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An array of mammalian phospho-specific antibodies was used to screen for a host response upon mycobac-
terial infection, reflected as changes in host protein phosphorylation. Changes in the phosphorylation state of
31 known signaling molecules were tracked after infection with live or heat killed Mycobacterium bovis BCG or
after incubation with the mycobacterial cell wall component lipoarabinomannan (LAM). Mycobacterial infec-
tion triggers a signaling cascade leading to activation of stress-activated protein kinase and its subsequent
downstream target, c-Jun. Mycobacteria were also shown to inhibit the activation of protein kinase C € and to
induce phosphorylation of proteins not yet known to be involved in mycobacterial infection, such as the
cytoskeletal protein a-adducin, glycogen synthase kinase 33, and a receptor subunit involved in regulation of
intracellular Ca** levels. The mycobacterial cell wall component LAM has been identified as a trigger for some

of these modulation events.

Mycobacterium tuberculosis is responsible for 2 million to 3
million deaths every year and persists as the leading cause of
deaths worldwide due to a single bacterial agent (76). Residing
within the host macrophage, M. tuberculosis is able to circum-
vent the host killing machinery and maintain a state of dor-
mancy that can last for decades (62). Research over the past
decades has described M. tuberculosis as a pathogen that is able
to adapt to a dynamic and changing host environment (for a
review, see reference 45) as well as to actively interfere with
and modulate the host killing machinery (53, 68). However, M.
tuberculosis is one of the most successful human pathogens of
our time, and the mechanism permitting its survival within the
host macrophage still remains largely elusive.

Since its discovery more than 30 years ago, a hallmark of
mycobacterial infection has been the prevention of phagolyso-
some fusion (3), enabling the tubercle bacilli to survive and
replicate secluded from the endocytic pathway. Additionally,
mycobacterial infection is associated with inhibited antigen
processing and attenuated gamma interferon activation of the
macrophage (15, 43). These cellular events are tightly con-
trolled at the level of signal transduction and are critical for
successful clearance of pathogens from the macrophage.

Mycobacterial interference with host signaling pathways has
been proposed to be the principal mechanism developed by the
bacteria to establish a successful infection. A wide range of
host proteins and pathways have been suggested to act as
mycobacterial targets, including mitogen-activated protein ki-
nase (MAPK) signaling pathways, JAK-STAT signaling path-
ways, Ca®" signaling, NF-kB signaling, and protein kinase C
(PKC) signaling (15, 47,57, 61, 65, 73). These pathways control
cellular functions such as cell proliferation, apoptosis, cytokine
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release, and gene regulation and are an indication of the com-
plexity and scale with which mycobacterial infection might
interfere with and possibly counteract host defense mecha-
nisms. The identification of at least 510 protein kinases in the
human genome (54) is evidence of the vastness of the eukary-
otic signaling network. In such a setting it becomes important
to investigate signal transduction as a network of phosphory-
lation events involving several pathways, rather than focusing
on single events.

Large-scale analysis of signaling networks can be performed
by using a novel technique in proteomics termed kinome anal-
ysis (63). This technique involves the use of an array of phos-
pho-specific antibodies covering kinases and other signaling
proteins from major eukaryotic signaling networks known to
date. We have used this technique as a tool to identify changes
in protein phosphorylation in a human macrophage cell line
upon infection with Mycobacterium bovis BCG. We have
discovered changes in host signaling pathways that have not
previously been described for mycobacterial infection. This
includes host proteins involved in regulation of apoptotic path-
ways, cytoskeletal arrangement, Ca®>" signaling, and macro-
phage activation.

MATERIALS AND METHODS

Materials. RPMI 1640, Hanks balanced salt solution (HBSS), protease inhib-
itors, and phosphatase inhibitors were obtained from Sigma Chemical Co. (St.
Louis, Mo.). Anti-phospho-adducin was from Upstate Biotechnology (Lake
Placid, N.Y.), and horseradish peroxidase-conjugated anti-rabbit secondary an-
tibody was from Bio-Rad Laboratories (Mississauga, Ontario, Canada). Endo-
toxin-free lipoarabinomannan (LAM) was generously provided by J. Belisle
(Colorado State University, Fort Collins). The LAM used was mannose capped
and derived from the virulent H37Rv strain of M. tuberculosis.

Culturing of M. bovis BCG. M. bovis BCG (ATCC 35734) carrying a plasmid
constitutively expressing the green fluorescent protein (19), was used in all
experiments. Bacteria were grown in Middlebrook 7H9 broth (Difco, Detroit,
Mich.) supplemented with 10% (vol/vol) oleic acid-albumin-dextrose solution
(Difco), 0.05% (vol/vol) Tween 80 (Sigma), and 50 g of hygromycin per ml at
37°C to an A4, of 0.5 on a rotating platform (50 rpm). Bacteria were harvested
by centrifugation (5 min, 6,000 X g) at 4°C, and the pellets were resuspended in
fresh medium plus 10% glycerol, aliquoted, and kept at —70°C for later use.
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Frozen stocks were thawed, replenished in fresh medium, and grown for 2 to 4
days before they were used for cell infection.

Infection of THP-1 cells and treatment with LAM. The monocytic cell line
THP-1 (American Type Culture Collection, Manassas, Va.) was cultured in
RPMI 1640 supplemented with 10% fetal calf serum (HyClone, Logan, Utah), 2
mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 pg/ml). Cells were
seeded at a density of 10° per cm? in 10-cm-diameter culture dishes (Corning
Inc., Corning, N.Y.) and allowed to adhere and differentiate in the presence of
phorbol myristate acetate (PMA) (20 ng/ml) at 37°C in a humidified atmosphere
of 5% CO, for 24 h. The cells were then washed three times with HBSS, and
adherent monolayers were exposed to live or killed (80°C, 30 min) BCG at a
multiplicity of infection of 50 to 1 in RPMI containing 1% L-glutamine, 10%
human serum (purified protein derivative negative), and no antibiotics. After 3 h
of incubation at 37°C and 5% CO,, the cells were washed twice with prewarmed
HBSS to remove noningested bacteria and reincubated in complete medium at
37°C and 5% CO, for the indicated time periods. Alternatively, differentiated
THP-1 cells were treated with mannose-capped lipoarabinomannan (ManLAM)
at a concentration of 1 ug/ml. The infection rate was verified on cells adherent
to tissue culture-treated coverslips (Fisher Scientific, Nepean, Ontario, Canada)
in 24-well plates. After phagocytosis, cells were fixed for 15 min at 37°C with
2.5% paraformaldehyde-HBSS and then washed three times with HBSS and
once with distilled water. Coverslips were then examined with an epifluorescence
microscope (Zeiss Axioplan II), and images were taken with a charge-coupled
device camera and Empix software.

Kinome analysis by KPSS assay. Two separate Kinetworks Phospho Site
Screen (KPSS) (Kinexus, Vancouver, Canada) analyses were performed. In the
initial screen, THP-1 cells were infected with live or heat-killed M. bovis BCG,
and in the second screen, THP-1 cells were infected with live M. bovis BCG or
treated with purified ManLAM from M. tuberculosis H37Rv at a concentration of
1 pg/ml. Untreated, PMA-differentiated THP-1 cells were used as a control in
both experiments. Kinome analyses (KPSS) were performed as previously de-
scribed (78) and according to the instructions of the manufacturer (Kinexus). In
brief, cells were homogenized at 4°C in a buffer containing 20 mM Tris-HCI (pH
7.0), 2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 40 mM B-glycero-
phosphate (pH 7.2), 2 mM sodium orthovanadate, 10 mM sodium pyrophos-
phate, and 1 mM phenylmethylsulfonyl fluoride and spun down at 100,000 X g in
a Beckman GS 6R tabletop ultracentrifuge. Protein content was estimated by
using the Bradford assay (Bio-Rad). Three hundred micrograms of total protein
for each sample was divided equally on a 20-lane Immunetics mutiblotter. Each
channel was probed with up to three primary antibodies from an array of 31
phospho-specific antibodies, which were selected so as to avoid overlapping
cross-reactivity with target protein. The blots were developed with ECL Plus
reagent (Amersham Biosciences), and signals were captured with a Fluor-S-
Multilmager and quantified with Quantity One software (Bio-Rad).

Western analysis of adducin. PMA-differentiated THP-1 cells were infected
with live BCG or challenged with purified LAM (concentration range, 0.01 to 1.0
pg/ml). The cells were then incubated for 2, 12, or 24 h. The blots were probed
with anti-phospho-adducin and horseradish peroxidase-conjugated anti-rabbit
antibodies and developed by enhanced chemiluminescence.

RESULTS AND DISCUSSION

In this study we have examined the effect of mycobacterial
infection on human macrophage signal transduction, reflected
as changes in the phosphorylation profiles of 31 known signal-
ing molecules. M bovis BCG organisms were used in this study
to infect the human monocytic cell line THP-1, which is one of
the common human cell lines used in mycobacterial infection
studies. PMA treatment induces differentiation of THP-1 cells
into a macrophage-like cell line that displays most of the hu-
man monocyte-derived macrophage phenotypes with regard to
morphology, expression of membrane receptors, cytokine se-
cretion, and induction of several proto-oncogenes (for a re-
view, see reference 4).

Although genotypically M. bovis BCG is a deletion version of
M. tuberculosis (8), it retains the ability to survive intracellu-
larly (59) and it successfully prevents macrophage phagosome
maturation (41, 75). Therefore, M. bovis BCG is a suitable
model for the study of interactions between mycobacteria and
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the host cell. We have chosen to investigate events occurring
after 24 h, thereby excluding early events associated with initial
phagocytotic uptake of the bacteria. We rationalize that at this
time point, the bacteria have established themselves in their
host environment to a greater extent than earlier, offering an
opportunity to assess the host response to bacteria residing
within phagosomes.

A unique multiphosphoprotein analysis, termed kinome
analysis (63), was used as a tool to identify changes in phos-
phorylation of key host proteins upon infection. The advantage
of this technique is the ability to quantitatively track single
amino acid phosphorylations. Cells were subjected to a simul-
taneous screen for the phosphorylation status of 31 host phos-
phoproteins. Two separate screens were performed; first,
THP-1 cells were infected with either live or heat-killed M.
bovis BCG (Fig. 1), and second, THP-1 cells were infected with
live bacteria or treated with purified ManLAM (Fig. 2). Un-
treated, differentiated THP-1 cell were used as controls in both
screens. ManLAM is expressed by both M. tuberculosis and M.
bovis BCG and differs in terms of structure and immunogenic-
ity from LAMs expressed by avirulent strains of mycobacteria
(23). ManLAM from BCG and M. tuberculosis has been found
to inhibit the production of proinflammatory cytokines such as
interleukin-12 and tumor necrosis factor alpha (53). Experi-
ments using latex beads coated with ManLAM have further
supported a role for this molecule in the persistence of virulent
mycobacteria within macrophages. In this manner, ManLAM
was recently shown to interfere with a phosphatidylinositol
3-kinase-dependent pathway between the trans-Golgi network
and the phagosomal compartment, inhibiting the acquisition of
lysosomal markers and resulting in decreased phagosomal mat-
uration (31).

Changes in phosphorylation were measured based on the
band intensity for individual phosphoproteins. Any change in
phosphorylation of greater than 25% between control and
treated cells was considered significant. This is justified by the
high sensitivity of the screens in determining the phosphoryla-
tion state, as well as the level of each phosphoprotein present
within the cells. According to the manufacturer (Kinexus), a
change in phosphorylation of less than 25% could be due to
experimental variation. As seen in Fig. 1, several proteins dis-
played significant changes in phosphorylation. These include
a-adducin, the N-methyl-p-aspartate (NMDA) glutamate re-
ceptor subunit NR1, the c-Jun oncoprotein, stress-activated-
protein kinase (SAPK) (also known as c-Jun N-terminal ki-
nase), retinoblastoma protein (RB), and glycogen synthase
kinase 3B (GSK3pB). To examine whether the observed phos-
phorylation changes could be due to an effect of mycobacte-
rial cell wall components, a second screen was applied to
ManLAM-treated cells along with cells infected with live bac-
teria (Fig. 2). As observed in the first screen, a-adducin, c-Jun,
SAPK, GSK38, and NR1 showed increased phosphorylation in
THP-1 cells exposed to live mycobacteria. Interestingly, most
of these results were also seen for cells exposed to purified
ManLAM.

The two screens were compared in terms of the relative fold
change in phosphorylation between live infection and un-
treated control cells (Table 1). This discussion is limited to
proteins that for each screen show more than a 25% change in
phosphorylation between infected and control cells. Values for



5516 HESTVIK ET AL.

INFECT. IMMUN.

B C
Control Live Heat Killed
. - .
: -Adducin -
NR1 @-Adducin NRI - i
B - NRI j -Adducin
PKCe -y — —
4 — - -
- R - g e - - .
- —
csen i GSK3fm JUN
-~ -
; §-.. Zait e S - S
. o\ " : < e »
- y. 4 4 V4
! - % S
) . - o

FIG. 1. Multiphosphoprotein analysis of THP-1 cells infected with live and heat-killed M. bovis BCG. Each sample is represented as a
phosphoprotein fingerprint. Accurate intensity values for each band are the accumulated signal obtained over a given scan time for each blot. These
are shown as numerical values in Table 1. The data shown here represent protein bands visualized as a snapshot of the scan time and may therefore
not represent exact band intensities. The three gels represent untreated THP-1 cells (A), THP-1 cells infected with live M. bovis BCG (B), and
THP-1 cells infected with heat-killed M. bovis BCG (C). Each lane was probed with one or more antibodies. The proteins indicated by arrows are
discussed in the text. Lanes 1 and 21 in each panel contained molecular size standards. Antibodies against the phosphorylated proteins were as
follows: lanes 2, NR1 (S*°); lanes 3, adducin (S7**) and CDK1 (Y'?); lanes 4, CREB (S'*%); lanes 5, ERK1/2 (T?°%/Y?%*) (T'®/Y'®) and p70 S6K
(T°%); lanes 6, RSK (T%/S***), RAF1 (S**°), and MEK1/2 (S*'7/S**"); lanes 7, GSK3a (S?!), GSK3p (S?), and PKB (T*%); lanes 8, GSK3a
(Y?7°/Y?'%); lanes 9, PKR1 (T*"'); lanes 10, PKCe (S7'°); lanes 11, PKCa (S°*7); lanes 12, PKCa/B (T%**) and SRC (Y**); lanes 13, PKCS (T5%);
lanes 14, SAPK (T'#/Y'8); lanes 15, MSK 1/2 (S*’¢) and JUN (S7); lanes 16, JAK2 (Y'*7/Y'%%%) and p38MAPK (T**°/Y'#?); lanes 17, STAT1
(S7°"); lanes 18, STAT3 (S7*7); lanes 19, RB (S7); lanes 20, RB (S*7/S®'").

cells infected with heat-killed bacteria and cells treated with
ManLAM are shown as fold changes relative to the respective
control cells (Table 1). As seen in Table 1, none of the changes
in phosphorylation induced by ManLAM were reproduced in
cells infected with heat-killed bacteria. Since common purifi-
cation methods for LAM involve heat killing of M. tuberculosis
(39), one would assume that ManLAM is unaffected by heat
treatment and that heat-killed bacteria retain LAM in its orig-
inal structure. However, several factors could explain the dif-
ferences in host cell response to ManLAM in its purified form
and ManLAM in heat-killed bacteria. First, mycobacteria may
shed LAM as a result of heat treatment, reducing the amount
of LAM encountered by the host cell. Second, heat may induce
conformational changes of bacterial surface molecules that can
hinder interaction of LAM with host cell receptors. Third, heat
treatment followed by killing of BCG most probably alters the
active release of ManLAM once the bacteria reside within the
host cell. Active release of ManLAM by live bacteria causes
exposure of the whole ManLLAM molecule to the host cell. It is
possible that the lipid moiety of ManLLAM, which is normally
embedded in the mycobacterial cell wall, is required for the
biological functions of LAM in its interaction with host cell
signaling elements. Lipopolysaccharide, which is present on
the surface of gram-negative bacteria, is an example of a mol-
ecule that shows structural similarity to LAM. The endotoxic
activity of lipopolysaccharide is predominantly associated with

its free form and particularly the lipid component, lipid A,
which needs to be exposed for full activity (2).

Five host signaling proteins, i.e., NR1, SAPK, c-Jun, GSK3p,
and a-adducin (Fig. 1 and 2 and Table 1) showed more than a
25% increase in phosphorylation over that for the control
untreated cells in both screens. Conversely, the basal level of
PKCe phosphorylation was completely attenuated in cells in-
fected with either live or killed bacteria, indicating a possible
deactivation of this protein upon infection.

NRI1 is a principle subunit of the NMDA receptors, which
represent a major class of glutamate-gated ion channels in the
central nervous system (60). These receptors regulate intracel-
lular levels of Ca** in neuronal cells and also in nonneuronal
cell lines when these cells are transfected with recombinant
receptors (17, 34, 35, 74). A complex regulatory machinery
involving several protein kinases and phosphatases controls the
function of NMDA receptors in neurons (for a review, see
reference 55). S*%° of the NR1 subunit is phosphorylated upon
infection with BCG and has been identified as a specific phos-
phorylation site for PKC (71). Controversy exists with regard
to the consequences of PKC phosphorylation of the NR1 sub-
unit. PKC phosphorylation has been shown to both enhance
and inhibit NMDA receptor currents, depending on cell type
and compositional variation of the receptor itself (for a review,
see reference 33). In our system, cells infected with live bac-
teria show a twofold average increase in the phosphorylation of
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FIG. 2. Multiphosphoprotein analysis of THP-1 cells infected with M. bovis BCG or exposed to ManLAM. As for Fig. 1, accurate intensity
values for each band are the accumulated signal obtained over a given scan time for each blot. These are shown as numerical values in Table 1.
The data shown here represent protein bands visualized as a snapshot of the scan time and may therefore not represent exact band intensities. The
second screen, presented here, shows three separate blots: untreated THP-1 cells (A), THP-1 cells infected with M. bovis BCG (B), and THP-1
cells treated with purified ManLAM (C). The proteins indicated by arrows are discussed in the text. Lanes 1 and 21 in each panel contained
molecular size standards. Antibodies against the phosphorylated proteins were as follows: lanes 2, NR1 (S%°); lanes 3, adducin ($7**), gamma
(8°%%), CDK1 (Y'), and SRC (Y>%); lanes 4, p38MAPK (T'®/Y'%?) and STATS (Y®**); lanes 5, SRC (Y*'®) and PKCa (T°%7); lanes 6, RSK
(T36%/83¢%) and SAPK (T'#3/Y'®); lanes 7, PKCB (T%¢%), MEK3 (S"*/T'?), and MEK®6 (S**7/T?'"); lanes 8, ERK1 (T?°%/Y?*), ERK2 (T"%/Y>%%),
and p70 S6K (T°%%); lanes 9, PKCe (S7'?) and SMADI1 (S%0%/S*); lanes 10, STAT3 (S7%"); lanes 11, JUN (S7%); lanes 12, RAF1 (S**°) and STAT1
(S7°"); lanes 13, CREB (S'*?), PKBa (T?%), and PKC3 (T°%); lanes 14, PKBa (S*7?); lanes 15, GSK3« (S*'), GSK3B (S%), and MSK1/2 (S*7°); lanes
16, PKR1 (T*"); lanes 17, GSK3a (Y?”’) and GSKB (Y?'°); lanes 18, RB (S7%%); lanes 19, MEK1/2 (S**!/S?*°); lanes 20, RB (S®7/S%).

NR1 S above levels for cells infected with heat-killed bac-
teria and cells exposed to ManLAM (Table 1). The possible
role of NR1 expression in THP-1 cells is not clear; to our
knowledge, NMDA receptors have not yet been described for
THP-1 cells or any other cells from the hemopoietic cell linage.
Our results indicate that an NR1 homologue could be present
in THP-1 cells, possibly constituting an NMDA-related recep-
tor. If so, this receptor might have a function similar to that
described for neurons, i.e., regulation of intracellular Ca*"
levels. Given that M. tuberculosis is able to inhibit Ca®" signal-
ing in human macrophages, correlating with its intracellular
survival (56), it is tempting to speculate that mycobacterial
interference with a potential NMDA-related receptor could be
a mediating factor for the inhibition of host Ca®" signaling
upon infection.

SAPK showed a two to threefold increase in phosphoryla-
tion in cells infected with live bacteria or exposed to ManLAM
compared to heat-killed and untreated cells (Table 1). SAPK is
a member of the MAPK family and is encoded by three genes,
SAPKI, SAPK2, and SAPK3 (37). All SAPK genes are ex-
pressed as 46- and 54-kDa protein kinases (37), and both
SAPK isoforms showed a similar increase in phosphorylation
in our system. Several transcription factors, including ATF-2,
Ets, and c-Jun have been identified as downstream targets for
SAPK (for a review, see reference 48). Specifically, SAPK has
been found to bind the c-Jun transactivation domain and phos-

phorylate it on S°* and S”3, thereby enhancing transcriptional
activity (25, 42). c-Jun is a central component of activator
protein 1 complexes (16), which upon transcriptional activa-
tion have been associated with a variety of cellular functions,
including cell proliferation, tumorigenesis, and apoptosis (for a
review, see reference 28). In this study we show increased
phosphorylation of c-Jun S7* in cells infected with live bacteria,
as well as in cells exposed to ManLAM. Activation of SAPK
upon mycobacterial infection has been shown to be an early
response in several model systems, often in concert with p38
MAPK and ERK 1/2 activation (11, 73). Even though a regu-
latory role of the SAPK signaling pathway has been suggested
for the production of nitric oxide in mouse macrophages (14),
the role of SAPK in mycobacterial infection remains unclear.
Our results are the first to indicate that LAM triggers a sig-
naling cascade leading to activation of SAPK and its down-
stream effector c-Jun.

The phosphoprotein GSK3p showed an average increase of
57% for Y*'° phosphorylation in THP-1 cells infected with live
bacteria and in cells exposed to LAM. GSK3 has been shown
to play an essential role in the regulation of cell fate in both
pro- and antiapoptotic manners. For example, GSK33 gene
disruption in mice caused hepatocyte apoptosis and correlated
with impaired antiapoptotic NF-kB signaling (44). In contrast,
phosphatidylinositol 3-kinase-mediated activation of protein
kinase B (Akt) was found to induce cell survival by inhibiting
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TABLE 1. Comparison of phosphorylated host proteins

Protein Signal”
Epitope(s) Fold change
Full name Abbreviation Control

Live avg LAM HK
Alpha adducin a-Adducin S724 1 1.75% 2.62 0.38
Gamma adducin v-Adducin S662 1 0.00 2.15 ND¢
Cyclic AMP response element binding protein CREB S133 1 0.00 1.00 0.86
Cyclin-dependent kinase 1 (cdc2) CDK1 Y15 1 0.37 2.07 0.00
Double-standard RNA-dependent protein kinase PKR T451 1 1.16 1.88 0.57
Extracellular regulated kinase 1 ERK1 T202/Y204 0 0.51 0.00 1.01
Extracellular regulated kinase 2 ERK2 T185/Y204 0 0.65 0.00 0.79
Glycogen synthase kinase 3 alpha GSK3a Y279 1 1.29 1.44 0.82
Glycogen synthase kinase 3 alpha GSK3a S21 1 0.92 1.79 0.36
Glycogen synthase kinase 3 beta GSK3p Y216 1 1.57% 1.52 0.65
Glycogen synthase kinase 3 beta GSK3p S9 0 0.00 0.00 0.36
Mitogen-activated protein kinase kinase 1/2 MEK1/2 $221/8225 1 1.85 1.69 0.39
Mitogen-activated protein kinase kinase 3 MEK3 S189/T193 0 0.00 0.00 ND
Mitogen-activated protein kinase kinase 6 MEKG6 $207/T211 0 0.00 0.00 ND
Mitogen- and stress-activated protein kinase 1/2 MSK1/2 S376 1 1.46 2.69 0.48
Mitogen- and stress-activated protein kinase 1/2 MSK1/2 S376 1 2.71 4.01 0.33
N-Methyl-D-aspartate glutamate receptor subunit 1 NR1 S896 1 1.93% 1.24 0.91
Oncogene JUN JUN S73 1 2.08° 1.30 1.21
Oncogene Raf 1 RAF1 $259 1 1.28 3.01 0.20
Oncogene Raf 1 RAF1 $259 1 1.78 4.71 0.28
Oncogene SRC SRC Y529 1 3.18 1.35 0.83
Oncogene SRC SRC Y418 0 0.00 0.00 ND
p38 alpha mitogen-activated protein kinase p3SMAPK T180/Y182 1 491 1.10 0.74
Protein kinase B alpha (Aktl) PKB« S473 0 0.00 0.00 ND
Protein kinase B alpha (Aktl1) PKBa T308 1 1.08 1.60 0.63
Protein kinase C alpha PKCa S657 1 1.61 1.93 0.55
Protein kinase C alpha/beta PKCao/B T638/641 1 1.69 2.82 0.51
Protein kinase C delta PKC3 T505 1 1.28 2.59 0.43
Protein kinase C epsilon PKCe S719 1 0.00° 1.21 0.00
Retinoblastoma 1 RB S780 1 0.82 1.85 0.64
Retinoblastoma 1 RB S807/S811 1 0.35 2.05 0.54
Ribosomal S6 kinase 1 RSK1 T360/S364 0 0.53 0.00 0.31
S6 kinase p70 p70 S6K T389 1 2.40 3.93 0.57
S6 kinase p70 p70 S6K T389 1 2.60 4.27 0.71
Signal transducer and activator of transcription 1 STATI1 S701 1 2.05 3.02 0.80
Signal transducer and activator of transcription 3 STAT3 S727 1 1.93 2.95 0.00
Signal transducer and activator of transcription 5 STATS Y694 0 0.00 0.00 ND
SMA- and MAD-related protein 1 SMAD1 S463/465 0 0.00 0.00 ND
Stress-activated protein kinase (JNK) SAPK T183/Y185 1 2.55° 3.07 0.68
Stress-activated protein kinase (JNK) SAPK T183/Y185 1 3.36° 1.85 0.80

“ The trace quantity of each protein band is measured by the area under its intensity profile curve and corrected for the individual scan times (recorded time before
saturation occurs). Values for the control samples have been set to 1 or 0. A value 0 indicates that no immunoreactive signal was detected for this protein in either
of the two screens. Live average is the average value, expressed as fold change, for the difference in phosphorylation between live infection and respective control
samples for both screens. Values for LAM and heat-killed bacteria (HK) show the fold change relative to their respective control samples.

b Proteins that showed a similar and greater-than-25% increase in phosphorylation for both screens.

¢ ND, not determined.

GSK3 (22). In agreement with the latter observation, Akt has
been shown to inhibit GSK3 activity through phosphorylation
of its Ser’ residue (27, 29). Conversely, phosphorylation of
GSK3B Y?'¢ is critical for full activation of the enzyme (46)
and has been shown to induce apoptosis (10). Our results
demonstrate activation of GSK3B through increased phos-
phorylation of Y?'¢ upon infection with live bacteria and ex-
posure to ManLAM. Furthermore, our results showed no sig-
nificant activation of Akt or Ser’ phosphorylation of GSK3 in
infected cells (Table 1) suggesting that mycobacterial infection
primes THP-1 cells for apoptosis via activation of GSK3p,
while the antiapoptotic pathway remains silent.

The two phosphoscreens showed no phosphorylation of
PKCe in cells infected with live bacteria. In contrast, control
cells and cells exposed to LAM showed substantial PKCe phos-

phorylation. The function of PKC and the specificities of the
different isoforms in macrophage signaling and mycobacterial
infection are still unclear. However, PKCe has been shown to
be important in macrophage activation and defense against
bacterial infection (13). Macrophages from PKCe ™/~ mice
showed severely attenuated responses to lipopolysaccharide
and gamma interferon, characterized by a dramatic decrease in
the generation of nitric oxide, tumor necrosis factor alpha, and
interleukin-1B (13). Our results indicate attenuation of PKCe
activity, which could be regarded as a strategy employed by
mycobacteria to avoid activation of the macrophage.

A major finding in this study is the phosphorylation of the
cytoskeletal protein a-adducin (Table 1). Phosphorylation of
a-adducin showed an average increase of 75% in cells infected
with live bacteria compared to those infected with heat-killed
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bacteria. Owing to its status as a unique protein that has not
previously been investigated with respect to mycobacterial in-
fection, a-adducin was selected for further analysis. Western
blot analysis of a-adducin phosphorylation confirmed our
screening results and showed that a-adducin is phosphorylated
in THP-1 cells infected with live M. bovis BCG but not in cells
infected with heat-killed M. bovis BCG (Fig. 3A). Further-
more, adducin phosphorylation increased with time, to reach a
maximum at 24 h (Fig. 3B). Treatment of cells with purified
ManLAM caused an increase in a-adducin phosphorylation,
and further investigation showed that ManLAM induces phos-
phorylation in a dose-dependent manner (Fig. 3C). We found
that a concentration of as low as 0.01 wg/ml was sufficient to
induce phosphorylation of a-adducin.

Adducin is expressed as a tetramer of either «/f or B/y
subunits (26, 50). A myristolated alanine-rich C kinase-related
domain (1, 12), present in the C termini of the adducin sub-
units, constitutes the major phosphorylation site for PKC (58).
The S7** of a-adducin detected in our screens lies within the
myristolated alanine-rich C kinase domain, suggesting PKC as
an upstream kinase acting on a-adducin. In support of this, we
observed increased phosphorylation of a-adducin upon treat-
ment of cells with the PKC activator PMA (results not shown).

Phosphorylation of adducin by PKC has been shown to in-
terfere with organization of the actin filament network through
inhibition of actin capping and prevention of spectrin recruit-
ment to the ends of actin filaments (58). In a pathogenic
setting, the cytoskeletal network, including microtubules, mi-
crofilaments, and actin filaments, plays a crucial role in facili-
tating fusion between early endosomes, phagosomes, and other
organelles of the endocytic pathway (for a review, see refer-
ence 9). Although the participation of actin filaments in phago-
cytosis of microorganisms has been well characterized and
studied in several model systems, the involvement of actin and
actin-binding proteins in the maturation and fusion of phago-
somes is still unclear. Nevertheless, several lines of evidence
assign an important role for actin filaments in the postphago-
cytotic fate of nascent phagosomes. For example, treatment
with the actin-depolymerizing agent cytochalasin D has been
shown to inhibit phagosomal transport and fusion events along
the endosomal pathway (49, 72). Furthermore, actin, as well as
several actin-binding proteins, has been found in association
with mature phagosomes (24, 52, 67). Unambiguous evidence
for the role of actin in phagosomal motility was provided by
video microscopy of murine macrophages, which showed the
formation of actin-rich rocket tails behind latex bead-contain-
ing phagosomes (77). These reports suggest a role for the actin
filament network beyond the initial phagocytic uptake, during
phagosomal motility and processing.

The actin network of phagocytic cells has been identified as
a target for a wide range of pathogenic bacteria, including
Salmonella, Shigella, Listeria, and Legionella (18, 21, 40, 70).
These pathogens have been shown to manipulate the actin
cytoskeleton in several ways to either enhance their uptake by
mammalian cells or facilitate their own movement through
host cell cytoplasm and eventually into neighboring cells.
Therefore, it can be hypothesized that pathogenic species of
mycobacteria would take advantage of such a mechanism. In-
deed, virulent strains of Mycobacterium avium have been
shown to disrupt the host actin network, correlating with a
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FIG. 3. Western analysis of adducin phosphorylation in THP-1
cells. (A) Adducin is phosphorylated in cells infected with BCG but not
in cells infected with heat-killed bacteria. Panel 1, Western blot of
THP-1 cells infected with live or heat-killed (HK) BCG for 24 h; panel
2, densitometry analysis of panel 1. (B) Time-dependent phosphory-
lation of adducin by M. bovis BCG infection. Panel 1, Western blot
of THP-1 cells infected with BCG for 2, 12, or 24 h; panel 2, densi-
tometry analysis of panel 1. (C) Adducin phosphorylation by purified
ManLLAM. Panel 1, Western blot of THP-1 cells treated with increas-
ing concentrations of purified ManLAM; panel 2, densitometry anal-
ysis of panel 1. Error bars represent standard errors from at least three
independent experiments. Equal loading of protein was verified by
India ink staining.

delay in the acquisition of endocytic markers by mycobacteri-
um-containing phagosomes (36). It was shown that disruption
of the actin network occurred at 24 h postinfection and was
maintained up to 15 days following infection. In agreement
with this observation, our results also demonstrate a time-
dependent mechanism for the phosphorylation of adducin,
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with the highest phosphorylation occurring at 24 h postinfec-
tion (Fig. 3B)

As proposed by Guerin and de Chastellier (36), actin fila-
ments, along with their associated proteins, may function as a
network surrounding nascent and maturing phagosomes. Here,
organelles of the endocytic machinery are brought into prox-
imity to facilitate fusion events and intermingling of contents
between compartments. By disrupting such a network, invad-
ing mycobacteria can possibly prevent exchange of content
between organelles and inhibit eventual fusion with lysosomes.
In this context, adducin phosphorylation, mediated by myco-
bacterial factors such as LAM, could possibly lead to the dis-
ruption or reorganization of the actin cytoskeleton, enabling
exclusion of the phagosome from the endocytic pathway.

Changes in phosphorylation seen for SAPK, c-Jun, a-addu-
cin, and GSK3B upon infection with M. bovis BCG have
been reproduced in cells exposed to ManLAM, suggesting
ManLAM to be the mediating factor. In contrast, changes in
phosphorylation of PKCe and NR1 were not reproduced in
cells exposed to ManLAM, indicating that another bacterial
component is responsible. In murine macrophages, phago-
somes containing M. bovis BCG were shown to be permeable
to dextrans as large as 70 kDa (69), and a number of myco-
bacterial surface proteins are released from phagosomes into
subcellular compartments (7). Thus, the notion that mycobac-
teria are capable of releasing proteins into the host cell cyto-
plasm led us to hypothesize that mycobacteria actively inter-
fere with host signaling elements to promote their own
survival. With the presence of genes for 11 eukaryotic-like
protein serine kinases and four protein phosphatases in the
genome of M. tuberculosis (5), it is tempting to speculate that
these proteins might be exported intracellulary and interfere
with signal transduction cascades within the host cell. Eukary-
otic-like protein kinases and phosphatases have previously
been implicated in the virulence of other pathogens such as
Yersinia pseudotuberculosis and Salmonella enterica serovar Ty-
phimurium, both of which translocate bacterial proteins into
the host cell cytoplasm, resulting in disruption of the host cell
cytoskeleton (32, 38). Interestingly, a mycobacterial phospha-
tase, PtpA, is present in the mycobacterial genome without a
corresponding substrate within the bacterium (20), further
supporting the hypothesis of cross-interaction between bacte-
rial and host cell signaling elements.

In conclusion, we have presented a unique set of results
based on a simultaneous screen of key host proteins upon
mycobacterial infection of a human macrophage-like cell line.
We have shown changes in phosphorylation of host proteins
that are novel to the field of cellular mycobacteriology. As
described above, some of the signaling proteins shown to be
activated, such as SAPK, c-Jun, and GSK3p, have previously
been implicated in the regulation of apoptotic pathways. It has
been well established that macrophages infected with myco-
bacteria have increased rates of apoptosis in vitro (30, 64, 66).
The observation that virulent strains induce less apoptosis than
avirulent and attenuated strains (6, 51) has reinforced the
conception that apoptosis functions as a host cell defense
mechanism in mycobacterial infection and that virulent strains
have developed strategies to promote host cell survival. M.
bovis BCG was recently shown to induce apoptosis in THP-1
cells (64). In agreement with this, activation of the JNK—c-Jun
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signaling pathway and GSK3B could be interpreted as pro-
apoptotic signaling as part of the host cell defense. However,
since we have not analyzed downstream effects of the reported
phosphorylation events, we cannot draw any final conclusions
regarding the ultimate outcome of these events. On the other
hand, we have presented evidence to suggest an active atten-
uation of macrophage defense through mycobacterial inhibi-
tion of PKCe and possible interference with host Ca** signal-
ing. Furthermore, we propose a potential mechanism by which
mycobacteria interfere with the actin cytoskeleton as a means
to exclude the phagosome from the endocytic pathway. Taken
together, our results present evidence in accordance with pre-
vious reports indicating that a number of host signaling path-
ways are modulated upon mycobacterial infection. Whether
this is due to a single modulation event affecting several down-
stream signaling pathways or to direct modulation of different
signaling cascades remains to be elucidated. Further research
into these pathways will lead to increased knowledge about the
complex interplay between mycobacteria and the host cell.
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