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SUMMARY

Tissue-resident memory T (Trm) cells are described
as having a ‘‘sensing and alarming’’ function, mean-
ing they can rapidly release cytokines in response
to local cognate antigen recognition, which in turn,
draws circulating immune cells into the tissue.
Here, we show noncognate, bystander activation
can also trigger the sensing and alarming function
of pulmonary CD8+ Trm cells. Virus-specific CD8+

Trm cells lodged in the lung parenchyma, but not
memory CD8+ T cells located in the vasculature,
rapidly synthesize interferon g (IFN-g) following the
inhalation of heat-killed bacteria or bacterial prod-
ucts, a process driven by interleukin-12 (IL-12)/IL-
18 exposure. We show that a respiratory bacterial
infection leads to bystander activation of lung Trm
cells that boosts neutrophil recruitment into the air-
ways and attenuates the severity of bacterial pneu-
monia. These data reveal that lung Trm cells have
innate-like properties, enabling amplification of
inflammation and participation in noncognate re-
sponses to bacterial infections.

INTRODUCTION

Tissue-resident memory T (Trm) cells are a frontline defense that

play a key role in local immunity. Embeddedwithin peripheral tis-

sues, at common sites of infection (Fernandez-Ruiz et al., 2016;

Gebhardt et al., 2009; Jiang et al., 2012; Wakim et al., 2010; Hof-

mann and Pircher, 2011), Trm cells accelerate protection against

homologous re-infections. In addition to possessing prototypic

T cell effector functions (cytotoxicity and cytokine production),

Trm cells also have an important ‘‘sensing and alarming’’ func-

tion whereby in response to local cognate antigen recognition,

they facilitate the recruitment of circulating immune cells into

the site of infection, (Danahy et al., 2017; Schenkel et al.,
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2013), induce the maturation of local dendritic cells (DCs), acti-

vate natural killer cells (Schenkel et al., 2014), and evoke an

anti-microbial state in neighboring tissue (Ariotti et al., 2014).

This enhanced innate response driven by in situ interferon g

(IFN-g) production by sensitized Trm cells can provide near-ster-

ilizing immunity against an unrelated infection (Schenkel et al.,

2014). However, the scope for Trm cells to contribute to

resolving local, unrelated infections is potentially limited if the

Trm cell alarming function is only triggered in response to local

antigen restimulation and thus only initiated following exposure

to the pathogen that triggered their generation. Having the ca-

pacity to respond independently of T cell receptor (TCR) stimu-

lation to nonspecific danger signals or inflammatory cytokines,

a phenomenon termed bystander activation, would not only

broaden the size of the Trm cell pool capable of sounding the

alarm but also allow Trm cells to help combat antigenically unre-

lated pathogens.

Bystander activation of T cells occurs when different viruses,

virus mimetics, or bacterial products trigger an inflammatory

environment that leads to the activation of unrelated, nonspecific

polyclonal memory T cells (Tough et al., 1996; Unutmaz et al.,

1994). Data from animal studies show that CD8+ memory cells

can be bystander activated to produce IFN-g in the absence of

cognate antigen sensitization. While in certain scenarios this

has been shown to be beneficial for the host (Berg et al., 2003;

Chu et al., 2013; Kohlmeier et al., 2010), the biological relevance

of bystander-activated memory cells and their contribution to

infection resolution remain poorly defined.

Here, we investigated whether bystander activation can

trigger the sensing and alarm function of pulmonary Trm cells.

We found that virus-specific CD8+ Trm cells lodged in the lung

parenchyma, but not memory CD8+ T cells located in the vascu-

lature, rapidly synthesized IFN-g following the inhalation of heat-

killed bacteria (Salmonella enterica serovar Typhimurium and

Staphylococcus aureus) or bacterial products (lipopolysaccha-

ride [LPS]). Introduction of these factors into the lung caused

the local production of interleukin-12 (IL-12) and upregulation

of IL-18R on the tissue-bound memory CD8+ T cells. Moreover,

exposure to IL-12/18 alone could trigger IFN-g production by
uthors.
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Figure 1. Bystander-Activated Lung Trm Cells Synthesize IFN-g

(A–C) Mice were injected with 104 naive CD45.1+CD8+ OT-I T cells and then intranasally infected with 104 PFU X31-OVA and left for 30 days (termed memory

mice). These mice were then given 10 mg lipopolysaccharide (LPS) or PBS (Nil) intranasally and 12 h later received an intravenous injection of anti-CD8-PE 5 min

prior to harvesting. The proportion of memory (A) endogenous (CD44+CD45.2+) and (B) OT-I.CD45.1+ CD8+ T cells in the vasculature (CD8-PE+) and parenchyma

(CD8-PE�) synthesizing IFN-g was measured directly ex vivo. (C) The proportion of parenchyma-bound (CD8-PE�) CD103+ and CD103� OT-I.CD45.1+ CD8+

T cells synthesizing IFN-gwasmeasured directly ex vivo. Data are pooled from three independent experiments; symbols represent individual mice, and horizontal

bars represent means ± SEM (n = 6–10 mice per group, two-way ANOVA, Sidak’s multiple comparison).

(D–F) Memory mice were given intranasally 108 CFUs of heat-killed S. Typhimurium (HKST) or heat-killed S. aureus (HKSA) and 3 h later received an intravenous

injection of anti-CD8-PE 5 min prior to tissue harvesting. The proportion of (D) endogenous (CD44+CD45.2+) and (E) OT-I.CD45.1+ CD8+ memory T cells in the

vasculature (CD8-PE+) and parenchyma (CD8-PE�) synthesizing IFN-gwas measured directly ex vivo. (F) The proportion parenchyma bound (CD8-PE�) CD103+

and CD103� OT-I CD8+ T cells synthesizing IFN-g was measured directly ex vivo. Data are pooled from two independent experiments; symbols represent in-

dividual mice, and bars represent means ± SEM (n = 4–8 mice per group, two-way ANOVA, Sidak’s multiple comparison).
purified lung CD8+ Trm cells. Bystander activation of nonspecific

lung Trm cells triggered by a local bacterial infection boosted

neutrophil recruitment into the airways, which attenuated the

severity of the bacterial pneumonia. These data show that lung

Trm cells have innate-like properties amplifying inflammation

and participating in noncognate memory T cell responses to

bacterial infections.

RESULTS AND DISCUSSION

Bystander-Activated Lung Memory CD8+ T Cells
Synthesize IFN-g
Previous reports have demonstrated that local cognate antigen

recognition causes in situ activation of Trm cells, driving the local

release of IFN-g, which assists in the recruitment of immune cells

to the site of infection (Ariotti et al., 2014; Schenkel et al., 2013,

2014). Here, we explored whether bystander activation also trig-

gered in situ activation of Trm cells. We generated mice with

a trackable, lung CD8+ Trm cell pool of known specificity.
C57BL/6 mice (CD45.2+) injected with naive ovalbumin (OVA)-

specific TCR transgenic OT-I.CD45.1+ CD8+ T cells and intrana-

sally infected with a strain of influenza virus that had been

engineered to express the model antigen OVA (Flu-OVA) were

rested for 30 days to allow the development of lung OT-I

CD8+CD103+CD69+ Trm cells (Pizzolla et al., 2017; Wakim

et al., 2013); these mice will be referred to hereafter as memory

mice.

To evoke nonspecific polyclonal stimulation in the lung, we

delivered intranasally either heat-killed bacteria (Salmonella en-

terica serovar Typhimurium or Staphylococcus aureus) or bacte-

rial products (LPS), and 3 or 12 h later, the proportion of memory

CD8+ T cells (both endogenous and OT-I) in the parenchyma and

vasculature (discriminated based on intravenous antibody stain-

ing; Anderson et al., 2012) synthesizing IFN-g directly ex vivowas

measured (Figures 1A–1F, S1A, and S1B). Assessment of the

response mediated by the endogenous memory CD8+ T cells

(CD44+CD45.2+CD8+) in the lung revealed that 2%–6%of the to-

tal parenchyma-bound memory CD8+ T cells generated IFN-g in
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response to various bacterial stimulation, while the memory

T cells located in the vasculature did not respond. We observed

a similar pattern of IFNg production when we assessed the

responsiveness of the transgenic memory OVA-specific OT-I

CD8+ T cells in the lung parenchyma and vasculature. The

expression of CD103 on parenchyma-localized memory T cells

in the lung defines a Trm cell population with enhanced func-

tional capacity (Pizzolla et al., 2018), but a comparison of

IFN-g production by parenchyma-bound CD103+ and CD103�

memory CD8+ T cells revealed that both populations could

make type II interferon equivalently following bystander activa-

tion (Figures 1C and 1F).

In addition to IFN-g, we also investigated whether bystander-

activated memory T cells could make other factors, specifically

granzyme B and IL-17A. Granzyme B, but not IL-17A, was

upregulated by memory CD8+ T cells following LPS delivery

into the airways, and interestingly, unlike IFN-g production,

which was largely restricted to parenchyma-bound cells, gran-

zyme B was induced in both tissue- and vasculature-associated

memory CD8+ T cells (Figures S1C–S1E). Assessment of the

duration of cytokine production by bystander-activated lung

memory T cells revealed that activation was transient, with

peak IFN-g and granzyme B production being evident at 12 h af-

ter LPS treatment and declining thereafter (Figures S1F–S1H).

Collectively, these data show that parenchyma-bound memory

CD8+ T cells in the lung undergo bystander activation.

IL-12 and IL-18 Synergize to Evoke IFN-g Production by
Lung Memory CD8+ T Cells
To identify the cytokines responsible for triggering nonspecific

activation of lungmemory CD8+ T cells, bulk lung single-cell sus-

pensions from memory mice were cultured overnight in the

presence of a panel of inflammatory cytokines, including tumor

necrosis factor (TNF), IFN-a, IL-6, IL-33, IL-12, or IL-18, either

individually or in combination, but in the absence of TCR stimu-

lation. The next day, brefeldin A was added for 4 h, and the pro-

portion of memory CD8+ T cells synthesizing IFN-g, IL-2, or TNF

in response to cytokine stimulation was assessed. No IL-2 or

TNF was detected in response to any combination of cytokine

exposure (Figure 2A). Consistent with prior reports, IL-12 alone

could trigger IFN-g production by lung memory CD8+ T cells,

which could be boosted by coupling it with the pro-inflammatory

cytokine IL-18 (Figure 2A) (Okamura et al., 1998).

We next repeated this experiment but used lung cell suspen-

sions from memory mice that were injected with an anti-

CD45.2 antibody just prior to harvest to allow discrimination be-

tween memory T cells in the lung parenchyma and vasculature.

In this setting, while both memory CD8+ T cell populations could

synthesize IFN-g in response to IL-12/IL-18, the parenchyma-

bound memory CD8+ T cells were more efficient (Figure 2B).

Thus, the observed inability of vasculature-associated memory

CD8+ T cells to synthesize IFN-g following the inhalation of

LPS or bacteria (Figure 1) does not signify an incapacity of these

cells to undergo bystander activation but likely reflects their lack

of access to the inflammatorymilieu that initiates this nonspecific

activation in vivo.

We next investigated whether IL-12/IL-18 was acting directly

on the memory CD8+ T cells to trigger their production of
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IFN-g. To this end, we sort purified memory CD8+ T cell sub-

sets from the lungs of memory mice, separating the cells

into vasculature and parenchyma-bound populations and

then further dividing the parenchyma-bound populations into

three subsets based on the expression of CD103 and CD69

(Figure 2C). Purified populations of memory CD8+ T cells

were cultured overnight with IL-12 and IL-18. The next day,

brefeldin A was added for 4 h, and the proportion of memory

CD8+ T cells synthesizing IFN-g in response to cytokine stim-

ulation was assessed. While all populations of memory CD8+

T cells synthesized IFN-g in response to cytokine stimulation,

the CD103+CD69+ Trm cell population was most efficient,

with 50% of these cells producing IFN-g, as determined by

intracellular staining (Figure 2D). In addition, we screened the

supernatant from these cultures for the presence of a panel

of chemokines/cytokines using a cytometric bead array and

found that in addition to IFN-g and the exogenously added

IL-12, only CCL5 was consistently detected in the cultures of

both vasculature- and parenchyma-bound IL-12/IL-18-stimu-

lated cells (Figure S2).

To confirm that this bystander activation of lung memory

T cells was not limited to mouse T cells, we sort purified memory

CD8+ T cell subsets from human lungs, exposed these cells to IL-

12/IL-18 in vitro, and measured IFN-g production. Consistent

with our findings in mice, Trm cell populations in human lungs

also synthesized IFN-g following exposure to IL-12/IL-18 (Fig-

ure 2E). Thus, direct exposure of lung CD8+ Trm cells to IL-12/

IL-18 can trigger their production of IFN-g.

Introduction of Bacterial Products into the Lung Causes
IL-12 Production by MHC Class II+ CD11c+ Cells and
Results in the Upregulation of IL-18R on Lung Memory
CD8+ T Cell Subsets
To assess whether the bystander activation of lung Trm cells

observed in vivo following inhalation of bacteria/bacterial prod-

ucts was driven by IL-12/IL-18, we intranasally instilled into the

airways of p40eYFP mice (Reinhardt et al., 2006) (engineered

to express yellow fluorescent protein [YFP] in IL-12/IL-23 p40-

expressing cells), either bacterial products (LPS) or heat-killed

bacteria (heat-killed S. aureus [HKSA] or heat-killed S. Typhimu-

rium [HKST]) and at the indicated times checked the lung for YFP

expression. We found that all stimulations (LPS, HKSA, and

HKST) increased the proportion of YFP+ cells in the lung, albeit

with varying efficiencies (Figure 3A). Interestingly, the vastmajor-

ity of YFP+ cells were identified as CD11c+ major histocompati-

bility complex class II (MHC class II)+ CD64� DCs (Figure S3A).

Thus, introduction of bacterial products into the lung results in

local IL-12 production.We nextmeasured the level of expression

of the IL-18 receptor (IL-18R) on memory T cell subsets in the

lung following LPS inhalation, as IL-18R is known to be upregu-

lated in response to IL-12 (Yoshimoto et al., 1998). While there

was no difference in the baseline level of expression of IL-18R

on memory CD8+ T cell subsets in the lung, following LPS treat-

ment, the expression of IL-18R on all memory CD8+ T subsets in

the parenchyma increased, while the cells in the vasculature

failed to increase in IL-18R (Figure 3B). This supports the conclu-

sion that IL-12 had been evoked, causing upregulation of IL-18R

and, once again, suggests that the anatomical location of the



Figure 2. IL-12 and IL-18 Synergize to Evoke IFN-g Production by Lung Memory CD8+ T Cells

(A) Bulk lung cells recovered frommemorymice were cultured in complete media overnight with varying combinations of cytokines and the proportion of memory

CD8+ T cells synthesizing IFN-g, IL-2, and TNF measured. Data are representative of two independent experiments.

(B) Bulk lung cells recovered from memory mice administered just prior to tissue harvest an intravenous injection of anti-CD8-PE to discriminate T cells in the

parenchyma and vasculature were cultured overnight with 100 ng IL-12/IL-18. The proportion of endogenous (CD44+) CD8+ memory T cells in the vasculature

(CD8-PE+) and parenchyma (CD8-PE�) synthesizing IFN-g was measured. Data are pooled from three independent experiments; symbols represent individual

mice, and horizontal bars represent means ± SEM (n = 10 mice per group, two-way ANOVA, Sidak’s multiple comparison).

(C) Memory CD8+ T cells were sort purified into subsets (as indicated in C) based on the expression of CD103 and CD69 from the lungs of memory mice and

cultured overnight with 100 ng IL-12/IL-18, and the proportion of cells synthesizing IFN-g was measured.

(D) Data are pooled from six independent experiments; symbols represent individual experiments, and horizontal bars represent means ±SEM (two-way ANOVA,

Sidak’s multiple comparison).

(E) Memory T cell subsets delineated based on the expression of CD103 and CD69, were sort-purified from human lung tissue and cultured overnight with 100 ng

of IL-12/18 and the proportion of cells synthesizing IFNg was measured. Symbols represent individual donors (n = 9 donors, paired t test).
cells in the lung dictates their responsiveness to inhaled inflam-

matory agents.

To determinewhether IL-12was required for bystander activa-

tion of lung Trm cells in vivo, we transferred activated effector

OT-I cells into either p40 knockout (KO) mice that lack expres-

sion of IL-12/IL-23 or wild-type mice, which we immunized intra-

nasally with OVA protein and then rested for 20 days. We have

previously shown that this regime drives lung Trm cell develop-

ment ((Wakim et al., 2015) (Figure S3B). We delivered LPS intra-

nasally, and 12 h later, the proportion of memory CD8+ T cells

(both endogenous and OT-I) in the parenchyma and vasculature

synthesizing IFN-g and granzyme B directly ex vivo was

measured. While parenchyma-bound memory CD8+ T cells in

the wild-type mice underwent bystander activation and synthe-

sized IFN-g following LPS exposure, memory CD8+ T cells in

p40 KO mice failed to synthesize this cytokine (Figures S3C–

S3G). In contrast, granzyme B was upregulated equivalently

by vasculature- and parenchyma-associated memory CD8+
T cells in both wild-type and p40 KO mice. Collectively, these

data show that IL-12 is a crucial factor driving IFN-g, but not

granzyme B, production by bystander-activated lung memory

CD8+ T cells.

As an approach to gain insight into whether the lung inflamma-

tory profile was altered inmemorymice, wemeasured the level of

a panel of cytokines/chemokines in the bronchial alveolar lavage

fluid (BALf) of memory mice 12 h after LPS inhalation, comparing

this to the levels present in BALf of naive mice given the same

treatment regime. While LPS treatment triggered inflammatory

cytokine/chemokine production in the lungs of both naive and

memory mice, we observed significantly higher cytokine concen-

trations of a panel of inflammatory agents, including CCL2, IL-6,

IL-1b, IFN-g, IL-12, and CCL5, in the BALf of memory mice (Fig-

ures 3D). This indicated that recovery from a prior respiratory

infection altered the microenvironment in the lung, changing the

immune cell composition and, consequently, enabling amplifica-

tion of pulmonary inflammation.
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Bystander Activation of Lung Trm Cells Enhances
Neutrophil Recruitment, which Attenuates the Severity
of Bacterial Pneumonia
Previously it has been shown that the sensing (triggered by

cognate antigen recognition) and alarming (release of IFN-g)

function of Trm cells is important for recruiting circulating im-

mune cells into the tissue (Schenkel et al., 2013). We next

investigated whether the sensing and alarming function of Trm

triggered by bystander activation also resulted in immune cell

recruitment into the tissue. To this end, we intranasally delivered

into the airways of memory mice or, as a control, naive mice

heat-killed bacteria and 3 h later profiled the immune cell infiltra-

tion. Neutrophils, but not other immune cell types profiled,

demonstrated significantly increased infiltration in memory

mice compared to naive controls (Figures 4A, 4B, and S4). This

enhanced neutrophil recruitment was dependent on CD8+

T cells, as depletion of CD8+ T cells from memory mice prior to

bacterial challenge prevented this boost in lung neutrophil

recruitment (Figure 4C). To confirm that it was the local CD8+

Trm cells in the lung that were responsible for orchestrating

this enhanced neutrophil recruitment, we established a model

whereby mice had matched circulating memory CD8+ T cell

populations but differed in their lung Trm cell compartment.

To do this, mice injected with in-vitro-activated effector OT-I

cells and administered intranasally either OVA plus adjuvant

(OVA+LPS) or adjuvant alone (LPS) were rested for 20 days.

While both cohorts of mice developed equivalent circulating

memory OT-I cells and had equal-sized populations of total

OT-I memory CD8+ T cells in the lung, only the cohort adminis-

tered the OVA protein developed CD103+CD69+ OT-I Trm cells,

which are known to exclusively localize to the lung parenchyma

(Pizzolla et al., 2017) (Figures 4D and 4E). This is consistent with

prior studies demonstrating that lung Trm cell development is

largely dependent on local cognate antigen recognition and

influenced by the choice of adjuvant (Caminschi et al., 2019;

Wakim et al., 2015). To determine whether bystander-activated

lung Trm cells were specifically responsible for boosting lung

neutrophil recruitment, we intranasally delivered into the airways

of mice 108 colony-forming units (CFUs) of viable S. aureus and

3 h later quantitated neutrophil numbers in the lungs. Mice with

lung parenchyma-bound OT-I Trm cells accumulated more neu-

trophils in the lung 3 h afterS. aureus infection compared to naive

mice and mice with only circulating memory OT-I cells, and this

was CD8+ T cell dependent, as depletion of these cells prior to

bacterial infection abrogated this heightened influx (Figure 4G).
Figure 3. Introduction of Bacterial Products into the Lung Causes IL-12

on Lung Memory CD8+ T Cell Subsets, and Triggers a Pro-inflammato

(A) p40-EYFP mice were administered intranasally 10 mg LPS, 108 CFUs HKST,

YFP+MHC class II+CD11c+ cells was measured. Representative flow cytometry pr

cells in the lung. Data are representative of two independent experiments.

(B and C) Memorymice were given 10 mg LPS or PBS (Nil) intranasally and 12 h lat

The mean fluorescence intensity (MFI) of expression of IL-18R on endogenou

parenchyma (CD8-PE�) was measured by flow cytometry. (B) Representative hist

shows the unstained control. (C) Data are pooled from four independent exp

means ± SEM (n = 5–12 mice per group, two-way ANOVA, Sidak’s multiple com

(D) Naive mice or memory mice were given 10 mg LPS or PBS (controls) intranasa

alveolar lavage fluid (BALf) was measured by cytometric bead array. Symbols re

Sidak’s multiple comparison).
Furthermore, when we repeated the experiments but lodged

lung OT-I Trm cells that were deficient in IFN-g production, we

observed no enhanced neutrophil recruitment (Figure 4G).

Collectively these data suggest that the sensing and alarming

function of lung Trm cells triggered by bystander activation en-

hances neutrophil recruitment into the airway and that this is

dependent on the capacity of lung Trm cells to synthesize

IFN-g. Whether IFN-g synthesized by bystander-activated lung

Trm cells is causing neutrophil recruitment directly or indirectly

by triggering the production of neutrophil chemotactic factors

is an important question that will need to be addressed in future

studies.

We next examined whether the enhanced neutrophil influx

orchestrated by bystander-activated lung CD8+ Trm cells in

response to bacterial products helped combat bacterial pneu-

monia. To do this, naive mice and cohorts of mice with matched

circulating memory OT-I pools but varying in Trm cell compart-

ments (generated as described above) were infected intranasally

with 108 CFUs of viable S. aureus, and 3 days later, the bacterial

burden in the lung was measured. Compared to naive animals,

the presence of circulating memory OT-I T cells alone (Act-

OT-I + LPS) did not result in any significant reduction in bacterial

load in the lung. In contrast, when the circulating memory OT-I

T cell pool was supplemented by depositing OVA-specific

CD8+ Trm cells in the lung (Act-OT-I + OVA+LPS), bacterial

growth in lung was greatly reduced (~10-fold) (Figure 4G). The

depletion of CD8+ T cells (anti-CD8) or neutrophils (anti-Ly6G)

from these mice abrogated the reduction of bacteria in the

lung, validating that the control of bacterial pneumonia was

CD8+ T cell and neutrophil mediated (Figure 4G). Moreover,

when we repeated the experiment but lodged lung OT-I Trm

cells that were deficient in IFN-g production, we observed no

improvement in bacterial clearance (Figure 4H). Collectively,

these data show that bacterial-infection-induced bystander

activation of nonspecific lung Trm cells enhances neutrophil

recruitment, which in turn attenuates the bacterial growth within

this tissue, and that this is dependent on the capacity of lung Trm

cells to synthesize IFN-g.

In summary, we show that CD8+ Trm cells localized to the lung

parenchyma can undergo bystander activation in response to

both Gram-positive and Gram-negative bacteria as well as bac-

terial products, synthesizing IFN-g in response to IL-12/IL-18

stimulation. We show that bystander-activated lung Trm cells

are able to confer nonspecific antibacterial protection by

boosting neutrophil recruitment into the airways. Earlier studies
Production by Dendritic Cells, Results in the Upregulation of IL-18R
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defining the sensing and alarming function of Trm cells did not

demonstrate a significant contribution of bystander activation

of these cells in the female reproductive tract in the absence of

local cognate peptide stimulation (Schenkel et al., 2014). Many

factors may have resulted in poor bystander activation in this

model, including the inflammatory profile evoked in the female

reproductive tract not being conducive to bystander activation,

the timing activation was measured, as we demonstrate here

nonspecific activation is a transient event, or perhaps the capac-

ity of Trm cells to undergo bystander activation is a unique

feature limited to lung Trm cells.

While in situ activation of polyclonal lung CD8+ Trm cells by

nonspecific stimulation can amplify pulmonary inflammation,

and this can be beneficial for respiratory pathogen control, it

may also pose a risk, as chronically activated lung Trm cells

may lead to pulmonary inflammatory or autoimmune diseases.

Whether there are mechanisms in place to keep lung Trm cells

in check will need to be addressed in future studies. Collectively,

these data show that lung Trm cells have innate-like properties

and are capable of amplifying inflammation and participating in

noncognate memory T cell responses to bacterial infections.
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Detailed methods are provided in the online version of this paper
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Mice generated as described in (D) that received wild-type or IFN-g KO OT-I w

ne 2.43) for 2 consecutive days and then given intranasally 108 CFU S. aureus,

pooled from five independent experiments; symbols represent individual mice
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B In vivo CD8 and Ly6G depletion
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD8 (53-6.7) BioLegend Cat# 100752; RRID: AB_2561389

anti- mouse CD8 (YTS-169.4) In house NA

anti- mouse CD45-1 (A20) BioLegend Cat# 110730; RRID: AB_1134170

anti- mouse CD44 (1M7) BioLegend Cat# 103008;RRID: AB_312959

anti- mouse CD103 (2E7) BioLegend Cat# 121420: RRID: AB_10714791

anti- mouse CD69 (H1.2F3) BioLegend Cat# 104537; RRID: AB_2566120

anti- mouse IFNg (XMG1.2) BioLegend Cat# 505837; RRID: AB_2629667

anti- mouse TNF (MP6-XT22) BioLegend Cat# 506308; RRID: AB_315429

anti- mouse IL-2 (JES6-5H4) BioLegend Cat# 500344; RRID: AB_2564091

anti- mouse IL18R (P3TUNYA) eBioscience Cat# 46518380

anti- mouse Ly6G (1A8) BioLegend Cat# 127610; RRID: AB_1134159

anti- mouse CD11b (M1/70) BioLegend Cat # 101212; RRID: AB_312795

anti- mouse IL-17A (TC11-18H10.1) BioLegend Cat # 506938; RRID: AB_2564321

anti- mouse Granzyme B (GB11) BioLegend Cat # 515405; RRID: AB_2566333

anti- human CD45RO (UCHL1) eBioscience Cat # 25-0457-41

anti- human CD3 (OKT3) eBioscience Cat # 12-0037-42

anti- human CD103 (Ber-ACT8) BioLegend Cat # 350203; RRID: AB_10639865

anti- human CD8 (SK1) BioLegend Cat # 344713; RRID: AB_2044006

anti- human CD69 (FN50) BioLegend Cat # 310930; RRID: AB_2561909

anti- human Va7.2 BioLegend Cat # 351706; RRID: AB_10899577

anti- human IFNg (4S.B3) BioLegend Cat # 502512; RRID: AB_315237

Depletion antibody: Anti-Ly6g (1A8) Bio X cell Cat# BE0075; RRID: AB_1107721

Depletion antibody: Anti-CD8 (2.43) Bio X cell Cat # BE0061; RRID: AB_1125541

Bacterial and Virus Strains

Influenza A virus (x31-OVA) Prof K Kedzierska, University of Melbourne,

Australia (Jenkins et al., 2006)

NA

Staphylococcus aureus (Newman) Prof T Stinear, University of Melbourne, Australia NA

Salmonella Typhimurium (SL1344) Prof R Strugnell, University of Melbourne, Australia NA

Biological Samples

Human lung samples Alfred Hospital’s Lung Tissue Biobank, Melbourne,

Australia (Pizzolla et al., 2018)

NA

Chemicals, Peptides, and Recombinant Proteins

Recombinant mouse IL-12 Miltenyi Biotec Cat # 130-096-707

Recombinant mouse IL-18 R&D Systems Cat # RDS9139IL010

Recombinant mouse IL-33 Enzo Cat # ALX-522-101-C010 UBP

Recombinant mouse TNF Miltenyi Biotec Cat # 130-101-687

Recombinant mouse IFNa R&D Systems Cat # 12100-1

Recombinant mouse IL-2 Peprotech Cat # 200-02

Recombinant human IL-12 BioLegend Cat # 573002

Recombinant human IL-18 BioLegend Cat # 592104

SIINFEKL peptide Auspep N/A

Critical Commercial Assays

lipopolysaccharide (Escherichia coli) Sigma Cat # L3024
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Mouse lines

C57BL/6 Animal Resource Center Stock # 000664

OT-I (Hogquist et al., 1994) NA

B6.129-Il12btm1Lky (IL12p40-YFP) (Reinhardt et al., 2006) NA

B6.129S1-Il12btm1Jm (IL12p40�/�) (Magram et al., 1996) NA
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Linda

Wakim (wakiml@unimelb.edu.au). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human lung tissue
Human work was conducted according to the Australian National Health and Medical Research Council Code of Practice. Tissues

from deceased organ donors were obtained following written informed consent from the next of kin. The study was approved by the

University of Melbourne Human Ethics Committee (ID 1544553). Single cell suspensions of human lung tissue was processed as

described (Pizzolla et al., 2018).

Mice and infections
Female (6-14 week old) C57BL/6 (CD45.2), OT-I.CD45.1 (Hogquist et al., 1994), B6.129-Il12btm1Lky (IL12p40-YFP) (Reinhardt et al.,

2006), B6.129S1-Il12btm1Jm (IL12p40�/�) (Magram et al., 1996), OT-I x IFNg KO mice were bred in-house and housed in specific

pathogen-free conditions in the Biological Research Facility (BRF) at the Doherty Institute for Infection and Immunity, the University

of Melbourne. All experiments were done in accordance with the Institutional Animal Care and Use Committee guidelines of the

University of Melbourne. Mice were infected intranasally with 104 PFU of X31-OVA (encodes the OVA 257-264 epitope within the

neuraminidase stalk) (Jenkins et al., 2006) in a volume of 30 ml. Mice were infected intranasally with 108 CFU of S. aureus (Newman)

in a volume of 30 ml.

METHOD DETAILS

Generation of memory mice
Memory mice: C57BL/6 donor mice received 104 naive OT-I.CD45.1 T cells, purified from OT-I TCR transgenic mice as described

(Pizzolla et al., 2017) via i.v. injection 1 day prior to intranasal infection with 104 PFU of X31-OVA. Alternatively, C57BL/6 donor

mice received 5 3 106 in vitro activated OT-I.CD45.1 via i.v. injection and intranasally received 1 mg of LPS with or without 300 mg

of Ovalbumin (Sigma) in a volume of 30 ml. Themethod for in vitro activation of CD8+ T cells has previously been described (Caminschi

et al., 2019).

In vivo T cell labeling
Mice were injected intravenously with 3 mg of phycoerythrin (PE)-conjugated antibody to CD8 (clone YTS-169) or CD45.2 (104) 5 min

before they were sacrificed.

In vivo bystander activation
Mice received intranasally either 10 mg of lipopolysaccharide (Escherichia coli, Sigma), or 108 CFU of heat-killed S. aureus (Newman)

or S. Typhimurium in a volume of 30 mL PBS. For preparing heat-killed Salmonella (HKST), S. Typhimurium strain SL1344 was grown

statically in Luria-Bertani broth at 37�C overnight, washed once in sterile PBS and heat-killed in a 65�C water bath for 1 hour. For

preparing heat-killed S.aureus (HKSA), bacteria were was grown in Brain Heart Infusion broth at 37�Covernight with shaking, washed

once in sterile PBS and heat-killed in a 60�Cwater bath for 1 h. Mice were culled 3h after HKSA or HKST and 12 h after LPS treatment

as these time points were identified as time points the yielded peak amount of IFNg production by bystander activated T cells.

In vitro bystander activation induction
Either lung single cell suspensions or sort-purified memory CD8+ T cell subsets from mouse or human lung tissue (cells were sorted

on an Aria III (BD Biosciences, San Diego, CA) to > 95% purity) were cultured overnight at 37 �C in complete RPMI (10% FCS, 2mM
e2 Cell Reports 29, 4236–4244.e1–e3, December 24, 2019
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glutamine, 50 mM2-ME, Pen/Strep) with 100 ng of the indicated recombinant human ormurine cytokines. The next dayGolgiPlugwas

added to the culture for 4 h prior to surface staining for 25 min on ice with the appropriate mixture of mAbs and then intracellular

staining using a Foxp3 fix/perm kit (Thermofisher).

Intracellular cytokine staining
Single-cell suspensions were prepared from spleens bymechanical disruption. Mice were perfused before harvest of the lung tissue,

whichwas enzymatically digested for 1 h at 37 �C in 3 ml of collagenase type 3 (3 mg ml�1 in RPMI-1640 supplemented with 2% fetal

calf serum). Cells were incubated with Golgi plug for 4 h at 37 �C in complete RPMI (10% FCS, 2mM glutamine, 50 mM 2-ME,

Pen/Strep) prior to surface staining for 25 min on ice with the appropriate mixture of mAbs and then intracellular staining using a

Foxp3 fix/perm kit (Thermofisherr). The conjugated mAbs were obtained from BD Pharmingen or BioLegend, or eBioscience (San

Diego, CA) include, mouse: anti-CD8 (53-6.7), anti-CD8 (YTS-169.4), anti-CD45-1 (A20), anti-CD44 (1M7), anti-CD103 (2E7), anti-

CD69 (H1.2F3), anti-IFNg (XMG1.2), anti-TNF (MP6-XT22), anti-IL-2 (JES6-5H4), anti-IL18R (P3TUNYA), anti-Ly6G (1A8), anti-

CD11b (M1/70) anti-IL-17A (TC11-18H10.1) anti-Granzyme B (GB11); human: anti-CD45RO (UCHL1), anti-CD3 (OKT3), anti-

CD103 (Ber-ACT8), anti-CD8 (SK1), anti-CD69 (FN50), anti-Va7.2, anti-IFNg (4S.B3). Samples were acquired using a Becton Dick-

inson Fortessa III flow cytometer and data analyzed using the FlowJo software package (Tree Star, Inc., Ashland, OR, USA).

Bacterial load
To evaluate bacterial load, lung tissue was harvested into 1 mL PBS, homogenized and serial dilutions of organ homogenates were

made, plated onto brain heart infusion (BHI) agar plates, and incubated overnight at 37�C. The next day, colonies from serial dilutions

were quantified and back-calculated to identify total CFU present in each organ.

Cytokine production in bronchial alveolar lavage fluid
Cytokine/chemokine concentrations in bronchial alveolar lavage fluid (BALf) was measured using LEGENDplex mouse anti-virus

response standard panel (Biolegend) following manufacturer’s instructions.

In vivo CD8 and Ly6G depletion
CD8: Mice were injected i.p. with 200 mg of anti-CD8 (clone 2.43, Bio X Cell) for three consecutive days or normal rat serum and then

every second day for the duration of the experiment.

Ly6G: Mice were injected i.p. with 500 mg of anti-Ly6G (1A8, Bio X Cell) the day before and then every second day thereafter for the

duration of the experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed with GraphPad Prism and the indicated statistical tests as stated in the figure legend.

* p < 0.05, ** p < 0.01, *** p < 0.001.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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