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TELOMERES, THE DNA-PROTEIN

complexes at the end regions of
chromosomes,decreaseinlength
with every cell division.1 In pri-

marybloodcells, telomeresarepartly re-
constructedbytheactivityof telomerase,
a specialized intracellular enzyme that
adds subunit repeats to telomeres.2 De-
spite theactivityof telomerase, telomeres
continuetoshortenwithrepeatedcelldi-
visions, leadingtodisruptedcell function
and eventual cell senescence.3,4

Telomereshorteninginleukocyteshas
implications for immunocompetence1-4

and is associated with increased synthe-
sis of proinflammatory cytokines and
poorer antibody response to vaccines.5-7

Shorter leukocyte telomere length also
is associated with aging-related morbid-
ity and mortality from conditions with
immunesysteminvolvement, including
infectious diseases,8,9 cancer,10 and car-
diovascular disease.11

The rate of progression to senescence
differs among lymphocyte subsets, with
an advanced rate of telomere shortening
in the cytolytic CD8 T cells.12 This is
especially important for cancer and vi-
rally inducedinfectiousdiseases,because
rapid loss of telomere length in cytolytic

Importance Although leukocyte telomere length is associated with mortality and
many chronic diseases thought to be manifestations of age-related functional decline,
it is not known whether it relates to acute disease in younger healthy populations.

Objective To determine whether shorter telomeres in leukocytes, especially
CD8CD28� T cells, are associated with decreased resistance to upper respiratory in-
fection and clinical illness in young to midlife adults.

Design, Setting, and Participants Between 2008 and 2011, telomere length was
assessed in peripheral blood mononuclear cells (PBMCs) and T-cell subsets (CD4,
CD8CD28�, CD8CD28�) from 152 healthy 18- to 55-year-old residents of Pitts-
burgh, Pennsylvania. Participants were subsequently quarantined (single rooms), ad-
ministered nasal drops containing a common cold virus (rhinovirus 39), and moni-
tored for 5 days for development of infection and clinical illness.

Main Outcome Measures Infection (virus shedding or 4-fold increase in virus-
specific antibody titer) and clinical illness (verified infection plus objective signs of
illness).

Results Rates of infections and clinical illness were 69% (n=105) and 22% (n=33),
respectively. Shorter telomeres were associated with greater odds of infection, inde-
pendent of prechallenge virus-specific antibody, demographics, contraceptive use, sea-
son, and body mass index (PBMC: odds ratio [OR] per 1-SD decrease in telomere length,
1.71 [95% CI, 1.08-2.72]; n=128 [shortest tertile 77% infected; middle, 66%; lon-
gest, 57%]; CD4: OR, 1.76 [95% CI, 1.15-2.70]; n=146 [shortest tertile 80% in-
fected; middle, 71%; longest, 54%]; CD8CD28�: OR, 1.93 [95% CI, 1.21-3.09], n=132
[shortest tertile 84% infected; middle, 64%; longest, 58%]; CD8CD28�: OR, 2.02
[95% CI, 1.29-3.16]; n=144 [shortest tertile 77% infected; middle, 75%; longest, 50%]).
CD8CD28� was the only cell population in which shorter telomeres were associated
with greater risk of clinical illness (OR, 1.69 [95% CI, 1.01-2.84]; n=144 [shortest
tertile, 26%; middle, 22%; longest, 13%]). The association between CD8CD28� telo-
mere length and infection increased with age (CD8CD28� telomere length�age in-
teraction, b=0.09 [95% CI, 0.02-0.16], P=.01, n=144).

Conclusion and Relevance In this preliminary study among a cohort of healthy
18- to 55-year-olds, shorter CD8CD28� T-cell telomere length was associated with
increased risk for experimentally induced acute upper respiratory infection and clinical
illness.
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CD8Tcellscausescellsenescencemarked
bylossofexpressionofCD28,13acostimu-
latory molecule important for antiviral
function.

In this study we assessed whether
telomere length in leukocytes is asso-
ciated with host resistance to experi-
mentally induced viral upper respira-
tory infection in young to midlife adults.
Our expectation was that shorter leu-
kocyte telomere length, especially in
CD8CD28� cells, would be associ-
ated with an increased risk for infec-
tion and clinical illness.

METHODS
Participants

Participants were 152 healthy residents
of the greater Pittsburgh, Pennsylvania,
area aged 18 through 55 years and re-
cruited by newspaper advertisements to
participate in a study of the causes of the
common cold. Each received $1000 for
participating in the study. The study re-
ceived approval from the Carnegie Mel-
lon University and University of Pitts-
burgh human participants review boards,
and all participants provided signed in-
formed consent.

Design

Healthy participants who had their blood
drawn for telomere assessment were sub-
sequently quarantined, administered na-
sal drops containing a rhinovirus that
causes the common cold (rhinovirus
type 39 [RV39]), and monitored for 5
days for development of infection and
clinical illness.

Data were collected between 2008 and
2011. Volunteers were screened 6 to 8
weeks before viral administration and en-
rolled only if they reported no acute or
chronic illnesses; were in good health as
assessed by a complete physical exami-
nation that included examination of the
ear, nose, and throat, complete blood and
urine panels, and human immunodefi-
ciency virus testing; did not take pre-
scription medications, with the excep-
tion of birth control; and had specific
neutralizing serum antibody titers to the
experimental rhinovirus of 4 or less. Par-
ticipants were later excluded from the
study if they reported to quarantine with

symptoms or signs of illness, had rhino-
virus isolated in their nasal lavage fluid
on that day, tested positive for preg-
nancy on that day, or had a nonchal-
lenge strain of rhinovirus isolated dur-
ing cloister.

During the period before viral chal-
lenge,dataon7controlvariables (covar-
iates)werecollected toexcludepotential
alternativeexplanations forassociations
between telomere length and infections
or colds: prechallenge viral-specific an-
tibody titer (daybeforechallenge), body
mass index (BMI) (calculated as weight
inkilogramsdividedbyheight inmeters
squared), sex/birth control use (men,
womentakingcontraceptives,womennot
taking contraceptives), season of expo-
sure (spring, summer, winter), number
of days before viral challenge that blood
for telomere lengthassaywasdrawn,and
self-reportedage(years)andrace(selected
fromwhite,black,NativeAmerican,Asian/
PacificIslander,Hispanic/Latino,orother).
Becauseof smallnumbersofparticipants
endorsing nonblack minority racial cat-
egories, racewas recoded intoadichoto-
mous variable (white=0, other=1) for
analyses.

Bloodforassessmentoftelomerelength
was collected, processed by cell separa-
tion,andstoredforlaterassay.Participants
were thenquarantined ina localhotel for
6 days. After the first 24 hours of quar-
antine(quarantineday0),participantsre-
ceivednasaldropscontaining100 tissue
culture infectious doses of RV39. Daily
throughout quarantine, nasal lavage
sampleswerecollectedforisolationofthe
challenge virus and participants were
evaluatedforobjectivesignsofillness.Fol-
lowing approximately 28 days after ex-
posure to the virus, blood samples were
taken for assay of convalescent serum-
specificantibodytiter to thechallengevi-
rus.Investigatorsconductingthetelomere
length assays, which were performed in
batchafterall trialswereconcluded,were
blinded to all participant data.

Proceduresof theViralChallengeTrial

Infection. Infection was defined as iso-
lation of the challenge virus in nasal se-
cretions (cultured using standard pro-
cedures14) on any of the postexposure

quarantine days or as a 4-fold or greater
increase in specific antibody titer to the
challenge virus (microtiter neutraliza-
tion assay15) from before to 28 days af-
ter exposure.

Clinical Illness. Individuals were con-
sidered to have a cold on meeting the cri-
teria for both infection and objective
signs of illness. Objective signs of ill-
ness were assessed using 2 daily mea-
sures: nasal mucociliary clearance time
and mucus weight. Nasal mucociliary
clearance time—an indicator of nasal
congestion—was measured as the time
(seconds) needed for a flavored dye ad-
ministered to the inferior turbinates to
arrive at the nasopharynx.16 Mucus
weight (grams)—a marker of nasal se-
cretion production—was measured by
weighing sealed plastic bags containing
the participants’ used paper tissues and
then subtracting the weights of unused
tissues and empty plastic bags.16 These
measures were calculated on a daily ba-
sis with all daily measures adjusted for
baseline by subtracting baseline values
(mode values, 0 seconds and 0 g) from
the daily values. Negative adjusted val-
ues were given a score of 0. The crite-
rion for illness was a total (sum of 5 days)
adjusted weight of mucus of 10 g or
greater or an average adjusted time of na-
sal mucociliary clearance of 420 sec-
onds (7 minutes) or longer.17

Telomere Length. Because we could
not conduct timely cell separations and
preservation for the entire sample in a
single day, whole blood for telomere
length assay was collected from a ran-
dom one-third of participants on each
of 3 days: during the baseline screen-
ing visit (6-8 weeks prequarantine), 3
to 5 days prequarantine, or on the base-
line day of quarantine. Blood samples
were collected by standard venipunc-
ture into 3 green-top (heparinized) col-
lection tubes. Lymphocyte subsets from
each blood sample were labeled with
fluorochrome conjugated mouse anti-
human monoclonal antibodies (BD Bio-
science Pharmingen) in RosetteSep
cocktails, isolated immediately using an
automated immunomagnetic cell sepa-
rator (RoboSep, StemCell Technolo-
gies), and then stored at �80�C.
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Total DNA was purified from each cell
subset, includingperipheralbloodmono-
nuclear cells (PBMCs) and CD4,
CD8CD28�, and CD8CD28� cells
(DNeasy Blood & Tissue Kit, Qiagen).
Duplicate DNA samples (20 ng) from
each cell subpopulation were amplified
using primers of telomere (forward, 5'-
CGGTTT[GTTTGG]5GTT-3'; reverse,5'-
GGCTTG[CCTTAC]5CCT-3') and a
single copy gene (36B4; forward, 5'-
CAGCAAGTGGGAAGGTGTAATCC-
3'; reverse, 5'-CCCATTCTATCATCAAC-
GGGTACAA-3'), separately, on the same
plate in 1� SYBR Green master mix (Ap-
plied Biosystems) using a real-time quan-
titative polymerase chain reaction assay
(qRT-PCR) (7300 Fast Real Time PCR
system, Applied Biosystems) as per a
published protocol.18 Applied Biosys-
tems SDS software was used to generate
standard curves and to determine the di-
lution factors of standards correspond-
ing to the telomere (T) and single-copy
gene (S) amounts in each sample. From
these data, a T:S ratio was computed, pro-
viding an index of average telomere
length.Coefficientsofvariationwere12%
and 13% for T and S, respectively. In a
subsample of 26 participants, qRT-PCR–
derived T:S ratio was correlated (r=0.64,
P� .001) with telomere length as deter-
mined by terminal restriction fragment
Southern blot analysis.

Although the blood volumes used for
telomere assays were the same across
cell types, samples differed randomly
in cell number and thus in DNA con-
centration. This, in combination with
random cell loss during separation and
DNA purification, resulted in some
samples containing insufficient DNA for
telomere assay.

Statistical Analyses

Pearsoncorrelations(randPvalues)were
used toassessassociationsbetweencon-
tinuousvariables, analysisofvariance(F
and P values) to test differences in telo-
mere length among categorical control
variables, and paired (within-person) t
tests(tandPvalues)tocomparetelomere
lengthdifferencesbetweencell types.We
usedmultiple logistic regression19 topre-
dict thebinaryoutcomes, incidenceof in-

fection,andclinical illness.All regression
equationsincludedthe7controlvariables
(covariates) described in the design sec-
tion.Telomerelength(T:Sratio)wasnor-
mally distributed in all cell populations
andforanalysiswasstandardized(zscore)
and treated as a continuous variable.
Shorter telomere lengthcouldbe related
to risk for clinical colds through an as-
sociationwitheither increasedriskof in-
fectionamongallparticipants, increased
risk of developing clinical illness among
participantswhobecameinfected,orboth.
Wetested thesecondhypothesisbycon-
ductingamultiple logisticregression(in-
cludingallstandardcovariates)withclini-
cal illness as the outcome and using data
only fromthesubsetofparticipantswho
becameinfectedwiththechallengevirus.
Interaction terms were entered in sepa-
rateanalyses includingthecovariatesand
relevant main effects.

For all main effects of the logistic re-
gressions we report odds ratios (ORs)
and 95% CIs. To facilitate interpreta-
tion, we present inverse ORs, which in-
dicate the change in the odds of devel-
oping an infection or cold with each
1-SD decrease in standardized telo-
mere length. Interactions are reported
as unstandardized logistic regression co-
efficients (b), with 95% CIs and P lev-
els. Likelihood ratio tests are used to
compare models. As a result of the high
prevalence of infection and colds, the
ORs presented herein should not be in-
terpreted as risk ratios. Consequently,
we also transformed ORs to relative
risks for significant associations20 using
the longest quartile of telomere length
as the unexposed value.21

Power for this study was estimated at
80% based on an expected OR of 2.0 for
each 1-SD decrease in telomere length,
2-tailed tests with P� .05, and an N of
125 or greater. All statistics were per-
formed using IBM SPSS Statistics ver-
sion 20 (SPSS Inc). All tests were 2-tailed.

RESULTS
Sample Characteristics

TABLE 1 presents descriptive informa-
tion on sample demographic charac-
teristics, other covariates, and telo-
mere length.

Correlations Between Telomere
Lengths in Different Cell Populations
TABLE 2 presents telomere length cor-
relations among the different cell types.
Mean PBMC telomere length was lon-
ger than telomere length in all 3 T-cell
subsets (PBMC telomere length vs CD4
telomere length, t124=12.57, P=.001;
PBMC telomere length vs CD8CD28�
telomere length, t110=11.67, P=.001;
PBMC telomere length vs CD8CD28�
telomere length, t122=9.51, P=.001).

Associations of Control Variables
With Telomere Length,
Infection, and Colds

Older age was correlated with shorter
telomere length in PBMCs (n=128,
r=�0.17, P=.05), CD8CD28� cells

Table 1. Participant Characteristics
(N = 152)

Characteristic No. (%)a

Age, mean (SD), y 29.92 (10.71)
Women 63 (41)
Race/ethnicityb

White 109 (72)
Black 34 (22)
Other 9 (6)

Education
High school or less 37 (24)
�2 y college, no degree 43 (28)
2 y college � associate’s

degree
31 (20)

Bachelor’s degree or higher 41 (27)
Body mass index, mean (SD)c 26.44 (5.68)
Days from blood draw to viral

challenge, median (IQR)
4 (3-50)

Prechallenge viral-specific
antibody titer �4

123 (81)

Season of exposure
Winter 39 (26)
Spring 50 (33)
Summer 63 (41)

Lymphocyte-relative T:S ratio,
mean (SD), raw data

PBMC (n = 128) 0.81 (0.22)
CD4 (n = 146) 0.53 (0.24)
CD8CD28� (n = 132) 0.55 (0.20)
CD8CD28� (n = 144) 0.58 (0.27)

Abbreviations: IQR, interquartile range; PBMC, periph-
eral blood mononuclear cell; T:S, ratio of telomere to
single-copy gene amounts.

aExcept where otherwise noted. Ns differ between cell
types owing to insufficient DNA content in some blood
samples. Analyses involving each cell population were
conducted with data only from those participants with
complete telomere length data for that cell type.

b“White” category includes white Hispanic. “Other” cat-
egory includes Asian/Pacific Islander (3%); Native Ameri-
can (�1%); mixed race (3%).

cCalculated as weight in kilograms divided by height in
meters squared.
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(n = 132, r = �0.21, P = .02), and
CD8CD28� cells (n=144, r=�0.19,
P=.02), and higher BMI was correlated

with shorter telomere length in PBMCs
(n = 128, r = �0.19, P = .03) and
CD8CD28� cells (n=144, r=�0.16,
P=.05). PBMC telomere length also dif-
fered by season (F2,125=3.55, P=.03,
n=128), with participants monitored
during the winter having shorter telo-
meres than those monitored during the
summer. No other relations of telomere
length with covariates were significant.
In separate logistic regressions with the
7 control variables as predictors, only an-
tibody level less than 4 (OR, 2.55 [95%
CI, 1.11-5.84]; n=152) was associated
with infection, and only older age (OR,
1.05 [95% CI, 1.01-1.08]; n=152) was
associated with colds.

Telomere Length and Infection.
Sixty-nine percent of participants
(n=105) were infected. Results of the
separate multiple logistic regressions for
each cell population are summarized in
TABLE 3. To facilitate the interpreta-

tion of these relations, FIGURE 1 pre-
sents infection rates by tertile of telo-
mere length. In all 4 cell populations,
the shorter the telomere length, the
greater the risk of infection.

In analyses of infection rates lim-
ited to the 126 participants with telo-
mere length data for all 3 T-cell sub-
sets, associations were equivalent to
those found with the maximum sample
sizes (CD4: OR, 1.80 [95% CI, 1.14-
2.86]; CD8CD28�: OR, 1.88 [95% CI,
1.17-3.00]; CD8CD28�: OR, 2.07
[95% CI, 1.26-3.40]). When telomere
length from all 3 subsets were simul-
taneously examined in the same regres-
sion (PBMC telomere length was not in-
cluded in this analysis because that
mixed population includes the other 3
cell types), we found that CD8CD28�
telomere length was the only one of the
3 measures to enter the equation. That
is, CD8CD28� telomere length had the
strongest association with infection, and
once it was included in the model, telo-
mere length in the remaining cell types
did not improve the prediction.

Telomere Length and Clinical Ill-
ness (Colds). Twenty-two percent of the
entire sample (n=33) developed a clini-
cal illness (common cold). As shown
in Table 3 and Figure 1, only telomere
length in the CD8CD28� subset was
associated with risk for clinical ill-
ness, with shorter telomeres being as-
sociated with greater risk.

Pathways Linking CD8CD28�
Telomere Length to Clinical Illness.
In the analysis testing whether telo-
mere length is associated with the de-
velopment of signs of illness among in-
fected individuals, limited to the
participants who were infected (n=97),
there was no association between telo-
mere length and colds (OR, 1.11 [95%
CI, 0.59-2.07]).

Telomere Length, Infection, and
Clinical IIlness, by Age. We tested
whether the magnitude of the associa-
tion of CD8CD28� telomere length with
infection and clinical illness varied across
age. The magnitude of the association be-
tween telomere length and infection
increased with increasing age (interac-
tion, b=0.09 [95% CI, 0.02-0.16], P=.01,

Table 2. Intercorrelations Among Telomere
Lengths in the 4 Leukocyte Populationsa

T:S Ratio

T:S Ratio

PBMC CD4 CD8CD28�

CD4
Pearson r 0.46 NA
P value .001
No.b 125
CD8CD28+
Pearson r 0.39 0.36 NA
P value .001 .001
No.b 111 127
CD8CD28�
Pearson r 0.50 0.37 0.42
P value .001 .001 .001
No.b 123 138 131
Abbreviations: NA, not applicable; PBMC, peripheral blood

mononuclear cell.
aRatio of telomere to single-copy gene amounts (T:S ra-

tio) used as an index of average telomere length.
bNs differ between cell types owing to insufficient DNA

content in some blood samples.

Table 3. Multivariable Associations of Lymphocyte Telomere Length With Viral Upper
Respiratory Infection and Clinical Illness (Colds)a

T:S Ratiob

PBMC
(n = 128)

CD4
(n = 146)

CD8CD28�
(n = 132)

CD8CD28�
(n = 144)

Infection
OR (95% CI) 1.71 (1.08-2.72) 1.76 (1.15-2.70) 1.93 (1.21-3.09) 2.02 (1.29-3.16)

RR (95% CI) 1.22 (1.03-1.38) 1.27 (1.07-1.44) 1.26 (1.08-1.40) 1.38 (1.14-1.59)

R2c 0.26 0.19 0.23 0.23

�R2 0.05 0.06 0.08 0.09

Likelihood ratio testd

�2
1 5.35 7.24 8.47 11.07

P value .02 .007 .004 .001

Clinical Illness
OR (95% CI) 1.38 (0.85-2.23) 1.14 (0.74-1.76) 1.36 (0.83-2.23) 1.69 (1.01-2.84)

RR (95% CI) 1.26 (0.88-1.71) 1.11 (0.78-1.55) 1.29 (0.85-1.88) 1.57 (1.01-2.35)

R2c 0.19 0.16 0.20 0.21

�R2 0.02 0 0.02 0.04

Likelihood ratio testd

�2
1 1.77 0.35 1.47 4.37

P value .18 .55 .23 .04
Abbreviations: OR, odds ratio; PBMC, peripheral blood mononuclear cell; RR, relative risk; T:S, ratio of telomere to

single-copy gene amounts.
aRatio of telomere to single-copy gene amounts (T:S ratio) used as an index of average telomere length. All logistic

regression models were adjusted for prechallenge viral-specific antibody titer, age, body mass index, race, sex/
contraceptive use (men, women taking contraceptives, women not taking contraceptives), season of exposure, and
days between blood draw for telomere assay and viral challenge. Each association was generated from an equation
including telomere length in only the 1 cell type. ORs are standardized to indicate change in odds of infection or
clinical illness with each 1-SD decrease in telomere length. ORs were converted to RRs using the formula of Zhang
and Yu20 and approximating the incidence of the outcome in the unexposed group to be equivalent to the incidence
among the longest quartile of telomere length for each relevant cell type.

bNs differ between cell types owing to insufficient DNA content in some blood samples. Analyses involving each cell popu-
lation were conducted with data only from those participants with complete telomere length data for that cell type.

cR 2=Nagelkerke pseudo-R2 for fully adjusted model (ie, telomere length�covariates); �R 2=absolute change in Nagelkerke
pseudo-R2 after addition of telomere length to model including covariates only.

dLikelihood ratio test comparing the fully adjusted model including all covariates and telomere length with the model in-
cluding covariates only.
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n=144; �2
1=9.12 by likelihood ratio test,

P=.003). To facilitate the interpretation
of the interaction, ORs for separate analy-
ses of each age tertile are presented in
FIGURE 2. For colds, the form of the in-
teraction was similar to that of infec-
tion but did not reach statistical sig-
ni f icance , and addi t ion of the
interaction term did not significantly
improve the model fit (b=0.05 [95% CI,
�0.001 to 0.10], P=.09; �2

1=3.16 by
likelihood ratio test, P=.08).

COMMENT
Leukocyte telomere length has emerged
as a predictor of earlier onset of aging-
related morbidity and mortality in older
adults.8-11 Telomere length traditionally
has been thought important in age-
related functional decline and develop-
ment of chronic disease. No studies have
examined whether shorter telomere
length might also be related to acute
functional consequences in younger,
healthy populations. In this study, we
used a prospective viral-challenge meth-
odology to test whether leukocyte telo-
mere length is associated with host re-
sistance to standardized exposure to a
virus that causes the common cold in hu-
mans (RV39). Further, because
CD8CD28� T cells appear to play an im-
portant role in immune response to im-
munization and are particularly prone to
early telomere shortening, we com-
pared telomere length in these cells with
length in several other peripheral blood
cell populations.

We found that shorter telomere
lengths in all 4 cell types were associ-
ated with greater odds of infection fol-
lowing experimental exposure to RV39.
However, CD8CD28� telomere length
had the largest association with infec-
tion. Moreover, after CD8CD28� telo-
mere length was entered into the lo-
gistic equation, adding the telomere
length for other cell types did not im-
prove the prediction. Further, only
CD8CD28� telomere length was as-
sociated with clinical illness.

When examining these relations by
age, we found that the association
between CD8CD28� telomere length
and infection increased with increas-

ing age. The increasing importance of
leukocyte telomere length with
advancing age may be attributable to
cells with very short telomeres
becoming more prevalent as individu-
als get older (eg, 31% of 30- to

55-year-olds vs 17% of 18- to 22-year-
olds had CD8CD28� te lomere
lengths in the bottom 20% of the dis-
tribution); to a younger immune sys-
tem more effectively compensating for
the level of CD8 cell senescence; or to

Figure 1. Incidence of Infection and Colds by Tertile of Leukocyte Telomere Length
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CD8 cell senescence contributing to
immune impairment, especially
impairment occurring within the con-
text of other age-related biological
changes.

This is a preliminary study with a
small volunteer sample and modest ef-
fect sizes. However, because these
analyses were prospective, we can elimi-
nate reverse causation (developing an
infection or illness in this study did not
cause shortening of telomere length) as
an alternative explanation. Use of mul-
tiple control variables (age, sex/birth
control status, race, prechallenge anti-
body, season, BMI, day of blood draw
to assess telomere length) eliminated
many potential spurious explana-
tions. Even so, the possibility remains

that alternative unspecified third vari-
ables, eg, a common genetic contribu-
tor to both telomere length and sus-
ceptibility to infection, could account
for our results. Also, the generalizabil-
ity of the results may be limited if study
volunteers differ significantly from the
wider population.

There are no published functional
data (eg , di f ferences in virus-
stimulated proliferation or cytokine
production) comparing CD8CD28�
and CD8CD28� cells as they pertain
specifically to rhinovirus infection.
Consequently, the explanations for our
findings are speculative and based on
a more general understanding of the
function of these cells. Because CD8
lymphocytes are important for elimi-
nating virus-infected cells, a de-
creased ability to replicate would likely
contribute to an increased susceptibil-
ity to viral infection. CD8CD28� cells
with short telomeres are near or have
already reached replicative senes-
cence2 2 and have poor antigen-
induced proliferation.23 Thus, the num-
ber of effector cells available to respond
to the virus may be reduced in per-
sons with a large number of senescent
or near-senescent CD8 cells.

There is a close relationship be-
tween the CD28 molecule and the telo-
mere/telomerase aging system.18,24

Without CD28, cells can no longer up-
regulate telomerase during activation,
which is essential for proliferation, cyto-
kine/chemokine production, and anti-
viral activity.22 Maintaining CD28
(through gene transduction) slows im-
munosenescence by increasing telom-
erase activity and cell proliferation and
by reducing proinflammatory cyto-
kine expression in vitro.25 Given these
in vitro findings, it is reasonable to ex-
pect that in vivo loss of CD28 from CD8
cells should impair the host’s ability to
fight infection.

Previous research has shown telo-
mere length to be shorter in CD8CD28�
cells relative to CD8CD28� cells, with
that research being restricted to samples
of patients who are older26 or human im-
munodeficiency virus–positive27 and to
1 small study (N=10) of 29- to 59-year-

olds.28 In contrast, we found no differ-
ence in telomere length between
CD8CD28� and CD8CD28� cells in
our healthy younger sample (mean age,
29.9 years). Nevertheless, CD8CD28�
cells did show a wide range of telomere
lengths.

In sum, this study found an associa-
tion between leukocyte telomere length
and resistance to a common virus in-
fection in healthy young and midlife
adults. These findings are consistent
with the wide variance in leukocyte
telomere length found in young
adults.18 The presence of short telo-
meres among young people could re-
sult from several factors including ge-
netics,29 ,30 older paternal age at
conception,26 poor health behaviors,
and oxidative31 and chronic psycho-
logical stress.32,33 CD8 cell senescence
has also been attributed to the pres-
ence of latent viral infections34,35 and
proinflammatory environments.36

Implicit in the relationship be-
tween telomere length and colds in this
study is that telomere length is rela-
tively stable over the course of at least
1 to 2 months. Published data from a
small study of 30- to 50-year-olds found
that telomere length in leukocytes is
quite stable over the course of 7 months
(r = 0.93),37 whereas a 10-year fol-
low-up of a large sample of older adults
(	53 years) found a still substantial but
smaller association (r=0.65).38 Evi-
dence of long-term stability is also sug-
gested by correlations of telomere
length with stable individual charac-
teristics including genetic mark-
ers,29,30 education,39 and stable psycho-
logical dispositions.40,41 A provocative
possibility is that telomere length is a
very stable marker of disease suscepti-
bility, with associations between telo-
mere length and clinical outcomes be-
ginning to emerge in early adulthood.

In this study of healthy young and
midlife adults, shorter CD8CD28� cell
telomere length was associated with up-
per respiratory tract infection and clini-
cal illness following experimental ex-
posure to rhinovirus. Because these data
are preliminary, their clinical implica-
tions are unknown.

Figure 2. Association of CD8CD28�
Telomere Length and Infection With
Increasing Age
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Ratio of telomere to single-copy gene amounts (T:S
ratio) used as an index of average telomere length.
Age is presented in tertiles in the figure to facilitate
interpretation. Error bars indicate 95% CIs. Odds ra-
tios (ORs) can be interpreted as the increase in the odds
of infection with each 1-SD decrease in telomere length.
Each age group was analyzed in a separate logistic re-
gression analysis that included the following control
variables: prechallenge viral-specific antibody titer, body
mass index, age, race, sex/contraceptive use (men,
women taking contraceptives, women not taking con-
traceptives), season of exposure, and days between
blood draw for telomere assay and viral challenge. Con-
version of ORs to relative risks (RRs) using the for-
mula of Zhang and Yu20 and setting the infection rate
for the unexposed group equal to that of the quartile
of longest CD8CD28� telomere length (ie, 50%) yields
RR, 0.75 (95% CI, 0.25-1.49) for 18- to 22-year-
olds; RR, 1.65 (95% CI, 1.13-1.91) for 23- to 29-
year-olds; and RR, 1.76 (95% CI, 1.21-2.04) for 30-
to 55-year-olds.

TELOMERE LENGTH AND UPPER RESPIRATORY VIRAL INFECTION

704 JAMA, February 20, 2013—Vol 309, No. 7 ©2013 American Medical Association. All rights reserved.

Downloaded From:  by a UCSF LIBRARY User  on 08/07/2018



Author Contributions: Dr Cohen had full access to all of
the data in the study and takes responsibility for the in-
tegrity of the data and the accuracy of the data analysis.
Study concept and design: Cohen, Casselbrant,
Li-Korotky, Epel, Doyle.
Acquisition of data: Cohen, Turner, Casselbrant,
Li-Korotky, Doyle.
Analysis and interpretation of data: Cohen,
Janicki-Deverts, Epel, Doyle.
Drafting of the manuscript: Cohen, Janicki-Deverts,
Casselbrant, Epel, Doyle.
Critical revision of the manuscript for important in-
tellectual content: Janicki-Deverts, Turner, Li-Korotky,
Doyle.
Statistical analysis: Cohen, Janicki-Deverts.
Obtained funding: Cohen, Casselbrant, Doyle.
Administrative, technical, or material support: Turner,
Li-Korotky.
Study supervision: Cohen, Li-Korotky, Doyle.

Conflict of Interest Disclosures: All authors have com-
pleted and submitted the ICMJE Form for Disclosure
of Potential Conflicts of Interest. Dr Turner reported
serving as a consultant for, and receiving grants/
grants pending from, Janssen Research and Develop-
ment. Dr Epel reported that she is a cofounder of, and
holds stock or stock options in, Telomere Health Inc,
a telomere measurement company. No other au-
thors reported disclosures.
Funding/Support: This research was supported by
the National Center for Complementary and Alter-
native Medicine (AT006694) and the National Insti-
tute of Allergy and Infectious Diseases (AI066367)
and through supplemental support from the John
D. and Catherine T. MacArthur Foundation’s
Research Network on Social Economic Status and
Health, the Eberly Foundation, the Hamburg Fel-
lowship, and National Institutes of Health funding
to the University of Pittsburgh Clinical and Trans-

lational Science Institute (UL1 RR024153 and
UL1TR000005).
Role of the Sponsor: None of the funders had any role
in the design and conduct of the study; the collec-
tion, management, analysis, and interpretation of the
data; or the preparation, review, or approval of the
manuscript.
Additional Contributions: We are indebted to Ellen
Conser, MA (Carnegie Mellon University [CMU]),
James Seroky, MA, Julie Banks, BS (both Pittsburgh
Children’s Hospital), and Wesley Barnhart, BS (for-
merly CMU), for their assistance in data collection and
to Cathy (Chia Chow) Lo, MS, and Allison Cullen Doyle,
MS (both Pittsburgh Children’s Hospital), for their as-
sistance in conducting assays; we also thank Judith A.
Woodfolk, MBChB, PhD (University of Virginia Health
Sciences Center), for her comments on an early draft.
All but Dr Woodfolk received payment for their par-
ticipation.

REFERENCES

1. Harley CB, Futcher AB, Greider CW. Telomeres
shorten during ageing of human fibroblasts. Nature.
1990;345(6274):458-460.
2. Kipling D, Wynford-Thomas D, Jones CJ, et al. Telo-
mere-dependent senescence. Nat Biotechnol. 1999;
17(4):313-314.
3. Effros RB, Pawelec G. Replicative senescence of T
cells: does the Hayflick limit lead to immune
exhaustion? Immunol Today. 1997;18(9):450-
454.
4. Effros RB. Ageing and the immune system. Novar-
tis Found Symp. 2001;235:130-149.
5. Effros RB, Dagarag M, Spaulding C, Man J. The role
of CD8� T-cell replicative senescence in human aging.
Immunol Rev. 2005;205:147-157.
6. Saurwein-Teissl M, Lung TL, Marx F, et al. Lack of
antibody production following immunization in old age:
association with CD8(�)CD28(�) T cell clonal ex-
pansions and an imbalance in the production of Th1
and Th2 cytokines. J Immunol. 2002;168(11):5893-
5899.
7. Goronzy JJ, Fulbright JW, Crowson CS, Poland GA,
O’Fallon WM, Weyand CM. Value of immunological
markers in predicting responsiveness to influenza vac-
cination in elderly individuals. J Virol. 2001;75
(24):12182-12187.
8. Cawthon RM, Smith KR, O’Brien E, Sivatchenko
A, Kerber RA. Association between telomere length
in blood and mortality in people aged 60 years or older.
Lancet. 2003;361(9355):393-395.
9. Fitzpatrick AL, Kronmal RA, Kimura M, et al. Leu-
kocyte telomere length and mortality in the Cardio-
vascular Health Study. J Gerontol A Biol Sci Med Sci.
2011;66(4):421-429.
10. Willeit P, Willeit J, Mayr A, et al. Telomere length
and risk of incident cancer and cancer mortality. JAMA.
2010;304(1):69-75.
11. Weischer M, Bojesen SE, Cawthon RM, Freiberg
JJ, Tybjærg-Hansen A, Nordestgaard BG. Short telo-
mere length, myocardial infarction, ischemic heart dis-
ease, and early death. Arterioscler Thromb Vasc Biol.
2012;32(3):822-829.
12. Schmid I, Dagarag MD, Hausner MA, et al. Si-
multaneous flow cytometric analysis of two cell sur-
face markers, telomere length, and DNA content.
Cytometry. 2002;49(3):96-105.
13. Valenzuela HF, Effros RB. Divergent telomerase
and CD28 expression patterns in human CD4 and CD8
T cells following repeated encounters with the same
antigenic stimulus. Clin Immunol. 2002;105(2):
117-125.
14. Gwaltney JM, Colonno RJ, Hamparian VV, Turner
RB. Rhinovirus. In: Schmidt NJ, Emmons RW, eds. Di-
agnostic Procedures for Viral, Rickettsial and Chla-

mydial Infections. Washington, DC: American Public
Health Association; 1989:579-614.
15. Al Nakib W, Tyrrell DAJ. Picornviridae:
Rhinoviruses—common cold viruses. In: Lennett EH,
Halnen P, Murphy FA, eds. Laboratory Diagnosis of
Infectious Diseases: Principles and Practice. Vol 2. New
York, NY: Springer-Verlag; 1988:723-742.
16. Doyle WJ, McBride TP, Swarts JD, Hayden FG,
Gwaltney JM. The response of the nasal airway, middle
ear and Eustachian tube to provocative rhinovirus
challenge. Am J Rhinol. 1988;2:149-154.
17. Cohen S, Doyle WJ, Skoner DP, Rabin BS, Gwaltney
JM Jr. Social ties and susceptibility to the common cold.
JAMA. 1997;277(24):1940-1944.
18. O’Callaghan NJ, Dhillon VS, Thomas P, Fenech
M. A quantitative real-time PCR method for absolute
telomere length. Biotechniques. 2008;44(6):807-
809.
19. Hosmer DW Jr, Lemeshow S. Applied Logistic
Regression. New York, NY: John Wiley & Sons;
1989.
20. Zhang J, Yu KF. What’s the relative risk? a method
of correcting the odds ratio in cohort studies of com-
mon outcomes. JAMA. 1998;280(19):1690-1691.
21. Alexander GC, Casalino LP, Meltzer DO. Patient-
physician communication about out-of-pocket costs.
JAMA. 2003;290(7):953-958.
22. Dock JN, Effros RB. Role of CD8 T cell replicative
senescence in human aging and in HIV-mediated
immunosenescence. Aging Dis. 2011;2(5):382-
397.
23. Azuma M, Phillips JH, Lanier LL. CD28� T lym-
phocytes: antigenic and functional properties.
J Immunol. 1993;150(4):1147-1159.
24. Butler MG, Tilburt J, DeVries A, et al. Compari-
son of chromosome telomere integrity in multiple tis-
sues from subjects at different ages. Cancer Genet
Cytogenet. 1998;105(2):138-144.
25. Parish ST, Wu JE, Effros RB. Sustained CD28 ex-
pression delays multiple features of replicative senes-
cence in human CD8 T lymphocytes. J Clin Immunol.
2010;30(6):798-805.
26. Lin J, Epel E, Cheon J, et al. Analyses and com-
parisons of telomerase activity and telomere length
in human T and B cells: insights for epidemiology of
telomere maintenance. J Immunol Methods. 2010;
352(1-2):71-80.
27. Effros RB, Allsopp R, Chiu CP, et al. Shortened
telomeres in the expanded CD28�CD8� cell subset
in HIV disease implicate replicative senescence in HIV
pathogenesis. AIDS. 1996;10(8):F17-F22.
28. Monteiro J, Batliwalla F, Ostrer H, Gregersen PK.
Shortened te lomeres in c lonal ly expanded
CD28�CD8� T cells imply a replicative history that

is distinct from their CD28�CD8� counterparts.
J Immunol. 1996;156(10):3587-3590.
29. Unryn BM, Cook LS, Riabowol KT. Paternal age
is positively linked to telomere length of children. Ag-
ing Cell. 2005;4(2):97-101.
30. SoerensenM,ThinggaardM,NygaardM,etal.Ge-
netic variation in TERT and TERC and human leukocyte
telomere lengthand longevity:across-sectionaland lon-
gitudinal analysis. Aging Cell. 2012;11(2):223-227.
31. von Zglinicki T. Oxidative stress shortens telomeres.
Trends Biochem Sci. 2002;27(7):339-344.
32. Damjanovic AK, Yang Y, Glaser R, et al. Accel-
erated telomere erosion is associated with a declining
immune function of caregivers of Alzheimer’s dis-
ease patients. J Immunol. 2007;179(6):4249-4254.
33. Epel ES, Blackburn EH, Lin J, et al. Accelerated telo-
mere shortening in response to life stress. Proc Natl
Acad Sci U S A. 2004;101(49):17312-17315.
34. Bestilny LJ, Gill MJ, Mody CH, Riabowol KT. Ac-
celerated replicative senescence of the peripheral im-
mune system induced by HIV infection. AIDS. 2000;
14(7):771-780.
35. Palmer LD, Weng N, Levine BL, June CH, Lane
HC, Hodes RJ. Telomere length, telomerase activity,
and replicative potential in HIV infection: analysis of
CD4� and CD8� T cells from HIV-discordant mono-
zygotic twins. J Exp Med. 1997;185(7):1381-1386.
36. Weng NP, Akbar AN, Goronzy J. CD28(�) T cells:
their role in the age-associated decline of immune
function. Trends Immunol. 2009;30(7):306-312.
37. Chen W, Kimura M, Kim S, et al. Longitudinal ver-
sus cross-sectional evaluations of leukocyte telomere
length dynamics: age-dependent telomere shorten-
ing is the rule. J Gerontol A Biol Sci Med Sci. 2011;
66(3):312-319.
38. Ehrlenbach S, Willeit P, Kiechl S, et al. Influences
on the reduction of relative telomere length over 10
years in the population-based Bruneck Study: intro-
duction of a well-controlled high-throughput assay.
Int J Epidemiol. 2009;38(6):1725-1734.
39. Steptoe A, Hamer M, Butcher L, et al. Educa-
tional attainment but not measures of current socio-
economic circumstances are associated with leuko-
cyte telomere length in healthy older men and women.
Brain Behav Immun. 2011;25(7):1292-1298.
40. Brydon L, Lin J, Butcher L, et al. Hostility and cel-
lular aging in men from the Whitehall II cohort. Biol
Psychiatry. 2012;71(9):767-773.
41. O’Donovan A, Lin J, Tillie J, et al. Pessimism cor-
relates with leukocyte telomere shortness and el-
evated interleukin-6 in post-menopausal women [pub-
lished correction appears in Brain Behav Immun.
2012;26(6):1017]. Brain Behav Immun. 2009;
23(4):446-449.

TELOMERE LENGTH AND UPPER RESPIRATORY VIRAL INFECTION

©2013 American Medical Association. All rights reserved. JAMA, February 20, 2013—Vol 309, No. 7 705

Downloaded From:  by a UCSF LIBRARY User  on 08/07/2018


