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Antigen Exposure History Defines CD8 T Cell Dynamics and Protection during Localized Pulmonary Infections

Natalija Van Braeckel-Budimir1, Matthew D. Martin2, Stacey M. Hartwig1,2, Kevin L. Legge1,2,3, Vladimir P. Badovinac1,2,3* and John T. Harty1,2,3*

1 Department of Microbiology, Carver College of Medicine, University of Iowa, Iowa City, IA, USA

2 Department of Pathology, Carver College of Medicine, University of Iowa, Iowa City, IA, USA

3 Interdisciplinary Program in Immunology, Carver College of Medicine, University of Iowa, Iowa City, IA, USA

OPEN ACCESS

Edited by:

Stephen Philip Schoenberger, La Jolla Institute for Allergy and Immunology, USA

Reviewed by:

Surojit Sarkar, University of Washington, USA
Tara Marlene Strutt, University of Central Florida, USA

*Correspondence:

Vladimir P. Badovinac
vladimir-badovinac@uiowa.edu;
John T. Harty
john-harty@uiowa.edu

Specialty section:

This article was submitted to Immunological Memory, a section of the journal Frontiers in Immunology

Received: 14 October 2016
Accepted: 10 January 2017
Published: 27 January 2017

Citation:

Van Braeckel-Budimir N, Martin MD, Hartwig SM, Legge KL, Badovinac VP and Harty JT (2017) Antigen Exposure History Defines CD8 T Cell Dynamics and Protection during Localized Pulmonary Infections. Front. Immunol. 8:40. doi: 10.3389/fimmu.2017.00040

Unlike systemic infections, little is known about the role of repeated localized infections on (re)shaping pathogen-specific memory CD8 T cell responses. Here, we used primary (1°) and secondary (2°) intranasal influenza virus infections of mice as a model to study intrinsic memory CD8 T cell properties. We show that secondary antigen exposure, relative to a single infection, generates memory CD8 T cell responses of superior magnitude in multiple tissue compartments including blood, spleen, draining lymph nodes, and lung. Unexpectedly, regardless of the significantly higher number of 2° memory CD8 T cells, similar degree of protection against pulmonary challenge was observed in both groups of mice containing 1° or 2° memory CD8 T cells. Mechanistically, using pertussis toxin-induced migration block, we showed that superior antigen-driven proliferation and ability to relocate to the site of infection allowed 1° memory CD8 T cells to accumulate in the infected lung during the first few days after challenge, compensating for the initially lower cell numbers. Taken together, the history of antigen exposures to localized pulmonary infections, through altering basic cell biology, dictates dynamic properties of protective memory CD8 T cell responses. This knowledge has important implications for a design of novel and an improvement of existing vaccines and immunization strategies.
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INTRODUCTION

CD8 T cells play a crucial role in protection against numerous systemic and localized infections (1–6). Therefore, understanding the formation and maintenance of memory CD8 T cell pool, together with the shaping of its basic biological properties, is crucial for the development of better immunization strategies to combat infectious diseases.

The importance of understanding how antigen (pathogen) stimulation history impacts properties of memory CD8 T cell pool has been emphasized recently (7–9). Importantly, it has been shown that multiple antigen exposures to systemic infection dramatically change the gene expression profile of memory CD8 T cells, thus reshaping their phenotypic and functional properties (8). Furthermore, it has been shown, using a LCMV systemic infection model, that antigen exposure history defines the protective capacity of memory CD8 T cells, by determining specific cell intrinsic factors (10).

Unlike systemic infections, the basic understanding of biology of memory CD8 T cells induced upon localized infections is limited to a single-exposure model or early time after challenge (secondary) infection (4, 11–14). For example, a study focusing on comparison between primary effector and memory CD8 T cells induced after influenza infection revealed similar relative cytotoxic potential between these different cell types (15). On the other hand, whether and how functional properties of memory CD8 T cells induced by localized (influenza) infections are altered by multiple exposures to cognate antigen is not known. As numerous localized infections, such as pulmonary virus infections (influenza, RSV, adenovirus, etc.), display either a seasonal or reoccurring nature (16, 17), study of CD8 T cell responses induced by such infections in the context of multiple antigen encounters is highly important. Addressing these major knowledge gaps could provide valuable information required for rational design of vaccines and/or immunization procedures.

Here, we used primary (1°) and secondary (2°) influenza A virus (IAV) infection of mice as a model to study the fundamental characteristics of memory CD8 T cells generated during localized pulmonary infection. The study showed that, similarly to systemic infections, history of exposure to localized infections imprints changes in the numerical, phenotypic, and functional properties of the memory CD8 T cell pool. Importantly, some of these intrinsic properties, such as proliferation capacity and the ability to relocate to the site of infection, dictate the cellular dynamics and localization, thus determining the protection against subsequent pulmonary challenge.

MATERIALS AND METHODS

Ethics Statement

Female C57Bl/6 mice, 6–8 weeks old, were purchased from the National Cancer Institute (Fredericksburg, MD, USA). The study protocol was approved by University of Iowa Animal Care and Use committee. The animals were treated and handled in accordance with guidelines established by the committee.

Influenza Strains and Generation of Memory CD8 T Cells

All IAV infections were performed while mice were under the influence of ketamine/xylazine anesthesia. Virus inoculum was intranasally (IN) delivered in PBS in a final volume of 50 µl.

Secondary memory (2°M) CD8 T cell responses were generated in C57/Bl6 mice in two steps. First, mice were IN infected with 7 × 103 TCID50 (median tissue culture infective dose) of A/H3N2/X31. Seventy days later (D0), mice were exposed to secondary IN infection with 104 TCID50 of A/H1N1/S12a (SEQ12) (PR8 escape mutant). The S12a mutant virus contains 12 amino acid substitutions in the globular domain of hemagglutinin (HA). It was derived from PR8 virus through 12 sequential selection steps in the presence of anti-HA monoclonal antibodies. This approach allowed for generation of HA drifted virus strain, with no effect on other antigenic determinants (18). Alignment of sequences derived from S13 mutant virus (a descendant of S12a) and wt PR8 showed absence of variation in sequences encoding nucleoprotein (NP) and polymerase acidic (PA) proteins bearing target CD8 T cell epitopes (18).

Primary memory (1°M) CD8 T cell responses were generated on D0 by IN infection with X31 virus. 1°M and 2°M CD8 T cells were analyzed 70–90 days postinfection. For the purpose of longitudinal analysis of the NP366-specific response, blood was obtained on days 10, 50, and 100 postinfection and analysis performed as previously described (8, 9).

Pulmonary Challenge and Lung Virus Titers

Protection against pulmonary virus infection was assessed 70–90 days post-last IAV exposure. For this purpose, 1°M and 2°M mice were exposed to IN challenge with 107 or 108 PFU of recombinant vaccinia virus (Vac) expressing full-length influenza NP (Vac-NP) or mock infected with Vac-OVA (both viruses are obtained from Dr. Jack Bennink, Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases). Lungs were harvested 3 days post-challenge, homogenized, frozen, and kept at −80°C until used for titration. For determining Vac virus titers, BSC-40 cells were infected with 10× dilutions of lung supernatant in Iscove’s DMEM medium supplemented with 50 µg/ml gentamicin, 100 U/ml penicillin, and 100 µg/ml streptomycin. Cells were incubated with the lung virus samples for 1 h at 37°C, with occasional rocking and afterward overlaid with complete DMEM. After in total 48 h incubation at 37°C, medium was aspirated, cells were fixed with 7% formaldehyde and stained with 0.5% crystal violet in 10% methanol, and plaques were counted (10, 19, 20).

Intravascular Exclusion and Preparation of Lung Samples

To distinguish cells in the lung vasculature from those imbedded in the lung parenchyma, 3 min prior to sacrifice mice were intravenous (IVS) injected with 2 µg of anti-CD45.2 antibody (clone 104, BioLegend, San Diego, CA, USA) in PBS (21). Harvested lung was cut into small pieces and incubated for 1 h at 37°C in digestion medium composed of 125 U/ml collagenase and 0.1 mg/ml DNAse. After incubation, tissue was processed into single-cell suspension using cell strainers and leukocytes enriched by centrifugation in 35% Percoll in HBSS. Red blood cells were lysed using Vitalyze.

Tetramer Staining and Antibodies

Antigen-specific CD8 T cells were identified by labeling with Db/NP366 or Db/PA224 in house prepared tetramers for 1 h at 4°C (22). Tetramer staining was followed by surface staining with appropriate antibody cocktails for 20 min at 4°C. Surface markers were stained using following antibodies: anti-CD8 (clone 53-6.7, BioLegend), anti-CD90.2 (clone 30-H12, BioLegend), anti-CD45.2 (clone 104, BioLegend), anti-CD103 (clone 2E7, BioLegend), anti-CD69 (clone H.12F3, BioLegend), anti-KLRG-1 (clone 2F1, eBioscience, San Diego, CA, USA), anti-CD127 (clone A7R34, BioLegend), anti-CX3CR1 (clone SA011F11, BioLegend), anti-CXCR3 (clone CXCR3-173, BioLegend), and anti-CD49a (clone Ha31/8, BD Pharmingen). Intracellular cytokine staining was performed using anti-IFNγ (clone XMG1.2, BioLegend), anti-TNF (clone MP6-XT22, BioLegend), and anti-IL2 (clone JES6-5H4, BioLegend) antibodies. Proliferation of CD8 T cells was assessed by intracellular staining with anti-Ki67 (clone MOPC-21, BD Pharmingen). Flow cytometry data were acquired using LSRFortessa (Becton Dickinson, Rutherford, NY, USA) and analyzed using the FlowJo software (Tree Star Inc., Ashland, OR, USA).

RESULTS

Experimental Model

The major aim of this study is to investigate the influence of repeated localized pulmonary infections on shaping the pathogen-specific memory CD8 T cell compartment. For this purpose, we took advantage of a well-established mouse model of IAV infections (23–25) and generated virus-specific 1°M and 2°M CD8 T cells by exposing naive wt C57Bl/6 mice to one or two intranasal IAV infections, respectively. The selected virus strains (H3N2 X31 and H1N1 S12a) share some common gene segments that encode virus core proteins (e.g., NP and PA protein) and thus CD8 T cells epitopes (NP366 and PA224), enabling successful boosting or primary memory CD8 T cell response by secondary infection (26, 27). This approach allowed us to study and compare the development of endogenous 1°M and 2°M CD8 T responses in an intact, wt host.

To be able to collect samples and perform analysis of both 1°M and 2°M CD8 T cells at the same time and this way minimize the variability between assays, we adopted the infection scheme depicted in the Figure 1A. Namely, 2°M CD8 T cell responses were generated in two steps: primary infection with H3N2 X31 followed 70 days later by secondary infection with H1N1 S12a. At the same time of secondary infection, 1°M CD8 T cell responses were generated in a separate group of mice by exposure to H3N2 X31. Mice harboring 1°M or 2°M CD8 T cell responses were sacrificed in groups of 4–5 mice on days 70–90 after the last infection, and analyses were performed. Longitudinal analysis of NP366-specific response was performed in a separate group of mice, and blood for this purpose was collected at days 10, 50, and 100.
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FIGURE 1 | Secondary infection induces memory CD8 T cell responses of a superior magnitude compared to a primary infection. (A) Naive C57Bl/6 mice were exposed to a single IN infection with X31 H3N2 influenza A virus (IAV) (1°M). Alternatively, mice were infected with X31 H3N2 and 70 days later exposed to a secondary infection with S12a H1N1 IAV (2°M). From 70 to 90 days after the last IAV infection, groups of mice were sacrificed, organs were harvested, and analysis of memory CD8 T cell responses was performed. (B) Kinetic of NP366-specific CD8 T cell response followed using tetramer staining in blood of 1°M and 2°M CD8 T cell-bearing mice (n = 15 mice/time point). Representative of two independent experiments. Error bars represent mean ± SEM. Unpaired t test; ****p < 0.0001. (C–E) Snap shot analysis of NP366-specific CD8 T cell response measured in various tissues 70–90 days after the last IAV infection; blood (C), spleen (D), and mediastinal lymph nodes (mLN) (E) of 1°M (closed bars) and 2°M CD8 T cell-bearing mice (open bars). Left—representative plots, right—summary bar graphs. (F) Representative plots and (G) summary bar graphs of the magnitude of NP366-specific CD8 T cell response measured in the lung vasculature (red, IV+) or lung parenchyma (blue, IV−) of 1°M (open bars) and 2°M CD8 T cell-bearing mice (open bars). (H) Numbers of NP366-specific lung Trm cells measured in 1°M (closed bars) and 2°M CD8 T cell-bearing mice (open bars). Left—representative plots, right—summary bar graphs (n = 4 mice/group). Representative of three independent experiments. Error bars represent mean ± SEM. Unpaired t test; *p < 0.05, **p < 0.01, ***p < 0.001.



Secondary Localized Infection Induces CD8 T Cell Responses of Superior Magnitude

To study how repeated exposures to localized pulmonary infection influence the magnitude of memory CD8 T cell response, we focused our analysis on 1°M and 2°M CD8 T cell responses specific for two major epitopes: NP366 (Figures 1B–H) and PA224 (Figure S1 in Supplementary Material). Antigen-specific CD8 T cells were enumerated using MHC-I tetramer staining. Longitudinal analysis of the NP366-specific response in blood shows that secondary localized infection generates CD8 T cell responses that are of superior magnitude (~10× higher) compared to 1°M responses. Importantly, these numerical differences are conserved throughout the memory phase (D50 and D100) (Figure 1B).

Snapshot analysis of NP366-specific CD8 T cell responses performed 70–90 days after the last infection in multiple tissues confirmed our observation from the blood compartment (Figure 1C). In both spleen and draining mediastinal lymph nodes, 2°M NP366-specific responses exceeded 1°M responses by ~8× fold (Figures 1D,E). Similar results were observed with PA224-specific 1°M and 2°M CD8 T cell responses (Figures S1A–C in Supplementary Material).

Although antigen-specific CD8 T cell numbers measured in blood and lymphoid compartment can be used as a general assessment of the magnitude of virus-specific CD8 T cell response, characterization of the response in the lung, the target organ of respiratory pathogens, is essential. Furthermore, a major focus has recently been put on the population of tissue resident memory CD8 T cells (Trm) as the important mediators of protection against localized infections (6, 28, 29). As lung perfusion has shown to be inefficient in removing all the cells trapped in the lung vasculature and has the capacity to destroy lung parenchyma, we administered an intravascular (IV) CD45.2 stain to discriminate between CD8 T cells imbedded in the tissue parenchyma (IV−) from those in the capillaries (IV+) (Figure 1F) (30, 31). Results of NP366 tetramer staining of lung cells clearly show a large difference in magnitude of 1°M and 2°M CD8 T cell responses in both the IV+ and IV− lung compartment. Relative abundance of NP366-specific CD8 T cells, presented in Figure 1F as % of total IV+ or IV− CD8 T cells, was uniformly higher in lungs of mice exposed to two sequential infections compared to the lungs of mice exposed to a single infection. The difference in absolute numbers of NP366-specific 1°M and 2°M CD8 T cells (Figure 1G) was 14× and 5.6× in the lung parenchyma and the vasculature, respectively. Finally, enumeration of the NP366-specific IV− CD8 T cells expressing a conventional Trm phenotype (CD69+CD103+) (32, 33) shows that secondary exposure causes >10× increase in size of Trm population, relative to a single exposure (Figure 1H). A similar pattern was observed with PA224-specific CD8 T cells (Figures S1D–F in Supplementary Material).

In summary, the data show that the size of antigen-specific 2°M CD8 T cell compartment dramatically exceeds the size of 1°M compartment at all time points after infection. Although somewhat enhanced in the lung parenchyma, this trend is well preserved, in all the analyzed tissues. Given the notion that the CD8 T cell-dependent protection against a pathogen infection is mainly determined by the magnitude of the response (34, 35), our results suggest that higher-magnitude responses induced by secondary infection could provide superior protection against subsequent exposure to a pathogen expressing cognate antigen.

1°M and 2°M CD8 T Cell Responses Show a Similar Level of Control of Pulmonary Virus Infection

Next, we determined whether the substantial increase in numbers of antigen-specific memory CD8 T cells is associated with superior protection of the lung against localized challenge. In order to determine CD8 T cell-mediated protection and avoid the contribution of non-CD8 T cell protective responses potentially induced by previous infections (36–38), we exposed mice to IN challenge with a high dose (107 PFU) of recombinant vaccinia virus expressing full-length influenza PR8 NP (Vac-NP) (Figure 2A).
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FIGURE 2 | 1°M and 2°M CD8 T cell-bearing mice show similar level of protection against pulmonary challenge with Vac-NP. (A) From 70 to 90 days after the last influenza A virus (IAV) infection, protection against IN challenge with Vac-NP was evaluated in 1°M and 2°M CD8 T cell-bearing mice. Two days prior to and 1 day post-challenge, mice were inoculated intraperitoneally and IN with αCD8 or rat IgG antibodies. Three days post-challenge lung Vac virus titers were measured. (B) Administered dose of αCD8 antibody successfully depleted total CD8 T cell population, as shown by the absence of CD8+ cells in peripheral blood and lung in both 1°M and 2°M CD8 T cell-bearing mice. (C) Vac-NP titers measured in lungs of naive, 1°M and 2°M CD8 T cell-bearing mice treated with αCD8 or rat IgG antibody. (D) From 70 to 90 days post-IAV infection, 1°M and 2°M CD8 T cell-bearing mice were exposed to IN challenge with 108 PFU Vac-NP or Vac-OVA. Mice were sacrificed on day 3 post-challenge, and lung Vac titers were measured. (E) Virus titers measured in the lungs of naive, 1°M and 2°M CD8 T cell-bearing mice 3 days after IN challenge with 108 PFU Vac-NP. (F) Virus titers measured in lungs of 1°M and 2°M CD8 T cell-bearing mice 3 days after IN challenge with 108 PFU Vac-NP or control Vac-OVA (n = 4–5 mice/group). Representative of two to three independent experiments. Error bars represent mean ± SEM. One-way ANOVA multiple comparison; ns, non-significant; **p < 0.01, ***p < 0.001, ****p < 0.0001.



To formally confirm the role of CD8 T cells as the only mediators of pulmonary protection in this challenge model, mice were intraperitoneally (IP) and IN inoculated with either CD8-depleting antibody or control rat IgG. As shown in Figure 2B, this regime was sufficient to deplete systemic (peripheral blood) and lung-residing CD8 T cells (Figure 2B). Pulmonary protection was assessed by measuring lung virus titers 3 days after infection—time point experimentally determined as the peak of the viral load (data not shown). Both 1°M and 2°M CD8 T cell-bearing mice were able to control the lung Vac-NP infection (Figure 2C). Although we cannot completely rule out the contribution of non-CD8 T cell-mediated cross-protective immunity against vaccinia infection (39), the complete loss of control of lung viral load in both groups of mice after depletion of CD8 T cells strongly suggests that CD8 T cells are the main mediators of the observed pulmonary protection. To our surprise, despite the large difference in magnitude of memory CD8 T cell responses, both 1°M and 2°M CD8 T cell-bearing mice displayed similar control of lung virus burden (Figure 2C). In both groups, we observed a reduction in virus titers by ~100× relative to naive controls. To rule out the possibility that the challenge dose of Vac-NP was not high enough to reveal potential differences in protection between mice containing 1°M and 2°M CD8 T cells, we increased the challenge dose by 10-fold (108 PFU) (Figure 2D). To make the experimental controls more stringent, we infected groups of 1°M and 2°M CD8 T cell-bearing mice with Vac virus expressing chicken ovalbumin (Vac-OVA) as a non-relevant antigen (Figure 2D). Interestingly, in spite of the 10× increase in challenge dose of Vac-NP virus, similar level of pulmonary protection (>500× reduction relative to naive controls) was observed in both 1°M and 2°M CD8 T cell-bearing mice (Figure 2E). Importantly, both groups of mice challenged with Vac-NP showed a statistically significant decrease in lung virus titers relative to the infection- and age-matched controls challenged with Vac-OVA (Figure 2F).

Thus, despite the superior magnitude of 2°M CD8 T cell response observed in all the tissue compartments, the level of protection against localized pulmonary challenge provided by 1°M and 2°M responses is unexpectedly similar when assessed 70–90 days postinfection. This finding suggests that, in addition to sole numbers of memory CD8 T cells, other cell intrinsic factors play an important role in shaping the protection against localized pulmonary challenge.

1°M and 2°M CD8 T Cells Show Similar Phenotypic and Functional Properties

To address the possibility that secondary infection induces critical phenotypic and/or functional changes of memory CD8 T cells, this way diminishing their protective capacity, we performed detailed analysis of the memory CD8 T cell pool isolated from lungs of 1°M and 2°M mice 70–90 days post-last infection. Phenotypic characterization evaluating effector (Tem) vs central memory (Tcm) properties (KLRG-1, CD127), trafficking (CXCR3), response to inflammatory chemokines (CX3CR1), and tissue localization (CD49a) (8, 40, 41), revealed no major difference between memory CD8 T cells isolated from lungs (IV+ or IV−) of 1°M and 2°M CD8 T cell-bearing mice (Figure 3A). Of note, secondary IAV infection, similar to systemic infections, induced slower acquisition of CD62L expression (Tcm properties) in memory spleen- and blood-derived CD8 T cells (Figure 3B). At the same time, both 1°M and 2°M lung-residing CD8 T cells remained CD62Llo (data not shown).
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FIGURE 3 | 1°M and 2°M CD8 T cells display similar phenotypic and functional profile. (A) Representative plots (left-to-right) of KLRG-1, CD127, CX3CR1, CXCR3, and CD49a staining of NP366-specific CD8 T cells from lung vasculature (IV+) and lung parenchyma (IV−) of 1°M (white) and 2°M CD8 T cell-bearing mice (gray) performed 70–90 days post-last influenza A virus (IAV) infection. (B) Representative plots (left) and cumulative bar graphs (right) of CD62L expression evaluated in 1°M or 2°M NP366-specific CD8 T cells isolated from spleen (top panels) and blood (bottom panels) 70–90 days post-last IAV infection. Error bars represent mean ± SEM (n = 4 mice/group). Unpaired t test. **p < 0.01. Representative of 2 independent experiments. (C) Cells isolated from lungs of 1°M and 2°M CD8 T cell-bearing mice 70–90 days post-IAV infection were cultured ex vivo in presence of EL-4 cells coated with NP366 peptide. IV administration of CD45.2 3 min prior to sacrifice allowed for discrimination between lung vasculature and parenchyma. Production of IFNγ, TNF, and IL2 was assessed by intracellular staining. Representative plots of IFNγ (left) and TNF/IL2 staining (gated on IFNγ+; right) of ex vivo peptide-restimulated cells derived from lung vasculature (IV+) or lung parenchyma (IV−). (D) NP366-specific CD8 T cells were enumerated by tetramer staining performed on a separate sample from the same lung cell suspension, as activation of CD8 T cells induces downregulation of the TCR and does not allow for accurate enumeration. Percentage of 1°M and 2°M NP366-specific CD8 T cells derived from lung vasculature (IV+) or lung parenchyma (IV−) producing IFNγ as a response to ex vivo peptide restimulation (n = 4 mice/group). Representative of two independent experiments. Error bars represent mean ± SEM. Unpaired t test. No significant differences. (E) Cumulative data of single (black, IFNγ), double (gray, IFNγ + TNF), and triple (white, IFNγ + TNF + IL2) cytokine-producing CD8 T cells relative to the total IFNγ-producing CD8 T cells derived from lung vasculature (IV+) or lung parenchyma (IV−) of 1°M and 2°M CD8 T cell-bearing mice (n = 3 mice/group). Representative of three independent experiments. Error bars represent mean ± SEM. Multiple comparison two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistics: IFNγ 1°M (IV−)–2°M (IV+): *****, 2°M (IV−)–2°M (IV+): **, 1°M (IV+)–2°M (IV+): ***, IFNγ + TNF 1°M (IV−)–2°M (IV−): *, 1°M (IV−)–2°M (IV+): ****, 2°M (IV−)–2°M (IV−): ****, and 1°M (IV+)–2°M (IV+): ****.



Furthermore, the functional characteristics of lung-derived memory CD8 T cells were assessed by measuring production of IFNγ, TNF, and IL2 after ex vivo NP366 peptide stimulation. As depicted in Figure 3C, we observed no major difference in functionality of 1°M and 2°M cells, as they were equally able to produce IFNγ, TNF, and IL2 upon peptide restimulation. Importantly, normalizing the numbers of IFNγ-producing CD8 T cells to total number of NP366-specific CD8 T cells enumerated by tetramer staining revealed that similar percentage of antigen-specific 1°M and 2°M CD8 T cells produce IFNγ after ex vivo peptide restimulation (Figure 3D). Finally, a similar fraction of CD8 T cells capable of producing 1, 2, or 3 cytokines upon ex vivo peptide restimulation was observed in both 1°M and 2°M CD8 T cell-bearing mice (Figure 3E). Thus, the similar level of localized pulmonary protection observed in mice harboring 1°M and 2°M CD8 T cells was not due to altered phenotype or compromised functionality of 2°M CD8 T cells.

Primary Memory CD8 T Cells Compensate for the Initial Lower Numbers by Higher Proliferation Rate and Superior Relocation to the Infected Lung

Similar level of pulmonary protection observed in 1°M and 2°M CD8 T cell-bearing mice could alternatively be explained by a substantial increase in numbers of 1°M CD8 T cells in the lung during the course of the challenge infection. This would potentially allow 1°M CD8 T cells to compensate for the initially low numbers. To directly test this hypothesis, we followed the kinetics of the antigen-specific CD8 T cell response upon pulmonary Vac-NP challenge. To this end, 1°M and 2°M CD8 T cell-bearing mice were exposed to IN challenge with 107 PFU of Vac-NP. Small group of mice was sacrificed before infection (D0) to establish a “baseline” NP366-specific CD8 T cell response in the lung and peripheral blood. Infected mice were sacrificed either on day 2 or 3 postinfection, and a snapshot analysis of NP366-specific CD8 T cell responses in the lung and blood was performed. On day of infection (D0), numbers of total or IV− NP366-specific CD8 T cells in lungs of 2°M CD8 T cell-bearing mice were, respectively, 7.5× and 11× higher compared to the lungs of 1°M CD8 T cell-bearing mice (Figures 4A,B). Furthermore, steep increase in numbers of antigen-specific CD8 T cells was observed after the onset of the infection in both groups of mice. Interestingly, while numbers of antigen-specific 1°M cells continued to rise by day 3 postinfection, numbers of 2°M cells reached a plateau by day 2 postinfection. Due to this non-proportional expansion in the population size of 1°M and 2°M CD8 T cells in the lung, initial numerical differences were completely gone (total NP366-specific CD8 T cells) or substantially diminished (IV− NP366-specific CD8 T cells) by day 3 postinfection (Figures 4A–C). Analyses of NP366-specific CD8 T cells in blood revealed that while the size of the 2°M population seemed to be stable, the size of the 1°M population decreased by day 3 postinfection (Figures 4D,E), suggesting possible relocation of 1°M cells from the circulation into the lung compartment.
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FIGURE 4 | Early after the onset of the challenge infection 1°M CD8 T cell population in the infected lung undergoes dramatic increase. (A) Change in total numbers of NP366-specific CD8 T cells isolated from the lung (black line) or (B) from the lung parenchyma (blue line) on days 0–3 post-Vac-NP infection (n = 3–5 mice/group). Representative of two independent experiments. Error bars represent mean ± SEM. Unpaired t test; *p < 0.05, **p < 0.01. (C) Ratio between numbers of NP366-specific 2°M and 1°M CD8 T cells isolated from the whole lung (black line) or lung parenchyma (blue line) calculated on days 0–3 post-Vac-NP infection. (D) Representative NP366-specific tetramer staining of cells isolated from peripheral blood of 1°M and 2°M CD8 T cell-bearing mice on D0 and D3 post-Vac-NP infection. Representative of two independent experiments. (E) Size of NP366-specific CD8 T cell population measured in peripheral blood of 1°M and 2°M CD8 T cell-bearing mice on D3 post-Vac-NP infection relative to the baseline measured at D0. Representative of two independent experiments.



The major increase of 1°M cells in the infected lung could occur as a consequence of the substantial relocation of cells from the blood to the lung and/or due to a superior proliferative capacity of 1°M cells in the lung. To formally test this, 70–90 days after the last IAV infection, 1°M and 2°M CD8 T cell-bearing mice were IN challenged with 107 PFU Vac-NP, and half of them were injected IP with pertussis toxin (Ptx) before (D0) and 2 days after infection to block the access of circulating memory CD8 T cells into the infected lung (Figure 5A) (20). Mice were sacrificed 3 days post-Vac-NP infection, and lung Vac titers and NP366-specific CD8 T cell responses were assessed. Proliferation of antigen-specific CD8 T cells was assessed in both blood and lung by staining for Ki67, a cellular marker of proliferation (42). As shown in Figures 5B,C, a substantially higher proportion of 1°M relative to 2°M CD8 T cells had entered one of the active phases of the cell cycle (based on Ki67 expression) in the inflamed lung but not in the blood on day 3 postinfection. Additionally, Ptx treatment caused >80× decrease in numbers of IV− 1°M NP366-specific CD8 T cells in the lung, compared to <15× decrease of 2°M. At the same time, Ptx-induced retention of antigen-specific CD8 T cells in blood of 1°M CD8 T cell-bearing mice was more pronounced (16× increase in numbers after Ptx treatment) than in blood of 2°M CD8 T cell-bearing mice (4.5× increase) (Figure 5D).
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FIGURE 5 | Superior proliferation and recruitment drive the increase in numbers of 1°M CD8 T cells after the onset of pulmonary challenge. (A) From 70 to 90 days post-influenza A virus infection, 1°M and 2°M CD8 T cell-bearing mice together with naive control mice were exposed to IN challenge with 107 PFU Vac-NP. At the same day, prior to challenge, a group of mice was intraperitoneally injected with pertussis toxin (Ptx). Second dose of Ptx was administered 2 days after the Vac-NP challenge. Mice were sacrificed on D3, and lung virus titers were assessed by plaque assay. (B) Representative plots (left) and cumulative data (right) of Ki67 staining of NP366-specific CD8 T cells from peripheral blood of 1°M and 2°M CD8 T cell-bearing mice on D3 post-Vac-NP infection. (C) Representative plots (left) and cumulative data (right) of Ki67 staining of NP366-specific CD8 T cells from lung parenchyma of 1°M and 2°M CD8 T cell-bearing mice on D3 post-Vac-NP infection (n = 4 mice/group). Representative of two independent experiments. Error bars represent mean ± SEM. Unpaired t test; **p < 0.01. (D) Numbers of NP366-specific CD8 T cells measured on D3 post-Vac-NP challenge in peripheral blood (left) or lung parenchyma (right) of 1°M and 2°M mice treated or not with Ptx (n = 4 mice/group). Representative of two independent experiments. Error bars represent mean ± SEM. Unpaired t test; **p < 0.01, ***p < 0.001, ****p < 0.0001. (E) Virus titers measured in lungs of 1°M and 2°M CD8 T cell-bearing mice (±Ptx) 3 days after IN challenge with 107 PFU Vac-NP (n = 7–8 mice/group). Cumulative results from two experiments. Error bars represent mean ± SEM. Multiple comparison one-way ANOVA. Only relevant statistics are depicted. **p < 0.01, ***p < 0.001, ****p < 0.0001. N-1°M: ****, N-2°M: ****, N-1°MPtx: ***, N-2°MPtx: ****, and 2°M-1°MPtx: ****.



Importantly, and consistent with the differential impact of Ptx treatment on relocation of 1°M and 2°M CD8 T cells from circulatory to the lung compartment, Ptx-induced block had a greater impact on the control of infection in mice harboring 1°M CD8 T cells relative to those harboring 2°M CD8 T cells. The substantial Ptx-induced decrease in numbers of 1°M CD8 T cells in the lung parenchyma was accompanied by a substantial decrease in protection. As depicted in Figure 5E, ~7× higher virus titers were measured in lungs of 1°M CD8 T cell-bearing mice treated with Ptx as compared to 2°M CD8 T cell-bearing mice. Taken together, the presented data suggest that the superior proliferative capacity of 1°M CD8 T cells in combination with increased recruitment into the infected lung efficiently compensates for the initial lower numbers of antigen-specific 1°M relative to 2°M CD8 T cells, which eventually allows for similar control of localized pulmonary infection in both groups of mice.

Thus, CD8 T cell-mediated protection against localized pathogen infections is not exclusively determined by the magnitude of the response but is also influenced by multiple intrinsic properties (e.g., proliferation and migration to infected tissue) of memory CD8 T cells. History of exposure to localized infections, by shaping such cell properties, determines the protection against subsequent pathogen challenge.

DISCUSSION

The present study describes how multiple exposures to a localized infection can impact the development of basic biological properties of pathogen-specific CD8 T cells and, as a consequence, protection against subsequent local challenge. Using well-established influenza virus infections of mice as a model of localized pulmonary infections, we compared numerical and functional properties of the infection-induced 1°M and 2°M CD8 T cell pool. Our results show that secondary antigen exposure induces memory CD8 T cell responses of a superior magnitude relative to memory responses generated after a single infection. However, in spite of substantially lower numbers of memory CD8 T cells in all analyzed tissue compartments, mice bearing 1°M CD8 T cells exhibit a similar degree of virus control after pulmonary challenge as 2°M CD8 T cell-bearing mice. Mechanistically, our data show that due to better proliferation and superior capacity to relocate to the site of infection, 1°M CD8 T cells substantially increase their numbers in the infected local tissue, allowing them to successfully control the viral load.

Previous studies using Listeria monocytogenes or vesicular stomatitis virus systemic infection models have shown that repeated antigen exposures have a strong impact on the magnitude of memory CD8 T cell responses, by defining the proliferative capacity, responsiveness to environmental cues, and long-term survival (8). Here, we show that, similar to the systemic infection, secondary localized pulmonary infection induces a memory CD8 T cell response of superior magnitude in blood and spleen. Importantly, this trend was also observed in the lung (both vasculature and parenchyma) and draining lymph nodes.

Previous studies comparing the functional capacity of IAV-induced primary effector and memory CD8 T cells showed that although these populations exhibit similar relative cytotoxicity, by the virtue of larger magnitude effector responses displays superior killing of target cells relative to memory cells (15). In contrast, we show that in spite of an almost ~10× difference in numbers of antigen-specific CD8 T cells detected in all the tissues (Figure 1), and no obvious phenotypic and functional impairments of 2°M CD8 T cells (Figure 3), our study revealed a similar degree of pulmonary protection in both 1°M and 2°M CD8 T cell-bearing mice. This suggests that the observed protection does not depend on the sole magnitude of the memory CD8 T cell response but also on CD8 T cell intrinsic factors determined by the antigen exposure history. For example, it has been shown that an equal amount of 1°M and 2°M CD8 T cells exhibit different capacities of protection against acute vs chronic infection. While exhibiting better control of acute infection with LCMV Armstrong, 2°M CD8 T cells failed to control chronic infection with LCMV Clone 13 (10). Furthermore, this study showed that a differential localization of 1°M and 2°M CD8 T cells, shaped by exposure history, determines both virus control in the lymph nodes and the persistent CD8 T cell responses required for successful control of chronic infection. Additionally, it has been shown that repeated antigen stimulations have a dramatic impact on the gene expression profile of memory CD8 T cells (8), and subsequently their basic phenotypic and functional properties, which can substantially impact the capacity to control infections (7, 8). Results of functional and phenotypic characterization of influenza-induced systemic 1°M and 2°M CD8 T cells derived from the spleen corroborate the basic differences described after multiple systemic antigen exposures (7, 8) (data not shown). On the other hand, beside the large numerical differences, 1°M and 2°M CD8 T cells derived from the lung compartment did not exhibit any obvious phenotypic or functional discrepancies. Furthermore, kinetic analysis of the response of 1°M and 2°M CD8 T cells in the lung and blood upon challenge showed that by D3 post-challenge the population of 1°M cells dramatically increases, almost to the level of the 2°M population. The substantially larger proportion of Ki67+ 1°M CD8 T cells detected in the infected lung (Figure 5) suggests that the superior proliferative capacity of 1°M cells contributes, at least partially, to this numerical increase. This finding is in line with the reports showing that the proliferative capacity of CD8 T cells decreases with every subsequent antigen encounter, with naive CD8 T cells exhibiting superior proliferation (7, 8). Administration of Ptx, which blocks the signaling through G protein-coupled receptors, rendering CD8 T cells incapable of responding to inflammatory cues, induced a significant decrease in the accumulation of 1°M CD8 T cells in the infected lung and a subsequent increase in lung virus titers. Additionally, similar to systemic infection, circulating 2°M CD8 T cells induced by localized IAV infections exhibit slower progression toward Tcm (CD62L expression) compared to their 1°M counterparts, suggesting the possibility that difference in subset composition of circulating memory CD8 T cells (Tem vs Tcm) might underlie the differences in recruitment to the lung. Together, our data suggest that increased proliferation and superior capacity to relocate to the infected tissue allow 1°M CD8 T cells to substantially increase their numbers in the lung. Thus, number of available antigen-specific memory CD8 T cells is not the only factor determining the outcome of the protection against pulmonary challenge. Here, we present an example of how numerically inferior 1°M CD8 T cells can exploit differential cell properties to establish control of localized viral infection.

In addition to number of encounters with an infectious agent, biology of infection (degree of inflammation, pathogen burden, rate of proliferation, and cell tropism) plays an important role in determining the fundamental properties of memory CD8 T cells (43). Thus, it is likely that repeated pulmonary infections with a pathogen other than influenza virus (e.g., RSV and adenovirus) would leave a different phenotypic and functional imprint on the developing memory CD8 T cells, leading to diminishing or exacerbation of the differences observed between 1°M and 2°M described here. Furthermore, different tissues provide a differential developmental environment, which will additionally impact the development of memory CD8 T cell properties (44). For example, while local infection of the skin leads to generation of stable, long-lived Trm population (45), lung Trm is characterized by rather transient nature (6). Therefore, studies utilizing various localized infection and challenge models will be beneficial to obtain more specific knowledge on the role of antigen exposure history on the development of pathogen-specific memory CD8 T cell responses.

In conclusion, we have shown using an example of a localized pulmonary infection, how antigen exposure history can impact the biology of the memory CD8 T cell responses. Besides altering the magnitude of the response, it leaves an important imprint on intrinsic properties of pathogen-specific CD8 T cells, emphasized in differential cellular dynamics that determine the capacity to control lung infection.

AUTHOR CONTRIBUTIONS

NB-B, MM, SH, KL, VB, and JH designed experiments. NB-B performed experiments and data analysis and wrote the manuscript. MM and SH helped obtaining and analyzing some data and reviewed the final manuscript. KL contributed to the discussion and reviewed the final manuscript. VB and JH contributed to writing and editing of the manuscript.

ACKNOWLEDGMENTS

The authors wish to thank members of the Harty and Badovinac Laboratories for insightful discussions.

FUNDING

This study was supported by National Institutes of Health Grants GM113961, AI119160 (VB), AI114543 (VB and JH), AI42767 (JH), and AA021205 (KL).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at http://journal.frontiersin.org/article/10.3389/fimmu.2017.00040/full#supplementary-material.

FIGURE S1 | Influenza PA224-specific CD8 T cell responses measured in various tissues of 1°M and 2°M CD8 T cell-bearing mice. (A–F) Mice were infected as described in Figure 1. PA224-specific CD8 T cell response was detected by tetramer staining. (A–C) Snap shot analysis of PA224-specific CD8 T cell response measured 70–90 days after the last influenza A virus infection; blood (A), spleen (B), and mediastinal lymph nodes (C) of 1°M (closed bars) and 2°M mice (open bars). Left—representative plots, right—summary bar graphs. (D) Representative plots and (E) summary bar graphs of the magnitude of PA224-specific CD8 T cell response measured in the lung vasculature (red, IV+) or lung parenchyma (blue, IV−) of 1°M (closed bars) and 2°M CD8 T cell-bearing mice (open bars). (F) Numbers of NP366-specific lung Trm cells measured in 1°M (closed bars) and 2°M CD8 T cell-bearing mice (open bars). Left—representative plots, right—summary bar graphs (n = 4 mice/group). Representative of three independent experiments. Error bars represent mean ± SEM. Unpaired t test; *p < 0.05, **p < 0.01, ***p < 0.001.

REFERENCES

1. Bachmann MF, Wolint P, Schwarz K, Oxenius A. Recall proliferation potential of memory CD8+ T cells and antiviral protection. J Immunol (2005) 175(7):4677–85. doi:10.4049/jimmunol.175.7.4677

2. Messingham KA, Badovinac VP, Jabbari A, Harty JT. A role for IFN-gamma from antigen-specific CD8+ T cells in protective immunity to Listeria monocytogenes. J Immunol (2007) 179(4):2457–66. doi:10.4049/jimmunol.179.4.2457

3. Jiang JQ, He XS, Feng N, Greenberg HB. Qualitative and quantitative characteristics of rotavirus-specific CD8 T cells vary depending on the route of infection. J Virol (2008) 82(14):6812–9. doi:10.1128/JVI.00450-08

4. Jiang X, Clark RA, Liu L, Wagers AJ, Fuhlbrigge RC, Kupper TS. Skin infection generates non-migratory memory CD8+ T(RM) cells providing global skin immunity. Nature (2012) 483(7388):227–31. doi:10.1038/nature10851

5. Openshaw PJ, Chiu C. Protective and dysregulated T cell immunity in RSV infection. Curr Opin Virol (2013) 3(4):468–74. doi:10.1016/j.coviro.2013.05.005

6. Wu T, Hu Y, Lee YT, Bouchard KR, Benechet A, Khanna K, et al. Lung-resident memory CD8 T cells (TRM) are indispensable for optimal cross-protection against pulmonary virus infection. J Leukoc Biol (2014) 95(2):215–24. doi:10.1189/jlb.0313180

7. Masopust D, Ha SJ, Vezys V, Ahmed R. Stimulation history dictates memory CD8 T cell phenotype: implications for prime-boost vaccination. J Immunol (2006) 177(2):831–9. doi:10.4049/jimmunol.177.2.831

8. Wirth TC, Xue HH, Rai D, Sabel JT, Bair T, Harty JT, et al. Repetitive antigen stimulation induces stepwise transcriptome diversification but preserves a core signature of memory CD8(+) T cell differentiation. Immunity (2010) 33(1):128–40. doi:10.1016/j.immuni.2010.06.014

9. Rai D, Martin MD, Badovinac VP. The longevity of memory CD8 T cell responses after repetitive antigen stimulations. J Immunol (2014) 192(12):5652–9. doi:10.4049/jimmunol.1301063

10. Nolz JC, Harty JT. Protective capacity of memory CD8+ T cells is dictated by antigen exposure history and nature of the infection. Immunity (2011) 34(5):781–93. doi:10.1016/j.immuni.2011.03.020

11. Flynn KJ, Belz GT, Altman JD, Ahmed R, Woodland DL, Doherty PC. Virus-specific CD8+ T cells in primary and secondary influenza pneumonia. Immunity (1998) 8(6):683–91. doi:10.1016/S1074-7613(00)80573-7

12. Kedzierska K, La Gruta NL, Turner SJ, Doherty PC. Establishment and recall of CD8+ T-cell memory in a model of localized transient infection. Immunol Rev (2006) 211:133–45. doi:10.1111/j.0105-2896.2006.00386.x

13. Lukens MV, Claassen EA, de Graaff PM, van Dijk ME, Hoogerhout P, Toebes M, et al. Characterization of the CD8+ T cell responses directed against respiratory syncytial virus during primary and secondary infection in C57BL/6 mice. Virology (2006) 352(1):157–68. doi:10.1016/j.virol.2006.04.023

14. Goulding J, Abboud G, Tahiliani V, Desai P, Hutchinson TE, Salek-Ardakani S. CD8 T cells use IFN-gamma to protect against the lethal effects of a respiratory poxvirus infection. J Immunol (2014) 192(11):5415–25. doi:10.4049/jimmunol.1400256

15. Stambas J, Doherty PC, Turner SJ. An in vivo cytotoxicity threshold for influenza A virus-specific effector and memory CD8(+) T cells. J Immunol (2007) 178(3):1285–92. doi:10.4049/jimmunol.178.3.1285

16. Terletskaia-Ladwig E, Enders G, Schalasta G, Enders M. Defining the timing of respiratory syncytial virus (RSV) outbreaks: an epidemiological study. BMC Infect Dis (2005) 5:20. doi:10.1186/1471-2334-5-20

17. Yang L, Chan KH, Suen LK, Chan KP, Wang X, Cao P, et al. Age-specific epidemic waves of influenza and respiratory syncytial virus in a subtropical city. Sci Rep (2015) 5:10390. doi:10.1038/srep10390

18. Das SR, Hensley SE, Ince WL, Brooke CB, Subba A, Delboy MG, et al. Defining influenza A virus hemagglutinin antigenic drift by sequential monoclonal antibody selection. Cell Host Microbe (2013) 13(3):314–23. doi:10.1016/j.chom.2013.02.008

19. Knudson CJ, Weiss KA, Hartwig SM, Varga SM. The pulmonary localization of virus-specific T lymphocytes is governed by the tissue tropism of infection. J Virol (2014) 88(16):9010–6. doi:10.1128/JVI.00329-14

20. Nolz JC, Harty JT. IL-15 regulates memory CD8 +T cell O-glycan synthesis and affects trafficking. J Clin Invest (2014) 124(3):1013–26. doi:10.1172/JCI72039

21. Anderson KG, Mayer-Barber K, Sung H, Beura L, James BR, Taylor JJ, et al. Intravascular staining for discrimination of vascular and tissue leukocytes. Nat Protoc (2014) 9(1):209–22. doi:10.1038/nprot.2014.005

22. Condotta SA, Rai D, James BR, Griffith TS, Badovinac VP. Sustained and incomplete recovery of naive CD8+ T cell precursors after sepsis contributes to impaired CD8+ T cell responses to infection. J Immunol (2013) 190(5):1991–2000. doi:10.4049/jimmunol.1202379

23. Bouvier NM, Lowen AC. Animal models for influenza virus pathogenesis and transmission. Viruses (2010) 2(8):1530–63. doi:10.3390/v20801530

24. Guo H, Santiago F, Lambert K, Takimoto T, Topham DJ. T cell-mediated protection against lethal 2009 pandemic H1N1 influenza virus infection in a mouse model. J Virol (2011) 85(1):448–55. doi:10.1128/JVI.01812-10

25. Zens KD, Chen JK, Farber DL. Vaccine-generated lung tissue-resident memory T cells provide heterosubtypic protection to influenza infection. JCI Insight (2016) 1(10):e85832. doi:10.1172/jci.insight.85832

26. Bennink J, Effros RB, Doherty PC. Influenzal pneumonia: early appearance of cross-reactive T cells in lungs of mice primed with heterologous type A viruses. Immunology (1978) 35(3):503–9.

27. Kreijtz JH, Bodewes R, van Amerongen G, Kuiken T, Fouchier RA, Osterhaus AD, et al. Primary influenza A virus infection induces cross-protective immunity against a lethal infection with a heterosubtypic virus strain in mice. Vaccine (2007) 25(4):612–20. doi:10.1016/j.vaccine.2006.08.036

28. Turner DL, Gordon CL, Farber DL. Tissue-resident T cells, in situ immunity and transplantation. Immunol Rev (2014) 258(1):150–66. doi:10.1111/imr.12149

29. Mueller SN, Mackay LK. Tissue-resident memory T cells: local specialists in immune defence. Nat Rev Immunol (2016) 16(2):79–89. doi:10.1038/nri.2015.3

30. Galkina E, Thatte J, Dabak V, Williams MB, Ley K, Braciale TJ. Preferential migration of effector CD8+ T cells into the interstitium of the normal lung. J Clin Invest (2005) 115(12):3473–83. doi:10.1172/JCI24482

31. Teijaro JR, Turner D, Pham Q, Wherry EJ, Lefrancois L, Farber DL. Cutting edge: tissue-retentive lung memory CD4 T cells mediate optimal protection to respiratory virus infection. J Immunol (2011) 187(11):5510–4. doi:10.4049/jimmunol.1102243

32. Mackay LK, Rahimpour A, Ma JZ, Collins N, Stock AT, Hafon ML, et al. The developmental pathway for CD103(+)CD8+ tissue-resident memory T cells of skin. Nat Immunol (2013) 14(12):1294–301. doi:10.1038/ni.2744

33. Laidlaw BJ, Zhang N, Marshall HD, Staron MM, Guan T, Hu Y, et al. CD4+ T cell help guides formation of CD103+ lung-resident memory CD8+ T cells during influenza viral infection. Immunity (2014) 41(4):633–45. doi:10.1016/j.immuni.2014.09.007

34. Badovinac VP, Messingham KA, Hamilton SE, Harty JT. Regulation of CD8+ T cells undergoing primary and secondary responses to infection in the same host. J Immunol (2003) 170(10):4933–42. doi:10.4049/jimmunol.170.10.4933

35. Schmidt NW, Podyminogin RL, Butler NS, Badovinac VP, Tucker BJ, Bahjat KS, et al. Memory CD8 T cell responses exceeding a large but definable threshold provide long-term immunity to malaria. Proc Natl Acad Sci U S A (2008) 105(37):14017–22. doi:10.1073/pnas.0805452105

36. Bodewes R, Kreijtz JH, Hillaire ML, Geelhoed-Mieras MM, Fouchier RA, Osterhaus AD, et al. Vaccination with whole inactivated virus vaccine affects the induction of heterosubtypic immunity against influenza virus A/H5N1 and immunodominance of virus-specific CD8+ T-cell responses in mice. J Gen Virol (2010) 91(Pt 7):1743–53. doi:10.1099/vir.0.020784-0

37. Bodewes R, Fraaij PL, Geelhoed-Mieras MM, van Baalen CA, Tiddens HA, van Rossum AM, et al. Annual vaccination against influenza virus hampers development of virus-specific CD8(+) T cell immunity in children. J Virol (2011) 85(22):11995–2000. doi:10.1128/JVI.05213-11

38. Bodewes R, Fraaij PL, Kreijtz JH, Geelhoed-Mieras MM, Fouchier RA, Osterhaus AD, et al. Annual influenza vaccination affects the development of heterosubtypic immunity. Vaccine (2012) 30(51):7407–10. doi:10.1016/j.vaccine.2012.04.086

39. Chen HD, Fraire AE, Joris I, Welsh RM, Selin LK. Specific history of heterologous virus infections determines anti-viral immunity and immunopathology in the lung. Am J Pathol (2003) 163(4):1341–55. doi:10.1016/S0002-9440(10)63493-1

40. Richter MV, Topham DJ. The alpha1beta1 integrin and TNF receptor II protect airway CD8+ effector T cells from apoptosis during influenza infection. J Immunol (2007) 179(8):5054–63. doi:10.4049/jimmunol.179.8.5054

41. Martin MD, Kim MT, Shan Q, Sompallae R, Xue HH, Harty JT, et al. Phenotypic and functional alterations in circulating memory CD8 T cells with time after primary infection. PLoS Pathog (2015) 11(10):e1005219. doi:10.1371/journal.ppat.1005219

42. Scholzen T, Gerdes J. The Ki-67 protein: from the known and the unknown. J Cell Physiol (2000) 182(3):311–22. doi:10.1002/(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9

43. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al. Restoring function in exhausted CD8 T cells during chronic viral infection. Nature (2006) 439(7077):682–7. doi:10.1038/nature04444

44. Estcourt MJ, Letourneau S, McMichael AJ, Hanke T. Vaccine route, dose and type of delivery vector determine patterns of primary CD8+ T cell responses. Eur J Immunol (2005) 35(9):2532–40. doi:10.1002/eji.200535184

45. Mackay LK, Stock AT, Ma JZ, Jones CM, Kent SJ, Mueller SN, et al. Long-lived epithelial immunity by tissue-resident memory T (TRM) cells in the absence of persisting local antigen presentation. Proc Natl Acad Sci U S A (2012) 109(18):7037–42. doi:10.1073/pnas.1202288109

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Van Braeckel-Budimir, Martin, Hartwig, Legge, Badovinac and Harty. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-08-00040-g005.jpg
A

1M

2°M

D

DO: +/- Pix + D2:

D:3

D>70 10/PFU VacNP__+/- PTX _ Vac liters
1* memory M
i DO: #-Pix+ D2 D:3
D>70 10PFU VacNP_+/- PTX _Vac titers
JOPFUVacNP +-PTX Vacfiters
2° memory
blood c lung
807
1 _ N £
. ém ; 60
1 1M . T
z
2 e
g 2
%5 49 = 20
1| & 49 |
BN g
o M 0
K67 o Ki67 L
lung: D3 blood: D3 E
€S, A 7
O's5] 16x 26
g °
et Soll = B
3 z
54 | B
* I 4
e 1 <
g 3
N1 212

px: -






OPS/images/fimmu-08-00040-g003.jpg
[
oM

KIRG1 ~ CD127  CX3CR1 ' CXCR3 . CD4%

_lJi
bl

spleen blood
2 60-

CDB2L (% totalNPase+)
CD62L (% totalNP3s6+)

8

8

°

CD8 T cells__
5388
il
T
-

i

D IENYTNE#IL2
= IENYTNF
=Y

9% of IFNy producing

o8

212
Ve T





OPS/images/fimmu-08-00040-g004.jpg
A

D

lung B lung c lung
& 3.8
3 'y 26 5% 2 121 o IV-NPaee
© o # total NP366+
% 175 : Lo
3 - &5 s

11
S ER Ze
54 24, H
kS 3 &3
s 1M ) - 1M
23] oM EA S2M
=701 2 3 2.8 0123
day post-Vac inf. day postvac it day post-Vac inf.
blood D3 E
0 12.
0.6%| 10.2%| S 1.0
? [=}
4 +

n @ £ 208
2 ™ &2
8120 o =3
5| 1247 144@ L04{ o1m
k=] o2m
N 0.2.
E L oM 01 2 3

day post-Vac inf.





OPS/images/cover.jpg
? frontiers

in Immunology

Antigen Exposure History
Defines CD8 T Cell Dynamics
and Protection during Localized
Pulmonary Infections





OPS/images/fimmu-08-00040-g001.jpg
A

-~ D-70:HIN2_ DO:HIN1

E

N
2
NP366 tetramer.

M

M

D70-90

analysis 2°M

@

g. DO: H3N2 analysis 1°M

D:70-90

CD45.2

CD8

#NPgs+/ml blood
Y
*
E

blood . spleen E mLN
2.19 607 see 797 2000-
5 | T o §1 1M ‘ g
8ao. J @ |2 500%@ | 3
X | 62x | ] % 1000. § H
+ 8| [15.5% oM o g
%20. | 2mg|[ & Mg <
4 2l 21|Z soo z
E [] 0. =
2 e <8
lung: NPss @ H
V(+) V() i) V) lung Trm
100 80 152 20
84 1.8 3.6| g L TR T . 4~
g 0 S & | gs T ™ 8815
16 3 < 60q = 8%
§ b 4ol 56 £491 1ax 332101 22
69 8| 10 (g 4 | & oM, 88
1518 & g g ge s |
3 g / o. _i o. 3 * e

o 3 JEE— PO






OPS/images/fimmu-08-00040-g002.jpg
A D-2: DO: D1: :
D70_gg1ew RatlgG/aCD8 Vac-NP_RatlgG/aCD8 Vac titers

. D-2: DO: D1: D3:
D70-90 2 M@ RatlgG/aCD8 Vac-NP_RatlgG/aCD8 Vac titers

Rat IgG

aCD8

CD90.2

D
D>70
1° memory&
D>70
2° memory&

: D3:
Vac-NP/Vac-OVA  Vac titers

DO: 10°PFU D3:
Vac-NP/Vac-OVA  vac titers.

lung
2°M

E

log1o PFU/g lung
S D N O ©

sk
o]

D3
c o
o
Ko
G T
g
s
=6
=}
& ns,
S5
&
g -
" L
N 1020 1° 2
aCDB8: - +
D3 F D3
. O
orery og
2
27
2
a 6.
e
85
4
N2

e

&

20





OPS/images/logo.jpg
Ghesk for

i@





