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To define the pattern of secretion production during influenza virus infection, 28 adult subjects
were inoculated with influenza-A virus (HINI) and cloistered for a period of 8 days. On each
day, symptoms associated with virus infection were scored, nasal secretions were collected and
nasal lavages were performed. Recovered lavage fluids were submitted for virus culture and
assayed for proteins, histamine, and bradykinin. Twenty-one subjects were infected with influ-
enza-A virus and had significant increases in daily secretion weights and symptom scores
extending from day 2 to 7, post-inoculation. Plasma-derived proteins in the nasal lavage fluids
showed an early increase to peak at day 4 and then decreased. Glandular proteins showed a
later increase to peak at day 5. Bradykinin but not histamine was significantly elevated and
tracked the changes in the glandular proteins. In contrast, a shallow increase in symptoms
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confined to day 2 post-inoculation, but no increase in daily secretion weights was documented
in the seven uninfected subjects. There, an increase in plasma proteins was observed on days
1 and 2, but no change in glandular proteins was obvious. These results support a biphasic
secretory response during influenza-virus infection with transudation dominating the early
period and glandular secretions contributing later.
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INTRODUCTION

Increased nasal secretion production is a common expression of
diseases that provoke nasal mucosal inflammation such as aller-
gic rhinitis and upper respiratory viral infections. Indeed, rhinor-
rhoea is one of the three nasal symptoms along with congestion
and sneezing which are most commonly reported by patients
with these diseases and targeted for amelioration by sympto-
matic therapies (Borum et al., 1981; Konno et al., 1987; Gaffey et
al., 1987, 1988). An analysis of the biochemical components of
nasal secretions has been used to provide insights into the patho-
genic process and the mechanisms of host defense (Remington
et al., 1964; Norman et al., 1985; Proud et al., 1992).

In that regard, the source of nasal secretions for different nasal
inflammatory diseases has become a focus of study. Earlier
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studies showed that intranasal challenge with histamine pro-
voked secretions rich in plasma proteins such as IgG and
albumin, while challenge with methacholine caused increased
concentrations of glandular proteins including sIgA, lactoferrin,
and lysozyme (Raphael et al., 1988a, 1989; Meredith et al., 1989).
Nasal allergen challenge of sensitized subjects resulted in the
rapid accumulation of plasma proteins in the secretions and a
secondary, reflex-mediated increase in glandular proteins
(Raphael et al., 1988b, 1991). In those studies, the fold increase
in the plasma proteins was much greater than that of the
glandular proteins suggesting that the volume of provoked
secretions was attributable primarily to transudation from the
vascular compartment. More recéntly, nasal lavage fluids from a
large cohort of subjects experimentally infected with rhinovirus
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were assayed for plasma and glandular proteins in an effort to
define the source of secretions in that disease (Igarashi et al.,
1993). The results documented an early increase in the concen-
trations of plasma proteins which peaked on day 3 after inocula-
tion and a later increase in glandular proteins which peaked on
day 5 after inoculation. These results were interpreted as
evidencing a biphasic secretory response of the nasal mucosa
to viral infection consisting of an early transudative phase
associated with increased vascular permeability and a later
secretory phase attributed to increased glandular activity.

In contrast to the effects of other respiratory viruses, rhinovirus
infection results in minimal cytotoxicity and mucosal disruption
(Turner et al., 1982). Most investigators attribute disease expres-
sion to secondary effects of the host inflammatory response.
Elaboration of bradykinin, mast cell products and cytokines are
likely candidates for this role in that they can provoke nasal
response, modulate the inflammatory process and activate para-
sympathetic responses (Naclerio et al., 1988; Proud et al., 1990).
Consequently, the temporal pattern of secretion production
documented during rhinovirus infection may reflect the
sequential elaboration of these and other inflammatory chemi-
cals during the host response. However, this pattern of response
may not be generalizable to other respiratory virus infections
that result in more significant mucosal pathology. In a recent
study, significant nasal signs and symptoms, throat symptoms
as well as more generalized symptoms were documented for
infected subjects inoculated with influenza-A virus (Doyle et
al., 1994). Since infection with influenza virus is associated with
marked cytopathology, nasal lavage fluids collected from this
cohort of subjects were assayed for glandular and serum pro-
teins and inflammatory mediators. This report describes the
temporal pattern of secretion production for influenza virus
infection and compares it to that for rhinovirus infection.

MATERIAL AND METHODS

Experimental plan

Adult subjects previously enrolled in a study designed to deter-
mine the nasal and otologic effects of experimental influenza-A
infection served as the source material for this extension of that
protocol (Doyle et al., 1994). Thirty-three (20 males, 13 females)
healthy, adult subjects (20-39 years old) were enrolled after pro-
viding a written informed consent. The study was approved by
the Human Rights Committee at the Children’s Hospital of
Pittsburgh.

Enrolled subjects were cloistered in individual rooms of a local
hotel for an 8-day period (study days 0 through 7). Twenty-four
hours after admission to the cloister site (end study day 0), the
subjects were intranasally inoculated with 10’ TCID50 of a
safety-tested, clinical isolate of influenza A/Kawasaki (HIN1)
supplied by the National Institute of Allergy and Infectious
Disease (wild-type lot E-262). On each study day, the subjects
were instructed to expel all nasal secretions into preweighed
tissues and seal the expended tissues in plastic bags of known
weight. The weight of expelled secretion for each 24-h period
was calculated by subtraction. Eight specific symptoms (inclu-
ding sneezing, nasal discharge, nasal congestion, malaise,

headache, chilliness, sore throat, and cough) were rated daily by
the subject on a four-point, 0-3 scale corresponding to none,
mild, moderate, or severe. Also, on each day a nasal lavage was
performed during the morning hours using methods previously
described. Blood was collected from the subjects on study days
0,3,4,6,7,and 21.

Assessments of infection

At the termination of the 8-day period of study, samples of nasal
lavage fluids for every subject on each study day were submitted
to the Respiratory Disease Study Unit (University of Virginia)
for culture of influenza-A virus in triplicate monolayers of
Madin-Darby-Canine-Kidney (MDCK) cells according to
previously described methods (Tobita et al., 1975). Paired
serum samples for all subjects were submitted to those labo-
ratories for assay of haemagglutination-inhibition (HI) anti-
bodies to influenza A/Kawasaki virus using standard methods
(Dowdle et al., 1979). A person was considered to be infected
with influenza-A virus if that virus was isolated from the lavage
fluids on at least one post-challenge day of cloister or a 4-fold
increase in serum antibody titer between pre-inoculation and
convalescent samples was documented.

Lavage fluid assays

Total protein concentration was measured by the BCA protein
assay (Pierce Chemical Corp.) using bovine serum albumin as a
standard (Smith et al., 1985). Albumin was measured by a
competitive enzyme-linked immunosorbent assay (ELISA),
modified from a previously described method (Raphael et al.,
1988). Lactoferrin, IgG and sIgA were measured by a modified
non-competitive ELISA as previously described (Igarashi et al.,
1993). Lysozyme activity was measured by a turbidimetric assay
based upon the enzymatic hydrolysis of bacterial cell walls
(Raphael et al., 1989). Histamine was measured by a competi-
tive radioimmunoassay (McBride et al., 1988).

Bradykinin samples were collected in an inhibitor mixture
which included 20 mg/ml EDTA, 4 mg/ml polybrene, 10 mg/ml
1,10-phenanthroline, 5 mg/ml SBTI, and 1.67 mg/ml aprotinin.
Samples sent as a CO, pellet were thawed at room temperature
and 600 pl ice-cold ethanol was added to 300 pl nasal wash with
continuous stirring. The samples were incubated for 60 min at
4°C. The supernatants were decanted into 3-ml polypropylene
tubes and dried by centrifugal evaporator. The residue was
resuspended into 300 pl of buffer (0.1 M sodium phosphate, pH
7.4, containing 3 mM 1,10-phenanthroline, 10 mM EDTA, and
0.1% gelatin) and 150 pl 1,1,2-trichloro-1,2,2-trifluoroethane.
After centrifugation at 3,000 rpm for 20 min at 4°C, 100 pl of the
upper aqueous phase was transferred to a new tube and brady-
kinin concentration determined by radioimmunoassay
(Nishikawa et al., 1992). A correction solution to control for any
substance in nasal washes that might affect bradykinin analysis
was prepared. Ten microlitres of nasal wash from 60 randomly
selected samples were mixed and prepared for assay as descri-
bed. After resuspending in 300 pl of water (in place of buffer)
the suspension was incubated with 20 pl of 2 mg/ml
chymotrypsin overnight to digest bradykinin. The sample was
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boiled at 100°C for 10 min to inactivate the enzyme, dried,
resuspended, and assayed. The value was subtracted from the
samples. Urea was measured employing a spectrophotometric
assay based on the enzymatic hydrolysis of urea (Rock et al.,
1987; Sigma Diagnostics Kit No. 66-UV, Sigma Chemical Co.).
For serum samples, 5-ul samples were incubated with 1 mi
reagent. For nasal lavages, 20-pl samples were incubated with
300 pl reagent. After 30 min, the absorbance was read at 340 nm,
and urea concentrations in the samples were calculated.

Statistical methods

Because virologic assays were performed after completion of
the cloister phase of the study, investigators and participants
were blinded to the individual’s pre-challenge HI antibody titer
as well as the results regarding viral shedding or seroconversion.
At the completion of the virologic assays, laboratory specific
data were exchanged between the Children’s Hospital of
Pittsburgh and the University of Virginia. The primary analysis
planned was a comparison of the response of the various
measures to viral inoculation in infected and uninfected
subjects. As described in an earlier report (Doyle et al., 1994),
the former group showed a marked differential response to
infection associated with the pre-existing HI antibody status. In
the present study, the results for two unambiguous subgroups
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Figure 1. Average values and standard errors of total symptom score
(a), secretion weights (b) and urea-adjusted bradykinin concentration (c)
for each of the days of cloister in the infected (plus) and uninfected
(square) groups.

are presented; a high-titer ¢>16) uninfected group (n=7) and a
low-titer (<8) infected group (n=21).

Data for the primary variables related to infection, signs,
symptoms and pathophysiologies were previously reported. In
this paper, the data for secretion components are presented.
The infected and uninfected groups were analyzed separately.
For protein concentrations in lavage fluids, the levels at each of
the post-inoculation study days were compared to the respective
pre-inoculation (day 0) values using the Student’s paired t-test
evaluated for significance at o <0.05 (one-tailed). In a secondary
analysis, the data for protein concentrations were transformed
to correct for possible differences in dilution between lavages
using methods previously described (Kaulbach et al., 1993).
Briefly, the protein concentrations were multiplied by the ratio
of urea concentration in the serum to urea concentration in the
lavage fluids. The statistical methods described above were then
applied to these transformed data. In the presentation, the
convention meanzstandard error is used throughout.

RESULTS

Measures of illness

Figure 1a shows the daily average values of the total symptom
score for the infected and uninfected subgroups. The infected
group showed a significant rise in total symptom score by day 1,
a period of increased scores lasting from day 2 through day 4
before a gradual decrease to approach baseline values by day 7.
An examination of the temporal pattern for individual
symptoms showed that the throat and general symptoms
peaked earlier (day 2) than the nasal symptoms of sneezing,
congestion and rhinorrhoea (day 4). For the uninfected
subjects, the total symptom score showed a significant increase
on day 2 and a more rapid decrease to baseline values by day 4.
The major contributors to this increase in magnitude order were
the symptoms of sore throat, headache, congestion and cough.
Figure 1b shows the average daily secretion weights for the two
groups. For the uninfected group, no changes in that measure
were observed over the course of the study. However, begin-
ning on the day following viral inoculation and extending for
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Figure 2. Averages and standard errors of the fraction of total protein represented by the glandular proteins (squares) and plasma proteins (plusses) on

each of the days of cloister for the infected (a) and uninfected (b) groups.

6 days, the average daily secretion weights ih the infected group
were significantly greater than that recorded on study day 0.
Secretion weights showed a temporal pattern similar to that of
nasal symptoms, peaking on days 3 to 4 and then decreasing to
approximate the baseline value by study day 7.

Mediator concentrations

Bradykinin has been used as a marker of inflammation during
rhinovirus colds and nasal allergic reactions. Figure 1c shows the
average urea-adjusted secretion concentrations of bradykinin in
the two groups on all study days. Bradykinin was measurable in
the baseline, pre-inoculation lavage fluids of both groups. After
inoculation, bradykinin concentration showed a significant
progressive increase in the infected group to peak on day 6 post-
inoculation, and then a rapid decrease to baseline values by day
7. In contrast, for the uninfected group a transient 3-fold rise in
bradykinin concentration peaking on days 3 and 4 was observed.
Histamine was measurable in the lavage fluids on all study days.
However, no consistent increases were observed in either group
following virus inoculation. The range of average lavage
concentrations for the different study days was 3.3£1.6 to
13.5£11.0 ng/ml for the uninfected group, and 4.6x1.5 to
11.1+4.4 ng/ml for the infected group. The transformation to
correct for differences in dilution did not change these results.

Lavage proteins

The average concentrations of total protein and the glandular
and plasma proteins in nasal lavage fluids are presented
in Table 1. Total lavage protein in the infected group was
significantly increased after viral inoculation to peak on study
day 4 and then decrease to baseline values. In the uninfected
group, the total protein increased on study days 1 and 2 and then
decreased to baseline values. For both groups, the temporal
patterns of change in the concentrations of the two plasma
proteins assayed, albumin and IgG, tracked the respective
patterns observed for total protein. The concentrations in the
lavage fluids of the three glandular proteins, lactoferrin, lyso-
zyme and sIgA from the infected subgroup were increased after
viral inoculation to peak on study day 5 and then decreased to

baseline values. However, the concentrations of these three
proteins in the uninfected group did not show a well-defined
temporal pattern and were highly variable.

Table 1. Average and standard error of the concentrations (pug/ml) of
proteins in the nasal lavage fluids of infected (n=21) and uninfected (n=7)
subjects.

study total

day albumin IgG lactoferrin  lysozyme  sIgA protein
infected group:

0 53+18 1746 1314 32+10 4+14 245+49

1 189+130 43127 11+2 266 63+20  445+203
2 206+101  47+20 1243 2243 5514  449+154
3 412+187* 81+34* 1844 2916 70£17*%  741%253*
4 442+162%  79+20%  20+4* 29+4 92+18*  7701+222*
5 2261100% 4617  21x4* 43+14 99+30*  S11+152*
6 121349 24+7 18+4 32+10 77£19 350+76*
7 52+8 2247 1412 22+2 58+11 28049

uninfected group:

0 80+49 29+15 27£10 5217 16678  461£157
1 437298  70£36 3034 42+10 190+67  881+390
2 4124229  73x25*  39%12 108461 232168 8871284
3 170191 38113*  26+4 71+35 176159  538+166
4 101+44 3716 2116 54124 206190  452+110
5 79+38 217 1814 3445 80+£30 346178
6 8044 2511 2417 63125 53+44  435%116
7 43£13 2046 267 61+24 186+49  423£79

* significant p <0.05; paired t-test, one-tailed

In the infected subjects, the increases in the plasma proteins
relative to baseline were approximately 4-fold for IgG and 8-fold
for albumin, while fold increases of less than 2 were documen-
ted for the glandular proteins. These differences are graphically
depicted in Figure 2. There, the relative contributions of the
glandular and plasma proteins to total protein concentration are
shown for the infected (Figure 2a) and uninfected subgroups
(Figure 2b). For the infected group, the glandular protein
fraction decreased from a baseline value of 0.36 to a value
of approximately 0.25 on days 2 through 4 and then increased
to 0.34 by study day 7. In contrast, plasma protein fraction
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Figure 3. Bar graph showing the averages of the urea adjusted summed concentrations of the two plasma proteins assayed and the standard error of the
total for each of the days of cloister in the infected (a) and uninfected (b) groups (solid bars: albumin; striped bars: IgG).
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Figure 4. Bar graph showing the averages of the urea-adjusted summed concentrations of the three glandular proteins assayed and the standard error
of the total for each of the days of cloister in the infected (a) and uninfected (b) groups (solid bars: IgA; striped bars: lactoferrin; open bars: lysozyme).

increased from a baseline value of 0.19 to peak on day 4 at a
value of 0.47 and then decreased over the remainder of the
study period. For uninfected subjects, no directional changes in
the glandular protein fraction were obvious with average daily
values varying about a value of 0.48. In that group, plasma
protein fraction increased from 0.16 at baseline to peak at 0.37
on day 2 and then decreased to a value of 0.17 by day 6.

Using the serum/lavage urea ratio, the protein concentrations in
nasal lavage fluids were corrected for possible differences in
dilution. The adjusted concentrations of the plasma and
glandular proteins for each study day are shown in Figures 3
and 4, respectively. The temporal patterns for these protein
concentrations are similar to those discussed above for the
unadjusted values. Specifically, plasma protein concentrations
in the lavage fluids of infected subjects (Figure 3a) increased to
peak on day 4 and then decreased, while those in the uninfected
subjects (Figure 3b) were increased on days 1 and 2 and then
decreased to baseline. The concentrations of the glandular
proteins in the lavage fluids of the infected group (Figure 4a)
were greatest on days 5, 6 and 7, but the increases with respect
to baseline were not significant. Glandular protein concen-
trations of uninfected subjects (Figure 4b) were variable and
showed no clear temporal pattern of change.

DISCUSSION

In this study, adult subjects experimentally infected with
influenza-A virus developed early throat and general symptoms
followed in time by signs and symptoms of nasal inflammation.
The latter included sneezing, nasal congestion, and significant
nasal secretion production as documented objectively by in-
creased daily secretion weights and subjectively by increased
symptoms of rhinorrhoea. The temporal patterning of protein
concentrations in the secretions was consistent with a biphasic
secretory response to influenza-A virus infection characterized
by an early period of transudation and a later period of active
glandular secretion. Moreover, these results suggest that for the
symptomatic period of illness, the total volume of secretions
was primarily of plasma origin, with a minimal glandular
contribution. This pattern of secretion production is similar to
that reported in an early study of a small number of subjects
experimentally infected with Coxsackie A-21 virus or rhinovirus
type-15 (Butler et al., 1979), and for a large cohort of subjects
experimentally infected with rhinovirus 39 (Igarashi et al.,
1993). The primary difference in the secretory pattern between
these viruses is the timing of the onset of glandular secretory
activity with rhinovirus provoking an earlier response, influenza
virus an intermediate, and Coxsackie-A virus a late response.
These data suggest that this pattern of secretion production is a
generalized response to viruses that infect the nasal mucosa.
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These results have implications for the treatment of rhinor-
rhoea during a respiratory virus infection. Specifically, most
therapies have focussed on the suppression of glandular secre-
tions using agents with pronounced anticholinergic activities.
However, the results of this and earlier studies show that the
major source of secretion during the symptomatic period of
viral illness is transudation secondary to increased vascular
permeability. An increase in glandular secretions was observed
only during the convalescent period and after the peak increases
in the objective measure of secretion weight and subjective
measure of rhinorrhoea symptom score. Thus, anticholinergic
compounds would be expected to exert their effect late in the
disease process and at a time of limited illness. Indeed, a re-
examination of the data for secretion weights from two previous
treatment trials with topical anticholinergic compounds shows a
suppressive effect of the active medication primarily confined to
the later period of a rhinovirus cold (Gaffey et al., 1987, 1988).
Recognizing the importance of transudation in secretion pro-
duction, Persson (1990) suggested alternative approaches to the
treatment of rhinorrhoea that target endothelial cells of the
post-capillary venules and thereby prevent gap formation and
the attendant increase in vascular permeability.

However, the advisability of suppressing the exudative,
transudative and glandular contributions to nasal secretions
during viral infections has been questioned. Butler et al. (1979)
suggested that rhinorrhoea may be an adaptive response
facilitating delivery of host-defense components to the mucosal
surface and thereby limiting viral spread. Igarashi and
colleagues (1993) suggested that the vascular leakage contribu-
tes to the resolution of infection by washing out newly formed
viruses from the mucosal surface. After reviewing the recent
literature, Persson (1990) concluded that one source of secre-
tions, plasma exudation, is an important first line of mucosal
defense against viral and bacterial infections. The results of the
present study for uninfected subjects are interpretable as
evidencing an acute virally-mediated inflammation with
consequent exudation of plasma proteins and subsequent
suppression of the viral infection. Specifically, in seven subjects
with elevated pre-inoculation HI antibody titers, early
symptoms associated with headache and sore throat were
reported two days after virus inoculation despite the lack of
objective evidence of viral infection. The expression of these
symptoms was limited in time and temporally associated with
increased concentrations of the plasma proteins, IgG and
albumin in nasal lavage fluids. In contrast to the exaggerated
responses of the low-titer infected subjects, the prompt reso-
lution of the symptoms and lack of significant increases in
secretion weight or rhinorrhoea symptoms suggest that this
possible defense mechanism is self-limiting when effective.
The significance of the late rise in glandular proteins in the
secretions accompanying a viral infection is not known. For the
infected subjects in the present study, the glandular proteins
including sIgA peaked on day 5 post-inoculation. In a previous
study of subjects infected with rhinovirus 39, sIgA also peaked
on day 5 while lysozyme and lactoferrin concentrations peaked
one day earlier (Igarashi et al., 1993). Butler et al. (1979)

reported peaks of IgA on day 8 for rhinovirus 15 and a biphasic
increase with peaks on day 6 and 14 for Coxsackie A-21 infected
subjects. In all three studies, the increase in glandular proteins
occurred after the peak period of symptoms and signs of illness.
Thus, Butler et al. (1979) suggested that the increase in these
proteins is associated with the synthesis of specific anti-viral
antibodies, while Igarashi et al. (1993) suggested that the anti-
microbial activities of these proteins may protect from
secondary infections and aid in the healing of the mucosa. This
issue was not specifically addressed by the design of the present
study. Future studies incorporating assays of virus-specific anti-
bodies and bacterial colonization are planned to test these
hypotheses.

Of considerable interest is the biochemical agent responsible for
initiating the generalized transudative process accompanying a
viral infection of the nasal mucosa. In that regard, a number of
bioactive chemicals have been shown to be capable of in-
creasing vascular permeability following topical application to
the nasal mucosa (Baumgarten et al., 1986; Konno et al., 1987,
Doyle et al., 1990; Proud et al., 1992). These include bradykinin,
histamine, prostaglandin D,, leukotrienes, and platelet-
activating factor. Moreover, many of these substances when
administered to the nasal mucosa provoke signs, symptoms and
pathophysiologies characteristic of respiratory viral infections
(Doyle et al., 1990). However, with the exception of bradykinin,
none of these substance have been detected in increased
concentrations in nasal lavage fluids of patients with respiratory
virus infections (Naclerio et al., 1988). In the present study, a
significant increase in the secretion concentration of bradykinin
but not histamine was reported for subjects with confirmed
influenza virus infection. Because the increase in secretion
bradykinin concentration was a relatively late event, a causative
role of bradykinin in initiating the transudative process or in
provoking symptoms is not supported by these data. The
possibility that increased bradykinin concentration is a marker
of nasal inflammation rather than an active agent in disease
expression was raised previously by Proud et al. (1990), who
noted the parallel increases in bradykinin and albumin for
subjects challenged with allergens or infected with rhinovirus.
These observations suggest that bradykinin concentration is
increased in the nasal secretions by local activation of kinin-
generating enzymes acting on plasma-derived substrates
supplied in association with other plasma proteins by
transudation.

If the substrate for enzymatic conversion to bradykinin is
supplied by transudation, the concentration of that mediator
would be expected to reflect the degree of increased vascular
permeability. However, that same process would decrease
by dilution with the transudate the concentration of locally
synthesized or released inflammatory substances. The lavage
method for recovery of secretions further dilutes locally
synthesized chemicals. In this study, estimates for the lavage
fluid dilution factor from paired measurement of plasma and
lavage urea concentrations averaged between 10- and 20-fold on
different days. These dilution factors may explain the apparent
absence during viral infections of highly potent initiators of



increased vascular permeability such as histamine, prostaglandin
D, and leukotrienes. In light of these limitations to identifying
the presence of locally produced chemicals by assay of lavage
fluids, the use of specific, therapeutic probes may hold the most
promise for elucidating the biochemical cascade responsible for
initiating the inflammatory process during respiratory virus
infections.
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