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Collagenous lectins (collectins) present in mammalian serum and pulmonary fluids bind to influenza virus
and display antiviral activity in vitro, but their role in vivo has yet to be determined. We have used early and
late isolates of H3N2 subtype influenza viruses that differ in their degree of glycosylation to examine the
relationship between sensitivity to murine serum and pulmonary lectins in vitro and the ability of a virus to
replicate in the respiratory tract of mice. A marked inverse correlation was found between these two param-
eters. Early H3 isolates (1968 to 1972) bear 7 potential glycosylation sites on hemagglutinin (HA), whereas
later strains carry 9 or 10. Late isolates were shown to be much more sensitive than early strains to
neutralization by the mouse serum mannose-binding lectin (MBL) and rat lung surfactant protein D (SP-D)
and bound greater levels of these lectins in enzyme-linked immunosorbent assays and Western blot analyses.
They also replicated very poorly in mouse lungs compared to the earlier strains. Growth in the lungs was
greatly enhanced, however, if saccharide inhibitors of the collectins were included in the virus inoculum. The
level of SP-D in bronchoalveolar lavage fluids increased on influenza virus infection. MBL was absent from
lavage fluids of normal mice but could be detected in fluids from mice 3 days after infection with the virulent
strain A/PR/8/34 (HIN1). The results implicate SP-D and possibly MBL as important components of the innate
defense of the respiratory tract against influenza virus and indicate that the degree or pattern of glycosylation
of a virus can be an important factor in its virulence.

Collectins are a group of soluble mammalian proteins that
contain collagenous regions linked to Ca?*-dependent (C-
type) lectin domains (49). The members of this family, which
include mannose-binding protein (MBP) and conglutinin in
plasma and the pulmonary surfactant proteins A and D (SP-A
and SP-D), bind to polysaccharides on a wide variety of mi-
croorganisms and are thought to function in innate immune
defense through their ability to act as opsonins and, in the case
of MBP, to initiate complement activation (for reviews, see
references 21, 24, and 50). A genetic deficiency in MBP is
associated with an opsonic defect and recurrent bacterial and
fungal infection in infants (46, 48), and a similar association
has recently been reported in adults (47).

Collectins also bind to the glycoproteins of a number of
enveloped viruses including human immunodeficiency virus
(HIV), herpes simplex virus and influenza virus, but their role
in vivo in antiviral host defense is not yet clear. Binding of
human MBP to HIV-1 and HIV-2 initiated complement acti-
vation (20), and in the absence of complement, MBP inhibited
HIV-1 infectivity in vitro (12). However, binding of human
MBP or bovine conglutinin to herpes simplex virus type 2 did
not neutralize virus infectivity, and when administered to mice
before the virus, these collectins enhanced rather than inhib-
ited virus replication in the liver (13). In this situation, the
bound collectin (with or without complement) may provide the
virus with an alternative route of entry through interaction with
a complement receptor or putative collectin receptor (31) on
susceptible host cells.

We and others have shown that collectins display potent
activity against influenza A virus in vitro. As well as causing
hemagglutination inhibition (1, 14, 16, 18, 19, 30), MBP, con-
glutinin, SP-A, and SP-D all neutralize influenza virus infec-
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tivity (1, 2, 5, 14, 18, 19), although with SP-A, neutralization
occurs through binding of the viral hemagglutinin (HA) to
sialic acid on the SP-A molecule rather than through the car-
bohydrate-binding activity of SP-A (5). Neutralization of influ-
enza virus by the MBP-like lectin in guinea pig serum was
shown to be mediated through activation of the classical com-
plement pathway and resulted in irreversible inactivation of
the virus (2). The guinea pig lectin also promotes lysis of
influenza virus-infected cells (38). Furthermore, MBP, SP-D,
and conglutinin all act as opsonins promoting activation of
neutrophils by influenza virus and protecting against deactivat-
ing effects of the virus (16, 18, 19), and SP-A was shown to
opsonize influenza virus for uptake by rat alveolar macro-
phages (4).

While these activities point strongly to collectins playing an
important role in innate host defense against influenza virus,
all evidence to date has come from in vitro studies. In an
attempt to address the role of collectins in vivo, we have used
strains of the H3N2 subtype of influenza virus that differ in
their degree of glycosylation and have examined the relation-
ship between the sensitivity of a virus to serum and lung col-
lectins in vitro and its ability to establish infection in the re-
spiratory tract of mice.

MATERIALS AND METHODS

Viruses and viral glycoproteins. HKx31 (H3N2) and BJx109 (H3N2) influenza
viruses are laboratory-derived, high-yielding reassortants of A/PR/8/34 (HIN1)
with A/Aichi/2/68 (H3N2) (25) and A/Beijing/353/89 (H3N2), respectively. Other
viruses used were the Mt. Sinai strain of A/PR/8/34 (HIN1); a further panel of
H3N2 subtype viruses, i.e., A/Northern Territory/60/68 (NT/68), A/Memphis/1/
71 (Mem/71), A/Udorn/307/72 (Udorn/72) A/Port Chalmers/1/73 (Pt. Chalmers/
73), A/Bangkok/1/79 (Bangkok/79), A/Beijing/353/89 (Beijing/89), and A/Beijing/
32/92 (Beijing/92); and additional H3N2 reassortants, i.e., A/Texas/1/77 X A/PR/
8 (Texas/77-X), A/Bangkok/1/79 X A/PR/8 (Bangkok/79-X), A/Philippines/2/
82 X A/PR/8 (Phil/82-X) and A/Beijing/32/92 X A/PR/8 (Beijing/92-X). The
number and location of potential glycosylation sites on HA of the H3 subtype
viruses are listed in Table 1. Viruses were obtained from Alan Hampson, World
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TABLE 1. Locations of potential glycosylation sites on the HA of H3N2 influenza A virus strains
Glycosylation site at amino acid residue:
. Stalk Head Total no.  Refer-
Virus of sites ence
8 22 38 285 154 63 81 126 144 165 246
(HA1) (HAl) (HAL) (HAl) (HA2) (HAL) (HAl) (HAl) (HAL) (HAl) (HAL)
NT/68 + + + + + + + 7 6
Aichi/68, HKx31¢ + + + + + + + 7 51
Memphis/71 + + + + + + + 7 35
Udorn/72 + + + + + + + 7 33
Pt. Chalmers/73 + + + + + + + + 8 6
Texas/77-X* + + + + + + + + 8 6
Bangkok/79, Bangkok/79-X“ + + + + + + + + 8 6
Philippines/82-X“ + + + + + + + + + + 10 34
Beijing/89, BJx109“ + + + + + + + + + 9 41°
Beijing/92, Beijing/92-X* + + + + + + + + + 9 32

“ H3N2 high-growth reassortant of the virus indicated with A/PR/8/34.

b Sequence published for HA1 only; HA2 sequence from unpublished data of P. C. Reading and A. Sahasrabudhe (GenBank accession no. U97740).

Health Organization Collaborating Centre for Influenza, Melbourne, Australia,
with the exception of Mem/71, which was provided by Graeme Laver, Australian
National University, Canberra, Australia, and Udorn/72, which was obtained
from David Boyle, Australian Animal Health Laboratories, Geelong, Victoria,
Australia.

Viruses were grown in eggs and purified from allantoic fluid as described
previously (1). The viral glycoproteins HA and neuraminidase (NA) (hereafter
denoted HANA) were prepared by solubilization of 3 mg of purified virus with
60 mM n-octyl-B-p-glucoside (Sigma) in TBS (0.05 M Tris-HCI, 0.15 M NaCl
[pH 7.2]) at 37°C for 60 min. Nucleocapsid was pelleted by centrifugation in a
Beckman air-driven centrifuge (100,000 X g for 30 min at 4°C), and the super-
natant was dialyzed extensively against TBS with 0.1% NaN; (TBSN,).

Mice. C57BL/10 female mice were used at 6 to 8 weeks of age.

Collectins and antibodies. Mouse serum was collected from freshly clotted
blood, stored at —70°C, and used as the source of serum mannan-binding lectin
(MBL). Recombinant rat SP-D and rabbit antiserum to rat SP-D were prepared
as described previously (9, 28). The influenza virus-specific monoclonal antibod-
ies (MAbs) 244/2 and CY3/3, specific for HKx31 HA and BJx109 HA, respec-
tively, and MAD 165, specific for the host carbohydrate antigen common to all
egg-grown influenza viruses, were prepared in the Department of Microbiology
and Immunology, University of Melbourne. MAb A-3, specific for the nucleo-
protein (NP) of type A influenza viruses, was provided by Nancy Cox, Influenza
Branch, Centers for Disease Control and Prevention, Atlanta, Ga. Rabbit anti-
serum against NA of the N2 subtype, prepared against baculovirus-expressed NA
of A/NT/60/68 (H3N2), was the gift of Jennifer McKimm-Breschkin, Biomolec-
ular Research Institute, Parkville, Victoria, Australia. Rabbit antiserum against
human MBP was provided by Alan Ezekowitz, Children’s Hospital, Boston,
Mass.

Virus neutralization assay. Neutralization of virus infectivity was measured by
fluorescent-focus reduction in monolayers of MDCK cells cultured in 96-well
plates (Nunc, Glostrup, Denmark). Dilutions of mouse serum or rat SP-D were
prepared in complement fixation test (CFT) buffer (Oxoid; barbitone-buffered
saline [pH 7.2], 0.25 mM CaCl,, 1.8 mM MgCl,) and mixed with virus in a total
volume of 100 wl. The dose of influenza virus used was that which gave 50 to 100
fluorescent foci per low-power field (see below) after incubation in CFT diluent
alone. The mixtures were incubated at 37°C for 30 min, and then 50 pl was
inoculated onto MDCK monolayers that had been washed with serum-free
RPMI 1640 supplemented with 30 pg of gentamicin per ml. After adsorption of
the virus for 45 min at 37°C under 5% CO,, the inoculum was removed and 100
wl of the latter medium was added to each well. The plates were incubated at
37°C under 5% CO, for a further 7 to 8 h, the medium was removed, and the
wells were fixed with 80% (vol/vol) acetone. The wells were stained for fluores-
cent foci by incubation for 30 min with 50 pl of a 1/1,000 dilution of the anti-NP
MAD A-3 in phosphate-buffered saline (PBS), followed by a 1/60 dilution of
fluorescein-conjugated rabbit anti-mouse immunoglobulin (Silenus, Melbourne,
Australia). The plates were viewed under X128 magnification, and the total
number of fluorescent foci in four representative fields was counted and ex-
pressed as a percentage of the number of foci in the corresponding area of
duplicate control wells infected with virus alone.

To test for the inhibition of neutralization by sugars, the diluted serum and
SP-D were incubated with the sugar for 20 min at 20°C before addition of virus.
To test for reversal of neutralization, the sugar was added to virus-serum or
virus—SP-D mixtures after these had been incubated at 37°C for 30 min, and the
resulting mixtures were incubated for a further 20 min at 20°C before plating.
The appropriate concentration of sugar was also included in the virus control.

Detection of collectin binding to influenza virus by enzyme-linked immunosor-
bent assay (ELISA). To compare the binding of collectins to different influenza

viruses, wells of a flexible polyvinyl microtiter tray were coated with a series of
concentrations of purified influenza virus in 50 .l of TBSNj, blocked for 1 h with
10 mg of bovine serum albumin (BSA) per ml, and washed with TBS containing
0.05% Tween 20 (TBS-T). The wells were incubated for 2 h with 50 pl of either
rat SP-D (0.5 pg/ml) or a 1/100 dilution of normal mouse serum in TBS-T
containing 5 mg of BSA per ml and either 50 mM CaCl, (BSAs-TBS-T-Ca?")
or 5 mM EDTA (BSAs-TBS-T-EDTA) and then washed. Binding of SP-D was
detected by the addition of rabbit antiserum against rat SP-D (1/400 dilution in
BSAs-TBS-T-Ca>") for 3 h, followed by the addition of horseradish peroxidase
(HRP)-conjugated swine anti-rabbit immunoglobulin (Dako) and substrate [2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)] (0.2 mM in 50 mM citrate buffer
[pH 4.0] containing 0.004% H,0,). Binding of mouse serum MBL was detected
in a similar manner by using rabbit antiserum against human MBP (1/600 dilu-
tion), which cross-reacts with the mouse lectin.

Assay for collectins in mouse respiratory secretions. The presence of MBL
and SP-D in mouse bronchoalveolar lavage (BAL) fluids and nasopharyngeal
washings was assayed by ELISA on wells coated with yeast mannan (Sigma) at 50
pg/ml. Samples were subjected to titer determination in BSAs-TBS-T-Ca",
and bound collectins were detected as described above, mouse SP-D being
readily detected with the rabbit anti-rat SP-D antiserum. For the collection of
BAL fluids, the mice were killed by cervical dislocation and the lungs were
flushed in situ with 1 ml of CFT buffer through a blunted 23-gauge needle
inserted into the trachea. To prepare nasal washings, the mice were lightly
anesthetized with Penthrane (Abbott Australasia), 0.5 ml of CFT buffer was
injected into the external nares with a 26-gauge needle, and the outflow was
collected from the nasopharynx with a Pasteur pipette.

Western blot analysis of lectin binding to influenza virus glycoproteins.
HANA glycoprotein preparations were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) (5 to 10% polyacrylamide gradient
gels) under nonreducing conditions and transferred to a polyvinylidene difluo-
ride membrane. The membrane was blocked with TBS containing 5 mg of BSA
per ml and 20 mM CaCl, (BSA5-TBS-Ca®") and washed with TBS-T containing
20 mM CaCl, (TBS-T-Ca"). Individual tracks were probed with anti-HA MAb
244/2 or CY3/3 (1/500), rabbit anti-N2 antiserum (1/50), mouse serum (1/100), or
rat SP-D (1 pg/ml) diluted in BSAs-TBS-Ca®*. After overnight incubation, the
membranes were washed five times in TBS-T-Ca?*. To detect the bound lectins,
rabbit anti-human MBP (1/600) or rabbit anti-rat SP-D (1/400) antiserum, in
BSA,-TBS-Ca?*, was applied to the membranes for 3 h. After the membranes
were washed, the binding of these antibodies, the rabbit anti-NA antibodies, and
the mouse anti-HA MAbs was detected with HRP-conjugated swine anti-rabbit
immunoglobulin or rabbit anti-mouse immunoglobulin (Dako), as appropriate,
followed by substrate (3,3’ diaminobenzidine tetrahydrochloride) (0.69 mM in
TBS containing 0.0075% H,0,). SeeBlue prestained standards (Novex, San
Diego, Calif.) were used to estimate molecular weights.

NA and NA inhibition assays. Influenza virus NA activity and its inhibition by
collectins were measured by an enzyme-linked microplate assay in which Arachis
hypogaea (peanut) lectin was used to detect B-p-galactose-N-acetylglucosamine
sequences exposed after the removal of sialic acid from fetuin (29). Wells of a
microtiter plate were coated with 50 pl of fetuin (Sigma F-2379; 20 pg/ml in
TBS) overnight at 4°C and washed with TBS-T. In the wells of a second plate,
dilutions of rat SP-D and mouse serum were prepared in BSAs-TBS-Ca®* and
mixed with influenza virus in a total volume of 100 pl, in the presence or absence
of 100 mM p-mannose. After 15 min at room temperature, 50-pl volumes of the
mixtures were transferred to wells of the fetuin-coated plate and incubated at
37°C for 45 min. After the wells were washed, 50 pl of biotin-labelled peanut
lectin (Sigma L-6135; 20 pg/ml in BSA5-TBS-Ca?*) was added to each well, and
after 30 min at room temperature, the wells were washed and incubated with 50
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ul of HRP-conjugated streptavidin (Silenus; 1/1,000 in BSAs-TBS-Ca>*) for 20
min. Finally, the wells were developed with substrate as described above for
ELISA.

Replication of influenza viruses in the respiratory tracts of mice. Mice were
lightly anesthetized with Penthrane and inoculated intranasally with 10* or 10°
PFU of influenza virus in 50 pl of PBS. After 3 days (unless stated otherwise), the
mice were killed by cervical dislocation and the lungs were removed, rinsed, and
disrupted in 1.5 ml of Hanks’ balanced salt solution containing 100 U of peni-
cillin per ml and 100 p.g of streptomycin per ml (HBSS) by being pressed through
a sieve with the plunger of a disposable 2-ml syringe. In some experiments,
tracheas were also placed individually in 1.5 ml of HBSS and homogenized by
grinding with sterile sand. The resulting lung and tracheal extracts were clarified
by centrifugation, and the supernatants were frozen at —70°C. Nasopharyngeal
washings were prepared from a separate group of mice from those providing
trachea and lungs. The mice were anesthetized with Penthrane, 1 ml of sterile
PBS containing 1 mg of BSA per ml was injected slowly into the external nares,
and the outflow was collected from the nasopharynx and frozen at —70°C. The
samples were assayed for infectious virus by measuring plaque formation on
MDCK cells in the presence of trypsin (2).

Preparation of mouse lung-grown stocks of influenza virus. A lung extract
prepared from mice, as described above, 3 days after infection with 10* PFU of
HKXx31 virus was used as the mouse lung-grown stock of this virus. Mouse-lung
grown BJx109 virus was prepared similarly from lungs taken 1 day after infection
with 10° PFU of virus. For reasons described in Results, BJx109 was adminis-
tered in diluent containing 10 mg of mannan (Sigma) per ml. To remove mannan
from the resulting virus stock, the lung extract was clarified by centrifugation in
an Eppendorf microcentrifuge and then centrifuged at 75,000 X g. The virus
pellet was resuspended in serum-free RPMI 1640 medium with antibiotics and
stored at —70°C.

Statistics. Statistical analysis was performed by Student’s ¢ test.

RESULTS

We have established previously that mouse serum contains a
Ca®"-dependent MBL that binds to influenza virus and repre-
sents the B inhibitor (14); this lectin can be detected with
rabbit antiserum raised against recombinant human MBP.
Mouse serum contains two related mannose-binding proteins,
MBP-A and MBP-C (22, 42). In this study, we have not dif-
ferentiated between these two forms of mouse MBP and will
use the term mannose-binding lectin (MBL) to denote this
fact.

Neutralization of HKx31 and BJx109 viruses by mouse MBL
and rat SP-D. Strains of H3N2 subtype influenza viruses that
circulated from 1968 to 1972 carry a total of 7 potential glyco-
sylation sites on their HA molecules, whereas strains isolated
after 1982 carry 9 or 10 (Table 1). To determine whether the
level of glycosylation affects the sensitivity of influenza viruses
to murine collectins, we compared strains HKx31 and BJx109,
which bear the HA molecules of Aichi/68 and Beijing/89, re-
spectively, for their ability to be neutralized by mouse serum
MBL and by recombinant rat SP-D.

Both viruses were neutralized by mouse serum, with BJx109
being markedly more sensitive than HKx31 (Fig. 1A and B).
Neutralization was abolished by depletion of MBL from the
serum by absorption with mannan-Sepharose (data not shown)
or by the addition of p-mannose to the serum before the
addition of virus (Fig. 1A and B). The addition of L-rhamnose,
which is not a ligand for the mouse lectin, had no effect on
neutralization titers (data not shown).

We have shown previously that neutralization of A/Mem71;-
Bely (H3N1) virus by the MBL in guinea pig serum was me-
diated by activation of complement and could not be reversed
by the addition of mannose after the virus-serum mixture had
been incubated at 37°C (2). Neutralization of HKx31 virus by
mouse serum was similarly irreversible after incubation at
37°C, as was neutralization of BJx109 at the higher serum
concentrations (Fig. 1A and B), indicating the involvement of
complement in neutralization by the mouse serum lectin also.
In contrast, the neutralization of BJx109 at low serum concen-
trations was completely reversed by the late addition of man-
nose, indicating that when complement is limiting, neutraliza-
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FIG. 1. Neutralization of HKx31 and BJx109 influenza viruses by mouse
serum MBL and rat SP-D. HKx31 (@) and BJx109 (@) were added to dilutions
of mouse serum (A and B) or rat SP-D (C and D) and incubated for 30 min at
37°C, and the amount of infectious virus remaining was determined by the
fluorescent-focus assay. Inhibition of neutralization by D-mannose was examined
by adding the sugar to serum or SP-D dilutions 20 min before the addition of
virus (E, @) or by adding the sugar to virus-serum or virus—SP-D mixtures after
the 37°C step (O, O). In either case, the final concentration of mannose in the
virus-lectin-sugar mixes was 50 mM.

tion of this very sensitive virus can occur through complex
formation with lectin alone.

Neutralization of HKx31 and BJx109 viruses by recombinant
rat SP-D is shown in Fig. 1C and D; again, BJx109 was con-
siderably more sensitive than HKx31. For both viruses, neu-
tralization was abolished by the addition of mannose before or
after the 37°C incubation step, consistent with the formation of
reversible complexes of virus and SP-D.

Binding of mouse MBL and rat SP-D to HKx31 and BJx109
viruses. To determine whether the difference in sensitivity of
HKx31 and BJx109 viruses reflected a difference in binding of
the lectins, wells of a microtiter plate were coated with increas-
ing concentrations of the purified viruses and the binding of
mouse serum MBL and recombinant rat SP-D to each virus
was examined by ELISA. For comparison, a parallel set of
wells was developed by using a carbohydrate-specific MAb
(MADb 165) which recognizes the cross-reactive host antigen
common to all egg-grown influenza viruses.

As shown in Fig. 2, BJx109 bound significantly higher levels
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FIG. 2. (A and B) Binding of mouse serum MBL (A) and rat SP-D (B) to
purified HKx31 (m, [J) and BJx109 (@, O). Mouse serum (1/100) or rat SP-D (0.5
wg/ml) in 50 mM CaCl, (solid symbols) or 5 mM EDTA (open symbols) were
applied to virus-coated wells, and lectin binding was detected by ELISA. (C)
Equivalent coating levels of the two viruses was confirmed by using MAb 165,
which binds to the host-derived carbohydrate antigen characteristic of egg-grown
influenza viruses.

of both lectins than did HKx31; as expected from the Ca®*
dependence of these lectins, binding was abolished in the pres-
ence of EDTA. Binding of MAb 165 to the two viruses was
identical and served to confirm that there was equal coating of
the two viruses on the wells. The oligosaccharide side chains
that carry host antigen specificity on HA are located at residues
8 and 22 of HA1 and residue 154 of HA2 (7, 52), and these
glycosylation sites are common to all H3 subtype viruses.

To determine to which of the viral glycoproteins the lectins
bind, HANA preparations of the two viruses were resolved by
SDS-PAGE under nonreducing conditions and probed in a
Western blot with mouse serum MBL, rat SP-D, or antibodies
to HA or NA (Fig. 3). Under these conditions, the HA runs as
a series of bands corresponding to monomers, dimers, trimers
and higher molecular forms of the 80-kDa molecule and the
NA runs as a single major band of approximately 240 kDa,
corresponding to the tetramer. The two murine lectins, MBL
and SP-D, gave similar patterns of binding on each HANA
preparation, binding to both the HA and NA molecules of
each virus; binding was abolished in the presence of 5 mM
EDTA or 100 mM p-mannose (data not shown). With equal
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FIG. 3. Western blot showing binding of collectins to the HA and NA gly-
coproteins of influenza virus. HANA glycoprotein preparations from HKx31 and
BJx109 viruses were resolved by SDS-PAGE under nonreducing conditions and
probed with specific antibodies or collectins as described in Materials and Meth-
ods. The two HANA preparations were examined in the same experiment and
under identical conditions of electrophoresis, transfer, and development of the
blots; 0.8 pg of HANA was used in all lanes except lane 1, which received 0.4 pg.

loading of the two HANA preparations onto the gel, the lectins
gave a stronger signal on BJx109 HA than on HKx31 HA
whereas there was no apparent difference between signals on
the NA molecules. Taken together, the binding data indicate
that the additional glycosylation sites on BJx109 HA confer
enhanced binding of the lectins and lead to greater sensitivity
of the virus to neutralization in vitro.

Growth of influenza viruses in the respiratory tracts of mice.
If collectins are an important component of host defense
against influenza virus in vivo, virus strains that differ in their
collectin sensitivity might be expected to differ also in their
ability to infect the respiratory tract. The infectivity of HKx31
and BJx109 viruses for mice was therefore compared. Mice
were inoculated intranasally with 10* PFU of virus under light
anesthesia, and the titers of virus present in lung and tracheal
extracts and in nasopharyngeal washings at 1 and 3 days postin-
fection were determined by the plaque assay. As shown in Fig.
4, HKx31 was recovered at high titer from all three sites
whereas the recovery of BJx109 virus was very low, barely
above the limit of detection for each sample.

The apparent link between lectin sensitivity in vitro and
failure to grow in mouse lungs was examined further by testing
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FIG. 4. Replication of HKx31 (m) and BJx109 (&) viruses in the respiratory
tracts of mice. Mice were inoculated intranasally under light anesthesia with 10*
PFU of virus. Infectious virus present in lungs (A), tracheas (B), and nasal
washings (C) was determined on days 1 and 3 postinfection. Virus titers shown
are the means (*1 standard error) for five mice. The dashed line represents the
lower limit of detection of virus in each sample.
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FIG. 5. Relationship between the sensitivity of H3 subtype influenza viruses to neutralization by mouse serum MBP and rat SP-D in vitro and their ability to
replicate in the lungs of mice. Virus titers represent the mean lung titers (= 1 standard error) for five mice 3 days after intranasal inoculation of 10* PFU of virus. The
neutralization titers were determined at least twice for each virus, with similar results, and the data from a single experiment with each lectin are shown.

a number of other virus strains of the H3 subtype. These
included wild-type isolates as well as high-growth reassortants,
like HKx31 and BJx109, in which some or all of the genes for
internal components were derived from A/PR/8/34 (HIN1), a
highly mouse-adapted virus (27). The number and location of
potential glycosylation sites on the HA molecules of these
viruses are shown in Table 1. A marked difference was ob-
served between viruses isolated from 1968 to 1973 and those
isolated from 1977 to 1992 (Fig. 5). The latter strains, whether
wild type or reassortant, replicated very poorly, if at all, in the
lungs at the inoculum given (10* PFU/mouse) and were highly
sensitive to neutralization by the mouse serum lectin and rat
SP-D in vitro. In contrast, the group of viruses isolated from
1968 to 1973 grew moderately to very well in the lungs and
were 10- to 20-fold less sensitive to neutralization by the lectins
in vitro than the viruses isolated later. There was thus a strong
inverse correlation between the lectin sensitivity of H3 subtype
influenza viruses and their replication in the lungs. Also shown
in Fig. 5 are data for A/PR8 (HIN1) virus, which grows to a
very high titer in mouse lungs and is markedly resistant to
neutralization by both the serum and lung lectins.

Effect of saccharides on growth of influenza virus in the
lungs. The data presented above strongly suggested that growth
of the more highly glycosylated H3 virus strains in mouse lungs
was limited by the sensitivity of the strains to serum- or lung-
associated lectins. To test this hypothesis, we examined wheth-
er the inclusion of a ligand of the collectins in the virus inoc-
ulum would allow virus growth. As shown in Fig. 6B, growth of
BJx109 in the lungs was greatly enhanced by the inclusion of
mannan (10 mg/ml) or a-methyl-D-mannoside (100 mM) in the
virus inoculum. The saccharide had to be present at the time of
infection; no increase in virus recovery was observed if the
lungs from mice infected in the absence of mannan were ex-
tracted into mannan-containing medium at the time of harvest
(data not shown). Growth of HKx31 virus in the lungs was also
enhanced by the presence of the saccharides but to a lesser
extent (Fig. 6A), consistent with the observed lower sensitivity
of this virus to the lectins in vitro. On the other hand, growth
of A/PR8 virus was not enhanced by mannan, whether the virus

was given at 10* PFU per mouse (log,, virus titers in the lung
after 24 h: without mannan, 6.22 * 0.19 PFU per lung; with
mannan, 6.16 = 0.26 PFU per lung) or at a low inoculum of
3 X 10 PFU per mouse (without mannan, 5.04 + 0.09 PFU
per lung; with mannan, 4.85 = 0.11 PFU per lung). The extent
of saccharide-mediated enhancement of viral replication thus
correlates directly with the collectin sensitivity of the virus.
These observations argue against a general nonspecific effect
of the saccharides on innate immunity and provide strong
support for the existence of a lectin-based system of host de-
fense operating in the lungs.

Effect of collectins on viral NA activity. In addition to me-
diating neutralization of virus infectivity, it was of interest to
determine whether binding of collectins to influenza virus par-
ticles affected the activity of the viral NA. As shown in Fig. 7,
NA activity was inhibited by SP-D, with the inhibition being
abolished in the presence of b-mannose. Interestingly, BJx109
NA was inhibited more strongly than was HKx31 NA, even
though binding of SP-D to the two NA molecules appeared to
be equivalent in lectin blots (Fig. 3). This suggests that inhibi-
tion of NA activity may occur at least in part through steric
hindrance of the NA active site by SP-D bound to neighboring
HA molecules on the virus particle.

Inhibition of NA activity by mouse serum was also observed
but was only partially reversed by mannose (data not shown);
the residual inhibition presumably reflects the activity of a-
type sialylated inhibitors present in normal serum.

Collectin sensitivity of lung-grown virus. The carbohydrate
structures present on viral glycoproteins are characteristic of
the particular host cell in which the virus was grown, and in all
the experiments described to date, the stocks of influenza virus
were grown in eggs. In natural infection, however, the viral
carbohydrate would have been derived from growth of the
virus in the respiratory epithelium of the previous host. We
therefore examined whether the murine collectins were also
able to neutralize virus that had been propagated in mouse
lungs. For BJx109, the lung-grown virus stocks were prepared
by including mannan in the inoculum as described above and
semipurifying the resultant virus away from mannan by cen-
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FIG. 6. Effect of saccharides on the growth of influenza virus in the lungs.
Groups of four mice were infected intranasally with 10* PFU of HKx31 (A) or
10° PFU of BJx109 (B) diluted in 50 w1 of PBS (OJ) or PBS supplemented with
either 100 mM a-methyl-p-mannoside (@) or 10 mg of mannan per ml (w). Lung
virus titers were determined at 4, 24, and 72 h postinfection. The dotted line
represents the lower limit of detection of virus in the sample. Columns marked
with an asterisk indicate lung virus titers significantly different from those of mice
receiving virus in PBS alone. *, P < 0.05; #*, P < 0.01.

trifugation as described in Materials and Methods. As shown in
Fig. 8, the lung-grown viruses were less sensitive than the
egg-grown virus preparations (compare with Fig. 1); however,
lung-grown HKx31 and BJx109 viruses were still neutralized by
mouse serum MBL and rat SP-D, and the hierarchy in the
sensitivity of the two viruses was maintained. Furthermore, rat
SP-D displayed similar activity against a stock of HKx31 virus
that had been propagated in the lungs of 3-week-old Wistar
rats to that against the mouse lung-grown stock (data not
shown). Both SP-D and serum MBL therefore recognize in-
fluenza virus grown in cells of the homologous host.

SP-D and MBL levels in BAL fluid and nasal washings. To
gain insight into the relative importance of SP-D and serum
MBL in the defense of the respiratory tract against influenza
virus, we assayed nasopharyngeal washings and BAL fluids
from uninfected mice by ELISA for the presence of these two
collectins; we also examined BAL fluids taken from mice in-
fected 1 or 3 days previously with 10° PFU of BJx109, which
replicates only very poorly in the lungs, or 10* PFU of PR/8
virus, which is highly virulent for mice and replicates to high
titer. As shown in Table 2, SP-D was readily detectable in the
BAL fluids of uninfected mice, as expected, and the levels
increased on infection with either virus. SP-D was also de-
tected in the nasal washings of uninfected mice (Table 2). In
contrast, MBL was not detected in nasal washings or in the
BAL fluids of uninfected or infected mice, except for BAL
fluid samples taken 3 days after infection with PR/8 virus. The
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FIG. 7. Inhibition of influenza virus NA activity by SP-D. HKx31 (m, [J) and
BJx109 (@, O) viruses were mixed with rat SP-D in the absence (solid symbols)
or presence (open symbols) of 100 mM p-mannose and assayed for NA activity
as described in Materials and Methods. The dose of virus used was chosen such
that the two virus preparations displayed equivalent NA activity in the absence
of SP-D (final dilution of allantoic fluid: HKx31, 1/45; BJx109, 1/16).

MBL present in these samples (103 = 52 ng/ml) was not due to
the presence of contaminating blood; all samples were moni-
tored by erythrocyte count, and the maximum blood contam-
ination found was 0.01% (vol/vol), which would contribute an
MBL concentration of only 5 ng/ml. We conclude that MBL is
not normally present in the alveolar spaces or nasal passages,
but transudation of MBL into the lungs can occur by day 3
under the conditions of inflammation that occur on infection
with PR/8 virus. In contrast, SP-D is present in both the upper
and lower respiratory tracts of normal mice.

DISCUSSION

The results of this study point to an important role for
collectins in vivo in host defense of the lungs against influenza
virus. A marked inverse relationship was observed between the
collectin sensitivity of H3N2 subtype influenza A viruses in
vitro and their ability to replicate in the respiratory tracts of
mice. Strains of virus isolated after 1977 were particularly
sensitive to both SP-D and MBL and grew poorly in mouse
lungs, but their growth was greatly enhanced in the presence of

120

100 A

60 -

Percent of virus control

20

0 T
10 100

Dilution of mouse serum

Concentration of rat SP-D
(ug/ml)

FIG. 8. Neutralization of lung-grown HKx31 (m, OJ) and BJx109 (@, O) virus
by mouse serum MBL (A) and rat SP-D (B). Lung-grown virus was added to
mouse serum or rat SP-D in CFT (solid symbols) or CFT supplemented with
a-methyl-pD-mannoside to give a final concentration of 100 mM (open symbols).
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TABLE 2. Concentration of SP-D and MBL in nasopharyngeal washings and BAL fluids of uninfected and influenza virus-infected mice®

Collectin concn (ng/ml)” in:

BAL fluid
Collectin B
Nasal washings BIx109 infected PR/S infected
(uninfected) Uninfected”
Day 1¢ Day 3¢ Day 1°¢ Day 3¢
SP-D 56 552 = 174 1,261 + 375/ 2,937 = 554/ 1,430 + 469/ 1,506 + 223/
MBL <10 <10 <10 <10 <10 103 + 52/

¢ Collectins were assayed by ELISA on mannan-coated wells with recombinant rat SP-D and normal mouse serum as standards. Mouse serum was assumed to contain
50 g of MBL per ml (22). Samples contained <0.01% blood contamination as determined by erythrocyte count in a hemocytometer.

 Concentrations are expressed as mean =+ 1 standard error.

¢ Pooled nasal washings from five mice.

dn=71.

‘n=4.

/ Significantly different from levels in uninfected mice (P < 0.01).

the saccharide mannan or a-methylmannoside. These and
other observations discussed below strongly suggest that
growth of virus in normal lungs is limited by collectins or
related lectin-like molecules, with SP-D playing a major role.

The sensitivity of influenza virus strains to the collectins
SP-D and MBL was related to the level of glycosylation of the
HA molecule, particularly of its globular head. Early isolates
(1968 to 1972), which show the lowest sensitivity and grow well
to moderately well in the lungs, carry seven potential glycosyl-
ation sites, all of which are known to be glycosylated in HKx31
(53). Of these, only two (at residues 81 and 165) are located on
the head of the HA molecule. The remaining sites, at residues
8, 22, 38, and 285 of HA1 and 154 of HA2, are located on the
HA stalk (55), and carbohydrate at these sites may be less
accessible to collectin binding than that on the head of the
molecule. We have shown previously that the high-mannose
glycan at residue 165 is critical for the sensitivity of H3 subtype
viruses to bovine conglutinin, rat SP-D, and the MBP-like
lectins in guinea pig and mouse serum (1, 15, 38). This site is
conserved in all H3 subtype viruses, as are the glycosylation
sites on the HA stalk. The later isolates, which show increased
sensitivity to SP-D and MBL and grow poorly in the lungs,
have all acquired additional glycosylation sites on the head of
the HA molecule (Table 1). Increased sensitivity cosegregates
with the presence of a glycosylation site at residue 126, and
additional sites at 144 and/or 246 appear to further enhance
sensitivity, particularly to SP-D. In contrast, the Mt. Sinai
strain of A/PR/8 (HINI) virus, which is highly virulent and
largely resistant to SP-D and MBL (Fig. 5), does not carry any
glycosylation sites on the head of HA (8).

Lectin blotting of the viral glycoproteins of HKx31 and
BJx109 viruses confirmed a greater level of binding of SP-D
and MBL to the more highly glycosylated BJx109 HA and
showed binding of both collectins to the NA as well. This
extends the findings of Malhotra et al. (30), who were the first
to describe the binding of collectins (human MBP and SP-A)
to NA, although binding to HA was not detected in that study,
for reasons that are not clear. Binding of SP-D was shown to
inhibit the NA enzymatic activity of influenza virus virions;
interestingly, BJx109 NA was inhibited more strongly than
HKx31 NA, even though binding of SP-D to NA of the two
strains appeared comparable in lectin blots. This suggests that
inhibition of NA activity may result from steric hindrance of
the NA active site by SP-D bound to neighboring HA mole-
cules on the virion. Alternatively, inhibition may result from
direct binding of SP-D to NA, with the difference in sensitivity
to inhibition reflecting differences in fine specificity and/or
affinity of the NA of the two viruses for the fetuin substrate.

Differences in substrate specificity of the NA of early and late
H3N2 strains of virus have been documented (3). Further
experiments are required to determine the mechanism of in-
hibition of influenza virus NA by SP-D.

In addition to differences in collectin sensitivity shown here,
previous studies have shown that glycosylation of the HA mol-
ecule can modulate other properties of the HA that may affect
the virulence of influenza viruses. These include changes in the
receptor-binding specificity of HA (11) and possibly in the
susceptibility of HA to cleavage activation (54). Neither of
these potential effects accounts for the low infectivity of the
late H3 influenza viruses for mice in the present system, how-
ever, given the marked enhancement of infectivity observed in
the presence of mannose-containing saccharides. This latter
result would not be expected if the lower infectivity were due
to a poor fit of the HA molecule to sialylated receptors on
mouse cells or to blocking of access of a cellular protease to the
cleavage site on HA by oligosaccharide side chains. We con-
clude that increased sensitivity to collectins conferred by high
levels of glycosylation of HA represents a major factor in the
low infectivity of late H3 influenza viruses for mice.

Collectins may interfere with influenza virus infection in vivo
in a number of ways. Neutralization of virus infectivity by SP-D
may result from direct blocking of virus attachment or entry
into host cells or from the formation of viral aggregates as
described by Hartshorn et al. (16, 17), leading to a reduction in
the number of infectious virus units and to enhanced clearance
by mucociliary and phagocytic mechanisms. Since antibody
specific for viral NA inhibits the release of newly formed virus
particles from the surface of infected cells (26) and markedly
inhibits influenza virus replication in mouse lungs (43), the
inhibition of viral NA by SP-D represents another mechanism
whereby SP-D may act in vivo against influenza virus infection.
MBL together with complement mediates irreversible inacti-
vation of viral infectivity (2) (Fig. 1) and lysis of virus-infected
cells (38). Furthermore, MBL and SP-D have both been shown
to function as opsonins for influenza virus, promoting the ac-
tivation of neutrophils and at the same time protecting against
virus-induced depression of neutrophil function (16, 17), which
may be important in protection against bacterial superinfec-
tion.

In host defense against influenza virus, SP-D and MBL may
play distinct but complementary roles. SP-D, produced by al-
veolar type II pneumocytes and nonciliated bronchiolar cells
(Clara cells) (10) and cells of the tracheal epithelium (56), is
present in the trachea, bronchioles, and alveolar spaces of
normal mice; furthermore, the concentration of SP-D in BAL
fluids increased rapidly on influenza virus infection. SP-D is
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thus available to act immediately against the infecting virus and
during the early rounds of viral replication. (We confirmed in
experiments with lung-grown HKx31 virus that both SP-D and
MBL do in fact recognize virus that has been propagated in the
respiratory epithelium of the homologous host, and not egg-
grown virus only.) SP-D was also detected in nasopharyngeal
washings of normal mice and so may contribute to protection
at this site as well. The finding that BJx109 virus replicated
poorly in the nose as well as the lungs of mice is consistent with
this notion. MBL was not present in lung or nasal washings
from normal mice but could be detected in lung washings of
mice infected with A/PR/8 virus 3 days previously. Its presence
there was not due to hemorrhage into the lungs and presum-
ably reflects transudation of MBL from the blood due to the
increased permeability of lung capillaries that accompanies
pulmonary inflammation. MBL may thus be important in pre-
venting the spread of influenza virus into the bloodstream and
could contribute directly to the defense of the lungs later in
infection, depending on the sensitivity of the infecting virus.

Lung surfactant contains another collectin, SP-A, which may
also contribute to host defense against influenza virus infec-
tion. However, although binding of SP-A to influenza virus
through its lectin domain has been reported (30), the neutral-
izing and opsonizing activities of SP-A for influenza virus were
shown to be mediated through binding of the viral HA to sialic
acid on SP-A (4, 5). Given the saccharide-mediated enhance-
ment of viral growth in the lungs that we observed in this study,
it is unlikely that direct neutralization or opsonization of in-
fluenza virus by SP-A is playing any protective role in this
system. Other activities of SP-A against influenza virus that
involve the lectin domain and are inhibitable by saccharides
cannot be excluded, however. The interaction of influenza vi-
rus with other lectin-like molecules, for example the macro-
phage mannose receptor (39), may also be important in host
defense against this virus.

In the process of antigenic drift, the acquisition of new
glycosylation sites on the HA molecule and consequent mask-
ing of antigenic epitopes represents one mechanism whereby
influenza virus escapes from preexisting antibody in the pop-
ulation (45). If in humans, as in mice, the additional carbohy-
drate on HA increases the sensitivity of the virus to collectins,
the virulence of the virus may ultimately be compromised.
Genetic or physiological differences in the expression of SP-D
or MBL may then be a factor in individual susceptibility to
influenza virus, particularly to the more highly glycosylated
strains currently circulating. Of interest is a recent report that
SP-D and SP-A levels are reduced in smokers (23).

Recent data on excess mortality from pneumonia and influ-
enza for the U.S. winter seasons from 1972 to 1973 to 1991 to
1992 do not provide any indication that the more recent H3N2
strains are less virulent than earlier strains (44); however, the
effects might be more subtle than would be required to influ-
ence excess mortality figures. Furthermore, if lectin-mediated
defenses decline in the elderly, an effect of glycosylation on
virulence could be masked. Recently, Pyhdld et al. (37) re-
ported the loss of potential glycosylation sites (not associated
with egg adaptation) at residues 246 and 278 of the HA of
certain H3N?2 field strains isolated in Finland in 1994 to 1995.
Loss of glycosylation sites from HA was also found among
HINT strains isolated in Finland and elsewhere in Europe in
the period 1988 to 1993 (36) and among H1NT1 strains isolated
in 1983 to 1984 from specimens collected during persistent
infection of an immunodeficient child (40). We have found
H1N1 subtype viruses isolated after 1977 to be very sensitive to
collectins, like the later H3N2 isolates. While it is possible that
the loss of carbohydrate reported in these studies confers other
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advantages to the virus, for example, an improvement in re-
ceptor-binding properties, the observations are also consistent
with the existence of a fine balance between protection from
antibody and increased sensitivity to collectins afforded by high
levels of glycosylation of the HA molecule. If this is so, there
may be a limit to the amount of glycosylation that influenza
viruses can carry while remaining virulent for humans.
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