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Introduction: Lymphocytes are known to regulate kidney repair after ischemia-
reperfusion injury (IRl). Splenectomy has been proposed as a preconditioning
protocol for high-risk kidney transplantation and has been suggested to affect IRI
outcomes. However, the role of splenectomy in IRl repair remains poorly
understood. This study investigated the effects of splenectomy on the
immunological microenvironment in a mouse model of kidney IRI.

Methods: C57BL/6 mice underwent severe (45 min) unilateral (left) IRl and were
divided into two groups: IRl surgery alone (IRl group) and IRl surgery with
simultaneous splenectomy (IRI+SPX group). Post-ischemic and contralateral
kidneys were collected on days 10 and 30 after IRI. Kidney function, histology,
lymphocyte population (analyzed by flow cytometry), and cytokine/chemokine
expression were evaluated.

Results: The plasma creatinine levels were higher in the IRI+SPX group on day 10,
while the cystatin C concentrations were not significantly different between the
two groups. The percentage of tubular damage and fibrosis in post-ischemic
kidneys during the repair phase was significantly higher in the IRI4+SPX group than
in the IRl group. While the T cell profiles were comparable between the groups,
the proportions of activated B cells and MHCII+ B cells in the post-ischemic and
contralateral kidneys were higher in the IRI4+SPX group on day 30 after IRIl. The
expressions of IL-17, MCP-1, and TGF-f in post-ischemic kidneys were higher in
the IRI4+SPX group compared with the IRl group.

Discussion: Splenectomy exacerbates tubular damage and fibrosis during the repair
phase of severe IRl and significantly alters the immunological microenvironment of
the kidneys, promoting B cell differentiation. Our study suggests that splenectomy
may worsen outcomes in IRI, and further studies investigating potential reparative
pathways through the kidney—spleen axis are warranted.
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1 Introduction

Ischemia-reperfusion injury (IRI) is characterized by an initial
restriction of blood supply, followed by restoration of perfusion,
leading to oxidative stress, inflammation, and cellular damage (1).
IRI is a major contributor to ischemic acute kidney injury (AKI)
and an inevitable consequence of kidney transplantation that
adversely affects transplant outcomes (2). Impaired recovery from
IRI can result in kidney fibrosis and progression to chronic kidney
disease (CKD). Among the various cellular and molecular pathways
involved in the repair process after kidney IRI, lymphocyte-
mediated immune responses are one of the key pathways (3).
Sustained T cell responses in post-IRI kidneys play an important
role in kidney repair or AKI to CKD transition (4). B cells have also
been identified as the key mediators of kidney repair after IRI (5, 6).
The trafficking of B cells into post-ischemic kidneys significantly
affects both tubular atrophy and regeneration (5).

As lymphocyte-driven processes are increasingly recognized as
therapeutic targets, the contribution of the spleen, an upstream
regulator of systemic immunity, to IRI repair has become an area of
particular interest (7, 8). Previous studies have shown that splenectomy
can exert protective roles in acute phase of kidney IRI by ameliorating
early inflammatory responses (9-13). Clinically, splenectomy was
historically utilized as part of a preconditioning protocol to reduce B
cells in ABO-incompatible kidney transplantations before the adoption
of rituximab-based protocols (6, 7, 14). Splenectomy was also reported
to reduce hyperacute rejection and improve graft survival (15).
However, while the acute and early immunomodulatory effects of
splenectomy have been studied, its impact on the recovery or repair
after IRI remains unexplored.

Moreover, strategies aimed at suppressing inflammation during
the injury processes may inadvertently disrupt the kidney repair
process (3). Given that the spleen mediates cholinergic anti-
inflammatory pathway, which plays a protective role in IRI
through immune cells (16, 17), an intact spleen-kidney axis may
be essential for adequate recovery after IRI. Since the spleen serves
as a major reservoir of lymphocytes and splenectomy can alter
systemic lymphocyte function, changes in kidney lymphocyte
composition following splenectomy during repair phase after IRI
warrant further investigation.

Therefore, investigating the impact of splenectomy on the
repair process after kidney IRI is essential to understand how
spleen-derived immune mechanisms affect kidney healing or
fibrosis. In this study, we aimed to investigate the impact of
splenectomy on the repair phase in a kidney IRI mouse model,
focusing on kidney fibrosis, lymphocyte composition, and cytokine/
chemokine expression in post-ischemic kidneys.

2 Materials and methods

2.1 Animals

C57BL/6 male mice at the age of 7 weeks were procured from
Orient Bio Inc. (Seongnam, Kyoungki-do, Korea). The mice were
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housed under specific pathogen-free conditions at the Animal
Facility of Samsung Medical Center. Mice were randomly
allocated into two groups: IRI and IRI+splenectomy (IRI+SPX).
This study was approved by the Institutional Review Board of
Samsung Medical Center (IACUC no. 20180222002) and the
Samsung Medical Center Animal Care and Use Committee.

2.2 Kidney IRl model

Established kidney IRI models were used as previously described (5,
18). Briefly, the mice were anesthetized with an intraperitoneal injection
of ketamine (100mg/kg; Yuhan, Seoul, Korea) and xylazine (10mg/kg;
Bayer, Leverkusen, Germany). Following a midline abdominal incision,
the left renal pedicle was clamped for 45 minutes using microvascular
clamps. During the procedure, mice were maintained at a constant
body temperature (37°C) with a heating system and kept hydrated with
warm sterile saline. Splenectomy was performed simultaneously while
clamping the left renal pedicle. After the clamps were released, the
wounds were sutured. The mice were provided with free access to food
and water. For endpoint analyses, mice were euthanized on days 10 and
30 post-surgery under deep anesthesia with intraperitoneal ketamine
(100mg/kg) and xylazine (10mg/kg) for organ collection. Mice were
carefully exsanguinated prior to organ collection to remove circulating
immune cells. Both post-ischemic and contralateral kidneys were
collected for further analysis.

2.3 Assessment of kidney function

Blood samples were collected from the tail vein on days 0, 1, 3,
7, 10, 21, and 30 after surgery. The plasma creatinine (Cr) (Arbor
Assays, Ann Arbor, MI, USA) and cystatin C (R&D Systems,
Minneapolis, MN, USA) levels were measured.

2.4 Kidney histological analysis

Tissue sections were fixed with 10% formalin and subsequently
stained with hematoxylin and eosin (H&E) or Masson’s trichrome.
A renal pathologist, blinded to the experimental groups, performed
quantitative histopathological analysis. Tubular damage was
assessed on H&E-stained sections as the percentage of injured
tubules relative to total tubules. Fibrosis was quantified on
Masson’s trichrome-stained sections as the percentage of fibrotic
area. A minimum of ten non-overlapping high-power fields per
section were evaluated for both cortex and outer medulla separately.
Data are presented as mean percentages across all analyzed fields.

2.5 CD45 immunohistochemistry of kidney
tissues

To conduct immunohistochemistry (IHC) staining for CD45,
tissue sections were first deparaffinized and rehydrated before being
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transferred to a citrate buffer solution (pH 6.0). The slides were
placed in a pressure cooker and subjected to microwave heating for
10 min. They were then immersed in hydrogen peroxide solution
(DAKO, Carpinteria, CA, USA) for 30 min and incubated overnight
at 4 °C with a serum-free protein block (DAKO). The slides were
then incubated for 1 h at room temperature with a 1:100 dilution of
anti-mouse CD45 monoclonal antibody (BD Biosciences, San Jose,
CA, USA). The staining process was completed by applying 3,3’-
diaminobenzidine tetrahydrochloride and counterstaining with
Mayer’s hematoxylin solution. Whole slide images were scanned
and analyzed to quantify the percentage of CD45-positive cells
relative to the total number of nucleated cells. Images were
quantified using the positive cell detection tool in QuPath
software (version 0.5.0) (Supplementary Figure S1) (19).

2.6 Flow cytometry analysis of kidney
mononuclear cells

Kidney mononuclear cells (KMNCs) were isolated according to
a previously established Percoll density gradient technique (20).
Briefly, decapsulated kidneys were suspended in RPMI buffer
(Mediatech, Manassas, VA) containing 5% fetal bovine serum and
mechanically disrupted using a Stomacher 80 Biomaster (Seward,
Worthing, West Sussex, UK). The resulting cell suspension was
passed through 70-pm cell strainers (BD Biosciences), washed, and
resuspended in 36% Percoll (Amersham Pharmacia Biotech,
Piscataway, NJ). The cell suspension was then carefully layered
over 72% Percoll. The samples were centrifuged at 1,000 x g for
30 min at room temperature, and KMNCs were collected from the
interface between the 36% and 72% Percoll layers. The number of
viable KMNCs was determined using an automated cell counter
(Life Technologies, Carlsbad, CA, USA).

The isolated KMNCs were resuspended in fluorescence-
activated cell sorting (FACS) buffer and pre-incubated with anti-
CD16/32 antibodies (BD Biosciences) for 10 min to minimize
nonspecific antibody binding. KMNCs were then incubated with
anti-mouse APC anti-CD3 (17A2), APC TCR (H57-597), PerCp
anti-CD4 (GK 1.5), FITC ani-CD8 (16-10A1), PerCp anti-CD19
(1D3), BV510 anti-CD21 (7G6), APC-Cy7 anti-CD69 (H1.2F3), PE
anti-CD25 (3C7), PE-Cy7 anti-CD27(LG.3A10), PE anti-CD126
(D7715A7), APC anti-CD138 (281-2), BV421 anti-FoxP3 (MF23),
and FITC MHC II (25-9-17) (all from BD Biosciences) for 25
minutes at 4°C, followed by washing with FACS buffer. Stained
KMNCs were analyzed using a FACSVerse flow cytometer (BD
Biosciences) and Flow]Jo software (version 10.10.0; BD Biosciences).

2.7 Multiplex cytokine/chemokine assay

Cytokines and chemokines were measured in kidney protein
extracts using a multiplexed, particle-based, flow cytometric assay
with a Milliplex MAP Mouse Cytokine/Chemokine Kit (Luminex,
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Austin, TX, USA) and Mouse Magnetic Luminex Assay Kit (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions. Interleukin (IL)-6, IL-10, IL-17, interferon-gamma
(INF)-y, monocyte chemoattractant protein (MCP)-1, TNF-q,
regulated on activation, normal T cell expressed and secreted
(RANTES, as known as chemokine C-C motif ligand 5, CCL5),
and vascular endothelial growth factor (VEGF) were analyzed on
day 10 post-IRL Intrarenal expression of tumor growth factor
(TGF)-P was measured on day 30 post-IRI using a quantikine kit
(R&D Systems). To normalize the cytokine and chemokine
concentrations, raw protein concentrations were measured using
the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA).

2.8 Statistical analysis

The results are expressed as the mean + standard deviation
(SD). Differences between groups were analyzed at each time point
using the Mann-Whitney U test. All statistical analyses were
performed using GraphPad Prism 10 software (San Diego, CA,
USA). Statistical significance was determined as p-value < 0.05 in a
two-tailed test.

3 Results

3.1 Changes in kidney function following
unilateral IRI

The plasma Cr levels were higher at day 10 in the IRI+SPX
group than in the IRI group (IRI: 0.53 + 0.02 vs. IRI+SPX: 0.69 *
0.04 mg/dL, P < 0.001), returning to comparable levels from 3 weeks
after IRI. The cystatin C concentrations were not significantly
different between the IRI and IRI+SPX groups during the first
week following IRT (Figure 1).

3.2 Splenectomy exacerbated tubular
damage and fibrosis during post-IRI repair

To study how splenectomy affects tubular atrophy and fibrosis,
kidney sections stained with H&E and Masson’s trichrome were
studied at 10 and 30 days after IRI. H&E staining of the post-
ischemic kidneys in both groups revealed significant tubular
damage, inflammatory cell infiltration, and tubular atrophy after
IRI (Figure 2). Ten days after IRI, the IRI+SPX group exhibited
comparable degrees of tubular damage and fibrosis in the cortex
and outer medulla to the IRI group. However, 30 days after IR, the
percentage of damaged tubules in the cortex and outer medulla was
significantly higher in the IRI+SPX group than in the IRI group.
Additionally, the degree of fibrosis in the outer medulla was higher
in the IRI+SPX group than that in the IRI group (Figure 3).
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FIGURE 1

Serial follow-ups of kidney function after IRI. Plasma creatinine levels were measured using an enzymatic assay, and cystatin C levels were measured
by ELISA. Samples were collected on days 3, 10, and 30 after surgery. Data are presented as mean + SD (n=5 per group per time point). Statistical
analysis was performed using the Mann-Whitney U test. P < 0.05 was considered statistically significant. IRI, ischemia-reperfusion injury; SPX,

splenectomy.

3.3 Splenectomy increased chronic
leukocyte infiltration in post-IRI kidneys
during repair

To investigate the effect of splenectomy on chronic infiltration
of leukocytes, the amount of total leukocytes expressing CD45 from
the kidney sections was quantified using an automated imaging
analysis system in post-ischemic kidneys (Supplementary Figure
S1). The percentage of leukocytes relative to the total number of
nucleated cells increased after IRI in both groups. After 30 days
post-IRI, the percentage of intrarenal leukocytes was higher in the
IRI+SPX group compared with the IRI group (IRI: 4.18 + 0.51 vs.
IRI+SPX: 8.12 + 0.66%, P < 0.001) (Figure 4).

Cortex

Outer medulla

FIGURE 2

H&E staining of post-ischemic kidneys in the IRl and IRI+SPX groups. Histological analysis of tubular injury in post-ischemic kidneys using H&E
staining. Representative images and quantitative analysis of tubular damage and atrophy in the cortex and outer medulla are shown. Quantification
was based on blinded scoring of 10 randomly selected high-power fields per kidney. Post-ischemic kidneys were collected on days 10 and 30 post-
IRI. Data are presented as mean + SD (n=5 per group). Statistical comparisons were made using the Mann-Whitney U test. P < 0.05 was considered
statistically significant. IRI, ischemia-reperfusion injury; SPX, splenectomy. * P < 0.05.
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3.4 Splenectomy shifted kidney B cells
toward activated and memory phenotypes
during post-IRI repair

We analyzed kidney mononuclear cells in post-IRI kidneys to
study the effect of splenectomy on kidney lymphocytes. The gating
strategies for kidney lymphocytes are provided in Supplementary
Figure S2. The proportions of B cell subtypes in the post-ischemic
and contralateral kidneys were analyzed 10 and 30 days after IRI
(Figure 5, Table 1, Supplementary Table S1). In the post-ischemic
kidneys, the proportion of total B cells expressing CD19 among
KMNCs gradually decreased over time in both groups (day 10 and
30; IRT, 17.88 + 5.84 and 6.53 + 1.03%, P < 0.001; IRI+SPX, 16.24 +
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test. P < 0.05 was considered statistically significant. * P < 0.05.

Fibrosis in the outer medulla of post-ischemic kidneys in the IRl and IRI+SPX groups. Assessment of fibrosis in post-ischemic kidneys using Masson's
trichrome staining. Fibrotic area (%) was quantified by image analysis of 10 randomly selected fields per kidney in the outer medulla. Kidneys were
collected on days 10 and 30 after IRI. Data are shown as mean + SD (n=5 per group). Statistical significance was determined by Mann-Whitney U

7.20, and 4.21 + 1.68%, P < 0.001). On day 30 after IRI, the
proportion of total B cells was lower in the IRI+SPX group than
in the IRI group (P = 0.032) (Figure 5A). The proportion of mature
B cells expressing CD21 among the total B cells was lower in the IRI
+SPX group on both days 10 and 30 than in the IRI group (day 10,
IRI: 94.04 + 0.41 vs. IRI+SPX: 90.12 + 1.20, P = 0.008/day 30, IRI:
92.10 + 0.78 vs. IRI+SPX: 84.78 + 0.56, P = 0.008) (Figure 5B). The
proportions of activated B cells expressing CD69, MHCII+ B cells,

and memory B cells expressing CD27 among total B cells were
higher in the IRI+SPX group compared with the IRI group on day
30 after IRI (activated B cells, IRI: 9.66 + 2.78 vs. IRI+SPX: 19.30 +
5.76%, P = 0.008/MHCII+ B cells, IRL: 6.97 £ 2.76 vs. IRI+SPX:
13.58 + 3.26%, P = 0.008/memory B cells, IRI: 8.64 + 0.86 vs. IRI
+SPX: 15.86 + 1.81%, P = 0.008) (Figures 5C-E). The proportion of
plasma cells expressing CD138 and CD126 among total B cells was
comparable between the IRI and IRI+SPX groups (Figure 5F).

IRl group

FIGURE 4

IRI+SPX group

Intrarenal trafficking of leukocytes in post-ischemic kidneys in the IRl and IRI+SPX groups. Intrarenal trafficking of total leukocytes (CD45+ cells) in
post-ischemic kidneys. Immunohistochemistry for CD45 was performed, and positive cells were quantified as a percentage of total nucleated cells
using automated image analysis. Kidneys were analyzed on days 10 and 30 post-IRI. Data represent mean + SD (n=5 per group). Statistical analysis
was conducted using the Mann-Whitney U test. P < 0.05 was considered statistically significant. * P < 0.05.
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Analysis of B cell subtypes in post-ischemic kidneys on days 10 and 30 post-IRI in the IRl and IRI4+SPX groups. Flow cytometric analysis of B cell
subsets in post-ischemic kidneys. Single-cell suspensions were prepared from kidneys, and immune cell populations were analyzed by flow
cytometry. B cell subsets included (A) total B cells (CD19+), (B) mature B cells (CD21+), (C) activated B cells (CD69+), (D) MHCII+ B cells, (E)
memory B cells (CD27+), and (F) plasma cells (CD138+, CD126+). Both percentages and absolute counts of B subsets were analyzed. While
compositional differences were reflected in percentages, absolute cell counts provided complementary quantitative data for each subset.
Measurements were taken on days 10 and 30 after IRI. Data are expressed as mean + SD (n=5 per group). Statistical significance was assessed by
Mann-Whitney U test. P < 0.05 was considered statistically significant. * P < 0.05.

In the contralateral kidneys (Figure 6, Table 1), the proportion
of total B cells among KMNCs in the IRI+SPX group was lower than
that in the IRI group at all time points. The proportion of mature B
cells among total B cells was lower in the IRI+SPX compared with
the IRI group on day 30 after IRI (IRI: 94.18 + 1.01 vs. IRI+SPX:
88.94 £ 2.74%, P = 0.008) (Figure 6B). The proportions of activated
B cells and MHCII+ B cells among total B cells were higher in the
IRI+SPX group compared with the IRI group on day 30 after IRI
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(activated B cells, IRI: 1.65 + 0.52 vs. IRI+SPX: 3.46 + 0.49%, P
= 0.008/MHCII+ B cells, IRI: 9.47 + 2.37 vs. IRI+SPX: 18.16 +
1.61%, P = 0.008) (Figures 6C, D). The proportion of memory B
cells was comparable between the two groups (Figure 6E). The
proportion of plasma cells among total B cells was lower in the IRI
+SPX group (day 10, IRI: 0.62 + 0.24 vs. IRI+SPX: 0.27 + 0.14%,
P = 0.032/day 30, IRL: 0.45 + 0.15 vs. IRI+SPX: 0.21 + 0.10%,
P =0.032) (Figure 6F).

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1684731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lee et al.

TABLE 1 B cell populations in post-ischemic and contralateral kidneys.

% of cells in
post-ischemic
kidneys

Day 10 after IRI

IRI+SPX

p-value

10.3389/fimmu.2025.1684731

Day 30 after IRI
IRI4+SPX

Total B cells 17.88 + 5.84 16.24 £ 7.20 0.643 6.53 + 1.03 421 +£1.68 0.032
Activated B cells 451 £1.29 6.07 + 1.67 0.151 9.66 + 2.78 19.30 £ 5.76 0.008
MHCII+ B cells 9.70 + 3.43 12.69 + 5.08 0.548 6.97 £2.76 13.58 + 3.26 0.008
Mature B cells 94.04 £ 091 90.12 + 2.69 0.008 92.10 + 1.74 84.78 + 1.25 0.008
Memory B cells 7.61 £0.83 7.88 £ 1.89 0.841 8.64 + 0.86 15.86 + 1.81 0.008
Plasma cells 3.40 £ 1.53 412 £0.73 0.548 4.14 £ 0.50 6.16 + 4.19 0.690

% of cells
in contralateral

Day 10 after IRI

Day 30 after IRI

kidneys IRI4+-SPX p-value IRI+-SPX

Total B cells 32.92 + 3.09 22.56 + 4.42 0.008 29.96 + 6.66 1538 £ 2.18 0.008
Activated B cells 224 +£1.12 2.55 £ 0.85 0.841 1.65 + 0.52 3.46 £ 0.49 0.008
MHCII+ B cells 7.43 £1.28 11.72 £ 3.76 0.095 9.47 £ 2.37 18.16 + 1.61 0.008
Mature B cells 91.74 + 1.88 88.38 + 4.54 0.278 94.18 £ 1.01 88.94 +2.74 0.008
Memory B cells 7.05 + 1.49 7.35 + 0.86 0.841 9.06 + 1.95 9.83 £ 1.77 0.524
Plasma cells 0.62 + 0.24 0.27 £ 0.14 0.032 0.45 £ 0.15 0.21 £0.10 0.032

Values represent the mean + SEM of percentages of gated cells; n = 5/group. KMNCs, kidney mononuclear cells (KMNCs) expressing CD45 of lymphocyte gating on the FSC vs. SSC plot; total B
cells expressing CD19 among total KMNCs; activated B cells expressing both CD69 and CD21 among total B cells; MHC II+ B cells expressing MHC II among total B cells; mature B cells
expressing CD21 among total B cells; memory B cells expressing CD27 among total B cells; and plasma cells expressing both CD138 and CD126 among total B cells.

IR, ischemia-reperfusion injury; SPX, splenectomy.

3.5 Splenectomy did not significantly alter
T cell phenotypes in post-IRI kidneys
during repair

The proportions of T cell subtypes in the post-ischemic and
contralateral kidneys were also analyzed 10 and 30 days after IRI
(Table 2, Supplementary Figure S4, Supplementary Table S2). In
post-ischemic kidneys, the proportion of total T cells among
KMNCs increased over time (day 10 and 30; IRI, 53.50 + 5.90
and 81.02 £ 1.76%, P < 0.001; IRI+SPX, 52.62 + 12.7 and 83.62 +
4.36%, P < 0.001) (Figure 5A). The proportions of CD4+ and CD8+
T cells among the total T cells were comparable between the two
groups (Supplementary Figure S4). The proportion of regulatory T
cells (Tregs) increased over time and was comparable between the
two groups (day 10, IRI: 0.29 + 0.20 vs. IRI+SPX: 0.35 + 0.22,
P = 0.523/day 30, IRL: 0.42 + 0.14 vs. IRI+SPX: 0.60 + 0.30, P
= 0.222) (Supplementary Figure S4).

In the contralateral kidneys (Table 2), the proportion of total T
cells among KMNCs was higher in the IRI+SPX group than in the
IRI group on day 10 after surgery (IRI: 35.70. + 2.95 vs. IRI+SPX:
42.76 + 3.92%, P = 0.023) (Figure 6A). The proportions of CD4
and CD8 T cells, as well as Tregs, were comparable between the
groups (Supplementary Figure S4).

Further analyses of CD4+ T cell subsets revealed no significant
differences in activated or effector memory phenotypes between the
IRT and IRI+SPX groups, while effector memory CD8+ T cells
increased in the post-ischemic kidneys of the IRI+SPX group on day
30 (Supplementary Table S3).
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3.6 Splenectomy altered kidney cytokine
production during post-IRI repair

We measured cytokine and chemokine expression during repair
after IRI to study how splenectomy affects inflammatory and
fibrotic milieu. The expression levels of cytokines and chemokines
in the post-ischemic and contralateral kidneys are shown in
Figure 7. The expression of IL-17, MCP-1, and TGF-f was higher
in the IRI+SPX group compared with the IRI group (IL-17, IRI: 2.05
+ 042 vs. IRI+SPX: 2.86 + 0.42 pg/mg, P = 0.024/MCP-1, IRI:
170.77 + 33.65 vs. IRI+SPX: 226.71 + 38.43 pg/mg, P = 0.040/TGF-
B, IRL: 1122 + 124.1 vs. IRI+SPX: 1436 + 134.7 pg/mg, P = 0.016).
The levels of other cytokines were comparable between groups.

The expression of IFN-y was lower in the IRI+SPX group
compared with the IRI group in contralateral kidneys (IRI: 12.89
+ 2.60 vs. IRI+SPX: 7.18 + 0.92 pg/mg, P = 0.032).

4 Discussion

This study demonstrates that splenectomy impairs tubular
regeneration and exacerbates interstitial fibrosis in post-ischemic
kidneys during the IRI repair phase. Although the proportion of T-
cell subtypes was comparable between the two groups, splenectomy
promoted intrarenal B-cell differentiation. Furthermore, the
expression of inflammatory and pro-fibrotic cytokines, including
IL-17, MCP-1, and TGF-B, were upregulated by splenectomy in
post-ischemic kidneys. These findings suggest that the spleen may
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Analysis of B cell subtypes in contralateral kidneys on days 10 and 30 post-IRI in the IRl and IRI+SPX groups. Flow cytometric analysis of B cell
subsets in contralateral kidneys. Immune cell profiling was performed as described for post-ischemic kidneys. Both percentages and absolute counts
of B subsets were analyzed. Samples were collected on days 10 and 30 post-IRI. Data are presented as mean + SD (n=5 per group). Differences
between groups were analyzed using the Mann-Whitney U test. P < 0.05 was considered statistically significant. * P < 0.05.

contribute to kidney repair not only by regulating systemic immune
responses but also by modulating kidney B cell responses in the
post-IRI kidneys. The enhanced activation and differentiation of B
cells following splenectomy may promote a pro-fibrotic
microenvironment through the secretion of proinflammatory and
profibrotic cytokines/chemokines. Thus, the disruption of the
spleen-kidney axis appears to shift the immunologic milieu
toward a maladaptive and fibrotic response in IRL

Given the limited understanding of the role of splenectomy in
repair after IRI, we focused on renal histological and immunological

Frontiers in Immunology

changes beyond 10 days post-IRI with splenectomy. Pronounced
leukocyte trafficking, severe tubular atrophy, and interstitial fibrosis
were observed in the splenectomy group, suggesting that splenectomy
is likely to increase kidney leukocyte expansion and promote
inflammation during the recovery phase of IRI. Several studies
have investigated the role of splenectomy in the early phase of
kidney IRI. Splenectomy appears to have a contrasting protective
role during the early phase of AKI. In a rat IRI model, splenectomy
reduced BUN and serum Cr levels as well as histological damage 24 h
after reperfusion (9). Additionally, splenectomy reduced
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TABLE 2 T cell populations in post-ischemic and contralateral kidneys.

% of cells in
post-ischemic
kidneys

Day 10 after IRI

IRI+SPX

Total T cells ‘ 53.50 + 5.90 ‘ 52.62 + 12.7 ‘
CD8 T cells ‘ 27.28 £ 1.76 ‘ 21.46 + 4.56 ‘
CD4 T cells ‘ 65.14 + 3.64 ‘ 67.86 + 9.54 ‘
Treg cells 0.29 +0.20 0.35 +0.22

% of cells Day 10 after

in contralateral

10.3389/fimmu.2025.1684731

Day 30 after IRI

IRI+SPX
0.999 81.02 + 1.76 83.62 + 4.36 ‘ 0.421
0.063 17.82 + 4.28 22.92 £ 3.89 ‘ 0.056
0.548 76.46 + 4.08 71.02 + 3.76 ‘ 0.056
0.523 0.42 +0.14 0.60 + 0.30 0.222

Day 30 after IRI

kidneys IRI+SPX IRI+SPX p-value
Total T cells 35.70 + 2.95 42.76 + 3.92 0.023 48.46 + 7.67 57.76 + 3.92 0.063
CD8 T cells 3243 +0.98 30.33 + 3.21 0.629 34,06 + 1.86 33.22 + 1.63 0.548
CD4 T cells 61.75 + 0.70 66.07 + 3.66 0.143 61.28 + 122 61.50 + 1.32 0.841
Treg cells 021 + 0.07 023 + 0.07 0714 032 % 0.09 037 £ 0.23 0.897

Values represent the mean + SEM of percentages of gated cells; n = 5/group. KMNCs: kidney mononuclear cells (KMNCs) expressing CD45 of lymphocyte gating on the FSC vs. SSC plot; total T
cells expressing CD3 among total KMNCs; CD8 T cells expressing CD8 among total T cells; CD4 T cells expressing CD4 among total T cells; regulatory T (Treg) cells expressing both FoxP3 and

CD25 among total T cells.
IRI, ischemia-reperfusion injury; SPX, splenectomy.

macrophage/monocyte infiltration and the levels of TNF-ot and IL-6
at 24 hours after reperfusion (11). Taken together, splenectomy is
likely to have a dual nature in renal IRI, providing an anti-
inflammatory effect in the early phase but contributing to a pro-
fibrotic effect in the later repair phase. This underscores the risk that
strategies targeting early inflammatory processes may inadvertently
impair renal tubular regeneration (2). Although splenectomy was
performed simultaneously with IRI in the present study, varying the
timing of the splenectomy (before or after IRI) might have led to
different outcomes. Further studies investigating splenectomy at
different time points are warranted.

An earlier study demonstrated that mature B cells infiltrate post-
IRI kidneys until four weeks after IRI (5). This late B cell infiltration
into post-IRI kidneys was thought to be involved in kidney fibrosis
and the AKI-to-CKD transition (5, 21). We found that the
differentiation of B cells into MHC II+ and memory B cells was
higher in the IRI+SPX group than in the IRI group, which could
explain the pronounced fibrosis following IRI with splenectomy.
Future mechanistic studies using B cell-deficient mice or B cell
depleting techniques in splenectomy models are warranted to
further elucidate the role of B cells in modulating the spleen-kidney
axis following IRI. Moreover, germinal center B cells expressing
MHC II and memory B cells expressing CD27 are typically found
in the spleen (22). It could be speculated that IRI in the setting of
splenectomy might have induced the formation of lymphoid tissues
in the injured kidneys, promoting the differentiation of B cells.
Tertiary lymphoid tissue (TLTs) is an ectopic lymphoid structure
that develops under chronic inflammatory conditions (23-25). TLTs,
ectopic lymphoid tissues composed of mostly T and B cells and
stromal cells, have been found in both human and mouse kidney
allograft tissues and are associated with a higher risk of graft
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dysfunction (26, 27). Increased proportions of MHC II+ B cells
and memory B cells in the IRI+SPX group may have contributed to
the formation of lymphoid tissues and sustained inflammation
during the repair phase of IRI. However, this needs to be
confirmed in future studies that specifically examine TLTs in post-
ischemic kidneys. Interestingly, activated B cell phenotypes increased
not only in post-ischemic kidneys but also in contralateral kidneys.
This finding suggests that IRI triggers systemic immune activation,
likely through circulating damage-associated molecular patterns and
cytokines, and that splenectomy further perturbs B cell homeostasis,
leading to their redistribution and activation in uninvolved kidneys.
Furthermore, in addition to canonical B cells, future study including
in-depth B cell markers, such as extrafollicular B cells, is warranted to
further understand the role of B cells in IRI.

Splenectomy led to the upregulation of IL-17, MCP-1, and
TGF-PB in post-ischemic kidneys, suggesting a potential link
between promoted B cell differentiation and increased fibrosis.
Kidney lymphocyte-derived IL-17 contributes to kidney fibrosis
and AKI-to-CKD transition after IRT (28-30). This cytokine also
promotes the expression of CXCL12, which facilitates the
recruitment of B cells and development of B cell follicles (31-33).
MCP-1, a proinflammatory chemokine, is secreted by various
immune and non-immune cells. Among these, B cells appear to
be the major source of renal MCP-1 (34). MCP-1 plays a role in B
cell-mediated monocyte and macrophage infiltration, and blocking
MCP-1 can reduce macrophage infiltration and renal injury (35).
TGF-B promotes fibrosis and tubulointerstitial damage by
upregulating pro-fibrotic genes and activating pathways that
reduce cell proliferation and enhance apoptosis in AKI (36, 37).
Notably, IFN-y levels were lower in the contralateral kidneys of the
IRI+SPX group compared with the IRI group. This finding may
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FIGURE 7

Expression levels of cytokines and chemokines in post-ischemic and contralateral kidneys in the IRl and IRI+SPX groups. Expression levels of cytokines and
chemokines in post-ischemic and contralateral kidneys. IL-17, MCP-1, and TGF-3 were significantly higher in the post-ischemic kidneys from the IRI+SPX
group. Data are shown as mean + SD (n=5 per group). Statistical analysis was performed using the Mann-Whitney U test. P < 0.05 was considered
statistically significant. IL, interleukin; INF, interferon; MCP, monocyte chemoattractant protein; RANTES, regulated on activation, normal T cell expressed and
secreted; TGF, transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor. * P < 0.05.

reflect the loss of the spleen as a major reservoir of IFN-y-producing
NK and T cells, resulting in diminished systemic IFN-y availability
for remote organs. This finding highlights that splenectomy alters
systemic immune mediator distribution beyond the primary injury
site. However, the precise mechanism was not addressed in this
study and warrants further investigation.

There are several other plausible mechanisms that may explain
the deleterious effects of splenectomy on IRI repair. Considering
that the spleen mediates kidney protection through the cholinergic
anti-inflammatory pathway (16, 17), the loss of the intact
cholinergic anti-inflammatory pathway in splenectomized mice
may have contributed to increased kidney fibrosis and
inflammation. Splenic IL-10 production downregulates
proinflammatory responses to IRI (38). Unlike conventional B
cells that play pro-fibrotic roles, IL-10-producing B cells, typically
classified as regulatory B cells, suppress chronic inflammation (5).
Since no differences in the regulatory T cell subset based on the
splenectomy status were observed, the absence of splenic IL-10 and
regulatory B cells may have contributed to the persistent
inflammation and subsequent kidney fibrosis observed in the
splenectomy group. However, these findings will need to be
verified in future studies using regulatory B cell-specific markers.

Frontiers in Immunology

The potential regulatory and repair roles of the spleen in IRI
warrant further investigation.

Our study has some limitations. First, although we focused on B
and T cell subtypes, other types of intrarenal immune cells, such as
macrophages, dendritic cells, neutrophils, and innate lymphoid cells,
could also play important roles in IRI repair (3). The pathogenic role of
B cells appears to involve orchestrating the recruitment of innate
immune cells, as demonstrated by their capacity to attract neutrophils
and monocytes through CCL2 and CCL7 production, ultimately
promoting tubular atrophy and fibrosis (35, 39). Future studies
incorporating detailed phenotypic and functional analyses of these
myeloid populations, alongside their interactions with B cells, will be
essential to construct a complete mechanistic framework of post-
splenectomy IRI progression. Second, the histological identification
of TLTs is lacking. Organized lymphocyte aggregates, defined as TLT's
(40, 41), were not specifically characterized in this study. The
identification of KMNCs with periodic acid-Schiff (PAS) staining
and assessment of the lymphocyte infiltrates using
immunofluorescence markers, such as CD3e, CD20, Ki67, and
CD21, have been used in previous studies (23, 40). Third, plasma
creatinine and cystatin C levels were used to estimate kidney function.
However, plasma creatinine and cystatin C levels are not sensitive
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measures for assessing renal function in a unilateral IRT model because
of compensation from the functional contralateral kidney (42). Further
studies using more sensitive measures, such as transcutaneous GFR
(43, 44), multispectral optoacoustic tomography (45), or biomarkers
such as NGAL and KIMI, are required to assess renal function or
injury more precisely. Additionally, since the assessment of fibrosis in
our study was limited to histologic findings, future studies using gene
expression analysis, including aSMA, collagen 1V, and TGFB1, are
warranted to validate and strengthen these findings. Although we also
analyzed the contralateral uninjured kidneys as controls, normal or
sham control groups would have provided a clearer baseline for
interpreting immunological changes following splenectomy and IRI.
While our study demonstrates associations between splenectomy, B cell
alterations, and worsened IRI outcomes, we acknowledge that causal
mechanistic relationships remain to be established. Specifically, we
cannot determine whether the observed cytokine alterations originate
from expanded B cells or are induced by B cell-mediated activation of
other cells. Our findings provide a foundation for future mechanistic
studies employing B cell-specific interventions to definitively determine
whether enhanced B cell responses directly drive the exacerbated injury
observed in post-splenectomy IRI

Despite these limitations, our study provides important insights
into the impact of splenectomy on the repair phase of kidney IRI,
highlighting the impact of splenectomy on B cell differentiation and
its potential contribution to immune modulation in post-ischemic
kidneys. Splenectomy is commonly used as a therapeutic strategy
for benign hematological diseases, such as immune
thrombocytopenia, hemolytic anemia, and Evans syndrome (46,
47). And the risk of kidney injury following splenectomy does exist
(48). The findings from the present study suggest that close
monitoring and nephroprotective care for patients who undergo
splenectomy may be necessary to reduce the risk of AKI-to-
CKD transition.

In conclusion, our study demonstrated that splenectomy
facilitates the differentiation and activation of kidney B cells,
ultimately impairing the healing process during the repair phase
of kidney IRI. Contrary to the beneficial effects of splenectomy
observed in the acute phase of AKI, splenectomy can impair the
repair process in ischemic AKI, potentially leading to an incomplete
recovery or progression to CKD. Exploring the reparative pathways
of the spleen-kidney axis is a promising area for future research.

Data availability statement
The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by The Institutional Review
Board of Samsung Medical Center (IACUC no. 20180222002) and
the Samsung Medical Center Animal Care and Use Committee. The

Frontiers in Immunology

11

10.3389/fimmu.2025.1684731

study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

KL: Formal Analysis, Investigation, Writing — original draft,
Writing - review & editing. HJ: Formal Analysis, Investigation,
Writing — original draft, Writing — review & editing. KSL: Formal
Analysis, Investigation, Writing - review & editing. JJ: Formal
Analysis, Investigation, Writing - review & editing. JEL:
Investigation, Supervision, Writing - review & editing. GK:
Formal Analysis, Investigation, Writing - review & editing. WH:
Investigation, Supervision, Writing - review & editing. HRJ:
Conceptualization, Formal Analysis, Investigation, Writing -
original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. KHL was supported by
the National Research Foundation of Korea (NRF) grant funded by
the Korea government (MSIT) (RS-2025-00519288) and Samsung
Medical Center Grant (SMO1230251). JJ was supported by the
Bio&Medical Technology Development Program of the NRF
funded by the MSIT (RS-2023-00222838) HR]J was supported by
grants from the NRF (RS-2025-00554916) and the Korean Health
Technology Research and Development Project (RS-2024-
00340973) through the Korean Health Industry Development
Institute, funded by the Ministry of Health and Welfare, Republic
of Korea.

Acknowledgments

The authors thank Wu Hyun Lee, Ji Woo Kim, and Kyungyi
Choi of the Samsung Biomedical Research Institute for
their assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1684731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lee et al.

accuracy, including review by the authors wherever possible. If you
identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product

References

1. Eltzschig HK, Eckle T. Ischemia and reperfusion—from mechanism to translation.
Nat Med. (2011) 17:1391-401. doi: 10.1038/nm.2507

2. Zhang M, Liu Q, Meng H, Duan H, Liu X, Wu J, et al. Ischemia-reperfusion
injury: molecular mechanisms and therapeutic targets. Signal Transduct Target Ther.
(2024) 9:12. doi: 10.1038/s41392-023-01688-x

3. Lee K, Jang HR, Rabb H. Lymphocytes and innate immune cells in acute kidney
injury and repair. Nat Rev Nephrol. (2024) 20:789-805. doi: 10.1038/s41581-024-
00875-5

4. Ascon M, Ascon DB, Liu M, Cheadle C, Sarkar C, Racusen L, et al. Renal
ischemia-reperfusion leads to long term infiltration of activated and effector-memory T
lymphocytes. Kidney Int. (2009) 75:526-35. doi: 10.1038/ki.2008.602

5. Jang HR, Gandolfo MT, Ko GJ, Satpute SR, Racusen L, Rabb H. B cells limit repair
after ischemic acute kidney injury. ] Am Soc Nephrol. (2010) 21:654-65. doi: 10.1681/
ASN.2009020182

6. Zarkhin V, Kambham N, Li L, Kwok S, Hsieh SC, Salvatierra O, et al.
Characterization of intra-graft B cells during renal allograft rejection. Kidney Int.
(2008) 74:664-73. doi: 10.1038/ki.2008.249

7. Milicevic NM, Luettig B, Trautwein C, Wustefeld T, Mahler M, Jecker P, et al.
Splenectomy of rats selectively reduces lymphocyte function-associated antigen 1 and
intercellular adhesion molecule 1 expression on B-cell subsets in blood and lymph
nodes. Blood. (2001) 98:3035-41. doi: 10.1182/blood.V98.10.3035

8. Cameron PU, Jones P, Gorniak M, Dunster K, Paul E, Lewin S, et al. Splenectomy
associated changes in IgM memory B cells in an adult spleen registry cohort. PloS One.
(2011) 6:¢23164. doi: 10.1371/journal.pone.0023164

9. Hiroyoshi T, Tsuchida M, Uchiyama K, Fujikawa K, Komatsu T, Kanaoka Y, et al.
Splenectomy protects the kidneys against ischemic reperfusion injury in the rat. Transpl
Immunol. (2012) 27:8-11. doi: 10.1016/j.trim.2012.03.005

10. Kara M, Tellioglu G, Sehirli O, Yildar M, Krand O, Berber I, et al. Evaluation of
gadolinium pre-treatment with or without splenectomy in the setting of renal ischemia
reperfusion injury in rats. Ren Fail. (2009) 31:956-63. doi: 10.3109/
08860220903216162

11. Nagata Y, Fujimoto M, Nakamura K, Isoyama N, Matsumura M, Fujikawa K,
et al. Anti-TNF-alpha agent infliximab and splenectomy are protective against renal
ischemia-reperfusion injury. Transplantation. (2016) 100:1675-82. doi: 10.1097/
TP.0000000000001222

12. Wystrychowski W, Filipczyk L, Cierpka L, Obuchowicz E, Wiecek A, Wystrychowski
A. Splenectomy attenuates the course of kidney ischemia-reperfusion injury in rats.
Transplant Proc. (2014) 46:2558-61. doi: 10.1016/j.transproceed.2014.09.056

13. Jiang H, Meng F, Li W, Tong L, Qiao H, Sun X. Splenectomy ameliorates acute
multiple organ damage induced by liver warm ischemia reperfusion in rats. Surgery.
(2007) 141:32-40. doi: 10.1016/j.5urg.2006.03.024

14. Sawada T, Fuchinoue S, Kawase T, Kubota K, Teraoka S. Preconditioning
regimen consisting of anti-CD20 monoclonal antibody infusions, splenectomy and
DFPP-enabled non-responders to undergo ABO-incompatible kidney transplantation.
Clin Transplant. (2004) 18:254-60. doi: 10.1111/j.1399-0012.2004.00151.x

15. Uchida J, Kuwabara N, Machida Y, Iwai T, Naganuma T, Kumada N, et al.

Excellent outcomes of ABO-incompatible kidney transplantation: a single-center
experience. Transplant Proc. (2012) 44:204-9. doi: 10.1016/j.transproceed.2011.11.006

16. Gigliotti JC, Huang L, Ye H, Bajwa A, Chattrabhuti K, Lee S, et al. Ultrasound
prevents renal ischemia-reperfusion injury by stimulating the splenic cholinergic anti-
inflammatory pathway. ] Am Soc Nephrol. (2013) 24:1451-60. doi: 10.1681/
ASN.2013010084

17. Inoue T, Abe C, Sung SS, Moscalu S, Jankowski ], Huang L, et al. Vagus nerve
stimulation mediates protection from kidney ischemia-reperfusion injury through
alpha7nAChR+ splenocytes. J Clin Invest. (2016) 126:1939-52. doi: 10.1172/JCI83658

18. Jang HR, Park JH, Kwon GY, Park JB, Lee JE, Kim DJ, et al. Aging has small
effects on initial ischemic acute kidney injury development despite changing intrarenal

Frontiers in Immunology

12

10.3389/fimmu.2025.1684731

that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1684731/full#supplementary-material

immunologic micromilieu in mice. Am ] Physiol Renal Physiol. (2016) 310:F272-83.
doi: 10.1152/ajprenal.00217.2015

19. Bankhead P, Loughrey MB, Fernandez JA, Dombrowski Y, McArt DG, Dunne
PD, et al. QuPath: Open source software for digital pathology image analysis. Sci Rep.
(2017) 7:16878. doi: 10.1038/s41598-017-17204-5

20. Ascon DB, Lopez-Briones S, Liu M, Ascon M, Savransky V, Colvin RB, et al.
Phenotypic and functional characterization of kidney-infiltrating lymphocytes in renal
ischemia reperfusion injury. J Immunol. (2006) 177:3380-7. doi: 10.4049/
jimmunol.177.5.3380

21. Cippa PE, LiuJ, Sun B, Kumar S, Naesens M, McMahon AP. A late B lymphocyte
action in dysfunctional tissue repair following kidney injury and transplantation. Nat
Commun. (2019) 10:1157. doi: 10.1038/s41467-019-09092-2

22. Rastogi I, Jeon D, Moseman JE, Muralidhar A, Potluri HK, McNeel DG. Role of
B cells as antigen presenting cells. Front Immunol. (2022) 13:954936. doi: 10.3389/
fimmu.2022.954936

23. Yoshikawa T, Oguchi A, Toriu N, Sato Y, Kobayashi T, Ogawa O, et al. Tertiary
lymphoid tissues are microenvironments with intensive interactions between immune
cells and proinflammatory parenchymal cells in aged kidneys. ] Am Soc Nephrol. (2023)
34:1687-708. doi: 10.1681/ASN.0000000000000202

24. Sato Y, Silina K, van den Broek M, Hirahara K, Yanagita M. The roles of tertiary
lymphoid structures in chronic diseases. Nat Rev Nephrol. (2023) 19:525-37.
doi: 10.1038/s41581-023-00706-z

25. Sato Y, Yanagita M. Immunology of the ageing kidney. Nat Rev Nephrol. (2019)
15:625-40. doi: 10.1038/s41581-019-0185-9

26. Tse GH, Johnston CJ, Kluth D, Gray M, Gray D, Hughes J, et al. Intrarenal B cell
cytokines promote transplant fibrosis and tubular atrophy. Am J Transplant. (2015)
15:3067-80. doi: 10.1111/ajt.13393

27. Lee YH, Sato Y, Saito M, Fukuma S, Saito M, Yamamoto S, et al. Advanced
tertiary lymphoid tissues in protocol biopsies are associated with progressive graft
dysfunction in kidney transplant recipients. ] Am Soc Nephrol. (2022) 33:186-200.
doi: 10.1681/ASN.2021050715

28. Mehrotra P, Collett JA, McKinney SD, Stevens ], Ivancic CM, Basile DP. IL-17
mediates neutrophil infiltration and renal fibrosis following recovery from ischemia
reperfusion: compensatory role of natural killer cells in athymic rats. Am J Physiol
Renal Physiol. (2017) 312:F385-F97. doi: 10.1152/ajprenal.00462.2016

29. Mehrotra P, Sturek M, Neyra JA, Basile DP. Calcium channel Orail promotes
lymphocyte IL-17 expression and progressive kidney injury. J Clin Invest. (2019)
129:4951-61. doi: 10.1172/JCI126108

30. Lee K, Gharaie S, Kurzhagen JT, Newman-Rivera AM, Arend L], Noel S, et al.
Double-negative T cells have a reparative role after experimental severe ischemic acute
kidney injury. Am ] Physiol Renal Physiol. (2024) 326:F942-F56. doi: 10.1152/
ajprenal.00376.2023

31. Hsu HC, Yang P, Wang J, Wu Q, Myers R, Chen J, et al. Interleukin 17-producing
T helper cells and interleukin 17 orchestrate autoreactive germinal center development in
autoimmune BXD2 mice. Nat Immunol. (2008) 9:166-75. doi: 10.1038/ni1552

32. Khader SA, Guglani L, Rangel-Moreno J, Gopal R, Junecko BA, Fountain JJ, et al. IL-23
is required for long-term control of Mycobacterium tuberculosis and B cell follicle formation
in the infected lung. J Immunol. (2011) 187:5402-7. doi: 10.4049/jimmunol.1101377

33. Fleige H, Ravens S, Moschovakis GL, Bolter ], Willenzon S, Sutter G, et al. IL-17-
induced CXCL12 recruits B cells and induces follicle formation in BALT in the absence
of differentiated FDCs. J Exp Med. (2014) 211:643-51. doi: 10.1084/jem.20131737

34. Egido J. Chemokines, chemokine receptors and renal disease. Kidney Int. (1999)
56:347-8. doi: 10.1046/j.1523-1755.1999.00551.x

35. Han H, Zhu J, Wang Y, Zhu Z, Chen Y, Lu L, et al. Renal recruitment of B
lymphocytes exacerbates tubulointerstitial fibrosis by promoting monocyte
mobilization and infiltration after unilateral ureteral obstruction. J Pathol. (2017)
241:80-90. doi: 10.1002/path.4831

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1684731/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1684731/full#supplementary-material
https://doi.org/10.1038/nm.2507
https://doi.org/10.1038/s41392-023-01688-x
https://doi.org/10.1038/s41581-024-00875-5
https://doi.org/10.1038/s41581-024-00875-5
https://doi.org/10.1038/ki.2008.602
https://doi.org/10.1681/ASN.2009020182
https://doi.org/10.1681/ASN.2009020182
https://doi.org/10.1038/ki.2008.249
https://doi.org/10.1182/blood.V98.10.3035
https://doi.org/10.1371/journal.pone.0023164
https://doi.org/10.1016/j.trim.2012.03.005
https://doi.org/10.3109/08860220903216162
https://doi.org/10.3109/08860220903216162
https://doi.org/10.1097/TP.0000000000001222
https://doi.org/10.1097/TP.0000000000001222
https://doi.org/10.1016/j.transproceed.2014.09.056
https://doi.org/10.1016/j.surg.2006.03.024
https://doi.org/10.1111/j.1399-0012.2004.00151.x
https://doi.org/10.1016/j.transproceed.2011.11.006
https://doi.org/10.1681/ASN.2013010084
https://doi.org/10.1681/ASN.2013010084
https://doi.org/10.1172/JCI83658
https://doi.org/10.1152/ajprenal.00217.2015
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.4049/jimmunol.177.5.3380
https://doi.org/10.4049/jimmunol.177.5.3380
https://doi.org/10.1038/s41467-019-09092-2
https://doi.org/10.3389/fimmu.2022.954936
https://doi.org/10.3389/fimmu.2022.954936
https://doi.org/10.1681/ASN.0000000000000202
https://doi.org/10.1038/s41581-023-00706-z
https://doi.org/10.1038/s41581-019-0185-9
https://doi.org/10.1111/ajt.13393
https://doi.org/10.1681/ASN.2021050715
https://doi.org/10.1152/ajprenal.00462.2016
https://doi.org/10.1172/JCI126108
https://doi.org/10.1152/ajprenal.00376.2023
https://doi.org/10.1152/ajprenal.00376.2023
https://doi.org/10.1038/ni1552
https://doi.org/10.4049/jimmunol.1101377
https://doi.org/10.1084/jem.20131737
https://doi.org/10.1046/j.1523-1755.1999.00551.x
https://doi.org/10.1002/path.4831
https://doi.org/10.3389/fimmu.2025.1684731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lee et al.

36. Chung S, Overstreet JM, Li Y, Wang Y, Niu A, Wang S, et al. TGF-beta promotes
fibrosis after severe acute kidney injury by enhancing renal macrophage infiltration. JCI
Insight. (2018) 3(21):¢123563. doi: 10.1172/jci.insight.123563

37. Kilari S, Yang B, Sharma A, McCall DL, Misra S. Increased transforming growth
factor beta (TGF-beta) and pSMAD3 signaling in a Murine Model for Contrast
Induced Kidney Injury. Sci Rep. (2018) 8:6630. doi: 10.1038/s41598-018-24340-z

38. Andres-Hernando A, Altmann C, Ahuja N, Lanaspa MA, Nemenoff R, He Z,
et al. Splenectomy exacerbates lung injury after ischemic acute kidney injury in mice.
Am ] Physiol Renal Physiol. (2011) 301:F907-16. doi: 10.1152/ajprenal.00107.2011

39. Inaba A, Tuong ZK, Riding AM, Mathews R]J, Martin JL, Saeb-Parsy K, et al. B
lymphocyte-derived CCL7 augments neutrophil and monocyte recruitment, exacerbating
acute kidney injury. J Immunol. (2020) 205:1376-84. doi: 10.4049/jimmunol.2000454

40. Sato Y, Boor P, Fukuma S, Klinkhammer BM, Haga H, Ogawa O, et al.
Developmental stages of tertiary lymphoid tissue reflect local injury and
inflammation in mouse and human kidneys. Kidney Int. (2020) 98:448-63.
doi: 10.1016/j.kint.2020.02.023

41. Sato Y, Tamura M, Yanagita M. Tertiary lymphoid tissues: a regional hub for
kidney inflammation. Nephrol Dial Transplant. (2023) 38:26-33. doi: 10.1093/ndt/
gfab212

42. Teixido-Trujillo S, Luis-Lima S, Lopez-Martinez M, Navarro-Diaz M, Diaz-
Martin L, Escasany-Martinez E, et al. Measured GFR in murine animal models: review
on methods, techniques, and procedures. Pflugers Arch. (2023) 475:1241-50.
doi: 10.1007/s00424-023-02841-9

Frontiers in Immunology

13

10.3389/fimmu.2025.1684731

43. Wada T, Yokoyama H, Furuichi K, Kobayashi KI, Harada K, Naruto M, et al.
Intervention of crescentic glomerulonephritis by antibodies to monocyte chemotactic
and activating factor (MCAF/MCP-1). FASEB J. (1996) 10:1418-25. doi: 10.1096/
faseb;j.10.12.8903512

44. Gharaie S, Lee K, Newman-Rivera AM, Xu J, Patel SK, Gooya M, et al.
Microbiome modulation after severe acute kidney injury accelerates functional
recovery and decreases kidney fibrosis. Kidney Int. (2023) 104:470-91. doi: 10.1016/
j-kint.2023.03.024

45. Harwood R, Bridge J, Ressel L, Scarfe L, Sharkey ], Czanner G, et al. Murine
models of renal ischemia reperfusion injury: An opportunity for refinement using
noninvasive monitoring methods. Physiol Rep. (2022) 10:e15211. doi: 10.14814/
phy2.15211

46. Ahmed R, Devasia AJ, Viswabandya A, Lakshmi KM, Abraham A, Karl S, et al.
Long-term outcome following splenectomy for chronic and persistent immune
thrombocytopenia (ITP) in adults and children: Splenectomy in ITP. Ann Hematol.
(2016) 95:1429-34. doi: 10.1007/s00277-016-2738-3

47. Lambert MP, Gernsheimer TB. Clinical updates in adult immune
thrombocytopenia. Blood. (2017) 129:2829-35. doi: 10.1182/blood-2017-03-754119

48. Bagrodia N, Button AM, Spanheimer PM, Belding-Schmitt ME, Rosenstein LJ,
Mezhir JJ. Morbidity and mortality following elective splenectomy for benign and
Malignant hematologic conditions: analysis of the American College of Surgeons
National Surgical Quality Improvement Program data. JAMA Surg. (2014) 149:1022—
9. doi: 10.1001/jamasurg.2014.285

frontiersin.org


https://doi.org/10.1172/jci.insight.123563
https://doi.org/10.1038/s41598-018-24340-z
https://doi.org/10.1152/ajprenal.00107.2011
https://doi.org/10.4049/jimmunol.2000454
https://doi.org/10.1016/j.kint.2020.02.023
https://doi.org/10.1093/ndt/gfab212
https://doi.org/10.1093/ndt/gfab212
https://doi.org/10.1007/s00424-023-02841-9
https://doi.org/10.1096/fasebj.10.12.8903512
https://doi.org/10.1096/fasebj.10.12.8903512
https://doi.org/10.1016/j.kint.2023.03.024
https://doi.org/10.1016/j.kint.2023.03.024
https://doi.org/10.14814/phy2.15211
https://doi.org/10.14814/phy2.15211
https://doi.org/10.1007/s00277-016-2738-3
https://doi.org/10.1182/blood-2017-03-754119
https://doi.org/10.1001/jamasurg.2014.285
https://doi.org/10.3389/fimmu.2025.1684731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Splenectomy modulates intrarenal B cell differentiation and impairs repair of post-ischemic kidney
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Kidney IRI model
	2.3 Assessment of kidney function
	2.4 Kidney histological analysis
	2.5 CD45 immunohistochemistry of kidney tissues
	2.6 Flow cytometry analysis of kidney mononuclear cells
	2.7 Multiplex cytokine/chemokine assay
	2.8 Statistical analysis

	3 Results
	3.1 Changes in kidney function following unilateral IRI
	3.2 Splenectomy exacerbated tubular damage and fibrosis during post-IRI repair
	3.3 Splenectomy increased chronic leukocyte infiltration in post-IRI kidneys during repair
	3.4 Splenectomy shifted kidney B cells toward activated and memory phenotypes during post-IRI repair
	3.5 Splenectomy did not significantly alter T cell phenotypes in post-IRI kidneys during repair
	3.6 Splenectomy altered kidney cytokine production during post-IRI repair

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


