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ABSTRACT Cholera remains a major public health problem in resource-limited
countries. Vaccination is an important strategy to prevent cholera, but currently
available vaccines provide only 3 to 5 years of protection. Understanding immune
responses to cholera antigens in naturally infected individuals may elucidate which
of these are key to longer-term protection seen following infection. We recently
identified Vibrio cholerae O1 sialidase, a neuraminidase that facilitates binding of
cholera toxin to intestinal epithelial cells, as immunogenic following infection in two
recent high-throughput screens. Here, we present systemic, mucosal, and memory
immune responses to sialidase in cholera index cases and evaluated whether sys-
temic responses to sialidase correlated with protection using a cohort of household
contacts. Overall, we found age-related differences in antisialidase immune response
following cholera. Adults developed significant plasma anti-sialidase IgA, IgG, and
IgM responses following infection, whereas older children ($5 years) developed both
IgG and IgM responses, and younger children only developed IgM responses.
Neither older children nor younger children had a rise in IgA responses over the
convalescent phase of infection (day 7/day 30). On evaluation of mucosal responses
and memory B-cell responses to sialidase, we found adults developed IgA antibody-
secreting cell (ASC) and memory B-cell responses. Finally, in household contacts, the
presence of serum anti-sialidase IgA, IgG, and IgM antibodies at enrollment was
associated with a decrease in the risk of subsequent infection. These data show chol-
era patients develop age-related immune responses against sialidase and suggest
that immune responses that target sialidase may contribute to protective immunity
against cholera.

IMPORTANCE Cholera infection can result in severe dehydration that may lead to
death within a short period of time if not treated immediately. Vaccination is an im-
portant strategy to prevent the disease. Oral cholera vaccines provide 3 to 5 years of
protection, with 60% protective efficacy, while natural infection provides longer-term
protection than vaccination. Understanding the immune responses after natural
infection is important to better understand immune responses to antigens that
mediate longer-term protection. Sialidase is a neuraminidase that facilitates binding
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of cholera toxin to intestinal epithelial cells. We show here that patients with cholera
develop systemic, mucosal, and memory B-cell immune responses to the sialidase
antigen of Vibrio cholerae O1 and that plasma responses targeting this antigen corre-
late with protection.

KEYWORDS sialidase, cholera, immune response, Vibrio cholerae, antibody, humoral,
mucosal, children, adults, memory B cell

Cholera, a severe dehydrating diarrheal disease, remains an important public health
problem in resource-limited countries, particularly in certain parts of Asia and

Africa, where significant sections of the population lack access to safe water and
adequate sanitation. In addition, natural disasters, such as the earthquake in Haiti in
2010, and conflicts, such as the ongoing war in Yemen, have been accompanied by
epidemics of cholera (1–3). The WHO estimates that there are approximately 3 million
cases of cholera worldwide each year, resulting in about 95,000 deaths (4). An impor-
tant strategy to prevent and control cholera is vaccination. However, current vaccines
provide more limited protection, especially in younger age groups (5–7), compared to
natural infection with Vibrio cholerae, which induces 90 to 100% protection against
reinfection that lasts for up to 10 years in adults and children (8, 9). Understanding
how long-lasting protection after natural infection is mediated may provide insights
on how to improve current vaccine efficacy and duration of protection.

Recently, we have shown in two separate immunoscreens using antigen arrays con-
taining nearly all the V. cholerae O1 proteins that adult cholera patients develop anti-
body responses against the V. cholerae sialidase during the early convalescent stages
(10, 11). The first study characterized the antigenic targets of a library of monoclonal
antibodies generated by single-cell expression of cholera-induced antibody-secreting
cells and identified the V. cholerae sialidase as the third most common target after V.
cholerae O-specific polysaccharide (OSP) and cholera toxin (CT) (10). This has been fur-
ther supported by a second study, which found high immunoreactivity in plasma and
antibody-in-lymphocyte supernatant (ALS) from adult cholera patients to the V. chol-
erae sialidase (11).

V. cholerae sialidase, also known as neuraminidase, is a virulence factor that cata-
lyzes the cleavage of terminal sialic acid residues from glycoproteins and glycolipids. V.
cholerae sialidase can hydrolyze both a-2,3- and a-2,6-linked glycosidic bonds and has
an essential Ca21 ion, making it unique from other microbial sialidases (12–14). It is
encoded by the nanH gene, which is found in the 57-kb pathogenicity island (VPI-2)
and is located directly downstream of the genes involved in the transport and catabo-
lism of sialic acid (15, 16). Sialdiase may play an important role in the pathogenesis of
V. cholerae for two reasons. First, it removes sialic acid residues from higher-order gan-
gliosides on the membranes of gut epithelial cells to generate monogangliosides
(GM1), the binding site for CT (17). We have previously demonstrated that sialidase
treatment potentiated the effect of CT-induced cAMP production on cultured human
colorectal Caco-2 cell lines, and antibodies targeting sialidase neutralized this effect in
a dose-dependent manner (10). Second, sialidase may help V. cholerae colonize heavily
sialylated areas like the intestinal epithelium; the free sialic acid residues released by
sialidase may serve as carbon and energy sources for V. cholerae. A study employing
infant mouse models demonstrated that wild-type V. cholerae strains experienced a
significant growth advantage in the early stages of infection compared to knockout
strains that could not utilize sialic acid (18).

Taken together, these observations raise the possibility that immune responses to
sialidase might potentially play a role in protection against cholera. Hence, we have
investigated here more systematically the serologic, mucosal, and memory B-cell
responses to sialidase in patients hospitalized with cholera in Dhaka, Bangladesh, and
utilized a cohort of household contacts of cholera index cases to evaluate whether
plasma responses to sialidase on exposure correlate with protection against cholera.
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RESULTS
Study population. We enrolled 18 younger children (#5 years of age, median age

4 years), 29 older children (6 to 17 years of age, median age 10 years), and 31 adults (18
to 55 years of age, median age 28 years), each admitted with dehydrating diarrhea to
the icddr,b hospital, Dhaka, with culture-confirmed cholera without any other copatho-
gens present (19, 20). All patients were infected with the V. cholerae O1 El Tor biotype
of either the Ogawa or Inaba serotype. The baseline demographic and clinical charac-
teristics of the cholera cases are shown in Table 1.

For the household contacts, we included 418 household contacts of 98 index
patients with culture-confirmed V. cholerae O1 serotype Ogawa enrolled from 2001 to
2015: 131 were categorized as subsequently infected, and 287 were categorized as
uninfected. The baseline demographic and clinical characteristics of the household
contacts are shown in Table 2.

Vibriocidal antibody responses. We measured vibriocidal antibody titers on days
2 (acute), 7 (early convalescent) and 30 (late convalescent) in the patients with cholera
(Fig. 1). Vibriocidal antibody responses peaked on day 7 compared to baseline and
remained elevated on day 30 in all 3 age cohorts (Fig. 1). Only one patient failed to
have a 4-fold or greater increase in vibriocidal antibody titers (with either Ogawa or
Inaba) from the acute to the convalescent phases of illness, likely secondary to ele-
vated baseline titer (640 for Ogawa; 80 for Inaba).

Antisialidase antibody responses in plasma.We compared sialidase-specific anti-
body responses in plasma at the acute phase of infection (day 2) to the convalescent
phase of infection (days 7 and 30) in all 3 age cohorts (Fig. 2). Adults had increased
responses on days 7 and 30 for IgA (P = 0.0001 and P = 0.02) and IgG (P = 0.0002 and
P , 0.0001), but an increase in anti-sialidase IgM responses was not observed until day
30 (P = 0.002). Older children had increased IgG responses on days 7 and 30 (P = 0.005
on P = 0.0004) and IgM by day 30 (P = 0.005); however, they did not have significant
IgA responses compared to day 2. In younger children (under 5 years of age), there
were increased IgM responses on both days 7 (P = 0.0004) and 30 (P = 0.0003) com-
pared to day 2, but no significant increase in IgA or IgG responses were observed on
day 7 or 30. This is in contrast to antibody responses to cholera toxin B (CTB), where all
age groups had significant IgA and IgG responses by days 7 and 30, and no age groups
had a significant IgM response (see Fig. S1 in the supplemental material).

Antibody-secreting cell responses as a marker of mucosal immune responses.
We measured mucosa-derived sialidase-specific IgA- and IgG-producing antibody-
secreting cell (ASC) responses on days 2 and 7 in adults (n=16) and older children
(n=13); younger children were excluded due to the limited blood volume available for
isolation of peripheral blood mononuclear cells (PBMCs) (Fig. 3). In adults, there were
significant IgA (P , 0.05) ASC responses on day 7 compared to day 2. In older children,
there was not a significant increase in IgA or IgG ASCs at day 7 compared to day 2.

Memory B-cell responses.We measured memory B-cell responses in adult patients
(n=7) on days 2 and 30 following cholera (Fig. 4); children were excluded due to the
lower volume of blood available for isolation of PBMCs. We found a significant siali-
dase-specific IgA memory B-cell response at late convalescence (day 30) compared to

TABLE 1 Characteristics of cholera patients enrolled in the study

Characteristics

Result for:

Ogawa (n=37) Inaba (n=41)

Younger children
(2–5 yr, n=14)

Older children
(6–17 yr, n=16)

Adults
(18–55 yr, n=7)

Younger children
(2–5 yr, n=4)

Older children
(6–17 yr, n=13)

Adults
(18–55 yr, n=24)

Female, no. (%) 4 (28.6) 6 (37.5) 3 (42.9) 1 (25) 3 (23.1) 11 (45.8)
Median age, yr (25th,
75th percentile)

4 (3, 4.8) 11 (9.3, 13) 26 (24, 30) 4 (3.75, 4) 9 (8, 10) 29 (22.8, 33)

Blood group O, no. (%) 5 (35.7) 9 (56.3) 5 (71.4) 2 (50) 4 (30.8) 10 (41.7)
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acute (day 2) stages (P = 0.03), but we did not observe a significant increase in IgG
memory B-cell response at day 30.

Antisialidase responses in household contacts. We measured plasma anti-siali-
dase IgA, IgG, and IgM responses in household contacts on the day of enrollment by
Luminex. Contacts that remained subsequently uninfected had higher baseline IgA,
IgG, and IgM titers than contacts that became infected after exposure to an index case
(P, 0.0001, P = 0.012, and P = 0.0148, respectively) (Fig. 5).

DISCUSSION

The vibriocidal antibody response, measured as the reciprocal titer in serum of com-
plement-dependent killing of V. cholerae, is the best-characterized immune correlate of
protection for cholera, where the major antigen is lipopolysaccharide (LPS) (21).
However, vibriocidal antibodies in serum disappear much more rapidly than the pro-
tection following infection (22), and there is no vibriocidal antibody threshold that cor-
relates with protection (23). Although both natural infection and oral cholera vaccines
(inactivated and live attenuated) induce vibriocidal antibody responses, vaccines con-
fer shorter-lived protection than natural infection, especially in young children (22, 24).
A better understanding of the longer-term immune correlates of protection against
cholera is needed.

Elevated levels of plasma IgA targeting CTB, TcpA, and LPS/OSP are correlated with
protection against cholera in settings where cholera is endemic (25); however, plasma
Ig levels to these antigens wane more rapidly than protective immunity (26).
Anamnestic responses of memory B cells have been hypothesized to mediate long-
term protection against cholera. Memory B cells to specific antigens can be quickly
stimulated upon reexposure to the pathogen to produce antibodies, and cholera
patients have been shown to develop memory B-cell responses to both V. cholerae O
antigen, the primary target of vibriocidal antibodies (27), and cholera toxin (CT) follow-
ing infection (26). While measurable memory B-cell responses to the O antigen of LPS

TABLE 2 Characteristics of household contacts enrolled in the study

Characteristics

Result for:

Infected (n=131) Uninfected (n=283)
Female, no. (%) 71 (54.2) 150 (53)
Median age, yr (25th, 75th percentile) 24.8 (9.3, 35.0) 27.4 (14.4, 36.3)
Blood group O, no. (%) 41 (31.3) 101 (35.7)

FIG 1 Vibriocidal antibody responses and responder frequencies by age. The geometric mean vibriocidal titers to V. cholerae O1 Ogawa (strain X25049)
and Inaba (strain T19479) are displayed for days 2, 7, and 30 in younger children (A), older children (B), and adults (C) with cholera. Differences within
groups were assessed using the Wilcoxon matched-pairs signed-rank test. P# 0.05 was considered significant. Responder frequency (RF; percentage of
patients with a$4-fold rise in titer) is displayed below the x axis.
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(a T-cell-independent antigen) wane prior to 1 year, those to CT (a T-cell-dependent
antigen) and TcpA have been shown to remain elevated through 1 year of follow-up,
suggesting T-cell help may be necessary for long-lasting memory B-cell responses (26).
Among household contacts of index patients hospitalized with cholera in Bangladesh,
V. cholerae O-antigen-specific memory B-cell responses on exposure, but not the mem-
ory B-cell response to CT, were associated with protection (28, 29). However, due to a
limited understanding of the complete V. cholerae antigen repertoire, it is not clear
whether other T-cell-dependent antigens may contribute to durable protection to
cholera.

FIG 2 Plasma sialidase-specific responses by age. Shown are anti-sialidase IgA, IgG, and IgM plasma responses in younger children (A), older children (B),
and adults (C) with cholera on days 2, 7, and 30. Medians with interquartile ranges are shown. Differences within groups were assessed using the Wilcoxon
matched-pairs signed rank test. P# 0.05 was considered significant. RF, responder frequency (percentage of patients with a 1.5-fold increase from baseline
to convalescence [day 7 and/or day 30]).
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Our current analysis demonstrates that cholera patients develop antibody
responses against sialidase following infection, confirming the results of our prior
immunoscreens. There was an age-related immune response to sialidase, with all age
groups developing an IgM plasma response, while IgG and IgA plasma responses were
more robust in older children and adults. In addition, adults developed significant siali-
dase-specific IgA ASC responses during acute infection consistent with a mucosal
immune response; however, responses in children were less robust. This may reflect
repeated exposure over time to V. cholerae in this area of high cholera endemicity,
even in the absence of symptomatic infection (30), leading to more significant antisiali-
dase antibody levels in adults. Such an age-dependent increase in V. cholerae immune
responsiveness, may in part explain the decrease in susceptibility to cholera with age
in areas of endemicity (25).

In contrast to sialidase, CTB is an immunodominant antigen. The magnitude of
plasma antibody responses and responder frequencies are higher to CTB compared to
those to sialidase, and responses to CTB, unlike to sialidase, are comparable across the

FIG 3 Sialidase-specific IgA and IgG antibody-secreting cell (ASC) responses in patients with cholera. Shown
are the median proportions of anti-sialidase IgA and IgG ASCs as a fraction of the total ASCs of same antibody
isotype in older children (A) and adults (B) on days 2 and 7 following cholera. Differences within groups were
assessed using the Wilcoxon matched-pairs signed-rank test. P# 0.05 was considered significant. RF, responder
frequency (percentage of patients with a 4-fold increase at convalescence [day 7 and/or day 30]).
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age spectrum. In addition, all age groups develop significant IgA and IgG ASC and
memory B-cell responses to CTB (31). However, memory B-cell response to CTB
responses in cholera patients has not been associated with protection (25, 29). In our
analysis, we demonstrate that adults with cholera develop IgA memory B cells specific
to sialidase. We also show that plasma antibody levels from all three antibody isotypes
are higher in magnitude in household contacts protected from infection, thus provid-
ing further evidence to support a potential role for antisialidase antibodies in protec-
tion from cholera. Future studies are required to determine the duration of antisiali-
dase plasma antibody responses and memory B-cell responses and whether these are
independent predictors of protection beyond age, vibriocidal, and anti-OSP responses.
This information could also provide value to seroepidemiological studies beyond what
is provided currently by vibriocidal and anti-CTB responses (32).

Our study has several limitations. We evaluated immune responses against sialidase
in a limited number of patients, and we only assessed antisialidase responses to
1month following infection. In addition, memory B-cell responses against sialidase
were not evaluated in children infected with cholera. Furthermore, all the patients
were from a single country of high endemicity, Bangladesh. It will be important to eval-
uate antisialidase responses in larger cohorts of patients from different areas where
cholera is endemic to confirm our findings and to assess the specificity of this

FIG 4 Sialidase-specific memory B-cell (MBC) responses in adult patients with cholera. Shown are the proportions of anti-
sialidase IgA (A) and IgG (B) MBCs as a fraction of total MBCs of the same antibody isotype in adults on days 2 and 30
following cholera. Medians with interquartile ranges are shown. Differences within groups were assessed using the
Wilcoxon matched-pairs signed-rank test. P# 0.05 was considered significant.

FIG 5 Antisialidase-specific plasma response on exposure in subsequently uninfected and infected household
contacts. Shown are box blot diagrams of mean fluorescence intensities (MFI) of plasma IgA (A), IgG (B), and
IgM (C) responses of uninfected and infected household contacts. Differences between groups were assessed
using the Mann-Whitney U test. P# 0.05 was considered significant.
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response. By sequence analysis, the V. cholerae sialidase is antigenically distinct from
the neuraminidases from other bacterial and viral organisms. However, future investi-
gations are required to confirm and ensure specificity.

In order to further evaluate the potential role of sialidase in longer-term protection
from cholera, we should also examine whether antisialidase immune responses are eli-
cited by (i) oral whole-cell killed vaccine and/or (ii) live attenuated vaccine T-cell
responses to this protein antigen, which might give insight into the possible develop-
ment of both T-cell memory and B-cell memory. In addition, although we measured
circulating ASCs to sialidase following cholera, more direct measures of antisialidase
mucosal responses in gut biopsy specimens and examination for either memory B cells
or long-lived plasma cells specific for sialidase in such biopsy specimens would be
helpful.

Despite these limitations, this study demonstrates that patients following cholera
develop serum/plasma, mucosal, and memory B-cell responses to V. cholerae sialidase
and that the pattern of immune responses is consistent with higher responses in adults
than younger patients, similar to the age-dependent decrease in susceptibility to chol-
era seen in areas of endemicity. This suggests that further studies of immune responses
to sialidase, including T-cell responses following infection and cholera vaccination,
may be warranted.

MATERIALS ANDMETHODS
Study design and specimen collection. Diarrheal patients hospitalized with cholera at the icddr,b

hospital in Dhaka were enrolled following informed consent. Infected patients with V. cholerae O1 as the
sole pathogen in stool (19, 20) (index case) were enrolled in this study. Blood specimens were collected
from patients at day 2 after hospitalization. Additional blood specimens were collected on days 7 (6 to
9 days later) and 30 (28 to 32 days later).

Household contacts were enrolled and evaluated as previously described (25, 28, 29, 33). Briefly, con-
tacts were enrolled within 24 h after presentation of the cholera index case if they shared the same cook-
ing pot with the index case for 3 or more days prior to the cholera episode. Contacts were monitored for
9 days to evaluate for diarrheal symptoms, presence of V. cholerae O1 in stool, and immune responses to
V. cholerae on days 2 and 7. Household contacts were defined as “infected” if any stool culture during
the 9 days of follow-up was positive for V. cholerae. Contacts were defined as “uninfected” if they had no
diarrhea, all stool cultures were negative for V. cholerae, and they did not have a 4-fold rise in their
vibriocidal titer during the follow-up period. We excluded contacts who did not fall into one of these
two categories, did not complete follow-up, had any diarrhea the week prior to enrollment, or had V.
cholerae with a different serogroup or serotype than the corresponding index case.

Ethics statement. This study was approved by the institutional review boards of icddr,b and
Massachusetts General Hospital. Informed written consent was obtained from all study participants.

Isolation of plasma and PBMCs. Heparinized venous blood was diluted in phosphate-buffered sa-
line (PBS; pH 7.2 to 7.4); peripheral blood mononuclear cells (PBMCs) and plasma were separated by den-
sity gradient centrifugation using Ficoll-Isopaque (Pharmacia, Piscataway, NJ). Isolated plasma speci-
mens were frozen at 220°C prior to use in immunological assays. PBMCs were suspended in RPMI
complete medium (Gibco, Carlsbad, CA) containing 10% heat-inactivated fetal bovine serum (FBS;
HyClone, Logan, UT) at a concentration of 1� 107 cells/ml and used immediately for assays.

Vibriocidal antibody assay. Vibriocidal antibody titers were measured as described previously
using V. cholerae O1 Ogawa (strain X25049) and Inaba (strain T19479) as the target organisms (34). The
vibriocidal titer has been defined as the reciprocal of the maximum dilution of plasma/serum resulting
in a $50% drop of the absorbance compared to that of control wells without plasma/serum. Any volun-
teer who had a $4-fold increase of vibriocidal titer from baseline (day 2) level was considered a
responder.

Purification of V. cholerae sialidase. Sialidase was purified as previously described (11). Briefly, siali-
dase was overexpressed in Escherichia coli as a recombinant polyhistidine protein, purified by affinity
chromatography using HisPur Cobalt spin columns (Thermo Scientific Pierce) under denaturing condi-
tions, and refolded by dialysis into 25mM Tris-HCl (pH 8.0) with 0.15 M sodium chloride. The purity of
the refolded sialidase was assessed by SDS-PAGE and quantified by Pierce Coomassie Plus (Bradford)
assay reagent (Thermo Fisher Scientific, Waltham, MA).

Sialidase and CTB-specific IgA, IgG, and IgM antibodies in plasma. Plasma sialidase and CTB-spe-
cific IgA, IgG, and IgM responses were assessed using modification of enzyme-linked immunosorbent
assay (ELISA) protocols (35, 36). Briefly, 96-well polystyrene plates (Nunc F, Denmark) were coated with
sialidase (2.5mg/ml) and then blocked with 1% bovine serum albumin (BSA; Sigma, St. Louis, MO) in
phosphate-buffered saline (PBS). We then added a 1:25 dilution of plasma (100ml/well), followed by
horseradish peroxidase-conjugated anti-human immunoglobulin antibodies of the relevant isotype
(1:1,000 dilution; Jackson ImmunoResearch, West Grove, PA). We detected bound antibody with ortho-
phenylenediamine (OPD; Sigma, St. Louis, MO) in 0.1 M sodium citrate buffer (pH 4.5) and 0.012% hydro-
gen peroxide. Optical density was measured at 450 nm for 5 min, and the rate of change in optical
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density was measured as milli-absorbance units per minute. The absorbance value of each sample was
then normalized and expressed as ELISA units by calculating the ratio of the sample to a standard of
pooled plasma. A positive response was defined as 1.5-fold increase in ELISA units from day 2 to conva-
lescence (either day 7 or day 30).

Antibody-secreting cell assay. Antibody-secreting cells were measured in peripheral blood accord-
ing to our previously described enzyme-linked immunosorbent spot (ELISPOT) procedure (26, 37).
Briefly, nitrocellulose (bottom) plates (MSHAN-4550; Millipore, Bedford, MA) were coated with 100ml of
sialidase (25mg/ml) in sodium bicarbonate buffer (pH 9.6), affinity-purified goat anti-human immuno-
globulin (5mg/ml; Jackson Immuno Research, West Grove, PA) to detect the total number of circulating
ASCs, or keyhole limpet hemocyanin (KLH; 2.5mg/ml [Pierce Biotechnology, Rockford, IL]) in PBS as a
negative control. After blocking with RPMI solution, isolated PBMCs were incubated on the plates for
3 h, and secreted antibodies were detected with peroxidase-conjugated mouse anti-human IgA (1:500
dilution; Southern Biotech, Birmingham, AL) and alkaline phosphatase-conjugated IgG (1:500 dilution;
Southern Biotech, Birmingham, AL). ASCs were detected with 3-amino-9-ethylcarbazole (AEC) (AEC pre-
mix solution; Sigma-Aldrich) and 5-bromo-4-chloro-3-indolylphosphate–nitroblue tetrazolium (BCIP/
NBT; Sigma-Aldrich). The antigen-specific IgA and IgG isotypes of ASCs were expressed as the frequen-
cies of the total circulating ASCs of the same isotype at the same time point.

Memory B-cell culture and ELISPOT assay. We used a previously published procedure to detect
and quantify antigen-specific memory B cells in circulation (26, 28). In brief, isolated PBMCs were plated
in 24-well cell culture plates (BD Biosciences, San Jose, CA) at a concentration of 5 � 105 PBMCs/well.
Cells were stimulated for proliferation and differentiation of memory B cells into ASCs for 5 to 6 days in
an antigen-independent manner using a mixture of B-cell mitogens, except those being used as nega-
tive controls, to which only medium was added. After stimulation, harvested cells were incubated for 5 h
on ELISPOT plates coated with sialidase, affinity-purified goat anti-human immunoglobulin, or KLH as
described above. Alkaline phosphatase-conjugated goat anti-human IgG (Southern Biotech,
Birmingham, AL) and horseradish peroxidase-conjugated mouse anti-human IgA (Southern Biotech,
Birmingham, AL) were added at a dilution of 1:500. Following an overnight incubation at 4°C, plates
were developed with 5-bromo-4-chloro-3-indolylphosphate (BCIP)–nitroblue tetrazolium (BCIP/NBT)
for IgG and with 3-amino-9-ethyl carbazole (AEC) for IgA. Sialidase-specific memory B cells were
expressed as the percentage of antigen-specific memory B cells out of the total isotype-specific mem-
ory B cells present at the same time point. We excluded data from our analysis if (i) the total Ig sam-
ple did not have appropriate stimulation, (ii) patient samples had three or more antigen-specific ASC
spots prior to stimulation, or (iii) patient samples had three or more ASC spots to the negative-control
antigen KLH after stimulation (26, 28). Appropriate stimulation of PBMCs in our assay was defined as
a .3-fold increase in the number of total Ig memory cells following stimulation compared to unsti-
mulated cells. The limits of detection for sialidase-specific IgA and IgG MBCs were 0.004 and 0.001%,
respectively, per 5� 105 PBMCs after 6 days of stimulation (26).

Luminex assay. Antisialidase responses were measured in protected and unprotected cohorts of
household contacts by Luminex. Sialidase was conjugated to phycoerythrin (PE)-labeled MagPlex-C
microspheres (Luminex Corp., Austin, TX) at a concentration of 5mg of antigen per 1� 106 microspheres
per the manufacturer’s instructions. Plasma samples were heat inactivated by incubation at 56°C for 30
min and diluted with assay buffer (0.1% BSA in 1� PBS) to a final dilution of 1:100. Five microliters of
diluted plasma and 45ml of sialidase-conjugated beads were added to a black 384-well polystyrene
plate (Greiner Bio-One, Monroe, NC) at a final concentration of 15 beads per ml (total of 675 beads per
well). Plates were incubated overnight at 4°C with shaking (800 rpm) and then sonicated and washed
with 0.1% BSA in 1� PBS–0.05% Tween 20 before addition of PE-conjugated anti-human IgG, IgM, and
IgA (40ml per well; Southern Biotech) for a final dilution of 1:154. After incubation at 1 h with shaking,
plates were sonicated and washed. The beads were resuspended in 40ml of sheath fluid (Fisher
Scientific, Waltham, MA) and analyzed using either Bioplex or Flexmap machines (Bio-Rad). Samples
were tested in duplicate, and data are presented as the average of the mean fluorescence intensity of
the duplicates.

Statistical analyses. We assessed differences in the magnitudes of responses using the Wilcoxon
signed-rank test or the Mann-Whitney U test, as appropriate. Normality of Luminex data was tested
using the Shapiro-Wilk test. chi-square tests were used to assess relative risk ratios with confidence inter-
vals. All reported P values were two-tailed, with a cutoff of P# 0.05 considered a threshold for statistical
significance. We performed analysis using GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA).
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