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An atypical splenic B cell progenitor population supports
antibody production during Plasmodium infection in mice

Debopam Ghosh®, Daniel J. Wikenheiser®, Brian Kennedy”, Kathryn E. McGovern?,
Johnasha D. Stuart’, Emma H. Wilson”, and Jason S. Stumhofer”

*University of Arkansas for Medical Sciences, Department of Microbiology and Immunology, Little
Rock, AR, United States of America.

#Division of Biomedical Sciences, University of California, Riverside, CA, United States of
America.

Abstract

Hematopoietic stem and progenitor cells (HSPCs) function to replenish the immune cell repertoire
under steady-state conditions, and in response to inflammation due to infection or stress. While the
bone marrow serves as the primary niche for hematopoiesis, extramedullary mobilization and
differentiation of HSPCs occurs in the spleen during acute Plasmodium infection —n a critical step
in the host immune response. Here, we identified an atypical HSPC population in the spleen of
C57BL/6 mice, with a Lineage™Sca-1*c-kit™ (LSK™) phenotype that proliferates in response to
infection with non-lethal Plasmodium yoelii 17X. Infection-derived LSK™ cells upon transfer into
naive congenic mice were found to differentiate predominantly into mature follicular B cells.
However, when transferred into infection-matched hosts, infection-derived LSK™ cells gave rise to
B cells capable of entering into a germinal center reaction, and developed into memory B cells and
antibody-secreting cells that were capable of producing parasite-specific antibodies.
Differentiation of LSK™ cells into B cells /in vitrowas enhanced in the presence of parasitized
RBC lysate, suggesting that LSK™ cells expand and differentiate in direct response to the parasite.
However, the ability of LSK™ cells to differentiate into B cells was not dependent on MyD88 as
mya887'~ LSK™ cell expansion and differentiation remained unaffected after Plasmodium
infection. Collectively, these data identify a population of atypical lymphoid progenitors that
differentiate into B-lymphocytes in the spleen, and are capable of contributing to the ongoing
humoral immune response against Plasmodium infection.

Introduction

The importance of B cells and the antibodies they produce in controlling blood-stage
Plasmodium infection, and providing long-term protection against clinical disease is well
established in murine and human studies (1-7). Yet, during the acute stage of Plasmodium
infection in mice B-lymphopoiesis in the bone marrow is down-regulated rapidly, resulting
in a 95% depletion of B-cell progenitor populations in the bone marrow during peak
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parasitemia (8). Furthermore, production of common lymphoid progenitors (CLPs) in the
bone marrow declines (8, 9), and only towards the end of acute stage infection do they start
to repopulate the bone marrow (10). The observed decline in lymphopoiesis and
erythropoiesis (11-14) in the bone marrow occurs in conjunction with increased production
of granulocytes and monocytes, with interferon-y playing an instrumental role in skewing
hematopoiesis toward neutrophil and monocyte production (10, 15).

In steady state conditions, hematopoietic stem and progenitor cell (HSPC) populations
lacking lineage specific markers (Lin™) can be found in the spleen of naive mice (16, 17).
Similarly, low numbers of HSPCs have also been identified in the spleen of adult pigs,
baboons and humans (18). Thus, there is sufficient evidence suggesting that this organ can
actively participate in extramedullary hematopoiesis. In support of this idea, dys-
erythropoiesis observed in the bone marrow during blood-stage Plasmodium infection is
compensated to some extent by extramedullary erythropoiesis in the spleen (19) and liver
(20). The spleen also supports differentiation of dendritic cell populations from progenitor
cells in mice (21-24). Furthermore, HSPCs located within the splenic red pulp can clonally
expand and differentiate into Ly6C" monocytes, as shown in a model of experimental
atherosclerosis and an endotoxin challenge model (25). With regard to lymphocyte
development, distinct progenitors for B-1 and B-2 cells have been identified in the spleen of
adult mice, and expansion and differentiation of B-1 progenitors into mature B-1 cells
occurred in direct response to LPS stimulation (26). Additionally, under conditions of
inflammation reduction of B cell progenitors in the bone marrow coincides with their
mobilization to the blood and spleen (8, 9, 27, 28). Whether these displaced bone marrow
progenitors are able to continue their differentiation upon arrival in the spleen is unclear.
Regardless, these findings highlight the capacity of the splenic microenvironment to support
erythroid, myeloid and lymphoid development, particularly under conditions of stress and
inflammation.

The classical model of lymphopoiesis is a simplified linear model of differentiation. Hence,
all lymphoid committed progenitors were initially thought to be derived directly from CLPs,
but several studies over the last decade have provided evidence that challenge this paradigm
(10, 29-33). Progenitor cells other than CLPs have been found to generate lymphoid cells.
For instance, a bi-potent progenitor cell type has been described to possess B cell and
myeloid cell potential (32). Also, a subset of common myeloid progenitors expressing Flt3
on their surface displays T cell, but not B cell potential (30, 31, 33). Moreover, /in vitroand
in vivo studies utilizing a bone marrow-derived LSK™ cell population from naive mice have
indicated that these cells exhibit B and T cell lineage potential (30). Thus, there are
potentially redundant pathways for generating lymphoid cells, and various hematopoietic
progenitor cells possess a plastic phenotype that allows them to generate cells of either
myeloid or lymphoid lineage.

In order to address how the mouse is able to generate new mature B cells during infection
with Plasmodium despite an interruption in lymphopoiesis in the bone marrow, the ability of
the spleen to serve as a site for extramedullary lymphopoiesis was investigated. In this
report, we demonstrate that acute malaria infection results in expansion of an atypical
lymphoid progenitor population in the spleen defined by its expression of stem cell
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antigen-1 (Sca-1) and its lack of expression of lineage markers or c-kit (Lin~Sca-1*c-kit™).
Similar to a LSK™ cell population previously described in the bone marrow (29-31, 34), this
splenic LSK™ progenitor population preferentially gave rise to mature B cells upon transfer
into naive mice; while transfer into infected recipients resulted in production of multiple B
cell populations, including germinal center (GC) B cells, memory B cells and antibody-
secreting cells, that were capable of producing parasite-specific antibodies. The emergence
and expansion of this atypical lymphoid progenitor population in the spleen illustrates the
ability of this tissue to adapt to changes induced by inflammation, and demonstrates its
capacity to support B lymphocyte development and differentiation during an active
infection.

Material and Methods

Mice and infections

Female C57BL/6J, C57BL/6-Tg (UBC-GFP)30Scha/J (Ubc-GFP Tg), B6.SIL-Prorc?Pep3?l
BoyJ (CD45.1%), and B6.129P2(SJL)- Myd88™M1Defr ( p1y,088 deficient) mice were purchased
from The Jackson Laboratory, while male BALB/c mice were purchased from Harlan
Laboratories. All mice were housed and bred in specific-pathogen free facilities at the
University of Arkansas for Medical Sciences in accordance with institutional guidelines. For
infection with £ yoelii 17X, male BALB/c mice were infected with parasitized red blood
cells (RBCs) derived from frozen stocks. Subsequently, 10° parasitized erythrocytes derived
from the passage were intraperitoneally injected into experimental female mice to establish
infection. Parasitemia was evaluated by counting Giemsa (Harleco, Millipore) stained thin-
blood smears.

Flow cytometry and antibodies

Single cell suspensions were achieved by passing the spleen through a 40 um cell strainer, or
flushing the bone marrow with RPMI media. The cell-suspension was then treated with a
0.86% NH,4CI solution for 10 min at room-temperature to lyse erythrocytes, followed by re-
suspension in complete RPMI (RPMI 1640 supplemented with 10% FBS, 1% non-essential
amino acids, 1% sodium pyruvate, 1% L-glutamate, 1% penicillin-streptomycin, and 0.1%
B-mercaptoethanol). Phenotypic analysis of cell populations was performed by staining
single-cell suspensions with fluorochrome-conjugated or biotinylated monoclonal
antibodies, followed by acquisition of cells on a LSRFortessa flow cytometer (Becton
Dickinson) and analysis using FlowJo software (version X, Treestar Inc.). Fluorescent-
minus-one (FMO) controls were used to set the gates for negative populations, as well as for
histograms representing background staining. Briefly, 3x106 cells were incubated with Fc
block (10% 2.4G2 Fc block, 0.5% normal rat 1gG, and 0.5% normal mouse 1gG) in FACS
buffer (0.2% BSA and 0.2% 0.5M EDTA in 1X PBS) for 10 min. The surface staining was
performed using appropriate dilutions of antibodies in FACS buffer for 30 min at 4°C. For
intracellular staining of Ki-67, the Foxp3 fixation/permeabilization kit (eBioscience) was
used; whereas intracellular GFP staining was performed using 0.1% saponin in FACS buffer.

The antibodies CD93-biotin (AA4.1), IgD-PE (11-26c), CD73-PE (cBioTY/11.8), CD43-PE
(eBioR2/60), CD45.2-biotin (104), CD3e-PCPCy5.5 (145-2¢11), CD11c-PCPCy5.5 (B418),
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Ter-119-PCPCy5.5 (TER-119), CD11b-PCPCy5.5 (M1/70), CD5-PCPCy5.5 (53-7.3),
NK1.1-PCPCy5.5 (PK136), CD8a-PCPCy5.5 (53-6.7), B220-AF700 (RA3-6B2), CD4-
AF700 (RMA-5), CD38-PE-Cy7 (90), Ki-67-APC (SolA15), c-kit-PE-Cy7 (2B8), CD23-
APC (B3B4), GL-7-eF660 (GL-7), CD90.2-eF450 (53-2.1), CD21/35-eF450 (eBio4E3),
IL-7Ra-eF450 (A7R34), CD24-biotin (M1/69) and Streptavidin (SA)-APC were purchased
from eBioscience (San Diego, CA). Antibodies - Sca-1-FITC (D7), CD19-BV650 (6D5),
IgM-BV421 (RMM-1), CD90.2 (30-H12)-eF450, CD38-Pacific Blue (90), CD11c¢-PE-Cy7
(N418), and SA-BV650 were purchased from Biolegend (San Diego, CA), while CD138-
BV711 (281-2) and FIt3-PE-CF594 (A2F10.1), were purchased from BD Biosciences (San
Jose, CA). Unconjugated anti-GFP rabbit monoclonal antibody and secondary Alexa Fluor
488 conjugated goat anti-rabbit IgG were purchased from Thermo Fischer Scientific Inc.
(Rockford, IL).

For sorting, single cell suspensions from the spleen or bone marrow were enriched for Lin™
cells, using biotinylated monoclonal antibodies against lineage markers (CD3e, B220,
Ter-119, CD11b, and CD11c), followed by incubation with Streptavidin microbeads
(Miltenyi) and negative selection on a magnetic column using an autoMACS pro separator
(Miltenyi). The lineage negative fractions were subsequently stained with fluorochrome-
conjugated antibodies to Lineage markers (Ter-119, B220, CD3e, CD4, CD5, NK1.1, Gr-1,
CD11b, and CD11c), Sca-1, c-kit, Thy1.2, and IL-7Ra. Dead cells (excluded by
counterstaining with live/dead fixable dye; eBioscience) and doublets were gated out prior to
sorting on a FACSAria Il (Becton Dickinson). LSK™ cells and CLPs were collected by
sorting for Lin~Sca-1*c-kit™Thy1.2™ (LSK™ cells) and Lin~Sca-1'°c-kit'°IL-7Ra* (CLPS)
populations. Additionally during adoptive transfer experiments using donor Ubc-GFP Tg
mice, sorted cells were ensured to be GFP* based on their fluorescence.

In vitro stromal cell co-culture and lymphoid differentiation assay

OP9 stromal cells were maintained in a-MEM (Invitrogen) supplemented with 10% FBS,
5% Horse serum, 1% L-glutamate, and 1% penicillin/streptomycin (Complete OP9
medium). The cells were seeded into 96-well flat-bottomed, sterile tissue-culture plates (BD
Biosciences) and allowed to grow till 80% confluence whereupon they were irradiated with
30 Gy. After an hour of rest at 37°C, LSK™ cells were sorted (100 cells per well) directly
onto OP9 stromal cell monolayers. Complete OP9 medium with or without recombinant
growth factors - IL-7 (10 ng/ml) (eBioscience), FIt3 ligand (10 ng/ml) (eBioscience), P,
yoeliiinfected RBC lysate (1.25x107 cells/ml), or uninfected RBC (nRBC) lysate (1.25%107
cells/ml) were then added. The cells were incubated for 4, 7 and 10 days at 37°C in 5% CO,,
followed by analysis by flow cytometry for the presence of CD19*B220* B cells.

In vivo adoptive transfer

For adoptive transfer experiments sorted LSK™ cells were resuspended in an appropriate
volume of endotoxin-free, sterile PBS (Life Technologies). The cells were transferred into
the venous sinus retro-orbitally for all recipient mice, following anesthetization with
isoflurane, at a concentration of 1x104 cells per mouse (unless otherwise specified).
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ELISpot assays

The frequency of antigen-specific antibody-secreting cells (ASCs) was assessed using a
previously described method (35). Briefly, 96-well multi-screen filter plates (MAHAS4510,
Millipore) were coated with recombinant 2. yoelif MSP-1,q protein (2.5 pg/ml), or 2. yoelii
infected RBC lysate (2x10° cells/ml), overnight at 4°C. Plates were then washed with sterile
PBS and incubated with complete RPMI for 30 min at 37°C. After washing, plates were
incubated with serially diluted cells from bone marrow or spleen (transferred population
based on CD45.2 marker, as well as endogenous population based on CD45.1 marker) for
16-20 hour at 37°C in 5% CO,. After incubation, plates were washed again and incubated
with 5% FBS in sterile PBS for 30 min at 37°C. Next, wells were washed and antigen bound
antibodies were detected with alkaline phosphate conjugated anti-mouse IgG or anti-mouse
IgM antibodies (Southern Biotech) for 2 hour at 37°C and developed with BCIP-NBT
(Sigma-Aldrich). After washing off developing substrate, spots in each well were counted
using an AID ELISpot Reader (AID GmbH). The number of spots in control wells was
subtracted from the number of spots in experimental wells and the frequency of antibody-
secreting cells (ASCs) was calculated by normalizing to 2x10° cells plated.

Quantitative RT-PCR

Splenic derived LSK™ cells were sorted into RNA lysis buffer (QIAGEN) and RNA was
isolated using an RNeasy mini kit following the manufacturer’s protocol. The resulting RNA
from each sample was DNase treated using RNase-free DNase (Promega), followed by
cDNA preparation using SuperScript 11 Reverse Transcriptase (Life Technologies). For real
time qRT-PCR, cDNA from an equivalent number of cells was mixed with SYBR Green
master-mix (Bio-Rad) and appropriate primer sets; analysis was performed using a
StepOne™ Real-Time PCR System and StepOne™ Software.

Statistical analysis

Results

One-way analysis of variance (ANOVA) was used for comparing data obtained from a group
of Plasmodium infected mice, followed by Kruskal-Wallis test for multiple comparisons
between the groups; whereas two-way ANOVA was used for comparison between two or
more groups, followed by Bonferroni’s test for multiple comparisons between the groups,
unless otherwise mentioned. All the statistical analysis was performed using GraphPad
Prism 6.0 (GraphPad Software, Inc., San Diego, CA).

Plasmodium yoelii infection induces expansion of LSK™ progenitors in the spleen

Plasmodium yoelii 17X blood-stage infection induces an acute non-lethal systemic infection
in C57BL/6 mice, characterized by high parasitemia and subsequent anemia. In addition,
acute changes in hematopoiesis occur, including an acute disruption of lymphopoiesis in the
bone marrow defined by a sharp decline in the number of CLPs and other B cell precursor
populations (pre-pro-B, pro-B, pre-B, and immature B cells) ((9), Supplemental Fig. 1, 2),
corroborating with similar observations seen in a £, chabaudi chabaudi AS model of
infection (8, 10). It was only after three weeks post-infection that B cell precursor
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populations started to return in the bone marrow (Supplemental Fig. 2). Within the spleen
there was a similar decline in the total number of mature B cell precursors during acute
infection, with the exception of T1 B cells, which increased in number above that of naive
mice at day 7 post-infection (p.i.) before rapidly decreasing by day 11 p.i. (Supplemental
Fig. 1, 2). Additionally, the decline in transitional B cell populations in the spleen correlated
with an early burst of plasmablast and plasma cell expansion that peaked at day 7 post-
infection (p.i.) (Supplemental Fig. 2; (36, 37)). These events lead to a decline in mature B
cell numbers in the spleen (Supplemental Fig. 2). In spite of these events GC development
and parasite-specific Ab production initiate before recovery of B cell lymphopoiesis in the
bone marrow (Supplemental Fig. 2). Therefore, it was of interest to determine if the host
possesses a mechanism to compensate for the loss of normal B cell production after
Plasmodium infection.

While there was a general decline in mature B cell precursor numbers in the spleen during
acute infection, there was an expansion in Lin™ cells in the spleen (Supplemental Fig. 2). To
determine the composition of these Lin~ cells, they were analyzed for the presence or
absence of surface markers used to define various hematopoietic progenitor populations. A
Lin~ cell population, which can be defined by high Sca-1 expression and a lack of c-kit and
Thy1.2 expression (LSK™), was found to expand in the spleen during acute £ yoelii
infection with their total cell numbers peaking on day 7 p.i. (Fig. 1a-c). Importantly,
expansion of LSK™ cells in the spleen was also observed following i.p. infection of C57BL/6
mice with 2 chabaudi AS and another protozoan parasite 7oxoplasma gondii (Supplemental
Fig. 3). Thus, expansion of LSK™ cells within the spleen was not associated specifically with
P, yoeliiinfection, and may be part of a general inflammatory response associated with
systemic inflammation.

As a progenitor population with a similar phenotype and a preference for differentiating into
lymphoid cells has previously been described within the bone marrow of naive mice (29-31,
34), cells with a LSK™ phenotype were examined at this site during the course of infection.
While there was a decline in LSK™ cell numbers in the bone marrow at day 7 p.i., this was
preceded by an expansion at day 4 p.i. (Fig. 1d). The rapid expansion of this cell population
at day 4 p.i. suggests that these cells may initially proliferate in the bone marrow prior to
migration to the spleen. To determine if LSK™ cells were expanding within the bone marrow
and spleen, LSK™ cells were stained for the nuclear antigen Ki-67, which is expressed
during all active phases of the cell cycle, but not in resting cells (38). As expected a large
percentage of LSK™ cells in the bone marrow were positive for Ki-67 staining at day 4 p.i.,
followed by a sharp decline by day 7 p.i. (Fig. 1e), correlating with their decrease in cell
number (Fig. 1d). In the spleen, a 2-fold increase in the percentage of LSK™ cells expressing
Ki-67 was noted compared to naive mice by day 7 p.i. (Fig. 1e), suggesting that expansion in
LSK™ cell numbers in the spleen could be due to a combination of resident LSK™ cell
proliferation and recruitment of additional LSK™ cells from the bone marrow that continue
to proliferate upon arrival in the spleen.

Additionally, a proportion of bone marrow-derived LSK™ cells have been previously
described to express IL-7Ra and FIt3, two receptors involved in lymphoid progenitor
differentiation, as well as CD93 (AA4.1) and CD25 (30, 31, 39); therefore, to determine if
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LSK™ cells within the spleen are phenotypically similar to those found in the bone marrow
splenic LSK™ cells were examined for expression of these markers. Consistent with previous
findings (31), a proportion of bone marrow LSK™ cells from naive mice showed expression
of CD93 (Supplemental Fig. 3), a c-type lectin expressed by a number of hematopoietic
progenitor cells and B cell precursors in the bone marrow, and immature B cells in the
spleen (40, 41). Also, small sub-populations of bone marrow derived LSK™ cells from naive
mice showed expression of the receptors IL-7Ra, FIt3 and CD25 (Supplemental Fig. 3).
Subsequent analysis of splenic LSK™ cells from naive mice revealed expression of CD93
within a small sub-population; however, expression of IL-7Ra., FIt3 and CD25 was
substantially lacking (Fig. 1f). Infection with £ yoelif 17X resulted in an increase in CD93
expression on bone marrow LSK™ cells at day 4 p.i.; however expression of this marker
declined by day 7. The percentage of bone marrow LSK™ cells expressing IL-7Ra, FIt3 and
CD25 declined at day 4 p.i., but by day 7 the percentage of cells expressing these markers
was similar to or higher than that seen on naive LSK™ cells (Supplemental Fig. 3). With the
exception of CD93 expression at day 4 p.i., there was no change in expression of IL-7Ra,
FIt3 and CD25 by LSK™ cells in the spleen (Fig. 1f). This data indicates that the LSK™ cell
population in the spleen is not as phenotypically diverse as their bone marrow counterparts.
Also, the lack of IL-7Ra and FIt3 expression by splenic LSK™ cells suggests that alternative
factors dictate the fate of these cells.

Splenic LSK™ cells preferentially differentiate into B cells

Bone marrow LSK™ cells have previously been shown to have a lymphoid biased potential /n
vitroand in vivo (30, 31). Specifically, culturing of bone marrow LSK™ cells in the presence
of OP9 stromal cells results in their differentiation primarily into CD19*B220* B cells,
while culturing them with OP9 stromal cells that ectopically express Notch ligand, Delta-
like 1 (DL-1) promotes T cell development (30, 31). /n vivo, bone marrow LSK™ cells were
found to favor B cell production, however T cells and NK cells were also generated upon
transfer into an irradiated host (30, 31). To determine whether splenic LSK™ cells are
capable of differentiating into B cells, LSK™ cells sorted from the spleens of naive mice and
mice infected with £, yoelii 17X were co-cultured with OP9 stromal cells. The co-cultures
were supplemented with or without IL-7 and FIt3 ligand (FIt3-L), growth factors that
support B cell differentiation (42). Bone marrow LSK™ cells and CLPs from naive mice
were used as controls for these studies. Splenic LSK™ cells from uninfected and £, yoelii
infected mice differentiated into CD19*B220" B cells successfully in the presence of OP9
stromal cells, even in the absence of IL-7 and FIt3-L (Fig. 2a, b), as did CLPs (Fig. 2c) and
LSK™ cells from the bone marrow (Fig. 2d). However, CLPs yielded more B cells than either
splenic or bone marrow derived LSK™ cells. Addition of IL-7, FIt3-L or their combination
enhanced differentiation of CLPs (Fig. 2¢c) and bone marrow derived LSK™ cells by day 7
(Fig. 2d), whereas IL-7, FIt3-L or their combination only had a marginal or no effect on B
cell differentiation of splenic LSK™ cells (Fig. 2a, b), which was anticipated based on lack of
expression of the receptors for these growth factors by LSK™ cells (Fig. 1e). Together these
results indicate that splenic LSK™ cells are capable of differentiating into B cells /n vitro,
though less effectively than bone marrow CLPs and LSK™ cells, and are less responsive to
Flt3 and IL-7Ra signaling.
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As the /n vitro data suggested splenic-derived LSK™ cells have lymphoid potential, they
were further examined for expression of genes associated with early lymphoid development.
Similar to bone marrow LSK™ cells, the splenic progenitor cells obtained from naive mice
expressed the Rag genes (Ragl and Rag2) and a number of genes associated with B cell
development — £2a coded £47, EBF, Pax5and /g-a ((31), Fig. 2e,f). Expression of these B
cell associated genes was also maintained in splenic LSK™ cells isolated from £ yoelii
infected mice (day 7) (Fig. 29), lending additional support to their lymphoid potential. In
addition to genes associated with B cell development, transcripts for genes associated with
other hematopoietic lineages were expressed by bone marrow and splenic LSK™ cells.
Furthermore, although the majority of splenic LSK™ cells did not express detectable amounts
of FIt3 or IL-7Ra, transcripts of these two genes were found in LSK™ cells from naive and
infected mice. Lastly, 7dfRNA was not detected in naive splenic LSK™ cells, but its
expression was induced in these progenitor cells during active infection (Fig. 2g), indicating
that the transcripts for major proteins involved in B-cell receptor gene rearrangement are
expressed by LSK™ cells during Plasmodium infection.

Since the OP9 stromal cell co-culture system is biased towards B cell development, the fate
of these splenic progenitor cells /n vivowas evaluated. LSK™ cells were sorted from the
spleen of Ubc-GFP Tg mice, infected for one week with P yoelii 17X, and were transferred
intravenously (i.v.) into naive congenic (CD45.1%) mice (10,000 cells per recipient) (Fig.
3a). All cells derived from these transgenic mice constitutively express GFP (43). Recipient
mice were sacrificed three weeks post-transfer to determine the fate of donor-derived (GFP*)
LSK™ cells. Analysis of the spleen of recipient mice revealed that the majority of recovered
GFP* cells were B cells (CD19*B220%), whereas the remaining donor-derived cells that
were recovered expressed a CD19*B220!°~ phenotype that was associated with low CD11b
and CD11c expression (Fig. 3b, c). No GFP* cells with a T cell phenotype were detected.
Examination of IgM and IgD expression on these GFP* B cells indicated that while a
majority of B cells displayed a mature phenotype (IgM*IgD™), a proportion down-regulated
IgM and IgD expression, suggesting that these cells are an activated population of
committed B cells undergoing functional differentiation (Fig. 3b, d). The majority of GFP*
B cells also showed down-regulation of CD93, a marker associated with immature B cells
(44), further confirming their mature phenotype (Fig. 3b). However, a small proportion of
donor-derived cells showed an immature B cell phenotype (CD93*IgM*1gD~), suggesting a
linear differentiation of donor LSK™ cells into B cells. Furthermore, donor-derived B cells
displayed varied surface-expression of CD23 and CD21/35, with approximately 59% of the
population displaying a CD23*CD21/35° phenotype characteristic of follicular B cells and
14% displaying a CD23~CD21/35" phenotype of marginal zone B cells (Fig. 3b, €). These
results confirm that splenic derived LSK™ cells isolated from £ yoeliiinfected mice are a
lymphoid progenitor population that preferentially differentiates into B cells upon transfer
into a naive host and that these progenitor cells can give rise to follicular and marginal zone
B cells.

Splenic LSK™ derived B cells produce parasite-specific antibodies

The finding that splenic LSK™ cells not only differentiate into mature B cells, but also show
signs of activation suggests that in addition to replenishing the B cell pool during this

J Immunol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghosh et al.

Page 9

infection these LSK™ derived B cells might be activated in direct response to infection,
leading to production of parasite-specific antibodies. To test this idea 10,000 splenic LSK™
cells were sorted from CD45.2* mice infected for one week with 2 yoelii 17X and
transferred into congenic CD45.1* mice at the same stage of infection or naive congenic
mice (Fig. 4a). Mice were infected with a GFP expressing P, yoelif 17X to insure that no
parasite infected LSK™ cells were transferred into naive mice. At three weeks post-transfer
(day 28 p.i.), after resolution of infection, recipient mice were analyzed to determine the fate
of donor-derived (CD45.2*) LSK™ cells. Similar to what was seen upon transfer of this
population into naive mice, LSK™ cells primarily differentiated into CD19*B220* B cells in
infected recipients, and a similar number of CD45.2* B cells were recovered from the spleen
of naive and infected recipients (Fig. 4b). The ability of splenic LSK™ cells to differentiate
into B cells was rapid as immature and mature B cells could be detected in the spleen of
recipient mice as early as 24 hours post-transfer (Supplemental Fig. 4). If LSK™ derived B
cells are being activated in a T-cell dependent fashion, they should have the capacity to
differentiate into GC B cells. Indeed, a small proportion of recovered CD45.2* B cells from
infected recipient mice displayed markers associated with a GC B cell phenotype
(GL-7*CD38%), whereas very few CD45.2* GC B cells were apparent in the spleens of
naive recipient mice (Fig. 4c). Donor-derived CD45.2*CD138*B220!%~ cells that represent
plasmablast and plasma cells were found in the spleens of naive and infected recipient mice;
however, there were a higher proportion and number of these class-switched (swig™) cells in
infected recipient mice compared to naive mice (Fig. 4d). The expression of the cell surface
marker CD73, an ecto-5"-nucleotidase, on B cells is associated with lgM* and swig*
memory B cells that have a high rate of somatic hypermutation (SHM; (45, 46)) and express
activation-induced cytidine deaminase (47), an enzyme required for SHM and class-switch
recombination. Hence, CD73 serves as a useful marker for distinguishing memory B cells
that have come from the GC reaction, as this is the primary site of SHM. CD45.2* B cells
expressing CD73 were found in a much higher proportion in infected recipient mice (Fig.
4e). While naive and infected recipient mice generated comparable numbers of
CD45.2*1gM* memory B cells there was a 30-fold higher number of CD45.2*swlg*
memory B cells recovered from infected recipient mice (Fig. 4e).

The formation of GC B cells along with class switched plasmablasts, plasma cells and
memory B cells indicate that B cells derived from splenic LSK™ cells are activated in a T-
cell dependent manner after Plasmodium infection, but whether these cells can produce
parasite-specific antibodies is another question. To determine specificity of LSK™ derived B
cells, ELISpot assays were performed using the 19kDa P, yoelii merozoite surface protein-1
(MSP-119) and P, yoelii-infected red blood cell lysate (pRBC lysate). In these experiments,
LSK™ cells were sorted from the spleen of Ubc-GFP Tg mice one week after infection and
transferred into naive or infection-matched congenic (CD45.1%) mice. At three weeks post-
transfer (day 28 p.i.) donor-derived cells were sorted based on GFP and CD45.2 expression
from the spleen and bone marrow of recipient mice. ELISpot analysis showed that donor
derived LSK™ cells gave rise to parasite-specific IgM* and class-switched 1gG* antibody-
secreting cells (ASCs) that were present in both tissues of recipient mice (Fig. 4f-i). While it
remains possible that some contaminating host cells contribute to the spots observed in the
ELISpot assays, the use of GFP-labeled congenically marked donor LSK™ cells should have
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effectively minimized the recovery of any recipient cells during the sort, indicating that the

majority of the parasite-specific IgM™ and class-switched 1gG* ASCs detected are of donor
origin. Taken together, these results confirm the capacity of infection-induced LSK™ cells to
differentiate into B cells that may well participate in the ongoing humoral response against

Plasmodium through production of parasite-specific ASCs.

Bone marrow LSK™ cells can home to the spleen and differentiate into B cells after
Plasmodium infection

As LSK™ cells are found in the spleen and bone marrow of naive resting mice, it is unclear if
LSK™ cell expansion in the spleen after infection is the direct result of proliferation of the
endogenous population, or whether LSK™ cells migrate from the bone marrow to the spleen
and undergo extensive proliferation upon their arrival. It is also possible that endogenous
and recruited LSK™ cells proliferate and differentiate in the spleen. To compare the ability of
endogenous splenic LSK™ cells and bone marrow LSK™ cells to home to the spleen and
differentiate into B cells after infection, these populations were sorted from naive Ubc-GFP
Tg mice and transferred into CD45.1* mice prior to infection with 2 yoelii 17X (Fig. 5a).
One week after infection the spleen was examined for GFP* cells. While a similar number of
donor-derived GFP™ cells were recovered from the spleen of naive congenic mice, a
significantly higher number of GFP* cells were found in the spleen of infected mice that
received splenic LSK™ cells compared to bone marrow-derived LSK™ cells (Fig. 5b). While
a proportion of transferred splenic and bone marrow derived LSK™ cells maintained their
progenitor phenotype the majority of LSK™ cells differentiated into B cells and plasma cells
(Fig. 5¢c-e). In naive recipients, bone marrow LSK™ cells showed a slightly greater
propensity for differentiating into B cells compared to splenic LSK™ cells. However, in the
spleen of infected recipients, splenic LSK™ cells gave rise to a significantly higher number of
B cells than bone marrow derived progenitors (Fig. 5c), suggesting the positive impact of
infection on splenic LSK™ cell differentiation. Furthermore, in the spleen of infected
recipients splenic LSK™ cells differentiated into a significantly higher number of plasma
cells compared to their bone marrow counterpart (Fig. 5d). In addition, while bone marrow
derived LSK™ cells produced a similar frequency of IgM* and swig* plasma cells, splenic
LSK"™ cells produced a greater frequency of swig™ plasma cells than IgM* plasma cells (Fig.
5e). Collectively, this data indicates that splenic and bone marrow LSK™ cells can home to
the spleen after transfer and are capable of differentiating into B cells; however, in response
to infection with 2 yoelif 17X transferred splenic LSK™ cells expanded more readily than
bone marrow LSK™ cells, resulting in an increased number of progeny B cells and swig*
plasma cells. Thus, proliferation of endogenous splenic LSK™ cells, as well as recruitment
and expansion of bone marrow derived LSK™ cells together can contribute to the overall
increase in LSK™ progenitor cells in the spleen after infection.

Parasite-derived material directly contributes to LSK™ cell differentiation

HSCs have been shown to express a number of Toll-like receptors (TLRs; (48-52)) and thus
they possess the capacity to sense and respond to pathogenic infections. As TLRs have been
shown to be involved in innate sensing of Plasmodium (53, 54), we sought to determine if
the parasite itself has any effect on expansion and differentiation of splenic LSK™ cells.
Utilizing the OP9 stromal cell co-culture assay described previously, LSK™ cells were sorted
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from the spleen of naive and £ yoelif 17X infected mice, with CLPs and LSK™ cells sorted
from the bone marrow of naive mice, serving as controls once again. This time lysate
material derived from £ yoeliiinfected RBCs or normal RBCs (nRBC) were added to the
co-culture media and the ability of pRBC lysate to influence B cell differentiation was
monitored. While addition of nRBC lysate had no effect on the output of B cells derived
from splenic LSK™ cells beyond that seen with media alone, addition of pRBC lysate
enhanced B cell production over time by naive and infection derived splenic LSK™ cells
(Fig. 6a, b). The observed effect of pRBC lysate on LSK™ cells could be direct; alternatively,
as LSK™ cells differentiate into B cells the lysate may induce further expansion of
differentiated B cells in the cultures. However, neither nRBC lysate nor pRBC lysate
enhanced B cell output from bone marrow CLPs or LSK™ cells in this assay (Fig. 6c, d).
Thus, an unknown component of the parasite itself, acting directly on splenic LSK™ cells,
promotes their expansion and differentiation into B cells /n vitro.

As splenic LSK™ cells expanded and differentiated more vigorously into B cells in the
presence of pRBC lysate, this suggested that LSK™ cells are activated and induced by
sensing the presence of parasite specific molecules. Real time quantitative PCR was used to
determine if LSK™ cells express 7/rgenes, including TLR2, TLR4, TLR7 and TLR9, TLRs
that have been implicated in the immune response against Plasmodium (53, 54). Transcripts
for TLR4, TLR7 and TLRY, but not TLR2, were found to be present in splenic LSK™ cells
from naive and £ yoelif 17X infected mice (Fig. 6e). Expression of TLR9 by splenic LSK~™
cells was confirmed by flow cytometry, which showed that infection resulted in down-
regulation of this TLR (Fig. 6e, f), indicating the potential role of this or other TLRs in
activating LSK™ cells. As the adaptor protein MyD88 is downstream of the majority of TLR
signaling pathways, mice deficient in MyD88 were infected with 2. yoelii 17X and
expansion of splenic LSK™ cells was examined. A similar percentage and number of splenic
LSK™ cells were found in naive wild-type (WT) and Mya@88~'~ mice (Fig. 6g, h). In response
to infection a similar percentage of LSK™ cells were found in the spleen of WT and
Myd88~~ mice at day 7 and 11 p.i. (Fig. 6g). However, at day 11 p.i. a significantly higher
amount of LSK™ cells were found in Myd88~~ mice compared to WT mice (Fig. 6h). The
expansion in LSK™ cell numbers in Mya@88~~ mice at day 11 p.i. was not due to a difference
in the proportion of cells in cell cycle, as no difference in the percentage of Ki-67* LSK~
cells was noted at the time points examined (Fig. 6i). Based on cell counts a higher number
of Ki-67* LSK™ cells were found in Myd88~~ mice at day 11 p.i., compared to WT mice
(Fig. 6j). These differences in splenic LSK™ cell numbers in My@88~~ mice could not be
explained by differences in bone marrow LSK™ cell numbers, as there was no difference in
the percentage or number of LSK™ cells at this site during infection (data not showr). These
results indicate that MyD88 signaling is not absolutely required for LSK™ cell expansion;
however in its absence higher numbers of LSK™ cells accumulate in the spleen of Myd88~/~
mice than WT mice during Plasmodium infection.

The increased accumulation in LSK™ cells at day 11 p.i. in Myd88~ mice could be an
indication that MyD88-dependent signaling is required for LSK™ cell differentiation. In
order to test this idea LSK™ cells were sorted from the spleen of naive WT or Myd88~/~
mice, transferred into naive congenic (CD45.1%) mice, and development of progenitor cells
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was assessed two weeks following £ yoelii 17X infection. A comparable number of donor-
derived (CD45.2*) cells were found in mice receiving WT or Myd88”~ LSK™ cells (Fig.
6k). Additionally, analysis of recovered CD45.2* cells showed that a similar frequency of B
cells was generated in the presence or absence of MyD88 signaling (Fig. 6l). Furthermore,
there was no difference in the number of B cells or plasma cells produced by donor WT and
Myd88~~ splenic LSK™ cells (Fig. 6m). These results indicate that MyD88 signaling is not
required for activation of LSK™ cells and their subsequent differentiation into B cells. While
these results do not rule out a role for MyD88 in LSK™ cell activation and differentiation
they do suggest that additional pattern recognition receptors (PRRs) expressed by LSK™
cells are involved in these processes.

Discussion

Lymphoid progenitors are hematopoietic progenitor cells of the bone marrow capable of
differentiating into B-, T-, and innate lymphoid cells. Although different populations (CLPs,
lympho-myeloid multipotent progenitors, and lymphoid biased progenitors) of
hematopoietic progenitor cells have been found to have lymphoid potential (29-31, 55-57),
CLPs are the predominant lymphoid progenitor that develops into mature B and T cells. In
the case of Plasmodium infection, lymphoid progenitor numbers wane in the bone marrow
within one-week post-infection (Supplemental Fig. 2, (8-10)), including their subsequent B
cell precursor populations (8). These changes in lymphopoiesis eventually lead to a
reduction in mature B cell numbers in the spleen during infection (Supplemental Fig. 2),
suggesting that de novo B cell production is abandoned during times of intense
inflammation. However, there is also evidence that naive B cell numbers in the blood do not
decline over the course of Plasmodium infection (58), indicating that some degree of B cell
development is preserved. Although HSPCs are rarely found in the adult mouse spleen, their
contribution to reconstitution of irradiated mice has been reported previously (16, 23).
Splenic HSPC:s, in spite of having a weaker contribution to hematopoiesis compared to their
bone marrow counterparts (59), are suggested to play an important role during emergency
conditions (19, 60, 61). Here, decline in lymphopoiesis with malaria infection coincided
with expansion of an atypical population of HSPCs in the bone marrow and spleen that gave
rise to mature B cells that participated in the humoral immune response through production
of parasite-specific antibodies.

Transfer of splenic derived LSK™ cells from Plasmodium infected mice into naive or
infection-matched mice resulted in differentiation of these progenitor cells into various types
of mature B cells, including follicular and marginal zone. However, neither splenic or bone
marrow LSK™ cells ever gave rise to B cells with a B-1 phenotype (data not showr),
indicating that these splenic B cells are a B-2 progenitor. Ghosn et al. (26) has previously
identified a B-2 progenitor in the adult spleen of Balb/c mice with a
CD5-CD11b~Gr-1"1g"CD197B220!°~ phenotype that were able to reconstitute the B-2 pool
when transferred into Rag™~ mice; however, the authors did not phenotype these cells any
further, so it is unclear if the splenic LSK™ cells described here are the same B-2 progenitor
population. Nevertheless, this data supports our finding that the adult spleen serves as a
reservoir for HSPCs with a preference for developing into B-2 cells under conditions of
inflammation.
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One striking feature of the LSK™ population is up-regulation of Sca-1 after infection. This
protein has served as a useful marker for identification and sorting of HSCs from the bone
marrow, yet the function of Sca-1 is currently unclear. Sca-1 has previously been shown to
be induced by inflammatory cytokines, such as Type | and Il interferons (10, 62), and its
upregulation may be associated with cell activation. Whether expression of this receptor is
necessary for commitment of these progenitor cells to B cell differentiation is unknown,
although overexpression of Sca-1 had been shown to inhibit myeloid differentiation (62).
Therefore, upregulation of this protein may favor development of this progenitor population
into lymphoid cells rather than myeloid cells.

The identified splenic HSPC population was found to have a phenotype of Lin~Sca-1*c-kit™
(LSK") that initially resembled a similar population of LSK™ cells found in the bone marrow
with a lymphoid biased potential (29-31). However, there were notable phenotypic
differences between splenic and bone marrow LSK™ cells. While LSK™ cells from the bone
marrow and spleen of naive mice express RNA for the Rag1/2 genes, as well as a number of
genes involved in B cell differentiation, they did not express TdT. The DNA polymerase TdT
is required for addition of N-nucleotides to V, D, and J exons during B-cell receptor gene
recombination to provide junctional diversity (63). However, infection of mice with 2 yoelii
resulted in expression of TdT RNA by splenic LSK™ cells, indicating that these cells are
capable of expressing the necessary proteins required for B-cell receptor rearrangement and
differentiation. Bone marrow derived LSK™ cells have been described to have a
heterogeneous expression pattern for IL-7Ra., FIt3, CD25 and CD93 (30, 31); however,
splenic LSK™ cells from naive and infected mice lacked expression of IL-7Ra and FIt3,
although RNA transcripts were detected, two important receptors associated with
development of lymphoid progenitors (64), and CD25 while maintaining a heterogeneous
expression pattern for CD93. It has previously been shown that hematopoietic progenitor
cells can respond to cytokine stimulation despite an inability to detect receptor expression
(65). This could offer one explanation as to why bone marrow LSK™ cells, and to a far lesser
degree splenic LSK™ cells, show increased production of B cells in the OP9 stromal cell
assays upon addition of IL-7 and/or FIt3L even though only a small proportion of LSK™
cells express the receptors for these cytokines. In addition, the marginal ability of splenic
LSK™ cells to respond to these cytokines compared to their bone marrow counterparts
indicates that an inherent difference exists between these two populations. Despite absence
of three significant receptors (IL-7Ra., FIt3 and c-kit) required for lymphoid development,
splenic LSK™ cells were capable of differentiating into B cells 7n vitroand in vivo,
indicating that splenic LSK™ cell differentiation into mature B cells follows a separate
pathway of development or alternative growth factors are required for stimulating
differentiation.

This raises the question as to what controls B cell differentiation at this site? One likely
candidate is B-cell activating factor (BAFF or BlyS), which is known to support positive
selection and maturation of B cells in secondary lymphoid organs (66-69); however addition
of exogenous BAFF to /n vitro OP9 stromal cell assays did not enhance B cell differentiation
above the numbers produced with media alone (data not showr). Thus, it remains unclear
what factor or factors, as well as the cell type that produces them, supports LSK™
differentiation into B cells. It is likely that a stromal cell population within the spleen
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regulates these events, as stromal cells play a critical role in B cell development in the bone
marrow (70). There are numerous stromal cell populations within the spleen, including
follicular dendritic cells, fibroblast reticular cells and marginal reticular cells that have been
shown to support marginal zone B cell, dendritic cell and follicular helper T cell
development in the spleen (71, 72). Our initial transfer studies focused on evaluating
differentiation of LSK™ cells three weeks post-transfer; however, transfer of splenic LSK™
cells from the spleen of infected mice resulted in differentiation of these progenitor cells into
mature B cells as quickly as 24-48 hours post-transfer (Supplemental Fig. 4). Normal B cell
development in the bone marrow is a tightly regulated process involving negative selection
to remove B cells with auto-reactive B-cell receptors. The finding that LSK™ cells develop
into mature B cells in such an inflammatory environment after infection and in a short
timeframe raises the question as to whether regulatory constraints exist in the spleen to limit
the chances of B cells that recognize self-antigens from developing into mature B cells. If
these events are not tightly regulated in the spleen then extramedullary B cell development
could contribute to production of autoreactive B cells. Future work will be needed to address
these fundamental questions of B cell development in the spleen.

While addition of IL-7 and FIt3L did not enhance expansion and differentiation of splenic
LSK™ cells into mature B cells, the finding that pRBC lysate enhances B cell output in OP9
co-culture assays indicates the potential involvement of a PRR in sensing parasite derived
material. Indeed, previous studies have shown expression of TLRs on the surface of
hematopoietic progenitor cells (48, 50-52, 73), and stimulation by TLR ligands leads to their
expansion and differentiation into myeloid cells in humans and mice (48, 52, 74, 75).
However, the ability of LSK™ cells to expand and differentiate into B cells in the absence of
MyD88 after A yoelii infection indicates that the parasite could be sensed by alternative
PRRs that do not utilize MyD88 signaling. Support for this comes from findings that the
absence of MyD88 does not impact the outcome of Plasmodium infection in mice (76) and
the involvement of inflammasomes activated by pathogen or danger associated molecular
patterns that do not utilize MyD88 for signal transduction events (77). Also, stimulation of
Nod2 in human CD34* cells by muramy! dipeptide triggers differentiation into CD11c*
myeloid cells (74), indicating that stimulation of other PRRs by their ligands can induce
differentiation of progenitor cells. While stimulation of TLRs on HSPCs primarily induces
myeloid differentiation there is precedence that signaling through TLR4 and TLR2 can
promote B-cell maturation /7 vitro (78). The findings in this study indicate that the parasite
itself plays an important role in promoting B cell development, and lends support to the idea
that PRR stimulation on HSPCs plays a vital role in directing development of particular
innate and adaptive immune cell populations required to boost the immune response against
microbial pathogens.

While the original description of bone marrow LSK™ cells provided no physiological role for
this cell type, our findings now indicate that expansion of this population in the bone marrow
and spleen is driven by inflammation and serves as a form of emergency lymphopoiesis.
While there are numerous examples of emergency myelopoiesis during infection (79-82),
including malaria infection (10, 15), this is the first example in which hematopoietic
progenitor cells in the spleen have been shown to play an active role in replenishing
lymphoid cells during an active infection. Normally, the adaptive immune system meets the
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need for increased B and T cell numbers through clonal expansion of antigen-specific cells.
However, activation of large numbers of B cells, which is a characteristic of the early
immune response to malaria, leads to rapid turnover in B cell numbers. In order to
compensate for this loss the hematopoietic compartment may have developed alternative
mechanisms to continue production of mature B cells within the spleen that are capable of
feeding into the germinal center response, which develops after the initial burst of
plasmablast and plasma cell production. Support for this comes from the finding that splenic
LSK™ cell numbers peak at the same time as the early burst in plasmablast and plasma cell
production, and just prior to the emergence of germinal center B cells (Fig. 1 and
Supplemental Fig. 2). The effector response of LSK™ derived B cells described here in
malaria-infected hosts suggests that this progenitor population may play a role in the
resolution of infection through production of B cells that produce antigen-specific
antibodies. The surge of this lymphoid progenitor population at the site of infection,
especially during the dearth of B cell progenitors in the bone marrow lends additional
support to the argument that the spleen provides a niche for extramedullary hematopoiesis
during inflammatory conditions. As these progenitor cells also expand in the spleen in
response to 7. gondiiinfection future work will be needed to determine if this is a
generalized inflammatory response associated with all or select pathogens that induce a
systemic inflammatory response, which these two parasites cause, and to determine LSK™
cell fate after infection by 7. gondii or other pathogens. Lastly, further understanding of B
cell developmental and differentiation pathways taken by splenic LSK™ cells, as well as the
cell types that support this process will provide new insights into the differential control of
the hematopoietic compartment in the spleen during infection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A LSK™ progenitor population emerges in the spleen after P. yoelii infection
a. Splenocytes from naive C57BL/6 mice were stained with the indicated antibodies and the

gating strategy used to select for Lin~Sca-1"c-kit™ (LSK™) cells is shown. Lineage (Lin)
cocktail included antibodies to CD3, CD4, CD5, B220, CD11b, CD11c, Ter-119, NK1.1,
and Gr-1. b. Representative flow plots of LSK™ cells from the spleen of C57BL/6 mice
infected with P yoelii 17X at days 0, 4, 7 and 11 p.i. Total number of LSK™ progenitor cells
in the c. spleen and d. bone marrow after 2 yoelii 17X infection of C57BL/6 mice at days 0,
4,7,11, 21 and 32 p.i. **, p = 0.0062 (Kruskal-wallis non-parametric ANOVA). e.
Percentage of LSK™ cells expressing nuclear antigen Ki-67 from the spleen (filled circle)
and bone marrow (empty circle) of C57BL/6 mice following £ yoelii 17X infection at days
0,4,7,11, 14, and 21 p.i. *, p<0.001 (two-way ANOVA). f. Representative histogram plots
and percentage of splenic LSK™ cells from C57BL/6 mice showing expression of CD93
(triangle), IL-7Ra (circle), FIt3 (square), and CD25 (inverted triangle) at days O (solid line),
4 (dashed line), and 7 (dotted line) after £ yoelif 17X infection. The FMO (fluorescent
minus one) controls are shown as grey filled histograms. Data are representative of three
independent experiments with n = 3 mice per group/time point; Error bars (c-f) S.E.M.
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Figure 2. LSK™ cells have the potential to differentiate into B cells in vitro
Total number of live CD197B220* B cells produced by LSK™ cells from the spleen of a.

naive mice and b. day 7 P, yoelii 17X infected C57BL/6 mice, c. CLPs and d. LSK™ cells
from bone marrow of naive mice, in the presence of OP9 stromal cells. The analysis was
done after co-culture for 4, 7, and 10 days in media supplemented with IL-7, FIt3 Ligand
(FIt3-L) or their combination. Data are pooled from four independent experiments. Splenic
LSK™ cells were sorted from the spleens of n = 3 naive mice that were subsequently pooled
together, or n = 1 mouse infected with £ yoelii 17X at day 7 p.i. Bone marrow from n =3
naive mice were pooled for sorting bone marrow derived LSK™ cells or CLPs. RNA was
isolated from sorted cells, and expression of lymphoid specific genes in LSK™ cells from e.
bone marrow, and f. spleen of naive mice and g. spleen from day 7 £ yoelii 17X infected
mice was analyzed by quantitative RT-PCR and was displayed relative to the expression of
Rplp0 (Ribosomal protein P0). Data are representative of two independent experiments;
Error bars (e-g) S.E.M.
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Figure 3. Infection-induced LSK™ cells differentiate into B cells upon transfer into naive mice
a. LSK™ cells were sorted from the spleen of an Ubc-GFP Tg mouse, one-week post £, yoelii

17X infection, and 10,000 cells were adoptively transferred into naive congenic B6.SJL
(CD45.1) mice. Three weeks post-transfer, splenocytes were harvested from recipients and
stained with antibodies for GFP, CD19, B220, CD93, IgM, IgD, CD23, CD21/35, CD11b
and CD11c. b. The gating strategy shown here was used to sub-analyze the donor (GFP™)
cell population. c. The percentage and total number of donor-derived (GFP*) cells
displaying a B cell (CD19*B220%) or CD19*B220!°~ phenotype in recipient mice. The
percentage and total number of donor-derived GFP* B cells displaying a d. mature B cell
(IgM*1gD™), immature B cell (IgMN1gD'°) or activated B cell (IgM~1gD"~) phenotype; and a
e. Follicular B cell (CD23*CD21/357), marginal zone B cell (CD21/35%) or immature B cell
(CD23°CD21/357) cell phenotype in the spleen of recipient naive mice three weeks after
transfer. Data are representative of two independent experiments with n = 3 mice per group/
time point; Error bars (c-e) S.E.M.
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Figure 4. LSK™ cell derived B cells produce parasite-specific antibodies
a. LSK™ cells were sorted from the spleen of CD45.2* mice, one-week post £ yoelij 17X

infection, and 10,000 cells were transferred into congenic B6.SJL (CD45.1) mice at same
stage of infection (day 7). Three weeks later the spleens of recipient mice were harvested
and stained with the indicated fluorochrome conjugated antibodies to sub-analyze the donor
(CD45.2%) cell population. Representative flow plot analysis and total cell number of donor
derived (CD45.2%) b. Total B cells (CD19*B220™), **, p=0.0033 ¢. Germinal center B cells
(CD19*B220*GL77CD38"), ***, p=0.0001 d. Plasma cells (CD138B220!0/7) **x*
p=0.0003 and e. Memory B cells (CD19*B220*CD38*GL-7"CD73*) **** p<0.0001
(Mann-Whitney U test) in the spleen of recipient naive (hollow circle) and Plasmodium
yoelii 17X infected B6.SJL mice (filled circle), three weeks post-transfer. B cells were
examined for CD138 and B220 expression and CD138*B220!°/~ cells representing
plasmablasts and plasma cells were gated on prior to analyzing IgM expression on these
CD138" cells. LSK™ cells were sorted from the spleen of Ubc-GFP Tg mice, one-week post
P. yoelii 17X infection, and 10,000 cells were transferred into naive congenic B6.SJL
(CD45.1) or B6.SJL mice at the same stage of infection (day 7). At week three post-transfer
(day 28 p.i.), donor-derived GFP* cells sorted from the spleen (f, g) and bone marrow (h, i)
of recipient mice were used to determine the number of parasite-specific IgM (circle) or IgG
(square) antibody secreting cells (ASCs) by ELISpot (2 yoelii MSP-119 (f, h) and P, yoelii
infected RBC lysate (g, i)). *p<0.05, **p<0.001, ***p<0.001 (Mann-Whitney U test).
Representative ELISpot images from the assay are shown. Data are pooled from five (b-e) or
four (f-i) independent experiments, n = 6-20 mice/group; Error bars (b-i) S.E.M.
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Figure 5. Bone marrow and splenic LSK™ cells give rise to B cells after infection
a. Ten thousand LSK™ cells sorted from the spleen or bone marrow of naive Ubc-GFP Tg

mice were transferred separately into congenic B6.SJL (CD45.1) recipient mice. A subset of
recipient mice was then infected with P yoelii 17X following adoptive transfer. One-week
later the spleens of recipient mice were harvested to analyze the donor-derived (GFP™) cell
populations. b. Total number of donor derived (GFP*) cells and c. GFP* B cells
(CD19*B220"). d. Total number of GFP* plasmablasts/plasma cells (CD138*B220'°~) and
e. GFP* IgM producing (CD138*B220!°~IgM*) and class-switched antibody producing
(CD138*B220!"1gM") plasmablasts/plasma cells from spleens of mice receiving splenic
LSK™ cells (filled circle) or bone marrow derived LSK™ cells (hollow circle). *, p<0.05, **,
p<0.005, ***, p<0.0001 (two-way ANOVA). Data are representative of two independent
experiments with n = 3 mice per group/time point; Error bars (b-e) S.E.M.
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Figure 6. Splenic LSK™ cell differentiation into B cells occurs in a MyD88-independent manner
Total number of live CD197B220* B cells produced by LSK™ cells from the spleen of a.

naive mice and b. day 7 2 yoelii 17X infected C57BL/6 mice, and c. CLPs and d. LSK™
cells from bone marrow of naive mice in the presence of OP9 stromal cells. The analysis
was done after co-culture for 4, 7, and 10 days in media supplemented with. 2 yoelii 17X
infected RBC lysate (pRBC lysate) or normal RBC lysate (nRBC lysate). Data are
representative of three experiments with similar results. Splenic LSK™ cells were sorted from
the spleen of n = 3 naive mice that were subsequently pooled or n = 1 mouse infected with £~
yoelii 17X for 7 days. RNA was isolated from sorted LSK™ cells to generate cDNA. e.
Quantitative analysis of TLR2, TLR4, TLR7, and TLR9 mRNA expression relative to the
expression of Rp/p0in splenic LSK™ cells from naive mice and day 7 £, yoelii infected mice
by RT-PCR. f. Representative histogram plot showing expression of TLR9 by splenic LSK~™
cells from naive mice (solid line) and day 7 £ yoeliiinfected mice (dotted line), FMO
control was shown as grey filled histogram. g. Representative flow plots of LSK™ cells from
spleens of naive, day 7, and day 11 2 yoelii 17X infected wild-type (WT) and Mya88~~
mice. h. Total number of LSK™ cells, and i. percentage of and j. total number of Ki-67
expressing LSK™ cells from the spleen of naive or £, yoelii 17X infected WT (filled circle)
and Myd88~~ (hollow circle) mice after day 4, 7 and 11 p.i. *, p<0.05, **p<0.01 (two-way
ANOVA). LSK™ cells were sorted from the spleens of naive WT and my@88~~ mice (pooled
from n=3 mice) and 10,000 cells were transferred separately into naive congenic B6.SJL
(CD45.1) recipient mice followed by infection with 2 yoelii. At two weeks p.i., the spleens
of recipient mice were harvested to analyze the donor (CD45.2*) cell population. k. Total
number of donor-derived (CD45.2*) cells. |. Percentage of donor-derived CD45.2* cells with
a B cell phenotype. ns, p>0.05 (non-parametric unpaired two-tailed t test). m. Total number
of CD45.2* B cells (CD138~CD19*B220%) and plasma cells (CD138*B220!°). ns, p>0.05
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(two-way ANOVA). Data are representative of three independent experiments (a-d). Data
are pooled from two independent experiments (h-m) with n = 5-6 mice per group/ time
point; Error bars (h-m) S.E.M.
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