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Lifelong interactions between host and the ubiquitous and
persistent cytomegalovirus (CMV) have been proposed to contrib-
ute to the age-related decline in immunity. Prior work from us and
others found some support for that idea, yet evidence that this led
to increased vulnerability to other infections was not obtained.
Moreover, evidence has accumulated that CMV infection can be
beneficial to immune defense in young/adult mice and humans,
dominantly via enhanced innate immunity. Here, we describe an
unexpected impact of murine CMV (MCMV) upon the T cell
response of old mice to Listeria monocytogenes expressing the
model antigen, OVA (Lm-OVA). Single-cell sequencing of the
OVA-specific CD8 T cell receptor $ (TCRB) repertoire of old mice
demonstrated that old MCMV-infected mice recruited many di-
verse clonotypes that afforded broad and often more efficient
recognition of antigenic peptide variants. This stood in contrast
to old control mice, which exhibited strong narrowing and homog-
enization of the elicited repertoire. High-throughput sequencing
of the total naive CD8 TCRf repertoire showed that many of these
diverse OVA-specific clonotypes were present in the naive
CD8 repertoire of mice in all groups (adult, old control, and old
MCMV*) yet were only recruited into the Lm-OVA response in
MCMV™* old mice. These results have profound implications for
our understanding of T cell immunity over a life span and suggest
that our coevolution with CMV may include surprising, potentially
positive impacts on adaptive heterologous immunity in late life.
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ging is associated with increased susceptibility to infectious

diseases. The majority of humans age while infected with
persistent microorganisms, including cytomegalovirus (CMV),
which exert a disproportionally large influence on the immune
system (1-4). Overall, between 40 and 95% of people within the
United States are CMV seropositive before age 40 (5) and
therefore live with CMV for several decades. This leads to an
absolute accumulation of effector T cells specific for CMV
(memory inflation) (6-8), sometimes with one or a few clonal
populations occupying up to 25% of the entire CD8 T cell
memory pool in elderly humans (9, 10). It has been proposed
that this memory T cell inflation comes at a price to the aging
immune system, although neither the exact impact nor the
mechanism(s) driving this CMV effect have been precisely dis-
sected so far (reviewed in ref. 11).

One contributing factor to impaired immunity with aging may
be loss of diversity within the naive T cell receptor (TCR) rep-
ertoire. We and others have demonstrated an age-related abso-
lute numeric loss of naive T cells in both mice and humans, as
measured by reduction of total naive as well as antigen-specific
peptide:MHC tetramer (pMHC Tet*)-binding naive CD8 T cells
by 60-90% (7, 8, 12, 13). Moreover, a stringent assessment of
human naive T cell repertoire diversity in CMV-seronegative
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subjects found a twofold to fivefold reduction with aging (14).
However, in light of the massive TCRap actual and potential
diversity, which ranges between 10° and 10", the authors con-
cluded that this effect is minor (e.g., less than 107%).

In aged mice, there is a marked narrowing of the elicited
CD8 effector TCRp repertoire diversity following primary in-
fection (15-17), which may be mitigated by priming earlier in life
(18). Whether this reflects lower diversity within the naive T cell
repertoire above and beyond the numeric loss of naive T cells, or
a failure of the aged immune system to recruit a diverse CDS8
T cell population, remains unclear. Moreover, although quite
informative, the above studies did not evaluate whether aging
and persistent CMV infection in combination directly impact the
naive T cell repertoire to restrict diversity of T cell responses to
new pathogens in late life.

We previously reported that old mice, infected with MCMV
for life, and challenged with a novel pathogen (Listeria mono-
cytogenes) in old age, mount primary CD8 T cell responses with
modestly reduced effector function and bacterial clearance (12).
However, in these, and other similar experiments (19-21),
mortality from third-party infection was not increased by lifelong
CMV infection.

Significance

Epidemiological studies have shown a correlation between
CMV infection and immune system aging, especially in elderly
populations. It remains unclear whether CMV infection is a key
driver of, or simply a factor associated with, aging of the im-
mune system. We show that aging in the presence of lifelong
CMV infection improves T cell immunity in old animals by
broadening the immune response to a different pathogen.
Animals that have aged with CMV are able to recruit novel
T cells into these immune responses that are present in, but not
utilized in, animals aging without CMV. These data squarely
challenge the premise that CMV is solely detrimental to the
aging of the adaptive immune system.
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In this work, we have utilized both single-cell PCR and high-
throughput TCR sequencing platforms to conclusively evaluate
whether and how lifelong CMV may affect (i) the naive CD8
T cell repertoire with aging, and/or (ii) the elicited repertoire
mobilized in response to acute infection. We find that lifelong
MCMV infection has a dramatic and surprising impact on the
elicited T cell repertoire. Specifically, all measured parameters
of the elicited repertoire suggested that, in MCMV™ old mice,
diversity was maintained at or above adult levels and was supe-
rior to that seen in MCMV-negative (MCMV™) old mice. The
CDS8 effector T cell populations generated in these animals fol-
lowing Listeria challenge often consisted of clonotypes that
expressed noncanonical TCR Vp, and/or JB genes relative to
adult and old MCMV-negative animals. More importantly, many
old MCMV™* animals exhibited broad recognition of altered
peptide ligands, superior to that of MCMV-negative old mice.
Within the limits of our analysis, the overall diversity of the naive
CD8 T cell pool was unchanged by either age or CMV status,
and many of the diverse ovalbumin (OVA)-specific clonotypes
elicited in MCMV™* old mice were present in the naive CD8
repertoire of mice in all groups. Thus, in contrast to our ex-
pectations, lifelong MCMYV infection appears to improve the
TCR diversity of the elicited CD8 T cell response to a new in-
fection in late life, by recruiting broadly diverse clonotypes with
cross-reactive antigen recognition capacity that remain un-
utilized in MCMV-negative old animals. This unveils a paradigm
whereby a lifelong, latent persistent virus modulates adaptive
immunity in a manner that may benefit host defense.

Results

To evaluate how lifelong persistent infection with MCMV might
influence the T cell repertoire in late life, adult mice were sys-
temically infected with MCMYV at 20 wk of age and rested until
they reached 20 mo of age. [We found that infection as early as
6 or as late as 20 wk of life produced comparable magnitude of
memory inflation to MCMYV epitopes (a proxy measure of viral
reactivation/latency) (SI Appendix, Fig. S1).] Then, adult (A, 12 wk),
old mock-infected (20 mo), and MCM V-infected old mice (20 mo
old, after 15 mo with MCMYV) were challenged with recombinant
Listeria monocytogenes (22) expressing the fragment of chicken egg
albumin containing the immunodominant H-2K’-restricted CDS
T cell epitope OVAys7.264, SIINFEKL (Lm-OVA) (23). On day
7 after Lm-OVA challenge, V5" KP-OVAys7_64 tetramert CDS
T cells from the spleen were individually sorted for single-cell TCR
VB CDR3 sequencing [VB5 = TRBV12 in International Immu-
nogenetics Information System (IMGT) nomenclature, used here-
after] (24). The OVA-specific TRBV12 repertoires were analyzed
as a dominant population elicited by this antigen in adult mice (25)
(parameters of the sequencing experiments are summarized in S/
Appendix, Table S1). For all analyses, “TCR clonotype” is used to
describe each unique TCR Vp amino acid sequence, whereas
“TCR repertoire” is used when factoring in both the sequence and
representation (copy number) of each clonotype.

Lifelong MCMV Infection Alters Gene Choice and CDR3 Length in the
OVA Repertoire. Our tetramer sorting strategy focused the anal-
ysis to KP-OVA,s7 54 tetramer™ cells expressing both TRBV12-
1 (VB5.2) and TRBV12-2 (V5.1) clonotypes. The frequency of
unique amino acid clonotypes (Fig. 14) as well as the frequency
of total repertoire (Fig. 1B) that expressed the favored TRBV12-
1 chain was similar between old MCMV-negative and adult mice,
with a preference of ~80-90% for TRBV12-1. In contrast, old
mice with lifelong MCMYV infection exhibited a significant re-
duction in TRBV12-1 utilization, and ~30-40% of their OVA-
specific repertoire utilized the TRBV12-2 chain.

Similarly, there was a predominant choice of TRBJ1-2 in the
adult repertoire, which became even more prevalent in the old
mice (Fig. 1C). By contrast, old MCM V-infected mice showed a
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Fig. 1. MCMV"* old mice show divergences from canonical OVA repertoire
features. (A and B) Distribution of the (A) unique TCR clonotypes (each TCR
VB amino acid sequence) and (B) overall repertoire (factoring in both the
sequence and copy number) for individual adult, old, and MCMV* OVA-
specific CD8 T cells using the TRBV12-1 gene are shown (medians shown).
(C and D) Means of 6-10 mice per group show (C) J gene usage and (D)
CDR3 length for all TRBV12* OVA-specific CD8 T cells. Comparisons between
groups were by Mann-Whitney U test, with Bonferroni correction for mul-
tiple pairwise comparisons (i.e., each pairwise test was assessed at the sig-
nificance level of *P < 0.05/3 = 0.0167).

more balanced utilization of TRBJ segments, with lower utili-
zation of the favored TRBJ1-2 (Fig. 1C).

CDR3 length analysis revealed a preference for CDR3 se-
quences of 12 aa in both adult and old MCMV-negative mice
(Fig. 1D). In MCM V-infected mice, this preference was not as
marked, with the emergence of many clonotypes of both shorter
and longer CDR3 lengths. Of note, we found substantial varia-
tion in these repertoire features (Vf, Jp and CDR3) in individual
MCMV* old mice (SI Appendix, Figs. S2 and S3). Thus, while
MCMV™ old mice contained clones with the prototypical
TRBV12-1*, TRBJ1-2*, and 12-aa CDR3 length profile seen in
adult and old MCMV™ mice, their representation in the reper-
toire of many old MCMV™* mice was lower and TCR sequences
often showed marked deviation from these dominant repertoire
features.

Noncanonical Clonotypes Responding to Third-Party Infection Are
Abundantly Present in Mice with Lifelong MCMV Infection. Broad
TCR diversity within an antigen-specific effector population is
believed to correlate with better functional protection against
pathogens. We assessed clonal diversity by two measures: (i) the
number of unique clonotypes within a set number of clonotypes
evaluated in each sample, and (ii) the Simpson’s diversity index,
which varies in value between 0 (minimum diversity, every clone
identical) and 1 (maximum diversity, every clone unique). We
found the expected age-related reduction in the number of
unique clonotypes (Fig. 24) in the OVA-specific repertoire
(standardized to the smallest repertoire in the analysis, 21 total
sequences), from an average of 11.5 + 2.6 clonotypes (mean/SD)
in adults to 6.4 + 2.0 clonotypes in old MCMV-negative
mice. Furthermore, the OVA-specific TCRf repertoires in old
MCMV-negative mice were largely dominated by one or two
clonotypes, as indicated by the significant decrease in the
Simpson’s diversity measures in old compared with adult mice
(Fig. 2B). In contrast, old mice with lifelong MCMV infection
maintained their diversity by both measures at levels at or above
(14.3 + 3.4 clonotypes) that seen in adult animals. This was
surprising, as our previous studies indicated somewhat reduced
functionality as measured by cytokine production and pathogen
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Fig. 2. MCMV™' mice maintain repertoire diversity by recruitment of low-
copy number unique clonotypes. (A and B) The (A) number of clonotypes
and (B) Simpson's diversity index for adult, old, and MCMV mice. (C) The
clonal distribution within the overall repertoire, ranking each clone from
largest to smallest in terms of additive frequency to the overall repertoire. (D
and E) The frequency of unique clonotypes for adult, old, and MCMV mice
utilizing P in position 5 and R in position 6 of the CDR3 sequence (D) and
linear regression of the frequency of clonotypes utilizing the “PR” motif and
frequency of single-copy clonotypes (MCMV P = 0.0035) (E). Individual ani-
mals are shown for A, B, D, and E, and means + SEM in C. Comparisons
between groups were by Mann-Whitney U test, with Bonferroni correction
for multiple pairwise comparisons (i.e., each pairwise test was assessed at the
significance level of *P < 0.05/3 = 0.0167).

clearance within the OV A-specific repertoire in MCMV™ aged
mice (12).

We next evaluated clonal distribution within the overall reper-
toire, ranking the clones from largest to smallest (in terms of
clonotype abundance/copy number) to estimate their additive
contribution to the overall repertoire. This allowed us to ask (i)
how much do the small clonotypes contribute at the tail of the
curve? and (i) how dominant are the largest clonotypes (regard-
less of sequence) in making up the repertoire? We found that
small clonotypes, appearing only once in the response, make up
about 1/5 of the repertoire in adult and only 1/10 of the repertoire
in old mice, but more than 1/2 (up to 60%) of the repertoire
elicited in lifelong MCM V-infected mice (SI Appendix, Fig. S4).

Direct analysis of the size of the dominant clonotypes showed
that old mice mobilized few very dominant clonotypes, with the
two or three largest clones making up ~75% of their entire
repertoire (Fig. 2C). In contrast, adult mice needed an average
of 9 clonotypes to make up 75% of their repertoire, whereas old
MCMV* mice utilized as many as 17 different clonotypes to
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make up the same percentage of the repertoire, each of them
present as a smaller population (Fig. 2C). These data collectively
suggest that lifelong MCMYV infection allows mobilization of a
diverse TCRp repertoire in late life, with recruitment of low-copy
number clonotypes into a primary immune response.

Consistent with previous data, in many of the CDR3 se-
quences we found a conserved “PR” amino acid motif with a
proline (P) in position 5 and arginine (R) in position 6 (counting
from the conserved cysteine), where the R is likely to make a salt
bridge to the exposed E residue of the OVA peptide (25, 26). Of
interest, the PR motif in the OVA repertoire cannot be fully
germline encoded (SI Appendix, Table S2); although the arginine
in the motif is often fully or partially encoded by the D gene
(red), the proline in the PR motif requires N additions (black).
Furthermore, although many instances of PR motif utilization
involved the use of TRBV12-1 and TRBJ1-2, favored by many
clonotypes in adult and old mice, the PR motif was also created
by recombination with other TRBJ genes, suggesting post-
recombinatorial, likely antigen-driven, selection.

We found the frequency of clonotypes expressing the PR motif
to be comparable between adult and old MCMV-negative mice
(Fig. 2D), even though the old animals had many fewer different
clonotypes making up their response, with higher variability in
the usage of the PR motif (Fig. 2D). This further supports the
idea that this motif remains favored with aging. Of interest, the
frequency of PR motif utilization was notably reduced in most
MCMV™ old mice (Fig. 2D; twofold lower and significantly dif-
ferent from adult mice, P < 0.05), and there was a significant
relationship by linear regression between the loss of the PR motif
and the emergence of single-copy clonotypes (P = 0.0035, R* =
0.676 for MCMV™ old mice; Fig. 2F).

TRBV Sequences in the OVA-Specific Repertoire Vary Significantly
with both Age and CMV Infection. There is strong evidence that
the primary effectors stimulated after infection are clonally less
diverse in aged mice (13, 15, 17) (Fig. 2), and it was speculated
that this phenomenon could be further pronounced by CMV
infection (27, 28). We compared the “sharing” of specific clo-
notypes between animals within an experimental group (i.e.,
across all of the adult mice), as well as the sharing of clonotypes
across different experimental groups (i.e., adult vs. old; Fig. 3).
Of the 24 individual animal repertoires evaluated, a total of
329 unique CDR3 sequences were recovered. Fig. 34 depicts the
level of CDR3 amino acid sequence and PR motif sharing found
across all experimental groups, as well as within each group. For
example, the center of the Venn diagram indicates (in red) that
only four CDR3 sequences were shared between adult, old
MCMV~, and old MCMV™* mice. Three out of four of these se-
quences contained the conserved PR amino acid motif, and all of
these shared sequences were of the preferred CDR3 length of
12 aa (red text). However, aging with and without MCMYV seemed
to differentially influence the CDR3 OVA-specific repertoire re-
covered. Only two CDR3 sequences were shared between old
MCMV ™ and old MCMV™* mice, and each of these sequences only
appeared in a single animal within each experimental group (Fig.
3A4). In contrast, sharing between adult and old mice, and adult
and MCMV™* old mice was more extensive, with more sequences
being shared between groups, and with multiple animals within
each experimental group harboring the shared clonotypes. When
we compared interindividual sharing of clonotypes within each of
the three experimental groups (i.e., how many adult mice shared
clonotypes with other adult mice), we found a comparable level of
sharing of clonotypes within the groups (Fig. 3B). In contrast,
when we assessed how frequently clonotypes were shared with
other experimental groups, we found that clonotypes in MCMV™*
old mice were shared less often. Specifically, although adult and
old mice without MCMYV shared ~40% of their clonotypes with
animals in other groups, old mice with MCMYV showed a reduced
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Fig. 3. Minimal overlap between the OVA repertoires in adult, old, and
MCMV™* mice. The degree of amino acid CDR3 sequence sharing between
experimental groups (adult, old, MCMV) and within each group is shown.
Unique clonotypes only appearing in one animal (regardless of group) were
omitted for simplicity (see S/ Appendix, Fig. S4 for a full list of CDR3 se-
quences). (A) Venn diagram showing shared clonotypes across experimental
groups. Boxed numbers represent how many animals within that group
contained that clonotype (i.e., sharing within the group). (B and C) The
frequency of clonotypes within each mouse that are shared with an animal
in either (B) the same or (C) any other experimental group. Comparisons
between groups were by Kruskal-Wallis test, with Dunn correction for
multiple pairwise comparisons. (D) The frequency of clonotypes within each
mouse that are shared with an animal in the other experimental group
shown. Comparisons between groups were by Mann-Whitney U test.

frequency of clonotype sharing (Fig. 3C). We also examined cross-
group sharing by asking “if an adult has a given TCRp clonotype,
is that clonotype also found in any old mice?” (Fig. 3D, Left), and
then repeating for all other group combinations. We found that
28.6 + 10.8% of clonotypes found in an old mouse would also be
found in an adult mouse (Fig. 3D, Left), whereas only 13.4 + 3.5%
of clonotypes from an adult mouse would also be found in an old
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mouse. This independently confirms that the elicited adult rep-
ertoire narrows as the mouse ages. However, this effect was not
seen if the animal aged with MCMYV infection (Fig. 3D, Center),
where no difference was seen in sharing of clonotypes between the
adult and MCMV™ old groups. Finally, only 6.9 + 6.8 clonotypes
in MCMV™ old mice were found in uninfected old mice, whereas
23.6 + 16.0 clonotypes in old mice were found in MCMV™ old
mice (Fig. 3D, Right). Thus, the elicited repertoire within the
MCMV™ old mice included many clonotypes seen in adult ani-
mals, but these clonotypes were lost in the old mice.

Lifelong MCMV Affords a Broader Spectrum of Functional TCR
Antigen Recognition. Is recruitment of noncanonical low-copy
clonotypes into the repertoire biologically meaningful? To ad-
dress this, we measured IFN-y production by effector T cells
following stimulation with OVA;s; 5¢4-derived altered peptide
ligands (APLs) that show a ~20-fold range in their ability to
stimulate TCR transgenic OT-I CDS8 T cells specific for the
native SIINFEKL epitope (29). Fig. 44 show the absolute
number of splenocytes responding to the native ligand (N4), and
to the APL [decreasing sensitivity from A2 > Y3 > Q4 (29)], for
individual animals in each group. Although the overall sizes of
the IFN-y—producing populations were comparable between the
old vs. MCMV™* groups when restimulated with the native
N4 epitope (Fig. 4B), there was marked variation in the magni-
tude of the APL responses within the MCMV™* animals (Fig. 4 A4
and B), and some (albeit not all) MCMV™* animals exhibited
greater responses to the A2 APL relative to the N4 epitope. Of
interest, many MCMV™* animals responded significantly better to
the “A2” ligand than old MCMV-negative mice (Fig. 4B). We
assessed the intensity of Kb-OVAjs7_564 tetramer staining when
normalized to CD3 levels (as a proxy measure of avidity for the
OVA-specific CD8 T cells) and failed to detect any differences
between the experimental groups (Fig. 4C). Therefore, there
were no gross differences in the avidity of CD8 T cells elicited
from adult, old, or MCMV-infected old mice.

However, given that we were trying to assess the influence on
avidity of the single-copy noncanonical clonotypes in the MCMV*
animals, this measurement was likely too blunt to detect such
changes. We deconvoluted our FCM data files (FCS Extract
software: research.stowers.org/mem/efg/ScientificSoftware/Ultility/
FCSExtract/index.htm) so that we could measure the tetramer/
CD3 binding ratio on individual cells within each OVA tetramer™
population. We then evaluated the distribution of these binding
intensities across the population, to measure the representation of
low-avidity cells in the MCMV™ old mice relative to the two other
groups (Fig. 4D). We found that the TCR repertoire of MCMV™*
old mice exhibits a significant negative shift in their relative
distribution, with more clonotypes of lower avidity (increased
tetramer/CD3 ratio). In contrast, the TCR repertoires of old mice
contained a greater representation of higher-avidity clonotypes
[consistent with our prior results (16)]. Collectively, these data
suggest that the increased clonotypic diversity in the MCMV™ old
mice confers variable, but overall increased, TCR cross-
recognition of antigenic variants, potentially useful for control
of escape variants and/or heterologous immunity, although
the biological significance of this observation will need to be
tested directly.

The OVA Repertoire Is Unlikely to Be Cross-Reactive with MCMV
Epitopes. One mechanism that might underlie the recruitment
of noncanonical clonotypes from MCMV™ old mice would be if
they were cross-reactive with MCMV antigen(s). This is a very
difficult possibility to rule out, as the ~230-kb MCMV genome is
predicted to encode between 170-750 ORFs, many of unknown
expression and function (30, 31). It has been reported that in-
flationary, persistently stimulated MCMV-specific T cell populations
down-regulate CD27 expression as a consequence of repeated
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SIINFEKL (N4) peptide or three different altered peptide ligands (A2, Y3, and Q4) at 107® M. The number of cells able to produce IFN-y in response to each was
assessed by FCM. Data show the individual responses for adult (open circles, n = 10) and old animals (black circles, n = 8), or MCMV™* mice (red circles, n = 9).
(B) Comparison of the number of IFN-y* cells responding to N4 (Left) or A2 (Right) peptides in old vs. MCMV™* old mice. Significance determined by Mann-
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experiments with n = 4-5 mice/experiment.

antigenic stimulation (32). To assess the potential that clonotypes
within the OV A-specific repertoire might be cross-reactive with
MCMV antigens we assessed CD27 expression on three different
MCMYV tetramer* populations, as well as the newly stimulated OVA-
specific T cells. We utilized tetramers for DP-M454g5 993, an acute-
phase, “noninflating” MCMV response, as well as tetramers specific
for two “inflationary” epitopes, KP-m139410 426 and K°-M3836 303
T cells (33). If the OVA IESPONSE Was Cross- -reactive w1th MCMV-
derived antlgens the expression of CD27 on the KP-OVAys7 264
tetramer™® cells (as surrogate markers for antigenic experience)
should resemble the expression seen on the inflating MCMV
tetramer populat1ons (M38 and m139) We found the opposite—
that the K°>-OV A5, 164 tetramer™ CD8 T cells in MCM V-infected
animals exhibited high CD27 expression, similar to the non-
inflating M45 epitope (Fig. 4F), and significantly different from
the inflating m139 and M38 epitopes. Moreover, most of the
noncanonical clonotypes found in the anti-OVA CDS response
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are present at very low or single copy number and thus could not
have been expanded in response to repeated antigen exposure, as
might be expected if they were cross-reactive with MCMV. Al-
though this does not formally exclude cross-reactive recognition of
MCMV antigens, these data strongly argue against cross-reactivity
to MCMYV as an explanation for the presence of these novel
OVA-specific clonotypes in the MCMV™ old mice.

Neither Age nor CMV Status Impacts Naive CD8 T Cell Repertoire
Diversity. Changes in the elicited OV A-specific TCR repertoire
in the MCMV™ old mice could be due to changes in the naive,
preimmune repertoire; alternatively, they could be due to dif-
ferential recruitment of the existing repertoire as a consequence
of MCMYV infection. To distinguish between these possibilities,
we sequenced the naive CD8 T cell pool in adult, old MCMV~,
and old MCMV™ animals. A total of 50,000 splenic naive CD8
T cells (CD8" CD44~ CD62L")/mouse was FACS sorted for
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high-throughput TCR@ repertoire analysis using a well-validated
multiplex primer set (34) and unique molecular tags for each
sample. We analyzed a total of 886,074 naive CD8 TCRp se-
quences from adult (118,585 sequences from two mice), old
(368,148 sequences, four mice), and MCMV™ old mice (342,677
sequences, four mice). For each input sample of 50,000 sorted
naive CD8 T cells, between 14,278 and 25,993 unique clonotypes
were recovered (DNA sequence) (Fig. 54). The coverage was
similar among all samples—the average number of sequences
recovered per amino acid clonotype was between 2 and 3 (Fig.
5B). This allowed us to compare both the number of sequences
and their distribution, by calculating the Shannon entropy for
each sample. We found no difference in the entropy values, sug-
gesting that neither age nor CMV status greatly influence the
diversity of the naive repertoire as measured by entropy (Fig. 5C).
These data indicate that the naive CDS8 T cell repertoire is of
similar diversity in adult, old, and MCMV™ old mice, yet the eli-
cited OVA-specific repertoire is highly restricted in old mice (Figs.
1-3). We interrogated the naive CD8 repertoire dataset for all
OVA-specific sequences that we had recovered in the elicited
OVA-specific response (SI Appendix, Fig. S4). Even with a limited
sample of 50,000 total naive CD8 T cells (not restricted to the
TRBVI12 family), we could detect many of the OVA-specific
TRBV12 naive precursors (Fig. 5D). We found within the naive
repertoire of all three groups many of the “unique,” single-copy
clonotypes that were mobilized only in the MCMV™* old mice
infected with Lm-OVA (Fig. 5D). Thus, the narrow TCR reper-
toire mounted in old MCMV-negative mice in response to in-
fection is not due to the absence of available clonotypes, but
rather due to a failure of the aged immune system to effectively
recruit and/or maintain these T cells in the effector response.

Discussion

In mammals, aging is associated with a dysfunction in T cell
responses to numerous pathogens. Defects within these aged
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Fig. 5. Neither age nor MCMV infection reduces naive CD8 TCRp repertoire
diversity. A total of 50,000 splenic naive CD8 T cells (CD8*CD44-CD62L*) was
FACS sorted from adult, old, and MCMV™" old mice for high-throughput TCRB
repertoire analysis by lllumina MiSeq. (A and B) Total number of unique nucleic
acid clonotypes (A4) and number of sequences recovered per nucleic acid clono-
type for each sample (B) are shown. (C) Calculated Shannon entropy values for
each sample. (D) Comparison of whether noncanonical sequences were re-
covered in the elicited OVA-specific repertoire on day 7 after Lm-OVA infection
(Right, pink) vs. their presence in the total naive CD8 TCRp repertoire (Left, blue).
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primary T cell responses against infection have been attributed
to various combinations of the following: reduced and altered
populations of naive T cell precursors to recruit into the re-
sponse (13); impaired antigen presentation function by dendritic
cells (35, 36); increased apoptosis of old T cell effectors (37); and
reduced effector T cell expansion and maturation (15, 37-39).

In contrast to the controlled environment of laboratory ani-
mals, the human immune system is constantly assaulted by in-
fectious exposure. Many microorganisms, and all herpesviruses,
are known to manipulate their host immune systems. Herpesvi-
ruses deploy multiple molecular mechanisms in place to avoid
recognition and elimination by both innate and adaptive immu-
nity (reviewed in ref. 3). Microbial pathogens (40, 41) including
herpesviruses (42, 43) have been also shown to benefit the host
by providing protection against heterologous infection, and im-
proving vaccine efficacy. In some cases, the mechanism was
shown to involve persistent activation of the innate immune
system (42). Such effects were either not studied in aging (40, 44)
or were found to not affect immune responses in older adults (43).

An age-associated contraction in TCR repertoire diversity was
inferred following the discovery and characterization of T cell
clonal expansions in mice (45, 46) and humans (47, 48), and the
latter were subsequently associated with CMV (9, 28). Obser-
vational data from aging human cohorts has revealed associa-
tions between peripheral CD4/CD8 T cell ratios, CMV antibody
titers, and all-cause mortality (reviewed in ref. 11). However, the
above associations remain to be causally and mechanistically
dissected.

In this report, we demonstrate an unexpected effect of a per-
sistent herpesvirus infection on adaptive T cell immunity in older
animals. Specifically, the OVA-specific V5" (TRBV12) CD8
T cell repertoire mobilized in response to Listeria infection was
remarkably broad in the presence, but highly restricted in the
absence, of a lifelong CMV infection. The response consisted of
many single-copy clonotypes that did not carry one or more of the
conventional signature elements of this response (TRBV12.1,
TRBJ1.2, 12-aa CDR3 length, and a conserved PR motif in the
CDR3; Figs. 1-3). This broad repertoire in MCMV™* old mice
provided a heterologous cytokine response against variants of
the original antigen, a benefit not afforded to old animals in the
absence of CMV infection. Of interest, this diverse repertoire
recruitment was not based on differences in the available pre-
immune naive T cell repertoire. High-throughput sequencing of
naive CDS8 T cells revealed that all animal groups had at their
disposal many of the same CDR3 sequences that were elicited in
CMV lifelong-infected old mice after Listeria challenge, but
these precursors were not mobilized and/or maintained in the
response in either adult or old mice without CMV infection.

In young mice, the recruitment of naive T cell precursors into
an immune response is believed to be virtually complete, with the
T cell effector response reflecting the naive precursor population
(49-51). In youth (the only model studied), differences in clo-
notype recruitment are typically not seen at early time points in
the response (i.e., day 3), when both high- and low-avidity T cells
become activated and enter into primary expansion (29). How-
ever, differences become evident at the peak of the response
(day 7-9), where low-avidity T cells have already entered into the
contraction stage and are therefore present in fewer numbers
(29). Thus, a protective effector T cell population is generally
held to be composed of large expansions of high-avidity clono-
types, with smaller populations of clonotypes with reduced
avidity, but which are critical for defense against pathogen es-
cape variants or infection with heterologous pathogens (52-54).
To our knowledge, assessments of aged antigen-specific repertoires
have not been performed at early time points. Thus, one possibility
is that old mice (without MCMV) may also show a diverse TCRp
repertoire at early time points after Lm-OVA challenge, but that
recruitment is not sustained throughout the clonotype expansion
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phase between days 3 and 7. Indeed, prior findings of restricted
TCR repertoire in effector CD8 T cells in old mice following HSV
(16) and influenza infections (15, 17) are consistent with a failure of
the aged organism to effectively recruit all available precursors,
rather than an absolute loss of them. Similarly, we did not find
differences in kinetics, but rather only in magnitude, of the response
against Lm-OVA without (12) MCMV. We speculate that old mice
with persistent MCMYV infection can better recruit and/or maintain
lower avidity effectors by an unknown mechanism. Experiments are
in progress to identify that putative mechanism(s) and test whether
it may operate in adult mice too.

Our previous study found some functional defects in the
OVA-specific effector CD8 T cells in MCMV™* old mice, which
correlated to a modest delay in pathogen clearance early, but not
later, in the response; this did not result in increased morbidity
and mortality (12), a finding echoed in other studies (19-21).
The repertoire sequence data presented here suggest that these
functional defects are completely disconnected from standard
measures of repertoire diversity. Indeed, old mice aged with
persistent MCMYV infection show many TCRp repertoire diversity
features that more closely resemble young adult animals than to
their age-matched, MCMV-free controls (Fig. 2 4 and B).

Perhaps of most importance, the data presented here suggest
that the ability to mount a diverse effector response can be
maintained into late life, and that lifelong persistent MCMV
infection can positively influence this capacity. This may reflect
changes in antigen presentation capacity (impaired in aged mice;
ref. 35) or some other unknown mechanism that lifelong MCMV
infection mediates. Mechanistically, MCMV could impact the
recruitment of diverse TCR clonotypes into immune responses
by infecting or otherwise altering dendritic cells as the key me-
diators of T cell priming. Myeloid progenitors and dendritic cells
(DCs) are known reservoirs of CMV (55), and over a lifetime,
the frequency of DCs that harbor virus would likely increase. We
attempted to assess phenotypic changes in the expression levels
of CD27, CD40, CD80, CD86, or MHC-II on the surface of
CD8u* DCs in adult, old, or MCMV™ old mice either before, or
24 h after Lm-OVA infection. The CD8a* DC subset is the
primary population used to prime CD8 T cells following infec-
tion with Listeria (56, 57). Unfortunately, on a bulk population
level, no differences were seen either at baseline, or 24 h post-
infection in the degree to which the CD8a DCs up-regulated
these costimulatory molecules. However, until better tools are
available to determine the frequency of DCs that harbor virus in
these animals and to allow us to examine responses of the in-
fected DCs only, these negative results will remain difficult to
interpret. Future studies to assess how lifelong CMV infection
influences DC maturation and priming capacity are underway.

Overall, our data significantly challenge the hypothesis that
CMV has a simple negative impact upon the immune response
with aging, as MCMV™ mice were able to recruit clonotypes of
greater diversity and with sequences never seen in the elicited
response of MCMV-negative old animals. We propose that the
recruitment of such diverse clonotypes into the immune response
is likely to be beneficial in a broader context of immune defense
(outside of the pathogen-free laboratory environment), where
exposure to pathogen variants is much more likely (52-54).

Materials and Methods

Mice and Lifelong MCMV Infection. Eighteen-week-old adult C57BL/6 (B6, H-
2b) male mice were purchased from The Jackson Laboratory. At 20 wk of
age, adult mice were infected with 10° pfu of MCMV intraperitoneally (Smith
strain, originally obtained from M. Jarvis and J. Nelson, Oregon Health and
Science University, Portland, OR, passage 3 on M210B4 cells), and then fol-
lowed to 20 mo of age. Twenty-month-old male C57BL/6 mice were pur-
chased from the National Institute of Aging Aged Rodent Colony (Charles
River Laboratories). All mice were maintained under specific pathogen-free
conditions in the animal facility at the University of Arizona, and experi-
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ments were conducted under guidelines set by the University of Arizona
Institutional Animal Care and Use Committee.

L. monocytogenes Infections. Mice were systemically infected by i.v. injection
in the lateral tail vein with 1-8 x 10° cfu of recombinant L. monocytogenes
expressing the OVA protein [Lm-OVA (22)] in a volume of 100 pL of sterile PBS.

Single-Cell Sorting for OVA-Specific CD8 TCRp Sequencing. Seven days follow-
ing Lm-OVA challenge, splenocytes were collected and passed through a 40-um
mesh screen to prepare single-cell suspensions, and then negatively enriched
for CD8" T cells using magnetic beads (Miltenyi Biotec). Highly enriched CD8* T
cells were stained with fluorochrome-conjugated anti-CD8a (53-6.7), anti-CD4
(GK1.5), anti-CD44 (IM7), anti-Vp5.1/5.2 (MR9-4), and KP-OVA,s7_264 tetramers
(NIH Tetramer Core Facility) for 45 min on ice, and then washed twice. Cells
were resuspended in sorting buffer and CD8*CD4~CD44*KP-OVA*Vp5* lym-
phocytes were sorted as single cells into 96-well plates using a FACSAria cell
sorter (BD Biosciences). Wells without sorted cells were included on every plate
to control for contamination.

Single-Cell cDNA Synthesis and RT-PCR. Our RT-PCR protocol was adapted from
those of Kedzierska and Hamrouni (58, 59). Single CD8*CD44*K°-OVA*Vp5*
cells were sorted directly into 96-well PCR plates containing 5 puL of cDNA
reaction mix made of the following: 0.25 pL of Sensiscript reverse tran-
scriptase (Qiagen), 1x cDNA buffer (Qiagen), 0.5 mM 2'-deoxynucleoside 5'-
triphosphate (Qiagen), 100 pg/mL tRNA (Invitrogen), 50 ng of oligo-dT1,_1g
(Invitrogen), 20 U of RNase Out (Invitrogen), and 0.1% Triton X-100 (Sigma-
Aldrich). cDNA synthesis was performed immediately after sorting by in-
cubating plates at 37 °C for 90 min, followed by 5 min at 95 °C. Plates were
immediately stored at —80 °C. VB5 (TRBV12 in IMGT nomenclature) tran-
scripts were amplified by nested PCR, and the entire 5-uL cDNA reaction was
used for the first PCR in a final 25-uL volume containing 1.25 U of DreamTaq
polymerase (Fisher Scientific) in the manufacturer’s 1x Buffer with 200 pM
each 2'-deoxynucleoside 5'-triphosphate (Fisher Scientific), and 100 nM ex-
ternal degenerate sense TRBV12 primer (5-GGGGTTGTCCAGTCTCC-3’) and
external antisense TRBC primer (5-CCAGAAGGTAGCAGAGACCC-3). The
PCR cycling program began with 5 min at 95 °C, followed by 40 cycles of 20 s
at 95 °C, 20 s at 56 °C, and 45 s at 72 °C, ending with 5 min at 72 °C. A 4-pL
aliquot of the first PCR product was used for the second PCR with the in-
ternal degenerate TRBV12 sense primer (5'-CCAGCAGATTCTCAGTCC-3') and
the internal antisense TRBC primer (5-GGGTAGCCTTTTGTTTGTTTG-3’). The
second PCR program was the same as the first, with 35 rounds of amplifi-
cation. PCR products were resolved on a 1.8% agarose gel, purified with the
MinElute 96 UF PCR purification kit (Qiagen), and sequenced with 12 pmol
of the internal degenerate TRBV12 sense primer, using an Applied Bio-
systems 3730XL DNA Analyzer at the University of Arizona Genomics Core.

OVA-Specific TCRp Clonotype Analysis. The OVA;s;_»e4-specific CD8" TCRp
clonotypes were characterized by sequentially aligning each TCRp sequence
with the best match of either the TRBV12-1 or TRBV12-2 gene and then the
best-match JB gene, using the IMGT reference alleles for the Mus musculus
TRB genes (24). The CDR3 sequence was then identified between, and in-
clusive of, the conserved cysteine in the TRBV region and the conserved
phenylalanine in the TRBJ region.

Lm-OVA-Specific TCR} Repertoire Diversity Analysis. The diversities of the
CD8* TCRp repertoires specific for the OVA,s7_564 €pitope in each mouse
were evaluated using two different measures of diversity: the number of
different TRB amino acid sequence clonotypes and the Simpson'’s diversity
index (60). The Simpson'’s diversity index accounts for both the variety of
amino acid sequence clonotypes and their clone sizes. This relative diversity
index ranges in value from 0 (minimal diversity) to 1 (maximal diversity). To
account for the differences in the TRBV repertoire samples sizes obtained
between mice, the diversity of a TCRp repertoire was estimated as the me-
dian value of 10,000 random draws of subsamples of 21 TCRB sequences
from the total TCRB repertoires obtained for each mouse (60, 61). The di-
versity analysis was performed using MATLAB (The MathWorks).

Flow Cytometry and Intracellular Cytokine Staining. On day 7 after Lm-OVA
challenge, splenocytes were collected and passed through a 40-um mesh
screen to prepare single-cell suspensions. Cells were stained for 1 h at 4 °C
with fluorochrome-conjugated antibodies against CD3 (clone 1B11), CD4
(GK1.5), CD8« (53-6.7), Vp5.1/5.2 (MR9-4), CD27 (LG.3A10), KLRG1 (2F1), and
the KP-OVA,s,_564 tetramers, or MCMV DP-M45gg5_g93, K°-m139419_426, and
KP-M385,6_3,3 tetramers (NIH Tetramer Core Facility).

PNAS | vol. 115 | no.29 | E6823

IMMUNOLOGY AND

INFLAMMATION



For avidity measurements by tetramer staining, the geometric mean
fluorescent intensity (gMFI) of Kb-OVA was normalized to the gMFI of CD3.
To deconvolute flow cytometry (FCM) data, the gated Kb-OVA™ CD8* T cell
subset was exported in FlowJo, and then extracted to evaluate expression of
each marker on individual events with FCS Extractor software (research.
stowers.org/mcm/efg/ScientificSoftware/Utility/FCSExtract/index.htm). These
single event values were pooled across all animals within each experimental
group (adult, old, MCMV). These values were binned to assess the relative
distribution of staining ratios for each experimental mouse group. P values
in the table were calculated by ANOVA with Bonferonni adjustment (means)
or by Kruskal-Wallis test (medians).

To measure responsiveness to APLs, splenocytes were incubated for 6 h at
37 °Cin a total volume of 100 pL of RPMI 1640 plus 5% FCS containing 0.1 pg/
well brefeldin A (eBioscience), and 10~° M of the following OVA,s;_,es-derived
APLs: native “N4" (SIINFEKL), APL “A2" (SAINFEKL), APL “Y3" (SIYNFEKL), APL
“Q4" (SIIQFEKL), or no peptide. Cells were washed, stained overnight at 4 °C
with fluorochrome-conjugated antibodies specific for the surface markers
CD4, and CD8a, washed, fixed, and permeabilized, and then stained for in-
tracellular IFN-y (XMG1.2) using the BD Fix/Perm buffer kit according to the
manufacturer’s directions.

Data acquisition was performed on a custom-made, four-laser BD Fortessa
flow cytometer (Becton Dickinson), and was analyzed using FlowJo software
(Tree Star). A minimum of 10,000 CD8" events within the lymphocyte gate
was collected for all files.

Naive CD8 T Cell Sorting for TCR§ Repertoire Analysis. Splenocytes were col-
lected and passed through a 40-um mesh screen to prepare single-cell sus-
pensions, and then negatively enriched for CD8* T cells using magnetic
beads (Miltenyi Biotec). Highly enriched CD8" T cells were stained with
fluorochrome-conjugated anti-CD8«a (53-6.7), anti-CD4 (GK1.5), anti-CD62L
(MEL-14), and anti-CD44 (IM7) for 45 min on ice, and then washed twice.
Cells were resuspended in sorting buffer and 50,000 CD8+CD4-CD44 CD62L"
lymphocytes were sorted into TRI Reagent (Molecular Research Center) using
a FACSAria cell sorter (BD Biosciences). At least three replicate samples
(50,000 each) were collected from each animal and stored at —80 °C.

Naive CD8 TCRp Library Construction, Molecular Barcoding, and Sequencing.
RNA was chloroform extracted and alcohol coprecipitated with 40 pg of
RNase-free glycogen. The RNA was reverse transcribed (Superscript IlI/Plati-
num Tagq) at 50 °C for 30 min, followed by one cycle of PCR in the presence of
a multiplex set of mouse TRBV and TRBC primers (62). The 5’ ends of the
TRBV primers were appended with molecular tags (9 x N-nucleotides) and
lllumina MiSeq adaptors, and the TRBC primer was appended with an ad-
ditional molecular tag (4 x N-nucleotides). The single-cycle PCR conditions
contained a single melting step of 94 °C of 30 s, followed by a single
annealing stage of 51 °C for 45 s and an extension cycle of 72 °C for 3 min.
The double-stranded DNA product was purified by Ampure XP beads and
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further amplified with oligos containing Illumina MiSeq adaptors and
standard Illumina barcodes derived from the lllumina N501-N504, N701-
N704 series. The following PCR conditions were utilized: 95 °C (30 s), 58 °C
(45 s), and 72 °C (45 s); for 35 cycles. The double-stranded DNA product was
purified by Agilent Ampure XP beads, yielding a mouse TCR p-chain (mTCRp)
library whose size is between 320 and 540 bp. The mTCRp library was further
purified by Pippin Prep (Sage Science) and analyzed for the presence of
residual primer dimer artifacts utilizing Advanced Analytical Technologies
High Sensitivity NGS Fragment Analyzer. Each of the 10 mTCR libraries
was quantified by gPCR and sequenced on an Illumina MiSeq instrument
with 2 x 300-bp paired-end v3 chemistry in the University of Arizona Ge-
nome Sequencing Core.

To informatically control for amplification bias, PCR error, and sequencing
error, an analysis was carried out with MT-Toolbox to deconvolute the
molecular tags. Using this program, TCR sequences with identical molecular
tags were deemed to have derived from the same input mRNA template
molecule (63). The variable (V) gene and joining (J) gene usage for each TCR
was determined utilizing IgBLAST (64) emulated within the VDJserver in-
frastructure (https:/vdjserver.org/, according to the germline reference gene
sequences annotated in IMGT [www.imgt.org/IMGTrepertoire (24)].

Naive CD8 TCRf Repertoire Diversity Analysis. Shannon’s entropy calculations
were performed according to Diz et al. (65). Briefly, Shannon entropy is
utilized as a readout of population diversity of the TCRp clonotypes within
each sample. The number of unique species of TCRB clonotypes and the
frequency of each of those unique clonotypes are utilized to calculate
Shannon’s entropy. We define S as the total number of unique TCRp clo-
notypes in the sample, and Pj as the proportion of the sample corresponding
to the ith TCRp clonotype, leading to the definition of Shannon entropy H as
follows:

H=-3"" pilogp;.

Entropy is highest when the number of unique TCRB clonotypes is high and
when the proportion of each TCRB clonotype does not dominate the
frequency landscape.
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