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ABSTRACT

IAV pneumonia remains a serious global health prob-
lem, and preventative and therapeutic strategies re-
main limited. AM are critical effector cells in the control
of influenza, impairing IAV replication, promoting IAV
clearance, and promoting efferocytosis and resolution
of lung inflammation. MBL, an innate immune pattern
recognition molecule, present in the lungs, binds IAV,
and plasma MBL deficiency is associated with in-
creased susceptibility to IAV, although the mechanism
remains incompletely understood, and the influence of
MBL on the IAV-AM interaction has not been estab-
lished. In the current study, focusing on human macro-
phages (U937 cell line and clinically relevant human
AM), data demonstrated that unopsonized IAV is readily
internalized, induced release of TNF and ROS, and pro-
moted macrophage apoptosis. In contrast, IAV, op-
sonized with rhMBL, reduced IAV uptake and macro-
phage apoptosis and dramatically reduced TNF release
and ROS. Macrophage host-defense responses were
reduced further in the presence of MASPs. Taken to-
gether, these data support the concept that raMBL
may serve a protective innate host response and a crit-
ical biological response modifier function by limiting AM
inflammation, oxidative injury, and AM apoptosis, which
may allow effective IAV clearance while limiting collat-
eral damage to vital organs, such as the lungs.
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Abbreviations: AM=alveoclar macrophage(s), BLP=palmitoyl-3-cysteine-
serine-lysine-4 hydrochloride, BSS=balanced salt solution, H.DCFDA=
2',7'-dichlorodinydrofluorescein diacetate, H,O,=hydrogen peroxide,
IAV=influenza A virus, MASP=mannose-binding lectin-associated serum
proteases, MBL=mannose-binding lectin, MOI=multiplicity of infection,
Phil82=Philippines 82/H3N2, RCL=recombinant chimeric lectin, RFU=
relative fluorescence unit, rMVIBL=recombinant muman mannose-binding
lectin, SPD=surfactant protein D
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Introduction

Influenza A infection remains a serious and frequent life-
threatening global health problem [1], affecting three to five
million persons annually and associated with 250,000-500,000
deaths worldwide [2]. In the United States, seasonal influenza
affects up to 20% of the population annually, leading to
200,000 hospitalizations and >30,000 deaths [3]. Moreover,
the magnitude of influenza disease on health and society is
underscored during pandemics [4]. Current approaches to
prophylaxis and treatment remain limited, as antiviral medica-
tions have narrow therapeutic windows for administration and
are limited as a result of evolving drug resistance [5]. Further-
more, influenza vaccines are not durable, require annual ad-
ministration, may not be effective in any given year, and may
not be available in sufficient quantities or in a timely manner
to influence outcomes. Thus, new therapeutic strategies are
desperately needed to effectively manage influenza, which in
turn, requires improved understanding of basic scientific
mechanisms underlying effective host cell responses to influ-
enza challenge.

AM represent critical innate immune host-defense cells
against invading lung pathogens [6], including IAV. In a mu-
rine model of influenza pneumonia, AM are critical effector
cells in the initial control of influenza, impairing viral replica-
tion and promoting influenza clearance [7, 8], and resident
AM promote clearance of apoptotic bodies (i.e., efferocytosis)
and are critical to the resolution of inflammation [6]. AM de-
pletion results in slowed clearance of influenza and impaired
IgG and CD8" T-lymphocyte responses in the murine model
[7, 8], and AM depletion results in high mortality in a swine
model of nonlethal influenza pneumonia [9]. Studies with hu-
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man macrophages reveal that IAV promotes TNF release by
human monocyte-derived macrophages [10], IAV induces pro-
inflammatory AM genes [11], and seasonal IAV strains do not
replicate significantly within AM [12]. Thus, AM play a central
role in limiting morbidity and mortality during influenza A
pneumonia, but influenza studies with human AM (the most
abundant innate immune cells in the alveolar airspace) remain
limited and incomplete.

MBL is a member of the C-type lectin family of innate im-
mune pattern recognition molecules [13]. MBL is an acute-
phase reactant and in part, serves as an opsonin, where carbo-
hydrate recognition domains on multimers of trimeric MBL
molecules bind distinct patterns of carbohydrates expressed on
pathogen surfaces [13]. Plasma MBL deficiency is associated
with increased risk of infection [14]. MBL binds [15] and neu-
tralizes [16] IAV and reduces IAV infection of respiratory epi-
thelial cells, and plasma deficiency increases viral lung burden
in an IAV pneumonia model [17]. MBL is present in the alve-
olar lining fluid of humans [18], but the influence of MBL on
the influenza A interaction with human AM has not been fully
investigated.

The purpose of this study is to better define the host-de-
fense responses of human macrophages to seasonal IAV, with
particular focus on clinically relevant human AM, and to de-
termine the influence of MBL opsonization on modifying hu-
man macrophage host-defense responses to influenza. Focus-
ing on native and novel MBL molecules, including rhMBL and
rhMBI -ficolin chimeric molecules [19], these data showed that
human lectin opsonization modestly reduced macrophage in-
fluenza A binding, internalization, and macrophage apoptosis
but dramatically and significantly reduced macrophage TNF
release and oxidative burst responses, especially in the pres-
ence of MASP. These data demonstrated that human MBL
molecules serve an immunomodulatory role for human macro-
phage innate responses that may limit tissue damage and re-
duce pathogenesis of influenza A pneumonia while allowing
for an effective host response.

MATERIALS AND METHODS

Human macrophages

Human macrophage cell lines. As a model for studying the influence of
influenza infection on human macrophage function, experiments used hu-
man promonocyte U937 cell lines [20] (American Type Culture Collection,
Manassas, VA, USA). Human U937 cells were cultured in complete RPMI-
1640 medium (10% heatinactivated FCS, 2 mM glutamine, 100 U/ml peni-
cillin, 100 wg/ml streptomycin). Cells in suspension were harvested during
exponential growth phase, washed, and then differentiated into macro-
phage phenotypes using PMA (100 nM) at 37°C in 5% CO, for 24 h,
washed three times with PBS, and incubated an additional 24 h before use
in experiments. Differentiation of human promonocytic U937 cells pro-
motes adherence and acquisition of macrophage phenotype [21, 22].

Human AM. Human AM were used to confirm critical results observed
in cell lines. Prospectively recruited healthy volunteers, 18-55 years old,
had no evidence of active pulmonary disease, had never smoked, and had
normal spirometry. Lung immune cells were obtained by BAL using a stan-
dard technique [23]. All procedures were performed on adult volunteers
after informed consent, following protocols approved by the Beth Israel
Deaconess Medical Center Institutional Review Board. The cells were sepa-
rated from the pooled BAL fluid, and AM were isolated by adherence for
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=72 h to plastic-bottom, tissue-culture plates as described previously [23].
Isolation of AM from all healthy persons yielded cells that were =98% via-
ble, as determined by trypan blue dye exclusion and demonstrated >95%
positive nonspecific esterase.

Influenza virus preparation

Seasonal IAV, Phil82 strain (unlabeled or FITC-labeled), was grown in the
chorioallantoic fluid of 10-day-old chicken eggs and purified on a discon-
tinuous sucrose gradient, as described previously [24]. The virus was dia-
lyzed against PBS to remove sucrose, aliquoted, and stored at —80°C until
needed. The HA titer of each virus preparation was determined by titration
of virus samples in PBS with thoroughly washed human type O, Rh(—) red
blood cells, as described [24]. For opsonization studies, gently sonicated
IAV was incubated in cold BSS++ (containing calcium and magnesium)
with thMBL (4.4 pg/mL; represents physiologic level and determined by
dose-response curve) or chimeric molecules (10 wg/mL; as used in prior
experiments) [25] in final volume of 50 ul at 37°C for 30 min in a shaking
incubator at 2000 rpm. Brief sonication (50% duty cycle in water-bath soni-
cator) disperses IAV clumps, and IAV remains infectious as published previ-
ously [19].

Human MBL molecules

As models for human MBLs, the study used rhMBL, in addition to rhMBL-
ficolin chimeric molecules, which may have comparable activity with native
rhMBL and are easier to mass produce [19, 25]. rhMBL was produced as
described previously and provided by Enzon Pharmaceuticals (Bridgewater,
NJ, USA) [25]. rhMBL-ficolin chimeric lectins were produced as described
previously [25]. The RCLs contained the complete MBL carbohydrate rec-
ognition domain, whereas the MBL collagenous domain was replaced with
variable lengths of the ficolin collagenous domain, with RCL1 containing
126 aa, RCL2 containing 76 aa, and RCL3 containing 64 aa of the ficolin
collagenous domain [25]. Each molecule contained a putative MASP-bind-
ing domain. Experiments focused on human MBL concentrations used in
prior publications [17, 19].

Mouse sera

Mouse sera from MBL null mice were used as a source for MASP. Murine
MASP exhibits ~80% homology with human MASP. MBL null mice were
generated previously and fully backcrossed onto C57Black/6] [26, 27]. Sera
were collected and stored at —80°C prior to the study. All animal experi-
ments were performed under a protocol approved by the Subcommittee on
Research Animal Care at Massachusetts General Hospital (Boston, MA,
USA).

Human macrophage binding and internalization
of IAV

Macrophage internalization of IAV was determined by flow cytometer (Cy-
tomics FC 500; Beckman Coulter, Brea, CA, USA), as described previously
[28]. The instrument was calibrated before each measurement with stan-
dardized fluorescent particles. Opsonization of FITC-labeled IAV at a MOI
of 20:1 (AM cells) or 5:1 (U937 cells) was performed as described above,
and 40 ul of each sample was then added to 500,000 macrophages in sus-
pension and diluted to 0.5 mL. A higher IAV MOI was required for AM to
improve signal:noise ratio, as a result of intrinsic AM autofluorescence.
This mixture was then wrapped in aluminum foil and incubated at 37°C
for 45 min in a shaking incubator at 2000 rpm and then analyzed by flow
cytometry, followed by trypan blue (1% final concentration) quenching
and immediate repeat flow cytometry analysis. Human macrophages were
identified by the characteristic forward- and side-scatter parameters, charac-
teristic autofluoresence on unstained cells, and surface expression of
HLA-DR or CD68, distinguishing macrophages from neutrophils and lym-
phocytes. For select experiments, macrophage viability was measured by PI
uptake [29]. Data were expressed as the percentage of cells staining posi-
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tive. Samples were prepared and analyzed in duplicate, and a minimum of
5000 cells was counted for each sample.

Human macrophage cytokine release

TNF levels were measured in cultured supernatants using a specific ELISA
(R&D Systems, Minneapolis, MN, USA), as described previously [30]. Ad-
herent macrophages (24-well plate, 5X10° cells/well) were incubated with
IAV (MOI 20:1) in the presence or absence of rhMBL (4.4 ug/mL) or
RCL2 or RCL3 (10 ug/mL) for 24 h [19] and cellfree supernatants re-
moved and stored at —80°C until assayed as described [30]. Lipid A (TLR4
ligand) from the Escherichia coli F583 (Rd mutant) (Sigma Chemical, St.
Louis, MO, USA) and BLP (TLR2 ligand; Calbiochem, San Diego, CA,
USA) were used as positive controls.

Human macrophage oxidative burst assay

Macrophage oxidative burst (measured as the production of H,O,) was
performed by a fluorescence microplate assay, as described previously [31].
Adherent macrophages were incubated with H,DCFDA (10 uM final) and
IAV (MOI 5:1) at 37°C in 5% CO, in BSS++, in the presence and absence
of rhMBL (4.4 pg/mL) and RCL2 or RCL3 (10 ug/mL), and fluorescence
measurements were obtained at 20-min intervals at an excitation wave-
length of 485 nm and emission wavelength of 530 nm (CytoFluor multi-
plate reader series 4000; PerSeptive Biosystems, Framingham, MA, USA).
Measurements were expressed as RFU. Background macrophage autofluo-
rescence and spontaneous conversion of H,DCFDA by unstimulated macro-
phages were subtracted from experimental measurements at each time-
point. PMA (10 uM final; Sigma Chemical) and serum-opsonized zymosan
particles (Molecular Probes, Eugene, OR, USA) were used as positive con-
trols.

Human macrophage apoptosis

Macrophage apoptosis was measured on cell lysates using an antigen-cap-
ture ELISA for histone and fragmented DNA (Cell Death Detection ELISA
Plus; Roche Applied Science, Indianapolis, IN, USA), according to the
manufacturer’s protocol. Adherent macrophages in 96-well microtiter trays
(4%10* cells/well) were incubated with IAV (MOI 5:1) in the presence or
absence of rhMBL (4.4 ug/mL) or RCL2 or RCL3 (10 pwg/mL) for 24 h.

Events
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Staurosporine (PKC inhibitor; 5 uM) was used as a positive control to in-
duce apoptosis.

Statistical analysis

All data were expressed as SEM and analyzed using a nonparametric Mann-
Whitney U-test, and a P < 0.05 was considered statistically significant. Ex-
perimental conditions were performed in duplicate or triplicate, and each
experiment was performed a minimum of three times unless noted other-
wise.

RESULTS

Human MBLs reduce influenza A binding and uptake
by human macrophages

Internalization or ingestion of IAVs represents an important
aspect of macrophage host defense against influenza, and AM
are known to ingest IAV [32]. In the current study, human
macrophages readily bound and internalized IAVs in vitro
(Fig. 1A). Trypan blue quenching of extracellular FITCIAV
identified the internalized virus (Fig. 1B). Human macrophage
binding and internalization of influenza were MOI-dependent
(Fig. 1C), and the majority of macrophage-associated IAVs was
internalized (Fig. 1C). Internalization was dependent on endo-
cytosis, as pretreatment of macrophages with cytochalasin b (to
inhibit actin-dependent phagocytosis) did not influence influenza
A internalization by macrophages (data not shown). Human mac-
rophage cell viability was 83-96% and was not influenced by IAV
(data not shown). Opsonization of IAV with human lectins—
rMBL or rMBL-ficolin chimeric molecules—reduced cell associa-
tion of influenza A with macrophages by 20.7% (P<0.0001) and
16.2% (P<0.005), respectively (Fig. 2A). Most of the reduction
in cell-associated virions was attributable to reduction in inter-
nalized particles, as rhMBL reduced IAV internalization by
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Figure 1. Influenza A binding and internalization by human macrophages. (A) Representative fluorescence microscopic field of adherent human
AM (nuclear profile-stained DAPI, blue) following incubation with FITC-labeled IAV (green). Most macrophages demonstrate association of FITC-
IAV, representing bound and internalized IAV virions. Original magnification, X200. (B and C) Quantitative analysis of IAV binding and internal-
ization by human macrophages. (B) Flow cytometry histograms demonstrating cell-associated FITC-IAV (upper; representing surface-bound and
internalized virions) and following quenching of extracellular fluorescence with trypan blue (lower; representing internalized virions). For each
upper and lower panel, the left histogram represents macrophage autofluoresence (in the absence of FITC-IAV), and the right histogram repre-
sents macrophages incubated with FITC-IAV. (C) Human AM demonstrate MOI dependence of FITC-IAV binding and internalization. For all con-
ditions, macrophages were incubated with FITCIAV for 45 min at 37°C. To normalize for biological variability, data are expressed as percent

change compared with unopsonized IAV condition. *P < 0.005.

www jleukbio.org

Volume 95, May 2014 Journal of Leukocyte Biology 717



—
'Uul

A U937 . B AM -
2 g£= z 85
% 100 * « 8 2100 2% 100 . x5 2100 .
C = = * £ s - *
ot £38 . 25 g3
$8 50 £ 50 55 50 2890
%6 = @S 8
] N— °\C’ N—
22 2% 0 30 2z 0
o = o =
AV 1AV+ IAV+ S AV IAV+ 1AV + IAV IAV+ IAV+ O IAV IAV+ 1AV +
rhMBL RCL2 thMBL RCL2 rhMBL RCL2 rhMBL RCL2

Figure 2. Human MBLs reduce influenza A binding and uptake by human macrophages. Human U937 macrophages (A) or human AM (B) were
incubated with unopsonized or MBL-opsonized FITC-IAV (rhMBL or MBI -ficolin chimera RCL2), and total IAV (bound plus internalized) and

internalized IAV were determined by flow cytometry. For all conditions, macrophages were incubated with FITC-IAV for 45 min at 37°C. To nor-
malize for biological variability, data are expressed as percent change compared with unopsonized IAV condition. *P < 0.005. Figure from repre-

sentative experiments for U937 macrophage (n=10) and human AM (n=4), each with similar results.

47.9% (P<0.005), and rhMBL-ficolin reduced TAV internaliza-
tion by 41.1% (P<0.005). Macrophage viability was not influ-
enced by opsonized IAV or by human lectins alone (data not
shown).

As validation for the results with human macrophage U937
cell lines, similar patterns of IAV association and internaliza-
tion were observed in clinically relevant primary human AM,
where rhMBL reduced IAV internalization by 43.8%
(P<0.005), and rhMBIL-ficolin reduced IAV internalization by
52.43% (P<0.005; Fig. 2B). For the three chimeric molecules
examined—RCL1, RCL2, and RCL3—all reduced internaliza-
tion, and RCL2 consistently exhibited the greatest effect (data
not shown) and was used predominantly throughout the re-
mainder of the study. Thus, human MBLs reduced IAV associ-
ation with human macrophages, although the reduction was
modest, and the reduction in cell-associated IAV particles was
similar with rhMBL or rhMBI-ficolin chimeric molecules.

Human MBLs reduce macrophage TNF release in
response to influenza A

TNF represents an important component of an effective host
response to influenza A [33]. In the current study, constitutive
release of TNF-a by unstimulated (untreated) human U937
macrophages was minimal (data not shown), whereas incuba-
tion with unopsonized IAV (MOI 20:1), lipid A (TLR4 ligand),
and BLP (TLR2 ligand) all induced robust TNF-a release that
was independent of actin-polymerization (data not shown). In
marked contrast, incubation of human macrophages with IAV,

opsonized with rhMBL or MBL-ficolin chimeric molecules, re-
sulted in a dramatic and significant reduction by 85.9% and
67.4% (P<0.005), respectively, in TNF-a release compared
with unopsonized IAV (Fig. 3). A similar response pattern was
observed for clinically relevant human AM, with low constitu-
tive TNF-a release in unstimulated (untreated) macrophages
(data not shown), robust TNF-a release to unopsonized IAV or
lipid A (data not shown), and a marked reduction in macro-
phage TNF-a release in response to lectin-opsonized IAV (Fig.
3). Neither rhMBL nor MBL-ficolin chimeric molecules alone
induced macrophage TNF-a release, and neither influenced
lipid A-mediated TNF-a release (data not shown). The reduc-
tion in TNF-« release as a result of viral opsonization was con-
sistently more pronounced to rhMBL than to the MBL-ficolin
chimeric molecule for human U937 macrophages and human
AM. Thus, human MBL opsonization suppressed dramatically
and significantly human macrophage TNF-« release in re-
sponse to IAV virions.

Human MBLs reduce macrophage oxidative burst
response to influenza A

Phagocyte respiratory burst (or oxidative burst) response rep-
resents an important component of an effective host-defense
response to infectious challenge [34]. In the current study,
spontaneous constitutive release of H,O, ROS (as a measure
of oxidative burst) by unstimulated (untreated) human U937
macrophages was low but increased gradually over 2 h (data
not shown). Incubation of human macrophages with unop-

Figure 3. Human MBLs reduce macrophage TNF re- b

lease in response to influenza A. Adherent, differenti- 8 U937 AM

ated human U937 macrophages or human AM were E; 100 100

incubated with unopsonized or MBL-opsonized IAV at 3 %

37°C for 24 h, and cell-free-cultured supernatants were T ]

harvested and assayed for TNF-a release by ELISA E S 50 50 *
(conditions performed in triplicate). To normalize for ) ,2 *

biological variability, data were expressed as percent g 3 * *

change from unopsonized IAV condition. *P < 0.005. -g_ s 0 0

Figure depicts representative experiments performed o AV IAV + IAV + AV JAV + AV +
for U937 macrophages (n=4) and human AM (n=3) g rhMBL RCL2 rhMBL RCL2
with similar results. =
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TABLE 1. Human MBLs Reduce Macrophage Oxidative Burst Response to Influenza A

Time (t; min) t=0 t=20 t =40 t = 60 t= 80 t= 100 t=120
Human macrophages (U937)
IAV 212.5 309.0 409.5 445.0 457.5 495.0 610.0
IAV + rhMBL 135.5 130.5 196.5 185.0 163.5 166.5 173.5°
IAV + RCL2 —24.5 —148.0¢ —228.0° —393.0" —-510.0° —644.5“ —768.5"
rhMBL 16.0 —92.5¢ —76.0" —120.0" —115.0° —217.5¢ —182.5“
RCL2 123.5 45.0¢ -7.0° —176.0° —221.0° —418.0° —526.5"
Human AM
IAV 69.0 —-4.0 22.0 258.0 452.0 563.0 866.0
IAV + rhMBL 77.0 48.0 -1.0 22.0 7.0 —14.0¢ -6.0"
IAV + RCL2 60.3 —40.0 —238.0° —392.7¢ —468.3° —605.7¢ —678.7°
rhMBL 50.0 —42.0 -92.0 —108.0¢ —121.0¢ —281.0" —-307.0"
RCL2 11.3 —172.7 —417.7° —654.7° —833.0° —-1012.7¢ —1161.3“

Values expressed as mean RFU. Negative RFU values represent HyO, release below constitutive (spontaneous) macrophage release. “P < 0.005

compared with IAV condition at corresponding time-point.

sonized IAV promoted an increase in HyO, production above
baseline (Table 1). However, in marked contrast, incubation
of human U937 macrophages with rhMBL-opsonized IAV sig-
nificantly reduced H,O, production to background levels,
whereas incubation with rhMBL-ficolin-opsonized IAV dramati-
cally reduced H,O, production, suppressing oxidative burst
response below constitutive H,O, release. This was not influ-
enced by cytochalasin b (data not shown). Importantly, incubat-
ing human macrophages with rhMBL or rhMBL-ficolin chimeric
molecules alone (in the absence of IAV virions) markedly re-
duced H,O, release (Table 1), and rhMBL reduced zymosan-
induced Hy,O, release (data not shown). A similar pattern of re-
sponses was observed using clinically relevant human AM. Thus,
human MBL suppressed dramatically and significantly the human
macrophage oxidative burst response, alone or following op-
sonization of IAV virions.

Human MBLs reduce macrophage apoptosis in
response to influenza A

Macrophage apoptosis represents an important host-defense
response to infection [35]. Increased macrophage apoptosis is
associated with increased susceptibility to IAV infection in
MBL-deficient mice [17]. In the current study, unopsonized
IAV (MOI 5:1) induced apoptosis in human U937 macro-
phages above background (data not shown). In contrast, incu-
bation with rhMBL-opsonized IAV significantly reduced macro-
phage apoptosis by 20.2% (P<<0.005; Fig. 4), whereas incuba-
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tion with rhMBL-ficolin chimeric molecules did not affect
macrophage apoptosis significantly. In contrast, rhMBL and
rhMBL-ficolin-opsonized IAV reduced apoptosis in human AM
by 42.5% (P<0.005; Fig. 4). rhMBL or rhMBL-ficolin mole-
cules alone did not induce macrophage apoptosis and did not
influence staurosporine-mediated apoptosis (data not shown).
Thus, human MBL significantly reduced macrophage apopto-
sis in response to IAV virions.

MASP promotes human MBL-mediated dampening of
macrophage host-defense responses

MASPs activate and promote MBL binding [13]. However,
whether MASP influences the macrophage host-defense re-
sponses to lectin-opsonized IAV virions has not been estab-
lished. In the current study, MASP alone did not induce mac-
rophage TNF release, oxidative burst response, or apoptosis
(data not shown) nor did macrophage pretreatment with
MASP, X24 h, influence macrophage uptake of the virus, TNF
release, or oxidative burst in response to unopsonized IAV
(data not shown), and MASP did not modulate lipid A-medi-
ated TNF release (data not shown). However, the addition of a
MASP source to experimental conditions consistently augmented
the effect of IAV opsonization with rhMBL or rhMBLicolin chi-
meric molecules. MASP further, consistently reduced human
macrophage uptake of IAV (Fig. 5A), TNF release (Fig. 5B), and
oxidative burst responses (data not shown). Thus, in addition to
effects on lectin-mediated activation of the coagulation cascade

Figure 4. Human MBLs reduce macrophage apoptosis

g U937 AM in response to influenza A. Adherent, differentiated hu-
S 100 100 man U937 macrophages or human AM were incubated
o= * with unopsonized or MBL-opsonized IAV at 37°C for 24
o9 *
o= * h, and cell-free-cultured supernatants were harvested and
: g 50 50 assayed by Cell Death Detection ELISA Plus (conditions
g :_’ performed in triplicate). To normalize for biological
£ © variability, data were expressed as percent change from
8‘ § 0 0 unopsonized IAV condition. *P < 0.005. Figure depicts
g AV AV + AV + AV IAV + IAV + representaiive experiments perforined f9r U.93.7 macro-
s rhMBL RCL2 rhMBL RCL2 phages (n=3) and human AM (n=3) with similar
results.
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Figure 5. MASP promotes human MBL-mediated
dampening of macrophage host-defense response. (A)

>

Human AM were incubated with unopsonized or MBL- 100
opsonized IAV (MOI 20:1) in the presence or absence
or MASP at 37°C for 24 h, and then IAV internaliza-
tion was determined by flow cytometry. (B) Adherent
50

human U937 macrophages were incubated with unop-
sonized or MBL-opsonized IAV (MOI 5:1) in the pres-
ence or absence of MASP at 37°C for 24 h, and cell-
free-cultured supernatants were harvested and assayed
for TNF-a release by ELISA. Experiments were per- 0
formed in duplicate (n=3). To normalize for biologi- AV

cal variability, data were expressed as percent change

from unopsonized IAV condition. *P < 0.005. Figure rhMBL
depicts representative experiments performed for hu- RCL3
man AM (n=3) and human U937 macrophages (n=3) MASP
with similar results.

Internalized 1AV
(% of control)

[36, 37], MASP may influence human macrophage host-defense
responses to particles opsonized with human MBL.

DISCUSSION

These data demonstrate that IAV induces critical human AM
innate responses, and human MBL opsonization of IAV damp-
ens these responses. Unopsonized IAV is readily bound to and
internalized by human macrophages in vitro and in turn, in-
duces a robust release of TNF and of ROS and promotes mac-
rophage apoptosis. In contrast, IAV opsonized with human
MBLs reduces IAV uptake and human macrophage apoptosis
but reduces dramatically and significantly TNF and ROS. Fur-
thermore, the human lectin-mediated reduction in internaliza-
tion, TNF release, and oxidative burst responses are augmented
in the presence of MASP. Taken together, these findings dem-
onstrate that human MBLs down-modulate macrophage innate
responses to IAV.

These data are the first to investigate the influence of MBL
opsonization on the IAV interaction with human AM. Prior
studies with human neutrophils demonstrate that rhMBL op-
sonization mildly enhances IAV binding but does not signifi-
cantly promote internalization or oxidative burst responses,
whereas IAV opsonization with MBL-SPD chimeric molecules
greatly enhances neutrophil binding, uptake, and respiratory
burst [38]. In contrast, in the current study focusing on hu-
man macrophages, human MBL reduced IAV-mediated bind-
ing and uptake and suppressed TNF release, oxidative burst
responses, and macrophage apoptosis with comparable re-
sponses, comparing rhMBL with MBL-ficolin chimeric mole-
cules. The observations that rhMBL and chimeric molecules
exhibit similar responses by human macrophages but different
influences on human neutrophils suggest that the influence of MBL
opsonization of AV may be cellspecific and dependent, in part, on
the nature of the MBL chimeric collagenous domain [19].

MBLs represent important pattern recognition molecules in
the innate immune response to IAV. MBL binds [15] and neu-
tralizes IAV [16] and reduces infection of respiratory epithelial
cells, and plasma MBL deficiency increases viral lung bur-
den in an IAV pneumonia model [17]. Prior investigations
demonstrate that human MBL and chimeric MBL-SPD effec-
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tively inactivate IAV [38]. Furthermore, rhMBL and rhMBL-
ficolin chimeric proteins bind IAV, activate the lectin pathway,
and promote IAV aggregation and inhibition of viral HA [19].
The current study extends these observations to demonstrate
that rhMBL molecule opsonization can modulate the function
of AM in response to IAV, in particular, by down-modulating
important host-defense functions, including internalization
and apoptosis and especially proinflammatory cytokine release
and oxidative burst response. Taken together, these data sug-
gest that the mechanism for MBL anti-IAV function may in-
clude direct influence on the virus, such as promoting IAV
aggregation, reduction of viral HA, and inhibition of virus-me-
diated HA and neuraminidase activities, in addition to direct
influence on immune cells, such as macrophages.

Recognizing that MBL-deficient mice are susceptible to IAV
pneumonia [17], data from the current study provide impor-
tant mechanistic insights and support an immunomodulatory
role of MBL opsonization to dampen human macrophage in-
nate immune responses to IAV. The current study demon-
strated robust IAV binding and uptake by human macro-
phages, consistent with prior investigations [32]. AM internal-
ization with seasonal IAV is generally not productive [12] and
promotes viral elimination, although this was not determined
in the current study. The unexpected finding that MBL op-
sonization reduces IAV internalization may, in part, reflect
agglutination of IAV virions [19] and limited ability to inter-
nalize large viral aggregates. The modest reduction in IAV in-
ternalization by AM may be offset by direct IAV neutralization
[16], although this was not specifically investigated.

TNF-a release and oxidative burst responses are considered
important components of an effective innate immune re-
sponse to IAV. However, with the recognition that TNF release
does not promote IAV clearance and may contribute to lung
injury and disease pathogenesis [10], the observed marked,
significant reduction in macrophage TNF release to MBL-op-
sonized IAV may thus be protective to the host. Furthermore,
phagocyte oxidative burst responses may contribute to disease
pathogenesis and lung inflammation in the murine IAV pneu-
monia model, while a reduced oxidative burst response may
be protective [39]. Thus, in the current study, the observed
marked reduction in macrophage respiratory burst response to
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MBL-opsonized IAV may be protective to the host. Taken to-
gether, the reduced macrophage TNF release and oxidative
burst response to IAV may represent a regulatory mechanism
to allow effective clearance of IAV, while limiting collateral
damage. Recognizing that complete inhibition of these critical
host responses to IAV may be detrimental to the host, a bal-
anced host response would be optimal, but the level of re-
sponse remains to be established.

Plasma MBL deficiency is associated with increased macro-
phage apoptosis [17] and susceptibility to IAV infection [15],
suggesting that macrophage apoptosis contributes to disease
pathogenesis. As resident AM promote clearance of apoptotic
bodies (i.e., efferocytosis) during the resolution phase of influ-
enza infection [40] and recognizing that seasonal IAV does
not replicate in AM, the observed reduction in macrophage
apoptosis in the presence of MBL-opsonized IAV may thus
serve a protective function. A consequence of reduced resident
macrophage apoptosis may preserve the number of resident
lung macrophages available to limit viral replication and to
promote resolution of the inflammatory response [40]. Collec-
tively, these data support the concept that the MBL-mediated
down-modulation of human macrophage TNF release, oxida-
tive burst release, and reduced apoptosis may represent mech-
anisms to promote IAV clearance through efferocytosis, reduce
local tissue inflammation and oxidative injury, and limit collat-
eral damage to the lungs.

The mechanism for macrophage recognition of MBL-op-
sonized IAV was not established in the current study. MBL binds
distinct patterns of pathogen surface molecules through MBL
carbohydrate recognition domains, and the MBL-opsonized
pathogen may be taken up by macrophage collectin receptors
[41]. Although the macrophage collectin receptor has not been
identified, candidate receptors include mannose receptor [42],
macrophage galactose-type lectin [43], or calreticulin [44]. Data
from the current study demonstrated that rhMBL opsonization of
IAV down-modulates macrophage host-defense responses, espe-
cially proinflammatory cytokine release and generation of ROS.
The influence of rhMBL opsonization of IAV on modifying mac-
rophage innate responses may, in part, reflect specific or distinct
pathways activated by rhMBL interaction through specific macro-
phage collectin receptors. However, whether rhMBL binds to one
or more of these candidate or other collectin receptors, perhaps
in combination with other innate receptors, such as TLR2 [45],
remains to be determined.

The current study demonstrated that MBL opsonization damp-
ens critical human macrophage host-defense responses to 1AV,
including binding and internalization, TNF release, oxidative
burst response, and apoptosis. However, the release of other mac-
rophage cytokines or chemokines, release of reactive nitrogen
species, or other macrophage host-defense pathways, such as au-
tophagy, were not specifically examined. The current study fo-
cused on the AV Phil82 strain, and whether these findings apply
to other IAV isolates or other viruses was not determined. The
observation that human U937 macrophages exhibited similar re-
sponses to MBL-opsonized IAV as primary human AM supports
the use of differentiated U937 cell lines as an in vitro model for
human macrophage investigations with influenza. However, the
influence of MBL on certain macrophage responses (such as apo-
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ptosis) may be cell-specific. Finally, the results from the current
in vitro study may not accurately reflect the influence of MBL in
vivo; however, the use of clinically relevant human AM may have
more direct translation to human disease. Furthermore, the find-
ings that neither rhMBL nor rhMBL chimeric molecules pro-
moted human macrophage inflammation are consistent with clin-
ical trial results examining rhMBL administration to persons with
MBL deficiency [46].

In conclusion, these data demonstrate that IAV opsonization
by human MBLs, a component of the human alveolar-lining ma-
terial, results in down-modulation of macrophage innate immune
responses. Recognizing that plasma MBL deficiency is associated
with increased morbidity and mortality in an IAV pneumonia
model [17] and that this may be, in part, attributable to exuber-
ant host responses of inflammation, ROS, and ineffective clear-
ance, data from the current study support the concept that MBL
serves as a biological response modifier of the AM host responses
to IAV. MBL-mediated down-modulation of macrophage re-
sponses may, in turn, limit the collateral damage associated with
the innate immune response to IAV challenge by reducing but
not eliminating effective host responses. With the recognition
that exogenous rhMBL administration facilitates IAV clearance in
a MBL-deficient mouse model of IAV pneumonia [17] and that
exogenous ThMBL can be administered safely to humans with
MBL deficiency [46], exogenous administration of rthMBL may
represent a viable adjunctive therapeutic strategy. However, addi-
tional studies would be required to evaluate specifically the po-
tential role for rhMBL in the treatment of IAV pneumonia.
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