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Dynamics of Human Respiratory Virus-Specific CD8" T Cell
Responses in Blood and Airways during Episodes of Common
Cold"

Jojanneke Heidema,* John W. A. Rossen,?” Michaél V. Lukens,>* Marianne S. Ketel,*
Eva Scheltens,* Mariette E. G. Kranendonk,* Wendy W. C. van Maren,* Anton M. van Loon,’
Henny G. Otten®, Jan L. L. Kimpen,* and Grada M. van Bleek™*

We determined the dynamics of CD8™ T cells specific for influenza virus and respiratory syncytial virus in blood and tracheostoma
aspirates of children during the course of respiratory infections. We showed that during localized respiratory infections the ratio
of activated effector CD8™ T cells to resting memory/naive CD8* T cells in peripheral blood increased significantly. Furthermore,
the number of effector/memory T cells specific for respiratory viruses declined in blood and increased in the airways, suggesting
that these T cells redistributed from blood to airways. T cells specific for the infecting virus were present in the airways for longer
periods at increased levels than nonspecifically recruited bystander T cells. After clearance of the infection, the ratio of resting
memory and naive CD8* T cells normalized in peripheral blood and also memory T cell numbers specific for unrelated viruses
that declined during the infection due to bystander recruitment were restored. Taken together, these results showed a significant
systemic T cell response during relatively mild secondary infections and extensive dynamics of virus-specific and nonspecific

Ag-experienced T cells. The Journal of Immunology, 2008, 181: 5551-5559.

ntiviral CD8" T cells are important for resolution of

both primary and secondary viral infections. However,

for respiratory infections caused by respiratory syncytial
virus (RSV)* and influenza virus, protective T cell-mediated im-
munity decreases over time (1-3). The respiratory tract is one of
the largest surface areas of the body and effective immune surveil-
lance is required to prevent damage caused by infectious and en-
vironmental Ags. Even in the absence of local infections in the
lung, effector/memory T cells are effectively attracted to this pe-
ripheral site by continuous chemokine-mediated T cell recruitment
from the vasculature into the tissue (4). This process of effector
cell recruitment is enhanced during infections when local chemo-
kine production is up-regulated. When infections are cleared, sub-
stantial numbers of T cells remain detectable in the lung tissue and
airways (5, 6). The role of different T cell populations that are
recruited into lung tissue and the airways in the process of viral
eradication is still unclear, as is the mechanism by which the bal-
ance between the different T cell populations is reinstilled in pe-
ripheral blood after viral clearance.
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Most insight into the dynamics of CD8™" T cell responses during
respiratory infections has come from studies in mice. In the mouse
model, naive virus-specific CD8 " T cells differentiate and gain the
capacity to traffic into inflamed tissue during primary infection.
Typically, proliferating T cells are first detected in the draining
lymph nodes around day 4, from where they migrate to the lungs
where they are found from day 6 onward (7). Peak responses are
found in the tissue around days 810, while viral load declines as
soon as CTLs appear (8). After resolution of the infection, the
virus-specific T cell pool contracts and a small number of T cells
survive and become long-lived memory T cells.

Upon secondary infection a three-phase defense has been sug-
gested (9). The first phase is represented by effector/memory
CD8™ T cells that are already present in the lungs. Cytokines and
chemokines are secreted by these cells to create a proinflammatory
milieu that attracts other immune cells. During the second phase a
wave of nonproliferating T cells is recruited to the lung around day
4 in a non-Ag-specific manner. Memory T cells specific for the
infecting virus as well as nonspecific bystanders are recruited. By-
standers do not proliferate and are deleted by apoptosis or phago-
cytosis. The third phase consists of Ag-specific effector cells that
are derived from reactivated memory cells in the draining lymph
nodes (10, 11).

Few data have been published on the human host. A recent study
has shown that CD8" T cells specific for respiratory infections
could be detected in lung tissue of elderly people that had no
symptoms of infection at the time tissue biopsies were taken (12).
There was a relative enrichment of CD8™ T cells specific for in-
fluenza virus and RSV in the lung tissue compared with blood that
was not found for EBV. These cells had progressed to a highly
differentiated phenotype and were IL-7 receptor (CD127)-positive,
reflecting their memory status. The relationship between airway
and tissue resident CD8™ T cells and their relative contribution to
viral clearance is currently unclear. In mice it was found that ef-
fector/memory cells were predominantly recruited to the airways

2202 ‘1 Yare |\ uo 1senb Aq /6.0 jounwiwi i - mammy/:dny wioly papeojumoq


http://www.jimmunol.org/

5552 HUMAN CD8* T CELL DYNAMICS DURING RESPIRATORY INFECTIONS

Table I. Characteristics of tracheostoma patients

Patient  Age (years)  HLA Type® Underlying Disorder Virus

1 2 Al Subglottic stenosis RSV

2 4 Al Pierre Robin sequence Rhinovirus

3 3 A3 Spina bifida aperta RSV

4 3 — Trisomy 11 RSV

5 6 A3 Congenital muscle dystropy la RSV

6 12 A2 Nemaline myopathy Unknown

7 16 Al Spina bifida aperta Unknown

8 17 B7 Spina bifida aperta Rhinovirus

9 5 A2, B7 Mitochondrial complex 1 deficiency ~Rhinovirus — RSV — coronavirus — rhinovirus

10 1 Al, B7 Lunghypoplasia Coronavirus — rhinovirus and human
metapneumovirus — adenovirus,
human metapneumovirus, and
rhinovirus — influenza virus

11 2 — Unknown retardation Rhinovirus

12 2 A2 Spinal cord lesion Rhinovirus

13 14 Al Spinal muscle dystrophy Rhinovirus

14 7 mo Al, A3, B7 Down syndrome Unknown

15 1 Al Crouzon syndrome RSV

“ HLA molecule used for tetramer studies.

" HLA type of these children did not include HLA-A1, HLA-A2, HLA-A3 or HLA-B7, the HLA types for which tetramers were available.

(13, 14). These cells did not divide locally, and the virus-specific
CD8™ T cell numbers declined in murine models around 6 mo
after infection (3).

Information obtained in murine models may not always reflect
the human situation. Using human pathogens like influenza virus
and RSV in the mouse model and the difference in anatomy in the
murine and human pulmonary circulation may lead to differences
in the inflammatory milieu and in the in vivo trafficking of immune
cells (15, 16). These differences may result in different populations
of immune cells that contribute to the response. Therefore, we
investigated the dynamics of human CD8™ T cells specific for two
respiratory viruses, RSV and influenza virus, in peripheral blood
and tracheostoma aspirates of individuals during episodes of re-
spiratory infections. We showed that during mild respiratory in-
fections significant shifts in cell populations occurred in peripheral
blood and airways. Both virus-specific and bystander CD8* T
cells migrated to the lungs, and lower numbers of virus-specific
effector/memory cells were detectable in the blood. Furthermore,
the bystander response was more transient in the airways than was
the virus specific response. In blood the level of bystander mem-
ory/effector cells reestablished at a level similar to that before the
respiratory infection. This study shows for the first time the dy-
namics of CD8" T cell responses during mild local respiratory
infections in humans.

Materials and Methods

Study population and sample collection

Fifteen patients with a tracheostoma between 6 mo and 18 years of age
were included in the study during the winter season of 2005-2006 (Table
I). Exclusion criteria were immune disorders and the use of immune sup-
pressive medication. Blood samples were taken prior to or on day 1 of the
first episode of common cold. In one patient with paralysis of the legs and
absent pain perception, blood samples were drawn at all time points when
tracheal aspirate was collected. Parents were asked to collect morning sam-
ples of tracheal aspirate on days 2, 5, 8, 15, 28, and 56 after the start of a
common cold. During RSV or influenza virus infections, a seventh sample
was collected on day 42. Samples were kept on ice during transport. All
samples were processed within 4 h after collection.

Healthy blood donors were followed during the winter season. Twenty
milliliters of heparinized blood samples were drawn, either once a week for
a 10-wk period, or at two time points before and after onset of common
cold symptoms and at one to four time points during clinical signs of a
common cold. Nose and throat swabs for viral PCR were taken at all time
points. PBMC were isolated by Ficoll-Paque gradient centrifugation (Phar-

macia Biotech) and used immediately or stored in liquid nitrogen. Healthy
blood donors and parents of patients gave their informed written consent.
The study was approved by the Medical Ethical Committee of the Univer-
sity Medical Center, Utrecht.

Viruses

Human RSV strain A2 was propagated in HEp-2 cells, and the viral titer
was determined by plaque assay. RSV was used at a multiplicity of infec-
tion (moi) of 5 in the ELISPOT assay. Influenza virus strain A/Nanchang/
933/95, H3N2, was made in embryonated chicken eggs and used at a moi
of 5 in the ELISPOT assay.

Real-time PCR

Tracheal aspirate samples or nose and throat swabs were evaluated for
respiratory viruses by real-time PCR. After spiking of samples with murine
encephalomyocarditis virus and phocine herpes virus, nucleic acids were
extracted using the total nucleic acid protocol with the MagNA pure LC
nucleic acid isolation system (Roche Diagnostics). Each sample was eluted
in 200 wul of buffer, which was sufficient for all real-time PCR analyses.
cDNA was synthesized by using MultiScribe reverse transcriptase (RT)
and random hexamers (both from Applied Biosystems). Each 200 ul re-
action mixture contained 80 ul of eluted RNA, 20 ul of 10X RT buffer, 5.5
mM MgCl,, 500 uM of each deoxynucleoside triphosphate, 2.5 uM ran-
dom hexamer, and 0.4 U of RNase inhibitor/ul (all from Applied Biosys-
tems). After incubation for 10 min at 25°C, RT was conducted for 30 min
at 48°C, followed by RT inactivation for 5 min at 95°C.

Detection of viral and atypical pathogens was performed in parallel,
using real-time PCR assays specific for: RSV A and B, influenza virus A
and B, parainfluenza virus 1-4, rhinoviruses, adenoviruses, human coro-
naviruses OC43, NL63, and 229E, human metapneumovirus, Mycoplasma
pneumoniae, and Chlamydia pneumoniae. Real-time PCR procedures were
performed as previously described (17). Briefly, samples were assayed in
duplicate in a 25 ul reaction mixture containing 10 ul of cDNA, 12.5 ul
2X TagMan Universal PCR master mix (Applied Biosystems), and 300—
900 nM of the forward and reverse primers and 75-200 nM of each of the
probes (together 2.5 ul). Efficient extraction and amplification was moni-
tored through the internal control viruses (murine encephalomyocarditis
virus (RNA virus) and phocine herpes virus (DNA virus)) (18).

HLA typing

To be able to perform HLA tetramer staining in fresh tracheal aspirate
samples, immediate limited HLA typing was required. Therefore, 50 ul of
whole blood was stained with a panel of HLA-specific Abs to be able to
select the proper HLA tetrameric complexes to be used for T cell identi-
fication (IHB-Hu-037 for HLA-A1/A36, BB7.2 for HLA-A2, and IHB-
Hu-035 for HLA-B7 were kindly supplied by Dr. A. Mulder, Leiden Uni-
versity Medical Center, Leiden, The Netherlands). After 30 min of
incubation at room temperature, cells were labeled with FITC-conjugated
Fab fragments (IgGl for IHB-Hu-035, IgMk for IHB-Hu-037, DAKO
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F0315, and F0317, and I1gG2b for BB7.2) and incubated for another 30
min. Erythrocytes were lysed using lysis buffer (BD Bioscience). Cells
were analyzed by FACSCalibur flow cytometer and CellQuest software
(BD Biosciences). HLA type of the patients was confirmed in a later stage
by PCR-sequence-specific primers (SSP) using cultured EBV B cell lines
of the patients. PCR-SSP was performed according to the instructions of
the manufacturer (Biotest).

ELISPOT assay

Filtration plates (96-well; MAIPS4510; Millipore) were coated over-
night with anti-IFN-vy coating Ab 1-D1K (100 ul, 15 ug/ml; Mabtech)
in 0.1 M carbonate-bicarbonate buffer (pH 9.6) at 4°C. Before adding
the PBMC, the plates were washed thoroughly with PBS and blocked
for 1 h at 37°C with RPMI 1640 containing 10% FBS. Cells and virus
(RSV or influenza virus both used at a moi of 5) were added to the wells
in triplicate in a final volume of 200 ul of RPMI 1640 containing 10%
FBS and penicillin and streptomycin. Cells were incubated at 37°C for
24 h in a humidified incubator. Cells were then removed by thorough
washing in PBS, and 100 ul of detecting Ab 7-B6-1-biotin (Mabtech),
diluted to 1 ug/ml in PBS-0.5% FBS, was added to the wells. After
incubating 2 h at room temperature and washing (PBS), 100 ul (diluted
1/1000 in PBS-0.5% FBS), ExtraAvidine alkaline phosphatase
conjugate (Sigma-Aldrich) was added and incubated for 1 h at room
temperature. The plates were then washed in PBS, and 5-bromo-4-
chloro-3-indolylphosphate-NBT substrate was added at 100 pul/well
(Sigma-Aldrich, one tablet dissolved in 10 ml of H,O). Spots were counted
by an automated ELISPOT reader. Data were represented as the number of
spots per 3 X 10° PBMC minus the background of unstimulated samples.
In the mAb blocking experiments, we used culture supernatants of hybrid-
omas B8.11.2 producing anti HLA-DR, SPVL3 producing anti HLA-DQ,
and B7/21 producing anti HLA-DP.

CD8™ T cell phenotyping

To maximize cell viability, tracheal aspirate samples were processed di-
rectly after sampling. Specimens were filtered through 70-uwm cell strainers
(Falcon, BD Biosciences) to remove mucus. Cells were washed in RPMI
1640 medium supplemented with penicillin and streptomycin and 10%
FCS and blocked in FACS buffer containing 10% HPS for 30 min on ice.
Cells were stained with the appropriate HLA-A1, HLA-A2, HLA-A3, or
HLA-B7 tetramer. The allophycocyanin-conjugated HLA-B7 tetramer
loaded with the RSV peptide NPKASLLSL (NP6 _514), the HLA-AT1 tet-
ramer loaded with the RSV peptide YLEKESIYY (M,,4_»37), the HLA-A3
tetramer loaded with the RSV-derived peptide RLPADVLKK (M2,5,_;50),
and the HLA-A2 tetramer loaded with the influenza virus peptide GILG
FVFTL (Mlsg_g6) were purchased from Sanquin. The HLA-A1 tetramer
loaded with influenza NP-derived CTELKLSDY (NP,, s,) peptide was
obtained from Proimmune.

After 20 min, cells were stained extracellular with different mAbs for
another 20 min at room temperature. FITC-conjugated anti-CDS8, anti-
CD25, anti-CD27, anti-CD45R0, anti-CCR5, and anti-CD38; PE-con-
jugated anti-CD4, anti-CDS8, anti-CD27, anti-CD28, anti-CD38, anti-
CD45RO, HLA-DR, and anti-CCR7; PerCP-conjugated anti-CD8 and
anti-HLA-DR; and allophycocyanin-conjugated anti-CD3, anti-CDS, and
anti-CD28 were all purchased from BD Pharmingen, except for CD8-FITC
(Sanquin) and CD127-PE (Immunotech). For intracellular staining, cells
were permeabilized and fixed using FACS permeabilizing/fixation solution
(Perm/Fix, BD Pharmingen). Cells were stained intracellular with FITC-
conjugated Ki-67, FITC-perforin (both BD Pharmingen), PE-conjugated
granzyme B (GzmB, Sanquin) or isotype control (BD Pharmingen) for 30
min at room temperature. Cells were washed twice in Perm/Wash and once
in FACS buffer. For surface-stained samples, 7-aminoactinomycin D (BD
Pharmingen) was added just before FACS analysis to visualize cell via-
bility. Cell staining was analyzed on a FACSCalibur using CellQuest
software.

To measure RSV-specific CD8™ T cells in PBMC of adult volunteers,
CFSE (Sigma-Aldrich)-labeled PBMC were cultured with synthetic
peptide at 1 uM for 6 days in the presence of 20 U/ml of recombinant
human IL-2. CFSE labeling of PBMC was performed during 5 min at
room temperature in 2.5 mM CFSE in serum-free culture medium. Cells
were washed three times in culture medium with 10% FCS before cul-
ture with peptide. At day 6, RSV-specific CD8™" T cells were visualized
by staining with HLA tetrameric complexes, in a gate for live cells
(based on forward/side scatter) that had divided (based on dilution of
CFSE). Percentages of tetramer-positive cells as a fraction of total
CD8™ cells are depicted in the figures. All PBMC samples of an indi-
vidual were tested in one experiment.

5553

Statistics

Comparison of differences between patient groups (i.e., infected with RSV
or rhinovirus) was made using the Mann-Whitney U test. A p-value of
<0.05 was considered significant. Statistical analysis of the data in Fig. 1
was performed by using two-tailed Student’s 7 test (GraphPad Prism). Val-
ues are expressed as the means = SEM.

Results
During respiratory viral infections, bystander CD8" T cells
specific for different respiratory viruses disappear from blood

Upon primary infection with RSV, both an Ab response and CD8™
T cell immunity against well-conserved epitopes develop. How-
ever, despite the memory B and T cell responses, reinfections in
healthy adults occur regularly (1). To evaluate the dynamics of
RSV-specific T cell memory during common respiratory infec-
tions, we followed 10 healthy volunteers during the winter season.
Each week blood was drawn and nose/throat swabs were taken to
check for the presence of viruses. Eight of 10 individuals experi-
enced at least one episode of common cold. In five individuals the
virus was identified. Unfortunately, we did not find RSV. How-
ever, as sampling was performed only once a week, viral detection
was not optimal.

After collection of all the blood samples, the RSV-specific
memory CD8™ T cell response was investigated. Because we had
previously found that RSV-specific CD8™ T cells specific for sin-
gle RSV epitopes were present at low frequencies (19), CFSE-
labeled PBMC were cultured with synthetic peptides for 6 days.
On day 6 the presence of RSV-specific CD8" T cells was deter-
mined by tetramer staining in the cell population with low CFSE,
that is, the cells that had divided in the cultures. In all patients with
either clinical symptoms or asymptomatic infection we observed a
reduction of RSV-specific cells during respiratory infection (rep-
resentative examples shown in Fig. 1A-D).

Determination of exact frequencies of RSV-specific memory
CD8™ T cells was impossible because of the in vitro expansion
that was necessary to visualize RSV-specific T cells. To inves-
tigate the disappearance of virus-specific CD8" T cells during
infections with heterologous viruses without the need of in vitro
expansion, we also determined the influenza virus-specific T
cell numbers that are present in higher frequencies in peripheral
blood (5). In these experiments we performed direct staining in
four HLA-A2-positive donors with HLA-A2 tetrameric com-
plexes containing peptide M154 44 derived from the influenza
matrix protein. At several time points before, during, and after
the onset of clinical symptoms of respiratory infection, blood
samples of HLA-A2-positive donors were collected. We found
a reduction but not complete disappearance of M 154 _44-specific
CD8" T cells in peripheral blood during clinical symptoms
caused by unrelated respiratory viruses (Fig. 1, £ and F). The
percentage of influenza virus-specific cells in peripheral blood
was restored between day 4 and 7 after the onset of symptoms
during heterologous infections. In the experiments described so
far we have used tetramer staining to positively identify CD8*
T cells specific for virus-derived epitopes. However, the fre-
quency of CD8™ T cells specific for single viral epitopes is low
in peripheral blood. Therefore, we performed additional exper-
iments using the ELISPOT assay for IFN-y. PBMC were stim-
ulated with live virus to display the peptide repertoire repre-
senting the entire proteome of the virus. Fig. 1, G and H, shows
the diminished RSV-specific T cell response during upper re-
spiratory tract infection. Using a mixture of HLA-DR-, HLA-
DQ-, and HLA-DP-blocking Abs in this assay allowed us to
evaluate the effect on CD8™" T cells only. CD8™" T cell numbers
specific for RSV were detected in lower numbers in peripheral
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FIGURE 1. Dynamics of virus-specific CD8" T cell numbers in peripheral blood during episodes of respiratory infections in adults. A~D, RSV-specific
CD8™" T cells. CFSE-labeled PBMC of healthy blood donors were stimulated for 6 days with peptide in the presence of IL-2. On day 6 cells were stained
with the appropriate HLA tetramer. Cells were gated based on negative 7-aminoactinomycin D staining and positive CD8 staining. The percentage of
tetramer-positive CFSE-negative cells of total CD8" T cells is given for each time point. A, PBMC of an HLA-A1-positive individual stimulated with the
peptide YLEKESIYY (RSV-M,,,_»37). PCR in nose/throat swab samples showed a coronavirus infection in week 1 and an influenza virus infection in week
2. B, PBMC of an HLA-A3-positive individual stimulated with the peptide RLPADVLKK (RSV-M2 5, ,50). This donor experienced symptoms of a
respiratory infection in weeks 1, 2, and 5. No virus was identified in nose/throat swabs at all time points. C and D, Two HLA-A1-positive donors were
stimulated with YLEKESIYY (RSV-M,,, ,37). For the donor represented in C, influenza virus was detected in week 2. The donor represented in D
experienced symptoms of a respiratory infection in weeks 2 and 4—6. PCR of the nose/throat swab sample was negative in week 2, and rhinovirus was
detected in week 4. Filled bars and parentheses around week numbers indicate that the individual had symptoms of a respiratory infection on the day of
specimen collection. The four donors are representative of 8 of 10 individuals who experienced symptoms during the study period. E and F, Influenza-
specific CD8* T cells in PBMC during respiratory virus infections. PBMCs of two HLA-A2-positive donors were stained with a HLA-A?2 tetramer loaded
with the influenza virus peptide M1 o, (GILGFVFTL). Samples were taken 2 wk before, and on several time points after, onset of clinical symptoms
and after resolution of the infection. The donor represented in E had a rhinovirus infection. The second donor, shown in F, had cold symptoms but no virus
was identified. G—J, IFN-y ELISPOT assay performed with PBMC of two donors with upper respiratory tract infections. The infecting virus was not
identified in these subjects. PBMC were stimulated with RSV strain A2 at a moi of 5. G and H represent the number of spots per 3 X 10° PBMC of two
different donors. 7 and J are the T cell responses of the same donors when the experiment was performed in the presence of HLA-DR/DQ/DP-blocking Abs
and therefore show the response of CD8" T cells only. D1, D2, D3, and D5 depict the day after the first symptoms, before and after samples were taken
6 wk before the onset of first symptoms and 6 wk after. ns, not significant; *, p < 0.05; =, p < 0.01; s, p < 0.001.

blood during upper respiratory infections similar to the dimin-
ished number of CD8* T cells using tetramer staining (Fig. 1,
I and J.). Using the ELISPOT assay, similar results were found
in two donors for T cell responses against influenza virus (data
not shown).

In most donors the number of PBMC recovered was lower dur-
ing infection, and the percentage of CD8 ™" T cells within the CD3™
cell population decreased. Therefore, it appeared that the absolute
number of RSV and influenza virus-specific cells also decreased.
These results suggested the efflux from the blood of CD8™ T cells
directed against respiratory viruses during episodes of upper re-
spiratory tract infection.

A significant increase in CD8" T cells with an effector
(CD127) phenotype is found in PBMC of adults
with common colds

CD8™ T cells directed against a single epitope of influenza virus
obviously represent only a minor part of the memory pool of T

cells directed against respiratory viruses. Therefore, we next
analyzed the dynamics of the entire CD8" T cell population in
blood. During upper respiratory tract infection the percentage of
activated effector cells, CD45RO", CCR7~ CDI127, and
HLA-DR™ cells increased (Fig. 2). The peak of the response
was found on days 3-7 after the onset of symptoms. The ex-
pression of chemokine receptor CCRS on these cells indicated
their capacity to migrate into the inflamed lung.

During respiratory infections there is an influx of proliferating
highly activated CD8™ T cells into the airways

During infection with a respiratory virus the airway epithelium
is the tissue where viral Ags are expressed and innate immune
responses create an inflammatory environment attracting effec-
tor T cells. To study whether the activated effector cells mi-
grated from blood to the airways, we followed CD8*" T cell
responses in the large airways during respiratory infection.
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Fifteen children between 6 mo and 18 years of age with a tra-
cheostoma were followed during one winter season. On days 2,
5, 8, 15, 28, and 56 after the onset of symptoms of a respiratory
infection, the CD8™ T cell number and phenotype were mea-
sured in tracheal aspirate. In these children, 21 episodes of up-
per respiratory tract infection were studied (Table I). In the first
3-5 days after the onset of respiratory symptoms we found a
higher ratio of CD8" vs CD4 " T cells than later in the response
when symptoms diminished and eventually disappeared (Fig.
3A). Moreover, early after the onset of symptoms a higher pro-
portion of CD8" T cells expressed the activation marker
HLA-DR than later in the response (Fig. 3B). While in almost
all patients >70% of CD8™" T cells expressed the cytotoxicity
marker GzmB during infection, the basic level of GzmB ex-
pression after 28 days varied tremendously among patients (be-
tween 10% and 70%; data not shown). The number of T cells
expressing perforin, another component of cytotoxic granules,
declined much faster and <10% of CD8" T cells was found
positive on day 30 (Fig. 3C). Proliferating CD8" T cell num-

HLA-DR

bers visualized by Ki-67 staining peaked between day 2 and 5,
with up to 30% proliferating CD8" T cells (Fig. 3D). In all
patients, CCRS5, CD45RO, and CD27 were expressed in >75%
of CD8™ T cells at all time points. Twenty-five to 50% of CD8™"
T cells expressed CD28. CD25 and CCR7 were expressed by
<5% of CD8™ T cells. No variation in these values was found
at the different time points of sampling (data not shown).

CD8™ T cells show higher rates of proliferation and activation
during infections with RSV than during rhinovirus infection

To study the role of CD8™ T cells during infections with dif-
ferent viruses, we compared T cell responses in children in-
fected with RSV (three children, mean age 4.2 years) and rhi-
novirus infections (seven children, mean age 6.8 years). At the
peak of the response, RSV-infected children had a higher influx
of CD8" T cells into the airways and significantly lower per-
centages of CD4™ T cells, resulting in lower CD4/CDS ratios
(Fig. 4, A and B). The number of proliferating (Ki-67 ") CD8™
T cells and the number of cells expressing GzmB or CD38 were
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significantly higher during RSV infection (Fig. 4C). In one T cells during RSV and coronavirus infection than during two
child with four consecutive infections (rhinovirus, RSV, coro- rhinovirus infections, while the response was comparable be-
navirus, and rhinovirus), we observed more proliferating CD8 ™" tween the two rhinovirus infections (Fig. 4D-F).
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FIGURE 4. Comparison of T lymphocyte populations in tracheal aspirate samples during RSV (patients 5, 9, and15) and rhinovirus (patients 2,
8, 9-2x), 11, 12, and 13) infections. A, Percentage of CD3" lymphocytes of total cells in tracheal aspirate of patients infected with RSV (@) and
rhinovirus (O). CD4" and CD8" T cells are depicted as the percentage of total live CD3™" cells in tracheal aspirates. B, Comparison of CD4/CD8
ratio in these patients. C, Activation markers on CD8" T cells present in tracheal aspirate samples of RSV- and rhinovirus-infected patients. The
values depicted are from the samples taken at the peak of the response usually day 2 or 5 after the onset of symptoms. Percentages of marker-positive
live CD8" T cells are shown, based on negative 7-aminoactinomycin D staining and positive CD8* staining. *, p < 0.02; #*, p < 0.05; ns, not
significant. D—F, Activation markers on CD8" T cells in tracheal aspirate of a 5-year-old patient (no. 9, Table I) who suffered from four consecutive
respiratory infections, respectively: rhinovirus (O), RSV ([J), coronavirus (H), and rhinovirus (®). Cells were gated on a CD8* and live lymphocyte
gate based on the forward/side light scatter.
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FIGURE 5. Migration of virus-specific and bystander T cells to the air-
ways. A, Percentages of RSV-specific HLA tetramer-positive (HLA-A1/
Maso 537, HLA-A3/M2,5, s, and HLA-B7/NP5o 5,4) CD8" T cells in
tracheal aspirates of five patients (Table I: patient 1, HLA-A1; patient 3,
HLA-A3; patient 5, HLA-A3; patient 9, HLA-B7; and patient 15, HLA-
A1) with RSV infections (@), four patients with different infections, three
with rhinovirus infection (patient 2, HLA-A1; patient 9, HLA-B7; and
patient 13, HLA-A1) and one with coronavirus infection (patient 9, HLA-
B7) (O), and influenza-specific HLA-A2/M1sg_, or HLA-A1/Np,,_s, tet-
ramer-positive CD8™ T cells during six episodes of viral infection, four with
rhinovirus (patient 9-2x), HLA-A2; patient 13, HLA-A1; and patient 12, HLA-
A2), one coronavirus (patient 9, HLA-A?2), and one RSV infection (patient 9,
HLA-A2) (V). The percentage of tetramer-positive cells of total live CD8* T
cells is shown. B, In one patient (Table I, patient 9) with four consecutive
infections, RSV- and influenza virus-specific CD8™ T cells were identified in
tracheal aspirate by tetramer staining (HLA-A2/influenza-M155_¢, and HLA-
B7/RSV-NP;4_3,4). C, Influenza virus-specific cells appear in tracheal aspi-
rate at the same time they disappear from blood. At six time points after onset
of symptoms due to rhinovirus infection, PBMC and tracheal aspirate of an
HLA-A2-positive patient (no. 9, Table I) were stained with HLA-A2/influen-
za-Mlsg_ g tetrameric complexes. In all figures the percentages of tetramer-
positive cells of total live CD8" T cells are shown.

Bystander CD8™ T cells are recruited to the airways during
viral respiratory infections

We next tested the specificity of CD8" T cells attracted to the
airways using HLA tetrameric complexes. HLA tetramers contain-
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ing antigenic peptides derived from RSV and influenza virus pro-
teins were applied in HLA-A1-, HLA-A2-, HLA-A3-, or HLA-
B7-positive donors. Patients were followed during several
episodes of respiratory infections. RSV-specific CD8" T cell re-
sponses were studied during three infections with rhinovirus, one
infection with coronavirus, and three infections with RSV. The
influenza-specific CD8" T cell response was studied during four
episodes of rhinovirus, one coronavirus, and one RSV infection.
During each episode, influenza virus and/or RSV-specific CD8" T
cells appeared in tracheal aspirate. T cell numbers peaked before
day 10 after the onset of symptoms and disappeared soon there-
after (Fig. 5A). In one child with four episodes of common cold,
virus-specific T cells appeared with every episode and T cell
numbers declined in symptom-free periods (Fig. 5B). Peak re-
sponses against single epitopes, measured by tetramer staining,
varied between 0.1 and 0.83 of CD8™" T cells. In one child with
a rhinovirus infection we were able to compare the level of
influenza tetramer-positive cells simultaneously in tracheal as-
pirate and blood. Although the percentage of influenza virus-
specific CD8™ T cells was much lower in blood than in the
airways, we found that similar to observations described in Fig.
1, influenza virus-specific cells disappeared from blood. When
the cells disappeared from the peripheral blood they appeared in
tracheal aspirate (Fig. 5C). Thus, CD8" T cells specific for
respiratory viruses appear to be attracted to the airways during
unrelated respiratory infections, which results in a temporary
decline in peripheral blood. During infection with RSV the
number of RSV-specific CD8" T cells in tracheal aspirate ex-
ceeded levels during infection with other viruses. When RSV-
specific CD8" T cell responses were compared between chil-
dren with RSV infection and other viral infections, the
magnitude was higher and elevated virus-specific cell numbers
were present for a longer period in RSV-infected individuals
(Fig. 5A). Similar observations were made for influenza virus-
specific responses (data not shown). Thus, secondary antiviral
CD8™ T cell responses are of higher magnitude and of longer
duration than are bystander responses during unrelated
infections.

Discussion

The observations made in the present study in human patients
showed that in the circulation significant shifts in CD8* T cell
populations occur during mild upper respiratory infections. All
three phases of the T cell responses observed during murine
respiratory infections, reflecting three waves of different popu-
lations of memory cells contributing to the response in the air-
ways, could be recognized in our experiments (20, 21). The first
phase is represented by effector/memory CD8™" T cells that are
already present in the lungs. Indeed, long after clearance of a
respiratory infection, cells present in tracheal aspirate are of the
effector/memory type. These cells reflect the effector/memory
cells already present before the next exposure to a respiratory
pathogen. The second phase of memory cells that are attracted
to the inflammatory site in our experiments are identified as
influenza virus-specific cells and RSV-specific cells recruited
during heterologous respiratory infections (Fig. 5, Refs. 9, 22,
23). Indeed, as it was described in the murine model, this non-
specific response, composed of effector/memory cells that orig-
inated from T cell pools present in the circulation, waned faster
than did the virus-specific response during homologous infec-
tions (9, 13). While during heterologous infection RSV-specific
cells disappeared from the airways within 2 wk, during second-
ary RSV infection RSV-specific CD8" T cell responses peaked
later and the virus-specific cells remained detectable at higher
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than initial levels up to 58 days (Fig. 5A). The sustained re-
sponse of virus-specific CD8" T cells during homologous in-
fections is caused by the contribution of memory cells that en-
counter APCs in the lymph nodes draining the infection site
(20). This induces T cell proliferation and effector function and
the ability to migrate to the inflammatory site. These cells of the
third wave are more apoptosis resistant than are nonspecific
bystanders due to exposure to cognate Ag (21). Furthermore, a
prolonged presence of APCs that display viral Ags in the drain-
ing lymph nodes has been documented to be involved in a sus-
tained specific antiviral response (15). However, this prolonged
Ag presentation might be less pronounced during secondary
infections when infectious material is rapidly cleared and lower
viral loads are reached. The observation that the influx of di-
viding (i.e., Ki-677") cells decreased in the airways before day
10 (Fig. 3D) while peak RSV-specific CD8™" T cell numbers did
not decline until day 15 (Fig. 5A) may indicate that prolonged
survival times determined longer persistence of specific T cells
during homologous infections.

It has been suggested that bystander recruitment early during
respiratory viral infection is the result of the proinflammatory
milieu at the site of infection created by the secretion of several
cytokines and chemokines (9). The rapid recruitment of all T
cells to the site of inflammation provides a fast defense to pre-
viously experienced infections and enables crossreactive CD8™
T cells to contribute in heterologous infections. After recruit-
ment to the airways, these bystander cells are presumably lost
by apoptosis or phagocytosis, as in the mouse it has been shown
that lung airway memory T cells are unable to migrate from the
airways back into the circulation in contrast to T cells present
in the lung interstitium (9, 4, 13, 24). In our study we showed
that virus-specific memory T cells reappear in blood after dis-
appearance from the airways. At present, we do not know
whether in humans these CD8" T cells migrated back from the
airways, were redistributed from other sites, or were replen-
ished by proliferation.

Compared with children with rhinovirus infections, we found
higher fractions of CD8™ T cells in the airways expressing GzmB,
Ki-67, and CD38 in children infected with RSV. This might be due
to the fact that all children with RSV infection were more severely
ill than were children with rhinovirus infection.

The possibility to obtain tracheal aspirate at different time
points after infection provided a unique opportunity to study
developing secondary immune responses at the local infection
site. Using HLA tetrameric complexes we were able to study
the dynamics of CD8" T cells with particular specificities.
However, due to the fact that the single epitopes used in the
HLA tetrameric complexes only represent a small fraction of
virus-specific cells and the number of cells recovered from tra-
cheostomal aspirates was low, it was impossible to obtain a full
phenotypic characterization of the virus-specific T cells that
migrated to the lungs. Moreover, studies in patients will always
have the disadvantage that the experimental setup cannot be
controlled. Therefore, the exact time of virus inoculation was
unknown, as was the viral load at the time of infection. Fur-
thermore, the patient group was heterogeneous with respect to
age and underlying disease condition and the history of un-
known previous respiratory infections. We excluded children
with immune disorders and children using immune suppressive
medication to avoid immunological aspects of underlying dis-
eases as much as possible. Due to the fact that the tracheostoma
is an open connection between the outside environment and the
trachea, the lower respiratory tract of tracheostoma patients is
continuously exposed to bacterial infections. About 95% of tra-

cheostoma openings in adults contain bacterial colonization,
while in 30—46% of deeper brush cultures bacterial growth was
found (25, 26). It has previously been shown that this results in
a persistent baseline inflammation. Compared with healthy con-
trols there is a larger influx of neutrophils in tracheostoma pa-
tients. Nevertheless, the tracheostoma patients provided us with
unique material that is impossible to obtain from healthy indi-
viduals, and the observations made provided valuable informa-
tion on the dynamics of secondary T cell responses at the local
infection site during the course of a respiratory infection. In
summary, these studies provide insight in human T cell dynam-
ics upon viral infections. Studying human T cell responses in
both peripheral and central sites will contribute to a broader
understanding of the complex human T cell immunology nec-
essary for future development of vaccines.
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