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Patterns of Acute Rhesus Cytomegalovirus (RhCMYV) Infection Predict

Long-Term RhCMYV Infection
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We previously reported that long-term rhesus cytomegalovirus (RhCMYV) excretion in infected macaques was related to UL/b’
coding content. Acute biopsy specimens of the inoculation sites from the previous study have now been analyzed to determine
whether there were acute phenotypic predictors of long-term RhCMYV infection. Only in animals displaying acute endothelial
tropism and neutrophilic inflammation was RhCMV excretion detected. The results imply that vaccinating against these early
viral determinants would significantly impede long-term RhCMYV infection.

H uman cytomegalovirus (HCMV) is a ubiquitous betaherpes-
virus with adult seroprevalence rates of 50 to >90% (5). The
rate of congenital infection in the United States is ~0.6% (14),
indicating that the preponderant mechanism for spread of HCMV
in the population is horizontal transmission. It is generally
thought that during primary infection, HCMV replicates locally
within epithelial and endothelial cells and fibroblasts. Local repli-
cation is followed by transmission to leukocytes for the hematog-
enous spread of virions to multiple cell types throughout the body,
particularly sites of virus shedding (e.g., salivary glands, mam-
mary glands, genitourinary tract) (3, 20). Primary HCMYV infec-
tion is mostly subclinical in an immunocompetent host. However,
HCMYV establishes a lifelong latency following resolution of acute
infection. Latent viral genomes can reactivate to produce virus
that can be transmitted to those most at risk for HCMV infection,
such as pregnant women. The acute interactions between HCMV
and a naive individual are likely instrumental in defining the num-
ber and tissue distribution of long-term HCMV-infected cells, the
kinetics and specificities of adaptive immune responses, and the
frequency and magnitude of viral shedding. HCMV can infect
multiple cell types in vivo, including epithelial and endothelial
cells, macrophages, and fibroblasts (20, 23). Since certain cell
types may assume a greater role in supporting primary HCMV
replication, vaccine targeting of particular HCMV cell tropism-
determining proteins should limit local replication and greatly
restrict the long-term pattern of HCMYV infection.

The phenotype of long-term rhesus cytomegalovirus (RhCMV)
shedding in bodily fluids is dependent on the genotype of the
strain of RACMV used for primary infection in naive animals (18).
Animals inoculated with RhCMYV strains containing a full-length
UL/b’ region (UCD52 and UCD59) persistently shed high titers of
virus in saliva and urine that are similar to those from shedding in
animals naturally exposed to wild-type (WT) RhRCMV (RhCMV-
WT). Inoculation with the 68-1 strain of RhCMYV, which lacks
genes encoding proteins for epithelial/endothelial cell tropism
and proteins potentially involved in leukocyte chemoattraction
(12, 15,17, 18, 21), is characterized by pronounced attenuation of
shedding (18). This study was initiated to determine whether the
patterns of acute infection predicted differences in persistent in-
fection.
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To assess how coding content differences within the UL/b’
region may alter primary RhCMV infection, early virus-host in-
teractions were analyzed in skin biopsy specimens obtained from
two previous studies (1, 18) in which RhCMV-seronegative rhesus
macaques (Macaca mulatta) had been inoculated subcutaneously
with RhCMV 68-1 (n = 3), RhCMV UCD52 (n = 6), or RhCMV
UCD59 (n = 1). Cytomegalic cells were present in all skin biopsy
specimens at 7 days postinoculation, accompanied by moderate
infiltration of inflammatory cells admixed with various degrees of
tissue necrosis (Fig. 1). Both UCD52 and UCD59 induced mod-
erate inflammation composed predominantly of neutrophils
(Fig. 1A; only UCD52 is shown), while inflammation induced by
RhCMYV 68-1 was essentially mononuclear, with negligible num-
bers of neutrophils at the site of inoculation (Fig. 1B). This partic-
ular phenotype of 68-1 has been observed in other studies (1).

The manifestations of HCMV infection depend on viral dis-
semination to multiple tissues, and viral tropism is an important
determinant in viral spread within the infected host (23). Because
of this, we asked whether interstrain differences in the coding
capacity of the UL/b’ region would predict interstrain differences
in cell tropism during acute RhRCMYV infection. Double immuno-
histochemistry, using antiserum for the RhRCMV immediate-early
(IE1) protein and cell-specific markers for endothelial (CD31)
and mesenchymal (vimentin) cells and macrophages (CD68), was
performed to identify the cell types supporting RhRCMYV infection.
The total numbers of all RhRCMV and RhCMV double-labeled
cells were counted, and the percentage of colocalization of the two
markers was calculated by dividing the number of double-labeled
cells by the number of RhCMYV antigen-positive cells. The per-
centage of blood vessels containing RhCMV IE1 antigen-positive
cells was calculated by dividing the number of RhRCMV-positive
blood vessels by the total number of blood vessels in the field.
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Histopathologic Patterns of Acute RhCMV Infection
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FIG 1 Histopathologic features and immunostaining of skin biopsy specimens collected from rhesus macaques experimentally inoculated with RhCMV UCD52
(A) or RhCMV 68-1 (B), macaques with RRCMV-WT reactivation in the context of SIV immunosuppression (jejunum [C] and pulmonary artery [E]), and
macaques with reactivated RhCMV 68-1 in SIV/RhCMV-coinfected animals (D and F; spinal cord meninges). (A and C) Tissue sections from animals inoculated
with RhRCMV UCD52 or RhCMV-WT that were stained with hematoxylin and eosin (H&E) and RhCMV-IE1 immunohistochemistry (IHC) (insets) show
diffuse regions of inflammation characterized by a large accumulation of neutrophils expanding the tissue and causing tissue necrosis. (B and D) In contrast to
infection with RhRCMV UCD52 and RhCMV-WT, acute (B) and chronic (D) inflammation in tissue sections collected from animals inoculated with RhCMV
68-1 lacked neutrophils and was composed predominantly of mononuclear cells. (E) Direct RRCMV-WT infection of endothelial cells during RhnCMV reacti-
vation, confirmed by RhCMV-IE1 immunoreactivity (inset; magenta) in endothelial cells (CD31, brown) lining pulmonary arteries. (F) RhCMV 68-1 immu-

noreactivity (RhCMYV IE-1, magenta; inset) in fibroblasts (vimentin, brown). Magnification of large images, X400; magnification of inset images, X 600.

Animals inoculated with UCD52 or UCD59 demonstrated
RhCMV IE1 expression in endothelial cells with a frequency that
was significantly greater than that in 68-1-infected animals (P =
0.0357) (Fig. 2A). Conversely, there was significant skewing of
infectivity for fibroblasts in 68-1-infected animals compared to
that in UCD52/UCD59-inoculated animals (P = 0.0167) (Fig.
2B). UCD52/UCD59 infection of CD68" macrophages was
slightly higher than that in 68-1-infected animals, although the
difference did not reach statistical significance (P = 0.12). Since
RhCMYV 68-1 does not encode RhUL128 and RhUL130, the mech-
anism for demonstrable infectivity of macrophages is not known,
since a functional HCMV UL128 complex is critical for efficient
infection of human macrophages (23). In vivo infection of rhesus
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macrophages has been previously demonstrated in RhnCMV-68-
1-infected macaques (16), and infection of macrophages may be
through a gB-mediated fusion.

To determine whether the acute pattern of infection with
RhCMYV was similar to the long-term reactivation of RhRCMV, the
cell types supporting reactivated RhCMV and the nature of the
inflammatory infiltrate were analyzed in animals infected long-
term with RhCMV and simian immunodeficiency virus (SIV).
This analysis included two monkeys coinfected with RhCMV 68-1
and SIV from a previous study (22) and 100 historical cases of
wild-type RhCMV reactivation in monkeys coinfected with STV
(the latter of which are summarized in Table 1). RhRCMV-WT
reactivation was found in almost every major organ system, with
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FIG 2 Semiquantitative spectral image analysis and immunophenotyping of RhCMV-infected cells in skin biopsy specimens collected from rhesus macaques
experimentally inoculated with RhCMV UCD52 and UCD59 (circles) or RRCMV 68-1 (squares). Sections of the skin biopsy specimens were coimmunolabeled
against RRCMV-IE1 (brown) and endothelial cells (CD31) (A), fibroblasts (vimentin) (B), and macrophages (CD68) (C) (red). The percentages (mean *=
standard error of the mean [SEM]) of RhCMV-infected blood vessels (A), fibroblasts (B), and macrophages (C) are presented. Double-labeled RhCMV-infected
cells are indicated by arrows. Data were pooled from analysis of 10 photomicrographs of one skin biopsy specimen per animal. Statistical analysis was performed
by using the Mann-Whitney test comparing RhRCMV UCD infection with RRCMV 68-1 infection. The representative immunohistochemical images shown are
from an animal inoculated with RhCMV UCD52 (images on left) and an animal inoculated with RhRCMYV 68-1 (images on right). Magnification, X600. NS, not

significant (P = 0.12).

the preponderance equally distributed within the cardiovascular,
pulmonary, and nervous system compartments. Like the acute
response following UCD52 and UCD59 inoculations, 88% of Rh-
CMV-WT cases were noted for marked neutrophilic infiltrates
(Fig. 1C). RhCMV-WT reactivations occurred in the context of
simian AIDS in monkeys infected long-term with RhCMV-WT,
indicating that RhRCMV-WT reactivation during immune defi-
ciency mirrored the histological pattern of acute infection with
UCD52 and UCD59. Evidence of direct RRCMV-WT infection of
endothelial cells was confirmed in four cases by the presence of
inclusion bodies or immunohistochemistry in endothelial cells
(Fig. 1E). In animals experimentally coinfected with RhCMV 68-1
and SIV, RhCMV reactivation was confirmed in the thymus and
spinal cord of two animals euthanized at 38 and 53 weeks after
primary RhCMYV infection, respectively. The histopathologic pat-
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tern and cellular tropism of RhCMYV reactivation reflected the
patterns of acute RhCMV 68-1 infection (Fig. 1D). RhCMV 68-1
reactivation induced a predominantly mononuclear cell inflam-
mation, and RhCMV immunoreactivity was confined to fibro-
blasts and macrophages with no evidence of endothelial cell infec-
tion (Fig. 1F).

Recruitment of neutrophils to the site of acute RhACMV infec-
tion and long-term reactivation is a novel finding and suggests
that extravasated neutrophils may play a role in intrahost dissem-
ination of progeny virions. This response is not unique to
RhCMV. Neutrophilic infiltrates are often observed in the prox-
imity of cytomegalic cells in tissue samples from individuals with
HCMV disease (4, 6,9, 13, 19). In vitro experiments have demon-
strated that infected endothelial cells can transfer virions to neu-
trophils migrating through the endothelial layer, a process that is
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TABLE 1 Organ involvement in natural RhCMV infection in SIV-
coinfected rhesus macaques at the NPRC*

Organ system or type of

inflammation” No. of cases®

Organ system

Pulmonary 37
Cardiovascular 7

GI* 39
Nervous 37
Urogenital 22
Lympbhatic 7

Other® 11

Type of inflammation

Neutrophilic’ 88
Nonneutrophilic® 8
No inflammation 4

“n = 100. Samples were collected between 1997 and 2010.

b Case identification is based on histopathologic examination with observation of
typical cytomegalovirus inclusion and immunohistochemistry when available.

¢ Numbers include those animals with RhCMV lesions observed in multiple organ
systems; each lesion was separately counted. If >1 organ had a prominent neutrophilic
infiltrate, that animal was classified as neutrophilic.

4G, gastrointestinal.

¢Includes 3 livers, 1 pancreas, 1 lacrimal gland, 1 adrenal gland, and 5 oral cavities
(tongue, salivary gland, and labial mucosa).

fIndicates neutrophils as the predominant type of inflammatory cell in the lesion.

£ Usually superimposed by other opportunistic infections. Very few cytomegalic cells
were noted in these cases.

dependent on a functional UL128 complex of proteins (UL128,
UL130, UL131, gH/gL) (2, 7, 8, 10, 11). Neutrophils may act as a
“Trojan horse” to facilitate virus dissemination from the primary
site of infection to distal sites. This remains speculative and re-
quires additional study.

In summary, there are differences in the acute patterns of in-
fection between strains of RhRCMV that differ in genetic coding
content, with distinctions in cell tropism and the nature of the
inflammatory response to viral infection. Differences in the phe-
notypes of acute infection were notably similar to the different
phenotypes of AIDS-induced RhCMYV reactivation. Based on pro-
nounced differences in the long-term shedding between UCD52/
UCD59 and 68-1 (18), one implication of preferential tropism for
endothelial cells and/or recruitment of neutrophils from the pe-
riphery during acute infection is that long-term shedding patterns
may be a downstream consequence of the earliest virus-host in-
teractions during primary infection. Accordingly, vaccine strate-
gies that target these earliest interactions should profoundly
change the long-term virus-host relationship. The results of this
current study suggest that inclusion of vaccine antigens targeting
the UL128 complex of proteins should greatly inhibit the acute
infection of endothelial and epithelial cells, with commensurate
changes in the long-term pattern of persistent infection.
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