
INTRODUCTION
Cystatin 9 (CST9) is a small, ~18-kDa

human protein and a member of the
type 2 cystatin superfamily that is com-
promised of 14 members (1). Cystatins
are structurally conserved, low molecu-
lar weight endogenous cysteine pro-
tease inhibitors found in most body
compartments and fluids. Characteristi-
cally, they are described to function
intra- and/or extracellularly to inhibit

their target cysteine enzymes (for exam-
ple, cathepsins) to maintain a crucial
protease-inhibitor balance, thus regulat-
ing damaging proteolytic activities (2,3).
Distinct cystatins regulate specific cys-
teine proteases. For instance, cystatin C
is typically secreted and acts as a strong
inhibitor of papainlike proteases, while
cystatin F primarily regulates intracellu-
lar cathepsin C (4,5). Sustaining the
equilibrium between cysteine proteases

and cystatins also serves to regulate im-
munomodulatory functions not related
to their inhibition of proteases (6).
Under pathophysiological conditions,
dysregulated inflammatory responses
can cause decreased levels of cystatins
that are insufficient to regulate pro-
teases (1,7–9). This, in turn, results in
excessive cytokine production, unre-
strained tissue breakdown (for example,
degradation of the extracellular matrix
[ECM]) and promotes excessive immune
cell extravasation to inflammation sites
exacerbating organ damage (1,3,7–9).

Although the biological roles of most
cystatins have not yet been fully charac-
terized, there are some data to suggest
that exogenous restoration of selected
cystatins can reestablish vital immuno -
modulatory capabilities to the host and,
thereby, may exert therapeutic effects.
For example, cystatin C (10,11), as well
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as cystatin B (8) and E/M (9) have been
shown to have antitumor effects via sig-
nificantly decreasing tumor prolifera-
tion and metastasis. In addition, cystatin
C has been shown to be neuroprotective
in neurodegenerative disorders (for ex-
ample, Alzheimer’s disease) leading to
its use as a potentially promising new
cancer and neuroprotective therapy
(12,13). Cystatin B has been shown to
have antiviral properties as it decreased
HIV replication in macrophages (14).
Less is known regarding cystatin’s abil-
ity to modulate immune responses dur-
ing bacterial infection.

The data presented in the current re-
port demonstrate a hitherto unknown
and surprising function for CST9 dur-
ing Francisella tularensis (Ft) infection of
the lung. The select agent Ft is a deadly
gram-negative human inhalational
pathogen and is the causative agent of
pneumonic tularemia (15–17). Here we
describe the ability of CST9 to increase
the intracellular killing of Ft by
macrophages (Ft’s primary target cell
population) and simultaneously re-
strained inflammation ultimately result-
ing in host survival. We show that a
single dose of human recombinant
(r)CST9 given to S4-infected human
monocyte-derived macrophages (MDM)
prevents intracellular S4 from escaping
the phagosome, and induces
macrophage autophagy while regulat-
ing the phosphorylation events of a key
kinases in the mTOR pathway that de-
termine the induction of autophagy.
Additionally, we show that rCST9 in-
creased MDM proteins involved in anti-
inflammation/antiapoptosis while re-
straining proinflammatory-associated
proteins compared with untreated
MDM. These findings were confirmed,
in a murine model of pulmonary tu-
laremia. Intranasal (i.n.) administration
of rCST9 decreased bacterial burden in
organs and increased survival without
inducing exaggerated levels of cytokine
secretion or immune cell migration. Fi-
nally, we show that rCST9 exerts an-
timicrobial activity by decreasing Ft vi-
ability and virulence.

MATERIALS AND METHODS

Synthesis and Purification of CST9
Protein Expression Constructs

Oligonucleotide primers (Sigma-
Aldrich, St. Louis, MO, USA) based on
the full-length (aa 1–159) homo sapiens
cystatin 9 (GenBank accession number
NM001008693) coding sequence were
used for PCR amplification. PCR prod-
ucts derived from human genomic DNA
were subsequently cloned into the bacte-
rial protein expression plasmid pPROEX
(Life Technologies, Grand Island, NY,
USA) using introduced restriction en-
zyme sites. Sequence confirmed recombi-
nant plasmids were transformed into E.
coli BL21 DE3 competent cells (Protein
Express, Cincinnati, OH, USA).

E. coli BL21 DE3 cells, transformed
with CST9 expression constructs, were
induced by the addition of 3 mmol/L
IPTG to produce proteins as previously
described (18). Recombinant proteins
were eluted using a buffer containing
8 mol/L urea, 100 mmol/L NaH2PO4,
100 mmol/L Tris-HCl and 500 mmol/L
imidazole (pH 8.0). Purified proteins
were dialyzed overnight into 4°C PBS
(Sigma-Aldrich) using slide-a-lyzer dial-
ysis cassettes (Pierce, Waltham, MA,
USA) with a molecular weight cutoff of
3.5 kDa. After dialysis, proteins were
quantified using BCA (Pierce) and quan-
tifed using SDS-PAGE electrophoresis
(Bio-Rad, Hercules, CA, USA). The final
protein concentration was 0.2 μg/μL 
as determined by the Bradford assay
(Bio-Rad).

Bacterial Strains
Schu 4 was obtained from United

States Army DPG, Life Sciences Division
(Dugway, UT, USA); and live virus strain
(LVS) (ATCC 29684) was obtained from
Karen Elkins (CBER/FDA, Rockville,
MD, USA). Bacterial colonies were ex-
panded overnight in 10 mL of modified
Mueller-Hinton II broth supplemented
with IsoVitale X (BD, Franklin Lakes, NJ,
USA) with shaking at 37°C. The
overnight culture was pelleted by cen-
trifugation and then resuspended in 

10 mL of sterile phosphate-buffered
saline (PBS). The bacterial concentration
then was adjusted to 1 × 109 colony-
forming units (CFU)/mL using a Klett
photoelectric densitometer (Scienceware,
Pequannock, NJ, USA) and then were di-
luted in sterile PBS to the desired con-
centrations. Bacterial ten-fold dilutions
were plated on CHA plates to confirm
experimental dosage.

Human MDM and Alveolar
Macrophages (hAM)

Human monocytes were isolated from
peripheral blood mononuclear cells ob-
tained from healthy donors and alveolar
macrophages were obtained from healthy
human volunteers via bronchial alveolar
lavages as per an approved UTMB IRB
protocol. Monocytes were isolated using
a Hypaque-Ficoll (Amersham Bio-
sciences, Piscataway, NJ, USA) density
gradient (800 × g at 21°C) followed by se-
lection using a counterflow centrifugal
elutriation (Beckman J2-21 M/E cen-
trifuge with JE-B6 elutriator rotor, Beck-
man Instruments, Palo Alto, CA, USA).
The purified monocytes were cultured in
RPMI 1640, 10% FBS supplemented with
GM-CSF (100 ng/mL) for 7 d to ensure
differentiation into macrophages. The
macrophages were removed from the cul-
ture plate using a nonenzymatic cell dis-
sociation solution (Sigma-Aldrich). Dif-
ferentiation of MDM was confirmed by
flow cytometry of cell surface markers
expression (CD11b, CD80) consistently
showing purities of >95%.

Macrophage Phagocytosis and
Intracellular Replication

MDM (5 × 105 cells per 200 μL) were
given 50 pg of rCST9, then immediately
infected with S4 (MOI 40:1). To examine
phagocytosis and intracellular replication/
killing of S4, at 1 h after infection, macro -
phages were washed with 2 mL of PBS,
then incubated for 30 min with serum-
free medium containing 50 μg/mL of
gentamicin (Sigma-Aldrich) to kill extra-
cellular organisms. Cells were lysed by
adding 0.1% SDS and lysates were plated
on CHA plates and incubated at 37°C in
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5% CO2 for 48 h. Single colonies were
counted to quantify bacterial phagocyto-
sis. To determine killing, additional
macrophages were treated and infected
in parallel. Except after the 30-min gen-
tamicin incubation, cells were washed,
then resuspended in serum-free medium
containing 5 μg/mL of gentamicin. Cells
were incubated overnight at 37°C/5%
CO2; then cells were lysed, plated, and
single colonies were counted as de-
scribed above. These bacterial counts
were compared with counts taken imme-
diately following the 1-h time points to
determine phagocytosis.

Intranasal Mouse Model of Treatment
and Infection

Eight-week old female Balb/c mice
weighing between 21 and 24 grams (Jack-
son Laboratories) were housed in an As-
sociation for Assessment and Accredita-
tion for Laboratory Animal Care
(AAALAC)-approved housing facility
and permitted to adjust to their environ-
ment for 7 d prior to procedures receiving
free access to food and water throughout
the study. All procedures were approved
by the University of Texas Medical Branch
IACUC and performed humanely with
minimal suffering. The animals were
anesthetized with sodium pentobarbital
and restrained vertically using sterilized
commercial fishing line looped behind the
upper incisors and connected to a support
platform. Ten microliters of 50 pg of
rCST9 were placed at the anterior of each
nares (10 μL/nare) concurrent with 500
CFU/mouse of LVS and the animals in-
haled the solutions naturally. Survival (n
= 12 mice/group) was observed for up to
25 d after treatment and infection.

Bacterial Burden in Mouse Tissues and
Lung Histology

The lungs, liver and spleen (n = 6
mice/group) were harvested at 48 h after
treatment from rCST9-treated and/or
LVS (500 CFU/mouse)–infected mice. A
small section of the lungs from three
mice was fixed and processed for hema-
toxylin and eosin (H & E) staining to de-
termine the overall condition of the

lungs. Tissues were homogenized, plated
on CHA, then incubated at 37°C/5% CO2

for 48 h. Individual colonies were
counted to determine CFU.

Cytokine Analysis
Cell culture supernatants and mouse

BAL were analyzed by a species appro-
priate (mouse or human) enzyme-linked
immunosorbent assay (ELISA) (Endogen,
Pierce) to quantify secreted cytokines at
designated times after rCST9 treatment
and/or infection.

2D Gel Analysis
S4 or MDM were incubated for 4 h at

37°C/5% CO2 in presence or absence of
CST9. The 2D gel analysis was performed
as previously described (19). Briefly, the
bacteria were lysed using lysis buffer
(2 mol/L thiourea, 7 mol/L urea, 4%
3-[(3-cholamidopropyl) dimethylammo-
nio] propanesulfonate, 2% dithiothreitol)
supplemented with protein inhibitors.
The immobilized pH gradient (IPG) strips
(pH: 3-10, Bio-Rad) were rehydrated at
50 V for 12 h with 250 μL buffer consist-
ing of 1 mmol/L thiourea, 8 mmol/L
urea, 2% CHAPS, 1% dithiothreitol, and
0.2% ampholytes containing 100 μg pro-
tein sample and 0.002% bromophenol
blue. Isoelectric focusing on the strips was
performed at 500 V for 1 h, 1,000 V for 
1 h, 8,000 V for 2 h, and then 8,000 V 
for a total of 50,000 V. The IPG strips then
were suspended in equilibration buffer
(50 mmol/L Tris-HCl, pH 6.8, 6 mmol/L
urea, 20% glycerol) and incubated for
15 min each with 2% dithiothereitol/2%
SDS (alkylating conditions) and 2.5%
iodoacetamide/2% SDS (alkylating condi-
tions). Followed by equilibrated strips
being subjected to second-dimension elec-
trophoresis using 8% to 10% linear gradi-
ent precast Tris-HCl gels (Bio-Rad) on a
PROTEAN plus Dodeca Cell System at 
75 V for 1 h and then at 120 V. Gels were
fixed (10% methanol/7% acetic acid), then
stained with SYPRO Ruby (Bio-Rad).
Destaining of the gels was accomplished
by using 10% ethanol and imaged by Sep-
arations Technology Core part of Biomole-
cular Resource Facility at UTMB, using

high-resolution Typhoon Trio (GE Health-
care) imaging system. The comparative
analysis on different gels was done using
ImageMaster 2D Platinum 7.0 software
(GE Healthcare). Proteins spots showing
the most differences in area and intensity
were selected to be identified by MS anal-
ysis as performed by UTMB Proteomics
Core Facility and the Biomolecule Analy-
sis Core Facility at UTEP (20).

Bacterial Viability Assays
Live S4 (1 × 104 CFU/mL) was incu-

bated with 50 pg of rCST9 for 4 h at
37°C. S4 alone was used as a control.
One hundred microliters of each sample
was plated on CHA plates and incubated
for 48 h; then colonies were counted to
determine the affect rCST9 had on bacte-
rial viability. Further, a portion (200 μL)
of the S4 organisms preincubated rCST9
were added to 5 × 105 hMDM/sample to
determine intracellular killing/replica-
tion following a 6-h incubation via CFU.
Additionally, S4 was incubated with
rCST9 (50 pg) for 4 h; then Balb/c mice
were challenged i.n. with LVS (500 CFU/
mouse), and survival was observed.

Fluorescent Microscopy
MDM and hAM grown on coverslips,

then given 50 pg of rCST9 and/or S4
(MOI 40:1). As previously described (21),
cells were fixed with 2% formaldehyde
for 5 min and then permeabilized with
0.2% Triton × 100 for 7 min. If applicable,
coverslips were blocked for 30 min with
10% nonfat dried milk, then incubated
overnight with anti-LC3-I and LC3-II an-
tibody (Novus Biologicals, Littleton, CO,
USA) to label autophagy markers. Cov-
erslips were washed, then incubated
with the appropriate secondary antibody
conjugated to a fluorescent tag (Life Tech-
nologies) for 2 h. After final washes, the
coverslips were mounted with Vec-
tashield Mounting Solution (Vector Labo-
ratories, Burlingame, CA, USA) contain-
ing DAPI to stain the cell nuclei side up
on a microscope slide and visually exam-
ined using a Nikon Eclipse Ti immuno-
fluorescent microscope (Nikon Instru-
ments, Melville, NY, USA).
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Transmission Electron Microscopy
(TEM)

S4 was incubated with 50 pg of rCST9
for 4 h; or MDM were exposed to S4
(MOI 40:1) and/or rCST9 for 2 or 20 h;
then samples were processed for TEM as
previously described (19). Briefly, hMDM
or S4 were fixed in a mixture of 2.5%
formaldehyde and 0.1% glutaraldehyde
in 0.05 mmol/L cacodylate buffer (pH 7.2)
containing 0.03% trinitrophenol and
0.03% CaCl2, washed in 0.1 mmol/L 
cacodylate buffer (pH 7.2), and postfixed
in 1% OsO4 in the same buffer. Treated
and/or infected hMDM were stained en
bloc with 1% uranyl acetate in 0.1 mmol/L
maleate buffer, dehydrated in ethanol
and embedded in Poly/Bed 812 epoxy
resin (Polysciences, Warrington, PA,
USA). Sections were cut on an Ultracut S
ultramicrotome (Reichert; Leica Mi-
crosystems GmbH, Wetzlar, Germany),
then stained with 2% aqueous uranyl ac-
etate and lead citrate and examined with
a Philips 201 or CM 100 electron micro-
scope at 60 kV.

Migration Assay
A modified Boyden chamber assay

(Cell Biolabs Inc., San Diego, CA, USA)
cell migration assay was used as de-
scribed previously (22). Briefly, rCST9
(50 pg) in the presence or absence of
human vascular endothelial growth fac-
tor (VEGF) was added to the lower
chamber and lymphocytes were added
to the upper chamber to determine im-
mune cell migration through the mem-
brane. Following a 4-h incubation, the
membrane between the two compart-
ments was fixed and stained, and the
cells that migrated to the lower side of
the membrane was quantified.

Western Blot Analysis
Western blots were performed as we

described previously (23). Briefly, MDM
were given 50 pg of rCST9 and/or S4
(MOI 40:1). MDM alone served as nega-
tive controls. Total cell protein was col-
lected at selected times after treatment
and/or infection. Cell lysates were ana-
lyzed for the amount of protein in each

sample by the Bradford assay (Bio-Rad,
Hercules, CA, USA), then boiled in load-
ing buffer (4% SDS, 20% glycerol,
125 mmol/L Tris-HCl [pH 6.8], and 10%
2-mercaptoethanol); then 20 μg of protein
was loaded on an 8% to 16% Tris-glycine
gradient gel (Novex, San Diego, CA,
USA). Electrophoresed proteins were
transferred to a nitrocellulose membrane
(Novex) and membranes were blocked
with 10% nonfat dried milk for 30 min
prior to incubation with rabbit polyclonal
anti-LC3-I and LC3-II (Novus Biologicals)
at 2 ug/mL, 1:1000 rabbit monoclonal
anti-P70S6 kinase (K), anti-phospho-
P70S6 kinase (Thr389), or anti-phospho-
inositide kinase-3 (PI3-K) class III (C3)
(Cell Signaling Technology, Danvers, MA,
USA) overnight. Blots were washed, fol-
lowed by the addition of peroxidase-
 conjugated anti-rabbit immunoglobulin G
(Sigma-Aldrich) at a dilution of 1:10,000
for 3 h. Blots were washed and then incu-
bated for 1 min in enhanced chemilumi-
nescence reagents (ECL kit; Amersham,
Little Chalfont, Buckinghamshire, En-
gland). Processed blots were placed on X-
ray film (Kodak, Rochester, NY, USA) for
empirically optimized exposures.

Statistical Analyses
Where applicable, numerical results

are reported as mean ± SEM of two-to-
three independent experiments. Analysis
of numerical data was determined by
one-way analysis of variance (ANOVA)
and Student t test using Prism software
(Graph Pad, San Diego, CA, USA). Sur-
vival data were analyzed by log-rank
analyses with Welch corrections using
Prism software (v 4.0 GraphPad). Differ-
ences were considered statistically signif-
icant when the P value was <0.05.

RESULTS

rCST9 Modulates Macrophage
Responses to Ft

We accessed the ability of rCST9 to
modulate macrophage responses to Ft.
MDM were treated with an approxi-
mate physiological dose (24,25) of our
human rCST9 protein (50 pg), then im-

mediately infected with S4 (MOI 40:1).
At 24 h after treatment and/or infec-
tion, rCST9 significantly increased intra-
macrophage killing of S4 compared with
S4-infected MDM alone (Figure 1A). In-
terestingly, S4 killing by MDM was not
accompanied by marked levels of cy-
tokine secretion (for example, IL-8, IL-6,
IFN-γ, IL-1β, TNF-α; data not shown).
Correlating with these results, we
found that rCST9 significantly de-
creased leukocyte migration through
the endothelium in the presence of
VEGF compared with VEGF alone (Fig-
ures 1A, 1B). VEGF is a powerful
chemoattractant for immune cells (26).

These findings indicate that rCST9 is
not inducing conventional innate immune
responses. Therefore, we next addressed
the mechanisms by which this protein in-
duces intramacrophage killing of S4. It has
been reported that Ft must escape the
phagosome of macrophages to replicate in
the cytosol (27,28). Thus, the fate of intra-
cellular S4 in rCST9-treated macro phages
evaluated whereby MDM were simultane-
ously given 50 pg of CST9 and S4 (MOI
40:1) or S4 alone. Following a 2- or 20-h in-
cubation period, the intracellular localiza-
tion and replication of Ft was examined
via fluorescence microscopy. The results
showed that S4 (red) colocalized (yellow)
with the lysosome associated membrane
protein marker 1 (LAMP)-1 (green) at the
early stages (2 h) of infection in all tested
conditions (Figure 2A). However, at 20 h
after infection, S4-infected MDM alone
showed minimal colocalization with
LAMP-1 with extensive cytosolic replica-
tion as indicated by the dispersed red la-
beling of S4 throughout the cell consistent
with phagosomal escape (see Figure 2A).
Alternatively, in rCST9-treated MDM, in-
tracellular S4 was either cleared (as indi-
cated by the diminishing red stain of S4)
(see Figure 2A) or remained colocalized to
LAMP-1 with minimal cytosolic replica-
tion at 20 h after infection compared with
the 2-h time point of these same experi-
mental conditions and S4-infected MDM
controls (see Figure 2A).

We further confirmed that rCST9 de-
creased the escape of Ft from the phago-
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somal macrophages as determined by
TEM, which showed S4-containing
phagosomes at 2 h after infection in
rCST9-treated MDM and S4-infected
MDM alone (Figure 2B). By 20 h after in-
fection, in rCST9-treated MDM, the ma-
jority of S4 remained in phagosomes (see
Figure 2B) with few cytosolic bacteria.

Together these data show that rCST9
decreased phagosomal escape and subse-
quent cytosolic replication of S4. This is
one possible mechanism by which rCST9
induced intramacrophage killing of S4
that was independent of exaggerated cy-
tokine secretion.

rCST9 Induced Autophagy in
Macrophages

In addition to confining S4 to the
phagosome, TEMs also showed evidence
of autophagy in S4-infected MDM

treated with rCST9 (Figure 3A) as indi-
cated by the double membrane au-
tophagic vacuoles (AV) compared with
no AVs observed in S4-infected MDM
alone. To confirm rCST9-induced au-
tophagy, we treated primary human
alveolar macrophages (hAM) with 50 pg
of rCST9 overnight, then stained for
LC3-1 and LC3-II. LC3 is a specific
marker for AVs and is present as LC3-I
under normal circumstances. However,
during certain pathophysiologic condi-
tions, LC3-I is cleaved into the AV mem-
brane-associated LC3-II, which appears
as small spots within the cell. Immuno-
fluorescent microscopy results showed
that rCST9 induced LC3-II labeled AV in
hAM compared with untreated hAM
(Figure 3B). Further, Western blot analy-
sis showed a marked increase in the con-
version of LC3-I to LC3-II in MDM

treated with rCST9 compared with MDM
alone (Figure 3C).

Because autophagy was induced in
macrophages by rCST9, we sought to de-
termine if rCST9 modulates the mTORC1
signaling pathway, which is a negative
regulator of autophagy. The phosphory-
lation of P70S6 kinase is a key indicator
of mTOR complex 1 (C1) pathway acti-
vation. Alternatively, the activation of
class III PI3-K induces autophagy, indi-
cating mTOR complex 2 (C2) activity.
Therefore, we treated MDM with 50 pg
of rCST9 for 10, 30 or 60 min or 4, 5 or 
6 h. MDM alone served as negative con-
trols. Total proteins from whole cell
lysates were analyzed for P70S6 and
p-P70S6 by Western blot. Results showed
that rCST9 induced the dephosphoryla-
tion of P70S6 kinase overtime in MDM
thus inhibiting mTORC1 signaling path-
way while increasing P70S6 kinase levels
(Figure 3D). Further promoting au-
tophagy, rCST9 induced the phosphory-
lation of PI3-KC3 by 30 min after treat-
ment that was detectable up to 6 h after
treatment (see Figure 3D).

On the basis of these results, rCST9 in-
duced autophagy, inhibited mTORC1,
but induced mTORC2 pathway activa-
tion in primary macrophages.

rCST9 Demonstrated Antimicrobial
Activity and Induced Antibacterial
Resistance in MDM

Because the rCST9 induced intra-
macrophage killing of S4 that did not in-
duce inflammatory responses, we hy-
pothesized that rCST9 also may affect S4
directly. To test this hypothesis, S4 
(104 CFU/sample) was cultured with vari-
ous doses of rCST9 for 4 h and then plated
to quantify viability. Results showed that
rCST9 significantly decreased the replica-
tion of S4 in a dose-dependent manner 
establishing 50 pg of rCST9 as the most 
effective dose (P < 0.05; Figure 4A). 
A portion of the S4 incubated with rCST9 
(50 pg) was washed to remove the bacter-
ial broth, resuspended in RPMI media,
then added to MDM (MOI 40:1) to deter-
mine intramacrophage killing. The results
showed that MDM incubated with rCST9
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Figure 1. rCST9 modulates MDM responses Ft S4. (A) MDM (5 × 105 in 200 μL media/sample)
were treated concurrently with 50 pg of rCST9 then immediately infected with S4 (MOI of
40:1). At 24 h after infection and/or treatment, bacterial killing was significantly higher in
rCST9-treated MDM, as compared with S4-infected MDM alone (P < 0.05). (B) rCST9 signifi-
cantly decreased leukocyte migration in the presence of VEGF compared with VEGF alone
(P < 0.05), as shown in a modified Boyden chamber assay. (C) Cells were stained to visualize
and quantify migrated cells in the modified Boyden chamber assay. Data are presented as
mean ± SEM. Asterisks signify significant differences of P < 0.05.



killed S4 significantly better than infected
MDM alone, but not as effectively as
MDM given rCST9 and S4 concurrently
(P < 0.05 or 0.01 respectively; Figure 4B).

Because rCST9 decreased S4 viability,
we sought to determine how rCST9 was
directly affecting S4. Therefore, we incu-
bated S4 with medium containing CST9
for 4 h and determined S4 protein
changes by 2-DE gel analysis untreated.
S4 alone served as a negative control.
The gels were analyzed via computer-
ized comparison to identify the maxi-
mum differences in spot area (mm2) and
intensity, and then selected spots were
analyzed by MS. The most significant
changes in spot intensity with high pep-
tide counts are reported herein. S4 incu-
bated with CST9 markedly upregulated
the bacterial cell wall enzyme, D-alanyl-

D-alanine carboxypeptidase (29,30)
(Table 1) that has been shown to render
gram-negative bacteria more susceptible
to killing by compromising the cell wall
(29). CST9 also eliminated or markedly
decreased dihydrolipoamide dehydroge-
nase (pyruvate metabolism), β-ketoacyl-
ACP synthase (fatty acid synthesis),
aldo/keto reductase (enzymes that uti-
lize NADPH) and GAPDH (glycolysis)
(Table 1). These results were placed into
a functional pathway format (Ingenuity
Pathways Analysis) to map the disrup-
tive effects of the CST9 on S4 metabolic
pathways (Figure 4C). Further confirm-
ing the direct effects of rCST9 on S4,
TEM analysis revealed intact, uninter-
rupted cell walls while S4 incubated with
rCST9 displayed disruption of the
periplasm and loss of cell wall integrity

as seen by damaged, discontinuous cell
walls (Figure 4D). Collectively, these data
demonstrate that rCST9 decreased S4’s
viability and virulence via directly mod-
ulating proteins involved in S4 metabolic
pathway and cell wall synthesis.

Because the treatment of MDM with
rCST9 significantly enhanced S4 killing,
we next investigated protein changes in
rCST9-treated MDM after 4 h of incuba-
tion. Proteomics analysis was employed
as described above. There was an upreg-
ulation of various multifaceted proteins
in rCST9-treated MDM such as those in-
volved in mediating cytoskeletal actin
organization (31) as well as phagosome
maturation (32) (that is, cofilin, profilin,
myosin light chain kinase, calmodulin,
GADPH) and regulation of phagocytosis
(macrophage capping protein) compared
with untreated MDM (Table 2). There
was also an upregulation of proteins in
rCST9-treated MDM that have been
shown to temper inflammation that is,
glutaredoxin-1, whose expression is key
in the activation of alveolar macrophages
by regulating the production of inflam-
matory mediators through control of 
S-glutathionylation–sensitive signaling
pathways such as NF-κB (33). Further,
we observed a moderate upregulation of
vimentin in rCST9-treated MDM, which
can suppress the production of reactive
oxygen intermediates (ROIs) (34) but is
also involved in wound healing and re-
modeling during pulmonary injury (35).
Alternatively, S100-A10 and cathepsin
B proteins were downregulated in
rCST9-treated MDM (Table 2). The up-
regulation of these two proteins has been
associated with pathogenic inflammation
and various disease processes.

These data show that rCST9 has direct,
multifaceted effects on both the
macrophages and S4. Thus, rCST9 serves
to divert MDM defenses away from po-
tentially damaging inflammation while
weakening the virulence of S4.

rCST9 Protections against Pulmonary
Tularemia

Because rCST9 directly decreased Ft vi-
ability and induced intramacrophage
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Figure 2. rCST9 confined S4 to MDM phagosome and decreased intracellular replication.
rCST9 (50 pg) treated MDM (105) were infected with S4 (MOI 40:1). S4-infected MDM alone
served as controls. (A) All tested conditions show that the majority of S4 (red) colocalized
with LAMP-1 (green) at 2 h. At 20 h, S4 showed minimal LAMP-1 colocalization and in-
creased cytosolic replication in infected MDM alone. However, the majority of S4 remained
colocalized with LAMP-1 with minimal cytosolic replication in MDM treated with rCST9. (B)
TEM analysis showed S4 in phagosomes at 2 h after infection with or without rCST9 treat-
ment. (C) However, S4 remained in the phagosomes of MDM at 24 h after infection and/or
rCST9 treatment. The images are representative of at least three replicate studies.



killing, we investigated rCST9’s ability to
improve survival in a Ft LVS model of in-
halation. Note that the lethality of our
LVS in a mouse model of inhalation is
nearly equivalent to S4, in that death is
eminent by d 8 after i.n. challenge with as

few as 50 LVS organisms/mouse (36).
Therefore, we used LVS in our inhalation
mouse model. Mice were i.n. infected
with 500 CFU of LVS, then given 50 pg of
rCST9/mouse via the same route. Mock-
treated and infected mice were used as

controls. Survival rates of mice given
rCST9 and LVS had significantly higher
survival (80%) compared with infected
mice alone, which succumbed to the in-
fection by d 6 (Figure 5A). LVS-infected
mice became increasingly hunched and
lethargic with unkempt fur by d 4 after
infection. Conversely, rCST9-treated/
 infected mice were active and groomed
throughout the study with no visible
signs of illness. To this end, rCST9-treated
mice which cleared the infection as sur-
vivors were euthanized at 25 d after treat-
ment and/or infection and no LVS was
detected in the lungs, liver or spleen via
CFU quantification (data not shown).

Additional groups of mice were treated
and infected as described above but were
euthanized at 48 h after infection to de-
termine lung histology, cytokine secretion
in the lungs, dendritic cell and neutrophil
migration to the lung and bacterial bur-
den in the lungs, liver and spleen. Cy-
tokine secretion and subsequent dendritic
cell and neutrophil migration was mini-
mal in rCST9-treated/infected mice (data
not shown). However, the bacterial bur-
den in the lungs, liver and spleen was
significantly lower in rCST9-treated/in-
fected mice at 48 h compared with in-
fected mice alone (Figure 5B; P < 0.05).
Correlating with decreased bacterial bur-
den, the lung histology of rCST9-
treated/infected mice maintained the ar-
chitecture of the alveolar space similar to
uninfected/untreated control lungs with
minimal to modest cellularity (Figure 5C).
Conversely, there was marked disruption
of alveolar architecture likely caused by
hypercellularity in the lungs of LVS-
 infected mice (see Figure 5C).

DISCUSSION
Unique and unexpected characteristics

of several cystatins have started to
emerge to show that these cysteine pro-
tease inhibitors function outside its in-
hibitor role. Our study showed that a
single dose of exogenous rCST9 plays a
novel, multifaceted role in the protection
against pulmonary tularemia that did
not include the induction of conventional
innate immune responses. We found that
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Figure 3. rCST9 induced autophagy. (A) MDM showed evidence of autophagy (that is,
double membrane AV) in MDM infected with S4 (MOI 40:1) at 20 h after rCST9 (50 pg)
treatment and S4 infection as per TEM analysis. (B) Immunofluorescent microscopy
showed LC3-II protein (small green spots) in human alveolar macrophages at 20 h after
rCST9 (50 pg) treatment compared with untreated macrophages. Images shown in A and
B are representative of experiments repeated three times using duplicate conditions. 
(C) Western blot analysis revealed marked conversion of LC3-I to LC3-II in rCST9 (50 pg)
treated MDM compared with MDM alone. (D) rCST9 (50 pg) induced the dephosphoryla-
tion of P70S6 kinase at 30 and 60 min after treatment. PI3-KC3 phosphorylation of was de-
tected at 10, 30 and 60 min as well as 4, 5 and 6 h in rCST9-treated MDM. Experiments
were performed three times.



rCST9 enhanced antimicrobial resistance
in macrophages, directly and indirectly
modulated inflammation as a result of
infection in vitro and in vivo, and de-
creased Ft viability and virulence.

Cystatins are naturally occurring pro-
teins, however, decreased levels of cys-

tatins and increased activity of cysteine
proteases are observed in many disease
conditions such as Alzheimer’s disease
(10–13), organ failure (2,8,9) and cancer
(7–9,24,37). Activated macrophages re-
lease a variety of cysteine proteases that
can result in inflammatory cytokine se-

cretion, degradation and destruction of
the extracellular matrix (ECM) allowing
for excessive immune cell infiltration
that results in tissue damage. Cystatins
selectively regulate particular cysteine
proteases, thus stabilizing the ECM, re-
sulting in the direct and indirect re-
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Figure 4. rCST9 directly affected protein changes in S4 and MDM. (A) S4 (1 × 104 CFU/sample) was incubated with various dilutions rCST9 for
4 h, then plated to determine bacteria viability via replication. 50 pg of rCST9 significantly decreased S4 viability compared with all other
tested dilutions (P < 0.05). (B) A portion of the S4 incubated with 50 pg of rCST9 was given to MDM (MOI 40:1) where it was killed significantly
better (P < 0.05) than infected MDM alone but not as effectively as rCST9 and S4 given concurrently to MDM. (C) The schematic showing
that MS analysis identified numerous proteins involved in bacterial metabolic pathway that were either downregulated or eliminated by
CST9. (D) TEM analysis of untreated S4 revealed an intact, uninterrupted cell wall. However, the membranes of S4 incubated with 50 pg of
rCST9 for 4 h had the periplasmic space disrupted, and in some areas, the bacterial membrane was discontinuous. Where applicable data
are presented as mean ± SEM and asterisk signifies significant differences of *P < 0.05 or **P < 0.01 as indicated. Scale bar, 0.5 μm.



straint of inflammatory responses.
Therefore, selected cystatins are now
being used as biomarkers to determine
the disease severity and to predict pa-
tient outcomes (7,8,38–41). Subse-
quently, the replenishment of selected
cystatins has been shown to be a prom-
ising treatment, specifically in certain
types of cancer, to regulate tissue-dam-
aging inflammation and maintain the
integrity of the endothelium to prevent
tumor metastasis (2,7,9,37). However,
little is known about the role of cys-
tatins during bacterial infection. There-
fore, to our knowledge, we are the first
to show that rCST9 protected against a
pulmonary Ft infection.

Ft’s ability to evade host recognition
by delaying the upregulation of inflam-
matory mediators during the first 24 h
after infection following by unrestrained
systemic inflammation contributes to its
status as one of the deadliest human
pathogens (15). This delay in host recog-
nition is not well defined, but gives the
pathogen opportunity to invade alveolar
macrophages and then to replicate to
high numbers. Ft then disseminates out
of the lungs, resulting in the develop-
ment of severe sepsis as characterized by
deregulated inflammation (42). Our
findings showed that rCST9 prevented
Ft from escaping the phagosome of
macrophages subsequently reducing cy-
tosolic replication, which is lethal to the
pathogen (43–45). It is reasonable to hy-
pothesize that the lack of cytosolic Ft
replication in rCST9-treated MDM likely
prohibited the activation of the cysteine
protease caspase-1 within the inflamma-

some that results in inflammatory cy-
tokine release, including IL-1β, and cel-
lular apoptosis (46–48). Our working hy-
pothesis, therefore, is that inhibiting
cytosolic S4 replication via confining the
pathogen to phagosomes may explain
why we did not detect substantial cy-
tokine secretion from rCST9-treated
macrophages or in the lungs of Ft LVS-
infected mice. This would result in
rCST9 having an indirect modulatory ef-
fect on inflammation and the subsequent
reduction in immune cell migration to
the lungs in vivo. However, rCST9 did
directly modulate cell migration in vitro
while in the presence of the strong cell
migration chemoattractant, VEGF. Al-
though a certain level of inflammation is
required for protection against infec-
tions, failure to control the extent and in-
tensity of the inflammatory cascade can
result in immunopathology that dam-
ages the host and worsens an infection

and/or disease. Similar to our findings,
other studies have shown that muted or
restrained immune responses enhanced
the host’s ability to successfully fight
against invading pathogens. For in-
stance, Malik et al. (49) reported that cys-
teine proteinase knockout mice (specifi-
cally matrix metallopeptidase-9)
resolved a pulmonary S4 infection,
which correlated with decreased proin-
flammatory cytokines production, the
diminishment of neutrophil infiltration
and reduction of bacterial burden in tis-
sues, (49). Likewise, Bosio et al. (50)
showed that excessive neutrophil infil-
tration in B-cell-deficient mice infected
with Ft was detrimental and induced ex-
tensive tissue damage.

While examining the intracellular fate
of Ft S4 via TEM, we observed a number
of double membrane AV in rCST9-
treated/infected macrophages that sug-
gested the development of autophagy.
Regulated autophagy usually is associ-
ated with cell survival, cell cycle progres-
sion, metabolism and apoptosis suppres-
sion (51–53). More specifically,
autophagy is a cellular process mediated
by PI3-KC3, which shuttles cytoplasmic
content, such as damaged organelles, to
lysosomes for degradation and rids the
cell protein aggregates that leads to apo-
ptosis (51). We were able to visualize AV-
associated LC3-II protein by immunoflu-
orescent microscopy in rCST9-treated
human alveolar macrophages, which
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Table 1. S4 protein changes induced by rCST9.

Spot Accession Peptide Protein
no. Protein name no. count score

3 Dihydrolipoamide hydrogenase gi118498063 14 724
4 β-ketoacyl-ACP synthase gi87931425 8 617
5 Aldo/keto reductase gi118497417 12 548
6 GAPDH gi282159610 11 543
7 30S ribosomal protein S2 gi118496840 16 375
8 Transketolase gi187931433 9 347
11 Sigma-54 modulation protein gi89256500 8 522
12 Peptidly-prolyl cis-trans isomerase gi254367995 4 250
13 D-alanyl-D-alanine carboxylpeptidase gi118497499 16 807

Table 2. MDM protein changes induced by rCST9.

Spot no. Proteins upregulated by rCST9 Accession no. Protein score

6 Macrophage capping protein P40121 792
10 GAPDH P04406 629
12 Calmodulin P62158 158
13 Myosin light chain kinase P60660 315
28 Cofilin P23528 158
29 Profilin P07737 397
30 Glutaredoxin-1 P35754 250
31 Vimentin P08670 250

Proteins downregulated by rCST9

19 S100-A10 P60903 0.997
27 Cathepsin B P07858 0.02



was confirmed by the conversion levels
of LC3-I to LC3-II. rCST9 induced au-
tophagy in macrophages by the activa-
tion of PI3-KC3 while promoting the de-
phosphorylation of a key mTORC1
kinase, P70S6, that is known to inhibit
autophagy. PI3-KC3 positively regulates

autophagy in addition to functions in cell
trafficking, endocytic pathway activation
and cytoskeletal changes, which occurs
through the mTORC2 pathway (54,55).
Alternatively, the phosphorylation of
P70S6 kinase is a key activator of the
mTORC1 that is a negative regulator of

autophagy but positive regulator of apo-
ptosis (13,55). Our findings are similar to
a study showing that cystatin C is neuro-
protective by the induction of autophagy
in murine primary cortical neurons and
neuronal cell lines via inhibition of the
mTOR signaling pathway (13).

To further delineate the immunomod-
ulatory effects of rCST9 on macrophages,
proteomic analysis identified proteins
that were differentially expressed by
rCST9-treated macrophages. We found
that rCST9 upregulated actin dynamic
proteins, including cofilin and profilin,
that are associated with cytoskeletal sta-
bilization, antiapoptosis and cell survival
and play an important role in the regula-
tion of the actin coat of phagosomes (32).
Moreover, actin dynamics have been
linked to the activation of PI3-KC3, re-
sulting in the induction mTORC2 path-
way (13,54,55).

Additional evidence of rCST9 divert-
ing macrophage from potentially harm-
ful inflammation responses was the up-
regulation of glutaredoxin-1. This protein
indirectly controls NF-κB signaling path-
ways, which regulate the production of
inflammatory mediators (33). Interest-
ingly, there was a moderate but notable
upregulation of vimentin in rCST9-
treated MDM. Vimentin is another multi-
faceted protein that, among its various
functions, has been shown to suppress
the production of ROIs, thus attenuating
their organ-damaging effects as seen
during sepsis and septic shock (34,35).
Conversely, rCST9 downregulated S100-
A10, a protein also known as an alarmin.
Upon release of S100-A10 from macro -
phages and dying cells, alarmins act as
chemoattractants and immune activators.
During pathological circumstances, such
as Ft-induced sepsis, alarmins can stimu-
late immune cells to secrete excessive
 levels of cytokines and ROIs, turning ad-
vantageous immune responses into dam-
aging inflammation (42). Sharma et al.
(42) found that the upregulation of
alarmins in systemic organs correlated
with the progression of Ft- induced sep-
sis. Similarly, rCST9 downregulated an-
other protein associated with proinflam-
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Figure 5. rCST9 afforded protection against pulmonary tularemia. (A) Balb/c mice (n =
12 mice/group) were given 50 pg of rCST9 i.n. concurrently with LVS (500 CFU/mouse;
100 × LD50s). rCST9-treated/infected mice had significantly higher survival compared
with infected mice alone (P < 0.01). Data are presented as mean ± SEM. (B) Parallel
groups of mice (n = 6/group) were euthanized 48 h after treatment and/or infection to
collect lungs, liver and spleen to determine LVS burden. Bacterial loads in all three or-
gans of rCST9-treated/infected mice were significantly lower compared with infected
mice alone (P < 0.01). (C) Ft-infected mice treated with rCST9 showed moderate cellu-
larity and maintained the architecture of the alveolar space similar to uninfected/un-
treated (normal) controls. LVS-infected mice alone showed a loss of alveolar architec-
ture and hypercellularity. Magnification, 10×.



matory responses known as the cysteine
protease, cathepsin B, which is normally
located in cell lysosomes where it is
tightly regulated by specific cystatins
(2,5,6). Among many functions, cathep-
sin B degrades proteins shuttled to the
lysosome and activates procollagenase
leading to collagen degradation (56).
Cathepsin B is found in abundance in ac-
tivated macrophages where it is involved
in apoptosis and inflammation (56). Con-
sequently, significant upregulation of this
proteolytic enzyme plays a significant
role in many diseases, including cancer,
bronchial disease and arthritis (56). A re-
cent study showed that cathepsin B sig-
nificantly upregulated HIV-infected
macrophages and inhibited cystatin B
and C (14). Therefore, maintaining a cys-
teine protease- cystatin balance is crucial
for normal cell function and preserva-
tion, as well as protecting cells during
pathophysiological conditions.

The modulation abilities of rCST9 ex-
tended from the host to the pathogen di-
rectly whereby CST9 demonstrated an
antibacterial activity that resulted in sig-
nificant retardation of S4 growth/viabil-
ity. Proteomic analysis showed that nu-
merous key participants in bacterial
metabolic pathways were decreased
and/or eliminated in S4 exposed to
CST9. In contrast, and most interesting,
was the marked upregulation of a bacter-
ial cell wall enzyme known as D-alanyl-
D-alanine carboxypeptidase (29,30). The
synthesis of bacterial cell walls, includ-
ing glycopeptides and antigens, consists
of complex mechanisms involving as
many as 30 to 50 enzymes depending on
the organism (29). The final steps in cell
wall synthesis are catalyzed by a gly-
copeptide transpeptidase and a D-alanine
carboxypeptidase. Excess expression of
D-alanyl-D-alanine carboxypeptidase in-
terferes with cell wall synthesis and
makes the bacteria more susceptible to
killing. As a result, they are the targets of
various antibiotics such as vancomycin
and penicillin (29,30). To this end, we
found that rCST9 caused disruption of
the cell wall and periplasmic space of S4.
The periplasmic space of gram-negative

bacteria is known to contain proteins
that participate in acquiring nutrients for
bacterial survival, enzymes involved in
cell wall synthesis and proteins that
modify lethal compounds that could
harm the bacteria. Thus, it is conceivable
that the overexpression of D-alanyl-D-
 alanine carboxypeptidase, disruption of
the cell wall, as well as inhibiting S4
metabolic pathway proteins, contributed
to the killing of the pathogen by
macrophages and in vivo. Our findings
are consistent with a recent report show-
ing that recombinant cystatin 8 substan-
tially decreased E. coli CFU in an effect
that was dose- and time-dependent (57).
Investigation of the antibacterial mecha-
nism of cystatin 8 found that it killed E.
coli by permeabilizing and disrupting its
membrane, while also inhibiting macro-
molecular synthesis to block bacterial
growth (57).

A striking observation from the cur-
rent set of studies was the finding that
rCST9 affords significant protection to
mice with pulmonary tularemia. Corre-
lating with our macrophage data, the in-
duction of a vigorous immune response
was not detected in Ft-infected mice re-
ceiving rCST9, but a significant decrease
in bacterial burden in the lungs and dis-
tal organs was observed. Moreover,
rCST9 treatment preserved the alveolar
architecture with moderate cellularity
compared with the hypercellularity ob-
served in the lungs of infected mice.
Therefore, taking into consideration our
macrophage findings, we conclude that
exogenous rCST9 functioned in a multi-
fold fashion to protect against inhaled 
Ft by (1) decreasing Ft virulence and 
preventing the pathogen’s escape from
the macro phage phagosomes, (2) render-
ing the pathogen more susceptible to
killing, (3) restraining potentially tissue-
damaging cytokines, (4) deceasing im-
mune cell infiltration, (5) decreasing 
dissemination to distal organs and (6) in-
creasing host survival.

CONCLUSION
In summary, our study provides the

first evidence showing the multilevels of

protection provided by rCST9 against a
pulmonary Ft infection. It is evident
from our findings that the precise mecha-
nism and function of rCST9 is complex
and requires further investigation cur-
rently underway in our laboratory. How-
ever, our study has revealed novel im-
munomodulatory functions of rCST9 in
vitro and in vivo during an Ft infection.
The complexity of the immune system is
associated with the convergence of nu-
merous proteins and signaling pathways
that can result in dysregulated inflamma-
tion as seen in Ft infections and other in-
vading pathogens. Exogenous rCST9
functioned to target multiple immune
mediators effective against Ft simultane-
ously. Thus, we hypothesize that rCST9
has the potential to reveal key host pro-
teins in signaling pathways that could be
targeted selectively to divert from exces-
sive, damaging inflammation to attenu-
ated, protective immune responses. Fu-
ture studies may expose a role for the
use of rCST9 as a prophylactic for pa-
tients at risk of developing an infection
and/or sepsis.
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