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Abstract

Resident memory CD8 T (TRM) cells in the lung parenchyma (LP) and airways provide 

heterologous protection against influenza virus challenge. However, scant knowledge exists 

regarding factors necessary to establish and maintain lung CD8 TRM. Here we demonstrate that, in 

contrast to mechanisms described for other tissues, airway and LP CD8 TRM establishment 

requires cognate antigen recognition in the lung. Systemic effector CD8 T cells could be 

transiently pulled into the lung in response to localized inflammation, however these effector cells 

failed to establish tissue residency unless antigen was present in the pulmonary environment. The 

interaction of effector CD8 T cells with cognate antigen in the lung resulted in increased and 

prolonged expression of the tissue retention markers CD69 and CD103, and increased expression 

of the adhesion molecule VLA-1. The inability of localized inflammation alone to establish lung 

TRM resulted in decreased viral clearance and increased mortality following heterosubtypic 

influenza challenge, despite equal numbers of circulating memory CD8 T cells. These findings 

demonstrate that pulmonary antigen encounter is required for the establishment of lung CD8 TRM 

and may inform future vaccine strategies to generate robust cellular immunity against respiratory 

pathogens.
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Introduction

Viral clearance following acute respiratory virus infection results in the establishment of 

three CD8 T cell memory reservoirs: central memory T (TCM) cells, largely found in 

secondary lymphoid organs; effector memory T (TEM) cells, which systemically circulate, 

transiently entering peripheral tissues; and resident memory T (TRM) cells, a non-

circulating, self-renewing population found in peripheral tissues exposed to the acute 

pathogenic assault 1-3. Tissue resident CD8 T cells act as sentinels of the adaptive immune 

system at sites of pathogen entry, rapidly inducing strong local chemokine and cytokine 

expression when they interact with their cognate antigen, leading to the rapid accumulation 

of circulating immune cells in the infected tissue 4. Most importantly, TRM in peripheral 

tissues have been shown to provide nearly sterilizing immunity when present in sufficient 

numbers, likely through their ability to rapidly respond to the invading pathogen before it 

can replicate to high titers 5-8. In the case of the lung, we have shown that the airway CD8 

TRM population is sufficient to mediate protection from heterologous influenza challenge, 

working in concert with the lung parenchyma (LP) CD8 TRM population to rapidly produce 

cytokines and kill infected cells 9. Importantly, the number of lung CD8 TRM correlates with 

the efficacy of cellular immunity to influenza 10, 11. Despite their importance for cell-

mediated protection against respiratory infections, scant knowledge exists as to factors 

necessary to establish and maintain airway and lung parenchymal CD8 TRM populations.

Upon entering the tissue microenvironment, effector CD8 T cells are exposed to cytokines, 

such as TGF-β, that induce a transcriptional program leading to TRM differentiation 12, 13. 

TGF-β signaling down-regulates T-bet and promotes expression of CD103, the alpha chain 

of integrin αEβ7, which binds to E-cadherin expressed by epithelial cells and promotes the 

retention or survival of T cells in the tissue. The transcription factor Krüppel-like factor 2 

(KLF2) is also down-regulated during TRM differentiation, resulting in decreased expression 

of the tissue egress molecules S1PR1 and CCR7 14. The inhibition of S1PR1 expression is 

further reinforced by the expression of CD69 on TRM, which binds to S1PR1 on the cell 

surface and mediates its degradation 15, 16. Together these studies have supported the idea 

that TRM differentiation is an antigen-independent process mediated by cytokines within the 

tissue microenvironment. Indeed, CD8 T cells expressing a dominant-negative form of the 

TGF-β receptor are defective in the establishment of CD103+ TRM in tissues 17, and CD8 T 

cells lacking CD69 expression fail to be retained in the tissue long-term in the skin 18. 

Furthermore, it has been shown for the skin, gut, and female genital tract that the recruitment 

of circulating effector CD8 T cells into the tissue is sufficient to induce the differentiation of 

TRM in an antigen-independent manner 7, 19-21. In contrast, a recent study has shown that 

local antigen encounter in the skin was important for the formation of CD8 TRM following 

vaccinia virus infection 22. Furthermore, it is known the route of infection influences the 

formation of CD8 TRM in the lung, suggesting that anatomical distribution of antigen may 

impact local TRM differentiation in the lung 23. However, compared to other mucosal sites, 

the requirement of localized inflammation and/or local antigen in the tissue for the 

differentiation of effector T cells into long-lived resident CD8 T cell memory in the lung 

airways and lung parenchyma remains unknown.
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In the present study, we developed an intramuscular (i.m.) priming and intranasal (i.n.) 

dosing strategy to dissect the relative contributions of local antigen and inflammation for the 

establishment of influenza-specific lung CD8 TRM. Similarly to previous studies of 

vaccination against Mycobacterium tuberculosis and RSV, we find that a non-pulmonary 

route of influenza priming was unable to induce tissue-resident CD8 T cell memory in the 

lung airways and parenchyma despite similar numbers of systemic circulating flu-specific 

memory CD8 T cells compared to i.n. priming 24, 25. Pulmonary inflammation alone was 

able to draw i.m.-primed effector CD8 T cells into the lung transiently, but these cells failed 

to persist as lung-resident memory cells. In contrast, combining peptide antigen with 

pulmonary inflammation resulted in the establishment of antigen-specific airway and LP 

CD8 TRM populations on par with immune responses generated by a native influenza 

infection. The ability of effector CD8 T cells to recognize their cognate antigen in the lung 

resulted in increased and prolonged expression of the tissue retention markers CD69 and 

CD103, and increased expression of the collagen-binding integrin VLA-1. Finally, mice in 

which lung TRM were generated through i.n. peptide administration were protected from 

lethal heterosubtypic influenza challenge similarly to mice that were primed by native 

influenza infection. Overall, these results demonstrate that local antigen encounter, and not 

simply the lung microenvironment itself, is required for the differentiation of antigen-

specific effector CD8 T cells into lung TRM.

Materials & Methods

Mice

C57BL/6J mice were purchased from The Jackson Laboratory and housed under specific 

ABSL2 conditions at Emory University. All experiments were completed in accordance with 

the Institutional Animal Care and Use Committee guidelines of Emory University.

Infections and intranasal vaccination

Intranasal infections were performed with influenza A/HKx31 (H3N2) at 30,000 50% egg 

infectious doses (EID50); intramuscular infections were performed with influenza A/HK×31 

(H3N2) at 1×106 EID50 26. Influenza A/PR8 (H1N1) at 6,000 EID50 was used for 

heterologous challenge of vaccinated and infected mice. Peptides used for lung antigen 

dosing were InfluenzaNP311-325 (QVYSLIRPNENPAHK) and InfluenzaNP366-374 

(ASNENMETM) at 5μg, as indicated. TLR agonist ODN 1826 (CpG) (InVivoGen) was 

administered at 5μg to induce inflammation. Peptides and/or TLR agonist were administered 

in 30μl of PBS intranasally. For influenza A/PR8 (H1N1) challenge, animals reaching 

defined endpoints of less than 75% original weight were humanely euthanized by 2,2,2-

Tribromoethanol (Avertin) overdose (600mg/kg) followed by brachial exsanguination. No 

other analgesics or anesthetics were administered during the time course.

Intravital cell labeling and cellular isolation

To delineate T cells resident in tissue and those in the vasculature, mice were intravenously 

injected with a fluorophore conjugated antibody (1.5μg of fluorophore-conjugated α-CD3ε 
antibody in 200μl PBS) five minutes before euthanasia with Avertin and exsanguination; 

after which point, tissues were harvested and processed as previously described 9. 
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Bronchoalveolar lavage (BAL) was harvested directly from euthanized mice; mediastinal 

lymph nodes and spleen were mechanically dissociated into single cell suspensions; lungs 

were mechanically dissociated and digested in Collagenase D (Sigma) and DNase (Roche).

Cellular stimulation & intracellular cytokine staining (ICCS)

Mouse lung-derived lymphocytes were stimulated for 5 hours with 1μM InfluenzaNP366-374 

(ASNENMETM) with Brefeldin A included in the incubation. Following stimulation, cells 

were then stained with Zombie Yellow (BioLegend) to exclude dead cells from the 

downstream analysis. Staining for intracellular cytokines was performed as previously 

described 26.

Flow cytometry

Antibodies and staining reagents used for flow cytometry include Biolegend CD62L 

[MEL-14], CD8α [53-6.7], CD69 [H1.2F3], CD4 [RM4-5], CD11b [M1/70], CD45 [30/

F11]; eBioscience CD11a [M17/4], CD44 [IM7], TNFα [MP6-XT22]; BD Biosciences 

CD3ε [145-2C11], CD103 [M290], CD49a [Ha31/8], IFN-γ [XMG1.2]. Staining for 

intracellular markers was performed with the BD cytofix/cytoperm kit according to 

manufacturer's instructions. Tetramers used for detection of antigen-specific cells include 

H-2Db Influenza A NP366-374 (ASNENMETM) and H-2Db Influenza A PA224-233 

(SSLENFRAYV) and were provided by the NIH tetramer core. Samples were run on a BD 

Biosciences LSR II flow cytometer and sorted on an Aria II cell sorter (BD Biosciences) 

with analysis by FlowJo software.

Data Analysis & Statistics

All analysis was performed in GraphPad Prism 6. Figures represent mean and SEM unless 

specified otherwise. The specific statistical test for each analysis is noted in the respective 

figure legend.

Results

Intramuscular infection fails to generate CD8 TRM in the lung parenchyma and airways

It has been previously shown that the route of infection impacts generation of CD8 TRM 

within the lung airways 23. However, the requirements for generating lung TRM are still 

unknown. Given that the majority of vaccination methods employ an i.m. inoculation route, 

we investigated the ability of an i.m. versus i.n. infection to establish resident memory CD8 

T cells in the lung parenchyma (LP) and lung airways. As i.m. inoculation with influenza 

virus results in an abortive infection, we adjusted the dose in the i.m. inoculation to generate 

equal numbers of systemic flu-specific CD8 T cells when compared to an i.n. infection in 

order to directly compare the ability of these different routes to establish lung TRM (Figure 

1a). Prior to sacrifice, we performed intravital labeling to distinguish cells that were resident 

in the parenchyma of the lung from those in the pulmonary vasculature (Figure 1b). At day 

45 post-infection (PI), both the i.n. and i.m. routes of infection had established similar 

numbers of FluNP- and FluPA-specific memory CD8 T cells in the spleen and lung 

vasculature (Figure 1c and 1d). In contrast, mice receiving an i.m. infection had significantly 

fewer flu-specific CD8 TRM in the lung parenchyma and airways compared to i.n.-infected 
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mice (Figure 1d). This difference was even more dramatic when comparing the number of 

flu-specific cells in the lung that co-expressed the canonical TRM markers CD69 and CD103 

(Figure 1e). Thus, the ability of an i.m. infection to establish TRM in the lung parenchyma 

and airways was severely compromised compared to mice that received an i.n. infection 

despite similar numbers of systemic, circulating flu-specific memory CD8 T cells.

Local antigen encounter in the lung is required to establish long-lived CD8 TRM in the lung 
parenchyma and lung airways

The inability of i.m. infection to establish lung TRM may result from a lack of inflammatory 

signals directing the migration of systemic effector CD8 T cells into the lung tissue. 

Previous studies have shown that the migration of systemic effector T cells into inflamed 

skin and genital tract was sufficient to generate local TRM, but the requirements for 

generating lung TRM are unknown. To test whether local inflammation is sufficient to 

establish lung TRM, or whether antigen encounter in the tissue is also required, we used a 

prime-pull strategy to induce local inflammation in the lungs of i.m.-infected mice in the 

presence or absence of cognate antigen (Figure 2a). Mice were dosed i.n. with CpG or 

CpG/Ag seven days after i.m. infection and the number of FluNP-specific CD8 T cells in the 

resident BAL and lung were analyzed on days 10 and 45. On day 10, three days after i.n. 

dosing, each group showed similar numbers of FluNP-specific CD8 T cells in the BAL and 

lung (Figure 2b). However, by day 45 mice given CpG only had a much lower frequency of 

FluNP-specific lung TRM than either i.n.-infected or i.m.-infected CpG/Ag mice (Figure 2c). 

This decreased frequency associated with significant decreases in the total number of 

FluNP-specific BAL and lung TRM and the number of FluNP-specific lung TRM expressing 

the canonical residency markers CD69 and CD103 in i.m.-infected mice that were dosed 

with CpG alone (figure 2d and 2e). In contrast to the tissue-resident cells lung, there was no 

difference in the number of FluNP-specific memory CD8 T cells in the lung vasculature 

(LV) or spleen among the treatment groups, but there was a significant decrease number of 

FluNP-specific memory CD8 T cells in the mediastinal lymph node in i.m.-infected CpG 

alone mice (Figure 2f). To further define the requirements for generating lung TRM, we 

investigated the ability of antigen alone, or CpG/Ag administered intraperitoneally (i.p.), to 

generate lung TRM following i.m. infection. As shown in Figure 2g, neither intranasal Ag 

alone nor i.p. CpG/Ag was sufficient to generate FluNP-specific TRM in the BAL and lung 

despite similar numbers of number of FluNP-specific memory CD8 T cells in the spleen 

compared to an i.n. infection. Together these data show that, unlike other mucosal sites, 

drawing effector CD8 T cells into the lung microenvironment was insufficient to generate 

TRM. Rather, the establishment of lung TRM required that effector T cells encounter their 

cognate antigen in the pulmonary environment.

To further support that individual T cells must encounter their cognate antigen in the lung to 

generate TRM, we analyzed the number of FluPA-specific T cells in the BAL and lungs of 

mice dosed with CpG or CpG+FluNP peptide. As shown in Figure 3a, both CpG and 

CpG/Ag dosed mice show significantly fewer FluPA-specific lung TRM than i.n.-infected 

mice, and there was no difference in the number of FluPA-specific cells between the CpG 

and CpG/Ag groups despite the significant increase in FluNP-specific TRM in the CpG/Ag 

mice. In addition, there is significantly less fold change in the number of FluNP-specific 
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lung TRM from day 10 to day 45 in the CpG/Ag mice compared to the CpG mice (Figure 

3b), whereas there is no difference in the fold change of FluPA-specific lung TRM between 

these two groups (Figure 3c). These data demonstrate that the necessity of local antigen 

recognition for the generation of lung TRM is a cell intrinsic phenomenon, and that antigen 

recognition by cells of one specificity do not alter the lung microenvironment to permit cells 

that have not encountered their antigen in the lung to establish TRM.

Rapid seeding of the lung CD8 TRM pool following pulmonary antigen encounter

Two potential explanations for the absence of lung TRM in mice receiving only local 

inflammation are that the lack of local antigen results in: i) defective initial formation of 

lung TRM, or ii) transient formation of lung TRM that rapidly decline and are not maintained 

into memory. To investigate the initial generation of lung TRM we compared i.n.-infected, 

CpG alone, and CpG/Ag i.m.-infected mice between days 7-17 after initial infection. All 

groups showed a robust lung-resident FluNP-specific CD8 T cell population on days 10 and 

14, but only the i.n.-infected and CpG/Ag groups showed a subset of cells expressing CD69 

and CD103 by day 14 (Figure 4a). The total number of resident FluNP-specific CD8 T cells 

in the BAL and lung on day 10, three days following CpG or CpG/Ag dosing, are similar 

between all the groups (Figure 4b). However, by day 14 there is a significant divergence in 

the BAL and lung between the CpG and CpG/Ag treated groups, where the number of 

FluNP-specific cells in the CpG/Ag group remained similar to the i.n.-infected group while 

the CpG group showed a rapid decline in numbers. This difference was also observed among 

BAL and lung FluNP-specific cells expressing CD69 and CD103, as the number of these 

cells in the CpG/Ag group continued to rise between days 10-14, while declining after day 

10 in the CpG group (Figure 4c). Based on this evidence, it appears as if the CpG only group 

fails to initially generate lung CD8 TRM from the effector T cell pool in the lung, while the 

addition of local antigen (CpG/Ag) leads to the rapid formation of CD69+/CD103+ long-

lived TRM within the lung parenchyma and airways.

Pulmonary antigen promotes expression of tissue-retention molecule CD49a on lung CD8 
T cells

It has been shown that expression of CD49a, the alpha subunit of the integrin VLA-1, is 

necessary for protection during a heterologous influenza virus challenge due to its role in 

retaining memory CD8 T cells in the lung 27. Given the importance of CD49a in facilitating 

the maintenance of lung memory T cells, we wanted to determine whether antigen encounter 

in the lung altered CD49a expression. As shown in Figure 5a and 5b, CD49a was highly 

expressed on the total CD8 TRM pool in the lungs of i.n.-infected mice and CpG/Ag i.m.-

infected mice, whereas CpG i.m.-infected mice showed low expression of CD49a on the few 

lung CD8 TRM present in these animals. In addition, the FluNP-specific CD8 TRM in the 

lung of CpG/Ag i.m.-primed mice had significantly higher expression of CD49a compared 

to CpG i.m.-infected mice on day 45 (Figure 5c). Together, these data show that effector 

CD8 T cells unable to recognize their cognate antigen in the lung fail to maintain or increase 

expression of tissue retention molecules, including CD49a, which may account for the 

inability of localized inflammation to establish lung TRM by itself.
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Lung CD8 TRM established via intranasal inflammation and antigen are protective against 
heterologous influenza challenge

Although numbers of FluNP-specific lung CD8 TRM between i.n.-infected and i.m.

+CpG/Ag mice were similar, it was unclear if these cells had similar effector functions or 

were able to mediate similar levels of protective cellular immunity. We isolated lung-resident 

lymphocytes on day 42 from i.n.-infected and i.m.+CpG/Ag mice, stimulated them with 

FluNP366-374 peptide, and evaluated their production of TNFα and IFNγ (Figure 6a). We 

observed no difference between groups in the ability of lung TRM to produced IFNγ or 

TNFα alone or in combination (Figure 6b). Mice were also challenged with influenza PR8 

to assess the efficacy of heterosubtypic cellular immunity. As shown in Figure 6c, i.m.+CpG 

and i.m.+i.p. CpG/Ag mice showed rapid weight loss following challenge, whereas i.m.

+CpG/Ag mice were protected from weight loss similarly to i.n.-infected mice. Survival was 

also significantly improved in mice i.m.+CpG/Ag mice and was similar to i.n.-primed mice 

(Figure 6d). The improved clinical outcome of i.m.+CpG/Ag mice corresponded with 

decreased viral titers after challenge compared to i.m.+CpG mice, and i.m.+CpG/Ag mice 

had viral titers similar to i.n.-infected mice. Notably, the administration of CpG during the 

priming phase did not adversely impact clearance of the challenge virus, as mice only given 

an i.m. infection and i.m.+CpG mice showed similar viral titers after challenge (Figure 6f). 

Thus, establishing lung TRM by intranasal delivery of cognate antigen to the lung 

environment is able to generate a robust and protective CD8 TRM population in the airways 

and lung parenchyma that provides protective cellular immunity rivaling that observed 

following a native respiratory infection.

Discussion

Although cellular immunity in the lung has been shown to be effective in limiting the 

severity of respiratory viral infections, the factors that regulate the establishment of lung-

resident T cell memory have not been defined. In the present study, we have shown that 

exposure to the lung environment itself is insufficient to promote the differentiation of 

effector CD8 T cells into long-lived lung TRM. Rather, TRM differentiation in the lung 

airways and lung parenchyma required cognate antigen recognition by effector CD8 T cells 

in the lung environment. Exposure to antigen in the lung tissue resulted in prolonged 

expression of CD69 and increased expression of VLA-1, which together promote the 

retention of CD8 T cells in the lung. Finally, we showed that lung TRM generated via 

intranasal inflammation and antigen administration are highly protective against 

heterologous influenza challenge, confirming the importance of lung TRM for combating 

respiratory viral infections and demonstrating the utility of the intranasal dosing strategy for 

inducing efficacious cellular immunity in the lung.

The factors that control the differentiation of tissue-resident memory T cells have been 

intensely studied. In contrast to mechanisms described for the skin and FRT, where 

administration of local inflammatory signals was sufficient to establish a robust and 

protective TRM population from a systemic effector T cell pool, both local antigen and 

inflammation are required for the establishment of robust and protective LP and airway TRM 

populations 5, 7. The unique requirements among different tissues raises interesting questions 
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regarding whether there may be tissue-specific factors that regulate the induction of a tissue 

residency program in CD8 T cells. Prior studies have found that common residency cues, 

such as TGFβ signaling, are also required for the establishment of lung CD8 TRM 28, 29. 

However, the insufficiency of local cytokine signals by themselves to induce a robust 

population of lung TRM demonstrates that additional signals are required in the lung. Several 

possible clues for the unique requirements of lung TRM come from the comparison of flu-

specific CD8 T cells in the lung that do or do not encounter their cognate antigen. In the 

lungs of i.m.+CpG/Ag treated mice, fluNP-specific cells (which can encounter their antigen 

in the lung) maintained prolonged expression of CD69 compared to fluPA-specific cells 

(which do not encounter their antigen in the lung). Due to the highly vascularized nature of 

the lung, it is possible that extended antagonism of S1P1R by CD69 is necessary to inhibit 

the S1P-mediated exit of T cell into the bloodstream prior to the establishment of tissue 

residency. We also observed that only flu-specific CD8 T cells encountering their cognate 

antigen in the lung express CD49a, and the absence of this integrin has been previously 

shown to decrease the number of flu-specific CD8 T cells in the lung 27. Likely, it is the 

combined expression of these, and potentially other, molecules that enable CD8 T cells 

encountering their antigen in the local environment to establish long-term resident memory 

in the lung.

Another interesting possibility our findings suggest is the potential for distinct lung antigen 

presenting cell (APC) subsets to regulate the establishment of lung TRM. It was previously 

shown that targeting vaccination to CD103+ dendritic cells in the lung could promote the 

establishment of lung CD8 TRM 29, and a similar study found that alveolar macrophages 

expressing cognate antigen could promote lung TRM 30. While all APC subsets in the lung 

can present antigen to CD8 T cells, it is not known whether all APC subsets harbor influenza 

antigens following viral clearance when we first observe the appearance of flu-specific CD8 

T cells with a TRM (CD69+ CD103+) phenotype. Furthermore, it is possible that specific 

lung APC subsets, in addition to presenting antigen, may also supply additional signals 

through cytokines or cell surface ligands that promote TRM development. Thus, future 

investigations of T cell – APC interactions in the lung after viral clearance are needed 

determine whether effector CD8 T cells must interact with specific APC subsets displaying 

antigen in the lung to develop into TRM.

Current research continues to reveal that naturally occurring cross-reactive T cells to 

influenza virus have the capacity to reduce morbidity and mortality, resulting in largely 

asymptomatic responses in some cases, upon pathogen challenge 6, 31, 32. Although cellular 

immunity has been shown to be effective against heterologous influenza challenge, the 

efficacy of this protection wanes over time due to the loss of flu-specific lung TRM, and thus 

the development of approaches to transiently increase lung TRM numbers could prove 

effective in boosting heterosubtypic immunity during influenza epidemics. The intranasal 

dosing strategy we describe here could be employed to transiently boost the number of flu-

specific lung TRM, and as we have demonstrated the lung TRM generated through this 

approach are protective against heterosubtypic influenza challenge. In addition, this 

approach could be useful for establishing lung TRM populations against a number of 

respiratory pathogens. Antigen-specific memory T cells in the lung are known to be 

important for protection against respiratory pathogens such as RSV and Mycobacterium 
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tuberculosis, and the addition of an intranasal antigen-dosing regimen may enhance 

protective immunity following parenteral vaccination through the induction of lung TRM 

without direct infection of the respiratory system.

In summary, we have shown that both local inflammation and antigen are required to 

generate a robust pathogen-specific lung and airway CD8 TRM population from systemic 

effector CD8 T cells, while local inflammation alone is not sufficient. Antigen encounter in 

the lung prolonged expression of the tissue retention marker CD69 and induced the 

expression of the collagen-binding integrin CD49a in a cell-intrinsic manner. Finally, lung 

TRM generated through the pulmonary delivery of inflammation and antigen provided robust 

protection against secondary challenge. These findings demonstrate an approach to increase 

the number of lung TRM and may inform future vaccine design against respiratory 

pathogens.
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Abbreviations

BAL bronchoalveolar lavage

TRM tissue-resident memory T cell

LP lung parenchyma

LV lung vasculature

MLN mediastinal lymph node

i.n intranasal

i.m intramuscular

NP nucleoprotein

PA acid polymerase

PI post-infection
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Figure 1. Intramuscular infection results in compromised establishment of resident memory CD8 
T cells in the lung parenchyma & airways
a) Experimental design. b) Representative intravascular staining used to discriminate 

vascular (i.v. CD3+) and tissue-resident (i.v. CD3-) flu-specific CD8 T cells. c) 
Representative staining of distribution of FluNP-specific CD8 T cells in the airway, lung 

parenchyma, lung vasculature, and spleen of mice 45 days after IN or IM infection. d) The 

number of FluNP- and FluPA-specific memory CD8 T cells in the lung airways, lung 

parenchyma (LP) and spleen 45 days after IN (black bar) or IM (white bar) infection. e) The 

number of flu-specific CD8 T cells expressing CD69 and CD103 in the lung airways and 

lung parenchyma 45 days after IN (black bar) or IM (white bar) infection. Data are shown as 

the mean ± SEM with 3-5 mice per time point and representative of 5 individual 

experiments. Statistical comparisons were performed using an unpaired t-test with Holm-

Sidak corrected multiple comparisons.
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Figure 2. Local antigen encounter in the lung environment is required to establish lung-resident 
CD8 T cell memory
a) Experimental design to test the relative contributions of inflammation and antigen for 

establishing lung TRM. b) The number of FluNP-specific CD8 T cells in the lung airways 

(BAL) or lung parenchyma (LR) on day 10 after IN influenza infection (black bar) or after 

i.n. delivery of CpG (green bar) or CpG/Ag (blue bar) on day 7 to IM-infected mice. c) 
Representative staining from the lungs of the three experimental groups on day 45 post-

infection showing the frequency of the bulk CD8+ lung-resident population (left column), 

the frequency of the lung-resident FluNP-specific cells (middle column), and the frequency 

of CD69+ CD103+ cells. d) The number of FluNP-specific cells resident in the lung airways 

(BAL) or lung parenchyma (LP) on day 45 post-infection. e) The number of flu-specific 

CD8 T cells expressing CD69 and CD103 in the lung airways (BAL) and lung parenchyma 

(LP) on day 45 post-infection. f) The number of flu-specific CD8 T cells in the lung 

vasculature (LV), mediastinal lymph node (MLN) and spleen on day 45 post-infection. g) 
The number of flu-specific CD8 T cells in the lung airways (BAL), lung parenchyma (LP), 

and spleen on day 45 post-infection. Data are shown as the mean ± SEM with 3-5 mice per 

time point and representative of 5 individual experiments. Statistical comparisons were 

performed using a two-way ANOVA with Tukey corrected multiple comparisons.
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Figure 3. The requirement for antigen recognition in establishing lung TRM is cell intrinsic and 
results in prolonged expression of CD69
a) The number of FluPA-specific memory CD8 T cells resident in the lung airways (BAL) or 

lung parenchyma (LP) on day 45 following IN (black bar), IM+CpG (green bar) or IM

+CpG/Ag (blue bar) infection. b-c) The fold change in the number of (b) FluNP-specific 

CD8 T cells or (c) FluPA-specific CD8 T cells resident in the lung airways (BAL) or lung 

parenchyma (LP) from day 10 to day 45 post-infection. d) Representative staining of CD69 

expression on FluNP-specific CD8 T cells in the lung on days 10 and 17 after IM+CpG (top 

row) or IM+CpG/Ag (bottom row) infection. e-f) The frequency of CD69+ cells among (e) 

FluNP-specific or (f) FluPA-specific lung-resident CD8 T cells on days 10 and 17 following 

IM+CpG (green bar) or IM+CpG/Ag (blue bar) infection. Data are shown as the mean ± 

SEM with 5 mice per time point and representative of 3 individual experiments. Statistical 

comparisons were performed (a) using a two-way ANOVA with Tukey corrected multiple 

comparisons or (b-c, e-f) using an unpaired t-test with Holm-Sidak corrected multiple 

comparisons.
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Figure 4. Rapid induction of cells with a TRM phenotype following antigen encounter in the lung
a) Representative staining of FluNP366-374-specific CD8 T cells resident in the lung 

parenchyma on days 10 and 14 following IN, IM+CpG, or IM+CpG/Ag infection (top rows) 

and the expression of CD69 and CD103 on FluNP366-374-specific CD8 T cells in the lung 

(bottom rows). b) The number of FluNP366-374-specific CD8 T cells resident in the lung 

airways and lung parenchyma (LP) at day 7, 10, 14 and 17 after IN infection (black circle) 

or IM infection followed by i.n. delivery of CpG (green square) or CpG/Ag (blue triangle) 

on day 7 to IM-infected mice. c) The number of CD69+ CD103+ cells among the 

FluNP366-374-specific population in the airways and lung parenchyma. Data are shown as the 

mean ± SEM with 5 mice per time point and representative of 3 individual experiments. 

Statistical comparisons were performed using a two-way ANOVA with Tukey corrected 

multiple comparisons and significance is shown comparing the IM+CpG and IM+CpG/Ag 

groups (p-values [**<0.01; ***<0.001; ****<0.0001]).
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Figure 5. Antigen encounter in the lung promotes the expression of CD49a on tissue-resident 
memory CD8 T cells
a) Representative staining for CD49a on lung-resident CD8 TRM at day 45 following IN 

(black histogram), IM+CpG (grey histogram) or IM+CpG/Ag (open histogram) infection. b) 
CD49a geometric MFI (gMFI) on total lung-resident memory CD8 T cells from the three 

groups noted in (a) at day 45 post-infection. c) CD49a gMFI on FluNP366-374-specific lung 

CD8 TRM 45 days post-infection. Data are shown as the mean ± SEM with 10 mice per 

group and representative of 2 individual experiments. Statistical comparisons were 

performed (b) using a two-way ANOVA with Tukey corrected multiple comparisons or (c) 

an unpaired t-test (p-values [**<0.01; ****<0.0001]).
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Figure 6. Lung TRM generated by IM infection + CpG/Ag provide robust protection against 
heterologous influenza challenge
a) Representative staining of IFNγ and TNFα production by lung-derived CD8 T cells from 

mice 42 days after IN infection or IM infection + CpG/Ag following stimulation with 

FluNP366-374 peptide; gated on CD11b-/CD4-/CD8+/CD44+ cells. b) Percentage of the 

FluNP366-374-specific CD8 T cells, described in (a), that express IFNγ, TNFα, or both 

cytokines. c) Weight loss over 7 days of mice challenged with 10 LD50 PR8 45 days 

following IN (black circle), IM+CpG (green square), IM+CpG/Ag (blue triangle), or IM+IP 

CpG/Ag (red triangles) infection. d) Survival curve of the same mice for which weight loss 

was measured. e) Viral load (influenza PA RNA copies/100mg of lung tissue) on day 6 

following PR8 influenza challenge of IN (black circle), IM+CpG (black square) or IM

+CpG/Ag (black triangle) primed mice. Mice were challenged 45 days after initial priming. 

Data shown are compiled from two independent experiments. f) Viral load (influenza PA 

RNA copies/100mg of lung tissue) on day 6 following PR8 influenza challenge of IM only 

(black squares) or IM+CpG primed mice, compiled from two independent experiments. Data 

shown as the mean ± SEM with 5-8 mice per time point and representative of 2-3 

independent experiments. Statistical comparisons were performed using a two-way ANOVA 

with (b) Sidak or (c) Tukey corrected multiple comparisons, (d) Logrank Mantel-Cox test, 

(e) one-way ANOVA with Tukey corrected multiple comparisons, and (f) and unpaired t-test 

(p-values [**<0.01; ****<0.0001]).
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