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Secondary lymphoid organs (SLOs) (including the spleen and lymph nodes [LNs]) are
critical both for the maintenance of naive T (Ty) lymphocytes and for the initiation
and coordination of immune responses. How they age, including the exact timing,
extent, physiological relevance, and the nature of age-related changes, remains incom-
pletely understood. We used “time stamping” to indelibly mark newly generated naive
T cells (also known as recent thymic emigrants) (RTEs) in mice, and followed their
presence, phenotype, and retention in SLOs. We found that SLOs involute asynchro-
nously. Skin-draining LNs atrophied by 6 to 9 mo in life, whereas deeper tissue-
draining LNs atrophied by 18 to 20 mo, as measured by the loss of both T numbers
and the fibroblastic reticular cell (FRC) network. Time-stamped RTEs at all ages
entered SLOs and successfully completed postthymic differentiation, but the capacity
of older SLOs to maintain Ty numbers was reduced with aging, and that trait did not
depend on the age of Tns. However, in SLOs of older mice, these cells exhibited an
emigration phenotype (CCR7'°S1P1%), which correlated with an increase of the cells of
the same phenotype in the blood. Finally, upon intradermal immunization, RTEs gen-
erated in mice barely participated in de novo immune responses and failed to produce
well-armed effector cells detectable in blood as early as by 7 to 8 mo of age. These
results highlight changes in structure and function of superficial secondary lymphoid
organs in laboratory mice that are earlier than expected and are consistent with the
long-appreciated reduction of cutaneous immunity with aging.

T cells | homeostasis | aging | secondary lymphoid organs

Naive T (Ty) cells are critically important for mounting de novo immune responses
against emerging and reemerging pathogens, due to their broad TCR repertoire diver-
sity and consequent specificity for a wide array of antigens. Ontogenically, Ty cells are
produced and released by the thymus and then transported by blood and lymph to
seed secondary lymphoid organs (SLOs) (in this manuscript, spleen and lymph nodes
[LNs]). Such cells are called recent thymic emigrants (RTEs) (1), a definition usually
applied to the cells in the first 7 to 14 d following thymic egress. RTEs have character-
istic phenotypic and functional features that make them distinct from Ty cells,
including high threshold for T cell receptor (TCR) activation, high expression of
anergy-related genes, and lower cytokine production capability upon stimulation as
compared to mature Ty cells (2). However, RTEs are known to produce a comparable
effector response to fully mature Ty cells under inflammatory conditions and upon
infectious challenge in mice (3). A series of seminal studies led to a model whereupon
successful exit from the thymus, RTEs migrate to the SLO and interact with both stro-
mal and migrating myeloid cells (e.g., dendritic cells [DCs]) that provide further signals
leading to their final maturation into Ty cells (2, 4). It simultaneously became clear
that SLOs are the key sites that maintain the Ty cell pool under homeostatic and other
conditions, including inflammation, infection, and lymphodepletion (5-8). Therefore,
homeostatic maintenance of the Ty cell pool largely depends on the balance between
seeding and retention of RTEs, long-term maintenance of the new and existing Ty
cells in the SLOs, and their loss due to phenotypic transition into other subsets as a
consequence of antigenic stimulation, altered maintenance, or death. This ensures that
Ty cell numbers, diversity, and function are maintained for long time periods in the
SLOs, especially after thymic involution (9, 10). However, homeostatic maintenance of
Ty cells deteriorates with advanced age, pronouncing the impairment of protective
immunity in older adules (11, 12).

Stromal cells of the SLOs consist of many different cell types of nonhematopoietic
origin, which not only provide the overall structural scaffolding of the SLOs, but more
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importantly organize themselves into a number of specialized
microenvironments (or niches) that play critical roles in
lymphocyte maintenance and function (13). For example,
fibroblastic reticular cells (FRCs) form a network of reticular
conduits coated by extracellular matrix (ECM) that provide
homeostatic signals to Ty cells in the form of IL-7 deposited
on the ECM and serve as “superhighways” to direct incoming
DCs and Ty cells to one another during the initiation of an
immune response. Recent studies from some (5, 14-16) but
not other (17) groups have suggested that age-related structural
deterioration in SLOs might hamper the maintenance and
function of Ty cells in old mice. Specifically, Becklund et al.
(5) showed that in the steady, homeostatic state, the superficial
LN of the old recipient mice exhibited a defect in the mainte-
nance of young donor CD4™ and CD8" T cells upon adoptive
transfers. This correlated to a numerical reduction in FRCs and
reduced connectivity of the FRC network in the T cell zone,
which could potentially reduce the bioavailability/access to sur-
vival signals, such as IL-7, as well as to a loss in demarcation
between T and B cell zones in the LNs (5). These results were
corroborated and extended by our group to describe an even
more pronounced age-related numerical reduction in lymphatic
endothelial cells (LECs) (14). A similar deterioration in T and
B cell zone organization and altered T/B interactions have also
been reported in human lymph nodes (18). With regard to ini-
tiation of new immune responses, old superficial LNs fail to
expand in response to West Nile virus (WNV) (16) and chi-
kungunya virus (CHIKV) (19) infections, resulting in reduced
T and B cell accumulation, fewer germinal centers, and reduced
levels of neutralizing antibodies (16, 19). In the case of WNV,
Richner et al. showed that immigrant T and B cells exhibit an
age-related delay in entry as well as slow and apparently disor-
ganized migration within the LNs (16), consistent with the dis-
organization of the FRC network architecture. On the other
hand, Masters et al. (17) reported data that confirmed some,
but not all, of these results. Specifically, they found age-related
changes that affected the architecture and organization of the
LN, erosion of the splenic gp38/podoplanin® (a FRC marker)
area, reduction in T cell zone FRC (also called T cell zone
reticular cells [TRCs]) numbers, as well as reduced levels of
CCL19 and CCL21 per milligram of total protein (17, 20).
However, they also reported that at a steady state, popliteal
LNs (superficial) and lung-draining (deep) mediastinal LNs of
young and old mice had similar numbers of stromal cells, but
that upon influenza infection the proliferation and expansion
of the major stromal cell subsets (FRCs [CD45 gp38*
CD317], LECs [CD45 gp38"CD31"], and blood endothelial
cells [BECs] [CD45 gp38 CD317]) of the old mediastinal
LNs appeared delayed compared to young counterparts (17).
While these results collectively indicate some level of SLO dys-
function with aging, whether and to what extent these age-
related LN structural and stromal changes contribute to defects
in the maintenance and function of Ty cells remain incom-
pletely understood.

The pool of Ty cells is continuously maintained by a balanc-
ing influx of newly generated RTEs and the homeostatic
regulation of the mature Ty compartment in SLOs. A cross-
sectional analysis of RTEs using Rag-2-pGFP mice revealed
that GFP* RTEs in the spleen started declining around 24 to
25 wk of age and remained stable thereafter (21). However, in
that model, thymocytes were labeled by GFP expressed off the
episomal circles generated during V(D)] recombination, and
the label is relatively rapidly lost following exit from the thymus
(typically within a week of egress). This disallows studies of
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cohorts of T cells born at different ages or their prolonged
followup in the postthymic period in SLOs. Because residual
thymic output remains even at older ages, it is important to
understand the biology of the RTEs generated de novo in old
age and to compare them to those generated earlier in life. For
these reasons, the ability of newly generated RTEs to seed, sur-
vive, and be maintained in the peripheral LNs (pLNs) at differ-
ent ages has not been systematically investigated. Zhang et al.
elegantly solved the technical limitations of this problem, by
stably marking distinct waves of T cells using the tamoxifen-
driven TCRSCre. ER-ZsGreen—inducible labeling (22). They
followed T cells generated at early (1 mo) and late (16 mo) life
and found that labeled T cells in SLOs were mainly of naive
and memory phenotype, at 3 and 18 mo of age, respectively (22),
consistent with other work in the field (reviewed in ref. 11).

To further address the timing, the extent, and physiological
importance of age-related SLO defects, including disturbances
in SLO stromata, we deployed the above TCRdCre.ER mouse
model (22) (generously provided by Y. Zhuang, Duke Univer-
sity, Durham, NC), which allowed us to “time stamp” label
distinct waves of newly generated RTE:s at different chronologi-
cal ages. We report a surprisingly early decline (6 to 9 mo) of
RTEs in the skin-draining (axillary and inguinal) LNs, whereas
the deeper SLOs (e.g., brachial LNs and spleen) exhibited a
late-life decline. This kinetics of RTE decline corresponded
closely to the reduction of LN-homing CCR7" cells and with a
transient increase in CCR7~S1P1" LN emigrants, but was
independent of the decline in export of RTEs from the thymus.
The RTE decline in different LNs temporally coincided with a
numerical reduction of LN LECs, as well as with a profound
disruption of the LN FRC network—early in superficial LNs
and late in deep-draining LNs and spleen. Moreover, T cells
generated early in life declined numerically in SLOs at around
5 to 6 mo and acquired a virtual memory phenotype. Adoptive
transfers of adult Ty cells into old or adult recipients allowed
us to map reduced retention of RTEs by LNs at different ages
to the age of LNs and not to the intrinsic age of the Ty cells.
Finally, functional experiments demonstrated that already at
6 mo, RTEs participated poorly in primary immune responses,
particularly at the level of fully differentiated and armed (gran-
zyme B, Ag-specific) CD8 T cells. Collectively, these data sug-
gest that LNs do not age equally. Skin-draining LNs exhibited
early atrophy and deeper LNs (and spleen) maintained their
structure longer, providing a useful temporal framework to dis-
sect the cellular and molecular basis for defects in Ty cell main-
tenance and function.

Results

Asynchronous Lymph Node Atrophy Dictates Differences in
Ty Maintenance between Different Lymph Nodes during
Aging. Several studies in both humans and mice have shown
the decline in Ty cell numbers during aging (23-25). Using
the Rag2-pGFP reporter mouse model we have shown that in
the last third of life, even when the thymus is reactivated, RTEs
failed to home to and/or be retained well in the old SLOs, par-
ticularly the pLNs (14). This may be due to defects in either
the old T cells, the pLN microenvironment, or both. Two
main experimental approaches have been used to label recent
thymic emigrants and study their entry and retention into
SLO—direct fluorescein injection into the thymus (26) and
genetic marking of recently completed V(D)] recombination by
GFP driven by the Rag2 promoter (27). Both are very efficient
in short-term labeling of RTEs; however, with both approaches
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the label disappears within days due to cell division and protein
turnover, and therefore RTEs defined by the expression of
RAG-2—driven GFP can be followed, at most, for up to 7 d
postthymic exit, and those labeled by fluorescein for even
shorter periods.

To stably label and monitor the persistence of RTEs, we
used tamoxifen (TAM)-inducible TCRS“™FR Rosa26-ZsGreen
reporter mice (22). These animals were fed a tamoxifen-
containing diet for 30 d to induce a wave of ZsGreen-positive
RTEs, and the mice were then maintained on normal chow for
the next 21 d to allow RTE egress, homing to, and maturation
in, SLOs (Fig. 14). Our analysis confirmed that following with-
drawal of tamoxifen, ZsGreen labeling of double-positive (DP)
thymocytes continued until day 7, but was negligible (<0.1%)
by day 14, compared to more than 99% of DP thymocytes
labeled during the tamoxifen-diet treatment (S Appendix,
Fig. S1A). These data confirm the findings in the original pub-
lication (22), that developing T cells continue to be labeled for
a maximum of 7 d after tamoxifen-diet removal. Therefore,
compared to prior studies, RTEs in this manuscript are “older”
by up to 4 wk relative to their time of generation in the
thymus, which should be considered when comparing data
between studies.

We first performed a time-course analysis in a cross-sectional
manner to evaluate seeding, maturation, and retention of
ZsGreent RTEs in different SLOs at 3, 6, 9, 12, 15, 18, 21,
and 24 mo of age (S Appendix, Fig. S1B). In young animals,
nearly a third of all T cells in SLOs were RTEs. That propor-
tion dropped with age. Nonetheless, in agreement with the
data from both the Rag2pGFP transgenic mice (21) and older
humans (28), we detected both CD4" and CD8% RTEs even
at 24 mo of age (SI Appendix, Fig. S1 B and C). We found no
difference in the ability of RTEs across lifespan to mature (lose
the surface expression of CD24 and gain Qa-2) (4) once seeded
in different SLOs (81 Appendix, Fig. S1D). The ratio of RTEs
(ZsGreen™) to resident, naive T cells (ZsGreen ™, CD44"°62L™)
remained relatively constant across ages, with some variability
at 6 and 9 mo and a late decline at 24 mo (SI Appendix, Fig.
S1E). The CD4/CDS8 ratio of RTEs produced at different ages
also did not change much over lifespan (S7 Appendix, Fig. S1F),
consistent with the idea that the late-life increase in CD8 T
cells over CD4 T cells is a function of differential peripheral
maintenance (21). Moreover, consistent with prior observations
from Fink and coworkers (21), we found that the production
of ZsGreen™ single-positive cells in the thymus remained cons-
tant with age when quantified as a ratio of RTEs to
CD4"CD8"* DP thymocytes to control for age-related thymic
involution (87 Appendix, Fig. S1G).

However, major age-related differences were found in the
numbers of RTEs detected in different SLOs. Specifically, skin-
draining superficial axillary and inguinal LNs exhibited signs of
early numerical decline in RTEs around 6 to 9 mo of age,
which further progressed with aging (Fig. 1B). By contrast, an
early decline was not evident in the spleen or brachial LNs,
which reside adjacent to the scapula, attached to the biceps
muscle, and drain deeper regions of the forearm, shoulder, and
neck and not the skin (29, 30). Both the spleen and the bra-
chial LNs only showed significant decline in RTEs around
18 mo (Fig. 1B and SI Appendix, Fig. S2A); a similar late
reduction in RTEs was detected in the blood (87 Appendix, Fig.
S2A). This raised a question of whether these observations were
a result of differential RTE maintenance/retention or rate of
LN atrophy with age. To better understand this, we determined
the rate of RTE maintenance or loss in SLOs by analyzing the
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proportion of ZsGreen® T cells among the total white blood
cells (WBCs). We found that both CD4 and CD8 RTE:s exhib-
ited a similar rate of retention or persistence across the different
LNs (Fig. 10), with a sharp decline in the rate of RTE reten-
tion at 6 mo in all the SLOs, which plateaued thereafter
(Fig. 10). Moreover, a similar retention pattern with loss at
6 mo was seen in the spleen, whereas proportions of circulating
RTEs increased at 6 mo (SI Appendix, Fig. S2B). Analysis of
WBC numbers in the LNs across ages revealed an asynchro-
nous rate of decline of total cellularity. The skin-draining axil-
lary and inguinal LNs, but not brachial LN, exhibited overall
decline in cellularity (20 to 35% decline compared to 3 mo) as
early as 6 mo and never returned back to the numbers seen at
3 mo (Fig. 1D). Instead, brachial LNs maintained overall cellu-
larity from 3 to 24 mo. This explains the early decline of abso-
lute RTE numbers in axillary and inguinal LNs compared to
brachial LNs, despite a similar rate of RTE retention. Of
importance, a significant positive linear correlation between the
cellularity of the LN and RTE numbers exists for the axillary
and inguinal LNs (87 Appendix, Fig. S2C), further supporting
that age-related atrophy of these LNs might contribute to the
reduction in the absolute numbers of RTEs. However, despite
maintaining total cellularity (or sometimes increased cellularity)
with age, brachial LNs and spleen also accommodated signifi-
cantly fewer RTEs starting at 6 mo, suggesting constriction of
the niche available to receive new RTEs.

The age-dependent decline of RTEs in the SLOs was largely
due to the reduction of Ty ZsGreen™ cells (CD62LMCD44")
(Fig. 1E and SI Appendix, Fig. S2D), whereas the numbers of
central memory (Tem, _CD62Lh'CD44h') and effector memory
(Tenm, CD62L°CD44") ZsGreen™ T cells were very low in all
LNs and higher in the spleen (87 Appendix, Fig. S1 H and 1).
While in the LNs both the CD4" and CD8% Ty ZsGreen™
cells showed the same kinetics of decline (early in the superficial
and delayed in deeper LNs), we found that splenic (and to a
lesser extent, blood) CD4", but not CD8%, Ty cells showed
evidence of an earlier numerical decline (Fig. 1£ and S/
Appendix, Fig. S2D). RTEs of the Ty phenotype in circulation
only showed a significant drop at 21 mo and later (87
Appendix, Fig. S2D). However, both CD4% and CD8* RTEs
with a Ty phenotype exhibited a similar rate of retention across
ages in different SLOs (Fig. 1F and SI Appendix, Fig. S2E),
consistent with the idea that their early numerical decline in
axillary and inguinal LNs was largely driven by accelerated LN
atrophy (Fig. 1D).

Taken together, these results show that 1) the transition from
RTE to Ty is unaffected by age; 2) RTE maintenance across
SLOs is reduced with aging starting early in life (~6 mo); and 3)
early LN atrophy of skin-draining LNs is either a cause, or effect,
of reduced RTE and Ty numbers in these LNs. Finally, the asyn-
chronous atrophy of SLOs demonstrates that these changes are
not driven by the age-related decline in thymic production but
that they instead involve other mechanisms.

Decline of CCR7 Expression and Transient Increases of S1P1
on SLO RTEs Coincide with Age-Related RTE Loss from SLOs.
The ability of T cells to reside in the LNs depends on several
signals, most notably the expression of the C-C chemokine
receptor type 7 (CCR7) and sphingosine 1-phosphate receptor
(S1P1) on the surface of RTEs. CCR7 regulates LN homing
and retention, and its high-affinity ligands (CCL19 and
CCL21) are produced by LN stromal cells, predominantly
FRCs, while SIP1 promotes the egress of T cells from the LNs
via efferent lymphatics, with LECs producing its ligand,
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Fig. 1. Differential rate of lymph node atrophy dictates differential number of RTE retention despite similar rate of RTE maintenance. (A) Pictorial represen-
tation of experimental strategy to label RTEs at different ages, wherein TCR§*6%. ZsGreen mice were fed on TAM chow for 30 d and revert back to normal
chow for another 21 d before analyzing the ZsGreen™ RTEs at indicated timeline ages. Phenotypic analysis of cells from SLOs were performed using multi-
color FCM. Data show (B) absolute numbers of CD4*ZsGreen™ (Left) and CD8*ZsGreen* (Right) T cells and (C) percentages of CD4*ZsGreen* (Left) and
CD8*ZsGreen™ (Right) T cells among the total WBCs in the LNs. (D) Percent change in the total WBC count in the LNs across the ages. The cell counts at later ages
were normalized to mean absolute count at 3 mo, and percent change was plotted. Data show (£) absolute numbers of ZsGreen*CD62L"'CD44'"° naive phenotype
RTEs among the CD4* (Left) and CD8* (Right) compartments and (F) percentages of CD4*ZsGreen*CD62L"CD44° (Left) and CD8*ZsGreen*CD62L"CD44"° (Right)
cells among the total WBC count of pLNs. Data represent pooled results of cross-sectional experiment performed across five to six independent harvests with
9 to 19 mice/age group (B-F). Error bar represents mean + SEM (B and C, E and F). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (P values for different LNs
are shown by respective color codes); two-way ANOVA followed by Dunnett's multiple comparison test (multiple comparisons to 3 mo). (B and E) The horizontal
colored lines in the graph denote the time where a significant drop (compared to 3 mo) in the number of RTEs was observed.
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treated as in Fig. 1A. Peripheral LNs and spleen and blood cells were stained with CCR7 and S1P1 and analyzed by FCM. (A and B) Data show frequencies of
(A) CD44~CCR7™* cells and (B) CD44*CCR7* cells among CD4*ZsGreen* (Left) and CD8%ZsGreen* (Right) T cells in the pLNs. (C and D) Frequencies of (C)
CCR7*S1P1* cells and (D) CCR7 S1P1* cells among CD4%ZsGreen* (Left) and CD8%ZsGreen™ (Right) T cells of the pLNs are shown. Data represent pooled
results of cross-sectional experiment performed across five to six independent harvests with 9 to 19 mice/age group (A-D). Error bars represent mean +
SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (P values for different LNs are shown by respective color codes used in the figure); two-way ANOVA
followed by Dunnett's multiple comparison test (multiple comparisons to 3 mo) (4-D).

sphingosine 1-phosphate (31). We examined discrete waves of
reporter” RTEs in SLOs and found that peripheral LNs and
spleen had significantly reduced frequencies of CCR7-
expressing cells among the reporter"CD44 ™ naive cells both in
CD4" and CD8" compartments starting from 6 mo of age
(Fig. 24 and SI Appendix, Fig. S3 A and B). This decline in
CCR7-expressing RTEs was an attribute of SLOs, as we failed
to find changes in the circulation (87 Appendix, Fig. S3 A and
B). Interestingly, the decreased frequencies of CCR7-expressing
RTEs were specifically evident in naive cells but not in Ty
cells in SLOs (Fig. 2B and S/ Appendix, Fig. S3 A and C), sug-
gesting that SLO/LN retention of naive RTEs was selectively
affected by aging.

We found that the frequencies of ZsGreen*CCR7*S1P1*
and ZsGreen"CCR7 S1P17 exhibited a spike at 6 to 9 mo in
the SLO, which was more prominent for CD4" T cells (Fig. 2
C and D and SI Appendix, Fig. S3 D-F). Additionally,

PNAS 2022 Vol.119 No.17 2121028119

expression of CCRY7 significantly decreased on the surface of
CD4"ZsGreen* and CD8%ZsGreen™ cells as early as 6 mo and
was then maintained at this lower level across SLOs thereafter
when evaluated as both the frequency of positive cells and
mean fluorescent intensity (MFI) of expression (Fig. 24 and S/
Appendix, Fig. S40). In contrast, circulating ZsGreen™ cells
exhibited an increased frequency of CCR7™ naive cells and ele-
vated expression levels (by MFI) of CCR7 (S/ Appendix, Figs.
S3Band §4C). We also noted a transiently increased expression
of S1P1 on the surface of CD4%ZsGreen™ and CD8%ZsGreen™
cells at around 9 mo in SLOs and observed expected higher
SIP1 levels on their circulating counterparts (SI Appendix,
Fig. S4 A, B and D). Collectively, reduced representation of
CCR7" and transiently increased representation of SIP1* cells
in the LNs, as well as the increase of circulating ZsGreen™
CD44 CCR7* and ZsGreentCD44TCCR7TCD4* and
CD8" T cells, suggested that the aging LN microenvironment
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might not be able to retain these cells, perhaps even facilitating
their egress.

Normal Homing and Selectively Reduced Naive Phenotype
RTE Retention Characterize LN Aging and Depend on the Age
of LNs and Not of T Cells. The decline in T cell maintenance or
retention could be due to an age-related intrinsic T cell
defect(s), to an age-related change(s) in SLO microenviron-
ment, or both. Given the similar rate of decline in RTE main-
tenance or persistence in the pLNs, but different kinetics of LN
atrophy during aging, we sought to determine whether and
which of the SLOs at this age are receptive to incoming RTEs.
To test this, we sorted by flow cytometry (FCM) Joung adult
(3 mo) RTEs from tamoxifen-induced TCRS“™*® TdTomato
mice and transferred them into naive adult (3 mo), middle-age
(9 mo), and older (19 mo) C57BL/6 mice. Our analysis
showed that reporter” RTE cells homed efficiently into SLOs
of all three ages both 1 h and 30 d after transfer (Fig. 3 4 and
B and SI Appendix, Fig. S5 A and C), as judged by RTE per-
centages relative to total WBCs. However, transferred adult
RTE numbers were reduced in older recipient LNs compared
to younger counterparts, suggesting a possible role of a limited
niche available in LNs (empty circle) (Fig. 3B). Reporter™ cells
homed to, and were well-retained in, spleen at all ages with a
significantly larger number of RTEs circulating in the blood of
older mice (S/ Appendix, Fig. S5 A-D). Further, we analyzed
the phenotypes of the reporter” cells retained in the SLO 30 d
posttransfer and found that LNs and spleen of older age mice
had a reduced proportion of naive phenotype reporter” cells
and that reporter* cells in circulation had a higher frequency of
an activated/memory phenotype (Fig. 3Cand S/ Appendix, Fig.
S5E). We conclude that while different older SLOs can all
receive RTEs proportional to their overall cellularity, the abso-
lute capacity to receive RTEs and maintain their numbers is
reduced with aging.

CD4* Recent Thymic Emigrants Exhibit Increased Proliferation
and Apoptosis in LNs with Aging. Numerical differences in LN
RTE cells could simply reflect their immigration and emigra-
tion, or could also involve changes in their proliferation and/or
survival. To address this issue, we analyzed RTE proliferation
by FCM using 5-bromo-2-deoxy-Uridine (BrdU) incorporation
and K-67 expression, and apoptosis using Annexin-V and live/
dead-Zombie Aqua staining. Since we measured a significant
decline of RTEs in pLNs at around 9 mo, we analyzed time-
stamped cells (generated as in Fig 14) at 3, 9, and 22 to 23 mo
of age. Our analysis revealed increased proliferation of RTEs
marked by reporter” (TdTomato) in pLNs of 22- mo-old mice
compared to the 3-mo-old adult group, which was particularly
pronounced for BrdU"Ki67" RTEs (SI Appendix, Fig. S6 A
and B). These results were statistically significant in all LNs for
CD4" T cells (SI Appendix, Fig. S6B). Apoptosis was even
more dramatically increased in CD4* RTEs (SI Appendix, Fig.
S6 Cand D). Importantly, RTE (reporter*) cells in pLNs did
not show changes in their proliferation or apoptosis at 9 mo
compared to 3 mo (SI Appendix, Fig. S6 A-D). Neither the
hyperproliferation nor increased apoptosis of reporter™ cells was
observed in the spleen at examined time points (S/ Appendix,

Fig. S6 Band D).

Age-Related Changes in the Lymph Node Stromal Compartment
Dominantly Impact LEC Numbers and the Integrity of the FRC
Reticular Networks. As the maintenance of Ty cells requires
homeostatic and survival signals from the LN stromal cells, we
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Fig. 3. Normal homing and selectively reduced naive phenotype RTE
retention characterize LN aging. TCRs“*R TdTomato mice were kept on a
tamoxifen-containing diet for 30 d followed by 21 d on the normal chow
before TdTomato* T cells from the spleen and pLNs were FACS sorted at 3
mo of age. About 2 x 10° TdTomato™ total T cells were i.v. transferred into
3-, 9-, and 19-mo-old naive C57BL/6 mice. (A) One hour later and (B) 30 d
later, trafficking of transferred cells in the SLOs were analyzed. Data show
percentages (Left) and absolute numbers (Right) of donor TdTomato™ RTEs
in the pLNs. (C) TdTomato™* T cells from B were further analyzed for naive
(CD62LMCD44"), central memory (CD62L"CD44M), effector memory
(CD62L'°CD44M), and DN (CD62L'°CD44'°) phenotypes and percentages of
cell populations among TdTomato™ T cells were plotted. Data shown are the
pooled result of two independent transfer experiments with n = 8 to 11 recip-
ient mice per group (A-C). Data represent mean + SEM (A-C). *P < 0.05, ***p
< 0.001, ****p < 0.0001. One-way ANOVA followed by Tukey's test (A and ().

next sought to determine whether the numerical decline of Ty
cells may correspond to the numerical, structural, and func-
tional changes in LN stromal cells.

Inconsistent results have been reported regarding age-related
changes in the number LN stromal cells (5, 14, 17). The dis-
parity may be due to whether the analyses were performed on
skin-draining or deeper LNs, the exact enzymatic treatment
used for tissue dissociation, subtle differences in the age of ani-
mals, or other causes. To exclude technical considerations, we
performed FCM analysis and enumeration of the pLN (axillary,
inguinal, and brachial) stromal cell subsets following digestion
with Liberase TL and DNase-I (17, 20). Our data show that
cells from pooled superficial (axillary and inguinal) LNs exhibit
a significant reduction of CD45 Ter119™ nonhematopoietic
stromal cells at 12 mo of age and thereafter compared to the 6
mo old mice, although they are not reduced relative to the
3-mo time point (Fig. 4 A and B). The reduction after 6 mo
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Fig. 4. Timing and effect of Ty cell numerical decline on the lymph node stromal compartment during aging. One side of peripheral LNs of the naive wild-
type C57BL/6 mice of indicated timeline ages were processed for lymphocyte analysis and contralateral ones were digested with Liberase TL and DNase-I
for stromal cell analysis. (A) Representative FACS plots show staining of podoplanin (gp38) and CD31 on stromal cells gated on single cells, live, and
CD45 Terr119™ cells. The number in the quadrant indicates frequencies of the indicated cell populations. (B) Data show absolute numbers of CD45™ total
stromal cells, FRCs (CD45~CD31 gp38*CD21~CD35"), LECs (CD45 CD31%gp38*), and BECs (CD45-CD31*gp38™~) of the pool of axillary and inguinal (Axi+Ing)
LNs (Top) and brachial LNs (Bottom). Each dot represents individual mouse and data represent mean + SEM, n = 5 to 10 mice/group. *P < 0.05, **P < 0.01;
ns, nonsignificant; one-way ANOVA followed by Dunnett's multiple comparison test. (C) Representative images of 8 u-thick cryosections of the LNs stained
with Lyve-1 (green), podoplanin (gp38; red), and CD3 (blue) are shown. The zoomed images of the region marked with white squares are shown at the Bot-
tom of the respective images. Images are representative of five mice/group. Magnification, 60x. (Scale bar, 500 xm.)

was consistent with the pattern of Ty cell decline. Further-
more, FRCs (CD45 Ter119~CD31 gp38*CD21 CD35"),
LECs (CD45 Ter119 CD31%gp38¥), and BECs (CD45~
Ter119CD31%gp38™) followed a similar trend of a numerical
decline in the axillary and inguinal LNs (Fig. 4B), with the
most pronounced changes in the numbers of LECs. In contrast,
the stromal cells in the brachial LNs appeared unchanged (Fig.
4B). To evaluate another deep tissue-draining LN, we tested
iliac LNs that drain the prostate and reproductive organs and
the lateral tail. We did not find fluctuations in the stromal cell
numbers of the iliac LNs at any of the ages analyzed (S Appendix,
Fig. S74).

To interrogate whether the LN stromal networks undergo
structural or organizational alterations, we used confocal
microscopy on frozen LN sections at 3, 9, and 19 mo of age.
Our image analysis showed that inguinal LNs exhibit gross
structural alterations in podoplanin (gp38) staining at 9 and 19
mo, suggesting FRC network disruption at these ages (Fig. 4C,
high magnification /nsets). In parallel, we noted fewer CD3* T
cells confined to the characteristic T cell zones at 9 mo, which
were further reduced at 19 mo. A similar FRC network disrup-
tion was observed at 19 mo in brachial LNs, whereas their stro-
mal integrity was well maintained at 9 mo (Fig. 4C). We next
assessed whether FRC network alterations may correlate with
the levels of soluble mediators produced by FRCs, including
the survival factor IL-7 and chemokines CCL19 and CCL21.
The IL-7 and CCL21 expression did not change in old LNs
compared to adult (SI Appendix, Fig. S7B). Old LNs seemed to
have more CCL19 compared to adult; however, group means
did not reach statistical significance (SI Appendix, Fig. S7B).

PNAS 2022 Vol.119 No.17 2121028119

Interestingly, CCL19 levels tended to increase wherever the
FRC network was perturbed, i.e., at 9 mo in inguinal nodes
and 18 mo in brachial nodes (S Appendix, Fig. S7B). Collec-
tively, this shows that despite unchanged numbers of FRCs at
9 mo, inguinal LNs start exhibiting gross FRC network altera-
tions and similar changes occur in the brachial LNs at 19 mo,
paralleling their reduced receptiveness for RTEs (Fig. 1 B and
Q). As this also correlates with the increase in CCL19 in respec-
tive LN, it may be compensatory in nature.

Life-Long Changes in Homeostatic Maintenance and Phenotype
of T Cells Generated in Early Life. How long and how well are
Ty cells generated in youth maintained in SLOs throu§hout
their life? To better understand this, we used TCRS“"ER,
TdTomato mice, induced by a tamoxifen diet for 30 d at 2 mo
of age, generating a wave of RTEs marked for life (Fig. 5A).
Tracking time-stamped cells allowed us to longitudinally moni-
tor and analyze T cells generated at 2 mo, across the life of a
mouse. Time-stamped cells generated at 2 to 3 mo started to
decline as early as 5 to 6 mo of age in the SLOs, followed by
further, more gradual, decline from 6 to 24 mo (Fig. 5B and S/
Appendix, Fig. S8A4). Notably, all SLOs showed similar pattern
of decline for both CD4* and CD8™ time-stamped cells. In
the blood, the decline was evident from 12 mo of age (S
Appendix, Fig. S84). Again, the decline in the overall numbers
of cells “born” in youth was driven by a significant decline of
Ty cells (Fig. 5C and SI Appendix, Fig. S8B). Collectively,
these results suggest that aging SLOs, and particularly pLNs,
exhibit an early defect in the maintenance of T cells.
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Fig. 5. SLO microenvironment failed to maintain T cells generated in early life during aging under steady-state condition. (A) Pictorial representation of
experimental strategy to label T cells generated (time-stamped cells) at 2 to 3 mo of age (time where Cre-expressed), wherein TCRS“*®f TdTomato mice
were fed on TAM chow for 30 d starting at 2 mo of age and thereafter lifelong maintained on normal chow before analyzing the TdTomato* time-stamped
cells by FCM at indicated timeline ages under homeostatic condition. (B-£) Absolute numbers of (B) total TdTomato™ time-stamped cells and (C) TdTomato™
time-stamped cells with naive (CD62L"MCD44°), (D) central memory (CD62LMCD44™), and (E) virtual memory (CD62L"CD44M"CD49d"°) phenotype in the
inguinal and brachial LNs, spleen, and circulation are shown. Data represent pooled results of a longitudinal experiment performed across five independent
harvests with 11 to 18 mice/age group (A-E). Error bar represents mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (P values for CD4" and
CD8* T cells are denoted by gray and black stars, respectively); one-way ANOVA followed by Dunnett's multiple comparison test (compared to 3 to 4 mo) (B-£).

Some of the CD8" time-stamped cells acquired the Ty
(CD62L"CD44") phenotype, and we detected their spike (a
2- to 3-fold increase in numbers) at 12 mo and 12 to 18 mo in
SLOs and the circulation, respectively, after which they
returned to baseline at older ages (Fig. 5D and SI Appendix,
Fig. S8(C). While some of the Ty cells differentiate into Tgp
and Tep cells as a consequence of antigen stimulation, there is
also a pool of Ty cells that differentiate into a Tcy-like pheno-
type without exposure to manifest microbial infection (32),
likely due to adaptation to reduced homeostatic signals, and the
accumulation of these antigen-independent virtual memory T
(Tvm) cells is one of the hallmarks of aging in specific
pathogen-free laboratory mice (33-37). We found that most of
the accumulated time-stamped CD8" Tcp cells were of the
virtual memory phenotype (CD62LCD44"CD49d"®) around
12 mo of age in the pLNs (Fig. 5E and SI Appendix, Fig. S8 D).
Moreover, CD8" Ty cells accumulated in circulation, but
not in the spleen (S/ Appendix, Fig. S8D). By contrast,
CD62LMCD44"CD49d™ true-central memory T (Tcpm) cells
were not detectable in pLNs or blood, and did not increase at
12 mo in any of the organs examined (SI Appendix, Fig. S8E).

We conclude that following the initial drop in maintenance
of Ty cells at an early age, there is a transient wave of conver-
sion of Ty cells into Ty cells that is likely compensatory in
nature, whereby, presumably, these cells might shift their main-
tenance pattern from IL-7 to IL-15, consistent with our prior
data (34). In line with this, we observed the increased
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accumulation of these Ty cells in the bone marrow, a rich
source of IL-15, between 6 mo and 18 mo (S/ Appendix, Fig.
S8A).

Participation of RTEs in a Skin-Initiated Immune Response
Declines at an Early Age. Given the surprisingly early changes
in superficial LNs and in SLOs overall, we sought to examine
to what extent newly generated T cells (RTEs) can participate
in an immune response. We challenged tamoxifen-induced
TCRS™ER ZsGreen or TCRE“™ R TdTomato mice with foot-
pad injection of RepliVAX-WN (R-WN), a single-cycle WNV
vaccine lacking the viral capsid (C) protein, and thus unable to
package new virions (38). R-WN carries the main WNV anti-
gens immunodominant in B6 mice and confers protection
against subsequent lethal WNV challenge in both adult and old
mice (39). However, in old mice, primary R-WN immuniza-
tion induces significantly reduced antigen-specific T and B cell
responses. We analyzed responses of reporter” cells to WNV-
immunodominant NS4b,g5 CD8" epitopes in the blood using
the NS4b,4g5:Db tetramers (39, 40) and found robust
responses at 3 mo of age by percentage and absolute number of
tetramer ™ cells and differentiation of CD8™ cells into cytotoxic
granzyme B (GzB)* effectors (Fig. 6 A-D). However, at 7 to
8 mo, the response was already dramatically blunted, to the
point that the circulating NS4b,g4:Db tetramer™ reporter™ cells
with a cytotoxic (GzB¥) phenotype were barely detectable in
the blood (Fig. 6D). We also examined recall responses in the
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Fig. 6. RTEs responsive to the Replivax West Nile virus vaccine decline at the age where SLOs show defects in RTE maintenance. (4) TCR6"*6® ZsGreen and
TCR5ER TdTomato mice were fed on tamoxifen-containing diet for 30 d and subsequently maintained on normal diet for the next 21 d. At day 21, mice
were s.c. injected into the foot pad with Replivax West Nile virus vaccine (1 x 10% pfu). After 7 d postinjection, blood was collected and West Nile
virus-specific CD8"NS4b™ T cells in the total and reporter (ZsGreen* or TdTomato™) T cells were analyzed. (B) Data show percentages of NS4b* T cells among
the CD8* T cells (Left) and numbers of circulating NS4b*CD8* T cells (Right). (C) Data show percentages of NS4b* cells among the CD8*reporter* T cells (Left)
and numbers of circulating NS4b*reporter*CD8* T cells (Right). (D) Data show percentage of granzyme B* cells among CD8*reporter*NS4b™* T cells (Left) and
numbers of circulating granzyme B*NS4b*reportertCD8* T cells (Right). (Data represent pooled results from three independent experiments with 10 to
14 mice per age group (B-D). Each circle represents individual mice. Error bar represents mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001;

one-way ANOVA followed by Tukey's multiple comparison test (B-D).

same animals and found that consistent with our prior data
(39), recall stimulation produces strong responses even in the
oldest previously vaccinated animals (87 Appendix, Fig. S9 A
and B) at the level of overall CD8" T cell response, particularly
in the spleen. Responses by CD8 RTEs generated at different
ages (time-stamped, reporter” cells) (SI Appendix, Fig. S9 C
and D) were also more numerous and robust and showed a
more gradual pattern of decline, which was particularly evident
for the CD8"reporter*GzB" effector cells in the spleen
between 3 and 24 mo (SI Appendix, Fig. S9D).

Collectively, these results suggest that RTEs participate in
primary immune responses to subcutaneous/intradermal vacci-
nation at a young age but that primary responses are barely
detectable as early as 6 to 8 mo, although they could be
expanded by recall stimulation, in which case they wane only
later in life. The implications of these findings for immunity
and vaccination are discussed below.

Discussion

Homeostasis of Ty cells is maintained by a critical balance
between new T cell (RTEs) production and entry into SLOs
and the turnover (loss) of mature Ty cells due to antigenic
stimulation (phenotypic conversion into memory cells) or
impaired maintenance in the SLOs (death or conversion into
virtual memory cells) (21). The numerical loss of Ty cell num-
bers is the most reliable measure of immune aging and is due
to the combined effects of an early-life thymic involution that
curtails new Ty production and a late-life dysregulation of their
homeostatic maintenance in secondary lymphoid organs (41).
The main unexpected finding of this study is that despite a sim-
ilar rate of RTE loss in all SLOs, superficial skin-draining LNs
exhibit early (6 to 9 mo) atrophy and numerical decline of
RTEs, while spleen and deeper brachial (and in limited experi-
ments, iliac) LNs maintain RTE numbers until later in life

(18 mo and older). This defect (or RTE loss) corresponded
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closely to the reduction of LN-homing CCR7" cells and a
transient increase in CCR7~S1P1* LN emigrants, and to the
age-related structural deterioration of the LN FRC network.
Further, T cells generated in early life started declining in SLOs
at 6 mo and showed signs of phenotypic change toward virtual
memory—like phenotype. Finally, functional participation of
RTEs in cutaneous priming responses also fell precipitously
around 6 to 8 mo, as measured by effector responses of time-
stamped CD4" and CDS8"' cells against RepliVAX-WNV
vaccination.

To integrate these results into a plausible model of lifespan-
related events, one needs to consider several points. Previous
reports have clearly shown that maximal thymic output in mice
occurs by 6 to 7 wk of life (21, 42). However, the data pre-
sented here cannot be explained by a mere decline in thymic
output because we find that time-stamped RTEs in the same
mouse at 6 to 9 mo fail to inhabit axillary and inguinal LN,
but not brachial LNs and spleen, and that the same cells are
replete in the blood at the same time points. This suggested
that seeding and/or retention of RTEs in superficial SLOs may
exhibit early defects with aging. Transfer experiments con-
firmed that early seeding (1 h) was not different across SLOs,
and we found that maturation of RTEs into the Qa2"CD24"
phenotype (43, 44) was uniform as well. We therefore hypothe-
sized that RTE/Ty retention is asynchronous across SLOs over
the lifespan.

In support of this hypothesis, we found that the inguinal
and axillary LNs exhibit early life (starting at 6 mo) atrophy,
losing total WBCs that constitute about 99% of LN cells. This
early life atrophy might also contribute to the reduction of the
niche size available to harbor ZsGreent RTEs, because despite
the fact that the loss of RTEs similarly affected all LN, the
absolute numbers of RTEs significantly decline specifically in
inguinal and axillary LNs. Moreover, decreasing size (as mea-
sured by proxy of change in total WBC numbers) of the invo-
luting LNs correlated well with the decline in RTE numbers
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specifically in axillary and inguinal LNs, suggesting that due to
the lack of space/niche availability, RTEs tend to exit from
these LNs and circulate elsewhere. Consistent with this, among
the RTEs found in the SLOs, the frequencies of CCR7-
expressing cells started declining as early as 6 mo. CCR7 is a
key chemokine receptor needed to guide lymphocytes to the
SLO in response to CCL19 and CCL21 gradient. These che-
mokines are produced by lymphoid stromal cells, particularly
FRCs and LECs (45, 46). Time-stamped RTE:s also showed an
(transient) increase in SI1P1 at 6 mo in the early-involuting
SLOs and a more continuous presence of these cells in the bra-
chial LNs and spleen, suggesting that these cells exhibit a SLO-
emigrating phenotype, whereby the transient increase in the
level of S1P1 might be enough to overcome the reduced
CCR7-mediated retention signal strength (47). We further
found an increase in CCR7* RTEs (of both the SIP1~ and
S1P1* phenotypes) in the circulation at the respective ages.
Finally, analysis of time-stamped cells generated early in life
(between 1.5 and 3 mo) showed that an early decline in Ty
retention across SLOs was followed by a transient wave of
antigen-independent Ty cells, consistent with the conversion
of Ty > Tym cells with aging, which then moved from the
LN to the bone marrow.

Prior work reported variable changes in SLO stromata with
aging, with some authors reporting reduced stromal cell num-
bers (5, 48), and others not (17), but all agreeing on some
extent on the disorganization of FRC networks in old mice. To
address these discrepancies, and correct for the influence of dif-
ferent enzymatic digestion protocols, we have used the proce-
dure of Masters et al. (17) to reevaluate this in SLOs across age
and anatomic locations. While the brachial LNs exhibited sta-
ble numbers of CD45  stromata, FRCs, LECs, and BECs
across aging, the early-involuting superficial LNs (axillary and
inguinal) maintained the numbers of total CD45™ stromal cells
and of FRCs and LECs until 9 mo and then experienced a sig-
nificant decline in all three populations from 12 mo on. Struc-
tural analysis of SLO stroma organization revealed that a
numerically unperturbed stromal compartment does not equate
normal structure of stromal networks. Specifically, while the
inguinal LNs at 9 mo and brachial LNs at 19 mo each con-
tained comparable FRC and LEC numbers, they each exhibited
a striking defect in the FRC (podoplanin/gp38™Lyvel ™ cells in
the images) network that was markedly less dense at sites corre-
sponding to T cell zones. This discordant deterioration of the
superficial LN FRC network could be expected to lead to ineffi-
cient access of Ty cells to chemotactic and maintenance factors,
including IL-7, and most likely is responsible for reduced niche
availability to receive RTEs. We believe that in this case FRC
disorganization impairs access to trophic factors, rather than
their levels, because we found that with aging, levels of IL-7,
CCL19, and CCL21 were not reduced compared to 3-mo-old
mice, consistent with prior data (5, 14), and in fact we found
evidence for a potential compensatory increase at 9 mo for IL-7
and CCL19.

Based on all of the above, we can integrate the data into a
hypothetical model based on the putative cross-talk between
lymphocytes and stromal cells in SLOs (Fig. S10). Step 1
would occur as the initial reduction of RTE/Ty from the thy-
mus leads to less trafficking of these cells to the SLOs, some-
where around 3 to 5 mo of life in murine superficial SLOs.
This will result in an initial, but subtle, insult/injury to the
SLO stromal cells, perhaps in the form of reduced trophic sig-
nals to FRCs/LECs. Step 2 would ensue when FRCs/LECs

react to this reduction by reduced metabolic or functional

10 of 12 https://doi.org/10.1073/pnas.2121028119

fitness and FRCs potentially begin to retract their processes and
thereby begin to reduce the density of the FRC network. This
will result in reduced survival/trophic signaling to the sur-
rounding Ty cells, and in an overall reduction in the RTE
niche size, facilitating the loss of Ty cells (step 3), and the
entire sequence will progress as a feed-forward negative loop,
leading to increased SLO stromal dysregulation and progressive
reduction in RTE/T\ maintenance. Consequences of this loop
are evident as reduced RTE/Ty retention, disrupted FRC net-
works, changes in RTE/T homing receptor expression toward
emigrating phenotype, and subsequently toward virtual mem-
ory fate and alternative maintenance. At older ages, we found
that this can even take a form of increased proliferation, and, in
the case of CD4™ T cells, also increased apoptosis, previously
described in the literature (21, 49). It remains to be determined
whether CD4* Ty cells in old LNs are experiencing
proliferation-induced apoptosis or may be attempting to com-
pensate for increased apoptosis by increasing the rate of
proliferation.

The above model remains to be experimentally tested in
greater detail, particularly on the mechanistic side. In that con-
text, any model will have to account for the finding that super-
ficial, but not deeper, LNs are susceptible to early atrophy.
Work on that question is currently in progress. One could
speculate that different amounts of antigen exposure of the
LN at different anatomic locations might be a potential factor;
however, at the present, it is not possible to exclude roles of
age-related low-grade inflammation and/or increased oxidative
or other stress to superficial LNs. Causal association of such
mechanisms with the structural alterations of the LN organiza-
tion and integrity will be key to establish whether an altered
FRC network in inguinal LNs is the cause or consequence of
early age—related atrophy. Regardless of the mechanisms, how-
ever, we have shown that the end result of all of the above
changes is a drastic compromise of cutaneous immunity to the
point that already at 6 to 8 mo of age (an equivalent to early
middle age in humans), superficial LNs, and the cells therein
practically fail to mount any meaningful effector T cell
response in laboratory-specific pathogen-free mice. Mice
mature to adulthood between 3 and 6 mo of age, 3 to 6 mo B6
mice are considered equivalent to a 20- to 30-y-old person
(50). Based on our data, where LNs in mice younger than 6 mo
undergo minimal LN atrophy, and that the rate increases at and
over the age of 6 mo, we would suggest that 4 to 6 mo of age in
B6 mice may be an appropriate age for measuring immune
responses comparable to a young adult human. Of interest, this
corresponds very well to the accepted guidelines of mouse ages
for gerontological research (51). Investigation of older mice, at 12
and 24 mo of age, would be recommended to extend applicabil-
ity of preclinical vaccine trials to most of the human population.

Intramuscular injection into the deltoid muscle is the most
common route for adult vaccination in humans. Our data man-
date careful and direct comparison of the magnitude of vaccine
responses depending on route of immunization at different
ages, which in turn should determine whether targeting certain
LNs could improve vaccine responses in older adults. Similarly,
this type of data would inform whether efficacy of immuno-
modulatory as well as cancer immunotherapies may be
improved by different routes of delivery depending on SLO tar-
geting. Practical considerations here will need to be further
formally investigated as related to older humans, but these find-
ings certainly correspond very well to clinical observations that
older adults rarely, if ever, react to acute infection with subcuta-
neous lymphadenopathy (18, 52, 53).
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Materials and Methods

Mice. Wild-type C57BL/6 mice of varying ages were obtained from the National
Institute of Aging’s breeding colony. The B6.129S-Terd!™ " (ere/tR1ZIzhuy
(TCRS“®R) strain was generously provided tg/ Yuan Zhuang, Duke University,
Durham, NC. B6.Cg-Gt(ROSA)26Sor™AG2sGreenthee)j (Rosa26 ZsGreen) and
B6.Cq-GH(ROSA)2650/™ HCAGTdTomatoltze) ;- (Rosa26 TdTomato) mice were pur-
chased from The Jackson Laboratory. TCRS®® mice were bred either with
Rosa26.ZsGreen or Rosa26.TdTomato to generate TCR5“*ZsGreen and
TCRS“*EF TdTomato reporter strains that label RTEs green and red, respectively.
All mice strains were maintained under specific pathogen-free conditions at the
university animal care facility, University of Arizona, Tucson, AZ. All experiments
were performed in compliance with the guidelines of the University of Arizona's
Institutional Animal Care and Use Committee.

Mice Treatment. TCRS“* ZsGreen mice were fed TAM-containing chow for
30 d followed by normal chow for the next 21 d before they were euthanized to
analyzed RTEs at 3, 6, 9, 12, 15, 18, 21, and 24 mo of age. For adoptive transfer,
life-long maintenance of RTEs generated at early life, and some of the immuniza-
tion experiments, we used TCRS“** TdTomato mice, where similar to ZsGreen
labeling, RTEs were labeled with TdTomato reporter. To generate RTEs in early
life, TCRS®® TdTomato mice at 2 mo of age were fed on TAM chow for 30 d fol-
lowed by lifelong maintenance on normal chow.

Lymph Node Stromal Cell Isolation and Analysis. For simultaneous analy-
sis of stromal cells and lymphocytes, the left side of the axillary, inguinal, and
brachial LNs were processed for stromal cell analysis, and the right side was
used for lymphocyte enumeration. We chose to study the brachial LNs for two
reasons: First, the lymphatics of the brachial LNs are not connected to those of
the axillary and inguinal LNs (29, 30). Second, brachial LNs drain the deltoid
muscle, which is the preferred site for most vaccine injections and are therefore
biologically interesting from the standpoint of understanding how Ty cell
homeostasis may influence vaccine responses. While we confirmed some results
in deeper-draining illiac LNs, we did not systematically pursue them, as they
also share lymphatic circulation with inguinal LNs. See S/ Appendix, SI Methods
for details.

Flow Cytometry. Cells were harvested from the peripheral lymph nodes, thy-
mus, and spleen via mechanical disassociation through a 40-um cell strainer
using a syringe plunger. Spleen cells and blood were treated with ammonium-
chloride-potassium lysis buffer to lyse red blood cells (RBCs). About 1 to 2 X
10° cells were stained with fluorescence-conjugated antibodies (S/ Appendix,
Table 1) and acquired on an LSR Fortessa (BD Biosciences). For details, see S/
Appendix, SI Methods.

Immunohistochemical Staining of Lymph Nodes. Mice were euthanized
via isoflurane overdose, peripheral LNs were harvested, and immediately snap
frozen in optimal cutting temperature medium (Sakura Finetek). The 8- to
10-um cryosections were prepared and fixed in chilled acetone for 5 min, air
dried, washed with phosphate-buffered saline, and stained. For details, see S/
Appendix, SI Methods.

In Vivo Homing of RTEs to Secondary Lymphoid Organs. TCRS“*F Zs-
Green and TCR5“*F TdTomato mice were fed with TAM chow for 30 d followed
by normal chow for 21 d before mice were euthanized at 3 mo of age. Spleen
and pLNs were harvested, single-cell suspensions prepared, and total T cells
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were enriched using the mouse CD3e Microbead kit (Miltenyi Biotec), according
to the manufacturer's instructions. RTEs (ZsGreen* or TdTomato™) were fluores-
cence-activated cytometry sorted (FACS) (purity >95%), and a total of 2 x 10°
cells were i.v. transferred into 3-mo, 9-mo, and 19- to 20-mo-old C56BL/6 mice
via a retroorbital route. The homing or retention of reporter-positive RTEs in the
SLOs was analyzed by flow cytometry after 1 h and 30 d posttransfer.

Analysis of RTE Responses to West Nile Vaccination. TCRS“*%F TdTomato
or TCRS®R ZsGreen mice were fed on a tamoxifen-containing diet for 30 d and
subsequently maintained on a normal diet for the next 21 d. At day 21, mice
were subcutaneously (s.c.) injected in the hind foot pad with Replivax West Nile
virus vaccine (1 x 10° pfu). At day 7 postinjection, mice were bled retroorbitally,
and primary responses to vaccination were assessed using FCM analysis of WNV-
immunodominant NS4by,es CD8" epitope using the NS4by,ee:Db tetramer.
Mice further received a booster dose of Replivax West Nile virus vaccine (1 x
10% pfu) at day 45 after primary immunization, and recall responses of total and
reporter-positive NS4b™CD8™ T cells were analyzed in the SLO.

statistical Analysis. Data for RTE numbers were collected over multiple time-
line experiments with overlapping age groups and pooled together. Data are
expressed as the mean + SEM. As indicated in the figure legends, statistical
analysis was performed by one-way or two-way analysis of variance (ANOVA) fol-
lowed by Dunnet's multiple comparison test and a Mann-Whitney U test using
Prism 8 software. Comparisons of the group mean differences were considered
significant at P < 0.05.
Detailed methods can be found in SI Appendix.

Data Availability. All study data are included in the article and/or
Sl Appendix.
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