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Human cytomegalovirus (HCMV) possesses low pathogenic potential in an immunocompetent host. In the
immunosuppressed host, however, a wide spectrum of infection outcomes, ranging from asymptomatic to life
threatening, can follow either primary or nonprimary infection. The variability in the manifestations of HCMV
infection in immunosuppressed individuals implies that there is a threshold of host antiviral immunity that
can effectively limit disease potential. We used a nonhuman primate model of CMV infection to assess the
relationship between CMV disease and the levels of developing anti-CMV immunity. Naive rhesus macaques
were inoculated with rhesus cytomegalovirus (RhCMV) followed 2 or 11 weeks later by inoculation with
pathogenic simian immunodeficiency virus SIVmac239. Two of four monkeys inoculated with SIV at 2 weeks
after inoculation with RhCMV died within 11 weeks with simian AIDS (SAIDS), including activated RhCMV
infection. Neither animal had detectable anti-SIV antibodies. The other two animals died 17 and 27 weeks after
SIV inoculation with either SAIDS or early lymphoid depletion, although no histological evidence of activated
RhCMV was observed. Both had weak anti-SIV antibody titers. RhCMV antibody responses for this group of
monkeys were significantly below those of control animals inoculated with only RhCMV. In addition, all
animals of this group had persistent RhCMV DNA in plasma and high copy numbers of RhCMV in tissues. In
contrast, animals that were inoculated with SIV at 11 weeks after RhCMV infection rarely exhibited RhCMV
DNA in plasma, had low copy numbers of RhCMV DNA in most tissues, and did not develop early onset of
SAIDS or activated RhCMV. SIV antibody titers were mostly robust and sustained in these monkeys. SIV
inoculation blunted further development of RhCMV humoral responses, unlike the normal pattern of devel-
opment in control monkeys following RhCMV inoculation. Anti-RhCMV immunoglobulin G levels and avidity
were slightly below control values, but levels maintained were higher than those observed following SIV
infection at 2 weeks after RhCMV inoculation. These findings demonstrate that SIV produces long-lasting
insults to the humoral immune system beginning very early after SIV infection. The results also indicate that
anti-RhCMV immune development at 11 weeks after infection was sufficient to protect the host from acute
RhCMV sequelae following SIV infection, in contrast to the lack of protection afforded by only 2 weeks of
immune response to RhCMV. As previously observed, monkeys that were not able to mount a significant
immune response to SIV were the most susceptible to SAIDS, including activated RhCMV infection. Rapid
development of SAIDS in animals inoculated with SIV 2 weeks after RhCMV inoculation suggests that RhCMV
can augment SIV pathogenesis, particularly during primary infection by both viruses.

The pathogenic potential of human cytomegalovirus
(HCMV) is dependent on the immune status of the infected
individual. In immunocompetent hosts, antiviral immune re-
sponses are protective (1, 18, 26). Primary infections are usu-
ally asymptomatic despite active replication and systemic dis-
semination. In addition, periodic reactivation of latent HCMV
genomes and production of infectious virus are rarely associ-
ated with sequelae. HCMV infection can be dramatically dif-
ferent in those lacking a competent immune system, such as in
congenitally infected fetuses (2–4, 6, 17), AIDS patients (5),
and immunosuppressed transplant recipients (19). In these

individuals, HCMV can produce a wide spectrum of outcomes
ranging from subclinical infection to a disseminated fulminant
disease that often results in death.

Currently, it is not known what distinguishes at-risk indi-
viduals who develop HCMV end organ disease from those
who do not. The wide disparity in outcomes implies that
variations in the specificity and/or magnitude of anti-HCMV
immunity may account for differences in the extent of
HCMV replication. It is likely that those with HCMV dis-
ease have HCMV immune responses that fall below mini-
mum thresholds required to control replication of the virus,
leading to fulminant infection. A fundamental question for
understanding HCMV pathogenesis is what level and type of
anti-HCMV immune responses are required to restrict
HCMV disease potential. To further investigate parameters
of protective immunity, a nonhuman primate model of
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HCMV was used to investigate how differences in antiviral
immune status influenced the course of viral infection.

The experimental design for this study was based on a find-
ing from a previous experiment. Briefly, a rhesus cytomegalo-
virus (RhCMV)-seronegative macaque was inoculated with
simian immunodeficiency virus (SIV) 6 weeks after the sero-
logical screen for RhCMV. The animal died 15 weeks later
with clinical signs of simian AIDS (SAIDS) and weak anti-SIV
antibody responses. Numerous cells containing cytoplasmic
and nuclear inclusions characteristic of RhCMV were ob-
served in multiple tissues. It was subsequently determined that
this animal had become naturally infected with RhCMV by an
unknown route of exposure approximately 2 to 4 weeks prior to
SIV inoculation. The rapid onset of RhCMV disease following
SIV infection in this sentinel animal differed from our previous
observations. RhCMV infection alone in healthy animals is
distinguished by an absence of clinical signs of disease (14).
Acute RhCMV disease suggested that an immature immune
response to RhCMV at the time of SIV infection might have
predisposed the animal to increased risk of RhCMV sequelae
during SAIDS pathogenesis.

We report here that animals inoculated with SIV 2 weeks
after inoculation with RhCMV had meager antibody responses
to both RhCMV and SIV, succumbed quickly to SAIDS, and
often had histopathological evidence of activated RhCMV. In
addition, elevated copy numbers of RhCMV DNA were de-
tected in plasma and tissue in all of these animals. In contrast,
none of the animals inoculated with SIV 11 weeks after Rh-
CMV died with acute RhCMV disease or SAIDS. These ani-

mals developed stronger antibody responses to both RhCMV
and SIV and had lower RhCMV genome copy numbers in
plasma and tissues than animals inoculated with SIV 2 weeks
after RhCMV inoculation. The pattern of RhCMV infection
and antibody responses following SIV inoculation implied that
protective immune responses to RhCMV were generated
within 11 weeks of RhCMV inoculation.

MATERIALS AND METHODS

Animal inoculations. Healthy colony-bred juvenile rhesus macaques (Macaca
mulatta) from the California National Primate Research Center were used for
this study. All animal protocols were approved in advance by the University of
California, Davis (UC Davis), Animal Use and Care Committee. UC Davis is
fully accredited by the Association for Assessment and Accreditation of Labo-
ratory Animal Care. All animals were serologically negative for RhCMV and SIV
prior to inoculation. Pathogenic isolates of RhCMV (strain 68-1 [23]) and mo-
lecularly cloned SIV (SIVmac239 nef open reading frame [11]) were used for this
study. Fourteen macaques were inoculated intravenously (i.v.) with 1 ml con-
taining 106 50% tissue culture infectious doses (TCID50) of RhCMV 68-1 at
week 0. Animals were subsequently inoculated with SIV (106 TCID50) and/or
RhCMV as follows. Animals were inoculated i.v. with SIV either at 2 (n � 4;
group I) or 11 weeks (n � 4; group II) after RhCMV inoculation. Four animals
(group III) were inoculated with both SIV and RhCMV at 11 weeks after
RhCMV inoculation. Two animals (group IV) received a second inoculum of
RhCMV but no SIV at 11 weeks. Longitudinal plasma samples were collected for
immunological and molecular analysis. Animals were euthanized upon signs of
SAIDS or 67 to 76 weeks after RhCMV inoculation. At necropsy, tissues and
plasma were collected for histopathological, immunological, and molecular anal-
yses. The tissues examined for histopathology included lymph nodes (axillary,
inguinal, mesenteric), spleen, thymus, stomach, duodenum, jejunum, ileum, co-
lon, pancreas, liver, kidney, adrenal, lung, bone marrow, tonsil, salivary gland
(parotid and submandibular), and brain, unless otherwise noted (Table 1).

TABLE 1. Inoculation groups and outcomes

Group Animal

Age (mos)
at RhCMV
inoculation

(wk 0)

Inoculation with: Cull (wks ARI)f

SIV histopathology Tissue(s) with RhCMV
histopathologySIV at

2 wks
SIV at
11 wks

SIV � RhCMV
at 11 wks

RhCMV
at 11
wks

Medical Elective

29863 8a 15a SAIDSd Lung, submandibular lymph
nodee

I 30435 7 � 29 SAIDS None
30437 7 � 13 SAIDS Duodenum, kidney, thymus,

brain
30458 6 � 12 SAIDS Ileocolic lymph node, brain,

thymus
30462 6 � 19 SAIDS Nonee

II 30396 9 � 65 Lymphoproliferation Nonee

30397 9 � 68 Lymphoproliferation Nonee

30402 8 � 14b Lymphoproliferation Nonee

30409 8 � 69 Lymphoproliferation Nonee

III 30317 10 � 38 SAIDS Thymuse

30349 9 � 70 Lymphoproliferation Nonee

30351 9 � 67 Lymphoproliferation Nonee

30367 9 � 53c Lymphoproliferation Meninges (spinal core)

IV 30217 11 � 76 Nonee

30218 11 � 76 Nonee

a RhCMV infection estimated to be 2 to 4 weeks prior to SIV inoculation (see text).
b Cause of death is unknown.
c Animal exhibited paraparesis of legs with no other clinical signs of SAIDS.
d SAIDS: profound generalized lymphoid depletion of lymph nodes and spleen, often accompanied by opportunistic infections.
e Brain not examined.
f ARI, after RhCMV inoculation.
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ELISA and avidity assays. Anti-RhCMV immunoglobulin G (IgG) responses
to total viral antigens were evaluated by enzyme-linked immunosorbent assay
(ELISA) as previously described (14). All samples were assayed at 1:100 dilu-
tions. The antibody avidity indices (AI) of plasma samples were determined as
previously described (14). Plasma samples (diluted 1:100) were assayed in in-
creasing concentrations (0, 1, 2, 3, 4, and 5 M) of sodium thiocyanate (NaSCN)
diluted in phosphate-buffered saline. AI was calculated as the molar concentra-
tion of NaSCN that was required to reduce antigen-antibody binding by 50%,
compared to incubation in the absence of NaSCN. SIV IgG was quantified by
end point ELISA by the Core Immunology Laboratory at the California National
Primate Research Center (15).

Real-time PCR. A real-time PCR assay was developed to quantify RhCMV
DNA copy numbers in plasma and tissues. Primer and probe sequences were
designed to the glycoprotein B gene (UL55) of RhCMV (accession no. U41526)
(12) by using the Primer Express program (version 1.0). The forward and reverse
primer sequences were 5�-TGC GTA CTA TGG AAG AGA CAA TGC-3� and
5�-ACA TCT GGC CGT TCA AAA AAA C-3�, respectively. Probe sequence
CCA GAA GTT GCG CAT CCG CTT GT contained 5� TET (tetrachloro-6-
carboxyfluorescein) as the reporter dye and 3� TAMRA (6-carboxytetramethyl-
rhodamine) as the quencher dye (PE Applied Biosystems, Foster City, Calif.).
PCR was performed with 1� Taqman universal PCR master mixture (PE Ap-
plied Biosystems), 17.5 pmol of each primer, 2.5 pmol of probe, and template
DNA (either 500 ng of tissue DNA or 5 �l of DNA extracted from plasma) in a
25-�l reaction volume. DNA templates were purified from tissues and plasma as
previously described (14). DNA was amplified (1 cycle of 50°C for 2 min and
95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min) with the ABI
Prism 7700 (PE Applied Biosystems). A standard curve was generated by using
10-fold serial dilutions of a plasmid (106 to 100 copies per reaction) containing
the gB amplicon. Results were analyzed with Sequence Detection System soft-
ware (version 1.6.3; Perkin-Elmer). Fluorescence intensity in each well was
measured, and result was considered positive when intensity exceeded 10 times
the baseline fluorescence. The limit of sensitivity was reproducibly between 1 and
10 copies of the template. Tissue RhCMV DNA loads were calculated as copy
number per 106 cells, and plasma DNA loads were calculated as copy number per
milliliter of plasma. SIV copy number was quantified according to published
protocols (Lucy Whittier Molecular Core Facility, UC Davis) (13).

Histopathology and immunohistochemistry. Formalin-fixed, paraffin-embed-
ded tissues were analyzed for histopathology and expression of the RhCMV IE1
gene according to published protocols (14).

Statistics. Mean values for anti-RhCMV IgG response and AI for different
inoculation groups were compared by using a one-way analysis of variance and
Duncan’s post hoc test with the SPSS for Windows data analysis software (SPSS,
Inc., Chicago, Ill.).

RESULTS

Animal inoculation. Two groups of animals were inoculated
with RhCMV followed by SIV inoculation at either 2 (group I;
n � 4) or 11 weeks (group II; n � 4) later. The goal was to use
SIV infection to perturb the development of normal anti-Rh-
CMV immune responses. Thus, it would be possible to deter-
mine whether arrest of anti-RhCMV immune development
after 2 or 11 weeks would alter the pathogenesis of RhCMV
infection. The time point of 2 weeks after RhCMV inoculation
was chosen to recapitulate the conditions that resulted in the
rapid demise of the sentinel animal, which prompted this study
(animal 29863; Table 1). The time point of 11 weeks after
RhCMV inoculation was chosen because anti-RhCMV im-
mune responses are more developed than those at 2 weeks but
not yet fully matured (14). A third group of animals (group III;
n � 4) was inoculated with RhCMV followed by inoculation
with SIV at 11 weeks together with a second inoculation of
RhCMV. The inoculation protocol for group III was chosen to
test whether the level of anti-RhCMV immunity at 11 weeks
after primary RhCMV exposure was sufficient to protect from
a second RhCMV challenge given simultaneously with SIV. A
fourth group of animals (n � 2) was inoculated with only
RhCMV at weeks 2 and 11.

The different inoculation protocols resulted in a range of
clinical outcomes distinguished by the kinetics and frequency
of SAIDS and RhCMV disease. In addition, animals inocu-
lated with SIV at 2 and 11 weeks after RhCMV inoculation
yielded distinct molecular and immunological parameters of
infection. Detailed results are presented for each inoculation
group below.

Group I. Rapid onset of disease occurred in the four mon-
keys inoculated with SIV 2 weeks after RhCMV infection. Two
of the four animals died at 11 and 13 weeks after RhCMV
infection and exhibited marked lymphoid depletion consistent
with SAIDS and histopathological evidence of RhCMV dis-
ease in multiple tissues (Fig. 1B and C). All tissues with inclu-
sion-bearing cells were immunohistochemically positive for
RhCMV IE1 expression (presented only in Fig. 1C). The acute
onset of SAIDS and RhCMV disease in these two animals was
similar to the course of disease in the index animal (29863). Of
the other two animals of group I, one died at 29 weeks with
SAIDS while the other died at 19 weeks with lymphadenopathy
and the early stages of lymphoid depletion (Table 1). Neither
of these two animals had evidence of active RhCMV.

Each animal displayed one or more hematological abnor-
malities, such as lymphopenia, lymphocytosis, neutropenia,
monocytosis, and thrombocytopenia (data not shown). Devia-
tions from normative parameters were mild to moderate, and
the frequency of observation ranged from once to multiple
times for some animals. There was no apparent relation be-
tween the pattern of hematologic abnormalities and clinical
outcome. Similarly, absolute CD4� T-cell number did not cor-
relate with SAIDS or RhCMV disease outcome (data not
shown). Most animals of groups I to III exhibited at least one
instance of marked CD4� T-cell depletion (�500 cells/�l).

Development of antibodies against SIV was either very weak
or undetectable in all four animals (Table 2), similar to the
phenotype for the sentinel animal (29863). SIV plasma loads
reached levels between 1 � 106 and 10 � 106 copies/ml of
plasma within 2 weeks of SIV inoculation and remained mostly
within this range for all animals until the time of necropsy (Fig.
2). Similarly, anti-RhCMV antibody responses were severely
attenuated following SIV inoculation. Both IgG levels (Fig. 3)
and AI (Fig. 4) were markedly depressed compared to those
for control animals (group IV). Mean IgG responses and AI
for group I monkeys at 11 weeks after RhCMV inoculation
were significantly lower than those for control animals (P �
0.008 and 0.01, respectively), and the difference was nearly
significant at 13 weeks (P � 0.06 for both). The effects of SIV
infection on RhCMV antibody development were observed
within 2 weeks of SIV inoculation.

Attenuation of the anti-RhCMV immune response was ac-
companied by high copy numbers of RhCMV DNA in the
plasma of all group I animals. RhCMV DNA was transiently
cleared from plasma by 3 weeks of RhCMV inoculation fol-
lowing a peak in DNA loads at 1 week (Fig. 5). The pattern of
RhCMV detection in plasma at the earliest stages of coinfec-
tion with RhCMV and SIV was similar to that observed for
control animals (group IV) (14). Unlike control animals, how-
ever, all group I animals soon became persistently positive for
RhCMV DNA in plasma and maintained high copy numbers
until death or necropsy. In addition, RhCMV DNA was readily
detected in almost every tissue from each coinfected animal
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(Table 3). Both the tissue distribution and quantity of RhCMV
DNA in tissues of group I animals were greater than those
observed in control animals (group IV) (14). The temporal
pattern of RhCMV DNA in plasma and the RhCMV load in
tissues for group I monkeys were similar to those observed for
the sentinel animal (29863; only tissue copy numbers are pre-
sented in Table 3).

Group II. The frequency and kinetics of SAIDS and Rh-
CMV disease in monkeys that were coinfected with SIV 11
weeks after RhCMV inoculation were markedly different from

those in monkeys receiving SIV inoculations at 2 weeks after
RhCMV inoculation (group I). Of the four monkeys inocu-
lated with only SIV at 11 weeks (group II; Table 1), none
exhibited clinical or histological signs of SAIDS, including
three that were selectively euthanized after more than 1 year of
observation. One animal died at 14 weeks of unknown causes.
All were in the lymphoproliferative phase of SIV infection at
the time of necropsy, with large germinal centers in secondary
lymphoid follicles. There was a complete absence of RhCMV
histopathology in all of the tissues analyzed.

FIG. 1. Representative examples of RhCMV histopathology in macaques coinfected with RhCMV and SIV. (A) Tissue from the sentinel
monkey (29863) showing evidence of multifocal interstitial pneumonia and containing cells with intranuclear and intracytoplasmic RhCMV
inclusions (arrows). (B) Markedly atrophic thymus from 30458 (group I), in which fibrous connective tissue has replaced much of the thymus and
in which large numbers of large cells containing RhCMV inclusions were observed (arrows). (C) Disseminated meningitis in the brain of 30437
(group I). Multiple cells were positive (brown) for RhCMV IE1 expression, including both cells with inclusions and histologically normal cells. The
morphology of the IE1-positive cells was consistent with that of macrophages.

TABLE 2. Anti-SIV IgG antibody titers

Wks ARIa

Titer for:

29863
Group I Group II Group III

30435 30437 30458 30462 30396 30397 30402 30409 30317 30349 30351 30367

2 Negb Neg Neg Neg Neg
5 Neg 100 Neg Neg Neg
8 100

11 100 400 Neg Neg 100 Neg Neg Neg Neg Neg Neg Neg Neg
14 Neg Neg
17 4,000 3,200 32,000 1,600 8,000 8,000 3,200
19 Neg 16,000
29 800
35 8,000 8,000 200,000 100 8,000 32,000
38 100
53
67
58
67 8,000 32,000
68 16,000
69 16,000 32,000
70 80,000

a ARI, after RhCMV inoculation.
b Neg, �100.
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SIV plasma loads were consistent with the absence of
SAIDS in this group of monkeys. Peak copy numbers were
observed within 1 to 2 weeks of SIV inoculation and were
comparable to those observed for group I animals (1 � 106 to
8 � 106 copies/ml; Fig. 2). Unlike what was found for group I
monkeys, however, SIV loads declined and remained within a
range of 104 to 106 copies/ml for the three long-term-surviving
animals of group II.

Immune responses to both SIV and RhCMV were robust
and sustained in the three long-term survivors (Table 2 and
Fig. 3 and 4). However, SIV infection at 11 weeks immediately
blunted further development of IgG and avidity against Rh-
CMV (Fig. 3 and 4). Anti-RhCMV immune responses re-
mained relatively level following SIV inoculation. Antibody
and avidity levels were below those noted for control animals
(group IV), although statistical significance was not observed.
The profile of RhCMV DNA in plasma was very similar to that
for control animals (Fig. 5). RhCMV DNA was mostly cleared
from plasma by 4 to 11 weeks at the time of SIV infection.
There was only sporadic detection in two of the three long-
term-surviving animals during the next year, a frequency sim-
ilar to that for control animals (group IV) (14). SIV infection
at 11 weeks after RhCMV inoculation did not alter the distri-
bution or copy number of RhCMV in tissues from those ob-
served in animals infected with RhCMV alone (group IV)
(Table 3).

Group III. Of the four animals inoculated with both SIV and
RhCMV 11 weeks after the primary exposure to RhCMV
(group III), one was euthanized with SAIDS at 35 weeks and
another animal was euthanized at 53 weeks due to paraparesis
of the lower limbs (Table 1). The latter monkey did not display
any clinical or histopathological signs of SAIDS. RhCMV in-
clusions were confined to a single tissue in each animal. The
other two animals of group III were euthanized for nonmedical
reasons at 67 and 69 weeks. Both animals were in the lympho-
proliferative stage of SIV infection, and neither had histolog-
ical evidence of RhCMV infection. The temporal pattern of
SIV in plasma was almost identical to that for group II mon-
keys, with one exception. All four animals exhibited peak loads
1 to 2 weeks after SIV (0.9 � 106 to 6 � 106 copies/ml; Fig. 2).
SIV loads subsequently declined in three monkeys (to 104 to
106 copies/ml), while the fourth (30317) had an elevated SIV

load (106 to 107 copies/ml), similar to group I animals. Animal
30317 was noted for profound immunodeficiency (Table 1).

Immune responses to SIV and RhCMV were generally sim-
ilar to those for group II monkeys. Three of four animals
developed persistently strong IgG responses to SIV (Table 2).
The one animal that died at 35 weeks with SAIDS had very low
anti-SIV antibody titers. Anti-RhCMV IgG and avidity steadily
increased until shortly after SIV infection (Fig. 3 and 4). Hu-
moral responses to RhCMV remained relatively flat or exhib-
ited slight increases by the time of necropsy for three of four
animals, including the monkey that died with SAIDS and Rh-
CMV disease. Values for all animals remained below those for
control animals (group IV), but not at statistically significant
levels. The other animal that died with RhCMV histopathology
(30367; Table 1) exhibited steadily declining RhCMV IgG and
avidity, beginning soon after SIV infection, until the time of
necropsy.

The temporal detection of RhCMV in plasma was very sim-
ilar to that for control animals (Fig. 5). RhCMV DNA was
undetectable in plasma in three animals by 4 weeks after Rh-
CMV inoculation and by 11 weeks for the remaining animal.
All group III animals remained persistently negative for Rh-
CMV DNA for an extended period of time following SIV
inoculation at 11 weeks even though they were also reinocu-
lated with RhCMV. Plasma from all four monkeys became
RhCMV DNA positive between 35 and 72 weeks. Both mon-
keys with histological evidence of activated RhCMV infection
were positive for DNA in plasma for the terminal sample. The
distribution of RhCMV was similar to that for control animals
(Table 3), in terms of tissues that were RhCMV DNA positive
and genomic copy number. The notable exception to the gen-
eral pattern of low RhCMV copy number in tissues was the
thymus of the animal that had histologically apparent RhCMV
disease.

Group IV. Animals challenged with RhCMV 11 weeks after
primary RhCMV inoculation (group IV) exhibited no clinical
abnormalities, and histological examinations of tissues re-
vealed no evidence of RhCMV infection. There was no appar-
ent difference in the immunological and molecular parameters
of infection (Fig. 3 to 5; Table 3) between the animals inocu-
lated twice with RhCMV (group IV) and those inoculated
once (14).

TABLE 3. RhCMV copy numbers in tissues

Tissuea

Log copy no/106 cells for:

29863
Group I Group II Group III Group IV

30435 30437 30462 30396 30397 40402 30409 30317 30349 30351 30367 30217 30218

Spleen 4.40 2.34 2.95 2.51 1.11 0.00 2.59 0.30 3.65 1.92 0.78 1.93 1.15 1.20
Thymus 4.97 3.32 2.16 3.82 1.83 0.00 2.10 0.00 5.26 0.30 0.00 0.00 0.00 0.00
Axillary LN 4.77 3.57 3.38 1.89 1.48 0.30 1.95 0.00 1.43 0.00 0.30 0.48 0.90 0.85
Inguina LN 5.27 1.20 4.47 2.52 0.00 0.00 1.80 0.00 0.00 0.48 1.30 0.90 0.85 0.48
Duodenum 3.69 1.04 5.41 2.01 0.00 0.00 0.00 0.00 0.48 0.00 0.00 0.00 0.00 0.00
Ileum 4.87 0.00 0.78 0.78 0.00 0.00 1.04 0.00 0.00 0.00 0.00 0.00 0.90 0.00
Liver 4.75 1.20 2.69 2.20 1.32 1.51 1.67 0.30 1.11 0.85 0.95 0.48 1.92 0.48
Kidney 4.96 0.48 5.17 3.67 0.30 0.30 0.78 0.00 1.28 1.99 0.30 0.00 0.50 0.78
Bone marrow 3.43 0.78 1.28 2.74 0.00 0.85 1.91 0.00 0.70 0.00 0.70 0.78 1.23 0.60
Lung 3.34 0.00 0.30 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

a LN, lymph nodes.
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DISCUSSION

The innate and adaptive immunity responses that prevent
acute and recurrent HCMV pathogenesis offer a paradigm of
protective immunity. Two issues that remain unresolved are
the immunological markers of protection and the temporal
kinetics of their development. The data from this study indi-
cate that two measures of protection developed in a relatively
short time following i.v. inoculation of macaques with Rh-
CMV. Development of an anti-RhCMV immune response for
a period of time between 2 to 11 weeks was sufficient to (i)
protect animals from acute RhCMV disease and (ii) signifi-
cantly limit viral replication as measured in both blood and
tissues. This conclusion is based on the clinical, virological, and
immunological distinctions between the groups following in-
fection with SIV. Attenuation of the RhCMV immune re-
sponse at 2 weeks by SIV resulted in sustained high loads of
RhCMV DNA in plasma, elevated copy numbers of RhCMV
in tissues, and increased risk of early RhCMV sequelae. None
of these phenotypes was observed in animals infected with SIV
at 11 weeks. The absence of large amounts in RhCMV DNA in
plasma after SIV inoculation at 11 weeks indicated that anti-
RhCMV immunity controlled both the reactivation of the pri-
mary RhCMV inoculum (group II) and any detectable repli-
cation following secondary infection with RhCMV (group III).
In addition, similar tissue distributions and RhCMV genome
copy numbers for SIV-inoculated (groups II and III) and con-
trol (group IV) animals demonstrated that, for the most part,
the anti-RhCMV immune responses at 11 weeks limited dis-
semination and local amplification of RhCMV replication after
SIV infection.

Our results also indicated that the relative timing of Rh-
CMV and SIV infections may have determined the course of
SIV pathogenesis. All animals inoculated with SIV 2 weeks
after RhCMV (group I and animal 29863) rapidly developed
SAIDS or early signs of immune compromise. In contrast, only
one animal inoculated with SIV at 11 weeks developed SAIDS,
and then only after 35 weeks. HCMV has long been implicated
in hastening the development of AIDS (20, 25). Our results
suggest a synergistic interaction between RhCMV and SIV,
particularly during concurrent primary infections. It should be
noted, however, that acceleration of immunodeficiency in
group I animals was not accompanied by early increases in SIV
plasma burden. SIV copy numbers within 2 weeks of SIV
infection in groups I, II, and III were comparable. It is unlikely,
therefore, that CD4� T cells were primed by RhCMV infec-
tion 2 weeks earlier to support a more robust infection by SIV.

Four monkeys in this study had histologically apparent Rh-
CMV disease in addition to our initial observation of activated
RhCMV (animal 29863). Additional lesions may have been
present in tissues that either were not examined or were in
locations other than those processed for fixation. It is also
possible that more animals would have presented with Rh-
CMV disease had they been observed longer, particularly with
the later onset of SAIDS. Currently, the best predictor for
HCMV disease in compromised individuals is evidence of ac-
tivated HCMV replication. Four assays that have been com-
monly employed to detect systemic HCMV activation are as-
says for (i) viruria (22), (ii) viremia (7), (iii) pp65 antigenemia
(24), and (iv) plasma DNAemia (20, 21). Positive results by any

of these assays are infrequently observed in chronically in-
fected, healthy hosts. Our results suggest that a combination of
quantifiable measures may be diagnostic for predicting those at
risk for disease. Four of five animals with RhCMV sequelae
(30437, 30458, 30367, and 29863) exhibited at least two of the
following characteristics: (i) a failure to develop an increase in
the AI or a progressive decline in the AI of RhCMV antibod-
ies, (ii) a progressive decline in anti-RhCMV IgG response,
(iii) prolonged detection of RhCMV DNA in plasma. Animals
without RhCMV sequelae exhibited no more than one of these
phenotypes. Of note, the decline for the two RhCMV humoral
parameters for animal 30367 (group III) preceded the detec-
tion of RhCMV DNA in plasma by many weeks. The fifth
monkey with fulminant RhCMV infection (30317; group III)
had dramatically elevated numbers of RhCMV genomes in the
plasma at 35 weeks and at necropsy, although both elevated
RhCMV IgG levels and AI were maintained until the time of
necropsy.

Quantification of both anti-RhCMV IgG development and
AI provides two markers of humoral development. Innate and
cellular immunity and the specificity of the antibody responses
were not evaluated as part of this study. Further study of both
is essential for the definition of any correlates of protective
immunity. Previous studies have demonstrated that RhCMV
antigen-specific CD4� proliferation and precursor frequency
and cytotoxic T-lymphocyte responses are diminished during
SIV infection (8–10). We observed that SIV infection pro-
duced a rapid attenuation of anti-RhCMV antibody produc-
tion and maturation. This effect allowed us to investigate how
the course of RhCMV infection differed in animals with dif-
ferent levels of RhCMV immunity. The mechanism responsi-
ble for disruption of IgG responsiveness and avidity matura-
tion is unknown. The phenotype may have been due to direct
effects on B cells or possibly an indirect effect on accessory
cells, such as disruption of antigen presentation by dendritic
cells. Human immunodeficiency virus (HIV) is known to alter
B-cell function in HIV-infected individuals (16). An important
downstream consequence of HIV and SIV infection is that
immune responses to heterologous pathogens may be perma-
nently weakened during the early stage of immunodeficiency
virus infection, not just during the late stage. This scenario
appears to have been especially relevant for animal 30367. As
noted above, immune responses to RhCMV steadily declined
in this animal soon after it was inoculated with SIV and Rh-
CMV at 11 weeks (group III). Detection of RhCMV DNA in
plasma and the presence of RhCMV histopathology in the
absence of any evidence of SAIDS imply that very early insults
to the immune system by SIV can result in long-term ramifi-
cations.

RhCMV infections in juvenile monkeys differed from those
observed in experimentally inoculated fetuses (23; K. M. Lock-
ridge, A. F. Tarantal, and P. A. Barry, unpublished data).
Intrauterine RhCMV disease can be extensive in some fetuses
in which RhCMV lesions are detected in most tissues. The
dissemination of RhCMV in fetuses indicates that, in the ab-
sence of immunological restraints, RhCMV will readily pro-
duce fulminant disease. A restricted profile of tissues with
RhCMV lesions in the juvenile animals of this study suggests
that there were different levels of anti-RhCMV immunity in
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different tissues. According to this scenario, sufficient levels of
anti-RhCMV immunity were present in most tissues to have
prevented the accumulation of high RhCMV loads and onset
of disease. The lack of detectable RhCMV DNA in some
tissues (e.g., lung and thymus) of control animals supports the
notion that normal immune responses prevent the establish-
ment of large reservoirs of persistent viral genomes. The mech-
anism by which these same tissues support RhCMV replication
during SIV infection is not known.

The nonhuman primate model of HCMV persistence and
pathogenesis offers a highly relevant system with which to
investigate viral and host factors involved in the establishment,
maintenance, and loss of a stable virus-host relationship. Our
results demonstrate that the first few weeks of RhCMV infec-
tion constitute a critical period for development of protective
antiviral immune responses. If this immune maturation is
never established (group I) or is not maintained (group III),
animals are at risk for RhCMV disease.
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