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Pivotal role of CD4þ T cells in renal fibrosis following
ureteric obstruction
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Tubulointerstitial fibrosis is a common consequence of

a diverse range of kidney diseases that lead to end-stage

renal failure. The degree of fibrosis is related to leukocyte

infiltration. Here, we determined the role of different T cell

populations on renal fibrosis in the well-characterized

mouse model of unilateral ureteric obstruction. Depletion of

CD4þ T cells in wild-type mice with a monoclonal antibody

significantly reduced the amount of interstitial expansion

and collagen deposition after 2 weeks of obstruction.

Reconstitution of lymphopenic RAG knockout mice with

purified CD4þ but not CD8þ T cells, prior to ureteric

obstruction, resulted in a significant increase in interstitial

expansion and collagen deposition. Wild-type mice had

significantly greater interstitial expansion and collagen

deposition compared with lymphopenic RAG�/� mice,

following ureteric obstruction; however, macrophage

infiltration was equivalent in all groups. Thus, our results

suggest that renal injury with subsequent fibrosis is likely

to be a multifactorial process, with different arms of the

immune system involved at different stages. In this ureteric

obstruction model, we found a critical role for CD4þ T cells in

kidney fibrosis. These cells could be a potential target of

therapeutic intervention to prevent excessive fibrosis and

loss of function due to renal injury.
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The common end point of virtually all types of progressive
renal disease is tubulointerstitial fibrosis.1 Although fibrosis is
a normal physiological process—in response to persisting
tissue injury—if left unchecked, it can lead to abnormal tissue
remodeling and permanent scarring. Severity of interstitial
fibrosis is an accurate predictor of kidney survival.2 Chronic
kidney disease also shows widespread lymphocyte infiltration
into the kidney. T cells have been detected in kidneys of
patients with chronic kidney disease,3 as well as in models of
renal fibrosis such as unilateral ureteric obstruction (UUO).4–7

Furthermore, in CCR1�/� animals, or when CCR1 function is
blocked, there is reduced lymphocyte infiltration and fibrosis
in the kidney after UUO.4,6

The role of different T-cell populations in the develop-
ment of glomerular injury has been studied with CD8þ

T effector cells implicated in adriamycin-induced nephritis8

and a CD4þ TH1 response in nephrotoxic nephritis models.9

However, no in vivo study has directly addressed the role
of different T-cell populations in renal fibrosis, despite the
importance of fibrosis in renal progression and chronic
kidney disease.

In this study, we depleted wild-type (WT) C57BL/6
mice of CD4þ T cells using a monoclonal antibody,
and subsequently reconstituted syngeneic recombination
activation gene-1 (RAG) knockout mice10 with either
CD4þ T cells or CD8þ T cells from WT donors to dissect
the role of T cells in UUO-induced renal fibrosis.

RESULTS
Depletion of CD4þ T cells results in reduced interstitial
expansion and collagen deposition after UUO

To investigate the role of CD4þ T cells in renal injury
and fibrosis after UUO, C57BL/6 mice were administered
50 mg of depleting anti-CD4 antibody intravenously on
two consecutive days, and were obstructed on the second
day. In peripheral blood, only 0.3%±0.2% of all cells in
the mononuclear gate were CD4þ at 2 days after deple-
tion compared with 20.9%±4.5% in naive mice (n¼ 7;
Figure 1a–c), whereas CD8þ T cells remained at 16.0%±
4.5% (n¼ 7). By day 14, CD4þ T cells reemerged, with
6.4%±1.8% of cells within the mononuclear gate staining
positive for CD4 (n¼ 7; Figure 1d).
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CD4þ T cell-depleted mice underwent UUO surgery and
the obstructed kidneys were harvested 14 days later for
histological analysis. Interstitial expansion and collagen
deposition were quantified on periodic acid Schiff ’s reagent-
and Martius scarlet blue trichrome-stained sections, respec-
tively (Figure 2a, b, g and h). Interstitial expansion in
obstructed kidneys from CD4-depleted mice was significantly
lower, with 36.6%±2.0% (n¼ 7) of the cortex occupied by
the interstitium compared with saline-treated controls show-
ing 49.4%±3.1% (n¼ 5; P¼ 0.0025; Figure 3a). In control
mice, 41.1%±1.1% (n¼ 6) of the cortex stained positive for
collagen; depleted mice showed significantly less staining,
23.74%±2.1% (n¼ 7; P¼ 0.0012; Figure 3b). Tubular dilata-
tion, as measured by the ratio of tubular diameter to epithelial
cell height, was similar in both groups (7.4±1.0 and 6.0±0.8,
naive and treated group, respectively, Figure 3c). Immunohis-
tochemical analysis of the affected kidneys showed CD4þ cells
present in both groups at the time of sample harvest (despite
the earlier depletion in peripheral blood, Figure 2m and n)
(21.8±1.5 CD4þ cells/high power field (hpf) (n¼ 5),
15.23±1.7 CD4þ cells/hpf (n¼ 7); P¼ 0.0189; Figure 3d,
naive and treated group, respectively). The analysis of CD8þ

cells in the affected kidneys (Figure 2s and t) showed 9.4±0.6
CD8þ cells/hpf in WT mice (n¼ 5) and 20.8±2.7 CD8þ

cells/hpf in depleted mice (n¼ 7; P¼ 0.0028; Figure 3e). The
infiltration of macrophages as documented by the area
staining positive for F4/80 (Figure 2y and z) was similar in
both groups (Figure 3f; 37.2%±0.9% F4/80þ (n¼ 6) and
36.8%±1.3% F4/80þ (n¼ 7), naive and treated group,
respectively). The depletion of CD4þ cells did not seem to
reduce the amount of a-SMAþ (alpha smooth muscle action)
cells in affected kidneys (Supplementary Figure S1); however,
as the depletion of renal CD4þ cells was incomplete, the
relation of myofibroblasts and lymphocytes could not be
elucidated sufficiently by this approach.

The reemergence of CD4þ T cells and increased infiltra-
tion of CD8þ T cells in the treated group also make it
difficult to ascribe the decrease in interstitial expansion and
collagen deposition observed in the depleted mice to either
CD4þ or CD8þ T-cell populations. To systematically dissect
the roles of these T-cell populations in the UUO model, we
used lymphopenic RAG�/� mice and extended the analysis
to additional parameters of renal fibrosis.

Lymphopenic RAG�/� mice develop less fibrotic injury after
UUO

RAG�/� mice underwent UUO for 14 days before tissue was
harvested for histological analysis. Interstitial expansion was
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Figure 1 | Depletion of CD4þ T cells from C57BL/6 mice. Mice were injected with 50 mg of depleting anti-CD4 antibody (intravenously)
on two consecutive days. Blood samples were taken on day 2 and day 14 after the second dose of antibody, and analyzed for the presence
of CD4þ and CD8þ T cells by flow cytometry. Mean percentages±s.d. are given in each plot. (a) A lymphoid gate was used to analyze
T cells; side scatter (SSC); forward scatter (FSC). (b) Wild-type control mice (n¼ 7) showed both CD4þ and CD8þ T cells in their blood.
(c) At day 2 after depletion, CD4þ T cells are absent from the blood (n¼ 7). CD8þ T cells are unaffected. (d) By day 14 after depletion,
CD4þ T cells start to reemerge in the circulation (n¼ 7).
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Figure 2 | Histological and immunohistochemical analysis of fibrosis and leukocyte infiltration after unilateral ureteric obstruction.
Representative images of renal cortex sections of affected kidneys of mice after 14 days of unilateral ureteric obstruction are shown.
Experimental groups are wild type (WT), CD4-depleted mice (CD4 depl), RAG�/�, RAG�/� mice reconstituted with saline (saline), CD4þ

T cells (CD4R), and CD8þ T cells (CD8R). (a–f) Periodic acid/Schiff’s reagent (PAS) stains demonstrating interstitial expansion in affected
kidneys. This was more severe in WT (a) compared with CD4-depleted (b) and RAG�/� mice (c), and more severe in CD4R mice (e) than in
saline (d) or CD8R mice (f). (g–l) Martius scarlet blue (MSB) trichrome stains showing interstitial collagen deposition (blue) in affected
kidneys. The highest degree of collagen deposition was observed in WT (g) and CD4R (k) mice, less was seen in CD4-depleted (h), RAG�/� (i),
saline (j), and CD8R mice (l). (m–r) Sections stained with anti-CD4 antibody show infiltrating CD4þ cells in WT (m), CD4-depleted (n),
and CD4R mice (q), whereas CD4þ cells were observed only occasionally in RAG�/� (o), saline (p), and CD8R mice (r). (s–x) Anti-CD8
staining showing infiltration of CD8þ cells in WT (s), CD4-depleted (t) and CD8R mice (x), whereas no CD8þ cells were seen in RAG�/� (u),
saline (v), and CD4R mice (w). (y–d) Macrophages were documented as F4/80þ cells. A similar level of macrophage infiltration was seen
in all groups. Magnification � 400 for PAS, MSB trichrome, anti-CD4, and anti-CD8 stains, � 1000 for F4/80 stain.
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found to be significantly lower in the obstructed kidneys of
RAG�/� mice (n¼ 6) compared with WT controls (n¼ 5),
(33.6%±3.1% versus 49.4±3.1%, P¼ 0.0043; Figures 2a, c
and 4a). Unaffected contralateral kidneys showed little injury
as expected (Supplementary Figure S1).

When collagen deposition was assessed on Martius scarlet
blue trichrome-stained sections, RAG�/� mice showed signi-
ficantly less collagen deposition after UUO than did WT
controls, 26.3%±4.0% and 41.1%±1.1%, respectively

(P¼ 0.0043, n¼ 6; Figures 3g, i and 4b). Tubular dilatation
was similar in both groups, 7.4±1.0 and 8.4±1.3 in RAG�/�

and WT, respectively, indicating equally obstructed kidneys
(Figure 4c).

Macrophage and T-cell infiltration of obstructed kidneys

Immunohistochemical analysis showed heavy infiltration by
both CD4þ and CD8þ T cells in affected WT kidneys:
21.8±1.5 (n¼ 5) CD4þ cells/hpf (Figures 2m and 4d) and
9.4±0.6 (n¼ 6) CD8þ cells/hpf (Figures 2s and 4e). Affected
RAG�/� kidneys showed a low level of CD4þ staining
with 1.5±1.0 CD4þ cells/hpf (n¼ 6; Po0.0001; WT versus
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Figure 3 | Analysis of interstitial collagen deposition and
leukocyte infiltration in affected kidneys of WT and CD4þ

T cell-depleted mice after 14 days of unilateral ureteric
obstruction (UUO). Mice were depleted on two consecutive days
by injection of 50 mg anti-CD4 antibody (intravenously). UUO
surgery was performed on the second day, and samples were
harvested after 14 days. Interstitial expansion, collagen
deposition, and macrophage infiltration in affected kidneys of
wild-type (WT) and RAG�/� mice were quantified using a scoring
grid. Infiltration of CD4þ and CD8þ cells is given as cell counts
per high power field (hpf). Graphs show data and medians.
(a) Mice depleted of CD4þ T cells (n¼ 7) showed reduced
interstitial expansion compared with WT mice (n¼ 5) as quantified
on PAS stains. (b) CD4-depleted mice showed less collagen
deposition in the interstitium than WT mice, as quantified on
Martius scarlet blue trichrome stains. (c) Tubular dilatation was
similar between WT and CD4-depleted mice. (d) The number of
CD4þ T cells infiltrating the affected kidneys of CD4-depleted
mice is reduced compared with WT mice. (e) The number of
infiltrating CD8þ T cells is increased in CD4þ T cell-depleted mice
compared with WT mice. (f) The infiltration of macrophages as
quantified on F4/80þ tissue is similar in depleted and WT mice.
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Figure 4 | Lymphocyte deficiency protects RAG�/� mice from
fibrosis induced by 14 days of unilateral ureteric obstruction.
Interstitial expansion, collagen deposition, and macrophage
infiltration in affected kidneys of wild-type (WT) and RAG�/� mice
were quantified using a scoring grid. Infiltration of CD4þ and
CD8þ cells is given as cell counts per high power field. The WT
data from Figure 3 are shown here again for easier comparison.
Graphs show data and medians. (a) Interstitial expansion was
significantly lower in RAG�/� mice (n¼ 6) compared with WT mice
(n¼ 7). (b) Interstitial collagen deposition in RAG�/� mice was
reduced compared with WT mice. (c) Tubular dilatation was not
different between WT and RAG�/� mice. (d) Infiltration of CD4þ

cells was observed in WT but not in RAG�/� mice. (e) Infiltration
of CD8þ cells was observed in WT mice but not in RAG�/� mice.
(f) The infiltration of macrophages was similar in RAG�/� and
WT mice.
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RAG�/�; Figures 2o and 4d). This may be due to other cells
expressing CD4, for example, dendritic cells, as no T
lymphocytes were found in peripheral blood samples of
these mice. No CD8þ cells were seen (n¼ 6; Po0.0001; WT
versus RAG�/�; Figures 2u and 4e). As observed before,
macrophage infiltration was unaffected by the absence of
lymphocytes, as RAG�/� animals had a similar level of
macrophage infiltration compared with WT, 32.4%±3.7%
positive staining per hpf and 37.2%±2.2% per hpf,
respectively (n¼ 6 in both groups; P¼ 0.0625; Figures 2y, a
and 4f). Unaffected contralateral kidneys showed little
cellular infiltration as expected (Supplementary Figure S1).

Reconstitution of RAG�/� mice with CD4þ or CD8þ T cells

To investigate the role of different subsets of T cells, RAG�/�

mice were reconstituted with purified CD4þ or CD8þ

T cells 2 weeks before UUO. We have previously shown that
the absolute numbers of T cells was one-fifth to one-third
of that seen in WT mice 14 days after reconstitution.11

Reconstitution was confirmed in peripheral blood (Figure 5).
In CD4þ T cell-reconstituted mice, 8.05%±3.02% of peri-
pheral blood leukocytes stained positive for CD4 (n¼ 5;

Figure 5b). In CD8þ T cell-reconstituted mice, 16.59%±
3.88% of peripheral blood leukocytes stained positive for
CD8 (n¼ 5; Figure 5c). In naive WT mice, the respective
frequencies were 13.82%±2.0% CD4þ and 12.6%±1.0%
CD8þ lymphocytes (n¼ 10; Figure 5d). It is important to
note that animals reconstituted with CD4þ T cells did not
show CD8þ T cells, animals reconstituted with CD8þ T cells
did not show CD4þ T cells, and saline-injected mice showed
neither (Figure 5a).

Obstructed kidneys of RAG�/� mice show infiltrates of the
respective T-cell population after reconstitution with
CD4þ or CD8þ T cells

Although both CD4þ and CD8þ T cells were found in
WT kidneys after UUO, it needed to be established whether
the T cells used to reconstitute RAG�/� mice would behave
in a similar manner. Immunohistochemical analysis of
obstructed kidneys from CD4þ - and CD8þ -reconstituted
animals showed high numbers of the appropriate T-cell
subset infiltrating the kidney. There was a mean of 100±8.8
CD4þ T cells/hpf in kidneys from CD4þ -reconstituted mice
(n¼ 9, Figures 2q and 6d), whereas CD8þ -reconstituted
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Figure 5 | Selective reconstitution of RAG�/� mice with either CD4þ or CD8þ T cells. At 13 days after reconstitution and 1 day before
unilateral ureteric obstruction surgery, peripheral blood samples were analyzed for the presence of CD4þ and CD8þ cells by flow
cytometry. (a) RAG�/� mice reconstituted with saline (n¼ 5), (b) RAG�/� mice reconstituted with CD4þ T cells (n¼ 5), (c) RAG�/� mice
reconstituted with CD8þ T cells (n¼ 5), (d) wild-type (WT) mice (n¼ 10). Mean percentages±s.d. are given in each plot. No CD4þ or
CD8þ cells were found in the blood of saline-reconstituted RAG�/� mice, and T cell-reconstituted RAG�/� mice showed only the
appropriate population in their blood, whereas WT mice showed both CD4þ and CD8þ cells.
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mice showed 1.5±1.4 CD4þ T cells/hpf (Po0.0001, n¼ 9,
Figures 2r and 6d) and saline-reconstituted animals showed
1.7±1.1 CD4þ cells/hpf (Po0.01, n¼ 9, Figures 2p and 6d).
Animals reconstituted with CD8þ T cells showed a mean of
68±11.9 CD8þ cells/hpf in obstructed kidneys (Figures 2x
and 6e), whereas CD4þ -reconstituted mice showed 0.6±1.1
CD8þ cells/hpf (Po0.0005, Figures 2w and 6e) and
saline-reconstituted mice showed 0.3±0.3 CD8þ cells/hpf
(Po0.001, Figures 2v and 6e). The infiltration of macro-
phages as assessed by scoring F4/80-positive tissue was
similar in all groups, with a mean of 38.6%±17.5% of F4/80-
positive stained tissue area per hpf in saline-reconstituted
mice, a mean of 41.9%±10.2% of F4/80-positive tissue in

CD4þ -reconstituted animals, and a mean of 45.5%±10.0%
of F4/80-positive tissue in CD8þ -reconstituted mice
(Figures 2b–d and 6f).

CD4þ but not CD8þ T cells restore the severity of
UUO-induced renal fibrosis in RAG�/� mice

To investigate the effect of infiltrating CD4þ and CD8þ

T cells on renal fibrosis, we compared the interstitial area in
obstructed kidneys from RAG�/� mice reconstituted with
CD4þ or CD8þ T cells with the amount observed in saline-
injected RAG�/� mice (Figure 6a). After 14 days of UUO, the
interstitial area seen in CD4þ -reconstituted animals was
38.8%±1.7% (n¼ 9) and significantly more than that seen
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Figure 6 | Reconstitution of RAG�/� mice with CD4þ T cells restores fibrosis. After 14 days of unilateral ureteric obstruction, the degree
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T cells (CD8R) and phosphate-buffered saline-reconstituted controls (PBSR). Interstitial expansion, collagen deposition, and macrophage
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percentage of tissue showing macrophage infiltration, interstitial expansion, and collagen deposition, respectively. Tubular dilatation was
calculated as the ratio of inner tubular area to epithelial cell height. Graphs show data and median. (a) Interstitial expansion was highest in
CD4R mice, whereas saline and CD8R mice were similar (n¼ 9 in each group). (b) CD4R mice showed significantly more collagen deposition
than saline-reconstituted RAG�/� mice, whereas CD8R mice were not different from saline mice. (c) Tubular dilatation was similar in all
reconstituted groups. (d) After reconstitution, CD4R mice (n¼ 5) showed high numbers of infiltrating CD4þ cells compared with saline-
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absent in saline reconstituted mice and CD4R mice. (f) Macrophage infiltration was similar in saline-reconstituted, CD4R, and CD8R mice.
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in saline-reconstituted animals, in which it was 33.6%±4.0%
(n¼ 9; P¼ 0.0244 CD4R versus saline). However, the inter-
stitial area seen in CD8þ -reconstituted mice was similar to
that of saline-reconstituted mice, with a score of 26.5%±
3.0% (n¼ 8; P¼ 0.3213 CD8R versus saline).

The percentage of the total cortical area of obstructed
kidneys staining positive for collagen in saline-reconstituted
RAG�/� mice was 26.9%±1.7%. In CD4þ -reconstituted
animals, it was 39.5%±2.4% (n¼ 9), significantly higher
than that in saline-reconstituted mice (P¼ 0.0028 CD4R
versus saline; Figure 6b) and equivalent to that seen before in
WT mice (Figure 4b). The percentage for CD8þ -reconsti-
tuted mice was 28.9%±3.6% (n¼ 9), which was similar
to that seen in phosphate-buffered saline-reconstituted mice
(Figure 6b). To assess the severity of renal obstruction
induced by UUO, the degree of tubular dilatation was
determined in all reconstituted groups and was found to be
similar, with saline-reconstituted mice showing a ratio of
tubular diameter to epithelial cell height of 9.1±1.5, CD4þ

T cell-reconstituted animals showing a ratio of 10.1±1.6,
and animals reconstituted with CD8þ T cells a ratio of
9.6±1.1 (Figure 6c).

Taken together, reconstitution with CD4þ T cells
increases the severity of renal fibrosis in RAG�/� mice to
the degree seen in WT mice, whereas reconstitution with
CD8þ T cells does not.

CD4þ T cells increase collagen I gene expression

To further characterize the mechanism by which CD4þ

T cells contribute to fibrotic disease in the UUO model, we
analyzed the protein expression of a-SMA as a marker for
myofibroblast infiltration by immunohistochemistry, as well
as the mRNA expression of a-SMA, transforming growth
factor (TGF)-b1, and collagen I in reconstituted animals and
in WT mice. In all cases, we compared the expression of the
respective fibrosis marker in the obstructed kidney with the
expression in the contralateral kidney. Immunohistochemical
analysis showed the presence of a-SMAþ cells in affected
kidneys in all groups. SMAþ cells were only present in
blood vessel walls in contralateral unobstructed kidneys
(Figure 7a–h). The quantification of a-SMA staining showed
significantly greater a-SMA staining in the affected kidneys
compared with the contralateral kidneys (Figure 7i). When
comparing the affected kidneys only, a-SMA staining in the
WT group was significantly greater than that in the other
groups. Reconstitution of mice with CD4þ T cells did not
restore the level of a-SMA staining to that seen in WT mice.
Surprisingly, RAG�/� mice reconstituted with CD4þ T cells
showed significantly less a-SMAþ tissue than the other
reconstituted groups.

The analysis of a-SMA mRNA expression (Figure 8a)
showed a higher expression of a-SMA mRNA in the affected
kidneys of WT and CD4þ T cell-reconstituted mice com-
pared with contralateral kidneys. However, in saline- and
CD8þ T cell-reconstituted mice, no significant difference was
seen between affected and contralateral kidneys.

In all groups, except CD8þ T cell-reconstituted mice, the
expression of TGF-b1 mRNA was significantly higher in
affected kidneys than in contralaterals (Figure 8b). However,
the expression of TGF-b1 mRNA in affected kidneys of the
WT and reconstituted groups was overall not significantly
different between groups (P¼ 0.3715; Kruskal–Wallis test of
affected groups).

The analysis of collagen I mRNA expression showed
significantly higher levels of mRNA in the affected kidneys of
all groups compared with contralateral kidneys (Figure 8c),
again with the exception of CD8þ T cell-reconstituted
animals, which did not show a significant difference between
affected and contralateral kidneys. When comparing the
amount of collagen I mRNA between affected groups
(P¼ 0.0004; Kruskal–Wallis test), saline-reconstituted mice
showed a significantly lower expression of collagen I
compared with WT mice (P¼ 0.0205, WT versus saline).
Animals reconstituted with CD4þ T cells showed signi-
ficantly higher levels of collagen I expression than saline-
reconstituted RAG�/� mice (Po0.0001, CD4R versus phos-
phate buffered saline reconstitute (PBSR)) and were not
different from WT mice. However, reconstitution with CD8þ

T cells failed to restore collagen I expression in affected
kidneys to the WT level and resulted in collagen I expression
that was significantly lower than that seen in CD4þ T cell-
reconstituted animals (P¼ 0.0002, CD8R versus CD4R).

Thus, after reconstitution with CD4þ T cells, expression
of a-SMA, TGF-b1, and collagen I is significantly upregulated
in affected kidneys compared with contralaterals, whereas
after reconstitution with CD8þ T cells, it is not. This is
consistent with the histological findings of greater injury after
CD4þ T-cell reconstitution than after reconstitution with
CD8þ T cells, and with a role for CD4þ T cells in renal
fibrosis after UUO.

DISCUSSION

Renal fibrosis is a common end point of many progressive
kidney diseases. Understanding its pathophysiology may lead
to effective therapies to prevent the progression of kidney
disease and renal failure.

We adopted a CD4þ T-cell depletion protocol shown to
be effective in inducing transplant tolerance to cardiac
allografts12 to determine whether this would reduce the
severity of renal fibrosis after UUO. Although initial deletion
of peripheral CD4þ T cells was nearly complete, there was
some recovery toward the end of the 14-day period. More
important, CD4þ T-cell infiltration was still seen in the
affected kidneys. Nevertheless, we observed a significantly
lower level of fibrosis after anti-CD4 monoclonal antibody
treatment. However, we also saw a corresponding rise in the
amount of CD8þ T cells in affected kidneys. The reason for
this is not immediately apparent.

To further dissect the role of T cells in fibrosis following
UUO, we used RAG�/� mice to avoid the complicated
consequences that we observed after CD4þ T-cell depletion.
We found significantly less interstitial expansion and collagen
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deposition in RAG�/� mice compared with WT mice. As
macrophages are present in similar numbers in both groups,
whereas T and B cells are absent in RAG�/� mice, these
lymphocytes are likely to have a significant role in the
development of fibrosis in this model. The presence of CD4þ

and CD8þ T cells in obstructed kidneys from WT mice after
UUO supports this hypothesis. To investigate this further,
RAG�/� mice were reconstituted with either CD4þ or CD8þ

T cells before obstruction. This resulted in the restoration of
injury in the group reconstituted with CD4þ T cells but not
in the group reconstituted with CD8þ T cells, implying that

CD4þ T cells are pivotal in the development of injury and
fibrosis in this model.

A previous study using severe combined immunodeficient
mice did not show any decrease in renal fibrosis compared
with WT mice after UUO.13 This may be partly because of
strain difference, as shown in the UUO model.14 Further-
more, they used a smaller number of mice and examined
interstitial volume only, not specifically interstitial fibrosis.
A recent study has shown a clear role for CD4þ cells in the
fibrocyte maturation in UUO,15 an observation that may
provide a mechanism to explain our data.
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Figure 7 | Expression of a-SMA in affected kidneys of WT and reconstituted RAG�/� mice. (a–h) Representative renal cortical sections
of affected (AFF) and contralateral (CON) kidneys from wild-type (WT) and reconstituted RAG�/� mice stained with anti-a-SMA antibody.
In all groups, interstitial infiltration of a-SMAþ cells was documented in affected kidneys but not in contralateral kidneys. (i) Quantification
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Infiltration of macrophages and T cells has long been
known as an early and characteristic feature of renal fibrosis.1

However, their exact contribution is still unclear.16,17

Macrophages are thought to be major effector cells in renal
fibrosis. For example, blocking CCR2-dependent macrophage
infiltration led to a decrease in renal fibrosis in a mouse
model.7 However, activation of macrophages through T-cell
cytokines is likely to be crucial in this process. Recently,
distinct phenotypes of activated macrophages have been
suggested, which enable macrophages to react to different
environmental stimuli, some of them T cell dependent.18 For
example, interferon-g from CD4þ TH1 cells activates
macrophages to an inflammatory phenotype. Alternatively,
they can be activated by IL-4 and IL-13, both CD4þ TH2
cytokines, to facilitate repair processes in surrounding tissue

by producing L-proline, a critical substrate for collagen
synthesis by fibroblasts.19 Thus, alternative activation of
macrophages could promote fibrotic disease.

However, other studies have shown that the classical
activation of macrophages can increase interstitial injury.
Alternatively activated macrophages significantly attenuated
interstitial injury in adriamycin-induced nephropathy in
severe combined immunodeficient mice, whereas classically
activated macrophages exacerbated disease, confirming the
complex effects of different states of macrophage activation.20

When WT, RAG�/�, or reconstituted RAG�/� mice after
UUO were compared, we did not observe any difference in
the number of macrophages infiltrating the kidney. This does
not imply that macrophages do not have a role in UUO-
induced renal fibrosis, but suggests that they infiltrate the
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kidneys independently of T cells in this model. The presence
of different T-cell populations may result in different
macrophage activation between groups; however, investigat-
ing possibly different macrophage phenotypes was not within
the remit of this study.

The number of infiltrating T cells was much higher in
reconstituted RAG�/� mice than in WT. This could be due
to homeostatic proliferation of the transferred T cells and
phenotypic changes effected by this. Along with others, we
have shown that T cells rapidly proliferate in a lymphopenic
environment, acquiring a memory-like phenotype in the
process.11,21 This memory-like phenotype is likely to enhance
their ability to infiltrate the obstructed kidney and could thus
lead to the high numbers of T cells observed.

The demonstration of a role for T cells in renal fibrosis
supports previous findings implicating lymphocyte function
as an important mediator of injury. Immunosuppressive
agents such as sirolimus and mycophenolate mofetil have
been shown to reduce renal fibrosis in animal models of
obstructive nephropathy.22–25

Consistent with our results in RAG�/� mice, a study
investigating the importance of the leptin signaling pathway
in UUO found reduced fibrosis and a reduced number of
infiltrating CD4þ T cells in the affected kidneys of leptin-
deficient mice, whereas macrophage infiltration was not
different from that observed in controls.26 However, as the
reduced numbers of CD4þ T cells occurred in leptin (or
leptin receptor)-deficient mice, it was not clear from the
study whether the absence of leptin signaling or of CD4þ

T cells as such led to the less-severe fibrosis observed in
these animals. The reconstitution of RAG�/� mice with
CD4þ T cells in this study addresses this question and
demonstrates a role for CD4þ T cells in renal fibrosis.

A role for CD8þ T cells in renal fibrosis has been
suggested in the context of interstitial fibrosis or tubular
atrophy27 after transplantation.3 However, our results do not
conclusively show an effect of CD8þ T cells on renal fibrosis.
This does not exclude an effect of CD8þ T cells, because
reconstituted CD8þ T cells may lack cooperation of CD4þ T
cells to elicit their effect in vivo. Furthermore, the variation in
renal fibrosis after reconstitution of RAG�/� mice with
CD8þ T cells shows that these cells have the potential to
promote renal fibrosis. However, CD8þ T cell-reconstituted
animals showed no upregulation of a-SMA, TGF-b1, or
collagen I mRNA in affected kidneys compared with
contralateral kidneys, whereas all these are upregulated in
affected kidneys of WT and CD4þ T cell-reconstituted mice,
which might even indicate an antifibrotic role of CD8þ

T cells in this model.
The finding of similar levels of TGF-b1 mRNA expression

in the affected kidneys of all groups does not necessarily
mean a similar activity of TGF-b1 in the affected kidneys,
because this primarily depends on cleaving of latent TGF-b1
in the tissue, for example, by matrix metalloproteinase-2 or
-9, or cell surface molecules such as avb6 integrin.
Interestingly, only the upregulation of collagen I mRNA in

affected kidneys in animals reconstituted with CD4þ T cells
correlated with the histological finding of more severe fibrosis
in these animals compared with saline- or CD8þ T cell-
reconstituted mice. This suggests that the regulation of
collagen I expression by CD4þ T cells is different from
that of a-SMA or from the recruitment of a-SMAþ cells to
these kidneys.

Our results show a role for CD4þ T lymphocytes in UUO-
induced renal fibrosis. As fibrosis is a common end point for
many different types of renal diseases, targeting CD4þ T cells
may provide a therapeutic avenue for the prevention of renal
injury in patients with progressive renal disease.

METHODS
Animals and surgery
Eight-week-old female C57BL/6 mice (Harlan UK Ltd. (Oxon, UK))
and C57BL/6 RAG�/� mice (kind gift from Professor Gordon
Dougan, London28) were used in accordance with the Animals
(Scientific Procedures) Act 1986. UUO operations were performed
as described previously.29 A volume of 50 mg of anti-CD4
monoclonal antibody (YTA3.1) was administered 1 day before and
on the day of UUO, as previously described.12 Five million CD4þ

and CD8þ T cells were purified and used for reconstitution as
previously described.11

Flow cytometry
Red blood cells were lysed with 1 ml of Lyse Pharm buffer, and
labeled with anti-CD4-FITC (clone H129.19, BD Pharmingen,
Oxford, UK) and anti-CD8-PerCP (clone 53-6.7, BD Pharmingen)
monoclonal antibodies. Samples were acquired using a FACScan
cytometer (Beckton Dickinson, Oxford, UK) and analyzed with
‘FlowJo’ software (Treestar, Ashland, MA, USA).

Tissue harvest
Kidneys were harvested with 4% paraformaldehyde for histological
analysis and with optimal cutting temperature compound (Sakura
Finetek Europe B.V., The Netherlands) for immunohistochemistry.
A section of each kidney was snap frozen for mRNA extraction.

Histology
Periodic acid Schiff ’s reagent staining was performed on 2 mm
sections of paraffin-embedded kidneys. Interstitial expansion was
scored on 10 hpf of cortical area per section by superimposing a grid
at � 400 magnification and counting the number of points
overlying interstitial spaces. Glomerular area was subtracted from
the total number of grid intersections. The number of positive
intersections was then expressed as a percentage of the whole.
The scoring of interstitial collagen deposition as visualized by
Martius scarlet blue trichrome staining was performed in the same
manner. Line morphometric measurements were used to measure
cross-sectional diameters of 10 tubules per hpf, and the tubular area
was calculated as ellipse (½ vertical diameter�½ horizontal
diameter� p). The ratio of inner tubular area to outer tubular
area, including epithelial cell height, was calculated. All scorings
were carried out by observers blinded to the experimental groups.

Immunohistochemistry
Frozen sections (5 mm) were acetone fixed, blocked with 0.3% H2O2

in phosphate-buffered saline, followed by Avidin/Biotin block
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(Vector Labs, Burlingame, CA, USA) according to the manufac-
turer’s instructions. Tissue sections were stained for CD4 (clone
H129.19, BD Pharmingen), CD8 (clone 53-6.7, BD Pharmingen) or
F4/80 (clone A3-1, Serotec, Oxford, UK). A biotinylated secondary
antibody (BD Pharmingen) was applied and staining was visualized
with horse radish peroxidase-conjugated streptavidin (BD Pharmin-
gen) and diaminobenzidine. For a-SMA staining, sections were
stained with anti-a-SMA antibody (Sigma–Aldrich, Dorset, UK)
and visualized using the EnVisionþ System (DAKO UK Ltd.,
Cambridgeshire, UK) according to the manufacturer’s instructions.
Immunohistochemical staining for CD4þ or CD8þ cells was
analyzed by counting the number of positive cells per hpf at � 400
magnification on 10 fields per section. For analysis of F4/80 and
a-SMA staining, a grid was used as described above at a magni-
fication of � 1000 and � 250, respectively. All scorings were carried
out by observers blinded to the experimental groups.

Reverse transcription quantitative real-time PCR
RNA was extracted using the Trizol method (Invitrogen, Paisley,
UK) according to the manufacturer’s instructions. A volume of 1 mg
of RNA was reverse transcribed using SuperScript II reverse
transcriptase and Oligo(dT) primers (Invitrogen). The mRNA
expression of a-SMA, TGF-b1, and collagen I was quantified using
SYBR Green master mix (Finnzyme, New England Biolabs, UK) and
glyceraldehyde 3-phosphate dehydrogenase for normalization
among samples. Primers were designed using Primer3 software
(The Whitehead Institute, Cambridge, MA, USA)30 and tested on
‘noRT’ controls to ensure that they do not amplify genomic DNA.
PCRs were performed as 40 cycles of 95 1C (15 s), 60 1C (45 s), and
72 1C (45 s) on a Chromo4 cycler and recorded with MJ Opticon
Monitor software V3 (Biorad Labs Inc., Hercules, CA, USA). Gene
expression was calculated relative to glyceraldehyde 3-phosphate
dehydrogenase expression as described before.31 The primers used
are listed in Table 1.

Statistical analysis
The unpaired Mann–Whitney U-Test was used to compare groups
with each other after the Kruskal–Wallis test had shown significant
differences (Po0.05) between different UUO groups. Data were
analyzed using Prism4 software (Graph Pad Software, San Diego,
CA, USA) and are given as mean±s.e.
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