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Abstract

Malaria is caused by protozoan parasites in the genus Plasmodium. Over time individuals slowly develop clinical immunity to malaria, but this pro-
cess occurs at variable rates, and the mechanism of protection is not fully understood. We have recently demonstrated that in genetically identical
C57BL/6N mice, gut microbiota composition dramatically impacts the quality of the humoral immune response to Plasmodium yoelii and subse-
guent protection against a lethal secondary challenge with Plasmodium berghei ANKA in C57BL/6N mice. Here, we utilize this genetically identical,
gut microbiome—dependent model to investigate how the gut microbiota modulate immunological memory, hypothesizing that the gut microbiome
impacts the formation and functionality of immune memory. In support of this hypothesis, P. yoelii hyperparasitemia—resistant C57BL/6N mice ex-
hibit increased protection against P. berghei ANKA-induced experimental cerebral malaria (ECM) compared to P. yoelii hyperparasitemia—suscepti-
ble C57BL/6N mice. Despite differences in protection against ECM, P. yoeliiresistant and —susceptible mice accumulate similar numbers of mem-
ory B cells (MBCs) and memory T cells. Following challenge with P. berghei ANKA, P. yoeliresistant mice generated more rapid germinal center
reactions; however, P. yoeli-resistant and —susceptible mice had similar titers of P. yoeli-and P. berghei~specific antibodies. In contrast, P. yoeli-
resistant mice had an increased number of regulatory T cells in response to secondary challenge with P. berghei ANKA, which may dampen the
immune-mediated breakdown of the blood-brain barrier and susceptibility to P. berghei~induced ECM. These findings demonstrate the ability of
the gut microbiome to shape immune memory and the potential to enhance resistance to severe malaria outcomes.
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Introduction

More than 40% of the world lives in malaria-endemic
regions, and the parasite that causes malaria, Plasmodium
spp., is quickly developing resistance against current thera-
pies and treatments. Vaccines against Plasmodium are esti-
mated to have between 60% to 75% efficacy 12 months after
administration; however, this efficacy continues to drop sev-
eral years after administration.’™ Decreasing efficiency over
time is potentially because these vaccines fail to generate
functional memory B cells and long-lived plasma cells that
are specific to Plasmodium falciparum in humans living in
malaria-endemic regions. The blood-stage of Plasmodium in-
fection causes the clinical manifestation of malaria, including
fever, chills, and anemia.® In severe cases, P. falciparum can
impact the brain and cause neurological symptoms, coma,
and even death in a complication known as cerebral ma-
laria.”® There are many challenges associated with studying
the immune response to malaria in humans. Consequently,
mouse models of malaria are used to study the immune re-
sponse to Plasmodium. Plasmodium yoelii 17XNL (P. yoelii)
and Plasmodium berghei ANKA induce symptoms in C57BL/

6 mice that mimic what is seen in P. falciparum infection in
humans.” Specifically, P. yoelii is a nonlethal model used to
induce hyperparasitemia, and P. berghei ANKA is a lethal
model used to study experimental cerebral malaria (ECM)
and hyperparasitemia.” Unlike humans who remain suscepti-
ble to repeat Plasmodium infections, mice generate sterilizing
immunity to P. yoelii after just one exposure, so a cross-
species Plasmodium challenge is used to study the immune re-
sponse to reinfection. We accomplish this by infecting mice
with P. yoelii and challenging them with P. berghei ANKA.
By utilizing these models, we can use P. yoelii to study the
formation of immune memory, and P. berghei ANKA to
study the functionality of immune memory to control the
Plasmodium parasite and to establish clinical immunity.

The humoral immune system plays a large role in the clear-
ance of Plasmodium infection and protection from future in-
fection.””'? Plasmodium infections induce germinal center
(GC) reactions, which are the site of antibody somatic hyper-
mutation and affinity maturation, production of GC-derived
memory B cells (MBCs), and antibody-producing plasma
cells (PCs)."*>'* Impairing GC formation results in higher
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P. yoelii parasite burden and prolonged clearance.'®'® After
generation, PCs migrate to the bone marrow, where they re-
side and continuously secrete antigen-specific antibodies to
protect against reinfection.'” Upon reinfection, MBCs help
activate the secondary GC response and have the potential to
differentiate further into PCs.'”2° Memory T cells also play
an important role in preventing malaria symptoms and acti-
vating the secondary GC response, but little is also known
about their role in protecting against Plasmodium reinfec-
tion.?"*? Better characterization of these cell types and their
function will help bridge the gap in the development of a
more effective, long-lasting malaria vaccine.

An emerging modulator of the immune response is the gut
microbiome. The gut microbiome is the collection of micro-
organisms and their genetic content that reside within the
gastrointestinal tract. Research has demonstrated that gut
microbiota influence the function of the immune system in
several viral diseases, but aside from this very little is known
about the link between the gut microbiome and the immune
response to non-intestinal infections.”>® Importantly, we
have demonstrated through multiple approaches, including
fecal microbiota transplants into germ-free mice, that gut
bacteria can cause susceptibility to P. yoelii hyperparasite-
mia.”’=! Consistent with these reports, and others, there are
distinct differences in the gut microbiome of genetically simi-
lar mice from different vendors, and even within different
barrier rooms of the same vendor.>*3%3273* C57BL/6 mice
from specific barrier rooms at Taconic Biosciences (Tac) are
protected from P. yoelii hyperparasitemia, while C57BL/6
mice from Charles River Laboratories (CR) are susceptible to
P. yoelii hyperparasitemia.””*® We have also demonstrated
that the composition of the gut microbiome is associated
with the susceptibility of children to severe malaria ane-
mia.>*?! Additionally, we discovered that gut microbiota im-
pact the generation of immune effector cells during infection
with P. yoelii and the ability to survive secondary challenge
with P. berghei ANKA.?? We hypothesize that the composi-
tion of the gut microbiome influences the formation and
functionality of immune memory in the context of a
Plasmodium infection. We aim to further characterize how
the gut microbiome impacts the functionality of immunologi-
cal memory to Plasmodium and how this impacts the second-
ary effector response to Plasmodium challenge.

Materials and methods

Mice

Conventional female C57BL/6N mice (6 to 8 weeks old) were
purchased from Charles River Laboratories (Barrier Room
RO1; Hollister, California) and Taconic Biosciences (Barrier
Room IBU504; Cambridge City, Indiana). Mice were given a
minimum of 6 d to acclimate prior to the beginning of experi-
ments. All mice were fed Teklad 7913 Mouse/Rat Irradiated
Diet and non-acidified water. All animal experiments were
carried out at the Indiana University School of Medicine ad-
hering to the local and national regulations of laboratory ani-
mal welfare, and all procedures were reviewed and approved
by the university’s Institutional Animal Care and Use
Committees (IACUC protocol numbers 19024 and 22010).

Plasmodium infections

Mice were infected with P. yoelii 17XNL (BEI Resources/
MR4/ATCC) and/or P. berghei ANKA (BEI Resources/MR4/
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ATCC) through intravenous injection of 1.5 x 10° parasitized
red blood cells prepared from fresh donor blood. In second-
ary challenge experiments P. yoelii-immune mice were
infected with P. berghei ANKA on d 60 post-P. yoelii infec-
tion, and parasitemia was monitored starting at d 4 or 5
post=P. berghei infection (d 64 post—initial infection with
P. yoelii). On d 6 to 8 postinfection (p.i.) with P. berghei
ANKA, mice were monitored for the development of experi-
mental cerebral malaria by evaluating gait, balance, motor
performance, body position, limb strength, touch escape,
pinna reflex, toe touch, and grooming, given a score between
0 and 18. A score of 10 or less resulted in humane euthanasia.
With IACUC approval, several mice were kept alive for addi-
tional observation and experimentation after receiving a
score of less than 10, but these mice were all humanely eutha-
nized at later time points. After d 9 p.i. with P. berghei
ANKA, parasitemia was monitored for the development of
hyperparasitemia (>60% parasitemia) until either parasite
clearance or until the endpoint was reached.

Evaluation of parasitemia

Blood samples were taken through tail snips at regular inter-
vals ranging from d 4 to 30 p.i. Percent parasitemia was de-
termined as the number of infected red blood cells per total
red blood cells, and this was assessed through either blood
smear slides or flow cytometry. For blood smear evaluation,
blood smears were fixed and stained using HARLECO
Hemacolor  solution (EMD  Millipore, Burlington,
Massachusetts), and parasitemia was determined by light mi-
croscopy counting >300 red blood cells per slide at 1000x
magnification. For flow cytometry evaluation, a drop of
blood was added to FACS buffer and stained with CD45.2-
APC (clone 104; BioLegend, San Diego, California), Ter119-
APC/Cy7 (clone TER-119; Biolegend, San Diego,
California), dihydroethidium (Sigma-Aldrich, St. Louis,
Missouri), and Hoechst 33342 (Sigma-Aldrich; St. Louis,
Missouri). Parasitized red blood cells were defined as
CD45.27 Terr119" Dihydroethidium™ Hoechst™ cells.

Immunophenotyping

Spleens and/or bones were harvested from mice at the indi-
cated day p.i. Spleens were smashed through screens in RP-
10 media to generate a single-cell suspension. RP-10 was gen-
erated by supplementing Hyclone RPMI Medium 1640
(GIBCO, Thermo Fisher Scientific, Waltham, Massachusetts)
with 10% v/v FBS (Atlanta Biologicals, Inc., Lawrenceville,
Georgia), 1.19mg/ml HEPES (Thermo Fisher Scientific,
Waltham, Massachusetts), 0.2 mg/ml L-glutamine (Research
Products International Corp., Mt. Prospect, Illinois), 0.05
units/ml and 0.05 mg/ml (respectively) penicillin/streptomy-
cin (Invitrogen, Grand Island, New York), 0.05 mg/ml genta-
micin sulfate (Invitrogen, Grand Island, New York), and
0.05 mM 2-mercaptoethanol (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts). Femurs and tibias were harvested
from mice on the indicated day p.i. Bone marrow was col-
lected from the bone by removing the caps and flushing the
bone shaft with RP-10 media. A single-cell suspension was
achieved by smashing the marrow through a 70-uM cell
strainer (CellTreat, Pepperell, Massachusetts). Single-cell sus-
pensions were treated with ammonium chloride potassium to
lyse red blood cells. Cells were stained with Zombie Aqua
Fixable Viability Kit (BioLegend, San Diego, California) for
20 min at 4°C. Cells were then incubated with Fc block



ImmunoHorizons, Vol. 9, No. 5

(anti-CD16/32; clone 2.4G2) for 10 min at 4°C, and extra-
cellularly stained for 30 min at 4°C with antibodies resus-
pended in FACS buffer (1x PBS, 0.02% w/v sodium azide,
and 1% v/v FCS). This was followed by fixation with fixation
buffer (BioLegend, San Diego, California).

For intracellular staining, the eBioscience Foxp3/
Transcription Factor Staining Buffer Set (Thermo Fisher,
Waltham, Massachusetts) was used according to manufac-
turer’s instructions. All samples were collected using an
Attune NxT (Thermo Fisher, Waltham, Massachusetts) and
analyzed by Flow]o software (Tree Star, Ashland, OR).

MSP1,4 production

Expression plasmid pSL1331 was created by ligating the syn-
thesized coding sequences for PyMSP1,9 (AA1619-1754),
which was purchased from IDT as gBlock, into a modified
pET28 vector, pSL1327, which incorporates an N-terminal
GST and a SpyTag and 6xHis on the C-terminus. The expres-
sion plasmid was transformed into BL21 CodonPlus (DE3)
and cultured into LB media at 23 °C. When cultures reached
OD600 of ~0.5, protein expression was induced by the addi-
tion of IPTG to the media at a final concentration of 0.5 mM,
and the cultures were harvested 16 h later. Cell pellets were
suspended in 50 mL of low-imidazole buffer (25 mM Tris-ClI
pH 7.5 at room temperature (RT), 500 mM NaCl, 10 mM
imidazole, and 10% glycerol). To lyse the cells, the suspen-
sion was sonicated 3 times, where each time was 30s at 70%
amplitude and 50% duty cycle. The crude extract was spun
15,500 x g for 20 min at 4 °C. The soluble lysate was then in-
cubated with 2mL of equilibrated Ni-NTA resin (Thermo
Scientific, cat. # 88223) for 1 h at 4°C. The resin was applied
to a gravity column and washed with 50 mL of low-imidazole
buffer followed by 50 mL of mid-imidazole (25 mM Tris-Cl
pH 7.5 at RT, 500mM NaCl, 50 mM imidazole, 250 mM
dextrose, and 10% glycerol). PyMSP19 was then eluted us-
ing high-imidazole buffer (25mM Tris-Cl pH 7.5 at RT,
500 mM NacCl, 300 mM imidazole, and 10% glycerol). The
elution pool was dialyzed overnight into 20 mM Tris-Cl pH
8.0 at RT, 100mM NaCl, 1mM DTT, and 10% glycerol.
The sample was then purified further using anion exchange
chromatography by applying the sample to a 20-mL Q-
Sepharose column that was equilibrated in buffer A (20 mM
Tris-Cl pH 8.0 at RT, 50 mM NaCl, 1 mM DTT, and 10%
glycerol). Column was washed with several column volumes
of buffer A. Sample was eluted using a linear gradient of 0%
to 100% buffer B (20 mM Tris-Cl pH 8.0 at RT, 1000 mM
NaCl, 1mM DTT, and 10% glycerol) over 10 column vol-
umes. The elution fractions were pulled and exhaustively dia-
lyzed into SO0mM Tris-Cl pH 8.0 at RT, 100mM NacCl,
1mM DTT, and 10% glycerol. The dialyzed material was
then concentrated to ~2.0mg/mL using Amicon Ultra
Centrifugal Filter.

ELISA

For detection of Plasmodium-specific antibodies, blood
was collected through retro-orbital bleed on the indicated
days p.i., allowed to clot for at least 30 min, and centrifuged
for 10 min at 1,000 RCF to collect serum. Serum was stored
at —80°C until use.

To evaluate MSP1o-specific antibodies, MaxiSorp
Immuno plates (Thermo Fisher Scientific, Waltham,
Massachusetts) were coated with 10pg/ml recombinant
MSP1,9 overnight at 4 °C. Plates were blocked for 2h at RT

with 2.5% w/v BSA + 5% v/v FCS in PBS. Dilutions of serum
were added to wells and incubated overnight. Horseradish
peroxidase—conjugated goat anti-mouse IgM (Jackson
ImmunoResearch, West Grove, Pennsylvania), goat anti-
mouse IgG (Jackson ImmunoResearch, West Grove,
Pennsylvania),  goat  anti-mouse  IgGl (Jackson
ImmunoResearch, West Grove, Pennsylvania), or goat anti-
mouse IgG2b (Jackson ImmunoResearch, West Grove,
Pennsylvania) were added and incubated for 1 h at RT. Plates
were developed with a TMB substrate set (BioLegend, San
Diego, California). Two moles H,SO4 was used to halt the
reaction, and plates were read using a microplate reader with
the absorbance read at an absorbance 450 nm.

To evaluate bulk whole parasite lysate-specific IgM, IgG1,
IgG2b, and IgG, Plasmodium whole parasites were isolated
from whole blood of Plasmodium yoelii 17XNL- or
Plasmodium berghei ANKA—infected mice using a 35%/65%
Percoll gradient. Infected red blood cells were then lysed, and
protein concentration was calculated using a Bradford
Protein Assay (Thermo Fisher Scientific, Waltham,
Massachusetts). The ELISA assay was then performed as
noted above.

To evaluate antibody-binding affinity, blood was collected
through retro-orbital bleed on the indicated days p.i., allowed
to clot for at least 30 min, and centrifuged for 10 min at
1,000 RCF to collect serum. Serum was stored at =80 °C until
use. MaxiSorp Immuno plates (Thermo Fisher Scientific,
Waltham, Massachusetts) were coated with 10 ug/ml recom-
binant MSP1,9 overnight at 4°C. Plates were blocked with
PBS+1% w/v BSA+0.05% v/v Tween for 1h at 37°C.
Serum was added to wells and incubated 2 h at RT. A gradi-
ent of ammonium thiocyanate starting at 4 M and ending at
0.15 M at a 1.6 dilution factor was added to the wells and in-
cubated for 15min at RT. Horseradish peroxidase—conju-
gated goat anti-mouse IgG (Jackson ImmunoResearch, West
Grove, Pennsylvania) was added and incubated for 1 h at RT.
Plates were developed with TMB substrate set (BioLegend,
San Diego, California). Two moles H,SO4 was used to halt
the reaction, and plates were read using a microplate reader
with the absorbance read at 450 nm.

ELISpot

To detect P. yoelii MSP1q-specific antibody-secreting cells,
MultiScreenyrs filter plates were coated with 10 pg/ml re-
combinant MSP1,9 overnight at 4°C. Bone marrow cells
were collected and processed as described previously. Plates
were washed with PBS and then blocked for 2h at RT with
RP-10 media. Dilutions of bone marrow cells were added to
wells, and plates were incubated overnight at 37°C. Plates
were washed with PBS + 0.05% v/v Tween 20, and total
MSP1o-specific IgM and IgG antibody-secreting cells were
detected with horseradish peroxidase—conjugated goat anti-
mouse IgM or IgG (Jackson ImmunoResearch, West Grove,
Pennsylvania). Spots were developed using 3-amino-9-ethyl-
carbazole. Plates were read using an ImmunoSpot Analyzer
and the ImmunoSpot 7.0.38.4 software (CTL, Cleveland,
Ohio). The ImmunoSpot’s automated algorithm determined
spots from background staining.

Statistics
Statistical analysis was done using GraphPad Prism 10
(GraphPad Software, Boston, Massachusetts).

Nonparametric testing (Mann—Whitney tests and Wilcoxon



ranked-sum tests) were used owing to small population size
and nonnormal distribution of the data.

Results

Gut microbiota impact the formation of immune
memory cells at early but not late time points
post-P. yoelii infection

We previously demonstrated that the composition of the gut
microbiome influences the GC response to P. yoelii infection,
and the ability of P. yoelii-immune mice to survive a lethal
secondary challenge with P. berghei ANKA.>* We hypothe-
sized that P. yoelii hyperparasitemia-resistant (resistant) mice
were protected from P. berghei ANKA challenge by generat-
ing more MBCs and memory CD4 T cells than P. yoelii
hyperparasitemia—susceptible (susceptible) mice in response
to P. yoelii infection.

Resistant and susceptible mice were infected with P. yoelii,
and the parasite burden was evaluated. Susceptible mice had
higher peak parasitemia and prolonged infection compared
to resistant mice (Fig. 1A). Spleens were harvested between d
0 and 57 p.i. (Fig. 1B). Consistent with our hypothesis, resis-
tant mice have more GC-derived MBCs during active P. yoelii
infection compared to susceptible mice (Fig. 1C, D and Fig.
S1A). However, the number of these cells present in the
spleens of resistant and susceptible mice was similar on d 57
p.i., (Fig. 1D). Additionally, resistant mice trend towards
having more Th1-like memory CD4 T cells present at d 14 p.
i., but this difference subsides by d 28 (Fig. 1E, F and Fig.
S1B). Furthermore, there are no differences in the number of
Tfh-like memory CD4 T cells generated between resistant
and susceptible mice (Fig. 1F). These results support our hy-
pothesis that more MBCs and memory CD4 T cells are gener-
ated in resistant mice during P. yoelii infection. However, at
more traditional memory time points (d 57 p.i.), these differ-
ences in memory B- and CD4 T-cell numbers are lost. This
suggests that the total number of MBCs and memory CD4 T-
cells present in the spleen are not contributing to the im-
proved survival of resistant mice against P. berghei ANKA,
but instead, there may be functional differences in these cells
that contribute to the improved survival.

Resistant and susceptible mice have similar
numbers of bone marrow plasma cells and
circulating P. yoelii-specific antibodies following P.
yoelii infection

The blood-stage of Plasmodium infection is primarily cleared
in an antibody-dependent manner. For this reason, we next
characterized the PC response generated in response to P.
yoelii infection. We followed the same experimental timeline
outlined in Fig. 1B and harvested bone marrow at the indi-
cated time points. While PCs are generated within the GC in
secondary lymphoid organs, they travel to the bone marrow
to survive as long-lived PCs (LLPCs), where they continu-
ously secrete antigen-specific antibodies to protect against re-
infection.®> For this reason, we focused our studies on bone
marrow-resident PCs. We hypothesized that resistant mice
would see greater accumulation of LLPCs in the bone mar-
row following P. yoelii infection.

B220 is used to distinguish between short-lived PCs
(SLPCs) and LLPCs, with LLPCs having lost B220 expres-
sion.**  We characterized SLPCs as being CD138hi
CD44+B220+ and LLPCs as being CD138hiCD44+B220-
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cells (Fig. 2A). Following P. yoelii infection, there was no dif-
ference in the number of SLPCs or LLPCs accumulating in
the bone marrow of resistant and susceptible mice (Fig. 2B
and Fig. S2A). As this phenotypic assessment captures all
PCs, including both P. yoelii—specific and environment-
induced PCs, we next aimed to determine if there were differ-
ences in the number of P. yoelii—specific PCs accumulating in
the bone marrow. We accomplished this by using ELISpot to
identify merozoite surface protein 1;.19 (MSP1;5) antibody-
secreting cells. MSP1, is an immunodominant protein pre-
sent on the surface of P. yoelii merozoites.>” Again, we found
there were no differences in the number of MSP1;4-specific
IgM- or IgG-secreting cells in the bone marrow of resistant
and susceptible mice (Fig. 2C, E).

Because there were no differences in the number of PCs
present in the bone marrow, we hypothesized that the PCs in
the bone marrow of resistant mice have a greater functional
capacity than those found in susceptible mice. Using ELISpot,
we identified that MSP1,o-specific IgM- or IgG-secreting cells
in the bone marrow of resistant and susceptible mice secrete
comparable amounts of MSP1,9-specific antibodies (Fig.
S2B. C). However, susceptible mice had a greater amount of
MSP19-specific circulating IgM antibody titers at d 56 p.i.,
while resistant mice had more MSP1,o-specific IgG (Fig. 2D,
F). Increased P. yoelii-specific total IgG antibody titers were
not attributed to either MSP1o-specific IgG1 or IgG2b anti-
bodies (Fig. S2D). In spite of the slight increase in MSP14o-
specific IgG in resistant mice, the affinity of MSP1,4-specific
IgG was similar between the 2 groups (Fig. 2G). Similar
observations were also evident following the evaluation of
the bulk P. yoelii-specific antibody response using infected
red blood cell protein lysate (Fig. S2E). These results indicate
that the composition of the gut microbiome does not
influence the ability of LLPCs to accumulate in the bone
marrow following P. yoelii infection or their long-term
ability to secrete P. yoelii-specific antibodies post-parasite
clearance.

Resistant mice generate a more robust secondary
GC B-cell response to P. berghei ANKA

Similar to our previous study, P. yoelii-immune resistant
mice exhibited greater protection against ECM following
P. berghei ANKA challenge compared to P. yoelii-immune
susceptible mice (Fig. S3A-C). Humane endpoints were de-
termined on the basis of neurocognitive decline and progres-
sion towards coma/seizure. Because the humoral immune
system is crucial for clearing blood-stage Plasmodium infec-
tion, we next assessed GC responses following P. berghei
challenge. These GC responses could be seeded by a mixture
of P. yoelii-specific MBCs and memory CD4 T cells along
with P. berghei-specific naive B cells and CD4 T cells. We hy-
pothesized that P. yoelii-immune resistant mice would gener-
ate a more robust GC-associated B-cell response than
P. yoelii-immune susceptible mice. To test this, we harvested
spleens from P. yoelii-immune mice 4 d prior to P. berghei
ANKA challenge (Py 56), and at d 3 and 5 postchallenge
(p-c.) (PbA 3 and PbA 5) (Fig. 3A). Both resistant and suscep-
tible mice had similar parasite burdens at the time of spleen
harvest (Fig. 3B). In line with our hypothesis, resistant mice
produced more pre-GC B cells and GC B cells in response to
P. berghei ANKA secondary challenge (Fig. 3C, D).
However, there was little to no difference in the number of
SLPCs, LLPCs, or plasmablasts produced in the spleen during
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P. berghei ANKA secondary challenge (Fig. 3E, Fig. S4B).
Additionally, there were no differences in the number of GC-
derived MBCs present in the spleen p.c. (Fig. S4D). We next
investigated differences in fold change of these populations
from Py d 56 p.i. Resistant mice had a statistically greater

fold change difference in pre-GC B cells, GC B cells, and
LLPCs (Fig. 3F, G). These results suggest that resistant mice
generate a stronger secondary humoral immune response to
P. berghei ANKA, potentially contributing to their height-
ened survival against P. berghei ANKA-induced ECM.
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Circulating antibody levels do not directly correlate
to protection from P. berghei ANKA secondary
challenge

Owing to the more robust GC response generated by P. yoe-
li-immune resistant mice in response to P. berghei ANKA
challenge, we hypothesized that P. yoelii-immune resistant

mice have increased titers of P. yoelii MSP1,o-specific circu-
lating antibodies p.c. that confer cross-reactive protection
against P. berghei ANKA-induced ECM. To test this, we col-
lected sera from P. berghei ANKA-infected mice on d 3 and
5 p.c. prior to ECM onset on d 6 p.c. We found that both re-
sistant and susceptible mice have comparable amounts of
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P. yoelii MSP1o-specific circulating IgM at both d 3 and 5 p.
c. (Fig. 4A). In contrast, we found that resistant mice had
more P. yoelii MSP1,5-specific IgG at d 3 p.c., but this differ-
ence was lost by d § p.c. (Fig. 4B). This was consistent with a
similar affinity of P. yoelii MSP1;o-specific IgG between
P. yoelii-immune resistant and susceptible mice 5d p.c.
(Fig. 4G). Assessment of individual IgG isotypes demon-
strated no differences in P. yoelii MSP1,o-specific IgG1 or
IgG2b circulating antibodies at d 5 p.c. (Fig. SSA, B).

The total antibody response to P. yoelii was also evaluated
in P. berghei ANKA—challenged mice using parasite lysate
from P. yoelii-infected red blood cells. Consistent with the
minimal differences in P. yoelii MSP19-specific antibodies in
P. yoelii-immune resistant and susceptible mice challenged
with P. berghei, there were no differences in antibody titers
against P. yoelii parasite lysate in either group of mice on d 3
or 5 p.c. (Fig. 4C, D and Fig. S5C, D). Finally, we assessed
P. berghei ANKA-specific antibody titers, including both
P. berghei—induced antibody responses and P. yoelii—induced
antibodies that were cross-reactive with P. berghei ANKA.
Despite the increased number of GC B cells in P. yoelii~im-
mune resistant mice, there were no differences in circulating
P. berghei ANKA~infected red blood cell lysate IgM- and
IgG-specific antibody titers (Fig. 4E, F), which is consistent
with the similar P. berghei ANKA parasite burden in both

groups of mice at these time points (Fig. 3B). This suggests al-
ternative components of the host immune response confer
protection against ECM.

Resistant mice generate a more robust secondary
GC T-cell and regulatory T-cell response to
P. berghei ANKA

We also investigated the GC-associated T-cell response to
P. berghei ANKA secondary challenge. We hypothesized that
resistant mice would generate a more robust effector T-cell
response than susceptible mice. To test this, we harvested
spleens from P. yoelii-immune mice 4d prior to P. berghei
ANKA challenge (Py 56), and at d 3 and 5 p.c (PbA 3 and
PbA 5) (Fig. 3A). We observed that resistant mice generated
more Tfh and GC-Tth cells in response to P. berghei ANKA
challenge (Fig. 5A, B), and had more Th1-like CD4 memory
T cells or Tfh-like CD4 memory T cells present in the spleen
p.c. (Fig. S6A, B). This is consistent with the resistant mice
generating an overall stronger secondary GC response when
challenged with P. berghei ANKA. However, our data sug-
gest that protection from ECM in P. yoelii-immune mice is
unlikely to be attributed to better GC responses.

Curiously, we observed resistant mice also produced more
Tfr and GC-Tfr cells than susceptible mice (Fig. 5C).
Additionally, we observed a trend towards increased
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numbers of Tregs in P. yoelii-immune resistant mice (1.66-
fold difference: P =0.0541) following P. berghei ANKA chal-
lenge (Fig. SD). These results demonstrate that resistant mice
generate both more effector and regulatory T cells in response
to P. berghei ANKA secondary challenge.

Limitations

During these investigations, the gut microbiome composition
of the resistant mice from Taconic Biosciences shifted. This
change has rendered the previously resistant mice susceptible
to P. yoelii hyperparasitemia, and they no longer protected
from P. berghei ANKA-associated mortality. For this reason,
we are unable to further investigate what components of im-
mune memory protect against P. berghei ANKA secondary
challenge in this model.

Discussion

We have previously established that the composition of the
gut microbiome impacts the primary immune response to
P. yoelii by influencing the GC response and the formation of
P. yoelii-specific antibodies.*> Additionally, we have deter-
mined that P. yoelii-resistant mice are more likely to survive
when reinfected with a lethal P. berghei ANKA secondary
challenge.®® This current study has provided insight into the
influence of the gut microbiome on the formation of immune
memory cells and the recall response to a secondary

Plasmodium challenge. These data show that the composi-
tion of the gut microbiome impacts the formation of memory
B- and T-cell populations during primary P. yoelii infection
but not accumulation p.i. This suggests that the gut micro-
biome may instead impact the ability of these cells to respond
to reinfection. This is demonstrated by resistant mice mount-
ing a more robust GC response to secondary challenge with
P. berghei ANKA. However, P. yoelii-resistant mice also gen-
erated more regulatory T cells (Tfrs, GC-Tfrs, and a trend to-
wards more Tregs) during the secondary P. berghei ANKA
challenge. These cells may contribute to protection against
P. berghei ANKA-induced ECM by dampening the overall
immune response and preventing the migration of T cells to
the brain.

Previous work has demonstrated that naturally acquired
immunity to Plasmodium develops over years of repeated
exposure and the acquisition of a broad array of
Plasmodium-specific antibodies.>*™*° These antibodies are
primarily generated by plasma cells, which reside in the bone
marrow and continuously secrete antigen-specific antibodies
for years after exposure.”> Work from other groups had
established that while plasma cells do form in response to
P. yoelii infection, their generation is impaired.*' We unfor-
tunately did not look at the formation of plasma cells in the
spleen during primary P. yoelii infection, but our results here
demonstrate that the gut microbiome does not impact the ac-
cumulation of plasma cells in the bone marrow following
P. yoelii infection. We can infer from these results that the
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gut microbiome is not impacting the plasma cell niche in the
bone marrow, therefore not altering the ability of plasma
cells to engraft in the bone marrow following infection, but
more experimentation would need to be done to confirm this.
Additionally, the gut microbiome does not appear to influ-
ence the functionality of these plasma cells, with resistant and
susceptible mice generating similar amounts of Plasmodium-
specific circulating antibody titers and similar binding affinity
to P. yoelii MSP1,4. Furthermore, resistant and susceptible
mice have a similar quantity of Plasmodium-specific circulat-
ing antibody titers immediately before the onset of ECM, in-
dicating that circulating antibody levels do not correlate with
protection from P. berghei ANKA-induced ECM. This sug-
gests that alternate components of the host immune response
confer protection against ECM.

Cerebral malaria is the most devastating complication of
severe malaria, and even with treatment, the mortality rate of
cerebral malaria is still around 15% to 20%.”* While hy-
potheses exist, the underlying cause of cerebral malaria in
humans is unknown. In mice, ECM is caused by the infiltra-
tion of CD8 T cells to the brain, causing the breakdown of
the blood-brain barrier and inducing brain swelling.**~**

There is evidence that T-cell infiltration may also play a role
in human cerebral malaria.** While Tregs are known to regu-
late the function and development of CD8 T cells, and in dia-
betes, Tregs can modulate the migration of CD8 T cells into
the pancreatic islets,*™*® they do not appear to play much of
a role regulating the CD8+ T-cell-mediated breakdown of
the blood—brain barrier in ECM.* However, the overall
role of Tregs in ECM is much more unclear, with some
groups reporting that Tregs help prevent ECM-associated
immunopathologies,*=! and others reporting that Tregs
contribute to pathology.’>>® Intriguingly, one group found
that BALB/c mice, which are protected from P. berghei
ANKA-induced ECM, have higher numbers of Tregs during
P. berghei ANKA infection than C57BL/6 mice.”’ When
Tregs were depleted from these mice, they showed worsened
symptoms of ECM, although they ultimately did not suc-
cumb to ECM.>! They also demonstrated that Tregs modu-
late the functionality of CD4+ T cells and dampen the Th1
response, which is associated with worsened outcomes to
ECM.?! Using other lethal strains of Plasmodium infections,
some groups have found that depleting Tregs improves sur-
vival and parasite clearance,’*”’ while others show no
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difference or worsened survival.’®>” Depleting Tregs during
Plasmodium infection has been shown to increase IFN-y lev-
els, which negatively impacts GCs.*'*” As with many other
immune responses to Plasmodium, it is likely that at a base-
line Tregs are important in preventing immunopathology,
but too strong of a regulatory response can increase parasite-
associated pathologies. We hypothesize that the Treg cells in
our resistant mice behave similarly to how they have been
previously reported in BALB/c mice’'—contributing to pro-
tection from symptoms but not necessary for survival.

While Tfrs do not regulate CD8 T cells, they are implicated
in modulating the GC response by regulating Tfh cells and B
cells.’® In other studies, it has been demonstrated that Tfrs
are necessary for Tth to GC B-cell interactions, and a loss of
Tfrs can cause altered antibody responses.’”** Additionally,
Tfrs have been shown to regulate the formation of plasma
cells, and depleting Tfrs increased the number of plasma cells
present.>”®! To our knowledge, no studies have observed if
plasma cells are present in the brains of mice succumbing to
ECM. However, plasma cells are known to contribute to
brain swelling in other diseases, such as encephalitis.®*®> If
plasma cells contribute to ECM pathology, it is possible that
Tfrs in resistant mice contribute to survival from ECM by
strengthening the GC and by regulating the plasma cell re-
sponse. Future research will need to be conducted to elucidate
the role of Tregs and Tfrs in protection from ECM. Further
understanding in this area could lead to potential treatments
and therapies that modulate Treg function to protect individ-
uals from cerebral malaria and could also be used to guide fu-
ture vaccine development.

Currently, there are 2 vaccines authorized for use in
humans against Plasmodium. While both vaccines generate
good protection initially (60% to 75% one-year postadminis-
tration), this protection wanes after the end of the vaccina-
tion series.">*® For this reason, there is still much we need
to do to develop strong, long-lasting vaccines against
Plasmodium in humans. We have demonstrated that the gut
microbiome influences the effector and memory immune
responses against Plasmodium. Additionally, this work is im-
portant in understanding how the gut microbiome may influ-
ence the formation of vaccine-induced immune memory, and
the ability of these immune memory cells to respond upon in-
fection. Previous studies have shown that the composition
of the gut microbiome can influence the efficacy of vac-
cines.®**” Additionally, it has been found that the composi-
tion of the gut microbiome earlier in life can correlate with
the strength of immune responses later on, including vaccine-
induced immune responses.®® This work could support a line
of research to investigate what consortium of microbes in the
gut may be the most beneficial for maintaining a population
of functional immune memory cells following vaccination.
Gaining a better understanding of this link between the
gut microbiome and the immune system is crucial in the
ongoing work to develop a long-lasting, effective vaccine
for Plasmodium.

There are many advantages to using mouse models in im-
munology research, but there are also important limitations.
For example, bacteria colonize and expand differently in the
intestinal tract of mice compared to humans, meaning that
the gut microbiome we observe in mice is not entirely trans-
latable to humans. While mouse studies offer a good starting
point, human samples will need to be utilized in future

1

experimentation to fully elucidate the role of the gut micro-
biome in influencing the immune memory response
to Plasmodium.

This study demonstrates that the gut microbiome influen-
ces the functionality of immune memory cells generated in re-
sponse to P. yoelii infection in mice, therefore impacting the
recall GC response to P. berghei ANKA secondary challenge
(Fig. 6). This work supports the notion that the gut micro-
biome can be manipulated to increase the rate at which one
develops clinical immunity to malaria.
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