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Abstract: The transcription factor Friend leukemia integration 1 (Fli-1) regulates the expression
of numerous cytokines and chemokines and alters the progression of lupus nephritis in humans
and in the MRL/Mp]J-Fas"" (MRL/lpr) mouse model. Th17-mediated immune responses are notably
important as they promote ongoing inflammation. The purpose of this study is to determine the impact
of Fli-1 on expression of interleukin-17A (IL-17A) and the infiltration of immune cells into the kidney.
IL-17A concentrations were measured by ELISA in sera collected from MRL/lpr Fli-1-heterozygotes
(FIi-1*~) and MRL/lpr Fli-1*/* control littermates. Expression of IL-17A and related proinflammatory
mediators was measured by real-time polymerase chain reaction (RT-PCR). Immunofluorescence
staining was performed on renal tissue from MRL/lpr Fli-1*/~ and control littermates using anti-CD3,
anti-CD4, and anti-IL-17A antibodies to detect Th17 cells and anti-CCL20 and anti-CD11b antibodies
to identify CCL20" monocytes. The expression of IL-17A in renal tissue was significantly reduced; this
was accompanied by decreases in expression of IL-6, signal transducer and activator of transcription 3
(STAT3), and IL-1B. Likewise, we detected fewer CD3*IL-17* and CD4*IL-17" cells in renal tissue
of MLR/lpr Fli-1*/~ mice and significantly fewer CCL20*CD11b* monocytes. In conclusion, partial
deletion of Fli-1 has a profound impact on IL-17A expression and on renal histopathology in the
MRL/lpr mouse.
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1. Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease of unknown etiology that
is associated with chronic inflammation in multiple organs including the kidney [1]. Infiltration of
inflammatory cells into the kidney, a condition known as lupus nephritis, can ultimately result in
renal failure [2]. Friend leukemia integration 1 (Fli-1) is a member of the Ets family of transcription
factors and binds to DNA sequences that include a consensus GGA(A/T) motif. Fli-1 can function as
either a transcriptional activator or repressor and has been detected in endothelial cells, fibroblasts,
and several hematopoietic lineages [3-6]. We previously reported that Fli-1 plays an important role
in the development of lupus nephritis [7-15]. While overexpression of Fli-1 results in lupus-like
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glomerulonephritis [9], homozygous Fli-1 gene deletion (Fli-17/~) results in fetal demise in association
with neural tube hemorrhage [4]. Nonetheless, we found that the heterozygous state (Fli-1*/~) yielded
viable progeny that experienced reduced renal inflammation and prolonged survival in the MRL/Ipr
mouse lupus model [7,8]. Our previous studies demonstrated that Fli-1 regulates cytokine and
chemokine expression in MRL/Ipr mice and modulates production of critical mediators associated
with lupus nephritis, including monocyte chemoattractant protein-1 (MCP-1), Regulated on Activation,
Normal T Cell Expressed and Secreted (RANTES), granulocyte colony stimulating factor (G-CSF),
chemokine (C-X-C motif) ligand 2 (CXCL2), and interleukin-6 (IL-6) [10-15]. Likewise, kidneys from
Fli-1*~ lupus-prone NZM2410 mice displayed significantly fewer inflammatory infiltrates compared
to the Fli-1** NZM2410 controls [8]. Interestingly, peripheral blood lymphocytes from patients
with active SLE showed elevated expression of Fli-1 transcripts in parallel with disease activity [16];
elevated levels of Fli-1 were also associated with newly-developed or recurrent lupus nephritis in
SLE patients [17]. The cytokine IL-17A plays an important role in the development of lupus nephritis;
it is produced by T-helper 17 (Th17) cells and has powerful inflammatory properties [18,19]. Previous
reports indicated that IL-17A is associated with disease activity in patients with SLE as well as with
lupus nephritis [20-23]. Not only CD4* T cells, but also CD3*CD4~CD8~ double-negative T cells were
reported to be major producers of IL-17A in the kidney of lupus nephritis patients [24,25]. In this
report, we investigate the impact of Fli-1 and its role in the development of lupus nephritis. To do so,
we examine the impact of Fli-1 on IL-17A expression in the kidney and its role in promoting cellular
infiltration in the MRL/Ipr mouse model.

2. Materials and Methods

2.1. Mice

Wild-type (WT) MRL/lpr Fli-1** mice and MRL/lpr Fli-1*/~ mice were generated as previously
reported [7]. MRL/Ipr Fli-1*/~ mice were generated by back-crossing with Fli-1*/= C57BL/6 strain
for more than 12 generations, as described in our previous report [7]. All mice were housed under
pathogen-free conditions in the animal institute of Fukushima Medical University. All animal
experiments were approved by the institutional review board at Fukushima Medical University
(No. 300068). This study was conducted in accordance with the Declaration of Helsinki.

2.2. Genotyping by Polymerase Chain Reaction (PCR)

Mice were genotyped using PCR to differentiate between the wild-type and mutant Fli-1 alleles
as reported previously [7]. Briefly, the PCR primers used include: Fli-1 exon IX/forward primer
(positions 1156-1180), 5'-GACCAACGGGGAGTTCAAAATGACG-3’; Fli-1 exon IX/reverse primer
(positions 1441-1465), 5'-GGAGGATGGGTGAGACGGGACAAAG-3'; and Pol Il/reverse primer,
5-GGAAGTAGCCGTTATTAGTGGAGAGG-3'. DNA was isolated from tail snips of 4-week old mice
using the QIAamp Tissue Kit (QIAGEN). PCR analyses were performed using C1000 Touch Thermal
Cycler (Bio-Rad).

2.3. Histopathology, Immunohistochemistry, and Immunofluorescence Staining

Kidneys were removed from adult mice, fixed in formalin, and embedded in paraffin.
The deparaffinized section was stained with hematoxylin and eosin (H&E). Kidney sections were
evaluated by light microscopy and the grade of kidney inflammation was evaluated using the pathology
scoring system that was previously described [7]. Briefly, H&E stained kidney sections were evaluated
in a blinded fashion and graded for glomerular inflammation, proliferation, crescent formation,
and necrosis. Scores from 0 to 3 (0, none; 1, mild; 2, moderate; and 3, severe) were applied for each
of these features and then summed together to yield a final pathology score. Scoring of interstitial
inflammation was as follows: score 0, <5% involvement; score 1, 5-25% involvement; score 2, 25-50%
involvement; and score 3, >50% involvement [2]. IL-17A was detected in tissues with rabbit polyclonal
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anti-IL-17A antibodies (Abcam) and the standard ultra-sensitive avidin-biotin complex (ABC) method
(Vector). CD3*, CD4*, and IL-17A™ cells were detected in tissue with FITC-conjugated rat anti-mouse
CD3 or anti-mouse CD4 antibodies (Biolegend) and rabbit polyclonal anti-IL-17A (Abcam) with
secondary anti-rabbit IgG conjugated to Alexa Fluor® 647 (Abcam). Similarly, FITC-conjugated
anti-mouse CD11b (Biolegend) and anti-CCL20 (Abcam) were used to detect immunoreactive CD11b
cells and CCL20 (a representative chemoattractant for Th17 cells), respectively [26]. Detection of
CD3*, CD4*, and CD11b™ cells within the kidney infiltrates (mainly interstitial inflammation) was as
described previously [2,14]. Briefly, 10 random sites were counted in blinded fashion to determine the
number of CD3IL-17A*, CD4*IL-17A*, and CD11b* CCL20" cells per high-power field (magnification
400x); cells were photographed with a microscope equipped with digital camera (BX63, Olympus,
Tokyo, Japan).

2.4. Quantitative Evaluation of Cytokines, Chemokines and Related Cell Signaling Molecules by Real-Time PCR

Transcripts encoding cytokines, chemokines, and signaling molecules were evaluated in total
RNA extracted from renal tissue from adult mice with TRIzol reagent (Invitrogen). SuperScript
First-Strand Synthesis System (Invitrogen) was used to generate cDNA. Real-time PCR (RT-PCR) was
performed in duplicate using the SYBR Green PCR Master Mix (Thermo Fisher, Waltham, WA, USA)
according to the manufacturer’s instructions, using two independent RNA preparations. The primers
for detection of transcripts encoding IL-6, Janus kinase 2 (JAK2), and signal transducer and activator
of transcription 3 (STAT3) were purchased from SABiosciences (QIAGEN) and primers for all other
transcripts are listed in Table 1. Cycling conditions were as per instructions from the company. PCR
was carried out using Real-time PCR Detection System (Applied Biosystems) with relative expression
analysis determined by reference to the housekeeping gene GAPDH as per the program provided by
Applied Biosystems. The relative expression of the target genes was calculated using the AACt method.
For relative quantification, the expression of RT-PCR was 1 in the wild-type (FIli-1*/*) group [14].

Table 1. Primers used for real-time polymerase chain reaction.

Primer Name Forward Primer Reverse Primer
1L-17 5’ ACTTTCAGGGTCGAGAAGA-3’ 5 TTCTGAATCTGCCTCTGAAT-3’
RORyt 5’ AGCTTTGTGCAGATCTAAGG-3’ 5 TGTCCTCCTCAGTAGGGTAG-3’
SOCS3 5 ACCTTCAGCTCCAAAAGCGAGTAC-3’ 5'CGCTCCAGTAGAATCCGCTCTC-3’
IL-1pB 5" CTTCAGGCAGGCAGTATCACTCAT-3' 5 TCTAATGGGAACGTCACACACCAG-3’
IL-18 5 GCTGTGACCCTCTCTGTGAA-3’ 5GGCAAGCAAGAAAGTGTCCT-3
IFN-x 5’ CATTCTGCAATGACCTCCAC-3’ 5 TCAGGGGAAATTCCTGCAC-3’
CCL20 5 ATGGCCTGCGGTGGCAAGCGTCTG-3" 5 TAGGCTGAGGAGGTTCACAGCCCT-3’

2.5. Measurement of Serum Cytokine IL-6 and IL-17A

Immunoreactive IL-6 and IL-17A in sera from adult mice (4 months or older) were evaluated
quantitatively by enzyme-linked immunosorbent assay (ELISA) (R&D Systems and Thermo Fisher,
respectively) as per the manufacturer’s instructions.

2.6. Measurement of Serum Double-Strand DNA Levels and Urine Protein Levels

Serum double-strand (ds) DNA antibody levels in sera from adult mice were measured by ELISA
as per the manufacturer’s instructions (MyBioSource, San Diego, CA, USA). Urinary protein levels in
adult mice (4 to 6 months old) were evaluated by dipstick (Wako).

2.7. Statistics

Results are presented as means + standard deviation (SD). Quantitative data were analyzed using
Student’s t-test with Welch’s correction or Mann-Whitney test as appropriate. A p-value <0.05 was
considered significant. Statistical analyses were conducted using Excel add-ins and Statcel 4 Software
(OMS Publishing, Saitama, Japan).
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3. Results

3.1. Serum Cytokine Levels in MRL/lpr Fli-1*/~ Mice

Serum IL-17A concentrations were measured in samples from MRL/lpr Fli-1*~ mice and compared
to those from WT MRL/lpr Fli-1 +/+ littermate controls. As shown in Figure 1A, IL-17A levels detected
in sera from MRL/lpr Fli-1*/~ mice were somewhat lower than those detected in littermate controls,
although the difference did not reach statistical significance (p = 0.16). By contrast, and consistent with
our earlier reports, levels of IL-6 in sera from MRL/lpr Fli-1*/~ mice were significantly lower than those
detected in littermate MRL/lpr FIi-1 */* controls (p < 0.05). Similarly, serum anti-ds DNA antibody
levels and urine protein levels were significantly decreased in MRL/lpr Fli-1*/~ mice (Figure S1A,B).
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Figure 1. Serum cytokine levels and renal mRNA expression related to interleukin (IL)-6 and IL-17A
cytokine signaling. (A) Serum IL-6 and IL-17A concentrations (pg/mL) in adult (4 to 10 months old)
wild type (WT) (n = 11-15) and MRL/lpr Fli-1*~ mice (n = 15 per group). (B) Relative expression of
cytokines and related signaling molecules in the kidney of adult (4 to 9 months old) MRL/lpr Fli-1*/~
(n = 3-11) vs. WT mice (n = 4-13); * p < 0.05 is considered as significant.

3.2. Expression of Transcript Encoding IL-17A in the Kidney of MRI/lpr Fli-1*/~ Mice

Messenger RNA was isolated from renal tissue from MRL/lpr Fli-1*/~ mice and age-matched
MRL/lpr Fli-1%* littermate controls; expression of transcripts encoding IL-6, IL-17A, and downstream
signaling molecules was evaluated by RT-PCR. As shown in Figure 1B, levels of IL-17A transcript were
significantly lower in MRL/lpr Fli-1*~ mice compared to MRL/lpr Fli-1*/* littermate controls. Similar
results were obtained in analyses of transcripts encoding IL-6 and the Th17-associated cytokines,
IL-1p and IL-18, as well as the downstream signaling molecule, signal transducer and activator of
transcription 3 (STAT3). By contrast, expression of transcripts encoding Janus kinase 2 (JAK2) and
suppressor of cytokine signaling 3 (SOCS3) was somewhat diminished, although the results did not
achieve statistical significance.

3.3. Reduced IL-17* Cells in Renal Infiltrates from MRL/lpr Fli-1*/~ Mice

Evaluation of renal tissue by H&E staining revealed a significant decrease in glomerular
inflammation in MRL/lpr Fli-1*~ mice compared to their MRL/lpr Fli-1*/* counterparts. By contrast,
we observed no differences in leukocyte infiltration to inflamed tubulointerstitial lesions and in part,
perivascular lesions into the kidney (Figure 2A-E); whereas immunostaining with anti-IL-17A revealed
a significant decrease of IL-17A* cells in renal tubulointerstitial lesions in MRL/lpr Fli-1*/~ mice
compared to littermate controls (Figure 3A—C). Few to no cells were detected with anti-IL-17A within
the glomerular lesions (Figure S1C,D).
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Figure 2. Renal pathology findings (Hematoxylin and Eosin (H&E) staining) in MRL/lpr Fli-1** (WT)
and MRL/lpr Fli-1 *~ mice. (A-D,E) H& E staining (A-D) and pathology scores (E) of glomerulus
(Glom) and interstitial infiltrates (Int) in the kidney of age-matched, adult (4 months old or older) mice
are shown (n = 7-9 per groups); * p < 0.05 is considered as significant.
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Figure 3. IL-17 staining of MRL/lpr Fli-1*/* (WT) and MRL/lpr Fli-1* mice. (A,B) Immunostaining of
IL-17A in the kidney tissue from WT MRL/lpr and MRL/lpr Fli-1~ mice (4 months old or older) and
pathology scores in (C) (1 = 7-9 per groups) are shown; * p < 0.05 is considered as significant.

3.4. Reduced Numbers of CD3* IL-17* and CD4* IL-17* Cells in the Renal Interstitium of MRL/lpr Fli-1*~ Mice

Immunofluorescence staining was performed to detect CD3*IL-17* and CD4*IL-17" cells in renal
infiltrates of MRL/lpr Fli-1*/~ and MRL/lpr Fli-1*/* control mice. As shown in Figure 4A-E, significantly
fewer CD3* IL-17* cells (i.e., IL-17* T lymphocytes) as well as CD4*IL-17" cells (Th17 cells) were
detected in renal tissue from MRL/lpr mice Fli-1*/~ compared to littermate controls. By contrast,
the renal tissues received similar scores (Figure 5A-D,G).
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Figure 4. Detection of CD3*IL-17A* and CD4" IL-17A* immune cells in the kidney of MRL/lpr FIi-1*/+
(WT) and MRL/lpr Fli-1*/~ mice using FITC-conjugated anti-CD3, anti-CD4, and Alexa Fluor 647-labeled
IL-17 antibodies. Detection of CD3*IL-17A* and CD4" IL-17A™ cells in renal tissue from WT MRL/lpr
and MRL/lpr Fli-1*/~ mice (4 months old or older) is shown (A-D). Cell counts of CD3* IL-17+ and CD4*
IL-17* leukocytes and total counts from ten random high-power fields (HPFs) (n = 6-10 per groups)
are shown (E); * p < 0.05 is considered as significant.

MRL/lpr Fli-1*/+ (WT) Fli-1*/-
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Figure 5. Relative infiltration of CD3*, CD4", and CD11b* immune cells in the kidney of MRL/lpr
Fli-1** (WT) and MRL/lpr Fli-1*/~ mice using FITC-conjugated anti-CD3, CD4, and CD11b antibodies.
The grade of CD3" (A,B), CD4* (C,D), and CD11b™" (E F) immune cell infiltration from WT MRL/lpr and

MRL/lpr Fli-1*/~ mice is shown (1 = 6-10 per groups). Pathology scores of each group are shown (G);
*p < 0.05 is considered as significant.
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3.5. Detection of CCL20*CD11b* Cells in Renal Tissue from MRL/lpr Fli-1*/~ Mice

CCL20 is a major chemoattractant for Th17 cells and promotes infiltration into the kidney tissue [26].
As shown in Figure 6A,B,E, we observed a significant reduction in the numbers of CD11b*CCL20*
monocytes in renal tissue from MRL/lpr Fli-1*/~ mice, in spite of similar infiltration of CD11b+ cells in
the kidney of both groups (Figure 5E,F). Inmunoreactive CCL20 was detected mainly in association
with leukocytes infiltrating the kidney (Figure 6C,D). There were fewer CCL20* cells in the renal tissue
from MRL/lpr Fli-1*~ mice, but the difference was not statistically significant; expression of transcript
encoding CCL20 reached similar levels in both strains of mice (Figure 6F).
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Figure 6. Detection of CD11b* CCL20" immune cells and infiltration of CCL20 positive cells in the
kidney of MRL/lpr Fli-1*/* (WT) and MRL/lpr Fli-1*/~ mice using FITC-conjugated anti-CD11b and
Alexa Fluor 647-labeled anti-CCL20 antibodies. Detection of CD11b* CCL20* immune cells (A,B) and
infiltration of CCL20 positive cells (C,D) in the kidney of both groups are shown; total counts from ten
random high-power fields (HPFs) (E) (n = 6-7 per groups). Relative expression of transcript encoding
CCL20 in the two groups (n = 3—4 per groups) (F) is shown; *p < 0.05 is considered as significant.

4. Discussion

We observed fewer IL-17A* lymphocytes and fewer CD11b*CCL20" cells in the renal tissue of
MRL/lpr Fli-1*/~ mice compared to control MRL/lpr Fli-1*/* littermates. Expression of transcripts
encoding IL-17A, related cytokines IL-6, IL-13, IL-18, and the signaling molecule STAT3 was similarly
reduced. The relationship between IL-17A levels and absence of a single Fli-1 allele was not immediately
apparent. Among the possibilities, there may be an indirect effect of Fli-1 in promoting the development
of lupus nephritis. In an earlier report, STAT3 was localized at the promoter region of the gene encoding
IL-17A and served to regulate production of this cytokine in T lymphocytes [27]. In our previous
study we found that Fli-1 directly regulated IL-6 expression and promoted the progression of lupus
nephritis [13]. Furthermore, Hodge et al. described that IL-6 induces expression of Fli-1 via STAT3 [28].
It is conceivable that the reduction in IL-6 may have a direct impact on STAT3 and ultimately on
the levels of IL-17A in renal tissue. Another possibility is that Fli-1 may regulate the expression
and production of IL-17A in a more direct manner. IL-17A is produced by T lymphocytes; reduced
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numbers of these cells in renal infiltrates will also have an impact on levels of IL-17A detected. At this
time, we are actively investigating the possibility that Fli-1 binds directly to the promoter of the gene
encoding IL-17A.

We are also interested in understanding why fewer IL-17A* cells were detected in renal tissue
from MRL/lpr Fli-1*/~ mice, despite similar levels of interstitial leukocyte infiltration when compared
to MRL/lpr Fli-1** controls. Findings in earlier reports indicated that expression of chemokines was
relatively lower in MRL/lpr FIi-1*/~ mice [14]; this may result in an overall diminished degree of T cell
chemotaxis and recruitment to the kidney. In fact, Sundararaj et al. reported that FLi-1 impacts MRL/Ipr
lupus nephritis through direct regulation of chemokine (C-X-C) motif receptor 3 (CXCR3) to reduce T
cell activation, migration, and downregulation of CXCR3 ligands, Cxcl9 and Cxcl10 in the kidney [29].
CXCR3 plays an important role in mouse and human lupus, by regulating infiltration of Th1l and
Th17 cells into the kidney [30,31]. Indeed, Steinmetz et al. reported that CXCR3 deficiency leads to
significant morphological and functional improvement of lupus nephritis by interfering with immune
cell trafficking of both Th1 and Th17 cells [31]. Therefore, it is possible that decreased CXCR3* T cells
by reduction of Fli-1 expression may result in lower Th17 cell infiltration into the kidney in MRL/lpr
Fli-1*~ mice. Our results clearly demonstrate reduced numbers of CD11b*CCL20* cells recruited to
the kidneys of MRL/Ipr Fli-1*/~ despite similar levels of leukocyte infiltration and of CCL20 transcript.
Since CCL20 is a ligand of CC chemokine receptor 6 (CCR6), which is predominantly expressed in Th17
cells, CCL20" monocytes/macrophages induce migration of CCR6" Th17 cells into the inflammatory
cites [26,32,33]. Actually, Turner et al. reported that CCL20 expression was observed in mainly
mononuclear cells of interstitial and periglomerular infiltrates (in contrast, podocytes and mesangial
cells were almost negative) in murine experimental glomerulonephritis [26]. These observations may
also indicate that reduction of CCL20* monocytes affect local CCL20 expression and, in part, result in
more decreased CCR6™ Th17 cells into the kidney of nephritic mice. Further investigation is needed
to clarify the association of Fli-1 in CCL20 expression and infiltration of CCR6* Th17 cells in lupus
nephritis. In contrast to the findings presented here, several groups reported that IL-17A and the Th17
immune response have a relatively minor impact on the pathogenesis of lupus nephritis. For example,
Schmidt et al. found that the degree of leukocyte infiltration in the kidneys of IL-17A-deficient
MRL/Ipr mice could not be distinguished from that detected in their IL17A-sufficient counterparts [34].
Likewise, neutralization of IL-17A by anti-IL-17A antibodies had no significant impact on the extent
of nephritis in New Zealand Black/New Zealand White (NZB/NZW) F1 lupus-prone mice. Another
report described that the urinary expression of Th17-related genes is increased in human SLE patients,
however, the degree of upregulation is inversely related to systemic and renal lupus activity [35].
Interestingly, our results, which point to a critical role for IL-17A via the actions of Fli-1, are more
consistent with those from previous clinical investigations [20-22]. Future studies from our group and
others will clarify distinct mechanisms of renal inflammation promoted by IL-17A, the Th17 immune
response, and their regulation by Fli-1.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/3/714/s1.
Figure S1: Serum dsDNA antibody levels (A), urine protein levels (B) and representative finding of glomerular
lesions by IL-17 staining in WT and Fli-1*/~ MRL/lpr mouse.
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Abbreviations

CCL20 CC chemokine ligand 20

CCR6 CC chemokine receptor 6

CXCL chemokine (C-X-C) motif ligand

CXCR 3 chemokine (C-X-C) motif receptor 3

Fli-1 Friend leukaemia integration 1

G-CSF granulocyte colony stimulating factor

IFN interferon

IL interleukin

JAK Janus kinase

MCP-1 monocyte chemoattractant protein-1

RANTES Regulated on Activation, Normal T cell Expressed and Secreted
RORyt Retinoic Acid Related Orphan Nuclear Receptor gamma T

SLE systemic lupus erythematosus

SOCS suppressor of cytokine signaling

STAT signal transducer and activator of transcription

Th 17 T-helper 17

References

1. Tsokos, G.C. Systemic lupus erythematosus. N. Engl. ]. Med. 2011, 365, 2110-2121. [CrossRef] [PubMed]

10.

11.

12.

13.

Wilson, P.C.; Kashgarian, M.; Moeckel, G. Interstitial inflammation and interstitial fibrosis and tubular
atrophy predict renal survival in lupus nephritis. Clin. Kidney J. 2018, 11, 207-218. [CrossRef] [PubMed]
Hsu, T.; Trojanowska, M.; Watson, D.K. Ets proteins in biological control and cancer. J. Cell Biochem. 2004, 91,
896-903. [CrossRef] [PubMed]

Spyropoulos, D.D.; Pharr, PN.; Lavenburg, K.R.; Jackers, P.; Papas, T.S.; Ogawa, M.; Watson, D.K.
Hemorrhage, impaired hematopoiesis, and lethality in mouse embryos carrying a targeted disruption
of the Flil transcription factor. Mol. Cell Biol. 2000, 20, 5643-5652. [CrossRef]

Papas, T.S.; Bhat, N.K.; Spyropoulos, D.D.; Mjaatvedt, A.E.; Vournakis, J.; Seth, A.; Watson, D.K. Functional
relationships among ETS gene family members. Leukemia 1997, 11, 557-566.

Pusztaszeri, M.P.; Seelentag, W.; Bosman, ET. Immunohistochemical expression of endothelial markers CD31,
CD34, von Willebrand factor, and Fli-1 in normal human tissues. J. Histochem. Cytochem. 2006, 54, 385-395.
[CrossRef]

Zhang, X.K.; Gallant, S.; Molano, I.; Moussa, O.M.; Ruiz, P.; Spyropoulos, D.D.; Watson, D.K.; Gilkeson, G.
Decreased expression of the Ets family transcription factor Fli-1 markedly prolongs survival and significantly
reduces renal disease in MRL/Ipr mice. J. Immunol. 2004, 173, 6481-6489. [CrossRef]

Mathenia, J.; Reyes-Cortes, E.; Williams, S.; Molano, I.; Ruiz, P.; Watson, D.K,; Gilkeson, G.S.; Zhang, X.K.
Impact of Fli-1 transcription factor on autoantibody and lupus nephritis in NZM2410 mice. Clin. Exp.
Immunol. 2010, 162, 362-371. [CrossRef]

Zhang, L.; Eddy, A.; Teng, Y.T.; Fritzler, M.; Kluppel, M.; Melet, E; Bernstein, A. An immunological renal
disease in transgenic mice that overexpress Fli-1, a member of the ets family of transcription factor genes.
Mol. Cell Biol. 1995, 15, 6961-6970. [CrossRef]

Suzuki, E.; Karam, E.; Williams, S.; Watson, D.K.; Gilkeson, G.; Zhang, X.K. Fli-1 transcription factor
affects glomerulonephritis development by regulating expression of monocyte chemoattractant protein-1 in
endothelial cells in the kidney. Clin. Immunol. 2012, 145, 201-208. [CrossRef]

Lennard Richard, M.L,; Sato, S.; Suzuki, E.; Williams, S.; Nowling, T.K.; Zhang, X.K. The Fli-1 transcription
factor regulates the expression of CCL5/RANTES. J. Immunol. 2014, 193, 2661-2668. [CrossRef] [PubMed]
Lennard Richard, M.L.; Brandon, D.; Lou, N.; Sato, S.; Caldwell, T.; Nowling, T.K.; Gilkeson, G.; Zhang, X.K.
Acetylation impacts Fli-1-driven regulation of granulocyte colony stimulating factor. Eur. J. Immunol. 2016,
46, 2322-2332. [CrossRef] [PubMed]

Sato, S.; Lennard Richard, M.; Brandon, D.; Jones Buie, ].N.; Oates, ].C.; Gilkeson, G.S.; Zhang, X.K. A critical
role of the transcription factor Fli-1 in murine lupus development by regulation of interleukin-6 expression.
Arthritis Rheumatol. 2014, 66, 3436-3444. [CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJMra1100359
http://www.ncbi.nlm.nih.gov/pubmed/22129255
http://dx.doi.org/10.1093/ckj/sfx093
http://www.ncbi.nlm.nih.gov/pubmed/29644061
http://dx.doi.org/10.1002/jcb.20012
http://www.ncbi.nlm.nih.gov/pubmed/15034925
http://dx.doi.org/10.1128/MCB.20.15.5643-5652.2000
http://dx.doi.org/10.1369/jhc.4A6514.2005
http://dx.doi.org/10.4049/jimmunol.173.10.6481
http://dx.doi.org/10.1111/j.1365-2249.2010.04245.x
http://dx.doi.org/10.1128/MCB.15.12.6961
http://dx.doi.org/10.1016/j.clim.2012.09.006
http://dx.doi.org/10.4049/jimmunol.1302779
http://www.ncbi.nlm.nih.gov/pubmed/25098295
http://dx.doi.org/10.1002/eji.201646315
http://www.ncbi.nlm.nih.gov/pubmed/27431361
http://dx.doi.org/10.1002/art.38818
http://www.ncbi.nlm.nih.gov/pubmed/25155007

Cells 2020, 9, 714 10 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sato, S.; Zhang, X.K. The Friend leukaemia virus integration 1 (Fli-1) transcription factor affects lupus
nephritis development by regulating inflammatory cell infiltration into the kidney. Clin. Exp. Immunol. 2014,
177,102-109. [CrossRef]

Lou, N.; Lennard Richard, M.L.; Yu, J.; Kindy, M.; Zhang, X.K. The Fli-1 transcription factor is a critical
regulator for controlling the expression of chemokine C-X-C motif ligand 2 (CXCL2). Mol. Immunol. 2017, 81,
59-66. [CrossRef]

Georgiou, P.; Maroulakou, I.; Green, J.; Dantis, P.; Romanospica, V.; Kottaridis, S.; Lautenberger, J.; Watson, D.;
Papas, T.; Fischinger, P; et al. Expression of ets family of genes in systemic lupus erythematosus and Sjogren’s
syndrome. Int. ]. Oncol. 1996, 9, 9-18. [CrossRef]

Mackay, M.; Oswald, M.; Sanchez-Guerrero, ].; Lichauco, J.; Aranow, C.; Kotkin, S.; Korsunsky, I;
Gregersen, P.K.; Diamond, B. Molecular signatures in systemic lupus erythematosus: Distinction between
disease flare and infection. Lupus. Sci. Med. 2016, 3, e000159. [CrossRef]

Yu, S.L.; Kuan, W.P.; Wong, C.K,; Li, E.K.; Tam, L.S. Immunopathological roles of cytokines, chemokines,
signaling molecules, and pattern-recognition receptors in systemic lupus erythematosus. Clin. Dev. Immunol.
2012, 2012, 715190. [CrossRef]

Park, H.; Li, Z.; Yang, X.O.; Chang, S.H.; Nurieva, R.; Wang, Y.H.; Wang, Y.; Hood, L.; Zhu, Z.; Tian, Q.; et al.
A distinct lineage of CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat. Immunol.
2005, 6, 1133-1141. [CrossRef]

Chen, S.Y,; Liu, M.E; Kuo, P.Y,; Wang, C.R. Upregulated expression of STAT3/IL-17 in patients with systemic
lupus erythematosus. Clin. Rheumatol. 2019, 38, 1361-1366. [CrossRef]

Zickert, A.; Amoudruz, P.; Sundstrom, Y.; Ronnelid, J.; Malmstrom, V.; Gunnarsson, 1. IL-17 and IL-23
in lupus nephritis - association to histopathology and response to treatment. BMC Immunol. 2015, 16, 7.
[CrossRef] [PubMed]

Raymond, W.; Ostli-Eilertsen, G.; Griffiths, S.; Nossent, J. IL-17A levels in systemic lupus erythematosus
associated with inflammatory markers and lower rates of malignancy and heart damage: Evidence for a
dual role. Eur. J. Rheumatol. 2017, 4, 29-35. [CrossRef] [PubMed]

Koga, T.; Ichinose, K.; Tsokos, G.C. T cells and IL-17 in lupus nephritis. Clin. Immunol. 2017, 185, 95-99.
[CrossRef] [PubMed]

Crispin, J.C.; Oukka, M.; Bayliss, G.; Cohen, R.A.; Van Beek, C.A.; Stillman, L.E.; Kyttaris, V.C.; Juang, Y.T,;
Tsokos, G.C. Expanded double negative T cells in patients with systemic lupus erythematosus produce IL-17
and infiltrate the kidneys. J. Immunol. 2008, 181, 8761-8766. [CrossRef]

Amarilyo, G.; Lourengo, E.V,; Shi, ED.; La Cava, A. IL-17 promotes murine lupus. J. Immunol. 2014, 193,
540-543. [CrossRef]

Turner, ].E.; Paust, H.].; Steinmetz, O.M.; Peters, A.; Riedel, ].H.; Erhardt, A.; Wegscheid, C.; Velden, J.; Fehr, S.;
Mittriicker, HW.; et al. CCR®6 recruits regulatory T cells and Th17 cells to the kidney in glomerulonephritis.
J. Am. Soc. Nephrol. 2010, 21, 974-985. [CrossRef]

Chen, Z.; Laurence, A.; Kanno, Y.; Pacher-Zavisin, M.; Zhu, B.M.; Tato, C.; Yoshimura, A.; Hennighausen, L.;
O’Shea, ].J. Selective regulatory function of Socs3 in the formation of IL-17-secreting T cells. Proc. Natl. Acad.
Sci. USA 2006, 103, 8137-8142. [CrossRef]

Hodge, D.R; Li, D.; Qi, S.M.; Farrar, W.L. IL-6 induces expression of the Fli-1 proto-oncogene via STAT3.
Biochem. Biophys. Res. Commun. 2002, 292, 287-291. [CrossRef]

Sundararaj, K.P,; Thiyagarajan, T.; Molano, I.; Basher, F.; Powers, TW.; Drake, R.R.; Nowling, T.K. FLI1 Levels
Impact CXCR3 Expression and Renal Infiltration of T Cells and Renal Glycosphingolipid Metabolism in the
MRL/lpr Lupus Mouse Strain. J. Immunol. 2015, 195, 5551-5560. [CrossRef]

Enghard, P; Humrich, ].Y.; Rudolph, B.; Rosenberger, S.; Biesen, R.; Kuhn, A.; Manz, R.; Hiepe, F.; Radbruch, A.;
Burmester, G.R.; et al. CXCR3+CD4+ T cells are enriched in inflamed kidneys and urine and provide a new
biomarker for acute nephritis flares in systemic lupus erythematosus patients. Arthritis Rheum. 2009, 60,
199-206. [CrossRef]

Steinmetz, O.M.; Turner, J.E.; Paust, H.J.; Lindner, M.; Peters, A.; Heiss, K.; Velden, ]J.; Hopfer, H.; Fehr, S.;
Krieger, T.; et al. CXCR3 Mediates Renal Thl and Th17 Immune Response in Murine Lupus Nephritis.
J. Immunol. 2009, 183, 4693-4704. [CrossRef]

Li, Q.; Laumonnier, Y.; Syrovets, T.; Simmet, T. Recruitment of CCR6-expressing Th17 cells by CCL20 secreted
from plasmin-stimulated macrophages. Acta Biochim. Biophys. Sin. (Shanghai). 2013, 45, 593-600. [CrossRef]


http://dx.doi.org/10.1111/cei.12310
http://dx.doi.org/10.1016/j.molimm.2016.11.007
http://dx.doi.org/10.3892/ijo.9.1.9
http://dx.doi.org/10.1136/lupus-2016-000159
http://dx.doi.org/10.1155/2012/715190
http://dx.doi.org/10.1038/ni1261
http://dx.doi.org/10.1007/s10067-019-04467-8
http://dx.doi.org/10.1186/s12865-015-0070-7
http://www.ncbi.nlm.nih.gov/pubmed/25887118
http://dx.doi.org/10.5152/eurjrheum.2017.16059
http://www.ncbi.nlm.nih.gov/pubmed/28293450
http://dx.doi.org/10.1016/j.clim.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27109641
http://dx.doi.org/10.4049/jimmunol.181.12.8761
http://dx.doi.org/10.4049/jimmunol.1400931
http://dx.doi.org/10.1681/ASN.2009070741
http://dx.doi.org/10.1073/pnas.0600666103
http://dx.doi.org/10.1006/bbrc.2002.6652
http://dx.doi.org/10.4049/jimmunol.1500961
http://dx.doi.org/10.1002/art.24136
http://dx.doi.org/10.4049/jimmunol.0802626
http://dx.doi.org/10.1093/abbs/gmt049

Cells 2020, 9, 714 11 0f 11

33. Hirota, K,; Yoshitomi, H.; Hashimoto, M.; Maeda, S.; Teradaira, S.; Sugimoto, N.; Yamaguchi, T.; Nomura, T;
Ito, H.; Nakamura, T.; et al. Preferential recruitment of CCR6-expressing Th17 cells to inflamed joints via
CCL20 in rheumatoid arthritis and its animal model. J. Exp. Med. 2007, 204, 2803-2812. [CrossRef] [PubMed]

34. Schmidt, T.; Paust, H.].; Krebs, C.F,; Turner, ].E.; Kaffke, A.; Bennstein, S.B.; Koyro, T.; Peters, A.; Velden, J.;
Hiinemorder, S.; et al. Function of the Th17/interleukin-17A immune response in murine lupus nephritis.
Arthritis Rheumatol. 2015, 67, 475-487. [CrossRef] [PubMed]

35. Kwan, B.C,; Tam, L.S,; Lai, K.B,; Lai, EM.; Li, EK.; Wang, G.; Chow, KM.; Li, PK.; Szeto, C.C. The gene
expression of type 17 T-helper cell-related cytokines in the urinary sediment of patients with systemic lupus
erythematosus. Rheumatology (Oxford) 2009, 48, 1491-1497. [CrossRef] [PubMed]

@ © 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/10.1084/jem.20071397
http://www.ncbi.nlm.nih.gov/pubmed/18025126
http://dx.doi.org/10.1002/art.38955
http://www.ncbi.nlm.nih.gov/pubmed/25385550
http://dx.doi.org/10.1093/rheumatology/kep255
http://www.ncbi.nlm.nih.gov/pubmed/19773408
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Mice 
	Genotyping by Polymerase Chain Reaction (PCR) 
	Histopathology, Immunohistochemistry, and Immunofluorescence Staining 
	Quantitative Evaluation of Cytokines, Chemokines and Related Cell Signaling Molecules by Real-Time PCR 
	Measurement of Serum Cytokine IL-6 and IL-17A 
	Measurement of Serum Double-Strand DNA Levels and Urine Protein Levels 
	Statistics 

	Results 
	Serum Cytokine Levels in MRL/lpr Fli-1+/- Mice 
	Expression of Transcript Encoding IL-17A in the Kidney of MRL/lpr Fli-1+/- Mice 
	Reduced IL-17+ Cells in Renal Infiltrates from MRL/lpr Fli-1+/- Mice 
	Reduced Numbers of CD3+ IL-17+ and CD4+ IL-17+ Cells in the Renal Interstitium of MRL/lpr Fli-1+/- Mice 
	Detection of CCL20+CD11b+ Cells in Renal Tissue from MRL/lpr Fli-1+/- Mice 

	Discussion 
	References

