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Fig. 6. CCR7 neutralizing antibody inhibited CCR7+cell expansion in the kidney, RDLN, and spleen and attenuated renal inflammation and fibrosis. (A) Rat anti-mouse 
CCR7 monoclonal neutralizing antibody intervention scheme in C57BL/6J UUO mouse model. Intervention control: rat anti-mouse IgG. (B) Representative RDLNs and 
RDLN weight of UUO mice (day 7 after surgery) following CCR7 antibody (Ab) treatment. Percentage of RDLN CCR7-positive cells after CCR7 antibody treatment deter-
mined by flow cytometry. (C) Representative spleens and spleen weight of UUO mice (day 7 after surgery) following CCR7 antibody treatment. The numbers of spleen 
immune cells were determined by flow cytometry. (D) Percentage of CCR7-positive cells and numbers of immune cells of UUO mice (day 7 after surgery) analyzed by flow 
cytometry. (E) PAS-stained kidney sections and weights of left (affected) kidneys of UUO mice (day 7 after surgery). (F and G) Intrarenal inflammation and fibrosis-related 
markers in UUO mice (day 7 after surgery) analyzed by qPCR. (H) Total kidney collagen levels (adjusted for tissue weight) in UUO mice (day 7 after surgery) determined by 
hydroxyproline assay. (I) Interstitial fibrosis determination by Sirius red staining and fibronectin detection. Area of positive staining was counted in HPF. n = 5 mice per group. 
Statistics were analyzed using the Mann-Whitney U test. n.s. > 0.05, *P < 0.05, **P < 0.01. Values are mean ± SEM. (J) Schematic summarizing the role of kidney and DLN 
lymphangiogenesis in inflammation and fibrosis.
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to participate in lymph node lymphangiogenesis (31, 32), we found 
that expression of lymphangiogenesis-related factors VEGF-C, 
VEGF-D, and FGF-2 was increased in RDLNs following renal injury. 
This suggests that renal injury–associated kidney and RDLN lymphan-
giogenesis arises from preexisting LEC proliferation activated by 
local lymphangiogenesis-related factors, rather than BM-derived 
cell transdifferentiation. BM-derived cells may indirectly participate 
in lymphangiogenesis, however, by differentiating into macrophages 
and secreting pro-lymphangiogenesis factors (33).

Although it is difficult to delineate the distinct roles of adaptive 
and innate immunity in renal fibrosis, growing evidence points to 
adaptive immune activation as a dominant factor promoting the 
formation of fibrotic lesions in CKDs of diverse etiologies (34, 35). 
Kerjaschki et al. (36) reported that lymphangiogenesis following 
human kidney transplants was associated with immunologically ac-
tive lymphocytic infiltrates. In our cohort of 289 CKD patients, we 
found that higher numbers of intrarenal LVs were associated with 
more severe DC and lymphocyte infiltration, which we also ob-
served in mouse UUO- and IRI-induced fibrosis. Our studies fur-
ther showed that lymphocytic expansion in the RDLN and spleen 
was accompanied by lymphangiogenesis in the kidney and corre-
sponding RDLN. The observed increase in both weight and the per-
centage of CD11c+I-AD+ DCs and CD44high T lymphocytes implies 
that a robust adaptive immune response occurred in the lymph nodes 
and the spleen along with renal injury–induced kidney and RDLN 
lymphangiogenesis.

While we observed adaptive immunity–linked inflammation and 
fibrosis after UUO, previous reports have suggested that adaptive 
immunity does not play a direct role in UUO-induced fibrosis. In 
vivo and ex vivo model studies showed that, following UUO, intra-
renal DCs differentiated into mature cells exhibiting enhanced 
antigen-presenting capacity and that antigen-specific T cell prolif-
eration was increased (37, 38). Other studies support our conclusion 
that adaptive immunity is linked to fibrosis. Lymphopenic RAG−/− 
mice displayed significantly less interstitial expansion and collagen 
deposition compared to wild-type controls following UUO. Recon-
stitution of lymphopenic RAG knockout mice with purified CD4+ 
cells before UUO resulted in significantly increased interstitial ex-
pansion and collagen deposition (39). The immunosuppressive agents 
azathioprine, mycophenolate mofetil, and rituximab that inhibit 
lymphocyte proliferation have also been reported to prevent fibro-
sis in the UUO model (40, 41). We also showed that DCs in the re-
nal lymph node increased following UUO and that a fraction of this 
cell population expressed the “kidney-restricted” antigen THP, in-
dicating recognition of the antigen in the tubulointerstitium and traf-
ficking of kidney-specific antigens to the RDLN (42). To confirm 
this, we injected GFP+ DCs beneath the renal capsule and found 
GFP+ DCs trafficked to the RDLN through LVs. As antigen presen-
tation is vital to initiate an effective adaptive immune response, our 
finding that renal DCs present renal antigens to RDLN after UUO 
suggests that adaptive immunity does play a role in UUO-induced 
renal fibrosis. Our results suggest that expanded LVs play a role in 
promoting DC recruitment into the RDLN.

LVs can potentially promote both recruitment and transport of 
CCR7+ cells. CCL21, the ligand for CCR7, is expressed by LVs in 
human kidney transplants (36). We analyzed our CKD biopsy tis-
sue samples and found that CCL21 was specifically expressed at high 
levels by LVs. DCs and lymphocytes expressing CCR7 were distrib-
uted around the renal LVs. In animal models, intrarenal LVs were 

similarly observed to regionally express the highest levels of CCL21. 
Subcapsular injection experiments showed that GFP+ DCs in in-
jured kidneys expressed CCR7 and were transported through LVs 
into RDLNs. We found that increased CCR7+ DC and lymphocyte 
cell populations were associated with kidney and RDLN lymphan-
giogenesis. This increase was reversed by the introduction of CCR7 
neutralizing antibody. This finding suggests that trafficking of DCs 
and lymphocytes into RDLN and spleen is dependent upon the 
CCL21-CCR7 interaction and therefore that CCR7 is necessary for 
lymphocyte expansion (43, 44). Following renal injury, kidney and 
RDLN lymphangiogenesis and the resulting overall increased ex-
pression of CCL21 may promote CCR7+ DC and lymphocyte cell 
trafficking into the RDLN.

To clarify the role of kidney and RDLN lymphangiogenesis in 
CCR7+ cell trafficking, we used LYVE-1-Cre/iDTR mice to condi-
tionally knock down LVs. LYVE-1 is a relatively specific and widely 
used marker for LECs (45). Jang et al. (46) reported that the LYVE-1-
Cre/iDTR system allowed ablation of LYVE-1 LVs in a DT-dependent 
manner. However, they found that LYVE-1-Cre/iDTR mice died of 
sepsis without visible edema between 24 and 60 hours after high-
dose DT administration (46). To avoid this problem, we adminis-
tered low-dose DT (1.25 ng/g body weight) to LYVE-1-Cre/iDTR 
mice. In our study, mice survived without significant lesions in vital 
organs (including liver, skin, and intestine) being observed before 
or after UUO or IRI surgery. We found that DT administration led 
to suppression of UUO- and IRI-induced lymphangiogenesis in the 
kidney and RDLN. We observed contraction of RDLN and spleen, 
reduced percentages of CCR7+ DCs and lymphocytes in the RDLN 
and spleen, and a lower percentage of CD44high and proliferating 
lymphocytes. Together, these observations are compatible with DT 
administration eliciting attenuation of response in immune organs 
linked to suppressed lymphangiogenesis. This was accompanied by 
lessening of renal tubular injury and fibrosis. Unexpectedly, sup-
pression of lymphangiogenesis resulted in reversal of UUO-induced 
CD31+ peritubular capillary rarefaction. We think that this was a 
secondary consequence of suppressed lymphangiogenesis and re-
duced renal inflammation, which allowed regeneration of renal tu-
bules and increased expression of VEGF164 (an angiogenic isomer 
of VEGF-A) (47, 48).

LYVE-1 is also expressed on the surface of macrophages (49). 
No difference in the abundance of kidney LYVE-1+ macrophages 
was observed between DT-treated and non-treated LYVE-1-Cre/
iDTR mice. Therefore, the intervention targeting LYVE-1 specifi-
cally affected LYVE-1+ LECs without affecting LYVE-1+ macrophages 
(50). Consistent with our findings, Jang et al. (46) transplanted BM 
of LYVE-1-Cre/iDTR mice into irradiated mice and found that the 
population of LYVE-1+ macrophages in the recipient mice did not 
differ from controls after administration of DT at a dose of 100 ng 
per mouse. Furthermore, ablation of macrophage-lineage cells re-
quired continuous DT injections for more than 3 days (51). That 
low-dose DT used in the present study differentially affected LECs 
but failed to ablate LYVE-1+ macrophages may be due to newly 
generated LECs expressing much higher levels of LYVE-1 compared 
to macrophages.

VEGF-C/D–VEGFR3 signaling is critical for lymphangiogenesis, 
and VEGFR3 is a potential therapeutic target for suppression of 
lymphangiogenesis (9, 52, 53). Note that independent of VEGFR3 
activation, FGF-2 also induces lymphangiogenesis through the FGF-2/
LYVE-1 pathway (15, 16). Our study examined the effects of targeting 
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extracellular domains of VEGFR3 and LYVE-1, observing in both 
cases suppression of renal and RDLN lymphangiogenesis, including 
similar decreases in CCR7+ cells and down-regulation of the immune 
response in the RDLN and spleen. Suppression of lymphangiogen-
esis using biopeptides also attenuated UUO- and IRI-induced renal 
inflammatory infiltration and fibrosis. Our work builds upon that 
of Yazdani et al. (54), who reported that proteinuric rats treated 
with the VEGFR3 antibody IMC-3C5 showed a significant reduc-
tion in both ED1-positive macrophages and collagen III (1) mRNA 
levels. Their study did not reveal an IMC-3C5–mediated effect on 
renal fibrosis, which we believe may reflect two main differences 
between the present study and that of Yazdani et al. First, our study 
used sVEGFR3-FC that inhibits both VEGF-C– and VEGF-D–
mediated VEGFR3 signaling and might therefore exhibit biological 
effects distinct from those elicited by the VEGFR3 antibody. Sec-
ond, we initiated intervention at an earlier time point. Either one or 
both of these factors may explain why targeting VEGFR3 positively 
affected renal fibrosis in our study.

We also found that sLYVE-1-FC inhibited LEC proliferation and 
lymphangiogenesis after UUO. This is consistent with the work done 
by Johnson et al. (55) who showed that targeted elimination of LYVE-1, 
either through antibody blockade or depletion of the DC hyaluronan 
coat, delayed lymphatic trafficking of dermal DCs and also blunted 
their capacity to prime CD8+ T cell responses in skin-draining LNs. 
This is furthermore consistent with our observed suppression of 
lymphangiogenesis by sLYVE-1-FC decreasing recruitment of CCR7+ 
DCs and expansion of lymphocytes in the RDLN and spleen.

We have discovered a novel link between lymphangiogenesis 
and immunomodulation following renal injury. Although our LV 
knockout interventions were not in themselves specifically targeted 
to renal LVs, we found no evidence in mouse models that other or-
gans were significantly affected. While the precise mechanisms un-
derlying splenic changes during lymphangiogenesis remain undefined, 
our studies strongly suggest that before the development of renal 
fibrosis, lymphangiogenesis in the kidney and RDLN promotes lo-
cal proliferation (“sprouting”) of preexisting LVs. Furthermore, we 
found that this process enhances the trafficking of DCs and lym-
phocytes and is directly responsible for the resulting inflammatory 
expansion observed in the RDLN and spleen. It is this expansion of 
the inflammatory response that then leads to intrarenal infiltration 
and eventually renal fibrosis. We found that genetic or biological 
suppression of lymphangiogenesis resulted in a weakened inflam-
matory response in the RDLN and spleen and subsequently down-
regulated renal inflammatory infiltration and ultimately attenuated 
renal fibrosis. Thus, our results provide evidence of LV inhibition as 
a potential targeted immunomodulatory therapeutic strategy for pa-
tients suffering from progressive renal fibrosis.

In summary, our studies investigating the consequence of LV 
suppression via genetic and biopharmacologic approaches identify 
a previously unrecognized immunoregulatory effect of lymphan-
giogenesis on inflammatory activation in the RDLN, spleen, and 
kidney. This effect was observed in the tissue microenvironment of 
UUO- and IRI-induced renal injury. We found that continuous and 
irreversible injury inflicted by UUO or IRI led to LV expansion with 
up-regulated CCL21 expression and recruitment of CCR7+ DCs 
and lymphocytes into the RDLN and spleen. This ultimately led to 
exacerbation of renal inflammation and fibrosis, rather than in-
flammation resolution, an outcome consistent with recent studies 
(56). Lund et al. (57) found that K14-VEGFR3-Ig mice, which lack 

dermal LVs, exhibited drastically reduced leukocyte infiltration and 
cytokine expression around tumors compared to wild-type mice. 
Muchowicz et al. (58) reported that sustained inhibition of lymphan-
giogenesis by sVEGFR3 also inhibited the ability of intratumorally 
inoculated DCs to translocate to local lymph nodes and resulted in 
fewer tumor-infiltrating IFN-–secreting or tumor antigen–specific 
CD8+ T cells. Thus, our insights into previously unknown contribu-
tions of lymphangiogenesis to renal inflammatory activation can po-
tentially be widely applied to diseases (beyond CKD) in which 
pathological conditions lead to aberrant generation of LVs.

METHODS
Study approval
Animal care and experimental procedures were approved by the 
Experimental Animal Ethics Committee of Huazhong University of 
Science and Technology. The use of human tissue samples was ap-
proved by the Ethics Committee for Clinical Studies of Huazhong 
University of Science and Technology. Human tissue samples were 
obtained from patients who provided informed consent.

Renal biopsy specimens
The demographic and clinical characteristics of the patient cohort 
are listed in table S1. Tissue sections were derived from kidney bi-
opsies from CKD patients or from trauma-induced nephrectomy. 
Samples were provided by the Department of Pathology, Tongji 
Hospital of Huazhong University of Science and Technology. Patients 
with hepatitis B virus (HBV) infection or who had received gluco-
corticoids or immunosuppressants before biopsy were excluded. Renal 
pathologists blinded with regard to corresponding patient clinical 
data evaluated interstitial inflammation and interstitial fibrosis (mild, 
moderate, or severe) according to established pathology guidelines (59).

Mice
LYVE-1-Cre mice, iDTR mice, and GFP mice were purchased from 
The Jackson Laboratory. C57BL/6 mice (age, 8 to 10 weeks; weight, 
~22 to 25 g) were purchased from Hua Fukang (Beijing, China). 
The LYVE1-Cre mouse was chosen for its selective enhanced GFP 
expression in the nuclei of cells expressing LYVE-1. To ablate LYVE1-
expressing LVs in a DT-dependent manner, LYVE-1-Cre mice were 
crossed with iDTR mice (LYVE-1-Cre/iDTR mice). LVs were ablated 
by administering DT (1.25 ng/g body weight, dissolved in Hanks’ 
balanced salt solution; Sigma-Aldrich) to LYVE-1-Cre/iDTR mice 
intravenously unless otherwise indicated. All mice were provided 
with a standard diet and access to water. Mice were anesthetized and 
euthanized with 1% sodium pentobarbital solution (0.009 ml/g, Sigma, 
USA) by intraperitoneal injection. Animals were bred and main-
tained at Tongji Medical College of Huazhong University of Science 
and Technology.

Chimeric mice
Eight- to 10-week-old wild-type recipient mice received 9.5 Gy of 
gamma irradiation. Three hours after irradiation, BM cells (1 × 107) from 
GFP mice were injected into tail veins of recipient mice. Six weeks later, 
the BM-transplanted recipient mice underwent UUO or IRI surgery.

Parabiosis
Animal pairs underwent parabiosis based on a modification of the 
technique described by Bunster and Meyer (60). Following anesthesia, 
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the left side of a wild-type mouse and the right side of a GFP+ mouse 
were prepped, and matching skin incisions were made in each mouse 
from the olecranon to the knee. Subcutaneous tissue was dissected 
to create a 0.5-cm free skin flap. Forelimb and hindlimb were joined 
by a 0-silk suture followed by skin closure using interrupted 4-0 
nylon sutures. Body temperature was maintained at 36.8° to 37.2°C 
throughout the procedure. Postoperatively, animals recovered in a 
heated cage, and each parabiont was given 1 ml of warm (37°C) sa-
line. Analgesia was given twice a day for 2 days. Sulfatrim water was 
provided for 28 days.

Mouse models
The UUO model was generated by ligation of the left ureter. 
Ischemia (unilateral IRI) was induced by the retroperitoneal approach 
in the left kidney for 30 min at 37°C. Mice were anesthetized with 
1% sodium pentobarbital solution (0.009 ml/g, Sigma, USA) by in-
traperitoneal injection. The left renal pedicle was clamped with an 
atraumatic vascular clip for 30 min (Roboz Surgical Instrument Co., 
Germany) through a flank incision. The left kidney turned purple 
subsequent to clamping. Clamps were removed after 30 min to start 
reperfusion, and the left kidney reverted to red within approximately 
10 s. The body temperature was maintained between 36.6° and 
37.2°C throughout the procedure, monitored using a rectal probe 
(FHC, USA). The muscle layer and skin were closed with 4-0 silk 
sutures. Sham-surgery control mice underwent a similar surgical 
procedure without clamping of the left kidney pedicle. FAN entailed 
daily intraperitoneal injection of 50 g of folic acid dissolved in 
150 mM sodium bicarbonate (Sigma-Aldrich) per gram of body 
weight for 2 weeks. Adriamycin (10.4 mg/kg) was injected once into 
the tail vein of a non-anesthetized BALB/c mouse (8 weeks) to in-
duce the AN model (61). NTN models were prepared as described 
previously (62) and were euthanized 7 days after injection of nephro-
toxic serum.

Injection under the renal capsule
I-AD+ cells were sorted from spleens of UUO GFP mice and pooled 
into a single-cell suspension. GFP+I-AD+ splenocytes (1 × 104) were 
injected under the renal capsule, into the upper pole in kidneys 
(C57BL/6J mice) on day 3 after UUO surgery. Mice were euthanized 
6 hours after injection. Renal tissue samples were fixed in 4% para-
formaldehyde (PFA).

Renal histopathology
Kidneys were fixed in 4% PFA for 24 hours and embedded in 
paraffin. Periodic acid–Schiff (PAS) staining was performed to eval-
uate pathological injury. Masson and Sirius red staining were per-
formed to estimate renal fibrosis. Two blinded renal pathologists 
quantified staining in eight randomly selected fields. Data were 
analyzed using Image-Pro Plus software (Media Cybernetics, Rockville, 
MD, USA).

Immunohistochemistry and immunofluorescence
Antigens were recovered by treatment of samples at 98°C for 10 min 
in 10 mM citrate buffer (pH 6.0). For immunohistochemical analy-
sis of human specimens, endogenous peroxidase was blocked with 
10% H2O2 for 20 min and nonspecific antigens were blocked with 
serum for 30 min at room temperature. The slides were then incu-
bated with specific primary antibodies at 4°C for 12 hours. Anti-
bodies used were as follows: D2-40 [1:50, diaminobenzidine (DAKO)], 

CD4 (1:50, DAKO), CD8 (1:50, DAKO), CD20 (1:50, DAKO), CD68 
(1:50, DAKO), DC-SIGN (1:20, Santa Cruz Biotechnology), CD1c 
(1:50, Abcam), VEGF-C (1:50, Santa Cruz Biotechnology), VEGF-D 
(1:100, R&D Systems), VEGF-A (1:50, Abcam), and FGF-2 (1:100, 
R&D Systems). Slides were then treated with horseradish peroxidase–
conjugated secondary antibodies. For immunofluorescence analy-
sis, nonspecific antigens were blocked with serum for 30 min at room 
temperature. The slides were then incubated with specific primary 
antibodies at 4°C. Antibodies used were as follows: LYVE-1 (1:100, 
R&D Systems or 1:100, AngioBio, USA), VEGFR3 (1:100, R&D Sys-
tems), PROX1 (1:50, Abcam), D2-40 (1:50, DAKO), CD31 (1:100, 
Abcam), podoplanin (1:100, R&D Systems), CCL21 (1:100, R&D 
Systems for mouse and 1:100, Abcam for human), CXCL12 (1:100, 
R&D Systems), CX3CL1 (1:100, R&D Systems), CCR7 (1:50, R&D 
Systems for mouse and 1:100, Abcam for human), CD3 (1:50, Abcam), 
F4/80 (1:50, Abcam), B220 (1:100, BD Biosciences), Ly6G (1:100, 
Abcam), I-AD (1:100, Abcam), KIM-1 (1:500, R&D Systems), Ki67 
(1:200, Abcam), GFP (1:50, Promoter), CD11c (1:50, Abcam), THP 
(1:100, Millipore), PCNA (1:50, Santa Cruz Biotechnology), -SMA 
(1:100, Abcam), fibronectin (1:50, Abcam), and AQP-1 (1:200, Ab-
cam). The slides were then incubated with fluorescence-labeled sec-
ondary antibodies (Jackson ImmunoResearch). Nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI) (Roche, Switzerland). 
Representative images were acquired using an Olympus microscope 
and DP73 camera. TUNEL (terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick end labeling) staining was 
performed using a kit (Roche, Switzerland) according to the manu-
facturer’s instructions. VEGF-C, VEGF-D, FGF-2, fibronectin, and 
-SMA staining were carefully quantified by two blinded renal pa-
thologists reading eight randomly chosen fields in high-power field 
(HPF) on each slide. The data were analyzed using Image-Pro Plus 
software (Media Cybernetics, Rockville, MD, USA). The numbers 
of CD31-positive peritubular capillaries and AQP-1–positive renal 
tubules were counted in HPF, as described above.

Soluble mouse LYVE-1 andVEGFR3 fusion construct 
cloning, purification of Fc fusion proteins, and 
intervention procedure
Fragments of murine LYVE-1 complementary DNA (cDNA) (posi-
tion 241–924 in GenBank, clone AJ311501) encoding the extracel-
lular domain of LYVE-1 and VEGFR3 cDNA (position 26–2363 in 
GenBank, clone L07296) encoding the extracellular domain of VEGFR3 
were separately fused to Fc [mouse IgG2a (immunoglobulin G2a)] 
in the pcDNA3.1(+)/Fc (mouse IgG2a) vector (Futaibio, Jiangsu, 
China). The pcDNA3.1(+)/Fc (mouse IgG2a) vector was used as 
control. Constructs were transfected into 293T cells using calcium 
phosphate. Transfected cells were grown in UltraCHO medium 
(Lonza) for 3 days before harvesting culture supernatant. After ad-
justment of supernatant pH [using 2 M tris-HCl buffer (pH 8.0)], 
the fusion proteins were purified by affinity chromatography on a 
column (1-ml bed volume) of protein A–Sepharose (Sigma) eluted 
with 0.1 M glycine-HCl buffer (pH 3.0). Fractions containing Fc 
fusion proteins were neutralized by the addition of 0.05 volume of 
2 M tris-HCl buffer (pH 8.0), and the purity was confirmed by SDS–
polyacrylamide gel electrophoresis (63–65). sVEGFR3-FC or sLYVE-
1-FC was administered to wild-type mice by tail vein injection (0.5 g/g) 
24 hours before UUO or IRI surgery. sFC was injected as a control. 
UUO mice were administered VEGFR3-FC, sLYVE-1-FC, or sFC 
(0.5 g/g) on days 0, 1, 3, and 5 and euthanized on day 7 after 
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UUO. IRI mice were administered sVEGFR3-FC, sLYVE-1-FC, or 
sFC (0.5 g/g) on days 0, 1, 3, 7, 10, and 13 and euthanized on day 
14 after IRI.

CCR7 intervention
Monoclonal rat anti-mouse CCR7 antibody IgG2A (clone no. 4B12, 
R&D Systems) was injected intravenously into wild-type mice (dose, 
0.5 g/g) 24 hours before UUO. Rat IgG2A isotype (R&D Systems) 
was injected as control. Equivalent doses of CCR7 antibody or rat 
IgG2A isotype were administered on days 0, 1, 3, and 5, and mice 
were euthanized on day 7 following UUO.

LV and inflammatory cell counting
For human renal biopsy specimens, D2-40–stained sections were 
scanned at low power to identify three LV “hotspots,” which were 
then examined at 40×. D2-40–positive vessels with a clearly defined 
lumen or well-defined linear vessel shape, but not single endothelial 
cells, were used for counting. Inflammatory cell density was also 
determined in the three areas of high-density infiltration using a 
method analogous to that for LV enumeration (66). In mouse mod-
els, LYVE-1 staining in renal sections was imaged at 40×. LYVE-1–
positive vessels with a clearly defined lumen or well-defined linear 
vessel shape, but not single endothelial cells, were used for count-
ing. The objectivity of LV counting was increased by imaging the 
LV in the longitudinal section of the murine kidney and subse-
quently calculating the numbers of LVs using Image-Pro Plus soft-
ware. The number of LVs in each field was ranked from high to low. 
The top 20 fields were regarded as hotspots. The average value rep-
resented the density of the entire kidney. When assessing LVs in the 
RDLN, all LYVE-1 staining was imaged at 40×. The relative LYVE-1 
area was calculated by Image-Pro Plus software. The LYVE-1 area 
in sham-operated mice was defined as the baseline value. For TUNEL 
and inflammatory cell counting, staining was carefully quantified in 
each slide by evaluating eight randomly chosen fields. All counting 
assessments were performed by two independent pathologists blinded 
to treatment conditions.

Quantitative real-time PCR
Total RNA was extracted from renal and splenic tissues using TRIzol 
according to the extraction kit manufacturer’s instructions (Invitrogen, 
USA). One microgram of RNA was reverse-transcribed using the 
GoScript reverse transcription system (Promega, USA). qPCR was 
performed using SYBR Master Mix (Qiagen, Germany) and analyzed 
on a Roche Light 480II system. Relative mRNA expression levels were 
calculated using the 2−Ct method and normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression levels. The following 
primer sequences were used: GAPDH, 5 ′ - T T G A T G G C A A -
CAATCTCCAC-3′ (forward) and 5′-CGTCCCGTAGACAAAA 
TGGT-3′ (reverse); LYVE-1, 5′-AATTTCACAGAAGCCAACGA-3′ 
(forward) and 5′-ATCCATAGCTGCAAGTCTC-3′ (reverse); PROX1, 
5′-CTGGGCCAATTATCACCAGT-3′ (forward) and 5′-GC-
CATCTTCAAAAGCTCGTC-3′ (reverse); VEGF-C, 5′-CAG-
CAAGACGTTGTTTGAAATTACA-3′  (forward) and 5′-GT-
G A T T G G CAAAACTGATTGTGA-3′ ( r e v e r s e ) ;  VEGF-D, 
5′-AAATCGCGCACTCTGAGGA-3′ (forward) and 5′-TGG-
CAAGACTTTTGAGCTTCAA-3′ (reverse); FGF-2, 5′-AGCG-
GCTCTACTGCAAGAAC-3′ (forward) and 5′-TGGCACA-
CACTCCCTTGATA-3′ (reverse); VEGF164, 5′-ACAGCAGATGTG 
AATGCAGACCAAAGAAAG-3′ (forward) and 5′-CAAGGCTCA-

CAGTGATTTTCTGG-3′ (reverse); IL-2, 5′-CCTTCAAATTTTACTTG-
CCCA-3′ (forward) and 5′-TGAGTCAAATCCAGAACATGC-3′ 
(reverse); TNF-, 5′-CATCTTCTCAAAATTCGAGTGACAA-3′ 
(forward) and 5′-TGGGAGTAGACAAGGTACAACCC-3′ (re-
verse); IL-1, 5′-ACGGACCCCAAAAGATGAAG-3′ (forward) 
and 5′-TACTGCCTGCCTGAAGCTCT-3′ (reverse); IFN-, 
5′-ACAATGAACGCTACACACTGCAT-3′ (forward) and 5′-TG-
GCAGTAACAGCCAGAAACA-3′ (reverse); IL-4, 5′-GGTCT-
CAACCCCCAGCTAGT-3′ (forward) and 5′-GCCGATGATCTCTCT-
CAAGTGAT-3′ (reverse); IL-6, 5′-GCCTTCCCTACTTCACAAGT-3′ 
(forward) and 5′-GAATTGCCATTGCACAACTCT-3′ (reverse); 
IL-10, 5′-GCTCTTACTGACTGGCATGAG-3′ (forward) and 
5′-CGCAGCTCTAGGAGCATGTG-3′ (reverse); T-BET, 5′-AT-
GTTTGTGGATGTGGTCTTGGT-3′ (forward) and 5′-CGGTTC-
CCTGGCATGCT-3′ (reverse); GATA3, 5′-CTCGGCCATTCG
TACATGGAA-3′ (forward) and 5′-GGATACCTCTGCACCGTAGC-3′ 
(reverse); RORt, 5′-TACCTTGGCCAAAACAGAGG-3′ (forward) 
and 5′-ATGCCTGGTTTCCTCAAAA-3′ (reverse); FOXP3, 
5′-TGCAGGGCAGCTAGGTACTTG-3′ (forward) and 5′-TCG-
GAGATCCCCTTTGTCTTATC-3′ (reverse); GZMB, 5′-TCGACCC
TACATGGCCTTAC-3′ (forward) and 5′-TGGGGAATGCATTTTAC-
CAT-3′ (reverse); MIF, 5′-AGTAAGCTGCTGTGTGGCCTGCT-3′ 
(forward) and 5′-CAGGACTCAAGCGAAGGTGGAAC-3′ (re-
verse); CCL2, 5′-GTCTGTGCTGACCCCAAGAAG-3′ (forward) 
and 5′-TGGTTCCGATCCAGGTTTTTA-3′ (reverse); CCL3, 
5′-TGCAACCAAGTCTTCTCAGC-3′ (forward) and 5′-GCCG-
GTTTCTCTTAGTCAGG-3′ (reverse); CX3CL1, 5′-TCGGACTTTGTTG
GTTCCTC-3′ (forward) and 5′-CAAAATGGCACAGACATTGG-3′ 
(reverse); CXCL10, 5′-CCAAGTGCTGCCGTCATTTTC-3′ (forward) 
and 5′-TCCCTATGGCCCTCATTCTCA-3′ (reverse); CXCL12, 
5′-CATCCATCCATCCATCCA-3′ (forward) and 5′-TTCAGGGTCA
TGGAGACAGT-3′ (reverse); TGF1, 5′-CAACAATTCCTGGCGT-
TACCTT-3′ (forward) and 5′-TCGAAAGCCCTGTATTCCGTCT-3′ 
(reverse); CTGF, 5′-AGCCTCAAACTCCAAACACC-3′ (forward) 
and 5′-CAACAGGGATTTGACCAC-3′ (reverse); PDGFBB, 
5′-CCCACAGTGGCTTTTCATTT-3′ (forward) and 5′-GTGAAC-
GTAGGGGAAGTGGA-3′ (reverse); PDGFRB, 5′-ACCAGC-
GAGGTTTCACTGGTACTT-3′ (forward) and 5′-ATCATTG-
CCCATCACAATGCACCG-3′ (reverse); ACTA2, 5′-GTCCCAGA 
CATCAGGGAGTAA-3′ (forward) and 5′-TCGGATACTTCAGC-
GTCAGGA-3′ (reverse); fibronectin, 5′-GCTCAGCAAATCGTG-
CAGC-3′ (forward) and 5′-CTAGGTAGGTCCGTTCCCACT-3′ 
(reverse); RIP3, 5′-CAGTGGGACTTCGTGTCCG-3′ (forward) 
and 5′-CAAGCTGTGTAGGTAGCACATC-3′ (reverse); SLC22A6, 
5′-CTGATGGCTTCCCACAACAC-3′ (forward) and 5′-GTCCTT 
GCTTGTCCAGGGG-3′ (reverse); Ki67, 5′-CAGTACTCGGAAT-
GCAGCAA-3′ (forward) and 5′-CAGTCTTCAGGGGCTCTGTC-3′ 
(reverse); STMN1, 5′-CTTGCGAGAGAAGGACAAGC-3′ (forward) 
and 5′-CGGTCCTACATCGGCTTCTA-3′ (reverse); CD86, 5′-CCCAG
ATGCACCATGGGCTTGGCAA-3′ (forward) and 5′-AAGCTC-
GTGCGGCCCAGGTACT-3′ (reverse); CCL19, 5′-ATGTGAAT-
CACTCTGGCCCAGGAA-3′ (forward) and 5′-AAGCGGCTTTAT 
TGGAAGCTCTGC-3′ (reverse). CCL21a primers for spleen and 
CCL21b primers for kidney were purchased from GeneCopoeia 
(Guangzhou, China).

Biochemical analysis and hydroxyproline assays
Serum creatinine, alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and albumin levels were measured using an automatic 
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biochemical analyzer (Roche, Germany). Kidney hydroxyproline levels were 
measured using a commercial kit according to the manufacturer’s instructions 
(Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). A550 (absorbance 
at 550 nm) was determined using a microplate reader (BioTek, USA).

Flow cytometry
To characterize immune infiltration, the entire UUO kidney and its 
corresponding contralateral control were minced and then digested 
in 2 ml of collagenase (400 U of type I collagenase) in Dulbecco’s 
modified Eagle’s medium at 37°C for 25 min. Spleen and lymph node 
cells were ground into single-cell suspensions and filtered through 
100-nm mesh before immunostaining cells with a fixable viability 
dye. For fluorescence-activated cell sorting (FACS) analysis, phyco-
erythrin (PE)–conjugated anti–LYVE-1 antibody was obtained 
from R&D Systems. The following additional antibodies were ob-
tained from BioLegend: allophycocyanin (APC)/Cy7-conjugated 
anti-mouse CD45 antibody, BV510-conjugated CD45 antibody, 
fluorescein isothiocyanate (FITC)–conjugated anti-mouse/human 
CD11b antibody, PE-conjugated anti-mouse CD8 antibody, peridin 
chlorophyll protein (PerCP)/Cy5.5-conjugated anti-mouse CD8 an-
tibody, APC-conjugated anti-mouse Ly6G antibody, FITC-conjugated 
anti-mouse F4/80 antibody, PE-conjugated anti-mouse Ly6G anti-
body, PE-conjugated anti-CD11c antibody, APC-conjugated anti-
mouse CD3 antibody, PerCP/Cy5.5-conjugated anti-mouse/human 
CD3 antibody, PerCP/Cy5.5-conjugated anti-mouse I-AD antibody, 
APC-conjugated anti-mouse CD4 antibody, Pacific blue–conjugated 
anti-mouse CD8 antibody, FITC-conjugated B220Ab, BV421-
conjugated anti-mouse CD86 antibody, APC-conjugated anti-mouse 
CCR7 antibody, Alexa Fluor 488–conjugated anti-mouse CCR7 an-
tibody, PerCP/Cy5.5-conjugated anti-mouse CD19 antibody, PE-
conjugated anti-mouse NK1.1 antibody, FITC-conjugated anti-mouse 
CD44 antibody, and PE-conjugated anti-mouse LY6C. Proliferating 
cells were analyzed by flow cytometry using an anti-Ki67 antibody 
(clone SolA15, eBioscience) with the Transcription Factor Staining 
Buffer Set (00-5523-00, eBioscience). The dead cells were excluded 
by staining with APC/Cy7-conjugated Zoom. APC/Cy7-conjugated 
isotype, FITC-conjugated isotype, PerCP/Cy5.5-conjugated isotype, 
PE-conjugated isotype, APC-conjugated isotype, Alexa Fluor 488–
conjugated isotype, and BV421-conjugated isotype were used as 
isotype controls. Positive cells were sorted using a BD FACS, and 
the data were analyzed using FlowJo v7.6.3 software.

In vitro cell culture assays
SVEC4-10 cells (American Type Culture Collection, USA) were used for 
LEC in vitro experiments (7). Cell Counting Kit-8 (CCK-8) assay: VEGF-C 
or VEGF-D (0, 1, 10, and 100 ng/l) and FGF-2 (0, 1, 10, and 20 ng/l) were 
added to promote cell proliferation. sVEGFR3-FC (100 ng/l) or 
sLYVE-1-FC (250 ng/l) was added to inhibit proliferation. sFC at the 
same concentration was used as control. Forty-eight hours after stimulation, 
SVEC4-10 cells in 96-well plates were treated with 10 l of CCK8 and 90 l 
of Iscove’s modified Dulbecco’s medium (IMDM) (Gibco, USA) and then 
incubated at 37°C with 5% CO2. Optical density (OD) values were measured 
using a microplate reader (BioTek, USA). 5-ethynyl-2′-deoxyuridine 
(EdU) assay: 48 hours after stimulation, SVEC4-10 cells in 96-well 
plates were incubated with 100 l of 50 mol EdU for 2 hours and 
then immobilized with 4% polyoxymethylene. EdU staining was 
imaged with Cell-Light EdU Apollo 567 In Vitro Imaging Kit 
(C10310-1, RiboBio Co., Guangzhou, China) according to the man-
ufacturer’s instructions. Nuclei were stained with Hoechst 33342. 

Apoptosis assay: 24  hours following stimulation with either 
sVEGFR3-FC (100 ng/l) or sLYVE-1-FC (250 ng/l), an Annexin 
V–FITC (AV)/propidium iodide (PI) assay was performed to analyze 
apoptosis (BD Biosciences, USA). Flow cytometry was then used to 
detect AV- and PI-positive cells.

Statistical analysis
The data were first analyzed for normal distribution. The density of 
LVs and inflammatory cells in human samples showed positively 
skewed distribution. CKD patients were divided into LVslow and 
LVshigh groups by intrarenal LV numbers graded from the second 
lowest tercile versus the highest tercile. Box plots were created using 
SigmaPlot 10.0. Values greater than 95% or less than 5% were shown 
as a dot, while values less than 95% or greater than 5% were hidden 
in positive and negative error line. Values less than 75% or greater 
than 25% were hidden in bars. Data conforming to normal distribution 
were presented as mean ± SEM and were prepared using GraphPad 
Prism software version 5.0. We used the nonparametric two-tailed 
unpaired or paired Mann-Whitney U test to evaluate P values. 
n.s. > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/6/eaaw5075/DC1
Fig. S1. LVs markers and intrarenal interstitial inflammatory cells of the LVslow and LVshigh 
groups in kidneys of CKD patients.
Fig. S2. Renal fibrosis is accompanied by atrophy.
Fig. S3. Flow cytometry gating strategies.
Fig. S4. THP protein in RDLNs.
Fig. S5. Conditional KD of LVs elicited by DT injection in mice that did not undergo surgery.
Fig. S6. Conditional KD of LVs in LYVE-1-Cre/iDTR mice attenuated UUO-induced lymphocyte 
expansion in both RDLN and spleen, intrarenal inflammatory infiltration, and loss of capillaries.
Fig. S7. Conditional KD of LVs in LYVE-1-Cre/iDTR mice attenuated IRI-induced splenomegaly, 
perirenal lymphadenectasis, intrarenal inflammation, and fibrosis at day 14.
Fig. S8. sVEGFR3-FC or sLYVE-1-FC attenuated lymphatic endothelial proliferation but did not 
induce apoptosis in vitro.
Fig. S9. sVEGFR3-FC (sR3) or sLYVE-1-FC (sLY) attenuated intrarenal lymphatic endothelium 
proliferation, renal inflammation, and fibrosis.
Table S1. Patient clinical and demographic characteristics.
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