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isolated from the femur and tibia of 8-12-wk-old EGFP-transgenic mice,
passed through a 40-pm cell strainer (BD Falcon), and cultured in RPMI 1640
medium containing 10% FBS, 10% 1.929 conditioned medium, 1% gluta-
mine, 1% MEM vitamins, and 1% penicillin/streptomycin in a humid incu-
bator at 37°C and 5% CO,. Fresh medium was replaced every 2 to 3 d. More
than 98% of the cells were stained positive for CD11b and F4/80. These cell
were then cocultured with equal CD4" T cells in RPMI medium containing
1% FBS and 1% penicillin/streptomycin for 2 d.

Statistical analysis

Results are expressed as mean = SEM. Data were compared across dif-
ferent mouse strains and time points using two-way ANOVA. Significance
testing was performed using one-way ANOVA followed by pairwise
comparisons using the Student-Newman—Keuls test. Statistical signi-
ficance was set at p < 0.05. A minimum of five replicates was performed
for each experimental condition.

Results
CDS8 T cell infiltration and activation in a mouse model of
UUO-induced renal fibrosis

To investigate whether CD8* T cell infiltration is linked to renal
fibrosis, we performed UUO on C57BL/6 mice and collected
kidneys at days 0, 1, 3, 5, and 7. CD8* T cell infiltration into
the kidney was examined by FACS on each day (Fig. 1A, 1B).
E-cadherin staining was performed to show renal tubules. CD8"
cells increased gradually in the tubular interstitium following
UUO, reaching a peak at d 5 (Fig. 1A, 1C). Previous studies have
shown that CD8" NK cells are present in some diseases (37).
Thus, we tested whether CD8 KO mice were also depleted of NK
cells by staining with the NK cell marker NK1.1 (Fig. 1D). The
results showed the percentage of CD8" NK cells in CD8" cells
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FIGURE 5. Adoptive transfer of CD8"* T cells into CD8 KO mice de-
creases renal fibrosis in UUO-treated mice. GFP-labeled CD8" T cells
were transplanted into CD8 KO mice prior to UUO surgery. Obstructed
kidney cross-sections were immune stained on day 7 with anti-CD8 Ab (A)
and Sirius red staining (B). Scale bars, 50 wm. Adoptive transfer of CD8"
T cells into CD8 KO mice decreases fibrosis in obstructed kidney (*p <
0.05; n = 5/group). (C) Evaluation of fibrosis protein markers by Western
blotting. (D) Fibrosis protein marker levels were calculated in UUO kidney
of CD8" T cell-reconstituted CD8 KO mice (*p < 0.05 versus CD8 KO
mice; n = 5/group).
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FIGURE 6. CDS8 deficiency increases fibrosis by promoting CD4* T cell
differentiation to Th2. (A) CD4" T cells were isolated from day 5 and 7 UUO
kidneys of WT or CD8 KO mice by FACS. CD45"CD3*CD4" cells were
harvested and reloaded to test the purity of CD4" T cells. (B-E) The mRNA
levels of Thl markers IFN-y and T-bet and Th2 markers /L-4 and GATA3
were determined by quantitative RT-PCR (*p < 0.05 versus in WT mice;
n = 5/group). (F) To confirm depletion of CD4* T cells using a CD4 mAb
(RM4-5), FACS-isolated CD4" T cells were stained with anti—-CD45-PerCP—
Cy5.5, anti-CD3e-PE-Cf594, and anti-CD4-PE (GK1.5) in day 3 and 7
blood. We depleted CD4" T cells using a CD4 mAb (RM4-5) in CD8 KO
mice or in CD8"* T cell-reconstituted CD8 KO mice to examine the fibrotic
area by Sirius red staining (G) and fibrosis-related protein levels by Western
blot (H) in UUO kidney (WT as control). Scale bars, 50 wm. (I) Analysis of
kidney fibrosis (*p < 0.05; n = 4/group). (J) Kidney fibronectin and Col-1
protein levels relative to GAPDH (*p < 0.05; n = 4/group). FSC, forward
light scatter; SSC, side scatter.

was 3.1 = 1.1% in WT mice, and the percentages of both NK and
NKT in CD45" cells in WT mice were not significantly different
compared with CD8 KO mice (n = 6; p > 0.05) (Fig. 1E).

CD8 deficiency promotes myeloid fibroblast accumulation and
myofibroblast formation in the kidney

To examine whether CD8" T cells play a role in the accumulation of
bone marrow—derived fibroblasts in obstructed kidneys, WT and
CD8 KO mice were subjected to UUO injury. CD45*Col-1* cells in
obstructed kidney were analyzed by FACS. Analysis indicated that
the percentage of Col-1" CD45" cells increased in CD8 KO injured
kidneys compared with those of WT mice (Fig. 2A, 2B). To confirm
this result, WT or CD8 KO mice were subjected to UUO for 5 d,
kidney sections stained for CD45, a leukocyte marker, and vimentin
(38, 39), a mesenchymal marker, and examined by confocal mi-
croscopy. The number of CD45" and vimentin® cells increased
in CD8 KO injured kidneys compared with those of WT mice
(Fig. 2C). To determine whether kidney CDS8 deficiency influences
development of bone marrow—derived myofibroblasts, WT and CD8
KO mice were subjected to UUO for 7 d. Kidney sections were
stained for «-SMA and examined by fluorescence microscopy. The
results revealed that targeted deletion of CD8* T cells increased the
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number of a-SMA™ myofibroblasts in obstructed kidneys compared
with those of WT mice (Fig. 2D).

CD8 deficiency attenuates IFN-y production but increases IL-4
production and M2 macrophage polarization

To elucidate the factors responsible for the increase in CD45"
myeloid fibroblasts in CD8 KO mice, we examined the effect of
CD8 deficiency on kidney chemokine and cytokine expression.
We have previously demonstrated that fibrosis is associated with
CCL2 and CCLS5 induction (35, 40, 41). Thus, we measured
CCL2, CCL3, CCL4, and CCL5 mRNA levels in kidney of WT or
CD8 KO mice. CD8 deficiency did not affect these chemokines in
the obstructed kidney (Fig. 3A-D). IFN-v, produced by CD8* T
and CD4" Thl cells, has been shown to inhibit fibroblast activa-
tion and fibrosis; this prompts us to test whether CD8 deficiency
affects IFN-y mRNA expression. IFN-y was reduced in CD8 KO
obstructed kidney (Fig. 3E). CD4" Th2 cytokines such as IL-4
have been shown to promote M2 macrophage polarization and a
monocyte-to-fibroblast transition (12, 17, 19, 42). Therefore, we
examined the effect of CDS8 deficiency on production of IL-4 and
CD206, a M2 macrophage marker in the kidney. Notably, /L-4 and
CD206 mRNA levels were markedly increased in CD8 KO
obstructed kidneys compared with those of WT mice (Fig. 3F, 3H).
These data indicate that CD8* T cells may impair myeloid fibro-
blast accumulation and M2 macrophage polarization by limiting
Th2 cytokine expression or activity. We next determined whether
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CD8 KO obstructed kidney promote mono-
cyte-to-fibroblast transition in vitro. (A)
EGFP* bone marrow—derived monocytes were
cocultured with CD4" T cells, isolated from
CD8 KO or WT obstructed kidney. After 2 d, Merge
EGFP™" cells were stained for vimentin (red)
and DAPI (blue) and examined by confocal
microscopy (scale bars, 100 wm). (B) Quanti-
tative analysis of vimentin levels per cell (red
OD per pixel) (*p < 0.05; n = 3/group; 8
HPFs/well). (C) Col-1 and vimentin mRNA
expression in EGFP* cells relative to GAPDH
(*p < 0.05; n = 4/group).
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CD8 DEFICIENCY AGGRAVATES KIDNEY FIBROSIS

CD8 deficiency affected macrophage polarization and myeloid fi-
broblast formation by subjecting WT and CD8 KO mice to UUO for
5 d. To identify vimentin-producing M2 macrophages, kidney sec-
tions were stained for CD206 and vimentin. Results revealed that the
number of CD206 and vimentin dual-positive cells increased in CD8
KO UUO kidneys compared with WT UUO kidneys (Fig. 3G, 3I).
These results also suggest that myeloid fibroblasts are derived from
monocytes through M2 macrophage polarization.

CDS8 deficiency increases renal fibrosis in UUO mice

Because CD8* T cells regulate kidney accumulation of bone
marrow—derived fibroblasts in response to obstructive injury, we
next examined the effect of CDS8 deficiency on renal fibrosis de-
velopment. To investigate whether CD8" infiltration affects renal
fibrosis, we examined fibrosis in CD8 KO UUO model. CD8 KO
mice had no CD8" cells in their blood, whereas WT mice did
(Fig. 4A). Mice were then subjected to UUO surgery, kidneys
were collected at day 7, and fibrosis was analyzed. Interstitial
collagen deposition was elevated in CD8 KO obstructed kidneys,
with 21.6 = 3.0% of the cortex occupied by the interstitium versus
11.3 = 2.1% in WT mice (p < 0.05; Fig. 4B). We next examined
fibrotic markers fibronectin and a-SMA protein expression by
immunoblotting (Fig. 4C). This revealed that both were elevated
in CD8 KO UUO kidneys compared with WT mice (p < 0.05;
Fig. 4D, 4E). These results indicate that CD8 deficiency increases
renal fibrosis.
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Adoptive transfer of CD8" T cells into CD8 KO mice decreases
fibrosis in obstructed kidney

We adoptively transferred EGFP* CD8" T cells into CD8 KO mice
to determine whether CD8* T cells are responsible for the reduced
fibrosis in obstructed kidneys. EGFP*CDS8" T cells were used to
confirm that CD8" cells in CD8 KO mice were donor derived.
Mice were then subjected to UUO after successful adoptive
transfer of CD8" T cells (Fig. 5A), which suppressed interstitial
fibrosis (p < 0.05; Fig. 5B). Western blotting revealed that fi-
bronectin and Col-1 protein levels were decreased (p < 0.05;
Fig. 5C, 5D). These results indicate that CD8" T cells reduce renal
fibrosis in obstructed kidneys.

CDS deficiency increases fibrosis by promoting CD4™ T cell
differentiation to Th2 cells

We have shown that CDS8 deficiency decreases antifibrotic IFN-y
secretion and increases profibrotic IL-4 production in UUO kid-
neys. Given that Thl cells produce IFN-y and Th2 cells produce
IL-4, we tested whether CD8 deficiency affects CD4* T cell dif-
ferentiation. We isolated CD4™ T cells from the obstructed kidneys
of WT and CD8 KO mice (Fig. 6A) and examined mRNA ex-
pression of Th1 markers /FN-y and T-bet and of Th2 markers IL-4
and GATA3. IFN-y and T-bet mRNA expression decreased, whereas
IL-4 and GATA3 expression increased in CD4™ T cells isolated from
CD8 KO UUO kidneys compared with WT CD4* T cells (Fig. 6B—
E). These data indicate that depletion of CD8" T cells promotes
differentiation of CD4" T cells to a Th2 phenotype. To confirm that
CD8 deficiency—induced fibrosis was due to CD4" T cell differen-
tiation, we depleted CD4™ T cells using a monoclonal CD4 Ab in
CD8 KO mice (Fig. 6F) or CD8* T cell-reconstituted CD8 KO
mice (Fig. 6G) and examined fibrotic areas and fibrosis-related
protein levels (Fig. 6H) in UUO kidneys. Depletion of CD4"
T cells reduced fibrosis in the obstructed kidney, regardless of the
presence or absence of CD8" T cells (Fig. 6I, 6J).

CD4 T cells isolated from CD8 KO-obstructed kidneys promote
monocyte-to-fibroblast transition in vitro

We have shown that depletion of CD8" T cells promotes CD4*
T cell differentiation to Th2 cells and increases monocyte-to-
fibroblast transition in vivo. In this study, we aimed to determine
whether these CD4* T cells regulate the monocyte-to-fibroblast
transition in vitro. EGFP* murine bone marrow—derived mono-
cytes were cocultured with CD4" T cells isolated from obstructed
kidneys of CD8 KO or WT mice. Results showed that CD4" T cells
isolated from CD8 KO-obstructed kidney induce monocytes to
produce a higher density of vimentin compared with WT mice
(Fig. 7A, 7B). To confirm this result, we also determined collagen 1
and vimentin mRNA expression (Fig. 7C). These results indicate
that CD8* T cells reduce the CD4" T cell-induced monocyte-to-
fibroblast transition.

CD8™* T cell IFN-vy production impairs differentiation of CD4*
T cells to Th2 cells and renal fibrosis

To examine IFN-y and IL-4 mRNA expression in CD8" or CD4*
T cells in UUO kidneys, we isolated CD8* and CD4* T cells from
obstructed kidneys (Fig. 8A). IFN-y expression in CD8* T cells was
higher than that in CD4* T cells, whereas IL-4 expression was higher
in CD4™ T cells (Fig. 8B, 8C). To examine whether IFN-y—CD8"
T cells impair differentiation of CD4" T to Th2 cells and renal fibrosis,
we isolated CD8" T cells from IFN-y KO mice and used them or WT
CDS8" T cells to reconstitute CD8 KO mice. The adoptive transfer
efficiency of WT CD8" T cells (CD45"CD3*CD8*TFN-y* cells) and
IFN-y KO CD8" T cells (CD45*CD3"CDS'IFN-y ™ cells) in UUO
kidney at day 7 were examined by FACS analysis (Fig. 8D). The re-
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FIGURE 8. IFN-y—producing CD8* T cells impair differentiation of
CD4* T cells to Th2 and renal fibrosis. (A) CD4" T cells (CD45*CD3*
CD4* cells) and CD8" T cells (CD45*CD3*CD8" cells) were isolated from
day 5 and 7 obstructed kidneys of WT mice by FACS. Harvested CD4" or
CD8" T cells were reloaded to determine purity. The mRNA expression of
IFN-y (B) and IL-4 (C) in CD8" or in CD4" T cells in day 5 and 7 UUO
kidney as determined by quantitative RT-PCR (¥p < 0.05 versus in WT
mice; n = 5/group). (D) We isolated CD8" T cells from IFN-y KO mice
and reconstituted them or WT CD8" T cells into CD8 KO mice. At day 7,
the adoptive transfer efficiency of WT CD8* T cells (CD45*CD3*CD8"
IFN-y*) and IFN-y KO CD8* T cells (CD45*CD3*CD8*IFN-y ") in UUO
kidney was examined by FACS analysis. (E) Fibrosis was examined by
Sirius red staining (scale bars, 50 wm; *p < 0.05 versus control: CD8 KO
mice; n = 5/group). (F-I) The levels of mRNA for the Th1 markers IFN-y
and T-bet and the Th2 markers IL-4 and GATA3 in day 7 UUO kidney of
CD8 KO mice, CD8 KO mice with WT CD8* T cells, or CD8 KO mice
with IFN-y KO CD8* T cells were determined by quantitative RT-PCR
(*p < 0.05 versus control: CD8 KO mice; n = 5/group). FSC, forward
light scatter; SSC, side scatter.

sults indicated that adoptive transfer efficiency of WT CD8* T cells
were similar to IFN-y KO CD8" T cells. Notably, reconstitution by
IFN-y KO CD8" T cells did not reduce fibrosis or impaired CD4*
T cell differentiation to a Th2 phenotype. By contrast, reconstitution
with WT CD8" T cells reduced fibrosis and impaired CD4* T cell
differentiation to a Th2 phenotype (Fig. 8E-I).

Discussion
Renal fibrosis is a common endpoint of numerous progressive
kidney diseases. Recent evidence indicates that fibroblasts may
originate from bone marrow—derived fibroblast progenitor cells
(i.e., fibrocyte) (5-9), which are derived from a subpopulation
of monocytes via monocyte-to-fibroblast transition (10-13). It is
unknown how the inflammatory microenvironment regulates this
transition. In this study, we identify the CD8* T cell-IFN-y—CD4
T cell axis as an important microenvironment for monocyte-to-
fibroblast transition, which plays an antifibrotic role in renal fi-
brosis.

First, we showed that UUO stimulates infiltration of CD8*
T cells. We demonstrated that infiltrating CD8* T cells were re-
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sponsible for suppressed renal fibrosis. Kidney fibrosis was more
severe in CD8 KO mice than in WT mice and less severe in CD8
KO mice transplanted with CD8 T cells (Figs. 4, 5). Tapmeier
et al. (26) demonstrated a role for CD8" T cells in renal fibrosis by
reconstituting RAG ™/~ mice with CD8" T cells. In the current
study, we revealed that CD8" T cells play an antifibrotic role in the
UUO model using CD8 KO mice. Consistent with the results of
Tapmeier et al. (26), we showed that CD8* T cells did not sig-
nificantly influence renal fibrosis when CD4" T cells were absent
(Fig. 6). Recently, some evidence has indicated that the differ-
entiation of CD4" T cells to Th2 cells is a key event in CD4-
induced renal fibrosis (31). Our present results also showed that
absence of CD8" T cells increased the differentiation of CD4*
T cells to Th2 cells as well as fibrosis, suggesting CD8" T cells
play an antifibrotic role in renal fibrosis via inhibition of the dif-
ferentiation of CD4* T cells to Th2 cells.

Tissue fibroblasts play a key role in pathologic fibrotic processes.
Studies have shown that the bone marrow contributes to the ex-
pansion of the fibroblast population in multiple organs and tissues,
especially in renal fibrosis (6, 9, 11). We found that depletion of
CD8* T cells increased the number of these cells in the obstructed
kidney compared with WT mice (Fig. 2).

It is generally thought that M2 macrophage display a Th2-like
phenotype, promoting fibroblast activation (42). We have reported
that CCL2 and CCL5 are important for macrophage infiltration in
renal fibrosis and other models (35, 40, 41), thus we tested CCL2,
CCL3, CCL4, and CCL5 production in the obstructed kidney
following UUO. The results showed that the absence of CD8"
T cells did not influence these chemokines, but increased the
mRNA expression of CD206, an M2 macrophage marker. IFN-y
secreted from Th1 cells activates macrophages to an inflammatory
phenotype. Alternatively, they can be activated by IL-4 and IL-13,
both Th2 cytokines, to facilitate M2 macrophage differentiation
and the repair processes (42). We also found that absence of CD8"
T cells caused a decrease in IFN-y and an increase in IL-4 pro-
duction. These results indicate that depletion of CD8* T cells
increases M2 macrophage polarization in renal fibrosis.

Recent data have shown myeloid fibroblasts are derived from
monocytes through M2 macrophage polarization in the obstructed
kidney (20). We also tested the number of CD206"vimentin™ cells
in the obstructed kidney of CD8 KO and WT mice. The results
showed that CD206"vimentin® cells were increased in CD8 KO
mice compared with WT mice. These data indicate that CD8"
T cells play an important role in M2 macrophage polarization and
development of bone marrow—derived fibroblasts in the kidney.

We found that absence of CD8" T cells promoted the differ-
entiation of CD4" T cells to Th2 cells and that CD4" T cells,
which were isolated from the obstructed kidneys of CD8 KO
mice, promoted monocyte-to-fibrocyte differentiation. It has been
reported that Th2 cytokines (IL-4 and IL-13) induce, whereas Th1
cytokines (IFN-y and IL-12) inhibit, monocyte-to-fibrocyte dif-
ferentiation and fibrosis. Taken together, profibrocyte activities
of IL-4 and IL-13 and fibrocyte-inhibitory activities of IFN-y and
IL-12 counteract each other in a concentration-dependent manner
(12). Thus, we isolated CD8* T cells from IFN-y KO mice and
then reconstituted these cells into CD8 KO mice. The results
showed that these cells neither significantly reverse fibrosis nor
markedly influence the differentiation of CD4 to Th2 cells, whereas
those from the WT mice do. These data indicate that IFN-y plays a
key role in the CD8" T cell regulatory mechanism in renal fibrosis.

In summary, the current study demonstrates that renal injury
with subsequent fibrosis is likely an interactive process among
inflammatory cells, with different arms of the immune system
involved at different stages. In this UUO model, we defined a novel
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role for CD8* T lymphocytes that are induced to contribute
to decrease renal fibrosis. CD8* T cells negatively regulate M2
macrophage polarization and monocyte-to-fibroblast transition via
inhibition of the differentiation of CD4* T cells to Th2 cells,
which contribute significantly to the pathogenesis of renal inter-
stitial fibrosis in the initial process of renal fibrosis.
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Table S1 Antibody information

Antibody Dilution Clone Company
Anti-206 1C:1:200 Polyclonal  Abcam, Cambridge, MA
Anti-vimentin I1C:1:200 VI-10 Abcam, Cambridge, MA
Anti-CD8a 1C:1:200 53-6.7 Becton Dickenson, Franklin Lakes, NJ
Anti-GFP I1C:1:200 Polyclonal ~ Abcam, Cambridge, MA
Anti-E-cadherin 1C:1:200 4A2 Cell Signaling Technology, Beverly, MA
Anti-Fibronectin WB:1:1000  EP5 Santa Cruz, Dallas, TX
Anti-collagen 1 WB:1:1000  Polyclonal Abcam, Cambridge, MA
Anti-a-SMA 1C:1:200, Polyclonal  Sigma, Louis, MO

WB:1:3000
Anti-GAPDH WB:1:5000 DI6HI11 Cell Signaling Technology, Beverly, MA
Anti-CDA45 IC:1:200 Polyclonal ~ Abcam, Cambridge, MA
Anti-CD4-PE Img/ml GK1.5 Becton Dickenson, Franklin Lakes, NJ
Anti-CD3e-PE-Cf594 Img/ml 145-2c11  Becton Dickenson, Franklin Lakes, NJ
Anti-CDSa-APC-Cy7 Img/ml 53-6.7 Becton Dickenson, Franklin Lakes, NJ
Anti-collagen-1-biotin Img/ml Polyclonal ~ Abcam, Cambridge, MA
Anti-CD45-PerCP-Cy5.5 Img/ml 104 Becton Dickenson, Franklin Lakes, NJ
Anti-NK1.1-APC Img/ml PK136 Becton Dickenson, Franklin Lakes, NJ
Anti-IFNg-Ef450 Img/ml XMG1.2 eBioscience, San Diego, CA

Tablel. Antibody information.



Table S2 Primers information

MRNA Forward Reverse
Col-1 5’-GCTGGTCTTCCAGGTCCTAAG-3’ 5’-CGCCATCTTTGCCAGGAGAA-3’

Vimentin 5’-CGGCTGCGAGAGAAATTGC-3’ 5’-CCACTTTCCGTTCAAGGTCAAG-3’
CD206 5’-CTCTGTTCAGCTATTGGACGC-3’ 5’-CGGAATTTCTGGGATTCAGCTTC-3’
IL-4 5’-TCTGCATCCCGTTGTTTTGC-3’ 5’-GCACCTGTGCATCCTGAATG-3’
IFN-y 5’-GCTCGAGACAATGAACGCT-3’ 5’-AAAGAGATAATCTGGCTCTGC-3’
T-bet 5’-ACCACCTGTTGTGGTC-3’ 5’-CCTTTCCACACTGCAC-3’

GATA-3 5’-CTCGGCCATTCGTACATGGAA-3’ 5’-GGATACCTCTGCACCGTAGC-3’
CCL2 5’-GTCTGTGCTGACCCCAAGAAG-3’ 5’- TGGTTCCGATCCAGGTTTTTA-3’
CCL3 5’-TTCTCTGTACCATGACACTCTGC-3’ 5’-CGTGGAATCTTCCGGCTGTAG-3’
CCL4 5-TTCCTGCTGTTTCTCTTACACCT-3’ 5-CTGTCTGCCTCTTTTGGTCAG-3’
CCLS5 5’-AGATCTCTGCAGCTGCCCTCA-5’ 5’-GGAGCACTTGCTGCTGGTGTAG-3’

GAPDH 5’-TGCCCCCATGTTTGTGATG-3’ 5-TGTGGTCATGAGCCCTTCC-3’

Table2. RT-PCR primer sequences.



