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Abstract: Intra-renal tertiary lymphoid organs (TLOs) are associated with worsened outcome in
kidney transplantation (Ktx). We used an anti-BAFF (B cell activating factor) intervention to investigate
whether BAFF is required for TLO formation in a full MHC-mismatch Ktx model in rats. Rats received
either therapeutic immunosuppression (no rejection, NR) or subtherapeutic immunosuppression
(chronic rejection, CR) and were sacrificed on d56. One group additionally received an anti-BAFF
antibody (CR + AB). Intra-renal T (CD3") and B (CD207) cells, their proliferation (Ki67*), and IgG*
plasma cells were analyzed by immunofluorescence microscopy. Formation of T and B cell zones and
TLOs was assessed. Intra-renal expression of TLO-promoting factors, molecules of T:B crosstalk, and B
cell differentiation was analyzed by qPCR. Intra-renal B and T cell zones and TLOs were detected
in CR and were associated with elevated intra-renal mRNA expression of TLO-promoting factors,
including CXCL13, CCL19, lymphotoxin-f3, and BAFF. Intra-renal plasma cells were also elevated
in CR. Anti-BAFF treatment significantly decreased intra-renal B cell zones and TLO, as well as
intra-renal B cell-derived TLO-promoting factors and B cell differentiation markers. We conclude that
BAFF-dependent intra-renal B cells promote TLO formation and advance local adaptive alloimmune
responses in chronic rejection.
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1. Introduction

Kidney transplantation is the best available treatment for many patients with end-stage kidney
failure; however, kidney allograft survival is limited, with a 10-year graft survival rate of only 56% [1].
A shortage of organs for donation is therefore exacerbated by premature allograft failure. On top of this,
patients with multiple consecutive transplants have a higher risk of graft failure due to rejection [2].
Improving allograft survival is therefore an important aim in renal and transplantation medicine.

Apart from antibody-mediated rejection (ABMR), which is a major cause of allograft failure [3],
kidney allograft inflammation is an important predictor of reduced allograft survival [4]. Subclinical
inflammation is associated with poorer outcomes [4,5] and may precede irreversible interstitial fibrosis [6].
Due to its prognostic relevance, inflammation in areas of fibrosis has recently been incorporated into
Banff rejection grading as an independent score (“ilFTA”, inflammation with interstitial fibrosis and
tubular atrophy). The role of B cells in allograft inflammation has not been fully clarified. Intra-graft
B cell clusters have been observed in animal and human transplant studies, and have been related
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to poorer outcomes [7,8]. Furthermore, overproportional amounts of B cells were found in allografts
with subclinical rejection and fibrotic changes compared to grafts with subclinical rejection without
fibrosis [9], suggesting a role of B cells in chronic rejection.

B cells can form organized follicular structures together with T cells and other immune cells [10,11].
Within these structures, termed tertiary lymphoid organs (TLOs), B cells can affect local immune
activation [12]. TLOs resemble lymphoid follicles within secondary lymphoid organs and occur at sites
of chronic inflammation. They have been detected in systemic lupus erythematodes (SLE), rheumatoid
arthritis, multiple sclerosis, atherosclerosis, as well as heart and kidney transplantation, as reviewed by
Pitzalis [13]. The formation of TLO is driven by local expression of factors required for formation of
secondary lymphoid tissue, such as CCL19, CCL21, CXCL13, and lymphotoxin-«/f3 [14,15]. Furthermore,
TLOs are sites of local activation of adaptive immunity, where locally antigen-activated B cells receive
additional signals, clonally proliferate [16], and become a local source of donor-specific antibodies
(DSAs) [12].

B cells are important mediators of TLO development due to their expression of lymphotoxin-
/B [17]. They can remain within allografts even after peripheral depletion of B cells using Rituximab [18].
B cell activating factor (BAFF) is an important survival factor for B cells and plasma cells [19]. In Ktx
patients, elevated serum BAFF levels have also been associated with pre-sensitization, anti-HLA
antibody formation, ABMR, and reduced graft survival [20,21]. We have previously demonstrated
expression of BAFF in experimental rat kidney allografts [22], and also showed that anti-BAFF treatment
interfered with humoral responses in Ktx using the same model [23]. However, a necessity of BAFF
for TLO development has not previously been shown. Here, we tested the effects of an anti-BAFF
antibody on intra-renal infiltrates of T and B cells, their microanatomical organization into TLOs,
intra-renal expression of TLO-promoting factors and B cell differentiation factors, as part of local
adaptive alloresponses in chronic rejection.

2. Results

2.1. Anti-BAFF Treatment Alters the T and B Cell Composition of Intra-Renal Infiltrates

We first examined the overall area of intra-renal infiltrates in the different experimental groups using
immunohistochemistry. Infiltrates were significantly more expansive in CR and CR + AB compared to
NR (CR vs. NR: 0.16 + 0.05 vs. 0.01 + 0.01 mm?, p = 0.0012; CR + AB vs. NR: 0.10 = 0.08 vs. 0.01 + 0.01
mm?, p = 0.030) (Figure 1A). The expansion of intra-renal infiltrates appeared to be reduced in CR + AB
compared to CR, but the difference was not significant. Analysis of the microanatomical localization of
infiltrates showed that the majority of infiltrates were localized in the vicinity of arterioles (perivascular),
followed by localization surrounding glomeruli (periglomerular) and few were located interstitially
without apparent contact to arterioles or glomeruli (Figure 1B). We then assessed the number of T (CD3™)
and B (CD20%) cells within kidney sections, and found that there were significantly more T cells in CR
and CR + AB compared to NR (CR vs. NR: 610 + 204 vs. 30 + 40 cells/mm?, p = 0.0032; CR + AB vs. NR:
479 + 338 vs. 30 + 40 cells/mm?, p =0.019), but CR and CR + AB did not differ significantly in intra-renal
T cell content (Figure 1C). The number of B cells was also significantly elevated in CR compared to NR
(CRvs. NR: 431 + 232 vs. 6 + 13 cells/mm?, p = 0.0006). Anti-BAFF treatment substantially reduced the
number of intra-renal B cells (CR vs. CR + AB: 431 + 232 vs. 60 + 51 cells/mm?, p = 0.0013) (Figure 1C).
Since T cells were non-significantly reduced in CR + AB compared to CR, we also assessed the ratio of
B:T cells and found that this was elevated in CR compared to NR (0.67 + 0.29 vs. 0.12 + 0.16, p = 0.0067),
and significantly reduced after anti-BAFF treatment (CR vs. CR + AB: 0.67 = 0.29 vs. 0.12 + 0.05,
p = 0.0016) (Figure 1D).
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Figure 1. Intra-renal infiltrates, their microanatomical localization, and content of T and B lymphocytes.
(A) shows intra-renal infiltrate expansion, which was measured using Histoquest software and was
expressed as the cumulative area of infiltrates/area of the renal cortex. (B) shows the microanatomical
localization of infiltrates, which was recorded as perivascular, periglomerular, or interstitial. (C) shows
the intra-renal content of CD3" T cells and CD20* B cells, which was determined using Histoquest
software after immunohistochemical staining and normalized to the area of renal cortex. (D) shows the
ratio of intra-renal B/T cells in arbitrary units (AU). NR, no rejection (black); CR, chronic rejection (pink);
CR + AB, chronic rejection and anti-BAFF antibody (green). Data is shown as individual data points
per rat and group means. Statistical significance is shown as * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. Anti-BAFF Treatment Interfered with TLO Formation

B cells and T cells can organize into distinct zones within infiltrates to form TLOs. We assessed the
microanatomical organization of intra-renal T and B cells into T and B cell zones using immunofluorescence
microscopy. Figure 2A shows representative images of staining of CD3* T cells (red), CD20" B cells
(yellow), and Ki67" proliferating cells (green). In NR, infiltrates were rare and small compared to the
other groups. In CR, large infiltrates containing distinct B and T cell zones were found as shown in
Figure 2A. Infiltrates after anti-BAFF treatment showed dense T cell zones but a lack of B cell zones.
We determined the presence of T and B cell zones per infiltrate, and found that T cell zones were similarly
frequent in all groups (Figure 2B), but the frequency of B cell zones within infiltrates was significantly
higher in CR compared to NR (CR vs. NR: 0.44 + 0.20 vs. 0.00 + 0.00, p = 0.0001) but substantially lower
with anti-BAFF treatment (CR vs. CR + AB: 0.44 + 0.20 vs. 0.05 + 0.06, p = 0.0002) (Figure 2B). TLOs were
defined by the presence of T and B cell zones, and were absent in NR but significantly elevated in
CR (CR vs. NR: 0.44 + 0.20 vs. 0.00 + 0.00, p = 0.0001) (Figure 2C). However, the frequency of TLO
was significantly diminished after anti-BAFF treatment (CR vs. CR + AB: 0.44 + 0.20 vs. 0.048 + 0.06,
p = 0.0002) (Figure 2C).
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Figure 2. Effect of anti-BAFF treatment on intra-renal T and B cell zones and TLO formation. (A) shows
representative allograft sections stained for CD3 (T cells, pink), CD20 (B cells, yellow), and Ki67
(proliferating cells, green) with distinct T and B cell zones. (B) shows the frequency of T cell (CD3%)
and B cell (CD20") zones, which were defined as dense clusters of predominantly one cell type.
(C) shows the frequency of TLOs, which were defined as dense intra-renal infiltrates containing a T
and a B cell zone. NR, no rejection (black); CR, chronic rejection (pink); CR + AB, chronic rejection
and anti-BAFF antibody (green). Data is shown as group means and individual data points per rat.

Statistical significance is shown as *** p < 0.001.

2.3. Proliferation of Intra-Renal T and B Cells Was Not Altered by Anti-BAFF Treatment

Since the number of B cells was significantly reduced within kidney allografts by anti-BAFF
treatment, we were interested in whether anti-BAFF treatment had affected the local proliferation of
intra-renal lymphocytes. We therefore analyzed the absolute numbers of proliferating T and B cells by
co-staining for the proliferation marker Ki67*. We found that proliferation of T cells was significantly
increased in CR and CR + AB compared to NR (CR vs. NR: 31 + 11 vs. 3 + 3, p = 0.0005; CR + AB vs.
NR: 25 + 10 vs. 3 + 3, p = 0.0034). In B cells, only CR + AB showed significantly increased proliferation
compared to NR, while elevation of B cell proliferation in CR was not significant compared to NR
(CR + AB vs. NR: 0.11 + 0.04 vs. 0 + 00, p = 0.02; CR vs. NR: 0.08 + 0.03 vs. 0 + 00, p = 0.137).
However, anti-BAFF treatment did not change the number of proliferating T cells (Figure 3A) or B cells

(Figure 3B).
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Antigen-activated B cells may clonally proliferate in germinal centers (GCs) when given appropriate
T helper cell signals. We analyzed infiltrates for the presence of GCs within TLOs and found that GCs
were rare but could be detected in CR, as shown in Figure 3C.
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Figure 3. Intra-renal T and B cell proliferation and germinal center (GC) formation within TLOs.
(A) shows the intra-renal content of proliferating Ki67*CD3™" T cells and (B) proliferating Ki67*CD20*
B cells, which were quantified using Histoquest software after immunohistochemical staining and
normalized to the area of renal cortex. (C) shows a TLO with GC formation, which was defined as
a dense cluster of Ki67* proliferating cells (green) within a CD20* B cell zone (yellow); the kidney
section was from the CR group. NR, no rejection (black); CR, chronic rejection (pink); CR + AB, chronic
rejection and anti-BAFF antibody (green). Data is shown as group means and individual data points
per rat. Statistical significance is shown as * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.4. Effect of Anti-BAFF Treatment on Intra-Renal Plasma Cells

Plasma cells are antibody-producing cells derived from B cells and have been found within kidney
allograft infiltrates [24]. We therefore determined the amount of intra-renal plasma cells by staining
for IgG* elliptical cells, as previously described [23]. Plasma cells were present in allografts from
all groups and appeared increased in CR compared to NR and CR + AB, but the difference was not
statistically significant (Figure 4).
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Figure 4. Effect of anti-BAFF treatment on intra-renal plasma cells. (A) shows immunofluorescence
staining of IgG* plasma cells typically arranged in small nests within allografts. (B) shows the intra-renal
content of IgG* plasma cells, which was determined by blinded manual counting of IgG* cells and
normalized to the renal cortex area. NR, no rejection (black); CR, chronic rejection (pink); CR + AB,
chronic rejection and anti-BAFF antibody (green). Data is shown as group means and individual data
points per rat.

2.5. Anti-BAFF Treatment Regulated Expression of TLO-Promoting Factors and B Cell Differentiation Markers
within Allografts

Since BAFF was required for TLO formation, we were interested in the expression of
TLO-promoting factors and B cell activation and differentiation molecules. To this end, we used a
heat-map to visualize normalized gene expression (Figure 5). We analyzed the intra-renal mRNA
expression of BAFF, its homolog APRIL (a proliferation-inducing ligand), and their receptors, BAFF-R
(BAFF receptor), TACI (transmembrane activator and calcium modulator and cyclophilin ligand
interactor), and BCMA (B cell maturation antigen). We found that BAFF and its receptors were more
strongly expressed in CR than NR, but anti-BAFF treatment led to decreased expression of BAFF-R,
TACI, and to a lesser degree BCMA (Figure 5A).

TLO formation is driven by lymphoid chemokines and cytokines. We therefore measured
intra-renal mRNA expression of the B cell chemokine CXCL13 and its receptor CXCR5, as well as
lymphotoxin-f and the T cell chemokine CCL19 and its receptor CCR7. We found that expression of
B cell chemokine CXCL13 and its receptors CXCRS5, as well as lymphotoxin-3, was elevated in CR
but reduced after anti-BAFF, while expression of T cell chemokine CCL19 and its receptor CCR7 was
increased in CR + AB (Figure 5B).

We found evidence of germinal center formation in CR, but anti-BAFF treatment did not affect the
number of proliferating B cells within allografts. We therefore analyzed the expression of molecules,
which drive B cell proliferation. We found that expression of interleukin (IL)-21, an important T cell
cytokine, which stimulates B cell proliferation, was elevated in CR + AB compared to CR (Figure 5C).
Similarly, the expression of T cell costimulatory molecules, CD40L (CD40 ligand) and ICOS (inducible
T cell costimulator), was higher in CR + AB compared to CR, while expression of corresponding B cell
ligands CD40 and ICOS ligand was lower in CR + AB compared to CR (Figure 5C).

Finally, BAFF is a survival factor for B cells at different differentiation stages. Therefore, we assessed
the intra-renal expression of markers of B cell differentiation. Transmembrane IgD (transmemlIgD)
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is expressed by immature and naive B cells and its expression was elevated in CR and substantially
reduced in CR + AB (Figure 5D). Pax5 (paired box protein 5), a pan-B cell lineage factor, was also
elevated in CR and reduced in CR + AB (Figure 5D). Bcl-6 (B cell lymphoma 6) is expressed by germinal
center B cells after activation in B cell follicles and was elevated in CR but lower in CR + AB (Figure 5D).
Finally, XBP-1 (X-box binding protein 1) is a transcription factor for differentiating plasma cells and
its intra-renal expression was elevated in CR compared to NR, and anti-BAFF treatment reduced its
expression compared to CR (Figure 5D). Overall, early B cell differentiation markers appeared to be
increased in CR and more strongly reduced by anti-BAFF treatment than markers of later differentiation
stages (Figure 5D).

Normalized gene expression
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Figure 5. Effect of anti-BAFF treatment on intra-renal gene expression in chronic rejection. A heat-map
was used to visualize relative mRNA expression of genes between groups. (A) BAFF, APRIL, and their
receptors; (B) TLO-inducing chemokines and cytokines and receptors; (C) molecules of T:B cell
crosstalk; (D) markers of B cell differentiation. MRNA expression of target genes was normalized to the
house-keeper hypoxanthine-guanine-phosphoribosyl-transferase (HPRT,). The z-score was calculated
from delta CT values per sample using the mean of all samples. Average z-scores from each group are
shown using the indicated color scale for up- or downregulation.

Since we saw no significant difference in the amount of T cells present within allografts (Figure 1)
or their proliferation rate (Figure 3) with or without anti-BAFF treatment, we analyzed the expression
of molecules associated with T cell function by qPCR. We found no difference in the expression of
interleukin-2, interferon-vy, interleukin-21, TGF-3, granzyme B, perforin, or foxp3 with or without
anti-BAFF treatment (data not shown).
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3. Discussion

TLOs are sites of adaptive alloimmune activation and have been detected in failed kidney
allografts with chronic rejection [11]. We tested if BAFF is required for TLO formation in a model of
chronic kidney allograft rejection in rats. Our results showed that intra-renal infiltrates were more
frequent in chronic rejection than in non-rejecting allografts and included TLOs with distinct T and
B cell zones. Furthermore, we observed B cell germinal center formation within TLOs. Anti-BAFF
treatment diminished the number of intra-renal B cells and effectively blocked the formation of B cell
zones and TLOs. Gene expression analysis showed that intra-renal expression of BAFF receptors and
TLO-promoting factors was elevated in CR but diminished by anti-BAFF treatment. We found that B
cells in early differentiation stages were particularly sensitive to anti-BAFF treatment. In summary,
we showed that TLOs harbor local activation of alloresponses and that BAFF is required for TLO
formation in chronic rejection.

In fully immunosuppressed non-rejecting allografts, intra-renal infiltrates were virtually absent;
however, there was significant expansion of infiltrates within allografts in chronic rejection. Intra-renal
infiltrates were most frequently found in the vicinity of arterioles, suggesting leukopedesis across
existing blood vessels, rather than sprouting of high endothelial venules, which have been described in
TLOs [14]. Anti-BAFF treatment did not affect the expansion of intra-renal infiltrates; it did, however,
lead to a significant reduction in the number of intra-renal B cells and a lower B/T cell ratio.

Detailed analysis of the microanatomical organization of intra-renal T and B cells showed that
a large portion of infiltrates consisted of distinct T and B cell zones forming lymphoid follicle-like
structures or TLOs. Staining of the proliferation marker Ki67 revealed that germinal centers, or areas of
clonal proliferation of antigen-specific B cells, could form within these TLOs in our model. Germinal
centers are highly advanced structures, which arise from coordinated T:B cell crosstalk [25]. It is within
germinal centers that B cells get fully activated, go through somatic hypermutation, get positively
selected for the highest antibody affinity for alloantigens, and differentiate into antibody-secreting
plasma cells and memory B cells [26]. Cheng et al. have previously shown that TLOs can harbor such
diversification and clonal expansion of alloimmune responses in allografts [16]. Our results showed
that anti-BAFF treatment can effectively prevent the formation of intra-renal TLOs, since B cell zones
were mostly absent in anti-BAFF-treated rats. Although TLO formation has been observed in cardiac
transplant models in mice [27], this is the first kidney transplant model showing TLO formation in
chronic rejection. As such, the findings from our study may provide a basis for further investigation
into the role of TLOs in kidney transplant rejection.

We were interested in the mechanism by which anti-BAFF treatment prevented TLO formation in
allografts. There are three known receptors for BAFF and its homolog APRIL: BAFF-R, TACI, and BCMA,
asreviewed by Parsons [28]. We found that the intra-renal expression of BAFF receptors was significantly
lower after anti-BAFF treatment, which illustrated the dependency of BAFF receptor-expressing cells
on the presence of BAFF as a survival factor. Whether there was a shortage of infiltrating B cells
into allografts or intra-renal B cells locally succumbed to cell death in the absence of BAFF could
not be determined by our experiments. CXCL13, a B cell chemokine that promotes TLO formation,
was highly expressed during chronic rejection, but expression appeared lower after anti-BAFF treatment.
The expression of CXCRS5, the receptor for CXCL13, was also lower after anti-BAFF treatment.
Furthermore, B cells are potent producers of lymphotoxin-f3, an important factor for secondary and
tertiary lymphoid organ formation [29,30]. The expression of lymphotoxin-f3 was elevated in chronic
rejection but substantially diminished after anti-BAFF antibody. The regulation of these factors may
have played in important role in preventing the development of TLO in anti-BAFF-treated rats in
our model.

Intra-renal mRINA expression of B cell differentiation markers showed that anti-BAFF treatment
strongly affected B cells at early differentiation stages and to a lesser extent reduced expression of
advanced differentiation markers. Transmembrane IgD is expressed by immature transitional and
naive B cells. We found elevated transmembrane IgD expression in chronic rejection, reflecting the
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infiltration of these cells into allografts. Interestingly, expression of intra-renal transmembrane IgD was
substantially reduced by anti-BAFF treatment. We also found increased expression of Pax5, a pan-B
cell lineage transcription factor, within allografts with chronic rejection but a significant reduction of its
expression after anti-BAFF treatment. Interestingly, the transcription factor Bcl-6 was also upregulated
during chronic rejection but downregulated by anti-BAFF treatment. Bcl-6 is expressed in lymphoid
follicles by germinal center B cells and T follicular helper cells, which provide essential activation
signals to B cells, as reviewed by Vinuesa [31]. Bcl-6 is therefore a necessary factor for full activation
of humoral alloresponses. Decreased Bcl-6 expression in rats treated with anti-BAFF antibody could
reflect decreased humoral immune activation in allografts due to a lack of TLOs. Finally, expression
of XBP-1, a transcription factor expressed during plasma cell differentiation [32], was elevated in
chronic rejection. XBP-1 expression was also reduced in anti-BAFF, but the difference was much less
pronounced compared with factors of early B cell differentiation. We investigated the presence of
plasma cells within allografts in our model. Although the exact effector function of intra-renal plasma
cells and their role in allograft rejection is not fully understood, intra-renal plasma cells have been
associated with chronic allograft rejection and poor prognosis [24,33-36]. Although we have previously
shown that anti-BAFF therapy reduced the number of splenic plasma cells [23], the difference in
intra-renal plasma cells between groups was not statistically significant in this study. In summary;,
we found that intra-renal B cells during early differentiation stages were particularly sensitive to
anti-BAFF treatment.

Signals required for B cell proliferation include antigen-activation, T cell help, and cytokines,
but not BAFF, which was reflected by our data showing that B cell proliferation was not altered by
anti-BAFF treatment. Analysis of B cell differentiation factors showed that early antigen-naive B cells
were particularly reduced by anti-BAFF treatment, suggesting that the remaining B cells were already
antigen-activated. Proliferation of antigen-activated B cells depends on the expression of important
signals by T helper cells, namely CD40L and IL-21. In line with this, we found that the relative
expression of CD40L and IL-21 was not decreased by anti-BAFF treatment, demonstrating a potentially
important gap in the mechanism of BAFF. This observation may point towards a shortcoming of
BAFF-targeted therapy and raise interest in combining targets for therapy.

We demonstrated that TLOs are sites of humoral immune activation within allografts during chronic
rejection, and that anti-BAFF treatment can hinder the formation of TLO in allografts. Belimumab®,
a monoclonal anti-BAFF antibody, has been approved for treatment of lupus erythematodes and has
been explored as an immunosuppressive agent in kidney transplant patients [37]. Our study shows
that TLO formation may be prevented using an anti-BAFF antibody with a potential benefit to kidney
transplant patients. We previously reported that anti-BAFF treatment interfered with systemic humoral
responses and reduced formation of DSA of certain IgG subclasses in a Ktx model, but we found no
direct evidence for any specific alteration in T cell function and it did not significantly affect allograft
rejection according to Banff or allograft function [23]. A limitation of our study is the duration of our
experiment. Extending experiments beyond d56 post-transplant may provide insight into the long-term
effects of anti-BAFF treatment on cellular responses within allografts. To assess the long-term benefits
of such an intervention, further investigation is needed.

4. Materials and Methods

4.1. Experimental Kidney Transplantation

Animal experiments were approved by the local inspecting authorities (Regierung von Unterfranken,
No. 55.2-2532-2-47, 30-06-2015) and performed according to German animal protection laws and
NIH'’s laboratory animal care principles. In brief, a previously described MHC-mismatched rat kidney
transplantation model was used [22,23], in which male Brown Norway rats (BN) served as donors
and male Lewis rats (LEW) as recipients (Charles River Laboratories, Sulzfeld, Germany, 200-250 g).
Kidney transplantation was performed orthotopically as previously described [38].
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Rats were either treated with daily cyclosporine A (CsA) at 10 mg/kg body weight (Neoral,
Novartis, Basel, Switzerland), administered once daily by gavage (no rejection group, NR), or they
received CsA 5 mg/kg daily until d6, then on every 2nd day to induce DSA and chronic rejection (CR).
In addition, one group received CsA 5 mg/kg daily until d6, then on every 2nd day, and in addition
a monoclonal anti-BAFF antibody (GSK, Hamburg, Germany) was injected in the peritoneal cavity
on d3, d17, d31, and d45 after Ktx (CR + AB), as previously described [23]. Experimental groups are
shown in Table 1 below. Rats were sacrificed on d56 after Ktx and allografts were harvested.

Table 1. Experimental groups.

Group Abbreviation n=
Kix CsA 10 mg/kg/d d56 (no rejection) NR
Kix CsA 5 mg/kg/Zr1C1 d d56 (chronic rejection) CR 6

Ktx CsA 5 mg/kg/2nd d d56 + anti-BAFF antibody

(chronic rejection + anti-BAFF antibody) CR+AB 6

4.2. Histology, Immunohistochemistry, and Immunofluorescence

Immunohistochemistry was performed on 3-um formalin-fixed paraffin-embedded sections as
previously described [39]. T cells were stained with rabbit anti-rat CD3 antibody (Abcam, ab5690,
Cambridge, UK) and donkey anti-rabbit-Cy5 (Dianova, 711-175-152, Hamburg, Germany). B cells
were stained with mouse anti-rat CD20 antibody (Santa Cruz, sc-393894, Heidelberg, Germany),
goat anti-mouse-biotin (Thermofisher 31804), and Strep-Cy3 (Dianova, 016-160-084, Hamburg,
Germany). Proliferation was stained using anti-Ki67-FITC (ebioscience, 11-5698), and plasma
cells were stained using anti-rat-IgG-AlexaFluor647 (Thermofischer A21472, Waltham, MA, USA).
Images were taken using a Zeiss observer Z.1 Fluorescence microscope at 20X magnification. Digital
images from 10 high power fields (HPFs) per specimen were examined as previously described [39].
Using Histoquest® software (TissueGnostics GmbH, Vienna, Austria), the number of CD20*, CD3",
Ki67*CD20%, and Ki67*CD3" cells were quantified within a defined section area. Intra-renal B cell
(CD20*) and T cell (CD3") zones were defined as dense clusters of predominantly one cell type (min.
20 cells/0.004 mm?). TLO were defined as dense intra-renal infiltrates containing a T and B cell zone.
Germinal centers (GCs) were defined as dense clusters of Ki67* proliferating cells within a B cell
zone. The presence of T and B cell zones and GC was determined per infiltrate in a blinded manner.
Intra-renal IgG* plasma cells, identified by strong intracellular IgG-positivity and typical cell shape,
were counted manually in a blinded manner.

4.3. Real-Time PCR

Frozen tissue sections were homogenized using a RNeasy MiniKit® (cat. 74106, Qiagen, Hilden,
Germany). Total RNA was extracted, and genomic DNA digested. Total RNA was reverse transcribed
into cDNA. RT-PCR was performed on a ViiA7 detection system (Applied Biosystems, Darmstadt,
Germany) using a QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany). The sequences of the
primers are listed in Table S1). Copy numbers of target genes were normalized to the house-keeper
gene hypoxanthine-guanine-phosphoribosyl-transferase (HPRT) and delta CT values were calculated.
The z-score was calculated from delta CT values for each sample and target gene using the formula
z = (x-w)/o. Mean z-scores from each experimental group are shown in a heat map using a color scale
for up- or downregulation of gene expression.

4.4. Statistical Analysis

Values are provided as individual data points and mean and SD. Statistical significance was
calculated using Graphpad Prism software (Version 8.0, San Diego, CA, USA) using ANOVA; p < 0.05
was considered to be statistically significant.
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Abbreviations

AB antibody
ABMR antibody-mediated rejection
APRIL a proliferation inducing ligand

BAFF B cell activating factor

BAFF-R BAFF receptor

Bcl-6 B cell lymphoma 6

BCMA B cell maturation antigen

BN Brown Norway rat

CD cluster of differentiation

CD40L CD40 ligand

CR chronic rejection

CR+ AB  chronic rejection + anti-BAFF antibody
CsA cyclosporine A

HPRT hypoxanthine-guanine-phosphoribosyl-transferase
GC germinal center

ICOS inducible T cell costimulator

ICOSL ICOS ligand

IFTA interstitial fibrosis and tubular atrophy
Ig immunoglobulin

IL interleukin

Kitx kidney transplantation

LEW Lewis rat

MHC major histocompatibility complex

NR no rejection

Pax5 paired box protein 5

SLE systemic lupus erythematosus

TACI transmembrane activator and calcium modulator and cyclophilin ligand interactor
TLO tertiary lymphoid organs

XBP-1 X-box binding protein 1

References

1. Gondos, A.; Dohler, B.; Brenner, H.; Opelz, G. Kidney graft survival in Europe and the United States:
Strikingly different long-term outcomes. Transplantation 2013, 95, 267-274. [CrossRef] [PubMed]

2. Lefaucheur, C.; Loupy, A.; Hill, G.S.; Andrade, J.; Nochy, D.; Antoine, C.; Gautreau, C.; Charron, D.; Glotz, D.;
Suberbielle-Boissel, C. Preexisting donor-specific HLA antibodies predict outcome in kidney transplantation.
J. Am. Soc. Nephrol. 2010, 21, 1398-1406. [CrossRef] [PubMed]


http://www.mdpi.com/1422-0067/21/21/8045/s1
http://dx.doi.org/10.1097/TP.0b013e3182708ea8
http://www.ncbi.nlm.nih.gov/pubmed/23060279
http://dx.doi.org/10.1681/ASN.2009101065
http://www.ncbi.nlm.nih.gov/pubmed/20634297

Int. ]. Mol. Sci. 2020, 21, 8045 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sellares, J.; Reeve, J.; Loupy, A.; Mengel, M.; Sis, B.; Skene, A.; de Freitas, D.G.; Kreepala, C.; Hidalgo, L.G.;
Famulski, K.S.; et al. Molecular diagnosis of antibody-mediated rejection in human kidney transplants.
Am. |. Transplant. 2013, 13, 971-983. [CrossRef] [PubMed]

Mannon, R.B.; Matas, A.].; Grande, J.; Leduc, R.; Connett, J.; Kasiske, B.; Cecka, ].M.; Gaston, R.S.; Cosio, F.;
Gourishankar, S.; et al. Inflammation in areas of tubular atrophy in kidney allograft biopsies: A potent
predictor of allograft failure. Am. J. Transplant. 2010, 10, 2066-2073. [CrossRef] [PubMed]

Shishido, S.; Asanuma, H.; Nakai, H.; Mori, Y.; Satoh, H.; Kamimaki, I.; Hataya, H.; Ikeda, M.; Honda, M.;
Hasegawa, A. The impact of repeated subclinical acute rejection on the progression of chronic allograft
nephropathy. J. Am. Soc. Nephrol. 2003, 14, 1046-1052. [CrossRef] [PubMed]

Park, W.D.; Griffin, M.D.; Cornell, L.D.; Cosio, EG.; Stegall, M.D. Fibrosis with inflammation at one year
predicts transplant functional decline. J. Am. Soc. Nephrol. 2010, 21, 1987-1997. [CrossRef]

Tse, G.H.; Johnston, C.J.; Kluth, D.; Gray, M.; Gray, D.; Hughes, J.; Marson, L.P. Intrarenal B Cell Cytokines
Promote Transplant Fibrosis and Tubular Atrophy. Am. J. Transplant. 2015, 15, 3067-3080. [CrossRef]
Sarwal, M.; Chua, M.S.; Kambham, N.; Hsieh, S.C.; Satterwhite, T.; Masek, M.; Salvatierra, O., Jr. Molecular
heterogeneity in acute renal allograft rejection identified by DNA microarray profiling. N. Engl. ]. Med. 2003,
349, 125-138. [CrossRef]

Hueso, M.; Navarro, E.; Moreso, F; O’Valle, E; Perez-Riba, M.; Del Moral, R.G.; Grinyo, ].M.; Seron, D.
Intragraft expression of the IL-10 gene is up-regulated in renal protocol biopsies with early interstitial fibrosis,
tubular atrophy, and subclinical rejection. Am. J. Pathol. 2010, 176, 1696-1704. [CrossRef]

Thaunat, O.; Field, A.C; Dai, ].; Louedec, L.; Patey, N.; Bloch, M.E.; Mandet, C.; Belair, M.E,; Bruneval, P;
Meilhac, O.; et al. Lymphoid neogenesis in chronic rejection: Evidence for a local humoral alloimmune
response. Proc. Natl. Acad. Sci. USA 2005, 102, 14723-14728. [CrossRef]

Thaunat, O.; Patey, N.; Caligiuri, G.; Gautreau, C.; Mamani-Matsuda, M.; Mekki, Y.; Dieu-Nosjean, M.C.;
Eberl, G.; Ecochard, R.; Michel, ].B.; et al. Chronic rejection triggers the development of an aggressive
intragraft immune response through recapitulation of lymphoid organogenesis. J. Immunol. 2010, 185,
717-728. [CrossRef] [PubMed]

Thaunat, O.; Graff-Dubois, S.; Brouard, S.; Gautreau, C.; Varthaman, A.; Fabien, N.; Field, A.C.; Louedec, L.;
Dai, J.; Joly, E.; et al. Immune responses elicited in tertiary lymphoid tissues display distinctive features.
PLoS ONE 2010, 5, €11398. [CrossRef]

Pitzalis, C.; Jones, G.W.; Bombardieri, M.; Jones, S.A. Ectopic lymphoid-like structures in infection, cancer
and autoimmunity. Nat. Rev. Immunol. 2014, 14, 447-462. [CrossRef] [PubMed]

Luther, S.A.; Bidgol, A.; Hargreaves, D.C.; Schmidt, A.; Xu, Y.; Paniyadi, J.; Matloubian, M.; Cyster, J.G.
Differing activities of homeostatic chemokines CCL19, CCL21, and CXCL12 in lymphocyte and dendritic cell
recruitment and lymphoid neogenesis. . Immunol. 2002, 169, 424-433. [CrossRef] [PubMed]

Ziegler, E.; Gueler, E; Rong, S.; Mengel, M.; Witzke, O.; Kribben, A.; Haller, H.; Kunzendorf, U.; Krautwald, S.
CCL19-IgG prevents allograft rejection by impairment of immune cell trafficking. J. Am. Soc. Nephrol. 2006,
17,2521-2532. [CrossRef]

Cheng, J.; Torkamani, A.; Grover, RK.; Jones, TM.; Ruiz, D.L; Schork, N.J.; Quigley, M.M.; Hall, EW.;
Salomon, D.R.; Lerner, R.A. Ectopic B-cell clusters that infiltrate transplanted human kidneys are clonal.
Proc. Natl. Acad. Sci. USA 2011, 108, 5560-5565. [CrossRef] [PubMed]

Koenig, A.; Thaunat, O. Lymphoid Neogenesis and Tertiary Lymphoid Organs in Transplanted Organs.
Front. Immunol. 2016, 7, 646. [CrossRef]

Thaunat, O.; Patey, N.; Gautreau, C.; Lechaton, S.; Fremeaux-Bacchi, V.; Dieu-Nosjean, M.C;
Cassuto-Viguier, E.; Legendre, C.; Delahousse, M.; Lang, P; et al. B cell survival in intragraft tertiary
lymphoid organs after rituximab therapy. Transplantation 2008, 85, 1648-1653. [CrossRef]

Mackay, F,; Figgett, W.A.; Saulep, D.; Lepage, M.; Hibbs, M.L. B-cell stage and context-dependent requirements
for survival signals from BAFF and the B-cell receptor. Immunol. Rev. 2010, 237, 205-225. [CrossRef]
Irure-Ventura, J.; San Segundo, D.; Rodrigo, E.; Merino, D.; Belmar-Vega, L.; Ruiz San Millan, J.C.; Valero, R.;
Benito, A.; Lépez-Hoyos, M. High Pretransplant BAFF Levels and B-cell Subset Polarized towards a Memory
Phenotype as Predictive Biomarkers for Antibody-Mediated Rejection. Int. J. Mol. Sci. 2020, 21, 779.
[CrossRef]


http://dx.doi.org/10.1111/ajt.12150
http://www.ncbi.nlm.nih.gov/pubmed/23414212
http://dx.doi.org/10.1111/j.1600-6143.2010.03240.x
http://www.ncbi.nlm.nih.gov/pubmed/20883541
http://dx.doi.org/10.1097/01.ASN.0000056189.02819.32
http://www.ncbi.nlm.nih.gov/pubmed/12660340
http://dx.doi.org/10.1681/ASN.2010010049
http://dx.doi.org/10.1111/ajt.13393
http://dx.doi.org/10.1056/NEJMoa035588
http://dx.doi.org/10.2353/ajpath.2010.090411
http://dx.doi.org/10.1073/pnas.0507223102
http://dx.doi.org/10.4049/jimmunol.0903589
http://www.ncbi.nlm.nih.gov/pubmed/20525884
http://dx.doi.org/10.1371/journal.pone.0011398
http://dx.doi.org/10.1038/nri3700
http://www.ncbi.nlm.nih.gov/pubmed/24948366
http://dx.doi.org/10.4049/jimmunol.169.1.424
http://www.ncbi.nlm.nih.gov/pubmed/12077273
http://dx.doi.org/10.1681/ASN.2005070782
http://dx.doi.org/10.1073/pnas.1101148108
http://www.ncbi.nlm.nih.gov/pubmed/21415369
http://dx.doi.org/10.3389/fimmu.2016.00646
http://dx.doi.org/10.1097/TP.0b013e3181735723
http://dx.doi.org/10.1111/j.1600-065X.2010.00944.x
http://dx.doi.org/10.3390/ijms21030779

Int. ]. Mol. Sci. 2020, 21, 8045 13 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Friebus-Kardash, J.; Wilde, B.; Keles, D.; Heinold, A.; Kribben, A.; Witzke, O.; Heinemann, EM.; Eisenberger, U.
Pretransplant serum BAFF levels are associated with pretransplant HLA immunization and renal allograft
survival. Transpl. Immunol. 2018, 47, 10-17. [CrossRef] [PubMed]

Kuhne, L.; Jung, B.; Poth, H.; Schuster, A.; Wurm, S.; Ruemmele, P; Banas, B.; Bergler, T. Renal allograft
rejection, lymphocyte infiltration, and de novo donor-specific antibodies in a novel model of non-adherence
to immunosuppressive therapy. BMC Immunol. 2017, 18, 52. [CrossRef] [PubMed]

Steines, L.; Poth, H.; Schuster, A.; Geissler, EK.; Amann, K.; Banas, B.; Bergler, T. Anti-BAFF Treatment
Interferes With Humoral Responses in a Model of Renal Transplantation in Rats. Transplantation 2020, 104,
el6—e22. [CrossRef] [PubMed]

Hasegawa, J.; Honda, K.; Omoto, K.; Wakai, S.; Shirakawa, H.; Okumi, M.; Ishida, H.; Fuchinoue, S.;
Hattori, M.; Tanabe, K. Clinical and Pathological Features of Plasma Cell-Rich Acute Rejection After Kidney
Transplantation. Transplantation 2018, 102, 853-859. [CrossRef] [PubMed]

Kwun, J.; Manook, M.; Page, E.; Burghuber, C.; Hong, J.; Knechtle, S.J. Crosstalk Between T and B Cells in the
Germinal Center After Transplantation. Transplantation 2017, 101, 704-712. [CrossRef]

Krautler, N.J.; Suan, D.; Butt, D.; Bourne, K.; Hermes, ].R.; Chan, T.D.; Sundling, C.; Kaplan, W.; Schofield, P;
Jackson, J.; et al. Differentiation of germinal center B cells into plasma cells is initiated by high-affinity
antigen and completed by Tfh cells. . Exp. Med. 2017, 214, 1259-1267. [CrossRef]

Baddoura, FK.; Nasr, LW.; Wrobel, B.; Li, Q.; Ruddle, N.H.; Lakkis, F.G. Lymphoid neogenesis in murine
cardiac allografts undergoing chronic rejection. Am. J. Transplant. 2005, 5, 510-516. [CrossRef]

Parsons, R.E; Vivek, K.; Redfield, R.R.; 3rd Migone, T.S.; Cancro, M.P.; Naji, A.; Noorchashm, H. B-lymphocyte
homeostasis and BLyS-directed immunotherapy in transplantation. Transplant. Rev. 2010, 24, 207-221.
[CrossRef]

Ngo, V.N,; Korner, H.; Gunn, M.D.; Schmidt, K.N.; Riminton, D.S.; Cooper, M.D.; Browning, J.L.;
Sedgwick, J.D.; Cyster, ].G. Lymphotoxin alpha/beta and tumor necrosis factor are required for stromal
cell expression of homing chemokines in B and T cell areas of the spleen. J. Exp. Med. 1999, 189, 403—412.
[CrossRef]

Grabner, R.; Lotzer, K.; Dopping, S.; Hildner, M.; Radke, D.; Beer, M.; Spanbroek, R.; Lippert, B.; Reardon, C.A;
Getz, G.S.; et al. Lymphotoxin beta receptor signaling promotes tertiary lymphoid organogenesis in the aorta
adventitia of aged ApoE-/- mice. J. Exp. Med. 2009, 206, 233-248. [CrossRef]

Vinuesa, C.G.; Linterman, M.A.; Yu, D.; MacLennan, I.C. Follicular Helper T Cells. Annu. Rev. Immunol.
2016, 34, 335-368. [CrossRef] [PubMed]

Reimold, A.M.; Iwakoshi, N.N.; Manis, ]J.; Vallabhajosyula, P.; Szomolanyi-Tsuda, E.; Gravallese, E.M.;
Friend, D.; Grusby, M.].; Alt, E; Glimcher, L.H. Plasma cell differentiation requires the transcription factor
XBP-1. Nature 2001, 412, 300-307. [CrossRef] [PubMed]

Wehner, J.R.; Fox-Talbot, K.; Halushka, M.K; Ellis, C.; Zachary, A.A.; Baldwin, WM., 3rd. B cells and plasma
cells in coronaries of chronically rejected cardiac transplants. Transplantation 2010, 89, 1141-1148. [CrossRef]
[PubMed]

Einecke, G.; Reeve, ]J.; Mengel, M.; Sis, B.; Bunnag, S.; Mueller, T.F.,; Halloran, P.F. Expression of B cell
and immunoglobulin transcripts is a feature of inflammation in late allografts. Am. J. Transplant. 2008, 8,
1434-1443. [CrossRef] [PubMed]

Desvaux, D.; Le Gouvello, S.; Pastural, M.; Abtahi, M.; Suberbielle, C.; Boeri, N.; Rémy, P.; Salomon, L.;
Lang, P; Baron, C. Acute renal allograft rejections with major interstitial oedema and plasma cell-rich
infiltrates: High gamma-interferon expression and poor clinical outcome. Nephrol. Dial. Transplant. 2004, 19,
933-939. [CrossRef]

Hamada, A.M.; Yamamoto, I.; Kawabe, M.; Katsumata, H.; Yamakawa, T.; Katsuma, A.; Nakada, Y.;
Kobayashi, A.; Koike, Y.; Miki, J.; et al. Clinicopathological features and outcomes of kidney allografts in
plasma cell-rich acute rejection: A case series. Nephrology 2018, 23, 22-26. [CrossRef]

Banham, G.D.; Flint, $.M.; Torpey, N.; Lyons, P.A.; Shanahan, D.N.; Gibson, A.; Watson CJ, E.; O’Sullivan, A.M.;
Chadwick, J.A.; Foster, K.E.; et al. Belimumab in kidney transplantation: An experimental medicine,
randomised, placebo-controlled phase 2 trial. Lancet 2018, 391, 2619-2630. [CrossRef]

Bergler, T.; Hoffmann, U.; Bergler, E.; Jung, B.; Banas, M.C.; Reinhold, S.W.; Kramer, B.K.; Banas, B. Toll-like
receptor 4 in experimental kidney transplantation: Early mediator of endogenous danger signals. Nephron Exp.
Nephrol. 2012, 121, e59-e70. [CrossRef]


http://dx.doi.org/10.1016/j.trim.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29277566
http://dx.doi.org/10.1186/s12865-017-0236-6
http://www.ncbi.nlm.nih.gov/pubmed/29258420
http://dx.doi.org/10.1097/TP.0000000000002992
http://www.ncbi.nlm.nih.gov/pubmed/31609901
http://dx.doi.org/10.1097/TP.0000000000002041
http://www.ncbi.nlm.nih.gov/pubmed/29319615
http://dx.doi.org/10.1097/TP.0000000000001588
http://dx.doi.org/10.1084/jem.20161533
http://dx.doi.org/10.1111/j.1600-6143.2004.00714.x
http://dx.doi.org/10.1016/j.trre.2010.05.004
http://dx.doi.org/10.1084/jem.189.2.403
http://dx.doi.org/10.1084/jem.20080752
http://dx.doi.org/10.1146/annurev-immunol-041015-055605
http://www.ncbi.nlm.nih.gov/pubmed/26907215
http://dx.doi.org/10.1038/35085509
http://www.ncbi.nlm.nih.gov/pubmed/11460154
http://dx.doi.org/10.1097/TP.0b013e3181d3f271
http://www.ncbi.nlm.nih.gov/pubmed/20386145
http://dx.doi.org/10.1111/j.1600-6143.2008.02232.x
http://www.ncbi.nlm.nih.gov/pubmed/18444922
http://dx.doi.org/10.1093/ndt/gfh027
http://dx.doi.org/10.1111/nep.13277
http://dx.doi.org/10.1016/S0140-6736(18)30984-X
http://dx.doi.org/10.1159/000343566

Int. ]. Mol. Sci. 2020, 21, 8045 14 of 14

39. Hoffmann, U,; Bergler, T.; Jung, B.; Steege, A.; Pace, C.; Rummele, P,; Reinhold, S.; Kruger, B.; Kramer, BK;
Banas, B. Comprehensive morphometric analysis of mononuclear cell infiltration during experimental renal
allograft rejection. Transpl. Immunol. 2013, 28, 24-31. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.trim.2012.12.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Anti-BAFF Treatment Alters the T and B Cell Composition of Intra-Renal Infiltrates 
	Anti-BAFF Treatment Interfered with TLO Formation 
	Proliferation of Intra-Renal T and B Cells Was Not Altered by Anti-BAFF Treatment 
	Effect of Anti-BAFF Treatment on Intra-Renal Plasma Cells 
	Anti-BAFF Treatment Regulated Expression of TLO-Promoting Factors and B Cell Differentiation Markers within Allografts 

	Discussion 
	Materials and Methods 
	Experimental Kidney Transplantation 
	Histology, Immunohistochemistry, and Immunofluorescence 
	Real-Time PCR 
	Statistical Analysis 

	References

