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Abstract
We have recently shown that latent murine cytomegalovirus (MCMV) can influence murine
transplant allograft acceptance. During these studies we became aware that vivarium-housed control
mice can acquire occult MCMV infection. The purpose of this investigation was to confirm occult
MCMV transmission and determine the timing, vehicle, and possible consequences of transmission.
Mice arriving from a commercial vendor were negative for MCMV both by commercial serologic
testing and by our nested PCR. Mice housed in our vivarium became positive for MCMV DNA 30-60
days after arrival, but remained negative for MCMV by commercial serologic testing. To confirm
MCMV we sequenced PCR products for several genes and showed >99% homology to MCMV.
Further sequence analyses show that the occult MCMV is similar to a laboratory strain of MCMV,
but the vehicle of transmission remains unclear. Control tissues from historical experiments with
unexplained graft losses were evaluated for occult MCMV, and mice with unexplained allograft
losses showed significantly higher incidence of occult MCMV than did allograft acceptors.
Deliberate infection with very low titer MCMV confirmed that viral transmission can occur without
measurable virus specific antibody or T-cell responses. These data suggest that vivarium-housed
mice can develop occult MCMV that is missed by currently available commercial serologic testing,
and that these infections may influence transplant allograft acceptance.

1. Introduction
During our history of transplantation tolerance studies in laboratory mice [1-4], we have
encountered intermittent periods of unexplained allograft failures in control mice. Because
these failures were episodic and often involved entire cohorts within a single cage, we suspected
an infectious etiology, yet commercial serologic evaluations of these and other sentinel mice
were routinely negative for infectious pathogens (unpublished data). Recently, we have shown
that murine cytomegalovirus (MCMV) can influence cardiac allograft acceptance [5]. During
these studies we also became aware that vivarium-housed “naïve” mice can acquire MCMV.
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We therefore became suspicious that our colonies might intermittently be experiencing occult
MCMV infections.

CMV is a beta-herpesvirus that is readily transmitted from infected to naïve hosts leading to
endemic prevalence in both humans and wild mice [6,7]. In immunocompetent hosts, primary
CMV infection does not usually induce overt pathology, instead causing a selflimited flu-like
illness. After acute infection the virus is not eradicated, and the infected host often sheds virus
in saliva or urine, likely contributing to endemic spread. In mice, natural infections occur
without clinical signs and thus without careful screening MCMV could go completely
unnoticed.

MCMV is routinely included in commercially available murine health screening panels,
although a recent publication suggests that the prevalence of MCMV in laboratory mice is
extremely low (0.04%) [8]. This is in contrast to near 100% prevalence in wild mice [7]. Of
note, laboratory mouse prevalence is based upon serologic testing for MCMV reactive
antibodies. Despite these very low reported rates of MCMV in vivarium housed mice, our
laboratory experience with highly sensitive PCR techniques led us to hypothesize that
vivarium-housed mice might acquire MCMV that escapes commercially available serologic
detection, a condition we term “occult” infection, and that occult MCMV infection might
influence transplant allograft acceptance.

2. Materials and Methods
2.1 Animals

Female BALB/c and C57BL/6 mice (Harlan, Indianapolis IN) 6-8 weeks of age were used in
this study. All animals were housed in an AAALAC-accredited animal facility, adhering to the
Guide for the Care and Use of Laboratory Animals prepared by the National Research Council
(NIH Publication No. 86-23, revised 1996) with approval of our Institutional Animal Care and
Use Committee. All mice were housed in individually ventilated, autoclaved micro-isolator
cages with automatic reverse osmosis water supply, Teklad corncob bedding and irradiated
7912 chow ad lib (Harlan, Indianapolis IN). Personnel are required to wear full barrier
protection in the animal room, with all mouse manipulations done within a biosafety cabinet.
SporKlenz disinfectant is used on all surfaces within the biosafety cabinet, as well as cages
after use. Mice were euthanized by cervical dislocation under isoflurane inhalation anesthesia.
Mouse tissues were dissected aseptically and frozen immediately in liquid nitrogen, then stored
at −80°C. Tissues were procured similarly after euthanasia for wild mice, which were trapped
in the vivarium building (hallway and office) as part of this facilities routine pest control.

2.2 Virus
Purified Smith strain (VR-1399) murine CMV obtained from ATCC (Rockville, MD) was used
for positive controls for both PCR and sequencing. Occult/wild MCMV virus recovery was
attempted by murine fibroblast culture with centrifugal enhancement of infectivity as
previously described [9] using multiple tissues from study mice including lung, spleen, salivary
gland, kidney, and bladder. For deliberate mouse infections, mice received 1, 10, or 106 pfu
Smith MCMV via intraperitoneal injection.

2.3 PCR
Flanking and nested primers for MCMV Immediate Early 1 (IE1) described previously amplify
respective sequences of 603 and 384 base pairs (bp) [10]. Primers used for β-Actin,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and MCMV viral DNA polymerase
(DPol) were previously published [10,11]. Primers for maize high mobility gene a (HMGa)
were forward - TGG ATT CCA TCA ATG CAA AA, reverse - GAG GAG CTC CAT CAC
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TCG TC. Flanking and nested primer sequences for MCMV glycoprotein B (GB) are available
upon request (patent pending). DNA were extracted from tissues homogenates using DNeasy
Blood & Tissue Kit (QIAGEN GmbH, Hilden, Germany). DNA were extracted from chow
using QuickExtract Plant DNA extraction solution (EPICENTRE Biotechnologies, Madison
WI) yielding concentrations of ~200 ng/μl. DNA were eluted in 100 μl of distilled water and
stored at −20°C until analysis. DNA were amplified in a total volume of 25μl with 200 nM of
each primer and 1.0 U of Taq DNA polymerase (GIBCO BRL) added in 2.5 μl of a PCR buffer
(50 mM KCl, 20mM Tris-HCl (pH 8.4), and 1.5 mM MgCl2). PCR reactions were carried out
using a Perkin Elmer 9700 thermocycler (PE Applied Biosystems, Foster City, CA), using the
following program: initial denaturation 4 min at 94°C, 35 cycles-denaturation 30s at 94°C,
annealing 30s at 53°C, elongation 30s at 72°C, followed by final elongation 7 min at 72°C,
then hold at 4°C. β-actin or GAPDH transcripts served as cellular transcript controls.
Amplification products were separated by electrophoresis in 1% agarose gels, and gels were
stained with ethidium bromide.

2.4 Antibody detection
Sera were evaluated by Charles River Research Animal Diagnostic Services (Wilmington,
MA) for MCMV reactive antibody by enzyme-linked immunosorbent assay ELISA.

2.5 DNA Sequencing and Analysis
PCR products were extracted using QIAquick Gel Extraction Kit (Qiagen). Products were
eluted in 50 μl of extraction buffer, and 10 μl of this product was mixed with 2 μl of the
appropriate PCR primer. These samples were analyzed using BigDye Terminator Reaction
Chemistry v3.1 for sequence analysis on an Applied Biosystems 3730 DNA Analyzer. Further
analyses of the sequences were performed using Bioedit Sequence Alignment Editor v7.0.9.0
(Ibis Biosciences, Carlsbad CA). Sequences obtained were compared to MCMV strain
sequences referenced in GenBank and to sequenced laboratory strains of MCMV.

2.6 Cardiac Allograft Tissues
We have previously described a model of cardiac allograft acceptance [1]. Briefly, H2d cardiac
allografts are heterotopically transplanted into H2b recipients and long term acceptance of these
fully mismatched grafts is induced by gallium nitrate [1]. Impulses of these grafts are monitored
after transplantation, and at studies conclusion grafts are procured aseptically and frozen. For
the current study, we utilized historical tissues from mice with unexplained cardiac allograft
failures (n=33, impulses of <2), and mice with successful graft acceptance (n=26, impulses
≥2). Cardiac allografts from these mice were evaluated by nested PCR for presence of MCMV-
DNA.

2.7 Antibodies and flow cytometry
MCMV specific T-cells were identified using MHC-I tetramers specific for MCMV proteins
pp89 (H2Ld-restricted 168YPHFMPTNL176 [12] and m164 (H2Dd-
restricted 257AGPPRYSRI265 [13] as previously described [14]. Briefly, blood was collected
via submandibular puncture into 30ul of ACD solution. RBC’s were lysed with ACK Lyses
buffer (Biowhitaker) and peripheral blood mononuclear cells (PBMC) were divided and
washed with FACs buffer. MHC class I peptide tetrameric complexes were produced and
assembled as previously described [15]. PBMC were incubated with tetramers (37°C) for one
hour followed by antibody surface staining (4°C) with fluorescent dye-conjugated antibody
specific for CD8 for one hour (PerCP)(BD PharMingen, San Diego, CA). Cells were fixed and
analyzed by flow cytometry (FACScalibur, Becton Dickinson, Mountain View, CA).
Lymphocytes were gated by forward-side scatter and 5 × 105 events acquired for each
specimen. Results were analyzed using FlowJo software (Tree Star Inc., Ashland, OR).
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3. Results
3.1 Vivarium-housed mice can develop occult CMV

Our preliminary data suggested that mice housed in our vivarium can acquire occult MCMV
infections. We therefore hypothesized that a) mice arrive from vendors already infected, or b)
they acquire MCMV after delivery. To test these hypotheses, mice underwent serologic testing
for MCMV by Charles River Laboratories as well as in-house salivary gland analysis for
MCMV DNA. Submandibular salivary glands were chosen to evaluate for viral DNA because
they are a major reservoir of MCMV [16]. These evaluations were performed immediately
upon arrival and after 5 weeks of vivarium housing. We evaluated both MCMV
“susceptible” (BALB/c) and MCMV “resistant” (C57BL/6) mouse strains.

As shown in Figure 1, mice arriving from our vendor were negative for MCMV DNA by PCR.
In contrast, both susceptible and resistant mice housed in our vivarium for 5 weeks became
MCMV DNA positive. Concomitantly performed commercial serologic antibody testing was
negative for murine pathogens including MCMV (data not shown). Thus we confirm that mice
housed in the barrier vivarium can develop occult MCMV infection that can be missed by
commercially available serologic testing.

3.2 Timing of MCMV infection in vivarium
We hypothesized that viral transmission might be a consequence of animal handling, and
therefore studied two additional cohorts of mice to determine the timing of occult MCMV
infection in our facility. One cohort was managed by a single person whose sole vivarium
responsibility was caring for this cohort. The second cohort was managed by vivarium staff
responsible for the remaining mouse colonies. As shown in Figure 2, isolated care seemed to
delay development of MCMV somewhat, but it did not prevent eventual viral transmission.
All mice were serologically negative for MCMV antibody by commercial testing. We thus
conclude that vivarium-housed mice can develop occult MCMV infection after 30-60 days of
barrier housing even with dedicated handling.

3.3 Sequence confirmation of MCMV
Efforts to recover live virus from vivarium-housed mice in fibroblast cultures after spin
inoculation were unsuccessful using salivary gland, spleen, lungs, kidneys, or bladder (not
shown). This prompted some concern that this occult virus might not be MCMV, but some
similar or previously uncharacterized herpes-family virus [17]. To confirm MCMV genes GB
and IE1 were cloned and sequenced from mice with occult infection. We chose GB and IE-1
genes because both are highly conserved in laboratory and wild MCMV strains [18]. For a
comparator we cloned and sequenced these gene regions from Smith strain MCMV, which
were identical to those reported in GenBank (100% similarity). Sequences from vivarium-
housed mice with occult infection were aligned and compared to Smith MCMV. Occult virus
sequences had high similarity to Smith MCMV for both GB (98.2% of 236 bp) and IE (99.1%
of 384 bp) genes. We therefore conclude that the occult infection observed in vivarium-housed
mice is indeed MCMV.

3.4 Vehicle of transmission
During our studies two wild mice were captured by vivarium staff familiar with our studies.
These appeared to be wild and not escaped vivarium mice based on their smaller size and brown
coat color. Nested PCR performed on salivary gland DNA revealed that these wild mice
harbored MCMV (Figure 3). These wild mice were thus a potential vehicle of MCMV
transmission, but because ventilated micro-isolator barrier housing made direct contact
impossible, we sought an alternate hypothesis. One common point of contact might be food,
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and we therefore hypothesized that wild mice could be contaminating vivarium chow that was
subsequently distributed to the colony. Mouse chow from several locations within our vivarium
was tested for MCMV DNA by nested PCR. Negative controls included chow from another
vivarium, and unopened bags from our vivarium and a local vendor. Teklad 7912 chow contains
significant maize (corn) substrate, so we amplified maize HMGa DNA for DNA controls. All
chow tested positive for MCMV DNA (Figure 4), despite the source (potentially contaminated
versus new).

To test whether mouse chow might be our viral reservoir, PCR products for MCMV IE-1 (384
bp) from chow were sequenced and compared to sequences from vivarium-housed and wild
mice. For illustrative purposes, a 40bp segment is shown in Figure 5, showing that wild mice
and chow MCMV sequences had high similarity, but that both show important differences
from occult MCMV isolates. Interestingly, vivarium mice with occult MCMV had sequences
similar to laboratory MCMV. Because wild MCMV are known to have sequence variations
when compared with lab strains [18], and the sequences for wild mice and chow are similar to
each other and distinct from vivarium-housed mice with occult infection, we conclude that
occult MCMV is not being transmitted to vivarium-housed mice either directly by wild mice
or indirectly via chow.

3.5 MCMV in transplant recipients with unexpected allograft rejection
To determine if presence of occult MCMV has experimental relevance, we studied cardiac
allograft acceptors and unexpected rejectors for evidence of occult MCMV. Frozen cardiac
allografts from supposed MCMV - naïve mice from previous experiments were evaluated by
nested PCR for presence of MCMV DNA. As shown in Table 1, twenty mice had occult MCMV
detected in their allograft hearts, and mice with occult MCMV were twice as likely to
experience graft failure than mice without occult MCMV (85% versus 41%, Fishers Exact
Test, p=0.002). Put another way, of mice with unexplained graft failures, 52% had occult
MCMV, compared with only 12% of mice with allograft acceptance. All tissues required
nested-PCR to detect MCMV DNA, and it was impossible to quantitate viral load in these
tissues (not shown). Unfortunately, sera were not available from these transplant mice for
MCMV antibody testing.

3.6 MCMV-specific antibody and T-cell responses after low titer infection
Taken together our results suggest that occult MCMV infections are very low titer infection
and do not induce significant antibody responses. To test this hypothesis, we infected mice
with very low doses of MCMV (100 and 101 pfu) and measured MCMV specific antibody
responses over time. As shown in Figure 6A, MCMV antibody responses for 100 pfu were
below the detection limit even 16 weeks after infection. Mice infected with 101pfu had antibody
levels at the detection limits 4 weeks after infection, and these became and remained just above
the detection limits after 16 weeks. In contrast there are robust antibody responses induced by
106 pfu infections.

It has been shown for some viruses that T-cell responses might be a more sensitive indicator
of infection [19], so we also measured MCMV specific T-cell responses to immunodominant
epitope MCMV-m164[13,14,20]. As shown in Figure 6B&C this immunodominant peptide
induces an “inflationary” T-memory response to 106 pfu MCMV by 16 weeks after infection
that makes it particularly well suited for these studies. In contrast MCMV-specific T-cell
responses to 100 pfu are not different from naïve mice even 16 weeks after infection. Infection
with 101 pfu induces a modest but measurable MCMV-specific T-cell response. Identical
results were observed for MCMV-pp89 (data not shown).
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Most importantly, viral DNA was detectable in lungs (Figure 6D) and salivary gland (not
shown).

4. Discussion
This study shows that vivarium-housed mice can develop occult MCMV that may be missed
by currently available commercial serologic testing despite being in barrier housing. These
MCMV-infected mice do not develop detectable MCMV-reactive antibody, but they do have
MCMV DNA in their tissues. Their MCMV DNA concentrations are very low, requiring very
sensitive nested PCR for detection, suggesting that these occult infections are very low titer.
Indeed, we confirm that very low titer infections can occur without detectable antibody or T-
cell responses. Despite our efforts, the vehicle of these occult infections remains unknown, but
we feel that the association of occult MCMV with graft losses is very important to those
involved in murine allograft transplantation or immunology studies.

Initially we were puzzled by the presence of viral DNA in absence of detectable antibody in
vivarium-housed mice, but there is actually precedence for this in human CMV (HCMV).
Similar to our observations in mice, some seronegative human patients have been found to
harbor human HCMV DNA when tested using highly sensitive PCR based assays [21,22]. In
the present study we show directly that very low titer MCMV infections (100 pfu) do not elicit
antibody responses detectable by commercially available serologic methods despite detectable
DNA in tissues. Viral load in end organs after MCMV infection has been shown to correlate
directly with the infecting inoculum [23]. We have previously shown that viral DNA correlates
with viral load, and that after high titer infections MCMV can be detected by a single round
of quantitative PCR [24]. Detection of all occult infections in the current report required a
second nested-PCR reaction precluding quantitation, and these findings are consistent with
extremely low DNA quantities. Likewise after deliberate low titer infections, CMV DNA was
not detectable by quantitative PCR (not shown). Altogether these data suggest that occult
MCMV infections are very low titer. Importantly for those utilizing murine transplant models,
development of occult MCMV infections might elude detection by commercially available
serologic methods, and suspicion of such infections should prompt evaluation of available
tissues by nested PCR.

The most important question is whether occult MCMV infections are of any experimental
relevance. CMV has an obvious well established association with graft loss following human
transplantation (reviewed in [25]). Because we have recently shown that latent MCMV can
influence allograft acceptance for murine cardiac transplantation [5], and others have shown
accelerated cardiac allograft rejection in mice following acute infection [26,27], we were
interested to evaluate tissues from “naïve” mice with unexpected graft losses. There is a
strikingly high rate of graft failure associated with occult MCMV suggested by the current
report, although this finding is admittedly circumstantial. How occult infections that do not
induce significant antibody or possibly T-cell responses can influence allograft acceptance is
currently unclear and will require further substantiation. Such studies will also benefit from
testing tissues from outside programs. Similarly, the clinical relevance of “occult” CMV in
humans [21,22] is not clear but with widespread availability of quantitative CMV assays these
studies could easily be done.

If occult infections are confirmed to be experimentally relevant, one reason why some mice
with occult MCMV did not lose their grafts might be explained by timing of occult infection.
Others have shown that viral infections can have differential influence on allograft acceptance
depending on when the infection occurs relative to transplantation [26-31]. Infections in the
current report remained “occult” until post mortem, and unfortunately we have no way to
pinpoint when the infections occurred (or to what titer). It is nonetheless clear from our kinetic
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analysis that vivarium housed non-immunosuppressed mice can acquire occult MCMV
between 30-60 days after arrival. This easily overlaps the early time period after mice typically
receive cardiac allografts in our program, a precarious period that may be particularly
vulnerable to viral infection. We considered the possibility that occult MCMV might actually
represent false positives from DNA contamination, but several observations suggest otherwise.
First, mice arriving from the vendor were all MCMV negative, as was another cohort of MCMV
“naïve” mice housed in another facility (data not shown). Second, our technique controls were
consistently negative. Finally and perhaps most importantly, sequencing shows that the viruses
isolated from chow and wild mice were significantly different from the occult MCMV strain
isolated from vivarium-housed mice. If specimen contamination was occurring during
processing, we would anticipate all of the sequences to be the same. Determining the vehicle
of MCMV transmission in our vivarium has so far been unsuccessful. Although we
experimentally study MCMV infection and reactivation in mice using a high titer (106 pfu)
infection model, we maintain these experimentally infected mice within an animal facility
geographically separate from our transplant mouse colonies to minimize risk of inadvertent
transmission. Our sequencing results do not support chow or wild mouse contact as a route of
transmission. In fact, our results suggest that vivarium-housed mice are somehow being
infected with our laboratory MCMV strain. Possibilities include improper animal handling,
inadequate disinfection of caging/supplies, or viral contamination of bedding, water, or
personnel protective attire. In conclusion, these data confirm that hosts infected with low titer
CMV may not develop appreciable CMV-specific antibody or T-cell immune responses. Mice
housed in a barrier vivarium for more than 30-60 days can develop occult MCMV that may be
missed by currently available commercial serologic testing. It is worrisome that these occult
infections may significantly influence murine models of transplantation and completely escape
notice. Although our results suggest that detection of occult MCMV infections requires more
sensitive PCR-based techniques, more work is needed to confirm the significance of occult
MCMV and whether traditional commercial serologic testing for antibody should be replaced
by more sensitive PCR based methods.
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Figure 1. Development of occult murine cytomegalovirus (MCMV) in vivarium housed mice
A. Two strains of mice (BALB/c and C57BL/6) were tested upon arrival and after 5 weeks of
vivarium-housing. Nested PCR was performed on DNA extracted from salivary glands for
MCMV glycoprotein B, and GAPDH was used as a positive control. Upon arrival (day 0) all
mice tested were negative for MCMV DNA. After 5 weeks of vivarium-housing, all mice show
MCMV DNA. Neg and Pos refer to negative and positive technique controls. Each lane
represents results from single mice.
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Figure 2. Time-course of occult murine cytomegalovirus (MCMV) infection in vivarium housed
mice
Mice were divided into two cohorts after vendor delivery. The isolated group was handled by
a single person caring only for this cohort, while the ULAR group was handled per protocol
by vivarium staff. Months indicate months of housing before testing by nested PCR for MCMV
glycoprotein B (GB) DNA and β-Actin (control) in salivary glands. Both cohorts tested
negative after month 1. The ULAR group became positive during the second month, and the
isolated group tested positive after the third month. Each lane represents results from a single
mouse performed in duplicate.
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Figure 3. Wild mice trapped in vivarium harbor murine cytomegalovirus (MCMV)
Salivary glands from two wild mice were tested for MCMV DNA using nested PCR. GAPDH
was used as a control. Both mice were positive for MCMV DNA Polymerase (DNA Pol),
glycoprotein B (GB), and immediate early-1 (IE-1). Neg and Pos refer to negative and positive
technique controls. Results were confirmed in triplicate (not shown).
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Figure 4. Mouse chow analysis for murine cytomegalovirus (MCMV) DNA
Mouse chow were evaluated for MCMV glycoprotein B (GB) DNA by nested PCR. Chow was
obtained from several bins within the vivarium (lanes 1-3), freshly opened chow from two
sources (lanes 4&5) and chow from a different vivarium (lane 6). Because mouse chow contains
maize (corn), maize high mobility gene a (HMG) was used to confirm DNA extraction. All
chow samples tested positive for MCMV GB DNA by nested PCR.
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Figure 5. Murine cytomegalovirus (MCMV) immediate early 1 (IE-1) gene sequence comparison
PCR amplicons for IE-1 (384 bp) were sequenced by PCR gel isolation. DNA sequences from
chow MCMV, wild MCMV, and vivarium MCMV were aligned and compared to lab MCMV
(Smith strain). Shown is a 40bp sequence that highlights similarities and differences between
the MCMV isolates. Dark gray indicates differences unique to Wild MCMV, and light gray
differences seen in vivarium-acquired MCMV. Sequencing results were confirmed in triplicate
(not shown).
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Figure 6. Immune response to low titer murine cytomegalovirus (MCMV) infection
Cohorts of n=5 BALB/c mice were infected with 100, 101, or 106 pfu Smith strain MCMV.
Sera were serially obtained by venous puncture 4, 12, and 16 weeks after infection, and tissues
were obtained 16 weeks after infection. A. MCMV-specific antibody responses to infections
were measured by ELISA. B. Representative flow cytometry scatter plots for MCMV-m164
specific CD8 T-cells from peripheral blood mononuclear cells (PBMC). C. Summary of m164-
specific T-cell response to infection from PBMC over time. D. Nested PCR for MCMV
glycoprotein B (GB) from lungs 16 weeks after infection. For A&C, points/bars represent mean
and standard errors from n=5 mice. For D, each lane represents an individual mouse, and NEG
and POS refer to technique controls.
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Table 1

Murine cytomegalovirus (MCMV) status for failed and accepted cardiac allografts.

DNA Status

MCMV+ MCMV−

Failed 17 16
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