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ABSTRACT Pertussis (whooping cough), caused by Bordetella pertussis, is resurging
in the United States and worldwide. Adenylate cyclase toxin (ACT) is a critical factor
in establishing infection with B. pertussis and acts by specifically inhibiting the re-
sponse of myeloid leukocytes to the pathogen. We report here that serum compo-
nents, as discovered during growth in fetal bovine serum (FBS), elicit a robust in-
crease in the amount of ACT, and =90% of this ACT is localized to the supernatant,
unlike growth without FBS, in which =90% is associated with the bacterium. We
have found that albumin, in the presence of physiological concentrations of calcium,
acts specifically to enhance the amount of ACT and its localization to the superna-
tant. Respiratory secretions, which contain albumin, promote an increase in amount
and localization of active ACT that is comparable to that elicited by serum and albu-
min. The response to albumin is not mediated through regulation of ACT at the
transcriptional level or activation of the Bvg two-component system. As further illus-
tration of the specificity of this phenomenon, serum collected from mice that lack
albumin does not stimulate an increase in ACT. These data, demonstrating that albu-
min and calcium act synergistically in the host environment to increase production
and release of ACT, strongly suggest that this phenomenon reflects a novel host-
pathogen interaction that is central to infection with B. pertussis and other Bordetella
species.

KEYWORDS Bordetella pertussis, RTX toxins, adenylate cyclase toxin, albumin,
calcium

ertussis (whooping cough) is a respiratory illness caused by Bordetella pertussis that

can be life-threatening, especially in infants. In 2012, the number of cases of
whooping cough in the United States was the highest since 1960 despite high vaccine
coverage (1). Limited duration of protection by acellular pertussis vaccines is a major
factor in the resurgence of pertussis (2), and one approach to this problem is reformu-
lation of the acellular vaccines to include additional B. pertussis antigens (3). Adenylate
cyclase toxin (ACT) is a critical factor in establishing infection with B. pertussis and a
documented protective antigen (4-6). In light of these features, this toxin is a leading
candidate for inclusion in new acellular pertussis vaccines (7, 8).

ACT is a single polypeptide of 1,706 amino acid residues that constitute a protein of
~200 kDa (9-12). ACT belongs to the RTX (repeats-in-toxin) family of proteins and has
two activities (13). The toxin function involves insertion of the adenylate cyclase (AC)
catalytic domain into the cytoplasm of host cells, activation by the host protein
calmodulin, and conversion of intracellular ATP into cyclic AMP (cAMP), resulting in
dysregulation of signaling processes and depletion of ATP in the intoxicated cell (14,
15). At higher concentrations, ACT undergoes oligomerization to form pores in the
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target cell membrane (15-17); these pores are responsible for hemolysis during B.
pertussis growth on Bordet-Gengou agar (18). The repeat regions in the RTX domain
bind calcium, and calcium binding induces conformational changes that are critical for
efficient secretion and toxin activity (19-24). ACT uses the 82 integrin, CD11b/CD18, as
its receptor (25, 26), suggesting that a primary role for ACT in the pathogenesis of
pertussis is inhibition of the functions of CD11b/CD18-expressing myeloid leukocytes
(including neutrophils, monocytes, macrophages, and dendritic cells), which are in-
volved in the clearance of B. pertussis (26-29).

ACT is encoded within the cya operon, which includes the structural gene cydA, as
well as cyaB, cyaD, and cyaE encoding the type 1 secretion system (T1SS) by which it
is secreted, the acyl transferase gene cyaC, which is responsible for posttranslational
acylation, and cyaX, of unknown function but annotated as a LysR family transcriptional
regulator (13, 30, 31). Expression of cyaA, as well as other B. pertussis factors critical to
establishing infection, is controlled by the Bvg two-component regulatory system,
which has been described as the master transcriptional regulator of virulence in
Bordetella species (32-34). To initiate transcription of the Bvg regulon, the sensor kinase
BvgS phosphorylates the response regulator BvgA, which binds to promoter elements
upstream of target genes (35-38). The default operation of this regulatory system
appears to be in the “on” position, since the only signals that have been identified are
those that decrease expression of target genes: for example magnesium sulfate
(MgSO,) or a shift in temperature from 37°C to 25°C (39). A Bvg-activated state,
promoting transcription of cyadA, is required and sufficient for infection (40).

During in vitro growth in Stainer-Scholte medium (SSM), ACT is primarily associated
with the bacterial cell surface (12, 41-43); however, we showed previously that it is the
released, not surface-associated, ACT that is responsible for increasing cAMP and
causing cytotoxicity (44). This is consistent with the study of nasal washes from humans
with pertussis and from infected baboons showing that virtually all of the ACT is in the
released form in vivo (45). These observations together support the concept that
released ACT is the active and most relevant molecule during infection and suggest
that the in vitro conditions currently in use to study ACT and other components of
pertussis pathogenesis are not representative of the environment within the host.
While seeking to understand the differences between culture conditions in vitro and the
environment within the host respiratory tract, we noted that ACT is also primarily in the
supernatant when B. pertussis is studied in vitro with eukaryotic cells (45). Under these
conditions, B. pertussis is exposed to tissue culture medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS). Since serum components are present in
respiratory secretions, this led us to hypothesize that one or more molecules in serum
promote ACT release into the culture medium. The testing of this hypothesis yielded
the data presented herein.

RESULTS

Serum increases the amount of ACT and shifts localization to the supernatant.
We tested our hypothesis that serum promotes an increase in extracellular ACT by
measuring the amount of ACT in cultures of wild-type (WT) B. pertussis strain UT25
grown in Stainer-Scholte medium (SSM) with and without 10% FBS for 8 h. The amount
and relative distribution of ACT were determined by enzyme activity using a cell-free
assay measuring conversion of [32P]JATP to [32P]JcAMP (10, 46) (Fig. 1A), and relative
differences in protein amount were confirmed by Western blotting with a polyclonal
rabbit anti-ACT antibody recognizing the full-length, 200-kDa protein (Fig. 1B). We have
shown previously that this adenylate cyclase (AC) assay is highly sensitive and quan-
titative, with a linear range of 0.064 to 80 ng/ml (45). When necessary, samples were
diluted to be within this range of toxin concentrations. In addition, we confirmed that
the presence of FBS had no effect on enzymatic activity of purified ACT (data not
shown). As seen previously, =90% of the total ACT is associated with the bacterium
during growth in SSM (41); however, during growth in the presence of FBS, 90% of this
ACT was located in the supernatant (Fig. 1A), similar to published observations about

June 2017 Volume 85 Issue 6 €00198-17

Infection and Immunity

iaiasm.org 2


http://iai.asm.org

Albumin and Calcium Increase Extracellular ACT

- B.
§250000 M Supernatant Total Supernatant
S W Total FBS: - + - +
g. z 200000 o
-
=
< 'E 150000
2 o
E-
>~
& & 1000001
W <
O o
< 2 50000
]
£
=] 0
& <

éx
%"o

FIG 1 Serum elicits a massive increase in the amounts of total and extracellular B. pertussis ACT. B.
pertussis UT25 was grown in SSM = 10% FBS for 8 h. The total fraction includes both culture supernatant
and bacterial cells. The supernatant was collected after centrifugation. (A) AC enzyme activity was
measured as described in Materials and Methods and normalized by ODy,,. Data represent the mean =
standard deviation (SD) from 9 independent experiments. A Student’s t test was used to determine
statistical significance. ***, P = 0.0001. (B) Western blot analysis using a rabbit polyclonal anti-ACT
antibody detecting the 200-kDa ACT protein.

the distribution of ACT in vivo (45). In addition, there was an unexpected 12.6-fold
increase in the amount of ACT during growth with FBS relative to absence of serum
(Fig. 1A), resulting in concentrations equivalent to 2 wg/ml ACT in the supernatant at
8 h. These data support our hypothesis that serum components change the distribution
of ACT and also reveal that they stimulate an increase in the amount of ACT.

To understand whether there are differences in growth * FBS that could account for
ACT amount and localization, we grew B. pertussis UT25 in SSM = 10% FBS and
measured bacterial growth by optical density at 600 nm (OD,,) every 8 h for 2 days.
The bacterial densities were significantly higher between 8 to 32 h when B. pertussis
was grown in SSM plus FBS versus SSM alone (Fig. 2A). Because of this difference in
growth, quantities of ACT measured by enzyme activity presented herein, except for
Fig. 2, are normalized to bacterial density (ODg(,). Importantly, the quantity of ACT
peaked at 24 h in the presence or absence of FBS, but that amount was nearly 30-fold
greater at this time point for B. pertussis grown with serum versus without (Fig. 2A). The
response to serum is rapid, including even modest increases at the zero time point (Fig.
2B), most likely due to the ~10-min sample processing time. By 30 min, there is a 3-fold
increase in the amount of toxin, and 59% of the total ACT is in the supernatant. By 120
min, there is a 10.9-fold increase in the amount of ACT during growth in SSM plus FBS
versus SSM alone, and 85% of the total ACT is in the supernatant. These early increases
occur with minimal changes in bacterial density. Together, these results show that the
response to serum is rapid, robust, and peaks near the end of the logarithmic phase of
B. pertussis growth.

We tested multiple wild-type and mutant strains of B. pertussis, B. parapertussis, and
B. bronchiseptica to determine if the response to serum is conserved. All strains were
grown in SSM or SSM plus 10% FBS for 8 h. ACT was detected by measuring AC enzyme
activity, and the percentage of activity in the supernatant and fold increase in total ACT
were determined (Table 1). Seven strains of B. pertussis (all strains tested except a Bvg™
strain, discussed further below) responded to serum by increasing the amount of ACT
and releasing the majority of the ACT to the supernatant. B. pertussis strain UT25 makes
approximately 10X more ACT than the B. pertussis reference strain Tohama, and the
elevated level of ACT produced by UT25 is more comparable to the level of ACT
produced by recent clinical isolates tested in our laboratory (data not shown). For this
reason, B. pertussis UT25 was used for the majority of the experiments presented herein.
As shown previously (43), B. pertussis strains deficient in the adhesin filamentous
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FIG 2 The response to serum is rapid and peaks at 24 h of growth. B. pertussis UT25 was grown in SSM *+
10% FBS, and samples were taken at the indicated time points. The total fraction includes both culture
supernatant and bacterial cells. The supernatant was collected after centrifugation. AC enzyme activity
was measured as described in Materials and Methods. (A) The data represent the mean = SD from 3
independent experiments. Comparisons between enzyme activity = FBS at all time points are statistically
significant as determined by an unpaired t test (P = 0.05). Comparisons between bacterial density = FBS
were statistically significant (P = 0.05) at 8, 16, 24, and 32 h. (B) Data represent the mean = SD from 2
independent experiments done in duplicate.

hemagglutinin (FHA [encoded by fhaB]) have a higher percentage of ACT present in the
supernatant during growth in SSM (Table 1). We found, however, that B. pertussis
BP353, a BP338 derivative with a Tn5 insertion in fhaB, still responded to FBS: the
amount of ACT increased 9.2-fold, and 100% of ACT was present in the supernatant. B.
parapertussis CN8234 responded to serum comparably to B. pertussis, with a 7.2-fold
increase in total ACT and a shift from 16% to 88% in the supernatant (Table 1). Strains
of B. bronchiseptica have a higher percentage of ACT localized to the supernatant
during growth in SSM compared to strains of B. pertussis, but both the total amount
(3.1-fold or 5.1-fold depending on the strain) and percentage of ACT in the supernatant

June 2017 Volume 85 Issue 6 €00198-17

Infection and Immunity

iai.asm.org 4


http://iai.asm.org

Albumin and Calcium Increase Extracellular ACT Infection and Immunity

TABLE 1 Response to serum is conserved among the B. pertussis, B. parapertussis, and
B. bronchiseptica strains tested in this study

% AC enzyme

activity in Fold increase in
supernatant AC enzyme
Strain Description (reference) SSM SSM + FBS activity
B. pertussis
uT25 Clinical isolate (73) 10 90 12.6
Tohama WHO reference strain (83) 13 99 5.2
BP338 Laboratory strain (84) 8 100 12.6
BP347 BP338 bvgA:Tn5 (84) NDe ND ND
BP353 BP338 fhaB:Tn5 (84) 34 100 9.2
BPSM Laboratory strain (85) 23 90 10.2
V252 Clinical isolate 14 92 12.8
D420 Clinical isolate (86) 9 100 5.5
B. parapertussis
CN8234 Clinical isolate (87) 16 88 7.2
B. bronchiseptica
RB50 Laboratory strain (40) 61 99 3.1
RBX9 RB50 AfhaB (88) 88 99 3.8
1289 Hypervirulent isolate (89) 64 95 5.2

aND, none detected.

are enhanced by serum. As might be expected, basal levels of ACT in the supernatant
in the absence of FBS are higher in the B. bronchiseptica fhaB deletion strain RBX9 than
in its wild-type parent strain, RB50, but the levels of total and supernatant-localized ACT
were further enhanced during growth in the presence of serum, consistent with data
from the B. pertussis BP353 strain. These findings demonstrate that the response to
serum is conserved among B. pertussis, B. parapertussis, and B. bronchiseptica and also
indicate that strains secreting higher levels of ACT under basal conditions still respond
to serum by further increasing the amount and proportion of ACT in the supernatant.

Albumin and calcium act synergistically to increase the amount and distribu-
tion of ACT to the supernatant. To determine which components in serum promote
the observed changes in the amount and distribution of ACT, we performed preliminary
fractionation of serum using spin columns with different size exclusions (=10, =50, and
=50 kDa). B. pertussis UT25 was then cultured in SSM with the individual serum
fractions for 8 h as indicated in Table 2. ACT was detected by measuring AC enzyme
activity, and the percentage of activity in the supernatant and fold increase in total ACT
were determined. The responses to the =10- and =50-kDa fractions, as reflected by
percentage of ACT in the supernatant and fold increases in ACT, were comparable,
suggesting that active component or components in these two fractions are less than
10 kDa in size. There was partial activity in each of the three fractions, and the majority
of the response to serum was recapitulated by recombining the =50- and =50-kDa
fractions (Table 2). These experiments suggested that the combined activity of at least
two factors in serum was responsible for the observed effects on ACT amount and
localization.

TABLE 2 ACT production during growth of B. pertussis UT25 with crude fractions of FBS

% AC enzyme activity  Fold increase in AC

Growth condition in supernatant enzyme activity
SSM 6.0 = 0.7

SSM + 10% FBS 79.6 = 2.2 10.7 £0.3

SSM + =10-kDa fraction 404+ 24 1.3+ 0.1

SSM + =50-kDa fraction 436+ 1.6 1.8 0.1

SSM + =50-kDa fraction 62.8 = 0.3 3.6 +0.1

SSM + =50-kDa fraction + =50-kDa fraction  85.1 = 0.9 83+ 0.0
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FIG 3 Albumin and calcium act synergistically to increase ACT production and secretion. B. pertussis UT25
was grown in SSM *+ 2 mg/ml BSA, 2 mM CaCl,, and/or 10% FBS (as indicated) for 8 h. The total fraction
includes both culture supernatant and bacterial cells. The supernatant was collected after centrifugation.
AC enzyme activity was measured as described in Materials and Methods and normalized by ODg,,. Data
represent the mean = SD from 3 independent experiments done in duplicate. Statistical significance was
assessed using a 2-way analysis of variance (ANOVA). **, P = 0.01, and ***, P = 0.001, compared to growth
in SSM.

A recent publication by Bumba et al. elucidated the requirement for physiological
concentrations of calcium (2 mM, equivalent to the concentration in human respiratory
tract) to enhance secretion of ACT (24, 47). SSM contains 0.136 mM calcium, which is
not sufficient for proper folding of ACT and thus results in less efficient secretion and
accumulation of unfolded, secreted ACT on the bacterial surface (24). Bumba et al.
showed that growth of B. pertussis Tohama in SSM (with 1 g/liter heptakis and 1 g/liter
Casamino Acids) in the presence of 2 mM calcium allows for proper folding of ACT and
increased efficiency of secretion by greater than 20-fold, with ~95% of total ACT
localized to the supernatant. There was, however, minimal effect on the total amount
of ACT produced (24). Because of their findings, we hypothesized that calcium is the
active molecule in the =10-kDa fraction. Under our growth conditions, there is an
increase in the proportion of ACT released to the supernatant when B. pertussis is grown
in SSM with 2 mM calcium compared to SSM alone (26.3% *7.6% and 11.4% *=2.9%,
respectively) but no increase in the total amount of ACT (Fig. 3).

Recapitulation of the response to FBS by the =<50- and =50-kDa fractions suggested
a combined effect of at least two components, and we tested whether calcium and
another molecule, >50 kDa, together affect the amount and distribution of ACT.
Albumin has a molecular mass of 66 kDa and is the most abundant protein in serum,
accounting for about 60% of the total serum protein, yielding concentrations ranging
between 20 and 36 mg/ml in FBS and 35 and 52 mg/ml in human serum (HS) (48).
Albumin is also present in respiratory secretions, and its abundance increases during
inflammation (49-51). In addition, previous work by Bellalou et al. showed that growth
of B. pertussis with albumin-supplemented SSM resulted in a high level of ACT in the
supernatant (52). On the basis of this information, we asked whether albumin could be
the active component in the =50-kDa fraction. When B. pertussis UT25 was grown with
SSM plus 2 mg/ml bovine serum albumin (BSA) for 8 h, there was a 1.9-fold increase in
the amount of ACT, and 50% of the total ACT was detected in the supernatant (Fig. 3).
This suggested that BSA, or perhaps protein in general, shifts localization of ACT to the
supernatant but not to the magnitude detected with FBS. Next, we tested BSA in
combination with 2 mM calcium, and the results were striking: BSA and calcium
together promoted a 6.3-fold increase in ACT production, and 93% of the ACT was
localized to the supernatant (Fig. 3). We also tested whether contamination of purified
albumin with calcium may contribute to the effect on ACT. We grew B. pertussis UT25
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FIG 4 Albumin and calcium-stripped albumin have equivalent effects on ACT amount and release. B.
pertussis UT25 was grown in SSM = 2 mg/ml BSA or EGTA-treated BSA for 8 h. The total fraction includes
both culture supernatant and bacterial cells. The supernatant was collected after centrifugation. AC
enzyme activity was measured as described in Materials and Methods and normalized by OD,. Data
represent the mean = SD from 3 independent experiments done in duplicate. Statistical significance was
assessed using a 2-way ANOVA, and comparisons between SSM plus BSA and SSM plus EGTA-treated BSA
were not significantly different.

with BSA or EGTA-treated BSA, both in the absence of supplemented calcium, and
compared the responses in total and released ACT. We found that there was no
significant difference between BSA or EGTA-treated BSA (Fig. 4). These findings are
consistent with our preliminary fractionation data implicating two separate compo-
nents and suggest synergistic roles for calcium and albumin to enhance the amount of
ACT and change its localization during growth with FBS.

To determine what concentration of calcium is required for the full response to
albumin, we grew B. pertussis UT25 in SSM plus 2 mg/ml BSA with various concentra-
tions of calcium between 0.136 mM (present in SSM) and 2 mM. We identified that 0.5
mM calcium was sufficient to promote the full increase in amount of ACT and release
by albumin (Fig. 5). Of note, SSM supplemented with 10% FBS contains about 0.47 mM
calcium, which is close to our determined concentration of calcium required for the
maximal effect of albumin. Because calcium is necessary for the response to BSA and
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FIG 5 The maximum effect on ACT amount and release requires a minimum of 0.5 mM calcium. B.
pertussis UT25 was grown in SSM with 2 mg/ml BSA with the indicated concentrations of total calcium
for 8 h. The total fraction includes both culture supernatant and bacterial cells. The supernatant was
collected after centrifugation. AC enzyme activity was measured as described in Materials and Methods
and normalized by ODg,,. The data presented are the mean *= SD from a single experiment done in
duplicate but representative of 4 similar experiments.
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FIG 6 Serum collected from analbuminemic mice lacks albumin. Wild-type (WT) C56BL/6 mouse serum
or ALB—/~ mouse serum were analyzed by SDS-PAGE and Coomassie staining to detect protein profiles.
The band corresponding to albumin in the wild-type sample is indicated with an arrow.

the physiological concentration of calcium in the human respiratory tract is ~2 mM, the
remaining experiments in this article were performed in the presence of 2 mM calcium.

Albumin is required for the increased amount and altered distribution of ACT
during growth in the presence of mouse serum. We next asked if albumin is both
necessary and sufficient (the sole protein in serum required) for the effects on the
amount of ACT. Roopenian et al. have developed an albumin-deficient (analbuminemic)
mouse strain to study the metabolism of human albumin and the pharmacokinetics of
albumin-conjugated drugs (53). Serendipitously, this animal provides a unique resource
with which to probe the specificity of albumin in our observed effects on ACT. Similar
to humans with a genetic deficiency in albumin, analbuminemic mice increase con-
centrations of other serum proteins to compensate for the loss of albumin (53). We
utilized serum from these mice to investigate the role of albumin in alteration of the
amount and distribution of ACT, adjusted to ensure comparable protein concentra-
tions. Consistent with published data on this mouse strain (53), we determined that
total protein in the analbuminemic (ALB~/~) mouse serum was 68% of that in serum
from the wild-type C57BL/6 mouse and confirmed that the analbuminemic mouse
serum lacked albumin, as demonstrated by SDS-PAGE and Coomassie straining (Fig. 6).
Because of the difference in protein concentrations, we grew B. pertussis UT25 in the
presence of 2 mM calcium and 6.8% wild-type mouse serum or 10% analbuminemic
mouse serum, yielding equivalent total protein concentrations. The wild-type mouse
serum enhanced the amount of ACT by 15.7-fold, and 90% of ACT was in the supernatant
compared to 21% in SSM. We found that ACT levels in the total and supernatant
fractions were not significantly different during growth with the analbuminemic mouse
serum compared to growth in SSM alone (Fig. 7A and B). Since the amounts of total
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FIG 7 Albumin is required for an increased amount of ACT during growth in the presence of mouse
serum. (A) B. pertussis UT25 was grown in SSM * wild-type C56BL/6 mouse serum or ALB~/~ mouse
serum * 2 mg/ml BSA, all with 2 mM CaCl,, for 8 h. The total fraction includes both culture supernatant
and bacterial cells. The supernatant was collected after centrifugation. AC enzyme activity was measured
as described in Materials and Methods and normalized by OD,. Data represent the mean * SD from
3 independent experiments done in duplicate. Statistical significance was assessed using a 2-way
ANOVA. ***, P = 0.001 compared to growth in SSM. (B) Western blot analysis using a rabbit polyclonal
anti-ACT antibody detecting the 200-kDa ACT protein. Lanes: S, supernatant; T, total.

protein were equivalent under both conditions, these data indicate that the effects are
specific to albumin and not simply a consequence of elevated protein concentrations
during growth with serum or purified albumin. Further, the response was restored
(16.4-fold increase and 99% of total ACT in the supernatant) when 2 mg/ml BSA, a
concentration equivalent to amount of albumin present in wild-type mouse serum, was
added to the analbuminemic serum (Fig. 7A). Together, these data strongly support the
concept that albumin, in the presence of calcium, is responsible for the increase in the
amount of ACT and shift to localization in the supernatant elicited by mouse serum,
highlighting the key roles of these two molecules in regulating the availability of this
critical bacterial virulence factor.

HSA, either purified or present in HS, increases the amount and release of ACT.
Because B. pertussis is a human pathogen, we next assessed whether albumin in human
samples can influence the amount and localization of ACT. Human serum (HS) samples
were combined from a pool of healthy donors. The concentration of albumin in the
pool was determined by the Clinical Chemistry Lab at the University of Virginia to be
46 mg/ml. B. pertussis UT25 was grown for 8 h in SSM with HS, ranging from 0.05% to
2%, or the equivalent concentration of human serum albumin (HSA), ranging from
0.0225 to 0.92 mg/ml, all in the presence of 2 mM calcium. As shown in Fig. 8, there was
an albumin-concentration-dependent response of B. pertussis UT25 to heat-inactivated
HS or HSA. In the presence of 2 mM calcium, =85% of the total ACT was found in the
supernatant at all concentrations of HSA and HS tested, suggesting that human
albumin at very low concentrations (<0.0225 mg/ml) is able to shift the predominant
distribution of ACT to the supernatant (data not shown). In the presence of calcium, the
quantity of ACT plateaued at albumin concentrations of =0.23 mg/ml albumin (Fig. 8).
These data suggest that albumin, in the presence of calcium, is the critical component
in human serum to increase the amount of ACT and alter its distribution.

Role of Bvg two-component system in control of ACT expression in response to
albumin. As with other virulence factors, ACT expression in Bordetella species is
transcriptionally controlled by the Bvg two-component system. For that reason, we
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FIG 8 Human serum and human serum albumin increase the amount of ACT and shift localization of ACT
to the supernatant. B. pertussis UT25 was grown in SSM & HS or HSA (as indicated), all with 2 mM CaCl,,
for 8 h. The total fraction includes both culture supernatant and bacterial cells. AC enzyme activity was
measured as described in Materials and Methods and normalized by OD,,. The data represent the mean *
SD from 2 independent experiments done in duplicate.

tested whether the increased amount of ACT detected during growth with alboumin was
due to higher levels of Bvg activation and enhanced transcription of cyaA. We per-
formed quantitative reverse transcription-PCR (qQRT-PCR) analyses on bvgA and cyaA as
well as fhaB and ptxA, two other genes within the bvg regulon, which encode filamen-
tous hemagglutinin and pertussis toxin, respectively. Expression of none of these genes
was significantly different = HSA in the presence of calcium (Fig. 9A), indicating that
increased ACT during growth in the presence of alboumin is not due to further activation
of Bvg and that cyaA is not being regulated at the transcriptional level = albumin. The
Bvg™ state is, however, required for expression of ACT; when B. pertussis is modulated
to Bvg~, either genetically by a transposon insertion in bvgA (Table 1) or chemically
with 40 mM MgSO, (Fig. 9B), virtually no ACT is detected either with or without HSA or
FBS. There was a small but significant increase in the amount of ACT during growth
with MgSO, and HSA, when added simultaneously, compared to with MgSO, alone
(Fig. 9B); possible explanations include that the response to albumin is faster than
modulation with MgSO, or that albumin acts through an additional mechanism that is
not dependent on Bvg activation and cyaA transcription. In summary, these data
suggest that regulation of ACT production by albumin is downstream of transcriptional
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FIG 9 Regulation of cyaA during growth = HSA is not occurring at the level of transcription through the
Bvg two-component system. (A) RNA was isolated from B. pertussis UT25 grown in SSM = 2 mg/ml HSA
and/or 40 mM MgSO,, with 2 mM calcium for 4 h. Expression of target genes was determined using the
relative quantification method. Statistical significance was analyzed by an unpaired t test. Data represent
the mean = SD from 3 independent experiments. ***, P =< 0.001 compared to growth in SSM. (B) B. pertussis
UT25 was grown in SSM with calcium = 2 mg/ml HSA and/or 40 mM MgSO, for 4 h. AC enzyme activity
was measured in the total fraction as described in Materials and Methods and normalized by OD,,. Data
represent the mean = SD from 3 independent experiments done in duplicate. ***, P =< 0.001 compared to

growth in SSM; ###, P < 0.001 compared to growth in SSM plus MgSO,.
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FIG 10 Transcription of genes encoded in the cya operon is not altered = HSA. (A) RNA was isolated from
B. pertussis UT25 grown in SSM *= 2 mg/ml HSA and/or 40 mM MgSO, with 2 mM calcium for 4 h.
Expression of target genes was determined using the relative quantification method. Statistical signifi-
cance was analyzed by an unpaired t test. Data represent the mean * SD from 3 independent
experiments. **, P < 0.01, and ***, P = 0.001, compared to growth in SSM.

regulation of cyaA by the Bvg system, potentially through a previously uncharacterized
posttranscriptional regulatory process.

Since we found that more ACT is being released in the presence of albumin and
calcium, we next tested whether HSA increases transcription of the genes within the
cya operon: the T1SS (cyaBDE), cyaC (the acyltransferase responsible for posttransla-
tional acylation of cyaA), and cyaX (a putative transcriptional regulator of unknown
function) (30, 31). The T1SS is comprised of three proteins: an ATP-binding inner
membrane protein (CyaB), an outer membrane protein (CyaE), and a membrane-fusion
protein spanning the periplasm (CyaD) to connect CyaB and CyaE (30). As determined
by qRT-PCR, the expression of none of these genes was significantly altered = HSA (Fig.
10), but as anticipated, expression of all genes was significantly reduced during growth
with 40 mM MgSO,,. These data indicate that HSA is also not acting transcriptionally to
regulate genes contained within the cya operon that are involved in secretion or
activation of ACT.

Human respiratory secretions contain albumin and stimulate increased amounts
of extracellular ACT. To address the role of albumin during human infection with B.
pertussis, we tested human respiratory secretions for the ability to affect the amount
and distribution of ACT. Respiratory secretions contain serum components, notably
albumin, and the concentrations of these components increases during inflammation
(49-51). Bronchoalveolar lavage (BAL) was performed on 7 patients with interstitial lung
disease or bronchiectasis, and the resulting samples were pooled and concentrated as
described. The amount of albumin present in the pooled BAL fluid sample was determined
to be approximately 2.0 mg/ml by SDS-PAGE using purified HSA as a standard over a range
of concentrations (not shown) and confirmed by Western blotting analyses with an
anti-BSA antibody to be comparable to the amount of albumin present in 5% HS (2.3
mg/ml) (Fig. 11). Since endogenous calcium is diluted during sample acquisition with
saline washes, the BAL pool was tested in the presence of calcium at a physiological
concentration (2 mM). As shown in Fig. 12A and B, growth of B. pertussis UT25 in the
BAL specimen elicits an 8.7-fold increase in the amount of ACT and a shift in distribution
to the supernatant (96%) compared to SSM alone (22%). Similar concentrations of HS
and purified HSA elicited 9.3- and 9.1-fold increases in the amount of ACT and 96% or
97% of ACT in the supernatant, respectively (Fig. 12A and B).

To determine if the increased ACT obtained during growth in the BAL fluid is
comparable in toxin activity, we incubated the culture supernatant from B. pertussis
UT25 grown in SSM plus BAL fluid for 8 h with J774 cells and measured cytotoxicity. ACT
produced in the presence of human respiratory secretions elicited concentration-
dependent cytotoxicity of J774 cells and was equivalent to that of recombinant ACT
(rACT) at concentrations with equal enzyme activities (Fig. 13). These results confirm
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FIG 11 Respiratory secretions, isolated by bronchoalveolar lavage (BAL), contain albumin. SSM plus BAL
fluid, SSM plus 2.3 mg/ml HSA, and SSM plus 5% HS samples were analyzed by Western blotting with an
anti-BSA antibody as well as SDS-PAGE and Coomassie staining to detect protein profiles and confirm the
presence of albumin. Molecular masses of known components of serum and respiratory secretions are as
follows: albumin, 66 kDa; gammaglobulin heavy chains, 55 to 60 kDa; and gammaglobulin light chains,
25 to 28 kDa.

that albumin is present in human respiratory secretions, which B. pertussis encounters
during infection of the human respiratory tract, and that these secretions promote an
increase in the amount of functional ACT that is almost entirely present in the
supernatant. We believe albumin, in the presence of calcium, acts as a critical factor in
the host environment to increase active, newly secreted ACT, which is essential for
establishment of B. pertussis infection.
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FIG 12 Respiratory secretions increase the total and extracellular amounts of ACT. (A) B. pertussis UT25 was grown
in SSM = saline, BAL fluid, 2 mg/ml HSA, or 5% HS, all with 2 mM CaCl,, for 8 h. The total fraction includes both
culture supernatant and bacterial cells. The supernatant was collected after centrifugation. AC enzyme activity was
measured as described in Materials and Methods and normalized by OD,,,. Data represent the mean * SD from
2 independent experiments done in duplicate. Statistical significance was assessed using a 2-way ANOVA. ***, P =
0.001 compared to growth in SSM. (B) Western blot analysis using a rabbit polyclonal anti-ACT antibody detecting

the 200-kDa ACT protein. Lanes: S, supernatant; T, total.
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FIG 13 Extracellular ACT produced during growth with respiratory secretions is a functional toxin. J774
cells were incubated with the supernatant from growth of B. pertussis UT25 in SSM plus BAL fluid or rACT
(normalized to equivalent enzyme activity) for 3 h at 37°C. The number of viable cells was calculated
using the CCK8 assay (see Materials and Methods). The data represent the mean * SD from a single
experiment done in triplicate, which is representative of three additional experiments.

DISCUSSION

During quantification of ACT in samples from B. pertussis-infected humans and
baboons, we observed that ACT localization is different than during in vitro growth of
B. pertussis (43, 45). While working to make in vitro conditions more reflective of the
environment within the host respiratory tract, we found that serum components,
specifically albumin and calcium, stimulate a robust increase in ACT and change its
distribution. It had previously been reported that B. pertussis secreted high levels of ACT
during growth in SSM with albumin (52). We show that the amount of ACT is increased
even further in the presence of albumin and calcium together. Since calcium alone does
not increase the amount of ACT but does affect release under our growth conditions,
we postulate that calcium enhances the effect of albumin by aiding in secretion of ACT
(24). Both albumin and calcium are present in the human respiratory tract, and we show
that respiratory secretions stimulate ACT production and release (Fig. 12), leading us to
hypothesize that what we describe here represents the magnitude and localization of
ACT during B. pertussis-host interactions. Furthermore, these results indicate that
current conditions established for in vitro growth in SSM are not representative of
bacterial growth or virulence factor expression within the host and may stimulate a
shift within the Bordetella research community to define new culture conditions that
more accurately replicate the host environment.

Albumin comprises approximately 60% of the total serum protein in healthy human
adults and performs many functions, importantly maintaining oncotic pressure and
binding fatty acids, ions, amino acids, and drugs (54-56). The nononcotic properties of
albumin include transport of metabolites and drugs, free radical scavenging, and
modulation of the inflammatory response (54). Our data indicate that albumin is
responsible for a massive increase in ACT. We have not yet determined what properties
of albumin are required and the mechanism involved. Hypotheses include direct
protein-protein interactions between albumin and ACT or albumin and a bacterial
protein receptor/signaling molecule. It is also feasible, although we believe unlikely,
that the effects are not from albumin itself but from a molecule that albumin delivers
to the bacterial cell. Because of our data, this molecule would need to be present in the
highly purified albumin used in this study. Regardless of the mechanism, the concept
that a host protein, present at the site of infection, is acting specifically to elicit a
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significant enhancement in the amount of toxin represents an additional level of
regulation of a well-characterized, critical virulence factor in response to the host
environment.

When the Bvg two-component regulatory system was discovered more than 30
years ago, it was termed the master regulator of virulence, at least for the Bordetella
species in which it was studied (32-34). We now know that there are other pathways
by which virulence is controlled in this genus (57-61), but how these pathways relate
to one another and to Bvg is still to be fully determined. The Bvg system controls
production of many bacterial proteins—importantly ACT and other virulence factors—
and expression is downregulated in response to sulfate, nicotinic acid, and a shift to
lower temperature (25°C). Except for studies showing that Bvg activation is sufficient for
infection and that the Bvg~ phase is not required for infection (40, 62, 63), there is no
direct linkage between what is known about Bvg regulation in vitro and the behavior
of B. pertussis in vivo. It is still not known whether Bvg modulation occurs in vivo, and
if modulation occurs, what signals within the host are responsible. Our data suggest
that the response to albumin operates downstream from Bvg, and we postulate that it
may represent a novel mechanism for fine-tuning expression of virulence traits at the
posttranscriptional level. We show here that human respiratory secretions elicit an
increased amount of released ACT (Fig. 12), highlighting that this regulatory mecha-
nism likely is activated within the host environment and may be a critical determinant
in controlling the amount and localization of ACT during infection. This work represents
the first steps to understand a previously unrecognized regulatory process involving
communication between the host and pathogen through which albumin affects pro-
duction of ACT.

Previous studies have identified that albumin influences the growth and virulence of
microorganisms (64-67). Specifically, albumin has been shown to bind to the bacterial
surface of group B streptococci and inactivate the antibacterial peptide CXCL9, increase
expression of virulence genes in Pseudomonas aeruginosa, and specifically induce
natural competence in Acinetobacter baumannii (65-67). Albumin and serum also affect
other RTX toxins. Albumin enhances the activity of the leukotoxin produced by Mannheimia
haemolytica (formerly Pasteurella haemolytica), through disruption of toxin aggregates (68,
69). This mechanism is not, however, consistent with our observations about ACT;
mainly, we do not see a functional difference between rACT and ACT secreted in the
presence of albumin (Fig. 13), and we see a corresponding increase in ACT amount and
enzyme activity (Fig. 1). ACT aggregation would decrease the functional activity but
would not impact enzyme activity. Additionally, serum and albumin promote the
release of leukotoxin from Actinobacillus actinomycetemcomitans from the cell surface,
although the association of this leukotoxin with the membrane appears to be different
from that of ACT with B. pertussis (70). These observations about the conservation of
effects of albumin on pathogenic bacteria and RTX family toxins are intriguing; our data
add to the growing body of literature on the importance of the host molecule albumin
in infection.

Although ACT is established as a critical virulence factor and protective antigen, it
was not considered for inclusion in the acellular pertussis vaccines because its purifi-
cation and characterization were not adequately defined when those products were
being developed. Serious evaluation of ACT as a vaccine antigen has been stimulated
more recently by the limited duration of protection by current acellular pertussis
vaccines and resultant increase in reported pertussis cases. Because only 10% of the
total ACT is in the supernatant during growth in SSM, previous studies of ACT have
been limited to use of recombinant ACT (from Escherichia coli) or surface-associated
ACT (extracted from B. pertussis with urea and refolded in the presence of calcium). We now
recognize that standard conditions for in vitro culture lack sufficient calcium for folding and
efficient secretion of ACT and are not reflective of what B. pertussis encounters within the
host (24, 47). Furthermore, previous work has suggested that there may be structural or
functional differences between secreted and surface-associated ACT (20, 24, 44, 58). We
show here that albumin, in the presence of physiological concentrations of calcium,
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stimulates a massive increase of secreted ACT. It is possible that previous observations
about the amount and localization of ACT have been influenced by growth conditions
in vitro that are not equivalent to those in the environment within the host during
infection, as has been shown for the effect of physiological concentrations of calcium
on ACT folding, secretion, and purification (20-24, 71, 72), and we now add that
albumin, in combination with calcium, has an even more robust effect on the amount
and secretion of ACT. Growth under these conditions produces large quantities of
secreted ACT, which were not possible to obtain previously but will now be available
for characterization as a candidate vaccine antigen.

In summary, we identified that albumin and calcium stimulate a robust increase in
the amount of ACT produced by B. pertussis, that the localization of ACT shifts from
being primarily on the surface of the bacterium to the majority of the toxin being in the
supernatant, and that this toxin is functionally equivalent to purified ACT in its ability
to intoxicate cells. These findings make a significant contribution to our knowledge of
B. pertussis adenylate cyclase biology by revealing conditions to greatly enhance
production of secreted ACT, the most relevant molecule to consider as a candidate
vaccine antigen, as well as conditions that better replicate ACT production and local-
ization within the respiratory tract. Future studies are planned to evaluate the role of
albumin in B. pertussis infection utilizing albumin-deficient mice and to elucidate the
molecular mechanism of how albumin influences ACT production. Since serum com-
ponents comprise almost half of the protein in respiratory secretions and albumin is
responsible for almost two-thirds of these serum-derived proteins (54, 55), we speculate
that the response of B. pertussis to albumin represents a basic mechanism by which B.
pertussis recognizes that it has entered a host and is critical to establishing infection.

MATERIALS AND METHODS

Growth of B. pertussis, B. parapertussis, and B. bronchiseptica. For the majority of the experiments
presented here, B. pertussis clinical isolate UT25 (73) was used. B. pertussis, B. parapertussis, and B.
bronchiseptica strains (listed in Table 1) were plated on Bordet-Gengou agar (Gibco) containing 15%
defibrinated sheep blood (Cocalico) and incubated for 48 to 72 h at 37°C. Bacteria were transferred to
modified synthetic Stainer-Scholte liquid medium (SSM) (74, 75), grown for 20 to 24 h at 35.5°C with
shaking, and then diluted to an OD,,, of 0.08 and grown for another 20 to 24 h. On the day of the
experiment, bacteria were diluted to an ODg, of 0.1 and grown for 8 h, unless otherwise stated. Bacteria
were cultured as indicated in the presence or absence of fetal bovine serum (FBS [Gibco]), mouse serum,
human serum (from a pool of healthy human donors as approved by the Institutional Review Board at
the University of Virginia), bovine serum albumin (Sigma A3059; further purified fraction V, fatty acid
depleted, essentially gamma globulin free, ~99% pure), or human serum albumin (Sigma A3782; fatty
acid free, globulin free, =99% pure). All serum was heat inactivated for 30 min at 56°C before addition
to bacterial cultures. At indicated time points, 1 ml of bacterial culture was removed (total), an equal
volume of culture was spun at 15,000 rpm for 10 min, and the supernatant was reserved. Samples were
stored at —80°C until tested.

Adenylate cyclase enzymatic activity. B. pertussis organisms were grown as indicated in the figure
legends, and the total and supernatant fractions were obtained as described. Adenylate cyclase enzy-
matic activity was measured by the conversion of [32P]JATP to [32P]cAMP as described previously (10).
Briefly, each assay tube contained 60 mM Tricine, 10 mM MgCl,, and 2 mM ATP with 3 X 10° cpm of
[a-32P]JATP and 1 uM calmodulin at pH 8.0. The reaction was carried out at 30°C for 10 min and
terminated by the addition of 100 ul of a solution containing 1% SDS, 20 mM ATP, and 6.24 mM cAMP
with 2.0 X 10* cpm of [*H]cAMP. Cyclic AMP was quantified by the double-column method of Salomon
et al. (46) and reported as picomoles of cCAMP per 10 min per 10 ul. All measurements were taken on the
linear part of a curve comparing the ACT amount and enzyme activity, generated using known
concentrations of recombinant ACT, providing reproducible quantification of the amount of ACT present
in the sample (45). Data are also presented as milliunits per milliliter, where 1 unit of AC corresponds to
1umol of cAMP formed in 1 min at pH 8.0 at 30°C (76) in Fig. S1 in the supplemental material.

Western blot analysis. B. pertussis cells were grown as indicated in the figure legends, and the total
and supernatant fractions were obtained as described. Samples were normalized according to the optical
density at 600 nm, boiled in reducing sample buffer (Thermo Scientific) for 5 min, and loaded on a 10%
polyacrylamide gel for electrophoresis. Gels were then electroblotted at 20 V onto polyvinylidene
difluoride (PVDF) membranes overnight at 4°C. The membrane was blocked with 5% nonfat dry milk in
PBS plus 0.1% Tween 20 at pH 7.4 (PBS-T) for 1 h and then incubated with primary antibodies (polyclonal
rabbit anti-ACT antibody, which recognizes all major domains of the toxin molecule [77], or anti-BSA
[EMD Millipore Corporation]) at 1:10,000 for 2 h. The membrane was extensively washed in PBS-T and
probed with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody (Cell Signaling Technol-
ogies) at a 1:15,000 dilution. ECL enhanced chemiluminescence (Amersham) was used to detect
HRP-labeled secondary antibodies.
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TABLE 3 Primers used in this study

Name? Sequence Reference
rpoB Bp F GCTGGGACCCGAGGAAAT 57
rpoB Bp R CGCCAATGTAGACGATGCC 57
cyaABp F CGAGGCGGTCAAGGTGAT 57
cyaA Bp R GCGGAAGTTGGACAGATGC 57
bvgA Bp F AGGTCATCAATGCCGCCA 57
bvgA Bp R GCAGGACGGTCAGTTCGC 57
fhaB Bp F CAAGGGCGGCAAGGTGA 57
fhaB Bp R ACAGGATGGCGAACAGGCT 57
ptxA Bp F CCAGAACGGATTCACGGC 57
ptxA Bp R CTGCTGCTGGTGGAGACGA 57
cyaBRTF TCATGCTGGCTCGCTATCAC This study
cyaBRTR TCGCTACAGAATGCCTGCTC This study
cyaDRTF AGCAAGGACATCGGCTTTGT This study
cyaDRTR TTCGAGCGTTCCGTACTTCG This study
cyaERTF CGCCCTATTATCCCAGCGTC This study
cyaERTR TACCGCCATCACATTGTTGC This study
cyaXRTF CCGATGTCTTGCGCCTGTAT This study
cyaXRTR GCGCATACGACACATAGGGA This study
cyaCRTF ATGAACTCTCCCATGCACCG This study
cyaCRTR TATGCAACCGGCACGTCATT This study

aF, forward; R, reverse.

Fractionation of FBS. Spin columns with 10-kDa or 50-kDa size exclusions (Amicon) were used to
fractionate FBS according to the manufacturer’s instructions. Thirteen milliliters of FBS was concentrated
into 1 ml with a 50-kDa-molecular-mass-cutoff column, generating the =50-kDa and =50-kDa fractions.
Four milliliters of flowthrough was added to a spin column with a 10-kDa-molecular-mass-cutoff and
centrifuged until almost the entire volume was collected as flowthrough to generate the =10-kDa
fraction. Fractions were added to bacterial cultures at concentrations as equivalent as possible to 10%
FBS.

EGTA treatment of BSA. Three milliliters of BSA at 50 mg/ml was dialyzed against 1 liter PBS (pH 7.5)
plus 2 mM EGTA 4 times for a total of 4 liters, using a Slide-A-Lyzer dialysis cassette (Thermo Scientific).
This material was then dialyzed versus PBS (pH 7.5), and the protein was measured before its use in the
indicated experiments.

Mouse serum. Mice were euthanized and blood collected through ventricular puncture. Serum was
isolated from whole blood using a BD Microtainer serum separator following the manufacturer’s
instructions. All mice were treated in accordance with the guidelines of the Animal Care and Use
Committee at The Jackson Laboratory. Total protein was quantified using the Pierce bicinchoninic acid
(BCA) protein assay (Thermo Scientific) to be 65 mg/ml for the wild-type serum and 44 mg/ml for the
analbuminemic serum, and the concentration of albumin in 10% wild-type mouse serum was determined
to be 2 mg/ml by SDS-PAGE with a concentration range (0.25 to 4 mg/ml) of purified BSA.

RNA extraction and qRT-PCR. B. pertussis was grown as indicated. Bacterial cells from three
biological replicate cultures were pelleted and treated with RNAprotect (Qiagen). RNA was extracted
using the RNeasy kit (Qiagen) following the manufacturer’s instructions. The primers used in real-time
gPCR assays were validated before use, and their sequences are listed in Table 3. Reaction mixtures were
prepared as previously described (78). qRT-PCR was performed using a one-step reaction in an ABI
7500-Fast sequence detection system (Applied Biosystems). All data were normalized to the levels of rpoB
and analyzed using the comparative cycle threshold (C;) method (79). The relative quantification method
was used to determine the expression level of target genes in various growth conditions. Statistical
significance was determined by an unpaired t test, and a P value of =0.05 was considered significant.

BAL. Bronchoalveolar lavage (BAL) was performed for clinical indications on 7 patients with inter-
stitial lung disease or bronchiectasis using published protocols (80). Three 50-ml aliquots of saline were
sequentially perfused and then aspirated in the right middle lobe or lingula. A 10-ml aliquot of the
sample that would have otherwise been discarded was used for this study via a protocol that was
classified as exempt by the Institutional Review Board at the University of Virginia. Samples were
centrifuged at 3,000 rpm to remove cells, and the supernatants were pooled and concentrated 10-fold
using Amicon Centricon spin columns with a 10-kDa molecular mass cutoff. The concentrated BAL fluid
was filter sterilized before addition to bacterial cultures.

Culture of J774.1 cells. Cells from the J774.1 (here J774) murine macrophage cell line were
maintained at 37°C in Dulbecco’s modified Eagle’s medium with high glucose (Gibco) plus 10%
heat-inactivated FBS in 5% CO,.

Cytotoxicity assay. ACT causes cytotoxicity of J774 cells (81, 82). J774 cells (30,000 in 90 ul) were
seeded in each well of a 96-well plate and allowed to attach overnight at 37°C in 5% CO,. Samples were
added, and cells were incubated at 37°C for 3 h. The number of viable cells was determined using the
CCK8 assay (Dijindo Molecular Technologies, Gaithersburg, MD), which measures the reduction of WST-8,
a water-soluble tetrazolium salt, by dehydrogenases in viable cells. The percentage of viable cells was
determined by the following equation: [(experimental — blank)/(control cells — blank)] X 100. A blank is
a well containing medium and CCK8 reagent, but no cells. Control cells are J774 cells that are not treated.
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