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ABSTRACT

In the context of transplantation with the use of immunosuppressivelrugs,BKvirus infection hasbecomethe
main causeof BKvirus nephropathy (BKVN)n renal transplant recipients (KTRs)More importantly, BKVNmay
cause further allograft dysfunction and loss. However, the role of the immune microenvironment in the
pathogenesisof BKVNremains unknown. Therefore, we collected microarray data of KTRsto elucidate the
immune characeristics of BKVN.Via the CIBERSORWe found that BKVNhad relatively more activatec
memory CD4T cells. Immunostaining showed that CD4+and CD8+cellavere significantly different between
BKVNand stable allografts (STAs)In addition, the expressionof immune-related genes(antigen presentation.
cytotoxicity, and inflammation) was significantly higher in BKVNthan in STAs.The results of gene set
enrichmentanalysis(GSEAand singlesample GSEAssGSEANdicatedthat immune cell,cytokine-,chemokine
, and inflammation-related pathways were significantly activated in BKVN, while metabolism and renal
developmentrelated pathways were significantly downregulated in BKVN. In addition, the immune
microenvironmentsof the peripheralblood in patients with BKviremia (BKV)or transplantkidney biopsy (TKB
with BKVN may be different. Overall, the immune microenvironment may play important roles in the
occurrenceand developmentof BKVNand provide a theoretical basisfor preventing the occurrenceof BKVI
andfinding noveltreatments.

INTRODUCTION and the incidence of allograft loss and failure ealsy
BKVN is approximately 10%480% [3 5]. At present,

BK virus is a nonenveloped, doubdtranded DNA the widespread use of immunosuppressants (such as

(dsDNA) Polyomaviridaevirus that usually infects calcineurin inhibitors (tacrolimus) and antiproliferative

children. BK virus remains dormant and does not cause agents (mycophenolate acid) is considered to be the
significant issues in healthy individuals; > 80% of most important risk factor for BKV actitian and

adults are seropositive for BK viremia (BKV) [1]. BK replication [6].
virus infection has become the main cause of BK virus
nephropathy (BK/N) in renal transplant recipients To date, there are no effective antiviral drugs against BK

(KTRs) after renal transplantation with the use of  virus infection, and reducing the doses of immuno
immunosuppressive drugs [1, 2]. Cell lysis, necrosis and  suppressive agents has become the consensus approach,
renal interstitial fibrosis are the main features of BKVN, but the relationship between dose reduction and an
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increased riskof acute rejection must be carefully
weighed [1, 7, 8]. Currently, few randomized, controlled
trials are available to guide the treatment of BKV and
BKVN in KTRs [2, 9]. Retrospective studies have shown
that leflunomide and intravenous immunoglobulin may
decrease the BK viral load and have potential clinical
benefits, but further prospective, controlled studies are
needed to confirm the efficacy and safety of these drugs
for BKV and BKVN treatment. Therefore, exploring the
pathogenesis of BKVN to identify one treatment
approaches is particularly important.

Recent studies have shown that innate and adaptive
immunity may play important roles in the pathogenesis of
BKVN. Hammer et al. showed that an increased BK viral
load was associated with a significantly upregulated
BKV-specific CD8+ T cell level [10]. Inddition, KTRs

with BKV-specific CD8+ T cells eventually lost their
grafts [10]. The interactions of NKG2DR on NK cells
(NKs) with pentraxin 3 (PTX3) and MICB were also
related to BKVN [11]. Proinflammatory cytokines are
also involved in the pathogenesisBXVN; for example,

high expression levels dfiterleukin(IL)-6, IL-8, CCLS5,
CCL9, CCL10 and MCR are associated with BKVN
[7]. In addition, fibrosis of the transplanted kidney in
BKVN patients is related to increased expression of-TGF
b, MMP 2  a ridl2].NHeleeer, o research has
been systematically conducted to analyze the differences
in immune cell infiltration, pathways, and immuretated
gene expression between BKVN and stable allografts
(STASs).

Overall, we tried to assess the infiltrating iomme cells,
immunerelated features, and pathway activation levels in
BKVN, STA, and BKV and to clarify the immune feature
differences and connections among BKVN, STA, and
BKV. Additionally, we attempt to depict the potential
immunological mechanisms undgrlg the occurrence
and development of BKVN, which may help to provide
new strategies for the management of BKVN.

RESULTS

Differences in immune cells in the renal parenchyma
between BKVN and STAs

Via the CIBERSORT algorithm, we analyzed the
fractions ofimmune cells in TKB1, TKB2, and PB
based on different BK virus infection statuses
(Supplementary Figure 2). Figure 1A shows that
compared with TKBASTA renal parenchyma, TKB1
BKVN renal parenchyma has higher infiltration of
activated memory CD4 T cel[8.10% (2.10%4.30%)
versus 0 (6D), respectively; P <0.01]. Similarly,
activated memory CD4 T cells exhibited significantly
more infiltration into the renal parenchyma of TkB2

BKVN than TKB2STA [mean: 1.3% versus O,
respectively; P <0.01], whereas no dstally
significant differences were observed with regard to the
PB samples of KTRs (RBKV versus PBSTA). We
used immunohistochemistry to detect CD4+ and CD8+
cells. Noticeably, the differences in the level of CD4+
cells among the two groups were stitally significant
(P<0.05; Figure 2A). Additionally, the CD8 markers in
the BKVN of all the patients were positive (P<0.05;
Figure 2B). Furthermore, CD4 and CD8 were regularly
detected in the BKVN rather than STA (Figurei 2€).

To this end, we contindeto analyze differences in the
expression of cell markers of activated memory CD4 T
cells (reported by Newman et al. [13]) in the renal
parenchyma between TK8TA and TKBBKVN (Figure
1B). We found that both TKBBKVN and TKB2BKVN

had higher expressiorf activated memory CD4 T cell
marker genes (all P <0.05), including Cluster of
Differentiation (CD) genes, such as CD2, CD3D, CD3G,
CD6, and CD7; CXCL13 (chemokine related); GPR171;
GZMB (CYT related); ICOS; IL12RB2; ILRA; LCK;
LTA; NKG7; ORC1; and UBASHA3

Differences in immune cells in the PB between BKV
and STAs

To explore the differences in the proportions of immune
cells in the PB between BKV and STAs, we used the
Wilcoxon ranksum test to compare the fractions of
immune cells between PBKV and PBSTA and found
that PBBKV had higher infiltration of plasma cells
[12.00% (7.00%24.00%) versus 0 (0), respectively; P
<0.01; Figure 3A] and fewer naive CD4 T cells [1.50%
(0-3.30%) versus 4.1% (2.3%8%), respectively; P
<0.05; Figure 3B]. In contrasin the TKB1 and TKB2
groups, the proportions of these cells were not
significantly different between BKVN and STAs.

To this end, we continued to analyze the differences in the
expression of plasma cell and naive CD4 T cell markers
(reported by Newman etl. [13]) in PB samples between
PB-STA and PBBKYV. For the cell markers of plasma
cells, PBBKV gene expression levels of IGKC and
MZB1 were significantly higher than those of SBA
(Supplementary FigureA3 all P <0.05). Similarly, for
naive CD4 T celimarkers, the gene expression levels of
CD2, CD247 and ZAP70 were significantly higher in the
PB-BKV group than in the PETA group
(Supplementary FigureB3 all P <0.05).

Differences in the expression of immuneelated
genes

Next, we collected immuneelated gene sets (including
APP-, CYT-, chemokine, and cytokinerelated genes
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Figure 1. BKVN was associated with increased levelsaivated memory CD4 T cells antheir cell markers.(A) The
proportions of activated memory CDAT cellsin the PB (STA and BKV), TKB1 (STA and BKVN) and TKB2 (STA and BKVNP)datasets. (
Comparison of the expression of cell markeradfvatedmemory CDA cells between TKB1 (STA and BKVN) and TKB2 (STA and BKVN). The
thick line represets the median value. The bottom and top of the boxes indicate the 25th and 75th percentiles (interquartile range). The
whiskers encompass 1.5 times the interquartile rarigd?< 0.05%* , P< 0.01*** , P< 0.001; antt** |, P<0.0001; ManVhitney U test.

Www.agingus.com 14436 AGING



A BKVN STA

(n=5) (n=10)

Son L7 . POSItiVe (+:+-+:+++) . Negative (~—/+)

B BKVN STA

-70"/
:

(n=5) (n=10)

Fisher'exact test:
P=0.026

BKVN_Pat

V. i e 4 .
'ﬁ\w; 2. o ”

o . -~ J‘
;'\’-"\ b Sl P i ]
100um STA_Patient7: CD8
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[14, 15]) to compare differential expression between
TKB-BKVN and TKB-STA and between RBKV and
PB-STA. The expression of C¥felated genes, such as
CD8A, GZMA, GZMB and PRF1, in TKBBKVN
was significantly higher #n that in TKB1STA (all P
<0.05; Figure 4A). Similarly, TKBBKVN had
significantly higher expression of CYrElated genes
than TKB2STA (all P <0.05; Figure 4A). Similarly, the
expression of CYTrelated genes in RBKV was
significantly higher than thanh PB-STA (all P <0.05;
Figure 4A). The expression of ARElated genes in
TKB-BKVN (either the TKB1 or TKB2 group) was
significantly higher than that in TKIBTA (all P <0.05;
Figure 4B), whereas there were no significant
differences in the expression ofPRrelated genes
between PEBKV and PBSTA (Figure 4B). Figure 4C
shows that the expression of chemokiaad cytokine
related genes, such as CCL5, CXCL9, CXCL10, IL1B
and tumor necrosis factor TNF), in TKB-BKVN
was significantly higher than that in TKS8TA,
whereas there were no significant differences in the

expression of these genes betweenBKB/ and PB
STA (Figure 4C).

Differences in enriched pathways in the renal
parenchyma between BKVN and STA

Based on the results of GBBf the renal parenchyma,
we found immune celielated pathways (Figure 5A,
5E), such as positive regulation of Clpdsitive alpha
beta T cell activation and CBdositive or CD8positive
alphabeta T cell lineage commitment; cytokirelated
pathways (Figre 5B, 5F), including chemokirrelated
pathways (Figure 5C, 5G), such as chemokine activity
and CXCR chemokine receptor binding; and
inflammatory responseelated pathways (Figure 5D,
H), such as positive regulation of the acute
inflammatory response angroduction of molecular
mediators involved in the inflammatory response, were
significantly enriched in TKBBKVN and TKB2-
BKVN (all ES> 0; P <0.05). Figure 5I, 5J shows more
comprehensive differences in enriched pathways. In
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Figure 3. BKV was assoigd with increased fasma cell numbers and decreased naive CD4 T cell num¢rshe proportions
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addition to the above pathways, Alr#tated pathways chronic) related pathways were enriched in FTKB
were significantly upregulated in TKBRKVN and BKVN (Figure 5K 5L).

TKB2-BKVN (all ES> 0; P <0.05) whereas

metabolisrrelated pathways, such as the metabolism Differences inenriched pathwaysin the PB between

of lipids, the lipid biosynthesis process, transferase BKV and STA

activity, transferring acyl groups other than armawyl

groups, and glucose homeostasis; and kidney Based on the significantlgifferent pathways identified
developmentelated pathways were sifjoantly down by GSEA of the renal parenchyma, we analyzed
regulated in TKBIBKVN and TKB2BKVN (all ES whether PBBKV and PBSTA also have the same
<0; P <0.05). Heatmaps show the differences in the trends in different pathways. The results indicated that
expression of core genes in the significantly enriched pathways may differ in the renal parenchyma between
pathways shown in Figure 58H and indicate that the PB-BKV and PBSTA. There wee no significant

T cell, cytokine (such as IFNb , -1,l1L=-6 and TNF), differences in immune cetelated pathways, such as
chemokine and inflammation (such as acute and positive regulation of CD4ositive alphabeta T cell
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Figure 5. GSEA of hallmark gene sets in-BKE/N and TKBTA data downloaded from MSigDB (GSE47199@8& 75693
TKBIBKVN was associated with activated immuaeé- (A), cytokine (B), chemokine (Q and inflammatiorrelated pathwaysD). Similarly,
TKB2BKVN was associated with activated immune- ¢8I, cytokine (F), chemokine (G) and inflammatiorrelated pathways H). All
transcripts were ranked by the la(fold change) between TKEKVN and TK8TA. Each run was performed with 1,000 permutations.
Differences in pathway activities scored by GSEA betweerBRMR and TKBTA I( J. Enrichment results with significant differences
between TKEBKVN and TK8TAare shown. The functions of the pathways are shown in the annotatiéhd-léatmap of core genes in
significantly enriched pathways between TKEIVN and TKEITA. ) Heatmap of core genes in significantly enriched pathways between
TKB2BKVN and TKBZTAln the heatmaps, blue means downregulation, while red means upregulation.
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