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Tissue-resident memory T cell reactivation by
diverse antigen-presenting cells imparts distinct
functional responses
Jun Siong Low1, Yagmur Farsakoglu2, Maria Carolina Amezcua Vesely3,4, Esen Sefik1, Joseph B. Kelly5, Christian C.D. Harman1, Ruaidhri Jackson1,
Justin A. Shyer1, Xiaodong Jiang1, Linda S. Cauley6, Richard A. Flavell1,7, and Susan M. Kaech1,2

CD8+ tissue-resident memory T cells (TRM cells) are poised at the portals of infection and provide long-term protective
immunity. Despite their critical roles, the precise mechanics governing TRM cell reactivation in situ are unknown. Using a TCR-
transgenic Nur77-GFP reporter to distinguish “antigen-specific” from “bystander” reactivation, we demonstrate that lung
CD8+ TRM cells are reactivated more quickly, yet less efficiently, than their counterparts in the draining LNs (TLN cells). Global
profiling of reactivated memory T cells revealed tissue-defined and temporally regulated recall response programs. Unlike the
reactivation of CD8+ TLN cells, which is strictly dependent on CD11c+XCR1+ APCs, numerous antigen-presenting partners,
both hematopoietic and non-hematopoietic, were sufficient to reactivate lung CD8+ TRM cells, but the quality of TRM cell
functional responses depended on the identity of the APCs. Together, this work uncovers fundamental differences in the
activation kinetics, mechanics, and effector responses between CD8+ memory T cells in peripheral vs. lymphoid organs,
revealing a novel tissue-specific paradigm for the reactivation of memory CD8+ T cells.

Introduction
Spatial compartmentalization is a universal strategy to allocate
specialization of functional properties to diverse subsets of cells.
Memory CD8+ T cells can be compartmentalized into at least two
major categories. One category consists of cells that reside
within the tissues long-term (tissue-resident memory T cells
[TRM cells]; Jiang et al., 2012; Gebhardt et al., 2009; Wakim et al.,
2010; Teijaro et al., 2011), and another consists of cells that re-
circulate within the blood, tissues, and lymphatics (circulating
memory T cells [TCIRC cells]). The latter category includes cell
subsets conventionally referred to as central memory T cells
(TCM cells), effector memory T cells (TEM cells), and peripheral
memory T cells (TPM cells; Sallusto et al., 1999; Gerlach et al.,
2016). In addition to their varying anatomical distributions,
these memory cell subsets also display several unique pheno-
typical and functional properties (Low and Kaech, 2018;
Schenkel and Masopust, 2014). TCM cells preferentially reside
within lymphoid organs and are characterized by their superior
regenerative potential and IL-2 production; TEM cells (CX3CR1hi)

tend to dwell in the vasculature and, upon activation, are able to
exert immediate cytotoxic functions; TPM cells (CX3CR1int) are
unique patrollers that survey nonlymphoid tissues with a
uniquemigration pattern from blood to tissue to lymph; and TRM
cells are tissue sentinels that are able to set up immediate an-
tiviral states locally within infected tissues following reactiva-
tion. TRM cells largely reside at barrier tissues and can be found
in other peripheral tissues, including secondary (2°) lymphoid
organs (Beura et al., 2018b). Collectively, these different subsets
of memory T cells cooperate with one another to provide tiered
layers of defense during reinfection (Schenkel et al., 2014;
Ariotti et al., 2014; Jiang et al., 2012; Wu et al., 2014; Iijima and
Iwasaki, 2014).

A hallmark of immunological memory is more rapid induc-
tion of effector responses, and thus the presumption was that
unlike naive T cells, memory T cells do not require licensing
from professional APCs to enable faster reactivation. However,
in 2005 this model was brought into question by a study from

.............................................................................................................................................................................
1Department of Immunobiology, Yale University School of Medicine, New Haven, CT; 2NOMIS Center for Immunobiology and Microbial Pathogenesis, The Salk Institute for
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Investigaciones en Bioqúımica Cĺınica e Inmunoloǵıa, Consejo Nacional de Investigaciones Cient́ıficas y Técnicas (CONICET), Córdoba, Argentina; 5Department of Ecology
and Evolutionary Biology, Stony Brook University, Stony Brook, NY; 6Department of Immunology, University of Connecticut Health Center, Farmington, CT; 7Howard
Hughes Medical Institute, Yale University, New Haven, CT.

Correspondence to Susan M. Kaech: skaech@salk.edu.

© 2020 Low et al. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press https://doi.org/10.1084/jem.20192291 1 of 13

J. Exp. Med. 2020 Vol. 217 No. 8 e20192291

https://orcid.org/0000-0003-2503-906X
https://orcid.org/0000-0002-6807-3498
https://orcid.org/0000-0002-7002-0010
https://orcid.org/0000-0003-4461-0778
https://orcid.org/0000-0002-3339-8698
mailto:skaech@salk.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20192291
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20192291&domain=pdf


Dr. Lefrancois’ group which showed that memory CD8+ T cells
are paradoxically dependent on CD11c+ dendritic cells (DCs) for
their reactivation (Zammit et al., 2005). Subsequent reports also
demonstrated that memory CD8+ T cells require CD28 cos-
timulation for their optimal 2° expansion (Borowski et al., 2007;
Fuse et al., 2008). These studies challenged the earlier presumption
that memory T cells do not require professional APCs for their re-
activation; however, these studies were done before the discovery
of tissue-dwelling TRM cells and therefore primarily focused on the
recall responses of TCIRC cells. With our current appreciation of
different subsets of memory T cells that occupy distinct anatomical
niches, we revisited this question to assess if the same principles
and mechanisms govern the reactivation of all memory CD8+ T cell
subsets. That is, do all memory T cells require professional APCs for
their reactivation? This is a particularly important question for
CD8+ TRM cells that lie at the portals of infection in barrier tissues.

We addressed this question using models of influenza in-
fection, because we need to better understand how protective
memory T cell recall responses are regulated in the lung. Many
infections are spread through the respiratory tract, such as in-
fluenza and coronaviruses, and vaccines that generate lung TRM cells
mayhold the key to developing potent, durable, and broad immunity
to these pathogens. Moreover, the conventional DCs (cDCs) in the
lung are well defined, consisting of two main populations of cells,
CD103+ XCR1+ and CD11b+ DCs (Heath and Carbone, 2009), whose
migration from the lung into the mediastinal LN (medLN) following
influenza infection peak around day 2–3 post-infection (p.i.; Helft
et al., 2012; Kim and Braciale, 2009). In particular, Batf3-derived
CD103+ XCR1+ DCs are required to generate effector CD8+ T cells
during priming (Kim et al., 2014). Some of these effector T cells then
differentiate into different subsets of memory TCIRC cells and lung-
resident TRM cells that are critical for heterologous immunity to
influenza infection (Wu et al., 2014; Laidlaw et al., 2014). However,
despite their importance, the mechanisms that govern memory
CD8+ T cell reactivation within various tissues to kickstart their
protective responses remain unclear.

The present study resolves the conundrum between the re-
quirement for APC licensing and rapid memory T cell activation
by discovering that the dependence on CD11c+ DCs for memory
CD8+ T cell reactivation is location dependent. We found
that during a 2° influenza infection, lung CD8+ TRM cells have
less-discriminate modes of reactivation and receive the initial anti-
genic signal frommultiple types ofAPCs, includingnonhematopoietic
cells. On the other hand, reactivation of memory CD8+ T cells in the
medLNwas strictly dependent onCD11c+ XCR1+ DCs, even though the
source of antigens can be found in other non-CD11c+ cells. Finally, we
also revealed that many key genes induced within reactivated lung
TRM cells depend on antigen presentation from nonhematopoietic
cells, indicating that these non-DC interactions are critical for shaping
the quality of the local TRM cell protective response.

Results
CD8+ lung TRM cells are reactivated more rapidly but less
efficiently than LN memory T cells (TLN cells)
We began to investigate the mechanics that govern memory
T cell reactivation using influenza infection, because local CD8+

TRM cells, recirculating memory CD8+ cells, and inflammation-
driven bystander responses collectively contribute to protection
against influenza reinfection (Wu et al., 2014; Slütter et al., 2013;
Ely et al., 2003). We developed a system wherein we could
distinguish between antigen-specific and “bystander” TRM cell
reactivation using the Nur77 (Nr4a1)-eGFP transgene (referred
to as Nur77-GFP), a downstream reporter of TCR signaling
(Moran et al., 2011). We generated Nur77-GFP P14+ (lymphocytic
choriomeningitis virus [LCMV] H-2Db GP33–41–specific TCR) and
Nur77-GFP OT-I+ (OVA257–264–specific TCR) transgenic mice and
then transferred 50,000 naive P14+ (Thy1.1+) and OT-I+ (Ly5.1+)
cells in combination into C57BL/6 mice that were later infected
simultaneously with influenza viruses X31-gp33 and X31-ova i.n.
At 30 d p.i., we rechallenged the immunized mice with a het-
erosubtypic strain of influenza PR8-gp33 to selectively reacti-
vate P14+ memory CD8+ T cells in a TCR-dependent manner,
while the neighboring OT-I+ memory T cells allowed for the
assessment of bystander activation (Fig. 1 A). 5 min before eu-
thanasia, we administered fluorescently labeled anti-CD8β in-
travascularly to distinguish CD8+ cells in the lung tissue
parenchyma from those in the vasculature (Fig. S1 A). While
resident memory CD8+ T cells have been described in draining
LNs (Beura et al., 2018b), in our studies, medLNs contained a
mixture of memory cells with resident and circulating pheno-
types, defined by their surface expression of CD69 and CD103
(Fig. S1 B). Therefore, we coined these CD8+ LN memory T cells
collectively TLN cells. Kinetic profiling of Nur77-GFP expression
showed that P14+ lung TRM cells were reactivated first, as early
as 12–24 h p.i. (h.p.i.), and peaked at 48 h.p.i., whereas reacti-
vation of P14+ TLN cells in the medLN was delayed by an entire
day and was only evident at 48 h.p.i. (Fig. 1, B–D). Notably, the
efficiency of medLNmemory T cell reactivation was superior to
that in the lung based on the frequency of Nur77-GFP+ cells at
the peak of the response (Fig. 1, B–D). This result demonstrated
that TRM cells are indeed the “first responders” to a 2° infection,
which has always been inferred but never formally shown.
Internal controls validated that Nur77-GFP was a selective
marker for antigen-specific memory T cell reactivation, as only
the P14+ and not the OT-I+ memory CD8+ T cells increased
Nur77-GFP expression following PR8-gp33 challenge (Fig. 1 E).
Further, challenge with the parental PR8 strain that lacks the
gp33 epitope also did not augment GFP expression in P14+

Nur77-GFP memory T cells (Fig. 1 F), but it notably induced the
expression of GranzymeB (GzmB) and CD98 on the memory
cells, indicating these are markers of bystander and not
antigen-dependent activation (Fig. S2, A and B). Additionally,
when ex vivo–sorted P14+ TRM or TLN were cultured in vitro
with gp33 peptide–pulsed splenocytes, no discernible differ-
ence was observed in the kinetics of Nur77-GFP upregulation
(Fig. S2 C). Therefore, we specifically chose Nur77-GFP for our
subsequent analysis to investigate which cells present antigen
to TRM cells in the lung, because it was the only readout we
identified that selectively differentiated between TCR and by-
stander activation early after 2° infection. To ensure we were
assessing the reactivation of preexisting TRM cells and not in-
filtrating TLN cells that were recruited from the blood into the
lung tissue early after 2° infection, we administered low-dose
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αThy1.1 mAb to deplete P14+ TLN cells or gave fingolimod
(FTY720) to prevent lymphocyte recirculation. While the P14+ TLN
cells in the blood were eliminated by both treatments, neither had
any significant effect on the kinetics or frequency of Nur77-GFP
expression in the P14+ TRM cells in the lungs at the early time points
analyzed (Fig. 1 G and Fig. S2, D and E).

Lung CD8+ TRM cells and TLN cells exert tissue-defined
functional programs that are temporally regulated
Using the established Nur77-GFP system, we investigated
whether the quality of the 2° recall responses between TRM and
TLN cells was influenced by their anatomical locations and/or
their differentiation states by profiling the global gene expres-
sion changes via RNA sequencing (RNA-seq) in P14+ and OT-I+

TRM and TLN cells before and 24 and 48 h after in vivo PR8-gp33
reinfection. Activated P14+ T cells were sorted based on Nur77-
GFP+ expression, and bystander-activated OT-I T cells were
sorted based on CD98hi expression (Fig. 2 A). Unbiased cluster-
ing using k-means analysis (k = 5) and principal-component
analysis (PCA) identified five clusters (drawn ellipses) of sam-
ples broadly categorized into resting TRM cells, resting TLN cells,
TCR-activated TRM cells, TCR-activated TLN cells, and bystander
TRM cells (Fig. 2 B). Several points emerged from this analysis.
First, the resting TRM and TLN cell samples segregated from each
other before and after 2° infection, indicating distinct gene ex-
pression profiles between the two memory T cell populations at
baseline as well as after TCR activation (Nur77-GFP+). Second, as
one would predict if Nur77-GFP was a faithful readout of TCR

Figure 1. Lung TRM cells are reactivated more rapidly but less efficiently than TLN cells in medLNs. (A) P14/OT-I Nur77-GFP immune chimeras were
generated by cotransferring naive P14+ (Thy1.1+) and OT-I+ (Ly5.1+) Nur77-GFP CD8+ T cells (5 × 104 cells each) into C57BL/6 (Th1.2+/Ly5.2+) mice 1 d before i.n.
coinfection with recombinant influenza X31-gp33 and X31-ova. 30 d later, the P14/OT-I Nur77-GFP immune chimeras were reinfected with PR8-gp33 i.n., and
reactivation of P14+ lung TRM and medLN TLN cells was assessed at 0, 12, 24, 48, and 120 h.p.i. (B) Representative flow plots of Nur77-GFP expression in P14+

lung TRM cells and medLN TLN cells. In vivo labeling with αCD8β antibody was used to distinguish CD8+ TRM cells in the lung parenchyma from CD8+ T cells in
the vasculature. (C and D) Frequency of Nur77-GFP+ CD8β− P14+ cells (i.e., top left quadrant of flow plots) in B was quantified. Data are expressed as
mean ± SD. (E and F) As negative controls, Nur77-GFP expression in OT-I+ and P14+ cells was examined after PR8-gp33 and PR8 2° infection, respectively.
(G) To limit the contribution of TCIRC cells, a low dose of αThy1.1 (clone 19E12)–depleting antibody was administered i.p., and the frequency of Nur77-GFP+ P14+

TRM cell reactivation was examined. N.D., not detected. Antigen-activated P14+ lung TRM (blue) and medLN TLN (red) cells are distinguished from the bystander-
activated OT-I+ lung TRM (green) and medLN TLN (gold) cell samples by color. Data shown are representative of two independent experiments (n = 3–5 mice/
group).
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activation, GFP-negative (Nur77-GFP−) P14+ TRM cells at 48 h.p.i.
had gene expression profiles similar to resting lung TRM P14+

cells but also shared some properties with bystander-activated
OT-I+ TRM cells. Further, the lung TRM cells showed a TCR-
activated gene signature by 24 h.p.i., which was not evident in
the medLN TLN cells until 48 h.p.i., supporting TRM cells are first
responders transcriptionally (Fig. 2, B and C). Third and most
revealing, tissue-specific responses indicative of a division of
labor were observed between the memory T cells reactivated in
the lung (Fig. 2 C, modules 1 and 2) and the medLN (module 4).
Specifically, reactivated TRM cells in the lung up-regulated
antiviral and cytotoxic molecules such as Ifng, Gzma, and
Gzmb. In contrast, reactivated memory T cells in the medLN

more robustly up-regulated genes involved in proliferation such
as Cdk4, Cdk8, Chek1, and E2f7, in line with the well-known su-
perior proliferative capacity of TCM cells. There was a common
gene set “reactivation genes” including ribosomal genes (Rpl
family genes) induced in both TRM and TLN populations, demon-
strating core protein synthesis pathways underlingmemory T cell
recall responses (Fig. 2 C, module 3). Fourth, there was a distinct
bystander-activated signature enriched in IFN-stimulated genes
(ISGs; Isg20, Ifitm3, and Mx1) that were predominantly up-
regulated in OT-I+ TRM cells, likely due to local production of
type I IFNs (Stetson and Medzhitov, 2006; Fig. 2 C, clusters 5–7).
Interestingly, activated (Nur77-GFP+) P14+ TRM cells at 48 h.p.i.
exhibited a dampened bystander-driven interferon signature

Figure 2. CD8+ memory T cells in the lung and medLNs display tissue-defined functional programs that are temporally regulated following reac-
tivation in situ. (A) P14+ and OT-I+ memory CD8+ T cells were purified at 0, 24, 48, and 168 h after 2° infection from the lung and medLNs, and RNA-seq was
performed. Activated P14+ T cells were sorted based on Nur77-GFP+ expression, and bystander-activated OT-I T cells were sorted based on CD98hi expression.
(B) PCA of global gene expression showed five distinct clusters reflected by dotted ellipses. (C) Heatmap of differentially expressed TCR-activated genes and
bystander-activated genes (log2FC ≥2 and P < 0.01). Seven modules were distinguished and several representative genes are shown. TCR-activated P14+

Nur77-GFP+ lung TRM (blue) and medLN TLN (red) are distinguished from the bystander-activated (Nur77-GFP− CD98hi) OT-I+ lung TRM (green) and medLN TLN
(gold) samples by color. Squares, 0 h.p.i; triangles, 24 h.p.i.; diamonds, 48 h.p.i; circles, 168 h.p.i. (D) TRM and TLN identity genes were identified by comparing
0 h resting P14+ memory CD8+ T cells from the lung and medLNs, based on 1.5-log2FC and P < 0.05, and the temporal changes of these identity genes following
reactivation in TRM and TLN cell populations are shown in this heatmap.
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relative to their Nur77-GFP− counterparts in the lung (Fig. 2 B),
demonstrating that TCR-driven signals override instructions set
up by bystander inflammation. Lastly, hierarchical clustering
using Spearman’s rank correlation revealed that the unique ge-
netic signatures that define resting TRM and TLN cells (at 0 h.p.i.;
Mackay et al., 2013; Fig. S3) were not lost upon reactivation, in-
dicating maintenance of their distinct memory T cell identities
shortly after reactivation (Fig. 2 D).

Reactivated TRM cells are in close proximity to different
infected cell types
How are these immediate protective CD8+ TRM cell responses
triggered in the local environment? The current paradigm is that
memory CD8 T cell 2° responses require licensing by CD11c+ DCs
(Zammit et al., 2005); however, it is not known if this also ap-
plies to TRM cells reactivated locally in peripheral tissues. To
begin uncovering the mechanics that govern TRM cell reactiva-
tion in situ, we first sought to identify the potential APCs by
infecting X31-immunemicewith a PR8 strain that expresses GFP
(PR8-GFP) or PR8 as negative staining control. Infected GFP+ cells
were assessed using flow cytometry (Fig. 3 A), which showed that
the primary cell types infected by influenza during 2° infection
were CD11c+ cells, CD169+ macrophages, Ly6C+ monocytes, and
EPCAM+ epithelial cells (Fig. 3 B), similar to previous studies on
PR8-GFP infection on naive mice (Manicassamy et al., 2010; De
Baets et al., 2015). Second, immunofluorescent microscopy of
lungs containing P14+ Nur77-GFP TRM cells shortly after 2° infec-
tion with PR8-gp33 showed that the activated Nur77-GFP+ TRM
cells were typically in close proximity to infected cells, such as
epithelial cells, CD169+ cells, and CD11c+ cells (Fig. 3, C and D). In
contrast, Nur77-GFP+ in the medLN were much more densely
aggregated in close proximity to CD11c+ cells in the T cell zone
(Fig. 3 E), supporting the higher efficiency of memory T cell re-
activation in the draining LNs observed in Fig. 1 D.

cDCs are dispensable for lung CD8+ TRM reactivation, unlike in
the medLNs
Next, to identify relevant APCs in TRM and TLN reactivation, we
made P14+ Nur77-GFP immune chimeras in CD11c-DTR, Xcr1-DTR,
and Zbtb46-DTR hosts that were subsequently depleted of DTR-
expressing cells by diphtheria toxin (DT) treatment before
2° infection (Fig. S4 A). First, we examined the medLN CD8+

memory T cells and observed, as predicted, there was a major
defect in their reactivation in the absence of CD11c+ and Zbtb46+

cells which depletes cDCs (Fig. 4 G and Fig. S4 B). Further, using
XCR1-DTR hosts to distinguish between the two major pop-
ulations of cDCs in the lung (CD103+ XCR1+ and CD11b+;
Ballesteros-Tato et al., 2010; Kim and Braciale, 2009; Ohta et al.,
2016), we found that the migratory XCR1+ DCs were critical to
reactivate medLN memory T cells (Fig. 4 B). In stark contrast,
lung TRM cell reactivation was not affected by depletion of
CD11c+, XCR1+, or Zbtb46+ cDCs (Fig. 4 C), and the viral titer in
the CD11c-depleted group was also not affected (Fig. S4 C).
Second, we examined other candidate APC populations includ-
ing CD169+ macrophages, B cells or GR-1+ monocytes by using
CD169-DTR or uMT−/− hosts or depleting αGR-1 mAbs, respec-
tively, to remove these cell populations from lungs during

Figure 3. Reactivated TRM cells are in close proximity to different in-
fected cell types. (A) Influenza-immunized mice were infected with PR8-
GFP and PR8 (as control), and the lungs were analyzed by flow cytometry 48
h.p.i. (B) The pie chart shows the types of infected GFP+ cells identified as a
fraction of total GFP+ cells (pie chart: alveolar macrophages [CD45+ CD169+

SiglecF+], B cells [CD45+ B220+], DCs and macrophages [CD45+ SiglecF−

B220− CD11c+ Ly6C−], monocytes [CD45+ SiglecF− B220− CD11c+ Ly6C+], and
epithelial cells [CD45− EPCAM+]). (C–E) P14+ immune chimeras were re-
challenged with PR8-gp33, and the localization of activated P14+ Nur77-GFP+

cells in the lung (C and D) and medLN (E) at 48 h.p.i. was analyzed by im-
munofluorescence confocal imaging. Arrows indicate TCR-activated regions
of P14+ Nur77-GFP+ cells and their interactions with infected cells and dif-
ferent immune subsets. Data shown are representative of two to three in-
dependent experiments (n = 3–5 mice/group). All scale bars indicate 50 µm.
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2° infection (Fig. S4 A). However, neither lung TRM nor medLN
TLN reactivation was affected by deletion of these cell types in-
dicating they were not necessary APCs during influenza rein-
fection (Fig. 4, B and C). These latter experiments also
reaffirmed that DT treatment alone does not induce spurious,
nonspecific Nur77-GFP expression. Since influenza induces a
productive local infection, we also investigated the APC re-
quirements for memory T cell reactivation following intranasal
infection with LCMV, a systemic pathogen that not only has
different viral tropism but also has previously been shown to
infect multiple cell types, including subcapsular macrophages
in the draining LN (Sung et al., 2012). There were no major
differences in the results between 2° infection with LCMV or
influenza. That is, lung TRM cells could still be reactivated by
LCMV-infected cells in the absence of CD11c+ cells, whereas the

memory T cells in themedLN could not (Fig. 4 D; note that there
was a modest reduction in percentage of Nur77-GFP+ cells in
the lungs of LCMV-infected CD11c-DTR mice, suggesting that
cDCs may be a more prominent APC in this tissue during LCMV
infection relative to influenza). To verify that LCMV infected
multiple cell types in the medLN after intranasal infection, we
infected influenza-immune mice with LCMV-ZsGreen to trace
LCMV-infected cells and quantified the overlap with CD11c+

cells, F4/80+ cells, or double-negative (“other”) cells in medLNs
using Imaris software (Fig. 4, E and F). Consistent with a pre-
vious study (Sung et al., 2012), of the LCMV infected cells,
∼40% were CD11c+ F4/80−, ∼10% were F4/80+ CD11c−, and the
remaining were other cell types (Fig. 4, E and F). Thus, even
though there were multiple putative APCs in the medLN,
memory T cells in the medLN were still reliant on CD11c+ cells

Figure 4. CD11c+ XCR1+ cells are strictly required for medLN CD8+ TLN reactivation, but conventional APCs are dispensable for lung CD8+ TRM
reactivation. (A) P14+ immune chimeras were generated in various genetic hosts as shown. For DTR mice, DT was administered i.t. 1 d before 2° infection to
deplete DTR-expressing cells; for αGR-1 depletion, 200 μg αGR-1 (RB6-9C5) was administered i.p. daily starting the day before 2° rechallenge. For LCMV
rechallenge experiments, flu-immunized mice were 2° infected with Armstrong strain of LCMV i.n. or LCMV-GFP. (B–D) Quantification of the frequency of
Nur77-GFP+ P14+ TLN cells in the medLN (B) and P14+ TRM cells in the lung (C) at 48 h after 2° PR8-gp33 infection (B and C) or 48 h after 2° LCMV infection (D).
Data shown are a collection of two or more independent experiments (n = 3–5 mice/group). (E and F) P14+ immune chimeras were rechallenged i.n. with
LCMV-ZsGreen (E), and the colocalizations of ZsGreen signal with various immune cells in the medLN was quantified by Imaris (F). Top scale bars indicate 150
µm, and bottom scale bars indicate 20 µm. Data are expressed as mean ± SEM. Statistical analysis was performed using Student’s t test (two tailed) comparing
immunized C57BL/6 to various treatment groups. ****, P < 0.0001.
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for their reactivation. Taken together, in both influenza and LCMV
reinfection, lung TRM CD8 T cell reactivation occurred indepen-
dent of cDCs, demonstrating that the mechanisms governing
memory T cell reactivation operate in a tissue-specific manner.

CD8+ lung TRM cells can be reactivated by both hematopoietic
and nonhematopoietic APCs
Since the airway epithelium is a major reservoir for influenza
infection and many lung CD8+ TRM cells are intraepithelial due
to their expression of CD103 (Wu et al., 2014; Laidlaw et al., 2014;
Fig. 3 C and Fig. S1 B), we considered that epithelial cells may
play a key role in reactivating CD8+ TRM cells. To address this
question, three groups of bone marrow chimeras (BMCs) were
generated by transferring (1) H-2Db+/+ BM → C57BL/6 recipi-
ents, (2) H-2Db+/+ BM→H2-Db−/− recipients, or (3) H2-Db−/− BM
→ C57BL/6 recipients (Fig. 5 A and Fig. S5 A). After BM recon-
stitution, P14+ Nur77-GFP immune chimeras were generated as
previously described, and subsequently reinfected with PR8-
gp33. Unexpectedly, lung CD8+ TRM reactivation (based on
Nur77-GFP expression at 48 h.p.i.) occurred regardless if antigen
was presented on hematopoietic or nonhematopoietic cells
(Fig. 5, B and C). Furthermore, we tested the possibility of re-
dundancy between nonhematopoietic cells and classical antigen
presenting CD11c+ cells by generating BMCs with CD11c-DTR BM
→ C57BL/6 or H2-Db−/− recipients. After BM reconstitution, P14+

Nur77-GFP immune chimeras were generated as previously
described, and before PR8-gp33 reinfection, the hosts were
treated with DT to delete CD11c+ DCs. Surprisingly, the absence
of antigen presentation from both nonhematopoietic cells and
CD11c+ cells did not reduce the frequency of Nur77-GFP+ P14+

lung TRM cells, indicating alternative APCs such as monocytes
and/or macrophages were sufficient for TRM cell reactivation
(Fig. 5, B and C). We further validated our finding in TAP1−/−

BMCs, which lack the machinery to load peptide onto MHC class
I in either the hematopoietic (TAP1−/− BM→ C57BL/6 recipients;
TAP1BM−/−) or nonhematopoietic (C57BL/6 BM→ TAP1−/− recip-
ients; TAP1nonhemo−/−) compartments. Consistent to the results of
H-2Db−/− BMCs, CD8+ TRM cell reactivation was unaffected in all
three BMC groups, while the activation of medLN TLN cells were
significantly impaired if the hematopoietic cells lack TAP1 ex-
pression (Fig. 5 D). Altogether, these results indicate consider-
able redundancy between the major APC populations in
reactivating lung CD8+ TRM cells in vivo during 2° infection. To
more closely examine this apparent redundancy in the cell types
that can reactivate lung TRM cells, Nur77-GFP P14+ CD8+ TRM cells
were isolated from the lungs of X31-gp33 immune mice and co-
cultured with bulk epithelial cells, endothelial cells, CD11c+ MHCII+

cells, and alveolar macrophages purified from mice infected with
PR8-gp33 48 h prior or splenocytes loaded with and without gp33
peptide as controls (Fig. 5 E and Fig. S5, B and C). This experiment
supported the above genetic data, because all of these lung-derived
cell populations could reactivate CD8+ TRM cells ex vivo (Fig. 5 E).

Activation by hematopoietic and nonhematopoietic cells
induces differential functional output in TRM cells
Since our data showed that TRM cells can be activated by
both hematopoietic and nonhematopoietic cells, we sought to

investigate if the quality of the 2° TRM response was affected by
which APC type the TRM cell first encountered. First, the pro-
miscuity in CD8+ TRM cell reactivation had apparent beneficial
consequences as the proliferative burst of TRM cells in situ (Park
et al., 2018; Beura et al., 2018a) was not constrained by CD11c+

cells. This contrasts with the medLN TLN cells, whose 2° expan-
sion was strictly dependent on CD11c+ XCR1+ DCs (Fig. 6 A and
Fig. S5 D). Second, we performed RNA-seq on 48-h reactivated
Nur77-GFP+ TRM cells sorted from the lungs of C57BL/6 TAP1+/+,
TAP1BM−/−, and TAP1nonhemo−/− BMCs. PCA and k-means analysis
(k = 2) identified TRM cells reactivated in the absence of TAP1 on
nonhematopoietic cells (TAP1nonhemo−/− BMCs) clustered dis-
tinctly from the control or TAP1BM−/− samples (Fig. 6 B). This
indicated that overall, the antigen-driven interactions with
nonhematopoietic cells had a large effect size on the quality of
the TRM 2° responses. Interestingly, disruption of antigen pre-
sentation by either hematopoietic or nonhematopoietic cells
differentially impacted the TRM activation signatures described
in Fig. 2 (Fig. 6 C), indicating that distinct types of signals or
instructions were sent by each type of APC to influence CD8+

TRM responses. In particular, three gene signature modules were
most affected: (1) antigen presentation by nonhematopoietic
cells was needed to induce genes involved in cell cycle and
proliferation (e.g., Cdca8, Cdc20, and Cdk1 in module 1) and (2)
restrain type I ISGs (e.g., Ifit1, Ifit2, and Mx1 in module 2) in the
reactivated TRM cells. The latter result indicated this antigen-
driven interaction with nonhematopoietic cells prevented the
induction of a bystander-activated TRM cell signature (Fig. 2 C).
(3) In contrast, antigen presentation by hematopoietic cells
tempered the expression of several chemokines and cytokines
(e.g., Ccl1, Ccl3, Ccl9, Ifng, and Xcl1 in module 3) in TRM cells
(Fig. 6, C and D). This result suggested that antigen-dependent
interactions with hematopoietic cells help tame inflammation
and leukocyte recruitment, perhaps to keep the TRM response in
check by provision of inhibitory ligands or cytokines to prevent
excessive inflammation in the lung. In summary, these findings
demonstrate that TRM cells not only recognize their cognate
antigen from multiple cell types during reinfection, but their
functional outputs are qualitatively different depending on the
nature of the APC encountered.

Discussion
Since the conceptualization of memory T cell subsets 21 yr ago
(Sallusto et al., 1999), it is now well appreciated that there are
different subsets of memory T cells that occupy distinct ana-
tomical locations, have different functional properties, and col-
lectively are critical in mounting a tiered layer of response
during 2° infection (Schenkel and Masopust, 2014; Low and
Kaech, 2018). Our study furthers the understanding of mem-
ory T cell biology by reshaping the current paradigm of memory
CD8+ T cell reactivation, demonstrating that the mechanics that
govern their reactivation are contextual and dependent on their
anatomical locations. CD8+ TRM cells are tissue sentinels that
provide protective antigen-specific and bystander-inflammatory
responses, and we propose that their reactivation promiscuity
by multiple types of APCs allows for more rapid and sensitive
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pathogen sensing. Conversely, CD8+ memory T cells in the
draining LNs were strictly dependent on migratory CD11c+ DCs
for their reactivation, even in cases such as LCMV infection,
where more than half of the putative APCs in the medLN were
not CD11c+ cells. Although temporally slower, interestingly, the
organized architecture of the draining LN allowed for more
concentrated and efficient memory T reactivation. Thus, our

findings demonstrate major differences in tissue-dependent
control of memory T cell reactivation between peripheral tis-
sues and 2° lymphoid organs. Extension of this work will be
needed to assess how common this principle is to other pe-
ripheral tissues and pathogens because viral tropism, antigen
processing and tissue injury are additional factors to consider
for assessing memory T cell reactivation, which is why we

Figure 5. CD8+ lung TRM cells can be reactivated by both hematopoietic and nonhematopoietic APCs. (A) P14+ immune chimeras were generated in
different H-2Db−/− BMCs as outlined. For CD11c-DTR donor bone marrow groups, DT was administered 500 ng/mouse (i.p.) 1 d before 2° infection.
(B) Representative flow plots of Nur77-GFP expression in the P14+ lung TRM cells at 48 h.p.i. and quantified in C. (D) P14+ immune chimeras were generated in
TAP1−/− BMCs similar to A and the frequency of reactivated medLN TLN and lung TRM cells are quantified. (E) P14+ TRM cells were sorted from steady-state
memory lung at >30 d p.i. and co-cultured with epithelial cells (EPCAM+), endothelial cells (CD31+), CD11c+ MHCII+ cells, and alveolar macrophages (CD169+)
sorted from influenza-immunized mice that were 2°-reinfected with PR8-gp33 24 h prior. Flow plots of Nur77-GFP expression in P14+ TRM cells following
overnight co-culture. Data shown are expressed as mean ± SD, representative of two independent experiments (n = 3–5 mice/group). Statistical analysis was
performed using Student’s t test (two tailed). **, P < 0.01.
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decidedly used live replicating virus for all our infections instead
of peptide stimulation. We employed two different viruses, in-
fluenza A virus PR8 and LCMV, which are naturally transmitted
via the respiratory route and can replicate to similar viral titers,
yet induce different immunopathologies in the lung (Knudson
et al., 2014; Chen et al., 2003). For example, influenza is cyto-
pathic to lung epithelium whereas LCMV is not (Dylla et al.,
2008; Pythoud et al., 2015). Nonetheless, in both infections,
lung TRM cell reactivation could occur independent of CD11c+

cDC antigen presentation (albeit, there was greater reliance on
CD11c+ APCs following LCMV compared with influenza, sug-
gesting that the type of pathogen will likely also play a role in
governing the mechanics of TRM cell reactivation in peripheral
tissues). Relatedly, two studies on HSV in the skin (Wakim et al.,
2008) and the female reproductive tract (Shin et al., 2016) found
that DCs appear important for reactivation of CD8+ TRM cells,
although these conclusions were based on the measurements of
T cell expansion, disease scores, weight loss, survival, and viral
titers many days following infection, as opposed to our study,

which concentrated on the first phase of TRM cell reactivation.
Nonetheless, it is possible that tissue-specific principles will
govern TRM cell reactivation in different tissues, and some types
of tissues (or pathogens) will display a dependence on cDCs for
TRM cell reactivation; our study outlines an approach by which
to assess this.

Elegant studies have shown that activation of TRM cells can
lead to multiple functional outputs, including innate cell acti-
vation, immune cell recruitment, and in situ proliferation
(Schenkel et al., 2014; Beura et al., 2018a; Park et al., 2018), to
rapidly set up antiviral states across a broad range of tissue
territory, but little is known about how these different functions
are initiated and regulated. Notably, we observed distinct tissue-
specific compartmentalization of the functional recall responses
between memory T cells in the lung vs. medLN. This is impor-
tant given that recent data show that CD69+ resident memory
T cells can also persist in the draining LN (Beura et al., 2018b).
Nonetheless, the transcriptional program of the memory T cells
in the medLN were quite distinct from those in the lung both

Figure 6. Activation by hematopoietic and nonhematopoietic cells induces differential functional output in TRM cells. (A) P14+ immune chimeras were
generated in C57BL/6 or CD11c-DTR hosts and treated with either FTY720 (i.p., daily 2 d prior) or 100 ng DT (i.t., every 2–3 d) the day before 2° reinfection with
PR8-GP33 i.n. 96 h.p.i. the expression of Ki67 on P14+ cells was examined and quantified. Data are expressed as mean ± SEM. (B) Activated P14+ TRM cells were
sorted based on Nur77-GFP+ expression in C57BL/6 TAP1+/+, TAP1BM−/−, TAP1nonhemo−/− BMCs, and RNA-seq was performed. PCA of global gene expression
showed two distinct clusters reflected by dotted ellipses. (C) Heatmap of differentially expressed genes between the control and TAP1−/− BMCs (≥ or ≤1.5
log2FC and P < 0.05), filtered on all the differentially expressed genes of TCR and bystander TRM cell signature from Fig. 2 C. Three main modules were
observed. (D) Genes from each module were parsed for enrichment of biological pathways using Enrichr. Top pathways from Gene Ontology Biological
Processes with corresponding adjusted P values are shown. Relevant gene names are highlighted in heatmap in C.
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before and after 2° infection, suggesting a division of labor be-
tween the memory T cells in peripheral vs. 2° lymphoid tissues.
Within 24–48 h, lung TRM cells expressed various cytotoxic,
costimulatory and coinhibitory molecules including Ifng, Gzmb,
Xcl1, Il2, Tnfrsf9 (4-1BB), Icos, Tigit, Pdcd1, Tnfrsf18 (GITR), Ctla4,
and Lag3 to tightly balance the cytotoxic activities of the CD8+

T cells. Alternatively, the memory T cells in the medLN domi-
nantly up-regulated cell cycle genes. It is important to point out
that the lung TRM cells up-regulated these genes too, albeit to a
substantially lower extent, in linewith their ability to proliferate
in situ (Beura et al., 2018a; Park et al., 2018). These results
suggest that lung TRM cells exert a robust antiviral effector
program immediately after reactivation, whereas those in the
medLN dedicate their responses to a proliferative program. Both
populations appear to engage anabolic programs by increasing
protein synthesis.

Our findings also revealed that the different CD8+ TRM cell
functional responses can be modulated by the nature of antigen-
presenting partners, i.e., whether CD8+ TRM cells received
antigen from hematopoietic cells or nonhematopoietic cells.
Presentation by nonhematopoietic cells induced programs of
cell cycle proliferation while simultaneously repressing the
bystander-like IFN signature. Given that IFN signaling can be
antiproliferative (Petricoin et al., 1997; Bromberg et al., 1996),
this indicates that the interaction between TRM cells and non-
hematopoietic APCs is important in finetuning the proliferative
burst of TRM cells locally within the tissue. In agreement with
our study, a prior study showed that the TRM cells in the female
reproductive tract can also undergo in situ proliferation inde-
pendent of CD11c+ cells (Beura et al., 2018a). Perhaps one way in
which TCR signaling may suppress type I IFN signature is
through T-bet induction, which has been previously shown to
repress type I IFN transcription factor and ISGs in CD4 Th1 cells
(Iwata et al., 2017). On the other hand, antigen presentation by
hematopoietic cells was also important in regulating chemo-
kine and cytokine production in TRM cells. Relatedly, another
study showed that HSV-infected APCs could stimulate IFN-γ
production by HSV-specific effector CD8+ T cells, whereas
uninfected cross-presenting DCs could not (despite the fact that
such DCs could activate naive T cells; Macleod et al., 2014); this
is another demonstration of APC-mediated tuning of functional
responses in effector and memory CD8+ T cells. A prominent
feature of DC–T cell interactions is costimulation; however, our
study highlights that perhaps the more dominant feature dur-
ing a recall response is the restraint of memory T cell effector
functions. Lung CD8+ TRM cells express PD-1 (Wu et al., 2014),
and thus, possibly, this suppression operates through co-
inhibitory molecules such as PD-L1. In fact, PD-L1 expression on
hematopoietic cells has previously been shown to limit CD8+

T cell functional responses during a chronic infection (Mueller
et al., 2010).

Mounting human studies have correlated CD8+ TRM-like cells
with better protection against infection and cancer, but these
cells may also cause immunopathology in certain inflammatory
and autoimmune diseases (Boyman et al., 2004; Ganesan et al.,
2017; Wang et al., 2016; Edwards et al., 2018; Webb et al., 2014;
Cheuk et al., 2017). These paradoxical roles in human health

highlight the need to better understand the principles and cell
types that govern memory T cell reactivation in situ, how their
responses are regulated by antigen or bystander inflammation
in different tissues, and how their functional outputs are mod-
ulated by different APCs. The results of this study bring forth
new knowledge for howmemory CD8+ T cell recall responses are
differentially regulated in tissue-dependent contexts, which
fundamentally enlightens our understanding of the different
modes of memory T cell reactivation in situ.

Materials and methods
Mice, infections, and treatments
C57BL/6 (B6) mice were purchased from Charles River Labora-
tories. P14+ (LCMVH-2Db gp33–41–specific) TCR transgenic mice,
OT-I+ (H-2Kb OVA257–264–specific) TCR transgenic mice, CD11c-
DTR mice, and uMT−/− mice were purchased from The Jackson
Laboratory. CD169-DTR were kindly provided by Dr. Masato
Tanaka at the Tokyo University of Pharmacy and Life Sciences
(Tokyo, Japan). H-2Db−/− mice were kindly provided by Linda
Cauley (University of Connecticut, Farmington, CT). Xcr1-DTR
micewere kindly provided by Dr. Tsuneyasu Kaisho (Wakayama
Medical University, Wakayama, Japan). “P14+/OT-I+ immune
chimera” were generated by transferring 5 × 104 Thy1.1+ P14+

CD8+ T cells and/or 5 × 104 Ly5.1+ CD8+ T cells i.v. into naive
Thy1.2+/Ly5.2+ B6 recipients and subsequently inoculated i.n.
with 0.8 × 105 TCID50 recombinant X31 influenza expressing the
LCMV gp33–41 epitope (X31-gp33) and recombinant X31 influenza
expressing OVA (X31-ova). For 2° LCMV infections, P14+ im-
mune chimeras were infected with 5 × 104 PFU LCMV Arm-
strong or 105 LCMV-ZsGreen i.n. kindly provided by Prof. Juan
Carlos de la Torre (Scripps Research, La Jolla, CA). In vivo de-
pletion of circulating P14+ cells was achieved with i.p. injections
of low dose (0.7 μg) αThy1.1 (clone 19E12) depleting antibody.
10 μg FTY720 (Cayman Chemicals) was administered i.p. for
2 d consecutively before reinfection and maintained daily
treatment until end point. DT treatments were done by i.t.
administration of 100 ng DT (Sigma) or 500 ng DT (Sigma) for
BMCs. αGr-1 antibody (BioXcell; RB6-8C5) was administered
i.p. for 3 d consecutively, starting 1 d before reinfection. For
rechallenge experiments, mice were infected with 1,500
TCID50 recombinant PR8 influenza virus expressing the
LCMV gp33 epitope (PR8-gp33) i.n. Prior to all intranasal in-
fections, mice were anesthetized by i.p. injection of ketamine
hydrochloride and xylazine in 0.2 ml PBS. For in vivo labeling,
0.8 µg αCD8β-PE antibody was administered i.v. All animal
studies and procedures were performed in accordance with
the Yale University Institution of Animal Care and Use
Committee.

BMC
C57BL/6, H-2Db−/−, or TAP1−/− recipients were irradiated with
600 rad twice in 3–4 h intervals and reconstituted with 5–10
million bone marrow cells from C57BL/6, H-2Db−/−, TAP1−/−,
or CD11c-DTR donors isolated from tibias and femurs. After
6–8weeks of reconstitution, P14+ immune chimeraswere generated
as previously described.
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RNA-seq
P14+ and OT-I+ TRM cells and TLN cells were sorted from the
lungs and medLN of P14+ and OT-I+ immune chimeras at indi-
cated hours after infection. P14+ cells were sorted based on
Nur77-GFP− for 0 h.p.i. and 168 h.p.i.; Nur77-GFP+ for 24 h.p.i.
and 48 h.p.i. (24 h.p.i. TLN cells were sorted based on Nur77-
GFP−). OT-I cells were sorted based on CD98lo for 0 h.p.i. and
CD98hi for 48 h.p.i. Total RNA was isolated using Trizol–Qiagen
RNAeasyMicro kit and sent to Yale Keck Sequencing Facility for
library prep and sequencing run on Illumina Hiseq2500. Raw
data were processed using the STAR and HTseq pipeline. Sub-
sequent analyses were performed using R-studio. Pathway
analysis was done with Enrichr (Chen et al., 2013; Kuleshov
et al., 2016). Data are available online at the Gene Expression
Omnibus (accession number GSE147908).

Immunofluorescent confocal imaging
Lung were inflated with 1 ml 1% paraformaldehyde (PFA)/0.5%
optimal cutting temperature compound ratio and the entire lung
placed in 1% PFA for 1 h. Samples were washed and then sub-
jected to sucrose gradient before freezing in optimal cutting
temperature compound. 25-µm sections were fixed in 1% PFA,
blocked in anti-CD16/CD32, and stained with staining mix for at
least 2 h. Endogenous GFP signaling is amplified by anti-GFP
polyclonal antibody (Thermo; A11122). Slides were mounted in
ProLong Gold antifade reagent, and the images were taken from
Leica SP8 confocal microscope. For imaging of LCMV-ZsGreen-
infected mLNs, mLNs were harvested and fixed in 2% PFA at 4°C
for 6 h. mLNs were then embedded in 4% low-gelling agarose
(Sigma; A9414). 4050-µm sections were cut using microtome
(Leica; VT1000S). After blocking, the sections were stained
overnight at 4°C with indicated antibodies in stain buffer (2%
BSA and 0.1% Tween-20). Immunofluorescence confocal mi-
croscopy was performed using a Zeiss LSM 880 microscope.
Micrographs were acquired in sequential scans and merged to
obtain a multicolor image. Images were analyzed using Imaris
software (Bitplane). Uninfected LN, labeled with the same an-
tibody mix, was used to determine the baseline GFP+ signal.
ZsGreen has similar excitation and emission properties as eGFP.
Surfaces were made for GFP+ signal in infected LNs, which were
then used to create masked channels for CD11c or F4/80 signals
to determine GFP+CD11c+ or GFP+F4/80+ signals, respectively.
GFP+ cells that were neither CD11c+ nor F4/80+ were referred to
as “others.”

In vitro co-culturing
Bulk epithelial cells, endothelial cells, CD11cHiMHCHi cells, and
alveolar macrophages were sorted from influenza-immunized
mice that were infected with PR8-gp33 48 h prior. P14+ TRM

cells were sorted from the lungs of P14+ immune chimera >30 d
p.i.. These cells were co-cultured overnight before flow cytom-
etry analysis.

Online supplemental material
Fig. S1 shows the identification and surface marker phenotyping
of memory T cells in lung tissue and blood. Fig. S2 describes
validation of Nur77-GFP reporter as a reliable readout for

antigen-specific activation. Fig. S3 displays the criteria to iden-
tify TRM cell and TLN cell identity genes, respectively. Fig. S4
showcases validation of various genetic/antibody depletion
strategies. Fig. S5 shows validation of BMC models and that one
functional output of TRM cells is not impaired in the absence of
CD11c+ cells.
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Supplemental material

Figure S1. Intravascular staining to distinguish parenchymal TRM cells from vasculature TLN cells. (A) Flu-immunized mice were injected i.v. with
fluorescently labeled αCD8β antibody 5 min before sacrifice. Blood, lung, and medLN were collected and stained with αCD8α antibody ex vivo. Shown are
gated on total CD8α+ T cells. (B) Expression of CD69 and CD103 in medLN, lung parenchyma (CD8a+ CD8β−), and lung vasculature (CD8a+ CD8β+) are shown.
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Figure S2. GzmB and CD98 are markers of bystander inflammation, and recruitment of circulating T cells is minimal at 48 h.p.i. (A and B) P14+

immunized mice were infected with PR8-gp33 (TCR-activation) or PR8 (bystander-activation) i.n., and the expression of GzmB (A) and CD98 (B) at 72 h.p.i. in
the lung (top panel) and medLN (bottom panel) is shown. (C) P14+ TRM and TLN cells were sorted from resting P14+ chimera and co-cultured with control- or
gp33-pulsed splenocytes, and Nur77-GFP expression was accessed 24 h later. (D and E) To limit the contribution of TCIRC cells to the readout of Nur77-GFP in
cells in the lung, FTY720 (D) and a low dose of αThy1.1-depleting antibody (E) were administered i.p., and the effects on P14+ TRM cell reactivation was
examined 48 h.p.i. n.s., not significant. Data are expressed as mean ± SD.
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Figure S3. TRM and TLN identity genes are maintained following reactivation. TRM and TLN identity genes were identified by comparing 0-h resting P14+

TRM cells with 0-h resting P14+ TLN cells based on 1.5-log2FC and P < 0.05, as represented in this volcano plot. 982 TRM identity genes and 520 TLN identity
genes were identified.

Figure S4. Depletion validation and Zbtb46+ cells are required for medLN TLN cell, but not lung TRM cell, reactivation. P14+ immune chimeras were
generated in various genetic hosts, and DT was administered i.t. 1 d before 2° infection to deplete DTR-expressing cells; for αGR-1 depletion, 200 μg αGR-
1 (RB6-9C5) was administered i.p. daily starting the day before 2° rechallenge. (A) Validation of depletion strategies across different immunized-genetic hosts
48 h after the initial treatments in the lung or bronchoalveolar lavage. (B) Frequency of Nur77-GFP+ P14+ TRM cells in the lung and TLN cells in the medLN were
quantified at 48 h.p.i. in Zbtb46-DTR hosts. Statistical analysis was performed using Student’s t test (two tailed); ****, P < 0.0001. (C) Flu viral titer was
obtained by quantitative PCR of whole lung tissue for PR8 polymerase acidic protein (PA) 48 h.p.i. Data are expressed as mean ± SD.
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Figure S5. CD8+ lung TRM cells are reactivated by both hematopoietic and nonhematopoietic APCs, and consequentially, their 2° expansion in situ is
independent of cDCs. (A) Validation of H-2Db expression in CD45+ and CD45− compartments of BMCs. (B) Schematic of ex vivo co-culture. P14+ TRM cells
were sorted from steady-state memory lung at >30 d p.i. and co-cultured with epithelial cells (EPCAM+), endothelial cells (CD31+), CD11c+ MHCII+ cells, and
alveolar macrophages (CD169+) sorted from influenza-immunized mice that were 2°-reinfected with PR8-gp33 24 h prior. (C) P14+ immune chimeras were
generated in C57BL/6 or CD11c-DTR hosts and treated with either FTY720 (i.p., daily 2 days prior) or 100 ng DT (i.t., every 2–3 d) the day before 2° reinfection
with PR8-GP33 i.n. Shown are representative flow plots of the expression of Ki67 on P14+ cells 96 h.p.i. (D) P14+ immune chimeras were generated in C57BL/6
or CD11c-DTR hosts and treated with either FTY720 (i.p.; daily 2 d prior) or 100 ng DT (i.t.; every 2–3 d) the day prior to 2o reinfection with PR8-GP33 i.n. 96
h.p.i. the expression of Ki67 on P14+ cells were examined and quantified. After infection., the expression of Ki67 on P14+ cells were examined and quantified.
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