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Abstract

The strain 68-1 rhesus cytomegalovirus (RhCM V) based vaccine for simian immunodeficiency
virus (SIV) can stringently protect rhesus macaques (RMs) from SIV challenge by arresting

viral replication early in primary infection. This vaccine elicits unconventional SIV-specific

CD8* T cells that recognize epitopes presented by major histocompatibility complex (MHC)-II
and MHC-E instead of MHC-la. Although RhCMV/SIV vaccines based on strains that only

elicit MHC-11 and/or MHC-la restricted CD8* T cells do not protect against SIV, it remains
unclear whether MHC-E-restricted T cells are directly responsible for protection and whether
these responses can be separated from the MHC-I1-restricted component. Using host microRNA
(miR)-mediated vector tropism restriction, we show that the priming of MHC-Il and MHC-E
epitope-targeted responses depended on vector infection of different, non-overlapping cell types in
rhesus macaques (RMs). Selective inhibition of RNCMYV infection in myeloid cells with miR-142-
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mediated tropism restriction eliminated MHC-E epitope-targeted CD8* T cell priming, yielding
an exclusively MHC-I1 epitope-targeted response. Inhibition with the endothelial cell-selective
miR-126 eliminated MHC-11 epitope-targeted CD8* T cell priming, yielding an exclusively MHC-
E epitope-targeted response. Dual miR-142+miR-126-mediated tropism restriction reverted CD8*
T cell responses back to conventional MHC-Ia epitope targeting. Although the magnitude and
differentiation state of these CD8* T cell responses were generally similar, only the vectors
programmed to elicit MHC-E-restricted CD8* T cell responses provided protection against SIV
challenge, directly demonstrating the essential role of these responses in RNCMV/SIV vaccine

efficacy.

One Sentence Summary:

RhCMV/SIV vector tropism modulation differentially programs CD8" T cell response MHC
restriction and vaccine efficacy

INTRODUCTION

SIV vaccines based on strain 68—1 RhCMYV vectors demonstrate a pattern of efficacy

in which 50-60% of vaccinated RMs exhibit early, complete replication arrest and
subsequent clearance of initially established infection with highly pathogenic SIVmac239
(1-4). This “control and clear” efficacy has not been observed with any other vaccine
modality, suggesting that it arises from specific characteristics of 68—1 RhnCMV/SIV vector-
elicited immune responses. 68—1 RhCMV/SIV vectors elicit and indefinitely maintain
robust SI1V insert-specific T cell responses that, in contrast to other vaccine modalities,
include a very high proportion of circulating and tissue-based effector-memory CD8* T
cells (Tgn) capable of mediating early, effective interception of nascent SIV infection
without anamnestic expansion (1-3, 5, 6). In addition, CD8* T cells elicited by 68-1
RhCMV/SIV vectors target epitopes presented by MHC-11 or MHC-E, not MHC-1a, and
include recognition of universal epitopes termed supertopes (7, 8).

While the elicitation of high frequency Tgy-biased CD8* T cell responses is a
characteristic of all tested primate CMVs, including circulating (wildtype) strains (4, 9),
the unconventional CD8* T cell epitope targeting manifested by strain 68-1 elicited CD8"
T cells is not (4, 7, 8). This unusual CD8* T cell priming results from chance genetic
changes in the 68-1 RhCMYV genome, specifically the deletion or functional inactivation of
8 viral genes in two non-contiguous regions: Rh157.5/Rh157.4 and Rh158-161, orthologous
to HCMV UL128-130 and UL146-147, respectively (4). Differential repair of these genes
in 68-1 RhCMV leads to either of two distinct CD8* T cell response types: 1) MHC-la-
restricted-only, or 2) a mix of MHC-la- and MHC-I1-restricted CD8" T cells (table S1).
Thus, these 8 gene products either inhibit MHC-E-restricted CD8* T cell priming or both
MHC-E- and MHC-II-restricted CD8* T cell priming, revealing that an intrinsic capacity
of RhCMV to prime an unconventionally restricted CD8* T cell response is redundantly
inhibited in the wildtype virus by their combined activity (4).

The priming of MHC-E-restricted CD8* T cells requires MHC-E upregulation via the
VL9 peptide ligand contained within the RNCMV Rh67 gene product (UL40 in HCMV)
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(10). Deletion or functional mutation of this viral VL9 sequence results in RhCMV/SIV
vectors that exclusively elicit MHC-I1-restricted CD8" T cells. The requirement for Rh67 in
MHC-E-restricted CD8* T cell priming by 68—-1 RhCMV/SIV vectors also suggests that this
priming requires direct Ag presentation from vector-infected cells. The Rh\CMV/SIV vectors
that manifest MHC-11- and/or MHC-la-restricted CD8* T cell responses do not mediate
protection against SIV challenge (table S1), despite the demonstration that their magnitude
and phenotype is similar to that of 68—-1 RhCMV-elicited responses (4). These findings
implicate, but do not directly demonstrate, MHC-E-restricted CD8" T cell responses as the
adaptive immune mediator of SIV replication arrest.

These data highlight the importance of understanding the cell types and mechanisms
underlying MHC-E-restricted CD8* T cell response priming in RMs to better define

the requirements for eliciting these efficacy-associated responses in humans. Given the
apparent role of direct Ag presentation in MHC-E-restricted CD8" T cell priming, we
hypothesized that CMV infection of specific cell types might determine the elicitation of
these responses. Primate CM Vs take advantage of diverse cell niches for specific viral
activities, including viral amplification (fibroblasts and related mesenchymal cells), viral
dissemination (myeloid-derived cells such as monocyte/macrophages and dendritic cells),
latency/persistence (myeloid cells and endothelial cells), and viral shedding/transmission
(epithelial cells) (11-13). Since these targeted cell types likely differ in their ability

to support T cell priming via direct antigen presentation and/or response amplification
after viral infection, we sought to determine whether engineering tropism restriction into
RhCMV/SIV vectors using cell type-specific host miRs as developed by Barnes et al. (14)
might differentially modify CD8* T cell epitope targeting characteristics.

The 68-1-derived vector 68-1.2 is repaired for both Rh157.5 and Rh157.4 and thus

elicits MHC-la-restricted T cells (table S1). Incorporation of miR-142 target sequences
into essential genes of this vector (Rh108 and Rh156/1E2, orthologs to HCMV UL79 and
UL122, respectively) selectively blocks the vector’s ability to infect miR-142-expressing
myeloid-derived cells /n vitro (4). This tropism restriction dramatically changes the
epitope targeting of 68-1.2 vector-elicited CD8* T cells from 100% conventional MHC-
la-restricted epitopes to 88% MHC-II-restricted and only 12% MHC-la-restricted epitopes
(4). Productive infection of non-myeloid derived cells thus seems to favor RhCMV vector
priming of MHC-II-restricted CD8" T cells. However, this observation did not identify the
required cell type for this priming or suggest the extent to which tropism affects the priming
of MHC-E-restricted CD8* T cell responses.

Here, we used the miR-restriction approach to limit the viral tropism of 68-1 RhCMYV to
myeloid cells (miR-142), epithelial cells (miR-205) or endothelial cells (miR-126). This
approach revealed that the priming of the MHC-E or MHC-I11 epitope-targeted CD8* T

cells is dependent on infection of myeloid cells or endothelial cells, respectively. Moreover,
tropism-restriction by both miR-142 and miR-126 reverted CD8" T cell priming back

to conventional MHC-la-restriction. Epithelial cell restriction had no effect on CD8* T

cell response programming but did abrogate vector shedding in the urine. We further
demonstrate that of the tropism-restricted vectors, only the miR-126-restricted RhnCMV/SIV
vectors expressing either conventional SIV inserts or a supertope-focused SIV insert
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provided replication arrest-type protection against SIV challenge. These data indicate the
critical involvement of RNCMV’s broad viral tropism in unconventional CD8* T cell
response priming, and directly demonstrate the dependence of 68-1 RhCMV/SIV efficacy
on MHC-E-restricted CD8* T cell responses using a tropism-programmed “MHC-E-only”
CD8* T cell vaccine.

Non-fibroblast infection by RhCMV in the absence of a functional pentameric complex

One of the two key genetic changes in 68—1 RhCMYV that endows this virus the ability

to elicit unconventionally restricted CD8* T cell responses is the absence of functional
Rh157.5 and Rh157.4 expression (4). The products of these two genes contribute 2 of 5
components of the pentameric receptor complex, which is a secondary CMV entry receptor
needed for efficient /n vitro infection of non-fibroblast cell types, including monocyte/
macrophages, endothelial cells, and epithelial cells (11, 15, 16). However, previous work
has suggested that 68—1 RhCMV can infect macrophages /n vivo, despite the absence of
the pentameric receptor complex (17). To confirm this finding and extend it to endothelial
cells, we used multiplex RNAscope and immunofluorescence analysis on spleen tissues

of 6 RhnCMV seronegative RMs obtained 14 days after infection with either genetically full-
length (wildtype-like) RnCMV (pentameric complex-intact; n = 3) or the same virus with

a 68-1-like Rh157.5 + Rh157.4- and Rh158-161-deleted genetic configuration (pentameric
complex-null; n = 3) (18). Although the attenuated Rh157.5 + Rh157.4- and Rh158-161-
deleted RhCMYV showed considerably less overall spread compared to full length RhnCMV,
this vector was able to infect macrophages and endothelial cells at the same proportion

of overall infected cells as the full-length virus (fig. S1). Thus, pentameric complex-null
RhCMV can productively infect both myeloid-derived and endothelial cells /n vivo, leaving
open the possibility that either or both cell types might contribute to the priming of
unconventional CD8* T cell responses by the 68—-1 RhCMV/SIV vector.

Effect of myeloid, endothelial and epithelial tropism restriction on 68-1 RhCMV/SIV vector
elicitation of unconventional CD8" T cell responses

As a first step in determining whether miR-mediated tropism restriction can alter the
priming of unconventional CD8* T cell responses by 68—-1 RhCMV, we constructed and
validated a 68—-1 RhCMV/SIVgag vector with the same miR-142-restricting elements
previously used in the 68-1.2 vector backbone (4) (fig. S2). After vaccinating RMs with
this construct, flow cytometric intracellular cytokine staining (ICS) assay was used to
measure the vector-elicited CD8* T cell response to 1) a consecutive overlapping SIV
Gag 15mer peptide mix (overall response), 2) individual MHC-11 and MHC-E SIV Gag
supertope peptides, and 3) each individual peptide in the overall SIV Gag 15mer mix, with
the MHC restriction of these individual peptide responses determined by MHC-specific
blocking analysis, as previously described (4, 8). In contrast to the responses elicited by
68-1 RhCMV/SIVgag (4, 8), the robust SIVV Gag-specific responses induced by miR-142-
restricted 68-1 RhCMV/SIVgag were entirely MHC-II-restricted (Fig. 1A,B; table S2),
indicating that the miR-142-mediated modulation of 68-1 vector tropism (inhibition of
myeloid cell infection) completely abrogated MHC-E-restricted CD8* T cell priming. This
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immunotype mimics that of Rh67-deleted 68—1 RhCMV/SIV vectors that lack intracellular
MHC-E transport due to loss of virus-provided VL9 peptide ligand (10), and together

these observations strongly suggest that priming of the 68-1 RhCMV/SIV vector-elicited
MHC-E-restricted CD8* T cell response depends on myeloid cell infection, most likely due
to direct Ag presentation by 68—1 RhCMV vector-infected myeloid-derived cells.

We next determined whether MHC-11-restricted CD8* T cell responses required infection of
other non-fibroblast cell types using the same cell type-selective miR-mediated tropism
restriction approach. We selected two additional miRs for this analysis: miR-126 and
miR-205, which are most strongly expressed by endothelial cells (vascular and lymphatic)
and epithelial cells, respectively (19-23). We constructed 68—-1 RhCMV/SIVVgag containing
targeting sites for these miRs using the same design as the miR-142-restricted vectors
described above and validated the ability of cells expressing these miRs to inhibit productive
infection by these vectors (figs. S2, S3). miR-205-restriction of the 68-1 vector had no effect
on the epitope targeting of elicited SIV Gag-specific CD8" T cells relative to responses
induced by the parental 68-1 RhCMV/SIVgag vector (Fig. 1C). However, this miR-205-
restriction did have a notable /n vivo effect: in contrast to the parental 68-1 and miR-142-
restricted 68-1 vectors, the miR-205-restricted 68—1 vector was not shed in the urine of
vaccinated RMs (24) (fig. S4), a finding that is in keeping with a requirement for productive
epithelial cell infection for viral shedding in urine. Unlike the miR-205 restriction, miR-126
restriction of 68-1 RhCMV/SIV had no effect on urine shedding (fig. S4), but this miR-126
restriction manifested a dramatic effect on the epitope targeting of elicited SIV Gag-specific
CD8™ T cells, completely abrogating priming of MHC-II-restricted CD8* T cells (Fig. 1D;
table S2). This resulted in vector-elicited responses that were exclusively MHC-E-restricted,
including the universal MHC-E-presented supertopes. It should be noted that with both the
miR-142- and miR-126-restricted vectors, the first detectable supertope-specific responses
at 2-3 weeks post vaccination were type-specific, exclusively either MHC-E- or MHC-I1I-
restricted (Figs. 1B,D; top panels) indicating that these differential response types arise at
the time of initial Ag presentation and/or early amplification of these responses, and not
from differential selection at later timepoints. Thus, MHC-E- and MHC-II-restricted CD8*
T cell priming requires 68—1 RhCMV/SIV vector infection of two non-overlapping cell
types defined by differential miR expression: miR-142-expressing myeloid cells for MHC-
E-restricted responses and miR-126-expressing cells, likely endothelial cells, for MHC-I11-
restricted responses, with no discernable involvement by miR-205-expressing epithelial
cells.

Effect of multiple miR-mediated tropism restrictions on 68—-1 RhCMV/SIV vector elicitation
of unconventional CD8* T cell responses

We next determined the effects of multiple miR-mediated tropism restrictions in the same
vector; 1) miR-142 + miR-126, 2) miR-205 + miR-126, and 3) miR-205 + miR-142 +
miR-126 (fig. S5). When used in combination, miR-205 restriction of 68—-1 RhnCMV/SIV
vectors had no detectable influence on CD8* T cell priming but was able inhibit vector
shedding in urine (Fig. 2; table S2; fig. S4). However, the combination of miR-142- +
miR-126- restriction (= miR-205) resulted in vectors that had lost the ability to elicit both
MHC-E-restricted and MHC-II-restricted CD8* T cells, reverting the vector-elicited CD8* T
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cell responses back to the wildtype immune configuration of entirely conventional MHC-la-
restriction (Fig. 2; table S2). These data suggest that MHC-la-restricted antigen presentation
is the default priming pathway when the two unconventional antigen presentation pathways
are absent. The minimal estimated breadth of SIV epitopes recognized by CD8* T cells

(see Supplemental Methods) elicited by the miR-142-, miR-126-, and miR-142 + miR-126-
programmed 68-1 RhCMV vectors expressing the same full length SIV inserts was similar
for all response types, averaging between 6.0 and 6.9 recognized epitopes per 100 amino
acids of Gag, 5’-Pol and Rev sequence (table S3).

Design of miR-restricted 68—1 RhCMV/SIV vectors with universal SIV-specific CD8* T cell

responses

A unique characteristic of the unconventionally restricted CD8* T cell responses elicited

by Rh157.5 + Rh157.4- and Rh158-161-deleted RhNCMV/SIV vectors is the existence of
supertopes — MHC genotype-independent epitopes recognized by vaccine-elicited CD8* T
cells in all RMs [fig. S6; (4, 7, 8)]. The ability to use miR-restriction to independently
program these responses to MHC-E-only or MHC-I1-only restriction suggested the potential
to construct a universal supertope-targeted vaccine in which elicited CD8* T cell responses
are identical with respect to MHC restriction type and epitopes targeted across all vaccinated
individuals. To determine the feasibility of this concept, we engineered miR-142-restricted
and miR-126-restricted 68—1 RhCMV vectors to express an SIV insert comprised of a linear
arrangement of 15mer sequences encoding the MHC-1I-restricted or MHC-E-restricted
supertopes and, to facilitate supertope processing, the adjacent 4 amino acids on either

one or both sides of the supertope 15mer (fig. S7). For these “supertope-focused” vector
inserts, we included all the MHC-E or MHC-II supertopes previously identified in the SIV
Gag, Retanef and 5’-Pol sequences that are used in our full length SIV insert-expressing
vectors (fig. S6). Despite the considerable reduction in total encoded SIV sequence

(79.4% and 83.1% reduced from corresponding full length SIV inserts for MHC-I1 and
MHC-E supertope-focused inserts, respectively) and unnatural arrangement of the peptide
segments in these inserts, these single supertope-focused miR-restricted 68—1 vectors
showed robust overall CD8* T cell responses to SIV Gag, Rev/Tat/Nef, and 5’-Pol that
were not significantly different from the responses to the same SIV proteins generated

by RhCMV/SIV vector sets with the conventional full length inserts (Fig. 3A,B). As
anticipated, all RMs vaccinated with the supertope-focused insert containing vectors, like
those vaccinated with the corresponding full length insert expressing vectors, manifested
responses to the appropriate supertopes, and many of these RMs differentially manifested
responses to adjacent non-supertope epitopes (subtopes) that were also expressed in the
supertope-focused insert (Fig. 3C-F).

For RMs vaccinated with both the miR-142-restricted and miR-126-restricted supertope-
focused vectors, initial screening of non-supertope peptides revealed recognition of some
SIV Gag peptides that were not included in the supertope-focused vector inserts (Fig.
3C,D). This prompted a more thorough analysis using consecutive 15mer peptides that
confirmed reactivity of these supertope-focused insert generated CD8* T cell responses
with some SIV peptide sequences that were not expressed in the vaccine vector (Fig.
3E-F, fig. S8). Of note, these responses were not present prior to vaccination and were
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identified in samples from different post-vaccination time points. This finding strongly
suggests that the CD8™ T cell responses elicited by the supertope-focused inserts expressing
RhCMV vectors can be cross-reactive with non-expressed epitopes in the full length SIV
sequences, a highly unexpected finding since extensive prior analysis of 68-1 RhCMV
vectors expressing conventional protein-based inserts have never shown cross-reactivity

to unrelated, non-vector expressed Ags (1, 5, 24, 25)(fig. S9). Cross-reactive MHC-I1
peptides were quite diverse and considerably different across different RMs. In contrast,
cross-reactive MHC-E peptides were more often shared across RMs, although each RM
had a unique overall pattern. There were no clear sequence or structural similarities
between these cross-reactive peptides or between these cross-reactive peptides and the
various supertopes (fig. S6; table S4, S5). This apparent cross-reactivity resulted in average
minimal estimated SIV epitope recognition densities outside the supertope-focused inserts
of 2.9 and 2.3 epitopes per 100 amino acids of SIV protein sequence for MHC-11-restricted
and MHC-E restricted responses elicited by the miR-142-restricted and miR-126-restrected
supertope-focused vectors, respectively (table S3). Because of this, the overall estimated
minimal epitope density of CD8* T cell responses elicited by the MHC-II and MHC-E
supertope-focused expressing vectors (supertope and non-supertope regions combined) was
only reduced by an average of 36% and 42% respectively, relative to the corresponding full
length insert-expressing MHC-I1-only and MHC-E-only vectors, respectively (table S3).

Relative efficiency of SIV-infected cell recognition by MHC-E-, MHC-II-, MHC-la-restricted
CD8* T cells elicited by the different tropism restricted 68—1 RhCMV/SIV vectors

The unconventionally restricted SIV-specific CD8* T cells elicited by the parental 68-1
RhCMV/SIV vectors specifically respond to autologous SIV-infected CD4* T cells /n
vitro in both an MHC-11- and MHC-E-restricted manner (7, 8). Since /n vivo function of
these responses probably requires SIV-infected cell recognition, we compared the ability
of CD8™ T cell responses elicited by the differentially miR-programmed vectors — MHC-
I1-only, MHC-E-only, and MHC-la-only restriction (the former two also including the
vectors expressing supertope-focused inserts) — to recognize and respond to autologous
SIV-infected CD4* T cells by ICS assay (fig. S10). Full length SIV insert-elicited CD8* T
cells of all three MHC-restriction types showed specific SIV-infected cell recognition with
a similar distribution of response frequencies (Fig. 4A). In addition, MHC-E-restricted and
MHC-II-restricted responses elicited by supertope-focused insert expressing vectors showed
SIV-infected cell recognition equivalent to the corresponding responses to full length SIV
inserts. The MHC-E-only and MHC-Il-only restriction types of CD8* T cell responses
elicited by miR-126- and miR-142-restricted 68—1 RhnCMV/SIV vectors were validated by
VL9 peptide- and anti-MHC-I1I antibody-mediated blocking of infected cell recognition,
respectively (Fig. 4B-F). The SIV-specific CD8* T cell responses elicited by miR-126-

+ miR-142-restricted 68—1 RhNCMV/SIV vector were blocked by a pan-anti-MHC-I mAb,
but not by either of the specific MHC-E or MHC-II inhibitors, consistent with MHC-la
restriction. Taken together, these data both confirm the MHC-E-only, MHC-11-only, and
MHC-la-only restriction patterns of CD8* T cell responses elicited by the different tropism-
modified RhCMV vectors and demonstrate that these response types are not significantly
different in their ability to mediate /n vitro SIV-infected cell recognition.
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T cell immunogenicity analysis of differentially tropism-programmed 68-1 RhCMV/SIV

vectors

The ability to use miR-mediated tropism restriction to program 68—-1 RhCMV/SIV vectors
to elicit MHC-E-only, MHC-1l-only, and MHC-la-only CD8* T cell responses provides
the opportunity to: 1) determine the impact of vector tropism-restriction and CD8* T cell
epitope restriction type on quantitative and/or qualitative aspects of long-term response
immunogenicity, 2) directly assess the linkage between MHC-E-restricted responses and
efficacy, 3) determine whether vectors eliciting a uniform MHC-E-restricted response type
manifest improved efficacy over the parental 68—1, and 4) explore, in the setting of single
response-type vectors, the extent to which quantitative and/or qualitative aspects of SIV-
specific immunogenicity influence protection. In addition, for MHC-E-only and MHC-I1I-
only vectors, we sought to compare the immunogenicity and efficacy of 3 vector sets with
vectors individually expressing standard (full length) SIV Gag, Retanef, and 5’Pol inserts
vs. single vectors with the (MHC-11 or MHC-E) supertope-focused inserts. To address these
objectives, we performed a vaccine challenge study to compare the T cell immunogenicity
and efficacy of miR-programmed 68—-1 RhCMV/SIV vaccines that elicit CD8* T cell
response of the three MHC targeting response types: MHC-11-only (miR-142-restricted; full
length and supertope-focused inserts, Groups 1 and 2), MHC-E-only (miR-126-restricted;
full length and supertope-focused inserts, Groups 3 and 4), and MHC-la-only (miR-126- +
miR-142-restricted; full length inserts only, Group 5). Each of these five groups included n
= 12-14 cycling female RMs, and an additional 2 cohorts (n = 9 each) of cycling female
RMs vaccinated with the parental 68—1 RhCMV/SIV vector set (full length inserts only,
Group 6) or left unvaccinated (Group 7) were included as bridging and challenge controls,
respectively (Fig. 5A).

Longitudinal analysis of total SIV-specific CD4* and CD8* T cell responses in blood

from the RM cohorts vaccinated with the miR-programmed, full length insert-expressing
RhCMV/SIV vaccines revealed response profiles that were broadly similar to that of

the parent full length insert-expressing 68—-1 RhCMV/SIV vaccine (Fig. 5B). Given the
design intent of the small, supertope-focused inserts, the miR-142- and miR-126-restricted,
supertope-focused vaccines showed reduced total SIV-specific CD4* T cell responses,
primarily after the boost vaccine dose (Fig. 5B). A limited boost response was also
observed for the MHC-II-restricted SIV-specific CD8" T cell response elicited by the
miR-142-restricted supertope-only vector, in contrast to a robust boost response in MHC-
E-restricted SIV-specific CD8* T cell responses to the miR-126 restricted supertope-only
vector (Fig. 5B). However, since post-boost responses in blood largely return to pre-boost
level over the longer term, the end-of-vaccine phase magnitudes of the overall SIV-specific
CD4" and CD8™ T cell responses elicited by all the tested vaccines were not significantly
different (Fig. 5C). Similarly, the MHC-11- and MHC-E-restricted supertope-specific CD8*
T cell responses elicited by miR-142- and miR-126-restricted RnNCMV/SIV vectors (both
full length and supertope-focused inserts), respectively, were similar in magnitude to the
corresponding responses elicited by the parental 68—1 RhnCMV/SIV vectors (Fig. 5D).

Epitope restriction analysis of responses from 6 RMs in each group confirmed the expected
MHC restriction patterns for all miR-restricted RhnCMV/SIV vaccines (fig. S8A). For all
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vaccine groups, the plateau phase SIV Gag-specific CD4* and CD8" T cells manifested

the characteristic effector-memory bias of RhNCMV vector-elicited T cell responses (Fig.
6A) with cytokine synthesis profiles commensurate with this bias (for CD4s and CD8s,
expression of TNF-a and MIP-1p alone and TNF-a in combination with IFN-vy, and
additionally for CD8s, TNF with IFN-y and MIP-1p, but not IL-2; Fig. 6B). The proportion
of these major cytokine synthesis subsets differed slightly, but significantly, in the responses
elicited by the miR-126-restricted RhnCMV/SIV vectors relative to the 68-1 parental vector,
particularly for the CD8* T cell responses. The miR-126-restricted RhnCMV/SIV vector
elicited CD8™ T cell responses showed an increased proportion of cells producing TNF-a

in combination with IFN-y coupled with reduced proportions of cells expressing these 2
cytokines plus MIP-1p and cells producing MIP-1p alone (Fig. 6B), a difference attributable
to a 38% reduction in overall MIP-1B-producing cells (95% CI: 8.1-58.5) among the
SIV-responding CD8* T cells in this vaccine group.

Efficacy analysis of differentially tropism-programmed 68—1 RhCMV/SIV vectors

Starting 65 weeks after first vaccination, all vaccinated RM cohorts (Groups 1-6) and an
unvaccinated control RM cohort (Group 7) were subjected to repeated, limiting dose, intra-
vaginal SIVhac239 challenge (Fig. 5A), with challenge repeated every 2—3 weeks until take
of SIV infection as demonstrated by the onset of measurable plasma viremia and/or de novo
induction of SIV Vif- and Env-specific T cell responses. SIV Vif and Env were not present
in the vaccine inserts and neither of these responses were detectable prior to challenge in
any of the study RMs, including RMs vaccinated with supertope-focused vaccine inserts
(Fig. 7; figs. S11, S12). Thus, the post-challenge development of such responses reflects SIV
infection, as previously described (1-5). Once the take of SIV infection was documented,
RMs with sustained viremia were designated as non-protected, whereas RMs with transient
or no viremia were designated protected, with replication arrest of fully competent SIV

in these protected RMs confirmed by adoptive transfer of cells, and consequently, SIV
infection to naive RMs (2—4). Of the 82 RMs challenged across all groups, all but 4 (1, 2
and 1 RMs in Groups 1, 2 and 6, respectively) demonstrated SIV-infection take (as judged
by the above criteria) over the course of the repeated challenge protocol and could be
designated as either non-protected or protected for efficacy analysis (Fig. 7; figs. S11, S12;
table S6). All unvaccinated control RMs manifested typical SIVnac239 primary infection
(Fig. 7A). In contrast, 7 of 8 of RMs vaccinated with the parental 68-1 RhCMV/SIV vector
set manifested protection (Fig. 7G), a higher-than-expected frequency in this small cohort
than previously observed (1-4). Of the miR-restricted vectors, only the miR-126-restricted
(MHC-E-only) vectors were associated with post-infection replication arrest, which was
observed in 15 of 28 RMs, including 7 of 14 RMs given vectors with full length SIV

inserts and 8 of 14 RMs given the vector with supertope-focused inserts (Figs. 7E,F).

All RMs vaccinated with miR-142-restricted vectors (MHC-11-only; both full length and
supertope-focused SIV inserts; n = 20) and with the miR-142- + miR-126-restricted vectors
(MHC-la-only; full length SIV inserts; n = 12) showed progressive SIV infection (Fig.
7B-D), with plateau phase plasma viral loads (log mean levels at weeks 6-10 post-infection)
indistinguishable from the unvaccinated controls (fig. S13). Although in previous efficacy
assessments of the parental 68-1 RhCMV/SIV vaccine, vaccinated, non-protected RMs
showed no difference in plateau phase plasma viremia (1-3), it is notable that in this
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study, the non-protected RMs given the miR-126-restricted 68—1 RhCMV/SIV vectors
expressing full length SIV inserts, manifested a modest (0.58 log), but significant, reduction
of log mean viral loads (fig. S13), suggesting that these responses might also have limited
conventional anti-viral activity in the absence of successful replication arrest.

To confirm the ability of miR-126-restricted 68-1 RhCMV/SIV (MHC-E-only) vectors

to mediate replication arrest efficacy regardless of SIV challenge route, we assembled a
separate cohort of RMs for intra-rectal SIV challenge that had been vaccinated twice with
either the miR-126-restricted 3-vector set expressing full length SIV inserts (n = 9) or the
single miR-126-restricted vector expressing the MHC-E supertope-focused SIV insert (n
=8). These RMs manifested plateau-phase SIV-specific CD4* and CD8* T cell responses

of similar magnitude and character as the above-described intravaginally challenged RM
cohorts given the same vectors, including exclusively MHC-E-restricted SIV-specific CD8*
T cell responses (Fig. 8A-D; fig. S8B). All 17 of these RMs manifested take of SIVmac239
infection via intrarectal administration with 11 (65%) manifesting typical replication arrest
efficacy, including 6 of 9 RMs (67%) given vector with full length inserts and 5 of 8 RMs
(63%) given vectors with the MHC-E supertope-focused insert (Fig. 8E,F; Table S6). Across
both the intra-vaginally and intra-rectally challenged RM cohorts that were vaccinated with
the MHC-E-only miR-126-restricted 68—-1 RhCMV/SIV vaccines, there was no correlation
between protection and the magnitude of the exclusively MHC-E-restricted CD8* T cell
responses in blood (fig. S14), indicating that our failure to detect such correlation in
previous analyses of RMs vaccinated with the parental 68-1 RhCMV/SIV vector sets (2,

3) was not due to our inability to distinguish the presumptively non-protective MHC-I1-
restricted CD8* T cell responses from the presumptively protective MHC-E-restricted CD8*
T cell responses. Putting the efficacy results of this study in the context of our previously
published results with the parental 68—1 RhCMV/SIV vectors reveals an overall rate of
replication arrest of 59% for both intra-rectal and intra-vaginal challenge, with no difference
in replication arrest efficacy between the parental 68-1 and MHC-E-only miR-126-restricted
68-1 vectors, and among the latter vectors, no difference between full length and supertope-
focused SIV inserts (Fig. 8G).

DISCUSSION

The finding that 68—1 RhCMV vectors elicit CD8* T cell responses that exclusively
target epitopes presented by either MHC-11 or MHC-E demonstrates that virus-induced
CD8™* T cell responses are much more complex and flexible than previously thought.
This raised fundamental questions regarding the viral and host mechanisms that provide
unconventionally restricted CD8" T cell response types in the absence of any detectable
conventional (MHC-la-restricted) responses. Since these mechanisms appear to be integral
to the ability of 68—1 RhCMV/SIV vaccine-induced immune responses to mediate SIV
replication arrest with subsequent viral clearance, their elucidation represents a possible
path to an effective HIV vaccine. Here, we first demonstrated that the ability of 68-1
RhCMV/SIV vectors to elicit MHC-E- and MHC-I1-restricted CD8* T cell responses
depends on vector infection of two non-overlapping, non-fibroblast cell types that were
experimentally defined by cell type-specific miR expression. Secondly, we found that
only the vaccines programmed for MHC-E-restricted CD8* T cell responses were able
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to mediate replication arrest efficacy despite the observation that, with minor exceptions,
all the response types manifested similar long-term response magnitudes, SIV-infected cell
recognition capabilities, and functional phenotypes.

The inhibition of 68-1 RhCMV/SIV-elicited MHC-E-restricted CD8" T cell responses

by the myeloid cell-selective miR-142 reflects a requirement for vector infection of
macrophages, dendritic cells, and/or their myeloid precursors for MHC-E-restricted CD8*
T cell priming, as these are the RhnCMV-targeted cell types that predominantly express this
miR (26-28). Given the requirement for MHC-E upregulation mediated by the VL9 peptide
within the Rh67 gene product for MHC-E-restricted CD8* T cell response generation, the
most likely explanation for the response programming effect of miR-142 is that inhibition
of myeloid cell infection prevents direct MHC-E-restricted Ag presentation by one or more
myeloid cell types that are uniquely able to mediate this function. Although the basis of this
need for myeloid cell Ag presentation remains to be determined, it is noteworthy that MHC-
E expression is relatively high on monocyte/macrophages (increasing with maturation) and
that this MHC-E is targeted to autophagic/lysosomal vesicles where it would encounter
antigenic peptides that could be exchanged for VL9 (29, 30). In addition, the apparent
requirement for myeloid-derived cell infection in this system parallels that of another MHC-
E-restricted CD8" T cell response-inducing organism, Mycobacterium tuberculosis (Mth)
(31), which infects monocyte/macrophages, and is thought to mediate MHC-E-restricted
CD8* T cell priming because of enrichment and peptide loading of MHC-E in the Mtb
phagosome with subsequent recycling to the cell surface (32). However, since myeloid cells
are thought to play a key role in mediating CMV dissemination (12, 13, 33, 34), it is
possible that the miR-142 response programming effect is mediated by a requirement for
migratory myeloid cells to disseminate infection or to transport infection to a specialized
Ag-presenting cell niche. However, this possibility seems very unlikely given our previous
observation that pp71-deleted 68—-1 RhCMV/SIV vectors are able to efficiently generate
MHC-E-restricted CD8* T cell responses despite being highly spread-deficient in vivo
[~1000-fold attenuated relative to parental 68-1; (3, 25)].

These observations suggest a preliminary model for the mechanisms underlying MHC-E-
restricted CD8* T cell priming and its dependence on myeloid-derived professional Ag
presenting cells. However, given that classical MHC-I1 Ag processing/presentation to CD4*
T cells is mediated by exogenous Ag uptake by professional myeloid-derived Ag presenting
cells, particularly dendritic cells (35), it is much more surprising that priming of the 68—

1 RhCMV vector-elicited MHC-I1-restricted CD8" T cells has a tropism requirement at

all, let alone a strict tropism requirement for a distinct non-myeloid cell type. Yet, our

data indicate that this MHC-I11-restricted CD8" T cell priming requires productive vector
infection of miR-126-expressing cells and not miR-142- or miR-205-expressing target cells.
This requirement for productive vector infection of a specific cell type strongly implies that
MHC-II-restricted CD8* T cell priming by 68-1 RhCMV s, like the MHC-E-restricted
CDS8™ T cell priming discussed above, mediated by direct Ag presentation from vector-
infected cells, just different types of vector-infected cells. Such intracellular Ag processing
for direct MHC-I1-peptide presentation occurs via both cytosolic and autophagosome
processing (36, 37), providing plausible mechanisms for this direct MHC-I1-mediated Ag
presentation. In terms of the miR-126-expressing cell type mediating this direct presentation,
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the most likely candidates are one or more endothelial cell types as this miR is a prototypical
endothelial cell-selective miR that is highly expressed by both vascular and lymphatic
endothelial cells, and play a key role in the development and function of these conduits
(19-22). MiR-126 can also be expressed by plasmacytoid dendritic cells and hematopoietic
stem cells (38, 39), but plasmacytoid dendritic cells are not thought to be targeted by CMV
(40), and both these cell types are reported to co-express miR-142 (26, 38), which, given

the lack of miR-142 inhibition of MHC-II-restricted CD8* T cell response priming, makes
their primary involvement in this process unlikely. In contrast, as shown here, 68-1 RhCMV
readily infects both vascular and lymphatic endothelial cells in vivo, and endothelial cells
are not known be enriched for miR-142 expression (27). Moreover, endothelial cells express
MHC-II in situ or readily upregulate MHC-I1 with inflammation and have been shown to

be active participants in engaging adaptive T cell responses (41, 42). What is still unclear is
why RhCMV vector-mediated MHC-I1-restricted CD8* T cell priming would be restricted
to this cell type, as intrinsic MHC-I1 processing occurs in many cell types, including
professional Ag presenting cells and non-Ag presenting cells (36). It is possible that aspects
of CMV infection in endothelial cells that differ from other viral target cells contribute an
essential element of this priming mechanism (43-45).

Due to highly efficient MHC-la downregulation in CMV-infected cells (24) and dominant
infection of mesenchymal cells that are not professional Ag presenting cells, priming

of conventional MHC-la-restricted responses by wildtype CMV has been thought to be
mediated by cross-priming (46, 47). Since exogenous Ag processing and presentation is
almost certainly always occurring in 68—1 RhCMV vector infection, it is not surprising

that dual miR-142- and miR-126-mediated restriction of 68—1 RhnCMV/SIV, which prevents
direct priming of both MHC-E- and MHC-1I-restricted CD8* T cells, results in reversion

to a conventional, likely cross-primed MHC-la-restricted CD8* T cell response. However,
it is surprising that this constitutive exogenous Ag processing and presentation does not
elicit MHC-la-restricted CD8* T cells along-side the MHC-E- and/or MHC-II-restricted
CD8™ T cell responses, and that these MHC-la-restricted response only appear when

the directly primed unconventional responses are inhibited. While limited data in murine
models suggests that direct priming might be more potent than cross-priming (48, 49),

the complete lack of (cross-primed) MHC-la-restricted CD8* T cell responses in 68-1
RhCMV/SIV vaccinated RMs with unconventional responses is surprising, especially since
co-administration of 68-1 + 68-1.2 RhCMV/SIV vectors, the latter programmed for MHC-
la-restricted responses, results in a mixture of unconventionally and conventionally restricted
CD8* T cell responses (4). These observations suggest that for RnNCMV vectors, the directly
primed unconventional responses outcompete and/or suppress cross-presented conventional
MHC-la-restricted priming in local microenvironments, a novel type of immunodominance
that adds to the existing complexity of CD8* T cell immunodominance mechanisms (50,
51). Indeed, because of predictable and distinct T cell responses that arise from the three
separate priming mechanisms described here, the Rn\CMV vector platform offers a useful
model to further explore these mechanisms.

Our ability to use miR-mediated tropism modulation of 68—1 RhCMV vectors to
individually and exclusively engage each of three distinct CD8* T cell priming pathways
(MHC-la, MHC-II, and MHC-E) allowed us to program 68—-1 RhCMV/SIV vaccines
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with respect to each CD8* T cell epitope targeting response-type, and thereby compare

the efficacy of vaccine vectors that primarily differ in CD8" T cell response targeting.

The results were definitive: only the miR-126-restricted vectors, which elicited MHC-E-
restricted CD8* T cell responses, were efficacious, showing the same replication arrest-type
efficacy previously characterized for unmodified 68-1 RhCMV/SIV vectors (1-4). Taken
together with our previous analysis of gene-modified 68—1 RhCMV/SIV vector efficacy (4,
10), these results conclusively link MHC-E-restricted SIV-specific CD8" T cell responses
with protection against SIV challenge via both intravaginal and intrarectal challenge

routes, and strongly imply that these responses mediate the adaptive component of 68-1
RhCMV/SIV vector-mediated protection.

The level of replication arrest-type efficacy observed in RMs vaccinated with the 3-vector
set of miR-126-restricted 68—1 RhCMV/SIV expressing full length SIV inserts was
maintained in RMs vaccinated with a single miR-126-restricted 68—1 RhnCMV/SIV vector
expressing an MHC-E supertope-focused insert. Testing the supertope-focused inserts,
which for the MHC-E supertope insert was reduced in length from full length inserts by
83%, was intended to assess the ability of supertope-focused responses to mediate both
SIV-infected cell recognition and replication arrest-type efficacy. This testing was also
intended to inform the corollary questions of whether the remarkable response breadth

of full length insert expressing 68—1 RhCMV/SIV vector elicited CD8* T cells (7, 8)

is required for efficient SIV-infected cell recognition and for efficacy, or alternatively,
whether the MHC-E supertope-specific responses might comprise a minimal, universal
efficacious response. MHC-E supertope-focused vectors did indeed generate responses that
were similarly efficient at SIV-infected cell recognition and mediating efficacy as vectors
expressing corresponding full length SIV inserts, but our ability to use these data to

define a minimal, universal efficacious MHC-E-restricted response was complicated by

the unexpected breadth of these responses, including responses to supertope-adjacent, non-
supertope epitopes in the insert and cross-reactive recognition of non-supertope epitopes
outside the insert. This latter finding was entirely unexpected, as extensive previous analysis
has not shown such cross-reactivity to unrelated (non-insert, non-CMV) Ags in RMs
vaccinated with 68-1 RhCMV vectors (1, 5, 24, 25). We identified cross-reactivity to
single Gag, Rev/Nef/Tat, and Pol peptides during epitope deconvolution analysis, but did not
identify cross-reactivity with peptide mixes from the non-vector-expressed SIV Vif or Env
proteins in this study.

This cross-reactivity appears to be another unusual feature of the CMV vector platform

that results when 68-1 RhCMV vectors selectively express supertope-focused inserts, rather
than full length viral protein coding sequences. Our current hypothesis is that the T cell
receptors (TCRs) mediating these RNCMV vector-elicited unconventional MHC-E restricted
CD8* T cell responses are intrinsically cross-reactive, with SIV supertope recognition being
a prototypical component of this cross-reactivity, such that the extent of cross-reactivity

is increased with vectors encoding supertope-focused inserts. Since the observed cross-
reactivity is highly diverse with no obvious consistent structural similarity between the
targeted cross-reactive peptides, it is possible that the cross-reactivity is not primarily
peptide-directed, but rather due to TCR recognition of peptide ligand-induced changes in
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MHC-E conformation (30), possibly binding in a manner analogous to the atypical docking
modes reported for -y TCR recognition of MR1 (52). Studies to analyze the epitope
recognition of cloned TCR from vector-elicited, MHC-E-restricted, SIV supertope-targeted
CDS8™ T cells have been initiated to address these hypotheses. While the basis of this
cross-reactivity and its implications for CMV vector development remain to be resolved

in future studies, our finding that RM vaccination with the MHC-E supertope-focused
insert-expressing miR-126-restricted 68—1 RhNCMV/SIV vector provides >50% replication
arrest efficacy after SIV challenge further strengthens the association of MHC-E-restricted
CD8™ T cell responses and the replication arrest pattern of vaccine protection, showing for
the first time that this protection can be achieved with a single RnCMV/SIV vector, rather
than the multi-vector vaccines used in previous studies (1-4).

The binary replication arrest efficacy of 68—1 RhCMV/SIV vaccines is manifested by 59%
of vaccinated RMs given either intra-rectal or intra-vaginal SIVac239 challenge, across
multiple studies, with protection not significantly correlated with peak or plateau-phase
magnitude of SIV-specific CD8* T cell responses (1-4). It is notable that the overall
(replication arrest-type) efficacy of miR-126-restricted 68—1 RhCMV vectors, across both
intra-vaginal and intra-rectal challenge, was not different from that of the parental 681
vector, nor was efficacy better correlated with the peak or plateau phase magnitudes of the
exclusively MHC-E-restricted SIV-specific CD8* T cells responses elicited by these vectors.
These observations lead to two conclusions: 1) that eliminating MHC-I1-restricted responses
with miR-126 tropism restriction provides no discernable advantage over the parental 68—

1 RhCMV/SIV vaccine with respect to replication arrest efficacy, suggesting that these
MHC-11-restricted SIV-specific CD8* T cell responses are effectively neutral with respect

to this type of efficacy, and 2) that a separate component of 68-1 RhCMV/SIV-induced
immunity likely contributes to determining efficacy in vaccinees that have MHC-E-restricted
SIV-specific CD8" T cell responses. Indeed, with respect to the latter point, recent analysis
of 68—-1 RhCMV/SIV vaccine efficacy reveals that in the presence of MHC-E-restricted
CD8™ T cell responses, replication arrest protection can be predicted by a sustained whole
blood transcriptomic response to vaccination that includes innate and adaptive immune gene
pathways that coalesce around a signature of IL-15 signaling (53). Although the physiologic
mechanisms by which these signaling pathways contribute to efficacy are unknown, the most
straightforward hypothesis is that sustained low-level IL-15 signaling acts on the MHC-E-
restricted CD8* T cells themselves, enabling efficacy by tuning their homing/migration,
Ag-receptor triggering thresholds, and/or effector functions (53).

Thus, based on the available evidence to date, the current understanding of the basis of the
binary, replication arrest-type efficacy mediated by 68-1 RhCMV/SIV vectors reflects the
early effective intercept of SIV infection by high frequency, effector differentiated, innate
response-tuned MHC-E-restricted CD8" T cells — a very different pattern of protection via

a very different immune mechanism than any previously reported HIV/SIV vaccine. Indeed,
as shown in this paper, the MHC-E-restricted CD8* T cells associated with replication arrest
efficacy are only weakly capable of conventional CD8* T cell-mediated suppression of
ongoing viral replication /n vivo (e.g., reduction in plateau phase viral loads). Translation of
the more desirable replication arrest-type efficacy to the clinic will almost certainly require
that an HCMV/HIV vaccine recapitulate the above-described unconventional immune
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mechanisms in people. Since effector memory-biased CD8* T cell responses elicited by
efficacious Rn\CMV vectors, as well as by non-efficacious RnCMV vectors and natural
RhCMV infection, are also characteristic of natural HCMYV infection, the primary challenge
of initial translation efforts will be to equip an HCMV/HIV vector with ability to elicit
MHC-E-restricted, HIV-specific CD8* T cell responses. Natural HCMYV infection has been
demonstrated to elicit MHC-E-restricted CD8* T cells to variant UL40-embedded VL9
peptides (54), but not to the broad non-VL9 epitopes/supertopes documented for 68—1
RhCMV. We have, however, previously demonstrated that all of the RhnCMV genes shown to
be involved in programming MHC-E responses in RnCMYV, including inhibitors (Rh157.5/
Rh157.4; Rh158-161) and promoters (Rh67) of this priming, can be functionally replaced
by their HCMV counterparts (UL128/UL130; UL146/UL147 and UL40) in RhCMYV,
indicating conservation of these MHC-E-restricted CD8* T cell priming-related functions in
HCMV. This conservation suggests that an HCMV lacking the UL128/UL130 and UL 146/
UL 147 inhibitors, and expressing UL40, will have the biologic potential to mediate the
priming of HIV-specific, MHC-E-restricted CD8* T cells needed for vaccine efficacy, a
hypothesis that is currently being tested in a phase I clinical trial (55).

The data presented here suggest that while MHC-E CD8* T cell responses are required

for vaccine efficacy, exclusive MHC-E-restricted CD8* T cell responses do not enhance
efficacy. This suggests that miR-126 restriction-mediation abrogation of MHC-I1-restricted
CD8* T cell priming in an orthologous HCMV/HIV vector is dispensable from an efficacy
standpoint. However, using miR restriction to prevent productive infection in miR-126-
expressing endothelial cells, as well as miR-205-expressing epithelial cells, might enhance
vector safety (e.g., reduce potential for vascular and epithelial organ complications) and for
the latter, minimize vector shedding in secretions without impacting efficacy. Also, exclusive
MHC-E-restricted epitope targeting might be advantageous for other vaccine targets, with
the ability to target supertopes in essentially any antigen with miR-126-programmed 68—
1-like HCMV vectors, offering the possibility to create MHC-E-restricted, MHC haplotype-
independent CD8* T cell vaccines for cancers and infectious diseases in which the target
neoplastic/infected cells express tumor/pathogen-peptide MHC-E complexes (31, 56-59).

MATERIALS AND METHODS

For more details on all methods and materials listed below, please see the supplementary

materials.

Study Design.—This study had two major objectives. First, we sought to determine

the role of viral tropism in unconventional CD8* T cell response programming by strain
68-1 RhCMV/SIV vectors, knowing that 1) MHC-I1-restricted CD8* T cell response
programming could be induced by tropism-modification of 68-1.2 RhCMV/SIV vectors
(4), 2) 68-1 RhCMV/SIV vector induction of MHC-E-restricted CD8* T cell responses
was the result of direct priming (10), and 3) pentamer-null RNCMV vectors were able to
infect macrophages and endothelial cells with potential direct Ag-presenting cell function
(fig. S1). Our approach to this objective was to construct 68—1 RhCMV/SIV vectors with
microRNA-mediated tropism restriction, in which target sites for cell-selective microRNAs
were incorporated into the 3’ untranslated region of the essential viral Rh108 and Rh156
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genes, thereby inhibiting productive infection in the following specific cell types: myeloid
cells using miR-142-3p (miR-142), endothelial cell using miR126-3p (miR-126), and
epithelial cells using miR-205-5p (miR-205). RMs were then vaccinated with these vectors
and the resulting CD8* T cell responses were examined for epitope restriction as previously
described (4, 8). The number of RMs and peptide responses analyzed for each studied vector
are shown in table S1, but it is noteworthy that the MHC restriction status of the responses
elicited by miR-restricted vectors was confirmed by analysis of nearly 1,700 peptide
responses in 78 different RMs, respectively, all showing consistent patterns of restriction
for each vector type. These restricted patterns were then independently confirmed with
MHC-specific blocking analysis of vector-elicited CD8* T cell recognition of autologous
SIV-infected CD4* T cells, allowing us to firmly conclude that 68-1 RhCMV/SIV vector
elicited MHC-I1-, MHC-E-, and MHC-la-restricted CD8* T cell responses arise from
different cell types, and that this priming can be exactly regulated by cell-type specific
tropism restriction.

We next sought to compare efficacy of RNCMV/SIV vectors that were differentially
programmed via tropism modification for MHC-11-, MHC-E-, and MHC-la-restricted

CDS8™ T cell responses, to test the hypothesis that replication arrest-type efficacy is
dependent on MHC-E-restricted CD8* T cell epitope targeting. Our use of vectors that
were genetically identical except for tropism-restriction would allow us to rule out the
possibility that non-tropism-related genetic differences might account for any differences in
efficacy. For this second objective, we constructed a set of strain 68—1 vectors individually
expressing SIVmac239 Gag, Retanef, and 5’-Pol for each distinct immunotype: MHC-I1-only
(miR-142-restricted), MHC-E-only (miR-126-restricted), and MHC-la-only (miR-126 +
miR-142-restriced). In addition to the full length insert-expressing vector sets, we also
constructed miR-126- and miR-142-restricted (single) vectors expressing supertope-focused
inserts consisting of end-to-end juxtaposition of MHC-E and MHC-11 supertope regions,
respectively, to determine the ability of these supertope-restricted responses to mediate
efficacy. We thus used these 5 vaccines — 3 vector sets and 2 supertope-focused single
vectors — in an SIVac239 challenge study with cycling female RMs and repeated limiting
dose challenge via an intravaginal route. We used an n = 12 group size for the 2 MHC-II
epitope targeting vaccines and 1 MHC-la epitope targeting vaccine, and an n = 14 group
size for the 2 MHC-E epitope targeting vaccines, with the larger nin the latter groups
anticipated to potentially allow more statistical power for elucidating quantitative correlates
of protection. In addition, we included positive and negative control groups consisting of
unvaccinated RMs or RMs vaccinated with parental (non-miR restricted) 68-1 Rn\CMV/SIV
vector set (n = 9 cycling female RMs for each). These group sizes were projected to

allow for thorough comparison of the overall immunogenicity of each vector backbone

and to detect per-vaccine-group binary (replication arrest-type) protection levels of 50% at
80% power without multiplicity adjustment. In addition, we confirmed the efficacy of the
MHC-E-only (miR-126-restricted) vectors in an independent cohort of 17 RMs challenged
with repeated, limiting dose SIV 0239 Via an intra-rectal route (n = 9 with a full length
insert expressing vector set; n = 8 with a supertope-focused vector). All results from these
study RMs are included in the presented data (no data were excluded as outliers). Plasma
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and cell-associated viral load assays were performed by blinded analysis; however, due to
logistical constraints, other staff were not blinded to treatment assignments.

Rhesus macaques.—These experiments used a total of 225 purpose-bred male and
female RMs (M. mulatta) of Indian genetic background, including 1) 43 RMs for delineation
of SIV Retanef and 5’-Pol supertopes (and confirmation of SIV Gag supertopes), 2) 105
RMs for immunogenicity and/or efficacy analysis of parental and tropism-restricted 68-1
RhCMV/SIV vectors, 3) 9 RMs for unvaccinated controls, 4) 29 RMs as adoptive transfer
recipients, and 5) 39 RMs vaccinated with 68—-1 RhCMYV expressing different inserts for
response specificity analysis, the latter including 30 RMs from a previously published study
(2). In addition, tissues from 6 previously reported (18) RnCMV seronegative RMs that were
vaccinated with a reconstituted (wildtype-like), full length RhnCMV with (n = 3) and without
(n = 3) the double deletion (ARh157.4/.5 + ARh158-161) that mimics the key genetic
changes in strain 68—1 RhCMV were used for immunohistochemical analysis of RhCMV
cell type tropism (tissues obtained from necropsy 14 days post vaccination). RhnCMV
vectors were routinely dosed at 106-107 infectious units for immunogenicity analysis and
5x106 infectious units per vector for efficacy analysis, all via subcutaneous administration.

RM care and all experimental protocols and procedures were approved by the ONPRC
Institutional Animal Care and Use Committee (IACUC). The ONPRC is a Category |
facility. The Laboratory Animal Care and Use Program at the ONPRC is fully accredited
by the American Association for Accreditation of Laboratory Animal Care (AAALAC) and
has an approved Assurance (#A3304-01) for the care and use of animals on file with the
NIH Office for Protection from Research Risks. The IACUC adheres to national guidelines
established in the Animal Welfare Act (7 U.S.C. Sections 2131-2159) and the Guide for the
Care and Use of Laboratory Animals (8th Edition) as mandated by the U.S. Public Health
Service Policy.

Generation, recovery and characterization of recombinant RhCMV vectors.
—SIV insert [SIV Gag, Retanef, 5’-Pol (protease and reverse transcriptase)]-expressing
vaccine vectors based on RhCMV 68-1 (GenBank #MT157325) have been described
previously (1, 4). Other RhCMV constructs used in this study were based on the partially
repaired RNCMV 68-1.2 strain (GenBank #MT157326) and on the reconstructed full length
RhCMV clone (GenBank #MT157327) (4, 18). Following the original 68-1 vector design,
full length SIV inserts were introduced into the Rh211 open reading frame (ORF) in
RhCMV 68-1 and 68-1.2 where transgene expression was driven by an EFla promoter.
Supertope-focused SIV inserts were expressed by replacing the Rh107 ORF. The RhCMV
68-1 and 68-1.2 -miR and -scrambled control vectors expressing SIV antigens were
generated using galactokinase- (galK-) mediated bacterial artificial chromosome (BAC)
recombination (60). All vectors derived from BACs were reconstituted in primary embryonal
rhesus fibroblasts (RFs) via electroporation of purified BAC DNA. Virus titers of all
RhCMV stocks were determined by fifty-percent tissue culture infective dose (TCIDsgp)
assay on RFs and expression of the SIV immunological marker was confirmed by
immunoblot.
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To analyze the growth restriction of the 68—1-miRNA vectors, multi-step growth assays
were performed on RFs transiently transfected with the appropriate miRNA or a negative
control mimic (Horizon Discovery). 12-well plates seeded with RFs were transfected with
20 pmol miRNA mimic/well (Dharmacon) using RNAiMax (Invitrogen) according to the
manufacturer’s instructions. 24 h later the cells were infected with 68—-1-miRNA vector or
the scrambled control virus at a multiplicity of infection of 0.01. Supernatants were collected
at the indicated timepoints and titered using a standard plaque assay on RFs. To analyze
growth restriction in primary rhesus endothelial cells [maintained in EBM-2 basal medium
with EGM-2 SingleQuots™ supplement excluding Heparin (Lonza), as well as 10% FBS
and antibiotics] and epithelial cells (maintained in 50% DMEM, 50% DMEM/F12 as well as
1x non-essential amino acids, 10% FBS and antibiotics), 12-well plates seeded with rhesus
endothelial cells or epithelial cells were infected with 68-1.2-miR-126 or 68-1.2-miR-205
vectors, respectively, or the scrambled control virus at a multiplicity of infection of 5.
Supernatants were collected at the indicated timepoints and titered using standard plaque
assay on RFs.

Immunologic assays.—SIV-specific CD4* and/or CD8" T cell responses were measured
in peripheral blood mononuclear cells (PBMC) by flow cytometric intracellular cytokine
analysis, as previously described (1-3).

SIV detection assays.—Plasma SIV RNA levels were determined using an SIV Gag-
targeted quantitative RT-PCR format assay, with 6 replicate reactions analyzed per extracted
sample for assay thresholds of 15 SIV RNA copies/ml, as previously described (2, 3, 62).

Vector shedding assays (urine cocultures).—Filter-sterilized (0.4 mm) urine was
collected from RMs at the designated timepoints post-vaccination and centrifuged at

16,000 g for 1 h at 4°C to concentrate virus for co-culture on rhesus fibroblasts. Cell

lysates were prepared after we observed extensive cytopathic effects, or after 42 days of
coculture if cytopathic effects were minimal or not observed. The prepared cell lysates were
assessed for the presence of RNCMV based on expression of RhNCMYV or SIV antigens by
immunoblotting (24, 25).

RhCMV vector immunofluorescence analysis.—Immunofluorescent phenotyping of
RhCMV vector* cells using RNAscope was performed on FFPE spleen and lymph node
sections as previously reported (18). Immunofluorescent phenotyping of RNCMV vector*
cells using RhCMV-specific mAbs was performed on FFPE spleen and lymph node sections
similar to our previous report with some modifications (18).

Statistical Analysis.

Boxplots show jittered points and a box from 1st to 3rd quartiles (IQR) and a line at the
median, with whiskers extending to the farthest data point within 1.5*IQR above and below
the box. For all immune responses, we compared treatment groups with two-sided Wilcoxon
rank-sum tests (pairwise comparisons) or the Kruskal-Wallis test (comparisons between = 2
groups). When applicable, we performed post-hoc Wilcoxon rank-sum tests between pairs
of treatment groups, without adjustment for multiple comparisons. For longitudinal analyses,
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we calculated the area under the curve (AUC) or the plateau average value for each RM,

as specified in the figure legends. For analysis of T cell responses to specific cytokines, we
transformed response data to the log scale and compared treatment groups using an ordinary
linear model. To compare time-to-event data, we used the Mantel-Haenszel log-rank test. All
P-values for analyses of protection efficacy are based on two-sided exact tests of binomial
proportions. In all cases (except where noted), we adjust P-values for multiple comparisons
using the using the Holm procedure for family-wise error rate control. All analyses were
performed in R v3.6.0 with the package Exact v2.0 (63).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differential CD8' T cell immunogenicity of single miR-restricted RhCMV/SIV vectors.
(A-D) Comparison of SIV Gag-specific CD8* T cell responses elicited by the parental 68-1

RhCMV/SIVgag vector (A) with those of 68-1 RhCMV/SIVgag vectors with miR-142-,
miR-205-, and miR-126-mediated tropism restriction (B-D). Peripheral blood CD8* T cells
from 3 representative RMs inoculated with each of these vectors were assessed by flow
cytometric ICS assay (TNF-a and/or IFN-y readout) for responses to 1) a mixture of 125
consecutive 15mer peptides comprising the overall SIV Gag protein sequence (black; top left
panels), 2) individual MHC-E (green, top middle panels) and MHC-II-restricted (blue, top
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right panels) SIV Gag supertopes (STs; MHC-E: Gag69 = Gagy76-284, Gag120 = Gagagr_ag0
and MHC-II: Gag53 = Gagy11-222, Gag73 = Gagogg—301), and 3) each of 125 consecutive
15mer SI1V Gag peptides with any above threshold (= 0.05% after background subtraction)
responses indicated by a box (lower panels). Boxes are colored to reflect MHC restriction
based on the ability to inhibit the response with the MHC-E blocking peptide VL9, the
MHC-II blocking mAb G46.6, and/or the pan-MHC-1 blocking mAb W6/32 (see Methods).
Overall analysis of 15mer peptide responses in all RMs vaccinated with these miR-restricted
68-1 RhCMV/SIV vectors are shown in table S2, with estimated epitope densities shown in
table S3.
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Figure 2. Differential CD8' T cell immunogenicity of multi-miR-restricted RACMV/SIV vectors.
(A-C) Analysis of SIV Gag-specific CD8"* T cell responses elicited by 68-1 Rh\CMV/

SIVgag vectors with multiple miR-mediated tropism restrictions: miR-126 + miR-205 (n = 3
RMs), miR-126 + miR-142 (n = 3 RMs), and miR-126 + miR-142 + miR-205 (n = 1 RM).
Analysis was performed as described in Fig. 1. Overall analysis of 15mer peptide responses
in all RMs vaccinated with these miR-restricted 68—-1 RhnCMV/SIV vectors are shown in
table S2, with estimated epitope densities shown in table S3.
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Figure 3. Analysis of RnCMV vectorswith supertope-focused SV inserts.
(A,B) Comparison of overall SIV Gag, Rev/Tat/Nef, and 5°-Pol CD8* T cell responses

elicited by a set of three miR-142-restricted (A) or miR-126-restricted (B) 68-1
RhCMV/SIV vectors individually expressing full length Gag, Retanef and 5’-Pol inserts
versus the same responses elicited by a single miR-142-restricted or miR-126-restricted 68—
1 RhCMV/SIV vector expressing either the MHC-11 supertope- or the MHC-E supertope-
focused insert (see fig. S7). Responses were determined by flow cytometric ICS assay

using overlapping 15mer peptide mixes comprising the overall Gag, Rev/Tat/Nef, and 5’-Pol
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sequences, as described in Fig. 1. Two-sided Wilcoxon P-values are shown, comparing the
area-under-the-curve (AUC) of response to full-length vs. supertope inserts adjusted for
multiple comparisons. (C,D) Analysis of the same samples shown in panels A and B at

the single 15mer epitope level, comparing responses to supertope peptides (red), adjacent
non-supertope peptides in the supertope-focused insert (pink), and selected non-contiguous
commonly recognized peptides (black) that are not present in the supertope-focused inserts
for the both the miR-142-restricted (MHC-I1-only) and miR-126-restricted (MHC-E-only)
68-1 RNCMV/SIV vectors. (E,F) Full analysis of CD8* T cell responses to overlapping
SIV Gag 15mers following vaccination with either the miR-142-restricted (E) or miR-126-
restricted (F) 68—1 RhCMV/SIV vectors expressing the MHC-I1- and MHC-E-supertope-
focused inserts, respectively, in 5 representative RMs per vector, as described in Fig. 1.
The blue and green shaded rectangles represent the 15mer peptides that are completely
(15/15 amino acids) or mostly (11/15 amino acids) encoded in the MHC-11 and MHC-E
supertope-focused inserts, with the core supertope 15mers shown by arrowheads. Additional
analyses are shown in fig. S8. ST — supertope; FL — full length.
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Figure 4. Comparison of SlV-infected cell recognition by miR-restricted RhnCMV/SIV vector-
elicited CD8* T cells.
Analysis of autologous SIV-infected CD4* T cell recognition by CD8B* T cells isolated

from RMs vaccinated twice with the miR-142-, miR-126-, or miR-142 + miR-126-restricted

68-1 RhCMV/SIV vectors, the former 2 vector types including independent analysis of
both 3 vector sets expressing full length SIV Gag, Retanef, and 5’-Pol inserts and single
supertope-focused vectors, whereas the miR-142 + miR-126-restricted RhCMV vector

backbone was only studied with full length inserts. Plateau phase responses (>45 weeks after

initial immunization) were defined by TNFa and/or IFN-y production following peripheral
blood-derived CD8B* T cell incubation with autologous SIV mac239-infected versus mock-
infected CD4* T cells, with the MHC-restriction of the SIV-infected cell recognition
determined by blocking analysis (see Fig. S10). (A) Analysis of the net SIV-infected
cell-induced CD8™ T cell response frequency (subtracting mock-infected background) for
RMs in each vaccine group. Kruskal-Wallis P-values comparing responses between all
groups, and between groups with full length and supertope groups pooled, are shown in
panel A. (B-F) Demonstration of the ability of anti-MHC-11 mAb (MHC-I1 block), the
MHC-E binding peptide VL9 (MHC-E block), or the pan-anti-MHC-1 mAb (MHC-la and
MHC-E block) to differentially inhibit SIV-infected cell recognition by CD8* T cells in the
different vaccine groups, with responses in the presence of blocking agents normalized to
the unblocked response. Note that pan MHC-I blocking was not performed on all RMs due
to cell number limitations. ST — supertope; FL — full length.
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Figure 5. Magnitude and durability of miR-restricted Rn\CMV/SIV vector-elicited T cell

responses.

(A) Protocol for the comparison of the immunogenicity and efficacy of differentially
miR-restricted 68—1 RhCMV/SIV vaccine in cycling female RMs, including vector sets
composed of 3 vectors individually expressing full length SIV Gag, Retanef, and 5’-Pol
inserts, and individual vectors expressing MHC-I1 and MHC-E supertope-focused inserts.
(B,C) Longitudinal and plateau-phase analysis of the vaccine-elicited SIV Gag-, Rev/Tat/
Nef-, and 5’-Pol-specific CD4* and CD8* T cell responses in peripheral blood of RMs
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vaccinated with the designated vaccines. In B, the background-subtracted frequencies of
cells producing TNF-a and/or IFN-y by flow cytometric ICS assay to overlapping 15mer
peptide mixes comprising each of the SIV inserts within the memory CD4* or CD8*

T cell subsets were summed for overall responses with the figure showing the mean (+
SEM) of these overall responses at each time point. In C, boxplots compare the individual
and summed SIV insert-specific CD4* and CD8" T cell response frequencies between the
vaccine groups during the vaccine phase plateau (each data point is the mean of response
frequencies in all samples from weeks 42—64 post-first vaccination). (D) Plateau phase
analysis of the vaccine-elicited CD8" T cell responses to the designated MHC-E- and
MHC-II-restricted SIV supertopes in peripheral blood of the indicated vaccine groups by
ICS assay. Note that responses elicited by supertope-focused vectors were only analyzed

for type-matched responses (e.g., when the indicated epitopic peptides were present in the
insert). Wilcoxon rank sum testing (adjusted for multiple comparisons) was used to compare
all response parameters shown in panels C and D for the parental 68—1 vaccine to all other
vaccines (which are individually designated by the color code shown in panel A). Significant
P-values (< 0.05) are designated by *. ST — supertope; FL — full length.
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Figure 6. Functional differentiation of miR-restricted RhCMV/SIV vector-€licited T cell

responses.

(A) Boxplots compare the memory differentiation phenotype of the vaccine-elicited CD4*
and CD8* memory T cells in peripheral blood of the same RM cohorts reported in

Fig. 5 responding to overall SIV Gag 15mer peptide mix with TNFa. and/or IFN-y
production during the post-vaccination plateau phase. Memory differentiation state was
based on CD28 and CCR7 expression, delineating central memory (Tcm), transitional
effector-memory (Tenm), and effector-memory (Tgp), as designated. Kruskal-Wallis P-
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values comparing response parameters between all treatment groups are shown (adjusted for
multiple comparisons). (B) Boxplots compare the frequency of vaccine-elicited CD4* and
CD8* memory T cells in peripheral blood responding to the overall SIV Gag 15mer peptide
mix with TNF-a., IFN-vy, IL-2, and MIP-1p production, alone and in all combinations,

in the same samples as panel A. Kruskal-Wallis (K-W) P-values comparing response
parameters between all treatment groups are shown where significant (adjusted for multiple
comparisons across all fifteen response categories, but only shown for the top four: IFN-
YHTNF-a*/MIP-1B%, IFN-y*/TNF-a*, TNF-a*, and MIP-1B*). Where K-W p-values are
shown, unadjusted post-hoc Wilcoxon P-values are also shown where significant, comparing
miR-142 and miR-126 treatment groups (with supertope-focused and full length insert
groups pooled) to 68-1. ST — supertope; FL — full length.
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Figure 7. Efficacy of miR-restricted RhnCMV/SIV vectors.
(A-G) Assessment of the outcome of SIV infection after repeated, limiting dose intra-

vaginal SIVhac239 challenge of the designated vaccine groups (see Fig. 5A) by longitudinal
analysis of plasma viral load (A-D) and/or de novo development of SIV Vif-specific CD4*
and CD8* T cell responses (E-G). RMs were SIV challenged until the onset of sustained
viremia and/or above-threshold SIV Vif-specific T cell responses, with the SIV dose
administered 2 or 3 weeks prior to the initial response detection considered the infecting
challenge (week 0). The overall 77in each panel reflects the total number of RMs with such
documented take of SIV infection during the challenge period. RMs with sustained viremia
were considered non-protected (black); RMs with no or transient viremia but demonstrating
sustained above-threshold SIV Vif-specific T cell responses were considered protected
(red). Controlled SIV infection was confirmed in all 15 protected miR-126-restricted 68—
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1 RhCMV/SIV vector-protected RMs (both full length and supertope-focused inserts) and

3 of 7 parental 68—-1 RhCMV/SIV vector-protected RMs by demonstration of sustained
plasma SIV viremia in SIV-naive recipient RMs after adoptive transfer of marrow and/or
peripheral lymph node cells from the protected RMs, collected from between day 28 and 56
post-SIV infection (see table S6). Binomial exact P-values are shown where the proportion
of protected RMs in a vaccine group differs significantly from the unvaccinated group. ST —
supertope; FL — full length.
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Figure 8. Efficacy validation of miR-126-restricted (M HC-E-only) RhnCMV/SIV vectors.
To confirm the efficacy of miR-126-restricted 68—1 RhCMV/SIV vectors after intra-rectal

SIVmac239 challenge, we assembled a cohort of 17 RMs — including 9 and 8 RMs that

were twice-vaccinated with the set of 3 full length insert expressing vectors or the single
supertope-focused vector, respectively — for immunogenicity and efficacy analysis. (A-D)
The plateau phase immunogenicity of these vectors, including response magnitude, memory
phenotype and cytokine synthesis function, are shown, analyzed as described in Figs. 5 and
6. (E, F). RMs were subjected to repeated limiting dose intrarectal SIVp4c239 Challenge with
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outcome determined as described in Fig. 7. Controlled SIV infection was confirmed in all 11
miR-126-restricted 68—1 RhCMV/SIV vector-protected RMs by demonstration of sustained
plasma SIV viremia in SIV-naive recipient RMs after adoptive transfer (right panels) of cells
collected from the protected RMs between day 28 and 56 post-SIV infection (see table S6).
(G) Comparison summary of the efficacy of miR-126-restricted 68—1 RhnCMV/SIV vectors
from this study with all published cohorts of RMs vaccinated with non-miR-restricted 68—1
RhCMV/SIV-based vaccines, separated by challenge route. ST — supertope; FL — full length.
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Effect of miR-mediated tropism restriction on 68-1 RhCMV/SIV vector urine shedding, CD8+ T cell response
programming and vaccine efficacy

miR restriction rw\ﬁgiogntr(ggilstr;pe) Urine shedding MHC targeting C;I chltsor-elicited chg+ (repSIIi(\:/ateifchealrcilﬁ)
none none yes MHC-E and MHC-11 yes
miR-142 myeloid yes MHC-II alone no
miR-126 endothelial yes MHC-E alone yes
miR-205 epithelial no MHC-E and MHC-I1I not done
miR-142 + miR-126 myeloid + endoth. not done MHC-1la alone no
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