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Fig. 1. Aged lungs display nonresolving pulmonary immunopathology after influenza infection. Young (2 month) or aged (22 month) C57BL/6 mice were infected
or not with PR8 virus. (G and H) Anti-CD45 was injected intravenously to label circulating white blood cells before sacrifice. (A) Schematic of experimental procedure.
(B) Percent of host survival after influenza infection in young or aged mice. (C) Percent of preinfection body weight after influenza infection in young or aged
mice. (D) Airway viral titers were determined through pfu assay of bronchoalveolar lavage fluid at 9, 15, and 30 d.p.i. (E) Lung histopathology by H&E staining at 0, 9,
30, and 60 d.p.i. (F) Percent of left lung lobe parenchyma infiltrated by white blood cells quantitated by ImageJ analysis. (G and H) Lung cells were stained for monocytes
(MNC; parent gates CD64~ Siglec-F~ CD11¢” MHCII™ CD11b™) and neutrophils (Neu; parent gate Ly6G*), which were enumerated in the lung and divided into circulating
(Cir) or parenchymal (Par) after intravenous labeling of immune cells at 9 (left) and 60 d.p.i. (right) (G) Representative plots. (H) After perfusion, cell numbers of lung-circulating
and parenchymal monocytes and neutrophils at 9 and 60 d.p.i. (B) and (C) were n =10 young and n = 14 aged mice (two experiments pooled). (D) was six BAL samples per
group (two experiments pooled) for days 9 and 15 and three each for day 30. (E) and (G) were representatives of two to four experiments each; (H) is one to two indepen-
dent replicates pooled. Scale bars (histology figures), 600 um. Below limit of detection (<LOD). *P < 0.05 or not significant (ns) by Student’s two-tailed t test with unequal
variance. Log-rank (Mantel-Cox) test was used for survival curve comparison in (B). ***P < 0.0005.
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Fig. 2. Aged lungs fail to return to immune homeostasis after viral pneumonia. (A) Five hundred sixty immune-associated transcripts were examined at the endog-
enous mRNA levels by NanoString from young (Y) or aged (A) lungs before (day 0) or 60 d.p.i. and displayed as a heatmap (purple, relatively low expression; orange, rela-
tively high expression) after log, transformation of raw expression data above the detection threshold. Venn diagrams displaying data in both number of genes and
percent of total genes examined for the ratios infected versus noninfected by age (top right) or aged to young by d.p.i. (bottom right) from NanoString data. (B) Young
and aged mice were infected with PR8. Bulk RNA-seq was performed on young or aged lungs at 60 d.p.i. Data is displayed as a heatmap (purple, relatively low expression; orange,
relatively high expression) of 658 DEGs (549 up-regulated in aged relative to young and 109 up-regulated in young relative to aged) with P < 0.001. (C) GSEA for adaptive immune
response genes with normalized enrichment score (NES) and false-discovery rate (FDR). (D) Ranked normalized gene set ESs from the C5 and Hallmark (HM) databases and

associated FDR (q). (A) is representative of two independent repeats; (B) to (D) were performed once on triplicate samples. UV, ultraviolet.

Aged hosts exhibit excessive accumulation of parenchymal
CD8* memory T cells

We were intrigued with the enrichment of adaptive immune re-
sponses in the aged lungs because previous reports described that
influenza-infected aged mice had decreased levels of memory T cell
responses in the circulation (28). Therefore, we performed flow
cytometric analysis to measure splenic- and lung-circulating and
parenchymal memory T cell responses after intravenous injection of
CD45 Ab as above at 60 d.p.i. (fig. S2A). There were increased CD4*
and CD8" T and B cell presence in aged lung parenchyma but not
within the lung vasculature (circulation) (Fig. 3, A and B, and fig. S2,
B and C). Lung CD8" CD69" CD103™ or CD8" CD69" CD103"
Tru-like cells were also increased in aged lungs compared with those
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of young lungs (Fig. 3C). Consistent with previous reports, adaptive
immune cells, particularly CD8" T cells, were decreased in the spleens
of aged mice (Fig. 3D) (29).

We next examined influenza-specific CD8" memory T cells in
the lungs and spleens of infected young or aged mice through the
staining of H2DP/nucleoprotein (NP) peptide 366-374 tetramer
(Db-NP) or polymerase (PA) peptide 224-233 (Db-PA) tetramers
(Fig. 3E and fig. S2D). Aged lungs harbored significantly higher
numbers of influenza-specific DP-NP and D°-PA memory T cells,
selectively in the lung tissue, compared with young lungs (Fig. 3F).
In contrast, there was a drastic reduction of influenza-specific CD8*
memory T cells in aged spleens (Fig. 3G and fig. S2D). Thus, we
observed an unexpected increase of memory T cells present in aged
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Fig. 3. Aged lungs exhibit enhanced local adaptive immune responses despite circulatory deficiencies in the memory phase. (A) Representative flow cytometry
plot showing lung CD8* T cells separated by CD69 and CD45 intravenous labeling, showing parenchymal (Par) and circulating (Cir) populations as indicated. (B) Quanti-
fication of CD4" (top) and CD8* T cells (bottom) in lung circulation (Cir) or parenchyma (Par) 60 d.p.i. (C) CD69* parenchymal CD8" T cells that either express CD103 (*) or
not (7) were enumerated at 60 d.p.i. (D) T (CD4" and CD8") and B lymphocytes (B220*) were quantitated in spleens at 60 d.p.i. (Spleen Ly #). (E) Representative flow cytom-
etry plots and (F) number of DP-NP (left) or DP-PA tetramer-positive (right) circulating (Circ) or parenchymal (Res) memory CD8" T cells. (G) Number of DP-NP (NP) or DP-PA
(PA) tetramer-positive CD8" memory T cells in spleens. (H) Total CD8*, (I) CD8* D°-PA (left), or CD8* D°-NP (right) T cell numbers were quantitated in the lung parenchyma
(Par), vasculature (Cir), or spleen (Spleen) at 10 d.p.i. (A) to (C), (E), and (H) were representatives of two to four experiments. (F) and (G) were pooled data from three inde-
pendently significant experiments. *P < 0.05 Student’s two-tailed t test with unequal variance.

lungs, despite the attrition of memory T cells in the spleen or circu-
lation. Increased Tgy responses in the lungs could be due to increased
infiltration of effector T cells in aged mice. We, therefore, examined
effector T cell responses in the lungs and spleens at 10 d.p.i. We
found that although DP-PA responses appear to be equivalent in the
lungs between young and aged mice, there was a deficit in the gen-
eration of D*-NP-specific CD8" T cells in the lungs (Fig. 3, Hand I).
Furthermore, there were significantly lower levels of both D°-NP
and D°-PA effector T cells in the spleens and lung circulation
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(Fig. 31) of aged mice compared with controls as previously reported
(30). Therefore, aged mice exhibit enhanced CD69" parenchymal
memory CD8" T cell numbers despite having lower levels of effector
T cell responses.

Influenza-specific lung memory CD8" T cells of aged hosts
are tissue resident

To verify whether the CD8" CD69" T cells in the lung that were
protected from intravenous labeling were bona fide tissue-resident
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cells, we infected aged mice with influenza and performed parabio-
sis surgery to join the circulation of infected aged mice (CD45.2%)
with a young naive congenic (CD45.1") animal at 5 weeks after in-
fection (Fig. 4A). Four weeks after parabiosis, we observed equili-
bration of CD8" T cells from each parabiont in the blood and spleens
(Fig. 4B and fig. S3, A and B), confirming the successful exchange of
circulating immune cells between parabionts.

The parenchymal compartment of the aged infected host lungs
had a significantly larger number of CD8* CD69" T cells than the
uninfected parabiont, of which ~95% were from the aged parabiont,
despite indistinguishable numbers of CD8" T cells in both the lung
vasculature and spleens between the young and aged parabionts
(fig. S3, C and D). About 99% of total parenchymal CD8" CD69"
DP-NP* cells in the lungs of two parabionts were found in aged lungs.
In contrast, there were comparable intravenous CD45" CD8'D"-NP*
cells that were found in the lung circulation between young and
aged parabionts (Fig. 4, C and D, and fig. S3E). Likewise, we ob-
served similar patterns on the distribution of the DP-PA-specific
CD8" T cells in lung parenchyma and circulation (Fig. 4, E and F,
and fig. S3F). There were no major differences in CD8" splenic
memory T cells between the two parabionts for the same antigen
specificities (fig. S3, G and H).

It remains possible that the resident status of the CD8" T cells in
the aged host would be influenced if the parabiont had a prior influ-
enza infection. To address this possibility, we joined aged mice with
infection-matched young congenic (CD45.17) mice 5 weeks after
infection. Four weeks later, the circulating and parenchymal com-
partments were examined as above (Fig. 4G). Four weeks after para-
biosis, we observed equilibration of total CD8" T cells in the blood or
lung circulation (Fig. 4H, and fig. S3, I and J). Furthermore, antigen-
specific memory CD8" T cells from each parabiont in the spleens
were roughly equilibrated (Fig. 4I). These data suggest that the aged
and young parabionts had a successful exchange of circulating
memory CD8" T cells. In contrast, CD69" parenchymal total or
antigen-specific CD8" T cells from the aged host greatly outnumbered
those from the young host in the aged lung tissue, and CD69"
parenchymal total or antigen-specific CD8" T cells from the young
host outnumbered those from the aged host in the young lung
tissue (fig. S3, K to M). Furthermore, more than 95% of parenchymal
D°-NP-specific memory T cells were derived from the host lung
(Fig. 4]). In addition, the distribution of memory Db-PA—speciﬁc
CD8" T cells found in the parenchyma of each host was similar to
D"-NP memory T cells (Fig. 4K). Together, these data indicate that
circulating memory T cells contribute limitedly to the local memory
CD8" T cell pool and that lung parenchymal CD8* CD69" influenza-
specific memory T cells observed in aged lungs are overwhelmingly
tissue resident.

Enhanced Tgy cell accumulation during aging is associated
with increased environmental TGF-$ expression

Resident memory CD8" T cells in the lungs are relatively short lived
after primary respiratory virus exposure (15, 31). Yet, in humans,
more pulmonary-resident CD8" T cells are seen in advanced age
(32). It is now unclear whether this is the result of accumulation of
memory T cells over a lifetime and/or a difference in the permissivity
between young and aged tissue environments. We examined paren-
chymal CD8" T cell numbers in influenza-naive aged and young
hosts kept in specific pathogen-free environments (Fig. 5A). There
was a 40-fold increase in parenchymal CD69* CD8" T cells in aged

Goplen et al., Sci. Immunol. 5, eabc4557 (2020) 6 November 2020

over young lungs (Fig. 5B), indicating that aged hosts may provide
a niche for enhanced Try accumulation in the tissue relative to young
hosts. To further examine whether the excessive accumulation of
Try cells in aged lungs is due to the aged environment or intrinsic
differences in T cell development between young and aged mice, we
adoptively transferred CD8" ovalbumin (OVA)-TCR transgenic OT-I
T cells from young naive donors to young or aged hosts. We then
infected the mice with recombinant influenza virus expressing cognate
OVA peptide (SIINFEKL) (PR8-OVA) (33) and evaluated memory
T cell responses at 7 weeks after infection (Fig. 5C). There were in-
creased numbers of OT-I Try cells present in aged lung tissue versus
young (Fig. 5D), whereas equivalent numbers of lung-circulating or
splenic memory OT-I cells were observed between young and aged
mice (Fig. 5E and fig. S4). Together, these data indicated that the
aged microenvironment facilitates lung Ty cell accumulation after
influenza virus infection although the responding cells were from
the same young donor.

To explore the potential mechanisms regulating CD8" Tgy cell
accumulation during aging, we performed quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) analysis on infected
lungs to examine the expression of 1115, Tnf, and Tgfbl, which are
important in Try cell development and/or maintenance (34-38).
We found that Tgfb1 transcript levels were elevated in infected aged
lungs compared with those of infected young lungs (Fig. 5F), which
is consistent with previous reports that aged tissues express higher
levels of TGF-B than young tissues (7, 8). Previously, TGF-PR sig-
naling was shown to be critical for the development of both CD69*
CD103" and CD69" CD103™ lung Tgy cells (39). Therefore, we
examined whether the excessive accumulation of CD8" Tgy cells
in aged lungs is dependent on TGF-PBR signaling. To this end, we
adoptively transferred young wild-type (WT) or TGFBRII-deficient
[TGFBRII knockout (KO), dILck-Cre Tgfbrjl/ﬂ ] OT-I cells into young
or aged hosts and then infected the mice with PR8-OVA. TGFBRII
deficiency not only diminished OT-I Try development in young
mice but also abolished the excessive accumulation of OT-I Ty in
aged mice (Fig. 5G), whereas TGFBRII deficiency minimally affected
splenic memory T cell responses in young or aged mice (Fig. 5H).
Thus, these data suggest that excessive accumulation of CD8" Try
cells in aged lungs is associated with enhanced TGF-J signals in
aged tissue environment.

Age-associated Tgy cells against a major protective epitope
are dysfunctional

Tru cells are vital for heterologous influenza virus reinfection (40).
Because aged lungs accumulated significantly more CD8" Tgy cells,
it is plausible that aged mice may exhibit enhanced protective heter-
ologous immunity against viral reinfection. To this end, we used a
heterologous infection model in which we infected young or aged
mice with PR8 virus and then rechallenged the mice with a lethal
dose of X31 virus in the presence of FTY720, which blocks the con-
tribution of protective circulating memory T cells (Fig. 6A) (13).
PR8 and X31 viruses differ in viral surface proteins but share internal
viral proteins such as NP, which are cross-recognized by memory
CD8" T cells (41, 42). We confirmed that FTY720 treatment abol-
ished T cell migration (fig. S5A). We then followed host morbidity
and mortality daily after X31 challenge. All naive young and aged
mice succumbed to X31 infection (fig. S5B), whereas PR8-infected
young mice were fully protected from lethal X31 infection in the
presence of FTY720 (Fig. 6A). Seventy-five percent of PR8-infected
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Fig. 4. CD8" memory T cells in the lung parenchyma from aged mice are tissue resident. Aged mice (CD45.2%)
were infected with PR8 and parabiosed with young naive (CD45.1 *) mice at 5 weeks after infection. Four weeks later,
CD45" white blood cells were intravenously labeled in each host before sacrifice. (A) Schematic of experimental procedure.
(B) Each animal was bled at time of sacrifice, and CD8" T cells were examined by flow cytometery for origin (representative
flow plot). (C) Representative flow plot of parenchymal DP-NP tetramer* CD8" T cells (CD69*CD8" T cells protected
from intravenous CD45 labeling) derived from host or donor. (D) Enumeration of DP-NP* cells that are resident (left; Trm)
or circulating (right). (E) Representative flow plot of parenchymal D-PA tetramer* CD8* T cells (CD69CD8" T cells
protected from intravenous CD45 labeling) derived from host or donor. (F) Enumeration of DP-PA* cells that are
resident (left; Trw) or circulating (right). (G to K) Young (CD45.1%) or aged mice were infected and parabiosed at 5 weeks
after infection and examined 4 weeks later. (H) Each animal was bled at time of sacrifice and frequencies of CD8" T cells
from young (CD45.1 *) or aged (CD45.17) origin in each parabionts were examined. (I) Frequencies of splenic DP-NP-
(top) or DP-PA-specific CD8" T cells (bottom) from young or aged origin in each parabiont. (J) Frequencies of lung
parenchymal D°-NP- or (K) DP-PA-specific CD69* CD8* T cells from young or aged origin in each parabionts. (B) to (F)
were repeated twice with three pairs each and data were pooled. (G) to (K) were repeated twice with a total of five pairs
and pooled. *P < 0.05 or not significant (ns) by Student’s two-tailed t test with unequal variance.
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aged animals succumbed to secondary
X31 rechallenge, which was similar to
mortality in primary X31 infection (Fig. 6A
and fig. S5B). Thus, the increased density
of CD8" Try; cells in aged lungs failed to
provide heterologous protection against
influenza reinfection. Most previously
infected mice survived reinfection in
both young and aged groups in the
absence of FTY720 treatment (fig. S5 C),
indicating that circulating memory CD8"
T cells can provide significant hetero-
subtypic protection in aged hosts. How-
ever, consistent with a previous study
(9), aged mice had enhanced weight
loss after a secondary viral challenge
compared with those of young mice,
suggesting that aged mice have impaired
protective heterologous immunity in both
the circulating and resident memory
T cell compartments.

Among influenza-specific CD8" T cells,
DP-NP-specific T cells appear to be the
dominant protective epitope against sec-
ondary heterologous viruses (43). To
examine the mechanisms underlying the
impaired protective function of Try cells
in aged lungs, we sorted polyclonal DP-
NP-specific Trm from infected young
or aged lungs and performed scRNA-
seq at 60 d.p.i. (fig. S5D). Compared
with D*-NP Try cells from aged mice,
D°-NP Try from young mice were en-
riched in gene sets associated with
nuclear factor kB (NF-kB) signaling and
inflammatory immune responses (Fig. 6B).
We performed shared nearest neighbor
clustering algorithm and visualized Try
cells in two-dimensional (2D) space with
uniform manifold approximation and
projection (UMAP).

We found that polyclonal D°-NP Try
cells from young and aged mice can be
divided into four clusters (Fig. 6C and
fig. S5E). Cluster 0 cells were mainly
composed of Try cells from young mice,
and clusters 2 and 3 cells consisted mainly
of Try cells from aged mice, whereas
cluster 1 cells were equally divided by
TrMm cells from young and aged mice
(Fig. 6, C and D). Compared with the
rest of the clusters, cells in cluster 0
express high levels of genes associated
with classical Try signature (such as
Bhleh40, Cd69, and Jun), molecules
associated with stronger TCR signaling
(such as Lck, Cd3e, and Cd28), and genes
associated with CD8" T cell effector func-
tion (such as Ccl4 and Trf) (Fig. 6, E and F,
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Fig. 5. Age-associated CD8" Tgy cell accumulation is dependent on TGF-BR signaling. (A and B) Influenza-naive
young and aged mice were intravenously labeled with CD45 Ab. (A) Representative flow cytometry plot showing
frequency of circulating and parenchymal CD8* T cells. (B) CD69* CD8" ivCD45~ T cells were enumerated in influenza-
naive (day 0) young and aged mice. (C to E) OT-I T cells (CD90.1*) from young donors were adoptively transferred
into young or aged C57BL/6 mice 1 day before infection with PR8-OVA virus. (C) Schematic of experimental design.
Donor OT-I cells were enumerated in young and aged hosts in the lung vasculature (Cir) or parenchyma (Par) (D) or
in spleens (E) at 50 d.p.i. (F) Relative transcripts (relative to Hprt) of II-15, Tnf, and Tgfb1 (left to right) from total lung
samples obtained from aged and young animals at 60 d.p.i. was evaluated by qPCR. (G and H) WT (CD45.1%) or
TGFbR2™ dL.ck-Cre OT-I cells (KO, CD45.1%) were adoptively transferred from young donors into separate young or aged
hosts (CD45.2*) 1 day before PR8-OVA infection. Donor OT-I cells were enumerated in young and aged hosts in the
lung vasculature (Cir) or parenchyma (Par) (G) or in spleens (H) at 50 d.p.i. (B) is an independent repeat of two exper-
iments. (D) is pooled data of two independent experiments; (E) is an individual experiment. (F) is representative of
two repeats. (G) and (H) are pooled from two repeats *P < 0.05 or not significant (ns) by Student’s two-tailed t test
with unequal variance.

and fig. S5, E and F). Thus, age-associated lung Try cells lose a

production of IFN-y compared with young
mice, particularly when IFN-y levels were
evaluated ona per cell basis (Fig. 6, GtoI).
Moreover, D>-NP CD8" Tru cells from
aged lungs were defective in simultane-
ously producing both IFN-y and TNF
after peptide restimulation (Fig. 6]). To
exclude the possibility that the dlmlmshed
cytokine production by aged DP-NP CD8*
Try cells was due to the impaired lung
antigen-presenting cell (APC) function
in the aged lungs during in vitro restimu-
lation, we labeled infected young lung
cells with ef670 dye then mixed the
labeled young lung cells with unlabeled
aged lung cells (1:1) and measured IFN-y
and TNF production by young and aged
Try cells in the same sample. We found
that the aged Try cells were still dys-
functional for production of TNF and
IEN-y in response to NP peptide stimu-
lation relative to young Ty cells despite
the same APCs present in the culture
(fig. S5G).

In contrast to their diminished cyto-
kine production after peptide stimula-
tion (TCR signaling), total CD8" or
DP-NP- specific Try cells were capable of
coproducing IFN-y and TNF after phorbol
12-myristate 13-acetate (PMA)/ionomycin
restimulation (ﬁg S5, H and I). These data
suggest that D°-NP Tgy; cells exhibit im-
paired production of effector molecules
specifically after TCR stlmulatlon After
ex vivo stimulation of DP-PA- specific
Trm ce]ls by PA 224-233 peptide, we found
that D>-PA Try cells from aged and young
hosts had similar ability to produce IFN-y
and TNF (Fig. 6K). Collectively, these
data suggest that the impaired produc—
tion of effector molecules by D°-NP-
specific Trym cells is likely not due to the
aged environment but their develop-
mental intrinsic defects as demonstrated
before (28). Consistent with this idea,
young OT-I Try cells in aged hosts did
not exhibit functional defects in TCR-
mediated cytokine production compared
with young hosts (Fig. 6L and fig. S5]).

functional subpopulation that is characterized with robust expres-
sion of CD8" T cell effector and functional molecules, which likely
explain the lack of protection against secondary viral rechallenge.
To further test the capacity of Try cells to elicit a protective re-
sponse, we stimulated lung cells from infected young or aged mice
with NP 366-374 peptide and then measured interferon-y (IFN-y)
and tumor necrosis factor (TNF) production by CD8" Ty cells
through intracellular staining. Consistent with the scRNA-seq data,
DP-NP- specific Try cells from aged mice exhibited diminished

Goplen et al., Sci. Immunol. 5, eabc4557 (2020) 6 November 2020

Resident CD8" T cells in aged hosts drive persistent
pulmonary inflammation and lung fibrosis

Excessive accumulation of Try cells after programmed death-ligand 1
(PD-L1) blockade in influenza-infected mice leads to persistent in-
flammatory and fibrotic responses in the lungs at the memory stage
(39). Because aged lungs harbored enhanced Try cells and per-
sistent lung pathology, we hypothesized that excessive accumulation
of CD8" Try cells in aged lungs may cause persistent inflammation
and fibrotic sequela. To test this hypothesis, we infected aged mice
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with PR8 virus and then injected the mice with high or low doses of
CD8-depleting Ab (a-CD8) at 21 d.p.i. to deplete CD8" T cells sys-
temically in lymphoid and peripheral tissues (high dose) or only in
lymphoid organs and the blood (low dose) (Fig. 7A) (38, 44, 45).
Both low- and high-dose CD8 Ab treatment largely ablated splenic
CD8" T cells; however, only high-dose CD8 Ab injection caused
significant ablation of CD8" T cells in the lung parenchyma (Fig. 7B
and fig. S6A). Neither high nor low dose of CD8 Ab treatment

Goplen et al., Sci. Immunol. 5, eabc4557 (2020) 6 November 2020

caused significant reduction of CD4" T or B cell compartments in
the lungs (fig. S6B). Lung histopathological analysis revealed
marked reduction of inflammatory lesions after high dose but not
low dose of CD8 Ab treatment particularly in aged mice after infec-
tion (Fig. 7, C to E), indicating that lung-resident CD8" T cells drive
chronic lung pathology at the memory phase. Consistent with the
histology data, high dose, but not low dose, of CD8 Ab treatment
caused significant reduction of Ly6C* monocyte and neutrophil
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infiltration in aged but not young lung tissues (Fig. 7F). Thus, resi-
dent CD8" T cells are responsible for the constant recruitment of
monocytes and neutrophils to the tissue at the memory phase. To
further explore the roles of resident CD8" T cells in promoting tissue
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inflammation at the memory stage, we measured immune-associated
genes in the lungs by NanoString. There was a marked decrease
in the expression of multiple cytokines and particular chemokines
in the lungs of mice that received high CD8 Ab treatment compared
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with those that received control Ab or low dose of CD8 Ab at 60 d.p.i.
(Fig. 7G and fig. S6, C and D), likely explaining the diminished
monocyte and neutrophil infiltration in the tissue after resident
CD8" T cell depletion.

Acute influenza virus infection can cause persistent lung remodel-
ing and collagen deposition (25). We, therefore, examined whether
CD8" T cell depletion at 3 weeks after infection could affect lung
fibrosis at the memory stage. CD8" T cell depletion did not affect
lung collagen content in infected young mice revealed by both Masson’s
trichrome staining and hydroxyproline assay (Fig. 7, H and I), which
measures total collagen protein (46). These data suggest that normal
CD8" Ty cell responses in young mice contribute minimally to lung
fibrotic responses after acute influenza virus infection, which is in
contrast to the excessive CD8" Try cell-induced fibrotic sequelae
after PD-L1 blockade (39). In contrast to young mice, aged mice
exhibited increased lung collagen deposition, particularly in the
lung parenchyma (Fig. 7, H to K). Mice that received high CD8 Ab
treatment had markedly reduced lung fibrosis as revealed by trichrome
staining and hydroxyproline assay compared with lungs of mice
that received control Ab or low dose of CD8 Ab (Fig. 7, ] and K). We
previously reported that PD-1 expression in resident CD8* T cells
suppressed Try cell fibrogenic potential (39). Examination of PD-1
expression on CD8" T cells in young and aged lungs indicated higher
expression of PD-1 in aged CD8" T cells in both the circulation and
CD69" parenchymal compartments (fig. S6E). Although D°-PA-
specific re31dent memory T cells also had higher PD-1 expression in
aged lungs, DP-NP specific did not (fig. S6F). Thus, the develop-
ment of age-associated lung fibrosis is not due to the lack of PD-1
on CD8" Try cells.

Nevertheless, our data suggest that resident but not circulating
CD8" T cells are important in promoting chronic lung collagen
deposition after the resolution of primary influenza infection. In
summary, our data indicate that excessive accumulation of lung-
resident CD8" T cells does not lead to enhanced protective immunity
in aged mice but, rather, drives age-associated persistent lung in-
flammation and chronic fibrosis after viral pneumonia.

DISCUSSION
Here, we demonstrate that acute influenza infection leads to per-
sistent chronic pulmonary inflammation and fibrosis, which are
largely propagated by an exaggerated CD8" Ty response in aged hosts.
Somewhat counterintuitively, elevated CD8" Ty cells in the aged
lung fail to provide the protective heterologous immunity observed
in young mice, likely because of a selectlve dysfunctron in a protec-
tive CD8" Try cell population (i.e., D’-NP CD$* T cells) (47, 48).
Previous reports suggested that both T cell-intrinsic and —extrinsic
environmental factors could contribute to the suboptimal effector
and memory CD8" T cell responses during aging (9, 49, 50). To our
surprise, we observed enhanced Ty cell accumulation, despite
diminished lung effector T cell responses and lower levels of splenic
memory T cells observed in aged hosts. Our data further indicate
that the aged environment, likely through elevated tissue TGF-8,
promotes Try cell generation and/or maintenance in a T cell-extrinsic
fashion during aging. Of note, aging has been linked to altered naive
T cell repertoires and enhanced representation of senescent virtual
memory T cells (51). Whether these T cell-intrinsic changes in aged
hosts, in addition to environmental factors, contribute to an enhanced
Trym generation requires further investigation. Despite a numeric
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increase in Try cells, protective heterologous immunity is impaired
in aged hosts because of a qualitative defect in Tgy; cells not present
in young mice. The protective function of Try cells is usually asso-
ciated with their effector activities at the site of pathogen reentry
(52). For instance, it has been shown that IFN-y is important for
Tru cell protective immunity against secondary heterologous influ-
enza virus infection (40). Consistent with this notion, scRNA-seq
analy51s found that Try cells against a major protective CD8 epi-
tope (D -NP) from aged mice lose a functional Try subset observed
in young hosts; this subset was characterized by robust expression
of molecules assocrated with TCR signaling and effector molecules.
As a result, D>-NP- specific Try cells are less sensitive to TCR stim-
ulation for the simultaneous production of IFN-y and TNF. Thus,
defective TCR-mediated effector cytokine production could underlie
the impaired protection against secondary influenza virus infection.
Tru cells can undergo in situ proliferation and generate secondary
effector T cells (39, 53, 54). Previously, it has been shown that memory
T cells in aged mice are senescent in proliferation during secondary
expansion (9). Therefore, it is also possible that impaired Ty pro-
liferation and secondary effector T cell expansion could, together,
contribute to the impaired Try protective funct1on

Impaired effector cytokine production by DP-NP Try cells was
not observed in D’-PA or transferred young OT-I Try cells, suggest-
ing that this functional defect in DP-NP T cells is likely not caused by
the aged enwronment It has been reported previously that influenza-
specific D°-NP, but not D°-PA, T cells exhibited altered TCR- us-
age during agm% (7, 28, 55). Further, the narrowed TCR repertoire
specifically in D”-NP T cells correlated with the age-associated loss
in the responsiveness in expansion during infection (28). On the
basis of these previous data and our data presented here, it 1s rea-
sonable that there is a developmental defect in D-NP, but not D’-PA,
CD8" T cells during agmg, which leads to decreased responsiveness
of D*-NP- specific CD8" T cells to TCR simulation but not PMA-
ionomycin stimulation. Thus, intrinsic developmental defects are
likely the cause of the functional dechne in D°-NP Tru cells (28).
Our data highlight the importance of DP-NP Tru cells in protective
immunity as functional impairment specifically in D°-NP cells that
could translate into differences in the secondary protective immunity.
This notion is consistent w1th previous reports, which have pinpointed
the critical function of D°-NP TrM cells in the protection agamst
heterologous influenza relnfectron and the robust expansion of D°-
NP memory T cells over D°-PA memory T cells in the secondary
effector responses after heterologous viral challenge (39, 43, 56).

In experimental models, both CD4" and CD8" Tyy cells have
been implicated in causing tissue immunopathology ranging from
persistent allergic inflammation to inflammatory bowel disease
(57, 58). Previous reports have demonstrated that influenza infec-
tion in young mice leads to long-lasting inflammation and collagen
deposition (25). Resident CD8" T cell depletion only moderately
affected pulmonary inflammation and lung collagen deposition in
young mice, although exaggerated CD8" Tgy responses after PD-1
blockade can lead to inflammatory and fibrotic sequelae (39). These
data suggest that influenza-infected young lungs are able to tolerate
“normal levels” of Try cells, likely due to the expression of various
inhibitory molecules expressed by Tru cells (39). Although influenza
infection during infancy leads to poor viral-specific Tgy cell accu-
mulation (59), during aging, influenza virus infection leads to ex-
cessive accumulation of Try cells, which exceeds the ability of the
aged tissue to “counterbalance” the pathogenic activities of Try
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cells, driving enhanced pulmonary inflammation and parenchymal
fibrosis. The cellular and molecular mechanisms underlying Try-
mediated lung pathology and fibrosis during aging are unclear cur-
rently. However, aging is associated with the impaired capability of
tissue repair (60). It is possible that epithelial injury caused by per-
sistent low-level release of cytopathic molecules by Try cells surpasses
the limited recovery capability of the aged tissue. To this end, although
DP-NP Ty cells have diminished TCR signaling for IFN-y and TNF
production, their responses to PMA and ionomycin are intact. There-
fore, they may remain capable of producing low levels of effector
molecules in response to environmental inflammatory factors that
are constitutively observed in aged tissues (23, 60). Alternatively, it
is possible that enhanced accumulation of those Try cells that ex-
hibit no defects for effector molecule expression after TCR stimula-
tion, such as DP-PA Tgy cells, may be responsible for the persistent
tissue inflammation and fibrosis in aged hosts. In addition, Trym
cells in aged mice may have different traits than Try cells in young
mice (61, 62), thereby causing increased lung inflammation and
tissue fibrosis.

Aging is associated with enhanced development of a number of
chronic lung diseases including chronic obstructive pulmonary
diseases and pulmonary fibrosis (63). Aging is also associated with
increased susceptibility of acute lung injury and severe disease de-
velopment after respiratory viral infections such as influenza virus
and SARS-CoV-2 (18, 64, 65). Emerging evidence has also suggested
that COVID-19 survivors will likely exhibit persistent impairment of
lung function and the development of pulmonary fibrosis (22, 66-70).
Our data here provide a potential mechanistic explanation and point
out future directions for therapeutics to those aged patients with
COVID-19 that would suffer persistent impairment of lung func-
tion. To this end, recent data on scRNA-seq analyses have suggested
that pulmonary T cells from patients with COVID-19 are enriched
with Try signature and CD8™ T cell clonal expansion in the airways
(71). Thus, strategies aimed at decreasing exuberant Try; responses
and/or inhibiting the pathogenic potential of Try cells may be
promising in treating chronic lung diseases after viral pneumonia in
the elderly, including COVID-19 survivors.

In summary, we have unveiled an age-associated paradox in CD8"
TruM cell responses. The excessive accumulation of Try cells is not
protective but rather drives inflammatory and fibrotic sequelae after
primary respiratory viral infection. Moving forward, it is crucial to
better understand the mechanisms of age-associated Try cell mal-
function so that we can selectively restore Tgy cell protective func-
tion while minimizing their pathogenic potential in the elderly.

MATERIALS AND METHODS

Study design

The aim of the study was to determine the protective and/or patho-
genic function of CD8" Try cells in aged hosts after respiratory viral
infection. We conducted a kinetic analysis on tissue pathology and
lung CD8" T cell responses after influenza virus infection in young
or aged mice. Adoptive transfer of WT or TGFBRII-deficient T cells
into aged animals was used to determine the roles of environmental
TGF-B in CD8" Try cell accumulation in aged hosts. A heterotypic
influenza virus reinfection model was used to examine the protective
function of CD8" Try cells in aged hosts. We performed scRNA-seq
and intracellular cytokine staining to evaluate the protective potential
of CD8" Tgy cells. Last, we conducted histopathology, NanoString,
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and hydroxyproline analysis to determine lung inflammatory and fibrotic
responses after CD8" Tgy cell depletion. Experiments were conducted
in replicates as indicated in figure legends. No outliers were removed.

Mice, infections, and adoptive transfers

Female C57BL/6 were originally purchased from the Jackson Labo-
ratory (Harbor, ME) and mostly bred in house. Female aged mice
were received at 20 to 21 months of age from the National Institutes
of Aging and maintained in the same specific pathogen—free condi-
tions for at least 1 month before infection. In most of cases, aged and
young subject bedding was cross-contaminated weekly to control for
different microbial environments. Young OT-I and dLck-Cre Tgﬂar2ﬂ/ﬂ
OT-I lymphoid tissues (KO, CD45.1") were shipped from N.Z.
(University of Texas, Health Science Center at San Antonio). All
mice were housed in a specific pathogen-free environment and
used under conditions fully reviewed and approved by the institu-
tional animal care and use committee guidelines at the Mayo Clinic
(Rochester, MN). For primary influenza virus infection, influenza
A/PR8/34 strain [~100 plaque-forming units (pfu) per mouse] was
diluted in fetal bovine serum (FBS)-free Dulbecco’s modified Eagle’s
medium (DMEM) (Corning) on ice and inoculated in anesthetized
mice through intranasal route as described before (72). X-31 strain
was prepared identically, and 2.8 x 10° pfu was administered per
mouse for secondary challenge. During the secondary challenge phase,
experimental mice were treated with FTY720 (1 pg/g) daily starting
1 day before rechallenge. For adoptive transfers, 1 x 10* OT-I cells
from lymph nodes of 8- to 10-week-old females were transferred
intravenously, and mice were infected with PR8-SIINFEKL (33)
(150 pfu) 1 day later.

Cell depletions

For depletion of CD8" T cells, starting at 21 d.p.i., mice were given
20 pg (low dose) or 500 pg of anti-CD8 Ab (53 to 6.7) or control rat
immunoglobulin G (IgG) (500 pg) in 200 pl of phosphate-buffered
saline (PBS) through once a week of intraperitoneal injection. Mice
were sacrificed 3 days after the last treatment.

Parabiosis surgery

To examine tissue residency of lung CD69* parenchymal CD8"
T cells, parabiotic surgery was performed. CD45.1* young naive or
CD45.1" influenza-infected mice (at 35 d.p.i.) were paired with in-
fected aged CD45.2" congenic mice (also at 35 d.p.i.). Briefly, mice
were anesthetized with ketamine and xylazine. After disinfection, inci-
sions were made in the shaved skin area, and then the olecranon of the
knee joints of each mouse was joined. Opposing incisions were closed with
a continuous suture on the dorsal and ventral sides. Parabionts were
then allowed to rest for 4 weeks before sacrifice and examining the
lung vasculature, parenchyma, and spleen immunoprofiles. Equili-
bration of white blood cells between parabionts was confirmed in
the peripheral blood before tissue analysis by flow cytometry.

Tissue processing, cellular isolation, stimulations,

and plaque assays

Animals were injected intravenously with 4 ug of CD45 or 2 pg of
CD90.2 Ab labeled with various fluorochromes. Two minutes after
injection, animals were euthanized with an overdose of ketamine/
xylazine and processed 3 min later. After euthanasia, spleens were
removed, and the right ventrical of the heart was gently perfused with
PBS (10 ml). Lungs were instilled with either 1 ml of 10% formalin
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for histology studies [hematoxylin and eosin (H&E) or Masson’s
trichrome stains performed by the Mayo Clinic Pathology Research
core] or 1 ml of digestion buffer [90% DMEM and 10% PBS and
calcium with type 2 collagenase (180 U/ml) (Worthington) and
DNase (15 ug/ml) (Sigma-Aldrich) additives]. Tissue was processed
on a gentleMACS tissue disrupter (Miltenyi) for 40 min at 37°C followed
by hypotonic lysis of red blood cells in ammonium-chloride-potassium
buffer and filtering through a 70-um mesh. FC-y receptors were
blocked with anti-CD16/32 (2.4G2). Cells were washed twice in PBS
and stained with near-infrared Zombie viability dye per the manu-
facturers protocol (BioLegend). Cell surfaces were immunostained
with the following cocktails of fluorochrome-conjugated Abs (Bio-
Legend). Immunostaining was performed at 4°C for 30 min. Ab
clones are as follows: Siglec-F brilliant violet 421 (E50-2440), CD11c
(N418), CD11b (M1/70), CD64-R-phycoerythrin (X54-4/7.1), Ly6G
brilliant violet 711 (1A8), I-A/I-E-allophycocyanin (M5/114.15.2),
Ly6C (HK1.4), CD8a (53-6.7), CD69 brilliant violet 421 or FITC
(H1.2F3), CD44 (IM7), CD103 (2E7), and PD-1 brilliant violet 711
(29F.1A12). For above clones where not noted otherwise, fluoro-
phores varied between experiments. Stains with H2D tetramers for
PAj;4.233 (allophycocyanin) or NPse6 374 (R-phycoerythrin) were
incubated for 1 hour with above surface stains. Cells were washed
twice with fluorescence-activated cell sorting buffer (PBS, 2 mM
EDTA, 2% FBS, and 0.09% sodium azide) before fixation and ran
on an Attune NxT autosampler (Life Technologies). Fluorescence
correlation spectroscopy files were analyzed with Flow]Jo 10.0 (Tree
Star). For functional assays, following digestion protocols above,
cells were resuspended at 3 x 10°/ml in RPMI with 10% fetal calf
serum and stimulated with an indicated amount of peptide or PMA
(100 ng/ml) and ionomycin (1 pug/ml) for 3 hours before adding
monensin (2 nM) for the last 2 hours of culture. For mixed young
and aged cell cultures, young lung cells were labeled with 1 uM
ef670 dye (eBioscience) and then 1:1 mixed with unlabeled aged lung
cells. Peptide stimulation and cytokine staining were performed as
above. Plaque assays were carried out as previously described from
bronchial alveolar lavage samples (73).

Hydroxyproline assay

Fifty milligrams of lung tissue was hydrolyzed in 1 ml of 6 M HCl at
95°C overnight. Hydroxyproline standard solution was purchased
from Sigma-Aldrich. Hydroxyproline concentration is determined
by the reaction of oxidized hydroxyproline with 4-(dimethylamino)
benzaldehyde. The product was read at 560-nm wavelength in a
Thermax plate reader as described (39, 74).

Quantification of histopathology

H&E-stained formalin-fixed lung sections were scanned using an
Aperio image scanner (Leica). Tiff files were converted to 16-bit black
and white, and two threshold measurements were taken using the
Image] software [National Institutes of Health (NIH)]. One mea-
sured the total parenchymal area and the other the inflamed area of
the tissue. The caveat of the method is that bronchiole epithelium is
thresholded in both measurements. To account for this, values from
a group of age-matched naive mice were subtracted from the above
ratios to yield percent of inflamed or infiltrated parenchyma.

Quantitative RT-PCR
Total RNA was extracted from lung tissue from TRIzol preparations.
Random primers (Invitrogen) and MMLYV reverse transcriptase
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(Invitrogen) were used to synthesize first-strand complementary
DNAs (cDNAs) from equivalent amounts of RNA from each sample.
These cDNA were subjected to real-time PCR with Fast SYBR
Green PCR Master Mix (Applied Biosystems). Real-time PCR was
conducted on QuantStudio 3 (Applied Bioscience). Data were gen-
erated with the comparative threshold cycle (ACt) method by nor-
malizing to hypoxanthine-guanine phosphoribosyltransferase
transcripts in each sample as reported previously (73).

NanoString analysis

Total RNA was extracted from bulk lung samples in TRIzol at 0 or
60 d.p.i. One hundred nanograms of RNA were either pooled between
groups or used from individual samples as indicated. Library hybrid-
ization was established by following the instructions of the manu-
facturer. Aliquots of Reporter CodeSet and Capture ProbeSet were
thawed at room temperature. Then, a master mix was created by
adding 70 pl of hybridization buffer to the tube containing the Re-
porter CodeSet. Eight microliters of this master mix was added to
each of the tubes for different samples; 5 ul of the total RNA sample
was added into each tube. Then, 2 pl of the well-mixed Capture
ProbeSet was added to each tube and placed in the preheated 65°C
thermal cycler. All the sample mixes were incubated for 18 hours at
65°C for completion of hybridization. The samples were then loaded
into the cartridge and loaded into the NanoString nCounter SPRINT
Profiler machine (NanoString). When the corresponding Reporter
Library File running was finished, the raw data were downloaded and
analyzed with the NanoString Software nSolver 3.0 (NanoString).
mRNA counts were processed to account for hybridization efficiency,
background noise, and sample content and were normalized using
the geometric mean of housekeeping genes. Heatmaps were gener-
ated by an assortment of R language packages using log, trans-
formed ratios of greater than 1.5-fold differences between pooled
samples. For fig. S1 (A to C), gene groups were manually selected
from NanoString data that represented surface molecules associated
with myeloid or lymphoid cells or mRNA for intracellular cytokines
and chemokines.

Single-cell RNA sequencing

Sorted (CD8*CD44""CD69"1.v.CD90 D"-NP tetramer PE/APC-double
fluorochrome positive) T cells from pooled lung cells of mice (10 to
18 mice) infected with influenza virus (60 d.p.i.) were loaded on the
Chromium Controller (10x Genomics). Single-cell libraries were
prepared using the Chromium Single Cell 3’ Reagent Kit (10x
Genomics) following the manufacturer’s instruction. Paired-end
sequencing was performed, and 10x Genomics Cell Ranger Single
Cell Software Suite (v2.0.2) was used to demultiplex raw base call
files into FASTQ files, align reads to the reference genome (mm10),
filter, and generate barcode and unique molecular identifier (UMI) counts.
All scRNA-seq analyses were performed in R using the Seurat pack-
age (version 3.0). Cells that had 200 to 4500 genes, which included less
than 5% mitochondrial genes, were included in further analysis with
Seurat. The same number of cells from each group was used for log
normalization, followed by identifying DEGs using variance-stabilizing
transformation (vst). The processed data were scaled, and the hetero-
geneity introduced by mitochondria contamination was regressed out.
Clustering was performed using the shared nearest neighbor clustering
algorithm with the Louvain method for modularity optimization. UMAP
dimensional reduction was performed to visualize data in 2D space. DEGs
between clusters were determined using a Wilcoxon rank sum test.
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Total RNA-sequencing

RNA was extracted from bulk lung samples with TRIzol. After quality
control, high-quality [Agilent Bioanalyzer, RIN (RNA integrity
number) >7.0] total RNA was used to generate the RN A-seq library.
cDNA synthesis, end repair, A-base addition, and ligation of the
[lumina indexed adapters were performed according to the TruSeq
RNA Sample Prep Kit v2 (Illumina). The concentration and size dis-
tribution of the completed libraries were determined using an Agilent
Bioanalyzer DNA 1000 chip and Qubit fluorometry (Invitrogen).
Paired-end libraries were sequenced on an Illumina HiSeq 4000
following Illumina’s standard protocol using the Illumina cBot and
HiSeq 3000/4000 PE Cluster Kit. Base calling was performed using
Ilumina’s RTA software (version 2.5.2). Paired-end RNA-seq
reads were aligned to the mouse reference genome (GRCm38/mm10)
using RNA-seq spliced read mapper TopHat2 (version 2.1.1). Pre- and
post-alignment quality controls, gene level raw read count, and nor-
malized read count [i.e., fragments per kilobase million (FPKM)]
were performed using RSeQC package (version 2.3.6) with National
Center for Biotechnology Information mouse RefSeq gene model.
For functional analysis, GSEA was used to identify enriched gene
sets, from the Hallmark and C5 databases of MSigDB, having up-
and down-regulated genes, using a weighted enrichment statistic
and a log, ratio metric for ranking genes. DEGs were considered to
have a 1.5-fold change with a false discovery rate (FDR) of <0.01.

Statistical analysis

Quantitative data are presented as means + SD. Unpaired two-tailed
Student’s ¢ test (two-tailed, unequal variance) was used to determine
statistical significance with Prism software (GraphPad). Where
appropriate, analysis of variance (ANOVA) corrected for multiple
comparisons was used (GraphPad). Log-rank (Mantel-Cox) test
was used for survival curve comparison. We considered P < 0.05 as
significant in all statistical tests and denoted within figures as a * for
each order of magnitude P value.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/5/53/eabc4557/DC1

Fig. S1. Aged lungs exhibit persistent inflammatory responses after influenza infection.
Fig. S2. Enhanced presence of adaptive immune cells in aged lung parenchyma.

Fig. S3. Aged parenchymal CD8" CD69* memory T cells are tissue resident.

Fig. S4. The accumulation of CD8" Tgy in aged lungs is dependent on TGF-BR signaling.
Fig. S5. scRNA-seq on DP-NP Tgy from young or aged lungs.

Fig. S6. High dose of CD8 Ab treatment diminishes lung inflammatory responses.
Table S1. Raw data and statistics for Figs. 1to 7.

View/request a protocol for this paper from Bio-protocol.
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Tissue-resident CD8™ T cells drive age-associated chronic lung sequelae after viral
pneumonia
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Role reversal for aged T cells

Age-related changes to the adaptive immune system are associated with impaired host response and increased
morbidity and mortality after respiratory virus infection. Goplen et al. used a murine model of influenza virus infection to
compare the function of lung tissue-resident memory T (Tr)\) cells in young and aged mice. Although Tr)\ cells typically
promote robust antiviral immunity, aged mice displayed increased accumulation of dysfunctional influenza-specific T g
cells that provided less protection against heterologous infection compared with T gy cells from young mice and
facilitated pathological lung fibrosis. These results provide insight into how age andRprior infection may affect T cell-
mediated immunity to respiratory viruses such as influenza and SARS-CoV-2 and how these factors contribute to chronic

lung pathology after viral pneumonia in older individuals.
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