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ABSTRACT Arcanobacterium haemolyticum is an emerging human pathogen that
causes pharyngitis and wound infections. A few studies have suggested that A. haemolyticum is able to induce its uptake into nonphagocytic epithelial cells, but the
bacterial factors associated with host cell invasion and the host cell processes involved have yet to be studied. We investigated how two A. haemolyticum virulence
factors, arcanolysin (ALN) and phospholipase D (PLD), affect the ability of the bacteria to adhere to and subsequently invade Detroit 562 pharyngeal epithelial cells. The
sphingomyelinase activity of phospholipase D was necessary to increase bacterial
adherence, while the absence of a functional arcanolysin had no effect on A. haemolyticum adherence but did lead to a decrease in A. haemolyticum invasion into Detroit 562 cells. Because of the known roles of cholesterol-dependent cytolysins in
disrupting calcium gradients and inducing F-actin-mediated bacterial internalization,
we sought to determine whether ALN and PLD played a similar role in the ability of
A. haemolyticum to invade nonphagocytic cells. Elimination of extracellular calcium
and inhibition of the Arp2/3 complex or F-actin polymerization also caused a decrease in the ability of A. haemolyticum to invade Detroit 562 cells. Overall, our ﬁndings suggest that A. haemolyticum utilizes phospholipase D primarily for adherence
and utilizes arcanolysin primarily for invasion into Detroit 562 cells in a process dependent on extracellular calcium and F-actin polymerization. Our work marks the
ﬁrst insight into how the individual activities of arcanolysin and phospholipase D affect A. haemolyticum host-pathogen interactions using the biologically relevant Detroit 562 cell line.
KEYWORDS Arcanobacterium, actin, calcium, cholesterol-dependent cytolysin, host
cell invasion, phospholipase, toxin

A

rcanobacterium haemolyticum, a Gram-positive, pleomorphic rod-shaped bacterium, is an understudied human pathogen that most commonly causes pharyngitis
and wound infections in adolescents (1–4). The life cycle and pathogenesis of A.
haemolyticum are poorly deﬁned, but multiple studies have suggested that A. haemolyticum has the ability to induce its own uptake into nonphagocytic cells (5, 6).
However, neither the mechanism by which this occurs nor the virulence factors of A.
haemolyticum that are involved in this process have been well investigated. In fact, of
the many putative virulence factors produced by A. haemolyticum, the activities of only
two have begun to be examined: the cholesterol-dependent cytolysin (CDC) named
arcanolysin (ALN) (7–9) and a sphingomyelin-speciﬁc phospholipase D (PLD) (6, 7, 10,
11). The amino acid sequences of both ALN and PLD contain a signal peptide,
suggesting that both are secreted by A. haemolyticum and factors that likely affect
host-pathogen interactions (8, 12).
PLD is a lipase produced and secreted by the bacteria that speciﬁcally utilizes
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sphingomyelin as a substrate, generating cyclic ceramide phosphate and choline (11).
Secreted PLD increases the ability of A. haemolyticum to adhere to host cells while
simultaneously promoting the formation of lipid rafts in host cell membranes (6). In
addition, PLD appears to be necessary for internalized A. haemolyticum to escape from
an unidentiﬁed, intracellular vesicle and enter the host cell cytoplasm and cause cell
death in a necrosis-like fashion (6).
Like most CDCs, ALN requires membrane cholesterol to form the characteristic large,
oligomeric pores associated with this family of pore-forming toxins (8, 13). A threonineleucine (Thr-Leu or T-L) motif present in loop 1 of domain 4 of CDCs confers susceptibility to membrane cholesterol, and replacing one or both amino acids blocks the
ability of a CDC, including ALN, to recognize cholesterol (7, 14). One of the known
consequences of CDC pore formation in host cell membranes is the disruption of ion
or protein gradients that are normally present in uninfected cells (15, 16). Ca2⫹
gradients, in particular, are known to be disrupted by the presence of CDCs and, in
some cases, are necessary for the internalization of bacteria into nonphagocytic cells
(15). Unfortunately, all prior work regarding A. haemolyticum host-pathogen interactions was not conducted in a biologically relevant cell line. While ALN is known to be
lytic to human cells (7–9), the effect that ALN has on host-pathogen interactions is
currently unknown.
Together, PLD and ALN have been reported to have a synergistic relationship,
wherein the enzymatic activity of PLD promotes the binding of ALN to a host membrane, which leads to more pore formation in host membranes by ALN (7). However,
neither the role of ALN nor the synergism between PLD and ALN has been examined
in the context of host-pathogen interactions. Here, we examined the roles that ALN and
PLD play in the initial interactions between A. haemolyticum and the pharyngeal
epithelial Detroit 562 cell line, speciﬁcally, in the ability of the bacteria to adhere to and
invade host cells. Our data suggest that ALN does not play a role in the ability of A.
haemolyticum to adhere to host cells but is involved in the subsequent invasion step in
the bacterial life cycle. In addition, our data validate the previous ﬁnding that PLD
promotes A. haemolyticum adherence and go further by showing that the sphingomyelinase activity of PLD is necessary and, in fact, that any sphingomyelinase activity is
sufﬁcient to promote bacterial adherence to Detroit 562 cells. Finally, we present
evidence that the absence of extracellular calcium decreases the ability of A. haemolyticum to induce its own uptake into the host cell and that F-actin polymerization is
necessary for efﬁcient bacterial uptake. Overall, this work details previously unknown
activity of two A. haemolyticum putative virulence factors, ALN and PLD, and their role
in promoting bacterial uptake (adherence plus invasion) into the nonphagocytic Detroit
562 cell line.
RESULTS
The absence of ALN does not affect A. haemolyticum adherence but negatively
impacts A. haemolyticum invasion of Detroit 562 cells. A Δaln strain was constructed
and complemented with wild-type (WT) aln (Δaln::aln⫹) as previously described (6, 7)
and is isogenic to the A. haemolyticum ATCC 9345 strain. The adherence to and invasion
of the mutant and complemented bacteria to Detroit 562 cells relative to those of the
WT strain were evaluated. The absence of ALN had no signiﬁcant impact on the ability
of A. haemolyticum to adhere to the Detroit 562 cells (Fig. 1A). In contrast, the Δaln
strain had an ⬃50% defect in invasion relative to that of either the WT strain or the
strain complemented with WT aln (Fig. 1B). In order to evaluate if the ALN pore
formation activity contributed to A. haemolyticum invasion, the Δaln strain was complemented with a plasmid encoding a mutated version of aln encoding the Thr-Leu
mutations previously mentioned that produces a nonhemolytic ALN that fails to
recognize cholesterol (Δaln::mutated aln) (7). The presence of the mutated ALN did not
affect the ability of the bacteria to adhere to the Detroit 562 cells (Fig. 1A). However,
production of mutated ALN failed to restore the invasive phenotype associated with
the WT strain or the strain complemented with WT aln (Fig. 1B). These data suggest that
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FIG 1 Loss of a functional ALN does not affect A. haemolyticum adherence but does negatively affect the
ability of the bacterium to invade Detroit 562 cells. (A) Adherence assays were conducted with WT and
A. haemolyticum Δaln strains as well as A. haemolyticum Δaln strains that were complemented with a
plasmid encoding a WT aln gene (Δaln::aln⫹) or a mutated aln gene incapable of binding to cholesterol
and forming pores (Δaln::mut aln). (B) Each of the strains mentioned in the legend to panel A were also
subjected to invasion assays. Strains capable of producing a functional ALN (WT and Δaln::aln⫹) had an
invasion phenotype noticeably stronger than that of the strains that either did not produce ALN or
produced a pore formation-deﬁcient ALN (Δaln or Δaln::mut aln). (C) A. haemolyticum Δaln was incubated
with various concentrations of puriﬁed WT or mutated (T/L, ALNTL557-558AA) puriﬁed His-ALN for 30 min
prior to being added to Detroit 562 cell monolayers, followed by the remainder of the invasion assay. *,
P ⬍ 0.05. The data shown are representative of those from three separate experiments, each of which
was done in triplicate. Signiﬁcance was determined using a Student’s t test. Values are shown as percent
WT adherence or invasion, with error bars representing standard deviations.

ALN pore formation contributes to the ability of the bacteria to invade Detroit 562 cells,
while it does not play a role in the ability of the bacteria to adhere to the cells.
Exogenously added puriﬁed ALN restores the ability of A. haemolyticum ⌬aln
to invade Detroit 562 cells. It was previously shown that exogenous, puriﬁed PLD was
sufﬁcient to rescue the ability of A. haemolyticum Δpld to adhere to epithelial cells (6).
This observation suggests that A. haemolyticum secretes PLD into its surrounding
environment to modify the host membrane to make it more amenable to bacterial
adherence. Similarly, it has also been shown that the presence of listeriolysin O (LLO)
can increase the invasive phenotype of a Listeria monocytogenes Δhly strain whether it
is produced by the complemented Δhly bacteria or puriﬁed and exogenously added
(17). Given that we see that a similar phenomenon occurs with ALN, which increases the
ability of A. haemolyticum to invade Detroit 562 cells, we investigated if exogenous,
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FIG 2 Puriﬁed ALN is more hemolytic at neutral pH than at acidic pH. Various concentrations of puriﬁed
His-ALN were incubated in buffer C at either pH 7.4 or pH 4.5 for 30 min at 24°C and then added to 4%
human erythrocytes suspended in identical buffer at 37°C for an additional 30 min. The remainder of the
hemolysis assay was carried out as described in Materials and Methods. Signiﬁcance was determined
using a Student’s t test. The results are representative of those from three separate experiments, with
error bars representing standard deviations. *, P ⬍ 0.05.

puriﬁed ALN can rescue the invasion defect with A. haemolyticum Δaln and whether
ALN pore formation is a requirement. Using an anti-ALN antibody, our laboratory
previously showed that ALN can be detected both in A. haemolyticum culture supernatants and in whole-cell extracts (data not shown). This observation, coupled with the
N-terminal signal peptide present in the ALN amino acid sequence, suggests that ALN
is secreted by A. haemolyticum into its surrounding environment. Equal amounts of
puriﬁed WT ALN or T-L-mutated ALN were added to A. haemolyticum Δaln before being
used to infect Detroit 562 cells in a gentamicin (Gm) protection assay. Remarkably,
exogenous ALN increased the invasive phenotype of A. haemolyticum Δaln relative to
that of A. haemolyticum Δaln alone (Fig. 1C). Interestingly, the addition of the T-Lmutated ALN to A. haemolyticum Δaln failed to promote increased bacterial invasion,
suggesting that the ALN pore formation phenotype is necessary to promote bacterial
invasion into Detroit 562 cells (Fig. 1C). We determined that none of the concentrations
of puriﬁed ALN used in our experiments affected overall cell viability relative to the
viability of buffer-treated cells using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium cell viability assay (data not shown).
Therefore, our data suggest that A. haemolyticum secretes ALN into its environment, at
least in part, to promote its uptake into nonphagocytic cells.
Puriﬁed ALN is more active at a neutral pH than at an acidic pH. Certain CDCs,
including inerolysin (INY) and listeriolysin O (LLO), have been reported to be more
active at acidic pH levels, while other CDCs, including perfringolysin O (PFO), have an
optimal cytolytic activity level at neutral pH (18). The pH at which a CDC is most active
can give a clue as to which part of the bacterial life cycle that a CDC is needed. As an
example, LLO is utilized by L. monocytogenes to escape a maturing endosome to avoid
bacterial degradation (19). As the endosome matures, the pH of the endosome becomes more acidic, increasing the pore formation activity of LLO. Unlike LLO, INY, and
PFO, the optimal pH of ALN has not yet been reported. We analyzed the hemolytic
activity of ALN in environments with pH levels of 4.5 to represent an acidic environment
and pH 7.4 to represent a neutral environment. Using identical concentrations of ALN,
hemolysis data revealed that ALN at a pH of 7.4 lysed 100% of erythrocytes, while ALN
at a pH of 4.5 lysed only 26.8% of erythrocytes (Fig. 2). A concentration of 2,310 ng/ml
of ALN was necessary to cause 50% hemolysis at pH 7.4, whereas a concentration of
3,697 ng/ml of ALN was necessary to cause 50% hemolysis at pH 4.5. Similar to PFO,
ALN pore formation appears to be more active at neutral pH levels than at acidic pH
levels, and therefore, ALN has the potential to form pores when secreted by A.
haemolyticum in a neutral, extracellular environment.
PLD enzymatic activity is necessary to promote A. haemolyticum adherence to
Detroit 562 cells. Previous studies determined that the absence of PLD decreased the
ability of A. haemolyticum to adhere to HeLa cells in vitro (6). However, whether the
enzymatic activity of PLD was required for full adherence was not explored further. We
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FIG 3 PLD enzymatic activity is necessary to promote A. haemolyticum adherence to Detroit 562 cells. (A)
Adherence assays were conducted with WT or A. haemolyticum Δpld strains as well as A. haemolyticum
Δpld strains that were complemented with either WT pld (Δpld::pld⫹) or pld with the Y45A/H49A
mutations to eliminate sphingomyelinase activity [Δpld::pld (Y45A/H49A)]. n.s., not signiﬁcant. (B) Adherence assays were conducted by treating Detroit 562 cells with 500 ng/ml puriﬁed WT PLD or
Y45A/H49A PLD for 30 min, followed by infection with A. haemolyticum Δpld. (C) Detroit 562 cells were
similarly treated with various concentrations of B. anthracis SPH, followed by an adherence assay, as
described in the legend to panel A. Adherence is shown as a percentage of the WT or untreated cell
adherence. Signiﬁcance was determined using a Student’s t test. Representative data from three separate
experiments are shown. Error bars represent standard deviations.

previously determined two combined amino acid substitutions within PLD (Y45A and
H49A) that abolished the sphingomyelinase activity of the enzyme (7). We engineered
both mutations into pld in the complementing plasmid (pBJ61) and transformed the
Δpld strain of A. haemolyticum, creating a strain of A. haemolyticum that produces an
enzymatically dead PLD (Δpld::mutated pld) to determine the effect that sphingomyelinase activity has on A. haemolyticum adherence. As previously reported (6), the Δpld
strain adherence was only 60% of the that of WT A. haemolyticum, with the strain
complemented with WT pld adhering near WT levels (84%) (Fig. 3A). However, the
Δpld::mutated pld A. haemolyticum strain adhered at 61% of WT levels (Fig. 3A).
We also evaluated if treating Detroit 562 cells with exogenous, puriﬁed PLD could
increase A. haemolyticum adherence. Detroit 562 cells were pretreated with equal
amounts of WT PLD or Y45A/H49A PLD for 30 min, followed by infection with A.
haemolyticum Δpld. A. haemolyticum adherence to cells treated with WT PLD reached
141%, while adherence to cells treated with Y45A/H49A PLD reached 99% when
May 2019 Volume 87 Issue 5 e00832-18
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normalized to the level for cells treated with buffer (Fig. 3B). To verify that the loss of
enzymatic activity of PLD and not a different mitigating factor was responsible for
promoting A. haemolyticum adherence, we tested a different version of puriﬁed PLD
previously constructed (7), P43A PLD, which retains approximately 60% of the enzymatic activity of WT PLD (7). Puriﬁed exogenous P43A PLD increased A. haemolyticum
Δpld adherence to Detroit 562 cells relative to that of Y45A/H49A PLD but not to an
extent as great as that to WT PLD-treated cells (data not shown). Overall, these data
suggest that the enzymatic activity of PLD is necessary to promote A. haemolyticum
adherence to Detroit 562 cells.
Sphingomyelinase C activity is also sufﬁcient to increase A. haemolyticum
adherence to Detroit 562 cells. We previously reported on the ability of A. haemolyticum PLD to promote the cytotoxicity of ALN in Detroit 562 cells (7). In addition, we
also showed that a sphingomyelinase (SPH) from another bacterial species, Bacillus
anthracis, also promoted ALN-mediated cytotoxicity (7). The elimination of the
sphingomyelin-mediated sequestering of cholesterol by SPH or PLD was sufﬁcient to
increase ALN-mediated hemolysis, even though the two enzymes generate distinct
ceramide products (7), suggesting that removal of the choline head of sphingomyelin
was more important than the presence of the product of the enzymatic reaction. Given
the impact that PLD sphingomyelinase activity has on A. haemolyticum adherence, we
investigated if the enzymatic activity of B. anthracis SPH could also confer an increase
in A. haemolyticum Δpld adherence to Detroit 562 cells. Detroit 562 cells were treated
with various concentrations of SPH for 30 min, followed by the addition of A. haemolyticum Δpld. As the concentration of SPH increased, so, too, did A. haemolyticum
adherence to Detroit 562 cells (Fig. 3C). This observation suggests that the increase in
A. haemolyticum adherence is not due to the generation of a speciﬁc lipid product but,
rather, is due to targeting of the sphingomyelin choline head for removal in the outer
leaﬂet of the plasma membrane and an increase in ALN pore formation.
A. haemolyticum invasion of Detroit 562 cells is dependent on extracellular
calcium levels. It has been previously reported that a sudden inﬂux of calcium is
sufﬁcient to cause F-actin polymerization at the plasma membrane via protein kinase
C activation, which converts Rac1-GDP to Rac1-GTP, ultimately culminating in Arp2/3mediated F-actin polymerization (15–17). Therefore, we hypothesized that the absence
of environmental calcium would decrease A. haemolyticum invasion into Detroit 562
cells. Two different media were used: calcium-rich medium (M1 medium) and calciumdepleted medium (M2 medium). Incubating A. haemolyticum cells in either M1 or M2
medium alone for the duration of the invasion assay (6 h) did not affect their viability
(data not shown). Detroit 562 cells were cultured using M1 or M2 medium and
subsequently infected with A. haemolyticum suspended in the identical medium. When
normalized to A. haemolyticum invasion in M1 medium, bacterial invasion in M2
medium reached only 20% (Fig. 4). As a control, exogenous CaCl2 was added to the M2
medium at various concentrations to evaluate if the introduction of small amounts of
calcium was sufﬁcient to restore A. haemolyticum invasion. As expected, increasing the
concentration of CaCl2 in M2 medium was sufﬁcient to restore A. haemolyticum
invasion to the levels observed with M1 medium, suggesting that environmental
calcium is a necessary component in A. haemolyticum invasion of Detroit 562 cells
(Fig. 4).
Actin polymerization inhibition blocks effective A. haemolyticum invasion
into Detroit 562 cells. Because of the necessity of environmental calcium for A.
haemolyticum invasion, we hypothesized that an inﬂux of calcium mediated by A.
haemolyticum resulted in F-actin polymerization and subsequent internalization of
A. haemolyticum. To challenge our hypothesis, we carried out invasion assays using WT
A. haemolyticum, Detroit 562 cells, the F-actin polymerization inhibitor cytochalasin D,
and the Arp2/3 inhibitor CK-636. Cytochalasin D was incubated with Detroit 562 cells
at a concentration of 10 M, followed by infection with A. haemolyticum. The presence
of cytochalasin D signiﬁcantly decreased the ability of A. haemolyticum to invade the
Detroit 562 cells (Fig. 5, top). This observation suggests that the ability of A. haemoiai.asm.org 6
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FIG 4 The presence of calcium in the medium is necessary for A. haemolyticum invasion of Detroit 562
cells. Invasion assays were conducted in calcium-competent medium (M1 medium), calcium-absent
medium (M2 medium), or calcium-absent medium supplemented with CaCl2. No difference in A.
haemolyticum viability was observed between M1 medium and M2 medium. Adherence is shown as a
percentage of A. haemolyticum adherence in assays conducted in M1 medium. Signiﬁcance was determined using a Student’s t test. Representative data from three separate experiments are shown. Error
bars represent standard deviations.
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lyticum to invade the nonphagocytic Detroit 562 cell line is mediated, at least in part,
by host F-actin polymerization. In addition to directly inhibiting F-actin polymerization
with cytochalasin D, we used CK-636 to block Arp2/3 activity and prevent F-actin
polymerization. As hypothesized, the presence of the Arp2/3 inhibitor decreased the
number of A. haemolyticum colonies recovered after the invasion assay to 33% of the
bacteria recovered from untreated Detroit 562 cells (Fig. 5, bottom). The presence of
neither inhibitor affected the ability of any A. haemolyticum strain to adhere to Detroit
562 cells (data not shown). The results from these two experiments suggest that A.
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FIG 5 Inhibition of F-actin polymerization decreases A. haemolyticum invasion into Detroit 562 cells.
Detroit 562 cells were treated with either 10 M cytochalasin D (top) or 50 M CK-636 (bottom) for 60
min, followed by the invasion assay with WT A. haemolyticum at an MOI of 20:1. Values are shown as
percent invasion of untreated cells and are representative of those from three separate experiments.
Signiﬁcance was determined using a Student’s t test. Error bars represent standard deviations.
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DISCUSSION
Arcanobacterium haemolyticum remains an understudied human pathogen, despite
having a number of putative virulence factors and an unknown life cycle. An important
observation regarding the treatment of A. haemolyticum infections was made when
researchers noted that the bacteria are resistant to penicillin in the presence of the
nonphagocytic HEp-2 cell line (5). This observation led to the hypothesis that A.
haemolyticum is able to mediate its uptake into the HEp-2 cells, shielding it from the
penicillin treatment and leading to survival and reproduction of the bacteria. Years
later, a study was conducted that supported the idea that A. haemolyticum can invade
nonphagocytic cells and that PLD is used to modify the host membrane to increase
bacterial adherence to the host plasma membrane, allowing for subsequent invasion
(6). Since these initial discoveries, however, efforts have not yet been taken to identify
the cellular processes that A. haemolyticum exploits to mediate its uptake into the host
cell, nor have any other bacterial factors involved in this process been identiﬁed. We
sought to clarify the activity of PLD necessary to increase A. haemolyticum adherence
and identify other factors involved in invasion of nonphagocytic cells.
One A. haemolyticum virulence factor that has been the focus of some investigation,
arcanolysin (ALN), is a member of the pore-forming toxin family known as the
cholesterol-dependent cytolysins (CDCs) (8). CDCs form unusually large pores (⬃250 Å)
within eukaryotic cell membranes that are sufﬁcient for disrupting a multitude of
concentration gradients (13). Bacterial virulence factors that disrupt concentration
gradients, speciﬁcally, calcium gradients, have been shown to contribute to the ability
of many bacteria to modify host cell physiology, including the ability of Clostridium
perfringens to induce apoptosis or necrosis (20), lysosomal exocytosis by Photobacterium damselae (21), chemokine production by Streptococcus pneumoniae (22) and
Escherichia coli (23), and manipulating nonphagocytic cells to internalize the bacteria
via Arp2/3-mediated actin polymerization by Listeria monocytogenes (15–17). The composition of a host cell membrane can impact the ability of CDCs to bind to membranes
and subsequently form pores. As an example, sphingomyelin is known to form transient hydrogen bonds with cholesterol, creating an umbrella-like covering over cholesterol and preventing extracellular factors, like cholesterol-dependent cytolysins, from
interacting with cholesterol (24, 25). In the case of the A. haemolyticum pore-forming
toxin ALN, treating host membranes with the A. haemolyticum PLD sphingomyelinase
increases the hemolytic and cytolytic activity of ALN, which suggests an increase in
pore formation by ALN (7). In addition, treating host membranes with a sphingomyelinase C enzyme, thus cleaving sphingomyelin in a different location, generating a
different ceramide product, but still eliminating the cholesterol sequestration by sphingomyelin, was still sufﬁcient to increase ALN-mediated hemolysis (7). Coupling the
ability of CDCs to disrupt calcium gradients in the context of bacterial invasion and the
synergy between PLD and ALN in pore formation, we hypothesized that A. haemolyticum utilizes both PLD and ALN to mediate interactions with nonphagocytic eukaryotic
cells.
Using the biologically relevant Detroit 562 cell line, we detailed for the ﬁrst time the
role that ALN plays in the ability of A. haemolyticum to invade nonphagocytic host cells.
We observed that the loss of ALN has no measurable impact on the ability of the
bacteria to adhere to host cells but does negatively impact the invasion ability of A.
haemolyticum. Our laboratory constructed A. haemolyticum Δaln strains complemented
with mutated aln to show that the ability of ALN to recognize and bind to cholesterol
is necessary for the toxin to increase the invasive phenotype of the bacteria, which
suggests that ALN pore formation is necessary to increase A. haemolyticum invasion
into Detroit 562 cells. A site-directed mutant complementation strategy using Y45A/
H49A PLD was similarly used to determine that the sphingomyelinase D activity of PLD
is necessary to promote bacterial adherence. Interestingly, it was determined that the
iai.asm.org 8
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sphingomyelinase C activity of the SPH enzyme from Bacillus anthracis is also sufﬁcient
to increase bacterial adherence to Detroit 562 cells. When invasion assays were
conducted in the absence of calcium in the medium, the ability of A. haemolyticum to
induce its uptake into Detroit 562 was signiﬁcantly decreased. However, when exogenous CaCl2 was titrated into the calcium-depleted medium, bacterial invasion also
increased. Finally, when F-actin polymerization inhibitors were included in invasion
assays, A. haemolyticum invasion signiﬁcantly decreased as well, suggesting that F-actin
polymerization is necessary for successful invasion into Detroit 562 cells.
We have demonstrated a role for both ALN and PLD in the interactions of A.
haemolyticum with Detroit 562 cells, with PLD primarily being used for adherence and
ALN primarily being used for invasion. What happens next during the host-pathogen
interaction is essentially unknown. A single study showed that, after entry into a HeLa
cell, A. haemolyticum initially resides in an undeﬁned vesicle before escaping into the
cytoplasm in a PLD-dependent manner (6). However, the identity of the vesicle and the
manner by which PLD mediates the escape of A. haemolyticum into the cytoplasm are
unknown. Given the substrate speciﬁcity of PLD and the identity of other bacteriumcontaining vesicles, it is tempting to speculate that A. haemolyticum initially resides in
an early endosome and that the synergistic pore formation by PLD and ALN is
necessary to disrupt the membrane integrity of the endosome, leading to bacterial
escape into the host cytoplasm. However, our work supports a model in which A.
haemolyticum is able to induce its own uptake into nonphagocytic cells, which potentially confers an advantage for the bacteria to avoid clearance by select antibiotics or
the immune system.
MATERIALS AND METHODS
Cell culture techniques. Detroit 562 cells (ATCC CCL-138) were cultured using Ham’s F-12 medium
supplemented with 10% newborn calf serum (Gibco, Grand Island, NY, USA) in either Corning T25 or
Corning T75 cell culture ﬂasks at 37°C in a 5% CO2 humidiﬁed incubator. A total of 30 g/ml streptomycin
and 50 g/ml penicillin were added to prevent contamination. Prior to any experiment, Detroit 562 cells
were washed with 1⫻ phosphate-buffered saline (PBS) a total of three times to dilute and remove
antibiotics present during normal culturing.
Bacteria and growth conditions. A. haemolyticum was cultured in Todd-Hewitt broth supplemented
with 10% fetal bovine serum overnight at 37°C while being shaken at 240 rpm in an Infors HT Minitron
incubator, with 25 g/ml kanamycin (Kn), 5 g/ml chloramphenicol (Cm), or 10 g/ml erythromycin (Er)
being added when appropriate. A. haemolyticum was grown on Campylobacter agar plates supplemented with 5% blood from healthy, human donors at 37°C, with identical concentrations of antibiotics
being added when appropriate.
Protein puriﬁcation. WT and mutated PLD, ALN, and SPH were puriﬁed as previously described (7).
Brieﬂy, E. coli DH5␣ cells containing pTrcHisaln, pTrcHispld, pET-15b-antB (26), or a mutated derivative
were grown in 500 ml of Luria-Bertani broth at 37°C with agitation until the cultures reached an optical
density at 600 nm (OD600) of 0.6, at which point the cultures were spiked with isopropyl-␤-D-1thiogalactopyranoside (IPTG; ﬁnal concentration, 2.5 mM) and allowed to incubate for an additional 4 h.
The bacteria were centrifuged at 6,700 ⫻ g for 15 min at 4°C, the supernatants were discarded, and the
bacterial pellets were stored at ⫺20°C overnight. The bacterial pellets were thawed and suspended in 10
ml of wash/lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 15 mM imidazole, pH 8.0) and lysed via a French
press three times at 16,000 lb/in2. To avoid protein degradation, the remainder of the puriﬁcation
protocol was conducted in a 4°C cold room. Cell lysates were centrifuged at 9,600 ⫻ g for 10 min, and
the supernatants were transferred to a fresh 50-ml conical tube and allowed to incubate with Ninitrilotriacetic acid resin (Qiagen, Carlsbad, CA, USA) at a 2:1 ratio overnight with gentile agitation. The
supernatant-slurry mix was transferred to a 5-ml polypropylene column and subsequently washed 10
times with ⬃5 ml of wash/lysis buffer and eluted in 1-ml quantities using elution buffer (50 mM NaH2PO4,
300 mM NaCl, 250 mM imidazole, pH 8.0). The presence of protein was conﬁrmed using SDS-PAGE gels
and Coomassie blue staining, and the proteins were dialyzed in 1⫻ PBS using Slide-A-Lyzer cassettes
(Thermo Fisher Scientiﬁc, Waltham, MA, USA) overnight. The protein concentrations were calculated
using a bicinchoninic acid assay (Pierce, Rockford, IL, USA), and protein was stored at ⫺20°C in 50%
glycerol solution.
Bacterial adherence and invasion assays. Detroit 562 cells were seeded to 24-well Nunclon Delta
Surface cell culture plates and allowed to grow to approximately 90% conﬂuence (approximately 24 to
48 h) in Ham’s F-12 medium supplemented with 10% fetal bovine serum and antibiotics. Detroit 562 cells
were washed three times with 1⫻ PBS to remove antibiotics and any cell debris before the start of the
assay. A. haemolyticum strains were grown overnight and allowed to reach mid-log phase, prior to being
washed three times with 1⫻ PBS and added to Detroit 562 cells at a multiplicity of infection (MOI) of 10:1
(adherence assay) or 20:1 (invasion assay). For the adherence assay, A. haemolyticum was allowed to
adhere to Detroit 562 cells for 2 h, and the cells were washed three times with 1⫻ PBS. Bacteria were
May 2019 Volume 87 Issue 5 e00832-18
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harvested by lysing the Detroit 562 cells using 1% Triton X-100, serially diluted in Todd-Hewitt broth, and
plated in triplicate onto Campylobacter agar plates supplemented with 5% human blood. The plates were
incubated at 37°C for 2 days, and the colonies were subsequently counted. For invasion assays, A.
haemolyticum was allowed to adhere to and invade Detroit 562 cells for 3 h, followed by three washes
with 1⫻ PBS and an additional 2 h of incubation with Ham’s F-12 medium with 200 g/ml gentamicin
(Gm). The cells were then washed with 1⫻ PBS three times and then harvested and plated as described
above for the adherence assay protocol.
In the case of the invasion assays conducted in medium with or without calcium present, M1 medium
(containing 140 mM NaCl, 5 mM KCl, 10 mM HEPES, 1.5 mM CaCl2, 0.5 mM MgCl2, 0.36 mM K2HPO4,
0.44 mM KH2PO4, 5.5 mM D-glucose, and 4.2 mM NaHCO3) was brought to a pH of 7.4 and ﬁlter sterilized
(0.22-m-pore-size cellulose acetate low-protein-binding membrane; Corning) as previously reported
(27). Calcium-depleted medium (M2 medium) contained the same components as M1 medium except
the CaCl2 and was similarly brought to a pH of 7.4 and ﬁlter sterilized.
Cytochalasin D (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide (DMSO) and
added to Detroit 562 cells at a 10 M concentration 1 h prior to the addition of bacteria at 37°C. Similarly,
CK-636 was also dissolved in DMSO and added to Detroit 562 cells at a 50 M concentration 1 h prior to
the addition of bacteria at 37°C. For each experiment, a solvent-only control was used to verify that the
volume of DMSO used in each experiment did not adversely affect the bacteria or the Detroit 562 cells.
Hemolysis assay. Hemolysis assays were conducted with human blood that was obtained from
normal, healthy donors. The LSU Health Sciences Center—Shreveport Institutional Review Board and
Health Insurance Portability and Accountability Act guidelines were followed for isolation of human
blood from human subjects. Blood was suspended in buffer C (35 mM sodium phosphate, 125 mM
sodium chloride) at pH 4.5 or 7.4 at a 2% concentration for 30 min at 23°C. At the same time, various
concentrations of ALN were incubated in either buffer C at pH 4.5 or buffer C at pH 7.4 for 30 min at 23°C,
at which point equal parts blood and ALN were incubated in a 96-well round-bottom plate for 30 min
at 37°C. Following the incubation, 96-well plates were centrifuged at 4,200 ⫻ g for 10 min at 15°C to
pellet intact red blood cells, and the supernatants were transferred to a ﬂat-bottom, 96-well plate. OD415
readings were recorded using a FLUOstar Omega plate reader, and percent hemolysis was calculated
using a buffer C negative control and 2% Triton X-100 positive control.
Construction of mutants and complementation. The A. haemolyticum Δpld::mutated pld and
Δaln::mutated aln strains were constructed by mutating pld in pBJ61 or aln in pJGS182aln, respectively, using a QuikChange XL site-directed mutagenesis kit according to the manufacturer’s
instructions (Agilent Technologies, Cedar Creek, TX, USA). PCR products originating from pBJ61 or
pJGS182aln from the mutagenesis reaction and primers used previously (7) were incubated with
DpnI to eliminate parental strands, and the remaining DNA was transformed into heat-shocked E.
coli Top10F= cells. Transformants were allowed to grow overnight on Luria-Bertani agar plates
supplemented with 200 g/ml erythromycin or 20 g/ml chloramphenicol when appropriate, and
the presence of the correct mutation was conﬁrmed by sequencing (Arizona State University DNA
Sequencing Lab, Tempe, AZ, USA). The conﬁrmed plasmids were electroporated into A. haemolyticum Δaln or Δpld, conferring either erythromycin resistance and mutated ALN production or
chloramphenicol resistance and mutated PLD production, respectively.
Statistics. Three independent experiments were performed in triplicate for the results presented in
each ﬁgure. P values were calculated using a two-tailed Student’s t test, and a P value of less than 0.05
was considered signiﬁcant.
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