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Abstract

Many patients with asthma have increased wheezing with
colds. We hypothesized that rhinovirus colds might increase
asthma by augmenting airway allergic responses (histamine
release and eosinophil influx) after antigen challenge. Seven
allergic rhinitis patients and five normal volunteers were
infected with rhinovirus type 16 (RV16) and evaluated by
segmental bronchoprovocation and bronchoalveolar lavage.
Segmental challenge with saline and antigen was performed
1 mo before infection, during the acute infection, and 1 mo
after infection. Lavage was performed immediately and 48
h after antigen challenge. Data were analyzed by two-way
analysis of variance, and a P value of c 0.05 was considered
to be significant. All volunteers inoculated with RV16 devel-
oped an acute respiratory infection. BAL fluid obtained
from allergic rhinitis subjects during the acute viral infec-
tion, and 1 mo after infection, showed the following signifi-
cant RV16-associated changes after antigen challenge: (a)
an enhanced release of histamine immediately after local
antigen challenge; (b) persistent histamine leak 48 h after-
wards; and (c) a greater recruitment of eosinophils to the
airway 48 h after challenge. These changes were not seen
in non-allergic volunteers infected with RV16 and chal-
lenged with antigen, nor in allergic volunteers repetitively
challenged with antigen but not infected with RV16, nor
in RV16 infected allergic volunteers sham challenged with
saline. We conclude that rhinovirus upper respiratory infec-
tion significantly augments immediate and late allergic re-
sponses in the airways of allergic individuals after local anti-
gen challenge. These data suggest that one mechanism of
increased asthma during a cold is an accentuation of allergic
responses in the airway which may then contribute to bron-
chial inflammation. (J. Clin. Invest. 1994. 94:2200-2208.)
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Introduction

Rhinoviruses cause common colds which often provoke wheez-
ing in patients with asthma (1-3). The wheezing can be severe,
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and may persist considerably longer than the clinical signs and
symptoms of fever, nasal congestion, and rhinorrhea (2, 3).
Recent observations have confirmed that rhinoviruses are the
most common infectious exacerbants in adult patients, and that
these agents are commonly associated with significant reduc-
tions in peak expiratory flow rates (4). In addition, Duff and
colleagues (5) have convincingly shown that both atopy and
viral infections are risk factors for wheezing in older (> 2
yr) children, and that rhinoviral infections provoke wheezing
predominantly in allergic patients. The relative segregation of
viral-induced wheezing to allergic subjects implies that im-
portant interactions may exist between viral infections and aller-
gic reactions. However, the precise mechanisms by which rhi-
noviral upper respiratory illnesses exacerbate asthma have yet
to be fully established. We have developed an in vivo human
model which allows assessment of airway physiology and biol-
ogy during viral upper respiratory tract infections. In previous
studies, allergic rhinitis patients were intranasally inoculated
with live rhinovirus type 16 (RV 16).' During the acute infection,
and for weeks afterwards, these allergic individuals showed
increased airway responsiveness to inhaled histamine, metha-
choline, and antigen, and an increased likelihood for late allergic
(inflammatory) responses after inhaled antigen challenge (6).
Subsequently, we showed that RV16 infection was associated
with higher concentrations of plasma histamine after antigen
challenge during RV16 infection in subjects with new late asth-
matic responses (7). These observations suggest an important
relationship between viral infections and the potentiation of
allergic responses, including inflammation, in the airway.

To study the mechanisms of allergic airway responses in
more detail, we (8, 9) and others (10, 11) have used fiberoptic
bronchoscopy to perform segmental bronchoprovocation with
antigen and bronchoalveolar lavage (BAL). For segmental chal-
lenges, a bronchoscope is introduced into the airways, bronchial
segments identified, and an allergen administered directly onto
the airway mucosa. With this technique, the immediate response
is characterized by a brisk rise in the mast cell mediators hista-
mine and tryptase. In contrast, BAL fluid obtained 48 h after
antigen challenge in allergic, but not normal, individuals is
highly cellular, eosinophil-rich, and contains a variety of cyto-
kines (9, 12). Based upon our earlier observations that a RV16
infection increases bronchial responsiveness, plasma histamine
levels, and late asthmatic responses to airway antigen chal-
lenges, we have used segmental antigen challenge and BAL to
test our hypothesis that an RV upper viral respiratory illness
enhances the airway allergic inflammatory response to antigen,

1. Abbreviations used in this paper: ANOVA, analysis of variance;
BAL, bronchoalveolar Lavage; RV16, Rhinovirus, type 16.
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Table I. Virologic and Clinical Results of Inoculation with RV16*

Nasal Cell pellet
Subject Serum titers virus BAL virus virus Max Sx score

1 1.4 -45 4 ND ND 6
2 <1 -5.6 5 1 ND 10
3 1.4-32 4.5 ND ND S
4 <1-2.8 4 ND ND 15
5 <1 -2.8 3.5 ND ND 9
Median <1 -5.6 4.5 ND ND 9

A <1I 5.6 5 ND ND 10
B <122.7 4 ND ND 13
D <1 11 5.5 ND ND 8
E 1 4 5 ND ND 4
F <1 8 2.5 ND ND 4
G <1 32 4 ND ND 10
H <1-45 3.5 ND ND 15
Median <1 -9.5 4 ND ND 9.5

Difference NS NS NS NS NS

* Subjects 1-5, normal volunteers; subjects A-H, allergic rhinitis. None
of these parameters differed significantly between normal and allergic
subjects. Serum titer: antibody against RV16 in pre-infection and post-
infection study periods (all sera were devoid [<1:2] of RV16 antibody
during initial screening). Baseline serology demonstrated small amounts
of RV16 antibody in subjects 1, 3, and E; all three had mild colds as
judged by their symptoms. Nasal virus: highest log TCID50 RV16 in
nasal wash during acute infection study period. BAL virus: RV16 in
BAL fluid supematant; one plaque forming unit was detected in 0.2 ml
of undiluted BAL fluid from subject 2. Cell pellet virus: RV16 in BAL
cells. Max Sx score: maximum symptom score during cold. See text.
ND, no virus detected.

including histamine release and eosinophil influx into the
airway.

Methods

Subjects. Seven allergic rhinitis subjects and five normal volun-
teers were selected for study and RV16 inoculation. An eighth
allergic subject was recruited, but excluded from analysis be-
cause a contaminating rhinovirus was detected in nasal washes
during the Pre-infection period. These subjects had no neutraliz-
ing antibody to RV16 in undiluted serum when screened before
this study (Table I). Allergic rhinitis subjects were characterized
by seasonal or episodic rhinitis (nasal congestion, rhinorrhea,
or excessive sneezing) (13) and by a positive skin test (prick-
puncture method; 1:20 wt/vol) to one or more common inhalant
allergens, including cat (one individual), grass (one individual),
or ragweed (five individuals) antigens (Greer Laboratories, Le-
noir, NC). All were studied during periods when they were not
symptomatic with rhinitis. The five normal volunteers were free
of cardiopulmonary complaints or nasal symptoms, and had
negative skin tests to the same battery of aeroallergens. These
individuals were selected to control for the effect of RV16
infection on segmental antigen challenge with ragweed antigen
in non-allergic individuals. An additional group of four allergic
subjects was also studied to provide additional controls; they
were not inoculated with RV16 but underwent repetitive seg-

BAL Seg I BAL Seg I BAL Seg 1

BAL Seg 2 BAL Seg 2 BAL Seg 2

Figure 1. Experimental design. Five normal and seven allergic rhinitis
subjects were studied. The pulmonary response to antigen challenge
was examined during three study periods: 1 mo before (Pre Infection),
during (Acute Infection), and 1 mo after (Post Infection) experimental
infection with rhinovirus type 16. On the first of two study days in each
period, a bronchoscopy was performed, and segmental challenge with
saline was accomplished, followed by bronchoalveolar lavage 5 min
later. Segmental challenge with antigen and subsequent BAL were then
performed similarly in a separate bronchopulmonary segment. 48 h later,
the two segments were lavaged again.

mental antigen challenge and lavage. These individuals served
as controls to determine the effect of repetitive antigen chal-
lenge on the airway response to allergen. All participants were
nonsmokers, and each gave consent to a protocol approved by
the University of Wisconsin Human Subjects Committee.

Experimental design. Each subject underwent screening spi-
rometry, skin testing, and aerosol antigen challenge on entry to
the study. At least 1 mo was then allowed to elapse before
initiating the bronchoscopic studies; the experimental design is
schematized in Fig. 1. Each subject inoculated with RV16 was
studied by bronchoscopy, segmental antigen challenge, immedi-
ate BAL, and late (48 h) BAL during each of three study peri-
ods: (1) pre-infection, (2) acute infection, and (3) post-infection.
These three study periods were separated by 1 mo. At bronchos-
copy, two airway segments were identified, one in the right
lung and one in left lung. The first segment was challenged
with saline and the second segment was challenged with anti-
gen. During each study period, segmental challenge with saline
and antigen, and immediate BAL were performed ("immediate
response"), followed 48 h later by BAL in each of the two
segments ("late response"). An identical approach was fol-
lowed in the normal volunteers. In four allergic subjects not
inoculated with RV16, segmental challenge with antigen, and
immediate and late BALs were performed on two separate occa-
sions, each separated by at least 28 d.
RV16 inoculation, confirnation of infection, and assessment

of cold severity. The technique for RV16 inoculation used pre-
viously described methods (7, 14). Viral respiratory tract infec-
tions were induced by inoculations on two consecutive days.
Inoculations entailed instilling 0.25 ml of RV16 suspension
into each nostril by pipette (500-18,000 tissue culture infective
doses [TCID50]), and spraying approximately the same amount
into each nostril with a compressor-driven atomizer (No. 286;
DeVilbiss Co., Somerset, PA) which produces a coarse mist of
droplets which largely deposit on the nasal mucosa. Previous
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studies have demonstrated that this dual-inoculation strategy
maximizes the efficiency of infection and resultant common
cold symptoms (6, 7, 14). RV16 inoculations were completed
48 h before the first bronchoscopy and segmental antigen chal-
lenge. Cold symptoms were evaluated for 7 d with a question-
naire that was completed by the participant hourly during wak-
ing hours as previously described (14). Eight signs and symp-
toms were evaluated on a four-point scale (0-3) that included
cough, nasal discharge, sneezing, nasal congestion, headache,
malaise, chills, and fever which occurred at any time during
that 24-h period. Symptom scores of < 7 defined a mild cold,
7-11 a moderate cold, and 12 or greater a severe cold (14).
Maximum symptom score was the highest daily score recorded
at any time during the cold. It was not possible to distinguish
bronchoscopy-related cough, nasal congestion, and fever from
that related to viral infection. Nasal washing, virus titration,
and serum titer determinations were performed as previously
described (7,14). Unfractionated BAL fluid, mechanically dis-
rupted BAL cells, and BAL fluid supematants were inoculated
onto human diploid (WI-38) cell lines and evaluated for RV16
infection by criteria previously described (14).

Determination of ragweed antigen dose for segmental chal-
lenge. The physiologic response of the airway to antigen was
determined during the screening period at least 1 mo before the
pre-infection study period by standard bronchial provocation
techniques, as previously described (15,16). Briefly, increasing
concentrations of antigen were delivered by a nebulizing dosim-
eter (Rosenthal-French, Laboratory for Applied Immunology,
Baltimore, MD) until (a) the FEV, had fallen at least 20% from
the baseline measurement, or (b) a maximum of five breaths of
10,000 protein nitrogen U/ml (1833 cumulative units) had been
given. The dose of antigen required to produce a 20% decrease
in FEV1 was calculated by linear regression (FEV, vs the log
of cumulative dose of antigen) of the log-normal curve using a
commercial analysis package for microcomputers (PD20; Madi-
son Scientific Software, Wexford, PA) and defined as the pro-
vocative dose of antigen [PD20].

Bronchoscopy, bronchoalveolar lavage, and segmental bron-
choprovocation. Spirometry was obtained before premedic-
ations and local anesthesia. Bronchoalveolar lavage was per-
formed as previously described (8,15,17). After premedication
with atropine (0.6 mg IM) and midazolam (1.25 mg IM), naso-
pharyngeal anesthesia was achieved with topical cocaine (4%)
and lidocaine (1%). Supplemental oxygen (3 liters/min) was
provided, and pulse oximetry was monitored throughout. The
bronchoscope was introduced into the airway and wedged into
a segmental or subsegmental bronchus. Saline challenge was
performed by instilling into a bronchopulmonary segment, or
subsegment, 10 ml of saline (0.9% NaCl). Subsequently, the
bronchoscope channel was flushed with 5 ml of air while main-
taining the wedged position. After a dwell time of 5 min, BAL
was performed by instilling and immediately withdrawing two
60-ml aliquots of warm (37°C) sterile saline (immediate re-
sponse). Segmental antigen challenge was performed by instill-
ing into a separate, contralateral bronchopulmonary segment or
subsegment, a quantity of antigen equal to 20% of the pre-
viously determined provocative dose of antigen (PD20). This
antigen dose was diluted in 10 ml sterile saline. For example,
if a cumulative aerosol dose of 150 protein nitrogen units (PNU)
of ragweed antigen produced a 20% fall in FEVI, the dose of
antigen for segmental challenge would be 30 PNU (20% of

150) in 10 ml. After instillation, the channel was flushed with
5 ml of air. After a 5-min dwell time, BAL was performed for
immediate-response measurements. Saline challenge and imme-
diate BAL always preceded antigen challenge and BAL to avoid
any possible antigen carry-over. Within 1 h of completing the
bronchoscopy, spirometry was repeated. 48 h later, repeat spi-
rometry, bronchoscopy, and BAL to determine the late response
were performed in the same manner. Care was exercised to
identify and enter precisely the same anatomic segments used
for study on the first day.
BAL processing. The two BAL fluid aliquots from each indi-

vidual segment were pooled for processing, and the volume
measured. Cells were recovered by centrifugation, washed once
in PBS, and counted using a hemocytometer. The supematant
fluid was then frozen (-70°C) until analyzed for histamine, tryp-
tase, protein, and cytokines. Cytofuge preparations were air-
dried, methanol fixed, and stained with Diff-Quick (Scientific
Products, Chicago, IL). At least 300 leukocytes were identified
on each smear as alveolar macrophages, lymphocytes, eosino-
phils, or neutrophils. Smears were stained with nonspecific es-
terase to aid in differentiating small macrophages from lympho-
cytes as required. Histamine was determined using a radio-
enzymatic N-methyltransferase assay (9, 18). The limit of
detectability for histamine was 30 pg/ml. Tryptase was mea-
sured with a limit of detectability of 0.1 ng/ml by a sandwich
ELISA in samples concentrated up to 20-fold by ultrafiltration
using a Centricon-10 chamber (Amicon Corp., Danvers, MA)
(19). TNF-a levels were determined in unconcentrated BAL
fluids using a four-layer sandwich ELISA (20, 21). Standard
curves for this assay were prepared using recombinant cytokine.
The sensitivity of the TNF-a assay was 0.2 ng/ml, and day-
to-day variability (coefficient of variation) approximated 10%.
Total protein was measured with a detection limit of 20 Ag/ml
by a microtiter modification of the Lowry assay (8, 15). All
data were expressed and analyzed statistically as absolute con-
centrations, as currently recommended (17).

Statistical analysis. Data were analyzed using a statistical
package for microcomputers (SigmaStat 1.01; Jandel Scientific,
San Rafael, CA) for the effects of RV16 infection and allergic
state by two-way analysis of variance (ANOVA) for repeated
measures using a general linear method (22). Because the data
distributions failed the test for normality, logarithmic transfor-
mations were used in the ANOVAs (23). Unless otherwise spec-
ified, all comparisons reported are the result of this ANOVA.
We report (a) the effect of RV16 infection, (b) the effect of
atopic status, and (c) the difference in response to RV16 of
atopics and allergics. When a significant ANOVA was identi-
fied, post hoc testing was conducted by the Student-Newman-
Keuls test. Summary data are presented as the mean±the stan-
dard error of the mean. Undetectable values were analyzed sta-
tistically by substituting the limit of detectability of the particu-
lar assay. A P value of c 0.05 was considered to be significant
(23).

Results

We report the results of this investigation in four sections, which
are briefly summarized here. (a) All 12 subjects inoculated be-
came infected and symptomatic with colds. No differences in
frequency or severity of colds were apparent between normal
and allergic subjects. (b) RV16 infection did not significantly
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Table II. Effects of RV16 Inoculation on Airway Physiology*

Parameter Group Baseline Inoculation Recovery Pt

FEV, NV 105.6+6.9 104.3+6.2 104.3±4.8 0.77
AR 109.4+5.1 105.8±4.6 105.6+4.6 0.15

FVC NV 97.4±4.4 96.5±4.4 100.0+4.8 0.19
AR 108.7+3.9 104.3±2.9 104.9+3.2 0.14

* FEVI, FVC, before bronchoscopy, percent predicted, mean±SEM.
Statistical significance for effect of RV16 inoculation, ANOVA. NV,

normal volunteer; AR, allergic rhinitis.

change airway physiology or BAL volume recoveries. (c) RV16
infection significantly increased BAL histamine concentrations
5 min after segmental antigen challenge in allergic but not
normal subjects; BAL tryptase concentrations at the same time
increased, but were not significantly different. Total and differ-
ential cell counts and TNF-a concentrations determined 5 min
after antigen challenge were not affected by RV16 infection in
either allergic or normal subjects. (d) 48 h after segmental anti-
gen challenge of allergic but not normal subjects, RV16 infec-
tion was associated with significantly increased BAL concentra-
tions of histamine, recovery of eosinophils, and levels of
TNF-a.

Confirmation of rhinovirus 16 infection
All seven allergic and five normal subjects inoculated with
RV16 became infected as defined by a fourfold or greater rise
in RV16 titer (pre-infection to post-infection), or recovery of
at least 1025 TCID50 viral particles per milliliter of nasal wash
(Table I). Colds were also evident clinically as all subjects
reported rhinorrhea and nasal congestion even before bronchos-
copy and segmental antigen challenge. Of the allergic subjects,
two had mild colds, three had moderate colds, and two had
severe colds. The normal volunteers inoculated with RV16 also
developed colds and had similar laboratory responses and clini-
cal symptoms. There were no significant differences in the se-
verity of symptoms and signs, serum antibody titers, or nasal
virus shedding between normal and allergic groups. Thus, aller-
gic and normal subjects developed comparable RV16 upper
respiratory tract infections. The atomizer used to inoculate sub-
jects produced a coarse spray rather than an inspirable mist. A
quantitative analysis of the particle size distribution was not
available because the device was not designed to produce inspi-
rable particles. Thus, it is not possible to exclude the possibility
that some RV16 inoculum was inspired. However, in only one
subject (normal volunteer No. 2) was RV16 detected by culture
from BAL materials, and that was at very low titer (Table
I). Thus, culture positive viral recovery after inoculation was
prominently identified from the nose, but was not observed from
the lower respiratory tract.

Effect of RV16 infection on airway physiology and BAL
volume recovery
Physiology. Infection with RV16 did not significantly change
airway physiology measured immediately before the first BAL
and segmental antigen challenge in either normal or allergic
subjects (Table II). Moreover, in both allergic and normal sub-
jects, the FEV, and FVC before bronchoscopy was similar on

Table III. BAL Parameters Immediately after Antigen Challenge*

Parameter Group Pre-infection$ Acute infection Post-infection

Total cells NVt 15.6±1.9 18.6±3.9 16.8±2.8
(millions)

AR 19.6±5.1 21.0±3.4 25.3±4.4
EOS NV 0.009±0.009 0.051±0.033 0.24±0.14

(millions)
AR 0.046±0.027 0.44±0.27 0.23+0.095

NEUT NV 0.055±0.029 2.09±2.05 0.165±0.110
(millions)

AR 0.083±0.035 0.24±0.12 0.42±0.20
LYMPHS NV 0.38±0.16 0.16±0.13 0.55±0.22

(millions)
AR 1.22±0.78 0.41±0.12 1.59±0.17

AM NV 15.1±1.8 16.3+2.8 15.7±2.4
(millions)

AR 18.2±5.0 19.8+3.5 23.0±7.0
Total protein NV 85.4±17.7 73.9±9.9 66.4±17.2

(ig/ml) AR 103.0±22.0 98.6±23.8 92.0± 14.6

* Data expressed as mean±SEM. t Neither the effect of RV Infection
nor the effect of atopic status were significant for any of the parameters
listed by two-way ANOVA with repeated measures. NV, normal volun-
teer; AR, allergic rhinitis; EOS, eosinophils; NEUT, neutrophils;
LYMPHS, lymphocytes; AM, alveolar macrophages.

both days (P > 0.7, ANOVA, all comparisons; data not shown).
All volunteers tolerated the segmental antigen challenges with-
out difficulty. There were no acute bronchial responses to the
segmental antigen challenge which necessitated either interrup-
tion or cessation of bronchoscopy at any of the study periods.

BAL volume. Lavage volume recovery was similar at all
time points of study in both the allergic and normal subjects
(data not shown). Consequently, the measured concentrations
are reported without notation to, or correction for, the BAL
volume recovery as currently recommended (17).

Effect of RV16 infection on immediate responses
There were no significant effects of RV16 infection or allergic
status on total protein concentrations, total cell recovery, recov-
ery of alveolar macrophages, lymphocytes, neutrophils, and eo-
sinophils (Table III), or the concentration of TNF-a in immedi-
ate response BAL fluids obtained 5 min after antigen challenge
(P > 0.08, ANOVA, all comparisons). However, TNF-a was
detectable more frequently 5 min after antigen challenge in
allergics (17/21 samples) than normals (9/15 samples), and the
concentrations of this cytokine were significantly greater in al-
lergics (6.6+2.1 vs. 1.7+2.5 ng/ml; P < 0.05). No release of
histamine or tryptase was induced by saline instillation in either
normal volunteers or allergic rhinitis patients (data not shown).

Histamine. Histamine was detectable in BAL fluid from 7/
15 normal samples, and in 19/21 fluids from allergic subjects.
Histamine concentrations after antigen challenge in the imme-
diate response were significantly augmented by RV16 infection
in allergic, but not normal subjects (P < 0.04, ANOVA;
allergic subjects: pre-infection 1,148+839, acute infection
4,522+3,284, post-infection 5,990+3,757 pg/ml; P < 0.04,
ANOVA; normal subjects: pre-infection 48+15, acute infection
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61±37, post-infection 54±33 pg/ml, respectively; P > 0.30,
ANOVA). Moreover, in allergic subjects, the concentrations of
histamine during the acute infection and post-infection periods
were significantly higher than those in the pre-infection period
(P < 0.05, Newman-Keuls, both comparisons). As expected,
there was a significant effect of atopy, as histamine concentra-
tions after antigen challenge in immediate response BAL fluids
were higher in allergics (3,887±1,663 pg/ml) than in normal
subjects (55±8 pg/ml; P < 0.001, ANOVA); however, the dif-
ference in response to RV16 infection between atopic and non-
atopic subjects did not reach statistical significance (P = 0.14,
ANOVA).

In four allergic subjects who underwent repetitive segmental
challenges with antigen, the BAL fluid histamine levels in the
immediate response were similar at both challenges (first chal-
lenge: 2,132 1,136 pg/ml vs. second challenge: 1,045±607 pg/
ml, P = NS).

Tryptase. Qualitatively similar patterns were noted for BAL
tryptase concentrations immediately after antigen challenge.
Tryptase was undetectable in 5/15 normal samples, and c 0.3
ng/ml in the remainder. In contrast, tryptase could be detected
in 18/21 samples from allergic subjects. Little tryptase was
identified in immediate response BAL fluids from normal volun-
teers; significantly higher concentrations were measured in al-
lergic subjects (allergic: 2.1±0.6 vs. Normal: 0.2±0.03 ng/ml,
P < 0.03 ANOVA). Tryptase concentrations in immediate re-
sponse BAL fluids from normal subjects were comparable in
each study period and were not significantly influenced by
RV16 infection (change with RV16 infection . 0.2 ng/ml).
Infection with RV16 was associated with a progressive rise in
immediate response tryptase concentrations in allergic subjects
(pre-infection: 1.3+0.6, acute infection: 1.8±0.7, post-infec-
tion: 3.0±1.6). This rise, however, did not reach statistical sig-
nificance (P > 0.1, ANOVA).

Repetitive antigen challenges in four allergic subjects did
not alter the immediate tryptase response after segmental aller-
gen challenge in subjects not infected with RV16 (first chal-
lenge: 0.6±0.2 vs. second challenge: 0.5+0.1 ng/ml, P = NS).

Summary of effects of RV16 Infection on immediate re-
sponses. Histamine release into the airway immediately after
local antigen challenge was significantly potentiated by RV16
infection in allergic, but not normal subjects during and after
RV 16 infection compared with pre-infection values. No changes
related to RV16 infection were observed in total cell recovery,
TNF-a levels, tryptase concentrations, or airway physiology.

Effect of RV16 infection on late responses
Saline challenge did not significantly affect the recovery of
histamine, tryptase, eosinophils, or TNF-a from late response
BAL fluids of either allergic or normal subjects, nor was an
effect of RV16 infection evident on these saline challenged
segments (data not shown).

Histamine. Histamine was detectable in 8/15 late-response
samples from normal, and 17/21 samples from allergic subjects.
Bronchoalveolar lavage histamine concentrations 48 h after an-
tigen challenge were augmented by RV16 infection (P < 0.001,
ANOVA), and were specifically greater in allergic subjects dur-
ing the Acute Infection and post-infection study periods com-
pared to the pre-infection period (P < 0.05, Student Newman-
Keuls test, both comparisons) (Fig. 2). In addition, significantly
higher concentrations of histamine were detected in BAL fluids

from allergic compared to normal individuals (P < 0.03, AN-
OVA, Fig. 2), and a significant difference in the response to
RV16 infection of allergic and normal subjects (P = 0.005) was
observed: potentiation of histamine release 48 h after antigen
challenge was seen in allergic, but not normal subjects.

Tryptase. Tryptase was undetectable in 4/15 samples from
normal subjects, and was - 0.4 ng/ml in all such samples. In
samples from allergic subjects, tryptase was undetectable in 5/
21 late response BAL fluids. Concentrations of tryptase in these
BAL fluids were influenced neither by atopic status (normal
0.3+0.4 vs. allergic 0.9+0.3; P > 0.2, ANOVA) nor by RV16
infection (pre-infection 0.5±+0.4, acute infection 1.0±0.4, post-
infection 1.1+0.4; P > 0.65, ANOVA).

Eosinophils. The late response of eosinophil recruitment to
the airway after local antigen challenge is shown in Fig. 3.
Increases in airway eosinophils 48 h after antigen challenge
were not seen in normal subjects. In contrast, this finding was
consistently observed in allergic individuals (P < 0.001, AN-
OVA for effect of atopy). There was potentiation of eosinophil
recruitment in relationship to RV16 infection (P = 0.005), and
the enhancement was observed in allergic but not normal sub-
jects (P < 0.03, ANOVA, for difference in response to RV16
of allergics and normals). In addition, the study periods in which
increased numbers of eosinophils were identified in allergic
subjects compared to the pre-infection period were the acute
infection and post-infection periods (P < 0.05, Student New-
man-Keuls test, both comparisons; Fig. 3).

TNF-a. TNF-a concentrations were increased significantly
in the late response of allergic compared to normal subjects (P
< 0.03, ANOVA), and were further increased in association
with RV16 infection (P = 0.01, ANOVA; Fig. 4). However,
no significant dependence of the RV16 effect on atopy was
observed (P > 0.3, ANOVA for difference in response to RV16
of allergics and normals).

Summary of effects of RV16 infection on late responses.
Histamine release or persistent leakage into the airway and
eosinophil recruitment were significantly increased by RV16
infection in allergic subjects, but not in normal volunteers 48
h after segmental antigen challenge. TNF-a concentrations in
BAL fluids obtained 48 h after antigen challenge were signifi-
cantly increased in relationship to RV16 infection in both aller-
gic and normal individuals.

Discussion

This study investigated the effects of RV16 infection on several
indices of allergic airway inflammation, in both allergic and
non-allergic subjects, using a reproducible human model of anti-
gen induced airway inflammation (segmental bronchoprovoca-
tion with antigen) (8, 9). An experimental RV16 infection which
did not alter airway physiology was associated with potentiated
histamine release both immediately and 48 h after antigen chal-
lenge, and with increased recruitment of eosinophils to the air-
way 48 h after antigen challenge in allergic subjects. Moreover,
these effects were apparent up to one month after RV16 inocula-
tion in allergic subjects, and were associated with an increased
concentration of TNF-a in BAL fluid 48 h after local antigen
challenge.

Because of the close link between airway hyperresponsive-
ness and inflammation,(24, 25) previous observations of in-
creased airway responsiveness during viral infection predict that
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Normal Allergic Rhinitis Figure 2. BAL histamine concentrations 48 h after
segmental antigen challenge in subjects experimen-

800 800 tally infected with rhinovirus 16. On the ordinate is
the concentration of histamine observed in BAL flu-

.* ids obtained 48 h after segmental antigen challenge
(late response) in five normal volunteers (left panel,

b 600 600 open symbols) and seven allergic rhinitis subjects
11 .(right panel, dotted symbols). Each individual is de-

noted by a unique symbol which is used consistently
E400T400 in Figs. 2-4 (e.g., the dotted diamond always repre-,x40 . lsents the same individual). On the abscissa are the

three study periods. The wide bars represent the 25-
1 - _ 75 percentiles, the whisker bars show the 5th and

200 200 95th percentiles, and the center crossbar shows the
median. Asterisks and arrows denote statistically
significant differences between post-infection and

acute infection periods when compared with pre-
Pre Acute Post Pre Acute Post infection period by post hoc testing. There was a

Infection Infection Infection Infection Infection Infection significant potentiating effect of RV16 infection, de-
noted as the study periods (P < 0.001, ANOVA),

Study Period Study Period with higher histamine concentrations observed dur-
ing the Acute Infection and post-infection periods

compared with pre-infection. There was also a significant difference in the BAL histamine concentration related to atopy (P < 0.03, ANOVA),
with higher levels observed in allergic subjects. In addition, there was a significant difference in the response to RV16 infection depending on atopy
(P = 0.005, ANOVA), with allergic subjects exhibiting RV16 related potentiation of histamine release after segmental antigen challenge, whereas
normal subjects did not.

inflammation should also be more intense. Lemanske et al. (6) siveness in close relationship to antigen challenge were not
reported both increased airway responsiveness to antigen, and feasible in the present work. Nonetheless, these present data are
an increased frequency of late phase allergic responses during entirely consistent with previous findings of increased plasma
experimental RV16 infection. Our current study provides direct histamine after antigen challenge in allergic humans who devel-
evidence of enhanced antigen-induced mediator release and in- oped new late phase responses to antigen challenge during
flammation in the lower respiratory tract of allergic human sub- RV16 infection, (7) and now provide direct evidence of persis-
jects in response to RV16 infection, and may help to explain tent virally potentiated mediator release in the target organ (Fig.
the development of late allergic reactions during a cold. How- 2). Moreover, in the present study we were able to quantitate
ever, due to the segmental nature of antigen deposition, direct tryptase in BAL fluids from all allergic subjects after antigen
assessments of physiologic airway obstruction and hyperrespon- challenge, whereas plasma tryptase was detectable in only one

125 Normal AllergicRkinitis 1
Figure 3. BAL eosinophils 48 h after segmental

125NormalAllergicRh-nitis* 125 antigen challenge in subjects experimentally in-
fected with rhinovirus 16. On the ordinate is the
number of eosinophils observed in BAL fluids ob-

100 * 100 tained 48 h after segmental antigen challenge (late
response) in five normal volunteers (left panel, open

0_ _ symbols) and seven allergic rhinitis subjects (right
q75 _ 75 panel, dotted symbols). Each individual is denoted

by a unique symbol which is used consistently in
. _ .Figs. 2-4. On the abscissa are the three study peri-

0 5 0 50 ods. The wide bars represent the 25-75 percentiles,
the whisker bars show the 5th and 95th percentiles,
and the center crossbar shows the median. Asterisks

[LI 25 (0.43) 25 a n darrowsdenote statistically significant differ-
(0.12) (0.001) (0.43) ences between the post-infection and acute infection

period when compared to pre-infection period by
post hoc testing. Eosinophil recruitment in normal

Pm Acute subjects was quantitatively small in all study peri-Pre Acute Post Pre Acute Postod.TeatameinvlsarshwinpenInfection Infection Infection Infection Infection Infection ods. The actual median values are shown in paren-
theses. There was a significant potentiating effect of

Study Period Study Period RV16 infection, denoted as the study periods (P =
0.005, ANOVA), and a significant difference in

overall eosinophil recruitment related to atopy (P < 0.001, ANOVA), with allergic subjects exhibiting greater recruitment. In addition, there was
a significant difference in the response to RV16 infection depending on atopy (P < 0.03, ANOVA), with allergic subjects exhibiting heightened
RV16 related antigen-driven eosinophil recruitment, whereas normal subjects did not.
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subject in our previous work. Consequently, we can now more
confidently ascribe mediator release in immediate fluids after
antigen challenge to pulmonary mast cells, a suggestion consis-
tent with previous reports (9, 11). However, the pronounced
significant difference in histamine, but not tryptase, levels asso-
ciated with viral infection could suggest that basophils contrib-
ute to the enhanced histamine release during and after viral
infections.

Inflammation and late allergic reactions in asthma are char-
acterized by prominent participation of eosinophils, which are
observed in increased numbers in blood, sputum, bronchial tis-
sue, and lung lavage fluids, (26) and which provoke pro-in-
flammatory responses from other cells (27-29). After segmental
antigen challenge of allergic subjects, antigen-dose-dependent
inflammation develops which is predominantly eosinophilic and
macrophagic in nature (8, 9). It is particularly noteworthy, there-
fore, that antigen-induced eosinophil influx in late BAL fluids
was so prominently increased both during and up to one month
after RV16 infection (Fig. 3). These data suggest that viral
effects on eosinophil recruitment, either direct or mediated by
cytokines, are one mechanism by which late allergic reactions
and increased airway hyperresponsiveness may be induced by
viral upper respiratory tract infections.

It is important to note that RV16 did not directly cause
or increase lower airway inflammation as assessed by BAL
parameters, nor did it per se cause release of histamine. In
both normal subjects and allergic rhinitis patients, there was no
increase in histamine, eosinophils, or TNF-a concentration in
the saline challenged segment (data not shown), nor were there
RV16-associated changes in histamine or eosinophils in normal
volunteers after antigen challenge. Hence, allergen-specific,
rather than nonspecific inflammation was potentiated by RV16
inoculation. Collectively, the RV16 effect on airway inflamma-
tion appears to be principally an augmentation of allergic re-
sponses, a suggestion which is consistent with other current
observations (5).

It was also noteworthy that with one exception, RV16 was

Post
Infection

Ad

Figure 4. BAL TNF-a concentrations 48 h after
segmental antigen challenge in subjects experimen-

50 tally infected with rhinovirus 16. On the ordinate is
the concentration of TNF-a measured in BAL fluids
obtained 48 h after segmental antigen challenge in
five normal volunteers (open symbols) and seven

40 allergic rhinitis subjects (dotted symbols). Each indi-
vidual is denoted by a unique symbol which is used
consistently in Figs. 2-4. On the abscissa are the

30 three study periods. The wide bars represent the 25-
75 percentiles, the whisker bars show the 5th and
95th percentiles, and the center crossbar shows the

20 median. A significant potentiating effect of RV16
infection, denoted as the study periods, was noted
(P = 0.01, ANOVA) and can be seen as the upward
trend of the median TNF-a response of allergic and

10 normal individuals. There was also a significant dif-
ference in TNF-a concentration related to atopy,
with higher concentrations observed in allergic sub-

0 jects (P < 0.03, ANOVA). However, in contrast to
the significant interactive effects identified for hista-
mine and eosinophils, there was no significant dif-
ference in the response to RV16 infection depending
on atopy (P > 0.37, ANOVA).

not isolated from either BAL fluids or cells, despite the obvious
potential for nasopharyngeal contamination of these specimens
by bronchoscopy. In contrast, virus was always found in high
titer in nasal washes (Table I). Thus, RV16 may not have been
actively replicating in the lower respiratory tract of our subjects,
despite clinical, immunologic, and virologic evidence of host
infection. Nonetheless, significant potentiation of other mea-
sures of lower airway inflammation were observed. This obser-
vation suggests that mechanisms other than direct viral cyto-
pathic effects in the lower respiratory tract may be important
in augmenting airway inflammation from RV16 infection. In
vitro experiments of viral infection of respiratory epithelium by
Winther and colleagues (30) have led to similar conclusions.
Thus, factors induced or produced by viral infection may medi-
ate the potentiated inflammatory response.

In this regard, Naclerio et al. (31) suggested that kinins
mediate nasal symptoms during experimental rhinovirus colds.
In their study, increased levels of kinins, TAME-esterase, and
albumin were observed in relationship to infection with RV39
or an untyped rhinovirus strain, HH. Of interest, these investiga-
tors did not find increased nasal lavage histamine during the
cold. However, Naclerio et al. did not challenge with antigen,
a factor which probably explains the absence of histamine. Our
data suggest that RV16 infection augments the allergic response,
but has little direct effect on measures of airway inflammation,
and are in that regard consistent. Moreover, in that Naclerio et
al. used serial nasal lavage, and different RV serotypes, consid-
erable differences exist in technique and experimental design
between these two studies.

Cytokines are prime candidates to mediate the enhancement
of antigen-driven airway inflammation. They prominently regu-
late the function of inflammatory cells, including eosinophils
(9, 32) and macrophages, (33) and may also be induced by
viral infections. In previous work, we demonstrated increased
concentrations of TNF-a in BAL fluids of allergic subjects
compared to healthy non-allergic volunteers 48 h after segmen-
tal antigen challenge (21). These and other factors may partici-
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pate in the functional up-regulation seen in airway cells after
antigen challenge (8, 9). Our current data show that TNF-a is
present in BAL fluids at concentrations high enough to modulate
cell functions, particularly considering the 50- 100-fold dilution
of epithelial lining fluid cause by the BAL procedure. Rhinovi-
rus infection in vivo has been associated with increased produc-
tion of cytokines by human blood mononuclear cells in vitro,
and with increased blastogenic responses to antigen (34). Our
TNF-a data are consistent with these observations, and extend
them to an in vivo human model, but do not establish the specific
cellular source. Moreover, in that TNF-a concentrations were
increased by RV16 infections in both normal and allergic sub-
jects, other factors besides TNF-a must also participate in the
development of airway inflammation. Thus, although our data
on TNF-a should be viewed as a selective representation of the
participation of the cytokine network rather than as a compre-
hensive picture, they nonetheless suggest that the cytokine net-
work may be a key factor in regulating the enhanced airway
allergic response.

It is conceivable that repetitive endobronchial antigen chal-
lenge, rather than RV16 infection, primed the allergic rhinitis
subjects for an enhanced inflammatory response. We believe
that this explanation is unlikely for several reasons. First, sev-
eral of our infected subjects were studied again 3 mo after RV 16
inoculation, and no further potentiation of inflammation was
seen (data not shown). Second, additional experiments at 6 and
12 mo after inoculation in these same subjects have demon-
strated return of the airway response to antigen to or towards
the baseline, despite intervening segmental antigen challenges.
Third, and most convincingly, repetitive endobronchial antigen
challenge in four allergic individuals not inoculated with RV16
showed no enhancement of airway inflammatory responses (see
Results). The statistical power of these last studies to identify
a twofold increase in histamine was 0.93, and to detect a fivefold
increase in eosinophils was 0.63.

Several other limitations of our study must be considered
in applying these results to asthma. First, we chose to study
subjects with allergic rhinitis for reasons outlined in prior publi-
cations (6, 7). Clear distinctions exist in the clinical presentation
and course of asthmatics and rhinitis, which may reflect mecha-
nistic differences in these groups of patients. Second, because of
the invasive nature of the procedures, representative physiologic
measurements could not be obtained contemporaneously with
the BAL materials. Moreover, the concept of a late phase physi-
ologic response to antigen is undefined using the technique of
segmental antigen challenge. Nonetheless, our data provide new
and direct evidence of the potentiating role of RV16 infection
on antigen induced mediator release and airway inflammation.

In summary, RV16 infection results in persistently enhanced
airway inflammation after local antigen challenge in allergic
subjects, which persists for at least 1 mo after inoculation. Our
observations suggest that viral infection is a critical determinant
of this enhancement, but that mechanisms other than direct viral
infection of the lower respiratory tract, including induction of
pro-inflammatory cytokines, may be operative. Additional ex-
periments will prove valuable to define more fully the mecha-
nisms by which RV16 infection potentiates inflammation, bron-
chial obstruction, and wheezing in asthma.
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