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Viruses are leading causes of severe acute lower respiratory infections (LRIs). These infections evoke incom-
plete immunity, as individuals can be repeatedly reinfected throughout life. We report that acute viral LRI 
causes rapid pulmonary CD8+ cytotoxic T lymphocyte (TCD8) functional impairment via programmed death–1/
programmed death ligand–1 (PD-1/PD-L1) signaling, a pathway previously associated with prolonged anti-
genic stimulation during chronic infections and cancer. PD-1–mediated TCD8 impairment occurred acutely in 
mice following infection with human metapneumovirus or influenza virus. Viral antigen was sufficient for 
PD-1 upregulation, but induction of PD-L1 was required for impairment. During secondary viral infection 
or epitope-only challenge, memory TCD8 rapidly reexpressed PD-1 and exhibited severe functional impair-
ment. Inhibition of PD-1 signaling using monoclonal antibody blockade prevented TCD8 impairment, reduced 
viral titers during primary infection, and enhanced protection of immunized mice against challenge infec-
tion. Additionally, PD-1 and PD-L1 were upregulated in the lungs of patients with 2009 H1N1 influenza virus, 
respiratory syncytial virus, or parainfluenza virus infection. These results indicate that PD-1 mediates TCD8 
functional impairment during acute viral infection and may contribute to recurrent viral LRIs. Therefore, the 
PD-1/PD-L1 pathway may represent a therapeutic target in the treatment of respiratory viruses.

Introduction
Human metapneumovirus (HMPV), respiratory syncytial virus 
(RSV), and influenza A virus (IAV) are leading causes of acute lower 
respiratory infection (LRI) worldwide, especially in infants, the 
elderly, and the immunocompromised (1–4). No effective vaccines 
or therapeutics exist for either HMPV or RSV, and influenza vaccine 
must be re-administered annually. Despite the frequency of infec-
tion with these viruses and minimal antigenic drift of HMPV and 
RSV, protective immunity is poorly established, as individuals can be 
repeatedly reinfected throughout life (5–7). An ineffective adaptive 
immune response might account for this susceptibility, as recent 
studies have demonstrated that infection of mice with RSV (8–11), 
IAV (9), or parainfluenza virus 5 (PIV-5) (12) results in impairment 
of pulmonary CD8+ cytotoxic T lymphocytes (TCD8), cells that nor-
mally mediate recovery from LRI by elaboration of cytokines and 
direct lysis of infected cells (13). Specific mechanisms governing pul-
monary TCD8 functional impairment during acute viral LRI remain 
incompletely defined and represent a potential avenue for therapeu-
tic intervention and design of more effective vaccines.

TCD8 functions are tightly regulated by a variety of stimula-
tory and inhibitory receptors (14–16). During chronic infections 
(17–21) and cancer (22–24), programmed death–1 (PD-1) has 
a well-defined role in mediating TCD8 exhaustion, during which 
prolonged TCR stimulation by persistent viral or tumor antigens 
maintains PD-1 expression. PD-L1, a ligand for PD-1, is consti-
tutively expressed by many hematopoietic cells and inducible 
on most other cell types by proinflammatory cytokines (25–27), 
including respiratory epithelial cells (27). PD-L1 ligation of PD-1 
antagonizes TCR signaling by blocking PI3K/Akt activation, lead-
ing to reduced cytokine production, proliferation, and survival 

(28). Blocking PD-1 ligation restores function to exhausted TCD8 
during HIV infection (19, 29), and recent clinical trials indicate 
that anti–PD-1 monoclonal antibody therapy is safe and at least 
partially effective against both refractory hematological malignan-
cies (30) and solid tumors (31). Direct modulation of the PD-1/
PD-L1 pathway therefore holds significant therapeutic potential.

A role for PD-1 in mediating TCD8 impairment during acute 
infections is unclear. Mice acutely infected with lymphocytic cho-
riomeningitis virus (LCMV) have functional TCD8 that rapidly 
downregulate PD-1 in the infected spleen (17, 19), while mice 
acutely infected with Friend retrovirus have TCD8 that express high 
levels of PD-1 yet remain cytotoxic (32). In humans during acute 
hepatitis B virus infection, high TCD8 PD-1 levels correlate with a 
positive clinical outcome, presumably due to reduced TCD8-medi-
ated liver damage (33). However, during acute hepatitis C virus 
infection, high PD-1 expression is associated with TCD8 impair-
ment and progression to chronic infection (34). More recent stud-
ies have suggested that PD-1 plays an inhibitory role during some 
acute infections, such as viral central nervous system infection 
(35, 36), pulmonary fungal infection (37), and bacterial sepsis (38, 
39). However, mechanisms governing PD-1 regulation in these set-
tings and the specific impact of PD-1 signaling on TCD8 functional 
impairment during acute viral infections are unknown.

We hypothesized that viruses causing acute LRI induce PD-1–
mediated TCD8 functional impairment in the infected lung, where 
both viral antigen driving PD-1 upregulation and PD-L1 ligating 
PD-1 are present. We report that PD-1 signaling rapidly induced 
pulmonary TCD8 impairment during HMPV and IAV infec-
tions. Using i.n. delivery of peptide-loaded DCs to elicit a TCD8 
response in the absence of viral replication, we demonstrate that 
cognate viral antigen is necessary and sufficient to induce PD-1 
upregulation, but that infection-induced PD-L1 is also required 
for TCD8 impairment. Importantly, therapeutic inhibition of PD-1 
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ligation using monoclonal antibody blockade prevented impair-
ment and reduced viral titers without exacerbating lung histo-
pathology, though mild airway dysfunction was observed. TCD8 
impairment was more pronounced during secondary infection, 
as memory TCD8 were severely impaired and expressed more PD-1 
than TCD8 during primary infection. PD-1 signaling blockade dur-
ing challenge infection of immunized mice restored function to 
pulmonary TCD8 and significantly augmented their protective 
capacity, resulting in reduced viral titers. Finally, PD-1 and PD-L1 
were expressed in the lungs of patients with severe acute viral LRI, 
suggesting that modulation of the PD-1/PD-L1 pathway could 
enhance antiviral TCD8 functions in these patients, a population 
for which limited treatment options currently exist.

Results
HMPV TCD8 epitope mapping in C57BL/6 and HLA-B*0702 transgenic 
mice. Since previous studies of HMPV disease in small animals uti-
lized BALB/c mice (40, 41) or cotton rats (42), we first character-
ized HMPV infection of C57BL/6 (B6) mice. Viral titers peaked in 
the lungs at day 5 after infection, declined at day 7, and were unde-
tectable by day 10 (Figure 1A), consistent with an acute infection 
(2). Viral genome was still detectable in the lungs up to 6 weeks 
after infection (Figure 1B). Lower airway histopathology was con-
sistent with peribronchiolitis and perivasculitis (Figure 1C).

To more specifically study the anti-HMPV TCD8 response, we 
mapped epitopes in B6 mice as well as B6-Kb0Db0;B7.2 transgenic 

(B7tg) mice, which can only recognize TCD8 epitopes restricted by 
human HLA-B*0702 (43). In B6 mice, 11 epitopes were identified 
with similar frequencies of IFN-γ–secreting HMPV-immune sple-
nocytes at day 10 after infection (data not shown and Supplemen-
tal Figure 1A; supplemental material available online with this 
article; doi:10.1172/JCI62860DS1). To determine which epitope-
specific TCD8 targeted the primary site of HMPV infection, we fur-
ther screened B6 epitopes in lung lymphocytes and determined that 
H2-Db/F528–536 (F528) and H2-Kb/N11–19 (N11) resulted in the high-
est responses (Supplemental Figure 1A). In B7tg mice, 6 TCD8 epit-
opes were identified (Supplemental Figure 1B and data not shown). 
Stimulation with M195–203 (M195) and to a lesser extent N198–206 
(N198) peptides produced a large fraction of HMPV-immune sple-
nocytes releasing IFN-γ at day 10 after infection (Supplemental 
Figure 1B). HMPV replication kinetics and lung pathology in B7tg 
mice were similar to those in B6 mice (data not shown).

Pulmonary TCD8 are impaired and upregulate PD-1 during HMPV 
infection. HMPV-specific TCD8 were quantified using two separate 
assays performed in parallel: MHC class I tetramer staining enu-
merates total epitope-specific TCD8 directly ex vivo, while epitope 
restimulation followed by intracellular cytokine staining (ICS) 
for IFN-γ, a direct correlate of cytolytic activity (44), and surface 
staining for CD107a, an indicator of cytotoxic granule release 
(45), quantifies effector functions (Supplemental Figure 2 shows 
flow cytometry gating strategies). In the spleen, we observed a 
high concordance between tetramer staining and CD107a mobi-

Figure 1
Kinetics of HMPV viral replication and lower airway pathology. (A) B6 mice were infected i.n. with HMPV and viral titers were quantified for the 
lungs and nasal turbinates in PFU per gram tissue (n = 3–6 mice per time point). Dotted line indicates the limit of viral detection. (B) Real-time 
RT-PCR targeting the HMPV N gene was used to quantify genome levels in the lungs of infected mice at the indicated times after infection  
(n = 5–10 mice per time point). Arrow indicates the time at which mice were challenged with HMPV. (C) Images represent serially cut lung sec-
tions stained with H&E or anti-CD3 and are representative of 3–5 individual mice per time point for which viral titers were determined to confirm 
infection. Original magnification, ×200 (days 1–5); ×100 (day 7). Data in B are representative of 3 experiments.
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lization or IFN-γ production in TCD8 at all time points (Figure 2, 
A and B). However, by day 7 after infection, 11.8% of lung-infil-
trating TCD8 were detected with M195 tetramer, while only 3.5% 
produced IFN-γ or degranulated when restimulated with M195 
peptide (Figure 2, C and D). Pulmonary TCD8 function contin-
ued to decline over time, with less than 10% functional by week 6 
(Figure 2, D and E). Thus, a large fraction of pulmonary HMPV-
specific TCD8 failed to respond to antigen, and this impairment 
persisted for several weeks beyond viral clearance.

During chronic infections or cancer, TCD8 become exhausted 
with progressive loss of effector functions; these cells lose expres-
sion of IL-2, TNF-α , IFN-γ , and CD107a, in that order, followed 
by clonal deletion (17). To define the extent of impairment dur-
ing HMPV infection, we quantified other effector functions at the 
peak of the TCD8 response. Thirty-six percent of lung-infiltrating 
TCD8 expressed granzyme B (GzmB), which were predominantly 
M195 tetramer+ (Supplemental Figure 3A). While about two-thirds 
of M195-specific TCD8 were GzmB+, far fewer produced IFN-γ,  
and even fewer produced TNF-α or IL-2 (Supplemental Figure 3, 

B and C). Strikingly, lung M195-specific TCD8 were more severely 
impaired during secondary infection, when neutralizing antibody 
completely blocks viral replication in the lungs (Figure 2E and 
data not shown). Since M195 epitope–specific cells account for 
such a high percentage of virus-activated lung TCD8 during primary  
and secondary infection, we questioned whether TCD8 impairment 
was restricted to the immunodominant response. This was not 
the case, as subdominant N198-specific TCD8 were functionally 
impaired to a similar degree (Figure 2F), as were other epitopes 
tested (data not shown). Thus, pulmonary HMPV-specific TCD8 
were impaired in multiple key effector functions.

Given the progressive degree of functional impairment observed 
in pulmonary HMPV-specific TCD8, we wondered whether these 
cells expressed the inhibitory receptor PD-1, a marker of impaired 
T cells. In naive mice, less than 5% of lung or spleen TCD8 expressed 
PD-1 (data not shown). In contrast, during HMPV infection PD-1 
was rapidly upregulated on M195-specific TCD8 by day 5 and 
reached maximum expression in the lungs between days 7 and 14 
(Figure 2, G and H). Over half of pulmonary TCD8 remained PD-1+ 

Figure 2
Pulmonary TCD8 are impaired and upregulate 
PD-1 during HMPV LRI. Spleen (A and B) 
and lung (C and D) lymphocytes were iso-
lated from B7tg mice at the indicated times 
after HMPV infection. Representative histo-
grams from day 7 after infection (A and C) 
and combined data from several time points 
(B and D) enumerate the TCD8 response 
directed against the M195 epitope. Numbers 
in flow plots indicate the percentage of CD8+ 
T cells that either bind to M195 tetramer or 
respond to restimulation with M195 peptide 
by mobilizing CD107a to the cell surface 
(i.e., degranulating) or producing IFN-γ. 
(E) M195-specific TCD8 response at day 42 
after primary infection (Before) and then 
at day 7 after challenge. (F) N198-specific 
TCD8 response at day 14 after infection. (G) 
Representative flow cytometry plots dem-
onstrating PD-1 expression versus M195 
tetramer staining at day 14 after infection in 
the lung. Numbers in each quadrant indicate 
the percentage of CD8+ T cells. (H) Kinet-
ics of PD-1 expression on spleen or lung 
M195-specific CD8+ T cells. Arrow indicates 
the time at which mice were challenged with 
HMPV (day 42 after primary infection). Data 
are representative of at least 2 independent 
experiments with 4–5 individual mice per 
time point. Twenty-thousand CD8+ T cells 
were counted for the spleen and 10,000 for 
the lung. #P < 0.05, ‡P < 0.005, ###P < 0.0005 
(2-tailed paired t test); values in D–F are 
relative to tetramer+ cells analyzed in parallel 
from the same mice at the same time point.
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several weeks after viral clearance. Upon reinfection, PD-1 levels 
returned to those observed during primary infection (Figure 2H), 
despite undetectable lung virus replication (data not shown). In 
contrast, M195-specific TCD8 in the uninfected spleen upregulated 
PD-1 early during infection but steadily decreased expression 
over time, which did not increase upon challenge infection. PD-1 
expression was not restricted to a limited TCR repertoire, as the 
M195-specific population was polyclonal, primarily representing 
the Vβ2 and Vβ9 families (Supplemental Figure 4A). PD-1 expres-
sion was indistinguishable between different TCR Vβ families 
(Supplemental Figure 4B) and different epitopes (Supplemental 
Figure 4C). Thus, prolonged PD-1 expression by a polyclonal lung 
TCD8 population was associated with impairment.

Viral infection is required for pulmonary TCD8 impairment and PD-1 
upregulation. To determine whether TCD8 upregulate PD-1 in 
response to other acute viral LRIs, we infected B6 mice with influ-
enza virus (strain A/34/PR/8) and measured lung TCD8 responses 
to the immunodominant H2-Db/NP366–374 (NP366) epitope (ref. 
46 and Figure 3A). As previously described (8), we observed no 
impairment at day 7 after infection. However, there was substan-
tial impairment of both IFN-γ production and degranulation 
by day 14, with the majority of pulmonary NP366-specific TCD8 
expressing PD-1 at both time points (Figure 3B). Intranasal infec-
tion of B7tg mice with vaccinia virus (VACV) also resulted in TCD8 
impairment and PD-1 upregulation for the immunodominant 
epitopes A34R82–90 (A34R) and D1R808–817 (data not shown). These 

data indicate that functional impairment of pulmonary PD-1hi 
TCD8 is a common host response to different virus families capable 
of causing acute LRI.

Since several human viruses are capable of eliciting pulmonary 
TCD8 impairment, we wondered whether this was a consequence 
of TCD8 trafficking to the unique lung microenvironment. To 
address this, we employed peptide-loaded, LPS-matured bone mar-
row–derived DCs, which are potent antigen-presenting cells that, 
once administered, traffic to draining LNs to prime naive TCD8 (47, 
48). Matured DCs were CD11b+ and upregulated MHC molecules, 
costimulatory CD86, and the LN homing receptor CCR7 (Sup-
plemental Figure 5A). DCs were loaded with M195 peptide and 
administered i.n. to recapitulate the route of infection utilized by 
respiratory viruses and to elicit epitope-specific TCD8 in the absence 
of viral replication. M195-specific TCD8 were detectable in the lung 
by day 5 after immunization (Supplemental Figure 5B), the same 
time HMPV-specific TCD8 arrived in the lung following HMPV 
infection (Figure 2B). Interestingly, lung-infiltrating M195-spe-
cific TCD8 elicited by DCs were not impaired at either day 7 or 14 
after immunization (Figure 3C) and expressed low levels of PD-1 
(~25%, Figure 3D) as compared with the level during HMPV infec-
tion (~75%, Figure 2H). Furthermore, DC-elicited M195-specific 
TCD8 were polyfunctional, with most containing GzmB and pro-
ducing TNF-α and IL-2 in addition to IFN-γ (Supplemental Figure 
5C). Next, mice were DC immunized either s.c. or i.n. to determine 
whether DC-elicited TCD8 provide protection against subsequent 

Figure 3
Viral infection is required for pulmonary TCD8 impair-
ment and PD-1 upregulation. (A and B) B6 mice were 
infected with IAV (strain A/34/PR/8), and the lung TCD8 
response (A) and PD-1 expression (B) were assessed 
at days 7 and 14 after infection for the H2-Db/NP366 
epitope. (C and D) B7tg mice were immunized i.n. 
with M195 peptide-loaded, LPS-matured DCs, and 
the lung M195-specific TCD8 response (C) and PD-1 
expression (D) were quantified. (E and F) B7tg mice 
were infected with HMPV and then challenged at least 
50 days later with either virus (HMPV) or M195-DCs 
delivered i.n. Lung lymphocytes were harvested at 
day 7 after challenge, and the TCD8 response (E) and 
PD-1 expression (F) were quantified. PD-1 expression 
on total lung CD8+ lymphocytes and epitope-specific 
CD8+ T cells are shown (B, D, and F). Each symbol 
represents an individual mouse, while horizontal lines 
denote the mean for each group. Data are combined 
from 2 independent experiments with 5 individual mice 
per time point per experiment. ###P < 0.0005 (2-tailed 
paired t test).
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challenge infection. Following challenge of s.c. immunized mice, 
only M195-DCs decreased lung viral titers at the peak of virus rep-
lication (Supplemental Figure 5D). In contrast, i.n. immunization 
with DCs loaded with a VACV epitope (mock-DCs) or N198-DCs 
resulted in an 8- to 10-fold reduction in viral titers (Supplemental 
Figure 5E), suggesting that either residual DCs present in the lung 
or nonspecific pulmonary TCD8 provide some degree of protection. 
Importantly, i.n. immunization with M195-DCs resulted in an even 
greater, 35-fold reduction in viral titers as compared with unimmu-
nized mice. Interestingly, mice infected with HMPV and then chal-

lenged i.n. with M195-DCs several weeks later exhibited the same 
degree of TCD8 impairment (Figure 3E) and PD-1 upregulation (Fig-
ure 3F) as mice undergoing secondary viral infection, suggesting 
that the impairment program is maintained in antigen-experienced 
peripheral memory TCD8, a population that accounts for much of 
the recall response to secondary viral LRI (49).

Cognate viral antigen in the presence of active LRI is required for PD-1 
induction and TCD8 impairment. Antigen-dependent TCR signaling 
is associated with PD-1 upregulation during chronic infections 
(18–20, 29), but a variety of cytokines can also induce PD-1 inde-

Figure 4
Cognate viral antigen in the presence of active LRI is required for PD-1 induction and TCD8 impairment. (A) Experimental strategy for B and C: 
B7tg mice were immunized i.n. with VACV A34R-loaded or HMPV M195-loaded DCs, and lung lymphocytes were harvested at either day 14 after 
immunization (A34R immunization) or day 7 after HMPV challenge (both A34R and M195 immunizations). (B) The A34R- and M195-specific 
TCD8 responses were quantified in each group of mice as indicated. (C) PD-1 expression is shown as either representative histograms, percent-
age positive, or MFI. (D and E) Mice were immunized i.n. with M195-loaded DCs, and then 50 μg of either an irrelevant peptide (Mock) or M195 
peptide (M195) was administered daily i.n. for 7 days. The M195-specific TCD8 response (D) and PD-1 expression (E) following repeated peptide 
administration were quantified. Data in B are combined from 3 independent experiments, while data in C–E are representative of at least 2 inde-
pendent experiments with 4–6 individual mice per group per experiment. #P < 0.05, ###P < 0.0005 (2-tailed paired t test). *P < 0.05, **P < 0.005, 
***P < 0.0005 (1-way ANOVA with Bonferroni post-test [C] or 2-tailed Student’s t test [E]).
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pendent of antigen exposure (50, 51). To determine whether viral 
antigen present at the site of infection is the primary cause of both 
pulmonary TCD8 impairment and PD-1 upregulation, we took 
advantage of the fact that i.n. DC immunization elicits unimpaired, 
PD-1lo TCD8 directly in the lung environment (Figure 3, C and D). 
Therefore, we DC-immunized mice i.n. with either the VACV epit-
ope A34R or the HMPV epitope M195. There is no cross-reactivity 
between A34R and any HMPV epitopes, as A34R tetramer failed 
to stain HMPV-immune splenocytes or lung lymphocytes (Supple-
mental Figure 2). A34R-immunized mice were either unchallenged 
or HMPV challenged, while M195-immunized mice were HMPV 
challenged (Figure 4A). A34R-specific TCD8 in unchallenged mice 
were not impaired (Figure 4B), as was the case with M195-specific 
TCD8 following M195-DC immunization (Figure 3C). Importantly, 
during HMPV challenge, A34R-specific TCD8 were not substantial-
ly impaired for either degranulation (Figure 4B and Supplemen-
tal Figure 6A) or IFN-γ production (Figure 4B and Supplemental 
Figure 6B), while M195-specific TCD8 in the same infected lungs 
were severely impaired as during primary infection. Thus, HMPV 
infection does not impair the functionality of heterologous VACV-
specific TCD8. M195-immunized HMPV-challenged mice mounted 
a robust secondary response to the M195 epitope, but their TCD8 
were the most severely impaired (Figure 4B and Supplemental 
Figure 6, A and B), suggesting that antigen-experienced TCD8 are 
more susceptible to functional exhaustion than TCD8 responding 
to primary infection. The degree of impairment in each group cor-
related with PD-1 levels: PD-1 expression on A34R-specific TCD8 
was similarly low in unchallenged and challenged mice (Figure 
4C). In M195-immunized HMPV-challenged mice, almost 100% 
of M195-specific TCD8 were PD-1+ (Figure 4C), and there was 
a 60% increase in MFI over that of M195-specific TCD8 in A34R-
immunized mice (Figure 4C), indicating that PD-1 is more highly 
expressed during secondary immune responses.

During chronic infections, persistent viral antigen causes PD-1–
mediated TCD8 exhaustion through continuous stimulation of the 
TCR (17, 18, 51, 52). To determine whether antigen exposure alone 
is capable of inducing PD-1 expression and functional impairment in 
the respiratory tract, we immunized mice i.n. with M195-loaded DCs 
and then administered either an irrelevant peptide or M195 peptide 
i.n. to provide cognate antigen for TCR stimulation. After reexposure 
to cognate antigen, M195-specific TCD8 remained fully functional 
(Figure 4D) but significantly upregulated PD-1 (Figure 4E), indi-
cating that antigen-dependent TCR signaling is sufficient for PD-1 
upregulation but not functional impairment in the acute setting.

Taken together, the preceding data suggested that both cognate 
viral antigen and active LRI are required for PD-1 induction and 

TCD8 impairment. Since cognate antigen alone failed to induce 
impairment in the absence of infection, we hypothesized that 
upregulation of the PD-1 ligand PD-L1 was also required. HMPV 
or IAV infection of human bronchial epithelial cells upregulated 
PD-L1 in a dose-dependent manner (Supplemental Figure 7), con-
sistent with previous findings for RSV (27). HMPV also induced 
PD-L1 upregulation in the lungs of infected mice: PD-L1 gene 
expression increased 4-fold by day 5 after infection and 10-fold 
by day 7, and decreased rapidly by day 14 (Figure 5A). In contrast, 
PD-L1 expression was unchanged on day 7 after DC immunization 
and increased slightly by day 14 (Figure 5B). Thus, PD-L1 expres-
sion increased early during viral infection in association with PD-1hi  
TCD8, but not during DC immunization, when TCD8 are PD-1lo.

Blockade or ablation of PD-1 signaling prevents pulmonary TCD8 func-
tional impairment during acute viral LRI. To prevent PD-1 ligation 
and determine whether pulmonary TCD8 impairment requires 
infection-induced PD-L1, we injected mice with blocking antibod-
ies against PD-1 ligands (anti–PD-L) prior to infection and then 
every 2 days following infection. Anti–PD-L resulted in a greater 
percentage of M195-specific TCD8 in the spleens of infected ani-
mals, but more importantly improved function of pulmonary 
TCD8 compared with that in mice treated with isotype control 
antibody (Figure 6A). The percentage of functional M195-specific 
cells increased from 65% to 95% CD107a+ and from 45% to 71% 
IFN-γ+ in anti–PD-L mice compared with control mice (Figure 6B). 
Anti–PD-L also augmented the amount of IFN-γ synthesized in 
spleen and lung M195-specific TCD8 (Figure 6C). The percentage 
of PD-1+ M195-specific TCD8 increased in both the spleen and lung 
of anti–PD-L–treated mice (Figure 6D), again indicating that PD-1 
upregulation alone is insufficient to induce TCD8 impairment and 
that ligation by PD-L1 is also required. To gauge the broader 
immunomodulatory effects of blocking PD-1 signaling, we quan-
tified total cytokine levels in HMPV-infected lungs. Anti–PD-L 
resulted in increased levels of the proinflammatory cytokines 
IFN-γ, TNF-α, and IL-6, while IL-17A and the anti-inflammatory 
cytokines IL-10 and TGF-β were unchanged (Figure 6E). Both 
IL-2 and IL-4 were below the limit of detection (data not shown). 
Importantly, prevention of pulmonary TCD8 impairment and aug-
mentation of cytokine levels resulted in enhanced viral clearance, 
as anti–PD-L reduced lung viral titers 2-fold on day 5 after infec-
tion and more than 30-fold on day 7 (Figure 6F).

Despite the increased level of proinflammatory cytokines and 
functional TCD8, anti–PD-L was not associated with increased 
lung histopathology (Supplemental Figure 8). However, to gauge 
more relevant clinical outcomes in live mice, we utilized a mouse 
oximeter to quantify airway dysfunction, a key feature of severe 

Figure 5
PD-L1 expression increases in lungs upon viral infection but not DC 
immunization. B7tg mice were either infected with HMPV (A) or immu-
nized i.n. with M195-loaded DCs (B). At the indicated times after inocu-
lation lung RNA was extracted for quantification of PD-L1 gene expres-
sion using real-time RT-PCR. PD-L1 levels were normalized to the 
housekeeping gene Hprt, and the relative gene expression compared 
with that in mock-infected animals is shown (2–ΔΔCt method). Data are 
combined from 2 independent experiments with 4–6 individual mice 
per time point per experiment. *P < 0.05, ***P < 0.0005 compared with 
mock-infected mice (2-tailed Student’s t test).
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LRI in humans (53). Airway dysfunction and subsequent air trap-
ping leads to pulsus paradoxus, an exaggeration in the pulse vol-
ume during respiration as a result of increased breathing effort 
(54). HMPV infection alone did not increase breathing effort as 
compared with mock infection (Figure 6G). However, anti–PD-L 
resulted in double the breathing effort relative to that observed in 
isotype control–treated animals. Thus, anti–PD-L reduced func-
tional impairment in a population of protective HMPV-specific 
TCD8, but did, to some degree, increase airway dysfunction.

We next employed PD-1–/– mice (55) to completely abolish PD-1 
signaling and confirm that results from anti–PD-L treatment 
were due to inhibition of PD-1 signaling and not reverse signal-

ing through PD-L1 (51). PD-1–/– mice were maintained on the B6 
background, so we examined the HMPV-specific TCD8 response 
directed against the F528 and N11 epitopes. Similar to mice treat-
ed with anti–PD-L, PD-1–/– mice had a higher percentage of splenic 
HMPV-specific TCD8 (Figure 7A), as well as a greater percentage of 
lung F528- and N11-specific TCD8 that degranulated and produced 
IFN-γ as compared with WT mice (Figure 7B). This translated to 
a greater percentage of functional pulmonary HMPV-specific 
TCD8 in PD-1–/– mice (Figure 7C). Unlike in the experiments with 
anti–PD-L, we also observed a 3- to 4-fold increase in the abso-
lute number of both tetramer+ (Figure 7D) and IFN-γ+ (Figure 7E) 
TCD8 in PD-1–/– mice relative to WT mice (Figure 7E). IFN-γ and 

Figure 6
Blocking PD-1 ligation prevents functional impairment of pulmonary TCD8 during HMPV infection. B7tg mice were injected i.p. with 200 μg of 
isotype control antibody (Isotype) or both anti–PD-L1 and anti–PD-L2 blocking antibodies (Anti–PD-L) for 2 days prior to infection and then every 
other day during HMPV infection. (A) The M195-specific TCD8 response was quantified in the spleen and lung on day 7 after infection. (B) The 
percentage of functional M195-specific pulmonary TCD8 was calculated by dividing the percentage of CD8+ T cells that were either CD107a+ or 
IFN-γ+ by the percentage of cells that were tetramer+ for both isotype- and anti–PD-L–treated mice. (C) IFN-γ MFI from M195-stimulated cells. 
(D) PD-1 expression on spleen and lung M195-specific CD8+ T cells. (E) Lung cytokines were quantified by cytometric bead array on day 7 after 
infection. (Note: IL-2 and IL-4 levels were below the limit of detection). (F) Lung and nasal turbinate viral titers were quantified via plaque assay on 
days 5, 7, and 9 after infection. (G) Breath distension of peripheral arteries, a measure of pulsus paradoxus and airway dysfunction, was quantified 
noninvasively by pulse oximetry as described in Methods. “Mock” indicates mice that were mock infected. Data in A–E are combined from 2 or 3 
independent experiments with 4–5 individual mice per group per experiment, while data in F and G are representative of 2 independent experi-
ments with 5 mice per group. #P < 0.05 (2-tailed paired t test); *P < 0.05, **P < 0.005, ***P < 0.0005 (2-tailed Student’s t test).
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TNF-α cytokine levels were significantly elevated in the lungs of 
PD-1–/– animals, while IL-10 and IL-17A were trending upward 
and IL-6 and TGF-β were unchanged (Figure 7F). Given both the 
increased number of HMPV-specific TCD8 and their increased func-
tionality in PD-1–/– mice, we asked whether PD-1 signaling func-
tions to prevent immunopathology during acute viral LRI. WT 
and PD-1–/– mice exhibited the same pattern of peribronchiolitis 
and perivasculitis, with similar numbers of CD3+ mononuclear 
cells infiltrating each of these spaces (Figure 7G), suggesting that 
abrogation of PD-1 signaling in the setting of acute LRI does not 
exacerbate lower airway histopathology.

We next tested the effect of PD-1 ablation on influenza virus LRI. 
Because TCD8 were not impaired on day 7 (Figure 3A), we exam-
ined the TCD8 response at day 8 after infection with IAV (strain 

HK/x31) in WT versus PD-1–/– mice. NP366-specific pulmonary 
TCD8 drastically upregulated PD-1 in WT mice (Figure 8A) and 
were impaired (Figure 8B). IFN-γ+ and CD107a+ NP366-specific 
TCD8 were increased in the lungs of PD-1–/– mice compared with 
WT animals (Figure 8, B and C). The IAV-specific PD-1–/– TCD8 did 
not contain more GzmB (Figure 8D), suggesting that increased 
supernatant GzmB levels found in some studies may be attrib-
utable to increased degranulation and not increased production 
(29, 56), while more prolonged blockade of the PD-1 pathway 
may be necessary to increase TCD8 granzyme expression (21, 57).  
PD-1–/– mice took longer to recover from infection than WT mice, 
as measured by weight loss (Figure 8E). Additionally, both WT and  
PD-1–/– animals exhibited increased breathing effort compared 
with mock-infected mice, but, in contrast to anti–PD-L treatment 

Figure 7
Pulmonary TCD8 impairment is prevented during HMPV LRI in PD-1–/– mice. WT and PD-1–/– mice were infected with HMPV, and 7 days later 
spleen and lung lymphocytes were harvested. (A and B) The spleen H2-Db/F528–specific TCD8 response (A) and the lung F528 and H2-Kb/
N11–specific TCD8 responses (B) were quantified. (C–E) The percentage of functional F528- or N11-specific lung TCD8 (C) as well as the absolute 
number of tetramer+ (D) and IFN-γ+ (E) epitope-specific cells was calculated. (F) Lung cytokines were quantified by cytometric bead array at 
day 7 after infection. (Note: IL-2 and IL-4 levels were below the limit of detection). (G) Lung sections from WT or PD-1–/– mice were either H&E 
or anti-CD3 stained. Images are representative of 4 individual mice per group. Original magnification, ×200. Data are combined from 2 (F) or 3 
(A–E) independent experiments with 4–6 individual mice per group per experiment. #P < 0.05, ###P < 0.0005 (2-tailed paired t test); *P < 0.05,  
**P < 0.005, ***P < 0.0005 (2-tailed Student’s t test).
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of HMPV-infected mice, lack of PD-1 signaling did not exacerbate 
airway dysfunction (Figure 8F). The results of these experiments 
suggest that PD-1 negatively regulates TCD8 during LRI caused by 
both HMPV and IAV, which may help to speed recovery by limiting 
adverse immune-mediated effects on respiratory physiology.

Anti–PD-L treatment improves secondary immune responses by over-
coming TCD8 impairment during challenge infection. Given the large 
degree of impairment observed during secondary infection (Fig-
ure 2E and Figure 4B) or DC challenge of previously infected mice 
(Figure 3E), we sought to elucidate the role of PD-1 in inhibiting 
secondary immune responses. Since primary HMPV infection 
elicits sterilizing immunity, we employed i.n. DC immunization 
to elicit lung-infiltrating M195-specific TCD8 in the absence of 
infection. Mice were challenged with HMPV 18 days after immu-
nization, and the M195-specific secondary immune response and 
viral titers were quantified at day 5 after challenge in either the 
presence or absence of anti–PD-L treatment (Figure 9A). Mice 
that were not DC immunized generated a small M195-specific 
response (1.3% tetramer+, Figure 9B), consistent with previous 
results observed during primary infection (Figure 2D). Mice that 
were M195-DC immunized and isotype treated mounted a robust 
secondary M195-specific response (8% tetramer+, Figure 9B). 
However, only half of these cells were functional as determined by 
CD107a mobilization (56%) and IFN-γ production (45%) (Figure 
9, B and C). Anti–PD-L significantly restored both degranulation 
(87%) and IFN-γ production (81%) to M195-specific cells during 
challenge infection (Figure 9, B and C). Like anti–PD-L treatment 
during primary infection, blocking PD-1 ligation resulted in PD-1 
upregulation on M195-specific TCD8 (Figure 9D). Importantly, 
lung viral titers in anti–PD-L–treated mice were reduced 5-fold 

compared with isotype-treated mice and more than 20-fold com-
pared with unimmunized HMPV-infected mice (Figure 9E). Taken 
together, these results indicate that pulmonary TCD8 impairment 
during both primary and secondary infection is mediated by the 
PD-1/PD-L1 pathway and that this impairment can be prevented 
to maintain functional antiviral TCD8 and enhance viral clearance.

PD-1 and PD-L1 are expressed in the lower airways of patients with severe 
2009 H1N1 pandemic IAV, RSV, or PIV-3 infection. To determine wheth-
er the PD-1/PD-L1 pathway is activated during acute viral LRI in 
humans, we obtained autopsy specimens from pediatric and adult 
patients with severe LRI or nonpulmonary disease as controls. Both 
2009 H1N1 pandemic IAV and RSV caused pronounced lung pathol-
ogy, including severe pneumonia (Figure 10B) and bronchiolitis (Fig-
ure 10C), with extensive TCD8 infiltration (Figure 10, F and G). PD-1 
was detected on small lymphocytes and macrophages present in the 
airway and interstitium (Figure 10, J and K, and Supplemental Figure 
9), while PD-L1 was expressed on alveolar and bronchiolar epithelial 
cells, as well as on airway and tissue macrophages (Figure 10, N, O, 
R, and S, and Supplemental Figure 9). In total, PD-1 was detected 
in 3 of 4 2009 H1N1 cases, 2 of 3 RSV cases and 1 of 1 PIV-3 case. 
PD-L1 was detected in 4 of 4 H1N1 cases, 3 of 3 RSV cases, and 1 of 
1 PIV-3 case. In control cases (4 total), PD-1 and PD-L1 expression 
was restricted to sparse airway macrophages (Figure 10 and Supple-
mental Figure 9). These results suggest that the PD-1/PD-L1 path-
way is engaged and may play a significant role in inhibiting adaptive 
immune responses during acute viral LRI in humans.

Discussion
Pulmonary TCD8 impairment has been described during murine 
acute viral LRI (8–12), but the mechanism has not been elucidated. 

Figure 8
Pulmonary TCD8 impairment is improved but recovery is delayed in IAV-infected PD-1–/– mice. WT and PD-1–/– mice were infected with IAV (strain 
HK/x31), and 8 days later lung lymphocytes were isolated. (A) Representative flow cytometry plots showing PD-1 staining on NP366-specific 
TCD8 in WT versus PD-1–/– mice. Numbers in each quadrant indicate the percentage of CD8+ T cells. (B) Quantification of the lung NP366-specific 
TCD8 response. (C) The absolute number of tetramer+ or IFN-γ+ NP366-specific lung TCD8 was calculated. (D) NP366 tetramer-labeled cells were 
permeabilized and stained for intracellular GzmB. (E) Weight loss is shown as a percentage of initial body weight. (F) Breath distension was mea-
sured as described in Methods. “Mock” indicates mice that were mock infected. Data are combined from 2 (F) or 3 (A–E) independent experiment 
with 5 individual mice per group per experiment. #P < 0.05, ###P < 0.0005 (2-tailed paired t test); *P < 0.05, ***P < 0.0005 (2-tailed Student’s t test).
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We show in two different mouse models and during both primary 
and secondary LRI that the PD-1/PD-L1 pathway mediates this 
impairment. Both dominant and subdominant epitope-specific 
TCD8 were impaired during HMPV, IAV, or VACV infection, indi-
cating that loss of pulmonary TCD8 function via PD-1 signaling is 
not restricted to a single virus family. Pulmonary TCD8 impairment 
resembles the exhaustion phenotype observed during chronic viral 
infections, wherein TCD8 upregulate PD-1 and fail to respond when 
restimulated by viral antigen. TCD8 exhaustion occurs several weeks 
after infection, with the ability to produce IFN-γ and TNF-α lost 
first, followed by impairment of degranulation and cytotoxic capa-
bilities (17, 19). In contrast, we found that PD-1–mediated pulmo-
nary TCD8 impairment occurred rapidly (by day 7 after infection), 
with simultaneous loss of degranulation and IFN-γ production 
that continued for several weeks after viral clearance.

Since PD-1 was upregulated early during acute viral LRI on 
TCD8 but also maintained for several weeks following clearance, 
it is unclear whether early exposure to viral antigen or persistent 
low-level TCR stimulation from residual antigen maintains PD-1–
mediated impairment after viral clearance. DC (Figure 3, C and 
D) and DNA immunization (8) experiments suggest that it may 
be the former, as TCD8 elicited in these antigen-low environments 
maintain effector capabilities. In the current study, we could not 
detect infectious virus in the lung past day 10; nonetheless, we did 
find trace amounts of viral genome via real-time RT-PCR up to 50 
days after infection, similar to genome persistence described for 
both RSV (58) and IAV (59). This result suggests that persistent 
viral genome may provide a source of viral antigen to maintain 

TCR signaling and PD-1 expression even after infectious virus has 
been eliminated. Additionally, we found that splenic TCD8 were 
unimpaired and downregulated PD-1 over time, indicating that 
trafficking away from the infected lung and escape from antigen-
driven TCR signaling may prevent impairment.

Additionally, cognate viral antigen in the context of active LRI 
was required for both pulmonary TCD8 impairment and PD-1 
expression. Pulmonary TCD8 elicited by i.n. DC immunization, 
a context in which antigen is only transiently presented by the 
immunizing DCs before MHC class I internalization (60), were 
unimpaired and PD-1lo. Additionally, heterologous VACV-specific 
TCD8 remained unimpaired and PD-1lo even during HMPV chal-
lenge, indicating that antigen-dependent TCR signaling is the pri-
mary driver of impairment and PD-1 expression in this setting. 
However, antigen alone was not sufficient to induce impairment 
at early time points, as providing cognate peptide to M195-spe-
cific TCD8 in the lungs of M195-DC immunized mice upregulated 
PD-1 but did not cause impairment. It is possible that more long-
term stimulation with antigen may eventually induce impair-
ment. In one model system, chronic antigen stimulation achieved 
by repeated i.p. injections of IAV led to TCD8 exhaustion, as shown 
by a severe proliferation defect (61). However, impairment in this 
setting was not reversed by PD-L1 blockade and was more depen-
dent on TRAIL signaling. During most LRIs both antigen and 
inflammation are abundantly present, so determining the precise 
role of each in mediating impairment represents a challenge. Our 
results would suggest that antigen-dependent TCR signaling is an 
important determinant of PD-1 expression, but that inflamma-

Figure 9
Anti–PD-L treatment improves secondary immune responses by overcoming TCD8 impairment during challenge infection. (A) Experimental 
strategy: mice were either not immunized (HMPV only) or immunized i.n. with M195-loaded DCs. Eighteen days later, mice were challenged with 
HMPV. Immunized mice were injected i.p. with isotype control antibody (M195-DC + isotype) or both anti–PD-L1 (250 μg) and anti–PD-L2 (200 
μg) blocking antibodies (M195-DC + anti–PD-L) for 2 days prior to infection and then on days 1 and 3 during HMPV infection. (B and C) Five 
days after challenge, the lung M195-specific TCD8 response was quantified (B), and the functionality of these cells was calculated (C). (D) PD-1 
expression of lung M195-specific TCD8. (E) Lung viral titers were quantified by plaque assay. Data are combined from 2 independent experiments 
with 4–6 individual mice per group per experiment. #P < 0.05, ###P < 0.0005 (2-tailed paired t test); *P < 0.05, **P < 0.005 (2-tailed Student’s t test).
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tion is also required for the induction of PD-1 ligands and subse-
quent inhibitory signaling.

Therefore, we hypothesized that regulation and expression of 
PD-L1 contributes significantly to impairment during acute viral 
LRI. In vitro, both HMPV and IAV infection of human bronchial 
epithelial cells resulted in PD-L1 upregulation, corroborating find-
ings from studies with RSV, where it was also shown that IFN-γ 
alone is capable of increasing PD-L1 (27). In vivo, we found that 
PD-L1 expression correlated with viral replication and the induc-
tion of the adaptive immune response, as PD-L1 was upregulated 
6-fold by day 5 after infection (the peak of viral replication) and 
10-fold by day 7. HMPV, RSV, and IAV all infect respiratory tract 
epithelial cells. Antiviral TCD8 must recognize and interact with 
these infected cells in order to clear each virus. Furthermore, it 
has been demonstrated that RSV infection of primary human 
bronchial epithelial cells induced PD-L1 upregulation, leading to 

impairment of human TCD8 in vitro (56). Therefore, we propose 
a model whereby viral antigen signaling through the TCR leads 
to PD-1 upregulation on pulmonary TCD8, while viral infection of 
airway epithelial cells induces PD-L1, leading to PD-1 ligation and 
inhibitory signaling when TCD8 interact with infected cells. This 
may represent a negative feedback loop designed to protect the 
lung against immune-mediated damage. Antiviral TCD8 enter the 
lung at day 5 after infection capable of degranulating and produc-
ing IFN-γ, yet by day 7 they show signs of impairment. IFN-γ pro-
duced by either CD8+ or CD4+ T cells may then upregulate PD-L1 
on respiratory epithelial cells, thereby initiating PD-1 signaling in 
antiviral TCD8 and downregulating their effector functions. This 
contrasts with chronic viral infections caused by LCMV (62, 63) 
and HIV (63), where myeloid cells have been shown to contribute 
more to impairment and exhaustion, suggesting that viral tropism 
may dictate which cell types mediate impairment. In the case of 

Figure 10
PD-1 and PD-L1 are expressed in the lower airways of pediatric patients with severe 2009 H1N1 pandemic IAV or RSV infection. Lung autopsy 
specimens were fixed and stained with H&E (A–C), anti-CD8 (D–G), anti–PD-1 (H–K), or anti–PD-L1 (L–S) antibodies. Tonsil (D and H) or spleen 
(L and P) tissue were used as positive controls. “Lung control” (A, E, I, M, and Q) is from a patient with non-pulmonary disease, while “2009 
H1N1 case” (B, F, J, N, and R) is from a 12-year old patient with 2009 H1N1 pandemic IAV infection and “RSV case” (C, G, K, O, and S) is from 
an 18-month-old child with RSV infection. Original magnifications as indicated. 
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reinfection, upper and lower respiratory tract epithelial cell PD-L 
would be poised to impair airway-resident memory T cells as well 
as newly recruited cells, thus preventing an effective early immune 
response to limit viral replication. Results from anti–PD-L–treated 
mice that were DC immunized suggest that memory TCD8 may be 
similarly, if not more, affected by PD-1 signaling than naive cells. 
Taken together, our results indicate that antigen-dependent PD-1 
upregulation and subsequent ligation by PD-L1 play a prominent 
role in mediating pulmonary TCD8 impairment. These findings 
suggest that targeting the PD-1/PD-L1 pathway may provide ther-
apeutic potential in patients with acute viral LRI and offer novel 
approaches for developing effective respiratory viral vaccines.

Methods

Mice and viruses
B6 mice were purchased from the Jackson Laboratory. B7tg mice were 
obtained with permission from Alexander Sette (La Jolla Institute for Aller-
gy and Immunology, La Jolla, California, USA) and François Lemonnier 
(Institut Pasteur, Paris, France). PD-1–/– mice were obtained with permis-
sion from Tasuku Honjo (Kyoto University, Kyoto, Japan). All animals were 
bred and maintained in specific pathogen–free conditions in accordance 
with the Vanderbilt Institutional Animal Care and Use Committee. Six- to 
12-week-old age- and sex-matched animals were used in all experiments. 
HMPV (pathogenic clinical strain TN/94-49, genotype A2) was grown 
and titered in LLC-MK2 cells as previously described (42). Influenza virus 
strains A/34/PR/8 (PR8; H1N1; ATCC) and HK/x31 (x31; H3N2; provided 
by Jon McCullers, St. Jude Children’s Hospital, Memphis, Tennessee, USA) 
were grown in MDCK cells and titered on LLC-MK2 cells. The CR-19 strain 
of VACV was grown and titered on BSC-40 cells. For all experiments, mice 
were anesthetized with ketamine-xylazine and infected i.n. with 1.5 × 106 
PFU of HMPV, 102 PFU of PR8, 5 × 102 PFU of x31, or 104 PFU of VACV in 
a 100-μl volume. x31 was used in experiments with PD-1–/– mice because it 
induced a more robust CD8+ T cell response than PR8.

Viral titration and quantification of total lung cytokines
Viral titers were measured by plaque titration as previously described (42). 
Cytometric Bead Array was used to quantify IFN-γ, TNF-α, IL-2, IL-4, IL-6, 
IL-10, IL-17A, and TGF-β cytokine levels in undiluted lung homogenates 
according to the manufacturer’s instructions (BD Biosciences).

Epitope prediction, synthetic peptides, and IFN-γ ELISPOT assays
The online prediction algorithms SYFPEITHI (http://www.syfpeithi.de/), 
BIMAS (http://www-bimas.cit.nih.gov/molbio/hla_bind/), and IEDB 
(http://www.immuneepitope.org/) were used to generate HMPV epitope 
predictions for the HLA-B*0702 (70), H2-Db, and H2-Kb alleles. The top 
approximately 80 HLA-B*0702–, 40 H2-Db–, and 40 H2-Kb–restricted  
8- to 10-amino-acid-long predictopes were synthesized for HLA-B*0702 
(by Mimotopes) or H2b (by Genscript) to greater than 95% purity as deter-
mined by analytical high-performance liquid chromatography. ELISPOT 
analysis was performed as previously described (71). The mitogen con-
canavalin A (ConA, Sigma-Aldrich) was used as a positive control, while 
stimulation with an irrelevant peptide served as the negative control. The 
average number of spots in the negative control wells was subtracted from 
each experimental value, which was then expressed as spot-forming cells 
(SFC) per 106 lymphocytes.

Generation of MHC class I tetramers
The construct encoding a hybrid heavy chain of the HLA-B*0702 molecule 
was designed by replacing amino acids 206–299 of the human α3 domain 

viral LRI, it could be infected lung epithelial cells, adjacent cells 
exposed to type I or type II IFNs, or both of these cell populations 
that contribute to TCD8 impairment in vivo.

We show that pulmonary TCD8 impairment is preventable, indi-
cating a novel therapeutic avenue for acute viral LRIs, for which few 
specific treatments currently exist. Disruption of PD-1 signaling via 
therapeutic antibody blockade preserved TCD8 effector functions 
and decreased viral titers. As TCD8 functions also improved during 
both HMPV and IAV infections of PD-1–/– mice, targeting the PD-1/
PD-L1 pathway may provide clinical utility by enhancing antiviral 
TCD8 during a variety of acute LRI. Increasing TCD8 effector func-
tions and the presence of proinflammatory cytokines did not exac-
erbate airway histopathology in either anti–PD-L–treated or PD-1–/– 
mice. This contrasts with both chronic LCMV infection (19) and 
acute coronavirus CNS infection (35), where PD-L1–/– mice exhib-
ited exacerbated pathology and increased mortality, indicating that 
PD-1 may play differential roles depending on the virus and site 
of infection. We observed differences even among LRI caused by 
different viruses, as anti–PD-L treatment of HMPV-infected mice 
resulted in mildly increased breathing effort and pulsus para-
doxus, whereas IAV infected PD-1–/– mice displayed no enhanced 
airway dysfunction compared with WT mice. Thus, a therapeutic 
“window” for PD-1/PD-L1 modulation during acute viral LRI may 
exist between enhanced protection and immunopathology. Direct 
manipulation of the PD-1/PD-L1 pathway has so far proven safe 
and at least partially effective against both hematologic malignan-
cies (30) and solid tumors (31) in humans and against SIV in non-
human primates (57). Cytokine therapies that indirectly overcome 
PD-1 signaling also hold therapeutic promise (64, 65).

DC challenge of HMPV-primed mice was not capable of over-
coming the impairment program set in motion during primary 
infection, adding to recent findings that high levels of viral antigen 
present during the initial infection mediate chromatin remodeling 
around the PD-1 locus, allowing for rapid expression in memory 
TCD8 upon reexposure to antigen (66). Furthermore, our results 
and those from the LCMV chronic infection model (67) indicate 
that antigen-experienced TCD8 are highly susceptible to PD-1–
mediated impairment. During challenge infection, TCD8 rapidly 
upregulated PD-1 and were more severely impaired than during 
primary infection. Following DC immunization, we demonstrated 
that memory TCD8 provide some protection against viral challenge, 
which can be augmented by blocking PD-1 signaling. Therefore, 
modulation of the PD-1/PD-L1 pathway should be considered in 
the rational design of novel HMPV, RSV, or IAV vaccines. Future 
experiments are needed to further uncover the role of PD-1 in 
inhibiting memory TCD8 responses.

Finally, we determined that PD-1 and PD-L1 are abundantly 
expressed in the lower airways during acute viral LRI in humans. 
Additional studies are needed to determine whether PD-1 levels 
are associated with TCD8 impairment and poor clinical outcomes 
in patients with severe acute viral LRI. However, unlike in chron-
ic infections with HIV and HCV, peripheral blood TCD8 may not 
exhibit functional impairment, and thus examination of pulmo-
nary TCD8 will be required. Additionally, while our findings suggest 
that the PD-1/PD-L1 pathway may contribute to severe disease in 
humans, it will be interesting to determine what role this pathway 
plays in the ability of common respiratory viruses to continuously 
reinfect individuals. Human airway epithelial cells upregulate 
PD-L1 and PD-L2 in response to IFN-γ and TNF-α in vitro (27, 68) 
and to human rhinovirus infection in vivo (69). Therefore, upon 
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intracellular IFN-γ (clone XMG1.2), TNF-α (clone MP6-XT22), and/or IL-2 
(clone JES6-5H4) (all from BD Biosciences) and analyzed by flow cytometry. 
Background CD107a/cytokine levels following restimulation with an irrel-
evant peptide were subtracted from each experimental value.

Generation of bone marrow–derived DCs and immunizations
In preliminary experiments, we isolated primary pulmonary DCs from 
naive mice using magnetic selection with anti-CD11c microbeads (Miltenyi 
Biotec) and then peptide-loaded/LPS-matured them before immunizing 
recipient mice i.n. The purity of the isolated CD11c+ DCs was 95%–98% 
and approximately 8%–10% were CD103+ lung-resident DCs, which have 
been shown to efficiently home to draining LNs to prime naive T cells 
during respiratory virus infection (59). Intranasal immunization with 
3 × 105 peptide-loaded, LPS-matured lung CD11c+ DCs elicited unim-
paired, PD-1lo epitope-specific TCD8 (data not shown). However, because 
of the need for large numbers of naive mice to obtain a sufficient quan-
tity of pulmonary DCs, bone marrow–derived DCs were employed for all 
immunization experiments. Bone marrow–derived DCs were generated as 
previously described (79) with slight modifications. Briefly, bone marrow 
was obtained from the femurs and tibiae of B7tg mice, lysed of erythro-
cytes, and resuspended at 106 cells/ml in DC medium (R10 plus 20 ng/
ml rmGM-CSF and 10 ng/ml rmIL-4 [Peprotech]) in 10-cm sterile tissue 
culture dishes. After 3 days of culture, 75% of the medium was replaced 
with fresh DC medium, and at day 6 cells were counted and replated. On 
day seven, 100 ng/ml LPS (Sigma-Aldrich) and 10 μM peptide were added 
overnight to mature and load the DCs with a particular epitope, respec-
tively. The next day, DCs were collected, counted, and resuspended in PBS. 
By this time more than 85% of cells were CD11chi as determined by flow 
cytometry, which is characteristic of murine DCs. Maturation status was 
determined by staining unmatured or LPS-matured DCs for HLA-B*0702 
(clone sc-53304, Santa Cruz Biotechnology Inc.), H2-IAb (clone 25-9-17, 
BD Biosciences), CD86 (clone GL-1, BD Biosciences), CCR7 (eBioscience), 
CD11b (clone M1/70, BD Biosciences), and CD11c (clone HL3, BD Bio-
sciences). For generation of lung-infiltrating epitope-specific TCD8, mice 
were immunized i.n. with 2 × 106 peptide-loaded, LPS-matured DCs. Some 
mice were then challenged as described in the figure legends. Additionally, 
some mice immunized i.n. with M195-loaded DCs were treated daily i.n. 
with either 50 μg of M195 peptide or an irrelevant HLA-B*0702–restricted 
peptide. The same procedure was used to isolate lung lymphocytes from 
DC-immunized mice and virus-infected mice.

Real-time RT-PCR
Metal screens used for obtaining single-cell lymphocyte suspension from 
lungs (see above) were rinsed with 1 ml of RLT lysis buffer (QIAGEN), and 
the cell lysates were collected and frozen at –20°C. Samples were thawed 
and RNA was extracted using the MagNA Pure LC Total Nucleic Acid Isola-
tion Kit (Roche Applied Sciences) on a MagNA Pure LC using the Total NA 
External Lysis protocol and stored at –80°C until further use. Real-time RT-
PCR was performed in 2-μl reaction mixtures containing 5 μl of extracted 
RNA on an ABI StepOnePlus Real-Time PCR System (Life Technologies/
Applied Biosystems) using the AgPath-ID One-Step RT-PCR kit (Applied 
Biosystems/Ambion). For HMPV genome detection, primers and probe tar-
geting the HMPV N gene were previously published (80). Viral genome copy 
number was determined using a standard curve generated with RNA runoff 
transcripts of the target. For PD-L1 gene expression, exon-spanning prim-
ers and probes were obtained and used according to the manufacturer’s 
instructions (Applied Biosystems/Ambion). All values were normalized to 
the housekeeping gene Hprt, and experimental samples are reported as fold 
change in PD-L1 compared with that in mice that were mock infected (100 μl  
i.n. of LLC-MK2 cell lysate) using the ΔΔCt method. Cycling conditions 

(NCBI RefSeq NM_002116.6 and NM_005514.6) with amino acids 203–296 
from the mouse H2-Kb molecule (NCBI RefSeq NM_001001892.2). Con-
structs expressing H2-Kb and -Db heavy chains were previously described 
(72). Recombinant heavy chains encoding a C-terminal BirA recognition 
sequence and β2m were produced in Escherichia coli as described (73). MHC 
class I monomers were refolded with cognate conditional peptide ligands 
(74), biotinylated, and purified as described (75). UV-mediated exchange 
of conditional peptide with virus-derived peptides and quantification of 
peptide exchange were conducted as previously described (76). MHC tetra-
mer formation with PE- and APC-streptavidin–conjugated fluorochromes 
(Invitrogen) was performed as previously described (76). Tetramers were 
generated for the following viral epitopes: HMPV (HLA-B*0702/M195–203 
[APYAGLIMI], HLA-B*0702/N198–206 [YPRMDIPKI], H2-Db/F528–536 
[SGVTNNGFI], H2-Kb/N11–19 [LSYKHAIL]); influenza virus (H2-Db/ 
NP366–374 [ASNENMETM]); and VACV (HLA-B*0702/A34R82–90 [LPRP-
DTRHL], HLA-B*0702/D1R808–817 [RPSTRNFFEL]).

Tetramer staining
Lymphocytes were isolated from spleens and lungs of infected animals as 
follows: lungs were rinsed in R10 medium (RPMI-1640 [Mediatech] plus 
10% FBS, 2 mM glutamine, 50 μg/ml gentamicin, 2.5 μg/ml amphotericin 
B, and 50 μM β-mercaptoethanol [Gibco, Invitrogen]) to remove blood. 
The lungs were then minced with a scalpel and incubated with 2 mg/ml 
collagenase A (Roche) and 20 μg/ml DNase (Roche) for 1 hour at 37°C. 
Single-cell suspensions of digested lungs or whole spleens were obtained by 
pressing through a steel screen (80 mesh) and then passing over a nylon cell 
strainer (70-μm pore size). Erythrocytes were lysed using Red Blood Cell 
Lysis Buffer (Sigma-Aldrich). 2 × 106 to 3 × 106 lymphocytes were added 
to each well of a 96-well round-bottom plate (Falcon). Lymphocytes were 
first stained with violet LIVE/DEAD dye (Invitrogen) according to the 
manufacturer’s instructions, then Fc blocked with 1 μg per 106 cells anti-
CD16/32 (BD Biosciences), and finally incubated with PE- or APC-labeled 
tetramers (0.1–1 μg/ml), anti-CD8α (clone 53-6.7, BD Biosciences), and 
anti-CD19 (clone 1D3, eBioscience). In some experiments, cells were also 
stained for PD-1 (clone J43, BD Biosciences) or with an isotype control 
antibody (hamster IgG2κ). Surface/tetramer staining was performed for 
1.5 hours at 4°C in PBS containing 1% FBS for HLA-B*0702 tetramers. 
For H2b tetramers, surface/tetramer staining was performed for 1 hour at 
room temperature in FACS buffer containing 50 nM dasatinib (LC Labo-
ratories) (77), as preliminary experiments demonstrated enhanced tetra-
mer staining under these conditions. Background staining levels with an 
irrelevant tetramer (typically 0.05%–0.2% of CD8+ T cells) were subtracted 
from each experimental value. For intracellular GzmB staining, cells were 
additionally surface stained for CD62L (clone MEL-14, BD Biosciences) 
and then fixed and permeabilized (BD Fix/Perm Reagent) and incubated 
with anti-GzmB (clone GB12, Invitrogen) for 30 minutes at 4°C. GzmB+ 
cells were identified by exclusionary gating from the CD62L+ population 
as previously described (78). Flow cytometric data were collected using an 
LSR II (BD Biosciences) and analyzed with FlowJo software (Tree Star).

Peptide restimulation and ICS
In parallel with tetramer staining, lung or spleen lymphocytes isolated 
from the same mice were restimulated in vitro for 6 hours at 37°C with the 
indicated synthetic peptide (10 μM final concentration) in the presence of 
anti-CD107a antibody (clone 1D4B, BD Biosciences). The protein transport 
inhibitors brefeldin A and monensin (BD Biosciences) were added for the 
final 4 hours of restimulation. Stimulation with PMA/ionomycin (50 ng/ml 
PMA plus 2 μg/ml ionomycin, Sigma-Aldrich) served as a positive control. 
After restimulation, cells were surface stained for CD3ε (clone 145-2C11), 
CD8α, and CD19, followed by fixation/permeabilization and staining for 
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Pulse oximetry
A rodent pulse oximeter (MouseOx, Starr Life Sciences Corp.) was used to 
measure breath distension as previously described (81).

Statistics
Data analysis was performed using Prism version 4.0 (GraphPad Software). 
Comparisons between tetramer staining and ICS within the same ani-
mals were performed using a paired 2-tailed t test. Comparisons between  
2 groups were performed using an unpaired 2-tailed Student’s t test. Multi-
ple group comparisons were performed using a 1-way ANOVA with a Bon-
ferroni post-test for comparison of individual groups. A P values less than 
0.05 was considered significant, with values of P < 0.005 and P < 0.0005 
reported where applicable. Error bars in each graph represent SEM

Study approval
All animals were maintained in accordance with the Guide for the Care and 
Use of Laboratory Animals (NIH publication no. 85-23. Revised 1985) and 
were handled according to protocols approved by the Vanderbilt Univer-
sity Subcommittee on Animal Care (IACUC). The study involving analysis 
of human autopsy specimens was approved by the Vanderbilt University 
Institutional Review Board.
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were 50°C for 30 minutes, followed by an activation step at 95°C for  
10 minutes and then 45 cycles of 15 seconds at 95°C, and 30 seconds at 
60°C. Samples with Ct values less than 40 were considered positive.

PD-L blocking antibodies
Mice were injected i.p. with rat isotype control antibody (Bio X Cell, clone 
LTF-2) or both rat anti-mouse PD-L1 (Bio X Cell, clone 10F.9G2) and rat 
anti–mouse PD-L2 (Bio X Cell, clone TY-25) antibodies as described in 
the figure legends.

PD-L1 expression on human bronchial epithelial cells
The human bronchial epithelial cell line BEAS-2b was either mock infected 
with LLC-MK2 cell lysate or infected at various MOI with either HMPV or 
PR8 in serum-free Opti-MEM containing trypsin. Forty-eight hours later, 
cells were collected, LIVE/DEAD stained (see above), and then incubated 
with mouse anti–human PD-L1 antibody (clone MIH1, BD Biosciences) or 
isotype control for 30 minutes at 4°C. The fold increase in PD-L1 expres-
sion relative mock infection was determined by flow cytometry.

Immunohistochemistry of mouse and human lung specimens
Mouse. Mock- (i.e., LLC-MK2 cell lysate) or virus-infected lungs were 
inflated with 10% formalin and fixed overnight. Samples were then par-
affin embedded and sectioned at 5-μm thickness before being placed on 
charged slides and baked overnight at 50°C. The paraffin was removed 
from the slides, and the sections were placed in heated Target Retrieval 
Solution (Dako) for 20 minutes. After an additional 20 minutes of cool-
ing, the slides were rinsed in Tris-buffered saline–Tween for 5 minutes 
immediately prior to being placed on an automated Leica BOND-MAX 
IHC stainer. Endogenous peroxidase was neutralized with 0.03% hydrogen 
peroxide. Lungs were stained with anti-CD3 (Santa Cruz Biotechnology 
Inc.) for 60 minutes at room temperature. The Bond Intense R detection 
system was used for visualization.

Human. Tissue blocks obtained at autopsy from patients with confirmed 
LRI were provided by the Vanderbilt Translational Pathology Shared 
Resource with approval from the Vanderbilt Institutional Review Board 
(#111350). Influenza virus was detected by nasal swab in most cases and 
confirmed by lung H1N1 viral probe at the time of death. RSV infection 
was confirmed by rapid antigen testing. PIV-3 was confirmed by viral cul-
ture. Control lung specimens were obtained from individuals who expired 
from non-pulmonary disease. Patient characteristics are provided in the 
relevant figure legends. Samples were prepared as described above for 
mouse lungs. Anti–PD-L1 (clone 29E.2A3, BioLegend), anti–PD-1 (clone 
7A11B1, Sigma-Aldrich), and anti-CD8 antibodies (clone C8/144B, Ther-
mo Scientific) were used as the primary antibodies. The Bond Refine Poly-
mer detection system was used for visualization. The slides were counter-
stained lightly with Mayer’s hematoxylin, dehydrated, and coverslipped.
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