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The most abundantly produced virion protein in human cytomegalovirus (HCMYV) is the immunodominant
phosphoprotein 65 (pp65), which is frequently included in CMV vaccines. Although it is nonessential for in
vitro CMV growth, pp65 displays immunomodulatory functions that supporta potential role in primary and/or
persistent infection. To determine the contribution of pp65 to CMV infection and immunity, we generated a
rhesus CMV lacking both pp65 orthologs (RhCMVApp65ab). While deletion of pp65ab slightly reduced growth
in vitro and increased defective particle formation, the protein composition of secreted virions was largely
unchanged. Interestingly, pp65 was not required for primary and persistent infection in animals. Immune
responses induced by RhCMVApp65ab did not prevent reinfection with rhesus CMV; however, reinfection
with RhCMVAUS2-11, which lacks viral-encoded MHC-I antigen presentation inhibitors, was prevented.
Unexpectedly, induction of pp65b-specific T cells alone did not protect against RRCMVAUS2-11 challenge,
suggesting that T cells targeting multiple CMV antigens are required for protection. However, pp65-specific
immunity was crucial for controlling viral dissemination during primary infection, as indicated by the marked
increase of RACMVApp65ab genome copies in CMV-naive, but not CMV-immune, animals. Our data provide
rationale for inclusion of pp65 into CMV vaccines but also demonstrate that pp65-induced T cell responses

alone do not recapitulate the protective effect of natural infection.

Introduction

Human cytomegalovirus (HCMYV) persistently infects most
of humanity (1). While the vast majority of these infections are
asymptomatic and not associated with any pathologic conse-
quence, HCMV can cause serious disease in the setting of immune
deficiency or immaturity, including late-stage AIDS, iatrogenic
immune suppression (particularly, organ and stem cell transplan-
tation), and fetal infection (where infection can cause hearing loss
and mental retardation) (2, 3). In maternal-to-fetal transmission
and, to a certain extent, with transplantation, the most serious
disease appears to arise in the setting of primary HCMYV infection
(3-5). Therefore, vaccination has been proposed as potential inter-
vention to ameliorate these poor outcomes (6). Although it was
initially thought that an effective HCMV vaccine might prevent
acquisition of HCMV altogether, accumulating data indicate that
even the potent natural immunity elicited by persistent HCMV
infection of healthy subjects is, at best, only partially protective
against superinfection (7). Thus, conceptually, the most realistic
goal of an HCMYV vaccine would be to establish a similar level of
immunity as present in typical HCMV* individuals, in HCMV-
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females prior to pregnancy, or all HCMV- subjects prior to trans-
plantation with HCMV* cells or tissue, so as to prevent the poten-
tially severe consequences of primary infection in these subjects.
Indeed, due to the importance of HCMV in causing congenital
disease and complications in transplant recipients, vaccine devel-
opment efforts have been given high priority by the Institute of
Medicine of the National Academy of Sciences (8).

While initial approaches to CMV vaccines focused on the devel-
opment of an attenuated strain of HCMV (Towne) (9, 10), more
recently, the focus has shifted toward the development of subunit
vaccines (11), either single antigen vaccines (12) or cocktails of anti-
body-inducing and T cell-inducing subunits (13). A frequently used
T cell-inducing subunit in the development of CMV vaccines is the
phosphoprotein 65 (pp65), which is consistently a major target for
the T cell response in infected individuals (14-17). HCMV pp6S is
part of the viral tegument and the most abundant virion protein
(18). Multiple functions in modulation of innate and intrinsic
immunity (19-21) as well as adaptive immune responses (22-24)
have been assigned to HCMV pp65. Moreover, pp65 has been shown
to modulate the activity of serine/threonine kinases (25-27), Polo-
like kinase 1 (28), and the viral UL97 serine/threonine kinase (29).
Nevertheless, pp65 is dispensable for viral replication in HCMV-in-
fected fibroblasts (30), but pp65-deleted HCMV showed decreased
virus production in monocyte-derived macrophages (31).

The role of pp65 for the establishment and maintenance of per-
sistent infection by HCMYV is unknown, due to the strict species
specificity of HCMV that does not infect immunocompetent exper-
imental animals. Thus, animal CMVs are generally used as mod-
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els to study CMV and CMV vaccines (32-34). Since host restric-
tion resulted in coevolution of CMVs with their respective hosts,
infection of rhesus macaques (RMs) with rhesus CMV (RhCMYV)
represents an animal model that closely resembles infection of
humans with HCMV (35). We therefore used this model to study
the role of RhCMYV pp6S in infection and immunity. RhCMV
encodes 2 ORFs,Rh111 and Rh112, with comparable homology to
HCMV pp65 (pp65a ~34%, pp65b ~40%) and 40% identity to each
other (36, 37). The 2 proteins combined comprise approximately
11% of the entire viral proteome in RhCMV virions (38), which is
similar to HCMYV, in which the single pp65 protein makes up 15%
of the virion proteins (18). To examine the function of pp6S in vitro
and in vivo, we deleted both pp65 homologs from the genome of
RhCMV. We characterized the impact of pp65 deletion on viral
growth in vitro and on the composition of the virion proteome.
We then determined the role of pp65 for the ability of RhRCMV to
establish primary or secondary persistent infection in RhCMV* or
RhCMV- animals, respectively. By challenging with recombinant
RhCMV lacking the immunoevasins US2, 3, 6, and 11, a virus inca-
pable of superinfecting, we further evaluated whether pp65-specific
T cells are required for the protective effect of preexisting CMV
infection or sufficient to recapitulate T cell-mediated protection
induced by natural infection. Our observations demonstrate a
unique physiologic role for pp65 in CMV biology and, moreover,
have implications for the use of pp6S5 as a subunit vaccine.

Results

RhCMVApp65ab shows delayed growth kinetics at low MOI. To study
the function of pp65 in RMs, we deleted the pp65a- and pp65b-en-
coding genes Rh111 and Rh112 in the RhCMV strain 68-1-derived
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BAC (39) to generate App65ab. Upon reconstitution of recombi-
nant virus in telomerized rhesus fibroblasts (TRFs), we verified
that genes Rh111 and Rh112 were absent, whereas the neighboring
genes Rh110 (UL82 [pp71] homolog) and Rh114 (UL84 homolog)
were still expressed (Figure 1A).

To determine whether pp65 deletion affected in vitro growth
properties of RhCMV, we compared the growth kinetics of
App65ab with those of BAC-derived RhCMV 68-1 (herein referred
to as WT control). TRFs were infected with App65ab or WT either
atahigh MOI of 3 to generate a single-step growth curve or ata low
MOI 0f 0.01 to measure multistep growth. Supernatants collected
at high MOI contained similar titers of the 2 viruses, with a peak
titer reached on and after 4 days postinfection (dpi) (Figure 1B).
However, when multiple rounds of infection were measured,
App65ab displayed a modest, but significant, delay in viral growth,
ultimately reaching the same peak titer as WT (Figure 1C).

Characterization of App65ab virions. Since previous reports sug-
gested that pp65 in HCMV affected viral assembly and thus the
incorporation of other viral proteins (31), we studied the struc-
ture and protein composition of App65ab virions. Using mass
spectrometry, we demonstrated recently a remarkable similarity
between the predominant viral proteins found in both RhCMV
and HCMYV, with respect to protein ratios and protein abundance
(38). To similarly determine the proteome of App65ab virions, we
concentrated viral particles from the supernatant of infected TRFs
followed by purification over a discontinuous Nycodenz gradient
(see Methods). Compared with WT, we observed an increased
appearance of particles that sedimented with higher density in
virion preparation of App65ab (Figure 2A). Electron microscopy
of this high-density band revealed abnormal structures consistent
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Intact and defective viral particles are secreted from fibroblasts infected with App65ab. (A) Image of a Nycodenz gradient loaded with RhnCMVApp65ab,
and electron microscope images of virions (top image) and defective particles (bottom image) contained in the visible bands of the gradient.
(B) Electron microscope image of purified RhnCMVApp65ab virions showing the purity of the sample. (C) Purified RhCMV WT and App65ab
virions were lysed, and 10 ug protein was electrophoretically separated using NUPAGE MOPS gradient gels and visualized by Coomassie blue
staining. (D) Western blots of 5 ug gradient-purified RhnCMV 68-1 WT and viral mutant App65ab stained for RhnCMV pp65a, pp65b, or a RhCMV-
specific antibody. (E) Various electron microscopy images of purified WT and App65ab virions were taken, and the diameters of virions, capsids,
and the tegument were determined in multiple images and magnifications (WT, n = 39; App65ab, n = 45). The mean diameters with their respec-
tive SDs are shown, and Student’s t tests were performed to determine the P values. Scale bars: 100 nm.

with capsidless (defective) viral particles. However, the lower den-
sity virion band contained an essentially pure preparation of par-
ticles with the same general structure as WT RhCMYV, including
an icosahedral capsid containing the viral DNA as the core of the
virion surrounded by a tegument layer and enveloped by a lipid
membrane (Figure 2B). NuPAGE and Western blot analysis of gra-
dient-purified WT and App65ab mutant virions demonstrated the
absence of pp65a and pp65b in the deletion mutant (Figure 2, C
and D). Comparison of the dimensions of the WT versus App65Sab
virions revealed an overall reduced diameter of App65ab virions
(173.4nm) compared with that of WT virions (222.5 nm) (Figure 2E).
This reduction in particle size was primarily due to a significant
reduction of the viral tegument layer (38.4 nm [App65ab] com-
pared with 61.2 nm [WT]), consistent with the fact that pp65a
and pp65b constitute a major portion of the viral tegument in WT
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(approximately 24.4%; ref. 38). In addition, the capsid appeared
to be diminished in size, although to a lesser degree (89.7 nm
[App65ab] compared with 100.2 nm [WT]). Thus, both pheno-
typically normal, but smaller, virions and defective particles were
recovered from the supernatant of cells infected with App65ab.
To further characterize the proteome of the virions contained
in the upper band by mass spectrometry, the recovered material
was digested with trypsin and analyzed by 1D LC-MS/MS. The
resulting mass spectra were initially searched against stop-to-
stop translated sequences of the RhCMV 68-1 BAC genome
for ORFs 230 amino acids. Since all proteins identified by this
method corresponded to proteins contained in our recently pub-
lished reannotation of the RhCMV 68-1 BAC genome (38), we
also used a protein library based on the revised annotation for
further analysis of protein abundance. The virion preparation
Volume 124
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Table 1
Comparison of viral proteins contained in WT and App65ab virions
ORF ORF Description Group? Mol% Mol% Mol% Fold Direction
RhCMV HCMV in virion invirion invirion change

(RhCMV WT)® (App65ab) (App65ab

adjusted)

Rh112 UL83 Tegument protein pp65b A 7.23 0.00 0.00 * |
Rh118 UL86 Major capsid protein (MCP) C 7.22 10.21 9.09 1.26 i
Rh117 UL85 Minor capsid protein (mCP) C 6.63 7.99 711 1.07 i
Rh129 UL94 Tegument protein A 4.88 5.24 4.67 1.05 |
Rh102 UL73 Envelope glycoprotein N B 4.83 7.28 6.48 1.34 1
Rh44 UL26 Tegument protein A 416 2.85 2.54 1.64 |
Rh59 UL35 Tegument protein A 3.81 4.34 3.86 1.01 1
Rh111 UL83 Tegument protein pp65a A 3.76 0.00 0.00 * |
Rh138 UL100 Envelope glycoprotein M B 3.70 3.92 3.49 1.06 |
Rh75 UL46 Triplex capsid protein, subunit 1 C 3.45 3.09 2.75 1.25 |
Rh104 UL75 Envelope glycoprotein H B 3.17 2.69 2.39 1.32 !
Rh137 UL99 Myristoylated tegument protein A 2.97 3.20 2.85 1.04 I
Rh43 UL25 Tegument protein A 2.86 2.90 2.58 1.1 |
Rh55 uL32 Tegument protein pp150 A 2.86 3.06 2.73 1.05 |
Rh100.1 uL71 Tegument protein A 2.75 2.44 217 1.27 0
Rh215 Us28 G protein—coupled receptor homolog (vGPCR2) B 2.75 3.21 2.85 1.04 I
Rh110 uL82 Tegument protein pp71 A 2.73 3.72 3.31 1.22 1
Rh230 TRS1 Tegument protein D 2.43 1.66 1.47 1.65 !
Rh89 UL55 Envelope glycoprotein B B 2.38 2.34 2.08 1.14 }
Rh79.1 UL48A Small capsid protein C 2.34 2.25 2.00 1.17 |
Rh203 us22 Tegument protein A 217 3.37 3.00 1.38 I
Rh72 uL45 Ribonucleotide reductase subunit 1 (R1) D 2.10 2.01 1.79 1.18 |
Rh148 uL116 E 1.66 2.04 1.82 1.09 1
Rh76 uL47 Tegument protein A 1.51 1.98 1.77 1.17 1
Rh78 uL48 Large tegument protein A 1.42 2.1 1.88 1.33 I
Rh140 uL103 Tegument protein A 1.34 1.20 1.07 1.26 |
Rh123 uL88 potential Tegument protein E 1.32 1.91 1.70 1.28 1
Rh106 uL77 Virion-packaging protein C 1.21 1.48 1.32 1.09 1
Rh147 uL115 Envelope glycoprotein L B 1.03 1.04 0.93 1.11 |
Rh164 uL141 Membrane glycoprotein B 0.92 1.02 0.91 1.01 |
Rh132 uL97 Phosphotransferase D 0.87 1.00 0.89 1.02 1
Rh211 UsS26 E 0.85 0.00 0.00 * |
Rh160 uL132 Envelope glycoprotein B 0.81 1.05 0.93 1.14 1
Rh56 uL33 GPCR homolog, envelope glycoprotein B 0.78 0.45 0.40 1.93 |
Rh152/Rh151  UL119/UL118  Membrane glycoprotein, viral Fc-y receptor B 0.70 0.73 0.65 1.08 |
Rh128 uLa3 Capsid-associated protein C 0.64 0.74 0.66 1.02 1
Rh141 uL104 Capsid portal protein C 0.47 0.66 0.59 1.25 1
Rh216 us28 GPCR homolog (vGPCR3B) B 0.36 0.59 0.53 1.47 1
Rh131 UL96 Tegument protein A 0.35 0.20 017 1.99 |
Rh17 RL11 family E 0.32 0.00 0.00 * |
Rh214 us28 GPCR homolog (vGPCR1) B 0.28 0.00 0.00 * |
Rh42 uL24 Tegument protein A 0.28 0.38 0.33 1.18 1
Rh173 RL11 family E 0.27 0.69 0.62 2.25 1
Rh218 US28 GPCR homolog (vGPCR4) B 0.27 0.88 0.78 2.88 1
Rh164.1 E 0.23 0.15 0.14 1.71 |
Rh103 UL74 Envelope glycoprotein O B 0.20 0.35 0.31 1.56 1
Rh165 E 0.18 0.00 0.00 * 1
Rh13.1 RL13 Membrane protein B 0.14 0.51 0.46 3.14 1
Rh109 UL80 Capsid maturation protease C 0.10 0.03 0.02 427 |
Rh70 uL44 DNA polymerase processivity factor D 0.10 0.12 0.10 1.07 1
Rh05 RL11 family E 0.09 0.49 0.44 4.68 i
Rh156 (IE2) uL122 Immediate-early protein 2, pp86 D 0.08 017 0.15 1.85 i
Rh81 UL50 Nuclear egress membrane protein B 0.04 0.02 0.02 1.63 |
Rh83 UL52 Packaging protein D 0.00 017 0.15 * 1
Rh134 uL98 Deoxyribonuclease D 0.00 0.07 0.07 * 0
Rh114 uL84 D 0.00 0.02 0.02 * i

AThe identified proteins were separated into 5 different groups dependent on their subcellular localization or function: A, tegument; B, envelope and glycopro-
teins; C, capsid; D, transcription/replication machinery; and E, uncharacterized. BThese data are based on WT proteomics results published by Malouli et al.
(38). Asterisks indicate proteins that are not present in either the WT or App65ab sample, so fold changes cannot be calculated.
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RhCMV pp65-specific T cell responses
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App65ab establishes primary and secondary infections and protects against superinfection with AUS2-11. (i) Two RhCMV seronegative male
RMs (filled circles, Rh22037; open circles, Rh23016) were infected s.c. with 107 PFUs of App65ab at day 1. CD4+ (blue) and CD8* (red) T cell
responses were monitored in peripheral blood (PBMCs) by intracellular cytokine staining at the indicated days using overlapping peptides of
pp65ab and IE1/2. (ii) On day 659, the 2 animals were inoculated s.c. with 107 PFUs of AUS2-11gag (green dotted line), and the T cell response
to SIVgag was measured in addition. Note the absence of a T cell response to SIVgag or pp65 and a lack of boosting of responses to IE1. (i) On
day 876, the 2 RMs were inoculated with 107 PFUs of WTgag (black dotted line), and the T cell response was monitored by intracellular cytokine
staining. Note the appearance of de novo responses to SIVgag and pp65 and a boosting of the T cell response to IE1. (iv) On day 1,107, the 2 RMs
were inoculated with 107 PFUs of App65ab-rtn (blue dotted line). Using overlapping 15-mer peptides, a de novo response to SlVretanef was
detectable, indicating superinfection. Also note a boosting of the IE1 response but not of pp65- or SIVgag-specific responses. The corresponding
T cell responses obtained from BAL fluid are shown in Supplemental Figure 2.

was analyzed by LC-MS/MS upon elution from 0% to 100% ace-
tonitrile gradient over 100 minutes, and 5 technical repeats were
performed. 68.5 mol% of all identified proteins and 69.9 mol%
of all identified peptides corresponded to viral proteins, whereas
31.5 mol% of the proteins and 30.1% of the peptides were derived
from the host (Supplemental Figure 1B; supplemental material
available online with this article; doi:10.1172/JCI167420DS1).
This result is similar to that previously obtained for WT
(64.8 mol% viral proteins, 63.4% viral peptides and 35.2 mol%
host proteins, 36.6% host peptides), suggesting a similar level
of sample purity. As expected, peptides corresponding to pp65a
or pp65b were not detected in the App65ab virion preparation
(Table 1). However, a total of 50 different viral proteins could be
identified for App65ab, which is comparable to that for WT viri-
ons, for which 53 different viral proteins were identified. Every
capsid protein found in WT virions was found in the deletion
mutant, and besides the deleted pp6S proteins, this also holds
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true for the tegument proteins (Table 1). Similarly, all major
glycoproteins were present in App65ab in equal abundance
compared to WT. In fact, most proteins that differed in their
abundance between App65ab virions compared with WT were
low-abundance proteins, suggesting that these proteins might
not be consistently part of the virions or that they were missed
in our analysis due to low abundance. If an abundance thresh-
old of 0.25 mol% is applied, 8 proteins differ between App65ab
and WT: Rh17 (RL11 family), Rh131 (UL96), Rh211 (US26), and
Rh214 (US28) are decreased in the App65ab mutant compared
with the WT, whereas Rh05 (RL11 family), Rh13.1 (RL13), Rh173
(RL11 family), and Rh218 (US28) were increased in the App65ab
mutant compared with the WT (Figure 3). Of those, Rh211 is the
only protein with a substantial presence with 0.85 mol% in WT
virions that is completely absent in mutant virions. Rh211 is the
homolog of HCMV US26, whose function is unknown. Thus, our
proteomics analysis revealed that only 8 proteins with a higher
Volume 124
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Relative abundance of the 5 functionally different groups of viral proteins in RhRCMV WT and App65ab

RhCMV SD RhCMVApp65ah SD Pvalue RhCMVApp65ab  SD Pvalue
68-1 compared adjusted compared
to 68-1 to 68-1
Tegument 45.09 2.26 37.03 1.58 0.0005 32.95 1.40 0.00004
Envelope and glycoproteins 22.38 1.30 26.00 2.37 0.03 23.14 2.11 0.30
Capsid 22.03 1.58 26.46 1.07 0.001 23.55 0.95 0.07
Transcription/replication machinery 5.58 0.42 5.24 0.84 0.27 4.67 0.75 0.05
Uncharacterized 4.92 1.14 5.28 0.59 0.28 4.70 0.52 0.36
Total 100.00 100.00 89.00

abundance than 0.25 mol% showed marked changes of more
than 2-fold between the WT and the pp65ab deletion mutant,
with most of these being low-abundance proteins.

In general, there was surprisingly little impact of pp65ab dele-
tion on the presence of other proteins in the virions. There was
no substantial difference among nonstructural proteins (tran-
scription/replication machinery or uncharacterized category),
whereas the quantities of most structural proteins (capsid, enve-
lope, glycoproteins) were, in fact, slightly elevated in App65ab
compared with those in WT (Table 2). Moreover, we did not
observe a decrease in specific, non-pp65 tegument proteins, but
rather, we saw a decrease in the abundance of all non-pp65 teg-
ument proteins in App65ab virions. This is in contrast to a pre-
vious report for HCMV, describing selective lack of specific teg-
ument proteins in pp65-deleted virions (31). Thus, it seems that
RhCMV virions assembled normally but with an overall reduced
tegument. Indeed, when virion protein abundance is adjusted for
the absence of pp65ab by normalizing to a total of 89% (11% of
the WT virion is made up by pp65a and pp65b combined), pro-

tein quantities are very similar to those of WT (Tables 1 and 2).
Despite the lack of major tegument proteins that normally rep-
resent 11% of the viral particle mass, there was little change in
virion composition.

In contrast to the limited impact of pp65ab deletion on virion
proteins, a number of host proteins were substantially different
between WT and App65ab (Supplemental Figure 1). 279 host pro-
teins were identified in WT, whereas 240 host proteins were iden-
tified in App65ab. Only 172 host proteins were identified in both
viral samples, with the remaining proteins being unique to each
sample. The role of host cell proteins in CMV virions is unknown,
but it seems likely that these proteins reflect the source or host
cell membrane used for envelopment. The differential presence of
host cell proteins could thus indicate that envelopment of pp65ab-
deleted viruses differs somewhat from that of WT virus. This
would be consistent with the increased production of defective
particles described above. The differential incorporation of host
cell proteins likely reflects changes in viral assembly pathways but
is less likely of consequence for virion function.
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Figure 4

RhCMVApp65ab is persistently secreted from infected animals. (A) The time line depicts the time points of inoculation with different RhnCMV
constructs and the days when cocultures were started from urine. Time points marked with asterisks indicate additional days in which cocultures
were positive for App65ab, but the data are not shown. PID, postinoculation day. (B) Immunoblot for the indicated antigens in lysates from rep-
resentative viral cocultures with urine collected on the indicated dpi. The presence of RhCMV-IE1, RhCMV-pp65b, SIVgag, and SIVretanef in
cell lysates was detected by immunoblot using antibodies specific for the respective antigens (IE, pp65) or for epitope tags fused to SIVgag or
SIVretanef. Note that, initially, secreted RhCMV expressed IE, but not pp65, whereas superinfection with WTgag and App65retanef is indicated
by the appearance of pp65-containing virus expressing the respective antigens. As positive control (Con), coculture lysates from a RM inoculated

with WTgag and WTretanef is included.
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Figure 5

T cells induced by heterologous prime-boost vaccination with pp65b do
not protect against superinfection with AUS2-11. (A) Three CMV-neg-
ative RMs were vaccinated with 1 mg pND/pp65b and boosted with
5 x 108 PFUs MVApp65b at 6 and 12 weeks after the initial vaccina-
tion (black). As controls, 3 CMV-negative RMs were vaccinated with
the parental pND plasmid not expressing any antigen and boosted
with WT MVA at 6 and 12 weeks after the initial vaccination (green).
At 18 weeks after the initial DNA vaccination, both groups of animals
were challenged with 107 PFUs AUS2-11gag. The top row shows the
specific T cell responses to pp65, whereas the bottom row shows
specific T cell responses to SIVgag. T cells were isolated from periph-
eral blood (PBMCs). The corresponding T cell responses obtained
from BAL fluid are shown in Supplemental Figure 3. The production
of anti-RhCMV antibodies in pp65-vaccinated animals (Rm23557,
Rm27814, Rm27838) was compared to that in control-vaccinated ani-
mals (Rm23672, Rm25052, Rm27821) prior to and upon challenge
with RhCMV-AUS2-11. At the indicated time points, RhCMV-specific
end point antibody (IgG, IgA, IgM) titers were measured in plasma
from each animal by ELISA using lysates from fibroblasts infected with
either (B) RhCMV-App65 or (C) WT-RhCMYV as the capture antigen. (D)
Viral proteins recognized by the antibodies were detected by Western
blotting. Lysates of cells infected with WT-RhCMV or RhCMV-App65
were separated by SDS-PAGE and immunoblotted with antisera from
the pp65-vaccinated animal (Rm27838) or a control-vaccinated animal
(Rm23672). Asterisks denote the pp65 proteins. The results from these
2 animals are representative of the responses observed in the other
animals of each group.

Infection of RMs with App6Sab. To determine whether pp65ab-
deleted viruses would be infectious, we inoculated 2 seronegative
male RMs with 107 PFUs of App65ab and monitored the CMV-spe-
cific T cell response using overlapping peptides to the RhCMV
proteins IE1/2 and, as control, to pp65ab for about 22 months.
We also monitored viral shedding by coculture of urine samples
with rhesus fibroblasts. In previous experiments, we showed that
infection of RhCMV-negative RMs results in the appearance of
peak T cell responses within the first 2 weeks of infection, fol-
lowed by a contraction and stabilization of the T cell response at
a level that remains more or less constant for the duration of the
life of the animal (40, 41). The maintenance of such a long-lived
effector memory T cell response reflects the establishment of per-
sistent infection. Similarly, both animals infected with App65ab
responded vigorously to IE1/2, with a peak CD4* and CD8" T
cell response in PBMCs and bronchoalveolar lavage (BAL) fluid
at 2 weeks, followed by a slow decline and stabilization of the
response that lasted for the entire time (Figure 3, i, and Supple-
mental Figure 2A). Importantly, T cell responses to pp65ab were
not observed, which is consistent with the IE1/2 responses being
induced by the pp65ab-deleted virus. The stable T cell response to
IE1/2 suggested that the pp65-deleted virus established persistent
infection. Persistence was further confirmed by coculture of urine
samples with TRFs, in which IE1 was detected in urine cocultures
of App65ab-infected animals but pp65 was not detected, confirm-
ing that there was no contamination with WT virus (Figure 4).
Thus, these data suggest that RhCMV is able to establish and
maintain a persistent infection despite the absence of pp65ab.

Although pp65 is one of the major targets of the CMV-specific
T cell response in both humans and monkeys (14-17, 37), the
contribution of pp65-specific T cells to control of CMV replica-
tion is not known. Indeed, the experimental determination of the
efficacy of RhCMV-specific T cell responses is complicated by the
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fact that RhCMV readily superinfects RhCMV* RMs, overcoming
preexisting T cell responses due to the presence of viral proteins
that inhibit MHC-I antigen presentation (42). However, RhCMV
lacking the genes encoding for homologs of the HCMV US2, 3,
6, and 11 immunoevasins is unable to superinfect CMV* RMs
but is capable of establishing persistent infection in CMV-naive
animals or upon depletion of CD8* T cells from CMV-immune
animals (42). Thus, the ability to protect against superinfection
with AUS2-11 RhCMV is a convenient surrogate marker for the
quality of T cell responses, i.e., a T cell response that is as effi-
cient as that induced by natural infection. To test whether the T
cell responses induced by App65ab to antigens other than pp65
would be sufficient to prevent superinfection with immunoeva-
sins-deleted virus, we inoculated the 2 App65ab-infected RMs with
AVIHCEAUS2-11gag, a previously described recombinant virus
that expresses the SIVgag as immunological marker. In addition
to US2-11, this virus lacks the RhCMV-specific viral inhibitor of
heavy chain expression (VIHCE), which is not required for superin-
fection (42). As observed for RMs naturally infected with RhCMV,
AVIHCEAUS2-11 was unable to superinfect App65ab-infected
animals, as evident from the absence of an immune response to
SIVgag as well as a lack of a boosting response to IE or a de novo
response to pp6S (Figure 3, ii, and Supplemental Figure 2B).
In fact, T cell responses to IE1/2 remained stable for the entire
duration of this experiment (200 days). Thus, the T cell responses
generated by App65ab were as efficacious as T cell responses
induced by WT in protecting against immunoevasins-deleted virus
challenge, indicating that a pp65-specific T cell response is not
required for an effective anti-RhCMV immune response and that
T cells specific for other codominant or subdominant antigens are
sufficient for protection.

To determine whether animals infected with App65ab are resis-
tant to superinfection by WT RhCMV, we inoculated both RMs
with WT-gag, a previously described virus that carries SIVgag
inserted into the ORF Rh211 between hypothetical ORFs 213 and
214 (41). Upon inoculation of 107 PFUS WT-gag, both animals
displayed clear signs of superinfection, as evident by the develop-
ment of de novo responses to SIVgag and pp65ab and by boosting
of the preexisting T cell response to IE1/2 (Figure 3, iii, and Sup-
plemental Figure 2C). Moreover, cocultures of urine samples from
these animals contained SIVgag-expressing virus (Figure 4). These
data thus demonstrate that the immune responses induced by
App65ab, like those elicited by WT RhCMYV, are unable to protect
against superinfection with WT RhCMV.

Given the role of HCMV pp65 as modulator of several immune
response pathways (including protecting against IE-specific T cells
[23] and NK cells [22]), it was possible that pp65 itself contributed
to the ability of WT to overcome preexisting immune responses. In
fact, our previous finding that evasion of T cell responses plays a
central role in overcoming preexisting immune responses does not
rule out that evasion of other immune response components, e.g.,
B cells and NK cells, might also contribute to superinfection (42).
To examine whether RhCMV lacking pp65ab would be able to
superinfect CMV-positive animals, we inserted an expression cas-
sette for SIVretanef (a fusion protein of rev, int, tat, and nef; refs.
41, 43) into the RhCMV genome by replacing the pp65-encoding
genes Rh111 and Rh112. After confirming pp65 deletion, in vitro
growth properties, and expression of SIVretanef (data not shown),
we inoculated the 2 RMs previously infected with App65ab and
WT-gag with App65Sab-retanef and monitored the immune
Volume 124~ Number 5
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Table 3

Copy numbers of RhCMV WT-gag and App65ab-retanef genomes in CMV+ RMs

14 dpi (Rh29036)

Tissue type? RhCMV 68-1 App65ab
Skin injection site (WT) ND 18
Skin injection site (App65ab) 11 32
Axillary lymph node (WT) ND ND
Axillary lymph node (App65ab) ND ND
lliosacral lymph node (WT) ND 1
lliosacral lymph node (App65ab) ND ND
Inguinal lymph node (WT) ND ND
Inguinal lymph node (App65ab) ND ND
Inferior mesenteric lymph nodes ND ND
Medial mesenteric lymph nodes ND ND
Superior mesenteric lymph nodes ND ND
Duodenum ND 5
Jejunum ND ND
lleum ND ND
Colon ND 2
lleocecal ND ND
Submandibular salivary gland (WT) ND ND
Submandibular salivary gland (App65ab) ND ND
Sublingual salivary gland (WT) ND 122
Sublingual salivary gland (App65ab) ND ND
Parotid salivary gland (WT) ND ND
Parotid salivary gland (App65ab) ND 3
BAL pellet ND ND
Lung ND ND
Spleen ND 5
Liver ND 2
Urinary bladder ND 12
Urine ND ND
Brain ND 9
Spinal cord (lumbar) ND ND
Spinal cord (thoracic) ND ND
Spinal cord (cervical) ND ND
Bone marrow ND ND
PBMC ND ND
Plasma ND ND

Genome copy numbers in tissue samples are given per 107 cell equivalents, whereas genome copies in urine
and plasma are shown per ml. AWhen tissues were harvested from both the left and right side, it is indicated
in brackets whether the sample was derived from the side of WT or App65ab infection. ND, not detected.

response to SIVretanef. As shown in Figure 3, iv (Supplemental
Figure 2D), both animals showed clear signs of superinfection,
as evident from the development of a de novo T cell response to
SIVretanef and a boosting of the preexisting IE1/2 response. Note
that the T cell responses to pp65ab and SIVgag were not boosted,
confirming the lack of pp65ab and SIVgag. We thus conclude that
pp65ab is dispensable for the establishment of both primary and
secondary persistent infections.

Vaccine-induced pp65-specific T cells do not recapitulate the protective
effect of T cells induced by natural infection. In the RM model, it was
previously demonstrated that vaccination with subunit vaccines
consisting of pp65b (with or without IE1) as T cell-inducing
components and gB as neutralizing antibody-inducing compo-
nent reduced RhCMYV viremia and shedding (44-46). However,
our data also suggest that T cell responses to antigens other
than pp6S play an important role in the protective effect of
RhCMV infection against AUS2-11 challenge. We were therefore
wondering whether induction of a T cell response to pp65 alone
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would be sufficient to recapitulate
the protective effect of preexist-
ing infections against challenge

28 dpi (Rh25999) with RhCMV lacking the US2-11

RhCMV 68-1  App65ab immunoevasins (42). Therefore,
ND 29 we used a previously described het-

ND 23 erologous prime-boost regimen

ND ND to induce pp65b-specific T cell

ND ND responses (45, 46). Three animals

ND ND were vaccinated with DNA encod-

mg mg ing pp65b, followed by 2 boosts
with pp65b-expressing modified

“g mg vaccinia Ankara (MVA). For con-

ND ND trol, we vaccinated 3 animals with
antigen-free plasmid and MVA. As

ND ND
ND ND shown in Figure SA (Supplemental
ND ND Figure 3), all 3 pp65Sb-vaccinated
ND ND animals developed a robust CD4*
ND ND and CD8' T cell response to pp65b
ND ND after this prime-boost vaccination
ND ND regimen that, in the 6 weeks fol-
ND ND lowing the final boost, was simi-
ND 12 . .

lar in magnitude and phenotype
ND ND .
ND ND to pp65-specific T cell responses
ND ND that develop in the context of
ND ND RhCMV infection (Figure 3, iii and
ND ND iv, and Supplemental Figure 4). As
ND ND expected, pp65b-specific T cells
ND ND were not observed in the control
ND ND MVA-vaccinated group. Six weeks
ND ND after the final MVA/pp65 versus
“g mg control MVA boost, all animals
ND D were challenged with RhCMYV lack-
ND ND ing US2-11 and expressing SIVgag
ND ND (AUS2-11gag). Similar to AVIH-
ND ND CEAUS2-11gag, this virus is unable
ND ND to overcome preexisting T cell

immunity, despite the presence of
the RhCMV-specific MHC-I inhib-
itor VIHCE (42). All 3 control-vac-
cinated animals developed the
expected T cell response to pp6S5 as
well as SIVgag consistent with infection. However, the pp65-vac-
cinated animals also developed T cell responses to SIVgag with
similar kinetics and magnitude compared with those in the con-
trol group. We further observed a boost of the T cell response
to pp65b consistent with infection by AUS2-11gag. These data
indic