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Immunomodulatory regulator
blockade in a viral exacerbation
model of severe asthma

Ben Nicholas 1*, Hyun-Hee Lee2, Jane Guo2,
Milenko Cicmil2, Cornelia Blume 1, René De Waal Malefyt 3

and Ratko Djukanović 1

1Division of Clinical and Experimental Sciences, University of Southampton Faculty of Medicine,
Southampton General Hospital, Hampshire, United Kingdom, 2Oncology & Immunology Discovery,
Merck Research Laboratories, Boston, MA, United States, 3Merck Research Laboratories, Palo Alto,
CA, United States
Asthmatics are more susceptible to viral infections than healthy individuals and

are known to have impaired innate anti-viral defences. Influenza A virus causes

significant morbidity and mortality in this population. Immuno-modulatory

regulators (IMRs) such as PD-1 are activated on T cells following viral

infection as part of normal T cell activation responses, and then subside, but

remain elevated in cases of chronic exposure to virus, indicative of T cell

exhaustion rather than activation. There is evidence that checkpoint inhibition

can enhance anti-viral responses during acute exposure to virus through

enhancement of CD8+T cell function. Although elevated PD-1 expression

has been described in pulmonary tissues in other chronic lung diseases, the

role of IMRs in asthma has been relatively unexplored as the basis for immune

dysfunction. We first assessed IMR expression in the peripheral circulation and

then quantified changes in IMR expression in lung tissue in response to ex-vivo

influenza infection. We found that the PD-1 family members are not

significantly altered in the peripheral circulation in individuals with severe

asthma but are elevated in pulmonary tissues following ex-vivo influenza

infection. We then applied PD-1 Mab inhibitor treatment to bronchial biopsy

tissues infected with influenza virus and found that PD-1 inhibition was

ineffective in asthmatics, but actually increased infection rates in healthy

controls. This study, therefore, suggests that PD-1 therapy would not

produce harmful side-effects when applied in people with severe asthma,

but could have important, as yet undescribed, negative effects on anti-viral

responses in healthy individuals that warrant further investigation.
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Introduction

PD-1 is an immuno-inhibitory receptor belonging to the

CD28 family which is predominantly expressed on T cells

acutely activated by exposure to specific antigens (1).

Engagement of PD-1 by its ligands, PD-L1 and PD-L2,

suppresses effector T cell function through deletion/apoptosis,

inhibition of proliferation, and/or production of cytokines such

as IL-2 and IFN-g. The PD-L1 ligand is expressed on

haematopoietic cells and tissues such as the small intestine and

placenta, while PD-L2 is expressed mainly on macrophages and

dendritic cells. Both of the PD1 ligands are upregulated by cell

activation. PD-L1 expression is key to effector T cell regulation

during disease pathogenesis; thus, tumour cells expressing PD-

L1 use the PD-1-PD-L1 pathway as a mechanism to evade

recognition/destruction by the immune system by suppressing

effector T cell killing of tumour cells.

Blockade of PD-1 or PD-L1 to inhibit T cell effector

suppression by ligand engagement is increasingly used in the

context of anti-tumour immunotherapy where it is effective

against tumours with demonstrable PD-L1 expression, but its

effectiveness in infectious disease has not been well explored (2,

3). Chronic antigen stimulation of the PD-1 pathway can lead to

T cell exhaustion (4), accompanied by PD-1 elevation. This is a

feature of viral infections, such as HIV and HBV, and in chronic

inflammatory conditions, such as chronic obstructive

pulmonary disease (COPD), and has been observed during

acute exposure to influenza virus (5), although a causal link

has not been proven. Little information is available on the

expression and/or modulation of the PD-1 family in the

context of chronic lung diseases, however there is some

evidence that PD-1 blockade might assist with viral clearance

in HIV by reducing latency (6). PD-1 blockade enhances CD8

cytokines such as IFN-g (7) and is only partially effective in

enhancing CD4 T cell cytokine production in counteracting

HBV infection (8).

The aim of the current study was to assess the expression of

PD-1 and its ligands in patients with asthma and to determine

whether PD-1 blockade can influence T cell responses to

influenza virus infection of the lungs and, thereby, serve as a

treatment for virus-induced asthma exacerbations. Influenza

virus infections cause significant morbidity and mortality

globally, especially in patients with pre-existing chronic

respiratory conditions such as asthma and COPD, but the

exact molecular basis for increased susceptibility in people

with chronic respiratory conditions is unclear. Using a

bronchial explant model in which intracellular virus was

quantified by flow cytometry using anti-viral nucleoprotein

(NP) antibody, we have previously shown that corticosteroid

treatment in healthy individuals is likely to increase

susceptibility to viral infection by suppressing innate anti-viral

pathways, an effect that is not seen in asthmatics. The human

tissue explant model of viral infection maintains tissue-
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architecture during the infection process, including the

presence of multiple inflammatory cell types, allowing the

effect of asthma and viral infection to be compared in multiple

resident cell types simultaneously. This model has been

demonstrated to reflect human in-vivo viral tropism, influenza

virus T cell epitope presentation, and inflammatory mediator

release patterns more effectively than in-vitro cell systems, and

we have previously demonstrated using lung parenchyma

explants that PD-L1 expression patterns post-influenza

infection are modulated in chronic obstructive pulmonary

disease (5, 9)

Studies by others have suggested abnormal expression of the

PD-1 pathway in atopic individuals and allergic asthma (10, 11)

but have not established whether anti-PD-1 therapy could be

useful or detrimental in the treatment of allergic asthmatics in

the context of acute viral exposure.

In this study, we first assessed the in-vivo expression of a

number of immunomodulatory receptors (IMRs) on circulating

peripheral blood mononuclear cells (PBMC). Because of the

potential risk of in vivo infection of patients, the second,

mechanistic, part of the study was conducted in an established

bronchial explant model in which bronchial biopsies were

infected ex vivo where the interactions between PD-1 and its

ligand could be safely inhibited.
Materials and clinical samples

Materials

Influenza virus A/H3N2/X31 and A/H3N2/Wisconsin/67/

2005 seed stocks were from the National Institute for Biological

Standards and Control (NIBSC), UK, propagated in

embryonated SPF-free chicken eggs and purified from egg

allantoic fluid by sucrose density gradient ultracentrifugation

(Virapur LLC, San Diego, USA). Stock viral titre was determined

by MDCK plaque assay using standard protocols. Monoclonal

anti-influenza NP antibody conjugated to FITC was from BD

(Cowley, Oxford, UK). PD-1 blocking antibody was a

humanised IgG4k Mab containing the S228P mutation

(Genscript 1B8/HuPD1B-3 (59AGY). The control blocking

ant ibody was a humanised ant i -RSV IgG4k Mab

(S228P) (60AGK).
Peripheral lung tissue samples

Resected human lung tissue was obtained from patients

undergoing surgical lobectomy to remove lung cancer at

Southampton University Hospital. Parenchymal tissue from

donors without evidence of gross abnormalities, distant from

the resection margin and any gross pathology, tissue was

dissected and used within 2 h.
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Bronchial lung tissue samples

Ten healthy and 10 severe allergic asthmatics, aged between 18

and 65, provided written consent and volunteered for the study

(Table 1). Specific inclusion criteria for the healthy participants

included normal lung function tests (spirometry and diffusing

capacity for carbon monoxide [DLCO]), while the asthmatics were

required to be on Step 4 of asthma management as per BTS/SIGN

asthma guidelines (12) and to be atopic as judged by positive skin

tests to at least one common aero-allergen. The asthmatics were all

on regular treatment with high-dose inhaled corticosteroids (ICS)

and long-acting beta agonists (LABA); they required a minimum

of three puffs pf salbutamol per week to relieve acute asthma

symptoms, which defined them as not fully controlled. A

minimum of 4 weeks since the last acute exacerbation was a

requirement prior to sputum and bronchoscopy visits. Exclusion

criteria in both groups included smoking during the past 12

months and, in the asthmatics, any evidence of overlap with

COPD. If there was a smoking history of >10 pack years, then

asthma diagnosis needed to have been made before the age of 40

and there had to be objective evidence of reversibility of forced

expiratory volume in one 1 second (FEV1)>12% and 200ml.
Methods

Comparison of IMR expression on
PBMCs at baseline in healthy and severe
asthmatic participants

PBMCs were isolated from buffy coats by density

centrifugation and 2 x 106 PBMCs were used for IMR

quantification by flow cytometry using a multiplexed panel of

antibodies including CD14-AF488, CD56-PE/AF610, CD3-PE/
Frontiers in Immunology 03
Cy7, CD4-PerCP/Cy5.5 and CD8-APC in combination with

antibodies directed against the IMRs (PD1, PDL-1, PDL-2,

GITR, LIGHT, HVEM and BTLA) conjugated to the

fluorophore phycoerythrin (PE). Additional samples were

analysed for cell activation markers (HLA-DR-APC/Cy7 and

CD25-BV421). Cells were analysed using a BD FACS ARIA flow

cytometer and data analysed using proprietary FACS

DIVA software.
Sputum induction

Sputum induction and processing was performed as

previously reported (13) at least 4 weeks after a respiratory

tract infection. The mucous elements were selected from the

expectorated sample and treated with 5 mM dithioerythritol in

HEPES-buffered saline (HBS) to liquefy the mucus and obtain

sputum cell cytospin slides as previously described (13).

Differential cell counts were obtained using the rapid

Romanowski method. Cell counts were expressed as the

percentage of total respiratory cells (excluding squamous cell

counts but including epithelial cells). A minimum of 6 weeks

following the initial visit, participants were recalled, and 10

bronchial biopsies and 60 ml of blood were collected from

each participant.
Quantification of influenza infection,
activation markers and IMR expression in
resected lung tissue explants

Lung tissues were dissected into approximately 1 mm3 pieces

and then rested overnight in 24-well culture dishes containing

500 ml of RPMI supplemented with glutamine and penicillin/
TABLE 1 Clinical characteristics of healthy volunteers and severe allergic asthmatics recruited to study for the ex-vivo infection of bronchial explants.

Parameter Healthy controls Severe allergic asthmatics p value

N 10 10 –

Gender (M/F) 3/7 3/7 –

Age 42.5 (30.75-52.25) 44 (38.5-52) 0.565

Atopy (yes) 0 10 –

Total blood IgE 16.45 (10.7-27.8) 172.7 (102.3-353) 0.0005***

Blood lymphocytes 1.9 (1.75-2.125) 1.9 (1.65-2.175) 0.413

Blood eosinophils (%) 0.1 (0.1-0.2) 0.2 (0.1-0.325) 0.105

Pre FEV1 3.11 (2.89-4.13) 2.57 (2.14-3.54) 0.044*

Pre FEV1% predicted 111.4 (105.3-117.1) 95.2 (74.95-104.7) 0.017*

Post FEV1 3.19 (3.04-4.19) 2.99 (2.37-3.69) 0.076

Post FEV1% predicted 114.1 (107.7-119.4) 100.6 (84.4-115.5) 0.073

Sputum eosinophils (%) 0 1.69 (0-3.68) 0.046*

Sputum neutrophils (%) 11.36 (7.125-15.72) 64.46 (21.91-74.2) 0.006**
fronti
Data shown are medians (inter-quartile range). Data were compared using Mann-Whitney U test. *p<0.05, **p<0.01, ***p<0.001.
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streptomycin in a humidified tissue culture incubator at 37°C,

5% CO2. Explants were then cultured in RPMI medium

supplemented with glutamine alone (RPMI-G) before adding

the virus or virus diluent alone (0.4% w/v sucrose in 0.5 mM

HEPES buffer, pH 7.4) and incubated for 2 h. Explants were then

washed three times with basal RPMI medium to remove excess

virus and incubated for 22 h in RPMI-G supplemented with 1%

(w/v) BSA, after which conditioned media were centrifuged

(400 g) to remove cellular material and stored at -80°C.

After adding influenza virus or carrier control, tissue

explants were incubated for 24 h, following which cells within

the tissues were enzymatically dispersed by vigorous agitation in

collagenase type I diluted in culture medium for 60 min at 37°C.

The dispersed cells were stained with BD fixable violet viability

stain to identify dead cells, prior to further staining with two

panels of antibodies directed against cell surface markers: one

panel to identify T-lymphocyte subtypes including CD45-PE/

CF594, CD3-PE/Cy7, CD8-APC, HLA-DR-APC/H7 and CD25-

BV421, and the second to identify structural cells (Epithelial cells

and fibroblasts) and macrophages using monoclonal antibodies

specific for CD45-PE/CF594, HLA-DR-APC/Cy7,CD326-

PerCP/Cy5.5 and CD90-APC.

The first panel was gated to identify CD8+ T cells (CD45+,

CD3+, CD8+) and CD8- T cells (CD45+, CD3+, CD8-). The

second panel was gated appropriately to identify alveolar

macrophages (CD45+, CD3-, HLA-DR high), fibroblasts

(CD45-, CD326-, CD90+) and epithelial cells (CD45-, CD90-,

CD326+) (see supplementary figure 1). The stained dispersed cells

were then split into equal portions and further stained with a

panel of antibodies recognising IMRs (PD1, PDL-1, PDL-2, GITR,

LIGHT, HVEM and BTLA) conjugated to the fluorophore

phycoerythrin (PE). Samples stained for leukocytes were also

used to quantify T-lymphocyte activation using the additional

cell surface markers CD25-BV421 and HLA-DR-APC/Cy7. The

dispersed cells were then fixed for 30 min with 2%

paraformaldehyde to inactivate the influenza virus prior to

analysis on the flow cytometer. Additional samples were fixed

and permeabilised using a BD FixPerm kit prior to intracellular

staining to quantify viral infection using a FITC-conjugated anti-

viral nucleoprotein (NP) antibody (Abcam). This antibody

recognises an intra-viral protein which is only present during

replication and so distinguishes from the initial inoculum. Cells

were analysed on a BD FACSAria equipped with three lasers (red,

blue and violet), data were collected and analysed using BD FACS

DIVA software. Infected tissues were compared to mock-infected

(UV inactivated virus) controls using paired non-parametric tests.
Comparison of the effects of ex-vivo
influenza infection in bronchial explants

Up to 10 bronchial biopsies per participant were collected

from ten healthy and ten severe asthmatic volunteers. After resting
Frontiers in Immunology 04
in in pairs in culture medium overnight, as previously described

(14), explants were pre-treated for 2 h with 20 mg/ml control

isotype antibody or anti-PD-1 blocking antibody in serum free

culture medium. Explants were then rinsed with culture medium

and blocking and isotype antibodies replenished prior to infection

of the explants with log 7.4 pfu per well of A/H3N2/Wisconsin/

67/2005 influenza virus stock solution. Explants were incubated

for 2 h in the presence of the influenza virus/blocking Mab mix

and were then rinsed thoroughly with serum-free culture medium

prior to the addition of culture medium supplemented with 1%

(w/v) human serum albumin and the blocking antibodies/isotype

controls re-applied. Explants were then incubated for a further

22 h, after which conditioned supernatants were collected and

centrifuged to remove contaminating cells prior to frozen storage

at -80°C in aliquots.

Infected explants were carefully weighed and cells within

tissues were dispersed as previously described (14) and stained

with fixable violet viability stain to identify dead cells, prior to

further staining with a panel of antibodies directed against cell

surface markers as described for the resected lung tissue but

using a simplified single panel due to small sample numbers. The

panel consisted of: CD45-PE/CF594 (to differentiate leukocytes

from structural cells), CD3-PE/Cy7, CD8-APC, HLA-DR-APC/

H7, CD326-PerCP/Cy5.5, CD90-APC and CD25-BV421. The

following cell populations were identified by sequential gating

following exclusion of dead cells: CD8 T lymphocytes (CD45+,

CD3+, CD8+), CD8- T lymphocytes (CD45+, CD3+, CD8-),

Epithelial cells (CD45-, CD326+, CD90-) and fibroblasts

(CD45-, CD326-, CD90+). The cells were then fixed and

permeabilised using BD FixPerm kit prior to intracellular

staining for influenza infection as before.
Results and discussion

IMR expression by peripheral blood
cells in healthy and severe
asthmatic participants

While our primary aim was to examine the effect of influenza

infection on localised lung tissue IMR responses in severe

asthma, we needed first to determine the peripheral blood

expression of IMRs at baseline in both healthy and severe

asthmatic participants. We used multiplexed flow cytometry to

examine first the activation status and IMR expression in

different peripheral blood cell populations of 10 healthy non-

asthmatic and 10 severe allergic asthmatic individuals (Table 1),

identifying the blood cell sub-populations using flow

cytometry (Figure 1A).

We found no significant alteration in peripheral T cell

expression of either HLA-DR or CD25 in severe asthma

(Figure 1B), although there was greater variance in HLA-DR

expression in the asthmatic group, which could indicate a sub-
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group of asthmatics with some evidence of peripheral T cell

activation. There was also no alteration in PD family member

expression (Figure 1C) or in the wider IMR family members we

examined (supplementary Figure S1). The mechanisms

underlying the greater variance observed in HLA-DR and IMR

expression in the asthmatic cohort are unclear, but could reflect

as-yet undefined inflammatory cell phenotype changes in

response to severe asthma. To limit the impact of current

infections on T cell phenotype, blood samples were taken a

minimum of four weeks post-exacerbation.
Effect of influenza infection on IMR
expression in peripheral lung tissues

In order to assess the effect of influenza infection on IMR

expression in pulmonary tissues, peripheral lung tissue explants

from 8 donors with median age 68 y (patient demographics

summarised in Table S1) were exposed to influenza virus ex-vivo

for 24 h as surrogates for bronchial tissues which do not provide

sufficient cells for such complex analysis.

Epithelial cells, macrophages, CD4+ and CD8+ T cells were

identified from the dispersed cell mixture using a flow cytometry

gating strategy similar to that previously described (11) based on

cell surface marker expression (Figure 2A). Infected cells were
Frontiers in Immunology 05
quantified by measurement of viral NP FITC fluorescence in the

epithelial cell population. Median infection rates were 20% for

epithelial cells and 10% for macrophages (Figure 2Bi). We

observed activation of tissue-resident T cells during infection in

the same samples, with both CD4+ and CD8+ T cells exhibiting

HLA-DR upregulation. Similar upregulation was seen on

macrophages (Figure 2Bii), a process likely to be driven by

mediator secretion as well as activation of innate intracellular

anti-viral defences. Most of the measured mediators were elevated

in conditioned media by ex vivo infection when compared to

mock-infected control explants (Figure S2C), in particular those

associated with innate response to viral infection, including IFN-g,
IL-2 and IP-10. We have previously observed significant up-

regulation of eight of these mediators in ex-vivo lung tissues

(14), and in this study many infection-responsive additional

mediators which had not previously been assessed were added;

these may serve as useful biomarkers or pathway targets in

future studies.

We also found significant elevation of PD-1 expression on

CD8+ T cells following acute exposure to influenza virus

(Figure 2Ci), consistent with the concept that these cells were

activated either directly by exposure to viral antigens or

indirectly as a result of increases in infection-induced

cytokine/chemokine responses. In addition, we observed

significant elevation of IL-2 and Il-15 (Figure S2C), mediators
A B

C

FIGURE 1

Peripheral immune cell phenotype in health and severe asthma. (A) Flow cytometric gating strategy for identification of immune cell sub-
populations from freshly isolated PBMCs based on i) Size gate to exclude doublets, ii) gating on singlets, CD3+ T lymphocytes, iii) gating on
CD3+ cells, CD4+ and CD8+ T lymphocytes, iv) gating on the CD3- population, CD56+ (NK cells) and CD14+ (monocytes). (B) Cell surface
expression of activation markers in peripheral blood cell populations by flow cytometry, i) HLA-DR and ii) CD25. (C) PD-1, PD-L1 and PD-L2 cell
surface expression on 4 key immune cell types in peripheral blood cells of healthy and severe asthmatic participants. N=10 per group, data were
compared by Mann-Whitney tests.
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known to elevate T cell PD-1 (15). There was a trend towards

similar increases of PD-1 expression on CD4+ T cells (p=0.074)

and also significant up-regulation of PD-1 expression on

macrophages following influenza infection. PD-1 expression

on macrophages has been well described in the context of

pathogen infection (16–19) and is known to negatively

correlate with phagocytic potency of Mycobacterium

tuberculosis (Mtb)-infected macrophages. Blockade of PD-1

in-vivo increases macrophage phagocytosis in Mtb infection

models. In our model, it is unclear whether direct infection of

the macrophages by influenza infection, or bystander effects of

infection induced cytokines are responsible for this increase.

We found elevation of PD-L1 by influenza infection in lung

tissues in all cell types studied (Figure 2C), consistent with

widespread inducibility of this ligand in different cell types, a

process known to be induced by IFN-g expression (20). We

found PD-L2 upregulated only on T cells and macrophages and

not epithelial or fibroblast cells, consistent with previous reports

in mice (21) and humans (22). PDL-2 is known to be

upregulated by IL-4 and is correlated with alternatively

activated macrophage markers in mice (23).
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Comparison of viral susceptibility/
response in bronchial tissue of healthy
and severe asthmatic participants

We then examined the effect of ex-vivo influenza infection on

cells dispersed from bronchial biopsies from healthy and severe

asthmatics. Cells dispersed from bronchial biopsies were identified

using a gating strategy similar to that used in the peripheral lung

tissue samples (Figure 3A). Because we had previously found

insignificant levels of macrophages in bronchial tissue, and

negligible infection rates in fibroblasts, we focused on epithelial

cells, and CD8+/- T cells. Judging by numbers of dispersed cell

populations, bronchial biopsies taken from severe asthma patients

were relatively depleted in both overall leukocyte numbers, T

lymphocytes and CD4+ T cells when measured as a percentage of

all viable cells (Figure 3B), possibly due to treatment with inhaled

steroids. Indeed, we have previously showed similar results in mild

asthmatics who were taking lower overall doses of inhaled

corticosteroids than in the current study (14). In contrast we

found elevated CD8+T cell numbers in the current study, which

could be explained by the severity of asthma in this group.
A

B
C

FIGURE 2

Effect of ex-vivo influenza infection on IMR expression in peripheral lung tissues. (A) Flow cytometric detection of dispersed cell populations
from lung tissues post-exposure to influenza A virus. Dispersed cells were gated firstly on size to exclude doublets (i), then non-viable cells were
excluded (ii). Leukocytes were identified using the CD45 cell surface marker, and lymphocytes subsequently by forward and side scatter
properties (iv) prior to identification of T lymphocytes using CD3-PE/Cy7 (v). CD8-APC then identified CD8+ T cells (vi). CD45+/CD3- cell
populations were used to gate for HLA-DR+ macrophages (vii). The CD45- cell population was used to identify epithelial and fibroblast cells
using CD326-PerCP/Cy5.5 and CD90-APC respectively (viii). Infected epithelial cells were gated on CD45-/CD326+ cell population using NP-
FITC, gating on mock-infected cells as a negative control. Data shown are representative of eight separate experiments. (B) i) Influenza infection
measured by intracellular viral nucleoprotein (NP) expression in epithelial and macrophage cells dispersed from the infected lung tissues. ii)
Effect of influenza infection on HLA-DR expression in CD8-, CD8+ T lymphocytes and macrophages. (C) Effect of influenza virus infection on
fold change in expression of i) PD1 family immuno-modulatory proteins and ii) other IMRs by various cell populations measured as cell surface
fluorescence-minus-one (FMO) staining intensity using flow cytometry. Asterisks indicate a significant fold change of expression following
infection compared to non-infected controls (p<0.05). N=8, graphs show median +/- IQR, treatments were compared using Wilcoxon tests.
*p<0.05, **p<0.01.
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The infection rates were similar in healthy and asthmatic

explants (Figure 4A), a somewhat surprising result considering

the known susceptibility of asthmatics for viral infections but

consistent with our previously reported study showing no

differences in infection rates between healthy and mild

asthmatic participants (24).

Infection was accompanied by marked activation of CD8- T

cells (predominantly CD4+ T cells) but not CD8+ T cells

(Figure 4Bi, ii), and this effect was only observed in the healthy

participants, suggesting aberrant activation signals in asthma,

which could be due to treatment or inherent abnormalities in

signalling pathways in this chronic inflammatory disease. Our

previous work (24) suggests that, when steroid exposure is

removed ex vivo, inflammatory suppression persists in

asthmatic biopsies for at least 72 hours post-bronchoscopy.

Lack of CD8+ T cell activation in the bronchial compartment

compared when compared to the resected lung tissue samples (see

Figure 1B) could be due to the different organ location or different

mediator accessibility in the bronchial tissues.

Ex-vivo data from epithelial cells and bronchoalveolar lavage

fluid have previously indicated deficient type 1 interferon

responses in asthmatics in response to viral challenge (25, 26).

We found no evidence of deficient IFN-a2 following influenza

challenge in the severe asthmatic group, and type II IFN levels

(IFN-g) were similar between the subject groups (Figure S3A).

However, there was noticeable elevation of responses of several

key TH2 cytokines in the asthmatics such as GRO, MDC and IL-

13, as well as elevated IL-2, Il-1b, TNF-a and VEGF responses,

either as primary or secondary responses to the Th2 cytokines. A

number of these are associated with increased morbidity in vivo,

and it is possible that these ex-vivo responses account for the
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increased morbidity and mortality seen in asthmatic patients

during influenza infection.

Intriguingly, inhibition of PD-1 signalling with blocking

antibodies significantly increased the percentage of infected

epithelial cells in the biopsies from healthy participants but

not asthmatics (Figure 5A). To show that this was not an effect of

increased intracellular production of the virus, we also measured

intracellular antibody reactivity to the NP protein and found this

to be unchanged, suggesting that increased numbers of infected

cells, rather than increased intracellular viral load, were

responsible for this change.

In the current study, we were unable to measure T cell

activation using functional assays such as Elispot post-viral

challenge, due to the very small numbers of T cells recoverable

from the small biopsies used in the study, and, therefore, we had to

rely on the T cell surface activation marker HLA-DR, as well as

secreted mediator quantification, to examine the effect of

checkpoint blockade on T cell activity. We found that PD-1

blockade had no significant effect on T cell activation (Figure 5B),

suggesting that the blockade was working at activation levels below

those that could be detected or through alternative cell types.

Examination of PD-L1 levels in epithelial cells of severe

asthmatics compared to healthy control subjects in an

independent cohort indicated a reduction in PD-L1 transcript

levels in severe asthma (Figure 5C).

When mediator secretion in response to PD1 blockade was

examined, blockade was only effective in altering the secretion of

three mediators GM-CSF, IL-1B andMIP-1a (Figure 5D and

Figure S3B), and then only in the healthy participants. In these

cases, mediator secretion was increased, but only modestly, not

by more than 2-fold.
A B

FIGURE 3

Immune cell identification and quantification in bronchial explants. Pairs of bronchial explants from n=10 healthy and asthmatic participants
were enzymatically dispersed and the constituent cell populations were identified by flow cytometry. (A) Flow cytometric gating strategy to
identify immune and structural cell populations. (A) i) Size gate to exclude doublets. ii) Viability gate to exclude dead cells. iii) Gating on live cells,
identification of leukocytes using the CD45 marker. iv) Gating on CD45+ cells, identification of T lymphocytes using the CD3 marker. v) Gating
on T lymphocytes, identification of CD8+ and CD8- T lymphocyte populations. vi) Gating on CD3- cells, identification of epithelial cells and
fibroblasts using the CD326 and CD90 cell surface markers respectively. vii) Gating on epithelial cells, identification of infected cells using an
intracellular stain for influenza virus nucleoprotein. Data are representative of 20 experiments. (B) Inflammatory cell load measured as a
percentage of the parent cell populations in dispersed bronchial explants determined using the gating strategy shown previously, n=10 per
group, bars are medians +/- IQR, NI=non-infected controls. Groups were compared using Mann-Whitney tests. *p<0.05, **p<0.01.
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PD-1 blockade did not alter IFN-g as had been predicted in our
initial assumption that CD8+ T cell activation would occur.

Previous reports in chronic viral infections have shown both

CD8+ T cell and CD4 T cell activation upon PD-1 blockade (27,

28). Recent evidence suggests that response to PD-1 blockade is

complex and dependent upon the degree of T cell exhaustion and
Frontiers in Immunology 08
the complexity of the model system, since following chronic HCV

exposure, combined CTLA and PD-1 blockade was necessary to

restore T cell function, whereas individual PD-1 blockade was

ineffective (29). Furthermore, there is some evidence that PD-1

blockade can be more effective in peripheral virus-specific T cells

than in localised tissue virus-specific T cells, pointing to
A

B D

C

FIGURE 5

Effect of PD-1 blockade on influenza-induced T cell activation and inflammatory mediator production. Cells were dispersed from pair of
bronchial biopsies 24-h post-infection with influenza virus.in the presence of PD1 blocking antibody or isotype controls. (A) Infected epithelial
cells were measured by staining epithelial cells (CD45-, CD326+) for intracellular viral nucleoprotein using FITC-conjugated monoclonal
antibodies and analysing by flow cytometry. (B) Cell surface expression of HLA-DR on CD8- and CD8+ T lymphocytes (CD45+/CD3+) dispersed
from bronchial explants post-infection, compared to mock-infected controls. NI=non-infected controls, INF=influenza infected, Data shown
are medians +/- IQR analysed by Wilcoxon test. (C) Comparison of PD-L1 RNA transcript levels in epithelial cell brushings measured by RT-PCR
from healthy and severe asthmatic participants from an independent cohort. (D) Effect of PD-1 blockade on inflammatory mediator production
by bronchial biopsies. Tissues were infected in the presence of PD-1 blocking monoclonal antibodies or isotype controls and incubated for a
further 24 h in the presence of these antibodies. Tissue conditioned media were analysed for cytokines by ELISA. N=10 per group, data were
compared using Wilcoxon matched pairs tests. *p<0.05 unadjusted p values. Line indicates the baseline fold change value of 1.
A B

FIGURE 4

Effect of ex-vivo infection on T cell activation in bronchial biopsies. (A) Cells were dispersed from pair of bronchial biopsies 24-h post-infection
with influenza virus and mock-infected controls. (A) Infected epithelial cells were measured by staining epithelial cells (CD45-, CD326+) for
intracellular viral nucleoprotein using FITC-conjugated monoclonal antibodies and analysing by flow cytometry. (B) Cell surface expression of
HLA-DR on CD8- and CD8+ T lymphocytes (CD45+/CD3+) post-infection, compared to mock-infected controls. n=10 per group, NI=non-
infected controls, INF=influenza infected, bars are medians +/- IQR, Groups were compared using Mann-Whitney tests. *p<0.05, **p<0.01..
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compartmentalisation of IMR blockade efficacy (30). The greater

degree of co-receptor availability in complex ex-vivo tissue systems

may have served to confound PD-1 blockade in our study. We

demonstrated reduced PD-L1 transcript levels in epithelial cells

from severe asthmatic subjects in an independent cohort,

indicating the complex relationship between structural and

immune cell IMR interactions likely to be present in tissue

explants. There may also be additional redundancy in T cell

regulation through more complex IMR induction patterns

occurring as a result of infection in ex-vivo lung tissues, not just

restricted to immune cell types, as we demonstrated in peripheral

lung tissues (Figure 2C).

The pattern of response that we observed is suggestive that

PD-1 blockade is mildly effective in promoting myeloid cell

recruitment or activation post-infection and only in healthy

people. In our previous work we have found that the deficit of

cytokine production corresponds with increased susceptibility of

bronchial tissues to influenza infection in asthma (24); however,

PD-1 blockade did not significantly reduce the production of any

of the cytokines measured in the current study (Figure S3B).

These data, therefore, confirm that, whilst influenza infection

appears to result in increased inflammatory mediator

production in asthmatics, associated with Th2 phenotype, PD-

1 blockade does not affect this pattern in any way. If anything,

PD-1 blockade may be of more concern in healthy participants

by enhancing myeloid cell activation or recruitment.

In summary, we have found that, unlike in COPD, there

seems to be no difference between severe asthma and health in

respect of IMR expression, at least in the systemic circulation.

The study provides evidence of immune dysfunction in asthma

compared to health, although due to a lack of direct measures of

IMRs in bronchial tissue we could not determine if this was

related to steroid treatment or IMRs. Finally, we have found that

PD-1 blockade may be detrimental in healthy participants in the

context of viral infection, which may have important

implications for immunotherapy in patients who do not have

any lung disease, and that IMR immunotherapy, although

seemingly not beneficial for asthma itself, would not be

detrimental in asthmatics requiring immunotherapy that

targets IMRs for other conditions unrelated to asthma.
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