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Abstract
Background—Reactivation of Cytomegalovirus (CMV) is frequently observed in recipients of
solid organs and bone marrow transplants and is associated with increased risk of acute and chronic
allograft rejection, opportunistic infection, graft failure, and patient mortality. The molecular
mechanisms by which reactivation occurs are not well understood. Previous studies have suggested
that Tumor Necrosis Factor alpha (TNF-α), which is induced by allogeneic transplantation, may have
a role in reactivation of CMV through activation of NF-κB and subsequent transcriptional
reactivation of Immediate Early (ie) gene expression.

Methods and Results—We have tested the role TNF-α in reactivation of CMV directly by testing
whether TNF-α is required to initiate transcription of ie gene expression in a murine model of
allogeneic transplantation of kidneys latently infected with mouse CMV (MCMV).

Conclusions—Our studies show that although TNF-α seems to be sufficient, it is not required for
initiating transcription of ie gene expression in this model suggesting that both TNF-α-dependent
and TNF-α-independent pathways play an important role in reactivation of latent CMV infection.
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Introduction
Human CMV (HCMV) is a ubiquitous Herpes virus that has the ability to establish a lifelong
latent infection. Reactivation of latent virus is frequently observed in recipients of solid organs
and bone marrow transplants and is associated with increased risk of acute and chronic allograft
rejection, opportunistic infection, graft failure, and patient mortality (1). Due to the species
specificity of HCMV, we and others have used MCMV as a model to study CMV latency and
reactivation in vivo. MCMV is similar to HCMV in its ability to establish latency and reactivate,
and in regulation of its gene expression. The molecular mechanisms by which CMV establishes
a latent infection and avoids clearance by the host immune system, and the mechanisms leading
to reactivation of virus are not well understood. The complexities of the issues surrounding
latency and reactivation have been recently reviewed (2). Latency has been defined
operationally as the presence of viral DNA in the absence of detectable virus. However, ie-1
transcripts are sometimes detectable in latently infected mice (3-6), and thus, it has not been
clear whether there is a true state of latency, in which the viral genome is transcriptionally
silent with respect to expression of genes involved in lytic replication, or whether latency is
maintained solely as a result of elimination of productively infected cells by
immunosurveillance. The very low ratio of RNA to DNA (5,7,8), and the observation that both
the HCMV and MCMV enhancers are associated with deacetylated histones in latently infected
cells (9,10) suggest that there is a true latency in which the ie genes are transcriptionally inactive
and that occasional detection of ie-1 transcripts is due to sporadic low level reactivation.
Because the ie proteins are essential for viral replication, these observations further suggest
that reactivation of ie gene expression is a critical first step in reactivation of the virus.

HCMV and MCMV ie gene expression is controlled by the enhancer region of the major
immediate early promoter (MIEP) (11,12). Transcriptional activation of the MIEP results in
ie-1 and ie-2 (HCMV) and ie-1 and ie-3 (MCMV) gene expression through alternative splicing.
The HCMV MIEP enhancer has been analyzed extensively and contains binding sites for many
cellular transcription factors, including NF-κB and ATF, and AP-1. The MCMV ie enhancer
also has multiple putative sites for NF-κB and AP-1. NF-κB and AP-1 are not active in resting
cells. They are activated by growth factors, inflammatory cytokines, including TNF–α and
Interleukin-1 (IL-1), Toll-like receptor ligands, viral infection and by oxidative stress (13).
Thus, factors that activate these transcription factors are likely to be important in driving
transcriptional reactivation of CMV ie gene expression.

In prior studies, we showed that TNF-α is sufficient to induce transcriptional reactivation of
ie genes in MCMV latent mice and to induce activation of the HCMV enhancer in MIEP-
lacZ transgenic mice carrying a β-galactosidase reporter gene under the control of the HCMV
MIEP enhancer. We also developed a mouse kidney transplant model for reactivation of viral
gene expression. Using the contralateral donor kidney as a pre-transplant control, we showed
that allogeneic, but not syngeneic transplantation induces transcriptional reactivation of ie gene
expression (14,15). The peak of ie gene expression was observed at 2 days post-transplant and
was accompanied by activation of NF-κB and AP-1 and increased expression of TNF-α. With
the transgenic model, we investigated the requirement for TNF-α by breeding MIEP-lacZ mice
to mice deficient in TNFR1 and TNFR2 and using these mice as donors in allogeneic
transplants. In addition, we examined the role of TNF-α in a surgical model of ischemia/
reperfusion (I/R) injury in the transgenic model. Our studies showed that the HCMV enhancer
in MIEP-lacZ mice is activated in both the transplant and I/R models (16,17) independently
of TNFR signaling. Furthermore, activation of the enhancer in this model was the same in both
allogeneic and syngeneic transplants. Although there are similarities between mice transgenic
for HCMV MIEP and mice latently infected with MCMV, the observed differences between
the two models caused us to test directly for the requirement for TNF-α in reactivation of latent
MCMV.
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Materials and Methods
Virus infection

Smith strain MCMV was originally obtained from the ATCC. The MCMV mutant Δm157
virus (18) was obtained from Ulrich Koszinowski (Max von Pettenkofer-Institute, Ludwig
Maximilians-University, Munich, Germany). Virus stocks were derived from salivary glands
of BALB/c mice two weeks post-infection as previously described (19). Stocks were titered
by plaque assay on murine embryo fibroblasts using standard techniques. Mice were injected
i.p. with 1×105 plaque forming units (pfu) of virus, and sacrificed four days post-infection for
analysis of acute infection, or after more than 120 days for analysis of latent infection or as
transplant donors.

Mice
All mice were obtained from Jackson Labs (Bar Harbor, ME). BALB/c, mice were latently
infected with MCMV (Smith strain) for use as donors for analysis of reactivation of latently
infected wild type mice. C57BL/6 or B6;129S6-TNFtm1Gkl/J mice were used as allogeneic wild
type or TNF-α-deficient recipients, respectively for BALB/c donor kidneys. B6;129S-
Tnfrsflatm1ImxTnfrsf1btm1Imx mice were infected with the Δm157 virus for use as donors to test
the requirement for TNFR signaling in reactivation. BALB/c mice were used as allogeneic
recipients for TNFR1/TNFR2-deficient donor kidneys.

Transplants
Kidney transplants were performed as previously described (20). Donor kidneys were removed
after 48 hr. Our previous studies have shown that this is the peak time for reactivation of ie
gene expression (15). Contralateral donor kidneys were removed at the time of the transplant
for use as a matching, pre-transplant control. Control and transplanted kidneys were
immediately frozen in liquid nitrogen after harvest. Mice were maintained in isolation cages
and were fed and watered ad libitum. This study protocol was reviewed and approved by the
Northwestern University Institutional Animal Care and Use Committee.

Antibody treatment
Recipient mice were injected i.p. with 200 ug 1 hr prior to surgery and again after 24 hr. Low
endotoxin anti-TNF-α (clone XT22; Pierce Endogen, Rockford, IL) was used to block TNF-
α. Low endotoxin KLH/G1-2-2 rat IgG1kappa was used as an isotype control antibody
(Southern Biotech, Birmingham, AL).

Spleen explants
Spleens from latently infected mice were minced into small pieces and cultured in six-well
dishes for 17 days in Dulbecco's Modification of Eagle's Medium, with change of medium
twice a week. Supernatants were harvested and frozen for titering by plaque assay on murine
embryo fibroblasts.

RNA analysis
RNAs were isolated from frozen kidneys by homogenization in TriZol as directed by the
manufacturer (Invitrogen). ie-1 RNA was detected by RT-PCR using primers CH16 and CH17
and Southern blot hybridized with CH15 probe and ie-3 RNA was amplified from the cDNA
using primers CH17 and IE3R and detected with probe CH15 as previously described (15).

For real time PCR analysis, 7.5 ug of RNA was reverse transcribed in a 100 μl reaction with
M-MLV reverse transcriptase (Applied Biosystems) and random primers. TNF-α RNA was
quantified from 2 μl of the reverse transcription reaction by relative real time PCR analysis
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using a TNF-α gene expression assay (Mm00443258_m1, Applied Biosystems). Assays were
run on a 7500 Fast Real Time PCR System (Applied Biosystems) using default cycling
conditions in the standard mode. TNF-α expression was normalized to HPRT (assay
Mm01545399_m1, Applied Biosystems), which was analyzed in parallel. The fold change for
each mouse was calculated as 2-ΔΔCt, where ΔΔCt=ΔCt transplant-ΔCt control, ΔCt
transplant=Ct (TNF-α in transplanted kidney)-Ct (HPRT transplanted kidney), and ΔCt
control=Ct (TNF-α in contralateral kidney)-Ct (HPRT contralateral kidney).

Statistical analysis
A student's t-test was used to determine statistical significance. P values < 0.05 were considered
to be significant.

Results
TNF-α expression is both donor and recipient-derived

We previously observed increased expression of TNF-α in our transplants (15,21). This TNF-
α RNA could have been derived from the donor cells as a result of injury, and/or from
infiltrating cells of the recipient. To determine the source of TNF-α RNA, we analyzed TNF-
α expression in kidneys transplanted into TNF-α-deficient or TNF-α-sufficient (wild type; WT)
recipients. In the case of TNF-α-deficient recipients, expression of TNF-α RNA must come
from cells of the donor. The results (Fig. 1) show that TNF-α expression was induced in both
sets of mice, but greater induction of TNF-α was observed in kidneys transplanted into TNF-
α-sufficient recipients than in kidneys transplanted into TNF-α-deficient recipient mice (p <
0.001). These studies suggest that the majority of TNF-α RNA is expressed by cells of the
recipient, but that some TNF-α RNA is also derived from cells of the donor. These data suggest
that although damage to the donor resulting from ischemia/reperfusion injury may contribute
some TNF-α, the host immune response of the recipient and resulting inflammation may play
a more important role in activating gene expression in Day 2 allografts. These findings led us
to develop specific strategies to block TNF-α in both the donor and recipient in an effort to
determine whether TNF-α from either source is required in MCMV ie transcriptional
reactivation.

TNF-α deficiency in the recipient and treatment of the recipient with anti-TNF-α antibody to
block donor-derived TNF-α shows that TNF-α is not required for transcriptional reactivation
of MCMV ie-1

We used TNF-α KO mice as recipients to prevent expression of any TNF-α that might be
produced by the recipient and treated the recipient with anti-TNF-α antibody to block TNF-α
produced by the donor. We used this combined strategy in an effort to block the induction of
MCMV-ie gene expression by TNF-α from any source. In the control group, WT mice were
treated with an isotype control antibody to control for the potential effects of the antibody itself
on MCMV reactivation through potentially unrelated pathways. We compared MCMV-ie gene
expression in the transplanted (G) kidneys to that in the control (C) kidneys. While MCMV-
ie gene expression can be occasionally detected in control kidneys, our analyses focus on TNF-
induced induction of expression. MCMV ie -1 gene expression was induced in transplanted
kidneys relative to the contralateral control kidneys in 3/6 WT mice treated with control
antibody (Figure 2A) and in 2/6 TNF-α KO mice treated with anti-TNF-α (Figure 2B). In a
separate experiment, MCMV ie-1 and ie-3 expression was induced in 3/3 and 1/3 WT mice
treated with control antibody respectively and in 2/4 and 1/4 in TNF-α KO mice treated with
anti-TNF-α (Figure 2C and 2D) These results suggest that TNF–α is not required for
transcriptional reactivation of ie gene expression in response to allogeneic transplantation.
However, these results leave open the possibility that the anti-TNF–α antibody was insufficient
to block TNF–α produced by the donor.
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Blocking TNFR signaling in donor kidneys latently infected with MCMV also shows that TNFR
signaling is not required for transcriptional activation of MCMV ie-1

In order to test the requirement for TNF–α signaling in reactivation of ie gene expression more
definitively, we adopted the strategy of using latently infected TNF–α receptor-deficient mice
as donors for allogeneic transplants. In this case, the cells of the donor kidney would be unable
to respond to TNF–α produced either by the donor or the recipient. There are two receptors for
TNF–α, TNFR1 and TNFR2. TNFR1 is the major receptor for soluble TNF–α and is also a
receptor for lymphotoxin alpha. Although the biological role of TNFR2 has not been well
defined, TNFR2 is thought to mediate the effects of membrane-bound TNF–α (22). We
therefore used mice deficient in both TNFR1 and TNFR2 to block TNF–α signaling.
Commercially available TNFR1/TNFR2-deficient mice are derived from embryos of B6;129S
mice. B6 mice are resistant to MCMV infection due to recognition of the ligand encoded by
the MCMV m157 gene by the NK cell receptor Ly49H (23). Deletion of this gene results in
gain of virulence in Ly49H+ mouse strains (18). We therefore used the Δm157 MCMV virus
to test the ability of MCMV to reactivate in allogeneic kidney transplants of TNFR1/TNFR2-
deficient mice.

We first tested the ability of this virus to replicate during acute infection. Our studies show that
the Δm157 virus was able to replicate during acute infection in multiple organs of TNFR1/
TNFR2-deficient mice at levels similar to that of Smith strain virus in wild type BALB/c mice
(Fig. 3). We then examined the ability of this virus to establish latent infection. Using nested
PCR, we were able to detect MCMV DNA in the lungs and kidneys of Δm157-infected TNFR1/
TNFR2-deficient mice six months after infection (Fig. 4A). DNA from Smith-infected BALB/
c mice was analyzed in parallel as a positive control. In addition, we were able to induce
reactivation of infectious virus from explants of spleen tissue from Δm157-infected TNFR1/
TNFR2-deficient mice six months after infection. The titer of virus recovered from these mice
was not significantly different from that of explants of Smith-infected BALB/c mice, which
were analyzed as a positive control (Fig. 4B).

Having thus demonstrated that the Δm157 virus is able to establish latent infection in TNFR1/
TNFR2-deficient mice, we used TNFR1/TNFR2-deficient mice latently infected with the
Δm157 virus as donors for allogeneic transplants to assess the requirement for TNFR-mediated
signaling in transcriptional reactivation of MCMV. Transcriptional reactivation of ie gene
expression was observed to varying degrees in 5/8 kidney transplants from latently infected
TNFR1/TNFR2-deficient mice (Fig. 5). MCMV ie-1 induction appeared weak (Lanes 1, 5, 6
and 7) in 4/5 mice suggesting that alternative signaling pathways driving expression of MCMV
ie-1 gene expression in allogeneic transplants. Nonetheless, these results also suggest that TNF-
α is not required for transcriptional reactivation of ie gene expression in response to allogeneic
transplantation since TNF-α signaling cannot occur in the absence of both TNFR1 and TNFR2
in the donor kidney.

Discussion
Reactivation of CMV in immunosuppressed patients correlates with use of anti T-cell therapy,
which induces TNF expression (24-29), and with the onset of TNF-α associated complications
such as in sepsis, allograft rejection, or GVHD (30-32). Reactivation of CMV is also temporally
associated with sepsis in non-immunosuppressed patients (33-35). Furthermore, in vitro studies
have shown that the HCMV enhancer is responsive to TNF-α in an NF-κB-dependent manner
in transient transfection assays (36,37). Studies with MCMV latent mice have shown that TNF-
α is sufficient to induce reactivation of ie gene expression or viral replication (4,15,38).

We previously hypothesized that expression of TNF-α induced by allogeneic transplantation
could play a critical role in transcriptional reactivation of ie gene expression (14,15). Although
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TNF-α is sufficient to induce reactivation of ie gene expression in some cells, our studies here
show that TNF-α is not required in the context of allogeneic transplantation. This observation
is consistent with our previous studies using MIEP-lacZ transgenic mice carrying a β-
galactosidase reporter gene under the control of the HCMV major immediate early enhancer.
These studies showed that the HCMV enhancer is activated by I/R, syngeneic transplantation,
or allogeneic transplantation independently of TNFR signaling (16,17). However, there are
many differences between the HCMV MIEP-lacZ transgenic model and mice latently infected
with MCMV that led us to question whether our findings in the transgenic model were reflective
of latent MCMV. First, although we observed activation of the HCMV enhancer in transgenic
mice in response to I/R injury (16), we were not able to induce reactivation of MCMV ie gene
expression in this model (data not shown). Second, although there are many similarities
between the HCMV and MCMV enhancer regions, they also differ in sequence. The HCMV
enhancer appears to have more complexity in terms of the number of potential transcription
factors that may control its regulation (12,15). Third, activation of the HCMV enhancer in
MIEP-lacZ mice does not result in production of viral gene products, which may have both
positive and negative regulatory effects on other viral and cellular genes. Fourth, the MCMV
genome is likely to be maintained as an episome as are the genomes of other herpesviruses
(39), whereas the MIEP transgene is integrated into the cellular genome (40). We have recently
shown that the MIEP enhancer region is bound to cellular repressors of transcription (10) in
latently infected mice. The context of the DNA may be important in recruitment of these
repressors, and thus, they may not be associated with the MIEP when the region is integrated
into cellular DNA. Therefore, we felt it was important to define the requirement for TNF-α in
reactivation of MCMV ie gene expression induced by transplantation, especially in view of
our published observations and those of others regarding the association between TNF-α and
CMV reactivation.

Our results showed that TNF-α is expressed by cells of both the donor kidney and the recipient
in Day 2 murine allografts. To study the requirement for TNF-α-signaling in reactivation of
ie gene expression in the donor kidney, it was therefore necessary to block signaling from both
donor and recipient-derived TNF-α. We chose two complimentary approaches to achieve this
goal. The first involved blocking interaction of TNF-α with its receptor through the use of
TNF-α-deficient recipients treated with anti-TNF-α antibody. The second approach involved
use of TNF-α receptor-deficient donor mice latently infected with MCMV, so that the cells
harboring latent virus would not be able to respond to TNF-α produced by either the donor or
the recipient. In both cases, we were able to demonstrate that ie gene transcription still occurred
as a result of allogeneic kidney transplantation. These studies provide the important insight
that TNF-α is not required in the transcriptional activation of latent MCMV in a model of
kidney allotransplantation.

Expression of both the HCMV and MCMV ie genes is controlled by the enhancer region of
the MIEP, which contains potential binding sites for many transcription factors, including NF-
κB and ATF, and AP-1 (12). Mutations of these binding sites will help better understand the
role of these transcription factors in response to activation by a variety of inflammatory stimuli
in addition to TNF-α (13). Currently available mutants have not been helpful in this regard
given that they are attenuated for viral replication (data not shown). Previous studies have
shown that LPS, a ligand for TLR4, is sufficient to induce reactivation of MCMV and HCMV
(9,38). We have found up-regulation of several endogenous ligands for Toll-like receptors,
including fibronectin, fibrinogen, biglycan, and heat shock proteins in murine Day 2 allografts
as well as increased expression of several Toll-like receptors and other pathogen recognition
receptors (21). Thus, the innate immune response to damaged cellular ligands may play an
important role in transcriptional reactivation of MCMV in this model. Determining which of
the many possible ligands and receptors in addition to TNF-α mediate activation of the MCMV
enhancer in response to transplantation remains a significant challenge for the future. A better
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understanding of the factors that control reactivation of ie gene expression in the context of
transplantation would be valuable in guiding the development of novel therapies targeting
initiation of reactivation.
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Abbreviations
ATF  

activating transcription factor

AP-1  
activating protein-1

HCMV  
human cytomegalovirus

ie-1  
immediate early gene 1

ie-2  
immediate early gene 2

ie-3  
immediate early gene 3

I/R  
ischemia reperfusion

LPS  
lipopolysaccharide

MCMV  
murine cytomegalovirus

MIEP  
major immediate early promoter

NF-κB  
nuclear factor kappa-light-chain-enhancer of activated B cells

TNF-α  
tumor necrosis factor, alpha

TNFR1  
TNF receptor 1

TNFR2  
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TNF receptor 2

WT  
wild type
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Fig. 1. TNF-α RNA is derived from both donor and recipient cells in kidney allografts
RNAs from control and transplanted kidneys of latently infected TNF-α-sufficient BALB/c
mice transplanted into TNF-sufficient C57BL/6 mice treated with control antibody (n=7) or
TNF-deficient (n=5) recipients treated with anti-TNF-α were analyzed for TNF-α expression
by real time PCR. Expression was normalized to HPRT. The fold change for each mouse was
calculated as the ratio of the transplanted kidney to the contralateral control as described in the
methods. Results shown are the average fold change plus standard error. *, p < 0.001.
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Fig. 2. Role of TNF–α in transcriptional reactivation of ie-1 expression
RT-PCR and Southern blot hybridization analysis of RNA extracted from kidneys of six
MCMV (Smith strain) latently infected BALB/c mice transplanted into allogeneic C57BL/6
recipient mice treated with control antibody (A) or into TNF–α-deficient mice treated with anti-
TNF–α (B). Pairs of contralateral control (C) and transplanted (G) kidneys from each mouse
are shown grouped together. ie-1 RNA was amplified from the cDNA with ie-1 specific primers
CH16 and CH17 and detected by hybridization with CH15 (6) as previously described (15).
ie-1 DNA and RNA are distinguishable by size. R, RNA size marker; D, DNA size marker.
Fig. 2C and 2D. In a separate experiment, ie-1 and ie-3 are induced in 3/3 and 1/3 WT mice
(control antibody) respectively, compared to 2/4 and 1/4 respectively in TNF-α KO mice
treated with anti-TNF-α antibody.
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Fig. 3. Acute infection of Δm157 virus in TNFR1/TNFR2-deficient mice is similar to that of Smith
virus in wild type BALB/c mice
Organs from infected mice (n=3) were homogenized and analyzed for the presence of infectious
virus by plaque assay 4 days after infection. WT, BALB/c mice infected with Smith strain
virus; TNFR-/-, B6;129S-Tnfrsflatm1ImxTnfrsf1btm1Imx mice infected with Δm157 virus.
Results shown are the average plus standard deviation.
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Fig. 4. Δm157 virus establishes latency in TNFR1/TNFR2-deficient mice
(A) Nested PCR analysis of MCMV ie-1 DNA in lungs and kidneys of Δm157-infected
B6;129S-Tnfrsflatm1ImxTnfrsf1btm1Imx mice. Lanes: L, nested PCR analysis of lung DNA from
a Smith-infected BALB/c mouse; 1,2,3, nested PCR analysis of DNA isolated from lungs and
kidneys of three Δm157 latent B6;129S-Tnfrsflatm1ImxTnfrsf1btm1Imx mice; N, no template
control. (B) Titers of reactivated virus in supernatants derived from spleen explants of Smith
infected BALB/c mice (WT) or Δm157-infected B6;129S-Tnfrsflatm1ImxTnfrsf1btm1Imx

(TNFR-/-) mice. Results shown are the average titers of explants from three mice analyzed in
duplicate plus standard deviation.
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Fig. 5. TNFR signaling in donor kidneys is not required for transcriptional reactivation of ie gene
expression
RNA extracted from control (C) and transplanted (G) kidneys of eight Δm157 latently infected
B6;129S-Tnfrsflatm1ImxTnfrsf1btm1Imx mice transplanted into allogeneic BALB/c recipients
was analyzed by RT-PCR and Southern blot hybridization for expression of ie-1 RNA. R, RNA
size marker; D, DNA size marker.
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