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Abstract 

Broadly neutralizing antibodies (bnAbs) targeting the receptor binding site (RBS) of hemagglutinin 
(HA) have potential for developing into powerful anti-influenza agents. Several previously reported 
influenza B bnAbs are nevertheless unable to neutralize a portion of influenza B virus variants. 
HA-specific bnAbs with hemagglutination inhibition (HI) activity may possess the ability to block 
virus entry directly. Polymeric IgM antibodies are expected to more effectively inhibit virus 
attachment and entry into target cells due to their higher avidity and/or steric hindrance. We 
therefore hypothesized that certain RBS-targeted IgM antibodies with strong cross-lineage HI 
activity might display broader and more potent antiviral activity against rapidly evolving influenza B 
viruses. 
Methods: In this study, we generated IgM and IgG bnAbs targeting the RBS of influenza B virus using 
the murine hybridoma technique. IgM and IgG versions of the same antibodies were then developed 
by isotype switching and characterized in subsequent in vitro and in vivo experiments.  
Results: Two IgM and two IgG bnAbs against influenza B virus HA were identified. Of these, one 
IgM subtype antibody, C7G6-IgM, showed strong HI and neutralization activities against all 20 
representative influenza B strains tested, with higher potency and broader breadth of anti-influenza 
activity in vitro than the IgG subtype variant of itself, or other previously-reported influenza B bnAbs. 
Furthermore, C7G6-IgM conferred excellent cross-protection against distinct lineages of influenza 
B viruses in mice and ferrets, performing better than the anti-influenza drug oseltamivir, and showed 
an additive antiviral effect when administered in combination with oseltamivir. Mechanistically, 
C7G6-IgM potently inhibits infection with influenza B virus strains from different lineages by blocking 
viral entry.  
Conclusion: In summary, our study highlights the potential of IgM subtype antibodies in combatting 
pathogenic microbes. Moreover, C7G6-IgM is a promising candidate for the development of 
prophylactics or therapeutics against influenza B infection. 
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Introduction 
Influenza B viruses (IBVs) cause a considerable 

public health burden each season, contributing to 
significant morbidity and mortality globally [1-3], 
particularly in children and infants [4, 5]. Two 
genetically and antigenically distinct lineages of IBVs, 
namely Victoria and Yamagata, are currently 
co-circulating worldwide, infecting people of all ages 
[6]. Seasonal influenza (Influenza A and B) epidemics 
result in approximately 3 to 5 million cases of severe 
illness yearly, with 250,000–500,000 deaths [7, 8]. IBVs 
account for 20%-25% of annual influenza infections; 
however, infection rates can rise above 60% in some 
seasons [9, 10]. The clinical presentation, 
complications and death rate of seasonal influenza A 
and B virus infections are clinically indistinguishable; 
infections with these two types of influenza virus pose 
equal risks [11]. Influenza virus vaccines are currently 
the most effective countermeasure against influenza B 
virus infections, but these vaccines have limited 
efficacy because they induce only strain-matched 
humoral immune responses, while the globular head 
domain of the viral hemagglutinin (HA) continues to 
evolve rapidly [12]. Few anti-influenza drugs are 
available and the treatment window of these drugs is 
very narrow [13, 14]. In addition, one of these antiviral 
medications, oseltamivir, is reported to be less 
effective against IBVs than against influenza A viruses 
[15, 16]. In view of this, 60% of patients admitted to 
intensive care units with influenza B do not receive 
specific influenza antiviral therapy, resulting in poor 
outcomes [9]. This highlights the urgent need to 
develop more effective medical approaches to treat 
influenza B virus infections. 

Passive immune protection using broadly 
neutralizing antibodies (bnAbs) is a promising 
approach for treating viral infections [17]. In recent 
years, we and other groups have developed several 
bnAbs against the HA protein of influenza B virus to 
confer protection against multiple influenza B virus 
strains from distinct lineages in vivo [18-21]. These 
antibodies constitute a novel and promising approach 
for the treatment and prevention of influenza B 
infections and strengthen the achievability of the 
development of universal influenza B vaccines. These 
antibodies bind to distinct epitopes on the HA and 
inhibit virus infection through different mechanisms. 
Two of these antibodies, CR8033 and C12G6, target 
the receptor binding site (RBS) domain on the HA to 
directly prevent viral entry, showing strong 
cross-lineage hemagglutination inhibition (HI) 
activity against influenza B viruses. However both 
CR8033 and C12G6 fail to potently inhibit the viral 

entry of some influenza B virus strains, as determined 
by measuring the level of HI activity [18, 21]. 
Considering that prevention of virus binding to the 
cell receptor is the first key step in inhibiting viral 
entry and infection, development of more effective 
influenza B bnAbs which can directly block viral entry 
is important to facilitate the formulation of antiviral 
antibody cocktails against rapidly evolving influenza 
B viruses. 

Immunoglobulin G (IgG), IgM and IgA 
antibodies are the main types of antibody produced in 
mice and humans; they all offer protection from 
pathogenic infections [22, 23]. IgM antibodies appear 
early in the course of an infection, whereas IgG 
antibodies are generated following subsequent class 
switching and antibody maturation [24]. IgG is 
secreted as a monomer that is small in size, while the 
predominant form of IgM is pentameric and the 
largest antibody in the body [23]. Due to the high 
avidity and/or steric hindrance of IgM antibodies 
[23], we hypothesized that certain IgM subtype 
antibodies which target specific epitopes on the RBS 
domain of influenza B virus might be more likely to 
block virus binding to cell receptors and effectively 
prevent different variant strains from causing 
infection, thus displaying broader and more potent 
antiviral activity than IgG subtype antibodies of the 
same specificity.  

In this study, we found that antisera from mice 
intranasally immunized with one influenza B live 
virus strain contained large proportions of IgM 
antibodies that were able to neutralize both lineages 
of influenza B viruses and also possessed 
cross-lineage HI activity. Through HI and MN 
(microneutralization) screening of antibodies in mice 
sequentially immunized with representative 
Yamagata and Victoria strains, we discovered two 
murine IgM bnAbs (7G6-IgM and 3G10-IgM) and two 
murine lgG bnAbs (11B10-IgG and 10H10-IgG) which 
bind to the receptor binding domain of influenza B 
virus. Chimeric versions of these antibodies 
containing a human IgG1 or IgM Fc fragment were 
also generated. Noteworthily, an IgM subtype 
chimeric antibody, C7G6-IgM, exhibits significantly 
higher potency and greater breadth of antiviral 
activity in vitro than the other tested antibodies, 
including bnAbs reported on previously, and confers 
strong cross-protection against distinct lineages of 
IBVs in mice and ferrets. These findings provide 
innovative insights relevant to the development of 
high-efficacy antiviral agents and universal vaccines 
against influenza viruses and other pathogens.  
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Results 
Generation of high-efficiency HA head-specific 
bnAbs against influenza B 

To generate antibody responses against 
influenza B viruses, six-week-old female BALB/c 
mice were infected intranasally with the Yamagata 
lineage virus strain, B/Florida/4/2006 (FL/2006), and 
the antisera from these mice collected 7 and 14 days 
after immunization for reactivity analysis (Figure 1A). 
Vaccination with B/Florida/4/2006 alone can elicit 
cross-lineage IgG and IgM antibody-based immune 
responses in mice, as evidenced using an 
enzyme-linked immunosorbent assay (ELISA) against 
the HA proteins of influenza B virus strains 
representing both lineages, namely B/Florida/4/2006 
and the Victoria virus strain B/Brisbane/60/2008 
(BR/2008). For the 7-day sera, higher levels of IgM 
antibodies specific to FL/2006 or BR/2008 were 
induced compared to the titers of antigen-specific IgG 
antibodies (Figure 1B, left panel). For the 14-day sera, 
antigen-specific IgG titers were significantly 
increased, whereas relatively lower levels of IgM 
antibodies were detected (Figure 1B, right panel). 
Interestingly, the 7-day sera, which contains large 
proportions of influenza B virus-specific IgM, 
possessed detectable cross-lineage HI and MN 
activities against both lineages of influenza B viruses 
(Figure 1B, left panel), whereas the 14-day sera, which 
contains more IgG antibodies, exhibited HI and MN 
activities against only the immunogen, Yamagata 
lineage strain FL/2006 (Figure 1B, right panel). 
Furthermore, the antisera from mice infected with the 
Victoria lineage virus strain (B/Brisbane/60/2008) 
displayed a similarly distinct pattern of differing 
antiviral reactivity against the immunizing strain and 
the Yamagata lineage strain, FL/2006 (Figure S1). 
These results suggest that some antigen-specific IgM 
isotype antibodies induced in the early phase of the 
immune response possess stronger and broader 
cross-lineage HI and MN activities against influenza B 
viruses than the antigen-specific IgG isotype 
antibodies induced subsequently.  

To verify our hypothesis and generate 
high-efficiency bnAbs against influenza B, mice were 
sequentially immunized intranasally with live 
B/Florida/4/2006 and B/Brisbane/60/2008 viruses 
at 14-day intervals (Figure 1C). On days 21 and 28 
after the first immunization, spleen cells collected 
from immunized mice were fused with mouse 
myeloma Sp2/0 cells to generate hybridomas, as 
described previously [25]. The hybridomas were 
screened for the secretion of influenza B virus-specific 
mAbs in HI and MN assays against both 
B/Florida/4/2006 (Yamagata) and 

B/Brisbane/60/2008 (Victoria) in parallel, and 
hybridomas which showed positive MN activity 
against both viruses were selected. From the day 21 
fusions two broadly neutralizing IgM isotype 
antibodies, 7G6-IgM and 3G10-IgM, were generated 
and both showed HI activity against both lineages of 
influenza B viruses (Figure 1D). Although we also 
generated two broadly neutralizing IgG isotype 
antibodies, 11B10-IgG and 10H10-IgG, from the 
fusions performed at day 28, these antibodies only 
showed HI activity against the Yamagata virus strain 
(Figure 1E).  

The four antibodies (7G6-IgM, 3G10-IgM, 
11B10-IgG and 10H10-IgG) were purified from mouse 
ascites, and their reactivities against distinct lineages 
of influenza B virus strains were determined in 
ELISA, HI and MN assays. In the binding test, the 
7G6-IgM, 3G10-IgM, 11B10-IgG and 10H10-IgG 
antibodies reacted specifically with all fourteen tested 
viruses from three diverse lineages of influenza B 
viruses, except for 11B10-IgG and 10H10-IgG, which 
did not react with B/Lee/1940 (Figure 2A). In the HI 
and MN assays, the four antibodies all demonstrated 
cross-lineage activities against the three lineages of 
influenza B viruses, except that 10H10-IgG lacked HI 
activity against the Ancestral lineage viruses, and of 
these, the IgM subtype 7G6-IgM antibody showed the 
strongest and broadest HI and MN activities against 
the 20 tested influenza B viruses (Figure 2B). To 
further evaluate the potential clinical use of these four 
bnAbs and confirm whether the IgM subtype HA 
head-specific bnAbs were superior to the IgG subtype 
bnAbs, variants of the 7G6, 3G10, 10H10 and 
CR9114-like [18] (a non-neutralizing antibody 
targeting the HA stem region of influenza B, included 
for comparison) antibodies with human IgM or IgG1 
Fc regions were constructed and designated 
C7G6-IgM, C7G6-IgG, C3G10-IgM, C3G10-IgG, 
C10H10-IgM, C10H10-IgG, CR9114-like-IgM [18] and 
CR9114-like-IgG [18]. The IgM and IgG subtype 
antibodies were analyzed using HPLC, together with 
purified human IgM and protein standards (440 kDa 
and 158 kDa) as controls; the molecular weights of 
these eight variants were in the expected range 
(Figure S2). To further compare the functional 
activities of the antibodies generated in this study 
with those previously described, chimeric human 
IgG1 Fc region-versions of an additional six 
cross-lineage neutralizing influenza B HA–specific 
bnAbs were also constructed and prepared, being 
designated C11B10, C12G6 [21], CR8033-like [18], 
CR8071-like [18], 5A7-like [19] and 46B8-like [20]. The 
chimeric antibodies constructed and expressed in this 
study are not completely identical to the 'original' 
versions of the CR9114, CR8033, CR8071, 5A7 and 
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46B8 antibodies described previously, and have thus 
been designated CR9114-like, CR8033-like, 

CR8071-like, 5A7-like and 46B8-like, respectively.  

 

 
Figure 1. Schematic showing the generation of bnAbs. (A) Serum collection from mice (n=6) immunized intranasally with the Yamagata lineage virus strain 
FL/2006 (B/Florida/4/2006, blue cartoon particle) at 1×104 TCID50 per mouse. The mice were immunized at day 0 and sera were collected 7 and 14 days after each 
immunization. (B) Characterization of 7-day and 14-day anti-influenza sera following intranasal immunization with the Yamagata lineage strain of influenza B virus. 
Shown are data for serum total IgG titers, serum total IgM titers, serum HI titers and serum MN titers of FL/2006-immunized sera against two representative influenza 
B viruses, FL/2006 and BR/2008 (B/Brisbane/60/2008, Victoria lineage), analyzed in parallel. Recombinant HA proteins of FL/2006 and BR/2008 were used as ELISA 
plate-coating antigens. IgG and IgM titers were determined with quantitative ELISA and are expressed in ng/mL. Bars represent averages and standard errors. (C) A 
schematic depicting the generation of cross-reactive antibodies. Mice (n=8) were sequentially infected intranasally with FL/2006 and BR/2008 at 1×104 TCID50 per 
mouse. 21 or 28 days after the first immunization, spleen cells were collected from infected mice and fused with mouse myeloma Sp2/0 cells. (D) Hybridomas from 
the 21-day fusion groups were screened for production of cross-lineage mAbs specific to influenza B virus using HI and MN assays against FL/2006 and BR/2008 
viruses. (E) Hybridomas from the 28-day fusion groups were screened for production of cross-lineage mAbs specific to influenza B virus using HI and MN assays 
against FL/2006 and BR/2008 viruses. +++, strong reactivity; ++, moderate reactivity; +, weak reactivity; -, no reactivity. PC: positive control, antibody CR8033-like. 
NC: negative control, antibody CR9114-like. 
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Figure 2. In vitro binding and HI and MN activities of mouse antibodies 7G6-IgM, 3G10-IgM, 11B10-IgG and 10H10-IgG. (A) Binding (EC50 ELISA 
values) of 7G6-IgM, 3G10-IgM, 11B10-IgG and 10H10-IgG antibodies to purified viruses representing the three influenza B lineages. EC50 values above 104 ng/mL 
(dashed line) were scored as negative. Yamagata lineage strains are indicated in blue, Victoria lineage strains are indicated in red, the Ancestral lineage strains are 
indicated in purple and influenza A virus is indicated in black. (B) Fifty percent inhibitory concentrations (IC50) of the indicated antibodies against representative 
strains from the three influenza B lineages were determined by performing HI and MN assays. The values are the averages of three independent experiments and are 
reported in μg/mL. Values below 50 µg/mL are color-filled: red-orange shades, strong reactivity; yellow shades, moderate reactivity; beige-light blue shades, weak 
reactivity; >50, no reactivity. 

 

C7G6-IgM antibody demonstrates 
unprecedentedly strong and broad 
cross-lineage HI and MN activities against 
influenza B viruses 

In the binding test, C7G6-IgM, C7G6-IgG, 
C3G10-IgM and C3G10-IgG antibodies reacted 
specifically with all nine tested viruses from the three 
influenza B lineages. The C10H10-IgM, C10H10-IgG 
and C11B10 antibodies reacted with eight of the tested 
viruses, but not the ancestral strain B/Lee/1940 
(Figure 3A). The results also demonstrated that there 
were no significant differences in binding activity 

against influenza B viruses between the IgM and IgG 
variants of each antibody (Figure 3A). Next, we 
directly compared the in vitro HI and MN activities of 
the 14 bnAbs constructed above, using a panel of 20 
representative influenza B virus strains from three 
distinct lineages. C7G6-IgM was the only antibody 
tested that possessed HI activity against all 20 
influenza B viruses tested, with a median fifty percent 
inhibitory concentration (IC50) of 0.95 µg/mL. In 
contrast, C7G6-IgG did not show HI activity against 
three influenza B virus strains: B/Lee/1940, 
B/Singapore/3/1964 and B/California/11/2016-like. 
C3G10-IgM, C11B10 and C12G6 displayed HI activity 
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against most of the tested viruses from three lineages. 
C3G10-IgG, C10H10-IgM and C10H10-IgG exhibited 
HI activity against some strains from the Yamagata 
and Victoria lineages, but not the ancestral lineage. 
CR8033-like displayed HI activity against Yamagata 
and Ancestral lineage strains, but not Victoria viruses. 
The other antibodies did not exhibit HI activity 

against any influenza B strain (Figure 3B). Median 
IC50 values were 0.95, 19.89, 19.15, 20.79, 4.72, 13.75, 
18.59, 12.87 and 2.83 µg/mL for C7G6-IgM, C7G6-IgG, 
C3G10-IgM, C3G10-IgG, C10H10-IgM, C10H10-IgG, 
C11B10, C12G6 and CR8033-like antibodies, 
respectively, when non-neutralized viruses were 
excluded from the evaluation.  

 

 
Figure 3. In vitro binding and HI and MN activities of chimeric bnAbs against influenza B. (A) Binding (EC50 ELISA values) of the indicated antibodies to 
representative purified viruses from the three influenza B lineages. EC50 values greater than 104 ng/mL (dashed line) were scored as negative. (B-C) Fifty percent 
inhibitory concentrations (IC50) of the indicated antibodies against 20 representative strains from the three influenza B lineages were determined from three 
independent HI (B) or neutralization assays (C), each plotted as a single symbol. Bars represent averages and standard errors. The viruses were selected to cover the 
major phylogenetic branches of influenza B viruses. Yamagata lineage strains are indicated in blue, Victoria lineage strains are indicated in red, Ancestral lineage strains 
are indicated in purple, and influenza A virus is indicated in black. 
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In the MN assay, all the antibodies except for 
CR9114-like-IgG and CR9114-like-IgM (a non- 
neutralizing antibody against influenza B) neutralized 
virus strains from the Yamagata and Victoria lineages, 
with differences in both potency and breadth of 
reactivity. C7G6-IgM, C12G6 and 46B8-like 
neutralized all 20 representative viruses, with a 
median IC50 of 0.50, 2.83 and 2.49 µg/mL, 
respectively. CR8033-like failed to neutralize the 
Victoria virus strain B/Rhode Island/01/2012–like, 
C11B10 failed to neutralize the Ancestral virus strain 
B/Lee/1940 and the Yamagata virus strain 
B/California/10/2016-like, C7G6-IgG and C3G10- 
IgM failed to neutralize two Ancestral virus strains 
and the Victoria virus isolated in 2016, while 
C10H10-IgG was unable to neutralize two Ancestral 
virus strains and two Victoria virus strains. The 
remaining antibodies, C3G10-IgG, C10H10-IgM, 
CR8071-like and 5A7-like were able to neutralize 
some virus strains from the Yamagata and Victoria 
lineages, but not Ancestral viruses (Figure 3C). 
Median IC50 values were 0.50, 17.40, 9.03, 17.52, 10.68, 
11.47, 9.74, 2.83, 2.87, 12.82, 34.18 and 2.49 µg/mL for 
C7G6-IgM, C7G6-IgG, C3G10-IgM, C3G10-IgG, 
C10H10-IgM, C10H10-IgG, C11B10, C12G6, 
CR8033-like, CR8071-like, 5A7-like and 46B8-like 
antibodies, respectively, when non-neutralized 
viruses were excluded from the evaluation. Therefore, 
C7G6-IgM exhibits greater potency and broader 
breadth of HI and MN activity against influenza B 
viruses than its IgG variant C7G6-IgG and all the 
other influenza B bnAbs tested.  

To explore the reason why C7G6-IgM possesses 
superior antiviral activity against influenza B viruses 
to its IgG variant, we directly compared the affinity of 
C7G6-IgM and C7G6-IgG for B/Florida/4/2006 HA. 
The affinity of C7G6-IgG to B/Florida/4/2006 HA is 
24.67 nM, whereas the corresponding affinity of 
C7G6-IgM is 0.58 nM, which is approximately 42 
times greater than that of C7G6-IgG (Figure S3). To 
further determine whether the polymeric form of 
C7G6 is important for its potency and breadth of viral 
neutralization, we constructed a monomeric form of 
C7G6-IgM and directly compared the in vitro 
neutralization activities and breadth of reactivity of 
the pentameric IgM, monomeric IgM and monomeric 
IgG forms of the C7G6 antibody. The result revealed 
that C7G6 pentameric IgM exhibits higher potency 
and breadth of neutralization against influenza B 
viruses than either of the two monomeric antibodies 
(Figure S4). These data demonstrated that the 
pentameric IgM form is responsible for the excellent 
antiviral activity of the C7G6 antibody.  

C7G6-IgM demonstrates high-efficacy 
prophylactic and therapeutic activity in mice 
and ferrets 

Following in vitro characterization of the HI and 
MN activities of the antibodies generated in this study 
against influenza B, a comprehensive evaluation of 
their capacities to cross-protect against virus strains 
representing the three distinct influenza B lineages in 
vivo was required. It has been reported that the 
half-lives of IgM molecules are far shorter than those 
of IgGs in vivo [26], so we first compared the half-lives 
of C7G6-IgM and C7G6-IgG in mice. The half-life of 
C7G6-IgG in serum is 4.500 days, and in contrast, the 
corresponding half-life of C7G6-IgM is 1.479 days, 
which is approximately three times shorter than that 
of C7G6-IgG (Figure S5). We next determined 
whether C7G6-IgM could provide efficient protection 
against challenge with distinct influenza B lineages in 
mice and ferrets, despite having such a short in vivo 
half-life. Three mouse-adapted (MA) influenza B 
viruses, MA-B/Lee/1940 (Ancestral lineage), 
MA-B/Florida/4/2006 (Yamagata lineage) and 
MA-B/Brisbane/60/2008 (Victoria lineage) were used 
to characterize these antibodies in vivo [21]. First, we 
evaluated the prophylactic and therapeutic antiviral 
activities of these antibodies against infection with 
influenza B viruses in the mouse model. For the 
prophylactic groups, 10 or 2 mg/kg of C7G6-IgM 
completely protected mice against infection with 
viruses from all three lineages (Figure 4A-C), with 
increased body weight being observed at the end of 
the study (Figure S6A-C). A 0.5 mg/kg dose of 
C7G6-IgM completely protected mice from lethal 
infection with Yamagata and Victoria lineage viruses 
and provided partial protection (50% survival) 
against the Ancestral virus, with moderate weight 
loss. Even 0.1 mg/kg of C7G6-IgM still partially 
protected mice against the Yamagata and Victoria 
viruses. In the therapeutic setting, C7G6-IgM doses 
greater than or equal to 5 mg/kg ensured survival of 
all mice infected with any of the three viruses (Figure 
4D-F), with increased weight or only slight body 
weight loss at the end of the study (Figure S6D-F). 
The 2 and 0.5 mg/kg doses of C7G6-IgM also had a 
partial therapeutic effect against the three influenza B 
viruses in mice, with increased survival rates and 
reduced body weight loss compared to the control 
antibody groups. Consistent with the survival and 
body weight data, lung viral titers were considerably 
reduced in mice given C7G6-IgM, for all three virus 
infections, and both prophylactic and therapeutic 
protocols, when compared with the IgM control 
group (Figure S7). We also evaluated the therapeutic 
efficacy of C7G6-IgG, C3G10-IgM, C11H10-IgG and 
C11B10 in infections with the mouse-adapted 
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Yamagata and Victoria viruses. Mice treated 
therapeutically with a single 10 mg/kg dose of any of 
these antibodies one day after infection all survived 
lethal challenge with either of the viruses, lost little, if 
any, body weight and exhibited lower lung viral titers 
compared to those of the control animals (Figure S8).  

To extend the evaluation, we directly compared 
the in vivo therapeutic efficacy of C7G6-IgM in mice 
with that of its IgG variant C7G6-IgG and other bnAbs 
we have generated. All mice receiving C7G6-IgM (1 
mg/kg) survived lethal challenge with the Yamagata 
lineage strain. In contrast, 66.7, 0, 0, 83.3, 50, 50 or 0% 
of mice survived infection with the Yamagata virus 

strain MA-B/Florida/4/2006 1 day before receiving a 
1 mg/kg dose of C7G6-IgG, C3G10-IgM, C3G10-IgG, 
C10H10-IgM, C10H10-IgG, C11B10 or control IgG 
antibody, respectively (Figure 5A). For the Victoria 
strain MA-B/Brisbane/60/2008, the same doses of 
C7G6-IgM, C7G6-IgG, C3G10-IgM, C3G10-IgG, 
C10H10-IgM, C10H10-IgG, C11B10 or C5G6 antibody 
protected 83.3, 0, 50, 0, 0, 33.3, 50 or 0% of mice, 
respectively (Figure 5B). Reduced weight loss in 
C7G6-IgM-treated mice also reflected the better 
protective potency of C7G6-IgM when compared to 
C7G6-IgG and the other influenza B–specific bnAbs 
(Figure 5C-D).  

 
 

 
Figure 4. In vivo prophylactic and therapeutic efficacy of C7G6-IgM in mice. (A-C) Prophylactic efficacy of C7G6-IgM against lethal challenge with 25 
MLD50 (50% mouse lethal dose) of MA-B/Florida/4/2006 (A), MA-B/Brisbane/60/2008 (B), or MA-B/Lee/1940 virus (C). The survival curves of BALB/c mice (n = 6 per 
group) treated with C7G6-IgM (10, 2, 0.5, or 0.1 mg/kg) or control IgM (20 mg/kg) 1 day before lethal challenge are shown. (D-F) For the therapeutic groups, survival 
curves for BALB/c mice (n = 6 per group) that received C7G6-IgM (15, 5, 2 or 0.5 mg/kg) or control IgM (20 mg/kg) 1 day after lethal challenge with 25 MLD50 of 
MA-B/Florida/4/2006 (D), MA-B/Brisbane/60/2008 (E), or MA-B/Lee/1940 (F) virus are shown. This experiment was repeated three times; one representative dataset 
is shown. The log-rank test was used to assess the significance (*P < 0.05) of survival outcome. The control IgM is C5G6-IgM (a mAb against the 2009 pandemic H1N1 
influenza A virus). 



 Theranostics 2019, Vol. 9, Issue 1 
 

 
http://www.thno.org 

218 

 
Figure 5. Comparison of therapeutic efficacies of C7G6-IgM and other bnAbs in mice. Survival curves (A-B) and body weight change (C-D) for BALB/c 
mice (n = 6 per group) treated intraperitoneally with the indicated antibodies (1 mg/kg) 24 h after lethal challenge with 25 MLD50 of MA-B/Florida/4/2006 or 
B/Brisbane/60/2008. This experiment was repeated three times; one representative dataset is shown. The body weight curves represent mean ± 95% confidence 
intervals of the mean. For (A-B), statistical analysis was performed by log-rank test (*P < 0.05, compared to the control IgG-treated group). The control IgG is C5G6. 

 
In view of the potent and broad antiviral effects 

of C7G6-IgM in vitro and in vivo, C7G6-IgM was 
further investigated to determine its therapeutic 
potential for future clinical applications. Oseltamivir 
is a widely used antiviral drug recommended by the 
United States' Centers for Disease Control and 
Prevention (CDC) for the prevention and treatment of 
influenza infection [27]. Despite the efficacy of 
oseltamivir being limited, especially when treatment 
is delayed, severely ill influenza patients are generally 
given oseltamivir upon hospital admission. We thus 
determined the efficacy of C7G6-IgM in comparison 
to and in combination with the anti-influenza drug 
oseltamivir in mice. For the comparison experiment, 
mice were treated with either a single dose of 15 
mg/kg C7G6-IgM or a four-day course of twice-daily 
doses of 25 mg/kg oseltamivir, with dosing regimens 
beginning at day 1, 3 or 5 after infection with 
mouse-adapted B/Florida/4/2006 or B/Brisbane/ 
60/2008 virus. When administered 1 day after 
infection, C7G6-IgM treatment provided complete 
protection against both virus lineage strains, with 
mice gaining body weight, whereas oseltamivir only 
partially protected animals, with significant weight 
loss and survival rates of 83 and 67% for 
B/Florida/4/2006 and B/Brisbane/60/2008 
infections, respectively (Figure 6A-B and Figure 

S9A-B). Even when administration of C7G6-IgM was 
delayed until 3 days after lethal challenge with either 
lineage influenza B virus, survival rates of 83% were 
achieved. Inspiringly, beginning treatment with 
C7G6-IgM at 5 days after infection still permitted 
more than 30% of mice to survive lethal challenge 
with either of the influenza B lineage strains. In 
contrast, all mice starting treatment with oseltamivir 
at 3 or 5 days post-infection died within 10 days of 
infection (Figure 6A-B and Figure S9A-B).  

For the antibody-drug combination study, mice 
were administered C7G6-IgM and oseltamivir, either 
jointly or alone. Mice infected with a lethal dose of 
MA-B/Florida/4/2006 or MA-B/Brisbane/60/2008 
were treated, starting at 2 days after infection, with a 
single 5 mg/kg dose of C7G6-IgM, 25 mg/kg 
oseltamivir twice a day for 4 days, or a combination of 
these two therapies. Co-administration of C7G6-IgM 
with oseltamivir completely protected mice lethally 
challenged with either virus strain, with reduced 
weight loss, compared to treatment with either active 
agent alone (Figure 6C-D and Figure S9C-D). In 
contrast, mice receiving oseltamivir plus control 
antibody exhibited 100% mortality within 10 days of 
lethal challenge for both lineages of influenza B virus, 
similar to the control group. Administration of 
C7G6-IgM plus water (to mimic the oseltamivir 
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dosing regimen) only partially protected animals, 
with survival rates of 50 and 67% for the Yamagata 
and Victoria strains, respectively (Figure 6C-D). At 
the same time, consistent with the survival and body 
weight data, mice receiving the combined treatment 
demonstrated lower lung viral titers at day 4 after 
infection, compared to those treated with C7G6-IgM 
or oseltamivir alone (Figure 6E-F). 

Finally, we determined the therapeutic efficacy 
of C7G6-IgM for treating ferrets infected with 
MA-B/Florida/4/2006 or MA-B/Brisbane/60/2008. 
As expected, C7G6-IgM exhibited considerable 
antiviral efficacy against challenge with both lineages 

of influenza B viruses in ferrets (Figure 7). The nasal 
wash viral titers of ferrets treated with C7G6-IgM 
were significantly lower than those of ferrets treated 
with control antibody for both the virus infections 
(Figure 7A-B). Similar to the nasal wash data, 
C7G6-IgM treatment resulted in fever reduction after 
infection with either of the two viruses, compared 
with control antibody-treated animals (Figure 7C-D). 
Moreover, infected animals administered C7G6-IgM 
experienced only slight body weight loss during both 
types of infection (Figure 7E-F). In contrast, 
significant body weight loss was observed among 
control antibody-treated animals (Figure 7E-F).  

 

 
Figure 6. Efficacy of C7G6-IgM compared to and in combination with oseltamivir in mice. (A-B) Kaplan-Meier survival curves of mice that received a 
single dose of C7G6-IgM (15 mg/kg) (closed symbols), a four-day course of oseltamivir (25 mg/kg, two doses a day) (open symbols), or control IgM (25 mg/kg) (no 
symbols) on the indicated day after intranasal infection with 25 MLD50 of MA-B/Florida/4/2006 (A) or MA-B/Brisbane/60/2008 (B). d.p.i: days post-infection. (C-F) 
Survival curves (C-D) and lung viral titers (E-F) of BALB/c mice (n = 6 per group) that received a single treatment with C7G6-IgM or a control IgM intraperitoneally 
at 5 mg/kg, oseltamivir orally at 25 mg/kg twice a day for 4 days, or a combined treatment of C7G6-IgM and oseltamivir, starting from 2 days after intranasal infection 
with 25 MLD50 of MA-B/Florida/4/2006 or MA-B/Brisbane/60/2008. The virus titers in lungs were determined 4 days after infection. The results are representative of 
three independent experiments; one representative dataset is shown. The black bars indicate mean values and error bars represent SE. Statistically significant 
differences in survival outcome were estimated with the log-rank test. The t-test was used to assess the significance of lung viral titers. *P < 0.05 and ***P < 0.001, 
compared to the control IgM–treated group. The control IgM is C5G6-IgM. 
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Figure 7. Therapeutic efficacy of C7G6-IgM in ferrets. (A-B) Virus titers in nasal washes from ferrets (n = 4 per group) treated with 20 mg/kg C7G6-IgM or 
control IgM (C5G6-IgM) 1 day after intranasal infection with 1×107 TCID50 of MA-B/Florida/4/2006 (A) or MA-B/Brisbane/60/2008 (B). Nasal washes were collected 
on the indicated days and titrated by TCID50 assay. (C-D) Changes in body temperatures of ferrets treated with 20 mg/kg C7G6-IgM or control IgM (C5G6-IgM) 1 
day after intranasal infection with 1×107 TCID50 of MA-B/Florida/4/2006 (C) or MA-B/Brisbane/60/2008 (D). (E-F) Body weight change curves of ferrets treated with 
20 mg/kg C7G6-IgM or control IgM (C5G6-IgM) 1 day after intranasal infection with 1×107 TCID50 of MA-B/Florida/4/2006 (E) or MA-B/Brisbane/60/2008 (F). This 
experiment was repeated three times; one representative dataset is shown. Body temperatures and body weight change are expressed as the percentage of baseline 
values. The black bars indicate mean values and error bars represent SE. Statistical analysis was performed by t-test. *P < 0.05, **P < 0.01 and ***P < 0.001 compared 
to the control IgM–treated group.  

 

C7G6-IgM, C3G10-IgM, C11B10 and 
C10H10-IgG recognize epitopes that overlap 
with the RBS domain of influenza B HA. 

Given the cross-lineage HI and MN activities of 
the antibodies generated in this study, these four 
bnAbs may recognize highly conserved epitopes near 
the RBS domain of the influenza B virus HA head. To 
determine the specific epitopes recognized by 
C7G6-IgM, C3G10-IgM, C11B10 and C10H10-IgG, we 

attempted to generate escape mutants of eight 
influenza B viruses: B/Taiwan/2/1962, B/ 
Singapore/3/1964, B/Florida/4/2006, B/Taiwan/ 
94/2005-like, B/Victoria/507/2007-like, B/Hong 
Kong/537/2009-like, B/Massachusetts/02/2012-like 
and B/Brisbane/60/2008. Although these antibodies 
most likely bind to the more variable HA head 
domain, only a small number of escape variants were 
generated from three independent escape mutant 
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induction experiments, all with mutations in the HA. 
For C7G6-IgM, three escape mutants of the 
B/Taiwan/2/1962 virus (G156R, K165E, N180T) were 
generated; for C3G10-IgM, three escape mutants of 
the B/Taiwan/94/2005-like virus (N144D, N211S, 
T213I) were generated; for C11B10, one escape mutant 
of B/Hong Kong/537/2009-like (N179K) was 
generated; and for C10H10-IgG, one escape mutant of 
B/Singapore/3/1964 (E212T) was generated (Table 
1). G156 is a highly conserved residue (99.4%) among 
the 2,000 full-length influenza B HA sequences from 
the National Center for Biotechnology Information 
(NCBI) database (Table 2). The E165 variant occurs in 
only 0.1% of influenza B virus strains. All of the other 
strains (99.9%) have K165, I165, N165 or S165 and can 
be neutralized by C7G6-IgM (Figure 3C). The residue 
at position 180 in the HA of all influenza B viruses is 
either N or Y; such virus strains are sensitive to 
neutralization by C7G6-IgM (Figure 3C). For 
C3G10-IgM, K144 exists in 58.2% of influenza B virus 
strains. In addition, 37.2% of strains have N144 and 
are also sensitive to this antibody. N211 and T213 are 
relatively conserved (94.9% and 90.1%, respectively) 
among the 2,000 HA sequences examined. The N179K 
and E212T mutations have not been observed in any 
naturally arising influenza B isolates. All of the 
substituted residues are located in or near the HA 
receptor-binding pocket of influenza B [28]. We also 
evaluated the changes in binding activities of 
C7G6-IgM, C3G10-IgM, C11B10 and C10H10-IgG to 
their corresponding escape mutants using an ELISA 
assay. Interestingly, C7G6-IgM bound the three 
escape mutants of the B/Taiwan/2/1962 virus 
(G156R, K165E and N180T) similarly to the wild type 
(WT) virus (Figure S10A), while C3G10-IgM, C11B10 
and C10H10-IgG showed reduced binding activities 
to their corresponding escape mutants when 
compared to the WT virus (Figure S10B-D). 

 

Table 1. Amino acid substitutions found in the HA of C7G6-IgM, 
C3G10-IgM, C11B10 and C10H10-IgG-induced escape mutants. 

Antibody Influenza B virus Residue mutations in 
the HA induced with 
the antibody 

C7G6-IgM B/Taiwan/2/1962 (Ancestral) G156R,K165E,N180T 
C3G10-IgM B/Taiwan/94/2005-like (Victoria) N144D,N211S,T213I 
C11B10 B/Hong Kong/537/2009-like 

(Victoria) 
N179K 

C10H10-IgG B/Singapore/3/1964 (Ancestral) E212T 
 
 
We next identified the epitopes using a 

molecular docking method. The candidate epitope 
residues were determined based on 

three-dimensional HA trimer models. We first 
compared the predicted CR8033 epitope obtained 
using this molecular docking method with the 
published CR8033 epitope to evaluate the accuracy of 
this method; the result showed that most of the 
predicted contact residues were accordant with the 
corresponding published contact residues (Figure 
S11). For the epitopes of the antibodies generated in 
this study, the results indicated that the epitopes of 
the four antibodies were at the top of the HA head 
and overlapped with the RBS region, with the four 
epitopes being distinct, but overlapping each other to 
a certain degree (Figure 8A-D). We also analyzed the 
antigenic conservation of these epitopes; at least half 
of the amino acids within the epitopes of C7G6, 
C3G10 and C11B10 are more than 97% conserved 
(Figure S12A-C). Although some amino acids 
forming the epitopes of these four antibodies are less 
than 90% conserved, C7G6-IgM, C3G10-IgM, C11B10 
and C10H10-IgG can neutralize the vast majority of 
virus strains with these distinct mutations (Figure 
S13). Finally, we conducted a competition ELISA 
assay to further confirm the epitope domain 
recognized by each antibody; the results showed that 
each antibody overlapped with the RBS-targeting 
CR8033-like antibody epitope, competing for binding 
to HA with the CR8033-like antibody but not 
competing for binding with the CR9114-like antibody 
(Figure S14). 

  

Table 2. Frequency of potential C7G6-IgM, C3G10-IgM, C11B10 
or C10H10-IgG interacting residues. 

Antibody Residue Frequency (%) Total (%) 
C7G6-IgM G156 99.4 99.4 
 N165 52.3 99.9 
 S165 30.2  
 I165 17.1  
 K165 0.3  
 N180 81.5 100 
 Y180 18.5  
C3G10-IgM K144 58.2 95.4 
 N144 37.2  
 N211 94.9 96.7 
 D211 1.8  
 T213 90.1 90.1 
C11B10 N179 81.5 100 
 Y179 18.5  
C10H10-IgG E212 52.0 100 
 K212 48.0  
A multiple sequence alignment of 2000 full-length influenza B HA sequences from 
the NCBI database was used to assess the genetic diversity and to calculate the 
frequencies of potential C7G6-IgM, C3G10-IgM, C11B10 and C10H10-IgG 
interacting residues. All of the residues listed were found in the HA proteins of 
influenza B viruses, all of which can be neutralized by the indicated antibodies. 
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Figure 8. Epitope mapping of C7G6, C3G10, C11B10 and C10H10. (A-D) Surface representation illustrations of the neutralizing epitopes recognized by 
C7G6 (A), C3G10 (B), C11B10 (C) and C10H10 (D) on the HA trimer model of B/Florida/4/2006, generated using DS Visualizer 1.7 (version 1.7, Accelrys, Inc.). The 
structure was constructed via homology modeling, as described previously [18]. The epitope was determined using a molecular docking strategy. Red, amino acid 
substitutions; green, contact residues unique to the antibody epitope; orange, contact residues unique to RBS; yellow, common contact residues of the antibody 
epitope and the RBS. Residue numbers are shown; contact residues of the epitope with amino acid substitutions are in yellow and others are in black. 

 

Neutralization mechanisms of C7G6-IgM, 
C3G10-IgM, C11B10 and C10H10-IgG 

Broadly neutralizing influenza antibodies such 
as CR8033, which binds to the RBS domain in the HA 
of influenza virus, exhibit HI activity against 
Yamagata lineage strains and neutralize virus strains 
of this lineage through viral entry inhibition [18]. The 
C7G6-IgM, C3G10-IgM, C11B10 and C10H10-IgG 
antibodies exhibit broad HI activity against distinct 
lineages of influenza B viruses, suggesting that these 
antibodies could directly prevent viruses from 

infecting cells. A comparative study of the 
neutralizing mechanisms of these four antibodies was 
performed, using four influenza B virus strains: 
B/Florida/4/2006 (Yamagata), B/California/10/ 
2016-like (Yamagata), B/Hong Kong/330/2001 
(Victoria) and B/California/11/2016-like (Victoria). 
Consistent with the HI activities exerted by these 
antibodies against both influenza B lineages, 
C7G6-IgM strongly inhibited infection by all four 
viruses, C3G10-IgM and C10H10-IgG effectively 
prevented infections with three of the viruses 
(B/Florida/4/2006, B/California/10/2016-like and 
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B/Hong Kong/330/2001), while C11B10 blocked all 
B/Florida/4/2006 and B/Hong Kong/330/2001 
viruses and a portion of B/California/11/2016-like 
virus from attaching to cells (Figure 9). In contrast, the 
control antibody did not prevent cells from being 
infected by any of the viruses (Figure 9). It has been 
reported that some anti-HA head antibodies are able 
to neutralize influenza virus by inhibiting membrane 
fusion [19]. We performed a red blood cell (RBC) 
fusion assay to determine whether these antibodies 
inhibit membrane fusion in both lineages of influenza 
B viruses. Fusion was determined by measuring the 
release of NADPH through RBC lysis. We observed 
that C7G6-IgM, C3G10-IgM, C11B10 and C10H10-IgG 
antibodies inhibited lysis of Victoria lineage 
virus-infected RBCs to varying degrees, indicating 
that a portion of viral particles were prevented from 
fusing with RBC membranes, but that none of these 
antibodies inhibited lysis of RBCs infected with 
Yamagata lineage virus, whereas the positive control 
antibody C12G6 was able to inhibit the lysis of cells 
infected with either virus lineage (Figure S15). 

Discussion 
BnAbs have been evaluated as promising agents 

in the fight against influenza and other infectious 
diseases. Four classes of influenza B bnAbs with 
high-efficacy antiviral activities have been developed 
in recent years; classified according to epitope 
distribution, these include the RBS-reactive 

antibodies, vestigial esterase domain-reactive 
antibodies, HA stem-reactive antibodies and NA 
head-reactive antibodies [18, 29-31]. Although all 
these antibodies can efficiently neutralize different 
lineages of influenza B viruses both in vitro and in 
vivo, only the RBS-reactive antibodies are able to 
directly inhibit viruses to prevent cell infection and 
have consequently been confirmed to confer stronger 
cross-protection against influenza B viruses than the 
other three classes of bnAbs, which exert antiviral 
effects only after infection has been initiated [18, 21]. 
Additionally, influenza B viruses evolve more slowly 
than influenza A viruses, and the receptor binding site 
domain is conserved among the three lineages of 
influenza B; indeed, representative RBS-reactive 
antibodies are able to neutralize various virus strains 
isolated since influenza B was first identified in 1940 
[21]. Therefore, RBS-reactive bnAbs appear to be the 
most promising candidate out of the four classes of 
influenza B bnAbs for the development of novel 
high-efficacy therapeutics against influenza B 
infection. On the other hand, it will also be 
meaningful to develop the other three classes of 
bnAbs, as the HA vestigial esterase, HA stem and NA 
head domains are more conserved than the HA 
globular head domain; the development of various 
classes of bnAbs recognizing distinct epitopes will 
facilitate the formulation of broader-spectrum and 
more potent therapeutic antibody cocktails against 
influenza B virus infection. We and other groups have 
reported several RBS-targeted HA bnAbs that broadly 

 

 
Figure 9. Neutralization mechanisms of C7G6-IgM, C3G10-IgM, C11B10 and C10H10-IgG. MDCK cells were inoculated with B/Florida/4/2006 
(Yamagata), B/California/10/2016-like (Yamagata), B/Hong Kong/330/2001 (Victoria) or B/California/11/2016-like (Victoria) virus preincubated with the indicated 
antibody. The expression of influenza B NP protein in MDCK cell monolayers 16-18 h after inoculation was detected by immunofluorescence using a monoclonal 
anti-NP primary antibody. Green, infected cells positive for NP protein; black, infected cells negative for NP protein. Scale bars = 100 μm. This experiment was 
repeated three times; one representative dataset is shown. 
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cross-protect against influenza B viruses with great 
potency [18, 21]. However, these bnAbs still fail to 
neutralize some influenza B virus variants. Thus, it is 
highly desirable to find a new approach to identify 
and/or engineer bnAbs with even greater potency 
and breadth of recognition to counteract the rapidly 
evolving threat from influenza and other virus 
infections.  

In this study, we generated and identified two 
IgM bnAbs (7G6-IgM and 3G10-IgM) and two IgG 
bnAbs (10H10-IgG and 11B10-IgG) using the murine 
hybridoma technique. We further switched the classes 
of these bnAbs to IgG and IgM, respectively, to 
understand the biological properties of IgG and IgM 
versions of the same antibody. We report here seven 
bnAbs exhibiting cross-lineage HI and MN activities 
against the RBS domain of influenza B viruses, 
designated C7G6-IgM, C7G6-IgG, C3G10-IgM, 
C3G10-IgG, C10H10-IgM, C10H10-IgG and C11B10. 
These antibodies effectively inhibit both Yamagata 
and Victoria lineage influenza B viruses in in vitro and 
in vivo experiments by blocking the attachment of 
these viruses to cells. One of these antibodies, 
C7G6-IgM, shows superior HI and MN activities to 
the other bnAbs, including its IgG and monomeric 
IgM variants, and is able to neutralize a panel of 
influenza B viruses representing strains isolated since 
1940. C7G6-IgM blocks virus infection by preventing 
viral entry and confers stronger cross-protection 
against both of the currently circulating genetic 
lineages of influenza B viruses in mice and ferrets 
than its IgG variant and other antibodies in this study. 
Importantly, C7G6-IgM partially protected mice from 
lethal challenges of influenza B virus strains from 
both lineages, even when given at 5 days post 
infection, and a single treatment of C7G6-IgM confers 
stronger cross-protection against influenza B virus 
than oseltamivir. Interestingly, coadministration of 
C7G6-IgM and oseltamivir provided better protective 
efficacy than either treatment alone, most likely 
because they target distinct viral proteins and 
different steps of the viral life cycle. Because of its 
high therapeutic efficacy, C7G6-IgM is a promising 
candidate for the development of high-efficacy 
immunotherapy against influenza B. 

We demonstrated that isotype switching from 
IgM to IgG had an impact on the ability to inhibit viral 
infection, and that the polymeric form of C7G6 is 
critical to its strong potency and broad breadth of 
viral neutralization. This was verified by data 
revealing that the pentameric form of C7G6-IgM has 
stronger affinity for influenza B HA than the 
monomeric form of C7G6-IgG. Thus, due to steric 
hindrance and high avidity, the large and bulky 
pentamers of IgM antibodies are likely to inhibit viral 

attachment and entry even more effectively and 
potently block virus infection. These results are 
consistent with the data generated during 
investigations into the use of the IgM antibody 
PAT-SM6 in various cancer treatments; the 
pentameric structure of this IgM antibody 
demonstrated high avidity and bound to targets much 
more strongly than monomeric IgGs [32]. The 
advantages of IgM antibodies in blocking viral 
infection may also inform the development of 
broad-spectrum prophylactics or therapeutics to 
utilize against other pathogenic microbes.  

At present, most antibody-based therapeutics 
are IgGs. However, extensive research in the past 
years has led to the realization that IgM antibodies 
have potential as therapeutics; several monoclonal 
IgM antibodies have been developed as therapeutic 
agents and administered in clinical trials to collect 
evidence regarding efficacy and safety [33-36]. An 
IgM-based therapeutic product, Pentaglobin, is now 
available from Biotest [37]. Pentaglobin is unique in its 
ability to neutralize infectious pathogens, being far 
superior to normal IgG preparations; a result 
consistent with our data on C7G6-IgM. Although 
most IgM-based agents are still either in laboratory or 
clinical trials, the above studies clearly support the 
role of monoclonal IgMs as therapeutic agents. 
Despite the growing clinical promise, IgM antibodies 
have so far failed to be widely used as therapeutics 
because these antibodies are considered difficult to 
produce and purify. Due to the large size of these 
proteins, the production of sufficient quantities of 
functionally active recombinant IgMs is still a 
challenge. However, the availability of human 
therapeutic IgM is now becoming more feasible due to 
the implementation of recombinant expression 
systems like Per.C6 [38] and successful increases in 
fermentation scale [39], making IgM generation 
economically competitive with that of IgG antibodies. 
The Per.C6 cell derived IgM antibody PAT-SM6 has 
proved to be safe in humans, with no reported serious 
adverse events during a phase I study [40]. The 
half-lives of IgMs are short, ranging from 
approximately 1.76 h to 5 days in clinical studies [26], 
however, we found that C7G6-IgM confers potent 
cross-protection against both lineages of influenza B 
viruses in mice and ferrets even though it has a 
half-life of only 1.479 days. In conclusion, despite 
C7G6-IgM being of the IgM isotype, it will not be 
difficult to produce and purify this type of antibody, 
and the superior cross-lineage protection of 
C7G6-IgM ensures that it is a promising candidate for 
the development of novel anti-influenza B virus 
agents. 

It is relatively difficult to develop bnAbs 
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recognizing the RBS domain of influenza virus, due to 
the high variability in the HA head region. We have 
previously demonstrated that influenza B bnAbs can 
be generated when mice are sequentially immunized 
intranasally with live influenza B viruses. In this 
study, we developed four bnAbs from mice using the 
same immunization strategy, reconfirming that 
influenza B bnAbs can be generated from mice 
sequentially immunized with live B/Florida/4/2006 
(Yamagata) and B/Brisbane/60/2008 (Victoria) 
viruses via the intranasal route. Another study, 
utilizing intramuscular immunization, reported that 
priming with Victoria and boosting with Yamagata 
induced more responses to both lineages than 
priming with Yamagata and boosting with Victoria 
[41]. It has been shown that the route of 
administration strongly influences both the quantity 
and quality of vaccine-induced immunity [42, 43]. 
Thus, a rational design for sequential and mucosal 
immunization strategies should be considered in 
generating bnAbs. For the first time, we demonstrated 
that antiviral polyclonal sera containing a large 
amount of IgM antibodies has cross-lineage HI and 
MN activities against IBVs. Hence, a more efficient 
way to screen bnAbs may be to select IgM, rather than 
IgG, subtype antibodies. The subsequent generation 
of two IgM subtype bnAbs, 7G6-IgM and 3G10-IgM, 
further confirmed our hypothesis that IgM bnAbs can 
have strong neutralizing ability. The superior 
antiviral effects of these two antibodies can probably 
be attributed to the properties inherent to the 
pentameric form of the IgM antibody, as the chimeric 
IgM forms of the two antibodies retain potent 
antiviral activity, whereas an obvious decrease in 
activity was observed for the chimeric IgG and 
monomeric IgM versions. These results demonstrate 
that specific IgM antibodies with multivalent 
fragments are effective in neutralizing pathogens. 
However, not all of the IgM antibodies exhibited 
stronger antiviral activity than their IgG variants, for 
example, the IgG variant of 10H10 antibody is 
superior to its IgM variant in terms of both HI and 
MN activity. Therefore, the ability of IgM antibodies 
to broadly and potently inhibit viruses might depend 
on which epitope they target. The strong 
broad-spectrum antiviral effects exerted by C7G6-IgM 
in this study suggest that there are specific epitopes 
near the RBS domain of IBVs which are suitable 
targets for IgM subtype bnAbs.  

There are certain limitations associated with this 
study. Further confirmation of the protective potential 
of humanized versions of the antibodies generated in 
this study is necessary. Identification of the epitopes is 
important for understanding the distinct antiviral 
activities of the IgM and IgG variants of these 

antibodies, and the epitopes bound by the IgM and 
IgG subtype antibodies still need to be characterized 
precisely. The exact structure of the epitopes targeted 
by these antibodies will also provide guidance for the 
design of universal vaccines against influenza B.  

Methods 
Viruses and recombinant HA 

The influenza virus strains B/Lee/1940, 
B/Taiwan/2/1962, B/Singapore/3/1964, B/Florida/ 
4/2006, B/Hong Kong/330/2001, B/Malaysia/2506/ 
2004, B/Brisbane/60/2008, B/Brisbane/33/2008 and 
A/California/04/2009 were kindly provided by BEI 
Resources. The virus strains B/Victoria/507/2007- 
like, B/Brisbane/3/2007-like, B/Massachusetts/02/ 
2012-like, B/Singapore/Gp414/2014-like, B/ 
California/10/2016-like, B/Taiwan/94/2005-like, 
B/New York/1093/2006-like, B/Hong Kong/537/ 
2009-like, B/Rhode Island/01/2012-like, B/New 
York/1352/2012-like, B/Washington/07/2014-like 
and B/California/11/2016-like were from the 
collection at the First Affiliated Hospital of Xiamen 
University and the Xiamen International Travel 
Healthcare Center. The mouse-adapted strains 
MA-B/Florida/4/2006 (Yamagata), MA-B/Brisbane/ 
60/2008 (Victoria) and MA-B/Lee/1940 (Ancestral) 
were generated in our laboratory through successive 
passaging in the lungs of mice; the MLD50 (50% mouse 
lethal dose) of MA-B/Florida/4/2006 is 3.60×103 
TCID50, the MLD50 of B/Brisbane/60/2008 is 4.74×104 
TCID50, the MLD50 of MA-B/Lee/1940 is 2.57×104 
TCID50. All viruses were grown in Madin-Darby 
Canine Kidney (MDCK) cells using standard viral 
culturing techniques. Viruses used in ELISA assays 
were concentrated and purified via high-speed 
centrifugation of infected cell supernatants through a 
30% sucrose cushion, as described previously [44]. 
The purified viruses were resuspended in 
phosphate-buffered saline (PBS) and stored at -80 °C 
until use. MDCK cells were maintained in Dulbecco 
Modified Eagle’s Medium (DMEM) supplemented 
with 10% fetal calf serum (FCS). Recombinant HA 
proteins of B/Florida/4/2006 and B/Brisbane/60/ 
2008 with no foldon domain were prepared using a 
baculovirus vector in insect cells, as described 
previously [45]. 

Production of mouse immune sera and 
monoclonal antibodies 

For the serum collection and characterization, 
six-week-old female BALB/c mice were immunized 
intranasally on day 0 with live Yamagata lineage virus 
strain B/Florida/4/2006 at 1×104 TCID50 per mouse 
[46]. Sera were collected at 7 and 14 days after 
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immunization. Sera were treated with Receptor 
Destroying Enzyme II (RDE II, Denka Seiken, Japan) 
before ELISA, HI and MN assays were performed, 
according to the manufacturer’s instructions. For the 
generation of cross-reactive antibodies, six-week-old 
female BALB/c mice were sequentially immunized 
intranasally with B/Florida/4/2006 and 
B/Brisbane/60/2008 at days 0 and 14, respectively, at 
1×104 TCID50 per mouse. 7 or 14 days after the last 
immunization, spleen cells were collected from 
immunized mice, fused with mouse myeloma Sp2/0 
cells and maintained according to a standard 
procedure [25]. The hybridomas were screened for the 
secretion of influenza B virus-specific mAbs in HI and 
MN assays against both B/Florida/4/2006 
(Yamagata) and B/Brisbane/60/2008 (Victoria) in 
parallel. Two IgM subtype cross-reactive mAbs 
(7G6-IgM and 3G10-IgM) from the first fusion 
detection and two IgG subtype cross-reactive mAbs 
(11B10-IgG and 10H10-IgG) from the second fusion 
detection were identified. The hybridomas producing 
the four antibodies were cloned three times via 
limiting dilution, then the IgG antibodies and IgM 
antibodies were purified from mouse ascites using 
protein A agarose columns (Bio-Rad, Hercules, USA) 
and protein L affinity chromatography (GE 
Healthcare, Marlborough, USA), respectively, 
performed according to the producer’s instructions. 

Cloning and sequence analysis 
Total RNA from 107 hybridoma cells was 

extracted using a MiniBEST Universal RNA 
Extraction Kit (TaKaRa, Dalian, China). The extracted 
RNA was then subjected to a reverse transcription 
reaction with the following primers: 5'-CCGTT 
TGKATYTCCAGCTTGGTSCC-3' for reverse 
transcription of the light chain variable region gene 
and 5'-CGGTGACCGWGGTBCCTTGRCCCCA-3' for 
reverse transcription of the heavy chain variable 
region gene. The coding regions of the H- and 
L-chains of the antibodies were amplified by PCR 
using the following primers: 5'-ATGGACTCCAGG 
CTCAATTTAGTTTTCCT-3' (H-chain-forward) and 
5'-CGGTGACCGWGGTBCCTTGRCCCCA-3' 
(H-chain-reverse); and 5'-ATGAAGTTGCCTGTT 
AGGCTGTTGGTGCT-3' (L-chain-forward) and 
5'-CCGTTTGKATYTCCAGCTTGGTSCC-3' (L-chain- 
reverse). The PCR products were cloned into a 
pMD18-T vector and sent to the Shanghai Boya 
Company for sequencing. The sequences of the 
antibody variable regions were confirmed using 
BLAST alignment, and the corresponding amino acid 
sequences were determined. The RNA of influenza 
virus strains used in this study was extracted from 
samples using a QIAamp Viral RNA Mini Kit 

(Qiagen, Dusseldorf, Germany), according to 
manufacturer’s instructions. The extracted viral RNA 
was subjected to one-step RT-PCR (QIAGEN 
One-Step RT-PCR Kit) with influenza B HA primer 
sets, as described previously [47]. The PCR products 
were gel purified using a Universal DNA Purification 
Kit (TianGen, Beijing, China) and were sent to the 
Shanghai Boya Company for sequencing.  

Construction of chimeric antibodies  
The construction of IgG chimeric antibodies 

containing human Fc fragments was performed as 
described previously [48]. Briefly, the variable gene 
regions of each antibody were inserted into a pTT5 
vector containing the constant region of human IgG1 
gamma-heavy or kappa-light chain. The recombinant 
antibodies were expressed in Chinese hamster ovary 
(CHO) cells by transient transfection and purified 
from culture media via MabSelect XtraTM affinity 
chromatography (Amersham GE Health, Boston, 
USA). 

For the pentameric IgM chimeric antibodies, the 
pTT5-based human IgM expression vectors contain a 
murine immunoglobulin signal peptide, as described 
[49], and variable-gene cloning sites upstream of the 
human IgM heavy chain constant region or human 
kappa-light constant region were constructed. The 
IgM kappa-light chain and human immunoglobulin J 
chain cDNA (a gift from Dr. Jiahuai Han) were 
inserted into one pTT5 vector via a P2A 
(GSGATNFSLLKQAGDVEENPGP)-based bicistronic 
expression strategy; the light chain encoding vector 
was constructed without J chain cDNA to produce 
monomeric IgM. The IgM heavy chain constant region 
was amplified from the human IgM-secreting 
lymphoblastoid cell line, Daudi (ATCC® CCL-213™), 
with RT-PCR primers 5’-ATGGGGAGTGCAT 
CCGCCCCAAC-3’ (upper) and 5’-TCAGTAGCA 
GGTGCCAGCTG-3’ (lower) and inserted into another 
pTT5 vector. The variable genes of each antibody 
were cloned into these vectors in frame with the signal 
peptide and constant region genes. The same heavy 
chain encoding plasmid was shared for expression of 
both pentameric and monomeric IgM antibodies. 
These vectors were then co-transfected into CHO cells 
for expression at a heavy to light chain ratio of 1:1.5. 
Both pentameric and monomeric IgM antibodies in 
supernatants were subsequently purified via protein 
L affinity chromatography. Detailed information on 
the monoclonal antibodies used in this study is listed 
in Table S1. 

High performance size-exclusion 
chromatography (HPSEC) 

The experiment was performed as described 
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previously [50]. Purified human IgM (Luoyang Bai 
Aotong Experimental Materials Center, Luoyang, 
China), protein standards (440 kDa and 158 kDa from 
GE Healthcare), and purified IgM subtype and IgG 
subtype antibodies were subjected to HPLC (Agilent 
Technologies 1200 series, Beijing, China) through a 
TSK Gel G3000 PWXL 7.8×300 mm column (TOSOH, 
Shanghai, China) equilibrated in phosphate buffer 
(pH 6.5) with 0.5 M NaCl. The column flow rate was 
maintained at 0.5 mL/min, and proteins in the eluates 
were detected at 280 nm. 

ELISA  
For the determination of ELISA EC50 (50% 

effective concentration) values of antibodies against 
influenza B virus strains, microtiter plates (Wantai 
BioPharm, Beijing, China) were coated overnight at 4 
°C with 5 μg/mL purified viruses or 2 μg/mL 
recombinant HA proteins (50 μL per well). The plates 
were washed thrice with PBS containing 0.1% v/v 
Tween-20 (PBST) and blocked with blocking solution 
(phosphate-buffered saline with 2% sucrose, 0.2% 
casein-Na, and 2% gelatin) for 2 h at 37 °C. The plates 
were then washed with PBST. Serial 2-fold dilutions 
of sera or purified antibody were added to the wells 
and incubated at 37 °C for 30 min. The antibodies 
tested in this assay were the mouse antibodies 
7G6-IgM, 3G10-IgM, 11B10-IgG and 10H10-IgG, and 
the chimeric antibodies C7G6-IgM, C7G6-IgG, 
C3G10-IgM, C3G10-IgG, C10H10-IgM, C10H10-IgG 
and C11B10. After three washes, 100 μL of 
horseradish peroxidase (HRP)-conjugated goat 
anti-mouse (or anti-human) antibody solution was 
added to each well and incubated at 37 °C for 30 min. 
After five washes, 100 μL of tetramethylbenzidine 
(TMB) substrate (Wantai BioPharm) was added at 
room temperature in the dark. After 15 min, the 
reaction was stopped with a 2 M H2SO4 solution. The 
absorbance was measured at 450 nm. All samples 
were run in triplicate. The relative affinity of antibody 
binding to purified viruses was determined by 
measuring the concentration of antibody required to 
achieve the EC50.  

For competition ELISA, an additional 
preincubation with a 10-fold molar excess of 
unlabeled competitor antibodies was performed 
before adding the mAbs to the plate. Competition 
levels were calculated as the percentage inhibition of 
the half-maximal binding concentration of test 
antibody relative to the absorbance without added 
competitor [51]. For the determination of serum 
antibody responses, influenza virus-specific total IgG 
and IgM concentrations were determined as described 
previously [52]. Purified mouse IgG and IgM were 
used as standards to determine the relative antibody 

concentrations in immune sera from optical 
spectrophotometer readings at 450 nm.  

Affinity measurement by bio-layer 
interferometry (BLI) 

B/Florida/04/2006 HA protein was biotinylated 
using an EZ-Link™ Sulfo-NHS-LC-Biotin kit (Thermo 
Fisher Scientific, Waltham, MA, USA, Cat No: 21335). 
Octet system K2 (Part No: 30-5050), Streptavidin (SA) 
Biosensor (Part No: 18-5019) and kinetics buffer (Part 
No: 18-1105) were purchased from Pall Life Sciences 
(Menlo Park, CA, USA). Biotinylated FL/2006 HA 
proteins (30 µg/mL) were loaded onto SA biosensors 
for 180 s, following by soaking the biosensors in 
kinetics buffer for 10 s. Next, the loaded biosensors 
were exposed to a series of different dilutions of 
C7G6-IgG and C7G6-IgM antibodies (1.23–33.3 nM) 
for 90 s, followed by dissociation for 30 s. Background 
subtraction was used to correct for sensor drifting. All 
experiments were performed with shaking at 1,000 
rpm. Background wavelength shifts were measured 
from reference biosensors that were loaded only with 
kinetics buffer. ForteBio’s data analysis 9.0 software 
was used to fit the data to a 1:1 binding model to 
extract an association rate and dissociation rate. The 
KD was calculated using the ratio kdis(Koff)/kon 
[53]. 

HI assay 
The HI assay was carried out as described 

previously [54], with slight modifications. Briefly, 
virus was diluted to 8 HA units and combined with an 
equal volume of serially diluted antibody or sera and 
incubated for 1 h at room temperature. An equal 
volume of 0.5% turkey red blood cells (TRBCs) was 
added to the wells, followed by another 1-h 
incubation at room temperature. The lowest 
concentration of mAb or sera that completely 
inhibited hemagglutination was designated the HI 
titer. 

Micro-neutralization assay 
Micro-neutralization (MN) assays were carried 

out as described previously [18]. Briefly, MDCK cells 
were maintained in DMEM supplemented with 10% 
FCS at 37 °C, 5% CO2. On the day of the experiment, 
MDCK cells in a 96-well format plate were washed 
twice with PBS and incubated in DMEM 
supplemented with 3 μg/mL TPCK-treated trypsin 
(Sigma-Aldrich, St Louis, MO, USA, Cat No: T1426). 
Serial 2-fold dilutions of mAb or sera were mixed 
with an equal volume of virus and incubated for 2 h at 
37 °C. After incubation, 35 µL of the mixture, 
containing 100 TCID50 (50% tissue culture infectious 
dose) of virus, was then added to MDCK cells and 
incubated for 1 h. The viral supernatant was removed 
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and replaced with DMEM plus antibiotics. The cells 
were cultured for 72 h at 37 °C in the presence of 5% 
CO2, and the neutralizing titer was determined using 
the HA test. For the HA test, 50 µL of 0.5% TRBCs was 
added to 50 µL of cell culture supernatant, and the 
mixture was incubated at room temperature for 1 h. 
The neutralization titer was the highest mAb or sera 
dilution that was negative for hemagglutination. The 
assay was performed in quadruplicate. IC50 values 
were determined using the Spearman-Kärber 
formula. 

Evaluation of antibody half-lives in mice 
Antibody half-lives were measured as described 

previously [21]. Briefly, 6- to 8-week-old female 
BALB/c mice were injected intravenously (i.v.) with 
purified antibody (C7G6-IgM or C7G6-IgG) at a 
concentration of 10 mg/kg. The mice (n=5/group) 
were bled on days 1, 4, 7, 11 and 14, and human IgM 
and IgG concentrations measured by ELISA. The t1/2 
of the elimination phase was determined with a 
one-phase exponential decay model using data points 
between days 1 and 14 post-injection. GraphPad 
Prism software was used for this analysis. 

Prophylactic and therapeutic efficacy studies in 
mice  

All in vivo studies were performed in accordance 
with Institutional Animal Care and Use Committee 
guidelines and were approved by the Ethics 
Committee of Xiamen University Laboratory Animal 
Center. In a prophylactic setting, groups of 6 female 
BALB/c mice aged 6 to 8 weeks were injected 
intraperitoneally (i.p.) with 200 μL of antibody. One 
day later, the mice were deeply anaesthetized and 
challenged intranasally (i.n.) with 25 MLD50 of virus. 
In a therapeutic setting, the mice received the 
antibody 1 day after infection, or were administered 
with the antibody or oseltamivir at the indicated 
doses starting from 1, 3, or 5 days after infection. For 
oseltamivir comparison studies, mice received 
oseltamivir (25 mg/kg) orally twice daily for 4 days. 
For the co-administration study, the mice were 
administered with a single treatment of C7G6-IgM 
intraperitoneally at 5 mg/kg (with water 
administered orally to mimic the oseltamivir 
treatment), oseltamivir orally at 25 mg/kg twice a day 
for 4 days (accompanied by a single dose of control 
antibody at 5 mg/kg), or a combined treatment of 
C7G6-IgM and oseltamivir, starting at 2 days after 
infection. The animals were observed daily for 
mortality and morbidity, and body weight was 
measured for up to 14 days after infection. Animals 
that lost more than 25% of their initial body weight 
were euthanized in accordance with our animal study 

protocol. The lungs of an additional 4 mice per 
experimental condition were collected at 4 days after 
infection for virus titration.  

Therapeutic efficacy studies in ferrets 
The ferret experiments were carried out as 

described previously [21]. Fourteen-week-old male 
ferrets, certified by the supplier to be free of any 
evidence of infectious, contagious or communicable 
disease, were kept in the BSL2 laboratories for at least 
14 days prior to the experiment for acclimatization. 
All ferrets were subcutaneously implanted with a 
microchip (implantable, programmable temperature 
transponder IPTT-300, Bio Medic Data Systems, 
Seaford, USA) between the shoulder blades, with 
subcutaneous body temperature measured by the 
microchip, and data reported by the transponder chip 
twice a day. Baseline body weight and temperature 
levels were measured for at least 7 days prior to the 
assay. Ferrets were anesthetized with isoflurane and 
received 500 μL of the virus per naris (1 mL in total) 
containing 1×107 TCID50. Ferrets were held upright 
with their head tilted slightly back for about 1 minute 
to avoid the likelihood of inoculum dripping from the 
nares. The ferrets were then returned to their home 
cage and observed for righting reflex. A day later, the 
ferrets were anesthetized with isoflurane and oxygen 
and injected i.p. with the antibody. Ferrets were 
observed twice daily, with nasal discharge, sneezing, 
activity level and weight of animals being measured 
on day 0, prior to infection, and each day thereafter. 
Nasal washes were collected daily for the first 7 days 
following infection for virus titration.  

Selection of escape mutants 
1×107 PFU of influenza B virus was incubated 

with an excess of antibody (100 μg/mL) for an hour at 
room temperature and the mixture was injected into 
10-day-old embryonated chicken eggs. After 48-72 h 
of culture, the harvested allantoic fluid was plaqued 
in the presence of the antibody (10 μg/mL): viruses 
that grew in these conditions were collected and the 
complete HA sequence of these viruses determined. 

Sequence analysis of antibody epitope 
conservation  

A total of 2,000 full-length, non-redundant 
influenza B HA sequences were downloaded from the 
NCBI FLU database [55]. All 2,000 sequences were 
aligned and analyzed using BIOEDIT software. In this 
analysis, a residue was considered conserved only if it 
was the same between two sequences. The values 
reported for percent conservation are the number of 
sequences with an identical residue at a position 
divided by the total number of sequences. 
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Homology modeling and molecular docking 
The B/Florida/4/2006 HA structure was 

constructed using Discovery Studio software, based 
on the crystal structure of B/Hong Kong/8/1973 
(PDB ID: 3BT6). The 3D antibody model was 
determined by individually selecting the optimal 
framework and complementarity-determining region 
(CDR) template fragments from the crystal structures 
of known antibodies, based on sequence alignment. 
Through energy minimization, the CDR loops were 
grafted to a matched framework. The antibody and 
the HA were analyzed using ZDOCK in the 
ZDOCKpro module of the Insight II software package 
[56]. The antibody was used as the ligand, and the HA 
was used as the receptor. To save computing time, the 
HA2 regions and the constant regions of the antibody 
Fab were blocked. From the ZDOCK output file, the 
first 30 poses were selected for further RDOCK 
analysis [57]. Some escape mutants were used to 
narrow the range of choices. Based on the RDOCK 
scores and subjective judgment, a likely 
antibody-antigen complex structure was deduced.  

Cell-based entry inhibition assay 
The assay was performed as described 

previously [21]. Briefly, viruses were incubated with 
10 μg/mL purified antibody for 1 h. After incubation, 
the mixture was added to MDCK cell monolayers 
cultured in 96-well format in infection medium. The 
inoculum was subsequently removed and replaced 
with medium supplemented with 10 μg/mL 
antibody, then cells cultured for 16-18 h at 37 °C in the 
presence of 5% CO2. The supernatants were then 
removed. The cells were fixed using 80% acetone and 
subjected to immunofluorescence analysis by labeling 
infected cells with a mouse monoclonal anti-NP 
primary antibody and an Alexa488-coupled 
anti-mouse secondary antibody (Invitrogen, Carlsbad, 
USA). The plates were further analyzed using an 
inverted fluorescence microscope. 

Red blood cell fusion assay 
The RBC fusion assay was performed as follows. 

Briefly, 100 μL of human red blood cells (2% final red 
cell concentration) were mixed with 100 μL of 
B/Florida/4/2006 or B/Brisbane/60/2008 virus 
(1×107 TCID50) and incubated on ice for 30 min. 
Antibodies were serially diluted and added to 
RBC/virus mixtures, then incubated for 30 min at 
room temperature. The samples were spun down at 
3,000 ×g for 5 min and the supernatant discarded. 200 
μL of a buffered solution (15 mM citric acid pH 5.0, 
150 mM NaCl) was added and the mixture incubated 
at 37 ºC for 30 min. The samples were spun at 3,000 ×g 
and the supernatant harvested. Lysis of RBC was 

measured by the presence of NADPH (absorbance at 
OD 340 nm) in the supernatant.  

Statistical analysis 
The bars in this study represent the mean ± 

standard error of the mean (SEM). To establish 
significant differences for survival curves, we used 
the log-rank test in GraphPad Prism 6.0. To determine 
significant differences for virus titers, inhibition, body 
weight and body temperature changes, the t-test was 
used. Statistical analyses were performed with Prism 
software (GraphPad). Statistical significance is 
indicated, where tested, as follows: *P ≤ 0.05; **P ≤ 
0.01; ***P ≤ 0.001. 

Accession numbers  
Nucleotide sequences for the variable regions of 

antibodies 7G6-IgM, 3G10-IgM, 11B10-IgG and 
10H10-IgG and the HA genes of the viruses used in 
this study have been deposited in GenBank: 
MF033139 (7G6-IgM, VH), MF033138 (7G6-IgM, VL), 
MF033141 (3G10-IgM, VH), MF033140 (3G10-IgM, VL), 
MF136409 (11B10-IgG, VH), MF136410 (11B10-IgG, 
VL), MF136411 (10H10-IgG, VH), MF136412 
(10H10-IgG, VL), KY848342 
(B/Victoria/507/2007-like), KY848345 
(B/Taiwan/94/2005-like), KY848346 (B/New 
York/1093/2006-like), KY848343 
(B/Brisbane/3/2007-like), KY848347 (B/Hong 
Kong/537/2009-like), KY848348 (B/Rhode 
Island/01/2012-like), KY848349 (B/New 
York/1352/2012-like), KY848344 
(B/Massachusetts/02/2012-like), KY848350 
(B/Washington/07/2014-like), MF102256 
(B/Singapore/Gp414/2014-like), KY273068 
(B/California/11/2016-like), KY273076 
(B/California/10/2016-like). 

Abbreviations 
bnAbs: broadly neutralizing antibodies; ELISA: 

enzyme-linked immunosorbent assay; HA: 
hemagglutinin; HI: hemagglutination inhibition; 
HPLC: high-performance liquid chromatography; 
IBV: influenza B virus; IC50: half maximal inhibitory 
concentration; IgG: Immunoglobulin G; IgM: 
immunoglobulin M; MA: mouse-adapted; MLD50: 
50% mouse lethal dose; MN: micro-neutralization; 
RBC: red blood cell; RBS: receptor binding site; SEM: 
standard error of the mean; TCID50: median tissue 
culture infectious dose; TRBC: turkey red blood cell. 
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