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ABSTRACT Nontypeable Haemophilus influenzae (NTHi) bacteria express various
molecules that contribute to their virulence. The presence of phosphocholine (PCho)
on NTHi lipooligosaccharide increases adhesion to epithelial cells and is an advan-
tage for the bacterium, enabling nasopharyngeal colonization, as measured in hu-
mans and animal models. However, when PCho is expressed on the lipooligosaccha-
ride, it is also recognized by the acute-phase protein C-reactive protein (CRP) and
PCho-specific antibodies, both of which are potent initiators of the classical pathway
of complement activation. In this study, we show that blood isolates, which are ex-
posed to CRP and PCho-specific antibodies in the bloodstream, have a higher sur-
vival in serum than oropharyngeal isolates, which was associated with a decreased
presence of PCho. PCholow strains showed decreased IgM, CRP, and complement C3
deposition, which was associated with increased survival in human serum. Consis-
tent with the case for the PCholow strains, removal of PCho expression by licA gene
deletion decreased IgM, CRP, and complement C3 deposition, which increased sur-
vival in human serum. Complement-mediated killing of PChohigh strains was mainly
dependent on binding of IgM to the bacterial surface. These data support the hy-
pothesis that a PCholow phenotype was selected in blood during invasive disease,
which increased resistance to serum killing, mainly due to lowered IgM and CRP
binding to the bacterial surface.
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The introduction of the Haemophilus influenzae serotype b (Hib) vaccine has sub-
stantially decreased the number of invasive disease episodes caused by this species.

(1). Other H. influenzae serotypes and nontypeable H. influenzae (NTHi) were generally
associated with mild infectious diseases (2). However, since the introduction of the Hib
and Streptococcus pneumoniae vaccines, the number of invasive disease cases caused
by these H. influenzae groups has increased considerably (3). Furthermore, vaccination
against Hib or S. pneumoniae appears to enhance NTHi nasopharyngeal colonization (4,
5), which may increase transmission to individuals who are susceptible to developing
invasive disease, such as the elderly, who are most affected by invasive NTHi disease (6,
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7). It is not completely understood why the elderly are particularly susceptible to
invasive NTHi infections, but the patient’s immune status is thought to play an
important role (3).

Besides host immune status, bacterial virulence also plays an important role in
susceptibility to invasive NTHi disease (3). For instance, outer membrane protein P5
(OmpP5) was shown to bind human factor H, thereby inhibiting the alternative path-
way of complement activation (8, 9). Incorporation of sialic acid into the lipooligosac-
charide (LOS) increases resistance to serum killing, and mutants not able to incorporate
sialic acid showed attenuated virulence in a chinchilla model for otitis media (10). We
showed that NTHi isolates from patients with invasive disease incorporated galactose
to heptose III (HepIII-Gal) in the LOS more frequently, which decreased binding of IgM
and thereby increased resistance to serum killing (11).

Another modification of LOS is the incorporation of phosphorylcholine (PCho),
which can be incorporated in the LOS as a terminal moiety on HepI or HepIII,
depending on the licD allele (12). PCho is acquired from the host through the lic operon
(13) and incorporated, which is controlled by phase variation, resulting in PCho-positive
(PCho�) and PCho-negative (PCho�) NTHi populations. Phase-variable ON-OFF trans-
lation of genes is a stochastic process dependent on slipped-strand mispairing of
tetranucleotide repeats present in the gene, which occurs with a high frequency (102

to 103 times per generation) (14) and leads to switching the coding region in or out of
frame (15). PCho� bacteria are the dominant population isolated from the nasophar-
ynxes of humans, mice, and rats (16–18). This is explained by the fact that PCho� NTHi
strains show increased adhesion through binding of the platelet-activating factor (PAF)
receptor on epithelial cells (19), decreased binding of IgG through altering the physical
properties of the outer membrane (20), and increased resistance to antimicrobial
peptides such as human cathelicidin LL-37 (21).

Because PCho expression is phase variable, there should also be conditions where
the PCho� NTHi population has an advantage over the PCho� NTHi population. PCho
on NTHi is recognized by C-reactive protein (CRP) (17) and PCho-specific antibodies
(22), which can initiate the classical complement pathway and augment serum killing
(16). Therefore, in the presence of these opsonins, strains with the PCho� phenotype
might have a survival advantage. Encapsulated H. influenzae serotype B strain Eagan
that was constitutive lic1 phase ON, resulting in a PCho� population, showed CRP-
dependent killing in serum and reduced virulence in an infant rat model of invasive
disease (23). Therefore, it is likely that switching to the PCho� phenotype is beneficial
when the organism is present in blood; however, whether NTHi strains collected from
blood are PCho� is thus far not known.

In this study, we compared the survival of oropharyngeal and blood NTHi isolates in
pooled human serum. NTHi strains collected from blood showed higher survival in
pooled human serum and were mainly PCholow (82%), whereas strains collected from
the oropharynx were mainly PChohigh (65%). PCholow NTHi isolates bound less CRP and
IgM, which was associated with decreased complement C3 deposition and increased
serum survival.

RESULTS
Study population. In total, 20 oropharyngeal and 22 blood NTHi isolates were

included in this study. The age distributions of subjects were not significantly different
(mean ages of 71.8 � 6.6 versus 69.7 � 7.4 years; two-tailed unpaired t test, P � 0.3500),
and gender was evenly distributed (male/female, 8/12 versus 13/9; Fisher’s exact test,
P � 0.3543). Oropharyngeal isolates were collected from individuals without presenta-
tion of acute disease. The clinical presentation of patients with positive blood cultures
was mainly pneumonia (27%) and/or sepsis (32%). Coinfections with a virus (9%) or
other bacteria in the blood (23%) were reported. A large proportion of patients with
positive NTHi blood culture had malignancies (36%), chronic obstructive pulmonary
disease (COPD) (27%), or cardiovascular disease (14%). All patient characteristics are
presented in Table S2 in the supplemental material.
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Increased complement survival for blood isolates. To test whether there was a
difference in serum killing between oropharyngeal and blood isolates, NTHi bacteria
were incubated with 10% pooled normal human serum (NHS) for 60 min. Survival of
NTHi isolates in 10% NHS differed greatly (range, 0.01% through 29.5%) but was
significantly higher for the blood isolates than for the oropharyngeal isolates (geomet-
ric mean survival, 1.06 versus 0.32, respectively; P � 0.0370) (Fig. 1).

Lower PCho incorporation for blood isolates than for oropharyngeal isolates as
determined by flow cytometry. Phase-variable incorporation of PCho into the LOS of
NTHi can affect serum killing. In order to determine the presence of PCho in a
high-throughput manner, we have established a flow cytometry-based method to
detect PCho. First, we determined the percentages of PCho-positive (PCho�) and
PCho-negative (PCho�) bacteria in a mixture of H. influenzae strain H446, which is a licD
mutant strain not able to incorporate PCho, and H. influenzae strain H457, which has
phase-locked ON expression of PCho on HepIII (12). Flow cytometry-based detection of
different mixtures of H446 and H457 corresponded with the expected PCho� and
PCho� populations (Fig. 2A; see Fig. S1 in the supplemental material).

FIG 1 Serum survival of oropharyngeal and blood NTHi isolates. The percent survival of 22 blood and 20
oropharyngeal NTHi isolates for 1 h in 10% pooled normal human serum (NHS) is shown (n � 3). A
two-tailed unpaired t test with Welch’s correction was used for statistical analysis. *, P � 0.05.

FIG 2 Phosphorylcholine incorporation by oropharyngeal and blood NTHi isolates as determined by flow cytom-
etry with the TEPC-15 antibody. (A) H. influenzae strains H446 (PCho�) and H457 (PCho�) were mixed, and the
presence of PCho was detected by flow cytometry with TEPC-15 (n � 3). (B) Invasive NTHi strains CWZ_005,
CWZ_006, and CWZ_007 were passaged 4 times on agar plates, and the presence of PCho was detected by flow
cytometry with TEPC-15 (n � 3). (C) The percentage of PCho-expressing bacteria from 22 blood and 20 oropha-
ryngeal NTHi isolates was detected by flow cytometry with TEPC-15 (n � 3). Fisher’s exact test was used to
determine significant differences in PCholow and PChohigh strain distribution between blood and oropharyngeal
NTHi isolates. **, P � 0.01.
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Because incorporation of PCho is phase variable and therefore might change during
growth of the bacteria, we determined whether multiple passages on agar plates would
alter the percentage of PCho� bacteria. Multiple passages of three blood isolates on
agar plates did not change the percentage of PCho� bacteria (Fig. 2B). Therefore, we
conclude that the percentage of PCho� bacteria is stable under normal culture
conditions.

Next, we determined the percentages of PCho� bacteria among 22 blood and 20
oropharyngeal NTHi isolates. We found that most blood isolates (82%) were PCholow

(�50% PCho� bacteria), whereas oropharyngeal isolates were mainly PChohigh (65%)
(�50% PCho� bacteria) (Fig. 2C), which was significantly different (Fisher’s exact test,
P � 0.0040).

PCholow isolates show decreased IgM, CRP, and complement C3 deposition and
increased resistance to serum killing. The presence of PCho in the LOS of NTHi is
known to be recognized by antibodies and CRP, both of which are capable of initiating
the classical pathway of complement activation (16, 17, 22). Therefore, we determined
binding of IgG, IgM, and CRP to the bacterial surface of PChohigh and PCholow isolates.
No significant difference in IgG binding to the bacterial surface of PChohigh and PCholow

isolates was found, but significantly more IgM and CRP binding was detected on
PChohigh isolates than on PCholow isolates (Fig. 3A to C).

Next, we determined complement activation by measuring complement C3 depo-
sition on the bacterial surface and serum killing. Complement C3 deposition on the
bacterial surface was increased for PChohigh isolates compared to PCholow isolates, which
was in agreement with increased serum killing of PChohigh isolates (Fig. 3D and E).

Binding of IgM and CRP is associated with increased complement C3 opsoniza-
tion and serum killing of NTHi. Binding of IgM and CRP, and to a lesser extent IgG,
was significantly associated with complement C3 opsonization of the bacterial surface
(Fig. 4A to C). An increased binding of IgM and CRP to the bacterial surface was also
significantly associated with serum killing, whereas this was not the case for IgG (Fig.
4D to F). Therefore, we conclude that binding of IgM and CRP to the bacterial surface
is associated with increased complement deposition and enhanced serum killing.

PCho-deficient strains show decreased binding of IgM and CRP and increased
resistance to serum killing. In order to determine whether binding of IgM and CRP to
PCho on the bacterial surface is associated with serum killing, we deleted the licA gene
from invasive NTHi strains CWZ_012 and CWZ_016, which abrogated PCho expression
(Fig. 5A). In support of a direct link between the presence of PCho and binding of IgM
and CRP to the bacterial surface, the CWZ_012 ΔlicA and CWZ_016 ΔlicA mutant strains
showed decreased binding of IgM (Fig. 5C) and CRP (Fig. 5D) compared to the CWZ_012
and CWZ_016 strains, whereas this was not the case for IgG (Fig. 5B). Consistent with
the correlations of IgM and CRP with C3 opsonization and serum killing (Fig. 4), a
decreased binding of IgM and CRP decreased complement C3 deposition (Fig. 5E) and

FIG 3 IgG, IgM, CRP, and C3 opsonization and survival in serum of PChohigh and PCholow NTHi strains. (A to D) NTHi bacteria were
incubated with 10% NHS (C3) or 10% HI-NHS (IgG, IgM, and CRP), and the surface binding of IgG (A), IgM (B), CRP (C), or C3 (D) was
determined by flow cytometry (n � 3). (E) Bacteria were incubated with 10% NHS or 10% HI-NHS for 1 h, and survival was determined
by dividing the CFU in 10% NHS by the CFU in 10% HI-NHS after 1 h of incubation (n � 3). A one-tailed unpaired t test with Welch’s
correction was used for statistical analysis. *, P � 0.05; **, P � 0.01; NS, not significant.
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increased bacterial survival in human serum (Fig. 5F). Therefore, we conclude that
binding of IgM and/or CRP to PCho is associated with increased complement activation
and serum killing.

Binding of IgM to PChohigh strain contributes to serum killing. Binding of IgM
and CRP to PChohigh strains increases complement-mediated serum killing (Fig. 5F). To
determine the contribution of IgM to complement activation and serum killing, we
performed experiments with serum from an agammaglobulinemia patient, which lacks
IgA and IgM, with and without supplementing purified serum IgM. Binding of IgG to the

FIG 4 Correlations between IgM and CRP binding to the bacterial surface with complement C3 opsonization and
serum survival. Correlations between surface binding of IgG (A and D), IgM (B and E), and CRP (C and F) with surface
binding of C3 (A, B, and C) or survival in 10% pooled NHS (D, E, and F) for all blood and oropharyngeal NTHi isolates
are shown. Linear regression was used to determine relationships between conditions.

FIG 5 IgG, IgM, CRP, and C3 opsonization and survival in serum of WT and licA mutant NTHi strains. (A to E) NTHi bacteria were incubated
with TEPC-15 (PCho), 10% NHS (C3), or 10% HI-NHS (IgG, IgM, and CRP), and surface binding of TEPC-15 (A), IgG (B), IgM (C), CRP (D), or
C3 (E) was determined by flow cytometry (n � 5). (F) Bacteria were incubated with 10% NHS or 10% HI-NHS for 1 h, and survival was
determined by dividing the CFU in 10% NHS by the CFU in HI-NHS after 1 h of incubation (n � 4). A two-tailed paired t test was used
for statistical analysis. *, P � 0.05; **, P � 0.01; ***, P � 0.001; NS, not significant.
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bacterial surface of the CWZ_016 wild-type (WT) and ΔlicA mutant strains was not
different in the absence or presence of IgM (Fig. 6A). Binding of IgM to the CWZ_016
WT and ΔlicA mutant strains was absent in IgA/IgM-deficient serum but was clearly
detected with IgM supplementation and was significantly higher for the PChohigh

CWZ_016 WT strain than for the CWZ_016 ΔlicA mutant strain lacking PCho (Fig. 6B). A
higher CRP binding to the CWZ_016 WT strain than to the CWZ_016ΔlicA mutant strain
was observed with and without IgM supplementation (Fig. 6C). Binding of C3 to the
bacterial surface of the CWZ_016 WT and ΔlicA mutant strains was not different in
IgA/IgM-deficient serum, but supplementation of IgM increased C3 binding signifi-
cantly more for the CWZ_016 WT strain than for the CWZ_016 ΔlicA mutant strain (Fig.
6D). Survival of the CWZ_016 WT and ΔlicA mutant strains in IgA/IgM-deficient serum
was high, at 83% and 99%, respectively (Fig. 6E). In accordance with a clear difference
in C3 binding to the bacterial surface in the presence of IgM, supplementation of serum
IgM decreased survival of the CWZ_016 WT strain to 3%, whereas this was 90% for the
CWZ_016 ΔlicA mutant strain. These results show that binding of IgM, in addition to
CRP, increases complement-mediated killing of the PChohigh CWZ_016 WT strain
significantly more than that of the PCho-deficient CWZ_016 ΔlicA mutant strain.

DISCUSSION

We studied whether PCho expression, as determined by flow cytometry, was
different on oropharyngeal and blood isolates. We are the first to show that NTHi
isolates collected from blood are mainly PCholow. We also found that most oropharyn-
geal isolates (65%) are PChohigh, which is in accordance with a study where nasopha-
ryngeal isolates were collected from children with otitis media with effusion, in which
63% of NTHi isolates were PCho� (24). In an earlier study, 13 out of 14 specimens (93%)
collected from respiratory tract secretions were predicted to be licA phase ON (17),
which is higher than found in our study. This discrepancy might be due to detecting
phase variation in comparison to actual PCho expression on the bacterial surface in our
study.

FIG 6 IgG, IgM, CRP, and C3 opsonization and survival of CWZ_016 and the CWZ_016 licA mutant in IgA/IgM-deficient serum with and
without IgM supplementation. (A to D) NTHi bacteria were incubated with 10% IgA/IgM-deficient serum supplemented with or without
10 �g/ml IgM (C3) or with 10% HI-IgA/IgM-deficient serum supplemented with or without 10 �g/ml IgM (IgG, IgM, and CRP), and surface
binding of IgG (A), IgM (B), CRP (C), or C3 (D) was determined by flow cytometry (n � 3). (E) Bacteria were incubated with 10%
HI-IgA/IgM-deficient serum, 10% IgA/IgM-deficient serum, or 10% IgA/IgM-deficient serum supplemented with 10 �g/ml IgM for 1 h, and
survival was determined by dividing the CFU in 10% IgA/IgM-deficient serum with or without IgM by the CFU in 10% HI-IgA/IgM-deficient
serum after 1 h of incubation (n � 4). A two-tailed paired t test was used for statistical analysis. *, P � 0.05; **, P � 0.01; NS, not significant.

Langereis et al. Infection and Immunity

February 2019 Volume 87 Issue 2 e00604-18 iai.asm.org 6

https://iai.asm.org


The PCho� phenotype has advantages for NTHi during colonization of the upper
respiratory tract, as it enhances adhesion to epithelial cells through binding of the PAF
receptor (19) and increases resistance to killing by the antimicrobial peptide LL-37 (21).
PCho� NTHi strains were associated with the development of otitis media in a chin-
chilla model (25), and the PCho� phenotype was correlated with increased persistence
in children with otitis media (24), indicating that PCho plays a role in otitis media and
persistence of the colonization of the upper respiratory tract.

The fact that PCho is phase-variably expressed strongly suggests that PCho expo-
sure also has disadvantages for NTHi. For instance, PCho is recognized by CRP (17) and
PCho-specific antibodies (22), which can initiate the classical pathway of complement
activation and augment serum killing (16). This is in line with our results showing that
oropharyngeal isolates, which are mainly PChohigh, are more vulnerable to serum killing
than blood isolates, which include mainly PCholow variants (Fig. 1). Previous studies
have shown that nasopharyngeal isolates are more susceptible to serum killing than
isolates collected from lungs or middle ear fluid, but the presence of PCho was not
determined in those studies (26, 27). The increased survival of blood isolates compared
to oropharyngeal isolates is in contrast to a previous study where no difference in
complement resistance between blood and nasopharyngeal isolates was observed (28).
A possible explanation might be differences in patient populations, such as age and
immune status. In addition, nasopharyngeal isolates in this previous study were col-
lected from patients suffering from upper respiratory tract infection (25), whereas we
have used oropharyngeal isolates from individuals without presentation of acute
disease.

In order to understand why PChohigh strains are more susceptible to serum killing,
we determined the binding of CRP, IgG, and IgM to the bacterial surface, because these
proteins are able to initiate the classical pathway of complement activation. We
expected a lowered IgG binding to PChohigh NTHi isolates because PChohigh bacteria
were previously shown to evade IgG binding (20), but this was not detected in our
experiments (Fig. 3A). This can be explained by the fact that the lower IgG binding to
PCho� bacteria was detected with serum in which CRP was depleted using a
p-aminophenyl phosphoryl choline gel column, which also depletes PCho-specific
antibodies, including PCho-specific IgG and IgM (22). In serum where PCho-specific IgG
antibodies are depleted, PCho� bacteria bind less IgG (22). However, when normal
human serum is used, as in our experiments, the difference in IgG binding between
PChohigh and PCholow isolates might be eliminated by the presence of PCho-specific
IgG antibodies.

In addition to PCho-specific IgG, human serum also contains PCho-specific IgM (29),
which is a B1-lineage natural antibody that is also known to bind apoptotic cells and
oxidized low-density lipoprotein (LDL) (30, 31). Levels of PCho-specific IgM differs
greatly among individuals, and a low level of anti-PCho IgM is associated with a higher
risk for cardiovascular disease (32, 33) and systemic lupus erythematosus (SLE) (34). In
mice, PCho-specific IgM antibodies were shown to protect against S. pneumoniae
infections (35). Whether differences in these anti-PCho-specific IgM antibodies might
affect the magnitude of classical complement pathway activation in patients during
infections with PCho-expressing bacteria is unknown.

The presence of PCho appeared to result in increased complement activation
through binding of PCho-specific IgM and CRP, resulting in serum killing. In order to
confirm this, we removed PCho from the bacterial surface by generating strains with
mutations in the licA gene, which codes for the protein required for incorporation of
PCho into the LOS (36), in two PChohigh strains. Removal of PCho on PChohigh NTHi
strains resulted in decreased binding of IgM and CRP, which resulted in lowered
complement activation and increased survival in human serum. This result was consis-
tent with a previous study in which deletion of the licA gene in a PChohigh NTHi strain
abrogated CRP binding and increased serum survival (37). Binding of PCho-specific IgM
in the presence of CRP appears to play a major role in complement-mediated killing of
PChohigh NTHi strains because survival of PChohigh strain CWZ_016 in IgA/IgM-deficient
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serum was 83%, which decreased to only 3% when the strain was supplemented with
serum IgM.

The lowered expression of PCho on blood NTHi isolates can be explained by the
presence of CRP and PCho-specific antibodies, both of which are capable of initiating
the classical pathway of complement activation. However, bacteria in the blood are
very unlikely to be transmitted, and therefore, switching to a PCholow phenotype would
not lead to an evolutionary advantage for NTHi. It is therefore likely that selection for
the PCholow phenotype happens in the upper respiratory tract during colonization. Out
of the 20 oropharyngeal strains included in this study, 7 (35%) were PCholow. The
selection of PCholow during colonization might be affected by fluctuating levels of CRP
and PCho-specific antibodies, although there are no data about the levels of CRP or
PCho-specific antibodies in the upper respiratory tract.

PCho is considered a vaccine candidate for NTHi but also for S. pneumoniae, which
is a bacterial species that incorporates PCho into the cell wall teichoic acid and
lipoteichoic acid (38). However, since PCho is phase variable and we have shown that
the majority of blood isolates are mostly PCholow, this vaccine would not protect
against NTHi bacteremia.

In conclusion, we found that blood NTHi isolates have a higher survival in serum,
which was associated with a decreased presence of PCho. The presence of PCho
increased IgM and CRP binding to the bacterial surface and increased complement C3
deposition and serum killing. These data show that NTHi isolates from blood are
selected for a PCholow phenotype, likely due to the presence of PCho-specific antibod-
ies and CRP in human serum.

MATERIALS AND METHODS
NTHi isolate collection. Oropharyngeal NTHi isolates were collected from participants at baseline in

the influenza-like-illness-2 (ILI-2) study (39). The study was approved by the acknowledged ethical
committee METC Noord Holland (http://www.trialregister.nl; NTR3386). Oropharyngeal samples were
obtained with a sterile swab with a flocked nylon tip and stored separately in 1 ml modified liquid Amies
transport medium (eSwab). Samples were transported at room temperature to the laboratory and
processed within 8 h after sampling. For pathogen isolation, a single colony was picked. Subsequent
passaging was performed with several colonies pooled and passaged together. Discrimination between
Haemophilus haemolyticus and H. influenzae was done by matrix-assisted laser desorption ionization–
time of flight (MALDI-TOF) mass spectrometry (40). NTHi strains from positive oropharyngeal swabs at
baseline from persons �55 years of age were included in this study. Oropharyngeal NTHi strains were
collected between October 2012 and February 2013. Invasive NTHi strains collected between August
2009 and August 2017 from patients aged �55 years were obtained from two clinical microbiology
laboratories in Nijmegen, the Netherlands. For pathogen isolation, a single colony was picked. Subse-
quent passaging was performed with several colonies pooled and passaged together. Gene-specific
primers (see Table S1 in the supplemental material) were used to confirm the identity of all NTHi isolates.
The bacterial strains used in this study are listed in Table S1.

Culture conditions. NTHi strains were passaged overnight at 37°C and 5% CO2 on brain heart
infusion (BHI) agar plates (BD Biosciences) supplemented with 1 �g/ml hemin (Sigma-Aldrich) and
2 �g/ml �-NAD (Merck) (supplemented BHI [sBHI]), followed by growth with shaking at 225 rpm in liquid
sBHI medium at 37°C to an optical density at 620 nm (OD620) of 0.5 to 1.0. Bacterial stocks were stored
in sBHI plus 16% glycerol at – 80°C. Bacterial counts were determined by plating serial dilutions in
phosphate-buffered saline (PBS) on sBHI plates.

Genotyping. Genomic DNA was isolated from a 1-ml culture at an OD620 between 0.5 and 1.0 with
the DNeasy kit (Qiagen) according to the manufacturer’s instructions. PCR was performed using standard
Phusion DNA polymerase (New England Biolabs) with 0.5 �M each primer and 1 �l of genomic DNA in
a 25-�l reaction mixture. The annealing temperature was 60°C, and cycles were repeated 39 times. The
pepN gene was amplified as a DNA positive control (41). H. haemolyticus isolates were excluded based
on the absence of either the iga or fucK gene as described previously (42, 43). The presence of the
capsule gene bexA was determined as described previously (44). The presence of licA was determined as
described previously (45). The primers used in this study are listed in Table S1.

Generation of NTHi licA mutants. Flanking regions (�1,000 bp) and the kanamycin cassette of the
R2866 ΔlicA galE mutant were PCR amplified with primers R2866_1107_L1 and R2866_1107_R1 and
purified with the Qiagen PCR purification kit (Qiagen). The PCR product was used to transform M-IV
competent NTHi as described previously (46). The absence of the licA gene and presence of the
kanamycin cassette were determined by PCR with primers R2866_1107_L1 and R2866_1107_C (licA gene)
and R2866_1107_L1 and HBKanR3 (kanamycin cassette). Strains CWZ_012 and CWZ_16 were selected
because of their high PCho expression and successful transformation. The primers used in this study are
listed in Table S1.
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Serum killing assay. Experiments were conducted with pooled normal human serum (NHS) ob-
tained from Immucor (catalog number PHS-N100, lot 2148U). The presence of IgG and IgM antibodies
recognizing NTHi was determined by Western blot analysis on whole protein lysates and purified
lipooligosaccharide samples from various clinical NTHi isolates (47). The level of complement resistance
of the NTHi isolates was determined with 10% NHS because this serum percentage allowed efficient
killing of most NTHi isolates, as previously reported (47). Serum from an agammaglobulinemia patient on
IgG replacement therapy was used as IgA/IgM-deficient serum (48). Purified IgM from human serum
(Sigma-Aldrich, I8260) was washed with PBS on a Amicon Ultra-0.5 centrifugal filter unit column
(Millipore) to remove the preservative sodium azide and suspended into PBS at a concentration of
1 mg/ml. NTHi was grown in supplemented BHI medium to an OD620 of �0.5, washed once with PBS,
diluted to an OD620 of 0.1 in PBS, and diluted 10,000-fold in Hanks balanced salt solution (HBSS) plus
Ca2�/Mg2� plus 0.1% gelatin (HBSS3�) to obtain a concentration of �200,000 CFU/ml. Fifty microliters
of bacteria was mixed with 50 �l of 20% NHS, 20% heat-inactivated (HI) NHS, 10% IgA/IgM-deficient
serum, 10% IgA/IgM-deficient serum supplemented with 10 �g/ml IgM, or 10% HI-IgA/IgM-deficient
serum in HBSS3� and incubated for 1 h at 37°C. Samples were diluted 10- and 100-fold with PBS, and
three droplets of 20 �l of the undiluted and 10- and 100-fold-diluted bacteria was plated on sBHI plates
and grown overnight at 37°C and 5% CO2. Survival was determined by dividing the CFU in 10% NHS by
the CFU in HI-NHS after a 1-h incubation. Survival of all NTHi strains was determined in three indepen-
dent experiments, and the averages from the three experiments are reported.

Flow cytometry. NTHi was grown in supplemented BHI medium to an OD620 of �0.5, washed once
with PBS and diluted to an OD620 of 0.1 in HBSS3�. Fifty microliters of bacteria was mixed with 50 �l of
20% NHS, 10% IgA/IgM-deficient serum supplemented with or without 10 �g/ml IgM (C3), 20% HI-NHS,
or 10% IgA/IgM-deficient serum supplemented with or without 10 �g/ml IgM (IgG, IgM, and C-reactive
protein [CRP]) or 2 �g/ml TEPC-15 (a monoclonal antibody that recognizes PCho) (Sigma-Aldrich) diluted
in HBSS3� and incubated for 30 min at 37°C. Bacteria were pelleted by centrifugation at 3,200 	 g and
fixed for 20 min in 2% paraformaldehyde in PBS at room temperature. Bacteria were washed with PBS,
and all antibody incubations were performed in PBS plus 2% bovine serum albumin (BSA). Surface-bound
complement C3 was detected with 1:500-diluted fluorescein isothiocyanate (FITC)-labeled polyclonal
goat anti-human C3 (MP Biomedicals). Surface-bound IgG or IgM was detected with 1:100-diluted
FITC-labeled polyclonal goat anti-human IgG (Sigma-Aldrich) or FITC-labeled polyclonal goat anti-human
IgM (Sigma-Aldrich), respectively. Surface-bound CRP was detected with 1:100-diluted polyclonal goat
anti-human CRP (Acris Antibodies), followed by staining with 1:200-diluted FITC-labeled polyclonal
donkey anti-goat IgG (Thermo Fisher). Surface-bound TEPC-15 was detected by using 1:100-diluted
FITC-labeled anti-mouse IgA antibody (Sigma-Aldrich). For an antibody control experiment, the TEPC-15
antibody was omitted and bacteria were stained only with FITC-labeled anti-mouse IgA antibody. Surface
binding of C3, IgG, IgM, CRP, and TEPC-15 was determined by flow cytometry using a FACS LSR II
instrument (BD Biosciences) and expressed as mean fluorescence intensity (MFI) in arbitrary units (AU).
Data were analyzed by using FlowJo version 10.4.1. IgG, IgM, TEPC-15, C3, and CRP binding to all NTHi
strains was determined in three independent experiments, and the averages from the three experiments
are reported.

Statistical analysis. Statistical analyses were performed with GraphPad Prism version 5.03 for
Windows (GraphPad Software, Inc.). Differences were considered significant at a P value of �0.05. The
specific statistical tests that were used for the various experiments are specified in Results or in the figure
legends.
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