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Abstract

Vectors based on cytomegalovirus (CMV) represent a novel vaccine platform that maintains high
frequencies of non-exhausted effector memory T cells in both CMV sero-positive and sero-
negative individuals. In non-human primate models, CMV vectored vaccines provide
unprecedented protection against simian immunodeficiency virus (SIV). Moreover, CMV vectors
can be genetically altered to program highly diverse CD8+ T cell responses that differ in their
epitope targeting including conventional, MHC-I restricted CD8+ T cells as well as
unconventional CD8+ T cells restricted by MHC class Il or non-polymorphic MHC-E. By
modifying cytomegaloviral determinants that control unconventional T cell priming it is possible
to uniquely tailor the CD8+ T cell response for each individual disease target in order to maximize
prophylactic or therapeutic protection.

Traditional vaccination seeks to recapitulate the protective immune memory elicited by
natural infection by administration of a vaccine containing a nonpathogenic alternative to the
pathogen, such as an attenuated variant or a subunit vaccine. Generally, this approach works
well for infectious diseases that elicit a strong and long-lasting protective immune response
upon primary infection, e.g. smallpox, polio, yellow fever, and all of the typical childhood
infectious diseases. However, some infectious diseases do not elicit protective immune
responses or have the capacity to evade natural immunity, resulting in repeated infection
(Malaria) or chronic infection (TB, HIV). In these instances, classical vaccines have either
resulted in less than optimal protection or have failed altogether [1-4]. Thus, simply
amplifying natural immune responses with empiric vaccination has not worked well for
these immune evasive pathogens, and have led to the hypothesis that vaccine-mediated
protection against such infections might require that vaccine-elicited immunity be
“unnatural”, that is, qualitatively different from that induced by natural infection and
designed to exploit specific immunologic vulnerabilities of the pathogen in question. Even
more difficult is the eradication of an established chronic infection by therapeutic
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vaccination since such an immunotherapy would not only need to counter established
pathogen immune evasion, but would also have to work in a setting of exhausted T cells, and
pathogen exploitation of immunological sanctuaries [5,6].

The failure of HIV vaccine development for the past 3 decades well illustrates these points.
Based on the ability of CD8+ T cells in some individuals with protective MHC-1a alleles to
exert stringent (elite) control viral replication, there was initial hope that powerful prime-
boost vaccines that greatly increase CD8+ T cell response magnitude would provide
meaningful efficacy. Experiments in nonhuman primates have not, however, supported this
hope as vaccine-induced, anamnestic, HIV/SIV-specific CD8+ T cell responses still arrive at
sites of infection too late to allow for most recipients to attain elite controller status, and if
viral replication is not stringently controlled, mutational escape eventually allows the virus
to evade the immune response [2]. Indeed, current thinking is that HIV vaccines must either
prevent infection altogether or shut-down infection very early, prior to seeding of long-term
viral reservoirs. Antibody (Ab) responses, which can potentially prevent establishment of
infection, would seem to be the logical solution to this problem, but most natural virus- or
vaccine-induced anti-envelope Abs are not able to neutralize HIV or to prevent infection by
other mechanisms [3,7]. There are exceptions to this general rule, though, and much of
current HIV vaccine development is focused on these exceptions, in particular on the
development of vaccines that specifically elicit broadly neutralizing Abs. These Abs,
identified in a subset of subjects with chronic infection, are natural, but highly unusual, both
in their etiology and their ability to neutralize the majority of HIV strains. The reverse
engineering of immunogens capable of “unnaturally” eliciting one or more of these unique
Abs in all vaccinated people remains an important, but as yet unmet, goal [8].

Our approach to HIV vaccine development differs from all others as we hope to elicit and
maintain a HIV-targeting T cell response profile that is qualitatively different both with
respect to T cell phenotype as well as T cell specificity to that either elicited by HIV or by
other vaccine approaches. A key aspect of this approach is the concept of early interception
of cells infected by incoming viruses by continuously maintaining a circulating and tissue-
resident population of effector-differentiated, HIV-specific T cells. Such responses would
continuously monitor the sites of HIV entry and early dissemination and thus potentially
could intercept infection at its earliest stage. The induction and maintenance of such
effector-memory T cells is accomplished by using vaccine vectors derived from
cytomegalovirus (CMV), a widely prevalent herpesvirus that is unusual in its capacity to
elicit and maintain high frequencies of effector memory T cells in both lymphoid and extra-
lymphoid sites. This effector memory concept has been reviewed in the past [2,9]. Indeed,
the immunization of rhesus macaques (RM) with rhesus CMV (RhCMV) carrying inserts
derived from simian immunodeficiency virus (SIV) protects more than 50% of the RM
against challenge with a highly virulent strain of SIV against which traditional vaccine
approaches have failed in the past [10,11]. Moreover, in those monkeys that controlled
infection a unique pattern of protection emerged: while all of these monkeys manifested
virologic and/or immunologic evidence of SIV infection early after SIV challenge, this
evidence of viral infection waned over time until by about 18 months after infection, the
initially infected, protected monkeys could no longer be differentiated from vaccinated
monkeys not exposed to SIV by highly sensitive virologic and immunologic methods,
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including at necropsy, the first apparent clearance of a lentivirus by an immunologic
mechanism [12].

Unexpectedly, our work in the RM model revealed another remarkable and unique
characteristic of RhNCMV vectors - an unprecedented ability of RnCMV to elicit CD8+ T
cells that were “unconventional” in their MHC- restriction and epitope targeting. In the vast
majority of adaptive CD8+ T cell responses, the elicited CD8+ T cells recognize peptides
presented by “classical”, i.e. polymorphic, MHC class la molecules. Peptide loading of
MHC-la may occur in the endoplasmic reticulum (ER) upon TAP-dependent import from
the cytoplasm of infected cells (direct presentation), or alternatively, MHC-la molecules can
be processed in the endolysosomal compartment or phagosomes of professional antigen
presenting cells (APC) (cross-presentation) [13]. In striking contrast, we observed that
CD8+ T cells elicited by RnCMV vectors recognized peptides either in the context of MHC-
Il or the non-classical, highly conserved MHC-E molecule [14,15]. MHC-II molecules are
generally loaded exogenously in the endolysosomal MHC-I1 loading compartment of APC
and recognized by CD4+ T cells [16]. In contrast, MHC-E (HLA-E in humans) mostly
serves an immunological purpose not involving antigen presentation to T cells at all. Instead,
MHC-E is loaded in a TAP-dependent manner with the highly conserved peptide
VMAPRTL(V/L/I)L (VL9) encoded in the leader sequence of classical MHC-1 molecules
[17]. Upon display at the cell surface, the MHC-E/VL9 complex serves as a ligand for
inhibitory NK cells receptors and as such acts as an inhibitory “self”-signal to NK cells [18].
While there have been occasional reports of CD8+ T cells recognizing peptides in the
context of MHC-I1 [19] or MHC-E [20], the broad induction of such CD8+ T cells against
any RhCMV vector-expressed protein was unprecedented. The discovery that CMV vectors
are capable of inducing unconventional CD8+ T cells thus clearly falls into the qualitatively
different category of vaccination approaches and represents a new paradigm in vaccine
development. This finding has potentially far-reaching implications since this strategy
enables targeting pathogens with novel and “unexpected” immune responses that a given
pathogen has not yet “learned” how to escape. Importantly, unconventional CD8+ T cells
recognize SlIV-infected cells demonstrating that MHC-11 and MHC-E can be loaded with
peptides in SIV-infected CD4+ T cells [15]. Moreover, some HIV-derived peptides are
known to be loaded into HLA-E [21], rendering it highly likely that HLA-E restricted CD8+
T cells would be able to recognize HIV-infected targets. Thus, despite their inability to elicit
unconventional CD8+ T cells, SIV/HIV can nevertheless be targeted by such T cells. In
contrast to priming of naive T cells, it takes very few MHC/peptide complexes to stimulate
memory T cells. It is therefore likely that many pathogens can be recognized by
unconventional CD8+ T cells elicited by CMV vectors even if these pathogens are unable to
elicit such responses.

Interestingly, unconventional CD8+ T cells were not found in RM naturally infected with
RhCMV. Instead, all CD8+ T cells were restricted by classical MHC-la molecules [15].
Similarly, CD8+ T cells of HCMV-infected humans generally recognize peptides in the
context of MHC-la. A notable exception is CD8+ T cells recognizing a VL9 mimic encoded
by the HCMV gene UL40 if the UL40 VL9 peptide is not identical to the endogenous VL9
peptide [22]. (This finding demonstrates that, in principle, HCMV is capable of eliciting
HLA-E restricted CD8+ T cells in humans). As it turns out, unconventional CD8+ T cells
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were only induced in animals immunized with recombinant RhnCMYV that had been cloned
from the fibroblast adapted strain 68-1. As is observed for both HCMV and RhCMYV,
passaging in fibroblasts routinely results in loss of the so-called pentameric glycoprotein
complex [23]. This complex facilitates infection of non-fibroblast cells such as endothelial,
epithelial and myeloid cells, but limits viral secretion from fibroblasts, hence the selection or
mutants in vitro. Two proteins of this complex, UL128 and UL130, had been deleted
spontaneously from the RhCMV 68-1 [24]. Remarkably, re-insertion of these genes into the
68-1 genome resulted in a recombinant virus (68-1.2) that only elicited MHC-I restricted
CD8+ T cells, similar to wildtype RhnCMV [15]. Thus, depending on the presence/absence
of these proteins we can elicit a completely different set of CD8+ T cells (Fig. 1).

However, although pentameric glycoprotein-intact RnNCMV vectors carrying SIV antigens
elicited T cells broadly recognizing many MHC-la-restricted epitopes within a given
antigen, “canonical” MHC-I restricted epitopes, i.e. epitopes known to be immunodominant
in the context of SIV or other vector systems, were notably absent [10,15]. This lack of
canonical MHC-I restricted CD8+ T cells was shown to be due to the RhnCMV homologue
of HCMV US11. In the absence of US11, RhCMV elicits canonical MHC-I restricted CD8+
T cells on the background of either 68-1 [15] or 68-1.2 vectors (unpublished). Thus US11-
deleted 68-1-based vectors elicit not only MHC-Il and MHC-E restricted CD8+ T cells, but
also canonical MHC-I restricted CD8+ T cells, whereas 68-1.2-based vectors elicit both
canonical and non-canonical MHC-I restricted CD8+ T cells upon deletion of US11 (Fig. 1).
The US11 protein has been studied extensively and shown to eliminate nascent MHC-I
proteins by ER-associated degradation [25]. Thus, it is likely that the elimination of MHC-I
by US11 in infected cells results in specific inhibition of “normal” i.e. otherwise
immunodominant peptide loading. US11 belongs to the US6 family of glycoproteins of
which several prevent antigen presentation by interfering with biosynthesis, intracellular
transport or peptide loading of MHC-I molecules [26,27]. Why US11 uniquely prevents the
induction of canonical CD8+ T cells is presently unknown. However, evasion of CD8+ T
cell recognition by US6 family genes enabled CMV vectors to be used repeatedly and in
individuals that are chronically infected with CMV [28]. This is yet another unique feature
of CMV vectors that enables the use of CMV vectors regardless of the sero-status of the
vaccine recipient, an important aspect of the clinical translating CMV vectors since the vast
majority of the world’s population is chronically infected with CMV.

In ongoing work we are identifying viral and host determinants of unconventional CD8+ T
cell priming which will enable us to further fine-tune the CD8+ T cell responses including
vectors that exclusively elicit MHC-11 or MHC-E-restricted CD8+ T cells. By using different
vector backbones it will thus be possible to interrogate the protective function of each CD8+
T cell population against different pathogens in suitable non-human primate models.
Ultimately, we can thus tailor vector backbones to generate optimal responses for individual
pathogens. For instance in the case of SIV, using vector backbones eliciting increased
frequencies of protective CD8+ T cells while reducing non-protective or neutral CD8+ T
cells might increase the percent of animals protected upon SIV challenge.

Going forward, the major goal will be to determine whether such unconventional CD8+ T
cells can be elicited in humans. CMVs are highly species-specific and results obtained in
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RM using RhCMV need to be recapitulated in humans with HCMV. However, the genomes
of RhCMV and HCMV are similar enough to permit the generation of chimeric viruses to
examine whether, in the context of RhCMV, HCMV-derived genes perform similar functions
than their RhnCMV homologs. So far, HCMV genes were consistently found to be able to
substitute for RhNCMV, e.g. HCMV UL128, UL130 and US11 prevent the induction of
unconventional or canonical CD8+ T cells by RhnCMV lacking the corresponding
homologues (unpublished results). By designing human HCMV vectors with genetic
modifications similar to the respective RhNCMV vectors it is expected that similar CD8+ T
cell response profiles will be elicited in humans.

The clinical testing of HCMV-based vaccines requires the development of attenuated vectors
with reduced pathogenic potential while maintaining the unique immunological
characteristics described above. Studies in murine CMV (MCMV) suggest that effector
memory T cell responses are maintained by spread-deficient viruses, i.e. recombinant, gene-
deleted viruses that are still DNA replication competent, but have lost their ability to
assemble functional virions or that generate non-infectious virus particles [29-31]. In fact,
such single-cycle viruses elicit higher T cell responses, at least initially, due to reduced
dendritic cell depletion [32]. Unpublished work in the RM model supports the conclusion
that immunogenicity can be uncoupled from pathogenicity. However, not all attenuation
strategies seem to maintain the full spectrum of immune responses in the RM model and
attenuating mutations therefore need to be carefully vetted in the RM model prior to
designing corresponding attenuated HCMV vectors.

Only a very limited number of attenuated HCMV strains or recombinants have been tested
in humans so far and all of them in the context of developing a vaccine against CMV [33].
(The goal of such vaccine development is to generate immune responses that recapitulate or
potentially improve on the limited natural immunity that, while unable to efficiently prevent
reinfection, clearly controls viremia and thus HCMV-associated diseases.) Unfortunately,
published results suggest that none of the previously tested attenuated HCMV strains and
recombinants are suitable as vector backbones. For example, HCMV recombinants rendered
replication-deficient by expressing unstable viral transcriptional activators and replication
enzymes are not expected to maintain antigen presentation and thus effector memory T cells
over time [34]. Moreover, chimeric HCMV recombinants of two fibroblast-adapted strains
(Towne and Toledo) were unable to re-infect seropositive individuals [35] and did not elicit
effector memory T cell responses in sero-negative individuals [36]. Despite truncation of
UL 128, Towne/Toledo chimeras were unable to elicit unconventional T cell responses
indicating that loss of the pentameric complex alone is insufficient for T cell reprogramming
[37]. These results are consistent with recent observations in the RhCMV model revealing
that not only loss of the pentamer but additional requirements for cell tropism as well as the
presence and absence of viral gene products modulating T cell priming in a positive or
negative manner, respectively, are required for unconventional T cell priming (unpublished
results). Different vector backbones and attenuation strategies will thus be required to
recapitulate the unique immunological characteristics of RnCMV-derived vaccines with life-
attenuated HCMV vectors. If successful however, the clinical translation of results obtained
with CMV vectors in animal models will have a lasting impact on vaccine development
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since it allows vaccine developers to unleash new types of immune responses optimized to
prevent and cure pathogens that have resisted traditional vaccine approaches.
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Highlights

Effector memory T cell (Tgpy) inducing vaccines represent a novel paradigm
in vaccine development that enables the early intercept of incoming or
reactivating pathogens

Cytomegalovirus (CMV)-based vectors elicit and maintain high frequency
Tgwm to inserted antigens

Rhesus CMV-based vaccines control and clear highly pathogenic simian
immunodeficiency virus (SIV)

Specific deletions in the RhCMV genome permit the programming of CD8+
T cells to four different, non-overlapping sets of epitopes restricted by MHC-
I, MHC-Il or MHC-E molecules

CMV-based vaccines can be designed to elicit CD8+ T cell responses that
exploit any given pathogen’s immunologic vulnerability and thereby provide
optimal protection
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Conventional CD8+ T cell epitopes
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Figure 1. Genetically distinct RhCMV vectors elicit four different CD8+ T cell responses each
recognizing non-overlapping sets of peptides

Conventional CD8+ T cell epitopes are peptides presented by polymorphic MHC-la
molecules. Wildtype RhCMV elicits a “non-canonical” subset of conventional CD8+ T cell
epitopes that are rarely observed in the context of other vector platforms or viral infections
since US11 prevents the induction of the “canonical” subset of conventional CD8+ T cell
epitopes, i.e. epitopes that are frequently observed in a non-CMV context. Deletion of US11
from wildtype RhCMV thus results in the induction of conventional CD8+ T cells that
recognize both canonical and non-canonical epitopes. Unconventional CD8+ T cell epitopes
are peptides that are either presented by the non-polymorphic MHC-I molecule MHC-E, or
by MHC-II molecules. Unconventional responses are observed upon deletion of UL128 and
UL130. Additional deletion of US11 results in CD8+ T cells that recognize both
conventional canonical and unconventional epitopes, but not conventional non-canonical
epitopes.
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