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Bordetella pertussis expresses two serologically distinct fimbriae (Fim2 and Fim3) which are included in the Sanofi Pasteur
5-component acellular pertussis vaccine, and antibody responses to these antigens have been shown to be associated with protec-
tion. Studies to date have assessed the IgG response to this vaccine using a copurified mixture of Fim2 and Fim3, and the re-
sponse to the individual antigens has not been characterized. We have purified separate Fim2 and Fim3 from strains that express
either Fim2 or Fim3 and have used these antigens in an enzyme-linked immunosorbent assay (ELISA) to quantify IgG responses
following immunization with 5-component acellular pertussis vaccine in 15-month-old, 4- to 6-year-old, and 11- to 18-year-old
subjects. All individuals showed increases in Fim2 and Fim3 IgG concentrations following immunization, with 3-fold-greater
Fim2 than Fim3 IgG concentrations seen in the younger two age groups. Fim2 IgG concentrations were 1.5-fold greater than
Fim3 IgG concentrations in the 11- to 18-year-olds. We have also compared Fim2 and Fim3 IgG concentrations in individuals
with prolonged cough who were diagnosed as having recent pertussis using a pertussis toxin (Ptx) IgG ELISA with individuals
with prolonged cough but without elevated Ptx IgG concentrations. Individuals with evidence of recent pertussis had greater
Fim3 IgG concentrations, consistent with the predominant serotype of isolates obtained in the United Kingdom. However, a
surprising number of individuals had moderate Fim2 IgG concentrations despite very few isolates of that serotype obtained in
the sampling period.

Bordetella pertussis causes whooping cough, a highly communi-
cable disease which continues to be a public health concern

despite high levels of vaccination with either whole-cell or acellu-
lar pertussis vaccines. In the last decade, a resurgence of pertussis
has been observed in highly immunized populations (10). A large
number of cases are found in adolescents and adults, who can then
transmit bacteria to vulnerable infants who are too young to have
received a full vaccination schedule. There are many possible
causes for this apparent resurgence, such as increased awareness of
the disease in older patients, better diagnostic tools, and waning of
vaccine-induced immunity. To tackle this problem, booster doses
for older children with acellular vaccine are recommended (30).
Acellular pertussis vaccines contain between one and five B. per-
tussis antigens: pertussis toxin (Ptx), filamentous hemagglutinin
(FHA), pertactin (Prn), and fimbriae (Fim2 and Fim3). Many
aspects of the pathogenesis of pertussis and vaccine correlates of
protection are poorly understood. However, antibodies to Prn,
Fim, and, to a lesser extent, Ptx appear to have a direct correlation
with protection (3, 25). Fimbriae have been considered important
vaccine components for many years in both whole-cell and acel-
lular vaccines, with antibodies shown to block adhesion (7, 24),
and studies performed �50 years ago found that protection cor-
related with high titers of agglutinating antibodies (17). We now
know that the agglutinogens to which these antibodies were di-
rected are fimbriae, Prn, and lipopolysaccharide (LPS) (3).

B. pertussis expresses two serologically distinct fimbriae
composed of either Fim2 or Fim3 major subunits which have
molecular weights of 22,500 and 22,000, respectively (18). In
addition to the major subunits, the fimbriae contain a single
minor fimbrial subunit, designated FimD (29); both major and
minor subunits can mediate binding to heparin (5, 6). United

Kingdom and most European isolates used to be a mixed pop-
ulation of Fim2 and Fim3, Fim2, or Fim3 strains, but following
introduction of universal whole-cell or acellular pertussis vac-
cination, strains almost exclusively express Fim3 (13). Re-
cently, variants of Fim2 (Fim2-1 and Fim2-2) and Fim3
(Fim3A, -B, and -C) have been documented in several coun-
tries, including the United Kingdom (19, 27).

Serological responses to copurified mixtures of Fim2 and Fim3
have been measured by enzyme-linked immunosorbent assay
(ELISA) in many studies, and an interlaboratory study reported
that measurement of Fim antibody responses appeared to be less
precise than in other assays due to the variety of Fim preparations
used as coating antigens (15). One laboratory in that study was
reported to determine antibodies to both Fim2 and Fim3, but no
details were provided. To date, separate Fim2 and Fim3 have not
been available to study responses to the different serotypes. This is
particularly relevant to understand the shifts in serotype observed
in many countries, including the United Kingdom (14, 20), and
determine if both Fim types in the five-component acellular vac-
cine are equally immunogenic. There is a suggestion that Fim3 is
less immunogenic than Fim2 following whole-cell vaccination
(21), and data from Sweden suggest that the acellular vaccine con-
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taining Fim2 and Fim3 may offer higher protection against Fim2
strains than Fim3 (8).

In this study, we have purified separate Fim2 and Fim3 from B.
pertussis strains expressing either Fim2 or Fim3 and used these
antigens to measure antibody concentrations following vaccina-
tion with five-component acellular pertussis vaccine or following
recent pertussis disease.

MATERIALS AND METHODS
Bacterial strains and culture conditions. B. pertussis strains Wellcome 28
(Fim2 plus Fim3) (23), Tohama (Fim2) (23), and S3 (Fim3, kindly pro-
vided by D. Xing, National Institute for Biological Standards and Control
[NIBSC], United Kingdom) were cultured on charcoal agar for 48 h at
35°C in a humid atmosphere. Growth from each plate was transferred to
50 ml CL-CD medium (12) in a 250-ml baffled shake flask. After being
cultured for 48 h at 35°C with shaking, this culture was used to inoculate
3 flasks containing 50 ml CL-CD medium and incubated as before. This
culture was used as the inoculum for 10 2-liter baffled flasks containing
300 ml CL-CD medium, which were incubated for 48 h at 35°C with
shaking. The contents of the 10 flasks were pooled to provide the 3-liter
inoculum for a 70-liter fermenter culture. The culture was grown in
CL-CD medium at 35°C, controlled to pH 8.1 with hydrochloric acid, and
stirred and sparged with air (24 to 26 liters/min) to maintain dissolved
oxygen tension above 20%, with antifoam added sparingly. The culture
was harvested following a plateau in optical density (OD) and an increase
in dissolved oxygen tension. The culture was concentrated by tangential-
flow filtration, and the bacteria were removed by centrifugation at 4,600 �
g for 60 min. The bacteria were then washed with ice-cold water, and the
cell paste was aliquoted in batches equivalent to 10 liters of culture and
frozen at �70°C.

Purification of Fim2 plus Fim3 and Fim2. Cell paste from 10 liters of
culture was resuspended to 10% (wt/vol) in chilled 50 mM HEPES– 0.15
M NaCl (pH 8.0) buffer prior to homogenization using a Silverson L2R
blender. The cell debris was removed by centrifugation at 4,600 � g for 90
min and the supernatant retained. Fimbriae were precipitated by addition
of ammonium sulfate to 30% saturation at room temperature followed by
static incubation at 4°C for 5 days. The precipitate was recovered by cen-
trifugation at 25,000 � g for 2 h, resuspended in HEPES buffer, and
extracted by repeated homogenization using a handheld homogenizer
followed by centrifugation at 25,000 � g for 2 h, and the supernatant
containing the fimbriae was retained. The supernatant was precipitated
with 15% saturation ammonium sulfate and the resultant precipitate sub-
jected to 4 rounds of extraction with HEPES buffer using a handheld
homogenizer before pooling of the supernatants. The resultant final pool
of supernatants was concentrated by dialysis using polyethylene glycol
(PEG) 20000 (Sigma) at room temperature for 3 to 7 h until a protein
concentration of �0.5 mg/ml was achieved.

Purification of Fim3. B. pertussis strain S3 cell paste from 10 liters of
culture was resuspended in phosphate-buffered saline (PBS) 4 M urea and
incubated at 60°C for 30 min with gentle agitation. The supernatant was
then recovered following centrifugation at 4,600 � g at 4°C for 60 min.
Solid PEG 600 was added to 4% (wt/vol), left to stir for a minimum of 48
h at room temperature, and then placed at 4°C for 48 h before recovering
of the fimbriae by centrifugation at 25,000 � g for 2 h at 4°C. After resus-
pension in 10 mM Tris– 0.145 M NaCl (pH 7.4) containing 4 M urea, the
fimbriae were left to equilibrate for 3 h before dialysis against 2 changes of
10 mM Tris–1 M MgCl3 (pH 7.0) at room temperature for 48 h and 12 h.
The Fim3 precipitate was recovered by centrifugation (11,000 � g for 3 h)
and resuspended in 10 mM Tris– 0.145 M NaCl (pH 7.4). The fimbrial
preparation was then applied to a 5-ml phenyl Sepharose column (GE
Healthcare) and eluted with buffer without NaCl.

Fimbriae were analyzed by SDS-PAGE using Novex Tris glycine 14 or
16% acrylamide gels according to the manufacturer’s instructions, and
percent purity was determined using a Bio-Rad GS800 and Imagemaster
software. Endotoxin concentration was determined using a chromogenic

kinetic Limulus amoebocyte lysate (LAL) assay used according to the
manufacturer’s instructions (Lonza).

Mouse sera. Groups of 10 6- to 8-week-old NIH/OLAHSD mice were
immunized by subcutaneous injection with 1 �g of either Fim2 plus Fim3,
Fim2, Fim3, or Fim2 treated with 4 M urea in 0.33% Alhydrogel (Super-
foss Biosector, Denmark). Mice were immunized on days 0, 21, and 28,
and terminal blood samples were taken on day 35.

Human sera. Three panels of 30 paired serum samples taken before
and after 5-component acellular pertussis vaccination were obtained from
Sanofi Pasteur. These were from 15-month-old children following a
fourth dose of Pentacel, 4- to 6-year-old children following a fifth dose of
5-component acellular pertussis vaccine, and adolescents 11 to 18 years
old given 1 dose of Adacel. These sera were a convenience sample of paired
specimens demonstrating good responses to Fim2 plus Fim3 and with
sufficient volume to conduct the assays. The postvaccination sera were
known to contain high concentrations of Fim antibody, but there was no
selection based on responses to other pertussis antigens. All subjects were
enrolled in accordance with the Declaration of Helsinki and good clinical
practice guidelines, and the study protocols and informed-consent forms
were reviewed and approved by appropriate institutional review boards
for each study. Anonymized residual sera sent for serodiagnosis of pertus-
sis following prolonged cough to the Health Protection Agency in 2009,
2010, and 2011 that were either seropositive or seronegative for recent
pertussis by Ptx ELISA were also analyzed.

ELISA. ELISA plates (Nunc Maxisorp) were coated with 1 �g/ml fim-
briae (Fim2 plus Fim3, Fim2, or Fim3) at 100 �l per well in carbonate
buffer (15 mM Na2 CO3, 35 mM NaHCO3 [pH 9.5]) for 20 h, with static
incubation at 4°C. Fim2 was pretreated with 4 M urea for 2 h. Coated
plates were washed with Tris-buffered saline/Brij buffer (0.137 M NaCl,
2.15 mM KCl, 1.1 mM Tris base, 9 mM Trizma HCl, 0.1% Brij 35 [pH
7.2]) and blocked with 150 �l PBS containing 5% vol/vol fetal bovine
serum (FBS) and 0.1% Tween 20 for 1 h with shaking at 20°C. Duplicate
serial dilutions of human sera, quality control (QC) in-house serum from
a vaccinated adult volunteer, and reference standard 89/530 (NIBSC,
United Kingdom, http://www.nibsc.ac.uk/documents/ifu/89-530.pdf)
were prepared in blocking buffer on a separate dilution plate. One hun-
dred microliters of each serial dilution was then transferred to the coated
assay plate and incubated for 1 h with shaking at 20°C. After washing of
the plates, goat anti-human IgG Fc� fragment-specific affinity-purified
antibody conjugated to alkaline phosphatase (Jackson ImmunoResearch
Laboratories) was diluted 1/5,000 in blocking buffer, and 100 �l was ap-
plied to each well and incubated with shaking for 1 h at 20°C. After the
plates were washed, 100 �l AP Yellow (p-nitrophenyl phosphate from
BioFX) substrate was applied to each well and incubated for 1 h with
shaking at 20°C before stopping the reaction by the addition of 50 �l 3 N
NaOH and incubation with shaking for 5 min. For analysis of mouse sera,
goat anti-mouse IgG conjugated to alkaline phosphatase (Jackson Immu-
noResearch Laboratories) was used at a dilution of 1/2,000. The absor-
bance of each well was read using a Versamax plate reader (Molecular
Devices) at 405 nm with a reference wavelength of 690 nm; the data were
analyzed using SOFTmax PRO software using a predefined template
which applied a 4-parameter logistic (4PL) model to the pertussis refer-
ence serum dose response data. The template then used OD values from
duplicate serial dilutions of each test sample to interpolate IgG ELISA
concentration units from the reference curve and multiplied the value by
the appropriate (serial) dilution factor. The mean of the values for the
serial dilutions was used as the final result for each test sample, and the
variation across the serial dilution series was measured (as relative stan-
dard deviations [RSD], expressed as percentages) to ensure that the test
sample was parallel to the reference and gave confidence in the integrity of
the result obtained. Values from at least two serial dilutions were required
to calculate a reportable value, and the maximum allowable RSD was 30%,
although most samples tested had an RSD of �15%. An in-house QC
serum with an assigned range (historical mean � 3 standard deviations)
against each antigen was tested on each assay plate to ensure consistency of
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assay performance. Plates with QC concentrations outside this assigned
range were rejected, and samples on that plate were retested.

Statistical methods. Geometric mean antibody concentrations with
95% confidence intervals (95% CIs) were calculated for Fim2 plus Fim3,
Fim2, and Fim3, and geometric mean fold ratios comparing Fim2 and
Fim3 were calculated with 95% confidence intervals. Reverse cumulative
distribution curves of Fim2 and Fim3 antibody concentrations in sera
positive or negative for pertussis diagnosis by pertussis toxin ELISA were
plotted.

RESULTS
Purification of fimbriae. The purification methods for Fim2 plus
Fim3, Fim2, and Fim3 were adapted from those described by Rob-
inson et al. (23), and yields of approximately 9, 1.2, and 0.3 mg/
liter, respectively, were obtained. No Fim3 was obtained with the
homogenization method used for Fim2 plus Fim3 and Fim2,
which resulted in the development of an alternative method using
4 M urea for isolation of Fim3. SDS-PAGE analysis showed these
preparations to be highly pure (Fig. 1), with undetectable levels of
contaminating proteins by scanning densitometry. Fim2-Fim3
preparations contained 57% Fim2 and 43% Fim3 as a percentage
of total protein. The endotoxin concentrations of the Fim2-Fim3,
Fim2, and Fim3 preparations were determined as 1.1 � 105, 4.8 �
105, and �6 � 103 EU/mg, respectively.

Serotype specificity of the immune response to purified fim-
briae. Groups of 10 mice were immunized with purified Fim2 plus
Fim3, Fim2, and Fim3 and the sera characterized for recognition
of homologous or heterologous fimbrial preparations. As Fim3 is
purified using buffers containing 4 M urea, Fim2 was also treated
in this buffer before being used to coat the ELISA plate. All the sera
recognized Fim2 plus Fim3 with a high titer, whereas sera raised
against native or urea-treated Fim2 only reacted with plates coated
with Fim2-containing preparations (Fig. 2). Urea treatment of
immunizing antigen or the ELISA coating antigen did not affect
the specificity or magnitude of the IgG response. Serum raised
against Fim3 was also exquisitely serotype specific, with no cross-
reaction to Fim2 treated with urea and only a slight reaction with

FIG 1 Purified Fim2 plus Fim3, Fim2, and Fim3 analyzed by SDS-PAGE (3 �l protein was added per well).

FIG 2 Log ELISA titers of mouse sera raised against Fim2 plus Fim3 (A), Fim2
(B), Fim2 treated with 4 M urea (C), and Fim3 (D) against each of these
antigens. Two groups of 5 mice were immunized with each antigen. Pooled
sera from each group were analyzed, and the geometric mean and standard
error from 3 replicates is presented.
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native Fim2 detected (Fig. 2). Thus, we confirm that the antigen
preparations contain undetectable levels of heterologous antigens
and are suitable for use in a highly specific Fim2 or Fim3 antibody
detection ELISA.

Assignment of ELISA antibody concentration units to per-
tussis reference serum 89/530 for separate Fim2 and Fim3. Per-
tussis reference serum 89/530 (NIBSC, United Kingdom) is a pool
of sera from 2 adults recently recovered from pertussis and 3
adults immunized with a 5-component pertussis vaccine. It was
assigned a value of 280 ELISA units of anti-Fim2-Fim3 antibody
per vial in a collaborative study using U.S. standard pertussis an-
tiserum lot 3. This was diluted in 3.3 ml 50% glycerol to make a
working stock containing 84.8 units/ml. To assign ELISA antibody
concentration units for separate Fim2 and Fim3, wells of an ELISA
plate were coated with either a Fim2-Fim3 mixture (1 �g/ml of

Fim2 plus 1 �g/ml Fim3), Fim2 alone (1 �g/ml), or Fim3 alone (1
�g/ml). An ELISA was performed using duplicate serial dilutions
of the 89/530 reference serum across the whole plate. A 4PL curve
was fitted to the data for the Fim2-Fim3 mixture, and this was used
as the reference curve with an assigned value of 84.8 (Fig. 3). The
wells coated with Fim2 or Fim3 were treated as test samples, and
the absorbance values for each serum dilution were used to inter-
polate ELISA concentration units from the reference curve for
each antigen. The final assigned ELISA concentration units used
were the means of 4 repeat plates and were 72.8 for Fim2 and 14.8
for Fim3, with relative standard deviations of 12.9 and 14.3%,
respectively. Thus, we observed that a higher proportion of the
Fim antibody in 89/530 recognized Fim2 than Fim3. The lower
limits of detection were calculated from at least 18 replicate
8-point doubling dilutions of the 89/530 reference as 0.8, 1.7, and
0.2 for Fim2 plus Fim3, Fim2, and Fim3, respectively. We also
investigated the use of the first international standard for pertussis
antiserum (31), but it has a lower concentration of anti-Fim anti-
bodies and we did not obtain ELISA dilution curves for Fim2 plus
Fim3, Fim2, and Fim3 that allowed assignment of values to the test
sera.

Quantification of Fim2-Fim3, Fim2, and Fim3 IgG concen-
trations in human sera following vaccination with 5-compo-
nent acellular pertussis vaccine. Three panels of paired serum
samples taken before and after 5-component acellular pertussis
vaccination were supplied by Sanofi Pasteur from 15-month-old
children, 4- to 6-year-old children, and 11- to 18-year-olds. The
15-month-old children and the 4- to 6-year-old children were
primed with 5-component acellular pertussis vaccine, but the vac-
cination history of the 11- to 18-year-olds is unknown. These sera
were analyzed using the copurified Fim2-Fim3, Fim2, and Fim3
ELISAs, and dot plots of the antibody concentrations obtained are
shown in Fig. 4. Geometric mean antibody concentrations and
95% confidence intervals are given in Table 1. Prevaccination lev-
els of antibody to fimbriae were low in all 3 groups, but all indi-

FIG 3 ELISA dose response curves of pertussis standard serum NIBSC 89/530
with a mixture of separate Fim2 and Fim3 (�) (coating concentration, 1 �g
each per ml), Fim2 (�), or Fim3 (Œ) (coating concentration, 1 �g/ml).

FIG 4 Dot plot of ELISA IgG concentrations for Fim2 plus Fim3, Fim2, and Fim3 pre- and postvaccination (with 5-component acellular pertussis vaccine) serum
pairs in 15-month-olds after the 4th dose (A), 4- to 6-year-olds after the 5th dose (B), and 11- to 18-year-olds after the adolescent dose (C). n � 15 for each group.
Bars indicate the geometric mean IgG concentrations.
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viduals showed a rise in antibody concentration to Fim2 plus Fim3
and to the separate Fim2 and Fim3 following vaccination with the
5-component vaccine. Similar geometric mean concentrations of
Fim2 IgG were seen following vaccination in the younger two age
groups and similar Fim3 IgG concentrations were also observed,
while higher antibody concentrations against both antigens were
seen in the 11- to 18-year-old subjects. Fim2 geometric mean an-
tibody concentrations were determined to be 3.4- and 3.5-fold
greater than Fim3 geometric mean antibody concentrations in
15-month-old and 4- to 6-year-old subjects, respectively, while in
the sera from the 11- to 18-year-olds this ratio was 1.5, although
this difference was not significant (95% CI includes 1.0) (Table 1).
There was an approximately 30-fold rise in concentration of anti-
body to Fim2 plus Fim3, Fim2, and Fim3 following vaccination in
the younger children, while a �100-fold rise was observed follow-
ing vaccination in the 11- to 18-year-olds (Table 1).

Fim antibody concentrations in individuals following recent
disease. B. pertussis isolates in recent years received by the United
Kingdom Pertussis Reference Laboratory have almost exclusively
only expressed Fim3 (Table 2). However, 32% of isolates received
in 2011 expressed Fim2 and 27% expressed Fim2 in the first 5
months of 2012, suggesting that a change in the predominant
serotype may be occurring. We were interested to determine if the
Fim2 or Fim3 antibody concentrations detected in individuals
diagnosed with recent pertussis reflected the predominant sero-
type of B. pertussis isolates. Thus, we analyzed residual sera sent to
the Pertussis Reference Laboratory for pertussis serodiagnosis us-
ing a Ptx antibody ELISA. Sera were obtained from 30 individuals
with prolonged cough and Ptx IgG antibody concentrations over
the diagnostic threshold of 70 IU/ml in 2009, 2010, and 2011. Fim
antibody concentrations were also determined in sera from 30
individuals with prolonged cough but low Ptx IgG concentrations

submitted for analysis in 2010 and 2011. The geometric mean Ptx
IgG concentrations and 95% confidence intervals are given in Ta-
ble 3. The median (ranges are in parentheses) ages of individuals
seropositive for recent pertussis in 2009, 2010, and 2011 were 35 (6
to 70), 41 (3 to 70), and 36 (7 to 74) years, respectively. Those for
seronegative individuals in 2010 and 2011 were 40 (5 to 84) and 45
(2 to 69) years, respectively. Individuals with low Ptx IgG concen-
trations generally had low Fim antibody concentrations (Table 3).
The geometric mean Fim3 IgG concentrations determined in Ptx-
positive individuals were greater than for Fim2 in all 3 years, con-
sistent with the predominant serotype of B. pertussis isolates.
However, it was surprising that some individuals had relatively
high Fim2 IgG concentrations, indicating recent exposure to B.
pertussis expressing this serotype. Reverse cumulative distribution
curves of Fim2 and Fim3 antibody concentrations are shown in
Fig. 5, and the superiority of Fim3 IgG concentrations is clear. It
can also be seen that a small number of individuals show clear
responses to Fim2. Figure 5 demonstrated that Fim2 antibody
concentrations were greater in 2010 and 2011 than in 2009, with at
least 20% of individuals with Fim2 IgG concentrations of 29, 137,
and 81 in 2009, 2010, and 2011, respectively.

DISCUSSION

B. pertussis fimbriae have been shown to be important compo-
nents of acellular pertussis vaccines, with a significant association
between clinical protection in household exposure studies and the
presence of preexposure antibodies to Fim2 plus Fim3 (3, 25).
Many studies have quantified the IgG response to fimbriae follow-
ing immunization with pertussis vaccines, but copurified mix-
tures of Fim2 and Fim3 have been used which do not contain a
defined ratio of antigens. In this study, we have purified separate
Fim2 and Fim3 from Fim2- or Fim3-expressing B. pertussis strains
so that the immune response to the individual fimbrial antigens
could be quantified. The purification of these antigens has been
previously described (23), but we were not able to replicate these
methods successfully. Despite modification of the methods, yields
of separate antigens remained low, and large fermenter cultures
were required to obtain sufficient purified protein. Fim2 was pu-
rified from a serotype Fim2 strain by homogenization and re-
peated ammonium sulfate precipitation in the same way as Fim2
plus Fim3 from a strain expressing both antigens. Fim3 cannot be
isolated using this method, and extraction with buffer containing
4 M urea was required, as previously described (23). The proteins
appeared highly pure by SDS-PAGE analysis, although Fim2 plus
Fim3 and Fim2 contained large amounts of LPS. In contrast, Fim3
prepared using 4 M urea extraction contained low levels of LPS.

TABLE 2 Serotypes of B. pertussis isolates received by the UK Pertussis
Reference Laboratorya

Yr

No. (%) with indicated serotype
No. (%)
nontypeable Total1,2 1,3 1,2,3

2008 3 (2) 135 (95) 0 4 (3) 142
2009 2 (2) 92 (98) 0 0 94
2010 3 (8) 36 (90) 0 1 (2) 40
2011 50 (32) 106 (68) 0 0 156
2012 69 (33) 133 (64) 1 3 (1) 206
a Data represent isolates received for each calendar year from 2008 to 2011 and for the
first 7 months of 2012. Nontypeable isolates autoagglutinate, and thus a serotype
cannot be assigned.

TABLE 1 Geometric mean Fim2-Fim3, Fim2, and Fim3 ELISA IgG concentrations in vaccineesa

Age group

Geometric mean IgG ELISA concn units (95% CI)

Fim2/Fim3 ratio
(95% CI)

Fim2 	 Fim3 Fim2 Fim3

Pre Post Pre Post Pre Post

15 mo old, after 4th dose of
aP5 (n � 15)

21 (16, 29) 634 (459, 875) 20 (13, 31) 695 (504, 958) 7 (4, 13) 206 (126, 335) 3.4 (2.0, 5.6)

4–6 yr old, after 5th dose of
aP5 (n � 15)

26 (17, 40) 871 (661, 1,145) 23 (15, 37) 801 (464, 1,383) 6 (3, 11) 230 (111, 475) 3.5 (1.5, 8.2)

11–18 yr old, after adolescent
dose of aP5 (n � 15)

18 (11, 29) 2027 (1,502, 2,735) 14 (10, 20) 1,509 (828, 2,751) 8 (4, 16) 980 (571, 1,683) 1.5 (0.6, 3.9)

a Pre and post, before and after vaccination, respectively; aP5, 5-component acellular pertussis vaccine.
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The exquisite serotype specificity of the antigens following immu-
nization in mice (Fig. 2) demonstrates that this LPS contamina-
tion does not cause cross-reaction of the antibody response to
heterologous antigen preparations and so is unlikely to contribute
to the antibody responses seen with Fim2 plus Fim3 and Fim2 in
human subjects, although this cannot be completely discounted
and will be the subject of investigation in future studies. The lack
of availability of separate Fim2 and Fim3 was noted by Xu et al.
(32) and prompted development of recombinant Fim2 and Fim3.
These antigens had the predicted subunit molecular weight on
SDS-PAGE and were recognized by specific Fim2 and Fim3

monoclonal antibodies. However, these antigens did not provide
protection in a mouse intranasal infection model as described for
native antigens (22), suggesting the lack of protective epitopes in
the recombinant antigens.

We developed an ELISA to determine IgG concentrations to
separate Fim2 and Fim3 using the assigned concentration of
NIBSC standard 89/530, which has been calibrated against U.S.
reference pertussis antiserum lot 3 and has been used in many
studies (16). The NIBSC 89/530 serum was a pool that contained
serum from individuals immunized with 5-component acellular
pertussis vaccine or following recent pertussis disease and thus
had detectable responses to both Fim2 and Fim3. The Fim units
assigned were obtained in studies using copurified mixtures of
Fim2 and Fim3 where the ratios of Fim2 to Fim3 were not known.
The Fim2-Fim3 preparation obtained in this study was approxi-
mately 60% Fim2 and 40% Fim3 (Fig. 1) and thus was not used to
assign concentration values for Fim2 and Fim3, as this would have
skewed the Fim2 and Fim3 antibody binding ratio. Thus, we used
Fim2 and Fim3 at a defined 1:1 ratio of as the coating antigens,
which showed that 89/530 contains a higher proportion of anti-
bodies that recognize Fim2 than Fim3 (Fig. 3). We have shown
that 4 M urea-treated fimbriae make suitable coating antigens.
Fim2 was treated with 4 M urea before use in the ELISA to match
the Fim3 preparation available. Also, sera from mice immunized
with Fim2 treated with urea produced an IgG response similar to
that produced by native Fim2 (Fig. 2), and use of urea-treated
Fim2 as a coating antigen did not affect the magnitude of the
response seen with sera raised against native or urea-treated Fim2.
In addition, the avidity of the anti-Fim2 IgG population for its
antigen is assumed to be the same as that for anti-Fim3 population
and Fim3. This was shown to be the case, as the slopes of the Fim2
and Fim3 dose response curves are similar (Fig. 3). The higher
result assigned to 89/530 for Fim2 compared to Fim3 is thus a true
reflection of how much antibody is present for each serotype.

This ELISA was used to quantify Fim2 plus Fim3, Fim2, and
Fim3 IgG concentrations in small panels of sera from 15-month-
old children, 4- to 6-year-old children, and 11- to 18-year-olds
immunized with 5-component acellular pertussis vaccine. All in-
dividuals showed rises in IgG concentration to both Fim2 and
Fim3, confirming that both components of the copurified Fim2-
Fim3 mixture in the vaccine are immunogenic. Higher geometric
mean responses to Fim2 than Fim3 were seen in the younger two
age groups, but this difference was reduced in the 11- to 18-year-
old subjects. Responses to both proteins were greater in the older
vaccinees, indicating a strong boost response to these antigens.
The significance of the lower IgG concentrations seen in response
to Fim3 following vaccination of young children is not known.

TABLE 3 Geometric mean Ptx, Fim2-Fim3, Fim2, and Fim3 IgG concentration in sera from individuals seropositive or seronegative for pertussis by
Ptx ELISAa

Yr of serum
collection

Geometric mean IgG ELISA concn units (95% CI)

Ptx Fim2 	 Fim3 Fim2 Fim3

Ptx� Ptx	 Ptx� Ptx	 Ptx� Ptx	 Ptx� Ptx	

2009 ND 299 (202, 443) ND 65 (27, 161) ND 12 (5, 29) ND 132 (51, 339)
2010 2 (1, 1) 442 (333, 586) 6 (4, 11) 78 (34, 179) 5 (3, 9) 36 (18, 71) 5 (3, 9) 103 (48, 218)
2011 5 (3, 8) 275 (186, 405) 7 (3, 14) 102 (55, 188) 6 (3, 11) 16 (7, 35) 8 (4, 16) 99 48, 206)
a IgG concentrations were determined in sera from 30 seropositive and 30 seronegative individuals in each year (no sera for Ptx-negative individuals were available for 2009). ND,
not done.

FIG 5 Reverse cumulative distribution curves of Fim2 and Fim3 ELISA IgG
concentrations in sera from individuals seropositive or seronegative for per-
tussis by Ptx IgG ELISA (n � 30 per group) obtained in 2009 (A), 2010 (B), and
2011 (C).
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Two studies performed in Sweden suggest that 5-component acel-
lular pertussis vaccine may be less effective against Fim3 strains.
Hallander et al. (8) report a higher percentage of Fim3 break-
through strains among children who received 5-component acel-
lular vaccine than in an unvaccinated control group. This was also
seen in the 1992 Swedish study, with a higher percentage of Fim3
breakthrough strains seen in the 5-component acellular and
whole-cell vaccine groups, compared to an equal ratio of serotypes
between two-component acellular vaccine and control groups
(26).

We have also used the Fim2 and Fim3 ELISA to determine IgG
concentrations in individuals with evidence of recent pertussis by
Ptx IgG ELISA. It has been observed previously that individuals
with anti-Ptx IgG above the diagnostic threshold were more likely
to have high levels of anti-FHA and anti-Fim2-Fim3 IgG (1), but
responses to individual Fim2 and Fim3 have not previously been
analyzed. Because United Kingdom B. pertussis isolates have been
almost exclusively Fim3 serotype during the time period exam-
ined, it would be expected that individuals would show increased
Fim3 IgG concentrations following disease, and this was demon-
strated in panels of sera from 2009, 2010, and 2011. However, the
number of individuals with moderate Fim2 IgG concentrations in
2009 and 2010 was surprising given the predominant serotypes of
isolates obtained in those years (Table 2). This could mean either
that Fim2 strains were circulating and not represented in the small
number of isolates obtained or that B. pertussis may express both
Fim types in vivo. This was suggested by Heikkinen et al. (11), who
used a monoclonal antibody blocking ELISA, due to the unavail-
ability of separate Fim2 and Fim3, to determine serotype-specific
antibody responses following infection. They found that patients
infected by Fim3 strains had antibodies which blocked the binding
of monoclonal antibodies to Fim3 but not to Fim2. However,
one-third of the Fim2 strain-infected patients developed antibod-
ies capable of blocking binding of both Fim2 and Fim3 monoclo-
nal antibodies, indicating a difference in fimbrial expression in
vivo and in vitro. The expression of fimbriae is known to be de-
pendent on a run of C residues in the promoter regions of fim2 and
fim3 which renders the genes capable of phase variation through
spontaneous variation in the poly(C) tract length (2, 28). As
strains appear to possess both fimbrial genes, it is possible that
variable expression could occur during disease. However, despite
this genetic flexibility, the predominant serotypes are stable over a
number of years in most countries, with periodic switching (13,
14, 20), and we present preliminary evidence from 2011 that this
may be occurring in the United Kingdom. An additional possibil-
ity for the high Fim2 ELISA IgG concentrations seen in some
individuals may be anti-LPS antibodies reacting with the higher
level of LPS in the Fim2 ELISA coating antigen, and this will be the
subject of further study.

The strong anti-Fim2 and -Fim3 IgG responses seen following
disease may be, in part, influenced by previous vaccination, as
individuals have been shown to produce strong responses to fim-
briae if they had received prior fimbria-containing pertussis vac-
cine (9). In addition, blunted responses to antigens not contained
in pertussis vaccines previously received have been observed (4).
United Kingdom individuals in this study are likely to have re-
ceived whole-cell pertussis vaccination which primed for response
to both Fim2 and Fim3.

Thus, in this study, we have purified separate Fim2 and Fim3
and characterized the immune response to these antigens follow-

ing vaccination, showing that both proteins are immunogenic. In
addition, the anti-Fim IgG response following recent disease was
greater for Fim3, consistent with the predominant serotype of
circulating B. pertussis isolates. However, a surprising number
of individuals have moderate responses to Fim2, raising a number
of questions about the serotype of circulating strains or in vivo
expression of fimbriae. With the resurgence of pertussis seen in a
number of countries with high levels of vaccine coverage, im-
proved vaccines are required that may reduce transmission of the
pathogen, and improved responses to both Fim2 and Fim3 may be
important to achieve this aim.
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