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Follicular regulatory T cells restrain kidney
allograft rejection in mice by suppressing
alloreactive B cells
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Pathogenic antibodies produced by alloreactive B cells mediate antibody-
mediated rejection after kidney transplantation, but the mechanisms remain
poorly understood. Follicular regulatory T (Tfr) cells modulate follicular helper
T cell-mediated B cell responses, but the functions of Tfr in controlling allor-
eactive antibody are unknown. Here we study the developmental signals and
functions of Tfr cells in mouse allogeneic kidney transplantation models, and
show that costimulatory blockade alters the development of Tfr cells dis-
proportionately by decreasing germinal center (GC)-like Tfr cells but
increasing follicular-like Tfr cells. Functionally, global Tfr cell deletion results
in accelerated graft rejection and increases in donor-specific B cells in both
draining lymph nodes and kidney allografts. Mechanistically, Tfr cell deletion
increases GC B cell expression of pro-inflammatory cytokines such as IL-15,
while neutralization of IL-15 compensates for the loss of Tfr cells and prolongs
the survival of mice receiving kidney transplants. Together our preclinical
mouse data demonstrate how Tfr restrains kidney allograft rejection by lim-
iting alloreactive B cell responses.

Solid organ transplantation is a crucial therapeutic intervention for
patients with end-stage organ failure, not only improving survival but
also substantially increasing recipient quality of life"*. Despite progress
in the treatment of acute rejection with the development of broad
immunosuppression, antibody-mediated rejection (ABMR) still repre-
sents the main cause of late graft failure with few, if any, successful
treatments available**. ABMR is also a barrier to clinical xeno-
transplantation, a potential source of donor organs*°. ABMR is facili-
tated by the formation of donor-specific antibodies (DSA), which

target allografts leading to endothelial injury and intimal arteritis, and
ultimately graft loss’. Importantly, incidences of ABMR also include
some degree of T cell mediated rejection (TCMR). Current therapeutic
approaches for treating ABMR have focused on eliminating DSAs, but
these methods have only minor clinical benefit and predispose reci-
pients to opportunistic infections®. The development of new ther-
apeutic strategies to treat ABMR is hindered by a limited
understanding of the mechanisms controlling DSA formation and their
roles in mediating ABMR. Part of this paucity of information is the lack
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of studies in the context of allogeneic kidney transplantation, a setting
in which ABMR is particularly relevant.

The majority of antibodies produced by B cells occur within
lymphoid organs through a T cell-dependent process in which folli-
cular helper T (Tfh) cells stimulate germinal center (GC) B cells to
undergo clonal expansion, class switch recombination (CSR) and
somatic hypermutation (SHM), thereby enhancing the pathogenic
potential of antibodies’ ™. Follicular regulatory T (Tfr) cells provide a
counterbalance to Tfh help by setting activation thresholds on GC B
cells”™. Tfr cells are a specialized effector subset of regulatory T
(Treg) cell that expresses the transcription factor FoxP3 yet have
transcriptional and phenotypic overlap with Tfh cells'®. Newer data
suggest that Tfr cells can exist in different phenotypic states, including
a follicular phenotype marked by expression of CD25 as well as a GC-
like phenotype in which CD25 is downregulated”. Tfr cells limit ser-
ological antibody responses specific for both autoreactive and foreign
antigens, however their effect on autoreactive antibodies is more
robust™. Recently, it was shown that Tfr cells can promote clonal
diversity and affinity maturation of antibodies, suggesting that Tfr cells
fine-tune activation thresholds on GC B cells instead of simply dam-
pening antibody output'®. Functionally, Tfr cells control develop-
mental signals and cytokine production in Tfh cells, including IL-21 and
IL-13'%2°% In the context of solid organ transplantation, Tfh cells have
recently been shown to be key mediators of pathogenic B cell
responses, DSA and ABMR?>%, However, the roles of Tfr cells in the
context of solid organ transplantation are less clear. Standard immu-
nosuppression reduces Tfr cells, and the frequency of Tfr cells inver-
sely correlates with ABMR in some clinical settings®®, however, an in-
depth assessment of Tfr differentiation and function in controlling
kidney transplant rejection has not been performed.

In this study, we investigate the developmental signals and func-
tions of Tfr cells in the context of allogeneic kidney transplantation.
Our results show that selective deletion of Tfr cells increased allor-
eactive B cell clones, DSA and ABMR-like disease. We also observe that
Tfr cells limit the production of the pleiotropic cytokine IL-15 in GC B
cells, and neutralization of IL-15 partially rescues the loss of Tfr cells.
Together, these findings indicate that Tfr cells are critical in protecting
kidney allografts from rejection. They suggest that targeted modula-
tion of Tfr cells may offer a novel strategy to improve long-term
transplant outcomes.

Results

Costimulatory blockade alters Tfr cell development after kidney
transplantation

To study the development of Tfr cells during kidney transplantation, we
used a previously described allogeneic kidney transplant model**?. We
transplanted kidneys from allogeneic (Balb/c) or syngeneic (C57BL/6)
mice into FoxP3 reporter (Foxp3™°?) mice on a C57BL/6 background.
The spleen, draining lymph nodes (dLNs), graft, and blood were col-
lected on days 10 and 20 post-transplantation (Fig. 1a). Allogeneic reci-
pients exhibited a progressive ABMR-like disease, characterized by
elevated serum IgG DSA levels and histological evidence of tubulitis and
glomerulitis in the kidney grafts (Fig. 1b, ¢ and Supplementary Fig. 1a).
However, TCMR was also present. Although the frequency of total CD4"
T cells remained unchanged in dLN, there was a notable increase in Tfth
(defined as CD4"CD19'CXCR5'FoxP3) starting at day 10, as well as an
increase in Tfr (CD4'CD19'CXCR5FoxP3") cells, but not until day 20 day
after transplantation (Fig. 1d and Supplementary Fig. 1b). CD4'FoxP3*
cells in contrast did not change in frequency after allogeneic trans-
plantation (Fig. le). Similarly to the dLN, splenic Tfr cell frequencies
increased starting at day 20 after transplantation, whereas Tfh cells
increased starting at day 10 (Supplementary Fig. 1c, d). Consistent with
increases in Tfh and DSA, we found increases in the frequency of
CD19'GL7'FAS' germinal center (GC) B cells in both the dLN and spleen
after allogeneic kidney transplantation compared to syngeneic controls

(Fig. 1f and Supplementary Fig. 1e). These findings indicate that Tfr cells
differentiate after allogeneic kidney transplantation but with delayed
kinetics compared to Tfh and GC B cells.

We next sought to determine the role of costimulation on Tfr cell
development. CTLA4lg, a T-cell costimulation blocker, is used in a
subset of kidney transplant patients to prevent rejection, offering less
toxicity than calcineurin inhibitors in some settings with similar graft
survival rates®**°, The impact of CTLA4lg on Tfr development in the
context of kidney transplantation remains unclear. To assess the role
of systemic costimulatory blockade on Tfr differentiation, we admi-
nistered CTLA4Ig two days after transplantation and assessed rejec-
tion (Fig. 1g). We observed similar levels of mononuclear cell
infiltration with and without CTLA4Ig treatment (Fig. 1h). However, in
the CTLA4lg-treated group, mononuclear cells were predominantly
localized to the renal interstitium and around arteries. In contrast,
without treatment, the infiltrates were more diffusely distributed
across glomeruli, tubules, and peritubular capillaries. Both groups
showed high levels of TCMR-like pathological features, including
interstitial inflammation and tubulitis (Supplementary Fig. 2a, b).
CTLA4Ilg treatment slightly reduced TCMR-like pathology but sig-
nificantly decreased ABMR-associated pathological features, such as
peritubular capillaritis and glomerulitis, and C4d deposition in grafts
(Fig. 1h). CTLA4Ig treatment also reduced serological IgG DSA pro-
duction starting on postoperative day 7 which continued until day 20
(Fig. 1i). CTLA4lg treatment also resulted in a marked reduction in the
frequencies of dLN GC B cells (Fig. 1j and Supplementary Fig. 2c).
Although CTLA4Ig had a limited effect on the frequency of CD4" T cell
infiltration and effector T cell responses (Supplementary Fig. 2d-f), it
had a significant inhibitory effect on total CXCRS5" follicular T cells as
well as Tfh cells in LN and peripheral blood, potentially by inducing
apoptosis and anergy (Fig. 1k and Supplementary Fig. 3a-c). Further-
more, CTLA4Ig reduced the number of Tfr cells in the dLN and kidney
allografts without altering the expression of the transcription factor
FoxP3 (Supplementary Fig. 3d-f). ICOS expression was substantially
lower on Tfr cells from CTLA4Ig-treated, compared to control, reci-
pients (Supplementary Fig. 3g). Together these data demonstrate that
while costimulatory blockade dampens Tfh and GC B cell differentia-
tion, it also restrains Tfr cells.

Follicular to GC-like differentiation of Tfr cells is abrogated by

costimulatory blockade

To characterize the developmental dynamics of Tfr cells and under-
stand which specific stages are sensitive to costimulatory blockade, we
performed single-cell RNA sequencing (scRNAseq) on sorted
CD4°CD19'CXCR5'FoxP3* Tfr and CD4°CD19'CXCR5FoxP3" Treg cells
from the dLN of allogeneic kidney transplant recipients, with or with-
out CTLA4Ig treatment (Fig. 2a). Utilizing uniform manifold approx-
imation and projection (UMAP) for dimensionality reduction, we
identified 9 unique clusters from all cells (Fig. 2b and Supplementary
Fig. 4a). Treg cells predominantly occupied cluster O and portions of
cluster 2. In contrast, Tfr cells occupied all other clusters as well as
portions of cluster 2 (Fig. 2c and Supplementary Fig. 4b). All clusters
expressed Foxp3 and Tfr-containing clusters exhibited substantial
expression of Cxcr5 which is highly expressed in Tfr cells (Fig. 2d and
Supplementary Fig. 4c). Next we assessed whether individual clusters
of Tfr cells were reflective of distinct activation states. Cluster O and 6
which contained CXCR5 Tregs but also some Tfr cells, had high
expression of /2ra/CD25 and the naive T cell homing receptor
Sell/CD62L (Fig. 2d, e and Supplementary Fig. 4c-e). We referred to
these clusters as naive-like clusters. Both Sell and /l2ra were also
expressed in clusters 4 and 5, but these clusters also contained higher
expression of the inducible costimulatory molecule /cos and to a lesser
extent higher levels of Cxcr5 compared to naive-like cluster 0. There-
fore, we referred to clusters 4 and 5 as “follicular-like” clusters. Inter-
estingly, Prdmli/Blimp-1 was enriched in Icos-expressing clusters,
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Fig. 1| Costimulatory blockade dampens Tfr cell differentiation after allo-
geneic kidney transplantation. a Schematic of kidney transplantation. Balb/c
(allogeneic) or C57BL/6 (syngeneic) underwent kidney transplantation into FoxP3
reporter mice. Recipients were harvested 20 days post-transplantation to assess
immune response and graft rejection. b The levels of DSA IgG in the serum were
measured by flow cytometry and presented as MFI (n =4 for the Syn and POD20
group, n =5 for the POD10 group). POD: post-operative day. MFI: mean fluores-
cence intensity. ¢ Representative histological images of kidney grafts at post-
operative day 20. Magnification: 200x, scale bars: 50 pm. d. Gating strategy (left)
and quantification (right) of follicular CXCRS" T, Tfh (gated as
CD4'CD19°'CXCR5FoxP3), and Tfr (gated as CD4'CD19 CXCR5'FoxP3") cells in the
spleen and dLN. n =4 for the Syn and POD20 group, n =5 for the POD10 group.

e Frequency of CD4'FoxP3" Treg cells in total CD4+ T cells in the spleen and dLN
(n=4 for the Syn and POD20 group, n =5 for the POD10 group). f Gating strategy
(left) was used to identify and quantify (right) CD19°GL7°FAS* germinal center (GC)
B cells from dLNs. n =4 for the Syn and POD20 group, n =5 for the POD10 group.

g Schematic of CTLA4Ig treatment after kidney transplantation. h Representative
histological images of transplanted kidneys from CTLA4Ig treated mice are shown,
stained with hematoxylin and eosin (HE) (Magnification: 200x, scale bars: 50 pm)
and ABMR marker C4d (Magnification: 100x%, scale bars: 100 pm). i IgG DSA levels at
indicated time points from the experiment as in (g). n = 4 mice per group. Student’s
two-tailed unpaired T-test was used to compare two groups. Bonferroni correction
was used to control for multiple comparisons. j Gating strategy (left) and frequency
(right) of GC B cells from dLNs with (n =4) or without CTLA4Ig treatment (n=>5).
k Gating strategy (left) and quantification (right) of follicular CXCR5" T, Tfh (gated
as CD4"CD19'CXCR5'FoxP3), and Tfr (gated as CD4"'CD19'CXCR5FoxP3") cells
from dLNs (n=5 for the No treatment and n =4 for the CTLA4Ig group). Data is
from one experiment and is representative of two independent experiments. Error
bars show mean + SEM. Student’s two-tailed unpaired T test (j, k), One-way ANOVA
with Tukey’s multiple-comparison test (b, d-f). Source data are provided as a
Source Data file. Portions created in BioRender. Zhang, H. (2025) https://BioRender.
com/b29q775.
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particularly cluster 5. Pdcd1/PD-1 was enriched in clusters 1, 3, 7 and 8
which was also largely enriched in Bcl6, an important transcription
factor for the development and maintenance of Tfh and Tfr cells.
Moreover, we found /[2ra/CD25 was lowest in Pdcd1'Bcl6 clusters and
highest in Pdcd1 PrdmI" Tfr clusters. Since CD25 has been reported to
be downregulated in Tfr cells that reside in GCs”, we have termed
clusters 1, 2, 3, 7 and 8, “GC-like” Tfr clusters. Monocle pseudotime
analysis indicated a directional progression from naive-like cluster O
towards Tfr clusters with Bcl6 expressing clusters 1,2,3 having higher

Log, fold change Gene Expression I
2

total = 5833 variables

pseudotime values compared to PrdmI-expressing clusters, except for
cluster 7 (Fig. 2f and Supplementary Fig. 4f). In vitro experiments in
which we sorted and cultured PD-1" or PD-1" Tfr cells with Tfh and B
cells showed that both subsets contained the ability to suppress Tfh-
mediated B cell activation, with the PD-1" subset showing a slightly
higher inhibitory capacity (Supplementary Fig. 5a). These data indicate
that Tfr cells exist in distinct cellular states with unique programming,.

Next, we compared how costimulatory blockade altered Tfr cel-
lular states of the cells that were still present after CTLA4Ig treatment.
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Fig. 2| The follicular to GC-like developmental transition in Tfr cells is sensitive
to costimulatory blockade. a Diagram of single-cell RNA sequencing experi-
ment. Balb/c kidneys were transplanted into Foxp3™S°" mice with or without
CTLA4lg treatment. Tfr (CD4"CXCR5'FoxP3*) and Treg (CD4*'CXCR5FoxP3")
cells from dLN were sorted and scRNAseq performed. b UMAP plot showing
unsupervised clustering of all post-filter cells. The total number of cells analyzed
is shown. ¢ Cells in UMAP plot marked by cell type. d Feature plots showing the
expression levels of indicated genes of interest across clusters. e Clusters
annotated based on gene expression states, including Naive-like, Follicular-like,
and GC-like. f Monocle pseudotime analysis utilizing cluster O as the starting
node and indicating developmental trajectories by lines and overall pseudotime
by color, plotted within UMAP space. g. UMAP plot showing clustering (top) and

cell type (bottom) for cells in no treatment or CTLA4Ig treated mice. Number of
cells per group is indicated. h Cluster distribution changes analyzed with miloR
package. Red dots indicate a reduced cell population while blue dots indicate an
increased cell population with the CTLA4Ig treatment. i Heatmap showing top
marker genes for each cluster compared to all clusters. j Volcano plot showing
differentially expressed genes (DEGs) between clusters 3 and 4. DEGs were
identified using a two-sided Wilcoxon rank-sum test, as implemented by the
Seurat FindMarkers function (logFC threshold=0.1, min.pct=0.1). p-values were
adjusted for multiple comparisons using the Bonferroni method. k Venn dia-
gram showing differentially expressed genes between Tfr and Treg cells in
control or CTLA4Ig treated group. Portions created in BioRender. Zhang, H.
(2025) https://BioRender.com/b29q775.
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Fig. 3 | Costimulatory blockade restricts Tfr clonal expansion. a Clonal
expansion indicated in UMAP space utilizing scRepertoire. Each dot represents
an individual cell, with colors indicating the size of clonal expansion. Pink
indicates singleton clones, while dark pink and red indicate small (1<x < =5) and
medium (5<x <=20) clonal expansion, respectively. b Distribution of clonal
expansion across experiment groups (left) and clusters (right). ¢ Correlation of

GC-like Tifr
Follicular-like Tfr
Naive-like Tfr

clonal expansion and sharing of clones between Tfr and Treg cells calculated by
scRepertoire. Circled clones indicate shared clones. d Proportion of clonal
sharing between cluster O and other clusters, with cluster O set as founder
clones. The thickness of lines indicates magnitude of shared clones. e Circos plot
showing sharing of expanded clones between clusters. Only expanded clones
are included.

We found most Tfr cell clusters remained unchanged except for GC-
like Tfr clusters 3 and 7, which were decreased in CTLA4lg-treated
recipients, and follicular-like Tfr cluster 4 which was more abundant in
CTLA4Ig-treated recipients (Fig. 2g, h). The enrichment of coinhibitory
receptors such as Tigit, PdcdlI and Ctla4 in GC-like cluster 3, as well as
the enrichment of Sell, Ccr7 and /2ra (CD25) in follicular-like Tfr cluster
4, combined with directional pseudotime analysis suggest CTLA4Ig
treatment disproportionately limits the conversion of Tfr cells in the
follicular-like state to the GC-like state (Fig. 2i, j). In support of this,
these genes were differentially expressed between clusters 3 and 4
(Fig. 2i). Interestingly, the most profoundly affected GC-like cluster by
costimulatory blockade was cluster 7 which expressed genes con-
sistent with type-1 interferon responses such as /fit3 and [fitI (Fig. 2i).
The overall maintenance of core Tfr genes with CTLA4Ig treatment
suggested costimulatory blockade did not alter global Tfr programs
(Fig. 2k). We identified 12 genes, encompassing CxcrS, Pdcd1, Tbcld4,
Tigit, and Cst7, that were significantly upregulated in Tfr vs. Treg cells,
and 4 genes - Satbl, KIf2, Igfbp4, and Lyécl - that were markedly
downregulated in Tfr vs. Treg cells regardless of whether the Tfr cells

originated from control or CTLA4lg treated condition (Fig. 2k). Flow
cytometry confirmed that naive-like Tfr cells increased after CTLA4lg
treatment (Supplementary Fig. 5b, c). Together, these data indicate
that the Tfr population that develops after solid organ transplantation
is phenotypically heterogeneous and that costimulatory blockade
disproportionately impedes GC-like Tfr cells compared to other Tfr
cell populations.

To assess clonal dynamics of Tfr cells after costimulatory block-
ade, TCR sequences from the scRNAseq dataset were analyzed. In
control recipients, clonal expansion was found mostly in Bcl6-expres-
sing GC-like Tfr clusters 1, 2 and 3 and to a lesser extent in PrdmlI-
expressing follicular-like cluster 5 (Fig. 3a, b). CTLA4lg treatment
diminished the extent of clonal expansion in Tfr cells, but not Treg
cells, which showed little clonal expansion. To assess the possibility of
Treg cell clones differentiating into Tfr cells, we assessed clonal
overlap between these compartments. We found similar shared clones
between Treg and Tfr cells for both control and CTLA4lg treated
recipients (Fig. 3c). To confirm that cells from naive-cluster O could
develop into other cell states, we performed clonal sharing analysis
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starting with cluster O as the clonal origin. We found shared clones
with cluster O for both GC and follicular-like Tfr clusters (Fig. 3d).
Clonal sharing of expanded clones between clusters showed sub-
stantial sharing within and between follicular-like and GC-like Tfr
clusters (Fig. 3e). Together, these data elucidate developmental tra-
jectories of Tfr cells from a naive state, through a follicular-like state
and ultimately into an activated GC-like state after kidney transplan-
tation and that costimulatory blockade disproportionately inhibits the
GC-like state and clonal expansion of Tfr cells.

Tfr cells limit allo-antibody production and rejection of kidney
allografts
To elucidate the precise roles of Tfr cells in the context of kidney
allograft rejection, we utilized a previously described intersectional
genetics-based Tfr-deleter (Tfr-DTR) mouse model that selectively
eliminates Tfr cells with administration of diphtheria toxin (DT)'$'*%,
This strain harbors both a Cxcr5toSTOPLXPTR gl[ele and a Foxp3©'™ allele,
positing DTR on the surface of Tfr cells but not other follicular T, nor
Treg, cells. We performed allogeneic kidney transplantation to control
(Tfr-Con; Foxp3°"*Cxcr5"") or Tfr-DTR (Foxp3<'"PCxcrs-oxSTOPLoxDTR)
mice and administered a single dose of CTLA4Ig on day 2 to lengthen
the time of rejection, thereby facilitating a more complete under-
standing of Tfr functions (Fig. 4a). In survival transplant models (where
recipient native kidneys were rendered non-functional via bilateral
ureter obstruction so that the transplanted organ sustains the life of
the recipient), Tfr cell deletion starting on day 3 reduced recipient
survival time to 25+ 5.04 days, in contrast to the median survival of
60 +20.08 days observed in the Tfr-Con group, and 20 +1.79 days
without any treatment (Fig. 4b). At 20 days post-transplantation (uti-
lizing mechanistically similar non-survival transplant surgeries), Tfr-
deleted mice displayed significantly enlarged grafts and spleens,
characterized by increased GC structures (Fig. 4c and Supplementary
Fig. 6a). Both Tfr deleted and sufficient groups exhibited similarly high
levels of TCMR-like pathological features, including tubulitis, arteritis,
and interstitial inflammation. In non-deleted control mice, mono-
nuclear cells were primarily localized to the renal interstitium and
around arteries. In contrast, in Tfr-deleted mice, the infiltrates were
more diffusely distributed across glomeruli, tubules, and peritubular
capillaries (Fig. 4d and Supplementary Fig. 6b, c). There was also evi-
dence of thrombotic microangiopathy and substantial C4d deposition
(Fig. 4d and Supplementary Fig. 6b, c). Together, these parameters
indicate more severe ABMR-like disease in Tfr-deleted mice. These
findings also suggest that Tfr cells regulate ABMR-like disease pro-
cesses more substantially than TCMR-like processes. Additionally,
although CD4" and CD8" T cell infiltration remained largely unchan-
ged, CD68" macrophage infiltration was significantly enhanced in Tfr-
deleted mice (Supplementary Fig. 6d). While the overall B cell infil-
tration in Tfr-deleted recipients was equal or even reduced compared
to control recipients, local IgG deposition was increased (Fig. 4d).
Deletion of Tfr cells did not alter the serum levels of IL-2 and IFN-y
production (Supplementary Fig. 6e). Serological analyses of DSA
indicated that total IgG DSA levels began increasing from day 14 and
showed a three-fold increase in Tfr-DTR, compared to control, reci-
pients by day 20 after transplantation (Fig. 4e and Supplementary
Fig. 6f). When we assessed individual allo-epitopes using single antigen
beads, we found a pronounced elevation in IgG antibodies targeting
MHC-Class II (I-A? and I-E) antigens in the absence of Tfr cells (Fig. 4f).
We and others have previously shown that deletion/perturbation of Tfr
cells results in increases in autoreactive antibodies'®*". Therefore, we
next assessed autoreactive antibodies using a Hep-2 antibody detec-
tion assay with subcellular distribution assessment®’. We observed
heightened autoreactive antibodies from Tfr-deleted compared to
control mice and these antibodies recognized cytoplasmic and nuclear
targets (Fig. 4g). Together, our data demonstrate that Tfr cells have
potent roles in limiting features of ABMR and promoting recipient

survival after allogeneic kidney transplantation by controlling both
donor-specific and autoreactive antibody responses.

Tfr cells restrain lymph node and intragraft GC B cell
development

Next, we examined the role of Tfr cells in controlling GC B cell
responses (Fig. 5a). We and others have previously shown that
pathogenic GC-like B cells can be present in both lymph nodes and
kidney allografts>”. In the dLN after transplantation, a marked
reduction in Tfr, but not total Treg nor non-Tfr Treg cells, was
observed in Tfr-DTR recipients validating specificity of deletion
(Fig. 5b and Supplementary Fig. 7a, b). The frequency and total number
of Tfh cells (gated as CD4"CXCR5'Foxp3) in the dLN, but not the blood
(Supplementary Fig. 7c), increased with Tfr deletion suggesting Tfh
cells are restrained by Tfr cells after transplantation, a finding that has
been reported during vaccine settings'®**. Compared to Tfr-sufficient
control mice, Tfr cell deletion culminated in a significant augmentation
in the frequency of GC B, memory-like B, and total IgG* B cells in the
dLN (Fig. 5c, d). Conversely, there was a notable decline in the naive B
cell (gated as CD19°CD38'IgGI’) population in Tfr-deleted mice. Within
the allograft, the Tfr cell frequency and cell numbers mirrored the
observations in dLN, with a substantial attenuation in Tfr-DTR mice
(Fig. 5Se and Supplementary Fig. 7d). Previous studies have shown that
kidney allograft infiltrating B cells have a GC-like phenotype marked by
GL7 expression even though they transcriptionally resemble innate-
like B cells>**. We found the frequency and total number of intragraft
GL7* B cells increased in the absence of Tfr cells compared to Tfr
sufficient controls (Fig. 5f and Supplementary Fig. 7d). Together, these
data demonstrate that Tfr cells significantly restrain GC-like B cell
responses simultaneously in dLNs as well as in kidney allografts.

Tfr cells restrict pathogenic B responses within lymph nodes
and grafts

To understand the role of Tfr cells in controlling alloreactive GC B cells
that produce pathogenic antibodies in lymph nodes and grafts we
performed a GC single-cell culture system which allows interrogation
of antigen specificity at a clonal level utilizing highly sensitive ELISA
assays to assess broad alloreactivity (Fig. 5g)>*. For this, individual
GL7*B cells from dLN or kidney allografts from allogeneic transplant
recipients on day 20 after transplantation were cultured with NB21
feeder cells allowing expansion and antibody secretion”. Culture
supernatants were screened for IgG positivity by ELISA and IgG" clones
were further screened for alloreactivity (Fig. 5h). We found ~40% of
IgG* GC B cells from the dLN were donor-specific in control transplant
recipients. This increased to ~46% in recipients in which Tfr cells were
deleted starting on day 3 post-transplant, further compounding the
already 3-fold increase in the frequency of total GC B cells (Fig. 5i, ¢).
We have previously shown that although intragraft GC-like B cells are
rarely class-switched, the few IgG'GL7* B cells in grafts can be
alloreactive®. Consistent with this, we found that ~-42% of IgG'GL7* B
cells in allografts of transplanted Tfr-sufficient recipients were specific
for alloantigen. In Tfr-deleted recipients, this increased to ~50%,
although the difference did not reach statistical significance. Together
these data indicate that Tfr cells not only control the frequency of GC-
like B cells but also the proportion of pathogenic alloreactive B cell
clones within these compartments in both lymph nodes and kidney
allografts.

Intensified B cell alloimmunity after Tfr cell deletion does not
require CD8 T cells

We next assessed whether CD8 T cells were required for the intensified
rejection which occurred after Tfr cell deletion. To do this, we admi-
nistered a CD8-depleting antibody to control and Tfr-DTR mice and
assessed B cell alloimmunity and graft pathology (Fig. 6a). Flow cyto-
metry and immunohistochemistry confirmed a marked reduction in
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Fig. 4 | Tfr cells prevent allo-antibody formation and rejection of kidney allo-
grafts. a Schematic of Tfr cell deletion using Tfr-DTR mice. Control (Tfr-Con,
Foxp3“*Cxcr5*) or Tfr-DTR (Foxp3©eY Cxcrs->STOPLoPTR) mijce received diphtheria
toxin (DT), CTLA4lg (on day 2) and Balb/c kidneys as life-sustaining (b) or non-life-
sustaining (c-g) transplants. b Survival of transplanted recipients not receiving
CTLA4lg (no-treatment), or CTLA4Ig treated Tfr-Con or Tfr-DTR mice. MST, median
survival time. ¢ Spleens and kidney grafts from Tfr-Con and Tfr-DTR mice harvested
20 days after transplantation. d Representative histological images of kidney grafts
at postoperative day 20, including hematoxylin and eosin (HE), immunohis-
tochemistry staining for B220, and immunofluorescence staining for C4d and IgG.
scale bars: 50 and 100 um. e IgG DSA levels in serum at indicated time points.

MFI=mean fluorescence intensity. n=>5 mice per group. f Allo-reactive IgG to
individual MHC molecules measured by single antigen bead. Syn= syngeneic. n=5
mice per group. g Quantification of serum autoantibody levels. Representative
images of serum from mice as in (a) incubated with Hep-2 cells (left) and quanti-
fication of cumulative, cytoplasm, and nucleus antibody signal. n =5 mice per
group. Scale bars: 50 pm. Data is from one experiment and is representative of two
independent experiments. Statistics: Error bars show mean + SEM. Student’s two-
tailed unpaired T test for 2-group comparisons and Kaplan-Meier survival analysis
and a log-rank test for survival analysis (b). Source data are provided as a Source
Data file. Portions created in BioRender. Zhang, H. (2025) https://BioRender.com/
b29q775.

CDS8' T cells in both the dLN and grafts of anti-CD8 treated recipients
without significant changes in the populations of CD44°CD62L effec-
tor CD4" T cells or CD69" activated effector CD4" T cells (Supple-
mentary Fig. 8a-e). Moreover, Tfr cell deletion occurred normally

(Supplementary Fig. 8f). IgG DSA levels increased in the serum of Tfr-
deleted, compared to control, mice as did GC B cells and IgG1* GC B
cells in both the dLN and grafts (Fig. 6b-d and Supplementary Fig. 8g).
Despite effective CD8 + T cell depletion, histological analysis revealed
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interstitial cellular infiltration in both groups, with no significant dif-
ferences in TCMR-like pathological scoring (Fig. 6e and Supplementary
Fig. 8h). T cell-related cytokines IL-2 and IFN-y in the serum also
showed no significant differences with the deletion of Tfr cells (Sup-
plementary Fig. 8i). The intensified B cell responses and number of GC
B cells in the graft also correlated with increased glomerulitis, peri-
tubular capillaritis and C4d deposition in the grafts of Tfr deleted,
compared to control, mice (Fig. 6e and Supplementary Fig. 8j, k).
These findings suggest that the intensified B cell alloimmunity and

ABMR-like disease that occurs after Tfr deletion does not require CD8
T cells.

To confirm whether the increased DSA in Tfr-deleted mice was
sufficient to induce ABMR-like disease we conducted passive transfer
experiments. We collected serum from kidney transplanted control or
Tfr-DTR recipients (performed as in Fig. 4). Serum was transferred to
kidney transplanted pMT (Ighm™") mice that lack most mature B cells
and therefore cannot produce DSA (Fig. 6f). The transplantedpuMT
recipients that received serum from Tfr-DTR mice showed significantly
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Fig. 5 | Tfr cells restrain lymph node and intragraft germinal center B cell
differentiation. a Schematic of Tfr cell deletion using Tfr-DTR mice. Tfr-Con
(Foxp3“*"Cxcrs*") or Tfr-DTR (Foxp3“"F*CxcrStoSTOPLOXPTRY mice received diph-
theria toxin (DT), CTLA4lg (on day 2) and Balb/c kidneys. b Gating strategy and
quantification of CXCR5 follicular T, Tfh (gated as CD4"CD19'CXCR5'FoxP3), Tfr
(gated as CD4"'CD19'CXCR5FoxP3*), and CXCR5FoxP3" T cells in total CD4" T cells
from the dLNs. n =4 mice for the Tfr-Con group and n =5 for the Tfr-DTR group.
¢ Gating strategy (left) and quantification (right) of CD19*GL7'FAS" GC B cells. n=4
mice for the Tfr-Con group and n =5 for the Tfr-DTR group. d. Gating strategy (left)
and quantification (right) of Naive B cells (CD38*IgG1'CD19*), memory-like B cells
(CD38'1gG1'*CD19"), and IgGl1* B cells in the dLN (n =4 for Tfr-Con and n =5 for Tfr-
DTR). e Gating strategy and quantification of Tfh and Tfr cells in kidney allografts
(n=4 for Tfr-Con and n =5 for Tfr-DTR). f Gating strategy and quantification of GC-

like B cells (GL7°CD19") in kidney allografts. n = 4 mice for each group. g Schematic
of GC B single cell culture assays. Single GC B cells from dLN or grafts were sorted
and cultured with NB21 feeder cells for 6 days. Culture supernatants were pre-
screened for IgG positivity and further assessed for DSA reactivity. h DSA signal of
individual IgG" clones from LN GC B and graft B cells from either control or Tfr-DTR
mice 20 days after transplantation. The dotted line indicates the level of detection
threshold assessed by signal using syngeneic cells. i Frequency of DSA clones (from
all IgG" clones). Numbers indicate the total number of IgG clones analyzed. Data is
from one experiment and is representative of two independent experiments. Sta-
tistics: Error bars show mean + SEM. Student’s two-tailed unpaired T test for
2-group comparisons. Source data are provided as a Source Data file. Portions
created in BioRender. Zhang, H. (2025) https://BioRender.com/b29q775.

higher IgG and C4d deposition in kidney grafts compared to those that
received serum from control mice (Fig. 6g). These findings suggest
that the alloantibodies produced after Tfr cell deletion contribute to
disease.

Tfr cells fail to control the later stages of ABMR after kidney
transplantation

Previous studies have demonstrated that Tfr cells have more potent
roles in controlling early GC responses but have less substantial roles
after GC formation’®. To further understand the role of Tfr cells in
controlling later stages of ABMR after kidney transplantation, we
transplanted allogeneic kidneys into Tfr-DTR or control mice, gave
CTLA4Ig on day 2, and administered DT to delete Tfr cells starting on
day 20, a timepoint during which the rejection process is already
underway. We evaluated B cell alloimmunity on day 30 (Fig. 7a). Tfr-
DTR mice had similar IgG DSA as control mice suggesting Tfr cells did
not restrain pathogenic antibody after GC formation (Fig. 7b and
Supplementary Fig. 9a). By day 30 post-transplantation, grafts from
both Tfr sufficient and deleted groups showed similar signs of rejec-
tion including mononuclear cell infiltration and pathological features
of ABMR (Fig. 7c). As expected, a marked reduction in Tfr cells was
observed in the Tfr-DTR mice, while the frequencies and number of Tfh
and other naive Treg cells remained unchanged (Fig. 7d and Supple-
mentary Fig. S9b). Consistent with the lack of changes in the Tfh
compartment, we did not find any substantial differences in the per-
centage and number of GC B cells in lymph nodes between Tfr-DTR
and control mice (Fig. 7e and Supplementary Fig. 9c). Moreover, we
did not find any differences in the frequencies of naive B cells, IgG1 or
IgG2-switched B cells, nor memory-like B cells when Tfr cells were
deleted starting at day 20 (Fig. 7e, f). These data demonstrate that Tfr
cells have strong roles in restraining ABMR early after kidney trans-
plantation but are unable to dampen ongoing ABMR.

Tfr cells control kidney transplant rejection by restraining
proinflammatory cytokines in GC B cells

To uncover mechanisms by which Tfr cells control rejection after
kidney transplantation, we isolated LN GC B cells from control or Tfr-
DTR recipients 20 days post-transplantation and performed bulk
RNAseq transcriptional analyses (Fig. 8a). Our analysis identified 662
differentially expressed genes (p <0.05), with 275 genes exhibiting
increased expression in Tfr-deleted recipients (Fig. 8b). KEGG pathway
analysis indicated that differentially expressed genes were enriched in
pathways such as cytokine-cytokine receptor interaction, MAPK, TNF,
and JAK-STAT signaling (Fig. 8c). In the cytokine pathway, /[15 tran-
scripts were found to be upregulated in GC B cells from Tfr-DTR mice
compared to Tfr-Con mice (Fig. 8b). IL-15 is a pleiotropic cytokine that
activates T and NK cells and has roles in promoting B cell responses by
enhancing Tfh cells*. To validate Tfr cells control IL-15 protein
levels, we compared IL-15 concentrations in dLN interstitial fluid by
ELISA. The concentration of IL-15 was elevated in Tfr-DTR compared to
control recipients (Fig. 8d). Flow cytometry further confirmed a minor

increase in IL-15 and IL15ra expression in dLN GC B cells in the absence
of Tfr cells (Supplementary Fig. 10a, b).

To assess the potential roles of increased IL-15 in promoting
pathogenic B cell responses, we performed an in vitro functional assay
where Tfh and Tfr cells, isolated from allogeneic kidney transplanta-
tion recipients, were co-cultured with B cells in the presence of anti-
CD3/IgM (Fig. 8e)>*. Tfh cells cultured with B cells resulted in increases
in IL-15 in culture supernatants and addition of Tfr cells reduced IL-15
levels significantly (Fig. 8f). To specifically assess the impact of IL-15 on
B cell responses, we introduced a blocking antibody to neutralize IL-15.
Tfh cells stimulated approximately 50% of B cells to express the acti-
vation marker GL7 which was substantially reduced when IL-15 was
blocked (Fig. 8g and Supplementary Fig. 10c). In addition, while anti-IL-
15 treatment dampened Tfh-induced IgG production by B cells, it did
not further amplify the inhibitory effect of Tfr cells (Fig. 8h). Prior
single-cell sequencing of Tfh in dLN and grafts of kidney transplanta-
tion mice did not show evidence of /l15 transcript® (Supplementary
Fig. 10d). Although myeloid cells in the kidney can produce IL-15,
culture of these cells with Tfr cells did not result in any differences in
IL-15 secretion (Supplementary Fig. 10e, f). Our findings indicate that
IL-15 production by B cells is induced by Tfh cells and inhibited by
Tfr cells.

To further investigate the role of IL-15 in rejection, we evaluated
the immune response in kidney transplanted IL-15Ra-deficient mice
(IL-15Ra KO) (Fig. 8i, j). IL-15Ra KO mice had diminished GC B cell and
IgG DSA responses (Fig. 8j and Supplementary Fig. 10g, h). Further-
more, in vitro functional assays in which IL-15Ra KO or control B cells
were cultured with Tfh cells demonstrated reduced B cell and Tfh cell
activation, indicating that B cells may be capable of trans-presenting IL-
15 (Supplementary Fig. 10i-1). To confirm that IL-15 could be sensed by
Tfh cells, we cultured Tfh cells sorted from the dLN of transplant
recipients with IL-15 for 6 h and performed bulk RNA sequencing
(Supplementary Fig. 10m, n). Transcriptomic analysis revealed that IL-
15-stimulated Tfh cells exhibited a transcriptional profile consistent
with enhanced activation and metabolic reprogramming (Supple-
mentary Fig. 100-q).

To assess the roles of IL-15 in the intensified ABMR-like disease in
Tfr-deleted mice we neutralized IL-15 in vivo after Tfr deletion in
transplanted mice receiving costimulatory blockade (Fig. 8k). Tfr-DTR
recipients treated with both DT and anti-IL-15 neutralizing antibodies
had increased survival compared to control Tfr-DTR mice that
received DT alone (Fig. 8I). At 20 days post-transplantation, the anti-IL-
15 treatment resulted in reduced GC B cells and serological IgG DSA
production in Tfr-deleted mice (Fig. 8m and Supplementary Fig. 11a).
IL-15 blockade did not significantly alter the frequency of Tfh/Tfr cells
in dLN, IL-2 and IFN-y production in the serum, nor infiltration of
T cells/ MHC class II+ cells in the grafts (Supplementary Fig. 11b-d). IL-
15 blockade alone in the presence of normal Tfr cells did not sig-
nificantly diminish germinal center B cell responses nor DSA levels
(Supplementary Fig. 1le, f). In contrast to kidney transplantation set-
tings, anti-IL-15 treatment did not significantly suppress GC B cells nor
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Fig. 6 | Intensified graft rejection after Tfr cell deletion does not require CD8
T cells. a Schematic of experiment for which Tfr-Con or Tfr-DTR mice were
administered a CD8 depleting antibody, CTLA4lg, and diphtheria toxin (DT) to
delete Tfr cells. Organs were harvested on day 20. b IgG DSA levels in the serum of
Tfr-Con (n=4) and Tfr-DTR (n=3) mice from (a) at indicated time points (POD=-
post operative day). ¢ Representative gating strategy and quantification of
GL7'FAS' GC B cells and 1gG1* GC B cells in dLNs of Tfr-Con (n=4) and Tfr-DTR
(n=3) mice. d Representative gating strategy and quantification of GL7' B cells in
kidney grafts (n =4 for Tfr-Con and n =3 for Tfr-DTR). e Representative images of
kidney grafts stained with HE (Magnification: 200x) or C4d (Maghnification: 100x)

for Tfr-Con and Tfr-DTR mice. f Schematic of assay to assess the ability of DSA from
Tfr-Con or Tfr-DTR to mediate C4d deposition. B cell-deficient (uMT) mice were
transplanted with a Balb/c kidney and serum from Tfr-Con or Tfr-DTR mice from (a)
were passively transferred. Transplanted graft was harvested on day 10.

g Representative images showing C4d and IgG deposition in kidney grafts from
HMT mice as in (f). Magnification: 100x, scale bars: 100 pm. Data are combined
from two independent experiments. Statistics: Error bars show mean + SEM. Stu-
dent’s two-tailed unpaired T test for 2-group comparisons. Source data are pro-
vided as a Source Data file. Portions created in BioRender. Zhang, H. (2025) https://
BioRender.com/b29q775.

antigen-specific IgG in the context of NP-OVA vaccination of Tfr
deleted mice, indicating the IL-15 pathway may be unique to trans-
plantation (Supplementary Fig. 11g). Collectively, our findings indicate
that Tfr cells potently restrain rejection after kidney transplantation by
limiting alloreactive B cell responses (Fig. 8n).

Discussion

Organ transplantation, a transformative therapeutic intervention for
end-stage organ failure, is continually challenged by occurrences of
ABMR?. Although the roles of Tfh cells in promoting DSA and ABMR
after solid organ transplantation have been studied, the functions of Tfr

cells are less understood due to a lack of mouse models to investigate
the precise roles of these cells in vivo. In kidney transplant patients,
previous research has established an inverse correlation between the
absolute number of circulating Tfr cells and the incidence of ABMR*.
Our study identified dynamics of Tfr cell differentiation after kidney
transplantation, which occurred alongside the progression of ABMR-like
disease. Tfr cells existed in distinct phenotypic states including naive-
like, follicular-like and activated GC-like Tfr cells with the naive-like Tfr
cells overlapping substantially with conventional Treg cells. The core Tfr
program is characterized by the upregulation of key genes including
CxcrS, Pdedl/PD-1, and Tigit compared to conventional Treg cells.
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Previous studies have shown that interfering with PD1-PDLI interactions
early in mouse kidney transplantation leads to increased acute
rejection®. Another study demonstrated that activating the TIGIT
pathway enhances the suppressive effects of FoxP3* Treg cells on
human memory T cell population®. Consistent with our findings, Tfr
cells begin exerting regulatory and inhibitory effects early post-trans-
plantation, commensurate with upregulation of PD1 and TIGIT.
Beyond a general Tfr program, we also uncovered unique Tfr cell
states with overlapping clonality indicating that Tfr cells differentiate
from a naive-like state, through a “follicular-like” state and into an acti-
vated GC-like state. Importantly, this nomenclature refers to activation
states (and not anatomical location) and were identified by altered
expression of PD-1 and CD25, which have been shown to correlate with
presence or absence on Tfr cells in GCs, respectively”. Importantly, both
follicular-like and GC-like Tfr cells had suppressive capacity. Therefore,
Tfr cells may require sequential developmental stages to achieve full
differentiation, similar to what has been recently shown for Tfh cells®.

However, additional studies need to be performed to determine the
etiology and function of these putative developmental stages.

There have been few, if any, therapeutics developed that limit
ABMR. While CTLA4Ig treatment has shown improved graft survival
and kidney function compared to calcineurin inhibitors, its association
with a higher incidence of acute cellular rejection prevents broad
usage’**2, Multiple studies indicate that CTLA4lg compromises the
suppressive function of Treg®. Interestingly, we found that costimu-
latory blockade strategies inhibited the differentiation of Tfr cells, but
did so disproportionately, resulting in diminished GC-like and
interferon-responsive Tfr cells. The GC-like Tfr cluster 3 was char-
acterized by the expression of genes like Sh2d1a, Tigit, and Pdcdl.
Agonism of TIGIT was observed to enhance Treg function, which was
suppressed by CTLA4lg, in skin transplantation**. Therefore, co-
administering agents that promote GC-like Tfr differentiation along-
side CTLA4lg may retain the clinical benefits of CTLA4Ilg without
compromising Tfr function. Additionally, while the use of CTLA4Ig in
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this study provided a valuable approach to prolong allograft rejection
facilitating downstream mechanistic studies on Tfr functions, it is
important to note that only a small percentage of kidney transplant
patients receive CTLA4lg.

The roles of Tfr cells in disease progression can be multifaceted
and complex. While Tfr cells have been shown to broadly inhibit
autoantibody responses, studies have indicated both positive and
negative effects of Tfr cells in foreign antigen specific responses. We
recently showed that Tfr cells set activation thresholds on the GC
reaction during vaccination and therefore can promote somatic
hypermutation and affinity maturation'®. Our current study establishes
the crucial role of Tfr cells in rejection using a Tfr-DTR mouse model
that perturbs Tfr cells without affecting other Treg populations. We
demonstrated that the absence of Tfr cells in kidney recipients leads to
reduced renal graft survival, heightened pathological manifestations
of ABMR-like disease (with less, if any, effects on TCMR-like disease) in
grafts, and elevated serologic DSA levels. Although previous studies
have shown that CXCR5* CD8 T cells can influence DSA production®,
our data show that the regulatory effects of Tfr cells on B cell alloim-
munity do not require CD8 T cells. The ability of Tfr cells to limit
rejection was only found during the early stages of rejection, sug-
gesting early suppression of Tfh and GC B cells is important to control
ABMR-like disease. However, since the Tfr-DTR model may lose dele-
tion potency over time as a consequence of host antibodies neu-
tralizing DT, it is possible Tfr cells may have additional roles at other
timepoints. These findings provide the first clear evidence of the
negative regulatory role of Tfr in kidney transplantation, particularly in
the context of ABMR. Moreover, these data suggest that promoting Tfr
cells early after kidney transplantation may have the most robust and
durable responses clinically.

Mechanistically, we found that Tfr cell suppression of rejection
occurred through regulation of DSA-specific B cell responses both in
lymph nodes and within kidney allografts. Since Tfh cells can promote
pathogenic B cell responses both in lymph nodes and grafts®, this
suggests Tfr cells may limit Tfh-induced B cell responses wherever they
occur. Tfr suppression of ABMR:-like disease was achieved, in part,
through the transcriptional reprogramming of GC B cells which included
limiting production of cytokines such as IL-15. Inhibiting IL-15 antag-
onized the accelerated rejection in Tfr-DTR mice. Although IL-15 is a
pleiotropic cytokine that has effects on many cell types involved in
rejection including CD8 T cells and NK cells, it can also affect Tfh and B
cell responses. Some studies have reported that IL-15 stimulates B cell
proliferation and differentiation*, and controls immature B-cell
homing. Moreover, IL-15 can enhance Bcl6 expression and promote
Tfh cell responses*®. Mechanistically dissecting the multifaceted roles of
IL-15 in vivo is difficult due to broad and mechanistically complex sen-
sing of this cytokine. However, our study suggest B cells can make IL-15
to promote Tfh cells, which in turn promote further GC B cell responses.
It is important to note that our study cannot exclude the involvement of
non-B cells in IL-15 mediated responses, nor can it fully differentiate
between the effects of trans-presented versus non-trans-presented IL-15
in vivo. Although Tfr-mediated regulation of IL-15 in GC B cells may be
only one of several factors in ABMR-like disease, the involvement of IL-15
in Tfh/GC B, CD8 T, and NK cells suggests synergy amongst multiple
arms of the immune system. Moreover, although CD8 T cells were not
required for the increased rejection in Tfr-deleted mice, it is possible
that TCMR and ABMR-like diseases may be intertwined through the IL-15
pathway. Together, our data suggest that Tfr cells have potent roles in
limiting ABMR-like disease indicating enhancing Tfr cells after trans-
plantation may be a strategy to provide durable prevention of ABMR.

Methods

Animals

All animal research was conducted according to the guidelines of the
Brigham and Women’s Hospital Institutional Animal Care and Use

Committee and National Institute of Health. Balb/c (#000651), IL-15Ra
KO (#003723) and B6129SF2/) (#101045), Ighm™~(UMT, #002288) mice
were obtained from Jackson Laboratories. The Foxp3®=* and Tfr-DTR
(Foxp3IRES-CreYFP CxchIRES-LoxP-STOP-chP-DTR) mice on the C57BL/6 baCk-
ground were previously published'. Experimental and control mice
were co-housed in a specific pathogen-free facility, under 12/12 h dark/
light cycle, at 22 °C and 42% humidity. Males and females between 6
and 10 weeks of age were used in the study. Mice were fed 5053
PicoLab rodent diet 20 (LabDiet). Mice were humanely euthanized
using CO, inhalation followed by cervical dislocation as confirmation.

Mouse kidney transplantation and treatment

The left kidney from the donor was transplanted along with its ureter
into the abdominal cavity of the recipient mice*”%. The donor kid-
ney’s artery and vein were connected to the recipient’s abdominal
aorta and vena cava, respectively, using 10-0O sutures in an “end-to-
side” manner. To reconstruct the urinary tract, the graft’s ureter was
implanted into the recipient’s bladder. The surgical procedures typi-
cally lasted for 2 h, including an approximately 25-minute anastomotic
phase. The recipients were harvested on day 20 post-transplantation
as indicated. For the life-sustaining surgeries, the ureters of the
remaining native kidneys were ligated on postoperative days 2-4 to
limit function. This procedure renders the transplanted kidney the
only kidney supporting the life of the recipient, and mechanistically
maintains the rejection process similar to non-survival surgeries
(Supplementary Fig. 12). On day 2 after the transplantation procedure,
a dose of 250 pg of CTLA4Ig (Abatacept, Bristol-Myers Squibb) was
administered via intraperitoneal injection. Deletion experiments
involved intraperitoneal administration of 0.5 pg of diphtheria toxin in
PBS at the specified time points. To block IL-15 signaling, 200 pg of
anti-mouse IL-15 (Clone: AlO.3, Bioxcell, #BE0315) was administered
intravenously five times (day 3, 6, 9, 12, 15) after kidney transplantation.
For CD8 depletion, 200 pg of rat anti-mouse CD8a (clone 2.43, Biox-
cell, #BE0061) was administered intraperitoneally beginning on day O
and continued every 4 days until 20 days post-transplantation.

Donor-specific antibody (DSA) measurements

For the determination of DSA, we used a flow cytometric crossmatch
(FCXM) assay. Fresh splenocytes (5 x 10°) from donor wildtype Balb/c
mice were incubated with recipients’ serum samples at 1:50 dilution for
IgG, or undiluted supernatant from single-cell cultures for 30 minutes,
allowing DSA to bind to specific antigens on the surface of the donor
cells. Next, the splenocytes were stained with anti-CD19 (6D5, Biole-
gend) in the presence of Fc-block (Biolegend) followed by an addi-
tional stain using FITC-labeled anti-IgG or anti-lgM. For assays
involving single alloantigens, MHC beads (K° K9, LY, I-AY, I-E%) were
incubated with serum at a dilution of 1:50 or serial dilution at 4 °C for
1h***°, Bound antibodies were detected using FITC-labeled anti-IgG.
The signal of bound IgG on CD19* splenocytes was measured and
expressed as mean fluorescence intensity (MFI).

Flow cytometry

Antibodies were purchased from BioLegend unless otherwise stated.
Mouse antibodies (with their clone numbers, 1:200 dilution unless
otherwise specified) against the following proteins were used: anti-
CD4 (GK1.5), anti-CD19 (1D3), anti-ICOS (15F9), anti-CXCRS (L138D7),
anti-PD-1 (RMP1-30), anti-FoxP3 (eBiosciences, FJK-16s), anti-CD45 (30-
F11), anti-CD38 (90/CD38), anti-GL7 (GL-7), anti-FAS (BD Biosciences,
JO2), anti-IgGl (BD Biosciences, A85-1), anti-IgG (SouthernBiotech),
anti-Ki67 (16A8), anti-IL-15Ra (6B4C88), anti-CD44 (IM7), anti-CD62L
(MEL-14), anti-CD69 (H1.2F3), anti-Ly6C (HK1.4), anti-TIGIT (1G9), anti-
FR4 (eBiosciences, eBiol2AS), anti-CD73 (TY/11.8), anti-CD8 (53-6.7)
and LIVE/DEAD Fixable Blue Dead Cell Stain Kit (1:1000, Invitrogen)
was used to label cells live/dead. The catalog numbers are listed in the
Reporting Summary. Single-cell suspensions of draining lymph nodes,
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spleen, and grafts were prepared. Ficoll-paque (Cytiva) was utilized
following the published protocol to separate graft-infiltrating lym-
phocytes. Surface marker staining was done at 4 °C for 30 min. The
Foxp3 Fix/Perm buffer set was used as per the manufacturer’s
instructions (eBioscience) for intracellular staining. For intracellular
cytokine staining, cells were stimulated with Cell Activation Cocktail
(BioLegend) for 4h, then permeabilized and stained with corre-
sponding antibodies. Fluorescence signals were detected using a Cytek
Aurora flow cytometer and analyzed with FlowJo software.

Bulk RNA sequencing

We conducted RNA-seq using an Illumina NextSeq sequencer with 50-
basepair reads and analyzed the data using CLC Genomics Workbench
v.8.0.1 by Qiagen. Differently expressed genes (DEGs) were filtered by
at least 2-fold change and p-value<0.05. We analyzed the Kyoto
Encyclopedia of Genes and Genomes (KEGG) on the DAVID website
(https://david.ncifcrf.gov/) with a p-value cut-off of 0.05.

Single cell RNAseq and analysis

Draining lymph nodes from allogeneic kidney transplant recipients
who did or did not receive CTLA4lg treatment were harvested
20 days post-transplant. Single cell suspensions were stained with
fluorochrome-labeled cell surface antibodies and distinct barcoded
antibodies (Cell-Hashing antibody, TotalSeq-C, Biolegend). Live
CD4'CD19°CXCR5'Foxp3" Tfr and CD4'CD19'CXCRS5Foxp3* naive
Treg cells were sorted from each mouse group, pooled together, and
resuspended in PBS 0.4% BSA at a concentration of 2000 cells/pl.
Samples were subsequently loaded onto a single lane (Chromium
chip K, 10X Genomics) followed by encapsulation (Single Cell 5kit
V2, 10X Genomics) at the Brigham and Women'’s Hospital Single Cell
Genomics Core. cDNA and library generation were performed
according to the manufacturer’s protocol. The 5 mRNA library was
sequenced to an average of 50,000 reads per cell, whereas the V(D))
library and HTO (Cell Hashing antibodies) library were both
sequenced to an average of 5000 reads per cell, all using Illumina
Novaseq. Reads were processed with Cell Ranger, and quantification
was performed using the STAR aligner against the mmlO tran-
scriptome. CellRanger output data were loaded into the R pro-
gramming environment and analyzed with the Seurat package.
Sample demultiplexing and doublet exclusion were performed with
the HTODemux function, and only singlets were selected for further
analysis. Additional quality-control filtering was performed, impos-
ing as thresholds unique UMI counts >2000, UMI counts <15000,
gene counts>1000, log-transformed genes per UMI > 0.8 and
mitochondrial RNA content <4%. Count data were subjected to nor-
malization and variance stabilization using the SCTransform function
(v.2), based on the 3000 most variable genes and by concomitantly
regressing cell-cycle phase, mitochondrial, and ribosomal mapping
percentages. Additional filtering based on identity was applied after a
comparison of each cell with the Immunologic Genome Project
dataset (using the SingleR pipeline), to exclude contaminating cells
(e.g. CD8' T, and NKT cells)*’. Uniform manifold approximation and
projection (UMAP) was used for dimensionality reduction according
to the standard Seurat pipeline, but TCR-related genes were exclu-
ded from the list of variable features to avoid clustering based on
clonotype. Differential gene expression was computed with the Fin-
dAllMarkers command (logFC threshold = 0.1, min.pct = 0.1) and
module scores were calculated with the AddModuleScore function,
using as input a previously generated gene set comprising upregu-
lated genes in Tfr compared to Treg cells in our bulk RNAseq dataset.
Differential abundance analysis across clusters between untreated
and CTLA4lg mouse samples was conducted with miloR*. TCR clo-
notype analysis was performed with the scRepertoire package™.
Pseudotime trajectory analysis was carried out with Monocle3*.

In Vitro functional assays

Tfh, Tfr, and B cells were isolated from spleens of FoxP3 reporter,
IL15Ra KO or B6129SF2/) mice post-20 days allogeneic kidney trans-
plantation. In vitro assays involved co-culturing 5x10* B cells with
3 x10* Tfh or Tfr cells in 96-well U bottom plates, stimulated with anti-
CD3 (2 pg/mL, Bioxcell, 2C11) and anti-IgM (5 pg/mL, Jackson Immu-
noResearch), and maintained in a complete medium (RPMI-1640 sup-
plemented with 10% FBS and 1% penicillin-streptomycin) at 37 °C and
5% CO, for 4 days. Cultures were maintained in complete medium for
4 days. To block IL-15 signaling, 100 ng/ml of anti-mouse IL-15 (Clone:
AlO.3, Bioxcell) was supplemented to each well. Subsequent to the
culture period, cells and supernatants were harvested for flow cyto-
metry and ELISA.

Single B cell cultures

Single GC B cells (CD45'B220*CD4 GL7°CD38"") from lymph nodes
and kidney grafts were isolated and individually sorted into 96-well
plates containing 1x103 NB21.2D9 feeder cells (provided by Garnett
Kelsoe, Duke University, Durham, North Carolina, USA). The cells were
cultured for 6 days, and IgG-positive clones were identified via ELISA.
Clones positive for IgG were subsequently tested for DSA reactivity
as above.

ELISA

To determine serum or cell culture supernatant levels of IL-15, IL-2 and
IFN-y, mouse ELISA Kits (ThermoFisher) were used according to the
instructions of the manufacturer. At 450 nm, the OD values of each
sample were measured to express the concentration of cytokines.

Histopathological staining

Graft samples were harvested and either immediately submerged in
10% formalin for embedding in paraffin or preserved in Tissue-Tek
OCT Compound. Hematoxylin and eosin (HE), immunohistochemistry
(IHC) and immunofluorescence (IF) staining were carried out®. The
antibodies employed in the experiments included anti-CD3 (D4V8L,
1:100), anti-CD4 (D7D2Z, 1:100), anti-CD8 (D4W2Z, 1:500), anti-CD68
(E307V, 1:200), from Cell Signaling Technology, anti-B220 (RA3-6B2,
1:200), anti-GL7 (GL7, 1:100), anti-igD (11-26 c.2a, 1:500) from Biole-
gend, anti-MHCII-I-A/I-E(M5/114.15.2) from eBioscience and C4d (16D2,
1:100) from Novus Biologicals. The catalog numbers are listed in the
Reporting Summary. Microscopic images were captured using a ZEISS
Axiolab 5 microscope. Pathological manifestations were evaluated
based on Banff 2018 classification® with i (interstitial inflammation), t
(tubulitis), g (glomerulitis), ptc (peritubular capillaritis) and v (vascu-
litis) components.

Autoantibody detection

For autoantibody detection, we used the Hep-2 antibody detection kit
according to the manufacturer’s instructions. The serum samples were
applied to Hep-2-coated slides and incubated to allow binding of
autoantibodies to antigens. Post-wash, fluorophore-conjugated sec-
ondary antibodies were added, binding to the primary antibodies.
After a final wash, slides were examined under a fluorescence micro-
scope, capturing images for analysis.

Statistics

Student’s unpaired t-test or Mann-Whitney test were used as indi-
cated utilizing GraphPad Prism, version 9 (GraphPad Software).
Multiple comparisons were conducted using one-way ANOVA fol-
lowed by Tukey’s test. Graft survival was compared using Kaplan-
Meier survival analysis and a log-rank test. We considered sig-
nificance at a P value below 0.05. The graphs depict values that
represent the standard error of the mean (SEM), NS: not significant;
*P<0.05; *P<0.01,*P<0.01, **P<0.001.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study have been deposited in
the GEO database under GSE286975. All data are included in the
Supplementary Information or available from the authors, as are
unique reagents used in this Article. The raw numbers for charts and
graphs are available in the Source Data file whenever possible. Source
data are provided with this paper.
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