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Background Prior to detection of an antibody response toward

influenza viruses using the hemagglutination inhibition assay

(HAI), sera are routinely treated to inactivate innate inhibitors

using both heat inactivation (56�C) and recombinant

neuraminidase [receptor-destroying enzyme (RDE)].

Objectives We revisited the contributions of innate serum

inhibitors toward interference with influenza viruses in immune

assays, using murine sera, with emphasis on the interactions with

influenza A viruses of the H3N2 subtype.

Methods We used individual serum treatments: 56�C alone, RDE

alone, or RDE + 56�C, to treat sera prior to evaluation within

HAI, microneutralization, and macrophage uptake assays.

Results Our data demonstrate that inhibitors present within

untreated murine sera interfere with the HAI assay in a manner that

is different from that seen for the microneutralization assay.

Specifically, the c class inhibitor a2-Macroglobulin (A2-M) can

inhibit H3N2 viruses within the HAI assay, but not in the

microneutralization assay. Based on these findings, we used a

macrophage uptake assay to demonstrate that these inhibitors can

increase uptake by macrophages when the influenza viruses express

an HA from a 1968 H3N2 virus isolate, but not a 1997 H3N2 isolate.

Conclusions The practice of treating sera to inactivate innate

inhibitors of influenza viruses prior to evaluation within immune

assays has allowed us to effectively detect influenza virus-specific

antibodies for decades. However, this practice has yielded an

under-appreciation for the contribution of innate serum inhibitors

toward host immune responses against these viruses, including

contributions toward neutralization and macrophage uptake.

Keywords Assay, influenza, innate immunity, murine, serology,

virus.
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Introduction

The most frequently used correlate of protective immunity

against influenza virus is defined using the hemagglutina-

tion inhibition (HAI) assay. Using this assay, antibody

titers ‡1:32 are generally considered protective.1 However,

evidence of protection without HAI titers achieving these

levels has raised interest in the establishment of more ade-

quate correlates of vaccine-induced protective immunity.2

In addition to technical issues facing the HAI assay,3 results

from HAI assays are confounded by the fact that sera must

be treated to inactivate innate host inhibitors of influenza

viruses prior to evaluation within this assay.4 Specifically,

three classes of serum factors that naturally interact with

influenza viruses have been identified, and are characterized

within either the a-, b-, or c-class.5,6 Inhibitors of the a
and c classes express sialic acid residues that specifically

bind influenza virus hemagglutinin (HA),6,7 and are not

inactivated by heating to 56�C.8,9 Inhibitors of the b class

include the mannose-binding lectins,6,10 and inhibitors in

this class are heat labile.5 Neutralization of viral particles is

typically associated with b and c inhibitors, while a inhibi-

tors, historically referred to as ‘Francis inhibitors’,6,11 are

unable to neutralize infectivity.12 To date, a2-macroglobulin

(A2-M) is the major inhibitor within the c class that has

been identified.13

Since these innate inhibitors can interfere with the results

of HAI assays, sera are treated with Vibrio cholerae neur-

aminidase [receptor-destroying enzyme (RDE)] to inactivate

sialylated a and c inhibitors,7,13 followed by heating at 56�C

to inactivate the b inhibitors.6,12,14 Inhibitors in the b class

are known to specifically interact with influenza A viruses of

the H1N1 subtype,12 while c class inhibitors interact with

influenza A viruses of the H2N2 and H3N2 subtypes.8,14

Inhibitors of the a class have not been studied in decades,

but were initially identified based on their ability to interact

with influenza B viruses.11,12,15 To date, an interaction link-

ing influenza virus and mannose-binding lectin (b inhibitor)
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to neutrophil binding has been reported,16 but similar inter-

actions between innate serum inhibitors and macrophages

have not been described.

We developed the hypothesis that sialylated serum inhib-

itors of the a and ⁄ or c class have the ability to interact

with both influenza viruses and host cells in a manner that

has not been appreciated, because of the frequent inactiva-

tion of these inhibitors prior to evaluation of sera within

immune assays. Using a standard HAI assay that incorpo-

rated either murine sera or purified murine A2-M, we were

able to demonstrate that murine A2-M specifically inhibits

influenza viruses of the H3N2 subtype that circulated

within humans from 1968 to 2004, and that this inhibition

is eliminated by RDE treatment. Alternatively, when a stan-

dard microneutralization assay was used, we observed that

innate murine serum inhibitors do not neutralize viruses

expressing H3N2 HAs that circulated in 1968, 1973, and

1975, but that otherwise isogenic viruses expressing HA

from later isolates within the H3N2 subtype (1977–2004)

were inhibited. The fact that this inhibitor is inactivated by

RDE, but not heat, places it in either the a or the c class.

Contrary to our findings within the HAI assay, the innate

inhibitor in the microneutralization assay was not A2-M.

Finally, using a macrophage uptake assay, we demonstrate

that untreated, non-immune sera moderately increases

uptake of viruses expressing an H3N2 HA from 1968, but

not 1997, providing evidence that these innate inhibitors

can bridge influenza virus interactions with macrophages.

Thus, we report that innate murine serum inhibitors from

both the a and the c class need further evaluation, not only

with regard to their contributions toward interference with

results obtained from immune assays, but also for their

undefined contributions toward host immunity to influenza

viruses.

Methods and materials

Influenza viruses and murine anti-sera
Influenza viruses used in this study were generated using

reverse genetics technology, and have been previously char-

acterized.17,18 The primary viruses used in these studies

expressed the HA and NA from either the A ⁄ Hong

Kong ⁄ 1 ⁄ 68-H3N2 isolate or the A ⁄ Sydney ⁄ 5 ⁄ 97-H3N2 iso-

late, with the other six influenza genes provided by

A ⁄ Puerto Rico ⁄ 8 ⁄ 34 virus (PR8). These viruses will be

referred to as ‘HK68’ and ‘SY97’, respectively. Additional

viruses were similarly generated by reverse genetics to

express the six internal genes from PR8, the NA from the

SY97 isolate, and individual HAs from A ⁄ Port Chal-

mers ⁄ 1 ⁄ 73 (PC73), A ⁄ Texas ⁄ 1 ⁄ 77 (TX77), A ⁄ Memphis ⁄
6 ⁄ 86 (ME86), A ⁄ Memphis ⁄ 7 ⁄ 90 (ME90), A ⁄ Beijing ⁄ 353 ⁄ 89

(BE89), A ⁄ Beijing ⁄ 32 ⁄ 92 (BE92), A ⁄ Wuhan ⁄ 359 ⁄ 95

(WU95), A ⁄ Fujian ⁄ 411 ⁄ 02 (FU02), and A ⁄ California ⁄ 7 ⁄ 04

(CA04).17,19 Representative isolates of the H1N1 subtype

included a virus created with all eight PR8 genes, as well as

one expressing seven PR8 genes and the HA from the

A ⁄ New Caledonia ⁄ 20 ⁄ 99 virus isolate.20 Primary influenza

B viruses that represent the B ⁄ Yamagata ⁄ 16 ⁄ 88 (B ⁄ Yaman-

ashi ⁄ 166 ⁄ 98) and the B ⁄ Victoria ⁄ 2 ⁄ 87 (B ⁄ Memphis ⁄ 13 ⁄ 03)

lineages were used.20,21 All influenza A viruses except FU02

HA-expressing viruses were propagated in 10-day-old

embryonated chicken eggs for 3 days at 35�C, while FU02

HA-expressing viruses and all influenza B virus isolates

were propagated in MDCK cells for 3 days at 35�C, as

described.18,21

Sera used throughout this study were collected from pre-

vious experiments that vaccinated mice with inactivated

influenza viruses expressing either HK68 HA or SY97 HA,

and were partially characterized as reported previously.22

Sera from alum-vaccinated mice collected in the aforemen-

tioned study were used as a negative control (unvacci-

nated). All viruses and sera were kindly provided by

Jonathan A. McCullers (St. Jude Children’s Research Hos-

pital, Memphis, TN, USA).

Serum treatment
Untreated murine sera from individual vaccine recipients

were pooled and divided into four treatment groups that

recapitulate the RDE treatment protocols commonly used.4

These four groups are untreated, heat inactivation at 56�C

(56�C) alone, RDE alone, and RDE + 56�C. For these stud-

ies, RDE (Accurate Chemical, Westbury, NY, USA) was

resuspended in 0Æ9% NaCl and used following the manu-

facturer’s instructions. Specifically, pooled sera (100 ll)

were treated with three volumes of RDE (300 ll) by incu-

bation overnight at 37�C. To this solution, three volumes

(300 ll) of a 2Æ5% sodium citrate solution were added, and

sera were heated at 56�C. After this treatment, three vol-

umes (300 ll) of PBS were added, to achieve a final dilu-

tion of 1:10. Untreated sera were similarly mixed with

0Æ9% NaCl (overnight at 37�C), 2Æ5% sodium citrate

(30 minutes at 25�C), and PBS. Sera treated by heat-inacti-

vation alone were incubated with 0Æ9% NaCl (overnight at

37�C), 2Æ5% sodium citrate (30 minutes at 56�C), and PBS.

Sera treated with RDE alone were incubated with RDE in

0Æ9% NaCl (overnight at 37�C), 2Æ5% sodium citrate

(30 minutes at 25�C), and PBS.

Hemagglutination inhibition assay
Hemagglutination inhibition assays were performed using

standard techniques.17 Briefly, sera were serially diluted,

and four HA units of the virus of interest was added to

each well. The virus:sera mixture was incubated for 1 hour

at 4�C, and 50 ll of 0Æ5% chicken red blood cells (RBC)

was subsequently added to each well. Assays performed

using the FU02 HA-expressing virus incorporated turkey
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RBC.23 Lyophilized, purified murine A2-M (Lee Biosolu-

tions Inc., St. Louis, MO, USA) was resuspended to

1 mg ⁄ ml using buffer supplied by the company.

Microneutralization assay
Microneutralization assays were performed using standard

procedures, as described previously.20 Briefly, either murine

sera or purified murine A2-M were diluted and incubated

with 100 TCID50 of each virus prior to adding these mix-

tures to MDCK cell monolayers (3 · 105 cells per well).

Inocula were removed, and MDCK cells were incubated

overnight in media supplemented with TPCK-trypsin

(2 lg ⁄ ml). Acetone-fixed cells were stained for detection of

influenza virus nucleoprotein (NP) using a murine mono-

clonal antibody (Fisher Scientific, Pittsburgh, PA, USA),

and detected using goat anti-mouse IgG (Fc-specific)

conjugated with HRP (Sigma, St. Louis, MO, USA), and

o-phenylenediamine dichloride substrate (Sigma). The reac-

tion was stopped using H2SO4, and OD was measured at

490 nm on a BioTek EL808 reader (BioTek, Winooski, VT,

USA).

Macrophage uptake assay
Using a technique previously reported by Huber et al.,24 we

performed an uptake assay using our murine serum sam-

ples and Cy3-labeled influenza virus. Influenza viruses

(either HK68 or SY97) were propagated in embryonated

chicken eggs, concentrated, purified over sucrose gradient,

and pelleted as described previously.18 This pellet was

resuspended in 0Æ1 m Carbonate buffer (pH 9.3), and

added to Cy3 dye (Fisher). After a 30-minute incubation,

the labeled virus was resuspended in STE buffer, pelleted,

and resuspended in PBS prior to storage at )80�C. Labeled

viruses were incubated with indicated murine sera for

30 minutes at 37�C with shaking prior to incubation with

106 J774A.1 BALB ⁄ c murine macrophages (ATCC, Manas-

sas, VA, USA) for 30 minutes at 37�C with shaking. Trypan

blue was added to quench extracellular fluorescence. Cells

were collected using an Accuri C6 flow cytometer (Accuri

Cytometers Ltd., Ann Arbor, MI, USA), and data were ana-

lyzed using CFlow Plus software (Accuri).

Results

Prior to evaluation of immunity toward influenza virus,

serum samples are treated to remove innate inhibitors.4

This treatment typically involves RDE to inactivate a and c
inhibitors and heating at 56�C to inactivate b inhibitors.

Evaluating sera from vaccinated mice (either HK68 HA

vaccine or SY97 HA vaccine) using an HAI assay (Fig-

ure 1), it is clear that these innate inhibitors interfere sig-

nificantly with the results of this assay. This is evident

within both vaccine groups where titers of untreated sera

frequently exceed the correlate of protective immunity

using this assay (an HAI titer of 1:32).1 This inhibition is

observed for most of the H3N2 viruses tested, representing

antigenic clusters that circulated between 1968 and 2004 as

defined by Smith et al.25,26 The notable exception is the

virus expressing HA from the HK68 isolate, observed in

the SY97 HA-vaccinated group. Treatment with

RDE + 56�C inactivated these inhibitors, and only vaccine-

induced HAI titers were detected after treatment. These
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Figure 1. Hemagglutination inhibition (HAI)

assay for both untreated and receptor-

destroying enzyme (RDE) + 56�C-treated sera

from vaccinated mice. Pooled sera from 19

individual mice in two vaccine groups (HK68

HA-vaccinated or SY97 HA-vaccinated) were

used in an HAI assay after either no

treatment, or RDE + 56�C treatment. Titers

are reported as the reciprocal of the final

serum dilution that demonstrates inhibition of

hemagglutination, and values lower than the

detectable limit of the assay (initial serum

dilution of 1:10) were assigned a value of five

for graphical representation.
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data demonstrate the importance of serum treatment for

accurate evaluation of serum antibodies within the HAI

assay. Next, we incorporated pooled sera from unvacci-

nated mice into our HAI assay (Figure 2). These results

demonstrate that for H3N2 viruses in the HAI assay, RDE

treatment inactivates the innate inhibition observed, but

56�C does not. Based on the inactivation of these inhibitors

by RDE, but not 56�C, we placed these inhibitors in either

the a or the c class. Because a inhibitors interact with

influenza B viruses,15 while c class inhibitors interact with

influenza A viruses of the H2N2 and H3N2 subtypes,8 we

hypothesized that the major inhibitor observed within our

HAI assay is from the c class.

HAI assays have been used for decades to evaluate

immunity against influenza viruses,1 but the microneutral-

ization assay is a more recent tool for determining immu-

nity.27,28 To date, a correlate for protective immunity using

the microneutralization assay has not been defined. Despite

a lack of publications on the role of innate inhibitor activ-

ity within the microneutralization assay, the WHO Manual

on Animal Influenza Diagnosis and Surveillance4 recom-

mends using RDE-treated sera for this assay. Using similar

serum treatments, we evaluated the contributions of innate

inhibitors within this assay using sera from vaccinated

mice (either HK68 HA- or SY97 HA-expressing viruses)

(Figure 3).

These results demonstrate that innate inhibitors behave

differently within a microneutralization assay than they do

in the HAI assay. Specifically, untreated murine sera were

only able to inhibit viruses expressing HA from HK68,

PC73, and VI75 isolates when HK68 HA vaccine-induced

antibodies were present. Untreated sera from SY97 HA-vac-

cinated mice did not inhibit viruses expressing HK68,

PC73, or VI75 HAs in the microneutralization assay, while

the RDE + 56�C-treated sera from SY97 HA-vaccinated

mice inhibited viruses expressing WU95 and SY97. These

data demonstrate an increased breadth of reactivity within

the microneutralization assay, as sera were able to neutral-

ize viruses from a distance of 1 or 2 antigenic clusters,25

which was not seen within the HAI assay (Figure 1). Evalu-

ation of sera from unvaccinated mice using all four treat-

ment conditions (Figure 4) demonstrated that the innate

inhibitors that interfere with the microneutralization assay

are inactivated by RDE, but not 56�C. Interestingly, viruses

expressing HAs from the HK68, PC73, and VI75 isolates

were not neutralized by inhibitors present in sera from

unvaccinated mice when the microneutralization assay was

used. Thus, similar to the HAI assay, our data from the

microneutralization assay demonstrate that a c class inhibi-

tor is likely interfering with these viruses. This conclusion

is based on the viral HA expressed (H3), but it should be

noted that there were differences in reactivity depending on

the H3N2 isolate that was used. It is important to note that

these viruses were specifically generated to differ only in

the HA expressed, so other viral genes are less likely to be

contributing to this phenomenon.

Based on the evidence that the dominant serum inhibi-

tors for both assays were likely from the c class, we identi-

fied A2-M as a specific serum c class inhibitor that

interferes with H3N2 viruses.7 Thus, we performed similar

HAI and microneutralization assays where we incorporated

purified murine A2-M instead of murine sera (Table 1).
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Figure 2. Hemagglutination inhibition (HAI)

assay for untreated, receptor-destroying

enzyme (RDE) alone, 56�C alone, and

RDE + 56�C-treated sera from unvaccinated

mice. Pooled sera from 20 individual

unvaccinated mice were used in an HAI assay

with the designated treatment groups. Titers

are reported as the reciprocal of the final

serum dilution that demonstrates inhibition of

hemagglutination, and values lower than the

detectable limit of the assay (initial serum

dilution of 1:10) were assigned a value of five

for graphical representation.
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Using the HAI assay, we demonstrate that a concentration

of A2-M as low as 31 lg ⁄ ml has the ability to inhibit rep-

resentative isolates of H3N2 antigenic clusters from 1968

through 2004, with the exception of the BE92 and FU02

isolates. Confirming the c class inhibitor phenotype of

A2-M, neither H1N1 nor influenza B viruses were inhibited

within the HAI assay. Alternatively, using the microneutral-

ization assay, we demonstrate that A2-M only modestly

inhibits two of the H3N2 HA-expressing viruses (SY97 and

FU02).

Since A2-M has the ability to interact with the low-den-

sity lipoprotein-related receptor protein ⁄ A2-M receptor

(LRP ⁄ A2-MR), which is expressed by the murine J774A.1

monocyte ⁄ macrophage cell line,29 we determined whether

uptake of fluorescently labeled influenza virus is increased

in the presence of innate inhibitors (Table 2). Specifically,

we incorporated untreated and RDE + 56�C-treated serum

samples from mice that were either unvaccinated or vacci-

nated (HK68 or SY97 HA-expressing viruses). These data

demonstrate that vaccine-induced immunity increases
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Figure 4. Microneutralization assay for

untreated, receptor-destroying enzyme (RDE)

alone, 56�C alone, and RDE + 56�C-treated

sera from unvaccinated mice. Pooled sera

from 20 individual unvaccinated mice were

used in microneutralization assay with the

designated treatment groups. Endpoint titers

are reported as the final serum dilution with

an OD490 value of less than half the OD

detected in control infected cells. Serum

samples that did not inhibit virus infection of

MDCK cells (titer <10) were assigned a value

of 5.
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Figure 3. Microneutralization assay for both

untreated and receptor-destroying enzyme

(RDE) + 56�C-treated sera from vaccinated

mice. Pooled sera from 19 individual mice in

two vaccine groups (HK68 HA-vaccinated or

SY97 HA-vaccinated) were used in a

microneutralization assay after either no

treatment, or RDE + 56�C treatment.

Endpoint titers are reported as the final serum

dilution with an OD490 value of less than half

the OD detected in control infected cells.

Serum samples that did not inhibit virus

infection of MDCK cells (titer <10) were

assigned a value of 5.
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Table 1. HAI and microneutralization assays using purified murine a2-macroglobulin (1000 lg ⁄ ml starting concentration)

H3N2 Subtype

Hemagglutinin Cluster

a2-macroglobulin inhibitory concentration

(lg/ml)

HAI Microneutralization

A ⁄ Hong Kong ⁄ 1 ⁄ 68 HK68 500 ‡1000

A ⁄ Port Chalmers ⁄ 1 ⁄ 73 EN72 31 ‡1000

A ⁄ Victoria ⁄ 3 ⁄ 75 VI75 125 ‡1000

A ⁄ Texas ⁄ 1 ⁄ 77 TX77 31 ‡1000

A ⁄ Leningrad ⁄ 360 ⁄ 86 LE86 31 ‡1000

A ⁄ Memphis ⁄ 6 ⁄ 86 ME86 31 ‡1000

A ⁄ Memphis ⁄ 7 ⁄ 90 ME90 31 ‡1000

A ⁄ Beijing ⁄ 353 ⁄ 89 BE89 63 ‡1000

A ⁄ Beijing ⁄ 32 ⁄ 92 BE92 ‡1000 ‡1000

A ⁄ Wuhan ⁄ 359 ⁄ 95 WU95 250 ‡1000

A ⁄ Sydney ⁄ 5 ⁄ 97 SY97 250 500

A ⁄ Fujian ⁄ 411 ⁄ 02 FU02 ‡1000 1000

A ⁄ California ⁄ 7 ⁄ 04 CA04 63 ‡1000

H1N1 Subtype

Hemagglutinin

a2-macroglobulin inhibitory concentration (lg ⁄ ml)

HAI Microneutralization

A ⁄ Puerto Rico ⁄ 8 ⁄ 34 ‡1000 ND

A ⁄ New Caledonia ⁄ 20 ⁄ 99 ‡1000 ‡1000

Influenza B Virus

Hemagglutinin Lineage

a2-macroglobulin inhibitory concentration (lg ⁄ ml)

HAI Microneutralization

B ⁄ Yamanashi ⁄ 166 ⁄ 98 B ⁄ Yamagata ⁄ 16 ⁄ 88 ‡1000 ND

B ⁄ Memphis ⁄ 13 ⁄ 03 B ⁄ Victoria ⁄ 2 ⁄ 87 ‡1000 ND

ND, Not done; HAI, hemagglutination inhibition.

Table 2. Macrophage uptake assay using either untreated or RDE + HI-treated sera from unvaccinated and vaccinated mice

HK68 HA-expressing virus SY97 HA-expressing virus

No vaccine HK68 HA vaccine No vaccine SY97 HA vaccine

Untreated RDE + 56��C Untreated RDE + 56��C Untreated RDE + 56��C Untreated RDE + 56��C

1Æ01 ± 0Æ09

(n = 3)

0Æ77 ± 0Æ12

(n = 4)

1Æ17 ± 0Æ12

(n = 3)

1Æ25 ± 0Æ12

(n = 4)

0Æ79 ± 0Æ13

(n = 3)

0Æ66 ± 0Æ05

(n = 6)

1Æ14 ± 0Æ12

(n = 3)

0Æ99 ± 0Æ11

(n = 6)

RDE, receptor-destroying enzyme.

Mean fluorescence intensity (MFI) values for samples from individual experiments were standardized using the fluorescence of control cells incu-

bated with virus alone, and data are reported as the mean ± SEM for these relative fluorescent units.
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uptake of labeled virus, regardless of the treatment used,

corroborating earlier data from Huber et al.24 Of note,

viruses expressing HK68 HA demonstrated an increase in

uptake by macrophages when incubated with untreated

sera, compared with RDE + 56�C-treated sera. A similar

difference was not seen with SY97 HA-expressing viruses.

Samples analyzed using singly treated serum samples

(either 56�C alone or RDE alone) did not provide conclu-

sive evidence for which class of inhibitors are associated

with this uptake (data not shown), likely due to the fact

that the differences between untreated and RDE + 56�C-

treated samples themselves were not statistically significant.

These data imply that innate serum inhibitors contribute to

macrophage-mediated uptake of influenza viruses, but fur-

ther experimentation is needed to define this interaction

and its role in host immunity.

Discussion

We designed experiments to evaluate the contributions of

innate murine serum inhibitors toward results obtained in

HAI and microneutralization assays. Our data demonstrate

that H3N2 viruses are inhibited by c class serum inhibi-

tors within the HAI assay, and that murine A2-M specifi-

cally contributes to this inhibition. Alternatively, when a

microneutralization assay was used, H3N2 viruses express-

ing HA from HK68, PC73, and VI75 were not inhibited,

while viruses expressing HAs starting with the TX77 clus-

ter25 were inhibited by untreated sera. The inhibitors of

these viruses, like in the HAI assay, were inactivated by

RDE treatment, but not 56�C. Using purified A2-M, we

were able to demonstrate that this c class inhibitor does

not directly contribute to the neutralization observed.

Finally, a macrophage uptake assay demonstrated a trend

toward increased uptake of HK68 viruses by macrophages

using untreated sera, but a similar trend was not observed

with SY97 HA-expressing viruses. These findings are dis-

cussed in the context of assays for detection of influenza

virus immunity, and the potential for these inhibitors to

mediate interactions between influenza viruses and host

macrophages.

For decades, interference by innate serum inhibitors in

immune assays has been observed.8,30 In fact, during each

pandemic since the isolation of influenza virus in 1933, a

re-visiting of serum treatment protocols has been necessary

because of changes in viral interactions with these serum

inhibitors. Specifically, treatment at 56�C was the first

modification tested, and this worked to eliminate the b
inhibitors that interfere with H1N1 viruses.12 When the

H2N2 viruses, and subsequently H3N2 viruses, emerged,

the dominant serum inhibitors were resistant to 56�C, but

sensitive to neuraminidase (RDE).31 It is worth noting that

influenza viruses isolated during the H1N1 pandemic of

2009–2010 do not interact with the influenza virus b class

inhibitor, mannose-binding lectin,32 and that human A2-M

inhibits hemagglutination by these H1N1 viruses.33 These

historical and recent findings support a re-evaluation of the

contribution of innate serum inhibitors from all three clas-

ses toward influenza virus immunity in humans.

The dominant c class inhibitor identified to date, A2-M,

naturally functions as a protease inhibitor that can be pro-

duced by monocyte ⁄ macrophages,34 including alveolar

macrophages.35 Within serum, A2-M is present at

2–4 mg ⁄ ml,36 and its expression is modulated by pro-

inflammatory cytokines, including IL-6 and TNF-a.37,38

The internalizing receptor for A2-M, identified as the

LRP ⁄ A2-MR, is expressed on fibroblasts, hepatocytes, and

monocyte ⁄ macrophages, and uptake via this receptor leads

to degradation of A2-M and the associated protease.39 A

second receptor for A2-M has been identified on macro-

phages, but the contribution of this A2-M signaling recep-

tor (A2-MSR),40 has not been extensively characterized.

A2-M is of particular interest to us because of its unique

ability to interact with both influenza viruses and host

macrophages, and we propose an evaluation of A2-M and

other c class inhibitors as potential mediators of host:virus

interactions, including uptake of viruses41 and immunity.

Innate serum inhibitors mediate species-specific interac-

tions with influenza viruses. In fact, the sialic acid residues

expressed by A2-M may even limit the cross-species trans-

mission of H3 HA-expressing influenza viruses,5,7,13,42 and

specific amino acid substitutions have been associated with

sensitivity toward these inhibitors.43 Interestingly, the topic

of innate human serum inhibitors against influenza A

viruses of the H3N2 subtype was revisited when an H3N2

isolate that circulated in humans (A ⁄ Los Angeles ⁄ 2 ⁄ 87)

demonstrated particular sensitivity to inhibitors in human

sera.9 Interactions between this virus isolate and these

inhibitors interfered with detection of antibody using the

HAI assay, and recommendations made at the time were to

standardize serum treatment protocols and viruses used in

the HAI assay.9 To date, binding of influenza viruses to

neutrophils, mediated by the b inhibitor mannose-binding

lectin, has been demonstrated,16 but the consequences of

similar interactions between macrophages and the three

classes of innate inhibitors are largely undefined. Based on

our data with murine sera, we are planning similar experi-

ments to define the interactions between human A2-M,

influenza viruses, and the LRP ⁄ A2-MR expressed on

human macrophages.44

We evaluated the contributions of innate murine serum

inhibitors against influenza viruses toward inhibition of

HAI and microneutralization assays, with emphasis on their

role in host immunity toward these viruses. Our data

demonstrate that murine serum c class inhibitors, including

A2-M, interfere with the results of HAI assays.
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Alternatively, when a microneutralization assay is employed,

RDE-sensitive inhibitors (characteristic of either the a or the

c class) interfere with H3N2 HAs that circulated both during

and after 1977, and A2-M alone does not play a major role

in this inhibition. Finally, using a macrophage uptake assay,

we demonstrate that untreated sera from unvaccinated mice

can enhance uptake of an HK68 HA-expressing virus by

murine macrophages, and this uptake is reduced by treat-

ment with RDE + 56�C. These findings represent the first

evidence to our knowledge that different RDE-sensitive

murine serum inhibitors interfere with HAI and micro-

neutralization assays, and that these inhibitors may mediate

host immune cell functions, like uptake by macrophages.

We conclude that our current practice of treating sera prior

to analysis within immune assays, which is critical for

detecting influenza virus-specific antibodies using the HAI

assay, has left us uncertain of the direct contributions of

these three classes of innate inhibitors toward host immu-

nity. Future evaluation of these innate serum inhibitors will

consider drift variants as the H3 HA continues to evolve, as

well as the role of these inhibitors within human sera.
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