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We investigated the effect of murine cytomegalovirus (MCMV) on interstitial pneumonia in transplant recipients in an
experimental skin allograft model. Skin transplantation between C57BL/6J and BALB/c mice was performed in the presence or
absence of cyclosporin A treatment. Flow cytometry showed that the number of CD4+ and CD8+ cells and the level of IFN-
𝛾 decreased significantly in the groups treated with cyclosporin A. We either mock-infected or infected the mice with MCMV
by intranasal administration and monitored pathophysiological behavior and body weight. The infected mice were sacrificed at
different days postinfection for histology, immunohistochemistry, and molecular biological evaluations. Interstitial pneumonitis
was observed in positive control groups as well as in experimental group that received cyclosporin A, a skin transplant, and infected
with the highest dose of virus (105 PFU). Transmission electronic microscopy demonstrated the presence of herpes virus particles.
MCMVDNAand glycoprotein Bwere demonstrated in the epithelial cells of the lung tissue in those animals by in situ hybridization
and immunohistochemistry, respectively. Our data demonstrated the establishment of a mouse model of interstitial pneumonitis
via MCMV infection after allogeneic skin transplantation.

1. Introduction

Cytomegalovirus (CMV), a beta herpesvirus, is the major
cause of birth defects, as well as a critical pathogen to
immunocompromised individuals [1]. More frequent cases
of organ transplantation, blood dyscrasia, and cancer have
facilitated an explosive increase in the incidence of clinically
active human CMV (HCMV) infection [2, 3].

HCMV typically affects multiple organs, resulting in hep-
atitis, pneumonitis, retinitis, colitis, and other diseases [4].
The lungs are a prominent site of CMV infection, especially
acute infection, latency, and reactivation. CMV-associated
interstitial pneumonia/pneumonitis (CMV-IP) has been rec-
ognized as the most fatal cause of death among the clinical
symptoms of HCMV infection in immunocompromised

patients, such as recipients of skin transplantation and solid
organ transplants. Thus, it is a significant impediment to
successful organ transplantation [5–8].

Successful animal models of HCMV infection have been
difficult to develop because of the extreme species specificity
exhibited by members of the CMV family [9]. Since mouse
models have been used extensively to define the contribution
of various components of host immunity to the control
of CMV infection, murine cytomegalovirus (MCMV) has
become a goodmicroorganism for studying systemic HCMV
infections [10] and could be used to model HCMV-related
disease.

HCMV pneumonitis might be the consequence of a
HCMV infection by a contaminated graft implanted in a
HCMV-negative recipient. It might also result from HCMV
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reactivation in a HCMV-positive patient in response to stress
and/or immune suppression associated with organ trans-
plantation. Our current study was designed to investigate
the combined effects on the lungs of stress associated with
organ transplantation and cyclosporin A- (CsA-) mediated
immune suppression. We aimed to establish a mouse model
of MCMV-associated interstitial pneumonitis using mice
receiving allogeneic skin transplants.

2. Materials and Methods

2.1. Mice. Specific pathogen-free- (SPF-) inbred female mice,
including 128 recipients (BALB/c) and 20 donors (C57BL/6J)
that were 6–8 weeks old weighing 15–20 g, were purchased
and maintained in the pathogen-free mouse room in the
Experimental Animal Center of Anhui Medical University,
China. The animal protocol was reviewed and approved
by the Institutional Animal and Use Committee of Anhui
Medical University.

2.2. Viruses. The Smith strain of MCMV (a gift from
Professor H. W. Virgin, School of Medicine, Washington
University, USA) was routinely propagated in BALB/c mouse
embryo fibroblasts (MEFs; prepared in house), maintained in
Eagle’s minimal essential medium (MEM; Gibco, Invitrogen
Corporation, CA, USA) containing 10% fetal bovine serum
(FBS; Invitrogen Corporation, Invitrogen Shanghai Office,
China), 100U/mL penicillin, and 10𝜇g/mL streptomycin, as
previously described [11]. For MCMV titration experiments,
MEFs were seeded in 12-well tissue culture plates (5 ×
104 cells/well) 1 day before the titration assay. MCMV was
serially diluted inMEM and added (0.5mL) in duplicate onto
fibroblast monolayers for 1 h at 37∘C. Unadsorbed viruses
were removed. Eachmonolayerwas then coveredwith culture
medium containing 1.5% methylcellulose and 2% FBS. After
4 days, the medium was removed. The cells were fixed with
5% formaldehyde in saline and stained with crystal violet.
After washing with saline, the cultures were examined by
microscopy and the number of plaques was determined.

2.3. Skin Grafting. Using trunk skin from donor mice
(C57BL/6J), skin allografting was performed as previously
described [12]. A square graft (1 cm × 1 cm) was placed on a
graft bed prepared on the flank of a BALB/c recipient mouse.
The graft was covered with protective bandages for 8 days.
Allograft recipients received intraperitoneal injections of
cyclosporin A (CsA; Novartis Pharma, Nürnberg, Germany,
20mg/kg/day) daily throughout the study. Rejection was
considered to have occurred when grafts exhibited dark
discoloration, scabbing, andnecrotic degeneration.Of the 176
BALB/c mice, 80 were given skin grafts. The rest (96 BALB/c
mice) were equally divided into 6 control groups: Control-
A received CsA without allografts; Control-AV received
CsA treatment and 1 × 105 PFU MCMV each without
allografts; Control-B received allograftwithoutCsA;Control-
BV received allografts and 1 × 105 PFUMCMV each without
CsA treatment; and Control-C received neither allografts

nor CsA. Control-CV received neither allografts nor CsA
treatment, but did receive 1 × 105 PFUMCMV.

2.4. Immunosuppression of Transplanted Mice. The number
of CD4+ and CD8+ T cells in the peripheral blood of trans-
planted mice was determined by flow cytometric analysis
using Phycoerythrin- (PE-) Texas red-conjugated anti-CD4
and fluorescein isothiocyanate- (FITC-) conjugated anti-
CD8 antibodies (Santa Cruz Biotechnology, CA, USA). The
IFN-𝛾 levels in mouse plasma collected from the transplant
recipients and control animals on day 14 after CsA injection
were determined using ELISA (Abcam Corporation, MA,
USA).

2.5. Intranasal Administration of MCMV. MCMV can be
spread through saliva or breast milk in mice. Therefore, its
horizontal and vertical transmissions are very common [13].
Animals in this study were infected withMCMV intranasally,
since the oral, intranasal, and subcutaneous routes can be the
natural MCMV infection routes [14, 15].

Intranasal injection of MCMV was carried out by inject-
ing 80𝜇L of MEM containing 1 × 102 PFU (Group A), 1 × 103
PFU (GroupB), 1× 104 PFU (GroupC), or 1× 105 PFU (Group
D)MCMV.Mice of the mock-infected group (Group E) were
injectedwith an equal volumeofMEM. Infected animalswere
housed in isolation apart from control animals.

2.6. Virus Isolation. Mice were sacrificed at 5 d, 9 d, 14 d, or
21 d postinfection, and lung tissue was collected for analysis.
For virus isolation, 100mg of lung tissue was removed
aseptically, homogenized in 1mL of MEM, and centrifuged
at 1000 rpm for 20min at 4∘C. The supernatant was filtered
through 0.2𝜇mfilter, and 0.2mL of 10-fold dilutes was placed
on a MEF monolayer. The cytopathic effect (CPE) of herpes
virus-like cell lesions was observed daily. Some CPEs were
confirmed by immunocytochemistry with anti-MCMV gB
antibody.

2.7. Detection of MCMVDNA and RNA by PCR and RT-PCR.
DNA was extracted from lung tissue using a genomic DNA
isolation Kit (Takara Biotechnology, Dalian, China). RNA
was extracted from fresh lung tissue by homogenization in
Trizol reagent (Invitrogen, CA,USA).The extractedRNAwas
purified according to the directions from the manufacturer.
PCR was performed as previously described [16]. Reverse
transcription-PCR (RT-PCR) analysis of the MCMV RNA
was performed according to the method described by Henry
and Hamilton [17]. MCMV IE and M55 genes were used
as the PCR amplification targets. The primers are listed in
Table 1.

2.8. Real-Time PCR Analysis. Real-time PCR was performed
using Premix Ex Taq master mix (Takara Biotechnology,
Dalian, China) in a Rotor Gene 3000 Fast system. Primers
and TaqMan probes are listed in Table 1. Each sample was
analyzed in triplicate. The thermal cycling conditions were
95∘C for 3min, 40 cycles of 95∘C for 10 s, 54∘C for 10 s, and
then 60∘C for 30 s.
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Table 1: Primers and probes for PCR/RT-PCT, real-time PCR, and in situ hybridization.

Primer name Primer or probe sequences PCR product size and reference
IEA Dig probe 5-TTCTCTGTCAGCTAGCCAATGATATCTTCGAGC-3 [17]

IEA primers Forward: 5-TACAGGACAACAGAACGCTC-3
Reverse: 5-CCTCGAGTCTGGAACCGAAA-3

300 bp
[17]

M55 primers Forward: 5-GCGACATACACTTCTCCATT-3,
Reverse: 5-CAGAATACGTGGCTCACA-3, 209 bp

IEB primers and probe
Forward: 5-TGCCATACTGCCAGCTGAGA-3
Reverse: 5-GGCTTCATGATCCACCCTGTT-3
Probe (FAM): 5-CTGGCATCCAGGAAAGGCTTGGTG-3

66 bp
[18]

Mouse 𝛽-actin primers
and probe

Forward: 5-GAAGATCAAGATCATTGCTCCT-3
Reverse: 5-TACTCCTGCTTGCTGATCCA-3
Probe (FAM): 5-CTGTCCACCTTCCAGCAGA-3

111 bp
[18]

2.9. Transmission Electron Microscopy (TEM). To prepare
for electron microscopy, lung tissues from mice were fixed
with 2.5% glutaraldehyde in Hanks’ balanced salt solution
(HBSS), postfixed with 10% osmium tetroxide, dehydrated,
and embedded in Epon. Ultrathin sections were cut, placed
on 200 mesh copper electron microscope grids, stained
with uranyl acetate, and examined with a JEM-2000EXII
transmission electron microscope.

2.10. Histological Evaluation. For histological evaluation,
the tissues were fixed with freshly prepared 4% buffered
paraformaldehyde, embedded in paraffinwax, and sectioned.
Sections were stained with hematoxylin-eosin (H&E) and
subsequently examined by light microscopy. Each specimen
was scored using the following criteria [19]: 0 = normal lung;
0.5 = 1 or 2 foci of 10–20 cells per section, or small areas with
twofold-thickened alveolar septa; 1.0 = 3–5 foci of 10–30 cells
per section, or widespread areas with twofold-thickened
alveolar septa; 2.0 = 5+ foci of 10–50 cells per section, or two-
to three-fold-thickened alveolar septa throughout the lung;
and 3.0 = 5+ foci of 10–100 cells per section, or three- to four-
fold-thickened alveolar septa throughout the lung.

2.11. In Situ Hybridization for Viral DNA. For in situ hybri-
dization, lung tissue sections were permeabilized with pro-
teinase K (100 𝜇g/mL) for 20min, washed with PBS, and
postfixed with 4% formaldehyde (from paraformaldehyde)
for 10min. The sections were then treated with 0.3M NaOH
for 5min and neutralized with 0.4M Tris-HCl (pH 7.4) for
15min. The sections were subsequently washed with PBS
and sequentially dehydrated with 50% and 100% ethanol.
Prehybridization was carried out in buffer (50% formamide,
1× SSC, 1× Denhardt’s, 500𝜇g/mL salmon sperm DNA) at
room temperature for 2-3 h. Specimens were then covered
with a hybridization buffer (prehybridization buffer supple-
mented with a digoxigenin-conjugated oligonucleotide probe
(Table 1) targeted to MCMV IE1 gene and 10% dextran
sulfate) and incubated for 10min at 85∘C and overnight
at 37∘C. Following hybridization, slides were sequentially
washed with 2× and 0.1× SSC. The sections were incubated
with alkaline phosphatase-conjugated antibodies to digox-
igenin (Roche Diagnostics, Mannheim, Germany) for 2 h,
washed, and visualized by histochemical detection of alkaline

phosphatase activity [20]. Levamisole (0.5mM) was added
to the substrate to inhibit endogenous alkaline phosphatase
activity in the tissue.

2.12. Immunohistochemistry. Sample collection and immun-
ohistochemical staining were performed as described pre-
viously [21]. Briefly, paraffin-embedded lung sections were
deparaffinized and hydrated through graded alcohol washes.
The sections were blocked with PBS supplemented with 0.2%
Triton X-100 and 10% normal horse serum for 60min at
room temperature. They were then incubated with anti-
CMV gB monoclonal antibodies (Virusys Corp., MD, USA)
overnight at 4∘C. The samples were then incubated with
HRP-conjugated rabbit anti-mouse IgG (Fab fragments) for
2 h at room temperature, followed by 3,3-diaminobenzidine.
Images were obtained with a digital camera (Leica CTR
6000 microscope, Germany) and analyzed with Velocity 5.4
imaging software (Improvision, Waltham, MA, USA).

2.13. Statistical Analysis. Comparison among groupswas per-
formed via analysis of variance. Mean values were compared
using Student’s 𝑡-test. 𝑃 values of <0.05 were considered sta-
tistically significant. The statistical analyses were performed
using SPSS software version 13.0 (SPSS Inc., Chicago, IL,
USA).

3. Results

3.1. Transplant Performance. Skin grafts from 20 C57BL/6J
mice were successfully transplanted to 112 BALB/c mice
(Figure 1). Around 8-9 days after transplantation, skin grafts
on the recipient BALB/cmice began to scab off. In theControl
B and Control BV groups, most of the skin grafts showed
necrosis because of graft rejection in the absence of CsA. Of
the mice in experimental Groups A–E, in which CsA was
administered continuously for 14 days, subcutaneous blood
vessels under the skin grafts were found in 72 (90%) of
the transplanted mice. Additionally, 18 (22.5%) mice showed
growen hair on the skin grafts.

3.2. Immune Status of Mice. In order to determine the
immune status of themice receiving CsA and transplants, the
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Figure 1: Skin transplantation fromC57BL/6J mouse to BALB/c mice. (a) Shaved C57BL/6J donor mouse before transplantation. (b) BALB/c
recipient mice before transplantation. (c) Recipient mouse at 0.5 d after transplantation. (d) Recipient mouse at 4 d after transplantation.

Table 2: T lymphocyte subtypes in mouse peripheral blood.

Mouse group
The proportion of T lymphocyte subtypes

(𝑥% ± SD, 𝑛 = 4)
CD4+ CD8+ CD4+/CD8+

Control A 16.28 ± 1.29 11.46 ± 0.51 1.42 ± 0.30

Control B 25.78 ± 1.52 14.82 ± 0.60 1.74 ± 0.52

Control C 23.70 ± 1.43 14.40 ± 0.65 1.65 ± 0.51

Control AV 14.03 ± 1.30 10.79 ± 0.48 1.30 ± 0.39

Control BV 23.28 ± 1.41 14.93 ± 0.62 1.56 ± 0.45

Control CV 21.75 ± 1.48 14.50 ± 0.59 1.50 ± 0.47

Group A 17.74 ± 1.41 12.32 ± 0.58 1.44 ± 0.40

Group B 17.46 ± 1.36 12.38 ± 0.54 1.41 ± 0.32

Group C 17.07 ± 1.33 12.46 ± 0.49 1.37 ± 0.23

Group D 16.42 ± 1.32 12.53 ± 0.51 1.31 ± 0.22

Group E 18.20 ± 1.69 12.24 ± 0.52 1.49 ± 0.24

CD4+ and CD8+ cells in the peripheral blood of the animals
were examined by flow cytometry, and IFN-𝛾 levels in blood
were assayed by ELISA. It was found that CsA, but not the
allografts, decreased the numbers of both CD4+ and CD8+
cells significantly (Table 2). Similarly, IFN-𝛾 levels in theCsA-
treated groups (Controls A and AV) were much lower than in

Table 3: IFN-𝛾 levels in mice plasma.

Mouse group Mean ± SD (pg/mL)
Control A 22.875 ± 0.682

Control B 26.897 ± 0.874

Control C 26.073 ± 0.921

Control AV 20.674 ± 0.645

Control BV 24.382 ± 0.674

Control CV 24.012 ± 0.753

Group A 20.442 ± 0.482

Group B 19.845 ± 0.490

Group C 19.027 ± 0.478

Group D 18.124 ± 0.471

Group E 22.753 ± 0.507

the untreated groups (Controls B, BV, C, and CV). All trans-
planted mice (Groups A–D) exhibited gradually decreasing
levels of IFN-𝛾 as the virus dose was increased (𝑃 < 0.05)
(Table 3). In response to viral infection, the number of CD4+
cells and the CD4+/CD8+ ratio both decreased in MCMV-
infected control groups (ControlsAV, BV, andCV) than in the
corresponding virus-free control groups (Controls A, B, and
C, resp.). Also, IFN-𝛾 levels in the MCMV-infected control
groups (Controls AV, BV, and CV) were slightly lower than
those in the corresponding control groups (Controls A, B,
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Table 4: Detection of MCMV or its DNA or RNA in lung tissues from mice of all groups.

Group Number Virus isolation (%) Viral DNA (%) Viral mRNA (%)
MCMV IE MCMVM55 MCMV IE MCMVM55

Control A 16 0 0 0 0 0
Control B 16 0 0 0 0 0
Control C 16 0 0 0 0 0
Control AV 16 43.8 100 100 100 50
Control BV 16 18.7 100 100 100 31.3
Control CV 16 12.5 100 100 100 25
Group A 16 0 100 100 100 0
Group B 16 0 100 100 100 43.8
Group C 16 37.5 100 100 100 62.5
Group D 16 62.5 100 100 100 75
Group E 16 0 0 0 0 0

and C, resp.). This suggests that viral infections may decrease
the level of cellular immunity. Therefore, we ensured that the
transplant recipients lived in an immunosuppressed state via
continuous CsA administration after grafting compared with
normal mice.

3.3. The Physiological Changes of Recipient Mice after MCMV
Infection. More pathophysiological manifestations, such as
lethargy and anorexia, were observed in MCMV-infected
control groups (Controls AV, BV, and CV) compared with
those not treated with CMV (Controls A, B, and C). The
symptomswere particularly evident in the Control AV group.
In the experimental groups, lethargy and anorexia were
observed in animals of Group D, but not in mice of the other
groups.Thedifference betweenGroupDand the other groups
was significant.

Furthermore, the growth of MCMV-infected mice (Con-
trols AV, BV, and CV), as measured by body weight, was
slower than those of the corresponding control groups (Con-
trols A, B, and C) (Figure 2(a)) (𝐹 = 9.213, 𝑃 < 0.05). The
growth of mice in group D was also slower than the growth
of the uninfected mice of Group E (𝐹 = 10.492, 𝑃 < 0.01)
(Figure 2(b)).

3.4. Virus Isolation. As shown in Table 4, no virus was
isolated frommice of the negative control groups (ControlsA,
B, and C). However, from the three MCMV-infected control
groups,MCMVwas isolated from 43.8% (Control AV), 18.7%
(Control BV), and 12.5% (Control CV) of the mice. These
results imply that the use of CsA inMCMV-infectedmice can
promote viral proliferation.

MCMV was isolated from lung tissue of the animals of
Groups C (37.5% or 6/16) and D (62.5% or 10/16) at 5, 9, and
14 days after infection (Figure 3). No virus was isolated from
mice that received virus <103 PFU.

3.5. PCR and RT-PCR. The results of PCR and RT-PCR
analyses are shown in Table 4. No PCR and RT-PCR products
were obtained from the negative control groups (Controls A,

B, and C). However, in the MCMV-infected control groups,
MCMV IE and M55 DNA were successfully amplified from
each group’s tissue (100%). The transcript from the MCMV
IE gene was detected in 100% of the animals. The transcript
from the MCMV M55 gene was found in 25%–50%. These
results suggest that the application ofCsAwas able to enhance
the replication and propagation of MCMV in host mice. In
the experimental groups, PCR and RT-PCR studies revealed
that MCMV IE-1 DNA and MCMV IE-1 RNA appeared in
lung tissues as early as 5 days postinfection (Figure 4(a)). In
addition, MCMV late gene M55 transcripts were detected by
RT-PCR between 5 and 21 days postinfection (Figure 4(b)).
These results suggest that productive infection occurred in
the lung tissue of mice treated with MCMV.

3.6. Real-Time PCR. MCMV DNA copy numbers in the
lung tissues of recipient mice were analyzed by real-time
PCR. The average viral copy number increased between 5
and 9 days postinfection and then decreased 14 and 21 days
postinfection (Figure 5). The results were consistent with the
previous reports of acute MCMV infection in adult mice
after 3-4 weeks of effective infection [22]. For the three
negative control groups (Controls A, B, and C), the DNA
copy numbers of MCMV were near to zero. The MCMV
DNA copy number was higher for Group AV compared with
that of Control BV and Control CV (Figure 5(a)). Among the
five experimental groups (Groups A–E), the highest MCMV
DNAcopy number appeared inGroupD (5.6× 104 copies/𝜇g)
at 9 days postinfection (Figure 5(b)).This fits the cut-off value
of CMV-IP reported previously [23].

3.7. Transmission Electronic Microscopy (TEM). TEM was
used to visualize the viral particles of MCMV in the lung
tissue of infected mice. Herpes-like virus particles and inclu-
sion bodies were imaged by TEM in the epithelium of the
lung tissue in mice of Control AV, Control BV, Control CV,
Group C, and Group D (Figure 6). None of the virus particles
or inclusion bodies were found by TEM in the lung tissue of
other mice groups.
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Figure 2: (a) The body weight of mice of the control groups (Controls A, B, C, AV, BV, and CV) at different days postinfection. (b)The body
weight of mice of the experimental groups (Groups A–E) at different times after MCMV infection.

(a) (b)

Figure 3: MCMV isolation from lung tissue of infected mice (unstained, ×100). MEF cells were incubated with suspension of lung tissue
homogenates. (a) No CPE was present in MEF cells incubated with lung tissue homogenate from a mouse in Group E (uninfected control).
(b) CPEs were observed in MEF cells incubated with lung samples from a mouse in group D.
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Figure 4: (a) MCMV IE gene expression in lung tissue as determined by RT-PCR assay. M: DNA marker. 1: positive control. 2–5: IE gene
expression in mice of Group D at 5, 9, 14, and 21 days postinfection. 6: IE gene expression in mice of group E (negative control). (b) MCMV
M55 DNA in lung tissue as determined by RT-PCR assay. M: DNAmarker. 1: positive control. 2–5: mice of Group D after being infected with
MCMV 5, 9, 14, and 21 days. 6: Sample from mice in Group E (negative control).
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Figure 5: (a) MCMV viral load in lung tissues of BALB/c mice of the control groups (Controls A, B, C, AV, BV, and CV) at 5, 9, 14, and 21
days postinfection. The DNA copy numbers were determined by real-time PCR assay (𝑛 = 3 at each time point per group). (b) MCMV viral
load in the lungs of BALB/c mice of the experimental groups (Groups A–E) at 5, 9, 14, and 21 days postinfection. The DNA copy numbers
were determined by real-time PCR assay (𝑛 = 3 at each time point per group).

(a) (b)

Figure 6: Herpes-like virus particles in the alveoli of lung tissues as observed by TEM. (a) Herpes virus-like nucleocapsids (arrows) were
present in an epithelial cell of the alveoli of a mouse of Group C 21 days postinfection (×50,000). (b) An inclusion body was found in the
cytoplasm of an epithelial cell of the alveoli of a mouse in Group D 21 days postinfection (×30,000).

3.8. H&E Staining. In order to confirm that the mouse
model was a useful model of MCMV interstitial pneumo-
nia, histological analysis was carried out on tissues from
infected and mock-infected mice. Lung tissues from mice of
the MCMV-infected control groups (Controls AV, BV, and
CV) were markedly impaired, as evidenced by the dense
inflammatory foci, compared with those from the negative
control groups (Controls A, B, and C).The same pathological
appearance was observed in Group C and Group D, which
was different compared with Group E. The most severe
abnormality appeared 14 days after infection. The inflamma-
tory foci diffused through the lung parenchyma. The walls

of the pulmonary alveoli had thickened, likely due to the
edema of alveolar epithelia, proliferation of interstitial cells
and interstitial lymphocytes, and inflammatory infiltration
of mononuclear cells. In addition, the alveolar space became
smaller, and the compensatory emphysema was found on
the lobe edges. No abnormalities were noted in the lungs
of uninfected Group E mice. Histological scoring indicated
that the lungs of infected mice had significant interstitial
inflammation (Figure 7).

3.9. In Situ Hybridization. Digoxigenin-labeled, MCMV IE-
specific probes were used for the detection of MCMV DNA
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Figure 7: (a)–(c) H&E staining of lung tissue from infected or mock-infected mice. (a) Tissue from Group E (the mock-infected group)
showed the normal histology of the mouse lung. (b)-(c) Tissues from Group D (b) 14 or (c) 21 days postinfection show mononuclear cell
infiltration and edema of alveolar epithelia (arrows). (d)–(f) In situ hybridization withMCMV-specific probes showed that MCMVDNAwas
present in epithelial cells (arrows) of the alveoli in the lung tissue of mice (e) 14 or (f) 21 days postinfection, but not in (d) mock-infected
mice. (g)–(i) Immunohistochemical staining using anti-MCMV gB monoclonal antibodies revealed viral protein gB (yellow-brown color,
indicated by arrows) appeared in the alveolar epithelia (h) 14 and (i) 21 days postinfection. (g) We observed no staining in the lung tissue of
mock-infected mice. Bar = 50 𝜇m.

in lung sections of mice from the experimental and control
groups. Blue-violet-stained cells were found in the lung
epithelia and lung interval of mice of the MCMV-infected
control groups (Control AV, Control BV, and Control CV) 21
days postinfection. Among the experimental groups, similar
results were found in Group C and Group D at 14 and 21
days postinfection. On the contrary, no positive signal was
observed in the mock-infected mice (Control A, Control B,
Control C, and Group E).

3.10. Immunohistochemistry. NoMCMV antigen was detect-
ed in lung tissues from mice of the mock-infected groups
(Control A, Control B, Control C, and Group E). How-
ever, in the MCMV-infected control groups (Control AV,
Control BV, and Control CV) and Groups C and D,
MCMV gB was found in lung epithelial cells and endothelial
cells at 14 days postinfection, as well as in the interstitial

alveolar epithelial cells at 21 days postinfection by immuno-
histochemistry (Figure 7). No MCMV gB antigen was
detected in the lung tissue of mice of Group A and
Group B.

4. Discussion

Traditionally, research systems studying the molecular biol-
ogy and pathogenic mechanisms of CMV use either human
cells culturedwith humanCMV in vitro [24] or animal CMVs
in their natural host species [25]. Compared with those in
vitro studies, in vivo approaches have advantages because they
resemble more closely the complexity of human conditions.

For HCMV, a few models of HCMV infection were
developed in which human fetal materials were implanted
into laboratory animals to support viral infection in vivo.
Allen et al. [26] used HCMV-infectedMRC-5 cells entrapped
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in agarose plugs before implanting them intraperitoneally
into mice.

A mouse model of severe combined immunodeficiency
disease (SCID) [27] was developed in which conjoint
implants of human fetal thymus and liver were placed under
the kidney capsule with subsequent infection of HCMV [28].
In another model, fragments of human fetal retina were
implanted in the anterior chamber of the eye in athymic rats
to support HCMV growth [29]. Immunocompetent animal
models of HCMV infection were also developed by direct
injection of the virus. Dunkel et al. [30] established an
animal model of progressive HCMV chorioretinal disease by
injection of HCMV (105 PFU) into the rabbit vitreous. Tang
et al. developed a mouse model hallmarking the congenital
human cytomegalovirus infection in the central nervous
system and showed that HCMV could vertically transmit
through the placenta of mice to infect their offspring in the
central nervous system [20].

For MCMV, animal models of MCMV infection were
developed to induce interstitial pneumonia in untransplanted
or transplanted mice. Jordan [31] established a murine model
by intranasal administration of MCMV. They showed that
MCMV could be the sole pathogen responsible for severe
interstitial pneumonitis in normal mice when the mice were
given greater than or equal to 104 PFUofMCMV intranasally.
Fitzgerald et al. [32] described a newborn mouse model of
MCMV infection to examine the pathogenesis of MCMV
infection in resistant and susceptiblemice on the day of birth.
It was found that BALB/c mice developed severe interstitial
pneumonitis 10 days postinfection.

Because HCMVmay result in severe CMV-IP after autol-
ogous bone marrow transplantation (BMT) [33], Podlech
et al. [34] used a model of syngeneic BMT and simulta-
neous infection of BALB/c mice with MCMV to study the
pathogenesis of CMV-IP by controlled longitudinal analysis.
On the contrary, Yonemitsu [15] constructed a model of
latentMCMV infection showing thatMCMValone could not
induce the development of interstitial pneumoniawithout the
help of IL-4 in latent MCMV-infected mice. Therefore, IL-
4 appears to be a key cytokine for the onset of interstitial
pneumonia in mice with latent MCMV infection.

Because amousemodel ofMCMV interstitial pneumonia
with allogeneic skin transplantation was not fully described,
we tried to develop a progressive mouse model of CMV
pneumonitis following skin transplantation.

Firstly, we performed the skin transplantation between
C57BL/6J and BALB/c mice and administrated CsA to
suppress allograft rejection. While most of the recipient mice
exhibited subcutaneous vascular formation and hair growth
in skin grafts after 14 days, about 13% of the transplanted
mice showed reduced physical activities andweight loss. Flow
cytometry showed that the number of CD4+ and CD8+ cells
and the level of IFN-𝛾 decreased significantly in peripheral
blood of the recipient mice compared with those of normal
mice (𝑃 < 0.05). This suggested that those recipient mice
were under immunosuppression status.

Secondly, we infected themice withMCMVby intranasal
administration. Five, 9, 14, and 21 days postinfection, lethargy,
anorexia, and weight loss were observed in themice of Group

D, which received a high dose (105 PFU) of virus. We did
not observe these traits in the mock-infected group of mice
and those that received lower doses of virus. Pathological
examination of the lung tissue demonstrated mononuclear
cell infiltration, alveolar hemorrhage, and interstitial lung cell
enlargement. The walls of the pulmonary alveoli thickened,
probably due to the edema of alveolar epithelia and the
proliferation of interstitial cells. Those pathologic features
were less apparent in the animals that received lower doses
of virus. These observations demonstrated that the pro-
gressive course of acute interstitial pneumonitis occurred
after MCMV infection of skin-transplanted mice, and the
replication of virus in lung tissues resulted in pathological
abnormalities.

Mice of Controls AV, BV, and CVmay develop interstitial
pneumonitis, suggesting that MCMV infection is the major
cause of interstitial pneumonitis. CsA in these groups aggra-
vated the inflammatory response and promoted virus repli-
cation. Infection with the highest dose of MCMV in Group
D resulted in the most severe lung pathological features
and interstitial pneumonitis-like pathological changes at 14 d
and 21 d postinfection. These results implied that a certain
quantity of virus (e.g., 1 × 105 PFU in this study) was needed
to effectively produce typical interstitial inflammation.

On the other hand, mice of the negative control groups
(Controls A, B, and C) did not develop interstitial pneu-
monitis, which suggests that the use of both allograft and
CsA or any of them individually could not induce interstitial
pneumonitis in mice.

Our study showed that successful MCMV replication
was due to a combination of skin transplantation and
CsA immunosuppression. Immunological injury, immune
activation, and immunosuppression may be involved in
virus activation and replication, the mechanisms of which
need further research. Although this model involved a large
number of allogeneic animals, the method is relatively easy,
simple, and economical. Features of this newly developed
animalmodel aremimicked withHCMV infection after solid
organ transplantation in humans [3]. This model, therefore,
is useful for further study of the roles of HCMV infection
in the pathogenesis of interstitial pneumonia in transplant
recipients.

In conclusion, we described here a mouse model of
MCMV-induced interstitial pneumonitis after skin trans-
plantation. MCMV replication is responsible for the progres-
sion of pneumonitis. Thus, this model would enhance the
understanding of the pathophysiology of MCMV infections
and could be useful in studying the prevention of and inter-
ventions for HCMV pneumonitis or pneumonia in patients
receiving transplants.

Conflict of Interests

The authors declare that, as the authors of this paper entitled
“A mouse model of interstitial pneumonitis induced by
murine cytomegalovirus infection after allogeneic skin trans-
plantation,” they do not have direct financial relationships
with the commercial identities mentioned in our paper that
might lead to a conflict of interest for any of them.Theydonot



10 BioMed Research International

have any financial interests or associations that might pose a
conflict of interests.

Authors’ Contribution

Dequn Ni and Haiyang Yu contributed equally to this study.

Acknowledgments

The authors are grateful to Professor H. W. Virgin (School
of Medicine, Washington University, USA) for providing
the Smith strain of murine cytomegalovirus. This work was
supported by a grant from the general research program of
Anhui Medical University (no. 2012xkj005).

References

[1] J. D. Meyers, “Cytomegalovirus infection after organ allograft-
ing,” in The Herpesviruses, B. Roizman and C. Lopez, Eds., p.
201, Plenum Press, New York, NY, USA, 1985.

[2] M. Bergallo, C. Costa, M. E. Terlizzi et al., “Reverse transcrip-
tase-polymerase chain reaction to evaluate human cytomega-
lovirus lytic gene expression,”Molecular Biotechnology, vol. 40,
no. 2, pp. 144–150, 2008.

[3] M. J. Pérez-Sola, J. J. Castón, R. Solana, A. Rivero, and J.
Torre-Cisneros, “Indirect effects of cytomegalovirus infection
in solid organ transplant recipients,” Enfermedades Infecciosas y
Microbiologia Clinica, vol. 26, no. 1, pp. 38–47, 2008.

[4] E. S. Mocarski, T. Shenk, and R. F. Pass, “Cytomegaloviruses,” in
Field’s Virology, D. M. Knipe and P. M. Howley, Eds., pp. 2701–
2772, Lippincott Williams & Wilkins, Philadelphia, Pa, USA,
5th edition, 2007.

[5] M. Ho, “Epidemiology of cytomegalovirus infections,” Reviews
of Infectious Diseases, vol. 12, no. 7, pp. S701–S710, 1990.

[6] S. R. Riddell, “Pathogenesis of cytomegalovirus pneumonia
in immunocompromised hosts,” Seminars in Respiratory Infec-
tions, vol. 10, no. 4, pp. 199–208, 1995.

[7] N. Salomon and D. C. Perlman, “Cytomegalovirus pneumonia,”
Seminars in Respiratory Infections, vol. 14, no. 4, pp. 353–358,
1999.

[8] J. D. Shanley, R. S. Thrall, and S. J. Forman, “Murine
cytomegalovirus replication in the lungs of athymic BALB/c
nude mice,” Journal of Infectious Diseases, vol. 175, no. 2, pp.
309–315, 1997.

[9] L. Gao, S. Qian, L. Zeng et al., “An animal model of human
cytomegalovirus infection,” Transplantation Proceedings, vol.
39, no. 10, pp. 3438–3443, 2007.

[10] G. R. Shellam, A. J. Redwood, L. M. Smith, and S. Gorman,
“Murine cytomegalovirus and other herpesviruses,” in The
Mouse in Biomedical Research, J. G. Fox, S. Barthold, C.
Newcomer, A. Smith, F. Quimby, and M. Davisson, Eds., vol. 2,
chapter 1, pp. 1–48, Elsevier, Philadelphia, Pa, USA, 2nd edition,
2007.

[11] C. M. Snyder, K. S. Cho, E. L. Bonnett, S. van Dommelen, G.
R. Shellam, and A. B. Hill, “Memory inflation during chronic
viral infection ismaintained by continuous production of short-
lived, functional T cells,” Immunity, vol. 29, no. 4, pp. 650–659,
2008.

[12] H. I. McFarland and A. S. Rosenberg, “UNIT 4.4 skin allograft
rejection,” in Current Protocols in Immunology, chapter 4, 2009.

[13] C. A.Wu, S. A. Paveglio, E. G. Lingenheld, L. Zhu, L. Lefrançois,
and L. Puddington, “Transmission of murine cytomegalovirus
in breast milk: amodel of natural infection in neonates,” Journal
of Virology, vol. 85, no. 10, pp. 5115–5124, 2011.

[14] C. M. Doom and A. B. Hill, “MHC class I immune evasion in
MCMV infection,”Medical Microbiology and Immunology, vol.
197, no. 2, pp. 191–204, 2008.

[15] J. Yonemitsu, “Interleukin-4 induces mouse cytomegalovirus
interstitial pneumonia in a latent infection model,” Kurume
Medical Journal, vol. 48, no. 1, pp. 49–54, 2001.

[16] M. Hummel, Z. Zhang, S. Yan et al., “Allogeneic transplantation
induces expression of cytomegalovirus immediate-early genes
in vivo: a model for reactivation from latency,” Journal of
Virology, vol. 75, no. 10, pp. 4814–4822, 2001.

[17] S. C. Henry and J. D. Hamilton, “Detection of murine
cytomegalovirus immediate early 1 transcripts in the spleens of
latently infectedmice,” Journal of InfectiousDiseases, vol. 167, no.
4, pp. 950–954, 1993.

[18] M. Schleiss, J. Eickhoff, S. Auerochs et al., “Protein kinase
inhibitors of the quinazoline class exert anti-cytomegaloviral
activity in vitro and in vivo,” Antiviral Research, vol. 79, no. 1,
pp. 49–61, 2008.

[19] P. Price, R. M. Hopkins, H. K. Teo, J. M. Papadimitriou,
and G. R. Shellam, “Modulation of immunocompetence by
cyclosporin A, cyclophosphamide or protein malnutrition
potentiates murine cytomegalovirus pneumonitis,” Pathology
Research and Practice, vol. 187, no. 8, pp. 993–1000, 1991.

[20] J. Tang, M. Wang, J. Qiu et al., “Building a mouse model
hallmarking the congenital human cytomegalovirus infection
in central nervous system,” Archives of Virology, vol. 147, no. 6,
pp. 1189–1195, 2002.

[21] C. Loong, H. Hsieh, W. Lui, A. Chen, and C. Lin, “Evidence
for the early involvement of interleukin 17 in human and
experimental renal allograft rejection,” Journal of Pathology, vol.
197, no. 3, pp. 322–332, 2002.

[22] A. Krmpotic, I. Bubic, B. Polic, P. Lucin, and S. Jonjic, “Patho-
genesis of murine cytomegalovirus infection,” Microbes and
Infection, vol. 5, no. 13, pp. 1263–1277, 2003.

[23] Q. Ye, G. Luo, X. He et al., “Prospective study of relationship
between cytomegalovirus pneumonia and viral load in renal
transplant recipients,” Transplantation Proceedings, vol. 36, no.
10, pp. 3036–3041, 2004.

[24] R. Hai, A. Chu, H. Li, S. Umamoto, P. Rider, and F. Liu, “Infec-
tion of human cytomegalovirus in cultured human gingival
tissue,” Virology Journal, vol. 3, no. 5, article 84, 2006.

[25] H. S. Loh, M. A. Mohd-Lila, S. O. Abdul-Rahman et al.,
“Pathogenesis and vertical transmission of a transplacental rat
cytomegalovirus,” Virology Journal, vol. 3, no. 1, p. 42, 2006.

[26] L. B. Allen, S. Li, G. Arnett, B. Toyer, W. M. Shannon, and M.
G. Hollingshead, “Novel method for evaluating antiviral drugs
against human cytomegalovirus in mice,” Antimicrobial Agents
and Chemotherapy, vol. 36, no. 1, pp. 206–208, 1992.

[27] E. R. Kern, D. J. Bidanset, C. B. Hartline, Z. Yan, J. Zemlicka,
and D. C. Quenelle, “Oral activity of a methylenecyclopropane
analog, cyclopropavir, in animal models for cytomegalovirus
infections,”Antimicrobial Agents and Chemotherapy, vol. 48, no.
12, pp. 4745–4753, 2004.

[28] D. DiLoreto Jr., L. G. Epstein, E. S. Lazar, W. J. Britt, and M. Del
Cerro, “Methods in laboratory investigation. Cytomegalovirus
infection of human retinal tissue: an in vivo model,” Laboratory
Investigation, vol. 71, no. 1, pp. 141–148, 1994.



BioMed Research International 11

[29] K. A. Laycock, E. D. Fenoglio, K. K. Hook, and J. S. Pepose,
“An in vivo model of human cytomegalovirus retinal infection,”
American Journal of Ophthalmology, vol. 124, no. 2, pp. 181–189,
1997.

[30] E. C. Dunkel, D. De Freitas, D. I. Scheer et al., “A rabbit model
for human cytomegalovirus-induced chorioretinal disease,”
Journal of Infectious Diseases, vol. 168, no. 2, pp. 336–344, 1993.

[31] M. C. Jordan, “Interstitial pneumonia and subclinical infection
after intranasal inoculation of murine cytomegalovirus,” Infec-
tion and Immunity, vol. 21, no. 1, pp. 275–280, 1978.

[32] N. A. Fitzgerald, J. M. Papadimitriou, and G. R. Shellam,
“Cytomegalovirus-induced pneumonitis and myocarditis in
newborn mice. A model for perinatal human cytomegalovirus
infection,” Archives of Virology, vol. 115, no. 1-2, pp. 75–88, 1990.

[33] P. Ljungman, P. Biron, A. Bosi et al., “Cytomegalovirus intersti-
tial pneumonia in autologous bone marrow transplant recipi-
ents,” Bone Marrow Transplantation, vol. 13, no. 2, pp. 209–212,
1994.

[34] J. Podlech, R. Holtappels, M.-F. Pahl-Seibert, H.-P. Steffens, and
M. J. Reddehase, “Murine model of interstitial cytomegalovirus
pneumonia in syngeneic bone marrow transplantation: per-
sistence of protective pulmonary CD8-T-cell infiltrates after
clearance of acute infection,” Journal of Virology, vol. 74, no. 16,
pp. 7496–7507, 2000.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


