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myeloid cell function. The HL-60 cell line originated from
peripheral blood leukocytes of a patient with promyelocytic
leukemia (4). When treated with specific compounds, HL-60
cells can be induced to terminally differentiate into granulocytes or monocytes (5, 29). We found HL-60 cells to be resistant to the toxic effects of ExoS in their undifferentiated form.
However, upon differentiation with phorbol 12-myristate 13acetate (TPA), HL-60 cells became sensitive to ExoS. The
identification of a TTS-resistant cell line that can be induced to
become TTS sensitive provides a model system for studying
eukaryotic cell factors that influence the establishment of a
functional P. aeruginosa TTS process.
Effects of ExoS on HL-60 cell function. As part of a series of
experiments examining the effects of TTS-ExoS on different
cell types, HL-60 cells (ATCC CCL 240; American Type Culture Collection, Manassas, Va.) were seeded at 5 ⫻ 105 cells/ml
48 h prior to coculture with P. aeruginosa strain 388 (21) or the
isogenic non-ExoS-producing strain, 388⌬S (25), as previously
described (33). Using [3H]thymidine incorporation to measure
effects on cellular proliferation (33), exposure to P. aeruginosa
bacteria for 4 h (multiplicity of infection [MOI], 30:1) was
found to cause approximately 45% inhibition of HL-60 cell
DNA synthesis. However, no ExoS-specific effect on DNA
synthesis was detected (strain 388 caused 45.0% ⫾ 2.0% inhibition, and strain 388⌬S caused 44.7% ⫾ 2.0% inhibition of
DNA synthesis). Unlike epithelial cells, HL-60 cells have a
round morphology, which precludes the use of cell rounding as
a measure of the effects of ExoS on cell morphology. When
scanning electron microscopy (SEM) was used to examine
whether TTS-ExoS altered HL-60 cell surface structures, as
has been previously observed for HT-29 epithelial cells and
J774A.1 macrophages (32, 40), no alteration was evident (data
not shown). The lack of ExoS-specific effects on DNA synthesis
and cell morphology suggested that HL-60 cells were resistant
to the effects of TTS-ExoS.
To assess whether sensitivity to ExoS could be altered by
treatments that induce HL-60 cell differentiation, cells were
terminally differentiated into adherent monocytes by treatment

The type III secretion (TTS) process allows the direct translocation of bacterial effector proteins into eukaryotic cells and
is associated with the virulence of many gram-negative bacteria
(15, 20). Four virulence factors, ExoS, ExoT, ExoU, and ExoY,
are known to be translocated into eukaryotic cells by Pseudomonas aeruginosa TTS (47, 48). Unlike many gram-negative
pathogens, both clinical and environmental P. aeruginosa isolates maintain the TTS system, implying that TTS has an integral role in P. aeruginosa survival in general (7, 8, 43). Also,
consistent with the opportunistic lifestyle of P. aeruginosa, normal, healthy epithelial barriers and monolayers remain resistant to P. aeruginosa infection and TTS (9, 23, 31). However,
when tissue barriers are compromised, P. aeruginosa can become a lethal pathogen. The purpose of these studies was to
further understand the cellular basis of host-cell resistance to
P. aeruginosa TTS by using the type III effector, ExoS, as a tool
to monitor TTS.
In analysis of human epithelial cells, TTS-translocated ExoS
has been found to cause a general inactivation of host cell
function, as recognized by effects on cell growth, adherence,
morphology, and phagocytic processes (13, 32, 33, 40). ExoS
affects eukaryotic cell function through a bifunctional mode of
action. The N-terminal region of ExoS includes a GTPaseactivating (GAP) activity (17), which can affect eukaryotic cell
morphology and phagocytosis (36, 40). The C-terminal region
of ExoS includes an ADP-ribosyltransferase (ADPRT) activity
that targets multiple, specific cellular proteins, including lowmolecular-weight G (LMWG) proteins in the Ras superfamily
(3, 10, 12, 19, 30). The ADPRT activity of ExoS is required for
the irreversible effects of ExoS on cellular proliferation, readherence, and morphology (11, 32).
This study focuses on the effects of TTS-ExoS on HL-60
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Pseudomonas aeruginosa ExoS is a type III-secreted type III-secreted, bifunctional protein that causes diverse
effects on eukaryotic cell function. The coculture of P. aeruginosa strains expressing ExoS with HL-60 myeloid
cells revealed the cell line to be resistant to the toxic effects of ExoS. Differentiation of HL-60 cells with phorbol
12-myristate 13-acetate (TPA) rendered the cell line sensitive to ExoS. To understand the cellular basis for
the alteration in sensitivity, undifferentiated and TPA-differentiated HL-60 cells were compared for differences
in bacterial adherence, type III secretion induction, and ExoS translocation. These comparisons found that
ExoS was translocated more efficiently in TPA-differentiated HL-60 cells than in undifferentiated cells. The
studies support the ability of eukaryotic cells to influence P. aeruginosa TTS at the level of membrane
translocation.
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with 20 ng of TPA/ml for 48 h (22) and then were cocultured
with strain 388 or 388⌬S or no bacteria, as described above.
Terminal differentiation of eukaryotic cells halts cellular proliferation, thereby precluding the examination of effects of
ExoS on TPA–HL-60 cell proliferation. In SEM analyses, exposure of TPA–HL-60 cells to ExoS-producing strain 388 resulted in a loss of cell surface microvilli compared to that with
TPA–HL-60 cells exposed to 388⌬S or no bacteria (data not
shown). The effect of strain 388 on cell surface microvilli provided an initial indication that TPA differentiation altered
HL-60 cell sensitivity to TTS-ExoS.
TPA-induced alterations in HL-60 cell sensitivity to TTSExoS were also recognized at the level of ExoS ADPRT substrate modification. The ADP ribosylation of LMWG proteins
by ExoS can be detected based on alterations in protein mobility, as determined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and immunoblot analyses (3,
10, 12, 19, 30). When TPA–HL-60 cells were cocultured with
strain 388, 388⌬S, or no bacteria for 4 h and analyzed for ADP
ribosylation of LMWG proteins, shifts in the mobility of Ras,
RalA, Rab proteins (Rab5 and Rab8 are shown), and Rac1
were apparent (Fig. 1). In comparison, only a slight modification of Rab5 was detected in undifferentiated HL-60 cells
cocultured with strain 388. The studies support the notion that
TPA differentiation induces HL-60 cell sensitivity to TTSExoS, as evident in ExoS ADP ribosylation of cellular substrates and alterations in microvilli structure.
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Mechanisms of induction of ExoS sensitivity. Although
ExoS is secreted by P. aeruginosa into culture supernatants, it
is not toxic to eukaryotic cells in the absence of a TTS translocation apparatus (33, 47). Possible mechanisms by which
TPA could induce alterations in sensitivity to ExoS include (i)
indirect effects on TTS that facilitate bacterial adherence or
non-TTS-mediated diffusion of ExoS into cells and (ii) direct
effects that alter the induction or efficiency of the TTS translocation process.
(i) Indirect mechanisms. To examine whether TPA treatment induces cell surface alterations that enhance P. aeruginosa adherence, rendering HL-60 cells more sensitive to the
bacterial contact-mediated TTS process, bacterial association
to undifferentiated and TPA–HL-60 cells was examined. In
these analyses, cells were cocultured with strain 388 or 388⌬S
at a high MOI (100:1) to optimize detection of bacterial association. Bacteria were removed after 4 h, and cells were washed
three times with HEPES-buffered saline (10 mM HEPES [pH
7.4], 137 mM NaCl, 4 mM KCl, 11 mM glucose) and lysed in
0.25% TX-100. Lysates were plated to quantify associated bacteria as previously described (42). Bacterial association with
undifferentiated HL-60 cells was determined to be 25.8 ⫾ 2.6
bacteria per cell, compared to 8.5 ⫾ 0.8 bacteria per TPA–
HL-60 cell. Using the same method to compare the adherence
of strain 388 or 388⌬S to eukaryotic cells, no significant difference in bacterial association was detected with the expression of ExoS (data not shown). The results support that TPA
treatment did not affect HL-60 membrane properties in a manner that enhanced bacterial association.
Another means by which TPA treatment might indirectly
affect ExoS internalization is through alterations in membrane
properties that allow the direct diffusion of ExoS into cells. To
examine this possibility, TPA–HL-60 cells were cultured with
soluble ExoS for 4.5 h in the presence or absence of bacteria.
To allow an endogenous form of ExoS to be evaluated in these
studies, strain 388 culture supernatant (500 l), containing 1.1
g of ExoS in the presence of other P. aeruginosa-secreted
factors, served as the source of ExoS. In addition to strains 388
and 388⌬S, TTS mutant strains 388-11 (47) and 388⌬PopD
(46) (both provided by Dara Frank, Medical College of Wisconsin, Milwaukee, Wis.) were included in these studies to
allow ExoS diffusion to be assessed independently of a functional TTS process. Strain 388-11 is a PscC mutant defective in
TTS-mediated secretion and translocation, and strain
388⌬PopD is a PopD mutant defective in TTS-mediated translocation but not secretion. Previous studies have shown that in
the absence of PscC and PopD, ExoS is unable to exert toxic
effects on eukaryotic cell function (14, 32, 46). ExoS ADP
ribosylation of cellular substrates was used to detect ExoS
internalization. No substrate modification was detected in
TPA–HL-60 cells cultured with soluble ExoS in the presence of
strain 388⌬S, 388-11, or 388⌬PopD (data not shown). In addition, no enhancement of ExoS substrate modification was
detected when soluble ExoS was added to TPA–HL-60 cells
cocultured with strain 388. The results support that TPA treatment does not alter HL-60 membrane integrity in a manner
that allows ExoS internalization independently of the TTS
process.
(ii) Direct mechanisms. Differences in the sensitivity of undifferentiated and TPA–HL-60 cells to ExoS might also relate
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FIG. 1. ExoS ADPRT substrate modification in HL-60 and TPA–
HL-60 cells. HL-60 cells were seeded and cultured for 48 h in the
presence or absence of 20 ng of TPA/ml, prior to coculture for 4 h with
strain 388⌬S (⌬S) or 388 (MOI, 30:1). Bacteria were removed and cells
were processed and analyzed for ADP ribosylation of the indicated
LMWG proteins based on altered mobility in SDS-PAGE and immunoblot analyses, as previously described (10, 12, 30, 42). RalA, Rab8,
and Rac1 antibodies were obtained from BD Transduction Laboratories (San Diego, Calif.). Rab5 antiserum was obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, Calif.). Proteins were detected using
horseradish peroxidase-conjugated anti-mouse immunoglobulin G
(IgG) (Jackson Immuno Research, West Grove, Pa.) or anti-rabbit
IgG (BD Transduction Laboratories) and were visualized by enhanced
chemiluminescence (Amersham, Arlington Heights, Ill.). Results are
representative of at least three independent experiments. Modified
(M) and unmodified (U) proteins are labeled.
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to alterations in cellular properties that affect host cell induction of the TTS process. To examine whether altered sensitivity
to ExoS was occurring at the level of TTS induction, prior to
coculture, strains 388 and 388⌬PopD were cultured in a medium that does not allow TTS induction (TSBD [21] supplemented with 5 mM CaCl2). Bacteria were then cocultured with
undifferentiated or TPA-differentiated HL-60 cells for 4 h in
Hanks balanced salt solution (Sigma, St. Louis, Mo.), which
was found to minimize background induction of PopD while
maintaining eukaryotic and bacterial cell growth. Total PopD
production was examined by adding 4⫻ Laemmli sample
buffer (27) to tissue culture wells, which allowed the combined
harvest of eukaryotic cells, bacteria, and coculture supernatants. Samples were resolved by SDS-PAGE and were immunoblotted using an anti-PopD antibody (provided by Dara
Frank). Cells treated with strain 388⌬PopD, no bacteria, or
bacteria cultured in the absence of eukaryotic cells served as
negative controls in these experiments. As shown in Fig. 2, the
induction of PopD by undifferentiated HL-60 cells closely re-

sembled that of TPA-differentiated HL-60 cells. The results
support that undifferentiated HL-60 cells are as effective as
TPA–HL-60 cells in inducing TTS components that mediate
membrane translocation.
Collectively, these data point to the likelihood that the increased sensitivity of TPA–HL-60 cells to ExoS relates to an
increased efficiency of ExoS TTS internalization. To assess the
efficiency of ExoS translocation in HL-60 and TPA–HL-60
cells, time course studies were performed, examining ExoS
ADPRT activity in cytosolic and TX-100 membrane-soluble
fractions after a 3-, 4.5-, or 6-h coculture period. After removal
of bacteria, cells were washed, treated with 0.5% trypsin–0.53
mM EDTA (Gibco-BRL, Gaithersburg, Md.) to harvest cells
and remove extracellular ExoS, and lysed in cell permeabilization solution (0.2% saponin, 100 mM NaCl, 250 mM sucrose,
5 mM EDTA, and P8340 [Sigma] protease inhibitor cocktail)
(42). Cellular lysates were centrifuged at 16,000 ⫻ g to obtain
the cytosolic (supernatant) fraction. The TX-100 membranesoluble fraction was obtained by treating cellular pellets with
1% Triton X-100, as previously described (42). ExoS ADPRT
activity was quantified in an in vitro ADPRT reaction (8, 26)
and was related to total cellular protein. In these analyses,
ExoS ADPRT activity was found to be five- to sixfold higher in
both the cytosolic and TX-100 membrane fractions of TPA–
HL-60 cells than that of undifferentiated HL-60 cells (Fig. 3).
Additionally, the efficiency of ExoS ADPRT translocation was
found to directly correlate with the degree of ExoS ADPRT
substrate modification (data not shown). For example, ADP
ribosylation of RalA, Rab5, and Rac1 was most efficient in the
TX-100 membrane fractions of TPA–HL-60 cells, in association with the highest levels of ExoS ADPRT activity. Conversely, minimal substrate modification (only a slight modification of Rab5) was detected in the TX-100 membrane
fractions of undifferentiated HL-60 cells, correlating with the
limited ExoS ADPRT activity detected in these samples.
To further assess ExoS internalization, undifferentiated
HL-60 cells and TPA–HL-60 cells were cocultured with P.
aeruginosa strain PA103⌬UT, expressing pUCP plasmid (44)encoded ExoS tagged with a hemagglutinin epitope (ExoSHA) (34), provided by Joseph Barbieri (Medical College of

FIG. 3. Time-course analysis of TTS translocation of ExoS ADPRT activity. HL-60 and TPA–HL-60 (TPA) cells were cocultured with strain
388 or 388⌬S (⌬S) for 3, 4.5, or 6 h at a lower MOI (⬍10:1) to facilitate detection of differences in the efficiency of ExoS internalization. Bacteria
were removed, cells were washed, and cytosolic and TX-100 (membrane-soluble) fractions were obtained. ADPRT activity was assayed using
soybean trypsin inhibitor as an artificial substrate (26) and is reported as femtomoles per minute of ADP-ribose incorporated into substrate per
microgram of cellular protein. Cellular protein was determined using the Sigma Diagnostics Lowry-based protein assay. The means and standard
deviations of assays performed in duplicate from a single experiment are shown. The results are representative of three independent experiments.

Downloaded from http://iai.asm.org/ on February 27, 2014 by PENN STATE UNIV

FIG. 2. Analysis of PopD induction by HL-60 and TPA–HL-60
cells. HL-60 cells or TPA–HL-60 cells were cocultured for 4 h with
strains 388⌬PopD (⌬D) or 388 (MOI, 30:1). Total PopD production
was determined by adding Laemmli sample buffer to tissue culture
wells, and samples were resolved by SDS-PAGE and immunoblotted
for PopD. Eukaryotic cell growth and protein loading were compared
by immunoblotting for the eukaryotic housekeeping protein, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Chemicon International Inc., Temecula, Calif.). (⫺)HL-60 represents strain 388 incubated in coculture medium for 4 h in the absence of eukaryotic cells.
PopD within a TTS-induced bacterial culture supernatant (SN) (21)
was included as a positive control. Results are representative of at least
three independent experiments.
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Wisconsin, Milwaukee, Wis.). Strain PA103⌬UT is a derivative
of strain PA103 that lacks functional exoU and exoT genes (46),
and it was used to translocate ExoS into eukaryotic cells in the
absence of other known TTS effectors. We have previously
found it difficult to detect TTS-ExoS protein in eukaryotic cells
by Western blot analysis (11). However, the addition of the HA
tag to ExoS allowed detection of TTS-ExoS in eukaryotic cell
extracts, without reported effects on ExoS function (34). Consistent with studies quantifying the internalization of ExoS
ADPRT activity, ExoS-HA was found predominately in the
membrane fraction of TPA–HL-60 cells (Fig. 4A), where two
bands were evident (not obvious in Fig. 4A), presumably ExoS
and processed ExoS (35). Only a higher mass, possibly an
auto-ADP-ribosylated form of ExoS, was detected in the cytosolic fraction of TPA–HL-60 cells (39). ExoS-HA was not
detected in either the membrane or cytosolic fractions of undifferentiated HL-60 cells. As shown in Fig. 4B, levels of internalized ExoS correlate with the efficiency of Rab5 ADP
ribosylation in the respective fractions. These results are consistent with the resistance of HL-60 cells to ExoS relating to
less efficient ExoS internalization and the notion that TPA
differentiation induces cellular changes that allow the TTS
apparatus to form and translocate ExoS.
It has become evident from studies of different cell lines that
the host cell can influence the effectiveness of P. aeruginosa
TTS. Polarized confluent epithelial monolayers remain resistant to P. aeruginosa infection and TTS but become sensitive to
both when the epithelial layer is compromised (9, 31, 38). The
host cell can also influence the toxicity and substrate targeting
of TTS effectors, as evident in cellular differences in ExoS
toxicity in association with alterations in LMWG protein substrate modification patterns (40, 42). In studying the effects of
ExoS on promyelocytic HL-60 cell function, we identified another cell line that was resistant to P. aeruginosa TTS. A notable finding relative to HL-60 cells is that sensitivity to TTSExoS can be induced by treatment with the phorbol ester,
TPA.
Several mechanisms were examined to explain the increased
sensitivity to TTS-ExoS of TPA–HL-60 cells compared to that
of undifferentiated HL-60 cells. These included (i) alterations
in the efficiency of bacterial adherence to HL-60 cells, which is
required for TTS-translocation, (ii) alterations in host cell in-
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duction of TTS proteins, and (iii) TPA-induced membrane
alterations that allow the direct diffusion of ExoS independently of the TTS apparatus. None of these mechanisms accounted for the differences in the effects of ExoS on cell function and ADP ribosylation of substrates in HL-60 and TPA–
HL-60 cells. Another possible mechanism that might explain
the decreased sensitivity of HL-60 cells to TTS-ExoS is an
increased rate of intracellular ExoS degradation or inactivation. In examining this possibility, no enhancement of TTSExoS ADPRT substrate modification was detected in either
HL-60 cells or TPA–HL-60 cells following treatment with the
irreversible proteosome inhibitor MG132 (Sigma) or protease
inhibitors (data not shown). In addition, in in vitro ExoS ADPRT reactions, purified ExoS was found to efficiently ADPribosylate LMWG proteins in HL-60 cell lysates, as previously
reported (3), and ExoS was not degraded or its activity inhibited by endogenous HL-60 proteins (data not shown). Alternatively, in support of HL-60 cell resistance to TTS-ExoS occurring at the level of membrane translocation, time course
analyses revealed only a minimal increase in ExoS ADPRT
activity in the membrane fraction of HL-60 cells with time, and
no activity was detected within the cytosol. In comparison, a
linear increase in ExoS ADPRT activity was detected in the
membrane fraction of TPA–HL-60 cells with time, and detectable but smaller amounts translocated into the cytosol. Similar
results were obtained from tracking bacterial translocation of
ExoS-HA. Together these results support that differences in
the sensitivity of HL-60 and TPA–HL-60 cells to ExoS relate to
cellular influences on the P. aeruginosa TTS translocation process rather than cellular properties that affect membrane permeability, bacterial adherence, TTS induction, or ExoS degradation.
While these studies provided evidence that TPA differentiation of HL-60 cells altered cell line responsiveness to TTStranslocated ExoS, the mechanism for this transition remains
unknown. TPA induces HL-60 cells to differentiate into mature macrophages by activating protein kinase C (PKC) signaling pathways (45) and increasing protease activity (2). A hallmark of TPA differentiation is the ability of the cells to adhere
to one another and to tissue culture substrate. This implicates
the potential for TPA to induce alterations in HL-60 cell surface-interactive components that might affect TTS responsiveness. Several receptors for P. aeruginosa have been identified,
including the cystic fibrosis transmembrane regulator (CFTR)
(16, 37), asialo GM1 (1, 6, 18, 24), and ␤1 integrins (38, 41).
However, the identity of the eukaryotic receptor that is required for P. aeruginosa TTS-host cell interaction remains unknown. Interestingly, bacterial association with TPA–HL-60
cells was less efficient than with undifferentiated HL-60 cells,
which might seem contradictory to the increased TTS sensitivity of TPA–HL-60 cells. However, this could also be an indication that P. aeruginosa adherence to TPA–HL-60 cells is
more TTS specific. In this regard, candidate TTS-interactive
proteins, such as ␣5␤1 integrins and intracellular adhesion molecule 1 (ICAM-1), show enhanced expression and avidity, respectively, in response to TPA differentiation (2, 28). These
comparisons also draw attention to the potential use of HL-60
and TPA–HL-60 cells to identify TTS-specific eukaryotic cellinteractive components.
Presently, little is known about the host cell contribution to
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FIG. 4. TTS-mediated internalization of ExoS protein in HL-60
cells. HL-60 and TPA–HL-60 were cocultured for 4 h with strain
PA103⌬UT expressing plasmid-encoded ExoS-HA (MOI, 30:1). Cytosolic (C) and membrane (M) fractions of HL-60 or TPA–HL-60 cells
were obtained by digitonin extraction and centrifugation. Fractions
were resolved by SDS-PAGE and were immunoblotted with
(A) anti-HA antibody (Upstate, Waltham, Mass.) to detect ExoS-HA
or (B) anti-Rab5 antibody to assess ExoS ADPRT substrate modification. Modified (M) and unmodified (U) Rab5 proteins are labeled.
ExoS-HA, obtained from a TTS induced bacterial culture supernatant
(SN), was included as a positive control.
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P. aeruginosa TTS. Studies described here identify a link between HL-60 cell resistance to TTS-ExoS and host cell properties that affect the establishment of a functional TTS translocation apparatus. While the mechanism for this TTS
resistance is not known, it appears to be reversed by treatments
that affect cell polarity and adherence. Also of relevance to
these studies is the identification of a TTS-resistant HL-60 cell
line, which can be induced to become TTS sensitive, providing
a model system to study eukaryotic cell properties associated
with alterations in P. aeruginosa TTS sensitivity.
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