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Abstract

Older adults suffer a disproportionate burden of influenza-related morbidity and mortality typically attributed to defects in the aging immune 
system collectively known as immunosenescence. While the age-related decline in the adaptive immune system has been well characterized, 
little is known about how aging affects the principal site of influenza infection—the nasal epithelium. In human nasal epithelial cell cultures 
(hNECs) from older adults, we found similar or increased levels of cytokines during influenza infection compared with hNECs from younger 
individuals. However, hNECs from older individuals demonstrated decreased mRNA expression for several key proteins that affect clearance 
of infected cells, including MHC-I and transporter associated with antigen presentation (TAP). These findings were confirmed at the level 
of protein expression. In vivo studies corroborated the in vitro differences in MHC-I and TAP gene expression and also revealed important 
decreases in the expression of key influenza-specific antiviral mediators MX1 and IFITM1. Furthermore, epithelial cell-cytotoxic T lymphocyte 
co-cultures demonstrate that CTL cytotoxic activity is dose-dependent on MHC-I antigen presentation. Taken together, these results indicate 
that aging is associated with important changes in the nasal epithelium, including antigen presentation and antiviral pathways, which may 
contribute to increased severity of disease in older adults through impaired clearance of infected cells.
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Despite widespread vaccination efforts, greater than 90% of influenza-
related mortality occurs in adults over the age of 65 (1,2). It is well 
established that aging is associated with changes to the immune sys-
tem, known as immunosenescence, that limit the capacity to mount 
an effective immune response to infectious agents resulting in more 
severe disease (3,4). While immunosenescence affects both the innate 
and adaptive arms of the immune response, little is known about the 
effect of aging on the nasal epithelium. Nasal epithelial cells are the pri-
mary target of influenza viruses and are responsible for initiating and 
coordinating an effective immune response (5,6). Upon infection, the 

nasal epithelial cell response works to control virus replication through 
the production of interferons and key antiviral mediators includ-
ing Interferon-induced transmembrane-1 (IFITM1) and Interferon-
induced GTP-binding protein MX1 (MX1). In addition, the nasal 
epithelial cells release chemokines to recruit adaptive immune effector 
cells such as cytotoxic T lymphocytes (CTLs) that function to limit the 
spread of influenza through the removal of infected cells (6,7).

The removal of an infected respiratory epithelial cell by CTLs is 
a complex process centered around the presentation of viral peptides 
by MHC class I proteins (MHC-I) on the surface of the infected cell 
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(8). MHC-I complexes, composed of a heavy chain (HLA-A, HLA-
B, or HLA-C) and a light chain (ß2-microglobulin), are universally 
expressed on the surface of nucleated cells and specifically present 
intracellular peptides. Viral proteins produced in the infected cell are 
degraded by cytosolic and nuclear immunoproteasomes, including 
those composed of interferon-gamma induced 20S proteasome sub-
mit beta-1i (PSMB9), 2i (PSMB10), and 5i (PSMB8), and the resulting 
peptides are transported to the endoplasmic reticulum by transporter 
associated with antigen presentation (TAP) proteins. The delivery of 
viral peptides into the endoplasmic reticulum is coupled with loading 
of the peptide onto the MHC-I molecule with the help of a protein 
known as tapasin or TAP-binding protein (TAPBP). A fully assembled 
MHC-I molecule then leaves the endoplasmic reticulum and presents 
the viral peptide on the cell surface alerting CTLs that the cell has 
become infected and requires clearance. Interference with the MHC-I 
pathway facilitates evasion of CTL clearance (9–12).

In this study, we evaluated the effect of aging on nasal epithelial 
cells and their ability to respond to infection with influenza virus. 
Using a primary differentiated in vitro human nasal epithelial cell 
(hNEC) culture system, we compared production of cytokines and 
chemokines in hNECs from young (20–27 years of age) and older 
individuals (>55 years of age) followed by an in-depth comparison of 
epithelial immune gene expression in vitro and in vivo. While hNECs 
from older adults produced similar or greater levels of cytokines and 
chemokines during the first 24  h of influenza infection compared 
with hNECs from younger subjects, nasal epithelial cells from older 
adults also produced significantly less MHC-I and TAP both in vitro 
and in vivo, which may limit the clearance of influenza-infected res-
piratory epithelial cells that is dependent on antigen presentation by 
MHC-I. In addition, we found decreased MX1 and IFITM1 mRNA 
expression in vivo, which suggests important age-related deficien-
cies that could impair the epithelial antiviral response. Collectively, 
a decreased ability to clear infected respiratory epithelial cells com-
bined with similar or increased levels of pro-inflammatory cytokine 
expression may contribute to prolonged viral replication, sustained 
inflammation, and more severe disease in older individuals.

Methods

Human Nasal Epithelial Cell Procurement and 
In Vitro Culture
Primary differentiated human nasal epithelial cells (hNECs) were 
obtained, cultured, and differentiated at air–liquid interface (ALI) as pre-
viously described (13,14). hNECs used for culture were obtained from 
two groups of healthy volunteers between the ages of 20–27 (young; 
n = 6) and over 55 years of age (old; n = 7) without a diagnosis of 
asthma or smoking-related disorder. Subjects who smoke, people with 
immunodeficiency and those who chronically use oral or nasal steroids 
were excluded. This protocol was approved by the Institutional Review 
Board for Biomedical Research of the University of North Carolina 
at Chapel Hill School of Medicine (IRBs No 09-0716 and 13–2660). 
Separate nasal biopsies from young (n = 6) and older (n = 5) subjects 
(with the same exclusion criteria mentioned above) were collected, lysed 
in Trizol (Life Technologies), and stored at −80°C until RNA extraction.

Influenza Virus
Influenza A H3N2 virus (Influenza A/Washington/897/90) was kindly 
provided by Kanta Subbarao (NIAID/NIH). Viruses were propagated in 
MDCK cells in Infection Medium: Dulbecco’s Modified Eagle Medium 
(DMEM, Sigma, St. Louis, MO) containing 100 U/mL of penicillin, 
100 ug/mL of streptomycin (Sigma), 2mM Glutamine (Sigma), and 

0.3% bovine serum albumin (BSA; Sigma); 4 µg/mL N-acetyltrypsin 
(Sigma) was included in the medium to ensure infection.

In vitro Influenza Virus Infections
hNEC cultures were incubated at 33°C (to faithfully represent the 
temperature of the human nasal epithelium) for 24 h prior to infec-
tion (hpi). The apical surface of hNECs was washed with dulbecco’s 
phosphate-buffered saline then infected with Influenza virus at an 
MOI of 10 TCID50/cell in Infection Medium for 1 h at room tem-
perature. The inoculum was then aspirated, the apical and basolateral 
chambers were washed twice with dulbecco’s phosphate-buffered 
saline, and fresh media was added to the basolateral chamber.

Sample Collection
Following infection, hNECs were incubated at 33°C for 24 h. Infection 
Medium was added to the apical surface of hNECs (apical wash) and 
collected after a 10-min incubation at 33°C for virus titration and 
cytokine quantification. Basolateral media was collected for cytokine 
quantification and LDH measurements. Cells were lysed with Trizol. 
Samples were stored at −80°C until analysis or RNA extraction.

Virus Titers
Infectious virus titers were determined using a TCID50/mL assay as 
previously described using MDCK cells at 33°C (15).

Epithelial Cell Cytokine Expression
Cytokine expression in apical and basolateral compartments were 
determined using Meso Scale multiplex kits (TNF-α, Eotaxin, 
Eotaxin-3, MCP-1, MCP-4, MIP-1α, MIP-1β, IL-8, and TARC; 
Mesoscale Diagnostics, Rockville, MD) and commercially available 
ELISA kits (IP-10; BD Biosciences). For Meso Scale kits, lower limits 
of detection (pg/mL) were as follows, for basal and apical samples, 
respectively: TNF-α: 0.068, 0.066; Eotaxin: 4.53, 1.61; Eotaxin-3: 
1.38, 1.42: MCP-1: 2.44, 0.185; MCP-4: 1.43, 0.914; MIP-1a: 3.67, 
2.61; MIP-1b: 0.746, 0.725; IL-8: 45.7, 27.6; TARC: 1.87, 0.47. 
IP-10 was measured by the OptEIA Human IP-10 ELISA Set (BD 
Biosciences); lower limit of detection is 7.8 pg/mL.

Cell Death
Relative levels of cell death in hNEC cultures and CTL–epithelial 
cell co-cultures were determined by measuring the level of lactate 
dehydrogenase (LDH) in the basolateral compartment by colori-
metric enzyme assay (Takara) on a CLARIOStar plate reader (BMG 
Labtech).

RNA Extraction
Total RNA was extracted from hNEC cultures and nasal biopsies 
using the RNeasy Mini Kit (Qiagen) according to manufacturer’s 
instructions except that Trizol was used in the initial extracting steps 
rather than Qiazol. The extracted RNA was stored at −80°C until 
analysis. The organic phase of the hNEC samples from the initial 
extracting steps was stored at −80°C until protein extraction.

Gene expression by Nanostring Assay
Relative gene expression levels between epithelial cells from young 
and older hosts were determined by Nanostring nCounter assay, 
using the GX Human Immunology v2 Kit (Nanostring), which detects 
579 immune-related RNA transcripts. While 15 internal reference 



(housekeeping) genes are detected by this kit, we determined that sev-
eral of these genes showed significant or near-significant differences 
between hNECs from old and young hosts, which could skew the rela-
tive expression results. For a more conservative analysis, data were 
normalized to the geometric mean of all detected genes to account for 
overall differences in signal between samples. Normalization to house-
keeping genes was used for in vivo nasal biopsy studies as there was no 
difference in expression between samples from young and old subjects. 
Differential expression was assessed between young and older subjects 
within each experimental group (Mock or H3N2) by calculating a t 
statistic for each gene. For analysis of hNEC cultures, a gene had to 
be greater than background in at least 1 of 24 samples whereas for 
biopsy analysis, a gene had to be greater than background in at least 1 
of 11 samples. Background threshold was set as the mean+2*standard 
deviation of the negative controls. p-values from the t-test were trans-
formed to q-values to determine the false discovery rate of the result-
ing candidates (16). Heatmaps were generated in R by hierarchical 
clustering with average linkage clustering and Spearman correlation. 
Nanostring raw signal data can be accessed at http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE89882.

Host Cell Protein Analysis by Western Blot
Protein was extracted from hNEC lysates in Trizol used previously 
for RNA extraction according to the Trizol DNA and protein extrac-
tion protocols.

hNEC protein extract concentrations were measured by Biorad 
DC Protein Assay (Biorad). About 5 and 10  µg of each extract 
were separated by SDS PAGE using 10% Acrylamide gels (Biorad) 
and transferred to Immobilon PVDF membranes (EMD Millipore). 
Blots were cut slightly above the 50  kDa marker, blocked, and 
probed with anti-human HLA-A,B,C (≤50 kDa section, 5 µg pro-
tein, 1:5000; MBL International, D226-3), TAP2 (>50 kDa section, 
10 µg protein, 1:400; MBL International, K0137-3), and TAPBP 
(≤50 kDa section, 10 µg protein, 1:400; Santa Cruz Biotechnology, 
Sc-80647), followed by Goat anti-mouse IgG HRP (1:1000, Santa 
Cruz Biotechnology, Sc-2005). Blocking buffer, 5% Nonfat Dry 
Milk in TBST, was used for all antibody dilutions. Immediately 
after incubation with SuperSignal West Pico Chemiluminescent 
Substrate (ThermoFisher), blots were visualized using the Fuji 
LAS3000 imager. All blot sections were extensively washed in 
TBST and stained with Amido Black for use in normalizing signals 
to total protein (17); images were taken with the Fuji LAS3000 
imager. Chemiluminescent and Amido Black signals were meas-
ured with Image Studio Lite (LI-COR Biosciences). Amido Black 
signals were measured in each lane in each section, adding signals 
from the >50  kDa and ≤50  kDa sections. The signal from each 
protein of interest was divided by the absolute value of the Amido 
Black signal. No differences in Amido Black signals were detected 
between young and older groups (data not shown).

HLA-A2+ Flu A-Peptide-Specific Cytotoxic 
Lymphocyte (CTL) Generation
All recombinant human growth factors were obtained from Peprotech, 
with the exception of GM-CSF (Leukine sargamostim, Sanofi) and 
IFNα (Schering). Peripheral blood mononuclear cells were isolated 
from human buffy coats (Gulf Coast Regional Blood Center) by Ficoll 
Paque gradient (GE Healthcare) and presence of HLA-A2 determined 
by flow cytometry using anti-human HLA-A2 APC (Biolegend) on a 
BD LSRII flow cytometer. To generate dendritic cells (DCs), the adher-
ent fraction of peripheral blood mononuclear cells were isolated and 
cultured in AIM V Medium (Gibco) with heat-inactivated Human AB 

Serum (Gemini Bioproducts) (AIMV-HS) for 9 days with the follow-
ing recombinant human growth factors: day 1–9: IL-4 and GM-CSF; 
day 4–9: TNFα, day 7–9: IL-6 and IFNα. Mature DCs were cryopre-
served on day 9 as previously described (18,19). 

CD8+ cells were selected from the nonadherent fraction of 
the HLA-A2+ peripheral blood mononuclear cells using CD8 
Microbeads (Miltenyi Biotec). The selected cells were cryopreserved 
until use.

To generate CTLs, HLA-A2+ DCs were thawed and cultured with 
the Influenza A M158-66 peptide GILGFVFTL (Peptide 2.0) at 2µg/mL 
overnight. Autologous CD8+ cells were thawed and cultured with the 
peptide-loaded DCs in AIMV-HS.  rhIL-7 and rhIL-15 were included 
throughout the CTL culture, with rhIL-21 on the day of stimulation only, 
and rhIL-2 starting 16 days after culture initiation. CTLs were stimu-
lated a second time with M1 peptide-loaded DCs at 14 days. Subsequent 
stimulations were carried out every 2 weeks with irradiated M1 peptide-
loaded T2 lymphoblasts (American Type Tissue Collection, ATCC).

CTL and Epithelial Cell Co-Culture
NCI-H522, a lung adenocarcinoma cell line expressing HLA-
A*02:01, and A549, a lung carcinoma cell line lacking HLA-
A*02:01 were obtained from ATCC. HLA-A2 phenotype was 
verified by flow cytometry (data not shown) (20). Cells in a 96-well 
plate were loaded with M1 peptide at concentrations ranging from 
30 to 2.0 µg/mL overnight in their respective media. As a control for 
the effect of residual peptide on CTLs, empty wells were “loaded” at 
the same concentrations.

Wells were washed gently but extensively, and M1 peptide-spe-
cific CTLs in AIMV-HS were applied at a 4:1 CTL: target cell ratio. 
An equal number of CTLs was applied to the residual peptide con-
trol wells. Cells were co-cultured 24h in a 37°C 5% CO2 incubator, 
and media sampled for LDH assay.

Statistics
Analysis of the ELISA, Meso Scale, and Western blot results was 
performed to test hypotheses regarding differential abundance by 
treatment and age. Non-parametric statistics were selected to allevi-
ate the need for assumptions regarding the distribution of this data. 
The Wilcoxon matched pairs test was used to identify association 
between treatment groups (Mock and H3N2) within the young or 
old samples. The Mann–Whitney test was performed to test for dif-
ferences between young and old for each treatment group. These 
tests were performed using GraphPad Prism software. Statistical 
analysis of Nanostring data is described above.

Results

Similar Levels of Influenza Virus Replication and 
Cell Death in hNECs from Young and Older Hosts
After similar inoculums (Figure 1A), there were no significant dif-
ferences in virus replication between hNECs from young and older 
subjects at 24hpi (Figure 1B), and there were no differences in cell 
death at 24 hpi as measured by basolateral LDH release (Figure 1C).

Influenza-Infected hNECs From Older Hosts Release 
Similar or Greater Levels of Pro-Inflammatory 
Cytokines and Chemokines
To compare the age-related differences in the nasal epithelial innate 
immune response to influenza infection, we first measured the bidir-
ectional secretion of cytokines and chemokines. In mock-infected 
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cultures, there was no difference in the apical or basolateral secre-
tion of cytokines in hNECs from young and older hosts (Figure 2 
and Supplementary Figure  1). Twenty-four hours postinfluenza 
infection, hNECs from young and older hosts released significantly 
greater levels of TNF-α, TARC, IP-10, MIP-1α, MIP-1β, MCP-1, and 
Eotaxin apically compared with mock infection (Figure 2A, B, D, E, 
F, G and I). Influenza-infected hNECs, from older adults released 
significantly greater levels of IL-8, MCP-4, and Eotaxin-3 apically 
compared with uninfected hNECs, but this was not seen in hNECs 
from younger adults (Figure 2C, H and J). While there was increased 
release of cytokines apically by influenza-infected hNECs from older 
compared with younger adults, only TARC was statistically signifi-
cance (Figure 2B).

The basolateral release of cytokines during influenza infection was 
similar to that seen in the apical chamber. Influenza-infected hNECs 
from both young and older subjects released significantly greater 
levels of TARC, IP-10, MIP-1β, and MCP-1 compared with mock-
infected hNECs (Supplementary Figure 1B, D, F, and G). Although 
greater levels of cytokines were released in influenza-infected hNECs 
from older compared with younger adults, the differences did not 

Figure 2.  hNECs from older individuals release similar or greater levels of 
apical pro-inflammatory cytokines in response to H3N2 influenza infection as 
compared to hNECs from young individuals at 24 h postinfection. Cytokines 
were measured by Meso Scale multiplex kits and IP-10 ELISA in apical washes 
collected 24 h postinfection. *p < .05 compared with mock-infected cultures. 
#p < .05 compared with hNECs from young individuals infected with H3N2 
influenza (n = 6 different donors for young and n = 7 donors for older adults).

Figure 1.  Virus inoculum, replication at 24 h postinfection, and cell cytotoxicity. 
Similar levels of Influenza virus replication and cytotoxicity were found in 
hNECs from young and older individuals. hNEC cultures were infected with 
an H3N2 strain of influenza virus at an MOI of 10 TCID50/mL at 33°C. Virus 
titers in inoculum (A) and apical supernatants at 24 h postinfection (B) were 
measured by calculating the TCID50/mL in MDCK. Cell death was determined 
by measuring lactate dehydrogenase (LDH) in the basolateral chamber and 
normalized to mock-infected hNECs from both young and older individuals 
(C). n = 6 different donors for young and n = 7 donors for older adults.
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reach statistical significance (Supplementary Figure 1B, D, E, F, and 
I). Significantly greater levels of TNF-α, IL-8, MIP-1α, MCP-4, and 
Eotaxin were released from influenza-infected hNECs from older 
adults compared with un-infected cultures, a difference that was not 
seen in hNECs from younger subjects (Supplementary Figure 1A, C, 
E, H, and I).

Taken together, these results suggest that aging is not associated 
with an attenuated epithelial cell-specific cytokine or chemokine 
response to influenza infection and in most cases hNECs from older 
adults release greater levels of pro-inflammatory chemokines com-
pared with hNECs from younger adults.

Aging Results in a Differential Nasal Epithelial Cell 
Immune Gene Expression Profile at Baseline and 
During Influenza Infection
Next, we examined the effect of aging on epithelial cell immune 
gene expression. Of the 579 genes profiled by the Nanostring ana-
lysis, the expression of 23 genes was significantly different between 
mock-infected hNECs from young and older subjects (q > 0.73) 
(Supplementary Figure 2), and 77 genes were differentially expressed 
during influenza infection (q = 0.05–0.30) (Supplementary Figure 3). 
The differentially expressed genes at baseline (mock) and following 
influenza infection of hNECs from young and older subjects are not-
able for enrichment in antigen processing and presentation pathways.

Aging is Associated with a Decrease in mRNA 
and Proteins Required for Antigen Processing and 
presentation In Vitro
HLA-A and HLA-B, two of the three classical MHC-I paralogs, and 
TAP2 and TAPBP, genes involved in peptide processing and MHC 
assembly, were differentially expressed at the RNA level between 
hNECs from young and old subjects. HLA-A, and TAP2 were 
reduced significantly in hNECs from older hosts both at baseline 
(mock) and after 24 h of influenza infection (Figure 3A and D), while 
HLA-B and TAPBP were significantly reduced in influenza-infected 
cells alone but showed a trend toward reduced expression at baseline 
(p = .10 and 0.07, respectively) (Figure 3C and F).

To assess whether the differences in the expression of these genes 
at the RNA level translate into differences in protein expression, we 
compared cellular protein in hNECs from young and older adults by 
western blot. In mock-infected hNECs, there was significantly lower 
levels of classical MHC-I (HLA-A, B, and C) protein expression in 
hNECs from older as compared with younger subjects (Figure  3B) 
consistent with the mRNA expression levels detailed above (Figure 3A 
and C). A similar trend was seen after 24 h of influenza infection but 
was no longer statistically significant. Likewise, hNECs from older 
hosts also expressed lower levels of TAP2 (Figure  3E) and TAPBP 
proteins (Figure 3G) during mock and influenza infection. While the 
difference in TAP2 did not reach statistical significance, the difference 
in TAPBP expression between hNECs from young and old subjects 
trended towards statistical significance (p = .09). Collectively, this data 
highlights novel age-related deficiencies in the mRNA and proteins 
necessary for processing intracellular antigens and MHC-I molecules.

In Vivo Nasal Epithelial Cells From Older Adults 
Express Significantly Less MHC-I, TAP1, and 
TAP2 mRNA
To confirm the novel age-related disparities in MHC-I, TAP, and 
TAPBP expression in vivo, RNA from nasal biopsies from young 

and older hosts were profiled using the same Nanostring panel used 
for hNECs. Global expression patterns were significantly differ-
ent in nasal epithelial cells from young compared with older sub-
jects with 60 genes found to be differentially expressed (p < .05, 
q = 0.28–0.39) between young and older subjects (Supplementary 
Figure 4). Similar to our in vitro data (Supplementary Figures 2 and 
3; Figure 3), we found the differentially expressed genes in vivo also 
enriched for MHC-I and antigen-processing pathways. Specifically, 
HLA-A and HLA-B are expressed 1.5- and 1.7-fold lower, respect-
ively, in nasal epithelial biopsies from older compared with young 
subjects (Figure 4A and B). TAP1 and TAP2 mRNA were expressed 

Figure  3.  hNECs from older subjects express significantly less MHC-I and 
antigen-processing mRNA and protein. (A, C, D, and F) mRNA was compared 
in mock and influenza-infected hNECs 24 h postinfection using Nanostring 
nCounter assay (GX Human Immunology v2 kit) (n = 5 different donors for 
young and n = 7 donors for older adults). (B, E, and G) Protein in mock and 
influenza-infected hNECs was analyzed by western blot. Protein bands were 
quantified using chemiluminesence and normalized to amido black staining. 
n = 5 different donors for young and n = 5 donors for older adults. *p < .05 
and **p < .01 compared with hNECs from young individuals as determined 
by t-test.
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at 2.1- and 1.6-fold lower levels in nasal epithelial cell biopsies from 
older compared with young subjects, respectively (Figure  4C and 
D). TAPBP mRNA expression was 1.3-fold lower in nasal epithelial 
biopsies from older compared with young subjects but this difference 
did not reach statistical significance (Figure 4E). ß2-microglobulin, 
which plays a key role in the peptide-loading complex (composed 
of MHC-I, TAPBP, TAP, and ERp57) and is responsible for stabiliz-
ing the MHC-I molecule, was also significantly reduced by 1.4-fold 
in nasal epithelial cells from older compared with young subjects 
(Figure  4F). Additionally, the mRNA for the proteasome subunits 
PSMB8, 9, and 10 were significantly reduced at 1.4-, 1.9, and 1.3-
fold lower, respectively, in nasal epithelial cells from older compared 
with young adults (Figure  4G, H, and I). Collectively, the in vivo 
findings confirm our in vitro baseline data and highlight important 
age-associated differences in the expression of key genes involved in 
the antigen processing and presentation pathway.

Cytotoxic T Lymphocyte (CTL) Clearance of 
Epithelial Cells is Dependent on the Level of MHC-I 
Antigen Presentation
In order to determine the functional effect of a reduction in HLA-A 
and other proteins relevant to antigen presentation in the airway 
epithelium, we developed an epithelial cell–CTL co-culture model 
using Influenza A M158-66 (M1) peptide-specific HLA-A2+ CTLs and 
two airway epithelial cell lines, NCI-H522 and A549. Both cell lines 
revealed cell-surface expression of MHC-I by flow cytometry (data 
not shown). NCI-H522 expresses HLA-A2 (20), while A549, lack-
ing HLA-A2, was used as a negative control. NCI-H522 and A549 
cells, loaded overnight with increasing levels of M1 peptide (30 ng/
mL–2 µg/mL), were co-cultured for 24 h with the M1 peptide-spe-
cific CTLs. Media LDH levels, measured to compare cytotoxicity 
between NCI-H522-CTL and A549-CTL co-cultures, demonstrate 
clear antigen concentration-dependent cytotoxicity above vehicle 
control in NCI-H522 but not A549, with increasing cell death as 
peptide concentration increases (Figure 5). These findings indicate 
that the cytotoxic activity of CTLs is dependent on the concentration 
of the peptide–MHC-I complex on the target cell surface and sup-
port the idea that reduced expression of MHC-I or antigen-process-
ing proteins will impair CTL clearance of influenza-infected airway 
epithelial cells.

Critical Antiviral Mediators Are Reduced in Nasal 
Epithelial Cells From Older Compared With Young 
Adult Subjects In Vivo
Antiviral mediators including IFITM1 and MX1 have recently been 
shown to play important roles in establishing an antiviral state 
against influenza infection. In human nasal epithelial cells from older 
individuals, IFITM1 and MX1 expression were significantly reduced 
2.6- and 1.3-fold, respectively, compared with nasal epithelial cells 
from younger adults in vivo suggesting that the antiviral state of the 
primary cells infected with influenza is reduced in older adults at 
baseline (Figure 4J and K).

Discussion

Influenza infection in older adults is associated with a more severe 
clinical course compared to younger adults. To better understand 
the effect of aging on respiratory epithelial cells and their anti-
viral response, we compared viral replication and cell death, cyto-
kine release, and immune gene expression in primary differentiated 

Figure 4.  Nasal epithelial cells from older individuals express significantly less 
mRNA for proteins important in antigen presentation and viral evasion. To confirm 
and extend our in vitro findings, immune gene profiles of nasal epithelial biopsies 
were performed using Nanostring nCounter assay (GX Human Immunology v2 
kit). In older hosts (A, B) MHC-I (HLA-A and HLA-B), (C, D) TAP associated protein 
(TAP1, TAP2), (E) TAP Binding Protein (TAPBP), (F) ß2-microglobulin (B2M), (G, H, 
I) proteasome subunits PSMB8, 9, and 10, and (J, K) the antiviral IFITM1 and MX1, 
were reduced compared with nasal epithelial cells from young hosts in vivo. *p < 
.05 and **p < .01 compared with hNECs from young individuals as determined by
t-test. n = 6 different donors for young and n = 5 donors for older adults.



human nasal epithelial cells in vitro at baseline and during infection 
with H3N2 Influenza A virus. Baseline differences were then con-
firmed in nasal biopsies of young and older subjects in vivo. Our 
results indicate that nasal epithelial cells in older adults manifest a 
dysregulated immune response to influenza infection compared with 
younger hosts in that there is an equivalent and often greater cyto-
kine production but that this is accompanied by a decrease in the 
expression of specific antiviral mediators (MX1 and IFITM1) as well 
as genes responsible for antigen processing and presentation (MHC-
I, TAP2, and TAPBP).

Nasal epithelial cells, the first cells infected in influenza, play a 
critical role in initiating the innate immune response and in mod-
ulating the adaptive immune response through the expression of 
cytokines, chemokines, and growth factors that inhibit virus replica-
tion and recruitment of an organized cellular response to influenza 
infection (5,6). The role of epithelial cells in alerting CTLs to viral 
infection, through viral antigen presentation on MHC-I proteins, is 
pivotal to containing infection. Although aging is a risk factor for 
severe influenza, this is the first study to combine an in vitro and 
in vivo approach to systematically evaluate how aging affects the 
immune response to influenza at the primary site of infection.

Comparison of the nasal epithelial cell immune gene profile 
between young and older hosts reveals important differences in the 
expression of MHC-I, TAP, and TAPBP, which play pivotal roles in 
alerting adaptive immune cells that the cell is infected. Following 
infection, a complex process ensues requiring a number of host cell 
proteins to process (PSMB8, 9, and 10) and deliver cytosolic pep-
tides into the endoplasmic reticulum (TAP1 and TAP2), load the 
viral peptide onto MHC-I (TAPBP) resulting in presentation of the 
MHC-I–viral antigen complex on the cell surface. Viral replication 
and inflammation are controlled by the clearance of infected cells 
by CTLs mediated by the recognition of viral antigen on MHC-I 
proteins (21). Cells deficient in MHC-I have been shown to be less 
susceptible to CTLs and NK cells and mice lacking MHC-I and func-
tional CD8+ T lymphocytes experience delayed viral clearance and 
increased mortality after influenza viral challenge (9–11). Similarly, 
the level of MHC-I (HLA-A2) expression has been shown to directly 
correlate with susceptibility to cellular lysis by CTLs (22). We have 
provided further evidence that CTL cytotoxic activity decreases in a 

dose-dependent manner with decreasing Influenza antigen presenta-
tion on MHC-I (HLA-A2) in an airway epithelial cell line (Figure 5).

Here, we demonstrate that the expression of MHC-I (specifically 
HLA-A) and TAP2 mRNA is decreased in hNECs from older adults 
at baseline and after infection with influenza in vitro and baseline 
differences in MHC-I (HLA-A and HLA-B) and TAP2 are con-
firmed in nasal biopsies in vivo. Nasal biopsies from older compared 
with younger adults also revealed significantly decreased levels of 
TAP2, ß2-microglobulin and proteosome subunits PSMB8, 9, and 
10 mRNA, all of which are critical to viral antigen presentation. 
We also demonstrate that hNECs from older hosts produce signifi-
cantly less HLA-B and TAPBP compared with hNECs from younger 
hosts after infection with influenza. To our knowledge, this is the 
first report that aging is associated with a decreased expression of 
MHC-I and TAP-associated proteins at the primary site of influenza 
infection and replication.

Decreased clearance of influenza-infected respiratory epithelial 
cells, in the setting of persistent cytokine and chemokine production, 
will likely contribute to sustained and/or increased mucosal inflam-
mation and may ultimately explain the increase in disease severity in 
older adults. The significantly increased thymus and activation regu-
lated chemokine (TARC) and TNF-α, as well as relative increases in 
the expression of Eotaxin, MCP-1, MCP-4, MIP 1α, MIP 1β, and 
IL-8 levels likely direct a distinct immune cell recruitment to the res-
piratory epithelium. TARC is a high affinity ligand, which binds to 
and induces chemotaxis in Th2 cells via interaction with the CCR4 
receptor (23). Previous bronchoscopic studies evaluating the effect of 
aging on lung immunity discovered an elevated CD4/CD8 cell ratio 
in bronchoalveolar lavage fluid potentially reflecting a shift in the 
respiratory mucosa towards a Th2-mediated milieu in older adults 
rather than the classic antiviral Th1 response (24,25). Additionally, 
the relative increase in IL-8 expression apically and basolaterally in 
hNECs from older compared with younger subjects also may con-
tribute to increased airway pathology through the induction of neu-
trophil chemotaxis.

Comparison of immune gene expression profiles in vivo also 
revealed that nasal epithelial cells from older adults express sig-
nificantly less MX1 and IFITM1, two key antiviral mediators. MX 
proteins are GTPases that are induced by type I and type III interfer-
ons and are thought to interfere with the function of the influenza 
RNA-dependent RNA polymerase. Mice with a functional Mx1 
locus are naturally resistant to influenza, suggesting an important 
antiviral role for MX proteins (26). Additionally, our findings of 
reduced MX1 expression in nasal epithelial biopsies of older com-
pared with younger adults are supported by the recent work dem-
onstrating reduced MXA (MX1) gene expression in monocytes from 
older adults (27). Similarly, IFITM proteins have also been found to 
display antiviral activity with ectopic production of IFITM1 associ-
ated with markedly reduced influenza A virus replication. Thus, a 
decrease in expression of MX1 or IFITM1 by respiratory epithelial 
cells from older adults may explain the increased susceptibility to 
influenza infection among this high-risk population.

In addition to the small number of young and older adult subjects 
enrolled in this study, which limit the power to detect differences in 
epithelial cell chemokine and cytokine expression, there are other 
limitations that should be considered when interpreting these results. 
While CD4+ T helper cells also play a critical role in the response 
to influenza infection, given the differences found in MHC-I expres-
sion between nasal epithelial cells from young and older adults, we 
focused on the respiratory epithelial–CTL interaction. The epithe-
lial cell–CTL co-culture experiment (Figure  5) demonstrates that 

Figure  5.  CTL clearance of airway epithelial cells is dependent upon 
concentration of antigen presentation. NCI-H522, a lung adenocarcinoma cell 
line expressing HLA-A*02:01, and A549, a lung carcinoma cell line without 
HLA-A*02:01 expression, were loaded with a dose–response of Influenza M1 
peptide (30.0 ng/mL to 2.0 µg/mL) then co-cultured with M1 peptide-specific 
HLA-A2+ CTLs at a 4:1 CTL:target cell ratio for 24 h at 37°C. Cell death was 
measured by lactate dehydrogenase (LDH) levels in media. 



reduced antigen presentation on the surface of respiratory epithelial 
cells leads to decreased antigen-specific CTL-induced cell death, sug-
gesting that clearance of target cells is dose-dependent on the level 
of influenza antigen presentation. However, further experiments are 
needed to evaluate the relative contributions of decreased MHC-I 
and TAP associated protein expression on antigen processing and 
presentation and ultimately on CTL-induced killing of infected pri-
mary nasal epithelial cells.

The findings of age-associated decreased gene and protein expres-
sion related to antigen processing and presentation have profound 
implications beyond that of viral infections including other inflamma-
tory conditions such as obstructive lung disease, cancer, and other res-
piratory pathogens. The presence of these defects in both our in vivo 
and in vitro systems suggest that these changes are conserved features of 
the epithelium and thus the effect of aging on the respiratory epithelium 
in other respiratory disease conditions warrants further evaluation.
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Supplementary data is available at The Journals of Gerontology, 
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