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Abstract
Human lung explant cultures have been used extensively to risk assess 

the replication competence and disease severity when a new respiratory 
virus emerges. In the 2009 H1N1 pandemic, we observed an interesting 
pattern of a steep increase in H1N1pdm virus replication in the human lung 
ex vivo culture collected from April to July 2009 to the almost flattened 
replication curve in the period of August 2011 to July 2012 onwards. 
As the lung explant system is isolated from the circulatory immunity, 
we aimed to determine the effect of the lung local immunity towards the 
influenza virus by measuring the antibody levels in the lung epithelial 
lining fluid (ELF) and the involvement of tissue-resident memory T 
cells. Lung ELF contained IgA and measurable IgG however, it is not 
sufficient to neutralize the influenza virus used in the current study. CD8+ 
T resident memory (TRM) cell and the CD4+TRM cell can be found in 
the lymphocyte population isolated from the lung. Interestingly, TRM 
CD8+Tet+ was associated with a trend of reduced replication competence 
of H1N1pdm in the lung explant culture but not in seasonal H1N1. The 
presence of influenza-strain-specific CD8+TRM might reduce the virus 
replication competence in the local epithelium.
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Introduction
Influenza viruses belong to the Orthomyxoviridae family and are 

characterized by a segmented, negative sense, and single-stranded RNA 
(ssRNA) genome. Influenza virus disease has caused significant public 
health concerns, and hastened pandemics several times over the past 100 
years, specifically in 1918, 1957, 1968 and 2009 [1]. Although the seasonal 
influenza virus usually not lead to fatality, its high transmissibility in humans 
makes the disease burden substantial. Influenza virus is not yet eradicable 
because of its vast reservoir in animals and high mutation rates, imposing 
the threat of the re-emergence of old pandemic viruses and the emergence of 
novel viruses with pandemic potential [2]. Various study models have been 
used, including cell cultures and animal models, to study the tissue tropism 
and pathogenesis of these viruses. Amongst all the available studying 
models, primary human respiratory organ culture is regarded as one of the 
Influenza Risk Assessment Tool (IRAT) [3] and takes an important role in 
providing clinically relevant data to reflect host responses of humans upon 
influenza infection. We have previously established and characterized the 
human lung explant culture model since 2006 and successfully used this 
lung explant culture model to address important questions regarding the 
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tissue tropism of highly pathogenic avian influenza H5N1 
and H7N9 viruses [4,5], the 2009 pandemic H1N1 virus 
[6], the MERS-CoV [7], influenza B virus [8] and SARS-
CoV-2 [9] and also employed as a risk assessment model 
to evaluate the pandemicity for the swine [10] and avian 
viruses that isolated from Hong Kong surveillance program 
to start a new pandemic in humans. This ex vivo infection 
series is the largest and most comprehensive study to date. 
The tropism and replication kinetics data correlate well with 
the ferret transmission study [11]. In our human lung explant 
model, the biological tissue under examination was the lung 
tissue which has been isolated from the systemic circulation. 
Therefore, we first hypothesized that the Immunoglobulin 
(Ig) in the alveolar Epithelial Lining Fluid (ELF) could be 
one of the contributing factors to the change in the replication 
kinetics. However, the Ig concentration in alveolar ELF 
is poorly understood. The best estimate is based on the 
calculation of IgG level in bronchoalveolar lavage (BAL) 
sample which also takes into account the ratio between serum 
and BAL urea levels [12]. Moreover, there has not been a 
comprehensive study regarding the quantity of Ig and also 
influenza-specific neutralizing antibody in alveolar space, 
which is of relevance to the current explant culture model. 
In addition, as the majority of circulating immune cells and 
lymph nodes are not present in this ex vivo setup, we also 
investigated if a set of specific cellular components yields 
this viral strain-specific immunity over time. Lung resident 
immune cells with adaptive immune responses are highly 
relevant [13]. Furthermore, a third population of memory 
T cells named resident memory T (TRM) cells, have been 
identified, especially in secondary lymphoid organs and 
barrier tissues [14,15]. They usually do not recirculate in 
the blood and persist permanently in these tissues and can 
stand for a rapid immune response to restrict infection within 
the local tissue sites [16,17]. In this study, we examined the 
presence of resident immune cells, including lung-specific 
resident memory cells and their association with viral strains’ 
specific immunity in explant lung culture.

Materials and Methods
Viruses

Pandemic virus A/HongKong/415742/09 (H1N1pdm) and 
seasonal viruses A/HongKong/54/98 (H1N1) were used. The 
viruses were initially isolated and passaged in Madin-Darby 
canine kidney (MDCK) cells. The virus stock was aliquoted 
and then titrated to determine a tissue culture infection dose 
of  50% (TCID50) in MDCK cells. 

Thin slice human lung explant cultures 
Fresh lung tissues were obtained from patients undergoing 

elective surgery in the Queen Mary Hospital in Hong Kong 
and were removed as part of clinical care but surplus for 
routine diagnostic requirements as detailed previously [8]. 

Briefly, the tumour-free regions of the residual lung tissues 
were transported in a sterile bottle to our laboratory within 1h. 
The lung was perfused with cold transport medium (sterile 
PBS (pH 7.2) containing 200 μg/ml of gentamicin, 100 U/
ml of penicillin, 100 μg/ml of streptomycin, and 2.5 μg/ml of 
amphotericin B) using clear tracheal tube 2.0mm (Ruschelit) 
through bronchiole until the lobe was fully expanded. The 
cold transport medium was then aspirated and replaced by 1% 
agarose (Sigma, A0701) in PBS (Sigma). This tissue was cut 
into cubes and further embedded in 4% agarose. The agarose-
embedded lung tissue was cut in slices, using a cryotome 
blade with a thickness <1mm. The thin slices of the lung were 
cut using a disposable biopsy punch (Miltex) in a diameter 
of 5mm and placed on a sterile surgical sponge (Simport) 
inside a 12-well plate. 1.5 ml of the corresponding medium 
was added into each well with the surgical sponge float with 
the explants on the medium to create an air-liquid interface. 
The medium was changed every hour in the first four hours 
and incubated at 37°C in a water-jacketed incubator with a 
5% CO2 supply to allow the melting and removal of agarose 
within the lung slice. Lung slide culture medium (LSM) 
composition: Minimal essential medium (Sigma, St. Louis, 
MO) supplemented with 1.0 μg of bovine insulin/ml (Sigma), 
0.1 μg/ml of hydrocortisone (Sigma), 0.1 μg/ml of vitamin 
A (Sigma), 200 μg/ml of gentamicin, 100 U/ml of penicillin, 
100 μg/ml of streptomycin and 1.25 μg/ml of amphotericin 
B, as described [18]. Thin lung slice infection was conducted 
as previously described [6]. The use of human biospecimens 
had been previously approved by the local institutional 
review board (UW 13-064).

Alveolar epithelial lining fluid (ELF) extraction and 
immunoglobulin measurements 

Once the fresh lung tissue arrived at our laboratory, 3g 
was used for the extraction of alveolar ELF. This portion was 
cut into thin slices (< 1mm) using microtome with minimal 
mechanical damage to the tissue. The slices were put into 
3 ml of cold PBS together with a magnetic stirrer and the 
solution was stirred on ice for 30 min. The supernatant of 
this tissue solution was recovered by centrifugation at 1100 
rpm for 5 min would be the alveolar ELF. The supernatant 
was aliquoted into a small volume and stored at -20°C. IgA 
and IgG levels of the lung wash and lung homogenate were 
detected by human IgA-ELISA Kit (Cygnus, F165, detection 
range 0.5 – 50 ng/ml) and human IgG-total ELISA Kit 
(Cygnus, F160, detection range 0.5 – 50 ng/ml) in duplicate, 
respectively.

Haemagglutinin inhibition (HI) assay and 
Microneutralization (MN) test 

The alveolar ELF and serum sample of the same patient 
who provided the lung tissue was collected for HI and MN 
tests towards the 2009 pandemic virus and seasonal influenza 
virus as described [19]. 
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Statistical analysis 
The virus replication yield of H1N1 and H1N1pdm was 

expressed as the area under curve (AUC) below the virus 
replication kinetic curve from 24-to-48 hours post-infection 
as described [7]. Paired t-test was performed to compare the 
viral yield between H1N1 and H1N1pdm. The association 
between AUC and HI and MN titers of serum was evaluated 
by linear regression. The association between AUC and the 
percentage of Tet+CD8+ cells, Tet mean fluorescent intensity 
and TRM CD8+ Tet+ cells were tested by linear regression. 
Differences were deemed to be significant if p-value < 0.05. 
The analyses were performed with GraphPad Prism version 
8.4.3 for Mac.

Results
Virus replication kinetics

We found that not every influenza virus gives a stable 
pattern of replication kinetics every year. We observed a 
productive viral yield of an H1N1pdm virus in the initial 
phase of the outbreak, i.e. April – July 2009 followed by a 
drastic decrease in the replication competence in the period 
of August 2011 to July 2012 (Figure 1). We speculated this 

phenomenon is mainly contributed by the host immunity, 
which may relate to their exposure to the virus or vaccination.

IgA and IgG concentrations of alveolar ELF
IgA and IgG were measured in 21 alveolar ELFs. The 

total IgA concentrations were significantly higher than the 
total IgG concentration in alveolar ELF. IgG concentrations 
in the alveolar ELF were mostly below 20 ng/ml (Figure 2A).

HI and MN titer against seasonal H1N1 and 
H1N1pdm viruses of alveolar ELF and serum

We performed the HI assay to determine the concentration 
of the influenza A virus-specific antibody against A/HK/54/98 
(H1N1) and A/HK/415742/09 (H1N1pdm). However, from 
the 21 lung wash samples tested, only two of them have a 
HI titer of 1:20 to seasonal H1N1 (A/HK/54/98) and one of 
them has a HI titer of 1:10 to H1N1pdm (A/HK/415742/09), 
others were all negative in the HI test of these three strains of 
influenza viruses. With the limited data points, we did not test 
for the association between the virus replication yield and the 
HI titer of the alveolar ELF. Therefore, it suggested that the 
local immunity of explant culture might not contribute to the 
Ig present in the alveolar ELF.
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Figure 1: Data of human lung explant cultures infected with 106 TCID50/ml of seasonal H1N1 virus (A/HongKong/54/1998) and pandemic 
H1N1 virus (A/HK/415742/2009) from 2006 to 2012. Virus replication kinetics of these viruses in the human lung was determined by virus 
titration at 1, 24, and 28 hours post-infection and expressed in TCID50/ml. The chart showed the pooled data from different patients denoted 
with n number shown below each graph for clarity. The dotted line indicates the detection limit of the viral titration assay.
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To assess if the circulating immunity has a role in the local 
immunity in the lung explant setup, the serum sample of the 
same patient was collected for the HI test towards seasonal 
H1N1 and 2009 H1N1 pandemic virus. The serum titer 
showed no difference between H1N1pdm and H1N1 seasonal, 
with a mean value of 1:190 and 1:164, respectively (n = 37). 
If we used the protective titer of 1:40 as the cutoff value for 
a 50% reduction in the prevalence of infection [20], all of the 
samples collected after 2015 exceeded this threshold (Figure 
S1A). However, it is worth noting that this 1:40 cutoff value 
is controversial as it varies across age groups. Moreover, an 
age-adjusted value cutoff value for H1N1 would be much 
higher than 1:40 was defined in 1970 for 50% protection 
[21]. The overall and time-stratified replication efficiency of 
the seasonal H1N1 virus was higher than H1N1pdm (Figure 
S1B, p < 0.0001, pair-t test, two-tailed). 

The serum HI and MN titer showed no difference between 
H1N1pdm and seasonal H1N1, with a mean HI titer of 1:190 
and 1:164, respectively (n = 37) and a mean MN titer of 1:65 
and 1:76, respectively (n = 35). With the comparable HI titers 
between seasonal H1N1 and H1N1pdm but a higher viral 
load of seasonal H1N1 than H1N1pdm in the explant lung 
infection experiment (Figure S1B), there were no associations 
identified between the HI and MN titer in the serum to the 
viral yield in the H1N1pdm (Figure 2B) and seasonal H1N1 
(Figure 2C) infected lung explant culture.

A trend of reduced replication competence of 
H1N1pdm in the lung explant culture with the 
increased influenza-specific CD8+ T cells

To assess influenza specific T cell resident memory in the 
lung tissue we used two approaches, intracellular cytokine 
staining (ICS), which can simultaneously assess influenza 

specific CD4+ and CD8+ T cell responses by cytokine 
secretion, and tetramer pools for influenza specific CD8+ T 
cell responses (Table S1). However, due to technical issues 
of low cellular viability following ICS of frozen lung samples 
and a lack of MHCII tetramers for CD4+ T cells, we were 
unable to obtain data on CD4+ T cell responses. The tetramer 
pool for CD8+ T cell responses contained 12 tetramers for 
immunodominant epitopes for HLA supertypes, with an 
expected coverage of 80% of the population [22]. Lungs were 
stained for T cell resident memory, defined by the expression 
of CD69 and CD103 [23], and 3 of 8 donors were HLA-A2+. 
All subjects had influenza-specific tetramer+ CD8+ T 
cells, of which 20-77% were also T cell resident memory 
phenotype, which was also consistent with HLA-A2+ donors. 
Due to the cross-reactive nature of T cells and the conserved 
epitopes within seasonal and pandemic H1N1 viruses, we 
were not able to discern the strain-specific CD8+ T cell 
responses in our limited sample size. However, there was a 
trend for the level of replication of pandemic but not seasonal 
viruses in lung explant cultures to inversely correlate with 
the magnitude of tetramer-specific and TRM CD8+ T cells 
(Figure 3). We found that the higher percentage of CD8+ 
Tet+ (Figure 3B, p = 0.09) and the TRM CD8+ Tet+ (Figure 
3F, p = 0.08) had a trend to reduce the replication competence 
of H1N1pdm in the lung explant culture. In the ICS assay, 
we stimulated the lung cell suspension at an MOI of 4 and 
detected the IFNγ+CD4+TRM and the IFNγ+CD8TRM cells 
at 12 hpi. However, no correlation was identified with the 
virus replication competence in the lung explant culture.

Discussion
A time-series observation of the dynamic changes of 

influenza virus replication competence in human lung 
explant culture initiated this study. The dampened replication 

Figure 2: (A) IgA and IgG levels of the lung ELF (n=21) were detected by human IgA-ELISA Kit (Cygnus, F165, detection range 0.5 – 50 
ng/ml) and human IgG-total ELISA Kit (Cygnus, F160, detection range 0.5 – 50 ng/ml) in duplicate, respectively. The dotted line connected 
the result of IgA and IgG of the same sample. Wilcoxon matched-pairs signed rank test identified significantly higher IgA levels than IgG of 
the same lung ELF was identified (p < 0.0001) (B) H1N1pdm and (C) H1N1 infectious viral load from 24 to 72 hpi were expressed in Area 
Under Curve value (AUC) and plotted against the corresponding serum HI (open circle) and MN titers (square). Linear regression showed no 
statistical association between the HI titer and the MN titer to the virus replication competence in the ex vivo lung cultures.
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c
Figure 3: The percentages of (A and B) Tet+ CD8+ cells, (C and D) Tet mean fluorescent intensity (MFI, which positively reflects the level 
of T cell receptor expression) and (E and F) TRM CD8+ Tet+ cells of the individual donor were plotted against the corresponding (A, C and 
E) H1N1 and (B, D and F) H1Npdm viral replication competence in the ex vivo lung cultures expressed in AUC from 24 to 48 hours post-
infection. Linear regression was performed with the p-values shown in the corresponding figures.
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competence of pandemic H1N1 was not likely due to the 
contribution by the change in innate immune defence 
mechanisms and assumed that influenza virus receptors, 
physical and chemical barriers (e.g. surfactant secretion, 
antiviral pathway) in the lung did not change significantly 
across these six years (from 2006 to 2012) in the human 
population, as the mentioned effect would similarly affect the 
seasonal A/HK/54/1998 (H1N1). Therefore, the involvement 
of normal structural cells of the lung, including epithelial 
cells (alveolar type I cells, alveolar type II cells, clara cells, 
bronchiolar epithelial cells), endothelial cells (lymphatic 
endothelial, vascular endothelial), alveolar macrophages, 
fibroblasts and mesenchymal cells were excluded in this 
study. With the discrete lung explant culture model, which 
is disconnected from the circulating immunity, we studied if 
humoral mediators in alveolar ELF and resident memory T 
cells contribute to the differential replication competence in 
seasonal and pandemic H1N1 viruses. 

In previous studies, the protection of the lung towards 
influenza virus infection was mainly contributed by IgG 
rather than IgA [24,25] and confirmed by a meta-analysis 
study in identified genes responsible for triggering distinct 
immune responses to inactivated and live-attenuated influenza 
vaccines [26]. However, in the current setting with thin tissue 
sectioning, we consistently detected a higher concentration 
of total IgA than IgG in the alveolar ELF. It could be because 
IgG antibody response is not long-lasting, with a half-life of 
weeks, and declines with age, by which most of the samples 
were obtained from subjects above 60 years old. Moreover, 
only a limited number of alveolar ELF samples provided a 
measurable HI titer. The use of PBS to elute alveolar ELF 
might involve a significant dilution of samples and interfere 
with the detection accuracy. Absorptive matrices might be 
considered as an alternative mucosal fluid collection method 
in future studies [27]. 

Lung resident immune cells with adaptive immune 
responses are exceptionally relevant in this context. TRM 
CD8 T cells persist within the lung [28] and represent a non-
circulating population of memory CD8 T cells [29]. Whilst 
CD4+ T cells may not lodge in the lung but remain in the 
nearby draining lymph node, we were unable to address 
CD4+ TRM in our study. Virus-specific CD8+ TRM is 
located within pulmonary tissue including bronchioles and 
alveoli, and resident memory T cells are abundant in the 
human lung [13]. We identified the CD4+ and CD8+ TRM 
in our lung explant culture. Specific TRM towards seasonal 
and pandemic H1N1 was further illustrated by the tetramer 
staining, and appeared to correlate with virus replication in 
a strain-specific manner and with time from the pandemic in 
2009. Whilst our study is limited by a number of factors, it 
provides an important insight into the specific role of acquired 
TRM in potentially limiting local virus replication in the lung. 

Conclusions
The change in the susceptibility of H1N1pdm virus in 

the lung explant culture had a weak link with the circulating 
antibody levels. With the nature of the epithelial lung fluid 
we obtained from the washing steps, we could not exclude 
the contamination of cell population from the residual blood 
while bronchioalveolar lavage would be a better biospecimen 
to evaluate the local immunity which was not possible in the 
setting of our study. The H1N1pdm-specific TRM CD8+ 
activity identified in this study might be due to the prior 
exposure of the subject to pandemic H1N1 viruses through 
natural infection. The correlation of CD8 T cell magnitude 
and extent of virus replication is on the verge of significance, 
and it would be worth doing more samples for the tetramer 
staining and replication.
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Figure S1: (A) HI titer against H1N1 seasonal influenza virus 
(black) and H1N1pdm virus (grey). Dotted line denotes the 
protective titer of influenza found in serum for a 50% reduction 
in the prevalence of infection [20]. (B) Influenza virus replication 
competence plotted using the area under curve (AUC) as the overall 
output. The biological sample collection dates were stratified 
into six-months durations. Key: *, p < 0.05; **, p < 0.005; ***,  
p < 0.0005; ****, p < 0.0001

HLA Epitope Peptide
HLA-A01:01 NP44 S7N CTELKLNDY

HLA-A01:01 NP44 WT CTELKLSDY

HLA-A02:01 M158 GILGFVFTL

HLA-A03:01 NP265 ILRGSVAHK

HLA-B07:02 NP418 LPFERATVM

HLA-B07:02 NP418 LPFDKTTIM
HLA-B35:01 NP418 LPFERATVM

HLA-B35:01 NP418 LPFDKTTIM
HLA-B08:01 NP225 ILKGKFQTA

HLA-B18:01 NP219 YERMCNIL

HLA-B27:05 NP383 SRYWAIRTR

HLA-B57:01 NP199 RGINDRNFW

Table S1: Selected MHC-I tetramers for CD8+ T cell staining
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