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SUMMARY

The endoplasmic reticulum aminopeptidase associated with antigen processing (ERAAP) plays

a crucial role in shaping the peptide-major histocompatibility complex (MHC) class | repertoire
and maintaining immune surveillance. While murine cytomegalovirus (MCMV) has multiple
strategies for manipulating the antigen processing pathway to evade immune responses, the host
has also developed ways to counter viral immune evasion. In this study, we find that MCMV
modulates ERAAP and induces an interferon -y (IFN-y)-producing CD8* T cell effector response
that targets uninfected ERAAP-deficient cells. We observe that ERAAP downregulation during
infection leads to the presentation of the self-peptide FL9 on non-classical Qa-1b, thereby eliciting
Qa-1b-restricted QFL T cells to proliferate in the liver and spleen of infected mice. QFL T cells
upregulate effector markers upon MCMV infection and are sufficient to reduce viral load after
transfer to immunodeficient mice. Our study highlights the consequences of ERAAP dysfunction
during viral infection and provides potential targets for anti-viral therapies.
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In brief

Geiger et al. find that MCMV downregulates MHC class | peptide-processing enzyme ERAAP.

MCMV-infected mice develop a non-classical QFL T cell response, directed against ERAAP
downregulated cells. QFL T cells protect against severe MCMYV infection in immunodeficient
mice. QFL T cells serve as an unconventional response against MCMYV infection.

INTRODUCTION

Page 2

Viral immune surveillance relies on the antigen processing pathway to generate viral-derived
peptides for presentation on major histocompatibility complex (MHC) class | molecules

on the surface of infected cells for recognition by cytotoxic CD8* T cells (cytotoxic T

lymphocytes [CTLs]).! Peptide and MHC (pMHC) complexes are generated through a series

of coordinated steps in which both microbial and self-proteins are initially processed in

the cytosol by the proteasome?:3 and then transported into the endoplasmic reticulum (ER)
through the transporter associated with antigen processing (TAP)3- and finally trimmed in
the ER by ERAAP to the optimal length of 8-10 amino acids for MHC class | binding.6-9
To escape CTL detection, many viruses, including human cytomegalovirus (HCMV) and its
mouse homolog murine CMV (MCMV), have evolved multiple strategies for targeting MHC

class | and the antigen processing pathway.10-13 MCMV encodes viral proteins m4, m6,

and m152 that target MHC class | through multiple mechanisms, including retaining MHC
class | at the ER-Golgi intermediate compartment and redirecting MHC class | for lysosomal
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degradation.14-20 While MHC class | downregulation allows viruses to evade conventional

T cell responses, it also activates natural killer (NK) cell responses.2! Therefore, MCMV
downregulation of MHC class | requires a fine balance between inhibiting conventional CTL
responses and activating of NK cell responses. In addition to directly targeting MHC class
1,11.22 HCMV also targets ERAAP (human ERAP1) mRNA through both miR-UL112-5p
and miR-US4-1 to inhibit the processing of HCMV peptides.23:24 The impact of viral-
mediated ERAAP downregulation on CD8* T cell responses and whether MCMYV also
targets ERAAP remain unclear.

In the absence of infection, loss of ERAAP leads to an altered display of MHC class I-bound
self-peptides.2>-27 As a result, immunization of wild-type mice with ERAAP-deficient cells
induces a CTL response against these pMHC complexes.28 Interestingly, a substantial
proportion of this response consists of T cells directed against the non-classical MHC class
Ib molecule Qa-1b presenting a peptide (FL9) derived from broadly expressed proteins,
Fam49 A/B (termed “QFL” T cells). In addition to using a non-classical MHC class
Ib-restricting molecule, QFL T cells have other characteristics of unconventional T cells,
including the predominant use of a fixed TCR a chain and an antigen-experienced (CD44™")
phenotype in naive mice.2%:30 |t has been suggested that QFL T cells may monitor cells

for ERAAP dysfunction,8 but whether QFL T cells play a role during infection remains
unknown.

Qa-1b along with its functional homologs HLA-E in humans and Mamu-E in rhesus
macaques (collectively called MHC-E) are members of a large family of non-classical MHC
class Ib molecules. Unlike classical MHC class la molecules, which are polymorphic, bind
diverse sets of peptides, and are recognized by diverse ap T cell receptors (TCRs) on CD8*
T cells, non-classical MHC class Ib molecules are non-polymorphic, present a limited set
of peptides and non-peptidic ligands, and, in some cases, can be recognized by NK cell
receptors as well as some semi-invariant TCRs.31:32 In healthy cells, Qa-1b and HLA-E
predominantly present conserved leader peptides from MHC class la molecules (termed
Qdm in mice and VL9 in humans). The Qdm-Qa-1b ligand engages the CD94/NKG2A
receptor and provides an inhibitory signal primarily for NK cells but also for CD8* T cells
expressing this receptor.33-35 Subsequently, it was shown that Qa-1b and HLA-E molecules
could also present an array of self and microbial peptides to CD8* T cells when there are
defects in the antigen processing pathway.36-39 In the context of ERAAP deficiency, Qa-1b
binds to a more extensive set of peptides, triggering CD8" T cell responses.2” Recent interest
in MHC-E has been stimulated by a rhesus macaque CMV (Rh-CMV) vectored vaccine
that elicits a broad and protective MHC-E-restricted CD8* T cell response against simian
immunodeficiency virus (SIV) infection.#0-47 Because of the limited poly-morphism of
MHC-E and the promising results from the SIV vaccine, unconventional MHC-E-restricted
T cells show great potential in vaccine development. However, our limited understanding
of how MHC-E-restricted T cell responses are generated and how they provide protection
hampers our ability to realize the clinical potential of these responses.

MHC-E-restricted CD8" T cells have been described in both HCMV and MCMV
infections.*849 However, whether these T cell responses are shaped by and respond to
ERAAP downregulation during infection is not known. In this study, we find that ERAAP
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protein levels are downregulated in MCMV-infected cells, resulting in a robust immune
response that targets uninfected ERAAP knockout cells. MCMV infection /n vivo stimulated
the expansion and effector differentiation of MHC-E-restricted QFL T cells, and QFL T
cells were protective in MCMV-infected Rag2/-yc knockout mice. QFL T cells therefore
detect changes in the antigen processing pathway during MCMV infection and serve as an
unconventional immune response against infection.

MCMV downregulates ERAAP, leading to the presentation of FL9-Qa-1b

Herpesviruses target various proteins in the antigen processing pathway to evade immune
responses, including the downregulation of ERAP1 mRNA by HCMV.23.24 To test whether
MCMYV also targets ERAAP, we measured ERAAP expression in infected cells. We infected
B6 fibroblast cells with a GFP-expressing MCMV strain for 36 h and sorted infected (GFP*
cells) and uninfected (GFP~ cells) by fluorescence-activated cell sorting (FACS) (Figure
1A). Western blot analysis in each sorted sample revealed decreased ERAAP protein levels
of up to 90% in GFP* infected cells compared with GFP~ uninfected and mock-infected
cells (Figures 1B and 1C). Downregulation of ERAAP protein was also observed upon
MCMYV infection of additional cell lines, including RAW macrophages and L cells (Figures
S1 and S2), indicating the generality of the phenomenon.

HCMV infection leads to the downregulation of ERAP1 mRNA through viral microRNAS
miR-US4-1 and miR-UL112-5p. To determine whether MCMV targeted ERAAP by a
similar mechanism, we used gRT-PCR to measure and compare ERAAP mRNA levels

in FACS-sorted MCMV-infected GFP* and uninfected GFP~ cells. We found that ERAAP
mMRNA levels in GFP™ infected cells did not change compared with GFP~ uninfected cells
(Figure 1D). These data suggest that unlike with HCMYV infection, MCMV does not lead to
reduced ERAAP mRNA levels and instead inhibits ERAAP at the translational or protein
level. A screen of MCMV open reading frames (ORFs) did not point to a single viral

gene responsible for ERAAP downregulation, suggesting that multiple viral genes and/or
disruption of a host cell pathway might be responsible for ERAAP downregulation in
infected cells.

MCMYV infection leads to strong MHC class la downregulation, but whether Qa-1b levels
are impacted is unknown. To address this question, we infected RAW macrophages with
MCMV-GFP and assessed the surface levels of both classical H-2DY (as a representative

of classical MHC class la molecules) and non-classical Qa-1b levels by flow cytometry in
GFP~ and GFP™ cells. Classical H-2D¢ levels were strongly downregulated in infected GFP*
cells, while non-classical Qa-1b levels remained the same compared with GFP~ cells (Figure
1E). We also tested other cell lines, such as L cells, and found that Qa-1b levels remained
unchanged in infected GFP* versus GFP~ uninfected cells (Figure S3). This indicates that
MCMYV does not alter Qa-1b expression.

Due to the strong downregulation of ERAAP and normal Qa-1b levels observed in MCMV-
infected cells, we hypothesized that infected cells would present a peptide repertoire similar
to one observed with ERAAP knockout cells. Thus, we investigated whether infected cells
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presented the QFL ligand (FL9 peptide bound to Qa-1b). To do so, we used an FL9-Qa-1b-
reactive T cell hybridoma cell line (BEko8Z) with a TCR-inducible LacZ gene?® and L
cells expressing Qa-1b as antigen-presenting cells to test the ability of MCMV-infected L
cells to activate the T cell hybridomas (Figure 1F). L cells were infected with MCMV for
36 h before incubation with BEko8Z cells for 24 h. We determined BEKo8Z activation,

as indicated by the induction of LacZ, by measuring the colorimetric cleavage of the
[B-galactosidase substrate CPRG. BEko8Z cells responded strongly to MCMV-infected L
cells and did not respond to L cells infected with a different herpesvirus, MHV68. These
results indicate that MCMYV infection leads to the presentation of the FL9 peptide on Qa-1b,
likely due to viral downregulation of ERAAP protein levels.

MCMYV infection induces CD8* T cell responses that target ERAAP KO cells

If ERAAP downregulation occurred /7 vivo during MCMYV infection, we might expect
MCMV-infected mice to generate an effector CD8* T cell response against ERAAP
knockout (KO) cells, similar to that observed upon immunization of mice with ERAAP

KO splenocytes.28:50 To examine this question, we infected mice with MCMV and, 10 days
later, isolated splenocytes from infected mice and restimulated them ex vivo with wild-type
(WT) or ERAAP KO spleen cells (Figure 2A). We intracellularly stained and analyzed
samples by flow cytometry to measure levels of interferon -y (IFN-y)* CD8* T cells. Our
experiments indicate that CD8* T cells from MCMV-infected mice could mount a strong
IFN-vy response against ERAAP KO cells. About 4% of CD8* T cells in MCMV-infected
mice induced IFN-y against ERAAP KO cells, while no IFN-y response was seen against
WT cells (Figures 2B and 2C). This was comparable to the response of CD8" T cells from
WT mice immunized with ERAAP KO spleen cells (ERAAP KO immunized) where 7% of
CD8* T cells induced IFN-y* against ERAAP KO cells. No IFN-y* response was seen in
control WT mice immunized with WT spleen cells (uninfected).

We then assessed the ability of the immune response elicited in MCMV-infected mice to
target and specifically lyse ERAAP KO spleen cells using an 7n vivo killing assay (Figure
2D). WT mice were infected with MCMV for 7 days and then injected with a 1:1 mixture
of splenocytes from WT and ERAAP KO mice labeled with two different concentrations of
proliferation dye CFSE. After 24 h, the proportions of WT versus ERAAP KO populations
were compared to measure the percentage of killing in infected mice. During this 24 h
period, we did not observe any cell proliferation of CFSE-labeled cells, as this would have
translated into separate dilution peaks in the labeled cells. Labeled target cells were also
injected into uninfected mice immunized with WT cells or immunized with ERAAP KO
cells (ERAAP KO immunized) as negative and positive controls, respectively. As predicted,
MCMYV infection induced a cytotoxic T cell response that efficiently targeted up to 60%

of ERAAP KO target cells (Figures 2E and 2F). ERAAP KO-immunized mice had a more
robust response, resulting in an average of 94% killing of ERAAP KO cells. We conclude
that ERAAP downregulation during MCMV infection elicits a potent immune response that
specifically induces IFN-y against, and eliminates, ERAAP KO cells /n vivo.
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QFL T cells proliferate in response to MCMV infection

QFL T cells are found at a relatively high frequency and exhibit a mostly CD44+ phenotype
in WT mice but expand further and acquire effector activity upon immunization with
ERAAP-deficient splenocytes.?8 We investigated whether QFL T cells expanded during
MCMV infection /n vivoin response to ERAAP downregulation by the virus. We infected
mice with MCMV for 10 days and determined the number of splenic QFL T cells using
tetramer enrichment and flow cytometry (Figure 3A). Uninfected mice immunized with WT
cells or immunized with ERAAP KO cells (ERAAP KO immunized) served as negative and
positive controls, respectively. Our results revealed that MCMV-infected mice had a 3-fold
increase in the total number of QFL T cells in the spleen compared with uninfected mice.
Specifically, MCMV-infected mice had an average of 3,100 total QFL T cells in the spleen.
In comparison, uninfected mice had an average of 1,000 total QFL T cells in the spleen,
consistent with previous studies (Figures 3B and 3C).28 In addition, all tetramer* QFL T
cells expressed the Va3.2 chain, as previously shown.30

To measure /n vivo presentation of the QFL ligand (FL9-Qa-1b), we generated a transgenic
mouse line harboring the rearranged TCR a and B genes from the FL9-Qa-1b-reactive
Beko8Z hybridoma (QFL TCR transgenic mice). We transferred CFSE-labeled splenocytes
from QFL TCR transgenic mice into WT mice infected 2 days prior with MCMV. We
measured the proliferation of transferred QFL T cells in different tissues 4 days after transfer
(Figure 3D). We focused on the liver and spleen of infected mice, which are known sites

of acute MCMV infection.> To confirm that QFL proliferation was due specifically to FL9-
Qa-1b presentation and not due to a non-specific inflammatory response to viral infection,
we also co-transferred eF670-labeled transgenic OT-1 T cells, specific for the OVA-KP
ligand, which is not present in our system.52:53 We found that in MCMV-infected mice, an
average of 77% of transferred QFL T cells proliferated in the spleen, and 83% of QFL T
cells proliferated in the liver (Figures 3E and 3F). OT-1 T cells proliferated at significantly
lower levels, with about 19% and 13% of transferred OT-1 cells proliferating in the spleen
and liver, respectively. In addition, QFL T cell proliferation induced by MCMYV infection
was significantly reduced in Qa-1b-deficient (Qa-267/~) MCMV-infected mice (Figures 3G
and 3H), further confirming the specificity of this response. These data suggest that QFL

T cells encounter their high-affinity ligand in the liver and spleen of MCMV-infected mice,
leading to their proliferation and expansion. However, we cannot completely exclude the
possibility of these cells proliferating in other tissues and migrating to the liver and spleen.

QFL T cells acquire an effector phenotype upon MCMYV infection

We next investigated how MCMYV infection impacted the activation phenotype of QFL T
cells. To characterize the effector phenotype and potential anti-viral role of these QFL T
cells during MCMYV infection, we examined the expression of KLRG1, an effector marker
expressed on cytotoxic, proliferative, and virus-specific T cells,>4-58 along with CD44, a
marker of antigen experience, on QFL T cells in mice 10 days after infection with MCMV
(Figure 4). As hypothesized, QFL T cells further upregulated CD44 from 53% in uninfected
to 89% in MCMV-infected mice (Figures 4A and 4B). QFL T cells also upregulated KLRG1
from 0% in uninfected to 43% in MCMV-infected mice (Figures 4C and 4D). CD44 and
KLRG1 levels on QFL T cells from MCMV-infected mice were comparable to the levels
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found in ERAAP KO-immunized mice. Thus, QFL T cells expand and differentiate into
effector and cytotoxic T cells during MCMYV infection.

QFL T cells protect against severe MCMV infection

Due to the expansion and effector differentiation of QFL T cells during MCMYV infection,
we predicted that QFL T cells could protect against MCMV infection. To test this, we
adoptively transferred different doses of transgenic QFL T cells (1e4, 2.5e5, or 1e6 QFL

T cells) into immunodeficient Rag2/-yc KO mice, which lack functional T, B, and NK
cells. Rag2/yc KO mice were infected with MCMV 2 days posttransfer. The viral load
was assessed 12 days after infection in the spleen and liver (Figure 5A). As a control,

we transferred matched dosages of transgenic OT-1 T cells (specific for ovalbumin [OVA],
which is not present in our system) into Rag2/-yc KO mice to compare the anti-viral
response of a non-specific transgenic T cell response with the QFL T cell response. qPCR
analysis of the MCMV titers in the spleen and liver of infected QFL recipient mice showed
a significant reduction of viral load in both tissues for mice that received 2.5e5 and 1e6
QFL cells compared with matched OT-1 recipients. Immunodeficient mice that received
2.5e5 QFL T cells had about a 2-log reduction in MCMV titers in the spleen (Figure 5B)
and liver (Figure 5C) compared with the OT-1 recipient mice. Immunodeficient mice that
received 1e6 QFL T cells had an even more substantial reduction of MCMV viral tiers, with
a 2.8-log reduction of titers in the spleen and a 4.6-log reduction of titers in the liver. No
significant difference in titers was seen for mice that received 1e4 QFL T cells versus 1le4
OT-1 cells. In sum, mice that received 2.5e5 or 1e6 QFL T cells had a significant reduction
in MCMV titers in both tissues, and the difference between QFL versus OT-1 protection

is more prominent in the liver. Therefore, QFL T cells effectively reduce MCMV titers in
Rag2/yc KO mice.

DISCUSSION

Viruses and their hosts have co-evolved for millions of years, shaping viral immune

evasion strategies and compensatory immune responses from the host. For example,

CMV downregulates MHC class la molecules to avoid CTL attack, leading to enhanced
recognition by NK cells. Here, we show that MCMV also triggers downregulation of

the MHC class | peptide-processing enzyme ERAAP in infected cells. Given that loss of
ERAAP leads to presentation of distinct MCMV peptides,>”-58 and given that conventional
anti-MCMV T cells are primarily primed through cross-presentation by uninfected dendritic
cells with normal levels of MHC class la and ERAAP,%9:60 ERAAP downregulation could
promote partial viral evasion of effector CTLs by altering peptide display on target cells
harboring the virus (Figure S4, steps 1-3). However, we also show that mice infected with
MCMYV develop an unconventional CTL response directed against ERAAP-deficient cells,
likely representing a counter response by the immune system (Figure S4, step 4). Thus, both
viral downmodulation of ERAAP and the immune response to the loss of ERAAP are part of
the layered interplay between MCMV and the host immune system.

Previous studies identified an unconventional T cell response to a self-peptide presented
by Qa-1b (QFL T cells) that makes up a prominent part of the T cell response induced
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by immunization of WT mice with ERAAP-deficient cells.28 QFL T cells are relatively
abundant and display an antigen-experienced phenotype in naive mice,28 suggesting that
they are poised to respond rapidly upon challenge. This is in line with the modest expansion
and rapid effector differentiation of QFL T cells observed upon MCMV infection in the
current study. MCMV also elicits a robust conventional CD8* T cell response that is
initially broad but that, over time, becomes dominated by the expansion of a few MCMV
epitopes as the infection progress into latency, a phenomenon known as memory inflation.61
Considering T cell numbers, it seems likely that QFL T cell protection is most relevant in
the early phase of infection, prior to the massive expansion of conventional CD8* T cells,
and perhaps overlapping in time with NK cell responses. QFL T cells may contribute to the
early anti-viral response by direct killing of infected cells and production of cytokines or
may play a more regulatory role.62 For example, QFL T cells could limit the extent of the
conventional T cell response, as it has been shown for NK cells and NKT cells.63-67

It is interesting to consider what cells might serve as antigen-presenting cells (APCs) for
QFL T cells during infection. Given the high precursor frequency and antigen-experienced
phenotype of QFL T cells in uninfected mice, they may not require priming by an activated
dendritic cell (DC) as do naive T cells. In addition, since Qa-1b and Fam49 A/B are broadly
expressed, QFL T cells could potentially expand and differentiate upon encounter with any
virally infected cell. For example, in the liver, where we observed QFL T cell proliferation in
infected mice, the virus can replicate in liver sinusoidal cells, including endothelial cells and
Kupffer cells.5870 |n addition to expanding and promoting effector functions of QFL T cells,
virally infected cells may also serve as targets for killing, helping to explain the protective
effect of QFL T cells on viral control reported here.

Protective Qa-1b-restricted CD8* T cell responses have been described in several infection
models, including Mycobacterium tuberculosis, Listeria monocytogenes, Salmonella
typhimurium, and MCMV.36:3948.71.72 \While thus far these responses appeared to be
directed against microbial peptides, we show here that a response to self-peptides can form
a part of these protective responses. In that regard, the downregulation of ERAAP could
serve as a kind of “danger signal,” alerting the host to disruption of cellular homeostasis
by altering peptide display on MHC-E. T cells reactive to this form of altered self may

not be overtly self-reactive in healthy animals due to the predominant presentation of

Qdm peptides and the low surface expression level of MHC-E on normal cells. However,
they may nevertheless acquire a pre-activated/memory phenotype due to low-level or
infrequent encounters with altered self on abnormal cells and thus may respond more
rapidly upon infection. It is tempting to speculate that such a pre-formed T cell response
may enhance other anti-viral non-classical T cell responses, including those directed against
viral peptides. Of particular interest is the broad and protective CD8* response restricted
to MHC-E elicited by an Rh-CMV vectored SIV vaccine.*%-47 While it is not yet known if
Rh-CMV downregulates ERAAP, a QFL-like response to self may contribute to the potent
anti-viral MHC-E-restricted response in this setting.

In healthy cells, MHC-E molecules are predominantly loaded with a single peptide derived
from the leader peptides of MHC1a molecules (called Qdm in mice and VL9 in primates),
and this complex inhibits NK cells via the inhibitory receptor NKG2A. Qdm peptide

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geiger et al.

Page 9

display is reduced, but not absent, on ERAAP KO cells,2”:73 suggesting that ERAAP
downregulation by viruses such as HCMV23.24 and MCMV (current study) may not strongly
sensitize infected cells to NK cell killing. In contrast, downregulation of TAP, which occurs
in HCMV- and Rh-CMV-infected cells, leads to a loss of the VL9-MHC-E complex, which
is countered by expression of virally encoded mimics of VL9.1946 |nterestingly, MCMV
encodes an MHC class I-like viral decoy m15774.75 that activates Ly49H* NK cells in
C57BI/6 mice. This dominant NK cell response would likely mask any potential increase in
NKG2A-initiated NK cell responses due to ERAAP downregulation. With this, it is likely
that the major immune response induced by ERAAP downregulation in MCMV-infected
cells is the activation of QFL T cells.

HCMYV is ubiquitous worldwide, with 80%-90% of the global population being seropositive,
and the virus is the leading infectious cause of congenital neurological diseases and
deafness.”®-78 Our work applies to HCMV models and suggests there could be significant
value in identifying an HLA-E-restricted QFL-like T cell response that detects ERAAP
downregulation and contributes to protection against HCMV infection. Our findings can also
be applied to other infectious diseases, such as tuberculosis and HIV, which also induce
CTL responses restricted to non-classical MHC. In addition, several cancer models have also
been shown to have attenuated ERAAP levels,”® leading to a presentation of immunogenic
tumor antigens and enhanced anti-tumor immunity.8% The role of QFL T cells in different
infectious disease and anti-tumor models remains to be determined but is a promising path
to explore. This work provides avenues for anti-viral immunotherapy approaches to detect
and eliminate both infected and cancerous cells with ERAAP dysfunction. For example, a
vaccine designed to target a self-peptide presented in the context of ERAAP deficiency by
non-classical Qa-1b/HLA-E could be used universally to stimulate similar CTL responses
across individuals, despite potential patient-to-patient differences in MHC class | genotype.
Other approaches, such as monoclonal antibody therapies that target altered self-peptides,
may also be an exciting avenue to explore.

Limitations of the study

In this study, we assessed the protective capacity of QFL T cells in a Rag2/-yc ko transfer
model that is devoid of NK and conventional T cell responses. Thus, while we demonstrate
that QFL T cells can provide protection, further studies will be needed to access their
contribution to anti-viral protection in WT mice.

While the in vivokilling of ERAAP KO cells in MCMV-infected mice (Figures 2E and 2F)
is consistent with the /n vivo activation of QFL T cells in infected mice (Figure 3), it is
unlikely that QFL T cells account for all of the killing activity observed. For example, other
unconventional T cell responses to loss of ERAAP, as well as NK cells, could contribute to
this in vivo killing activity. Further studies will be required to identify all of the immune
components that target ERAAP-deficient cells in MCMV-infected mice.

In this study, we access the expansion of QFL T cells upon MCMV infection (approximately
3-fold) by using QFL tetramer enrichment and staining of splenocytes from infected and
uninfected mice (Figures 3A-3C). While at first glance this modest expansion appears at
odds with the extensive proliferation of transgenic QFL T cells observed upon transfer into
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infected mice (Figures 3E and 3F), the transfer assay does not account for T cell migration
and survival. Further studies will be needed to determine the proliferation and survival rate
of endogenous QFL T cells during infection.

STARXMETHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Laurent Coscoy (lcoscoy@berkeley.edu).

Materials availability—QFL transgenic mice are available upon request.

Data and code availability

. Original western blot images have been deposited at Mendeley Data and are
publicly available as of the date of publication. Mendeley Data: https://doi.org/
10.17632/jxdrtfnsgy. 1.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models—WT C57BI/6 mice were purchased from the Jackson Laboratory. The
generation of ERAAP-KO mice has been described.83 H2-T23 Qa-1b KO mice were
generated in the laboratory of H. Cantor (Harvard University) and were the kind gift of

E. Engleman (Stanford University). Rag2/OT-I transgenic knockout mice and Rag2/112rg
Double Knockout mice were purchased from Taconic. All mouse experiments were done
with the approval of the Institutional Animal Care and Use Committee of the University of
California, Berkeley. All experiments were done using 7-10 week old mice with roughly
equal proportions of male and female mice in infection cohorts.

Cell lines—B&6 fibroblasts were generated as previously described.83 Qa-1b expressing

L cells were generated as previously described.?8 NIH 3T3 (ATC#CRL-1658) and RAW
264.7 mouse macrophages (ATCC TIB-71) were purchased from ATCC. QFL hybridomas
(BEko8Z cells) were established in the Shastri lab as described.28 B6 fibroblasts and
splenocytes were cultured in complete RPMI (cRPMI) with 10% FBS (Invitrogen, Carlsbad
CA), 100 U/ml Penicillin/Streptomycin (Invitrogen), 2mM L-Glutamine, and 50 uM 2-
ME. NIH 3T3 and RAW 264.7 cells were cultured in complete DMEM with 10% FBS
(Invitrogen, Carlsbad CA) and 100 U/ml Penicillin/Streptomycin (Invitrogen). All cell lines
were maintained at 37°C, 5% CO,, and 95% humidity.

METHOD DETAILS

Mice, immunizations, and infections—Uninfected mice were immunized with 2e7
WT splenocytes, and ERAAP-KO immunized mice were immunized with 2e7 ERAAP-KO
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splenocytes intraperitoneally. All infected mice were infected with 1e6 PFU of WT MCMV
intraperitoneally.

Infection of cell lines—Cell lines were infected at an MOI 10 for all /n vitro MCMV
infection experiments.

Generation of QFL transgenic mice—The QFL transgenic mice were generated on
the B6 background in the Cancer Research Laboratory Gene Targeting Facility at UC
Berkeley under standard procedures. The QFL TCR alpha and beta chain sequences

were previously identified and amplified from the genomic DNA of QFL BEko8Z
hybridoma cells.28:30 The TRAV9D-3 TCR alpha chain was cloned with the forward

primer (5 AAAACCCGGGCCAAGGCTCAGCCATGCTCCTGG) with an added Xmal
cutting site at the 5’ end of the DNA sequence and a reverse primer for TRAJ21 (5
AAAAGCGGCCGCATACAACATTGGACAAGGATCCAAGCTAAAGAGAACTC) with
an added Notl cutting site at the 5’ end of the DNA sequence. The TCR beta chain was
cloned with the forward primer (5° AAAACTCGAG CCCGTCTGGAGCCTGATTCCA)
with an added Xho1 cutting site at the 5’ end of the DNA and a reverse primer for TRBJ2-7
(5" AAAACCGCGGGGGACCCAGGAATTTGGGTGGA) with a Sacll cutting site flanking
the 5° end of the DNA sequence. The cloned TCR alpha chain was cloned into the pTa
cassette vector using the Xmal and Not1 restriction sites, while the TCR beta chains were
cloned into the pTb cassette vector using Xhol and Sacll restriction sites.86 The ampicillin
resistance gene was removed from the pTa and pTb cassettes by digestion with Earl. The
QFL mice were maintained on the B6 background and bred once with B6 Ly5.1 mice to
generate (QFLTgxB6 Ly5.1/2) background mice for use in experiments. Founder mice were
identified by flow cytometry and PCR genotyping of tail genomic DNA using the primers
mentioned above.

QFL hybridoma BEko8Z assay—Hybridoma cells were used in a LacZ assay as
described (Sanderson and Shastri, 1994). Briefly, fibroblasts expressing Qa-1b were plated
at 20,000 cells/well in a 96-well plate and infected with MCMV or MHV68 at an MOI 10
for 24 hours before the addition of 1e5 QFL hybridoma cells. After 16 hours, cells were
spun down at 1500rpm for 5 minutes before the addition of a fluorescent p-galactosidase
substrate. The absorbance of each well was examined 12 hours after incubation at a
wavelength of 595nm.

Virus production and propagation—VR-194 (Smith) strain of MCMV was obtained
from The American Type Culture Collection. Smith strain MCMV-GFP was from the
Hamilton lab (Duke University, Durham, NC).81 MHV68 was obtained from the laboratory
of San Speck (Emory vaccine center, The Emory Vaccine Center, Atlanta, Georgia). NIH
3T3 cells were used to produce and titer the virus by TCID50 as previously described.8”

Western blot—BS6 fibroblasts were infected with MCMV-GFP for 36 hours at an MOI

10 and then sorted by FACS. Mock infected and GFP+/GFP- sorted cells were lysed in
protein lysis buffer 25 mM Tris-HCI (pH 7.6), 150 mM NacCl, 0.1% SDS, 0.5% sodium
deoxycholic, and complete EDTA-free protease inhibitors (Roche) for 30 minutes on ice.
After, samples were centrifuged at 20,000xg for 10 min at 4°C to clarify the lysate. Lysates
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were separated by SDS-PAGE, and western blotted with rabbit anti-ERAAP (1:1000) or
mouse anti-GAPDH (1:5000; Abcam, ab8245). Rabbit anti-ERAAP was produced in the
Shastri lab.

RT-qPCR and qPCR—gPCR was conducted using an ABI7300 RT-gPCR System with
the following protocol: 95°C dissociation step for 15 sec, 60°C amplification step for 1 min,
repeated for 40 cycles. The Applied Biosystems 7300 SDS software was used to calculate
Cq values. Each sample was done in triplicate and averaged. DNA and RNA extractions
were done as previously described.8” Mouse and viral DNA were isolated from mouse tissue
using the Qiagen DNeasy Blood and Tissue Kit (Qiagen). iTAQ universal Syber Green
supermix (Invitrogen) and 300uM of MCMV Gb or GAPDH primers were mixed with
isolated DNA for qPCR analysis. Absolute viral copy numbers were extrapolated using a
standard curve of known quantities of purified MCMV BAC. RNA was extracted from cells
using Trizol (Invitrogen). Genomic DNA was removed with 0.002 U of DNase | (Thermo).
cDNA was synthesized using 1 ug of RNA reverse transcribed for 50 min at 42°C using
oligo(dT) primer (IDT) and SuperScript I RT (Invitrogen). For gPCR analysis, 2 ul of
prepared cDNA was mixed with iTAQ universal Syber Green supermix (Invitrogen) and
300uM of ERAAP primers. ERAAP mRNA levels were compared by AACT using average
Cq values normalized to GAPDH.

Spleen and liver cell isolation—Spleen cells from mice were homogenized in

PBS using a GentleMACS Dissociator (Miltenyi Biotec), washed in FACS buffer
(PBS+0.1%sodium azide+5% FCS), and passed through a 70um filter. Cells were RBC
lysed with ACK lysis buffer (0.15M NH4CL, 1mM KHCOg3, 0.1mM Na,EDTA). Livers
were perfused with PBS and homogenized in PBS using a GentleMACS Tissue Dissociator
(Miltenyi Biotec). Liver samples were then incubated with 0.1% collagenase type 1A and
40 ug/mL of DNase | for 20 minutes at 37°C before washing with cRPMI and passing
through a 70uM filter. Lymphocytes were isolated using a Percoll gradient of 40% percoll
layer overlaid onto a 70% percoll layer after spinning at 500xg for 30 minutes at room
temperature.

Antibodies and flow cytometry—Antibody staining was done in 2.4G2 media with cell
surface antibodies for 30 min on ice. The following antibodies and clones were used for
staining: CD8a Clone 53-6.7, B220 Clone RA3-6B2, Va3.2 Clone RR3-16, KLRG1 Clone
2F1/KLRG1, CD44 Clone IM7, CD8b Clone YTS156.7.7, CD45.1 Clone A20, and IFNy
Clone XMG1.2.

Ex vivo T cell restimulation assay—Spleens were harvested from mice 10 days post-
immunization or infection, and 5e6 spleen cells were stimulated /in vitro with 5e6 irradiated
ERAAP KO spleen cells and 20 U/ml of recombinant human IL-2 (BD Biosciences). Human
IL-2 works the same as mouse IL-2 and was used for convenience and cost. After 6 days,
cells were isolated and restimulated for 5 hours with CD4 and CD8-depleted WT or ERAAP
KO spleen cells. Golgi-Plug (BD Biosciences) was added after 4 hours of re-stimulation.
Cells were stained with surface markers, fixed, permeabilized (Cytofix/Cytoperm Kit BD
Biosciences), and stained intracellularly for IFN-y.
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In vivo cytotoxicity assay—WT mice were infected with 1e6 PFU of WT MCMV
intraperitoneally. For controls, mice were immunized with 2e7 of WT or ERAAP KO spleen
cells intraperitoneally. WT and ERAAP KO spleen cells were isolated and stained with
0.5uM or 5uM of CFSE dye (ThermoFisher), respectively. Cells were counted and 5e6

each of WT (CFSE!?) and ERAAP KO (CFSEM) were mixed and injected intravenously
into immunized and infected mice. After 24 hours, spleen cells from each mouse were
isolated, and the ratio of CFSE!® (WT cells) to CFSEN (ERAAP-KO cells) was measured by
flow cytometry. Percent killing was calculated as follows: 1-(%CFSEN sample / %CFSE'©
sample) / (%CFSEN uninfected / %CFSE® uninfected) x 100.

In vivo antigen presentation assay—WT B6 mice were infected with 1e6 PFU of
MCMYV intraperitoneally. Two days later, QFL and OT-1 transgenic T cells were labeled
with 5uM CFSE or 5uM eF670, respectively. 1e6 labeled QFL cells and 1e6 labelled OT-1
cells were mixed 1:1 and injected intravenously into infected mice. After 4 days, the liver
and spleen were isolated and processed, and proliferation was analyzed by flow cytometry.

Adoptive transfer of T cells and MCMV infection in Rag2/yc knockout mice
—1le4, 2.5e5, or 1e6 QFL or OT-1 T cells from TCR transgenic mice were adoptively
transferred intravenously into Rag2/-yc knockout mice. After 2 days post-transfer, mice
were infected intraperitoneally with 1e6 PFU of MCMV. After 12 days post-infection, the
liver and spleen were isolated from infected mice and homogenized. MCMV titers were
determined by gPCR in both the spleen and liver.

QFL T cell enrichment—QFL T cells were enriched using a QFL tetramer (FL9-Qa-1b)
synthesized by the NIH tetramer core facility. Spleen cells were isolated as stated above and
incubated with 50 nM of Dasatinib (Cell signaling #9052) at 37°C for 30 minutes. Cells
were then washed and incubated with PE-QFL tetramer (1:200) for 1 hour at RT. Cells were
washed, resuspended in 150ul FACS buffer with 100 ul of anti-PE microbeads (Miltenyi
Biotec), and incubated for 20 minutes at 4°C. Cells were then washed and passed through
an LS magnetic column (Miltenyi Biotec). Enriched cells were stained with antibodies for
B220, CD8a, CD8B, and Va3.2. Tetramer+ QFL T cells were gated as B220~ CD8a.*QFL
Tet*Va3.2*. CountBright beads (Invitrogen) were used in each sample to measure total cell
numbers in the enriched and unenriched samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis for each experiment was done with Prism 7 (Graphpad Software)

using ordinary one-way, two-way ANOVA multiple comparisons tests, or Mann-Whitney
t-test. Compiled data is shown as mean+SEM. (ns=not significant, *p<0.0332, **p<0.0021,
***p<0.0002, ****p<0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geiger et al.

Page 14

ACKNOWLEDGMENTS

This work is dedicated to Nilabh Shastri, who was a pioneer in immunology and antigen presentation and

an amazing mentor and friend. We thank H. Nolla and A. Valero of the UC Berkeley Cancer Research Lab

for help with flow cytometry. We want to thank the Shastri lab, the Robey lab, and the Glaunsinger lab for
helpful and creative discussions about this project. Figure S4 and part of the graphical abstract were created with
BioRender.com. Funding was provided by the National Institutes of Health (RO1AI1149341). K.M.G. and M.M.
were supported by National Science Foundation Graduate Research Fellowships.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research. We worked to ensure

sex balance in the selection of non-human subjects. We worked to ensure diversity in
experimental samples through the selection of the cell lines. One or more of the authors of
this paper self-identifies as an underrepresented ethnic minority in their field of research or
within their geographical location. One or more of the authors of this paper self-identifies as
a member of the LGBTQIA+ community.

REFERENCES

1. Blum JS, Wearsch PA, and Cresswell P (2013). Pathways of Antigen Processing. 10.1146/annurev-
immunol-032712-095910.

2. Kloetzel PM (2004). The proteasome and MHC class | antigen processing. Biochim. Biophys. Acta
1695, 225-233. 10.1016/j.bbamcr.2004.10.004. [PubMed: 15571818]

3. Rock KL, York 1A, Saric T, and Goldberg AL (2002). Protein degradation and the generation
of MHC class I-presented peptides. Adv. Immunol 80, 1-70. 10.1016/S0065-2776(02)80012-8.
[PubMed: 12078479]

4. Van Kaer L (2002). Major histocompatibility complex class I-restricted antigen processing and
presentation. Tissue Antigens 60, 1-9. 10.1034/j.1399-0039.2002.600101.x. [PubMed: 12366777]

5. Rock KL, Farfan-Arribas DJ, and Shen L (2010). Proteases in MHC class | presentation and
cross-presentation. J. Immunol 184, 9-15. 10.4049/jimmunol.0903399. [PubMed: 20028659]

6. Kanaseki T, Blanchard N, Hammer GE, Gonzalez F, and Shastri N (2006). ERAAP synergizes with
MHC class | molecules to make the final cut in the antigenic peptide precursors in the endoplasmic
reticulum. Immunity 25, 795-806. 10.1016/j.immuni.2006.09.012. [PubMed: 17088086]

7. Shastri N, Schwab S, and Serwold T (2002). Producing nature’s genechips: the generation of
peptides for display by MHC class | molecules. Annu. Rev. Immunol 20, 463-493. 10.1146/
annurev.immunol.20.100301.064819. [PubMed: 11861610]

8. Serwold T, Gonzalez F, Kim J, Jacob R, and Shastri N (2002). ERAAP customizes peptides for
MHC class | molecules in the endoplasmic reticulum. Nature 419, 480-483. 10.1038/nature01074.
[PubMed: 12368856]

9. Yewdell JW, Reits E, and Neefjes J (2003). Making sense of mass destruction: quantitating MHC
class | antigen presentation. Nat. Rev. Immunol 3, 952-961. 10.1038/nri1250. [PubMed: 14647477]

10. Hamdan S, Reddehase MJ, and Holtappels R (2022). Cytomegalovirus immune evasion sets the
functional avidity threshold for protection by CD8 T cells. Med. Microbiol. Immunol 10.1007/
s00430-022-00733-w.

11. Halenius A, Hauka S, Dolken L, Stindt J, Reinhard H, Wiek C, Hanenberg H, Koszinowski UH,
Momburg F, and Hengel H (2011). Human cytomegalovirus disrupts the major histocompatibility
complex class | peptide-loading complex and inhibits Tapasin gene transcription. J. Virol 85,
3473-3485. 10.1128/jvi.01923-10. [PubMed: 21248040]

12. Halenius A, Gerke C, and Hengel H (2015). Classical and non-classical MHC | molecule
manipulation by human cytomegalovirus: so many targets—but how many arrows in the quiver?
Cell. Mol. Immunol 12, 139-153. 10.1038/cmi.2014.105. [PubMed: 25418469]

Cell Rep. Author manuscript; available in PMC 2023 October 23.


http://BioRender.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geiger et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 15

Kavanagh DG, Gold MC, Wagner M, Koszinowski UH, and Hill AB (2001). The multiple
immune-evasion genes of murine cytomegalovirus are not redundant: m4 and m152 inhibit antigen
presentation in a complementary and cooperative fashion. J. Exp. Med 194, 967-978. 10.1084/
jem.194.7.967. [PubMed: 11581318]

Becker S, Fink A, Podlech J, Reddehase MJ, and Lemmermann NA (2022). Host-adapted

gene families involved in murine cytomegalovirus immune evasion. Viruses 14, 128. 10.3390/
v14010128. [PubMed: 35062332]

Doom CM, and Hill AB (2008). MHC class | immune evasion in MCMV infection. Med.
Microbiol. Immunol 197, 191-204. 10.1007/s00430-008-0089-y. [PubMed: 18330598]

Kavanagh DG, Koszinowski UH, and Hill AB (2001). The murine cytomegalovirus immune
evasion protein m4/gp34 forms biochemically distinct complexes with class | MHC at

the cell surface and in a pre-Golgi compartment. J. Immunol 167, 3894-3902. 10.4049/
jimmunol.167.7.3894. [PubMed: 11564807]

Cronk JM, Dziewulska KH, Puchalski P, Crittenden RB, Hammarskjéld ML, and Brown MG
(2022). Altered-self MHC class | sensing via functionally disparate paired NK cell receptors
counters murine cytomegalovirus gp34—mediated immune evasion. J. Immunol 209, 1545-1554.
10.4049/jimmunol.2200441. [PubMed: 36165178]

Reusch U, Muranyi W, Lucin P, Burgert HG, Hengel H, and Koszinowski UH (1999). A
cytomegalovirus glycoprotein re-routes MHC class | complexes to lysosomes for degradation.
EMBO J. 18, 1081-1091. 10.1093/emboj/18.4.1081. [PubMed: 10022849]

Wagner M, Gutermann A, Podlech J, Reddehase MJ, and Koszinowski UH (2002). Major
histocompatibility complex class | allele-specific cooperative and competitive interactions between
immune evasion proteins of cytomegalovirus. J. Exp. Med 196, 805-816. 10.1084/jem.20020811.
[PubMed: 12235213]

Ziegler H, Thale R, Lucin P, Muranyi W, Flohr T, Hengel H, Farrell H, Rawlinson W, and
Koszinowski UH (1997). A mouse cytomegalovirus glycoprotein retains MHC class | complexes
in the ERGIC/cis-Golgi compartments. Immunity 6, 57-66. 10.1016/S1074-7613(00)80242-3.
[PubMed: 9052837]

Babi¢ M, Pyzik M, Zafirova B, Mitrovi¢ M, Butorac V, Lanier LL, Krmpoti¢ A, Vidal SM, and
Jonji¢ S (2010). Cytomegalovirus immunoevasin reveals the physiological role of “missing self”
recognition in natural Killer cell dependent virus control in vivo. J. Exp. Med 207, 2663-2673.
10.1084/jem.20100921. [PubMed: 21078887]

Jackson SE, Mason GM, and Wills MR (2011). Human cytomegalovirus immunity and immune
evasion. Virus Res. 157, 151-160. 10.1016/j.virusres.2010.10.031. [PubMed: 21056604]

Kim S, Lee S, Shin J, Kim Y, Evnouchidou I, Kim D, Kim YK, Kim YE, Ahn JH, Riddell SR,

et al. (2011). Human cytomegalovirus micro-RNA miR-US4-1 inhibits CD8 + T cell responses

by targeting the aminopeptidase ERAP1. Nat. Immunol 12, 984-991. 10.1038/ni.2097. [PubMed:
21892175]

Romania P, Cifaldi L, Pignoloni B, Starc N, D’Alicandro V, Melaiu O, Li Pira G, Giorda

E, Carrozzo R, Bergvall M, et al. (2017). Identification of a genetic variation in ERAP1
aminopeptidase that prevents human cytomegalovirus miR-UL112-5p-mediated immunoevasion.
Cell Rep. 20, 846-853. 10.1016/j.celrep.2017.06.084. [PubMed: 28746870]

Nagarajan NA, and Shastri N (2013). Immune surveillance for ERAAP dysfunction. Mol. Immunol
55, 120-122. 10.1016/j.molimm.2012.10.006. [PubMed: 23433779]

Shastri N, Nagarajan N, Lind KC, and Kanaseki T (2014). Monitoring peptide processing for
MHC class | molecules in the endoplasmic reticulum. Curr. Opin. Immunol 26, 123-127. 10.1038/
jid.2014.371. [PubMed: 24556408]

Nagarajan NA, de Verteuil DA, Sriranganadane D, Yahyaoui W, Thibault P, Perreault C, and
Shastri N (2016). ERAAP shapes the peptidome associated with classical and nonclassical MHC
class | molecules. J. Immunol 197, 1035-1043. 10.4049/jimmunol.1500654. [PubMed: 27371725]
Nagarajan NA, Gonzalez F, and Shastri N (2012). Nonclassical MHC class Ib-restricted cytotoxic
T cells monitor antigen processing in the endoplasmic reticulum. Nat. Immunol 13, 579-586.
10.1038/ni.2282. [PubMed: 22522492]

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geiger et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 16

D’Souza MP, Adams E, Altman JD, Birnbaum ME, Boggiano C, Casorati G, Chien YH, Conley A,
Eckle SBG, Friih K, et al. (2019). Casting a wider net: immunosurveillance by nonclassical MHC
molecules. PLoS Pathog. 15, e1007567. 10.1371/journal.ppat.1007567. [PubMed: 30789961]

Guan J, Yang SJ, Gonzalez F, Yin Y, and Shastri N (2017). Antigen processing in the endoplasmic
reticulum is monitored by semi-invariant ap TCRs specific for a conserved peptide—Qa-1 b MHC
class Ib ligand. J. Immunol 198, 2017-2027. 10.4049/jimmunol.1600764. [PubMed: 28108559]

Allen RL, and Hogan L (2013). Non-classical MHC class | molecules (MHC-Ib). eLS, John Wiley
Sons, Ltd, 1-12. 10.1002/9780470015902.a0024246.

Rodgers JR, and Cook RG (2005). MHC class IB molecules bridge innate and acquired immunity.
Nat. Rev. Immunol 5, 459-471. 10.1038/nri1635. [PubMed: 15928678]

Kurepa Z, Hasemann CA, and Forman J (1998). Qa-1b binds conserved class | leader peptides
derived from several mammalian species. J. Exp. Med 188, 973-978. 10.1084/jem.188.5.973.
[PubMed: 9730898]

Sharpe HR, Bowyer G, Brackenridge S, and Lambe T (2019). HLA-E: exploiting pathogen-host
interactions for vaccine development. Clin. Exp. Immunol 196, 167-177. 10.1111/cei.13292.
[PubMed: 30968409]

Vance RE, Jamieson AM, and Raulet DH (1999). Recognition of the class Ib molecule Qa-1 b by
putative activating receptors CD94/NKG2C and CD94/NKG2E on mouse natural killer cells. J.
Exp. Med 190, 1801-1812. [PubMed: 10601355]

Lo W-F, Ong H, Metcalf ES, and Soloski MJ (1999). T cell responses to gram-negative
intracellular bacterial pathogens: a role for CD8+ T cells in immunity to Salmonella infection and
the involvement of MHC class 1b molecules. J. Immunol 162, 5398-5406. [PubMed: 10228017]

Oliveira CC, Van Veelen PA, Querido B, De Ru A, Sluijter M, Laban S, Drijfhout JW, van der
Burg SH, Offringa R, and van Hall T (2010). The nonpolymorphic MHC Qa-1b mediates CD8+ T
cell surveillance of antigen-processing defects. J. Exp. Med 207, 207-221. 10.1084/jem.20091429.
[PubMed: 20038604]

Sell S, Dietz M, Schneider A, Holtappels R, Mach M, and Winkler TH (2015). Control

of murine cytomegalovirus infection by y6 T cells. PLoS Pathog. 11, €1004481. 10.1371/
journal.ppat.1004481. [PubMed: 25658831]

Shang S, Siddiqui S, Bian Y, Zhao J, and Wang CR (2016). Nonclassical MHC Ib-restricted
CD8+ T cells recognize Mycobacterium tuberculosis-derived protein antigens and contribute

to protection against infection. PLoS Pathog. 12, e1005688. 10.1371/journal.ppat.1005688.
[PubMed: 27272249]

Hansen SG, Ford JC, Lewis MS, Ventura AB, Hughes CM, Coyne-Johnson L, Whizin N, Oswald
K, Shoemaker R, Swanson T, et al. (2011). Profound early control of highly pathogenic SIV by an
effector memory T-cell vaccine. Nature 473, 523-527. 10.1038/nature10003. [PubMed: 21562493]
Hansen SG, Piatak M Jr., Ventura AB, Hughes CM, Gilbride RM, Ford JC, Oswald K, Shoemaker
R, Li Y, Lewis MS, et al. (2013). Immune clearance of highly pathogenic SIV infection. Nature
502, 100-104. 10.1038/nature12519. [PubMed: 24025770]

Hansen SG, Sacha JB, Hughes CM, Ford JC, Burwitz BJ, Scholz I, Gilbride RM, Lewis MS,
Gilliam AN, Ventura AB, et al. (2013). Cytomegalovirus vectors violate CD8 + T cell epitope
recognition paradigms. Science 340, 1237874. 10.1126/science.1237874. [PubMed: 23704576]
Hansen SG, Wu HL, Burwitz BJ, Hughes CM, Hammond KB, Ventura AB, Reed JS, Gilbride
RM, Ainslie E, Morrow DW, et al. (2016). Broadly targeted CD8 + T cell responses restricted by
major histocompatibility complex E. Science 351, 714-720. 10.1126/science.aac9475. [PubMed:
26797147]

Hansen SG, Marshall EE, Malouli D, Ventura AB, Hughes CM, Ainslie E, Ford JC, Morrow

D, Gilbride RM, Bae JY, et al. (2019). A live-attenuated RnCMV/SIV vaccine shows long-

term efficacy against heterologous SIV challenge. Sci. Transl. Med 11, eaaw2607. 10.1126/
scitransimed.aaw2607. [PubMed: 31316007]

Malouli D, Hansen SG, Hancock MH, Hughes CM, Ford JC, Gilbride RM, Ventura AB,

Morrow D, Randall KT, Taher H, et al. (2021). Cytomegaloviral determinants of CD8 +

T cell programming and RnCMV/SIV vaccine efficacy. Sci. Immunol 6, eabg5413. 10.1126/
sciimmunol.abg5413. [PubMed: 33766849]

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geiger et al.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 17

Verweij MC, Hansen SG, lyer R, John N, Malouli D, Morrow D, Scholz I, Womack J, Abdulhaqq
S, Gilbride RM, et al. (2021). Modulation of MHC-E transport by viral decoy ligands is required
for RNCMV/SIV vaccine efficacy. Science 372, eabe9233. 10.1126/science.abe9233. [PubMed:
33766941]

Yang H, Rei M, Brackenridge S, Brenna E, Sun H, Abdulhaqqg S, Liu MKP, Ma W, Kurupati P, Xu
X, etal. (2021). HLA-E-restricted, Gag-specific CD8+ T cells can suppress HIV-1 infection,
offering vaccine opportunities. Sci. Immunol 6, eabg1703. 10.1126/sciimmunol.abg1703.
[PubMed: 33766848]

Anderson CK, Reilly EC, Lee AY, and Brossay L (2019). Qa-1-Restricted CD8 + T cells can
compensate for the absence of conventional T cells during viral infection. Cell Rep. 27, 537—
548.e5. 10.1016/j.celrep.2019.03.059. [PubMed: 30970256]

Jouand N, Bressollette-Bodin C, Gérard N, Giral M, Guérif P, Rodallec A, Oger R, Parrot

T, Allard M, Cesbron-Gautier A, et al. (2018). HCMV triggers frequent and persistent UL40-
specific unconventional HLA-E-restricted CD8 T-cell responses with potential autologous and
allogeneic peptide recognition. PLoS Pathog. 14, e1007041. 10.1371/journal.ppat.1007041.
[PubMed: 29709038]

Hammer GE, Gonzalez F, James E, Nolla H, and Shastri N (2007). In the absence of
aminopeptidase ERAAP, MHC class | molecules present many unstable and highly immunogenic
peptides. Nat. Immunol 8, 101-108. 10.1038/ni1409. [PubMed: 17128277]

Hsu KM, Pratt JR, Akers WJ, Achilefu SI, and Yokoyama WM (2009). Murine cytomegalovirus
displays selective infection of cells within hours after systemic administration. J. Gen. Virol 90,
33-43. 10.1099/vir.0.006668-0. [PubMed: 19088270]

Hogquist KA, Jameson SC, Heath WR, Howard JL, Bevan MJ, and Carbone FR

(1994). T cell receptor antagonist peptides induce positive selection. Cell 76, 17-27.
10.1016/0092-8674(94)90169-4. [PubMed: 8287475]

Shinkai Y, Rathbun G, Lam KP, Oltz EM, Stewart V, Mendelsohn M, Charron J, Datta M, Young
F, Stall AM, et al. (1992). RAG-2-deficient mice lack mature lymphocytes owing to inability

to initiate VV(D)J rearrangement. Cell 68, 855-867. 10.1016/0092-8674(92)90029-C. [PubMed:
1547487]

Herndler-Brandstetter D, Ishigame H, Shinnakasu R, Plajer V, Stecher C, Zhao J, Lietzenmayer M,
Kroehling L, Takumi A, Kometani K, et al. (2018). KLRG1+ effector CD8+ T cells lose KLRG1,
differentiate into all memory T cell lineages, and convey enhanced protective immunity. Immunity
48, 716-729.e8. 10.1016/j.immuni.2018.03.015. [PubMed: 29625895]

McMahon CW, Zajac AJ, Jamieson AM, Corral L, Hammer GE, Ahmed R, and Raulet DH (2002).
Viral and bacterial infections induce expression of multiple NK cell receptors in responding CD8 +
T cells. J. Immunol 169, 1444-1452. 10.4049/jimmunol.169.3.1444. [PubMed: 12133970]
Thimme R, Appay V, Koschella M, Panther E, Roth E, Hislop AD, Rickinson AB, Rowland-Jones
SL, Blum HE, and Pircher H (2005). Increased expression of the NK cell receptor KLRG1

by virus-specific CD8 T cells during persistent antigen stimulation. J. Virol 79, 12112-12116.
10.1128/jvi.79.18.12112-12116.2005. [PubMed: 16140789]

Blanchard N, Kanaseki T, Escobar H, Delebecque F, Nagarajan NA, Reyes-Vargas E, Crockett DK,
Raulet DH, Delgado JC, and Shastri N (2010). Endoplasmic reticulum aminopeptidase associated
with antigen processing defines the composition and structure of MHC class | peptide repertoire
in normal and virus-infected cells. J. Immunol 184, 3033-3042. 10.4049/jimmunol.0903712.
[PubMed: 20173027]

Blanchard N, Gonzalez F, Schaeffer M, Joncker NT, Cheng T, Shastri AJ, Robey EA, and Shastri N
(2008). Immunodominant, protective response to the parasite Toxoplasma gondii requires antigen
processing in the endoplasmic reticulum. Nat. Immunol 9, 937-944. 10.1038/ni.1629. [PubMed:
18587399]

Busche A, Jirmo AC, Welten SPM, Zischke J, Noack J, Constabel H, Gatzke A-K, Keyser

KA, Arens R, Behrens GMN, and Messerle M (2013). Priming of CD8 + T cells against
cytomegalovirus-encoded antigens is dominated by cross-presentation. J. Immunol 190, 2767-
2777. 10.4049/jimmunol.1200966. [PubMed: 23390296]

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geiger et al.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Page 18

Cruz FM, Colbert JD, Merino E, Kriegsman BA, and Rock KL (2017). The biology and underlying
mechanisms of cross-presentation of exogenous antigens on MHC-1 molecules. Annu. Rev.
Immunol 35, 149-176. 10.1146/annurev-immunol-041015-055254. [PubMed: 28125356]

Zangger N, and Oxenius A (2022). T cell immunity to cytomegalovirus infection. Curr. Opin.
Immunol 77, 102185. 10.1016/j.c0i.2022.102185. [PubMed: 35576865]

Lu L, Werneck MBF, and Cantor H (2006). The immunoregulatory effects of Qa-1. Immunol. Rev
212, 51-59. 10.1111/j.0105-2896.2006.00418.x. [PubMed: 16903905]

Crome SQ, Lang PA, Lang KS, and Ohashi PS (2013). Natural Killer cells regulate diverse T cell
responses. Trends Immunol. 34, 342-349. 10.1016/j.it.2013.03.002. [PubMed: 23601842]

Su HC, Nguyen KB, Salazar-Mather TP, Ruzek MC, Dalod MY, and Biron CA (2001). NK
cell functions restrain T cell responses during viral infections. Eur. J. Immunol 31, 3048-3055.
10.1002/1521-4141(2001010)31:10<3048::AID-IMMU3048>3.0.CO;2-1. [PubMed: 11592081]

Lu L, Ikizawa K, Hu D, Werneck MBF, Wucherpfennig KW, and Cantor H (2007). Regulation
of activated CD4+ T cells by NK cells via the Qa-1-NKG2A inhibitory pathway. Immunity 26,
593-604. 10.1016/j.immuni.2007.03.017. [PubMed: 17509909]

Lang PA, Lang KS, Xu HC, Grusdat M, Parish IA, Recher M, Elford AR, Dhanji S, Shaabani N,
Tran CW, et al. (2012). Natural Killer cell activation enhances immune pathology and promotes
chronic infection by limiting CD8 + T-cell immunity. Proc. Natl. Acad. Sci. USA 109, 1210-1215.
10.1073/pnas.1118834109. [PubMed: 22167808]

Waggoner SN, Cornberg M, Selin LK, and Welsh RM (2011). Natural Killer cells act as rheostats
modulating antiviral T cells. Nature 481, 394-398. 10.1038/nature10624. [PubMed: 22101430]
Kern M, Popov A, Scholz K, Schumak B, Djandji D, Limmer A, Eggle D, Sacher T, Zawatzky

R, Holtappels R, et al. (2010). Virally infected mouse liver endothelial cells trigger CD8+ T-cell
immunity. Gastroenterology 138, 336-346. 10.1053/j.gastr0.2009.08.057. [PubMed: 19737567]

Salazar-Mather TP, Orange JS, and Biron CA (1998). Early murine cytomegalovirus (MCMV)
infection induces liver natural killer (NK) cell inflammation and protection through macrophage
inflammatory protein 1a (MIP-1a)-dependent pathways. J. Exp. Med 187, 1-14. 10.1084/
jem.187.1.1. [PubMed: 9419206]

Tegtmeyer PK, Spanier J, Borst K, Becker J, Riedl A, Hirche C, Ghita L, Skerra J, Baumann

K, Lienenklaus S, et al. (2019). STING induces early IFN-B in the liver and constrains

myeloid cell-mediated dissemination of murine cytomegalovirus. Nat. Commun 10, 2830.
10.1038/s41467-019-10863-0. [PubMed: 31249303]

Bian Y, Shang S, Siddiqui S, Zhao J, Joosten SA, Ottenhoff THM, Cantor H, and Wang C-R
(2017). MHC Ib molecule Qa-1 presents Mycobacterium tuberculosis peptide antigens to CD8+
T cells and contributes to protection against infection. PLoS Pathog. 13, e1006384. 10.1371/
journal.ppat.1006384. [PubMed: 28475642]

Seaman MS, Pérarnau B, Lindahl KF, Lemonnier FA, and Forman J (1999). Response to Listeria
monocytogenes in mice lacking MHC class la molecules. J. Immunol 162, 5429-5436. [PubMed:
10228021]

Yan J, Parekh VVV, Mendez-Fernandez Y, Olivares-Villagémez D, Dragovic S, Hill T, Roopenian
DC, Joyce S, and Van Kaer L (2006). In vivo role of ER-associated peptidase activity in tailoring
peptides for presentation by MHC class la and class Ib molecules. J. Exp. Med 203, 647-659.
10.1084/jem.20052271. [PubMed: 16505142]

Smith HRC, Heusel JW, Mehta IK, Kim S, Dorner BG, Naidenko OV, lizuka K, Furukawa H,
Beckman DL, Pingel JT, et al. (2002). Recognition of a virus-encoded ligand by a natural killer
cell activation receptor. Proc. Natl. Acad. Sci. USA 99, 8826-8831. 10.1073/pnas.092258599.
[PubMed: 12060703]

Tripathy SK, Smith HRC, Holroyd EA, Pingel JT, and Yokoyama WM (2006). Expression

of m157, a murine cytomegalovirus-encoded putative major histocompatibility class | (MHC-I)-
Like protein, is independent of viral regulation of host MHC-I. J. Virol 80, 545-550. 10.1128/
jvi.80.1.545-550.2006. [PubMed: 16352579]

Crough T, and Khanna R (2009). Immunobiology of human cytomegalovirus: from bench to
bedside. Clin. Microbiol. Rev 22, 76-98. 10.1128/CMR.00034-08. [PubMed: 19136435]

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geiger et al.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 19

Elemans M, Seich al Basatena N-K, and Asquith B (2012). The efficiency of the human CD8+ T
cell response: how should we quantify it, what determines it, and does it matter? PLoS Comput.
Biol 8, €1002381. 10.1371/journal.pchi.1002381. [PubMed: 22383867]

Heiden D, Saranchuk P, Tun N, Audoin B, Cohn J, Durier N, Holland G, Drew WL, and’t Hoen
E (2014). We urge WHO to act on cytomegalovirus retinitis. Lancet. Glob. Health 2, e76-e77.
10.1016/S2214-109X(13)70174-8. [PubMed: 25104662]

Kamphausen E, Kellert C, Abbas T, Akkad N, Tenzer S, Pawelec G, Schild H, Van Endert

P, and Seliger B (2010). Distinct molecular mechanisms leading to deficient expression of ER-
resident aminopeptidases in melanoma. Cancer Immunol. Immunother 59, 1273-1284. 10.1007/
$00262-010-0856-7. [PubMed: 20419298]

James E, Bailey I, Sugiyarto G, and Elliott T (2013). Induction of protective antitumor
immunity through attenuation of ERAAP function. J. Immunol 190, 5839-5846. 10.4049/
jimmunol.1300220. [PubMed: 23610143]

Henry SC, Schmader K, Brown TT, Miller SE, Howell DN, Daley GG, and Hamilton JD (2000).
Enhanced green fluorescent protein as a marker for localizing murine cytomegalovirus in acute
and latent infection. J. Virol. Methods 89, 61-73. 10.1016/S0166-0934(00)00202-0. [PubMed:
10996640]

Lander MR, Moll B, and Rowe WP (1978). A procedure for culture of cells from mouse tail
biopsies: brief communication. J. Natl. Cancer Inst 60, 477-478. [PubMed: 621760]

Hammer GE, Gonzalez F, Champsaur M, Cado D, and Shastri N (2006). The aminopeptidase
ERAAP shapes the peptide repertoire displayed by major histocompatibility complex class |
molecules. Nat. Immunol 7, 103-112. 10.1038/ni1286. [PubMed: 16299505]

Hu D, Ikizawa K, Lu L, Sanchirico ME, Shinohara ML, and Cantor H (2004). Analysis of
regulatory CD8 T cells in Qa-1-deficient mice. Nat. Immunol 5, 516-523. 10.1038/ni1063.
[PubMed: 15098030]

Khairallah C, Netzer S, Villacreces A, Juzan M, Rousseau B, Dulanto S, Giese A, Costet P,
Praloran V, Moreau JF, et al. (2015). '8 T cells confer protection against murine cytomegalovirus
(MCMV). PLoS Pathog. 11, e1004702. 10.1371/journal.ppat.1004702. [PubMed: 25747674]
Kouskoff V, Signorelli K, Benoist C, and Mathis D (1995). Cassette vectors directing

expression of T cell receptor genes in transgenic mice. J. Immunol. Methods 180, 273-280.
10.1016/0022-1759(95)00002-R. [PubMed: 7714342]

Greene TT, Tokuyama M, Knudsen GM, Kunz M, Lin J, Greninger AL, Defilippis VR, Derisi JL,
Raulet DH, and Coscoy L (2016). A herpesviral induction of RAE-1 NKG2D ligand expression
occurs through release of HDAC mediated repression. Elife 5, e14749. 10.7554/eL ife.14749.
[PubMed: 27874833]

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Geiger et al.

Page 20

Highlights
MCMYV downregulates ERAAP, leading to FL9 presentation on Qa-1b

MCMV infection induces non-classical, Qa-1b-restricted QFL T cells to
proliferate

QFL T cells acquire an effector phenotype and protect against severe MCMV
infection
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Figure 1. I;)/ICMV downregulates ERAAP protein and leads to the presentation of the QFL ligand
FL9-Qa-1

(A—DQ) B6 fibroblast cells were infected with MCMV-GFP (MOI 10), and after 36 h, GFP*
and GFP~ cells were sorted and assayed by western blot or gRT-PCR.

(B) Representative western blot showing ERAAP protein levels in mock-infected, GFP*, and
GFP~ samples, with GAPDH as the loading control.

(C) Compilation of percentage of ERAAP downregulation in GFP* and GFP~ samples
compared with mock-infected cells. ERAAP protein band intensity levels were calculated
and normalized to the corresponding GAPDH band intensity level. Percentage of ERAAP
downregulation was calculated by comparing normalized ERAAP protein levels in each
sample with the mock-infected sample. Data were pooled from five independent experiments
and are shown as mean + SEM.

(D) Quantitative real-time PCR analysis of relative ERAAP mRNA levels in GFP*
compared with GFP~ sorted cells after normalization to GAPDH. Data were pooled from
two independent experiments.

(E) A macrophage cell line (RAW 264.7) was infected with MCMV (MOI 10) and analyzed
by flow cytometry for surface expression of classical MHC H-2D¢ (left panel) and non-
classical MHC Qa-1b (right panel) in gated GFP~ and GFP* cells. The experiment is
representative of two replicates. Gray histograms represent isotype antibody control.

(F) Presentation of the QFL ligand FL9-Qa-1b measuring the lacZ response of QFL-reactive
BEKko8Z T cell hybridoma cells incubated with mock-infected, MCMV-infected, MHV68-
infected, and ERAAP KO fibroblast cells. Infected cells were infected at an MOI 10. The
hybridoma response was measured at an OD595 and then normalized to mock-infected
samples. The percentage of QFL activation was calculated by comparing the fold change of
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the normalized response of each sample with the response against ERAAP KO cells. Data
were pooled from three independent experiments and are shown as mean + SEM.
Comparisons between samples were made using an ordinary one-way ANOVA multiple
comparisons test, *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001. See also
Figures S1-S3.
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Figure 2. MCMYV infection stimulates a response to ERAAP-deficient cells
(A-C) C57BI/6 (WT) mice were infected with 1e6 PFU MCMV (MCMYV infected),

immunized with ERAAP KO splenocytes (ERAAP KO immunized), or immunized with
WT splenocytes (uninfected). At 10 days post-immunization or infection, splenocytes were
isolated from mice and stimulated ex vivo with irradiated ERAAP KO splenocytes for 6
days. After 6 days, cultured stimulated cells were restimulated /n vitro with CD4*- and
CD8*-depleted WT or ERAAP KO target splenocytes for 5 h to measure intracellular IFN-y
levels.

(B) Representative flow cytometry plots of IFN-y-producing CD8a.* cells from uninfected,
ERAAP KO-immunized, and MCMV-infected mice against ERAAP KO target spleen cells.
(C) Compiled data of the percentage of CD8a.*IFN-y* cells in each group stimulated
against ERAAP KO cells. The dotted line represents the average percentage of CD8a.*IFN-
v* cells against WT target spleen cells. Data were pooled from two independent
experiments, with 1-2 samples for each condition per experiment, and are shown as mean +
SEM.
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(D) C57BI/6 (WT) mice were infected with MCMYV, immunized with ERAAP KO, or
immunized with WT splenocytes (uninfected). At 7 days post-infection, mice were injected
with splenocytes from WT or ERAAP KO mice that had been CFSE labeled with 0.5
(CFSE!®W) and 5 uM (CFSENi9N), respectively.

(E) Representative flow cytometry plots for CFSE levels of transferred WT and ERAAP KO
cells, showing the killing of CFSENI" ERAAP KO targets in ERAAP KO-immunized and
MCMV-infected mice.

(F) Compiled data for the percentage of killing of ERAAP KO target cells. The

percentage of killing was calculated as follows: 1 — (%CFSEN sample/%CFSE!© sample)/
(%CFSEN uninfected/%CFSE!'© uninfected) x 100. Data were pooled from two independent
experiments and are shown as mean + SEM.

Comparisons between samples were made using an ordinary one-way ANOVA multiple
comparisons test, *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001.
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Figure 3. QFL T cells expand and proliferate during MCMV infection
(A-C) WT mice were uninfected, immunized with ERAAP KO cells (ERAAP KO

immunized), or infected with 1e6 PFU MCMV (MCMYV infected), and QFL T cells were
stained with FL9-Qa-1b tetramers and enriched from the spleen 10 days post-infection.

(B) Representative flow cytometry plots showing QFL expansion by QFL tetramer and
Va3.2 expression in each group.

(C) Compiled data of the total number of QFL T cells enriched from the spleen in each
group over three independent experiments. Data are shown as mean + SEM.

(D-F) WT mice were uninfected or MCMV infected. Two days post-infection, QFL cells
(CFSE) and OT-1 cells (eF670) were labeled, mixed 1:1, and transferred intravenously into
recipient mice. Four days post-transfer, the proliferation of both T cell subsets was measured
in the liver and spleen.

(E) Representative flow cytometry plots of QFL (left panel) and OT-1 (right panel) cell
proliferation in the spleen and liver of uninfected and MCMV-infected mice.

(F) Compiled data from two independent experiments, with 1-2 samples for each condition
per experiment, on the percentage of proliferated QFL and OT-1 cells in the spleen and liver
of uninfected and MCMV-infected mice. Data are shown as mean + SEM.
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(G) Representative flow cytometry plots of levels of proliferation of transferred QFL T cells
into WT uninfected, Qa-1b KO MCMV-infected, and WT MCMV-infected mice. WT and
Qa-1b KO mice were infected with MCMV. Two days post-infection, QFL cells (CFSE)
were labeled and transferred intravenously into recipient mice. Four days post-transfer,
proliferation was measured in the spleen (left panel) and liver (right panel).

(H) Compiled data of the percentage of proliferated QFL cells in the spleen and liver of WT
uninfected, Qa-1b KO MCMV-infected, and WT MCMV-infected mice.

Data were pooled over three independent experiments and are shown as mean + SEM.
Comparisons between samples were made using a standard two-way ANOVA multiple
comparisons test, *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001.
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Figure 4. QFL T cells upregulate effector markers CD44 and KLRG1 in MCMV-infected mice
(A and B) WT mice were uninfected, ERAAP KO immunized, or MCMV infected (1e6

PFU). QFL T cells were enriched from the spleen of each mouse, and CD44 and KLRG1

expression was analyzed.

(A) Representative flow cytometry plots for CD44 expression in QFL T cells.
(B) Compiled data of percentage of CD44* QFL T cells for each group. Data are shown as

mean = SEM.

(C) Representative flow cytometry plots for KLRG1 expression in QFL T cells.

(D) Compiled data of percentage of KLRG1* QFL T cells for each group.

Data from (B) and (C) were pooled over two independent experiments, with 1-3 samples for
each condition per experiment, and are shown as mean + SEM.
Comparisons between groups were made using an ordinary one-way ANOVA multiple
comparisons test, *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001.
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Figure 5. QFL T cells protect against severe MCMYV infection
(A-C) 1e4, 2.5¢5, or 1 e6 QFL or OT-1 T cells from TCR transgenic mice were adoptively

transferred into Rag2/-yc KO mice. Two days post-transfer, mice were infected with 1e6
PFU MCMV. Twelve days post-infection, the liver and spleen were isolated from infected
mice, and MCMV titers were determined by gPCR. (B and C) Compiled data of viral

titers in the spleen (B) or liver (C) of infected Rag2/yc KO mice adoptively transferred
with different dosages of QFL or OT-1 cells. Data are shown as mean + SEM, with dots
representing individual mice. Data for mice receiving 2.5e5 QFL or OT-1 cells were from
two independent experiments, and data for mice receiving 1e4 and 1e6 QFL or OT-1 cells
were from one experiment.

Comparisons between samples were made using an ANOVA multiple comparisons test, **p
< 0.0021. Only significant differences are indicated.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-mouse CD8a (53-6.7) BioLegend Cat#: 100743; RRID:

Anti-mouse CD45R/B220 (RA3-6B2)

BD Biosciences

AB_2561352

Cat#: 561102; RRID: AB_394335

Anti-mouse TCR Va3.2 (RR3-16) eBioscience Cat#: 11-5799-80; RRID:
AB_2572504
Anti-mouse KLRG1 (2F1) eBioscience Cat#: 25-5893-82; RRID:
AB_1518768
Anti-mouse CD44 (IM7) eBioscience Cat#: 17-0441-82; RRID:
AB_469390
Anti-mouse CD8b (YTS156.7.7) BioLegend Cat#: 126615; RRID:
AB_2562776
Anti-mouse CD45.1 (A20) BD Biosciences Cat#: 560520; RRID:
AB_1727490
Anti-mouse IFN gamma (XMG1.2) eBioscience Cat#: 61-7311-82; RRID:
AB_2574662
Bacterial and virus strains
WT MCMV VR-194 (Smith) strain of mMCMV was obtained from The N/A
American Type Culture Collection
MCMV-GFP Generous gift from the Hamilton lab (Duke University, N/A
Durham, NC) (Henry et al., 200081)
MHV68 Obtained from the laboratory of Sam Speck (The Emory N/A

Vaccine Center, Atlanta, Georgia)

Chemicals, peptides, and recombinant proteins

Ghost Dye Violet 510
CellTrace™ CFSE Cell Proliferation Kit

Recombinant Human IL-2

Tonbo Biosciences
ThermoFisher

BD Biosciences

Cat#: 13-0870-T500
Cat#: C34554
Cat#: 554603

Dasatinib Cell Signaling Techology Cat#: 9052S
FL9-Qa-1b monomer NIH Tetramer Core Facility N/A
Critical commercial assays

Dynabeads™ Sheep-Anti Mouse 1gG ThermoFisher Cat#: 11031

Anti-PE MicroBeads
Anti-PE MicroBeads
CountBright™ Absolute Counting Beads

Fixation/Permeabilization Solution Kit with
BD GolgiPlug™

Miltenyi Biotec
Miltenyi Biotec
ThermoFisher

BD Biosciences

Cat#: 130-048-801
Cat#: 130-090-855
Cat#: C36950
Cat#: 555028

Experimental models: Cell lines

NIH 3T3 ATCC CRL-1658
BEko8Z Nagarajan et al., 201228 N/A

RAW 264.7 ATCC TIB-71

B6 fibroblasts Lander et al., 197882 N/A
Experimental models: Organisms/strains

Rag2/112rg Double Knockout Taconic Cat#: 4111-M

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Geiger et al.

Page 30

REAGENT or RESOURCE SOURCE IDENTIFIER
Rag2/0T-1 Taconic Cat#: 2334-M
C57BL/6J The Jackson Laboratory Cat#: 000644
QFL TCR Transgenic Cancer Research Laboratory Gene Targeting Facility at N/A
UC Berkeley
ERAAP-deficient mice (ERAAP KO) Hammer et al., 200683 N/A
Qa-1b-deficient mice (Qa-1b KO) Hu et al., 200484 N/A
MCMYV gB gPCR Forward Primer Khairallah et al., 20158 F: N/A
AGGCCGGTCGAGTACTTCTT
MCMV gB gPCR Reverse Primer Khairallah et al., 20158 R: N/A
GCGCGGAGTATCAATAGAGC
GAPDH gPCR Forward Primer F: GAAGGTCGGTGTGAACGGA N/A
GAPDH gPCR Reverse Primer R: GTTAGTGGGGTCTCGCTCCT N/A
Software and algorithms
FlowJo FlowJo LLC Version 10
Prism (Version 7) GraphPad Software N/A
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