Dorshkind K. Reduced
production of B-1-specified common lymphoid progenitors
results in diminished potential of adult marrow to generate B-
1 cells. Proc Natl Acad Sci USA. 2011;108(33):13700-4.

Nutt SL, Hodgkin PD, Tarlinton DM, Corcoran LM. The
generation of antibody-secreting plasma cells. Nat Rev
Immunol. 2015;15(3):160-171.

De Silva NS, Klein U. Dynamics of B cells in germinal centres.
Nat Rev Immunol. 2015;15(3):137-148.



546 . ) ‘
—LWI LEY_Immunlty, Inflammation and Disease

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Fazilleau N, Mark L, McHeyzer-Williams LJ, McHeyzer-
Williams MG. Follicular helper T cells: lineage and location.
Immunity. 2009;30(3):324-335.

Kurosaki T, Kometani K, Ise W. Memory B cells. Nat Rev
Immunol. 2015;15(3):149-159.

Valenzuela NM, Schaub S. The biology of IgG subclasses and
their clinical relevance to transplantation. Transplantation.
2018;102(1S Suppl 1):S7-S13.

Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allo-
types: from structure to effector functions. Front Immunol.
2014;5:520.

Vinuesa CG, Chang PP. Innate B cell helpers reveal novel types
of antibody responses. Nature Immunol. 2013;14(2):119-126.
Shaffer AL, Lin KI, Kuo TC, et al. Blimp-1 orchestrates plasma
cell differentiation by extinguishing the mature B cell gene
expression program. Immunity. 2002;17(1):51-62.
Shapiro-Shelef M, Lin KI, McHeyzer-Williams LJ, Liao J,
McHeyzer-Williams MG, Calame K. Blimp-1 is required for
the formation of immunoglobulin secreting plasma cells and
pre-plasma memory B cells. Immunity. 2003;19(4):607-620.
Tellier J, Shi W, Minnich M, et al. Blimp-1 controls plasma cell
function through the regulation of immunoglobulin secretion
and the unfolded protein response. Nature Immunol. 2016;
17(3):323-330.

Cohen JM, Khandavilli S, Camberlein E, Hyams C,
Baxendale HE, Brown JS. Protective contributions against
invasive Streptococcus pneumoniae pneumonia of antibody
and Th17-cell responses to nasopharyngeal colonisation. PLOS
One. 2011;6(10):e25.

Trzcinski K, Thompson C, Malley R, Lipsitch M. Antibodies to
conserved pneumococcal antigens correlate with, but are not
required for, protection against pneumococcal colonization
induced by prior exposure in a mouse model. Infect Immun.
2005;73(10):7043-7046.

Bou Ghanem EN, Maung NHT, Siwapornchai N, et al. Naso-
pharyngeal exposure to Streptococcus pneumoniae induces
extended age-dependent protection against pulmonary infec-
tion mediated by antibodies and CD138(+) cells. J Immunol.
2018;200(11):3739-3751.

Martini M, Gnann A, Scheikl D, Holzmann B, Janssen KP.
The candidate tumor suppressor SASH1 interacts with the
actin cytoskeleton and stimulates cell-matrix adhesion. Int
J Biochem Cell Biol. 2011;43(11):1630-1640.

Beer S, Scheikl T, Reis B, Huser N, Pfeffer K, Holzmann B.
Impaired immune responses and prolonged allograft

48.

49.

50.

51.

52.

53.

54.

55.

56.

JAUFMANN ET AL.

survival in Slyl mutant mice. Mol Cell Biol. 2005;25(21):
9646-9660.

Reis B, Pfeffer K, Beer-Hammer S. The orphan adapter protein
SLY1 as a novel anti-apoptotic protein required for thymocyte
development. BMC Immunol. 2009;10:38.

Kondo M, Scherer DC, Miyamoto T, et al. Cell-fate conversion
of lymphoid-committed progenitors by instructive actions of
cytokines. Nature. 2000;407(6802):383-386.

Cobaleda C, Schebesta A, Delogu A, Busslinger M. Pax5: the
guardian of B cell identity and function. Nature Immunol.
2007;8(5):463-470.

Cobaleda C, Jochum W, Busslinger M. Conversion of mature
B cells into T cells by dedifferentiation to uncommitted pro-
genitors. Nature. 2007;449(7161):473-477.

Bartholdy B, Matthias P. Transcriptional control of B cell de-
velopment and function. Gene. 2004;327(1):1-23.

Roy AL, Sen R, Roeder RG. Enhancer-promoter communica-
tion and transcriptional regulation of Igh. Trends Immunol.
2011;32(11):532-539.

Yamada A, Takaki S, Hayashi F, Georgopoulos K,
Perlmutter RM, Takatsu K. Identification and characterization
of a transcriptional regulator for the Ick proximal promoter.
J Biol Chem. 2001;276(21):18082-18089.

Zizka Z, Calda P, Fait T, Haakova L, Kvasnicka J, Viskova H.
Prenatally diagnosable differences in the cellular immunity of
fetuses with Down's and Edwards' syndrome. Fetal Diagn
Ther. 2006;21(6):510-514.

Ugazio AG, Maccario R, Notarangelo LD, Burgio GR. Im-
munology of Down syndrome: a review. Am J Med Genet
Suppl. 1990;7:204-212.

SUPPORTING INFORMATION
Additional Supporting Information may be found online
in the supporting information tab for this article.

How to cite this article: Jaufmann J, Tiimen L,
Beer-Hammer S. SLy2-overexpression impairs B-cell
development in the bone marrow and the IgG
response towards pneumococcal conjugate-vaccine.

Immun Inflamm Dis. 2021;9:533-546.

https://doi.org/10.1002/iid3.413


https://doi.org/10.1002/iid3.413



