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aBStRact

Viral infection is a well known complication after kidney transplantation that may 
cause severe morbidity and reduced renal function or even graft loss. Cytomegalovirus 
(CMV), Epstein-Barr virus (EBV) and BK virus (BKV) are latently present in the majority 
of adults. In kidney transplant recipients, who receive immunosuppressive drug 
treatment, these viruses have the opportunity to actively replicate. Immune and non-
immune cells express receptors that recognize virus associated molecular patterns, 
which trigger an anti-viral immune response. We recently found that renal tubular 
epithelial cells (TECs) express Toll-like receptor 3 (TLR3), melanoma differentiation 
associated gene 5 (MDA5) and retinoic acid inducible gene-I (RIG-I), receptors that 
recognize viral dsRNA. Here, we analyzed the expression of these receptors in kidney 
transplant biopsies during viral infection. Transcript levels of TLR3, MDA5 and RIG-I 
were increased during infection with CMV (n=7, p=0.02), EBV (n=4, p=0.03) or BKV (n=7, 
p<0.01) compared to stable controls (n=5). Immunohistochemical stainings showed 
that TLR3 was expressed by tubuli and macrophages. MDA5 was broadly expressed, 
most prominently in the proximal tubuli. RIG-I was detectable in tubuli, endothelial 
cells and graft infiltrating leukocytes. In addition, we studied the responses of primary 
human TECs to activation of the dsRNA receptors in vitro, and found that interferon 
β (IFNβ), interferon induced protein 10 (IP-10), tumor necrosis factor α (TNFα) and 
interleukin 6 (IL-6) were upregulated. Notably, TLR3 activation more prominently 
induced TNFα while triggering of MDA5 and RIG-I especially promoted expression of 
IFNβ. In conclusion, we demonstrate that TLR3, MDA5 and RIG-I are expressed in the 
renal tubuli during viral infection and that activation of these dsRNA receptors results 
in the production of anti-viral and pro-inflammatory cytokines.      

intRoduction

Viral infection is a well known complication after kidney transplantation, which can 
lead to graft dysfunction and may cause considerable morbidity and even mortality 
1. Viral illness commonly presents within the first year after transplantation when 
immunosuppresssion is most stringent. Cytomegalovirus (CMV), Epstein-Barr virus 
(EBV) and BK virus (BKV) are latently present in the majority of the adult population 2-4. 
In immunocompromized patients, these viruses have the opportunity to re-activate. 
Moreover, these viruses may be transferred with the donor transplant, generally 
resulting in a primary infection in recipients that lack immunity against the virus. 

CMV is a β-herpes virus that can infect multiple cell types including endothelial 
cells, lymphocytes and epithelial cells. The virus has evolved many mechanisms to 
evade the immune system allowing latent persistence in monocytes 5;6. CMV infection 
is asymptomatic or causes flu-like symptoms in healthy individuals. In kidney transplant 
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recipients, infection often presents clinically and is associated with allograft rejection 
and mortality 7;8. Notably, CMV is known to suppress the immune system 9;10, which 
allows opportunistic pathogens to flare. 

EBV is a γ-herpes virus that uses the CD21 receptor to infect B cells 11. The 
infection is generally asymptomatic during childhood but can result in infectious 
mononucleosis in adolescents and adults 12. EBV-encoded genes inhibit cell death 
and promote cell proliferation which can lead to the development of lymphomas 13. In 
EBV-infected kidney transplant recipients, the incidence of so called post transplant 
lymphoproliferative disorder (PLTD) is 1-3% 14; especially patients with a primary EBV 
infection are at risk. 

The polyoma virus BKV infects epithelial cells of the urinary tract, rarely causing 
clinical symptoms in healthy individuals 3. In kidney transplant recipients, lytic 
replication of BKV in infected TECs can cause severe tubular injury with a significant 
risk of graft failure 15. Due to the introduction of third generation immunosuppressive 
drugs like tacrolimus, the frequency of BKV infection in kidney transplant recipients 
has increased over the last years 16;17. Currently, BKV infection is one of the main 
causes of kidney transplant dysfunction and graft loss.

Immune and non-immune cells express receptors that recognize virus associated 
molecular patterns, such as capsid proteins and viral nucleic acids 18. Activation of these 
so called pattern recognition receptors (PRRs) triggers anti-viral and pro-inflammatory 
responses to limit viral replication and spread. We recently found that human tubular 
epithelial cells (TECs) express three receptors that recognize viral dsRNA: Toll-like 
receptor 3 (TLR3), melanoma differentiation associated gene 5 (MDA5) and retinoic 
acid inducible gene-I (RIG-I). TLR3 is located in the endosomes where it can interact 
with viral dsRNA taken-up by endocytosis. MDA5 and RIG-I are cytoplasmic receptors 
that sense dsRNA formed during viral replication in infected cells 19. Upon ligand 
binding, dsRNA receptors activate nuclear factor κB (NFκB), leading to the production 
of pro-inflammatory cytokines, and interferon regulating factors 3/7 (IRF3/7), which 
promote transcription of type I interferons (IFNs) 20. Type I IFNs consecutively induce 
the production of interferon stimulated genes, which regulate amongst others RNA 
stability and protein synthesis, - transport and - turnover, thereby inhibiting viral 
replication 21;22.

Knowledge about the role of dsRNA receptors in the recognition of CMV, 
EBV and BKV is limited: CMV can induce the secretion of type I IFNs in infected 
cells independent of TLR3. Which receptor is involved remains to be identified 23. 
Furthermore, it is known that EBV encoded small RNAs (EBERs) can activate TLR3 
and RIG-I 24;25. Here, we aimed to study the role of dsRNA sensors in the kidney 
during viral infection. We analyzed the expression of TLR3, MDA5 and RIG-I in renal 
transplant biopsies during active infection with CMV, EBV and BKV by quantitative 
PCR and immunohistochemistry. In addition, we stimulated primary human TECs with 
the dsRNA analogs poly(I:C) and 5’triphosphate RNA (3pRNA) or influenza, serving 
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as a model-virus, to activate TLR3, MDA5 and RIG-I and looked at the production of 
anti-viral and pro-inflammatory cytokines. We found that renal expression of TLR3, 
MDA5 and RIG-I was enhanced during viral infection and that activation of these 
dsRNA sensors increased the production of pro-inflammatory and anti-viral cytokines 
in primary TECs.

methodS
kidney transplant patients
We included 23 kidney transplant biopsies performed by protocol or upon clinical 
indication. Material was obtained from patients with a stable graft function and 
normal histology (stable, n=5) or during infection with CMV (n=7), EBV (n=4) and 
BKV (n=7). Viral infection was diagnosed by positive peripheral blood PCR, specific 
antibody conversion and/or immunohistochemistry. None of the patients received 
pre-emptive viral treatment or prophylaxis. Standard immunosuppression consisted 
of anti-CD25 monoclonal antibodies (Basiliximab), prednisone, calcineurin inhibitor 
(Tacrolimus or Cyclosporin) and mycophenolate mofetil. Four out of 7 patients with 
CMV infection received antiviral treatment consisting of valganciclovir. The patient 
characteristics are depicted in Table 1. Written informed consent was obtained from 
all study patients, and the study was approved by the institutional ethical committee 
of the Academic Medical Center. 

Quantitative mRna measurements in renal biopsies
Snap frozen renal biopsies were cut into 50 μM slices and mRNA was isolated with 
TRIzol reagent (Invitrogen, Breda, The Netherlands) according to the manufactures 
instructions. The isolated RNA was quantified and reverse transcribed to 
complementary DNA using a combination of oligo dT and random hexamer primers 
and M-MLV H-reverse transcriptase (Promega, Madison, WI, USA). Expression of the 
dsRNA receptors was analyzed by quantitative PCR performed in the StepOnePlus 
Real-Time PCR system (Applied Biosystems, Carlsbad, CA, USA) using the EXPRESS 
SYBR® GreenER™ reagent (Invitrogen). Gene expression was normalized to a control 
sample (primary TECs stimulated with 50 ug/ml poly(I:C)) and GAPDH. Primer 
sequences and annealing temperatures are depicted in supplementary Table 1. 

immunohistochemistry
The expression pattern of the dsRNA receptors was visualized using the monoclonal 
mouse IgG1 antibody against TLR3 (5 μg/ml, clone 40C1285.6; Abnova GmbH, 
Heidelberg, Germany), polyclonal goat antibody against MDA5 (2.5 μg/ml; Imgenex, 
San Diego, CA, USA) and monoclonal mouse IgG1 antibody against RIG-I (2.5 μg/ml, 
clone Alme-1; Axxora, San Diego, CA, USA). Immunohistochemical stainings were 
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performed on formalin-fixed paraffin-embedded tissue slides, that were deparaffinized 
and rehydrated followed by peroxydase activity blockade. Sections were boiled for 10 
min in 10 mM Tris/1mM EDTA pH 9.0 to retrieve the antigens and incubated with 
the antibodies against TLR3, MDA5 or RIG-I for 1 hr at room temperature, followed 
by incubation with the secondary anti-mouse/-goat antibodies for 30 min, after 
which peroxydase activity was detected by 3,3’-diaminobenzidine (Dako, Heverlee, 
Belgium) and slides were counterstained with hematoxylin and eosin. Scoring of 
the percentage TLR3 and RIG-I positive tubuli was performed independently by two 
observers, using a semi-quantitative scoring system; 0, negative scoring (<5%); 1, 
weak expression (5-25%); 2, mild expression (25-50%); 3, moderate expression (50-
75%); and 4, strong expression (75-100%). In addition the number of TLR3 positive 
macrophage-like immune cells were scored as the number of cells per field (400x 
magnification), average of 12 fields.

culture and stimulation of primary tecs
Primary human TECs were isolated and cultured as described earlier (Heutinck et al., 
submitted for publication). The cells were stimulated with polyinosinic-polycytidylic 
acid (poly(I:C), 0.01-10 μg/ml; Sigma-Alderich, Zwijndrecht, The Netherlands) or 
5’-triphosphate RNA (3pRNA, 10-1000 ng/ml) a kind gift of Prof. G. Hartmann and Dr. 
M. Schlee (Universitätsklinikum Bonn, Germany). The transfection reagent Fugene HD 
(Roche, Mannheim, Germany) was used to deliver the dsRNA mimics to the cytoplasm 
according to the manufactures manual. Bay 11-7082 (Merck Chemicals, Nottingham, 
UK) was used to inhibit NFκB activity. Influenza A (H1N1) (strain A/PR/8/34) was a kind 
gift of Dr. G. Rimmelzwaan (Erasmus Medical Center Rotterdam, The Netherlands).

Semi-quantitative mRna measurements in primary tecs
Total RNA was isolated with the Invisorb Spin Cell RNA kit (Westburg, Leusden, The 
Netherlands) according to the instructions of the manufacturer. The isolated RNA was 
quantified and reverse transcribed to complementary DNA using oligo dT primer and 
M-MLV reverse transcriptase (Promega). mRNA levels of dsRNA sensors and cytokines 
were analyzed by semi-quantitative PCR (35 cycles) performed in the Bio-Rad C1000 
Thermal cycler (Bio-Rad laboratories, Veenendaal, The Netherlands) using SALSA 
polymerase and enzyme dilution buffer (MRC Holland, Amsterdam, The Netherlands). 
Primer sequences and annealing temperatures are depicted in supplementary Table 1. 

enzyme-linked immunosorbent assays 
Human TNFα ELISA kit (Pelikine, Sanquin, Amsterdam, The Netherlands) human IFN-
beta ELISA kit (Alexis Biochemicals, San Diego, CA, USA) were used according to the 
instructions of the manufacturer.
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table 1: Patient characteristics.

characteristic
Stable    
(n=5)

cmV    
(n=7)

eBV
(n=4)

BkV
(n=7)

P-
value

Recipient
  Age (median (year), quartiles) 55 (49-65) 48 (32-54) 54 (30-62) 53 (48-66) 0.59
  Gender (% male) 80 86 75 14 0.18
  CMV status (% positive)
        - Pre-transplant 100 29 25 86
        - At time of biopsy 100 100 25 86
  EBV status (% positive)
        - Pre-transplant 100 100 25 86
        - At time of biopsy 100 100 100 100
 
Donor
  Age (median (year), quartiles) 35 (33-48) 53 (40-62) 51 (42-56) 52 (46-54) 0.10
  Gender (% male) 40 14 25 57 0.57
  CMV status (% positive) 80 71 25 43 0.31
 
Transplantation
  Cold ischemia (median (h), quartiles) 2 (2-13) 17 (7-22) 8 (2-20) 16 (3-24) 0.20
  Delayed graft function (% present) 0 14 0 0 0.54
  Transplantation type (%) 0.64
        - Deceased donor, heart beating 20 57 50 71

- Deceased donor, non-heart 
beating

0 29 0 0

        - Living donor, related 80 0 25 0
        - Living donor, unrelated 0 14 25 29
 
Characteristics at time of biopsy

GFR (median (ml/min/1.73 m2), 
quartiles)

64 (59-85) 19 (16-35) 55 (36-58) 31 (16-44) 0.01

Time after transplantation (median 
(weak), quartiles) 

28 (24-82) 19 (6-32) 28 (23-52) 86 (18-110) 0.34

Abbreviations: CMV, cytomegalovirus; EBV, Epstein-Barr virus; BKV, BK-virus; GFR, glomerular 
filtration rate.
The different patient groups were compared by either Kruskal-Wallis tests for continuous 
variables or χ2-tests for binary parameters.
GFR (ml/min/1.73 m2) is calculated with the modification of diet in renal disease (MDRD) study 
equation: 186 x (serum creatinine (mg/dl))-1.154 x (age (year))-0.203 x (0.742, if female) x (1.1210, 
if African Americans) [Myers et al. (2006) Clin Chem 52:5-18]
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Statistical analysis
Statistical analyses were performed in Graphpad Prism (version 5, GraphPad software, 
La Jolla, CA, USA). dsRNA receptor expression levels were compared with Mann 
Whitney U tests. 

ReSultS
Renal expression of tlR3, mda5 and Rig-i is enhanced during viral infection
To study the renal expression of TLR3, MDA5 and RIG-I, we performed quantitative 
PCR analyses on snap frozen biopsies of kidney transplants. Transcript levels of the 
dsRNA receptors in biopsies obtained during active viral replication were compared 
to levels in biopsies from patients with a stable renal function and normal histology. 
We found that TLR3 transcription was significantly upregulated during infection with 
CMV, EBV and BKV (Fig. 1A). Expression of the cytoplasmic sensors MDA5 and RIG-I 
was significantly elevated during CMV and BKV infection, but not during EBV infection 
(Fig 1B-C). 

tlR3, mda5 and Rig-i are differentially expressed in the kidney
To address which cell-types expressed the dsRNA receptors we performed 
immunohistochemical stainings. TLR3 expressed in the tubuli and in some immune 
cells with a macrophage-like phenotype (Fig. 2). In stable grafts TLR3 expression was 
low in both cell types (Fig. 2A). TLR3 positive tubuli were present in all CMV (Fig. 
2B) and four of the seven BKV (Fig. 2D) biopsies, but were rare in EBV biopsies (Fig. 
2C). Notably, some tubuli showed cytoplasmic staining while in other tubuli TLR3 

Stable CMV EBV BKV ATN
0.0

0.4

0.8

1.2

TLR3

*
*

**

R
el

at
iv

e 
ex

pr
es

si
on

Stable CMV EBV BKV ATN
0.00

0.05

0.10

0.15

*
*

MDA5

R
el

at
iv

e 
ex

pr
es

si
on

Stable CMV EBV BKV ATN
0.00

0.05

0.10

0.15

0.20

RIG-I

*
*

R
el

at
iv

e 
ex

pr
es

si
on

A B C

Stable CMV EBV BKV ATN
0.0

0.4

0.8

1.2

TLR3

*
*

**

R
el

at
iv

e 
ex

pr
es

si
on

Stable CMV EBV BKV ATN
0.00

0.05

0.10

0.15

*
*

MDA5

R
el

at
iv

e 
ex

pr
es

si
on

Stable CMV EBV BKV ATN
0.00

0.05

0.10

0.15

0.20

RIG-I

*
*

R
el

at
iv

e 
ex

pr
es

si
on

A B C

Figure 1

22

figure 1: dsRna receptor transcription in the kidney is increased during viral infection. dsRNA 
receptor expression was determined by quantitative PCR in kidney transplant biopsies obtained 
from patients with a stable renal function and normal histology (stable, n=5) or during infection 
with cytomegalovirus (CMV, n=6), Epstein-Barr virus (EBV, n=4) or BK virus (BKV, n=7). The 
depicted scatterplots represent the relative transcript levels of TLR3 (a), MDA5 (B) and RIG-I 
(c) (median). Expression levels in virus infected biopsies were compared to stable biopsies by 
Mann-Whitney U tests.
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Figure 2

Stable CMV EBV BKV ATN
0

1

2

3

4
TLR3 - tubuli

TL
R

3 
ex

pr
es

si
on

Stable CMV EBV BKV ATN
0
1
2
3
4
5

*
**

TLR3 - immune cells

# 
ce

lls
/ f

ie
ld

A B

C D

E F

G H

23figure 2: tubuli and macrophages express tlR3 during viral infection. Toll-like receptor 
3 (TLR3) expression pattern in renal transplant biopsies. Representative pictures of a stable 
biopsy (a) and biopsies obtained during infection with cytomegalovirus (CMV, B), Epstein-Barr 
virus (EBV, c) or BK virus (BKV, d). e Example of TLR3 expression patterns found in renal tubuli, 
cytoplasmic staining (white arrows) and brush border staining (red arrows). f Granular TLR3 
staining patterns found in macrophage-like immune cell (black arrows) in the renal interstitium. 
g Semi-quantitative scoring of TLR3 positive tubuli in kidney transplant biopsies from stable 
patients (n=5) or during infection with CMV (n=6), EBV (n=3) or BKV (n=7) (median). h Scoring 
of the number of TLR3 positive macrophage-like immune cells per field (400x magnification, 
one data point represent the average of 12 fields). The number of cells during viral infection 
are compared to the number found in stable biopsies with Mann-Whitney U tests. For color 
figure, see appendix.
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expression was localized close to the brush border (Fig. 2E). TLR3 positive immune 
cells with a a granular cytoplasmic staining (Fig. 2F) were found in the glomeruli and 
interstitium in all biopsies. The percentage of TLR3 expressing tubuli (Fig. 2G) and the 
number of TLR3 positive immune cells (Fig. 2H) were enhanced during CMV and BKV 
infection. However, TLR3 expression was not elevated during EBV infection neither in 
tubuli nor in immune cells. 

MDA5 was broadly expressed in renal cells and infiltrating immune cells, yet its 
expression was most prominent in the proximal tubuli (Fig. 3). We could not observe 
differences in expression pattern and/or staining intensity between biopsies obtained 
during CMV (Fig. 3B), EBV (Fig. 3C) or BKV (Fig. 3D) infection and stable controls (Fig. 
3A). Quantification of the percentage of MDA5 positive tubuli was not possible since 
all tubuli expressed the cytoplasmic dsRNA sensor.

In agreement with the PCR data, we observed an increased tubular RIG-I expression 
in biopsies obtained during infection with CMV (Fig. 4B), EBV (Fig. 4C) or BKV (Fig. 4D) 
compared to stable biopsies (Fig. 4A), as analyzed by semi-quantitative scoring (Fig. 
4F). Next to the tubular epithelium, endothelial cells and graft infiltrating leukocytes 
expressed abundant levels of RIG-I (Fig. 4A-E). In conclusion, we found that each 
dsRNA receptor has an unique expression pattern, though all can be expressed in the 
tubular epithelium. Furthermore, during CMV and BKV infection, tubular expression 
of the TLR3 and RIG-I proteins was enhanced. 

Viral dsRna promotes the production of pro-inflammatory and anti-viral 
cytokines in primary tecs
We previously found that primary TECs express functional TLR3, MDA5 and RIG-I. 
Here, we stimulated TECs with extracellular poly(I:C) or poly(I:C) and 3pRNA delivered 
to the cytoplasm by transfection with Fugene HD, to activate respectively TLR3, 
MDA5 and RIG-I. Activation of the dsRNA sensors dose dependently induced the 
transcription of IFNβ, interferon inducible protein 10 (IP-10), tumor necrosis factor α 
(TNFα) and interleukin-6 (IL-6) (Fig. 5A). Notably, IFNα, analyzed with primers specific 
for all subtypes, was only detectible after stimulation with high amounts of the RIG-I 
ligand 3pRNA and transcript levels were low. We could not detect IFNα protein in the 
culture supernatant of these cells, as analyzed by ELISA (data not shown). Together 
these findings suggest that primary TECs are poor producers of  IFNα. In contrast, the 
cells did transcribe and secrete IFNβ, most prominently in response to MDA5 and 
RIG-I ligands (Fig. 5A+B). Triggering of TLR3 potently upregulated TNFα production 
(Fig. 5A+B). Blockade of NFκB with a specific inhibitor completely abolished TNFα 
secretion while IFNβ secretion was reduced. 

As a model for viral infection, we used influenza, which is known to activate TLR3 
and RIG-I 26. dsRNA receptor activation is characterized by enhanced expression 
of the receptors themselves and production of anti-viral and pro-inflammatory 
cytokines 27;28. Indeed, the transcription of TLR3, MDA5, IFNβ and TNFα was enhanced 
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Figure 3
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figure 3: mda5 is broadly 
expressed in the kidney. 
Melanoma differentiation 
associated gene 5 (MDA5) 
expression pattern in 
renal transplant biopsies. 
Representative pictures of a 
stable biopsy (a) and biopsies 
performed during infection 
with cytomegalovirus (CMV, 
B), Epstein-Barr virus (EBV, c) 
or BK virus (BKV, d). For color 
figure, see appendix.
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figure 4: tubuli, endothelial 
cells and kidney infiltrating 
lymphocytes express Rig-i. 
Expression pattern of retinoic 
acid inducible gene-I (RIG-I) 
in kidney transplant biopsies 
obtained from stable patients 
(n=5) or during infection 
with cytomegalovirus (CMV, 
n=6), Epstein-Barr virus (EBV, 
n=4) or BK virus (BKV, n=7). 
Representative pictures 
of  stable (a), CMV (B), EBV 
(c) and BKV (d) biopsies. 
e Example of RIG-I expression 
in glomerular capillary (black 
arrow). f Semi-quantitative 
scoring of RIG-I positive 
tubuli (median). For color 
figure, see appendix.
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Figure 5
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figure 5: dsRna receptor triggering promotes the production of pro-inflammatory and 
anti-viral cytokines in tubular epithelial cells. Primary TECs were stimulated for 16 h with 
dsRNA receptor ligands poly(I:C) (pIC, 0.001-100 μg/ml) or 3pRNA (3pR, 0.001-1 μg/ml). The 
transfection reagent fugene (FG) was used to accomplish cytoplasmic delivery of  ligands for 
MDA5 (poly(I:C)) and RIG-I (3pRNA). a Expression of  IFNα, IFNβ, IP-10, TNFα and IL6 were 
analyzed by PCR. The PCR bands shown are representative for at least three experiments.  
B Primary TECs were stimulated as described above. NFκB signaling was blocked by adding 
5 μM Bay 11-7072 30 minutes prior to stimulation with dsRNA ligands. TNFα and IFNβ levels 
were measured by ELISA in culture supernatants (mean, n=2) 

by infection with influenza in primary TECs (Fig. 6A). Notably, viable virus did not 
promote the secretion of either IFNβ or TNFα (Fig. 6B), suggesting that influenza 
induces the expression of viral proteins that interfere with proper translation and/
or secretion of host cytokines. Furthermore, we observed that the induction of 
TLR3, MDA5 and IFNβ mRNA, but not that of TNFα transcripts, was abolished after 
heat-inactivation of the virus. In contrast, TNFα protein was abundantly produced in 
TECs treated with heat-inactivated virus. These findings imply that TECs endocytose 
heat-inactivated influenza particles and that these can activate TLR3 or other PRRs 
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that upregulate TNFα expression. On the other hand, heat-inactivated influenza did 
not induce transcription and secretion of IFNβ. Thus, viral replication seems to be 
required for triggering of the cytoplasmic dsRNA sensors, which in our hands were 
the main inducers of IFNβ in TECs. 

In summary, viral dsRNA receptors regulate cytokine production in TECs. Anti-viral 
cytokines were in particular produced after activation of the cytoplasmic sensors, 
while TLR3 strongly enhanced expression of pro-inflammatory cytokines.      

diScuSSion

We here demonstrate that transcription of TLR3, MDA5 and RIG-I in the kidney is 
enhanced during CMV, EBV and BKV infection after renal transplantation. Each dsRNA 
receptor had its unique expression pattern, yet all three sensors could be detected 
in the renal tubuli. In agreement, we previously found that primary human TECs 
express TLR3, MDA5 and RIG-I and that triggering of the receptors induced their own 
transcription (Heutinck et al., submitted). Presently, we extend these data with the 
observation that dsRNA receptor triggering in primary TECs induces the production of 
anti-viral and pro-inflammatory cytokines.

Figure 6
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figure 6: influenza and dsRna receptor ligands trigger comparable anti-viral responses. 
Primary TECs were stimulated with poly(I:C) (pIC, 10 μg/ml), poly(I:C) and fugene (pIC + FG, 
0.1 μg/ml), 3pRNA and fugene (3pRNA + FG, 0.1 μg/ml), influenza A (Flu) or heat-inactivated 
influenza (30 minutes at 56°C) for 16 h. a Expression of TLR3, MDA5, RIG-I, TNFα and IFNβ were 
determined by PCR. The PCR bands shown are representative for at least three experiments. 
TNFα (B) and IFNβ (c) levels were measured by ELISA in the culture supernatants of TECs 
stimulated for 24 h as described above (mean ± SEM, n=3).
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Our findings suggest that the dsRNA receptors are involved in the recognition of 
CMV, EBV and BKV. Indeed, CMV can activate TLR3 in THP-1 cells 29 and the virus 
can also induce a type I IFN response independent of TLR3 in dendritic cells 23. 
Furthermore, EBV-encoded small RNAs (EBERs) are known ligands for TLR3 and RIG-I 
24;25. Whether BKV can activate any of these dsRNA sensors is currently not known. 
A recent study has demonstrated that polymerase III can transcribe viral DNA into 
dsRNA with a 5’-triphosphate moiety, which serves as RIG-I-ligand 30;31. This novel 
DNA-sensing pathway might play an important role in the recognition of DNA viruses 
like CMV, EBV and BKV. Because dsRNA receptor expression is induced by type I 
IFNs (Heutinck et al., submitted)27 and possibly by other soluble factors produced by 
for example immune cells that are activated and recruited during viral infection 32, 
increased dsRNA receptor expression does not prove that the cell itself is infected.

Whereas CMV may infect multiple cell types 5;33, EBV uses the CD21 receptor to 
enter specifically B cells 11 and BKV infects epithelial cells of the urogenital tract 17. 
Notably, each of these viruses is capable of infecting renal TECs 34-37.  In contrast to 
CMV and BKV, EBV only rarely causes tubulitis and/or tubular injury 15;38. In parallel 
with this, we observed that  tubular TLR3 and RIG-I protein-expression levels were 
not enhanced during EBV infection.  This might be due to the small sample size, but 
more likely reflects the low percentage of tubuli infected during EBV infection. In line 
with the transcript levels found in biopsies, the percentage of tubuli staining positive 
for TLR3 and/or RIG-I was increased during CMV and BKV infection. 

We observed that each dsRNA receptor had an unique expression pattern in the 
kidney. Basal TLR3 expression was low in renal biopsies. During viral infection the 
number of TLR3 expressing macrophage-like immune cells and the percentage of 
TLR3 positive tubuli was increased. MDA5 and RIG-I sense viral replication inside an 
infected cell, which is of value for all cell types. Indeed, we found a broad expression 
of MDA5 and RIG-I, the latter at a low basal level. MDA5 mRNA levels were elevated 
in biopsies during viral infection. In contrast, we did not observe differences in 
MDA5 protein-expression between the patient groups either with or without viral 
infection. This discrepancy could imply that the increased transcription coincided 
with enhanced protein turnover or that it simply represents the technical limitations 
of the staining. Both on mRNA level and protein level, RIG-I expression was increased 
during infection with CMV or BKV. RIG-I was not only expressed in the tubuli, but it 
was also highly expressed in graft infiltrating lymphocytes and in endothelial cells. It is 
known that poly(I:C) and IFNγ induce the expression of RIG-I in endothelial cells 39;40, 
which may be infected by CMV 33, leading to activation of TLR3 or RIG-I. Virus specific 
effector T cells are potent IFNγ producers and during CMV infection serum levels of 
this cytokine are increased 32. Together these findings suggest that endothelial RIG-I 
expression found in renal biopsies may result from viral infection of these cells.

Activation of the dsRNA receptors is known to induce the production of anti-viral 
and pro-inflammatory cytokines via the activation of respectively IRF3/7 and NFκB 41. 
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We found that ligands of TLR3, MDA5 and RIG-I indeed promoted the transcription 
of IFNβ, IP-10, TNFα and IL-6 in primary TECS. NFκB inhibition completely abolished 
secretion of TNFα but only mildly reduced production of IFNβ, which is known to be 
induced by both IRF3/7 and NFκB 42. Interestingly, activation of TLR3 most prominently 
induced secretion of the proinflammatory cytokine TNFα, while triggering of MDA5 
or RIG-I resulted in a more pronounced production of the anti-viral cytokine IFNβ. 
A similar difference between dsRNA receptor signaling has been described in lung 
epithelial cells, in which RIG-I activation induces pro-inflammatory cytokines and type 
I IFNs, whereas TLR3 triggering led to upregulation of pro-inflammatory cytokines 
only 26. Viral particles or free viral dsRNA can be taken up by endocytosis leading to 
activation of TLR3 without true infection of the cell. One could reason that in this 
case, alerting the immune system via the secretion of pro-inflammatory cytokines is 
most crucial. On the other hand, activation of MDA5 or RIG-I occurs inside infected 
cells only. In this scenario it seems essential to limit viral replication via type I IFNs 
and ISGs.

As a model system for viral infection of primary TECs, we used the influenza virus 
and studied whether this virus would activate the same responses as the dsRNA 
analogs did. Influenza is known to activate TLR3 and RIG-I 26 and we indeed found 
that the mRNA levels of TLR3, MDA5, IFNβ and TNFα were enhanced in infected cells. 
Infection was essential for IRF3/7 activation, since the induction of dsRNA sensor 
and IFNβ mRNA was abolished when the virus was heat-inactivated. In contrast, 
induction of TNFα mRNA was independent of infection, suggesting that genomic-
RNA or protein present in heat-inactivated influenza particles is recognized by TLR3 
or other PRRs that regulate NFκB activity. Notably, TECs stimulated with viable virus 
did not secrete IFNβ or TNFα, but after heat-inactivation influenza did induce the 
secretion of TNFα. Influenza is known to have developed various mechanisms to 
evade the human immune system, including the suppression of type I IFN responses 
and transcription, processing and translation host genes 18;43;44, which can explain the 
absence of cytokine secretion by TECs infected with viable virus. It will be interesting 
to investigate whether infection of CMV, EBV and BKV activates dsRNA receptor-
mediated signaling pathways like influenza. Studying this, one should keep in mind 
that these viruses can also activate mechanisms to suppress these responses 6;45. 

In conclusion, we demonstrate that during infection with CMV, EBV or BKV, 
renal expression of TLR3, MDA5 and RIG-I is enhanced, indicating that these dsRNA 
receptors are involved in the recognition of these viruses in the kidney. 
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Supplementary table 1: Primer characteristics.

gene Sense anti-sense tannealing

TLR3 I 5’-TGGTTGGGCCACCTAGAAGTA-3’ 5’-TCTCCATTCCTGGCCTGTG-3’ 55 °C
MDA5 I 5’-TGGTCTCGTCACCAATGAAA-3’ 5’-CTCCTGAACCACTGTGAGCA-3’ 57 °C
RIG-I I 5’-ATCCCAGTGTATGAACAGCAG-3’ 5’-GCCTGTAACTCTATACCCATGTC-3’ 56 °C
GAPDH I 5’-TGCACCACCAACTGCTTAGC-3’ 5’-GGCATGGACTGTGGTCATGAG-3’ 60 °C
TLR3 II Commercial (Invivogen, San Diego, CA, USA) 55 °C
MDA5 II 5’-GGCATGGAGAATAACTCATCAG-3’ 5’-CTCTTCATCTGAATCACTTCCC-3’ 56 °C
RIG-I II 5’-ATCCCAGTGTATGAACAGCAG-3’ 5’-GCCTGTAACTCTATACCCATGTC-3’ 56 °C
IFNα II 5’-TCTGTCCTCCATGAGATG-3’ 5’-CTGACAACCTCCCAGGCACA-3’ 55 °C
IFNβ II 5’-CAGCAATTTTCAGTGTCAGAAGC-3’ 5’-TCATCCTGTCCTTGAGGCAGT-3’ 59 °C
TNFα II 5’-GGCGTGGAGCTGAGAGATAAC-3’ 5’-GGTGTGGGTGAGGAGCACAT-3’ 57 °C
IL-6 II 5’-GGTACATCCTCGACGGCATC-3’ 5’-GCCTCTTTGCTGCTTTCACAC-3’ 56 °C
IP-10 II 5’-TTCAAGGAGTACCTCTCTCTAG-3’ 5’-CTGGATTCAGACATCTCTTCTC-3’ 54 °C
18s-rRNA II 5’-GGACAACAAGCTCCGTGAAGA-3’ 5’-CAGAAGTGACGCAGCCCTCTA-3’ 60 °C

I used for quantitative mRNA measurements,IIused for semi-quantitative mRNA measurements
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