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Ox-LDL deposited predominantly in renal tubulointerstitial 
areas of RK, increased over time, and co-stained with lectin-
like Ox-LDL receptor in affected renal tubular cells. Both Ox-
LDL and renal-specific glycoprotein Tamm-Horsfall protein 
were identified in renal lymph nodes. Cells co-staining for 
major MHC II and Ox-LDL were observed in RK and draining 
renal lymph nodes after 5/6Nx. Similarly, Ox-LDL was also 
present in tubules after UUO, CD3-positive T cells were pres-
ent in the interstitium, and Ox-LDL-treated MHC II-express-
ing APCs induced proliferation and IFN- �  production in renal 
tubulointerstitial T lymphocytes isolated from kidneys after 
UUO.  Conclusions:  These data demonstrate that the tubu-
lointerstitial inflammatory infiltrate that accompanies chron-
ic kidney disease reflects, at least in part, the development 
of autoimmunity to novel antigens generated during renal 
injury.  Copyright © 2012 S. Karger AG, Basel 
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 Abstract 

  Background/Aims:  Chronic kidney disease involves inflam-
mation/oxidative stress, which contributes to progressive 
kidney injury.  Methods:  Male Sprague-Dawley rats under-
went 5/6 nephrectomy (Nx) or sham Nx and were sacrificed 
after 2 days, 2 weeks and 4 weeks. Microarray analysis ex-
pression sets over time suggested the evolution of renal lym-
phocyte infiltration and antigen-presenting cell (APC) acti-
vation after 5/6Nx. RT-PCR analysis also confirmed the migra-
tion and activation of lymphocytes and APCs through the 
upregulation of CD3, CXCR3/CXCL10 and CCR7/CCL19 mRNA 
in remnant kidney (RK). Purified T lymphocytes from spleen 
and unilateral ureteral obstruction (UUO) kidney were incu-
bated with oxidized low-density lipoprotein (Ox-LDL)-treat-
ed major histocompatibility complex class II (MHC II)-ex-
pressing APCs. Culture supernatant was collected for mouse 
IFN- �  ELISA and cell proliferation was measured.  Results:  
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 Background 

 The renal interstitium in chronic kidney disease (CKD) 
expresses features of lymphoid neogenesis, a characteris-
tic of tissue injury observed whenever inflammatory and 
immune responses are unable to eradicate antigen, as 
would be anticipated when the antigen is endogenous  [1] . 
In such conditions, ‘steady-state’ migratory antigen-pre-
senting cells (APCs), capable of activation and migration, 
facilitate the transport of antigens from non-lymphatic 
organs to draining lymph nodes for presentation and ac-
tivation of naive T lymphocytes  [2–4] . This observation 
confers plausibility to the hypothesis that the activated 
immune cells in the injured renal tubulointerstitium may 
be derived from the amplification of naive T lymphocytes 
in renal lymph nodes (RLNs) after interaction with APCs 
bearing endogenous renal antigens  [5] .

  Lipid abnormalities are commonly observed in kidney 
diseases  [6]  and, in particular, oxidized low-density lipo-
protein (Ox-LDL) has been implicated in the pathogenesis 
of glomerulosclerosis and tubulointerstitial damage  [7–9] . 
In addition, previous data strongly suggested that T lym-
phocytes recognized Ox-LDL as an antigen within the con-
text of major histocompatibility complex (MHC) restric-
tion  [10] . Ox-LDL enhanced T-cell proliferation which was 
inhibited by anti-MHC class II-directed antibodies  [11] .

  A recently published study demonstrated that after 5/6 
nephrectomy (5/6Nx), tubular lipid accumulation is as-
sociated with upregulation of pathways involved in the 
tubular reabsorption of filtered lipoproteins and down-
regulation of pathways involved in lipoprotein and fatty 
acid metabolism  [12] . We therefore investigated whether, 
after 5/6Nx, renal tubular Ox-LDL could behave as a neo-
antigen. The first step of this process would involve anti-
gen transport from the injured kidney by APCs to drain-
ing RLNs. Terminal steps would involve the return of ac-
tivated T lymphocytes to the injured renal tissue and 
activation of autoimmunity in the kidney.

  Methods 

 Experimental Protocol 
 Male Sprague-Dawley rats (n = 56) underwent 5/6Nx (n = 27) 

by unilateral Nx and ligation of two-thirds of the vessels to the 
contralateral kidney or sham Nx. Rats were sacrificed 2 days, 2 
weeks, and 4 weeks after surgery. C57BL/6 mice were subjected to 
left kidney unilateral ureteral obstruction (UUO). At 14 days, re-
nal tissue was harvested and renal T lymphocytes were extracted 
and purified using a mouse T-lymphocyte enrichment set (Becton 
Dickinson, San Jose, Calif., USA). 

  Gene Array Analysis 
 Microarray Gene Set Enrichment Analysis (GSEA; Broad In-

stitute, Cambridge, Mass., USA) was used to compare data from 
Affymetrix Gene Chip 230_2 transcription profiles in normal 
and remnant kidneys (RK) 2 days, 2 weeks and 4 weeks after 
5/6Nx. Sequences used in the design of the Gene Chip Rat Ge-
nome 230 2.0 arrays were selected from publicly available (Gen-
Bank � , dbEST, and RefSeq), well-annotated mRNA sequences. 
Total RNA from 3 RK at each time point and 3 normal kidneys 
were labeled and hybridized to Affymetrix Gene Chips. Data were 
expressed as the average differences between the perfect match 
and mismatch probes.

  Real-Time RT-PCR Analysis 
 Total RNA was isolated from normal control kidneys and RK 

2 days, 2 weeks and 4 weeks after 5/6Nx using RNA STAT-60 TM  
(Tel-Test Inc., Tex., USA). Real-time RT-PCR was performed with 
specific primers in  table 1 . All PCRs were run in an ABI 7900 Se-
quence Detection System (Applied Biosystems). Raw data con-
sisted of the PCR cycle number required to reach a fluorescence 
threshold (C t ). Values were normalized to 18S and calculated us-
ing the comparative C t  method.

  Renal Morphology and Immunohistochemistry  
 For light microscopy, kidneys and RLNs were fixed in 10% buff-

ered formalin, dehydrated and embedded in paraffin. 4- � m sec-
tions were stained with periodic acid-Schiff (PAS) reagent for rou-
tine histology. For immunohistologic studies, sections were 
blocked with endogenous enzyme block solution (Dako, Carpinte-
ria, Calif., USA), washed in phosphate-buffered saline, and incu-
bated with primary antibody overnight at 4   °   C. The following pri-
mary antibodies were used: anti-rabbit polyclonal CD3 for T lym-
phocytes (Sigma, St. Louis, Mo., USA, 1:   300); mouse monoclonal 

Table 1.  Real-time RT-PCR primer sequences

Gene Forward primer Reverse primer Size, bp

18S GGACAGGATTGACAGATTGATAG TCGTTATCGGAATTAACCAGACAA 103
CD3 TTACCGAATGTGCCAGAACTGT TCATGGCCTGCAAAGCAGTA 120
CXCR3 GAGGTCAGTGAACGTCAAGTGCTA TCGCTTTCGTTTTCCCCATA   95
CXCL10 ATCCTGTCCGCATGTTGAGATC TGGCTCACCGCTTTCAATAAG 108
CCR7 GGAAGCCCACGAAAAACGT TGGTGTTCTCGCCGATGTAGT 102
CCL19 GCATCATCCGAAGACTGAAGAAGT CTCACGTTCACACCGACTCTCTA 197
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antibody EO6 (1:   2,000) for Ox-LDL (a generous gift from Dr. Jo-
seph L. Witztum, University of California San Diego, Calif., USA); 
rabbit polyclonal anti-lectin-like Ox-LDL receptor (LOX-1) (Life-
Span Biosciences,   Seattle, Wash., USA, 1:   100), and rabbit poly-
clonal anti-Tamm-Horsfall protein (THP) (Santa Cruz Biotechnol-
ogy, Santa Cruz, Calif., USA, 1:   100). Dextran polymer conjugated 
with horseradish peroxidase and affinity isolated immunoglobulin 
(Dako) or peroxidase-conjugated goat anti-mouse IgG+IgM (Jack-
son Immuno Research, West Grove, Pa., USA, 1:   500) were used as 
secondary antibodies. Immunoreactivity was detected by treat-
ment with diaminobenzidine. For quantitation of the interstitial 
T-lymphocyte cell infiltrate, 10 cortical high-power fields (HPF, 
 ! 400) per kidney were selected randomly by a blinded observer 
and the mean cell counts were expressed as cells per HPF. 

  Immunofluorescence 
 At varying time points after 5/6Nx, RLN tissue was removed, 

placed in embedding medium (OCT compound), and frozen with 
dry ice. 2- � m acetone-fixed cryosections were double labeled 
with primary mouse monoclonal antibody EO6 (1:   2,000) and 
FITC-conjugated monoclonal MHC II antibody (Abcam, Cam-
bridge, Mass., USA, 1:   50). Indirect primary antibody was followed 
with goat anti-mouse IgG+IgM conjugated to Texas Red (Jackson 
ImmunoResearch, 1:   200). Cell nuclei were counterstained with 
4,6-diamidino-2-phenylindole (DAPI).

  Purification of T lymphocytes 
 Spleens of UUO mice were homogenized with a syringe plung-

er, while UUO kidneys were minced with a razor blade, then incu-
bated for 45 min at 37   °   C in DMEM containing 1 mg/ml collage-
nase D (Roche) and 0.2 mg/ml DNAase I. T cells were purified 
using a mouse T-lymphocyte enrichment set (Becton Dickinson). 
Magnetic bead separation was performed according to the manu-
facturer’s instructions. Purified T cells from the spleen and UUO 
kidney were incubated with FITC-conjugated CD3 antibody for 30 
min, washed with staining buffer, and analyzed by flow cytometry.

  T-Cell Proliferation and Stimulation Assay 
 LDL was purified to homogeneity by ultracentrifugation and 

oxidized using 20  �  M  cupric sulfate in PBS at 37   °   C for 24 h (ob-

tained from GenWay Biotech, San Diego, Calif., USA). The level of 
oxidation was measured using a TBARS (thiobarbituric acid reac-
tive substances) determination using a malondialdehyde standard. 
All lipoprotein preparations were tested for endotoxin (assay kit, 
Sigma). RAW264.7 cells purchased from the ATCC were used as 
stimulators. RAW264.7 cells were cultured for 48 h in the absence 
or presence of Ox-LDL at varying concentrations and then treated 
with mitomycin c (50  � g/ml) for 1 h in 96-well tissue culture plates. 
Afterwards, a total of 1  !  10 5  T cells from the renal tubulointer-
stitium or spleen were added as responders at a ratio of 1:   10 
(RAW264.7:T cells). After 5 days, 100  � l of culture supernatant was 
collected for mouse IFN- �  ELISA (Abcam) and 20  � l diluted BrdU 
label was added during the last 18 h of culture. Cell proliferation 
was measured using a commercially available assay (BrdU Cell 
Proliferation ELISA Kit; Chemicon, Temecula, Calif., USA).

  Phenotypic Analysis of RAW264.7 Cells 
 RAW264.7 cells untreated or treated with OX-LDL after 48 h 

were stained with anti-mouse MHC class II. Photographs were 
taken with a digital camera at high magnification ( ! 40) under a 
fluorescence microscope. At least 8 horizontal and 8 vertical fields 
per coverslip were randomly selected. The percentage of MHC II-
positive RAW264.7 cells was calculated using Image-Pro Plus 
software.

  Statistical Analysis 
 The results are presented as the mean  8  SD. Statistical analy-

ses of the data were performed by Student’s t test and ANOVA and 
significance for all tests was set at p  !  0.05.

  Results 

 Identification of T-Cell and APC Activation by 
Microarray GSEA following Renal Injury in the RK 
Model 
 Microarray analysis was analyzed using the GSEA tool 

of the Broad Institute. GSEA showed the evolution of 
lymphocyte and APC activation after 5/6Nx. 400 biolog-
ical pathways (gene sets) were analyzed. 47 gene sets at 
day 2, 111 at week 2, and 97 at week 4 were significant at 
false discovery rates  ! 25% (corrected for multiple com-
parisons). This work focuses on further evaluation of se-
lected members of the highly significant gene sets that 
demonstrate lymphocyte and APC activation in the RK 
after 5/6Nx. Summarized in  table 2 , the data show an evo-
lutionary process of immune activation in 5/6Nx, with 
initial immune cell accumulation followed by T-cell and 
APC activation.

  Increased mRNA Expression of CD3 Lymphocytic 
Chemokine Receptor/Ligand Pairs, CXCR3/CXCL10 
and CCR7/CCL19, in RK 
 GSEA showed that mRNA expression for the lympho-

cyte marker CD3 was significantly upregulated in the RK. 

Table 2.  Microarray GSEA shows an evolutionary process of im-
mune T lymphocytes and APC activation in the RK model

Gene sets False dis-
covery
rate

2
days

2
weeks

4
weeks

Hematopoietic cell lineage markers <0.6% d d d
Cytokine-cytokine receptor interactive <1.6% d d d
Leukocyte transendothelial migration <1.6% d d d
IL-2 receptor � chain T-cell activation 4.8% } d }

Natural killer cell-mediated cytotoxicity <3.1% } d d
T-cell receptor signaling pathway <3.9% } d d
T cytotoxic cell surface molecules <3.3% } d d
Cytotoxic T-cell-mediated pathway <2.4% } d d
Antigen processing and presentation 3.4% } } d
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Real-time RT-PCR to confirm the microarray data showed 
that CD3 lymphocyte mRNA expression was significantly 
upregulated by 3.5 and 6.0 times in the RK at 2 and 4 
weeks, respectively, compared with controls ( fig.  1 a). 
These data are consistent with the incremental accumula-
tion of T cells in the kidney with time after 5/6Nx. In ad-
dition, mRNA expression of the CXCR3/CXCL10 recep-
tor-ligand pair involved in the recruitment of lympho-
cytes to sites of inflammation was measured. GSEA 
showed that mRNA for the CXCR3 chemokine receptor 
and ligand (CXCL10) for lymphocytes was significantly 
upregulated in the RK. Real-time RT-PCR of CXCR3 
mRNA expression in the RK at week 4 was significantly 
upregulated in the RK: 2.6-fold (p  !  0.05) and RT-PCR 
expression of CXCL10 mRNA expression in the RK at day 
2, week 2 and week 4 was also upregulated by 1.7–2.0 times 
compared with that in the control group  (p  !  0.05) ( fig. 1 b).

  APC migration can be triggered by antigen stimuli 
and requires the chemokine receptor CCR7  [13] . CCR7/
CCL19 mRNA expression, which participates in the mi-
gration of mature APCs to lymphoid tissues, was also in-
creased at week 2 and week 4 after 5/6Nx compared to 
normal kidney ( fig. 1 c).

  Histopathologic Changes in RK after 5/6Nx 
 Tubulointerstitial damage after 5/6Nx increased pro-

gressively from day 2 to week 4. Two days after surgery, the 
RK (infarct included) showed foci of infarcted and non-
ischemic tissue, with intervening ischemia-reperfusion 
injury in the bordering renal parenchyma. Injured areas 
demonstrated a prominent tubulointerstitial inflamma-
tory infiltrate. At 2 weeks, the RK was hypertrophied, with 
continued tubulointerstitial inflammation. By 4 weeks, 
glomerulosclerosis and tubulointerstitial  fibrosis were 
prominent, with tubular atrophy and  dropout, and con-
tinued tubulointerstitial inflammation ( fig. 2 a).

  Accumulation of Interstitial Lymphocytes in RK 
Tissues 
 Increasing numbers of infiltrating CD3+ leukocytes 

were   identified in the cortical interstitium at 2 days, 2 
weeks, and 4 weeks after   5/6Nx by immunohistochemical 
staining. At all time points, CD3+ T lymphocytes   could 
be detected in the mononuclear cell infiltrate.   There was 
also evidence of tubulitis in the RK at week 4. The inter-
stitial influx of lymphocytes increased progressively 
from week 2 (5.3  8  3.8 cells/HPF) to week 4 (17.4  8  10.6 
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  Fig. 1.  Increased renal mRNA encoding for CD3, CXCR3/
CXCL10, and CCR7/CCL19 after 5/6Nx.  a  Renal CD3 mRNA ex-
pression significantly increased at 2 weeks and 4 weeks after 
5/6Nx compared to normal kidney tissue in samples in which the 
infarct tissue was excised.  b  Renal CXCR3 mRNA expression sig-
nificantly increased at week 4 by 2.6 times, and renal CXCL10 
mRNA expression also significantly increased at day 2, week 2 
and week 4 by 1.7–2.0 times compared with that in the control 
group.  c  Renal CCR7/CCL19 mRNA expression significantly in-
creased at 2 and 4 weeks after 5/6Nx compared to normal kidney 
tissue. The expression of 18S was used as an internal control. Re-
sults are given as mean  8  SD from nine RK and nine control kid-
ney RNA samples at each time point.  *  p  !  0.05 vs. control group. 
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vs. 0.2  8  0.4   cells/HPF in the control   kidneys, p  !  0.01) 
( fig. 2 b).

  Ox-LDL Is Expressed in the Injured RK after 5/6Nx 
 There was minimal staining for Ox-LDL in normal 

kidney, while prominent Ox-LDL was identified diffuse-
ly in all RK. As shown in  figure 3 a, at all time points, 
RK staining demonstrated Ox-LDL expression predomi-
nantly in tubular cells. The intensity of the tubular cell 

staining increased over time after 5/6Nx. These experi-
ments demonstrate the de novo accumulation of Ox-LDL 
in the injured RK after 5/6Nx.

  Lectin-Like Ox-LDL Receptor (LOX-1) Expression 
after 5/6Nx Is Associated with the Appearance of
Ox-LDL in the Renal Tubules 
 Serial sections of the RK and control kidneys were 

stained for Ox-LDL and LOX-1, a receptor that internal-
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  Fig. 2.  Progressive tubulointerstitial injury and interstitial accu-
mulation of CD3+ T lymphocytes in RK occurred from day 2 to 
week 4.  a  PAS staining of control ( a1 ), 2 days ( a2 ), 2 weeks ( a3 ), 
and 4 weeks ( a4 ) after 5/6Nx are shown. Control kidneys showed 
no histomorphologic changes. Two days after 5/6Nx, there was 
extensive ischemic injury, with prominent interstitial inflamma-
tory cell infiltration. At 2 weeks, the RK hypertrophied, with con-
tinued tubulointerstitial inflammation. By 4 weeks, marked glo-
merulosclerosis, tubular dilation with flattened tubular epithelial 
cells, and atrophy was present in the cortex of RK, which was par-
alleled by expansion of the interstitial space with the accumula-
tion of interstitial cells.  b  Tissue sections were immunostained 

with a polyclonal rabbit anti-CD3+ antibody. Positive staining for 
CD3+ protein is shown in brown. All sections were counter-
stained with hematoxylin. In RK tissues, changes were character-
ized by the progressive accumulation of interstitial CD3+ T lym-
phocytes from day 2 to week 4. There was evidence of tubuli-
tis and interstitial CD3+ T lymphocytes in the RK at week 4. 
 b6  Differences between RK and control kidneys were significant 
for CD3+ T lymphocytes at weeks 2 and 4. Values are given as 
mean  8  SD from three RK and three control kidneys at each time 
point.  *  p  !  0.01 vs. control group,  #  p  !  0.01 vs. 2 days after 5/6Nx 
group, ! p  !  0.01 vs. 2 weeks after 5/6Nx group ( a1–4 ,  b1–4 , orig. 
magnif.  ! 200;  b5 , orig. magnif.  ! 400). 
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izes oxidized lipids. To study the relationship of Ox-LDL 
and one of its major uptake receptors, tissues were stained 
for LOX-1, a type II single-pass membrane protein that 
binds and internalizes Ox-LDL. These immunohisto-
chemical serial section studies reveal co-staining of Ox-
LDL with LOX-1 in affected renal tubular cells at all time 
points after 5/6Nx ( fig.  3 b). Thus, these studies, which 
demonstrate an association between Ox-LDL accumula-
tion and the appearance of LOX-1 proteins in renal tu-
bules, may implicate renal tubular Ox-LDL accumulation 
in the development of tubulointerstitial damage and pro-
gressive renal injury.

  Renal-Specific Antigens and Novel Ox-LDL Are 
Identified in RLNs after 5/6Nx 
 These experiments were performed to formally test 

whether migratory APCs from the kidney are capable of 
taking up and transporting renal-specific antigen and re-
nal neoantigen from the inflamed kidney to RLNs. RLNs 
were removed 2 days, 2 weeks, and 4 weeks after 5/6Nx 
and stained for the kidney-specific intrinsic glycoprotein 
THP and the posited de novo renal neoantigen Ox-LDL 
( fig. 4 a, b). These experiments identify both neoantigen 
and renal-specific intrinsic antigen expression in the 
RLNs after 5/6Nx. These findings suggest that the tubu-
lointerstitial inflammatory milieu arising as a conse-
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  Fig. 3.  Ox-LDL co-localizes with its receptor in the RK tissues af-
ter 5/6Nx.  a  Tissue sections were immunostained with a mono-
clonal antibody (EO6). Positive staining for Ox-LDL protein is 
shown in brown. All sections were counterstained with hema-
toxylin.  a1  There was minimal staining for Ox-LDL in normal 
kidney. In contrast, representative sections of kidney tissues at 
2 days ( a2 ), 2 weeks ( a3 ), and 4 weeks ( a4 ) display cytoplasmic 
staining for Ox-LDL, with stronger and more diffuse staining in 

tubular cells at 2 and 4 weeks.  a5 ,  a6  Localized heavy staining for 
Ox-LDL protein is shown in the interstitial areas (arrow) with le-
sions of glomerulosclerosis at 4 weeks after 5/6Nx (orig. magnif. 
 ! 200).                b  Serial sections of RK were stained for Ox-LDL ( b1 ,  b3 ) 
and LOX-1 ( b2 ,  b4 ) at 2 weeks ( b1 ,  b2 ), and 4 weeks ( b3 ,  b4 ) after 
5/6Nx. Staining of Ox-LDL showed co-localization with LOX-1
in renal tubular epithelium after 5/6Nx (arrow) (orig. magnif. 
 ! 200).     
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  Fig. 4.  De novo expression of renal-specific THP antigen and Ox-
LDL that co-localizes with APC marker in the RLNs after 5/6Nx. 
 a  Representative photomicrographs of kidney (positive control, 
orig. magnif.              ! 100), and RLN sections of controls, 5/6Nx at 
2 weeks and 5/6Nx at 4 weeks (orig. magnif.  ! 400) stained for 
THP. THP was not detected in RLN sections of controls, but rep-
resentative sections of RLN at 2 and 4 weeks display cytoplasmic 
staining for THP (arrow).                b  Representative photomicrographs of 
Ox-LDL-stained RLN sections of controls, and 5/6Nx at 2 days, 
2 weeks and 4 weeks. Ox-LDL was not detected in RLN sections 

of controls, but representative sections of RLN cells at 2 days, 
2 weeks, and 4 weeks display cytoplasmic staining for Ox-LDL 
(arrow) (orig. magnif.                  ! 400).  c  The sections show immunofluo-
rescence staining patterns for Ox-LDL (red) and MHC II (green) 
in RLN tissues 2 days, 2 weeks and 4 weeks after 5/6Nx. The sec-
tions were counterstained with DAPI to visualize cell nuclei 
(merge). Ox-LDL (red) staining was detected in the RLNs (upper 
panel). Staining of Ox-LDL (red) co-localized with a subset of 
MHC class II-positive cells (green) in the RLNs at 2 days, 2 weeks 
and 4 weeks after 5/6Nx (orig. magnif.  ! 400). 
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quence of 5/6Nx may transform self-proteins into neoan-
tigens and stimulate the trafficking of endogenous renal 
antigens from the kidney to draining lymphoid tissue on 
a continuous basis during the evolution of renal injury.

  APCs Carrying Antigens from the Kidney Egress via 
Lymphatics after Renal Injury 
 This additional experiment tested whether localized 

inflammatory events in the kidney occurring after 5/6Nx 
initiates efflux of APCs from the renal parenchyma to the 
RLNs. To test this hypothesis, RLNs were double stained 
by immunofluorescence for APC markers (MHC class 
II), and for the de novo expression of Ox-LDL after 5/6Nx. 
Cells co-staining for MHC class II and Ox-LDL were ob-
served in the draining RLNs, albeit few in number, at all 
times after 5/6Nx ( fig. 4 c).

  Ox-LDL-Treated APCs Activate T Cells Isolated from 
Injured Tubulointerstitium 
 The available renal mass after 5/6Nx is a limitation for 

certain kinds of experiments. In order to test the general-
izability of the phenomenon of neoantigen generation in 
injured kidney, and to perform T-lymphocyte isolation 
from a greater renal mass, these experiments were per-
formed on T lymphocytes isolated from kidneys after 
UUO. UUO resulted in a significant and progressive in-
crease in interstitial lymphocyte infiltration in all ob-
structed kidneys compared with intact opposite kidneys 
( fig. 5 a). At 2 weeks, we also demonstrated more intense 
Ox-LDL expression, predominantly in tubular cells of 
UUO kidneys compared with control kidneys ( fig.  5 b). 
RAW264.7 cells are a transformed murine macrophage 
cell line capable of a phenotypic change into dendritic-like 
APCs when incubated with Ox-LDL  [14] . As shown in  fig-
ure 5 c, Ox-LDL exposure upregulated MHC II  expression 
on the surface of RAW264.7 cells. These  data suggest that 
Ox-LDL induced differentiation of RAW264.7 cells into 
APCs. RAW264.7 cells were incubated with Ox-LDL for 
48 h and then cultured with purified renal tubulointersti-
tial or splenic T cells for 5 days. The RAW264.7 cells treat-
ed with 10 and 20  � g/ml Ox-LDL effectively induced pro-
liferation of renal tubulointerstitial T cells, but not splen-
ic T cells, by 1.6- to 1.8-fold ( fig. 5 d). As  figure 5 e shows, 
20  � g/ml of Ox-LDL-treated RAW264.7 cells also signifi-
cantly stimulated IFN- �  secretion by renal tubulointersti-
tial T cells. Identical co-cultures performed with T cells 
from the spleen of UUO mice did not secrete significant 
amounts of IFN- �  (data not shown). These results show 
that T lymphocytes derived from injured tubulointersti-
tium demonstrate pre-sensitization to Ox-LDL antigen.

  Discussion 

 These studies demonstrate that the exogenous lipo-
protein Ox-LDL (and the endogenous protein THP), 
as potential renal-derived antigens, are transported by 
APCs from injured kidney to draining RLNs; elucidate 
the incremental expression of tubulointerstitial chemo-
kine ligand-receptor pairs which facilitate the entry of in-
filtrating leukocytes in the tubulointerstitial area, and 
demonstrate that Ox-LDL-treated MHC II-expressing 
APCs regulate the proliferation and cytokine production 
of T lymphocytes derived from the injured tubulointer-
stitium. Taken together, these studies suggest that the in-
flammatory milieu that accompanies renal injury may 
transform native proteins into neoantigens, inducing in-
terstitial autoimmunity. Autoimmunity to altered native 
renal antigens may foster continued tubulointerstitial 
damage, independent of the initial inciting injury.

  The efflux of mature APCs to draining lymphoid or-
gans and the recruitment of T lymphocytes to regions in 
the inflamed kidneys are mediated by inflammatory che-
mokines  [15] . CXCR3 is a chemokine receptor that is 
highly expressed on T lymphocytes. In a variety of hu-
man renal inflammatory diseases, including glomeru-
lonephritis  [16]  and acute transplant rejection  [17] , the 
enhanced expression of CXCR3 chemokine ligands is 
 followed by the recruitment of T lymphocytes. The in-
flammation that triggers APC migration through lym-
phatic vessels requires the chemokine receptor CCR7 and 
its ligands  [13, 18] . In inflammatory   kidney diseases, 
CCR7-bearing mature APCs may leave the renal tissue 
via CCL19/CCL21-positive lymphatic endothelial cells to 
present their antigen in secondary lymphatic organs  [18] . 
Here we show that in experimental CKD, the injured kid-
ney produces CXCR3/CXCL10 and CCL19/CCR7 mRNA, 
providing evidence for CXCL10-mediated lymphocyte 
infiltration and presumably also CCL19-mediated APC 
chemoattraction by lymphatic vessels. These findings 
support APC-mediated trafficking from renal injured 
kidneys to draining lymph nodes.

  Renal lipid accumulation aggravates glomerular and 
tubulointerstitial injury in a variety of experimental renal 
diseases  [19, 20] . Interestingly, our study showed that in 
the setting of chronic tubulointerstitial injury, Ox-LDL 
enhanced renal T-cell proliferation and induced IFN- �  
secretion, which is produced by T cells. These findings 
are consistent with published evidence that Ox-LDL ex-
posure favors monocyte differentiation  [14, 21] , and acti-
vates T cells by an MHC II-dependent mechanism  [11] . 
Thus, our data are consistent with the hypothesis that 
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  Fig. 5.  T cells isolated from UUO kidneys with tubulointerstitial 
injury are stimulated by OX-LDL-treated APCs.  a  Representative 
photomicrographs illustrating CD3+ lymphocytes (brown stain-
ing) in UUO kidney at 2 weeks and control kidney. Differences 
between UUO and control kidneys were significant for CD3+ T 
lymphocytes at week 2. Values are given as mean              8  SD.    * p  !  0.01 
vs. control group.            b  Representative photomicrographs of Ox-
LDL-stained kidney sections of control and UUO at 2 weeks. Ox-
LDL was slightly detected in controls. In contrast, representative 
sections of kidney tissues at 2 weeks displayed cytoplasmic stain-
ing for Ox-LDL, most prominently in the renal tubular cells, with 
stronger and more diffuse tubular cell staining at 4 weeks (orig. 
magnif.                  ! 200).  c  Representative photomicrographs illustrating 
MHC II (red staining) in RAW264.7 cells untreated or treated 
with Ox-LDL. Quantitative analysis of cells showing MHC II in 
distinct locations demonstrated that the percentages of MHC II-
positive RAW264.7 cells increased significantly after 10 and 20 

 � g/ml of Ox-LDL treatment.  *  p  !  0.05 vs. control group.  d  T-cell 
proliferation was activated by Ox-LDL-treated RAW264.7 cells. 
RAW264.7 cells were cultured for 48 h in the absence or presence 
of varying Ox-LDL doses. Activation was performed at a ratio of 
1:   10 (RAW264.7:T cells) for 5 days and 20  � l diluted BrdU label 
was added to the appropriate wells. RAW264.7 cells treated with 
10 or 20  � g/ml Ox-LDL significantly stimulated proliferation of 
T cells isolated from the tubulointerstitium of kidneys after in-
jury induced by UUO, but no changes were observed in T cells 
from the spleen.  *  p  !  0.01 vs. control group.  e  Ox-LDL-treated 
RAW264.7 cells stimulated IFN- �  secretion by renal tubulointer-
stitial T cells. Supernatants from co-culture of Ox-LDL-treated 
RAW264.7 cells and renal T cells were collected at day 5 and the 
amount of IFN- �  was measured by sandwich ELISA. Significant 
changes in IFN- �  production were observed in culture superna-
tants of 20  � g/ml Ox-LDL-treated RAW264.7 cells with T cells. 
 *  p  !  0.05 vs. control group.   



 Ox-LDL Induces Renal Autoimmunity Am J Nephrol 2012;35:520–530 529

Ox-LDL acts as an endogenous stimulus inducing a T-
cell-dependent immune reaction, which may play an im-
portant role in the development of progressive renal in-
jury through local tubulointerstitial replication and the 
development of interstitial nephritis.

  Renal APCs, herein defined on the basis of MHC class 
II expression, reside within the renal parenchyma and 
are crucial for inducing and regulating adaptive immu-
nity  [22, 23] . Interactions between T lymphocytes and 
renal APCs occur following experimental renal injury, 
inducing T-cell antigen specificity for renal antigens in 
local lymph nodes. In addition, after the acute kidney 
injury (AKI) induced by lipopolysaccharide injection, 
THP was identified in RLNs expressed on APCs  [5] . 
These antigen presentation events occurring during AKI 
are potentially injurious to the kidney  [24, 25] . Recently, 
in 5/6Nx and other CKD models, it has also been shown 
that filterable molecules such as albumin are not only 
taken up by tubular epithelial cells, but also by renal 
APCs, where they are transported by these cells to RLNs, 
and induce immunity  [3] . Our work extends these obser-
vations in two ways. Firstly, our experiments show that 
THP is transported to RLNs by APCs not only in a mod-
el of AKI, but also in experimental CKD. Secondly, our 
studies show that albumin is not the only potentially im-
munogenic neoantigen derived from the injured kidney, 
as Ox-LDL also traffics to the RLNs on APCs. Thus, our 
study in the RK and UUO models provide clear evidence 
that chronic kidney injury is also associated with abnor-
mal APC-mediated passage of renal antigens to the 
RLNs.

  This study has a number of limitations. One limitation 
is that the renal T cells that were isolated from the UUO 
kidney to demonstrate Ox-LDL autoreactivity were iso-
lated using a chemical digestion step that was not neces-
sary for the isolation of splenic T cells, leaving open the 
possibility that the differences observed were due to tech-
nical handling differences and not to differences in anti-
gen recognition per se. Secondly, at the time points stud-
ied, only a small number of APCs co-localizing MHC II 
and Ox-LDL were identified. However, the magnitude of 
expression herein is similar to that observed for THP af-
ter lipopolysaccharide exposure  [5] . Finally, these obser-
vations were made at relatively early time points in the 
evolution of experimental CKD. The well-known persis-
tence of a tubulointerstitial mononuclear infiltrate ac-
companying most chronic renal disease suggests that this 
process persists. However, direct observations at later 
time points and intervention would be required to dem-
onstrate chronicity and causation.

  In conclusion, this study demonstrates endogenous 
and exogenous renal antigen transport by APCs to drain-
ing lymph nodes from RK after 5/6Nx. It also identifies 
chemokine ligand-receptor pairs that facilitate dendritic 
cell trafficking away from the kidney and the return of 
activated T lymphocytes to the inflamed renal tissue. Fi-
nally, it demonstrates that T cells isolated from injured 
renal tubulointerstitium demonstrate pre-sensitization 
to Ox-LDL by proliferating and secreting cytokine. Taken 
together, this study shows that the early tubulointerstitial 
inflammatory infiltrate that accompanies CKD reflects, 
at least in part, the development of autoimmunity to nov-
el antigens generated during renal injury, suggesting that 
interventions directed at dendritic cell and T-lymphocyte 
activation and trafficking may be fertile targets for the 
attenuation of progressive kidney disease.
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