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by HLA-E
Ravi F. Iyer1, Marieke C. Verweij1, Sujit S. Nair2, David Morrow1, Mandana Mansouri1,  
Dimple Chakravarty2, Teresa Beechwood1, Christine Meyer3, Luke Uebelhoer1, Elvin J. Lauron3, 
Andrea Selseth1, Nessy John1, Tin Htwe Thin4, Siarhei Dzedzik4, Colin Havenar-Daughton3, 
Michael K. Axthelm1, Janet Douglas3, Alan Korman3, Nina Bhardwaj2,5, Ashutosh K. Tewari2,  
Scott Hansen1, Daniel Malouli1, Louis J. Picker1*, Klaus Früh1*

The nonpolymorphic major histocompatibility complex E (MHC-E) molecule is up-regulated on many cancer cells, 
thus contributing to immune evasion by engaging inhibitory NKG2A/CD94 receptors on NK cells and tumor-
infiltrating T cells. To investigate whether MHC-E expression by cancer cells can be targeted for MHC-E–restricted 
T cell control, we immunized rhesus macaques (RM) with rhesus cytomegalovirus (RhCMV) vectors genetically 
programmed to elicit MHC-E–restricted CD8+ T cells and to express established tumor-associated antigens (TAAs) 
including prostatic acidic phosphatase (PAP), Wilms tumor-1 protein, or Mesothelin. T cell responses to all three 
tumor antigens were comparable to viral antigen-specific responses with respect to frequency, duration, pheno-
type, epitope density, and MHC restriction. Thus, CMV-vectored cancer vaccines can bypass central tolerance by 
eliciting T cells to noncanonical epitopes. We further demonstrate that PAP-specific, MHC-E–restricted CD8+ T cells 
from RhCMV/PAP-immunized RM respond to PAP-expressing HLA-E+ prostate cancer cells, suggesting that the 
HLA-E/NKG2A immune checkpoint can be exploited for CD8+ T cell–based immunotherapies.

INTRODUCTION
The human leukocyte antigen-E (HLA-E) is a highly conserved ma-
jor histocompatibility class Ib (MHC-Ib) molecule that shows very 
limited polymorphism in the human population, unlike the highly 
polymorphic MHC-Ia molecules HLA-A, HLA-B, and HLA-C (1). 
Similar to other MHC-I molecules, HLA-E associates with β2-
microglobulin (β2m), but HLA-E predominantly binds the peptides 
VMAPRTL(L,I,V,F)L (VL9) encoded in the signal sequence of HLA-
A, HLA-B, HLA-C, and HLA-G heavy chains (2). VL9 is cotransla-
tionally released by signal peptide peptidase and loaded onto the 
HLA-E/β2m dimer in a process that involves the peptide transporter 
associated with antigen processing (TAP) and the chaperone Tapasin 
(3, 4). The resulting trimeric complex of HLA-E/β2m/VL9 is trans-
ported to the cell surface upon assembly. In contrast to other MHC-
I/peptide complexes, however, this trimeric complex generally does 
not engage T cell receptors (TCRs) but instead serves as ligand for 
inhibitory NKG2A/CD94 and activating NKG2C/CD94 heterodi-
meric C-type lectin receptors expressed on natural killer (NK) cells 
and a subset of CD8+ T cells (5, 6). This regulation of NK and T cell 
activity via presentation of MHC-Ia signal peptides by MHC-Ib mol-
ecules is conserved across mammals (7). This system thus serves as 
an indirect sensor for TAP function and MHC-I expression, which is 
often down-regulated by intracellular pathogens, particularly virus-
es, or lost during cancer progression.

While expression of HLA-E is ubiquitous, it is generally low on the 
surface of most cell types in part due to limited VL9 supply (8). On 

cells that express high levels of HLA-E, such as monocyte/macro-
phages, HLA-E is rapidly internalized and targeted to intracellular 
vesicles suggesting continuous turnover (8, 9). HLA-E is up-regulated 
by some intracellular pathogens, as well as on some tumor and senes-
cent cells which prevents immune clearance by engaging the inhibitory 
NKG2A/CD94 receptor on NK cells and T cells (10–13). A well-known 
example of this strategy is human cytomegalovirus (HCMV) which 
eliminates endogenous VL9 by degrading nascent MHC-Ia and block-
ing TAP while encoding a viral VL9 peptide in the gene UL40 which is 
loaded onto HLA-E independent of TAP, thus ensuring high levels of 
HLA-E expression despite inhibition of MHC-Ia antigen presentation 
(14, 15). Up-regulation of HLA-E has also been reported for gyneco-
logical, breast, non–small cell lung, renal cell, and colorectal cancers, 
and this up-regulation often correlates with NKG2A expression on a 
large percentage of tumor-infiltrating CD8+ T cells (TILs) [reviewed in 
(11, 16)]. A particularly notable example was reported for human pap-
illoma virus (HPV)–positive head and neck cancers where 50% of 
the CD8+ tumor–infiltrating lymphocytes expressed NKG2A/CD94, 
whereas CD8+ T cells in the blood rarely expressed this inhibitory re-
ceptor (17). In the same study, it was shown that T cells elicited by 
vaccination against HPV up-regulated NKG2A which limited their ef-
fectiveness in controlling experimental tumors in animal models. The 
HLA-E/NKG2A ligand receptor pair thus seems to represent an im-
mune checkpoint that limits both the effectiveness of tumor-infiltrating 
NK cells and tumor antigen–targeting T cells (11, 18). For this reason, 
NKG2A-targeting antibodies are now in clinical testing and have 
shown some promise, particularly in combination with immunothera-
pies (16, 19, 20). In addition, these antibodies might improve the activ-
ity of active vaccination against tumor antigens (17, 21).

Although engaging the NKG2A/C receptors seems to be its main 
function, HLA-E can also present peptides to the TCR of CD8+ T 
cells (22, 23). Such HLA-E–restricted CD8+ T cells have been reported 
for Mycobacterium tuberculosis and other intracellular bacteria (24–
26). Moreover, polymorphism in the VL9 sequence of HCMV UL40 
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results in the elicitation of HLA-E/VL9–specific CD8+ T cells, par-
ticularly when there is a mismatch with the VL9 sequence of the host 
(27–29). Furthermore, using HLA-E tetramers containing HLA-E 
binding viral peptides, it was possible to identify and expand human 
HLA-E–restricted CD8+ T cells that recognized HIV-infected and 
severe acute respiratory syndrome coronavirus 2–infected cells (30, 
31). While such HLA-E–restricted CD8+ T cells have not yet been 
reported for cancer, self-peptides have been shown to be presented 
by HLA-E (32–36). Moreover, it has been shown that HLA-E in TAP-
deficient cancer cells contains many non-VL9 peptides derived from 
cellular proteins (37).

On the basis of these observations, it has been hypothesized that 
HLA-E–positive cancer cells could be targeted by HLA-E–restricted 
CD8+ T cells recognizing non-VL9 peptides (35), but testing this hy-
pothesis has been limited by the inability to elicit HLA-E–restricted 
CD8+ T cells to specific antigens in vivo. However, in the context of 
studying rhesus cytomegalovirus (RhCMV) as a vaccine platform, 
we observed that the RhCMV strain 68-1 elicits CD8+ T cells that 
are restricted by Mamu-E, the rhesus macaque (RM) homolog of 
HLA-E (we use MHC-E as a general term for both the human and 
rhesus molecules) as well as MHC-II instead of MHC-Ia (38, 39). 
One of the underlying reasons for the ability of RhCMV to elicit 
MHC-E–restricted CD8+ T cells is the up-regulation of MHC-E in 
infected cells by Rh67, the RhCMV homolog of HCMV UL40 (40). 
However, wild-type RhCMV counteracts this mechanism by express-
ing a series of small, chemokine-like proteins (homologs of HCMV 
UL128, UL130, UL146, and UL147) that each prevent the induction 
of MHC-E–restricted CD8+ T cells (41). Wild-type RhCMV thus 
elicits conventional, MHC-Ia–restricted CD8+ T cells.

Coincidentally, in the course of in vitro passaging, strain 68-1 
lost expression of these inhibitory gene products, thus enabling the 
induction of MHC-E–restricted CD8+ T cells (41, 42). Previous work 
showed that strain 68-1 RhCMV vectors expressing simian immuno-
deficiency virus (SIV) antigens protected against challenge with highly 
pathogenic strains of SIV by a unique “control and clear” mechanism, 
i.e., the durable, high-frequency effector memory T cell responses elic-
ited by RhCMV/SIV vaccines intercepted SIV early during infection, 
arrested its replication, and ultimately cleared the virus (43–46). Simi-
lar results were obtained in cynomolgus macaques using CyCMV/
SIV-vectors (47). Notably, this protection was lost when RhCMV/SIV 
vectors that lacked the ability to elicit MHC-E–restricted CD8+ T cells 
were used as vaccines (40, 41, 48). In contrast, tropism-modified Rh-
CMV/SIV vectors that exclusively elicited MHC-E–restricted CD8+ T 
cells maintained protection against SIV (48). On the basis of these 
studies, genetically modified HCMV/HIV vectors were designed that 
are now undergoing clinical testing (49). In addition to uncovering a 
previously unknown mechanism of control, these studies also demon-
strated that MHC-E–restricted CD8+ T cells recognizing SIV-derived 
peptides completely unrelated in sequence to VL9 were effective con-
trollers of SIV replication (38, 47, 50).

The ability of RhCMV vectors to elicit MHC-E–restricted CD8+ 
cells is not limited to SIV but has also been demonstrated for 
M. tuberculosis, malaria and hepatitis B virus (HBV) antigens (51–
53). However, to date, all antigens inserted into RhCMV vectors pre-
viously were foreign, i.e., derived from viruses, bacteria, or parasites, 
to elicit antipathogen MHC-E–restricted CD8+ T cells, leaving open 
the question of whether such T cells can also be elicited to tumor-
associated antigens (TAAs), i.e., self-antigens overexpressed in tumor 
cells (54). As proof of concept, we focus on prostate cancer (PCa), a 

cancer that has so far resisted immunotherapy notwithstanding the 
fact that the first antigen-specific immunotherapy, Sipuleucel-T, was 
approved for this cancer (55). Sipuleucel-T consists of autologous 
dendritic cells loaded ex vivo with a recombinant fusion protein 
of granulocyte-macrophage colony-stimulating factor and prostatic 
acidic phosphatase (PAP) and reintroduced into the patient to elicit 
PAP-specific T cells (56). Since PCa is particularly attractive for T 
cell–mediated immunotherapy due to the nonessential nature of 
prostate tissue and the presence of multiple organ-specific TAAs, 
many TAA-targeting vaccine approaches are now in clinical trials, 
either as monotherapies or in combination with checkpoint inhibi-
tors (57). Here, we explore the possibility of targeting HLA-E for the 
immunotherapy of PCa. We demonstrate HLA-E expression in pri-
mary tumors and show that RhCMV vectors are capable of eliciting 
broadly targeted, MHC-E–restricted T cells to autologous PAP as 
well as other well-established other tumor antigens. We observed 
that such MHC-E–restricted, PAP-specific T cells recognize HLA-E– 
and PAP-expressing PCa cells and cell lines. Our data thus suggest 
that targeting HLA-E with HLA-E–restricted, TAA-specific CD8+ T 
cells could be a new approach to immunotherapy of PCa and possi-
bly other cancers.

RESULTS
HLA-E is up-regulated in PCa
To determine HLA-E expression in PCa, we used immunohistochem-
istry (IHC) to analyze in-house generated or commercially available 
tissue microarrays (TMAs). In-house TMAs 1 to 4 contained a total of 
258 tumor cores and 130 matched normal prostate sections from 86 
radical prostatectomy cases. One hundred sixty-three cores showed 
tumor purity, and 93% of these were determined to be positive for 
HLA-E as detected by polyclonal antiserum (data file S1). TMA1 was 
additionally stained for PAP and the prostatic intraepithelial neoplasia-4 
(PIN-4) marker cocktail. As expected, expression of PIN4 and PAP 
was found in 98% of tumor cores but not in normal tissue (data file 
S1). Moreover, 80% of PAP-positive tumors were also positive for 
HLA-E. Representative images demonstrate that high-grade tumors 
(Gleason 7 and above) were positive for HLA-E, whereas adjacent 
normal tissue was negative (Fig. 1). Low-grade tumors (Gleason 6 
or less) were generally negative for HLA-E (data file S1). Similar re-
sults were obtained using the commercially available HLA-E–specific 
monoclonal antibody (mAb) 4D12 (fig. S1). Fourteen of 18 cores with 
tumor purity stained positive for HLA-E (data file S2). High HLA-E 
expression was also observed in metastatic PCa (fig. S2). These data 
suggest that HLA-E is widely expressed in advanced PCa, and HLA-E 
is coexpressed with PAP.

RhCMV elicits high-frequency T cell responses to 
tumor antigens
To determine whether CMV-based vectors could be used to elicit 
MHC-E–restricted CD8+ T cells to TAAs, we generated three RhCMV 
recombinants by inserting synthetic full-length or partial genes encod-
ing rhesus PAP (RhPAP), the human transcription factor Wilms tu-
mor 1 (WT-1) and the human cell adhesion protein Mesothelin 
(MSLN) into 68-1 RhCMV (fig. S3). The TAAs chosen in addition to 
PAP have been previously targeted for T cell–focused immunotherapy 
approaches that were either TCR-T cell based (WT-1) (58) or chimeric 
antigen receptor (CAR)–T cell based (MSLN) (59). RhPAP was ex-
pressed by replacing the nonessential RhCMV gene Rh107 (ortholog 
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of HCMV UL78), whereas WT-1 and MSLN were expressed by replac-
ing Rh110 (ortholog of HCMV UL82) which renders the resulting vec-
tors deficient for spreading and shedding (60). We inoculated six male, 
RhCMV-seropositive RMs with 5 × 106 plaque-forming units (PFU) 
of 68-1 RhCMV/RhPAP. Three of these RMs were additionally inocu-
lated with the same dose of RhCMV/WT-1, whereas the remaining 
three RMs were inoculated with RhCMV/MSLN. To compare the 
TAA-specific T cell responses to those observed to typical pathogen 
antigen-specific responses, we also inoculated all six RM with previ-
ously described 68-1 RhCMV expressing the SIV Gag protein (61). 
The CD4+ and CD8+ T cell response to each of the four antigens was 
monitored by intracellular cytokine staining (ICS) for interferon-γ 
(IFNγ) and tumor necrosis factor–α (TNFα) using pools of 15–amino 
acids oligomer peptides overlapping by 11 amino acids corresponding 
to each of the vaccine insert antigens. Each of the immunized RMs 
developed both CD4+ and CD8+ T cell responses to RhPAP, WT-1, 
and MSLN that were comparable to those elicited to SIV Gag with re-
spect to average frequency, durability (Fig. 2), and phenotype (fig. S4). 
Furthermore, when we inoculated 68-1 RhCMV/WT-1 and 68-1 Rh-
CMV/MSLN into the three animals of the cohort that had not received 
these recombinants initially, each of the RM rapidly developed a WT-1 
or MSLN-specific T cells (Fig. 2). This observation is consistent with 
our previous demonstration that vector-specific immunity does not af-
fect the ability of these vectors to elicit insert-specific T cell responses 
upon subsequent reinoculations (61, 62). Moreover, these results also 
demonstrated that both spreading-competent and spreading-impaired 
vectors were able to elicit TAA-specific responses. PAP, WT-1, and 

MSLN are nonmutated self-antigens that are expressed not only in 
cancerous tissue but also in some healthy tissues, albeit at a lower level 
(63–65). Since self-antigens are generally subject to central and periph-
eral tolerance (66), the strong T cell responses observed in all animals 
against each of the tumor antigens thus warranted further in depth 
characterization.

RhCMV elicits broadly targeted MHC-II and 
MHC-E–restricted CD8+ T cell responses to TAAs
We previously demonstrated that strain 68-1 RhCMV expressing anti-
gens of various pathogens (SIV, HBV, M. tuberculosis, and the malaria 
parasite Plasmodium knowlesi) elicits MHC-II and MHC-E–restricted 
but not MHC-Ia–restricted, CD8+ T cells to these antigens (38, 39, 
51–53). In addition, we reported that the average number of epit-
opes per antigen recognized by CD8+ T cells of 68-1 RhCMV/SIV-
immunized RM was substantially higher than observed for SIV- 
infected RM or RM immunized with other SIV vaccine platforms such 
as DNA, pox-, or adeno-vectors (39). To determine whether TAA-
specific CD8+ T cells recognized a similarly high density of epitopes, 
we measured the response to each individual 15–amino acid oligomer 
peptide of RhPAP, WT-1, and MSLN by ICS in peripheral blood 
mononuclear cells (PBMCs) of immunized RM. As shown in Fig. 3, on 
average, 51% (range: 43 to 58% in individual RM) of the overlapping 
15–amino acid oligomer peptides were recognized by CD8+ T cells 
from immunized RMs (note that the number of minimal 8– to 9–amino 
acid epitopes is expected to be smaller due to overlap). Because this 
result is comparable to the average number of peptides reported for 

Fig. 1. HLA-E expression in PCa. IHC analysis of PCa or adjacent normal tissue for expression of HLA-E, PAP, and PIN4. TMAs were prepared and processed as described in 
Materials and Methods. Representative IHC of PCa tumor tissue and adjacent normal tissue are shown for Gleason 7, 8, and 9 tumors stained for HLA-E using a polyclonal 
antiserum. Pathological tumor (pT) stages of PCa are indicated with pT2c representing localized bilateral PCa, whereas pT3b represents locally advanced PCa. Staining for 
PAP and PIN4 is additionally shown for the tumor tissue. The results for all TMAs are summarized in data file S1.
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Fig. 2. RhCMV elicits robust and durable T cell responses to TAAs. (A) Six male RMs were inoculated with 68-1 RhCMV/RhPAP and with 68-1 RhCMV/SIVgag. RMs 1 to 
3 were additionally coinoculated with RhCMV/WT-1, whereas RMs 4 to 6 were coinoculated with 68-1 RhCMV/MSLN. At day 140, RMs 1 to 3 received 68-1 RhCMV/MSLN, 
whereas RMs 4 to 6 received 68-1 RhCMV/WT-1. (B) CD4+ and CD8+ T cell responses were measured in peripheral blood mononuclear cells (PBMCs) using overlapping 
peptide pools for each of the antigens by ICS for CD69 and IFNγ and/or TNFα at each of the indicated time points. The background subtracted mean response frequencies 
are shown (+SEM). Days of inoculation are indicated by arrowheads. Individual response frequencies are shown in data file S3.
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SIV Gag (39), we conclude that 68-1 RhCMV is able to elicit CD8+ T 
cells to a very high number of epitopes within a given TAA. Given the 
fact that PAP was derived from RM and the high conservation of WT-
1 and MSLN (93 and 88% identity, respectively, between human and 
rhesus), this result also rules out the possibility that the observed T 
cell responses were directed against a small number of epitopes 
mismatched between the immunogen and the self-antigen. This fur-
ther supports the conclusion that 68-1 RhCMV vector–elicited 
CD8+ T cell responses are not impeded by immune tolerance to 
self-proteins.

Next, we determined the MHC restriction of CD8+ T cell–
stimulating peptides in RMs of the cohort by adding MHC-Ia, 
MHC-E, or MHC-II blocking antibodies or peptides to the ICS 
assay (38, 39). Similar to previously reported responses to heter-
ologous antigens, we observed that peptides were either presented 
by MHC-II or by MHC-E but not by MHC-Ia, with only a small 
number of peptides failing to be clearly assigned (Fig. 3). A fur-
ther unusual characteristic of the CD8+ T cell epitope specificity 
observed in 68-1 RhCMV-immunized RM is that some peptides 
are always recognized in each RM irrespective of their MHC al-
lotypes. Such universal shared epitopes, we refer to them as “su-
pertopes,” were also observed for TAA-immunized RM in this 
cohort (highlighted in Fig.  3) and confirmed in additional co-
horts. Thus, TAA-specific responses elicited by 68-1 RhCMV are 
not different from pathogen-specific responses with respect to 

magnitude, durability, epitope density, MHC restriction, and su-
pertope recognition.

RhCMV can elicit MHC-Ia–restricted CD8+ T cell responses to 
tumor antigens
The ability of 68-1 RhCMV vectors to elicit CD8+ T cell responses to 
self-antigens could be due to MHC-II– and MHC-E–restricted CD8+ 
T cells not being subject to the same immunological selection against 
self-reactivity as MHC-Ia–restricted T cells. We previously showed 
that clone 68-1.2 RhCMV vectors, in which the RhCMV homologs of 
the HCMV pentameric complex subunits UL128 and UL130 were re-
paired, lost the ability to elicit MHC-II– and MHC-E–restricted CD8+ 
T cells; instead, these vectors elicit MHC-Ia–restricted CD8+ T cell 
responses similar to wild-type RhCMV (38, 39, 41). To explore wheth-
er 68-1.2 RhCMV would elicit MHC-Ia–restricted T cell responses to 
TAAs, we inserted RhPAP by replacing the UL78 ortholog Rh107 
(fig. S3). When the resulting vector was inoculated into a new cohort 
of three RMs, we observed robust CD4+ and CD8+ T cell responses to 
RhPAP (Fig. 4A) that displayed the typical effector memory phenotype 
(Fig.  4B). Notably, CD8+ T cell responses were now exclusively re-
stricted by MHC-Ia but still broadly targeted (Fig. 4C). These results 
demonstrate that wild-type–like RhCMV vectors are capable of elicit-
ing CD8+ T cell responses to TAAs that recognize peptides in the con-
text of MHC-Ia, suggesting that CMV vectors can overcome tolerance 
to self-antigens irrespective of their MHC restriction.

RM01

RM02

RM03

RM04

RM05

RM06

1 25 50 75 102
Consecutive RhPAP 15–amino acid oligomers (11 a.a. overlap)

1 25 50 75 89
Consecutive WT-1 15–amino acid oligomers (11 a.a. overlap)

RM01

RM02

RM03
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1 25 50 80
Consecutive MSLN 15–amino acid oligomers (11 a.a. overlap)

RM03

RM04

RM05
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MHC-Ia restricted
MHC-E restricted
MHC-II restricted
Indeterminate

Fig. 3. Epitope specificity and MHC restriction of TAA-targeting CD8+ T cells. CD8+ T cell responses in PBMC of RMs 1 to 6 (Fig. 2) were measured by ICS for IFNγ and 
TNFα to individual overlapping consecutive 15–amino acid oligomer peptides that span the indicated proteins. Assay limit of detection was determined as described 
previously (51), with 0.05% after background subtraction being the minimum threshold. Above background responses (IFNγ and/or TNFα) are shown by a square along 
the length of each protein with the peptide numbers shown below. Results of blocking experiments are indicated by the color of the square: Peptides restricted by MHC-
II (blue) were blocked with class II-associated invariant chain peptide (CLIP) and anti–human leukocyte antigen-DR (HLA-DR) antibody, whereas MHC-E–restricted pep-
tides (green) were blocked with VL9 peptide and pan–MHC-I antibody. Indeterminate responses are shown in purple. Supertopes, i.e., epitopes recognized in all RMs 
(including Fig. 5), are boxed in. Overall analysis of 15–amino acid oligomer peptide responses is shown in data file S3. a.a., amino acid.
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RhCMV does not elicit MHC-Ia–restricted CD8+ T cell 
responses to canonical, MHC-Ia–restricted epitopes in TAAs
We previously reported that MHC-Ia–restricted epitopes recognized 
by CD8+ T cells from 68-1.2 RhCMV/SIV-immunized RM did not in-
clude recognition of “canonical” epitopes that dominate the responses 
of RM immunized with conventional vaccines or infected with SIV 
(39). Thus, 68-1.2 RhCMV vectors elicit CD8+ T cells to “noncanoni-
cal” MHC-Ia–restricted epitopes, i.e., epitopes that are subdominant in 
the context of conventional vaccines or other viruses (39). In contrast, 
CD8+ T cells to well-established, canonical MHC-Ia–restricted epit-
opes can be elicited by RhCMV vectors when the gene Rh189 is deleted 
(39). This is observed regardless of the vector backbone, i.e., 68-1.2–
derived, Rh189-deleted vectors elicit CD8+ T cells to both nonca-
nonical and canonical MHC-Ia epitopes whereas 68-1–derived, 
Rh189-deleted vectors elicit CD8+ T cells to MHC-Ia–restricted 

canonical epitopes alongside unconventional responses restricted by 
MHC-II and MHC-E (39). Since the Rh189 protein is the homolog of 
HCMV US11 targeting newly synthesized MHC-Ia heavy chains for 
proteasomal destruction (67, 68) we hypothesize that deletion of 
Rh189 enables direct priming of MHC-Ia-restricted CD8+ T cells sim-
ilar to other vaccines or virus infections (69). To examine whether Rh-
CMV vectors would be capable of eliciting CD8+ T cell responses to 
canonical MHC-Ia–restricted epitopes, we deleted Rh189 from the 
TAA-expressing 68-1 RhCMV vectors (fig. S3). As previously demon-
strated for P. knowlesi antigens (52), this approach obviates the need 
for a priori knowledge of canonical epitopes since deletion of Rh189 
from 68-1 RhCMV results in CD8+ T cells that recognize canonical 
epitopes presented by MHC-Ia in a background of MHC-II– and 
MHC-E–restricted, such that any MHC-Ia–restricted response elic-
ited by such vectors can be considered to canonical epitopes (39). We 
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coinoculated six male RMs with 68-1 RhCMVΔRh189/RhPAP togeth-
er with the previously described 68-1 RhCMVΔRh189/SIVgag (39). 
Three RMs were additionally coinoculated with 68-1 RhCMVΔRh189/
WT-1 or 68-1 RhCMVΔRh189/MSLN with the remaining three RMs 
inoculated with these recombinants approximately 6 months later 
(fig. S5A). As observed for Rh189-intact RhCMV, we observed robust 
and durable T cell responses to each of the TAAs that were comparable 
to SIV Gag with respect to overall frequency (fig. S5B) and phenotype 
(fig. S4). Moreover, the percentage of epitopes recognized was similar to 
that observed for Rh189-intact vectors (Fig. 5). However, when we de-
termined the MHC restriction of these peptides, we did not observe any 
MHC-Ia–restricted epitopes for any of the three TAAs (Fig. 5). In con-
trast, SIV Gag-specific T cells targeted MHC-Ia epitopes in addition to 
MHC-II and MHC-E consistent with our previous report (39). These 
results suggest that Rh189-deleted RhCMV elicits CD8+ T cell respons-
es by direct priming to canonical epitopes presented by MHC-Ia to for-
eign antigens but not to self-antigens. The most likely explanation for 
this lack of canonical responses is that self-reactive T cells to these epit-
opes are subject to central tolerance, i.e., they are eliminated during thy-
mic selection (66). In contrast, MHC-Ia–restricted responses elicited by 
68-1.2 RhCMV, most likely via cross-presentation, do not seem to be 
subject to thymic elimination consistent with these epitopes being non-
canonical or subdominant in the context of other vaccines. Similarly, 
CD8+ T cells to MHC-II or MHC-E–restricted epitopes elicited by 68-1 
RhCMV avoid central tolerance. CMV-based vaccines can thus cir-
cumvent immunological tolerance to self-antigens by activating T cells 
that recognize subdominant or unconventionally restricted epitopes.

MHC-E–restricted, TAA-specific CD8+ T cells recognize 
endogenously processed cancer antigens
Our results suggest that CMV-based vectors could be used to elicit 
effector memory CD8+ T cell responses that target TAA-derived, 
noncanonical epitopes presented in the context of MHC-Ia, MHC-II, 
or MHC-E. In contrast, other cancer vaccination or immunotherapy 
strategies, as well as immune checkpoint inhibitors, generally aim to 
elicit MHC-Ia–restricted CD8+ T cells to canonical epitopes. The abil-
ity to elicit MHC-E–restricted CD8+ T cells to TAA is particularly 
unique to the CMV-based vector platform. However, it is not known 
whether HLA-E expressed on cancer cells can present TAA-derived 
peptides and thus can be targeted by MHC-E–restricted, TAA-specific 
CD8+ T cells. To determine whether endogenously expressed TAA 
would be recognized by MHC-E–restricted CD8+ T cells, we trans-
fected RhPAP into previously described MHC-Ia–negative K562 cells 
expressing HLA-E*01:03 (K562-E) (50). Expression of HLA-E and 
RhPAP in the respective cell lines was confirmed by immunoblot 
(Fig. 6A). To generate MHC-E–restricted CD8+ T cells specific for 
RhPAP, we inoculated a new cohort of three RMs with 68-1 RhCMV/
RhPAP and demonstrated the development of RhPAP-specific CD4+ 
and CD8+ T cells over time (fig. S6). Next, we coincubated K562-E 
and K562-E/RhPAP cells with CD8+ T cells isolated from each of the 
three RMs and monitored their cytokine response by ICS in the pres-
ence or absence of pre- and coincubation with the MHC-E binding 
(and blocking) peptide VL9. CD8+ T cells from each RM were stimu-
lated when exposed to K562-E/RhPAP but not by K562-E cells 
(Fig. 6B). Moreover, stimulation by K562-E/RhPAP was prevented by 
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exogenous VL9 peptide blocking. Similar results were obtained in 
multiple independent experiments (Fig.  6C). These results strongly 
suggest that endogenously expressed PAP-derived peptides can be 
loaded onto HLA-E and presented to MHC-E–restricted CD8+ T cells. 
Moreover, these data also confirm earlier data that MHC-E–restricted 
T cells obtained from 68-1 RhCMV-immunized animals recognize 
HLA-E across species (38, 50).

As member of the acid phosphatase family, PAP displays sequence 
similarity with other phosphatases, with the highest similarity to lyso-
somal acid phosphatase 2 (ACP2) (50% identity) (70) and testicular 
acid phosphatase (ACPT) (46% identity) (71), including stretches of 
identical 8– to 9–amino acid sequences representing potential T cell 
epitopes. The high epitope density of the T cell response elicited to 
RhPAP in RM (Fig. 3) thus raised the possibility that MHC-E–restricted 
T cells would cross-react with other acid phosphatases. To examine 
this possibility, we generated a new series of cell lines expressing hu-
man PAP, ACP2, or ACPT. While K562 cells are negative for MHC-Ia, 
they express residual amounts of HLA-E (Fig. 6A and fig. S7). There-
fore, we introduced V5 epitope–tagged versions of these genes into a 
K562 derivative, termed AA7 cells, in which HLA-E was deleted using 
CRISPR-Cas9 followed by reintroduction of HLA-E*01:03 (AA7-E) 
(fig. S7). Expression of HLA-E as well as the human acid phosphatases 
was confirmed by immunoblot (Fig. 6D). Expression of human PAP 
in these cells stimulated CD8+ T cells isolated from the three RhPAP-
immunized RMs as shown by ICS (Fig. 6E). In contrast, T cell simula-
tion was not observed with AA7-E cells expressing either ACP2 or 
ACPT in three independent experiments (Fig. 6, E and F). These re-
sults are consistent with MHC-E–restricted RM T cells recognizing 
peptides derived from both human and RhPAP. In contrast, peptides 
presented from endogenously expressed ACP2 or ACPT do not ap-
pear to include cross-reactive epitopes.

Next, we wanted to determine whether MHC-E–restricted, PAP-
specific RM CD8+ T cells would be stimulated in the presence of hu-
man PCa cell lines. We selected the four cell lines 22RV1, LNCaP, 
VCaP, and DU145 representing a range of HLA-I, HLA-E, and PAP 
expression based on published mRNA expression profiles (72). We 
confirmed by immunoblot that 22RV1 and LNCaP expressed both 
PAP and HLA-E, whereas DU145 was strongly positive for HLA-E 
and HLA-Ia but negative for PAP expression (Fig.  7A) VCaP cells 
were highly positive for PAP but expressed very low levels of both 
HLA-I and HLA-E. Upon coincubations with MHC-E–restricted, 
PAP-specific CD8+ T cells, we observed stimulation of T cells by cell 
lines that were both positive for HLA-E and PAP, including the posi-
tive control K562-E/PAP; and this simulation was blocked by exoge-
nous VL9 consistent with HLA-E–dependent antigen presentation. A 
representative experiment is shown in Fig. 7B, and a summary of mul-
tiple experiments is shown in Fig. 7C and extended data file S3. These 
results are consistent with PCa cells being able to be targeted by 
MHC-E–restricted CD8+ T cells.

To further examine whether MHC-E–restricted, PAP-specific 
CD8+ T cells would be able to respond to primary PCa cells, we 
generated cell suspensions from patients with PCa who under-
went radical prostatectomy. When these cell suspensions were 
coincubated with CD8+ T cells isolated from PBMC of 68-1 Rh-
CMV/RhPAP-immunized RMs, we observed HLA-E–dependent 
stimulation as demonstrated by VL9 inhibition in about half of 
the samples tested (15 of 32) (Fig. 8). These observations thus sug-
gest that PCa tumors can be targeted by MHC-E–restricted CD8+ 
T cells.

DISCUSSION
Our data suggest that CMV-based vectors can be used to generate 
MHC-E–restricted CD8+ T cells to common cancer antigens and that 
cancer cells can present tumor antigens to these T cells via HLA-
E. Targeting HLA-E is therefore a new modality for cancer immuno-
therapy. The vectors used in our study elicited both MHC-E–restricted 
CD8+ T cells and MHC-II–restricted CD8+ T cells to TAAs. Recently, 
we reported that insertion of targeting sites for the endothelial cell–spe-
cific microRNA 126 into essential viral genes of strain 68-1 RhCMV 
prevented the induction of MHC-II–restricted CD8+ T cells, resulting 
in a vector backbone that exclusively elicited MHC-E–restricted CD8+ 
T cells (48). Similar “HLA-E–only” HCMV vectors could be used to 
specifically target HLA-E expressing cancer cells with TAA-specific 
CD8+ T cells.

In contrast to RhCMV vectors lacking two gene regions encoding 
either the homologs of HCMV UL128 and UL130 or homologs of 
UL146 and UL147, RhCMV with wild-type configuration or partially 
deleted RhCMV elicit CD8+ T cells that are exclusively restricted by 
MHC-Ia (39, 41). Using the UL128/130-repaired RhCMV clone 68-
1.2 as a representative of the latter type of vector configuration, we 
were able to elicit MHC-Ia–restricted CD8+ T cell responses to Rh-
PAP. Except for their MHC restriction, these responses appeared to be 
similar to the MHC-II– and MHC-E–restricted responses with re-
spect to breadth, magnitude, duration, and phenotype. This result in-
dicates that the potent and lasting T cell responses elicited by CMV 
vectors are not limited to unconventionally restricted CD8+ T cells 
but can also include conventional, MHC-Ia–restricted CD8+ T cells. 
However, we failed to elicit MHC-Ia–restricted CD8+ T cell responses 
to TAAs when Rh189, the RhCMV homolog of HCMV US11, was 
deleted. In the same RM, deletion of Rh189 enabled 68-1 RhCMV to 
elicit CD8+ T cells to canonical, MHC-Ia–restricted SIV Gag epitopes 
in addition to MHC-E– and MHC-II–restricted epitopes, consistent 
with our previous report (39). The lack of such canonical responses 
upon immunization with Rh189-deleted 68-1–based vectors express-
ing tumor antigens is likely attributable to the fact that the TAAs used 
in our studies represent a class of cancer antigens that is also found in 
healthy tissue, and thus, any canonical MHC-Ia–restricted epitope in 
these proteins is recognized as “self ” by the immune system. In gen-
eral, T cell responses to self-antigens are limited by central immuno-
logical tolerance, i.e., negative selection in the thymus, as well as 
peripheral tolerance, e.g., by up-regulation of inhibitory corecep-
tors (66).

While great progress has been made to overcome peripheral tol-
erance, e.g., by using checkpoint inhibitors, central tolerance is 
more difficult to overcome because the majority of such T cells have 
been eliminated from the peripheral pool (66). We therefore inter-
pret our finding that Rh189-deleted RhCMV is unable to elicit 
MHC-Ia–restricted CD8+ T cells as evidence for the elimination of 
such MHC-Ia–restricted, canonical T cells in the thymus due to 
negative selection. In contrast, MHC-Ia–restricted CD8+ T cells 
elicited by pentamer-repaired 68-1.2 RhCMV likely represent lower 
avidity T cells recognizing subdominant epitopes that escape nega-
tive selection. Immunization with RhCMV thus revealed two differ-
ent classes of MHC-Ia–restricted TAA-specific T cells, with T cells 
to canonical epitopes likely generated via direct priming by RhCMV-
infected cells upon Rh189-deletion, whereas T cells to noncanonical 
epitopes likely result from cross-priming of infected cells by profes-
sional antigen presenting cells (APC). Since a correlation between 
cross-priming and T cell responses to subdominant epitopes has 
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been established previously (73), it is conceivable that efficient cross-
priming was the reason why pentamer-intact 68-1.2 RhCMV was 
able to elicit broadly targeted MHC-Ia–restricted T cells to nonca-
nonical epitopes. In contrast, we previously concluded that MHC-E– 
and MHC-II–restricted CD8+ T cells are elicited by direct priming 
since the former require expression of Rh67 and can be inhibited by 
abrogation of infection in miR142-expressing myeloid-derived cells, 
whereas the latter can be inhibited by abrogation of infection in 
miR126-expressing endothelial cells (40, 48). Thus, MHC-II– and 
MHC-E–restricted CD8+ T cells to TAAs likely escape thymic elimi-
nation for a different reason, e.g., as a result of the low affinity of 
peptides targeted by RhCMV-elicited unconventional T cells. CMV-
based cancer vaccines thus seem to bypass immunological tolerance 
mechanisms by either cross-priming MHC-Ia–restricted T cells to 

noncanonical, subdominant epitopes or direct priming of MHC-II 
or MHC-E to CD8+ T cells to low-affinity epitopes that are not sub-
ject to thymic negative selection. These mechanisms of bypassing im-
munological tolerance seem to be another unique feature of CMV 
vectors.

The high conservation of MHC-E between human and nonhuman 
primates allowed us to use MHC-E–restricted RM T cells to detect 
PAP-derived epitope presentation by HLA-E on human cancer cell 
lines and primary cancer cells. The observation that HLA-E expressing 
cancer cells are able to present a given TAA via HLA-E is consistent 
with our previous observations that MHC-E expressing T cells or he-
patocytes infected with SIV or HBV, respectively, are recognized by 
MHC-E–restricted T cells (50, 53). While the exact nature of antigen-
derived peptides presented on MHC-E still needs to be determined in 
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TNFα production of CD8+ T cells from a 68-1 RhCMV/RhPAP-immunized RM after coincubation with the indicated cell lines in the presence or absence of VL9 peptide. In 
addition, we inhibited potential MHC-II presentation by adding anti-DR and CLIP peptide to all stimulations. (C) Average frequencies (+SEM) of CD69 and IFNγ and/or 
TNFα-positive CD8+ T cells from 68-1 RhCMV/RhPAP-immunized RM after background subtraction. The number of repeat experiments is indicated. Individual results are 
shown in data file S3. Statistical significance was calculated using paired Mann-Whitney U test (not significant, P > 0.05).
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all of these cases, these results taken together strongly suggest that the 
presentation of peptides other than VL9 is not an exception but a hith-
erto underappreciated function of MHC-E. How such non-VL9 pep-
tides are loaded onto MHC-E still needs to be elucidated, but some of 
the characteristics of the MHC-E molecule render it likely that such 
peptides are picked up in a post–endoplasmic reticulum compartment 
upon loss of VL9 and recycling of empty HLA-E molecules (8, 40). 
Although VL9 is the strongest HLA-E binding peptide, its affinity for 
HLA-E is low compared to MHC-Ia binding peptide (74). Moreover, 
unlike MHC-Ia, peptide-free HLA-E is unusually stable in vitro (75, 
76). Therefore, it is possible that, upon loss of VL9, endocytosed MHC-
E acquires other, non-optimal peptides in recycling endosomes in a 
process that is more similar to MHC-II loading than MHC-Ia (8, 9). 
Such non-VL9 peptides are likely bound with lower affinity than VL9 
itself, resulting in a transient antigen presentation that is sufficient to 

be recognized by MHC-E/peptide-specific T cells but insufficient to 
elicit a de novo T cell response. Such peptides are also difficult to detect 
by peptide elution from immune-precipitated MHC-I molecules or 
direct binding assays due to their low affinity and transient interaction 
(74). However, despite these characteristics, the complexes of non-VL9 
peptides and MHC-E can be detected in MHC-E–restricted CD8+ T 
cells. We thus conclude that cancer cells that express both a given TAA 
and HLA-E can be targeted by MHC-E–restricted CD8+ T cells.

Our demonstration that HLA-E is up-regulated in PCa is consistent 
with reports from other cancer cell types (11, 17, 21, 77–80). This up-
regulation of HLA-E in cancer correlates with the expression of the 
inhibitory HLA-E receptor NKG2A/CD94 on a high percentage of 
TILs. In one report, on average, 50% of tumor-infiltrating CD8+ (but 
not CD4+) T cells in head and neck cancer biopsies expressed NKG2A, 
whereas NKG2A was only found on NK cells in PBMC of the same 
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Fig. 8. Recognition of primary PCa cells by MHC-E–restricted, PAP-specific CD8+ T cells. Left: ICS for IFNγ and TNFα production by CD8+ T cells from two 68-1 RhCMV/
RhPAP-immunized RM after coincubation with PCa cell suspensions in the presence or absence of VL9 peptide. In addition, we inhibited MHC-II presentation by adding 
anti-DR antibody and CLIP peptide in all stimulations. Right: Summary of results from the indicated number of primary PCa samples showing the average frequency of 
CD69 and IFNγ and/or TNFα-positive CD8+ T cells from 68-1 RhCMV/RhPAP-immunized RM in the absence or presence of VL9 peptide after background subtraction. Indi-
vidual results are shown in data file S3. Statistical significance was calculated using paired t test.
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patients (17). The up-regulation of HLA-E in solid tumors thus likely 
represents an immune evasion mechanism that dampens the antitu-
mor response of tumor-specific or cancer vaccine–induced T cells. 
Targeting MHC-E/TAA peptide complexes with MHC-E–restricted 
CD8+ T cells thus potentially turns an immune evasion mechanism 
into an immunological liability. Moreover, any expression of NKG2A 
on vaccine-induced MHC-E–restricted CD8+ T cells could be neutral-
ized with NKG2A-targeting antibodies. Presently, modified RhCMV 
vectors are the only platform capable of eliciting MHC-E–restricted 
CD8+ T cells to selected antigens. Ongoing clinical trials are asking the 
question whether this capability can be translated into HCMV-based 
vectors in humans. Regardless of the outcome of these trials, however, 
it has already been demonstrated that HLA-E–restricted T cells to 
non-VL9 peptides derived from HIV can be generated from HIV-
naïve individuals using peptide stimulation and tetramer staining (30). 
Conceivably, a similar approach could be used to elicit TAA peptide–
specific, HLA-E–restricted T cells. In turn, the TCRs of such T cells 
could then be used to generate TCR-transgenic T cells as TAA-
targeting immunotherapy. Unlike all other TCR-T cells, these reagents 
could be used regardless of the recipient’s HLA allotype offering an 
off-the-shelf approach to TCR T cell therapy. The supertopes identified 
in these studies could potentially be used to select such TCRs since 
these epitopes seem to be the common denominator in the CMV-
induced T cell response and as such almost certainly involved in gen-
erating the cancer cell–recognizing T cells. Moreover, it is possible that 
TCRs from RhCMV-induced T cells in RMs could be isolated and in-
serted into human T cells to convey MHC-E/peptide specificity. Thus, 
both CMV vaccine–based and TCR-T cell–based approaches will be 
available to target HLA-E on cancer cells.

MATERIALS AND METHODS
Study design
The first objective of this study was to determine whether RhCMV-
based vectors can elicit T cell responses to TAAs in RMs despite 
immunological tolerance. The second objective was to compare the 
MHC restriction of the TAA-specific CD8+ T cell responses to 
those observed to heterologous antigens. The third objective was to 
determine whether MHC-E–restricted, PAP-specific CD8+ T cells 
elicited in RM would be stimulated by PAP- and HLA-E–expressing 
PCa cells. The fourth objective was to monitor HLA-E expression 
in PCa tumor tissue. Objective 2 was dependent on completion of 
objective 1, specifically the demonstration of T cell responses to 
cancer antigens. Objectives 3 and 4 were dependent on achieving 
objective 2, specifically the demonstration of MHC-E–restricted, 
TAA-specific T cell responses.

Animal studies were approved by the Institutional Animal Care 
and Use Committee (IACUC). To minimize the number of animals 
used in these experiments, we coinoculated animals with multiple 
RhCMV vectors expressing TAAs and control antigens using three to 
six animals per group. These low numbers were sufficient to map the 
MHC restriction, including defining shared epitopes (supertopes), of 
CD8+ T cells. All immunological results were independently ob-
served in multiple experiments by monitoring the same animal over 
time and in at least three different animals. PAP-specific responses 
were additionally confirmed in independent cohorts. The ability of 
RM T cells to recognize PAP-expressing PCa cells in  vitro was as-
sessed using multiple cell lines that expressed PAP and HLA-E natu-
rally or that were transfected with PAP and HLA-E. The number of 

independent experiments and the number of replicates per experi-
ment are indicated in the figure legends.

PCa samples used for IHC and for the generation of PCa cell sus-
pensions were obtained under a protocol that was reviewed and ap-
proved by the institutional review board (IRB). All samples were 
obtained with consent from patients with PCa undergoing prostatec-
tomy. Primary data are reported in data files S1 and S2.

RhCMV strains and recombinants
All RhCMV recombinants were derived from strain 68-1 RhCMV 
cloned as bacterial artificial chromosome (BAC) (81, 82) (GenBank 
accession MT157325). Clone 68-1.2 was generated from 68-1 by re-
pair of the antiapoptotic UL36 homolog Rh61/Rh60 and insertion of 
the UL128, UL130-homologous open reading frames (ORFs) Rh175.4 
and Rh157.5 from RhCMV strain 190.82 as described previously (83) 
(GenBank accession MT157326). RhCMV recombinants were propa-
gated on primary rhesus fibroblasts, telomerized rhesus fibroblasts 
(TRF), or pp71-expressing TRF, and virus stocks were generated and 
titered as described previously (42, 60, 81).

To generate 68-1 RhCMV/WT-1 and 68-1 RhCMV/MSLN vec-
tors, we inserted synthetic genes for human WT-1 (GenBank ac-
cession NP_001393977.1) or human MSLN (GenBank accession 
AAH03512.1). The inserts were modified as follows: The N-terminal 
fragment (amino acids 7 to 385) of WT-1 was codon-optimized with-
out two proline-rich regions (amino acids 127 to 141 and amino acids 
188 to 190); the MSLN insert was not codon-optimized and contained 
the C-terminal fragment of the isoform 1 preprotein starting at amino 
acid 296. The synthetic genes also included a fusion of the influenza 
hemagglutinin (HA) epitope tag (YPYDVPDYA) at the C terminus of 
the encoded proteins. The synthetic genes were inserted into 68-1 Rh-
CMV by replacing the pp71-encoding ORF Rh110 using galactoki-
nase (galK)/aminoglycoside 3′-phosphotransferase (KanR)–mediated 
positive selection after homologous BAC recombination in the galK-
negative Escherichia coli strain SW105 (84). In this two-step process, 
an expression cassette containing the galK and KanR genes flanked by 
80-bp homology arms corresponding to the Rh110 gene borders was 
introduced into the SW105 E. coli strain carrying the 68-1 RhCMV 
BAC. Recombinants were selected for kanamycin and chlorampheni-
col resistance and validated by Sanger sequencing of the inserted re-
gion. Next, we replaced the galK/KanR cassette by homologous 
recombination with polymerase chain reaction (PCR) fragments of 
the MSNL or WT-1 genes using primers that contained 50-bp homol-
ogy to the upstream and downstream regions of Rh110 followed by 
negative selection against the presence of the galK gene on M63 
2-deoxy-galactose–containing chloramphenicol plates. The resulting 
BAC constructs were analyzed by restriction digest and Sanger se-
quencing of the inserted region and by next-generation sequencing 
(NGS) of the complete genome using an Illumina MiSeq or iSeq se-
quencing platform.

To generate the Rh189-deleted versions of 68-1 RhCMV/WT-1 
and MSLN, we deleted the Rh189 gene by insertion of galK/KanR us-
ing a second round of galK/KanR recombination and selection as de-
scribed above, followed by replacement of the galK/KanR cassette by 
homologous recombination with a 100-bp oligonucleotide (contain-
ing 50-bp sequences flanking the Rh189 ORF) and selection as de-
scribed above. The resulting BACs were characterized and sequence 
verified as described above.

The 68-1 and 68-1.2 RhCMV/RhPAP recombinants were gener-
ated using Lambda Red recombination to replace the RhCMV ORF 
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Rh107 with the full-length synthetic gene encoding RhPAP (Gen-
Bank accession EHH16763.1) carrying a C-terminal paramyxovirus 
V5 epitope tag (GKPIPNPLLGLDST). Briefly, the synthetic gene 
fragments were cloned into pORI and amplified by PCR together with 
a KanR marker flanked by modified flippase recognition target (FRT-5) 
sites (85). PCR primers included 50 bp homologous to the Rh107 
flanking region so that bacteriophage Lambda recombination en-
zymes Red α,β,γ-dependent homologous recombination resulted in 
exchange of Rh107 in either 68-1 or 68-1.2 BAC with RhPAP. The 
KanR resistance cassette was subsequently removed by induction of 
the yeast derived flippase (FLP) recombinase leaving an FRT-5 “scar” 
in the untranslated region. To generate the Rh189-deleted version of 
68-1 RhCMV/RhPAP, we additionally deleted Rh189 using Lambda 
Red recombination. To avoid recombination with the previously re-
tained FRT-5 site, we used wild-type FRT sites flanking the KanR cas-
sette. The final BACs were analyzed as above by restriction digest, 
Sanger sequencing of inserted regions, and NGS of the entire genome 
on an Illumina MiSeq sequencer.

Recombinant viruses were reconstituted by electroporation of 
BAC DNA into primary rhesus fibroblasts. Rh110 (pp71)-deleted 
vectors were recovered on pp71-expressing fibroblasts as described 
previously (60). The loxP-flanked BAC cassette encodes a Cre recom-
binase under control of a mammalian promoter resulting in sponta-
neous excision of the BAC cassette (86). Viral stocks for in vivo and 
in vitro experiments were generated, and PFU were determined by 
50% tissue culture infective dose on primary rhesus fibroblasts or 
pp71-expressing TRF. Expression of TAAs was confirmed by immu-
noblot using HA or V5 epitope tag specific antibodies (fig. S3).

Cell lines
PCa cell lines were obtained from American Type Culture Collection 
(ATCC) and grown as recommended: LNCaP (ATCC catalog no. 
CRL-1740) and 22Rv1 (ATCC catalog no. CRL-2505, RRID:CVCL-
1045) were maintained in RPMI 1640 medium containing 10% fetal 
bovine serum (FBS) (Gibco catalog no. 26140-079). VCaP (ATCC 
catalog no. CRL-2876) and DU145 (ATCC catalog no. HTB-81) cells 
were maintained in Dulbecco’s modified Eagle/F12 medium (DMEM/
F12) (ATCC catalog no. 30-2006) containing 10% FBS.

The chronic myeloid leukemia cell line K562 was obtained from 
ATCC (ATCC catalog no. CFRL-3344). This cell line lacks MHC-I 
expression (87) but maintains low levels of MHC-E (88). K562-E cells 
stably transfected with HLA-E*01:03 (K562-E cells) were generated 
by transfection with pCEP4-HLA-E*01:03 followed by fluorescence-
activated cell sorting as described previously (38). The K562-E/Rh-
PAP cell line was generated by lentivirus transduction after inserting 
a synthetic gene encoding RhPAP (GenBank accession EHH16763.1) 
with a C-terminal V5 epitope tag (GKPIPNPLLGLDST) into pLVX 
EF1α IRES-Puromycin (Clontech). K562-E/RhPAP cells were selected 
using puromycin (4 μg/ml; Invivogen) and cultured in DMEM sup-
plemented with 10% FBS, penicillin (100 U/ml), and streptomycin 
(100 μg/ml). Expression of RhPAP was confirmed by immunoblot-
ting using anti-V5 antibody (Invitrogen #37-7500).

To generate the MHC-E–negative K562 derivative cell line AA7, 
single guide RNA targeting HLA-E was designed and constructed in 
the CRISPR-Cas9 two part guide RNA (crRNA and tracrRNA, ATT0 
488 format by Integrated DNA Technologies). K562 cells were trans-
fected with Cas9 ribonucleoprotein using the AMAXA 4D nucleofec-
tor electroporation apparatus (Lonza). At 2 days posttransfection, 
ATT0 488+ K562 cells were isolated by FACS and incubated at 37°C 

for 2 days to recover. Transfected cells were then cultured at 27°C 
overnight to increase HLA-E cell surface expression. The VL9 peptide 
was added to the transfected cells before staining with anti–HLA-E 
antibody 3D12. HLA-E–negative cells were isolated by FACS. Cell 
sorting was performed on a Sony MA900 multi-application cell sort-
er. Targeted sequencing at the indel site of HLA-E knockout (KO) 
cells was performed by The Genome Engineering and Stem Cell Cen-
ter (Washington University School of Medicine in St. Louis), and 
Cas9 KO efficiency was determined to be >99%. AA7 cells expressing 
HLA-E (AA7-E) were generated by lentivirus transduction. To gener-
ate HLA-E expressing lentivirus, HLA-E 01:03 was cloned into the 
lentiGuide-Puro vector and transfected into 293T cells along with 
packaging vector psPAX2 and pseudotyping vector pMD2.G using 
Lipofectamine 2000 (Thermo Fisher Scientific). At 48 hours post-
transduction, HLA-E–positive cells were isolated by FACS as de-
scribed above.

Acid phosphatases were expressed in AA7-E cells by transfection 
with pCM6-Entry expression vectors (OriGene) containing human 
PAP (GenBank accession NM_001134194, OriGene catalog no. 
RC225669), human ACPT (GenBank accession NM_033068, Ori-
Gene catalog no. RC220923), and human ACP2 (GenBank accession 
NM_001610, OriGene catalog no. RC210562). Cells were selected by 
including G418 (0.5 mg/ml) in media and maintained in Iscove’s 
Modified Dulbecco’s Medium (IMDM; Gibco catalog no. 12440-053) 
containing 10% FBS. Expression of HLA-E and acid phosphatases was 
verified by flow cytometry and immunoblot.

Immunoblots
Cells were harvested with trypsin/EDTA (Corning 25-051-CI) and washed 
with PBS. The cell pellets were then resuspended at 1 × 107 cells/ml in 
water with 1% NP-40 and HALT protease inhibitors (Thermo Fisher 
Scientific) and incubated at 4°C for 2 hours to lyse the cells. The re-
sulting lysates were centrifuged at 15,000 rpm at 4°C for 45 min. The 
supernatants were harvested and frozen at −20°C until use. Lysates 
were separated on 10% polyacrylamide gels and transferred to polyvi-
nylidene difluoride membranes (Millipore). Following blocking 
with 5% milk in PBS–0.1% Tween-20 (Thermo Fisher Scientific) 
(PBS-T), membranes were probed with the following antibodies in 
5% milk in PBS-T: anti–MHC-E 3D12 (1:1000; Invitrogen 14-9953- 
82), anti–MHC-E MEM-E/02 (1:5000; Invitrogen MA1-19304), anti-
FLAG epitope (1:5000; Sigma-Aldrich #F3165), anti-V5 epitope 
(1:500; Invitrogen #37-7500), anti–glyceraldehyde phosphate dehy-
drogenase (GAPDH; 1:5000; Invitrogen #MA5-15738), anti-HA epit-
ope (1:2000; clone HA-7, Sigma-Aldrich H9658), anti-PAP (1:500; 
MAB6240, R&D Systems) anti–MHC-I heavy chain (1:5000; HC10, 
Thermo Fisher Scientific), or anti-RhCMV IE2 (15 μg/ml; clone 
IIA5.2) (53). Membranes were washed three times with PBS-T and 
then incubated with goat anti-mouse horseradish peroxidase (HRP; 
1:5000; Invitrogen #A28177) secondary antibody in 5% milk in PBS-
T. Membranes were incubated with Supersignal West Pico chemi-
luminescent substrate (Thermo Fisher Scientific) and exposed to 
chemiluminescent film (GE Healthcare) or scanned on a Bio-Rad 
ChemiDoc MP imager.

Generation of primary PCa cell suspensions
Samples were obtained under a protocol approved by the IRB of 
Mount Sinai School of Medicine from individuals who consented to 
the study and underwent prostatectomy (study ID no. 14-00024; GC0 
#14-0318). The procedure to isolate primary PCa cells is compliant 
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with federal regulations for use of clinical biospecimens [45 CFR 
46.102(f)]. At tissue grossing, ~4-mm3 tissues corresponding to adja-
cent normal and/or tumor area were freshly dissected by a resident 
pathologist, and de-identified tissue specimens were transported in 
magnetic-activated cell sorting (MACS) tissue storage solution (Milt-
enyi Biotech, catalog no. 130-100-008) supplemented with 10 μM 
Rock Inhibitor (Y-27632; Selleck Chemicals, catalog no. S1049), to the 
laboratory. Tissues were washed twice in DMEM and minced into 
smaller 1-mm3 pieces. The cell suspension was prepared using a tu-
mor dissociation kit (Miltenyi Biotech, catalog no. 130-096-334) and 
gentle MACS dissociator (program 37C_h_TDK_2) for 60 min. The 
cell suspension was filtered using a 70-μm strainer and collected by 
centrifugation at 430g for 10 min. Cryopreserved cells were stored in 
liquid N2 and transported on dry ice.

Immunohistochemistry
IHC was used to analyze HLA-E expression in PCa TMAs. PCa TMAs 
(1 to 4) containing a total of 258 tumor cores and 130 matched normal 
from 86 radical prostatectomy cases were generated in-house (study 
ID no. 14-00024; MT Sinai Cohort). TMA slides were processed using 
the Ventana RUO discovery protocol. Antigen retrieval was performed 
using EDTA (pH 9.0), and tissue cores were incubated with primary 
anti–HLA-E rabbit polyclonal antibody (1:100 dilution; HPA031454, 
Sigma Prestige Ab), followed by incubation with HRP-coupled sec-
ondary antibody and detection using the Ventana-DAB system. A 
summary of the results is shown in data file S1.

TMA1 was additionally stained with PIN4 cocktail (CK5  + 
CK14 + p63 + P504S; prediluted double stain antibody; catalog no. 
PPM 225 DS AA, H,L; Biocare Medical, CA, USA) or anti-PAP anti-
body (1:1000; dilution, MO79201-2, clone PASE/4LJ, Dako Laborato-
ries, USA) and processed using the Ventanna RUO discovery protocol. 
A summary of the results is shown in data file S2.

HLA-E expression was additionally analyzed by IHC in PCa TMA 
T195c US (Biomax) consisting of 24 cores from 12 cases (pT1-
T3N0M0) and 4 cores from normal prostates. TMA slides were pro-
cessed using the Ventana RUO discovery protocol. Antigen retrieval 
was performed using EDTA (pH 9.0), and tissue cores were incubated 
with primary anti–HLA-E mouse mAb 4D12 (1:1000; LSBio, LS-
C179742) for 60 min followed by incubation with HRP-coupled sec-
ondary antibody and detection using the Ventana-DAB system.

HLA-E expression was further analyzed using IHC in radical pros-
tatectomy specimens (Gleason 9) with perineural invasion or in tumor 
positive lymph nodes. Five-micrometer formalin-fixed paraffin-
embedded (FFPE) sections were processed using the Ventana RUO 
discovery protocol. Antigen retrieval was performed using EDTA 
(pH 9.0), and sections were incubated with primary anti–HLA-E 
rabbit polyclonal antibody (1:100; Sigma-Aldrich) for 60 min followed 
by incubation with HRP-coupled secondary antibody and detection 
using the Ventana-DAB system.

Rhesus macaques
A total of 18 purpose-bred male RMs (Macaca mulatta) of Indian ge-
netic background were used in this study. All RMs were classified as 
specific pathogen free defined by being free of cercopithecine herpes-
virus 1, D-type simian retrovirus, simian T-lymphotropic virus type 
1, SIV, and M. tuberculosis but naturally infected with RhCMV. All 
RM used in this study were housed at the Oregon National Primate 
Research Center (ONPRC) in Animal Biosafety level 2 rooms. RM 
care and all experimental protocols and procedures were approved by 

the ONPRC IACUC. The ONPRC is a category I facility. The Labora-
tory Animal Care and Use Program at the ONPRC is fully accredited 
by the American Association for Accreditation of Laboratory Animal 
Care and has an approved assurance (#A3304-01) for the care and use 
of animals on file with the National Institutes of Health Office for Pro-
tection from Research Risks. The IACUC adheres to national guide-
lines established in the Animal Welfare Act (7 U.S.C. Sections 2131 to 
2159) and the Guide for the Care and Use of Laboratory Animals 
(eighth edition) as mandated by the US Public Health Service Policy. 
RhCMV vectors were dosed at 1 × 106 to 1 × 107 PFU per vector 
for immunogenicity analysis, all via subcutaneous administration. 
Mononuclear cell preparations for immunologic assays were obtained 
at indicated time points from blood or from frozen splenocytes ob-
tained by necropsy, as previously described (43).

T cell assays
MHC-E–restricted CD8+ T cell responses to cancer cell lines and 
PCa cells were determined by flow cytometric ICS as described pre-
viously for RhCMV-infected or HBV-infected cells (40, 53). Briefly, 
adherent cells were harvested by trypsinization, and non-adherent 
cell were harvested and resuspended at 4 × 106 cells/ml in DMEM 
plus 10% FBS. MHC-blocking reagents were added 2 hours before 
50-μl aliquots of these infected cell suspensions (2 × 105 cells) were 
added to 5 × 105 CD8β+ T cells in 50 μl. The T cells were isolated 
from PBMC samples of indicated RM using a nonhuman primate 
CD8+ T cell isolation kit (Miltenyi Biotec) and LS columns (Miltenyi 
Biotec). The ICS assay for these analyses was performed as described 
below for PBMC.

TAA and SIV-specific CD4+ and CD8+ T cell responses were mea-
sured in PBMC by flow cytometric ICS as described in detail previ-
ously (38, 39, 41, 45, 46, 89). T cell responses to total antigens were 
measured by ICS using mixes of sequential 15–amino acid oligomer 
peptides (11–amino acid overlap) spanning RhPAP, WT-1, MSLN, or 
SIVmac239 Gag proteins. T cell responses to individual peptides were 
measured similarly by ICS, and the MHC restriction type (MHC-Ia, 
MHC-E, and MHC-II) of a peptide response was determined by pre-
incubating isolated mononuclear cell aliquots with either the pan 
anti–MHC-I mAb W6/32 (10 μg/ml), the MHC-II–blocking mAb 
G46.6 (10 μg/ml), or the MHC-E–blocking peptide VMAPRTLLL 
(VL9; 20 μM). To be considered MHC-E–restricted by blocking, the 
individual peptide response must have been blocked by both W6/32 
and VL9 and not blocked by G46.6. MHC-II–restricted responses 
were blocked by G46.6 but not W6/32 or VL9, and MHC-Ia–restricted 
responses were blocked by W6/32 only (38, 39). Responses that did 
not meet these inhibition criteria were considered indeterminate.

Stained samples were analyzed on an LSR-II or FACSymphony A5 
flow cytometer (BD Biosciences). Data analysis was performed using 
FlowJo software (Tree Star). In all analyses, gating on the lymphocyte 
population was followed by the separation of the CD3+ T cell subset 
and progressive gating on CD4+ and CD8+ T cell subsets. Antigen-
responding cells in both CD4+ and CD8+ T cell populations were 
determined by their intracellular expression of CD69 and either or 
both of the cytokines IFNγ and TNFα [or in polycytokine analyses, 
expression of CD69 and any combination of the cytokines: IFNγ, 
TNFα, interleukin-2 (IL-2), and macrophage inflammatory protein-
1β (MIP-1β)]. Assay limit of detection was determined as previously 
described (51), with 0.05% after background subtraction being the 
minimum threshold used in this study. After background subtrac-
tion, the raw response frequencies above the assay limit of detection 
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were “memory-corrected” (i.e., percent responding out of the mem-
ory population), as previously described (38, 39, 41, 45, 46, 89). For 
memory phenotype analysis of antigen-specific T cells, all CD4+ or 
CD8+ T cells expressing CD69 plus IFNγ and/or TNFα were first 
Boolean “OR” gated, and then this overall Ag-responding population 
was subdivided into the memory subsets of interest on the basis of 
surface phenotype (CCR7 versus CD28). Similarly, for polycytokine 
analysis of SIV or TAA-specific T cells, all CD4+ or CD8+ T cells 
expressing CD69 plus cytokines were Boolean “OR” gated, and poly-
functionality was delineated with any combination of the four cyto-
kines tested (IFNγ, TNFα, IL-2, and MIP-1β) using the Boolean 
“AND” function.

Statistical analysis
Statistical comparison of in vitro T cell responses between groups of 
assays was performed using paired t test, Student’s t test, or Mann 
Whitney U test.
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