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Abstract

CD8+ T cell responses focus on a small fraction of pathogen- or vaccine-encoded peptides, and

for some pathogens, these restricted recognition hierarchies limit the effectiveness of anti-

pathogen immunity. We found that simian immunodeficiency virus (SIV) protein-expressing

Rhesus Cytomegalovirus (RhCMV) vectors elicit SIV-specific CD8+ T cells that recognize

unusual, diverse and highly promiscuous epitopes, including dominant responses to epitopes

restricted by class II major histocompatibility complex (MHC) molecules. Induction of canonical

SIV epitope-specific CD8+ T cell responses is suppressed by the RhCMV-encoded Rh189 (US11)

gene, and the promiscuous MHC class I- and class II-restricted CD8+ T cell responses only occur

in the absence of the Rh157.4-.6 (UL128-131) genes. Thus, CMV vectors can be genetically

programmed to achieve distinct patterns of CD8+ T cell epitope recognition.

INTRODUCTION

CD8+ T cells detect intracellular pathogens by T cell receptor (TCR)-mediated recognition

of short pathogen-derived peptides selected and transported to the cell surface by MHC class

I proteins (MHC-I) and an intricate system of intracellular peptide sampling and transport

(1). Although pathogens can potentially generate many thousands of different peptides of the

appropriate length for CD8+ T cell recognition, requirements for proteolytic processing,

peptide transport, binding to available MHC-I allomorphs and TCR repertoire matching, as

well as poorly understood immunoregulatory mechanisms, winnow down these candidates

to a relative handful of peptide epitopes that actually serve as targets for the CD8+ T cells

that comprise anti-pathogen effector and memory responses (2–4). Remarkably, despite the

complexity of the process, pathogen-specific CD8+ T cell responses mounted by individuals

with shared MHC-I alleles tend to recognize an overlapping set of immunoprevalent

epitopes (2, 3, 5). For the vast majority of pathogens, CD8+ T cell responses targeting such
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immunoprevalent epitopes are able to both recognize pathogen-infected cells and mount

effective anti-pathogen effector and memory responses.

This is not the case, however, for agents with efficient immune evasion capabilities such as

HIV and its simian counterpart SIV. The massive replication of these viruses, combined

with their high rate of mutation and functional plasticity, allows escape from most CD8+ T

cell responses (5, 6). Indeed, CD8+ T cell responses in the majority of subjects infected with

these viruses fail to target epitopes containing conserved, functionally critical viral

sequences, and do not effectively control viral replication (7). Although vaccination against

these viruses can greatly augment the magnitude of CD8+ T cell responses after infection,

these larger CD8+ T cell responses target many of the same immunoprevalent epitopes as

infection of unvaccinated individuals, and therefore are still subject to immune escape (6, 8,

9). Although the AIDS vaccine field has endeavored to develop strategies capable of

eliciting HIV/SIV-specific CD8+ T cell responses targeting “vulnerable” epitopes across

diverse MHC-I haplotypes (by either increasing recognition breadth or the focusing of

responses to conserved sequences), this effort has not, to date, yielded strategies capable of

substantially modifying CD8+ T cell immunodominance hierarchies, nor achieved the goal

of establishing protective CD8+ T cell responses in the majority of individuals.

We recently reported an HIV/AIDS vaccine strategy that uses SIV protein-encoding

RhCMV as a persistent vector to generate and maintain SIV-specific effector memory T cell

responses intended to intercept SIV infection prior to the viral amplification needed for

efficient immune evasion (6). Although this approach was not designed to prevent

acquisition of infection, it proved to be highly successful with about 50% of RhCMV/SIV

vector-vaccinated rhesus macaques (RM) challenged with highly pathogenic SIV

manifesting immediate, stringent and durable virologic control (10). During the course of

these studies, we noticed that RhCMV/SIV vectors did not elicit the canonical CD8+ T cell

responses restricted by the well characterized Mamu-A1*001:01 (A*01) MHC-I allele,

raising the questions of what CD8+ T cell epitopes were targeted by these effective

responses and whether differential targeting might have contributed to efficacy. Here, we

show that delivery of SIV antigens to the immune system via strain 68-1-based RhCMV/SIV

vectors fundamentally changes CD8+ T cell recognition. The SIVgag-specific CD8+

responses elicited by the RhCMV/gag vector are 3-fold as broad as conventional SIVgag-

specific CD8+ T cell responses, and target entirely different epitopes, including an

abundance of highly promiscuous epitopes (“supertopes”) and dominant class II MHC

(MHC-II)-restricted CD8+ T cell responses that are rarely, if ever, observed in CD8+ T cell

responses to any other infectious agent. Moreover, we demonstrate that this atypical CD8+ T

cell targeting is under the genetic control of CMV, allowing, for the first time, the ability to

genetically manipulate a vaccine vector to achieve distinct patterns of CD8+ T cell epitope

recognition.

RESULTS

Distinct CD8+ T cell epitope targeting with RhCMV/SIV vectors

We have previously demonstrated that in contrast to other CD8+ T cell response-inducing

SIV vaccines (6), the protection associated with RhCMV/SIV vector vaccination does not

correlate with expression of protective MHC-I alleles (10, 11). Moreover, among a group of

8 Mamu-A*01+ RM given RhCMV/gag and rev/tat/nef (rtn) vectors in these efficacy

studies, none developed measureable frequencies of CD8+ T cells recognizing the normally

immunodominant Gag181-189 (CM9) and Tat28-35 (SL8) epitopes, as measured by MHC-

peptide tetramer analysis, although 4/4 of these RM that were subsequently administered

Adenovirus5 (Ad5) vectors expressing SIVgag and SIVtat inserts did manifest robust

responses to these canonical epitopes (10). To confirm this effect in Mamu-A*01+ RM and
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to determine whether a lack of response to Mamu-A*01-restricted canonical epitopes in

RhCMV/SIV vector-vaccinated RM extends to canonical epitopes restricted by other MHC-

I alleles (table S1), we used a sensitive, flow cytometric intracellular cytokine (ICS) assay

(10, 12) to analyze such canonical responses in RM expressing one or more of the Mamu-

A*01 (n =8), -A1*002:01 (A*02; n = 4), -B*008:01 (B*08; n = 2), and -B*017:01 (B*17; n

= 4) alleles and vaccinated with our standard strain 68-1 RhCMV/gag,/rtn,/env and/pol

vectors (Fig. 1A; table S2). In all cases, RhCMV/SIV vector-vaccinated RM manifested

robust CD8+ T cell responses to the SIV protein containing the canonical epitopes, but these

CD8+ T cell responses did not include a detectable response to any of the usually dominant

or sub-dominant canonical epitopes restricted by any of these alleles.

These data indicate that the epitope hierarchies of CD8+ T cell responses elicited by

RhCMV/SIV vectors are quite different from those elicited by SIV itself or by conventional

vaccine vectors, but do not rule out low level sensitization (below detection threshold) to

canonical epitopes by RhCMV/SIV vectors or partial overlap between the epitopes targeted

by RhCMV/SIV vector- vs. conventional vector-elicited responses. To explore these

possibilities in outbred RM, we used a heterologous prime/boost approach designed to

determine the extent to which individual epitope-specific CD8+ T cell responses initially

elicited by priming with RhCMV/SIV or conventional vectors can be subsequently boosted

by the other vector type. We first demonstrated the feasibility of this approach for RhCMV/

gag by showing that SIVgag epitope-specific CD8+ T cell responses elicited by this vector

are consistently boosted (as measured by a post-boost increase in the response frequency and

proliferation of the epitope-specific CD8+ T cells) by a second administration of the same

vector (fig. S1). We then determined the SIVgag epitope recognition profile of a Mamu-

A*01+ RM (Rh25545) primed with RhCMV/gag and the effect of a subsequent Ad5/gag

boost on these individual epitope CD8+ T cell responses (Fig. 1B). We identified 17 distinct

CD8+ T cell responses to individual SIVgag 15mer peptides after RhCMV/gag vaccination,

but no response to the canonical Mamu-A*01-restricted Gag181-189 (CM9) epitope. None of

these 17 RhCMV/gag-elicited SIVgag epitope-specific CD8+ T cell responses were boosted

by Ad5/gag, although all were boosted by subsequent administration of the RhCMV/gag

vector. CD8+ T cells targeting the canonical Mamu-A*01-restricted Gag181-189 (CM9)

epitope were generated de novo by the Ad5/gag vaccine, but were not boosted following the

second administration of RhCMV/gag (indeed, these responses fell in frequency). Similar

results were observed with additional RM primed with Ad5/gag (Rh27050), Modified

Vaccinia Ankara (MVA)/gag (Rh27057) and DNA/gag + IL-12 (the latter administered by

electroporation; Rh27506 and Rh27520) and then boosted with RhCMV/gag (Fig. 1C–E;

fig. S2), as well as in 2 SIV+ RM (Rh25429 and Rh26557) on fully suppressive anti-

retroviral therapy that were administered RhCMV/SIV vectors (fig. S3). None of the SIVgag

epitope-specific CD8+ T cell responses elicited by the priming with conventional vectors or

by infection with SIV itself were boosted by RhCMV/gag, but administration of the latter

vector did, in all cases, generate new CD8+ T cell responses to different (not previously

detected) SIVgag epitopes. Taken together, these data indicate that from the perspective of

CD8+ T cell responses, the strain 68-1 RhCMV/SIV vectors and conventional vectors

expressing the same SIV protein (as well as SIV itself) behave as if they present entirely

different peptides to the immune system, manifesting non-overlapping epitope recognition

profiles.

Characteristics of unconventional CD8+ T cell epitope targeting

To comprehensively compare the epitope targeting profiles of SIVgag-specific CD8+ T cell

responses elicited by strain 68-1 RhCMV/gag vectors vs. conventional vectors and SIV

itself, we used flow cytometric ICS to individually quantify CD8+ T cell responses to each

of 125 consecutive 15mer peptides (with 11 amino acid overlap) comprising the entire
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SIVgag protein in 29 RM: 14 vaccinated with RhCMV/gag vectors, 4 with electroporated

DNA/gag + IL-12, 3 each with Ad5/gag and MVA/gag and 5 RM with SIV infections

controlled by conventional immune responses. Strikingly, peripheral blood CD8+ T cells

from RhCMV/gag vector-vaccinated RM responded to an average of 46 of these 125

SIVgag peptides, corresponding to a minimum of ~32 distinct epitopes (Fig. 2A). In

contrast, SIV-infected controllers and RM vaccinated with electroporated DNA/gag + IL-12,

Ad5/gag and MVA/gag responded to an average of 11-19 peptides, corresponding to an

average of ~9–14 distinct epitopes. The breadth of the CD8+ T cell responses in the

RhCMV/gag vector-vaccinated RM was so great that many of SIVgag 15mer peptides were

targeted by CD8+ T cells in most or even all of the 14 outbred RM studied (Fig. 2A). To

determine whether this finding reflects promiscuous recognition of a single common epitope

(“supertope”) or simply are the result of CD8+ T cell recognition “hot spots” including

multiple overlapping, but different, epitopes, we analyzed the CD8+ T cell response to a

series of truncated peptides corresponding to 7 of these commonly recognized 15mers in 3

RM per response, so as to identify core epitopes in each RM (Fig. 2B; fig. S4). Intriguingly,

we identified two distinct response patterns with truncated peptides: Type 1, in which

response frequencies dropped abruptly with loss of a critical amino acid residue, typically

yielding a 9mer core epitope (Gag259-267, Gag276-284, Gag482-490), and Type 2, in which

response frequencies only gradually declined as the optimal sequence was truncated,

typically leaving a 12mer core epitope (Gag41-52, Gag211-222, Gag290-301, Gag495-506). These

truncation response patterns and core peptides were the same in all RM studied for each

response, and in all cases, the core peptides manifested superior stimulation (higher response

frequencies) than the parent 15mer (Fig. 2C). Taken together, these data strongly suggest

that many of the SIVgag epitopes targeted by CD8+ T cells in RhCMV/gag vector-

vaccinated RM are specific determinants that are commonly or even universally recognized

across disparate MHC haplotypes. Indeed, a detectable CD8+ T cell response to the core

(optimal) peptide for 5 of these truncated 15mers (including both Type 1 and 2 truncation

patterns) was found in 100% of 42 RhCMV/gag-vaccinated, outbred RM and responses to 6

other peptides (2 optimal peptides and 4 15mers) were found in >60% of RM (Fig. 2D, left

panel). Notably, CD8+ T cells in 40 SIV-infected RM rarely recognized these epitopes (Fig.

2D, right panel). Thus, strain 68-1 RhCMV vector-elicited CD8+ T cell responses to SIVgag

are ~3-fold as broad as conventional SIVgag-specific CD8+ T cell responses, and are

uniquely characterized by frequent targeting of broadly recognized “supertopes”.

MHC-I-restricted epitopes are typically 8-10 amino acids in length and have position-

specific amino acids that engage binding pockets (anchor residues) so as to fit in a “closed

end” MHC-I binding groove (13), characteristics consistent with the Type 1 truncation

pattern described above. In contrast, the Type 2 truncation pattern is more typical of MHC-

II-restricted epitopes [which are typically longer, usually a ≥12mer core, lack specific

anchor residues, and are more tolerant of length heterogeneity (14, 15)]. This suggested that

the CD8+ T cells recognizing Type 2 SIVgag epitopes in the RhCMV/gag vector-vaccinated

RM might be MHC-II-restricted. In this regard, although MHC-II-restricted CD8+ T cell

responses are clearly unusual, such responses have been previously reported in both mice

(16–21) and humans (22–24), and it has been established that productive TCR signaling

does not require specific CD4 or CD8 co-receptor engagement with MHC-II or MHC-I,

respectively (25, 26). To investigate the possibility of MHC-II-restricted CD8+ T cell

responses in our system, we assessed the ability of “blocking” monoclonal antibodies

(mAbs) specific for MHC-I and MHC-II, and the invariant chain-derived, MHC-II-specific

binding peptide CLIP (27) to inhibit the Type 1 and Type 2 epitope-specific CD8+ T cell

responses in the strain 68-1 RhCMV/gag-vaccinated RM (Fig. 3A; fig. S5). Strikingly,

inhibition of the 7 supertope-specific CD8+ T cell responses by these reagents corresponded

precisely to the Type 1 vs. Type 2 truncation pattern, with CD8+ T cell recognition of the 4

Type 2 epitopes (Gag41-52, Gag211-222, Gag290-301, Gag495-506) blocked by anti-MHC-II and
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CLIP, but not anti-MHC-I, and the reverse for CD8+ T cell recognition of the 3 Type 1

epitopes (Gag259-267, Gag276-284, Gag482-490). We then comprehensively characterized the

epitope-specific responses mapped in Fig. 2A with respect to MHC-I vs. MHC-II blockade

(Fig. 3B,C). All CD8+ T cell responses in the SIV-infected RM and the RM vaccinated with

the conventional vaccines were only blocked by anti-MHC-I, whereas in the RhCMV/SIV-

vaccinated RM, the CD8+ T cell responses to the majority of the targeted 15mers (63%)

were specifically blocked by the MHC-II inhibitors, leaving a minority (35%) blocked only

by MHC-I mAbs (with ~2% of responses indeterminate).

To confirm that the MHC-II-blocked CD8+ T cell responses were MHC-II-restricted –

defined as the epitope in question being recognized in the context of an MHC-II surface

protein – and to investigate the basis of the promiscuity of these responses across MHC-

disparate RM, we constructed cell lines expressing single rhesus MHC-II allomorphs,

focusing on MHC-II alleles expressed by 4 RhCMV/gag-vaccinated RM with characterized

SIVgag epitope recognition profiles (fig. S6). Flow cytometric ICS assays showed that

pulsing of the MHC-II allomorph transfectants, but not the parental MHC-II negative cell

line, with individual peptides resulted in robust CD8+ T cell stimulation of only those

responses classified as MHC-II-associated by blocking experiments (Fig. 4A; table S3), and

these responses could be blocked with anti-MHC-II mAbs and CLIP peptide, but not anti-

MHC-I mAbs (fig. S7). Importantly, individual MHC-II allomorphs presented multiple

peptides, and individual peptides were frequently presented by multiple MHC-II allomorphs

(Fig. 4A; table S3). The ability of individual allomorphs to present multiple gag peptides

helps explain the striking breadth of these MHC-II-restricted CD8+ T cell responses. The

ability of multiple MHC-II allomorphs to present many of the same individual peptides

suggests that the common recognition of these peptides by RhCMV/gag vector-elicited

CD8+ T cells across MHC-disparate RM (e.g., their supertope character) is likely due to all

RM expressing at least one effective MHC-II allomorph for each response.

As previously reported for MHC-II-restricted CD4+ T cell responses (28), we found that

MHC-II-restricted, SIVgag-specific CD8+ T cells elicited by RhCMV/gag vectors can

respond to their specific peptide epitope in the context of peptide-binding MHC-II

allomorphs that are not expressed by the responding T cell donor (Fig. 4A,B; table S3),

indicating that the TCR of these T cells recognize the bound peptide alone or in combination

with non-polymorphic structures on the MHC-II molecule. Interestingly, the expression of

an MHC-II allomorph capable of binding a given epitope-containing peptide by a given RM

did not always result in a response to that peptide [table S3; note, for example, the lack of

CD8+ T cell responses to Gag73-87 in Rh22034, to Gag141-155 in Rh21826 and Rh22607,

and to Gag377-391 in Rh21826 despite the expression of MHC-II allomorphs that can present

these epitopes in other RM]. This suggests that TCR repertoire and/or immunoregulatory

mechanisms also play a role in determining the targeting of RhCMV vector-elicited CD8+ T

cells, and in particular, whether epitopes are targeted by all vaccinated RM or only a subset.

Phenotype and function of RhCMV/SIV vector-elicited CD8+ T cell responses

The unusual epitope specificity of the SIV-specific CD8+ T cells generated and maintained

by RhCMV/SIV vector vaccination raises the question of their functional potential,

especially that of the unconventional MHC-II-restricted population that dominates these

CD8+ T cell responses. First, in this regard, these supertope-specific CD8+ T cell responses

are not an artifact of the high peptide concentrations used in standard ICS assays, as

responses to the optimal peptides, both Type 1 and Type 2, can be demonstrated at peptide

dilutions of 1:105 and greater (Fig. 5A). Second, both Type 1 and Type 2 supertope-specific

CD8+ T cell responses arise immediately after vaccination (Fig. 5B), and are coordinately

distributed throughout the body in the pattern previously reported for RhCMV/SIV vector-

vaccinated RM (Fig. 5C,D) (10). Third, as previously reported for RhCMV-specific CD8+ T
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cells and RhCMV/SIV vector-elicited, SIV-specific CD8+ T cells (10, 11), both Type 1 and

Type 2 supertope-specific T cells manifest an identical phenotype indicative of dominant

effector memory cell differentiation (CCR7−, CD28−) and an identical polyfunctional

profile consistent with this effector-memory phenotype: high TNF, IFN-γ, and MIP-1β
production, high CD107 externalization (degranulation) and low IL-2 production (Fig.

5E,F). Because effector memory differentiation is thought to be Ag-driven, these data

suggest that in vaccinated RM, these SIV-specific CD8+ T cells receive equivalent in vivo

exposure to Type 1 and Type 2 epitopes.

The most important question regarding the function of the RhCMV/SIV vector-elicited

CD8+ T cells is the extent to which they can recognize naturally processed SIV Ag, and in

particular, SIV-infected cells. To evaluate this question, we compared the ability of

RhCMV/SIV vector-elicited, SIV-specific T cells vs. conventional SIV-specific T cells from

SIV-infected elite controllers to respond to a) SIV virions chemically inactivated with

aldrithiol-2 (AT-2), and b) autologous CD4+ T cells infected with SIVmac239. We then

used MHC-I vs. MHC-II blockade to determine the restriction of this recognition. Previous

work has established that AT-2-inactivated SIV (AT-2 SIV) is taken up by professional

antigen presenting cells (APC) via both MHC-I and MHC-II processing pathways, the

former by a fusion-mediated delivery of SIV virion proteins to the cytosol (29). CD4+ and

CD8+ T cells from both RhCMV/SIV vector-vaccinated RM and elite controllers responded

to AT-2 SIV at concentrations down to <100 picograms p27CA equivalent (Fig. 6A–C). The

AT-2 SIV-specific CD4+ and CD8+ T cell responses from the SIV+ elite controllers were,

as expected, completely and specifically inhibited with MHC-II and MHC-I blocking

reagents, respectively. The AT-2 SIV-specific CD4+ T cell responses from the RhCMV/SIV

vector-vaccinated RM were similarly inhibited by MHC-II blockade, but the AT-2 SIV-

specific CD8+ T cell responses from these RM were partially inhibited by both the MHC-I

and MHC-II blocking reagents, with the MHC-II blocking being most prominent (Fig. 6C;

fig. S8). Interestingly, at low AT-2 SIV concentrations (<1.6 ng p27CA equivalent), the

MHC-I-restricted component of the RhCMV/SIV vector-elicited CD8+ T cell response (the

response present after blocking with anti-MHC-II; blue line in Fig. 6C) disappears entirely,

leaving only the MHC-II-restricted component (the response present after blocking with

anti-MHC-I; red line in Fig. 6C), indicating that the RhCMV/SIV vector-generated, MHC-

II-restricted CD8+ T cells are more sensitive to AT-2 SIV than their MHC-I-restricted

counterparts in this assay. This is likely because for AT-2 SIV, the MHC-II antigen

presentation pathway processes and presents the MHC-II-restricted epitopes more efficiently

than the cytosolic MHC-I pathway and/or cross-presentation can process and present the

MHC-I-restricted epitopes.

We next compared the ability of SIV-specific T cells from RhCMV/SIV vector-vaccinated

RM and SIV+ elite controllers to recognize purified, autologous, SIV-infected CD4+ T

cells. We evaluated the response of CD4+ and CD8+ T cells in PBMC preparations and the

response of isolated CD8+ T cells, the latter to rule out the possibility of indirect

presentation of released SIV antigens by professional APC. CD4+ and CD8+ T cells from

PBMC and isolated CD8+ T cells from all tested RM specifically recognized purified SIV-

infected CD4+ T cells, with the isolated CD8+ T cells showing the most robust response

(Fig. 6D,E). In these assays, the CD4+ T cell response to SIV-infected cells was, as

expected, completely inhibited by MHC-II blocking reagents in all RM, whereas the CD8+

T cell responses to SIV-infected cells showed the same dichotomy described above for AT-2

SIV responses (Fig. 6F; fig. S9). The recognition of SIV-infected cells by the CD8+ T cells

from SIV+ elite controllers was completely MHC-I-dependent, whereas the ability of CD8+

T cells from RhCMV/SIV-vaccinated RM to recognize SIV-infected cells was ~70%

blocked by anti-MHC-II reagents and ~30% blocked by anti-MHC-I reagents. This implies

that in RhCMV/SIV vector-vaccinated RM, ~70% of the SIV-specific CD8+ T cells capable
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of recognizing autologous SIV-infected cells are MHC-II-restricted vs. 30% MHC-1-

restricted, a 2:1 ratio that closely approximates the ratio of the number of MHC-II- vs.

MHC-I-restricted epitopes recognized by CD8+ T cells in RhCMV/gag vector-vaccinated

RM (Fig. 3B). Taken together, these data demonstrate that the unconventional epitopes

recognized by strain 68-1 RhCMV/SIV vector-elicited CD8+ T cells can be processed and

presented by autologous SIV-infected cells, and therefore, that this processing and

presentation is independent of CMV gene expression.

CMV genes control targeting of CMV-elicited CD8+ T cell responses

The data described above strongly suggest that CMV has evolved specific mechanisms to

modulate CD8+ T cell priming, perhaps to redirect the response away from the internally

processed epitopes that make CMV-infected cells vulnerable to CD8+ T cell-mediated

cytolysis. Potential candidates for mediating this effect are the Rh182, 184, 185, and 189

genes (the RhCMV orthologues of the US2, 3, 6 and 11 genes in human CMV) that down-

regulate MHC-I expression in CMV-infected cells, preventing their recognition by CMV-

specific CD8+ T cells (12, 30–32) (fig. S10,11). It is possible that these MHC-I down-

regulators might prevent direct priming of CD8+ T cells by CMV-infected cells and thereby

modify CD8+ T cell epitope recognition hierarchies. RM fibroblasts infected with RhCMV/

SIV vectors with the Rh182-189 region deleted (ΔRh182-189) are readily recognized by

CD8+ effector T cells (fig. S11), and due to this susceptibility, these vectors fail to

superinfect RhCMV+ RM (12). However, these vectors can persistently infect CMV-naïve

RM, and elicit CD8+ T cell responses to SIV inserts in this setting (12). Strikingly, in sharp

contrast to the RhCMV/SIV vectors with intact MHC-I down-regulation, ΔRh182-189

RhCMV/SIV vectors elicit CD8+ T cells recognizing all Mamu-A*01-, -A*02-, and B*08-

restricted canonical epitopes (Fig. 7A,B). Importantly, the targeting of canonical epitopes by

the SIVgag-specific CD8+ T cells elicited by these ΔRh182-189 (strain 68-1-derived)

RhCMV vectors was in addition to, not in lieu of, the unconventional MHC-I- and MHC-II-

restricted (supertope-directed) CD8+ T cell responses described above (Fig. 7C). It is also

noteworthy that in contrast to conventional responses to these canonical epitopes, in which

responses to certain epitopes are dominant and others subdominant (33, 34), the canonical

epitope-targeted responses elicited by ΔRh182-189 RhCMV/SIV vectors are all-inclusive

with each response very similar in magnitude (Fig. 7A,B), indicating that these CMV-based

vectors are still fundamentally different in their CD8+ T cell priming characteristics.

We next asked whether the appearance of canonical epitope recognition required complete

abrogation of MHC-I down-regulation by construction and assessment of sub-region

deletant vectors (ΔRh182-185 and ΔRh186-189). These vectors only partially down-regulate

MHC-I and partially prevent cytolytic T cell recognition (figs. S10,11), and unlike the

ΔRh182-189 vectors, can super-infect CMV+ RM, as evidenced by their ability to elicit

SIV-specific T cell responses in this setting (Fig. 7D). If MHC-I down-regulation per se was

the mechanism preventing canonical epitope recognition, one might predict that neither of

these deletants would elicit such canonical epitope responses, or potentially, such responses

would only be seen with the ΔRh182-185 construct (lacking 3 of 4 MHC-I inhibitory genes

– the US2, 3 and 6 orthologues), which most closely resembles the full (ΔRh182-189)

deletant (fig. S11). However, this was not the case (Fig. 7D) – only the ΔRh185-189

construct (lacking the US11 orthologue) elicited CD8+ T cells against canonical epitopes

(and did so for all tested epitopes restricted by 4 different MHC-I alleles), despite the very

limited ability of the Rh189 (US11) gene product to down-regulate MHC-1. The specific

involvement of the Rh189/US11 gene in preventing canonical epitope recognition by

RhCMV vector-elicited CD8+ T cells was confirmed by the development of such responses

in RM vaccinated with a RhCMV/SIV vector lacking only the Rh189 gene (ΔRh189; Fig.

7E). Thus, Rh189, the orthologue of human CMV US11, specifically prevents priming of

Hansen et al. Page 7

Science. Author manuscript; available in PMC 2013 November 04.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



CD8+ T cells to canonical epitopes, almost certainly by a mechanism other than its known

ability to target MHC-I molecules for degradation, since Rh189 (US11) alone had only a

very modest ability to both down-modulate MHC-I and inhibit T cell recognition of RhCMV

infected cells (figs. S10,11).

The presence of MHC-I- and MHC-II-restricted, supertope-directed CD8+ T cell responses

in RM administered ΔRh182-189 RhCMV vectors indicates that other CMV-encoded

mechanisms must be responsible for this unconventional CD8+ T cell targeting. To identify

candidate CMV genes associated with, and potentially responsible for, this targeting, we

first asked whether CD8+ T cell responses to CMV immediate early (IE) protein target

unconventional epitopes (in particular, supertopes restricted by MHC-II), assessing both RM

naturally infected with wildtype RhCMV (colony circulating strains) and RM vaccinated

with strain 68-1 RhCMV/SIV vectors. Not surprisingly, RM vaccinated with the strain 68-1

RhCMV/SIV vector demonstrated IE-specific CD8+ T cell responses with identical

targeting characteristics as the SIVgag-specific CD8+ T cell responses in the same RM: >30

distinct IE epitopes/RM, including a majority of epitope-specific responses that were

blocked with anti-MHC-II, and a minority blocked with anti-MHC-I. However, in striking

contrast, the IE-specific CD8+ T cell responses in naturally RhCMV-infected RM were

much more narrowly targeted (~8 epitopes/RM), and showed no evidence of MHC-II

restriction or epitope promiscuity (Fig. 8A–C, fig. S12A), consistent with conventional

immunodominance hierarchies. These findings likely account for why unconventionally

targeted CMV-specific CD8+ T cell responses have not been reported in naturally exposed

CMV+ RM and humans (despite considerable analysis of these responses) and more

importantly, implicate genetic differences between the strain 68-1-based RhCMV vectors

and wildtype RhCMV in the mechanism(s) responsible for generating the unconventionally

targeted CD8+ T cell responses.

Most of the RhCMV/SIV vectors used in this study were derived from bacterial artificial

chromosome (BAC)-cloned RhCMV strain 68-1, which was multiply passaged in fibroblast

culture prior to its cloning. Compared to wildtype CMV, BAC-derived RhCMV has deletion

or major defects in expression of the Rh13.1, Rh61/Rh60, Rh157.5, Rh157.4 and Rh157.6

genes, corresponding, respectively, to the RL13, UL36, UL128, UL130 and UL131 genes of

human CMV (35, 36). To assess the role of these genes in the epitope targeting of CD8+ T

cells primed by RhCMV/gag vectors, we inserted SIVgag into the previously constructed

recombinant RhCMV68-1.2 in which functional expression of the Rh61/Rh60, Rh157.4,

Rh157.5 and Rh157.6 genes were restored (36). Strikingly, when RM were inoculated with

this repaired RhCMV/gag vector, the SIVgag-specific CD8+ T cell responses elicited did

not include recognition of any of the previously defined MHC-I or MHC-II supertopes, were

much more narrowly targeted than the response elicited by the unrepaired 68-1 strain vector,

and were entirely MHC-I-associated (Fig. 8D–F; fig. S12B). Of the genes repaired in

RhCMV68-1.2, Rh61/Rh60 (UL36) could be ruled out as being responsible for this

phenotype since this gene is intact in RhCMV/gagL, a non-BAC derived precursor of

recombinant RhCMV (12) that induces T cell responses similar to BAC-derived RhCMV

(Fig. 2A). Therefore, we conclude that the RhCMV orthologues of UL128, UL130 and

UL131 preclude the priming of supertope-specific and MHC-II-restricted T cells. The

proteins expressed by these genes associate with gH/gL to form a pentameric CMV virion

surface complex involved in cell tropism [e.g., infection of non-fibroblasts (36)], suggesting

a possible role for cell tropism in T cell priming. Notably, the SIVgag-specific response in

Mamu-A*01+ RM vaccinated with the repaired RhCMV/SIV vector did not develop

responses to canonical Gag epitopes (Fig. 8D, bottom panel), suggesting that US11 still

precludes canonical epitope targeting in this setting. Thus, RhCMV encodes 2 independent

mechanisms that inhibit the priming of CD8+ T cells targeting distinct epitope types: 1)

Rh189 (US11), which inhibits responses to canonical epitopes, and 2) UL128-131
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(Rh157.4-.6), which inhibit responses to highly promiscuous, unconventional epitopes, the

majority of which are MHC-II-restricted.

DISCUSSION

The CMVs are an extraordinarily successful, ancient family of viruses that have co-evolved

with their mammalian hosts. The persistent infections mediated by these viruses have a

distinctive biology – a host-parasite relationship in which the virus elicits and maintains high

frequency, effector-differentiated T cell responses that stringently control its replication

(preventing potentially life-threatening disease), but at the same time establishes immune

evasion programs that prevent these responses from either clearing infection or interfering

with viral transmission (11, 12, 37–39). Although, theoretically, viral evasion of CD8+ T

cell responses might occur at both the afferent and effector phases of the response, the fact

that CMV-specific CD8+ T cells comprise 10% or more of the circulating memory

compartment in over half of CMV+ individuals (38) would support the conclusion that the

strategies used by the CMV to evade these responses focus on protecting infected cells from

CD8+ T cell effector function. While it has been proposed that viral-encoded MHC-I down-

regulators might prevent direct presentation and thereby inhibit or change the quality of

CD8+ T cell priming, in the systems studied to date, the effect of these genes on CD8+ T

cell priming has been minor at best (2, 31, 40–43), consistent with the major contribution of

these genes being inhibition of CD8+ effector T cell recognition of virally infected cells.

Indeed, the process of cross-presentation, the ability of non-infected professional antigen-

presenting cells to initiate CD8+ T cell priming, would seem to be the host’s evolutionary

counter to viral strategies aimed at inhibiting or substantially modifying CD8+ T cell

priming, unless they can act at a distance from infected cells (31). However, the data

presented in this report indicate that RhCMV can fundamentally manipulate CD8+ T cell

priming with a sophistication and stringency that is both surprising, and to our knowledge,

unprecedented for any other viral pathogen. RhCMV does not prevent CD8+ T cell priming

overall, but rather, specifically and completely prevents the development of CD8+ T cells

capable of recognizing certain types of CMV-encoded epitopes, redirecting the targeting of

elicited CD8+ T cell responses to distinct epitope sets. Our results indicate that CD8+ T cell

responses to a specific antigen can differ not only by the differentiation state, physiology

and functional potential of the responding cells, as previously described (44), but also by

differential targeting of non-overlapping epitopes.

Of the 2 components of CMV-mediated manipulation of CD8+ T cell targeting identified –

the Rh189 (US11)-associated inhibition of responses to canonical epitopes, and the

Rh157.4-.6 (UL128-131)-associated inhibition of diverse MHC-I- and MHC-II-restricted

supertope recognition, the former is the easier to conceptualize. Canonical epitopes are

pathogen-derived peptides that are efficiently processed and presented by the MHC-I-linked

endogenous Ag presentation pathway (given their predominant recognition across vectors

that deliver the targeted proteins to the cytosol), and thus are likely to represent the most

efficient targets for CD8+ T cell-mediated cytolysis of virally infected cells. Although CMV

can actively and efficiently down-regulate MHC-I in infected cells, this activity cannot

protect against cytolytic T cell responses recognizing efficiently processed epitopes that are

present in the cytoplasm of newly infected cells before these MHC-I down-regulators are

expressed, including IE proteins and tegument and other viral proteins brought in with the

infecting virion (45, 46). By preventing CD8+ T cell priming to such epitopes, this potential

vulnerability is avoided. The ability of Rh189 (US11) to mediate this specific inhibition of

canonical epitope priming does not appear to derive from its known ability to target MHC-I

molecules for proteolysis in infected cells, as by itself, Rh189 (US11) can exert only modest

MHC-I down-regulation, which was insufficient to prevent T cell stimulation. Moreover,

this function would not easily explain the complete lack of any canonical epitope priming,
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which implies that both direct- and cross-presentation of these epitopes is prevented (the

latter being independent of MHC-I expression in infected cells). In this regard, it should be

noted that although mouse CMV can down-regulate MHC-I, it does not encode a Rh189

(US11) orthologue (47) and mouse CMV has been shown to be capable of eliciting

responses to canonical epitopes (albeit by cross-presentation) (40, 42), suggesting that the

Rh189 (US11)-mediated mechanism is specific to primate CMVs.

The effect of the UL128-131 orthologues on CD8+ T cell priming by RhCMV is more

difficult to conceptualize, because it involves the ability of these genes to suppress priming

of an entirely novel set of CD8+ T cell responses characterized by their targeting of diverse,

highly promiscuous epitopes, predominantly in the context of MHC-II presentation. The

inescapable implication of this observation is that an intrinsic mechanism in RhCMV

infection generates these unconventional CD8+ T cell responses, and prompted the

evolutionary development of the Rh157.4-.6 (UL128-131)-mediated mechanism to suppress

this generation. In both RhCMV and HCMV, these genes (Rh157.4-.6; UL128-131) encode

3 components of an alternative entry receptor for non-fibroblasts (36, 48, 49), but

determination of whether the effect of this gene region on CD8+ T cell priming is a

consequence of this function, other reported functions of these genes [e.g., chemokine

activity by UL128 (50)] or a completely new mechanism will require further analysis, as

will understanding of the mechanisms by which RhCMV vectors lacking these genes elicit

these unprecedented responses. Almost certainly, these mechanisms will delineate a new

pathway of antigen presentation, perhaps one initiated by viral infection of fibroblasts or

related stromal cells.

Although the mechanistic origin of the paradigm-breaking CD8+ T cell responses elicited by

these strain 68-1 RhCMV vectors remains unclear, their existence indicates that previous

understanding of the biology of CD8+ T cell epitope targeting is incomplete. First, there is

the issue of the restriction of CD8+ T cell responses by MHC-II, rather than MHC-I,

proteins. The specificity, breadth and immediate response kinetics of the MHC-II-restricted

CD8+ T cells identified here indicate that thymic selection pathways in primates do not

preclude development and peripheral export of naïve CD8+ T cells with the ability to

specifically recognize varied, MHC-II-bound peptides. Although this might reflect

accidental MHC-II cross-reactivity of TCR selected on MHC-I molecules, as has been

suggested for previous observations of CD8+ T cell alloreactivity against MHC-II (17, 22,

23), this cross-reactivity cannot be a rare “happenstance” occurrence, but rather, given the

diversity of the MHC-II-restricted, CD8+ T cell responses we observed, must be an intrinsic

feature of a degenerate repertoire. In this regard, many of the MHC-II-restricted CD8+ T

cell responses studied in detail here, like many CD4+ T cell responses (28), recognize

specific peptide epitopes in the context of multiple MHC-II allomorphs, including

allomorphs not expressed by the T cells, indicating that allele-specific MHC determinants do

not make a major contribution to the recognition specificity of these T cells, and implying an

intrinsic element of cross-reactivity in the TCR mediating these responses.

The second paradigm-violating aspect of the strain 68-1 RhCMV/SIV vector-elicited CD8+

T cell responses is the promiscuity of both the MHC-II- and MHC-I-restricted epitope

recognition. Although MHC-II-restricted CD4+ T cell responses are intrinsically broader

and more promiscuous than conventional MHC-I-restricted CD8+ T responses (14, 15, 51,

52), including descriptions of universal epitopes (53), the number of universal MHC-II-

restricted supertopes found in the RhCMV/gag-elicited CD8+ T cell responses would be

highly unusual for a CD4+ T cell response, and the identification of multiple universal or

nearly universal MHC-I-restricted supertopes is, to our knowledge, unprecedented (54). For

the MHC-II-restricted responses, the promiscuity appears to reflect the ability of multiple

MHC-II allomorphs to bind and present these supertopes, such that all (or most) RM have at
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least one MHC-II allomorph that can bind and present the peptide involved in each response.

The same mechanism may also apply to the MHC-I-restricted supertopes, although with

MHC-I, there is the additional possibility that some or all of these MHC-I supertopes are

presented by invariant MHC-I molecules (55). It is clear that the processing and presentation

of these epitopes is not restricted to RhCMV-derived antigen, nor is in any way dependent

on modification of antigen presentation pathways by the RhCMV vector, as both MHC-I-

and MHC-II-restricted RhCMV/SIV vector-elicited T cells were able to specifically

recognize naturally processed SIV virions and autologous SIV-infected CD4+ T cells. Given

that, as discussed above, the naïve RM CD8+ T cell repertoire must include T cells with

unusual specificities described here and that naturally processed SIV antigens lead to

presentation of the determinants recognized by these T cells, we must conclude that the

failure to identify these CD8+ T cell specificities in the vast majority of CD8+ T cell

responses to infectious agents or vaccines reflects peripheral immunoregulatory mechanisms

that normally preclude such responses and/or favor conventionally targeted responses,

mechanisms that must be bypassed by priming with strain 68-1 RhCMV vectors.

Our findings reveal a heretofore unrecognized flexibility in CD8+ T cell recognition,

definitively demonstrate that the established rules of epitope selection and

immunodominance are not absolute, and define a completely new kind of CD8+ T cell

response, one that has the potential to be more effective than “natural” responses for some

pathogens, particularly those, like HIV/SIV, for which natural responses are ineffective.

Until efficacy analysis is performed on Rh157.4-.6 (UL128-131)-repaired RhCMV/SIV

vectors [with and without Rh189 (US11) deletion], it is unclear whether the distinct

targeting of strain 68-1 RhCMV/SIV vector-elicited CD8+ T cell response is specifically

responsible for the striking efficacy of these vectors against mucosal challenge with highly

pathogenic SIV (10), but these responses almost certainly participate in this protection, as no

other SIV-specific CD8+ T cells are available in the >50% of RM that were stringently

protected by this strain 68-1 RhCMV/SIV vector-containing vaccine. Moreover, there are

good reasons to believe that the unconventional CD8+ T cell responses generated by

Rh157.4-.6 (UL128-131)-deficient CMV vectors might have specific advantages for HIV/

SIV and perhaps other pathogens. First, there is the enormous breadth of these responses. In

the strain 68-1 RhCMV/gag vector-vaccinated RM studied here, the elicited SIVgag-specific

CD8+ T cells recognized an average of 22 MHC-II- and 12 MHC-I-restricted, largely non-

overlapping core epitopes (comprising 12 and 9 amino acids, respectively). Even allowing

for 10% linear overlap, the core epitopes of these SIVgag-specific CD8+ T cell responses

would encompass ~335 of the 510 amino acids in the SIVgag sequence, corresponding to

66% coverage of the protein! If recapitulated in an HCMV/HIV vaccine, such breadth would

greatly increase the chance that vaccine-elicited CD8+ T cells would robustly recognize the

divergent sequences in circulating HIV strains, as well as the likelihood that these responses

will recognize vulnerable, conserved epitopes. Second, the protection provided by these

unconventional, supertope-targeted CD8+ T cell responses will be independent of specific

MHC alleles, and therefore equally applicable to all individuals in all populations, in

contrast to vaccines eliciting conventional responses which preferentially protect individuals

already predisposed to T cell-mediated viral control by virtue of expression of protective

MHC alleles. Third, the fact that the epitope targeting of these unconventional CD8+ T cell

responses is entirely distinct from the “natural” CD8+ T cell responses generated by HIV

itself has crucial implications for both therapeutic and prophylactic AIDS vaccine

development. In the case of a therapeutic vaccine administered to HIV+ individuals on

suppressive anti-retroviral therapy (ART), the virus being targeted by the vaccine will in

many, if not most, subjects have escaped any effective conventionally targeted CD8+ T cell

responses prior to viral suppression (7). A vaccine that simply boosts these natural,

conventionally targeted, HIV-specific T cell responses would likely not provide control of

such escaped viruses after ART withdrawal, whereas the unconventionally targeted T cells
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elicited by a CMV/HIV vaccine will not be affected by this prior escape. Given that HIV

escape mutations may be transmitted, and therefore can become intrinsic components of

circulating virus sequences (56), the same consideration would extend to a prophylactic

HIV/AIDS vaccine – the efficacy of the unconventionally targeted CMV/HIV vaccine-

elicited CD8+ T cells will not be affected by escape from the conventional targeting of

natural CD8+ T cell responses. Finally, the MHC-II restriction of the majority of the

unconventional responses elicited by Rh157.4-.6 (UL128-131)-deleted CMV vectors might

provide unique advantages for protection against pathogens that, like HIV and

Mycobacterium tuberculosis, infect MHC-II+ cells (macrophages, activated T cells, etc.),

essentially bringing the robust effector capabilities of the CD8+ T cell lineage (and its

freedom from infection by HIV) to bear on MHC-II-expressing target cells (an effector

response that would be in addition to that mediated by the CD8+ effector T cells recognizing

MHC-I-restricted epitopes).

In conclusion, we have discovered that RhCMV has an intrinsic ability to elicit CD8+ T cell

responses to unconventional epitopes, distinct in quality and quantity from all infectious

agents studied to date. Moreover, this virus can exert unprecedented control of its own

recognition by CD8+ T cells, with wildtype strains using Rh157.4-.6 (UL128-131)

expression to divert CD8+ T cell targeting away from these unconventional epitopes, and

Rh189 (US11) expression to redirect responses away from the canonical epitopes that likely

constitute the most efficient targets for cytolysis. These observations strongly hint that the

relationship of this ancient virus and the mammalian cellular immune system is more

complicated and intertwined than previously appreciated, and suggest that better

understanding of this relationship will offer new insights into fundamental immunologic

mechanisms. Moreover, these findings have practical implications for vaccine development,

namely the ability to construct different CMV vectors (with or without US11: with or

without UL128-131) that specifically elicit CD8+ T cell responses with widely divergent

patterns of epitope recognition, including responses that break conventional

immunodominance hierarchies. CMV thus constitutes the first programmable viral vaccine

platform that allows custom targeting of vaccine-elicited CD8+ T cells to whichever set of

epitopes is most appropriate for the pathogen in question.

MATERIALS AND METHODS

Rhesus Macaques

A total of 165 purpose-bred male or female juvenile rhesus macaques (RM) (Macaca

mulatta) of Indian genetic background were used in this study, including 110 RM vaccinated

with strain 68-1 RhCMV/SIV vectors (wildtype or genetically modified, alone or subsequent

to heterologous priming with conventional vaccines or virally suppressed SIV infection), 47

RM with SIV infection alone (SIVmac239 or SIVmac251), and 8 unvaccinated RM that

were naturally infected with colony-circulating strains of RhCMV. All RM were used with

the approval of the Oregon National Primate Research Center Institutional Animal Care and

Use Committee, under the standards of the US National Institutes of Health Guide for the

Care and Use of Laboratory Animals. RM used in these experiments were free of

cercopithicine herpesvirus 1, D-type simian retrovirus, and simian T-lymphotrophic virus

type 1. MHC-1 genotyping for the Mamu-A*01, Mamu-A*02, Mamu-B*08 and Mamu-

B*17 alleles was performed by sequence-specific priming PCR, as described (57). Selected

RM were DRB-genotyped by deep sequencing. Briefly, amplicons of the Mamu-DRB

region were created via amplification of cDNA by PCR with high-fidelity Phusion

polymerase (NEBiolabs) and a pair of universal MHC-DRB-specific primers (5′-
CGTATCGCCTCCCTCGCGCCATCAG-MID-CTGGTCCTGTCCTGTTCTCC; 5′-
CTATGCG CCTTGCCAGCCCGCTCAG-MID-TGGAAGGTCCAGTCTCCATT) using

the following thermocycling conditions: 98°C for 3 minutes, (98°C for 5 seconds, 60°C for
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10 seconds, 72°C for 20 seconds) for 25 cycles, and 72°C for 5 minutes. The primary

cDNA-PCR products were purified using AMpure XP magnetic beads (Beckman Coulter

Genomics). Emulsion PCR using a Lib-A kit (Roche/454 Life Sciences), bead purification,

and pyrosequencing procedures with the Roche/454 GS Junior instrument were carried out

as per the manufacturer’s instructions. Data analysis was performed using a Labkey database

in conjunction with Geneious-Pro® bioinformatics software (Biomatters Ltd.) for sequence

assembly. Mononuclear cell preparations for immunologic assays were obtained from blood,

bone marrow, bronchoalveolar lavage (BAL), lymph nodes, spleen, liver, bone marrow, and

intestinal mucosal, as previously described (58, 59). Purified CD8+ T cells (>90% pure)

were obtained from PBMC using CD8 microbeads and LS columns (Miltenyi Biotec).

Plasma viral loads of SIV+ RM were determined by quantitative real time RT-PCR (60).

SIV+ RM were considered SIV controllers if the plasma viral loads were <2.0 x 104 copies/

ml, and elite controllers if the plasma viral loads were <3.0 x 103 copies/ml.

RhCMV/SIV Vectors

The construction, characterization and administration of strain 68-1-derived RhCMV/SIV

have been previously described in detail (10–12). All recombinant viruses used in this study

were derived from strain RhCMV 68-1 BAC except for RhCMV(gagL) which was

generated by replacing GFP in RhCMV-EGFP with the SIVgag expression cassette by in

vivo recombination in tissue culture (12). Unlike BAC-derived constructs, RhCMVgagL

contains an intact ORF Rh61/Rh60 (UL36) as described for RhCMV68-1 (35, 61). Due to

tissue culture adaptation, both BAC and non-BAC RhCMV 68-1 constructs contain a

deletion of ORF 157.5 and most of ORF Rh157.4 encoding homologs of HCMV UL128 and

UL130, respectively (62). In low passage RhCMV, these two ORFs are translated from the

same polycistronic mRNA encompassing Rh157.6 (UL131) (36). In RhCMV68-1 this

transcript is truncated and the poly-A site is deleted, suggesting that Rh157.6 (UL131) is not

expressed even though its coding region is intact. To generate a vector with complete

UL128-131 expression, we inserted the SIVgag expression cassette into Rh211 of

RhCMV68-1.2, a recombinant virus in which Rh61/Rh60 (UL36), Rh157.4 (UL130) and

Rh157.5 (UL128) had been repaired (36). Deletion mutants within the Rh182-189 genomic

region, which includes gene products inhibiting MHC-I antigen presentation, are shown in

fig. S10. ΔRh182-189 RhCMV/gag has been previously described (12). Similarly, we

created ΔRh182-189 RhCMV/rtn and/env by replacing the genomic region encoding

Rh182-189 [base pairs (bp) 193,161–199,823, using the BAC genome annotation by (35)]

with the EF1α SIVrev/tat/nef or gH SIV/env expression cassettes. The partial deletion

mutants ΔRh182-185 RhCMV/gag and/rtn were generated by replacing bp 193,161 and

196,305 with an expression cassette for SIVgag or SIVrev/tat/nef. The partial deletion

mutants ΔRh186-189 RhCMV/gag and rtn were constructed by replacing bp 196,593 to

199,823 with SIVgag or SIVrev/tat/nef expression cassette. To generate recombinant

RhCMV that only lacks Rh189 (US11) we replaced the Rh189 coding region with that of

SIVgag in RhCMVrtn. This vector thus expresses SIVgag under control of the Rh189

promoter and SIVrtn (inserted into Rh211) under control of the EF1α promoter (fig. S10).

All of the recombinant viruses were characterized and confirmed by restriction digest and

the antigen inserts including their flanking regions were sequence verified. Expression of

SIV antigens was verified by immunoblot. Additionally, adjacent gene expression was

verified by RT-PCR.

Other Vaccines

The construction, characterization and administration of the Ad5/gag vectors used in this

study have been previously described (10). MVA/gag was constructed by insertion of

codon-optimized, full-length SIVmac239 gag gene into the MVA shuttle vector, pLW44,

under the control of MH5, an early/late vaccinia promoter, to generate the recombinant
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plasmid, pJV7. Flanking sequences within pLW44 directed insertion of the recombinant

construct into the thymidine kinase locus by homologous recombination. Chicken

embryonic fibroblast cells were transfected with pJV7 followed by infection with MVA

strain 1974 to generate recombinant virus expressing SIVmac239gag (SIVgag expression

confirmed by western blot). Recombinant virus was plaque-purified and amplified in large-

scale culture. Viral stocks were purified over a 24–40% sucrose gradient followed by

pelleting through a 36% sucrose cushion with the pellet then suspended in 1 mM Tris-Cl, pH

9.0. For MVA/gag vaccination, RM were administered 108 plaque-forming units of this

vector via intramuscular injection. The DNA/gag + IL-12 vaccines were provided by Inovio

Pharmaceuticals. Briefly, codon-optimized, 5′ and 3′ halves of the full-length SIVmac239

gag were cloned into the pVAX backbone (Invitrogen) such that the SIVgag insert

expression was controlled by the human CMV (HCMV) promoter/enhancer and the bovine

growth hormone polyadenylation signal. The optimized rhesus macaque IL-12 adjuvant was

constructed via modification of a previously used unoptimized version of RM IL-12 (63).

Modification included codon and RNA optimization of the p35 and p40 insert sequences

only, which was carried out by GeneArt (Invitrogen). RM were administered 1 mg of the 2

SIVgag constructs and 0.5mg of IL-12 construct with the DNA being delivered into the

quadriceps muscle followed by in vivo electroporation employing the Cellectra constant

current device (Inovio Pharmaceuticals, Inc.) as previously described (64).

Antigens and Antigen-Presenting Cells

The synthesis of sequential 15-mer peptides (overlapping by 11 amino acids) comprising the

SIVgag, rev, nef, tat, env, pol and RhCMV IE-1 proteins, as well as specific 9–14mer

peptides within these proteins, was performed by Intavis AG, based on the SIVmac239

sequence (Genbank Accession #M33262) (65) or the strain 68-1 RhCMV IE-1 sequence

(Genbank Accession #AY186194) (61). All peptides are identified by the position of their

inclusive amino acids from the n-terminus (e.g., Gagxx-yy). Consecutive 15mers are also

designated by their 15mer position starting from the n-terminal 15mer (e.g., Gag1-15 is

15mer #1; Gag4-19 is 15mer #2, etc.). Unless otherwise specified, these peptides were used

in T cell assays used at 2μg/ml (whether alone or in pan-protein mixes). Aldrithiol-2

inactivated-SIV (AT-2-SIV; lot P4146, AIDS and Cancer Virus Program, Frederick

National Laboratory, Frederick, MD) was produced as previously described (29).

Autologous B-lymphoblastoid cell lines (BLCL) were generated by infecting rhesus PBMC

with Herpesvirus papio (66). Autologous SIV-infected target cells were produced by

spinoculation of activated CD4+ T cells with sucrose-purified SIVmac239, followed by 4

days of culture and then purification with CD4 microbeads and LS columns (Miltenyi

Biotec), as previously described (67). Infected cell preparations were >95% CD4+ T cells

and >50% SIV-infected following enrichment and were used at an effector:target ratio of

80:1. Construction of single Mamu-DR allomorph transfectants was performed as previously

described (68), except that Mamu-DR alleles were inserted into plasmid pCEP4 (Invitrogen)

rather than pcDNC3.1. Mamu-DRA*01:05 was paired with DRB1*10:07, DRB1*04:06,

DRB1*03:09, DRB5*03:01, DRB*w2:01, and DRB*w26:03, while Mamu-DRA*01:021

was paired with DRB*w4:01. Prior to MHC-II restriction assays, mRNA from these

transfectants was extracted using the AllPrep DNA/RNA Mini Kit (Qiagen), amplified by

RT-PCR using a universal primer pair (5′-GACACTGATGGTGCTGAGC-3′ and 5′-
GCTGCACTGTGAAGCTCTC-3′) spanning the highly polymorphic β1 region of Mamu-

DRB, and sequence confirmed. MHC-II transfectants and BLCL were pulsed with the Gag

peptide of interest at a final concentration of 5 μg/ml for 90 minutes (37°C) then washed

twice with warm PBS and once with warm R10 to remove unbound peptide before being

used to stimulate freshly isolated PBMC at an effector:target ratio of 10:1.
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T Cell Assays

SIV- and RhCMV-specific CD4+ and CD8+ T cell responses were measured in

mononuclear cell preparations from blood and tissues by flow cytometric ICS, as previously

described in detail (10–12). Briefly, mononuclear cells or isolated CD8+ T cells were

incubated with antigen (peptide, AT-2 SIV, peptide-pulsed BLCL or MHC-II transfectants,

or SIV-infected CD4+ T cells) and the co-stimulatory molecules CD28 and CD49d (BD

Biosciences) for 1 hr, followed by addition of Brefeldin A (Sigma-Aldrich) for an additional

8 hrs. Co-stimulation without antigen served as a background control. The MHC association

(MHC-I vs. MHC-II) of a response was determined by pre-incubating isolated mononuclear

cells or antigen-presenting cells for 1hr at room temperature in the presence of 10μg/ml of

mAbs against MHC-I (clone–W6-32) vs. MHC-II (HLA-DR; clone–G46-6) or CLIP peptide

(MHC-II-associated invariant chain, amino acids 89–100; 2μg/ml) prior to adding peptides

or combining effector and target cells and incubating per the standard ICS assay. Stimulated

cells were fixed, permeabilized and stained as previously described (10–12), and flow

cytometric analysis was performed on an LSR-II instrument (BD Biosciences). Analysis was

done using FlowJo software (Tree Star). In all analyses, gating on the light scatter signature

of small lymphocytes was followed by progressive gating on the CD3+ population and then

the CD4+/CD8− vs. CD4−/CD8+ T cell subsets. Antigen specific response frequencies for

CD4+ or CD8+ T cell populations were routinely determined from intracellular expression

of CD69 and either or both IFN-γ and TNF-α [in select experiments, responses were also

characterized by intracellular CD69 and either IL-2 or MIP-1β production or CD107

externalization (11)]. In other select experiments, Boolean gates of (CD69+/TNF-α+ and/or

CD69+/IFN-γ+) were generated and expression of CD28 and CCR7 was determined on the

gated (responding) CD8+ T cell population (11). Response frequencies were reported after

background subtraction and memory correction, as previously described (11, 58). For

epitope deconvolution experiments, stricter response criteria were used to prevent false

positives. In these studies, a response to a given 15mer peptide was considered positive if

the frequency of events clustered as CD69+, TNF-α+ and IFN-γ+ was > 0.05%, with

background <0.01% in at least 2 independent assays. The classification of individual peptide

responses as MHC-I- vs. MHC-II-associated was based on >90% inhibition of the response

by either MHC-I or MHC-II blockade relative to the isotype control. Responses that did not

meet these criteria were considered indeterminate. Minimal independent epitope numbers

were estimated from the positive responses identified by testing of consecutive 15mer

peptides by the following criteria: single positive peptide = 1 independent epitope; 2

adjacent positive peptides = 1 independent epitope; 3 adjacent positive peptides = 2

independent epitopes; 4 adjacent positive peptides = 2 independent epitopes; and 5 adjacent

positive peptides = 3 independent epitopes. These estimations of the minimal number of

independent epitopes were initially conducted without the benefit of the MHC association

data, but were then revised using the same criteria, applied independently for MHC-I vs.

MHC-II blocked responses.

Statistics

For comparisons of independent samples, we applied bivariate Mann-Whitney U tests (69),

also known as Wilcoxon Rank Sum tests. For one-sample comparisons to a fixed null-

hypothesized value (such as percentages compared to 100%), we applied one-sample

Wilcoxon Signed Rank tests (69). All tests were conducted as two-tailed tests with a type-I

error rate of 5%. We used the R statistical computing language(70) for all statistical

analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Lack of epitope overlap between RhCMV vector-elicited and conventional SIV-specific

CD8+ T cell responses. (A) Flow cytometric ICS was used to follow the development of

overall SIV insert- and canonical epitope-specific CD8+ T cell responses (responder = TNF-

α + and/or IFN-γ +) in the blood of 4 RM, each with a different well characterized MHC-I

allele (Mamu-A*01, -A*02, -B*08 and -B*17), after vaccination with strain 68-1 RhCMV/

SIVgag, rev/tat/nef (rtn), env, and pol vectors. No response above background was observed

for any canonical epitope. (B) The CD8+ T cell response to individual SIVgag 15mer

peptides and the canonical Gag181-189 (CM9) epitope was determined in a long-term strain

68-1 RhCMV/gag-vaccinated, Mamu-A*01+ RM (Rh25545) using flow cytometric ICS.

The frequency of these responses in blood and the proliferative status of the responding cells

(as measured by Ki-67 expression on TNF-α + and/or IFN-γ + events) were followed after
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boosting with Ad5/gag, and then 119 days later, after re-vaccination with strain 68-1

RhCMV/gag. Gag181-189 (CM9)-specific responses were not detected prior to administration

of Ad5/gag. (C–E) The CD8+ T cell response to individual SIVgag 15mer peptides was

determined in RM vaccinated with Ad5/gag (C, Rh27050), MVA/gag (D, Rh27057), and

electroporated DNA/gag + IL-12 (E, Rh27506), and these responses were followed after

vaccination with strain 68-1 RhCMV/gag as described in B. These figures also show

induction of 4 SIVgag 15mer-specific CD8+ T cell responses after RhCMV/gag vaccination

that were not detectable in the pre-existing SIVgag-specific responses elicited by the

conventional vaccines.
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Fig. 2.
RhCMV vector-elicited and conventional SIVgag-specific CD8+ T cell responses differ in

epitope breadth and promiscuity. (A) CD8+ T cell responses to SIVgag were epitope-

mapped using flow cytometric ICS to detect recognition of 125 consecutive 15mer gag

peptides (with an 11 amino acid overlap) in RM vaccinated with strain 68-1 RhCMV/gag

vectors [*BAC-derived RhCMV/gag; **non-BAC-derived RhCMV/gag(L); n = 14],

electroporated DNA/gag + IL-12 vectors (n = 4), Ad5/gag vectors (n = 3), and MVA/gag

vectors (n = 3) and in SIV+ RM with controlled infection (n = 5). Peptides resulting in

above background CD8+ T cell responses are indicated by a colored box, with the total

number of these positive responses and the minimal number of independent epitopes

potentially contained within these reactive peptides in each RM designated at right. p < .

0001, epitope breadth of RhCMV/gag-vaccinated RM compared to RM pooled over the
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other groups, using two-tailed Wilcoxon rank sum tests. (B) The core epitopes of selected

15mer peptides targeted by CD8+ T cells from strain 68-1 RhCMV/gag-vaccinated RM

were determined by flow cytometric ICS analysis of CD8+ T cell responses to the indicated

truncated peptides. The figure shows representative examples of the 2 response patterns

observed with truncated peptide sets: Type 1 (red), with abrupt loss of peak responsiveness

and a 9mer core epitope, and Type 2 (blue), with gradual loss of peak responsiveness and a

12mer core epitope (see also fig. S4). (C) CD8+ T cell response frequencies to the parent

15mer peptides and the core peptides derived from these 15mers (Type 1, red; Type 2, blue)

were compared by flow cytometric ICS in 9 RM for each response. (D) CD8+ T cell

responses to selected SIVgag core epitopes (Type 1, red; Type 2, blue), as well as selected

additional SIVgag 15mers (gray), were evaluated by flow cytometric ICS in 42 strain 68-1

RhCMV/gag vector-vaccinated RM (left panel) and 40 SIV-infected RM (right panel) with

the % of RM in each category with detectable responses to these peptides shown in the

figure.
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Fig. 3.
Most RhCMV vector-elicited CD8+ T cell responses are inhibited by MHC-II blockade. (A)

PBMC from a representative strain 68-1 RhCMV/gag-vaccinated RM (of 8 RM similarly

analyzed RM, see fig. S5) were stimulated with the designated SIVgag core epitopes (Type

1 vs. Type 2) in the presence of irrelevant isotype control mAbs (IgG1 − clone X40 + IgG2a

− clone X39; 10μg each), an anti-MHC-I mAb (W6-32; 10μg), an anti-MHC-II mAb

(G46-6; 10μg), or the CLIP peptide (MHC-II-associated invariant chain, amino acids

89-100; 2μg). A typical CD4 vs. CD8 expression profile, showing events gated on CD3+

small lymphocytes, is illustrated on the left, with the CD8 gate used to analyze the CD8+ T

cell responses indicated. The IFN-γ vs. TNF-α profiles (right panels) include only events

collected through these gates, and thus reflect CD8hi/CD4negative T cells. (B,C) All the
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SIVgag 15mer peptide responses shown in Fig. 2A were subjected to MHC-I (mAb W6-32)

vs. MHC-II (mAb G46-6) blockade and classified as being specifically inhibited (blocked)

by anti-MHC-I vs. anti-MHC-II mAbs, or indeterminate. (B) For each RM, the average

number of peptide-specific responses in each category are shown, classified by vaccine type.

(C) The sensitivity of each SIVgag peptide response in 14 strain 68-1 RhCMV/gag-

vaccinated RM [*BAC-derived RhCMV/gag; **non-BAC-derived RhCMV/gag(L)] to

blockade by anti-MHC-I (red boxes) vs. anti-MHC-II (blue boxes) mAbs is shown (open

boxes indicate indeterminate), with the minimal number of independent epitopes in the

MHC-I- and MHC-II-associated categories designated at right (note: the total number of

independent epitopes increased in some RM from that listed in Fig. 2A due to increased

resolution afforded by the MHC blocking data).
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Fig. 4.
Multiple MHC-II allomorphs can present type 2 epitopes to RhCMV/gag vector-elicited

CD8+ T cells. (A) PBMC from a strain 68-1 RhCMV/gag-vaccinated RM (Rh22034) were

incubated with SIVgag peptide-pulsed (and washed) RM3 cells (the MHC-II negative

parental cell line) vs. RM3 transfectants expressing single Mamu-DR molecules, and then

evaluated for peptide-specific CD8+ T cell recognition using flow cytometric ICS to detect

induction of IFN-γ and/or TNF-α production (response frequencies are indicated in each

quadrant). The Mamu-DR molecules tested included four that are expressed by Rh22034

(DRB1*0309, DRB1*0406, DRB5*0301, and DRB*w201), and one that is not expressed

(DRB*w4:01). The SIVgag 15mer peptides tested corresponded to known MHC-II-blocked
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CD8+ T cell epitopes (Type 2) in this RM, except for Gag273-287 (15mer #69), which was

MHC-I-blocked (Type 1), and therefore used as a negative control. (B) Similar analysis of

the presentation of the MHC-II-blocked (Type 2) Gag221-235 (15mer #56) peptide to CD8+

T cells from two strain 68-1 RhCMV/gag vector-vaccinated RM (Rh22034 and Rh21836)

by autologous B-lymphoblastoid cells, MHC-II null parental cells and single MHC-II

transfectants corresponding to Mamu-DRB alleles that are reciprocally expressed by these 2

RM (expressed alleles denoted in red, non-expressed in black).
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Fig. 5.
RhCMV/gag vector-elicited CD8+ T cells show similar function regardless of MHC-I vs.

MHC-II restriction. (A) Serial log10 dilutions of 4 core (optimal) SIVgag supertope peptides

(2 each MHC-I- and MHC-II-restricted) were used to stimulate PBMC from strain 68-1

RhCMV/gag-vaccinated RM (n = 5) and the response to each peptide dilution was

determined by flow cytometric ICS. The frequency of responding CD8+ T cells (TNF-α+

and/or IFN-γ +) at each dilution was normalized to the maximal response at the initial

peptide concentration. The figure shows the mean + SEM of the normalized responses for

each epitope. (B) Peripheral blood CD8+ T cell responses to total SIVgag 15mer mixes and

to 4 core (optimal) SIVgag supertope peptides (2 each MHC-I- and MHC-II-restricted) were

quantified by flow cytometric ICS (TNF-α + and/or IFN-γ +) following strain 68-1

RhCMV/gag vaccination (mean + SEM; n = 24) to demonstrate the relative kinetics of
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induction of the MHC-1 vs. MHC-II-restricted supertope responses. (C,D) CD8+ T cell

responses to 2 MHC-I-restricted (C) and 2 MHC-II-restricted (D) core (optimal) SIVgag

supertope peptides were quantified by flow cytometric ICS (TNF-α + and/or IFN-γ +) in

mononuclear cell preparations from the indicated tissues at necropsy of strain 68-1 RhCMV/

gag vector-vaccinated RM (mean + SEM; n = 4). (E) PBMC from strain 68-1 RhCMV/gag-

vaccinated RM (n =14) were stimulated with total SIVgag 15mer mixes or the MHC-I- vs.

MHC-II-restricted core (optimal) SIVgag supertope peptides shown and the expression of

CD28 vs. CCR7 was determined on the responding cells (TNF-α + and/or IFN-γ +) by flow

cytometric ICS, allowing delineation of the mean (+ SEM) proportion of the responding

cells manifesting the designated central memory (TCM), transitional effector memory

(TTrEM) and effector memory (TEM) phenotypes. (F) PBMC from strain 68-1 RhCMV/gag-

vaccinated RM (n =14) were stimulated with total SIVgag 15mer mixes or the MHC-I- vs.

MHC-II-restricted core (optimal) SIVgag supertope peptides shown and the frequencies of

cells within the CD8+ memory compartment producing each cytokine or showing CD107

externalization were determined. The figure shows the mean (+ SEM) of these response

frequencies after background subtraction.
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Fig. 6.
RhCMV vector-elicited CD8+ T cells recognize SIV-infected cells via both MHC-I and

MHC-II antigen presentation. (A) Representative flow cytometric profiles of CD4+ and

CD8+ T cells in PBMC from an RM vaccinated with strain 68-1 RhCMV/SIV vectors

responding to 1 μg (p27CA equivalent) of AT-2 SIV vs. no antigen (quadrant response

frequencies indicated). (B) Comparison of AT-2 SIV-specific response frequencies in the

CD4+ or CD8+ memory compartment in the blood of SIV+ elite controllers (n = 4) vs. RM

vaccinated with strain 68-1 RhCMV/SIV vectors (n = 8). (C) Serial 5-fold dilutions of AT-2

SIV were used to stimulate PBMC from the same strain 68-1 RhCMV/SIV-vaccinated and

SIV+ elite controllers shown in panel B, comparing the CD4+ and CD8+ T cell response

frequencies in the presence of isotype control mAb vs. MHC-1 blocking mAb W6-32 vs. the

MHC-II-blocking CLIP peptide (see Fig. 3). The response frequencies of each subset in each
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RM were normalized to the unblocked response frequencies at the highest AT-2 SIV dose

and the mean + SEM of these normalized response frequencies are shown for each treatment

and dose. Asterisks indicate the MHC-I- or MHC-II-blocked CD8+ T cell responses, as

fractions of the isotype responses at the same dilution, that are significantly different (p < .

05) from 1.0 using a two-tailed Wilcoxon signed rank test (RhCMV/SIV vector group only;

see fig. S8). (D) Representative flow cytometric profiles of CD4+ and CD8+ T cells in

PBMC and isolated CD8+ T cells from an RM vaccinated with strain 68-1 RhCMV/SIV

vectors responding to autologous SIV-infected CD4+ T cells (SIV+ targets) vs. similarly

processed and cultured CD4+ T cells that were not SIV-infected (SIV- targets) using an

effector to target ratio of 80:1. (E) Comparison of SIV-infected cell-specific response

frequencies in the memory subsets of CD4+ and CD8+ T cells in PBMC and isolated CD8+

T cells from SIV+ elite controllers (n = 5) vs. RM vaccinated with strain 68-1 RhCMV/SIV

vectors (n = 9). (F) The sensitivity of the SIV+ cell-specific T cell responses shown in panel

E to blocking with the MHC-1-blocking mAb W6-32 vs. the MHC-II blocking CLIP peptide

is shown. The response frequencies were normalized to the response frequencies in the

isotype control and the mean + SEM of these normalized response frequencies are shown for

each treatment. Asterisks indicate the normalized MHC-I- or MHC-II-blocked CD8+ T cell

responses that are significantly different (p < .05) from 100% using a two-tailed Wilcoxon

signed rank test (RhCMV/SIV vector group only; see fig. S9).

Hansen et al. Page 31

Science. Author manuscript; available in PMC 2013 November 04.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 7.
Rh189 (US11) gene prevents canonical epitope recognition. (A,B) Flow cytometric ICS was

used to follow the development of canonical epitope-specific CD8+ T cell responses in the

blood of 2 RM, one expressing Mamu-A*01, the other expressing both Mamu-A*02 and -

B*08, after vaccination with strain 68-1-derived RhCMV/SIV vectors in which the

Rh182-189 (US2-11) genes were deleted [note: these RM were CMV naïve prior to

vaccination, as the Rh182-189-deleted vectors cannot superinfect RhCMV+ RM (12)]. (C)

CD8+ T cell responses to SIVgag were epitope-mapped and MHC-blocked (as described in

Figs. 2 and 3) in 6 Mamu-A*01-expressing (initially RhCMV-naïve) RM, 3 vaccinated with

the unmodified strain 68-1 RhCMV/gag vector and 3 vaccinated with the ΔRh182-189

(ΔUS2-11) version of this vector. Responses blocked by anti-MHC-I- vs. anti-MHC-II are

indicated by red and blue boxes, respectively, with the 15mers containing canonical Mamu-

A*01-restricted epitopes indicated by pink rectangles. (D) The peak acute phase CD8+ T

cell responses in blood to whole SIVgag and SIVrtn peptide mixes and canonical SIVgag,

SIVnef, and SIVtat epitopes are shown for (initially RhCMV+) RM expressing the

designated MHC-I alleles and vaccinated with SIVgag- and SIVrtn-expressing strain 68-1

RhCMV vectors lacking either Rh186-189 (US8-11) or Rh182-186 (US2-6). (E) The peak

acute phase CD8+ T cell responses in blood to whole SIVgag and SIVrtn peptide mixes and

canonical SIVgag and SIVtat epitopes are shown for 3 (initially RhCMV+) RM expressing

Mamu-A*01 and vaccinated with an SIVgag- and SIVrtn-expressing strain 68-1 RhCMV

vector lacking only Rh189 (US11).
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Fig. 8.
Unconventional CD8+ T cell targeting is restricted to responses elicited by fibroblast-

adapted RhCMV lacking UL128-131 orthologue expression. (A) Representative flow

cytometric profiles of CD8+ T cells in PBMC from an unvaccinated, naturally RhCMV-

infected RM (colony circulating strain) vs. a strain 68-1 RhCMV/SIV vector-vaccinated RM

responding to consecutive 15mer peptides (11 amino acid overlap) comprising the RhCMV

IE-1 protein in the presence of isotype control vs. blocking anti-MHC-I vs. blocking anti-

MHC-II mAbs. (B) Comparison of the frequency (left panel) and sensitivity to blockade

with anti-MHC-I vs. anti-MHC-II mAbs (right panel; mean + SEM) of IE-1-specific CD4+

and CD8+ T cells from naturally RhCMV-infected vs. strain 68-1 RhCMV/SIV vector-

vaccinated RM (n = 6 per group; see fig. S12A). (C) CD8+ T cell responses to RhCMV IE-1

in naturally RhCMV-infected and strain 68-1 RhCMV/SIV vector-vaccinated RM (n = 4
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each) were epitope-mapped to determine recognition of 137 consecutive 15mer IE-1

peptides and then the MHC association of each response was classified by sensitivity to

blockade with anti-MHC-I vs. anti-MHC-II mAbs. (D) The peak, acute phase CD8+ T cell

response frequencies in blood to the whole SIVgag 15mer mix, each of the 5 universal

RhCMV/gag vector-associated supertopes, and in the 2 Mamu-A*01+ RM (Rh27391 and

Rh27434), each of the indicated canonical SIVgag epitopes restricted by this allele, are

shown in 6 RM vaccinated with a strain 68-1 RhCMV/gag vector in which expression of

RhCMV orthologues of HCMV UL128-131 genes (Rh157.6, 157.4 and 157.5) has been

restored. (E) Comparison of the frequency (top panel) and sensitivity to blockade with anti-

MHC-I vs. anti-MHC-II mAbs (bottom panel; mean + SEM) of SIVgag-specific CD4+ and

CD8+ T cells from SIV+ elite controllers vs. RM vaccinated with the original strain 68-1

RhCMV/SIV vector vs. RM vaccinated with the Rh157.4-.6 (UL128-131)-repaired

RhCMV/gag vector (n = 6 per group; see fig. S12B). (F) CD8+ T cell responses to SIVgag

in 3 RM vaccinated with the Rh157.4-.6 (UL128-131)-repaired RhCMV/gag vector were

epitope-mapped and then the MHC association of each response was classified by sensitivity

to blockade with anti-MHC-I vs. anti-MHC-II mAbs (compare to Fig. 3C).
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