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Antibody-mediated protection against pathogens is crucial to a healthy life.
However, the recent SARS-CoV-2 pandemic has shown that pre-existing
comorbid conditions including kidney disease account for compromised
humoral immunity to infections. Individuals with kidney disease are not only
susceptible to infections but also exhibit poor vaccine-induced antibody
response. Using multiple mouse models of kidney disease, we demonstrate
that renal dysfunction inhibits germinal center (GC) response against
T-dependent antigens. GC B cells exhibit increased apoptosis in kidney dis-
ease. Uremic toxin hippuric acid drives loss of mitochondrial membrane
potential, leading to increased apoptosis of GC B cells in a G-protein-coupled
receptor 109A dependent manner. Finally, GC B cells and antibody titer are
diminished in mice with kidney disease following influenza virus infection, a
major cause of mortality in individuals with renal disorders. These results
provide a mechanistic understanding of how renal dysfunction suppresses
humoral immunity in patients with kidney disease.

Vaccinations have made enormous contributions to global health by
saving millions of lives from deadly infections. In recent years, clinical
management of infectious conditions has encountered many new
challenges including the coexistence of multiple diseases, also known
as comorbidities’”. The pre-existing comorbid conditions not only
predispose individuals to infections but also alter immune function
and make them more susceptible to infectious agents. Hence,
comorbidity is linked to complex clinical management, poor health
outcomes, and increased healthcare costs”>. One such comorbid
condition associated with an increased risk of severe infections and
infection-related hospitalizations and deaths is kidney disease. Infec-
tions are the second major cause of mortality (20%) in patients with

kidney disease, especially those undergoing renal replacement
therapy’. Epidemiological data from the recent pandemic revealed that
SARS-CoV-2-related mortality was about ten times higher in patients
with kidney disease than those with normal renal function*’. With a rise
in the incidence of kidney disease (estimated to be 17% of the US adult
population in 2019; www.cdc.gov), it is imperative to understand how
kidney disease impacts anti-microbial immunity and utilize this
knowledge for the development of better therapeutic strategies to
control infection-related deaths in these patients.

Following infection or immunization, activated B cells undertake a
bifurcated response in the secondary lymphoid organs®’. Some of the
B cells rapidly form non-canonical short-lived plasmablasts in the
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extrafollicular (EF) space. The activated B cells also enter a canonical
pathway where they undergo somatic hypermutation and affinity
maturation in germinal centers (GC), a unique dynamic structure that
forms during the immune response. The interaction between follicular
dendritic cells, T follicular helper cells (TFh), and B cells in the GC
ultimately gives rise to long-lived memory B cells and plasma cells; the
latter secrete high-affinity antibodies.

Uremia, a clinical condition associated with the worsening of
kidney function, is characterized by the accumulation of at least 900
metabolic wastes in the body>™. A subset of these metabolites
negatively impacts biological systems and are identified as uremic
toxins. Uremic toxins are considered a predisposing factor for infec-
tions in kidney disease independent of renal replacement therapy” ™.
The common notion is that uremic toxins induce some form of
immune system aging leading to the high occurrence of infections and
inadequate vaccine response, a process that is poorly understood.
Indeed, data from observational clinical studies implicated kidney
disease with poor antibody response following infection or
vaccination'®", However, very little is known about how uremic toxins
impact B cell response, which is critical for antibody-mediated pro-
tection against infectious disease.

Impaired humoral immunity in kidney disease is linked to reduced
B cell survival and proliferation’*"*. The gradual reduction in the glo-
merular filtration rate correlated with a decrease in the naive and
memory B cells number, a phenotype attributed to diminished
expression of the receptor for the B cell survival factor BAFF***. In
vitro studies showed that increased apoptosis of B cells from kidney
disease patients is due to reduced expression of anti-apoptotic factor
Bcl2*. To date, most studies linking kidney disease with abnormal B
cell response were either performed in vitro or were correlative in
nature. A recent study showed compromised GC-derived immunity in
kidney transplant patients following SARS-CoV-2 mRNA vaccination®.
Since kidney transplant patients are immune compromised, it is diffi-
cult to assess the impact of kidney disease on B cell response per se.
The identity of uremic toxins and the mechanisms by which these
metabolites impair humoral immunity in vivo are largely unexplored.

Individuals with kidney disease show a defect in the immune
response against influenza virus infection?*”. Hence, these patients are
at a higher risk of developing more severe influenza complications,
which result in increased hospitalizations and even deaths. Moreover,
patients with kidney disease require a higher dose of influenza vaccine
to generate protective immunity than healthy individuals®. B cells play
a key role in immunity to influenza virus during primary and secondary
infections”. However, no in vivo studies have assessed the impact of
kidney disease on B cell function against clinically relevant pathogens.

Using multiple mouse models of kidney disease, we systematically
assess B cell responses to a T-dependent model antigen, NP-KLH, and
influenza infection. Our data show that kidney dysfunction inhibits GC
responses following NP-KLH immunization. B cells from mice with
kidney disease exhibit increased apoptosis in GC. We discover that the
uremic toxin hippuric acid activates G-protein-coupled receptor 109A
(GPR109A), leading to the loss of mitochondrial membrane potential
and increased apoptosis in GC B cells. Furthermore, GC B cells, T fol-
licular helper cells, and influenza-specific antibody titers are dimin-
ished in mice with kidney disease following viral infection. These
findings provide mechanistic insights into how hippuric acid inhibits
humoral immunity in kidney disease, which is critical for protection
against infectious conditions.

Results

Mice with kidney disease show defects in GC and antibody
response

To define how B cells respond in kidney disease, we utilized a clinically
relevant mouse model of chemically induced acute kidney disease
(Aristolochic acid nephropathy or AAN), as described before®**,

Briefly, C57BL/6 (WT) mice were either intra-peritoneally (i.p.) injected
with a single dose of nephrotoxin Aristolochic acid I (AAI), AAIl (che-
mical control for AAI) or PBS (control). Both AAl and AAIl are the main
components of the Aristolochia and Asarum spp. of plants and exhibit
similar mutagenic and genotoxic properties due to their ability to form
covalent DNA adducts. The molecular structures of AAl and AAll differ
by only one methoxy group, which may have important implications
for their toxic effects on kidney epithelial cells. Consequently, mice
injected with AAI but not AAIl develop renal fibrosis and kidney dys-
function, as evidenced by elevated concentrations of serum blood urea
nitrogen (BUN) and uremic toxins®>,

AAN and control mice were i.p. immunized with a T-dependent
model antigen NP-KLH in alum four days after AAI injection, a time
point at which AAN mice start developing kidney disease and uremia
(Fig. 1A and Fig. S1A, B)*. The mice were assessed for B cell response in
the spleen at day 12 post-immunization. AAN mice demonstrated a
highly variable but comparable number of B cells in the spleen and
bone marrow at day 12 post-immunization (Fig. 1B and Fig. S1C).
Interestingly, flow cytometry analysis revealed a marked reduction in
the percentage and absolute number of total and NP-specific GC B cells
in the AAN spleen and renal lymph nodes (Fig. 1C, D and Fig. S1D).
Immunofluorescence staining of spleen sections confirmed smaller GC
within the B cell follicles in AAN mice (Fig. 1E). There was no difference
in the size of GC between control or AAll-injected spleens. Moreover,
AAN mice showed reduced GC response at day 21 post-immunization,
indicating that GC formation was indeed diminished and not delayed
in kidney disease (Fig. SIE). We observed a negative correlation
between the serum BUN level and the percentage of GC B cells in AAN
mice at day 12 post-immunization (Fig. SIF). These results indicate that
GC formation is impaired in kidney disease during T-dependent
immune response.

Impaired isotype switching, affinity maturation, TFh generation,
and secondary B cell response in kidney disease

The GCs are important sites for isotype switching and affinity
maturation during immune response®’. AAN mice exhibited a reduced
percentage and absolute number of NP-specific switched IgG1* B cells
than control spleens (Fig. 2A and Fig. S2A). The serum was subjected to
ELISA to detect IgG1 specific for high-affinity (NP4 or NP7) and low-
affinity (NP27) antigens at days 12 and 21 post-immunization. AAI-
injected mice showed diminished NP4 or NP7- but not NP27-specific
IgGl titers in the serum and consequently a lower NP4/NP27 ratio (day
12 post-immunization) and NP7/NP27 ratio (day 21 post-immunization)
compared to control mice, reflective of a defective affinity maturation
(Fig. 2B-D and Fig. S2B). Consistent with this defect, the ELISPOT assay
showed a reduced number of NP4-specific IgG1-producing plasma cells
in the spleen of AAl-injected mice (Fig. 2E)*”. The overall diminished B
cell response in AAN mice cannot be attributed to increased gluco-
corticoids due to kidney disease since serum glucocorticoid levels
were comparable between the groups (Fig. S2C). These data suggest
that GC formation and affinity maturation were compromised in kid-
ney disease.

T-dependent antibody response is initiated and sustained by
continuous crosstalk between the activated B and T cells at the
boundary of B/T cell zones and within the GC®. There was no difference
in the frequencies of activated CD4" and CD8" T cells between AAN and
control groups at day 12 post-immunization (Fig. S2D, E). However,
AAN mice demonstrated a diminished percentage and absolute num-
ber of TFh cells compared to control spleens (Fig. 2F and Fig. S2F). This
was accompanied by an increase in the number of T regulatory (Treg)
cells in the AAl-injected mice (Fig. S2G). Several studies showed that
the generation of TFh cells is initiated and driven by IL-6 produced by
activated B cells***. Hence, we measured ex vivo IL-6 production from
the splenic B cells isolated from immunized AAN and control mice. The
B cells purified from the spleen of AAl-injected mice produced

Nature Communications | (2024)15:10842


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55187-w

A B & 300 PRy
© N
NP-KLH + Collect &, | o uln *
PBS/AAVAAIL A blood/spleen 2 2% = %
‘1' \ll ‘1’ g100— _I_ ) s
578840 d4 a6 S - .
:tt 0 T T T T T T
Ctrl AAIL AAII Ctrl AAL AAII
Non-immun  NP-KLH
- kokkk
2.0 —
-'{.-{) he %k
2 151 T, Efg Ezo % L
] E ] Em
2101 & 88 %
N - + “"O °
— ole N~ ~— 104 AA
9 0.5 % RS
o\o —y L $ = "
OO T T T T T T 0 T T T T T T
Ctrl AAL AAIL Ctrl AAI AAII Ctrl AAIAAII Ctrl AAI AAII
Non-immun NP-KLH Non-immun ~NP-KLH
Ctrl AAl +_ B0 * ok ok
D 5 8 —
10" 3 £
4 D ...
3 i O i
1o3 41.3 n 19.1 & 2 40 -%. g
10”3 j i '” - °®
R p 204 [l
U |3 -
T v T ES o——
w00t Ctrl AAI

B220 IgD BCL6

Fig. 1| Impaired GC formation in AAN mice. A Schematic diagram of the
experimental design. C57BL/6 (WT) mice were i.p. injected with a single dose of AAl,
AAII (7.5 mg/kg b.wt), or PBS (Ctrl). Mice were either immunized with NP-KLH in
alum or left non-immunized 4 days post-AAl injection. At 12 days post-immuniza-
tion, spleens were assessed for B B cells (liveB220") [Non-immun: Ctrl (3), AAI (3),
AAII (3); NP-KLH: Ctrl (9), AAI (9), AAII (9)] C total GC B cells (liveB220*GL7'CD95%)
[Non-immun: Ctrl (3), AAI (2), AAII (2); NP-KLH: Ctrl (9), AAI (8), AAII (8)], D NP-
specific GC B cells (liveB220"NP*GL7*CD95") [NP-KLH: Ctrl (10), AAI (12)] by flow

cytometry, and (E) GC formation (n = 3) by immunofluorescence staining of spleen
section. Scale bar = 50 pm. Each dot represents individual mice and data are pooled
from at least 2-3 independent experiments (B-D). Data expressed as Mean + SD.
Statistical analyses by One-way ANOVA (B, C) and two-sided t-test (D). C Ctrl vs. AAI
P < 0.0001, AAl vs. AAIl **P=0.0007 and Ctrl vs. AAl ***P < 0.0001, AAl vs. AAIl
*P=0.0060. D ** P=0.0008. ns: statistically not significant. Source data are
provided as a Source Data file.

Nature Communications | (2024)15:10842


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55187-w

41 ns = 54 P L —
’—' 8 **** ****
+ *kk " - 4_
— 3- ° )
(D ® A h
o) . x 37
E— 2 {: u® %‘ -:— -
Z &)
X 11 ¢ .{H A +Q) 14
o l
Ol ope s T R T Z Olepe= ==
Ctrl AAl AAIl Ctrl AAI AAII + Ctrl AAI AAIl _Ctrl AAI AAII
Non-immun ~ NP-KLH Non-immun  NP-KLH
B C D
500- — ns - 800- ns & 1.0 ns 1.54 ns
/_é\ }—H—i % }L:A{ D_ 08- “.*** Fkk : ’—4**
25" . £ 50007 L2 .i. %R 104 *
® < 3001 = : N ) v % T & «
7Q i ¢ Q 400 = 1 Z é: v £ -,
<~ 200 . N % i 0.4- i ~
g E i aE 5 2 Lo51 = 2
z2 Z 3 2001 = Z
o 1004 o} r 0.24
0 0
’ chimfn Cirl AAIAAI ol AR AR Ot AR A C'tIAAIA/'-\II | AAIAZ
r r Ctrl AAIAAIL  Ctrl AAIAAII r
Non-immun ~ NP-KLH Non-immun ~ NP-KLH “NPKLH Cul AAIAA AALAANI
NP-KLH
E F
80' 4_ 3_ ns
2 + ns + *%
- 8 60 A 5 3 e ) /_"7 o0 s
O c o o 3 2
o 5 v 58
< E 401 s K2 0 A
%3 T M RS
-  w ° [ ] X
2" baTogtEs T B Q J}JE ooyl
(2] _-F A ol® ]
>0 -l— T T T T T T 0 T T T T T T
Ctrl AAI AAIICtrI AAI AAIl Ctrl AAL AAIL Ctrl AAI AAl Ctrl AAIAAII Ctrl AAIAAI
Non-immun  NP-KLH Non-immun  NP-KLH Non-immun _ NP-KLH
$ H | o500 %
2.0 ns 3- P 3 .
+ |—1 A 0 ° —
[lo] l—H—{ + - c A,
211 o O § 1000
24 o=
O] % % o = E
+ 1.0 " T <
3 S % L = 5001
o =) 14 z )
Pl s E :
i i ..fg- ,}: r : S leminam i o .
Ctrl AAI AAIl Cfrl AAI AAIl Ctrl AAI AAIl Ctrl AAI AAII Ctrl AAI AAIl Ctrl AAl AAII
Primeonly  ~ Prime-boost Prime only Prime-boost Prime only Prime-boost

diminished IL-6 than control mice following in vitro LPS stimulation, as
assessed by intracellular cytokine staining (Fig. S2H).

We next evaluated secondary B cell response in mice with kidney
disease. To achieve this objective, AAl-injected and control mice were
primed with NP-KLH in alum followed by a boost with NP-KLH only at
day 36 post-immunization. The mice were evaluated for B cell
response six days later, a time point at which AAN mice demonstrated

kidney dysfunction (Fig. S2I). AAN mice showed diminished secondary
total GC formation compared to control mice (Fig. 2G). We also
observed diminished NP-specific switched IgGl" B cells and NP4-
specific IgGl-producing plasma cells in the spleen of AAN mice
(Fig. 2H, I). Overall, these results suggest that mice with kidney disease
show impairment in secondary B cell response following prime-boost
immunization.
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Fig. 2 | Mice with kidney disease show defects in affinity maturation, TFh, and
secondary B cell response. C57BL/6 (WT) mice were i.p. injected with a single dose
of AAI, AAII (7.5 mg/kg b.wt), or PBS (Ctrl). Mice were either immunized with NP-
KLH in alum or left non-immunized (non-immun) 4 days post-AAl injection. At day
12 post-immunization, spleens were assessed for A NP-specific switched IgG1* B
cells (livelgD IgM CD138 Gr1 B220*NP*IgGI’) by flow cytometry [Non-immun: Ctrl
(3), AAI (3), AAII (3); NP-KLH: Ctrl (9), AAI (8), AAII (7)], B serum NP4 and NP27-
specific IgG1 by ELISA [Non-immun: Ctrl (4), AAI (4), AAIl (4); NP-KLH Ctrl (12), AAI
(8), AAII (10)], and C NP4/NP27-specific IgGl ratio was determined to measure
antibody affinity maturation at day 12 post-immunization [NP-KLH: Ctrl (12), AAI (8),
AAII (10)]. D NP7/NP27-specific IgGl ratio was determined to measure antibody
affinity maturation at day 21 post-immunization [NP-KLH: Ctrl (5), AAI (5), AAIl (4)].
E NP4-specific antibody-secreting plasma cells generation in the spleen by ELISPOT
assay [Non-immun: Ctrl (3), AAI (3), AAll (3); NP-KLH: Ctrl (7), AAI (7), AAIL (6)]. F The
frequency of TFh (liveCD4'CD44'CXCRS'PD1") cells in the spleen was determined
by flow cytometry at day 12 post-immunization [Non-immun: Ctrl (3), AAI (3), AAIl
(2); NP-KLH: Ctrl (8), AAI (7), AAII (6)]. AAN and control mice were primed with NP-

KLH in alum followed by NP-KLH boost 36 days later. Primed only and boosted mice
spleens were evaluated for G total GC (liveB220*'GL7'CD95") [Prime only: Ctrl (7),
AAI (7), AAll (7); Prime-boost: Ctrl (10), AAI (14), AAII (8)], H NP-specific switched
IgG1" B cells (livelgD IgM CD138" Gr1'B220"NP*IgG1") [Prime only: Ctrl (7), AAI (7),
AAII (7); Prime-boost: Ctrl (9), AAI (12), AAIl (7)], and I NP4-specific IgGl-producing
plasma cells 6 days later [Prime only: Ctrl (7), AAI (7), AAII (7); Prime-boost: Ctrl (9),
AAI (12), AAII (7)]. Each dot represents individual mice and data are pooled from at
least 2-3 independent experiments (A-I). Data expressed as Mean + SD. Statistical
analyses by One-way ANOVA (A-I). A Ctrl vs. AAI **P=0.0007, AAI vs. AAIl
*P=0.0252 and Ctrl vs. AAl ***P < 0.0001, AAl vs. AAIl ***P < 0.0001. B Ctrl vs. AAI
**P=0.0069, AAI vs. AAIl *P=0.0247. C Ctrl vs. AAl **P=0.0004, AAI vs. AAII
***P=0.0005. D Ctrl vs. AAI *P=0.0565, AAI vs. AAIl **P=0.0063. E Ctrl vs. AAI
*P=0.020, AAl vs. AAIl *P=0.0299. F Ctrl vs. AAl **P=0.0007, AAl vs. AAII
*P=0.0276 and Ctrl vs. AAl *P=0.0038. G Ctrl vs. AAl ***P < 0.0001, AAI vs. AAII
P < 0.000L H Ctrl vs. AAI *P=0.0038, AAI vs. AAIl **P=0.0073. I Ctrl vs. AAI
*P=0.036, AAl vs. AAIl *P=0.0492. ns: statistically not significant. Source data are
provided as a Source Data file.

Kidney dysfunction and not nephrotoxin impair GC formation
and antibody response

To confirm the negative impact of kidney disease on B cell response
(Fig. 1), we measured GC formation in AAN and control mice to another
T-dependent antigen [2.5% antigen sheep red blood cells (SRBC)]
(Fig. 3A and Fig. S3A, B). In line with the NP-KLH immunization, mice
with kidney disease showed impaired GC and TFh cell formation fol-
lowing 2.5% SRBC injection (Fig. 3B, C).

To rule out the possibility of a direct effect of AAlI on B cells, NP-
KLH immunized AAN and control mice were treated with probenecid,
an organic anion transporter inhibitor that prevents damage to kidney
tubular epithelial cells and minimizes uremic toxin accumulation
without neutralizing AAI, as shown before (Fig. S3C, D)***. Interest-
ingly, probenecid treatment of AAl-injected mice prevented the defect
in GC and TFh cell generation (Fig. 3D, E). Moreover, probenecid-
treated AAN mice showed an increased number of NP-specific swit-
ched IgG1* B cells and NP4-specific serum IgGl titer than untreated
AAN mice, arguing against a direct effect of AAI on B cell response
(Fig. 3F, G). To rule out the direct impact of AAl-induced kidney
inflammation on B cell response, control, and AAN mice were immu-
nized with NP-KLH ten days post-AAl injection. AAN mice showed a
similar reduction in total and NP-specific GC response than control
when immunized at a gap of ten days (Fig. S3E).

As an independent approach to confirm the role of kidney dys-
function in impaired B cell response, we assessed GC formation in a
surgically induced mouse model of kidney disease following NP-KLH
immunization. The model of 5/6 nephrectomy involves excision of the
upper and lower poles of one kidney followed by nephrectomy of the
converse kidney (Fig. 3H), as previously described®. The kidneys of 5/6
nephrectomized mice demonstrated extensive fibrosis and dysfunc-
tion in comparison to sham-operated animals (Fig. S3F, G). The 5/6
nephrectomized animals exhibited impaired GC, TFh and NP-specific
switched IgG1* B cell generation compared to sham-operated animals
(Fig. 3I-K). Consequently, there was reduced serum NP4-specific
antibody formation and defect in antibody affinity maturation in 5/6
nephrectomized mice (Fig. 3L, M). There was no difference in the
serum glucocorticoid level between 5/6 nephrectomized and sham-
nephrectomized mice (Fig. S3H). These data support the notion that
compromised B cell response is due to kidney dysfunction and not
AAl’s impact on the immune system per se.

GC B cells from mice with kidney disease show increased
apoptosis

To further understand how uremia impacts GC response, flow-sorted
NP-specific GC B cells from kidney disease and control mice were
subjected to RNA-Seq analysis (Fig. S4A). The principal component
analysis plot demonstrated the variation between GC B cells from

kidney disease and control mice as well as the similarity between the
sample replicates (Fig. S4B). A number of genes were differentially
regulated between the GC of mice with kidney disease and the control
spleen (Fig. S4C). Fitting with the diminished GC B cell numbers in
renal dysfunction, RNA-seq, and Reactome pathway database analysis
revealed the downregulation of multiple cell cycle genes in GC B cells
from mice with kidney disease (Fig. 4A, B). Accordingly, there was
reduced expression of Ki67, a protein that marks all the cells that have
entered the cell cycle, in GC B cells during kidney disease (Fig. 4C and
Fig. S4D). Using short-pulsed BrdU labeling, we found that similar
proportions of GC B cells from AAN and control mice were in the G2M
phase, but significantly fewer uremic cells were in the S phase with an
increase in GO-G1 than controls (Fig. 4D). Further, transcriptomic and
KEGG pathway analysis revealed upregulation of multiple pro-
apoptotic and downregulation of anti-apoptotic genes in the GC B
cells of AAN mice (Fig. 4E, F). Consequently, NP-specific but not NP-
non-specific GC B cells from AAl-injected mice showed increased
active Caspase3 expression than control mice (Fig. 4G).

GC B cells are classified into centrocytes (CD86"CXCR4'"°) and
centroblasts (CD86°CXCR4") based on morphologic criteria®’. Within
a GC, centrocytes and centroblasts distribute preferentially in a
centrocyte-rich light zone (LZ) and a centroblast-rich dark zone (DZ)
and migrate extensively between the compartments. Centroblasts
undergo vigorous proliferation, somatic hypermutation, and clonal
expansion in the DZ*, In the LZ, depending on the outcome of BCR and
T cell help-based selection, the centrocytes either undergo slow divi-
sion or apoptosis. Interestingly, several genes identified by tran-
scriptomic analysis to be increased in AAN GC B cells were positive
regulators of centrocytes in the LZ (Fig. 4H). On the other hand, con-
trol GC B cells exhibited higher expression of genes that positively
regulate centroblasts in the DZ (Fig. 41). While control GC B cells
demonstrated the phenotype of centroblasts, AAl-injected total, and
NP-specific GC B cells showed increased accumulation in the LZ as
centrocytes (Fig. 4)). Taken together, these results highlight a critical
role for kidney dysfunction in cell cycle arrest, increased apoptosis,
and impaired migratory capabilities of GC B cells.

Hippuric acid drives the loss of mitochondrial membrane
potential and increased apoptosis of B cells

We next sought to define the mechanisms by which uremia contributes
to increased apoptosis of GC B cells. Our transcriptomic analysis
showed upregulation of multiple genes in AAN GC B cells related to
loss of mitochondrial membrane potential (Fig. 5A). The loss of mito-
chondrial membrane potential and enhanced mitochondrial ROS
production are the cell-intrinsic factors of apoptosis*’. TMRE staining
of total GC B cells demonstrated increased loss of mitochondrial
membrane potential in mice with kidney dysfunction (Fig. 5B and

Nature Communications | (2024)15:10842


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55187-w

A B 2.5+ ns C
+ P oo | -
Collect W 20 H——"t—H ()]
PBS/AAIAAII  2.5% SRBC blood/spleen 3 * o
O 1.5- o
| VR £
X051 o 2
0.0 .
TN N
C ¥y
D 37 a o +E i - F s :M G :E\
| — 1 L4
o |8 5] - : ; 23
o i R 53 52
D 2‘ o + » [e)) O —
o R ¥ 2 79
o ro
~ O 5% N
6 14 n % < ] u pd ] o g
° O i O\o T Z S
= |3 % SR % 2
0 0- 0-
B N YA
SgF ST &
& &
H | J
5/6 Nephrectomy [f 34 e E
» (a
e% NP-KLH + Collect 8 -to
Alum blood/spleen 29 ?:_)
C57BL6 ¥ L Vg | T 3
do d15 d27 R 17 ﬂ:’ N
u
X
St
(0\('0
K L
6 = 12001 o —~ - ns
< . £ 2ty JE 12007
il o u(i) g’ : =D o® u
O 44 8 9= 8001 ° 8 = 8004 iﬂ alm
] O — [ ] O =
. ij £ %% : e 70 L. H
(a1 <II' = °® ~ 2
Z 2- = X 'g 4001 N = 400
S~ Z 3> % S
o) o)
el te
AN Q NS
) N )

Fig. S5A). GC B cells from AAl-injected mice also exhibited a moderate
increase in mitochondrial ROS production (Fig. 5C and Fig. S5B). These
results indicate an essential role of kidney disease in causing loss of
mitochondrial membrane potential in GC B cells.

A previous study has described an in vitro system in which mouse
naive B cells undergo massive expansion and isotype switching and
generate GC-like B cells**. Although this is a unique and useful system
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for studying various aspects of GC biology, it truly does not depict
in vivo GC reactions within the secondary lymphoid organs. To identify
uremic toxin(s), previously linked to immune dysfunction in uremic
patients, that could directly inhibit T cell-dependent B cell response,
we utilized an in vitro system for B cell activation and their differ-
entiation into plasmablasts* %, We note that AAN mice also showed a
reduced number of extrafollicular plasmablasts (day 4 post-
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Fig. 3 | Kidney disease inhibits B cell response during T-dependent immuni-
zation. A Schematic diagram of the experimental plan. AAN and control mice were
i.p. immunized with 2.5% SRBC (n = 8) 4 days post-AAl injection. Seven days later,
B total GC (liveB220"GL7'CD95") [SRBC: Ctrl (8), AAI (8), AAII (8)], and C TFh
(liveCD4"'CD44*CXCRS'PDY") cells were measured by flow cytometry [SRBC: Ctrl
(8), AAI (8), AAII (8)]. AAN mice were either treated with probenecid (PRB + AAI)
once on day O (relative to AAl injection) or left untreated. Control mice received
probenecid only (PRB). Four days later, mice received NP-KLH immunization and
assessed for D total GC B cells [PRB (9), AAI (7), PRB + AAI (9)], E TFh cells [PRB (9),
AAI (10), PRB + AAI (9)], F NP-specific switched IgG1* B cells (livelgD IgM CD138"
Gr1'B220" NP'IgG1") by flow cytometry [PRB (9), AAI (7), PRB + AAI (9)], and

G serum NP4-specific IgGl1 level by ELISA [PRB (8), AAI (6), PRB + AAI (8)]. H Diagram
of the experimental design. WT mice were either subjected to 5/6 nephrectomy (5/6
Nx) (n=7) or sham-operated (Ctrl) (n=8). Two weeks after surgery, mice were

immunized with NP-KLH and assessed for I total GC [Ctrl (8), 5/6 Nx (7)],] TFh cells
[Ctrl (8), 5/6 Nx (7)1, K NP-specific switched IgG1* B cells [Ctrl (8), 5/6 Nx (6)],

L serum NP4 and NP27-specific IgGl levels [Ctrl (8), 5/6 Nx (7)], and M NP4/NP27-
IgGl ratio to measure affinity maturation [Ctrl (8), 5/6 Nx (7)]. Each dot represents
individual mice and data are pooled from at least 2-3 independent experiments
(B-G and I-M). Data expressed as Mean =+ SD. Statistical analyses by One-way
ANOVA (B-G) and two-sided t-test (I-M). B Ctrl vs. AAl *** P<(0.0001, AAl vs. AAIl
***p < (0.0001. C Ctrl vs. AAl *P=0.0027, AAl vs. AAIl *P=0.0160. D PRB vs. AAI
*P=0.0018, AAl vs. PRB + AAIl *P=0.0472. E PRB vs. AAl *P=0.0112, AAl vs. PRB +
AAI**P=0.0029. F PRB vs. AAl **P=0.0012, AAl vs. PRB + AAl *P = 0.0415. G PRB vs.
AAl* P=0.0222, AAl vs. PRB + AAl *P=0.0484.1*P=0.0096. ) *P=0.0278.
K*P=0.0295.L*P=0.0028.M **P=0.0049. ns: statistically not significant. Source
data are provided as a Source Data file.

immunization) than control mice and lower serum titers of NP27-
specific (low affinity) IgM (Fig. S5C, D). The resting splenic B cells were
in vitro stimulated with algM/axCD40/IL-21 in the presence or absence
of different uremic toxins (Fig. 5D). The uremic toxins were added to
the culture at concentrations seen in patients with stage 4 and 5 kidney
diseases'. The cells were assessed for plasmablast (liveB220*CD138"
cells) differentiation by flow cytometry at 4 days post-stimulation
(Fig. SSE). Out of total of 9 uremic metabolites tested, only y-guanidino
butyric acid (GBA), indole-3-acetic acid (IAA), para-cresol (PC), para-
cresol sulfate (PCS), hippuric acid (HA) and urea (as control) inhibited
plasmablast differentiation (Fig. SE). Since PC is rapidly converted to
PCS under in vivo conditions, we have used PCS instead of PC for
subsequent experiments.

We selected the above-mentioned five uremic toxins and indivi-
dually assessed their ability to negatively impact plasmablast pro-
liferation and apoptosis. None of the five toxins inhibited plasmablast
proliferation (Fig. 5F and Fig. S5F). Interestingly, only HA showed two-
fold higher apoptosis of plasmablasts (Fig. 5G and S5G). The plasma-
blasts exhibited an increased loss of mitochondrial membrane
potential in the presence of HA (Fig. 5H). NP-KLH immunized AAN mice
demonstrated an elevated concentration of serum HA (mean value of
serum HA is ~35pug/ml) than control animals at day 12 post-
immunization (Fig. 5I). Resting splenic B cells stimulated with algM/
aCD40/IL-21 in the presence or absence of 35 pg/ml of HA showed
increased loss of mitochondrial membrane potential in plasmablasts
than untreated control (Fig. 5)). Collectively, these results identify HA
as one of the potential uremic toxins in driving the loss of mitochon-
drial membrane potential and increased apoptosis of B cells during
kidney dysfunction.

HA drives GC B cell apoptosis via GPR109A

A recent study showed that HA binds to GPR109A (encoded by Niacr1
aka Hcar2 gene) in osteoclasts and regulates osteoclastogenesis and
bone resorption in mice*’. GPR109A (aka niacin receptor 1) is a high-
affinity GPCR for niacin and gut microbes-derived butyrate and f3-
hydroxybutyrate’*", The GPRI09A signaling has been extensively
studied in lipolysis, atherogenesis, and intestinal homeostasis®*".
However, nothing is known about the role of GPR109A in B cells. The
RT-gPCR analysis revealed that resting and olgM/aCD40/IL-21 or
lipopolysaccharide (LPS) activated splenic B cells express comparable
levels of Niacrl mRNA (Figs. 6A, S6A, B), which was lower than total
splenocytes from WT mice. Moreover, FACS-sorted GC
(liveB220*GL7*CD95"), non-GC (liveB220°GL7"CD95), and total sple-
nocytes from NP-KLH immunized WT mice showed Niacrl transcript
expression at day 12 post-immunization (Figs. 6B, S6C, D). NP-KLH
immunized NiacrI”~ mice served as a negative control. Intriguingly,
GPR109A is not expressed in naive human B cells isolated from blood
(Fig. S6E). In contrast to mouse B cells, the GPR1I09A expression is
upregulated in human B cells following in vitro stimulation with algM/
sCD40L/IL-21 with the highest expression seen in the plasmablasts.

Next, to define the role of HA/GPRI09A signaling in GC B cell
apoptosis, purified total splenic WT B cells from NP-KLH immunized
mice were in vitro incubated with HA for 6 h and assessed for loss of
mitochondrial membrane potential. In vitro, HA treatment diminished
GC B cell number and induced increased loss of membrane potential in
GC B cells, as evidenced by TMRE staining (Fig. 6C).

To analyze the function of GPRI09A stimulation during B cell
activation, algM/aCD40/IL-21 stimulated B cells were incubated in the
presence or absence of two different GPR1I09A agonists [GSK256073
and Monomethyl fumarate (MMF)]**. Interestingly, treatment with
GPR109A agonists showed loss of mitochondrial membrane potential
and increased apoptosis of plasmablasts in a dose-dependent manner
(Fig. 6D-F and Fig. S6F).

Moreover, to assess the impact of GPR1I09A activation on GC B
cells under in vivo conditions, mice were either treated with MMF or
left untreated and then assessed for B cell response following immu-
nization. MMF treatment diminished the number of total and NP-
specific GC B cells and impaired affinity maturation (Fig. 6G-1). MMF-
treated mice exhibited increased loss of mitochondrial membrane
potential in GC B cells than the untreated group (Fig. 6)).

To further confirm that HA drives loss of mitochondrial mem-
brane potential in B cells via GPR109A, algM/axCD40/IL-21 stimulated
splenic B cells from WT and Niacr1”~ mice were cultured in the pre-
sence or absence of HA and evaluated for the loss of mitochondrial
membrane potential at 24 h post-stimulation. HA-induced loss of
mitochondrial membrane potential in WT plasmablasts, a phenotype
reversed in the absence of GPR109A in B cells (Fig. 6K). Collectively,
these data indicate that HA-mediated activation of GPRI09A con-
tributes to the loss of mitochondrial membrane potential in B cells.

B cell-specific GPR109A expression limits humoral immune
response in kidney disease

To test the function of GPR109A in impairing GC B cell response in the
context of kidney disease, WT, and Niacrl”~ mice were subjected to
AAN and assessed for B cell response following NP-KLH immunization
(Fig. 7A). WT and NiacrI”~ mice demonstrated comparable kidney
dysfunction following AAI injection (Fig. S7A). Both WT and Niacrl™”~
mice showed a similar percentage of the total and NP-specific GC B
cells and antibody affinity maturation, indicating that GPR109A is
dispensable for GC formation and affinity maturation in the control
spleen (Fig. 7B-D). As expected, WT mice subjected to AAN showed a
reduced number of GC B cells and a defect in affinity maturation.
However, AAl-injected Niacrl”~ mice showed no impairment in their
GC response, as evidenced by a comparable percentage of total and
NP-specific GC B cells and antibody affinity maturation.

To define the role of B cell-specific GPR109A in impaired GC
response, we adoptively transferred resting splenic B cells from WT or
NiacrI”~ mice in control or AAl-injected B cell-deficient uMT mice and
assessed for GC response after NP-KLH immunization (Fig. 7E). The
recipient uMT mice subjected to AAN and receiving either WT or
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NiacrI” B cells showed comparable serum BUN level at day 12 post-
immunization (Fig. S7B). As expected, uMT mice with kidney disease
and receiving WT B cells showed reduced total and NP-specific GC
response compared to control uMT spleen (Fig. 7F, G, Fig. S7C).
Interestingly, there was no difference in the percentages and absolute
numbers of total and NP-specific GC B cells between control and AAN
UMT mice receiving Niacr1’~ B cells after NP-KLH immunization.

Moreover, Ki67 staining revealed diminished proliferation of WT total
GC B cells in AAN uMT mice, an effect abrogated when GC B cells lack
Niacrl expression (Fig. 7H and Fig. S7D). When evaluated for the loss of
mitochondrial membrane potential and mitochondrial ROS genera-
tion, NiacrI”~ but not WT GC B cells showed no increase in the loss of
mitochondrial membrane potential and mitochondrial ROS generation
in AAN uMT mice in comparison control recipient (Fig. 71, J and
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Fig. 4 | Kidney dysfunction triggers apoptosis in GC B cells. NP-specific GC B cells
from the control and AAN spleen (n =5) were flow sorted on day 12 post-
immunization and subjected to RNA-Seq analysis. A Relative expression of sig-
nificantly differentially expressed genes (g-value < 0.05) related to cell cycle, and
B Over-representation pathway analysis of significantly downregulated genes in
AAN GC B cells. C MFI of Ki67* GC B cells [NP-KLH: Ctrl (5), AAI (7)]. D Cell cycle
status of GC B cells was analyzed at day 12 post-immunization [NP-KLH: Ctrl (15),
AAI (15)]. E Relative expression of significantly differentially expressed genes
(g-value < 0.05) related to apoptosis and F Over-representation pathway analysis of
upregulated genes in GC B cells from AAN mice. G NP* and NP~ GC B cells staining

for active caspase3 expression (n=12-14) at day 12 post-immunization [NP-KLH:
Ctrl (14), AAI (12)]. Relative expression of significantly differentially expressed
genes (q-value < 0.05) related to H Light zone (LZ), and I Dark zone (DZ) GC B cells.
J Number of LZ centrocytes (CXCR4°CD86") and DZ centroblasts (CXCR4"CD86")
at day 12 post-immunization [NP-KLH: Ctrl (10), AAI (12)]. Each dot represents
individual mice and data pooled from at least 2-3 experiments (C, D, G, and J). Data
expressed as Mean + SD. Statistical analyses by two-sided t-test (C, D, G, and J).

C *P=0.0228. D GO-G1 **P=0.000L, S ***P < 0.0001. G **P=0.0023.

J ***P<0.0001 and **P=0.0003. Source data are provided as a Source Data file.

Fig. S7E, F). Consequently, increased Caspase3 activation in NP-specific
WT GC B cells was corrected in recipient AAN gMT mice receiving
Niacrl™ B cells (Fig. 7K). The recipient AAN uMT mice receiving WT B
cells demonstrated a defect in antibody affinity maturation compared
to the control recipient, an effect not observed in AAN uMT mice
receiving Niacrl”~ B cells (Fig. 7L). These data indicate that uremic
toxin(s)-mediated activation of GPR109A in B cells is likely responsible
for compromised GC response in kidney disease.

Impaired influenza-specific B and T cell responses in uremia
The patients with kidney disease have a higher risk of death from
influenza than those with normal kidney function’*”. Hence, AAN and
control mice have infected with the influenza A virus and assessed for B
cell response at 12 days post-infection (p.i) (Fig. 8A). AAl-injected mice
showed reduced GC in the spleen than control animals (Fig. 8B). The
number of TFh cells in the spleen was also diminished in the AAN mice
(Fig. 8C). Accordingly, there was a reduction in the serum anti-PRSHA-
specific IgG antibody titer in mice with kidney disease than control
animals (Fig. 8D). The inhibitory effect of uremia is not restricted to B
cells since AAN mice also exhibited a reduced number of influenza-
specific CD8" T cells (Fig. 8E). These results indicate that kidney dys-
function has a negative impact on influenza-specific B and T cell
responses following infection.

To correlate the defect in anti-viral immunity with susceptibility to
infection, we compared pulmonary inflammation and viral load
between AAN and control mice at day 12 p.i. AAN lungs showed a trend
toward diminished peri-vascular, peri-bronchiolar, and parenchymal
inflammatory cell influx when compared to control lungs (Fig. 8F).
Compromised inflammatory cell infiltration in the AAN lungs resulted
in reduced viral clearance, as assessed by qPCR for the M protein gene
of the virus (Fig. 8G). Collectively, these results suggest that mice with
kidney disease show impaired B and T cell responses leading to
uncontrolled viral load in the lungs.

Discussion
Alterations in the immune system that occur with kidney disease are
linked to increased susceptibility to infections and inadequate
vaccine response®™, On the other hand, chronic immune activation in
individuals with kidney disease leads to the progression of
inflammatory cardiovascular disease. To date, the majority of the stu-
dies focused on understanding the pathogenesis of cardiovascular dis-
ease in kidney disease patients, and very little emphasis is placed
on defining immune deficiencies that cause fatal infections. Here, we
define the impact of uremia on humoral immune response against
T-dependent model antigens and influenza virus infection using two
distinct mouse models of kidney disease, AAN, and 5/6 nephrectomy.
Our studies show that the uremic toxin hippuric acid causes impaired
GC response via activation of GPR109A. Efforts directed at mitigating
the immune anomalies in kidney disease could potentially lead to a
better understanding and, thus, the development of therapies that
could reduce the unusually high death rate due to infection in these
patients.

Our results show a defect in TFh and influenza-specific CD8* T cell
response in kidney disease, indicating that the inhibitory effect of

kidney dysfunction is not limited to B cells. This observation is in line
with patients with kidney disease where depletion of naive and mem-
ory T cells is a clinical feature®***. Given the critical role of T cells in anti-
microbial immunity, the depletion of these cells must be, in part,
responsible for increased susceptibility to infections in kidney disease.
However, it is unclear whether diminished T cell function in kidney
disease is mediated directly by the uremic toxins or is an outcome of
compromised B cell response. We demonstrate that B cells from AAN
mice produce less IL-6, required for TFh generation, providing support
for the latter theory. The mechanisms of impaired IL-6 production
from activated B cells in uremic conditions are unknown. Previous
studies have shown the critical role of BCR, anti-CD40, and TLR sig-
naling in IL-6 production from activated B cells. It is unclear how these
B cell-intrinsic cell signaling pathways are compromised in uremic
conditions. Additionally, B cell-extrinsic signals drive IL-6 production
from activated B cells. One such B cell-extrinsic factor is IFNy, pre-
viously shown to induce IL-6 in conjunction with BCR, anti-CD40, and
TLR signaling. Hence, it is possible that uremia suppresses IFNy pro-
duction in the spleen leading to reduced IL-6 production from acti-
vated B cells. Future studies should focus on understanding the impact
of various uremic toxin(s) on B cell-intrinsic and extrinsic factors in
limiting IL-6 production during immunization. Moreover, the number
of activated T cells was not impacted in renal dysfunction, indicating
that the defect seen in TFh or virus-specific CD8" T cell responses
cannot be attributed to global immunosuppression. Nevertheless,
mechanistic studies delineating the role of kidney dysfunction in
shaping various T cell compartments against infections require careful
consideration.

Hippuric acid (HA) is produced from the hepatic glycine con-
jugation of benzoic acid or the gut bacterial metabolism of
phenylalanine®®. Due to a similar structure to niacin, HA binds and
activates GPR109A. HA drives osteoclast differentiation and endothe-
lial cell dysfunction in a GPR109A-dependent manner*’”. Increased
mitochondrial dysfunction plays an active role in HA-induced endo-
thelial cell abnormalities via mitoROS production®’. We also show that
the HA/GPR109A pathway causes loss of mitochondrial membrane
potential and increased apoptosis of B cells. Thus, B cell deficiency and
dysfunction observed in kidney disease can be simultaneously medi-
ated by HA-induced increased B cell apoptosis and impaired B cell
differentiation and maturation. However, we do not rule out the
impact of other uremic toxins on compromised B cell response. Future
studies should focus on understanding the synergistic and additive
effect of HA with other uremic toxins in anti-microbial immunity. Since
HA is derived from the gut microbial metabolism of polyphenols to
benzoates, the impact of depleting gut microbiota in B cell response in
kidney disease warrants detailed investigation.

A previous study was unable to detect GPRIO9A expression in
resting B cells from healthy donors™. We also observed no baseline
expression of GPR109A in human resting B cells. However, the receptor
expression was upregulated following activation, with maximum
expression documented on in vitro differentiated plasmablasts. In
contrast, mouse resting splenic B cells expressed Niacrl mRNA at a level
comparable to activated B cells. The reason for this discordance and its
functional relevance between human and mouse B cells is presently
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unclear. It is possible that the Niacrl gene is differentially regulated in
human and mouse B cells, a process that is poorly understood. In the
mouse gut, activated GPR109A promotes IgA secretion, indicating that
GPR109A signaling is functionally relevant in B cell response®®. Intrigu-
ingly, we did not observe any impact of global GPR1I09A deletion on GC
response in non-uremic mice. These data suggest that niacin and other

non-HA ligands-mediated activation of GPR109A are dispensable for GC
B cells in mice with normal kidney function.

Additionally, the public domain RNA-seq database (Immgen)
failed to detect Niacrl transcript expression in GC B cells. It is impor-
tant to note that, the InmGen database, which is a cis-regulatory atlas
of the mouse immune cells, characterizes germinal center B cells (GC)
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Fig. 5 | HA drives loss of mitochondrial membrane potential in B cells. A NP-
specific GC B cells from the control and AAN spleen (n = 5) were flow sorted on day
12 post-immunization for RNA-Seq analysis. Relative expression of significantly
differentially expressed genes (g-value < 0.05) related to mitochondrial membrane
potential. At day 12 post-immunization, B mitochondrial membrane potential
[NP=KLH: Ctrl (12), AAI (17)], and C mitoROS production [NP=KLH: Ctrl (12), AAI
(15)] were measured in GC B cells by TMRE and MitoSox Red staining, respectively.
D Schematic diagram of in vitro B cell assay. E WT resting splenic B cells (n=5) +
uremic toxins were stimulated with algM/aCD40/IL-21 and the number of
B220*CD138" plasmablasts was determined by flow cytometry at 96 h. WT B

cells + algM/aCD40/IL-21 + uremic toxins and F proliferation (CFSE dilution) of
plasmablasts was assessed at 48 h (n =3), G apoptosis (n = 6), and H mitochondrial

membrane potential was measured in plasmablasts at 24 h (n=4). I HA con-
centration in the serum of mice was measured by LC-MS/MS [Ctrl (5), AAI (6)]. JWT
splenic B cells + algM/aCD40/IL-21 + HA (35 pg/ml) were assessed for the loss of
mitochondrial membrane potential in plasmablasts at 24 h. Each dot represents
individual mice (B, C, and I) and 5 (E), 3 (F), 6 (G), and 4 (H, J) experiments. Data
pooled from 2-3 experiments (B, C, and I). Data expressed as Mean + SD. Statistical
analyses by One-way ANOVA (E-H) and two-sided t-test (B, C, I, and J).

B ***P<0.0001. C**P=0.0029. E NT vs. GBA ****P < 0.0001, NT vs. IAA **P=0.0011,
NT vs. PC*P=0.0398, NT vs. PCS *P=0.0307, NT vs. HA **P=0.0059, NT vs. Urea
*P=0.0084. G Ctrl vs. HA **P=0.0019. H Ctrl vs. HA **P=0.0032. I **P = 0.0037.
J**P=0.0004. ns: statistically not significant. Source data are provided as a Source
Data file.

in 5-6 weeks old unimmunized C57BL/6 mice, while we examined GC B
cells post NP-KLH/alum immunization®. ImmGen uses bulk RNA-seq
which has assay false negatives i.e., Niacrl may have been missed in GC
B cells due to several technical reasons including inadequate read
depth. Our assay (RT-qPCR for Niacrl mRNA) is more specific and is
targeted to detect the presence of Niacrl transcript.

Although GPR109A is mostly known for its antilipolytic effects in
adipocytes, recent studies suggest that activation of this receptor is
associated with cell death pathways. GPRI09A activation in mature
human neutrophils accelerated apoptosis due to G-inhibitory protein-
coupled receptor [G(i)]-mediated inhibition of adenylyl cyclase activity
leading to mitochondrial dysfunction, as demonstrated by increased
mitochondrial ROS generation®*“’, Similarly, GPR109A in breast cancer
cells diminished cyclic AMP production leading to mitochondrial
dysfunction and increased apoptosis®>. This process also involves
downregulation of Bcl2, Bcl-xL, and cyclin D1, and upregulation of the
death receptor pathways following GPR109A activation in colon can-
cer cells®. Interestingly, transcriptomic analysis of breast cancer cells
showed that GPR109A activation inhibits genes related to cell survival
and anti-apoptotic signaling, identical to our gene sets differentially
regulated in GC B cells of mice with kidney disease.

The majority of the studies linked GPRIO9A to controlling
inflammation in various tissues and organs including the gut, vascular
wall, CNS, and retina®*. Most importantly, GPR109A signaling in colonic
macrophages and dendritic cells is required to induce immunor-
egulatory Treg cells and IL-10-producing T cells®. Accordingly,
NiacrI”~ mice exhibit a reduced number of Treg cells in the colon®. We
also observed increased Treg cells in the spleen of uremic mice during
T-dependent immune response, indicating that HA/GPR109A signaling
may contribute to the homeostasis and function of Treg cells in kidney
disease. This result prompts future studies to define the contribution
of various immune cells’ specific HA/GPRI09A signaling in the gen-
eration and function of T regs in uremic mice.

Our data show a similar impairment in GC formation and influenza-
specific antibody response, which correlated with diminished pulmonary
inflammation and an inability to clear the virus from the lungs of mice
with kidney dysfunction. These results have ramifications for other
respiratory viruses including SARS-CoV-2 infection, a major clinical pro-
blem in patients with kidney disease during the recent pandemic. It is
estimated that SARS-CoV-2-related mortality was about ten times higher
in patients with kidney disease than those with normal kidney function*“.
COVID-19 prevention through successful vaccination is therefore para-
mount in this vulnerable population. Unfortunately, patients with kidney
disease generated poor antibody response following mRNA vaccination
against SARS-CoV-2. Thus, understanding the mechanisms by which
kidney dysfunction impacts B cell response may shed light on how to
generate protective immunity following natural infection or vaccination
against SARS-CoV-2 in patients with kidney disease.

Methods
The research described here complies with all relevant ethical reg-
ulations. All animal experiments were conducted following the

National Institute of Health guidelines under protocols approved by
the University of Pittsburgh Institutional Animal Care and Use Com-
mittee (Protocol number: 23073326) and Stony Brook University
Institutional Animal Care and Use Committee (Protocol number: 2024-
00044). All human participants’ studies were approved by the Uni-
versity of Pittsburgh Institutional Review Board (IRB number:
19050056).

Mice

UMT (C57BL/6) background: B6.129S2-Ilghmtm1Cgn/J; Strain #:002288)
mice was purchased from Jackson Laboratories. NiacrI”~ mice (C57BL/
6) background) was a kind gift from Dr. Thangaraju (Augusta Uni-
versity) and Dr. Offermanns (Max Planck Institute for Heart and Lung
Research), as described before®. Briefly, the targeting vector was
constructed and gene targeting in E14.1 ES cells was performed. Two
independently derived ES cell clones were injected into C57BL/6 blas-
tocysts. Germline transmission was confirmed by PCR and Southern
blot analysis. Heterozygous mice were back-crossed 5 times into the
C57BL/6 strain, and homozygous offspring were obtained by inter-
crossing NiacrI*~ mice. All mice were housed in specific pathogen-free
conditions under the supervision of the Division of Laboratory Animal
Resources, University of Pittsburgh, and the Division of Laboratory
Animal Resources, Stony Brook University. The experimental and
control animals were kept separately in the same room at the animal
facilities of the University of Pittsburgh and Stony Brook University. All
mice were housed under a 12/12 light/dark cycle, 64-79 °F, and 30-70%
humidity. All animals were age (8-10 weeks old)- and sex-matched
(both male and female) and were randomly assigned. For all experi-
ments, mice were euthanized with CO, asphyxiation followed by cer-
vical dislocation.

Immunizations and influenza A virus infection

Eight- to 12-weeks-old WT and Niacrl”~ mice were immunized i.p. with
100 pg of 4-Hydroxy-3-nitrophenylacetyl hapten conjugated to Key-
hole Limpet Hemocyanin (NP-KLH) (Bioresearch Technologies) pre-
cipitated in alum (Thermo Fisher Scientific) and analyzed at day 12
post-immunization. For prime-boost immunization, mice were immu-
nized with NP-KLH in alum followed by a boost with NP-KLH only at day
36 post-immunization. The secondary immune response was mea-
sured 6 days post-boost. Eight- to 12-weeks-old WT mice were immu-
nized i.p. with 2.5% SRBC (LAMPIRE Biological Lab) and analyzed at day
7 post-immunization. Eight- to 12-weeks-old WT mice were infected
with 1000 PFU of mouse-adapted influenza HINI strain A/PR/8/34 via
oropharyngeal aspiration, as described before®,

Mouse model of kidney disease

WT mice were injected i.p. with AAI (7.5 mg/kg b.wt) (Sigma) once. Mice

in the non-nephrotoxic control group were i.p. injected with AAII (7.5 mg/

kg b.wt) (Sigma) and control animals received a similar volume of PBS™.
WT mice were operated on for two-stage 5/6 nephrectomy at

Charles River Laboratories (Wilmington). Kidney function was asses-

sed by measuring serum BUN using a kit (Bioo Scientific Corp.)*. Renal
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fibrosis was evaluated following staining with Masson’s trichrome stain

of kidney sections.

Human participants

The blood samples were obtained after providing written informed
consent as part of a study entitled “Banking of Biological Samples and

Collection of Clinical Data for Connective Tissue Disease” at the Divi-
sion of Rheumatology and Clinical Immunology, U. Pitt. A written
informed consent, which was approved by the University of Pittsburgh
Institutional Review Board (IRB number: 19050056), was in place for
the human studies. No study participants were compensated. All
demographic information is provided in Table S1.
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Fig. 6 | HA causes apoptosis of B cells via GPR109A. A Resting splenic B cells
(n=5-6) + algM/aCD40/IL-21 or LPS were assessed for Niacrl mRNA expression by
RT-qPCR at 24 h. Total splenocytes from WT and Niacrl”~ mice (n = 3) were used as
positive and negative controls, respectively. B NiacrI transcript expression was
assessed by RT-qPCR on NP-KLH immunized and FACS-sorted non-GC
(liveB220*GL7"CD95"), total GC (liveB220*GL7"CD95%) (2 mice pooled together)
and total spleen cells from WT and NiacrI”~ mice (n=6) at day 12 post-
immunization. C Purified total WT B cells from NP-KLH immunized mice (at day 12
post-immunization) were incubated with HA for six hours and assessed for the loss
of mitochondrial membrane potential of GC B cells by TMRE staining (B220*GL7")
cells. B cells + algM/aCD40/IL-21+ (D and E) GSK256073/+ (F) MMF and mito-
chondrial membrane potential and apoptosis of plasmablasts were measured.
Immunized WT mice were i.p. injected with MMF or left untreated (Ctrl) every
alternate day and evaluated for G total GC [Non-immun: Ctrl (4), MMF (4); NP-KLH:
Ctrl (7), MMF (11)], H NP-specific GC [Non-immun: Ctrl (4), MMF (4); NP-KLH: Ctrl
(7), MMF (11)], I serum NP7 and NP27-specific IgCGl titers and affinity maturation
(NP7/NP27-1gGl ratio) [Non-immun: Ctrl (3), MMF (3); NP-KLH: Ctrl (6), MMF (8)]

and J loss of mitochondrial membrane potential of GC B cells [Non-immun: Ctrl (4),
MMF (5); NP-KLH: Ctrl (8), MMF (13)]. K Resting splenic B cells (n = 3) from WT and
NiacrI”~ mice were stimulated with algM/aCD40/IL-21 in the presence or absence
of HA. The B220"CD138" cells were analyzed for the loss of mitochondrial mem-
brane potential by TMRE staining 24 h later. Each dot represents individual mice
(B and G-J) and individual experiments (A, C-F, and K). Data pooled from 2-3
independent experiments (B and G-J) and individual experiments A (5), C, D (8),
E, F (7) and K (3). Data expressed as Mean + SD. Statistical analyses by One-way
ANOVA (A, B, and D-K) and two-sided t-test (C). A Resting vs. WT spleen
**P=0.0015, algM/aCD40/IL-21 vs. WT spleen **P=0.0010, LPS vs WT spleen
*P=0.0523, WT spleen vs. Niacrl”~ spleen ***P< 0.0001. B Non-GC B cells
***P=0.0005, GC B cells **P=0.0004, Total Spleen ***P=0.0002. C **P=0.0004
and ***P=0.0005. D ***P < 0.0001. E ***P< 0.0001. F **P=0.0008.

G ***P<(0.0001. H **P=0.0002. I *P=0.0067 and NP7/NP27: *P=0.0106.

J **P=0.0015. K *P=0.0134. ns: statistically not significant. Source data are pro-
vided as a Source Data file.

Cell preparation and in vitro stimulation

Resting splenic B cells and total B cells were purified (>95% purity) by
negative selection (Miltenyi Biotech). The B cells were either labeled
with CFSE (Invitrogen) or unlabeled and activated with Fab Fragment
Goat a-mouse IgM, u chain specific (10 pg/ml, Jackson Immunor-
esearch), a-mouse CD40 (5 pg/ml, BD Bioscience) and recombinant IL-
21 (50 ng/ml, PeproTech) or LPS (10 pg/ml) in the presence or absence
of various uremic toxins [Hippuric acid (HA): 250 pg/ml and 35 pg/ml,
Sigma; Urea: 2.3 mg/ml, Sigma; Indole-3-acetic acid (IAA): 10 pM,
Sigma; Guanidino acetic acid (GAA): 5 uM, Sigma; Guanidino butyric
acid (GBA): 5uM, Sigma; p-Cresol (PC): 40 pg/ml, Sigma; p-Cresyl
sulfate (PCS): 40 pg/ml, APExBio; p-Cresyl glucuronide (PCG): 18 pM,
Toronto Research Chemicals Inc.; Indoxyl sulfate (IS): 100 pM, Sigmal.
In some experiments, B cells were treated with GSK256073 (Target-
Mol) and MMF (Sigma)*>*°.

The levels of these uremic toxins in AAN mice serum (as measured
by UHPLC MS/MS) are Hippuric acid (HA): 32.7 + 20.4 pg/ml; Indole-3-
acetic acid (IAA): below the limit of detection; Guanidino acetic acid
(GAA): 23.6 +12.4 pg/ml; Guanidino butyric acid (GBA): below the limit
of detection; p-Cresyl sulfate (PCS): 3.7 + 4.1 pg/ml; p-Cresyl glucur-
onide (PCG): 2.4+3.1pug/ml; Indoxyl sulfate (IS): 48.7 +16.3 pg/ml
(Jawale et al., 2021).

Human B cells were purified from the peripheral blood of healthy
donors by negative selection [Miltenyi Biotech (>95% purity)]. B cells
were activated with human o-IgM/IgG (10 pg/mL; Jackson Immunor-
esearch), soluble CD40L (sCD40L) (50 ng/ml, PeproTech), and
recombinant IL-21 (50 ng/ml, PeproTech).

Adoptive transfer of B cells

Resting splenic B cells were purified (>95% purity) by negative selec-
tion (Miltenyi Biotech) and adoptively transferred into muMT mice
(10 million cells/mouse) via tail vein injection.

Enzyme-linked immunospot assay (ELISPOT)

To measure IgG or IgM-secreting plasma cells, multiscreen filter 96
well plates (Millipore) were coated overnight at 4 °C with 100 pl/well of
NP4 or NP7-BSA, as shown before’. The coated plates were blocked
with a complete RPMI1640 medium (Corning). One - 0.5 million sple-
nocytes were added in each well in duplicates and incubated overnight
at 37 °C and 5% CO,. The plates were washed with PBS + 0.1% Tween 20
(Sigma) and anti-mouse IgM-HRP or anti-mouse IgG1-HRP antibody
(Southern Biotech) were added and incubated overnight at 4 °C. The
spots were visualized with AEC substrate (BD Biosciences) for 30 min
at room temperature in the dark and reaction was stopped by rinsing
plates with distilled water. The membranes were airdried and the spots
were counted using the AID Classic ELISPOT reader (AID Autoimmun
Diagnostika, GMBH).

Enzyme-linked immunosorbent assay (ELISA)

Serum ELISA was performed to detect IgG and IgM antibody titers, as
described before™. Briefly, 96 well plates (Nunc) were coated over-
night at 4 °C with unlabeled Ig (Southern Biotech), NP4 or NP7-BSA
(Bioresearch Technologies) or NP27-BSA (Bioresearch Technologies).
The coated plates were blocked with a blocking buffer. Next, 50 pl/well
of standard IgGl or IgM was added in unlabeled Ig-coated wells and
diluted serum samples in NP-coated wells and incubated overnight at
4°C. After washing, 50 pl/well of anti-mouse IgM-HRP or anti-mouse
IgG1-HRP antibody (Southern Biotech) were added and incubated for
2 h at room temperature in the dark. The plates were washed several
times and developed for 5 min with TMB substrate mix (BioLegend).
The reaction was stopped with acid stop solution (BioLegend) and the
plates were read in BioTek Synergy H1 Multimode Reader (Agilent).
Serum glucocorticoids level was measured at day 12 post-
immunization using a commercially available mouse glucocorticoids
ELISA kit (MY BioSource.com).

Hemagglutination inhibition assay (HIA)

Anti-influenza hemagglutinin titer was measured from the serum
of influenza-infected and uninfected control mice, as shown before”.
Briefly, one day before the assay all serum samples were pre-
treated with receptor-destroying enzyme (RDE) from Cholerae Filtrate
(Sigma) at 37 °C overnight and then heat-inactivated at 56 °C for 30 min.
Anti-influenza hemagglutinin antibody (Antibodies-online Inc) was used
as a positive control to inhibit the hemagglutination of 1% Guinea pig red
blood cells GRBC (Cederlane) induced by hemagglutinin (Sino Biologi-
cals Inc). An equal volume of standardized viral antigen (4 HA units) was
added to each well and the mixture was incubated at room temperature
for 30 min. 1% GRBC was added in equal volume to the assay content
and left undisturbed for 1h at room temperature. The plates were
evaluated for the presence of agglutination inhibition. The antibody
titer was expressed as the reciprocal highest serum dilution that showed
complete inhibition of agglutination.

qPCR
The mRNA was isolated from homogenized lung tissues using
an RNeasy kit (Qiagen). Complementary DNA was synthesized from
the mRNA using SuperScript Il reverse transcriptase (Invitrogen)
and subjected to qPCR (Niacrl) and Tagman qPCR (/nfluenza MI), as
previously described®*®®. Primers for Niacrl were obtained from
IDT and Qiagen. Primers for Gapdh and Hprt were obtained from
Qiagen.
Niacrl: 5-GTTACAACTTCAGGTGGCACGAT-3 (forward);
5-CTCCACACTAGTGCTTCGGTTATT-3' (reverse)
Influenza M1: 5-GGACTGCAGCGTAGACGCTT-3 (forward);
5-CATCCTGTTGTATATGAGGCCCAT-3' (reverse);
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In vivo treatment of mice
Mice were i.p. injected with organic anion transporter 1 and 3 inhibitor ~ Tissue histology and scoring

Probenecid (Invitrogen) (150 mg/kg b.wt) or vehicle control once on  Lungs and kidneys were fixed in 10% neutral-buffered formalin and
the day of AAl injection®.

(Sigma) starting 2 days post-immunization and then every alternate
day till day 12 post-immunization®’2,

embedded in paraffin. Tissue sections were stained with H&E and
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Fig. 7 | B cell-specific GPR109A expression induces apoptosis in kidney disease.
A Diagram of the experimental design. WT and NiacrI”~ mice (n = 8-10) were subjected
to AAN followed by NP-KLH in alum immunization. B Total GC B cells
(liveB220*GL7°CD95") [NP-KLH: WT Ctrl (10), AAI (8); NiacrI”~ Ctrl (9), AAI (10)], C NP-
specific GC B cells (liveB220*'NP'GL7'CD95") by flow cytometry [NP-KLH: WT Ctrl (11),
AAI (9); NiacrI™~ Ctrl (11), AAI (10)], and D antibody affinity maturation as assessed by
NP7/NP27-specific serum IgGl ratio was evaluated at day 12 post-immunization [NP-
KLH: WT Ctrl (6), AAI (4); NiacrI™" Ctrl (5), AAI (6)]. E Resting splenic B cells from WT or
NiacrI”~ mice were adoptively transferred into control or AAN uMT mice one day
before AAI injection. Mice were immunized with NP-KLH in alum four days post-AAI-
injection. At day 12 post-immunization, spleens were assessed for F total GC formation
[NP-KLH: WT Ctrl (8), AAI (12); NiacrI”~ Ctrl (10), AAI (10)], G NP-specific GC formation
[NP-KLH: WT Ctrl (4), AAI (5); NiacrI™~ Ctrl (5), AAI (6)], H proliferation [NP-KLH: WT Ctrl
(4), AAI (5); NiacrT”~ Ctrl (5), AAI (6)], I loss of mitochondrial membrane potential [NP-
KLH: WT Ctrl (4), AAI (5); NiacrT™ Ctrl (5), AAI (6)], ] mitochondrial ROS generation by

total GC B cells [NP-KLH: WT Ctrl (4), AAI (5); NiacrI"~ Ctrl (5), AAI (6)], K apoptotic NP-
specific GC B cells by flow cytometry [NP-KLH: WT Ctrl (4), AAI (5); NiacrI™ Ctrl (5), AAI
(6)], and L antibody affinity maturation as assessed by NP7/NP27-specific serum IgGl
ratio [NP-KLH: WT Ctrl (4), AAI (6); NiacrI”~ Ctrl (4), AAI (5)]. Each dot represents
individual mice (B-D and F-L). Data pooled from 2-3 independent experiments
(B-D, and F-L). Data expressed as Mean + SD. Statistical analyses by One-way ANOVA
(B-D, and F-L). B WT Ctrl vs AAI ***P< 0.0001, WT AAI vs NiacrI”~ AAl *P=0.0017.
C WT Ctrl vs AAI **P=0.005, WT AAl vs Niacrl”~ AAl *P=0.04852. D WT Ctrl vs AAI
*P=0.0060. F WT Ctrl vs AAI ***P< 0.0001, WT AAIl vs NiacrI”’- AAl *P=0.0142. G WT
Ctrl vs AAI ***P < 0.0001, WT AAI vs NiacrI”~ AAl *P=0.006. H WT Ctrl vs AAI
*P=0.0093, WT AAI vs NiacrI”~ AAl1 *P=0.0018. I WT Ctrl vs AAI *P=0.0162, WT AAI
vs NiacrI”™ AAl *P=0.0010. J WT Ctrl vs AAl *P=0.0243, WT AAI vs Niacr1”~ AAI
*P=0.0110. K WT Ctrl vs AAI**P=0.0096, WT AAl vs NiacrI” AAl*P=0.0115. L WT Ctrl
vs AAI *P=0.0653, WT AAI vs NiacrI’~ AAl *P=0.0150. ns: statistically not significant.
Source data are provided as a Source Data file.

Masson’s Trichome stain, and histological scores were evaluated, as
described before®®.

Flow cytometry

Spleens were harvested from mice and subjected to mechanical
dissociation to prepare single-cell suspensions, followed by RBC
lysis by ACK lysing buffer (Gibco). The following antibodies and
reagents were used for surface staining of immune cells: a-B220 (BD
Biosciences, Clone: RA3-6B2), a-GL7 (BD Biosciences, Clone: GL7), a-
CD95 (Invitrogen, Clone: 15A7), NP (Bioresearch Technologies), a-
IgGl (BD Biosciences, Clone: A85-1), a-CD138 (BD Biosciences,
Clone: 281-2), a-CD4 (BioLegend, Clone: GK1.5), a-CD44 (Invitrogen,
Clone: IM7), a-CD62L (BD Biosciences, Clone: MEL-14), a-CXCR5
(BioLegend, Clone: L138D7), a-PD-1 (BioLegend, Clone: RMP1-30), a-
CD25 (BD Biosciences, Clone: 7D4), a-CXCR4 (Invitrogen, Clone:
2Bl11), a-CD86 (BioLegend, Clone: GL-1), a-CD8 (BioLegend, Clone:
53-6.7), Ki67 (Invitrogen, Clone: SolA15) and Influenza-specific Tet-
ramer (Influenza A NP 366-374: NIH Tetramer Core Facility). Surface
staining of human B cells was performed with human a-GPR109A
antibody (Invitrogen, Clone: 4NZBRGO). Dead cells were excluded
using the Live/Dead Ghost Dye™ Violet 510 dye (TONBO bios-
ciences). Mitochondrial membrane potential was assessed by Tet-
ramethylrhodamine ethyl esterperchlorate (TMRE) staining
(Thermo Fisher Scientific). Mitochondrial ROS was measured by
MitoSOX™ Red Mitochondrial Superoxide Indicator (Invitrogen).
The percentage of apoptotic B cells was assessed by Annexin-V/PI
staining kit (BD Pharmingen). To detect active Caspase3 expression,
cells were stained with a CaspGLOW Fluroscein active
Caspase3 staining kit (Thermo Fisher Scientific). Cell proliferation
was determined by determining the serial dilution of CFSE dye
(Invitrogen). For in vivo cell cycle analysis, mice were injected i.p.
with bromodeoxyuridine (3 mg/mouse) (BrdU flow kit; BD Bios-
ciences) 6 h before sacrifice. For intracellular staining, LPS (2 pg/ml;
Sigma) restimulated B cells were fixed and permeabilized in perm/
wash buffer (BD Biosciences) for 30 min on ice. Cells were then
stained for 1 h on ice in perm/wash buffer with a-mouse-IL-6 anti-
body (Invitrogen: Clone MP5-20F3). Foxp3 intracellular staining was
performed using a Foxp3 staining kit (eBioscience). Data was
acquired with a FACS Fortessa (BD Biosciences) and analyzed using
FlowJo (Version: V10.10.0: Tree Star).

Immunofluorescence staining

Frozen sections (7 pm thickness) were fixed in acetone and blocked with
1% BSA in PBS. GC formation was evaluated by staining with fluorescent
conjugated a-mouse B220 (BioLegend; Clone RA3-6B2), a-mouse IgD
(BioLegend; Clone 11-26¢.2a) and a-mouse Bcl6 (BD Biosciences; Clone
K112-91) antibodies. Slides were mounted with Vectashield without 4,6’
diamidino-2-phenylindole (Vector Labs) and images were acquired with
EVOS FL Auto microscope (Life Technologies).

Computational analysis of RNA-Seq data

After initial QC and adapter trimming, the sequence data was quanti-
fied using Kallisto, to obtain transcript level abundances using mm10
(UCSC) as a reference. Post quantification differentially expressed
genes and transcripts between the control and uremic mice GC B cells
were identified using Sleuth. We used default sleuth parameters to
perform normalization and filtering. Sleuth estimates size factors using
the median ratio method, which in turn is used for the normalization of
estimated counts. Low abundance transcripts i.e. transcripts with
estimated counts less than 5 are removed from further analysis. Finally,
the design formula only included one-factor group (-group) with two
levels: GC B cells from control and uremic mice. The significant dif-
ferentially expressed transcripts were defined using a q-value
(Benjamini-Hochberg adjusted p-value) threshold of <0.05. Over-
representation analysis was performed using the WebGestalt tool to
identify the enrichment of the genes in specific pathways described in
the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome
databases. The LZ and DZ gene lists were manually curated from
manuscript search and the genes that showed differential expression
in our data were used to generate heatmap.

LC-MS/MS

An ultra-performance liquid chromatography-tandem mass spectro-
metry (UPLC-MS/MS) system consisting of a Waters Acquity I-class UPLC
and Thermo Scientific TSQ Quantis Plus equipped with a heated elec-
trospray ionization source was used. The selected reaction monitoring
transitions used for quantitation were m/z177.9 - 134.0 for hippuric acid
and m/z 182.9 > 139.0 for d5-hippuric acid. To that end, 50 uL of serum
was protein precipitated using 100 uL of acetonitrile containing internal
standard. The sample was briefly vortexed and then centrifuged at
10,000 x g for 5min before the supernatant was transferred and eva-
porated at 40 °C under nitrogen. The samples were reconstituted with
150 uL of 85:15 (water:acetonitrile, v:v), and 20 pL was injected into the
UPLC-MS/MS system. Chromatographic separation of the samples was
accomplished with a Waters Acquity BEH CI8 (2.1x100 mm, 1.7 um)
column with an isocratic elution using 85:15 (A:B, v:v) of 10 mM ammo-
nium formate; pH 4.3 (A) and acetonitrile (B) at a flow rate of 0.3 mL/min.

Statistics and reproducibility

Statistics were conducted using GraphPad Version 7.05.237 software.
The following tests were used as indicated in figure legends to determine
p-values: ANOVA with Tukey post hoc test, Mann-Whitney,
Kruskal-Wallis, and unpaired or paired Student’s t-test through Graph-
Pad Prism 7 program. All data are expressed as Mean + Standard devia-
tion. For all tests, P < 0.05 was considered significant (*0.01<P <0.05,
*0.001<P<0.01, **0.0001<P<0.001, **P<0.0001). At least 2
experimental replicates were performed whenever possible to verify
reproducibility. Replicate number is indicated in the figure legends. The
experimental groups were randomly assigned. Experimental sample size
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Fig. 8 | Diminished B and T cells response in influenza-infected mice in kidney
disease. A Schematic representation of the experimental design. Mice were either
injected with AAI or PBS (Ctrl). Four days post-AAl injection, mice were infected
with 1000 PFU of mouse-adapted influenza HIN1 strain A/PR/8/34 via orophar-
yngeal aspiration (n=7-9) or left sham infected (n=3). At day 12 p.i., spleen of
infected and sham mice was assessed for B GC (liveB220*GL7*CD95") [Sham: Ctrl
(3), AAI (2); Influenza: Ctrl (7), AAI (9)], and C TFh (liveCD4*CD44'CXCR5'PDI") cells
by flow cytometry [Sham: Ctrl (3), AAI (2); Influenza: Ctrl (7), AAI (9)], D serum anti-
PR8HA IgG titer by HAl assay [Sham: Ctrl (1), AAI (1); Influenza: Ctrl (8), AAI (7)], and
E influenza-specific CD8" T cells by tetramer staining [Sham: Ctrl (2), AAI (2);
Influenza: Ctrl (7), AAI (7)]. F Influenza A virus infected and sham lungs were

subjected to H&E staining and peri-vascular, peri-bronchiolar, and parenchymal
inflammation were scored [Sham: Ctrl (1), AAI (1); Influenza: Ctrl (7), AAI (8)]. Scale
bar =50 um. G Viral load in the lung was quantified by assessing Influenza A virus M1
gene expression by Tagman qPCR assay [Influenza: Ctrl (5), AAI (9)]. Data is nor-
malized to the HPRT gene. Each dot represents individual mice and data are pooled
from 2-3 independent experiments (B-G). Data expressed as Mean + SD. Statistical
analyses by One-way ANOVA (B, C, and E), two-sided t-test (F), Mann-Whitney test
(G), and Kruskal-Wallis test (D). B **P=0.0007. C **P=0.0003. D **P=0.0002.
E **P=0.0005. F Peri-vascular *P=0.020521. G **P=0.007. Source data are pro-
vided as a Source Data file.
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and replicates are indicated in the figure legends. Data points were
excluded based on predefined exclusion criteria, only if there were
measurement errors, processing errors, poor sampling, or if they were
outside of 3-sigma limits. Data acquisition and analysis were performed
blind whenever possible.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study has been deposited in the
GEO (accession code GSE237445) and was made available publicly
starting January 1, 2024. The remaining data underlying Figs. 1-8 and
Supplementary Figs. are available in the published article and its online
supplemental material. Source data are provided with this paper.
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