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Gram-positive bacteria cause a broad spectrum of infection-related diseases in both immunocompetent and
immunocompromised hosts, ranging from localized infections to severe systemic conditions such as septic and
toxic shock syndromes. This situation has been aggravated by the recent emergence of multidrug-resistant
strains, thus stressing the need for alternative therapeutic approaches. One such possibility would be modulat-
ing the host’s immune response. Herein, the potential use of a soluble form of the scavenger-like human lym-
phocyte receptor CD6 (shCD6) belonging to an ancient family of innate immune receptors has been evaluated.
shCD6 can bind to a broad spectrum of gram-positive bacteria thanks to the recognition of highly conserved
cell wall components (lipoteichoic acid [LTA] and peptidoglycan [PGN]), which are essential for their viability
and pathogenicity and are not amenable to antibiotic resistance. shCD6 has in vitro inhibitory effects on both
bacterial growth and Toll-like receptor-mediated inflammatory response induced by LTA plus PGN. In vivo in-
fusion of shCD6 improves survival on mouse models of septic shock by Staphylococcus aureus (either multi-
drug-resistant or -sensitive) or their endotoxins (LTA + PGN) or exotoxins (TSST-1). These results support the
use of shCD6 and/or other scavenger-like immune receptors in the treatment of severe gram-positive-induced
infectious conditions.

Keywords. gram-positive bacteria; peptidoglycan; lipoteichoic acid; CD6; Staphylococcus aureus; superantigens;
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Microbial recognition by the immune system is essen-
tial to host defense as it triggers effector responses such
as phagocytosis and inflammation to promote patho-
gen clearance and Kkilling, tissue repair, and induction
of adaptive immunity [1]. This is mainly achieved
through detection of pathogen-associated molecular
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patterns (PAMPs) by soluble and/or membrane-bound
pattern recognition receptors (PRRs) expressed by
innate immune cells. PAMPs include broadly distribu-
ted and highly conserved microbial structures, absent
from the host and essential to pathogen viability, such
as lipopolysaccharide (LPS) from gram-negative (G),
and lipoteichoic acid (LTA) and peptidoglycan (PGN)
from gram-positive (G") bacteria. PRRs include a rela-
tively small number or nonpolymorphic germ line-
encoded receptors belonging to different structural and
functional protein families [2], one of which is the
ancient and highly conserved scavenger receptor cyste-
ine-rich superfamily (SRCR-SF). This superfamily cur-
rently includes >30 members found in all animal phyla
[3, 4]. In mammals, SRCR-SF members are found
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expressed on myeloid (SR-AI, MARCO, CD163, Spa) [5-7],
lymphoid (CD5, CD6) [8, 9], and epithelial cells (SCARAS5,
DMBT1, S5D-SRCRB) [10-12], where they display multiple
functional capabilities, including recognition of bacterial,
fungal, viral, and/or parasitic PAMPs [4].

CD6 is a 105-130 kDa transmembrane glycoprotein mainly
expressed on lymphocytes (T, Bla, and NK cells) [13-15], he-
matopoietic precursors [16] and certain brain regions [17].
CD6 has been classically involved in cell-adhesion contacts rel-
evant to lymphocyte activation and differentiation [18-21],
through interaction with CD166/ALCAM (activated leukocyte
cell adhesion molecule), an adhesion molecule of the immuno-
globulin SF [22]. Importantly, CD6 physically associates with
the T-cell receptor (TCR)/CD3 complex and colocalizes with it
at the center of the immunological synapse [23], where its inter-
action with CD166/ALCAM results critical for maturation and
stabilization of this signaling structure [19, 23].

As reported for other lymphocyte receptors, low levels of a
soluble form of CD6 (shCD6) is found in human serum [9, 24].
The exact function of shCD6 is unknown but it could work as a
decoy receptor, thus preventing binding of membrane-bound
CDé6 to endogenous (CD166/ALCAM) or exogenous (PAMPs)
ligands. Indeed, membrane-bound CD6 can sense and signal
the presence of bacterial PAMPs, and recombinant shCD6
(rshCD6) binds to both intact G~ (Escherichia coli) and G*
(Staphylococcus aureus) bacteria, a fact that is competed by LPS
and LTA, respectively [9]. Accordingly, a bacterial-binding
motif (VEVXXXXXW) [6, 11] is found in CD6 domains D1
and D3, although its functionality remains to be proven.

The present report further explores the hypothesis that shCD6
could serve as a decoy receptor for G PAMPs. This has been
achieved by increasing the circulating levels of shCD6 up to nano/
micromolar range. The results show that rshCD6 significantly
reduces the systemic inflammatory response induced by live
S. aureus or their endo/exotoxins, which is of clinical relevance as
G" bacteria, especially S. aureus, are among the main causative
agents of sepsis in the United States and Europe [25-27].

MATERIALS AND MIETHODS

Expression, Purification, and Biotinylation of Recombinant
Proteins

The rshCD6 and rshCD5 proteins were produced and affinity
purified as previously described [9, 23]. Human seroalbumin
(HSA; Institut Grifols) and sCD14 (Sigma) were from com-
mercial source. Proteins were labeled with EZ-Link PEO-
maleimide-activated biotin (Pierce) following the manufacturer’s
instructions.

Bacterial Binding and Viability Assays
Bacterial strains used were clinical isolates from the Microbiol-
ogy Department of the Hospital Clinic of Barcelona, with the

exception of S. aureus ATCC 29213. The minimum inhibitory
concentrations of meropenem for the methicillin-susceptible
(ATCC 29213) and -resistant S. aureus (MRSA clinical isolate)
used in this study were 1.5 and 6 mg/L, respectively, as deter-
mined by Etest (bioMérieux). Both strains were highly resistant
to penicillin.

Binding of biotin-labeled proteins (2.5 ng) to bacteria
(5x 107 colony-forming units [CFU]) was performed as re-
ported elsewhere [9]. Bacterial viability of S. aureus 29213 was
assessed by plating serially diluted liquid cultures and measur-
ing adenosine triphosphate (ATP) levels with the BacTiter-Glo
Microbial Cell viability assay (Promega) of bacterial pellets.

Dissociation Constant Studies

Steady-state measurements of tryptophan fluorescence emis-
sion and further data analysis of rshCD6 (0.12 mM), free and
bound to soluble LTA (Mr 14 000) or PGN (Mr 125 000) from
S. aureus (Sigma), were performed as previously described [8].
The apparent dissociation constant (K;) was calculated from the
saturation curve by a nonlinear least-squares fitting procedure.

Mouse Models of Septic Shock

Unless otherwise indicated, 8- to 10-week-old male C57Bl/6]
mice (Charles River) were used following approved protocols
by the University of Barcelona Animal Experimentation Ethical
Committee. Blood samples were taken by facial vein or cardiac
puncture in anesthetized mice. For LTA + PGN-induced septic
shock, 9 mg/kg LTA plus 30 mg/kg PGN (in saline) were intra-
venously injected, which was the minimal dose inducing >90%
lethality at 24-48 hours. For S. aureus-induced septic shock,
3x10% or 10" CFU of S. aureus 29213 or MRSA, respectively,
were intraperitoneally injected, which were the minimal inocula
inducing >90% lethality at 24-48 hours. In leukopenic mice, the
minimal inoculum of S. aureus 29213 rendering >90% lethality
was determined as 1 x 10° CFU. Mice were rendered leukopenic
by intraperitoneal administration of 200 mg/kg cyclophospha-
mide (Baxter) 4 and 2 days before sepsis induction.

For toxic shock induction, 6- to 8-week-old female BALB/c
mice (Charles River) were intraperitoneally injected with 0.8
mg/kg toxic shock syndrome toxin 1 (TSST-1; T5662, Sigma)
and, 3 hours later, with 5.0 mg/kg LPS (E. coli O111:B4; L2630,
Sigma).

Measurement of rshCD6 and Cytokine Plasma Levels

Levels of rshCD6 in plasma samples (1:5 diluted) were determined
by sandwich enzyme-linked immunosorbent assay (ELISA) [24],
using unlabeled 161.8 and biotin-labeled SPV-L14.2 (2 ug/mL
each) as capture and detection monoclonal antibodies, respec-
tively, and horseradish peroxidase (HRP)-labeled streptavi-
din (Roche Diagnostics) and 3,3',5,5'-tetramethylbenzidine
TMB Substrate Reagent Set (BD OptEIA, BD Biosciences) as
developers.
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Figure 1.  Soluble CD6 binds to live gram-positive (G*) bacteria and puri-
fied cell wall components and competes Toll-like receptor (TLR}-mediated
interleukin 8 (IL-8) cytokine production. A, Biotin-labeled recombinant
scavenger-like human lymphocyte receptor CD6 (rshCD6) and human se-
roalbumin (HSA; 2.5 ng each) were incubated with 5x 107 colony-forming
units of the indicated G* bacterial species. After extensive washings, bac-
terial pellets were solubilized and separated on sodium dodecy! sulfate
polyacrylamide gel electrophoresis. Biotin-labeled protein was detected by
Western blot analysis using horseradish peroxidase—streptavidin. B,
Changes in Trp fluorescence emission intensity of rshCD6 on addition of
either soluble peptidoglycan (PGN) or lipoteichoic acid (LTA). Right-hand
panels: Trp fluorescence emission spectra were recorded for a fixed
amount of rshCD6 (0.12 uM) in the absence or presence of increasing con-
centrations of PGN (top) or LTA (bottom) at 25°C. Samples were excited at
295 nm, and emission spectra recorded from 300 to 450 nm. One repre-
sentative experiment of 3 performed is shown. Left-hand panels: AF is the
change in fluorescence intensity at the emission maximum (337 nm) on ex-
citation at 295 nm, in the presence or absence of increasing amounts of
PGN (top) or LTA (bottom) at 25°C. All data points are the mean values of
experiments performed in triplicate. Recombinant shCD6 binds to PGN and

Mouse cytokine levels in plasma and culture supernatants
were determined by commercially available ELISA kits for in-
terleukin 6 (IL-6), tumor necrosis factor alpha (TNF-o), inter-
leukin 10 (IL-10), interferon gamma (IFN-y), interleukin 1f
(IL-1B) (BD OptEIA-Mouse ELISA Sets, BD Biosciences Phar-
migen) and transforming growth factor 1 (TGF-p1) (ELISA
Ready-Set Go!, eBiosciences) following the manufacturers’ in-
structions.

In Vitro Cell Stimulation Cultures

Splenocytes (3 x 10°) isolated by density gradient centrifuga-
tion over Ficoll-Histopaque (Sigma) were cultured for 48 hours
at 37°C in RPMI 1640 medium plus 10% of fetal calf serum
containing LTA and PGN (0.5 or 5.0 ug/mL each), in the pres-
ence or absence of rshCD6. For toxin stimulation, cells were
stimulated with 5.0 ug/mL staphylococcal enterotoxin A (SEA;
S-9399, Sigma), staphylococcal enterotoxin B (SEB; S-4881,
Sigma) or TSST-1, also in the presence or absence of rshCD6.
Cell viability was assessed by using the PE Annexin V Apopto-
sis Detection Kit (Immunostep).

Toll-like Receptor—Mediated Interleukin 8 Release Assays
HEK293 transfectants (4 x 10° cells) stably expressing human
Toll-like receptor (TLR) 2 or TLR4 [28] were placed in 48-well
plated and grown at confluence for 24 hours in serum-free X-
VIVO15 medium (Lonza), for further stimulation with optimal
doses of LTA + PGN or LPS (250 ng/mL each), in the presence
or absence of rshCD6. At 18 hours, interleukin 8 (IL-8) levels
were measured by ELISA (BD OptEIA human IL-8 ELISA Set,
BD Biosciences Pharmigen).

Toxin Binding Assays

F96 Maxisorp plates (Nunc) were coated overnight at 4°C with
TSST-1, LPS, or SEB (2 pg/well) in Tris-buffered saline (TBS;
10 mM Tris-HCI pH 7.2, 150 mM NaCl). After blocking for 1
hour at room temperature with 5% bovine serum albumin
(BSA; Sigma), plates were incubated for 2 hours at room tem-
perature with biotin-labeled rshCD5 or rshCD6 in TBS-BSA.
Following extensive washings with 0.05% TBS-Tween 20
(Merck), wells were incubated with HRP-labeled streptavidin in

Figure 1 continued. LTA with an apparent dissociation constant (Kg)
of 1.1+0.1nM and 0.17 +0.02 pM, respectively. C, Specific and dose-
dependent inhibition of TLR-mediated activation by rshCD6. HEK293 trans-
fectants stably expressing TLR2, TLR4, or an empty vector were stimulated
in triplicate with LTA + PGN (250 ng/mL each) or lipopolysaccharide (LPS;
250 ng/mL), respectively, in the presence or absence of increasing concen-
trations of rshCD6 (0.5-20 ug/mL). Cell viability was >30% at 24 hours in
all experimental conditions, as assessed by flow cytometry with propidium
jodide/annexin V staining. Secretion of IL-8 was measured 18 hours later
by enzyme-linked immunosorbent assay and expressed as mean + SEM of
triplicates.
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TBS-BSA for 30 minutes at room temperature, and developed
with TMB.

RESULTS

Binding of rshCD6 to Highly Conserved Components of G*
Bacterial Cell Walls

Previous results showed that rshCD6 binds to S. aureus and
that this binding is competed by LTA, but not LPS [9]. Similar-
ly, direct binding of rshCD6 to LTA but also PGN, a major
component of G* bacterial cell walls, was also observed [8].
This indicated that rshCD6 would display a broad spectrum of
G" binding, as supported by data shown in Figure 1A. To vali-
date these studies, and also to find out whether the binding af-
finity of rshCD6 to G* bacterial compounds was high enough
to be functionally relevant, the K, of the interaction of rshCD6
with PGN and LTA was determined by tryptophan fluorescence
emission. The obtained values were 1.1 £ 0.1 nM for PGN and
0.17 +0.02 mM for LTA (Figure 1B), indicating that the affinity
of rshCD6 for PGN is much greater than for LTA but compara-
ble, or even greater, than the reported affinity of the well-
known macrophage PRR CD14 for PGN (24.9 £ 4.7 nM) [29].

Effect of rshCD6 in LTA + PGN-Induced Inflammatory

Responses

Both LTA and PGN are well-known in vitro and in vivo induc-
ers of immune cell-mediated cytokine release, responsible for
systemic inflammation and ultimately multiorganic dysfunction
and septic shock [30]. Thus, it was first tested whether rshCD6
could modulate cytokine realease of mouse splenocytes stimu-
lated for 48 hours with different concentrations of PGN and
LTA. As summarized in Table 1, rshCD6 significantly inhibited
the release of typical proinflammatory cytokines such as IL-18

and IL-6, but not of TNF-o. In contrast, significant increases of
anti-inflammatory cytokines IL-10 and TGF-B were observed.
No effects on cell viability were shown for rshCD6 alone.

Next, we further tested the ability of rshCD6 to modulate
TLR-mediated cytokine production by PGN + LTA on HEK293
transfectants stably expressing TLR2 or TLR4 [28]. As shown
in Figure 1C, rshCD6 specifically inhibited the TLR2-mediated
IL-8 release induced by PGN+LTA in a dose-dependent
manner. The same was true for TLR4-mediated activation of
HEK293 cells, as expected from the previously reported LPS-
binding properties of rsCD6 [9].

The in vivo relevance of these modulatory properties of
rshCD6 on PAMP-mediated inflammatory responses was
further analyzed in a lethal model of LTA + PGN-induced
mouse septic shock [30]. As illustrated by Figure 24, a single in-
traperitoneal administration of rshCD6 (1.25 mg/kg) indeed
improved mouse survival in a time- dependent manner.
Maximal efficacy was observed when administered 3 hours
prior LTA + PGN administration, which is in agreement with
time-course analysis of plasma rshCD6 levels following intra-
peritoneal infusion (Figure 2B). Dose-dependent experiments
evaluated at times when maximal efficacy was achieved (-3
hours and —1 hour) showed that the efficacy of rshCD6 in-
creased when the dose was doubled, but only when the protein
was administered 1 hour before LTA + PGN (Figure 2C). Sig-
nificant reductions in serum levels of proinflammatory cyto-
kines were observed in mice prophylactically treated (—1 hour)
with rshCD6 (Figure 2D).

Effect of rshCD6 on S. aureus—Induced Septic Shock

Since the LTA + PGN model does not closely resemble the clin-
ical situation, the efficacy of rshCD6 was therefore tested in a
lethal model of G* sepsis induced by live S. aureus. As shown

Table 1. Effect of Recombinant Scavenger-like Human Lymphocyte Receptor CD6 on Cytokine Levels Following In Vitro Stimulation of

Mouse Splenocytes With Lipoteichoic Acid Plus Peptidoglycan

LTA + PGN (0.5 ug/mL)

LTA + PGN (5 pg/mL)

rshCD6 (ug/mL)

rshCD6 (ug/mL)

Cytokine 0 2 10 0 2 10
IL-1B 138.7 +40.6 53.6 £ 10.2* 60.3 + 23.3* 197.1+21.2 60.2 +27.2* 85.7 +29.2*
IL-6 625.1+51.1 256.5 + 65.9% 2565.1 +93.4*% 644.4 +40.6 542.2+74.2 566.3 +120.9
IL-10 0.2+0.1 0.2+0.1 23+0.1% 0.2+0.1 03+0.2 1.1+0.1%
IFN-y 0.7+0.2 1.1+0.2 24+08* 09+0.2 09+03 1.2+0.2
TGF-B 140.3 +25.3 307.1 £ 35.4% 454.8 £ 52.4% 220.3+13.1 213.7+253 213.7+12.5
TNF-a 1256.1+22.7 128.1 £40.8 156.9+29.4 150.6 +35.7 168.6 + 45.6 161.6+11.9

Stimulations with LTA + PGN were performed in duplicate for 3 individual mice analyzed. Cytokine results are expressed in picograms per milliliter as mean + SD.
Statistical analysis was performed using a 1-tailed Mann-Whitney test, with confidence intervals of 95%.

Abbreviations: IFN, interferon; IL, interleukin; LTA, lipoteichoic acid; PGN, peptidoglycan; rshCD6, recombinant scavenger-like human lymphocyte receptor CD6;

TGF, transforming growth factor; TNF, tumor necrosis factor.

*Represents P< .05 for comparisons between cells stimulated with LTA + PGN in the presence or absence of rshCD6. Viability was >75% at 48 hours in all
experimental conditions, as tested by flow cytometry with propidium iodide/annexin V staining.
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Figure 2. Time- and dose-dependent effects of recombinant scavenger-like human lymphocyte receptor CD6 (rshCD6) infusion in a mouse model of
sepsis induced by lipoteichoic acid (LTA) + peptidoglycan (PGN). A, C57BI/6J mice were injected intravenously with a lethal dose of LTA (9 mg/kg) plus
PGN (30 mg/kg) and then treated with saline (n=17) or rshCD6 (1.25 mg/kg) at different time points before (—3 hours, n=8; —1 hour, n=30) or after (+1
hour, n=11; +3 hours, n=10; +6 hours, n="10) LTA + PGN injection. Average survival was analyzed over time and compared to the saline-treated group
using a log-rank ttest. B, C57BI/6J mice (n = 3) were infused intraperitoneally with rshCD6 (1.25 mg/kg) and then bled at different time points for enzyme-
linked immunosorbent assay (ELISA) determination of plasma levels of rshCD6. C, C57BI/6J mice were injected with LTA + PGN as in (A) and infused at
either —3 hours with 1.25 (x1; n=8) or 2.5 (x2; n=7) mg/kg rshCDB, or at —1 hour with 1.25 (x1; n=30) or 2.5 (x2; n =8) mg/kg of rshCD6. Average surviv-
al was analyzed over time and compared to the saline-treated group using a log-rank ttest. D, Cytokine plasma levels were monitored by ELISA at different
time points following intravenous injection of LTA + PGN (as above), preceded or not by a prophylactic (—1 hour) intraperitoneal infusion of rshCD6 (1.25
mg/kg). Data are expressed as mean + SEM. Statistical differences were evaluated using a 2-tailed Student t test comparing the rshCD6- and saline-
treated groups (n = 6 each). Abbreviations: IL, interleukin; TGF, transforming growth factor; TNF, tumor necrosis factor.

by Figure 3A4, the effect of a single dose of rshCD6 (1.25 mg/
kg) on mouse survival was time dependent, with the best
results obtained when administered 1 hour before or after bac-
teria injection. Dose-dependent experiments at times of
maximal efficacy (—1 hour and 1 hour) showed no further im-
provement when the dose was doubled, but administration of
half-dose resulted in loss of efficacy (Figure 3B and 3C). It was
also showed that therapeutic (1 hour) administration of
rshCD6 (1.25 mg/kg) significantly reduced the levels of IL-6
and IL-1p, but not of TNF-a. (Figure 3D). Interestingly, a signif-
icant increase in the levels of IL-10, a Th2-type anti-inflamma-
tory cytokine, was observed. These results are in agreement
with a reduced bacterial load in blood and peritoneum in
rshCD6-treated mice (Supplementary Figure 1).

Because the mechanism of antibiotic resistance in MRSA
does not involve the highly conserved structures recognized by

rshCD6, it was hypothesized that it could have beneficial effects
in septic shock induced by such a strain. As shown by Figure 3E,
prophylactic infusion of rshCD6 (1.25 mg/kg) significantly im-
proved survival of mice intraperitoneally injected with a MRSA
clinical isolate as compared to the saline-treated group (26.7%
vs 0%, P=.0178). According to the antibiotic resistance profile
of the MRSA strain, prophylactic penicillin (-1 hour) did not
show any protective effect, whereas meropenem did result in
significant survival improvement. There were no significant
differences in survival between the meropenem- and rshCD6-
treated groups. Similar results were obtained with a colistin-
resistant Acinetobacter baumannii strain (Supplementary
Figure 2), indicating that the broad spectrum effect of rshCD6
also extends to antibiotic-resistant G~ bacteria.

The putative involvement of leukocytes in the protective effect
of rshCD6 in S. aureus-induced septic shock was tested on mice
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Figure 3. Time- and dose-dependent effects of recombinant scavenger-like human lymphocyte receptor CD6 (rshCD8) infusion in a mouse model of
sepsis induced by live Staphylococcus aureus. A, C57BI/6J mice were injected intraperitoneally with a lethal dose of S. aureus ATCC 29213 (3x 10°
colony-forming units [CFU]), and then infused with rshCD6 (1.25 mg/kg) at different time points either before (—1 hour, n=25) or after (+1 hour, n=25; +3
hours, n=10; +6 hours, n = 10) bacterial injection. Average survival was analyzed over time and compared to the saline-treated group (n =29) using a log-
rank t test. B, C57BI/6J mice were intraperitoneally injected with S. aureus 29213 as above and infused 1 hour before (-1 hour) with 0.625 (x1/2; n=7),
1.25 (x1; n=25) or 2.5 (x2; n="10) mg/kg rshCD6. Average survival was analyzed over time and compared to the saline-treated group using a log-rank ¢
test. C, The same experiment as in (B) was performed except that rshCD6 was infused 1 hour after (+1 hour) bacterial injection with 0.625 (x1/2; n=10),
1.25 (x; n=18) or 2.5 (x2; n=10) mg/kg of rshCD6. D, Cytokine plasma levels were quantified by enzyme-linked immunosorbent assay at different time
points following S. aureus injection and further therapeutic (+1 hour) infusion of rshCD6 (1.25 mg/kg). Data are expressed as mean + SEM. Statistical dif-
ferences were evaluated using a 2-tailed Student ¢ test comparing the rshCDB- and saline-treated groups (n = 8 each). £, C57BI/6J mice were injected intra-
peritoneally with a lethal dose (10" CFU) of methicillin-resistant S. aureus before (—1 hour) intraperitoneal infusion of sterile saline solution (n = 15), 1.25
mg/kg rshCD6 (n=15), 7.15 mg/kg/12 hours meropenem (n =8), or 41.5 1U/g/8 hours penicillin (n =8). Average survival was analyzed over time and com-
pared to the saline-treated group using a log-rank t test. Abbreviations: IL, interleukin; TNF, tumor necrosis factor.

rendered leukopenic by prior cyclophosphamide treatment. As  leukocyte counts for maximal efficacy. In contrast, treatment

shown in Figure 44, the efficacy of rshCD6 administered pro- with the bactericidal antibiotic meropenem retained its efficacy.
The fact that leukopenia did reduce but not fully abrogate the

effect of rshCD6 on mice survival suggested that an additional

phylactically (—1 hour) was importantly reduced in leukopenic
mice, dropping from >50% survival in nonleukopenic mice (see

Figure 3A) to <30%, thus indicating the requirement of intact =~ mechanism of action was still operative. It was then tested
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Figure 4. Recombinant scavenger-like human lymphocyte receptor CD6
(rshCD6) has both leukocyte-dependent and direct inhibitory bacterial
growth effects. A, C57BL/6J mice were rendered leukopenic by intraperito-
neal administration of 200 mg/kg cyclophosphamide 4 and 2 days before
intraperitoneal injection of Staphylococcus aureus ATCC 29213 (1 x 10°
colony-forming units [CFU]). Leukopenic mice were prophylactically (—1
hour) infused with saline (n=11), rshCD6 (1.25 mg/kg; n =20), or merope-
nem (7.15 mg/kg/12 hours; n=15) before bacteria injection. Average sur-
vival was analyzed over time and compared to the saline-treated group
using a log-rank t test. B, S. aureus ATCC 29213 cells (4 x 10* CFU/mL)
were cultured in Dulbecco’s modified Eagle medium in the presence of
human seroalbumin (HSA), rshCD5, rshCD14, or rshCD6 (2 or 10 ug/mL
each) at 37°C for 18 hours. Bacteria were then either plated on Luria-
Bertani agar for determination of CFU numbers (left-hand panel) or tested
for adenosine triphosphate (ATP) content (right-hand panel). Results are
expressed as relative luminescence units (RLU) and represented as mean
+ SE of 3 independent experiments performed. Statistical differences were
evaluated using a 2-tailed Student t test.

whether rshCD6 exhibited direct inhibitory effects on bacterial
growth in a way similar to that recently reported for soluble
CD14 [31]. As shown by Figure 4B, addition of rshCD6 to liquid
cultures inhibited S. aureus growth in a dose-dependent fashion,
as measured by viable bacterial cell counts and ATP production.
Similar inhibitory effects were observed for shCD14, but not for
HSA or rshCD5, the latter being a structurally related protein
used as negative control for bacterial binding. The rshCD6-
mediated inhibitory effects were also observed when E. coli was
used (data not shown), suggesting that they are extensible to G~
bacteria as also reported for shCD14 [31].

Effect of rshCD6 in Superantigen-Induced Mouse Inflammatory
Responses

In addition to classical sepsis, some G" strains (staphylococci
and streptococci) secrete exotoxins responsible of sepsis-like

syndromes. These toxins behave as superantigens and trigger si-
multaneous and rapid polyclonal T-cell activation with subse-
quent massive cytokine release, shock, and eventually death [32].
Because rshCD6 inhibits cell-cell interactions mediated by bacte-
rial superantigens [19, 23], its protective effect on toxic shock
mediated by S. aureus exotoxins was tested. Indeed, rshCD6 sig-
nificantly reduced the in vitro release of IL-1f, IL-6, and TGF-f
induced by different subfamilies of S. aureus superantigens
(TSST-1, SEB, and SEA; Table 2). Significant reductions in TNF-
o. and IFN-y production, as well as induction of IL-10, could also
be observed for only some superantigens (SEA and TSST-1).
These results were in agreement with those obtained in a lethal
mouse model of TSST-1-induced toxic shock [33]. As shown by
Figure 5A, both prophylactic and therapeutic intraperitoneal ad-
ministration of rshCD6 significantly improved mice survival;
maximal efficacy (100% survival) was observed when adminis-
tered 1 hour after TSST-1. Similar effects were observed when
mice were pretreated with rshCD6 1 hour before SEB-induced
toxic shock (data not shown). Interestingly, ELISA assays dem-
onstrated the direct and dose-dependent binding of biotin-
labeled rshCD6 to both TSST-1 and SEB (Figure 5B).

DISCUSSION

The present work reports on the in vitro and in vivo effects of a
recombinant soluble form of the scavenger-like lymphocyte re-
ceptor CD6, in different experimental settings of G* bacterial
aggression. This form showed inhibitory effects on cytokine
release induced by S. aureus endotoxins (LTA + PGN) and exo-
toxins (TSST-1, SEA, SEB) on mouse splenocytes. Moreover,
single-dose administration of rshCD6 reduced mortality, bacte-
rial load, and plasma cytokine levels in mouse models of septic
shock by live S. aureus in a time-, dose-, and leukocyte-
dependent manner. These effects very likely relate to the direct
binding of rshCD6 to LTA and PGN, as well as to its ability of
inhibiting TLR2-mediated cytokine release induced by those
PAMPs. However, rshCD6 also showed inhibitory effects on
bacterial growth, suggesting a more complex and multifactorial
mechanism of action.

Soluble members of the SRCR-SF have been shown to simi-
larly bind to and aggregate G" and/or G~ bacteria [5-7, 10-12].
However, there is no reported evidence on the in vivo function-
al relevance of any of these proteins in mouse models of infec-
tion. Thus, the present report opens new pathways to explore
the in vivo anti-infectious and/or anti-inflammatory properties
of other soluble SRCR-SF members during microbial aggres-
sion.

Outside the SRCR-SF, a well-documented LPS- and PGN-
binding PRR whose in vivo efficacy in sepsis has been explored
is CD14, a macrophage receptor that also exists in soluble form
in serum. CD14 shares with rshCD6 a similar K; for both
PAMPs [9], as well as similar capacity to inhibit bacterial
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Table 2. Effect of Recombinant Scavenger-like Human Lymphocyte Receptor CD6 on Cytokine Levels Following In Vitro Stimulation of

Mouse Splenocytes With Staphylococcal Enterotoxin A, Staphylococcal Enterotoxin B, or Toxic Shock Syndrome Toxin 1

Stimulation  rshCD8, pg/mL IL-1B IL6 IL-10 IFN-y TGF-B TNF-o.
SEA 0 4792+ 146 74271520 2772.6+146.1 1547.4+201.1  481.3+59.6 130.3+13.8
2 137.2+38.8%  311.9+451* 44333 +648.2* 965.4+833*%  246.8+107.6*  42.3+10.6*
10 150.6 +26.9*  337.8+76.2*  4620+1159.1* 1179.4+407.9 1135.9+269.9*  44.6+30.4*
SEB 0 71+125 375.6+21.1  2124.6+762.2 1284 + 63.8 500.6 + 30.2 57.3+4.0
2 145+11.4%  291.6+205% 1966+ 748.0 1269+ 111.3  330.7 +66.3* 46 + 4%
10 1562+10.1%  271.3+27.7*  2216+1031.1  1162.6+464.1  299.1 +87.6* 67.6+67.9
TSST-1 0 834.8+34.6 4204+ 256 348.1 + 25.1 1050.3+149.4  271.3+28.6 42£45
2 331.2+70.6%  281.7+524% 1347.3+1242%  1167.6+1395  156.7 = 12.6* 403+55
10 3236+ 115.6% 2663+63.0% 1467.3+293.8*  11359+269.9  150.8+51.6* 46 +25.3

Stimulations with the indicated superantigens (5 ug/mL each) were performed in duplicate for 3 individual mice analyzed. Cytokines results are expressed in
picograms per milliliter as mean + SD. Statistical analysis was performed using a 1-tailed Mann-Whitney test, with confidence intervals of 95%.

Abbreviations: IFN, interferon; IL, interleukin; rshCD6, recombinant scavenger-like human lymphocyte receptor CD6; SEA, staphylococcal enterotoxin A; SEB,
staphylococcal enterotoxin B; TGF, transforming growth factor; TNF, tumor necrosis factor; TSST-1, toxic shock syndrome toxin 1.

*Represents P< .05 for comparisons between superantigen-stimulated cells in the presence or absence of rshCD6. Viability was >75% at 48 hours in all

experimental conditions, as tested by flow cytometry with propidium iodide/annexin V staining.

growth [31]. Transgenic expression of or treatment with sCD14
is known to decrease mortality and proinflammatory cytokine
levels in LPS-induced sepsis [34, 35] or Shwartzman reaction
[36]. However, several reports show neutral or even detrimental
effects in mouse models of G~ [37-39] and G* infection [40,
41], and strategies addressed to block CD14 are being consid-
ered [42]. This different in vivo efficacy suggests that the mech-
anism of action of sCD14 and rshCD6 might differ
considerably despite sharing similar PAMP-binding spectra.

Aside from PAMP-binding, rshCD6 binds to CD166/
ALCAM, although with a lower affinity [18]. This would
allow interfering with heterotypical (CD6- ALCAM) and/or
homotypical (ALCAM-ALCAM) interactions established by
ALCAM-expressing cells (activated T and B cells, macrophages,
dendritic cells, fibroblasts, epithelial cells, and endothelial cells)
[22], likely affecting diverse inflammation-related events. These
effects might take place in our models as the CD6-ALCAM
binding site is evolutionarily conserved and allows for the re-
ported cross-species binding of mouse and human CD6 and
CD166/ALCAM [22]. It cannot therefore be excluded that
rshCD6 may impair inflammation by one or more of these
mechanisms, which might explain its broader efficacy when com-
pared to sCD14. The possibility also exists that, by interfering
with the function of CD166/ALCAM or other still uncharacter-
ized CD6 ligands [43], rshCD6 may exert immunomodulatory
effects that could be detrimental in the short or long term. Nev-
ertheless, single-dose use of rshCD6 limits its presence in time,
and, in the context of excessive inflammation occurring in
sepsis, the effects appear to incline toward the beneficial. In this
regard, no improvement is observed by repeated infusions of
rshCD6, the beneficial effect being mainly dependent on the
time of administration as reported for antibiotics [44].

Expression of CD166/ALCAM in leukocytes with phagocytic
function could also explain the partial dependence of rshCD6
on intact leukocyte populations. In light of these data, it can
then be proposed that bacteria or endotoxins bound to rshCD6
might be aggregated [9] and then phagocytized in a ligand-
dependent manner (eg, mediated by CD166/ALCAM), thus
being eliminated from the tissues and reducing their proinflam-
matory potential.

Another relevant aspect of the present work is that rshCD6
not only operates against whole G* bacteria and their endotox-
ins, but also against exotoxins. Indeed, rshCD6 showed direct
binding to different S. aureus superantigens (TSST-1, SEB,
SEA) as well as inhibited cytokine release induced by them on
mouse splenocytes. Moreover, single-dose administration of
rshCD6 improved mouse survival upon TSST-1- (and SEB-)
induced toxic shock. The underlying mechanism of action
might relate to the known destabilizing effects of rshCD6 on
superantigen-induced immunological synapse maturation [19,
23]. Superantigens bypass recognition of peptide-loaded major
histocompatibility complex (MHC) molecules by the TCR, but
other cell-cell interactions are also needed to stabilize the
immune synapse, among them CD6-CD166/ALCAM. Blocking
by rshCD6 would reduce the ability of superantigens to induce
polyclonal T-cell activation. It is also possible that direct inter-
action between rshCD6 and superantigens could also impair
their association with the TCR and/or the MHC. Both of these
mechanisms might be active at the same time.

Altogether, the experimental results reported here might be
of clinical relevance for the treatment of G* septic shock. It
should be noted that experimental models used in this work are
much more rapid and lethal (>90% mortality in 24-48 hours)
than what is usually found in clinical settings (30%-50%
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Figure 5. Effects of recombinant scavenger-like human lymphocyte re-
ceptor CD6 (rshCD6) infusion in a mouse model of sepsis induced by toxic
shock syndrome toxin 1 (TSST-1). A, BALB/c mice were injected intraperi-
toneally with TSST-1 (0.8 mg/kg) and 3 hours later with a nonlethal poten-
tiating dose of lipopolysaccharide (LPS; 4.2 mg/kg). Mice were then
treated with saline (—1 hour; n=18) or 1.25 mg/kg rshCD6 at different
time points (=1 hour, n=20; +1 hour, n=8; +3 hours, n=8). Average sur-
vival was analyzed over time and compared to the saline-treated group
using a log-rank f test. B, Enzyme-linked immunosorbent assay plates
were sensitized with 2 pg/well of TSST-1, staphylococcal enterotoxin B
(SEB), or LPS in triplicate. Different concentrations of biotin-labeled
rshCDB, rshCD5, or human seroalbumin (HSA) were then added to wells
and excess unbound protein was washed off. Bound biotinylated proteins
were detected with horseradish peroxidase—labeled streptavidin plus
3,3’ ,b,5'-tetramethylbenzidine (TMB) and monitored by optical density
(OD) at 450 nm.

mortality). Results shown here indicate that the maximum effi-
cacy for rshCD6 occurs when this protein is administered pro-
phylactically, which may suggest a limited use in the clinical
setting, where patients usually present long after the infection
has been initiated. However, it should also be noted that ad-
ministration in our experimental model is intraperitoneal,
which delays rshCD6 access to the bloodstream (serum rshCD6
peaks at 3 hours following intraperitoneal administration); in-
travenous administration in either an experimental or a clinical
situation would make rshCD6 readily available, and would shift
the window of efficacy toward later times, thus making its ther-
apeutic use possible.

Currently, sepsis of G* origin is the most prevalent, particu-
larly caused by Staphylococcus species [26, 27]. The incidence
of sepsis has been steadily on the rise, paralleling population
aging, increased use of invasive surgical procedures, increased

microbial resistance to antibiotics, and immunosuppressive
treatments such as those used in transplanted patients, autoim-
mune diseases, or hematological malignancies. Mortality figures
range from 25% to 50% [44]. The triggers of G* sepsis are mul-
tiple (endotoxins, exotoxins, drug-sensitive/-resistant live bac-
teria) and they normally act in combination to cause the
clinical symptoms. Recombinant shCD6 displayed in vitro and
in vivo beneficial effects against each and every one of these
triggers, suggesting that it can act at different levels of mouse
sepsis pathophysiology. Importantly, the effect of rshCD6 was
independent of the antibiotic-resistance profile of the sepsis-
inducing microorganism. Furthermore, results indicate that all
these beneficial effects of rshCD6 are also extensible to sepsis
by live G~ bacteria (eg, colistin-resistant/sensitive A. bauman-
nii). This broad-spectrum efficacy of rshCD6 also supports its
potential use in models of sepsis of polymicrobial origin, al-
though this remains to be proven.
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. Assesment of systemic and local bacterial burden. C57Bl/6J
mice (n=5) were i.p. infused with rshCD6 (1.25 mg/kg) or vehicle 1 hour before i.p.
injection with a lethal dose (3x10% c.fu.) of S. aureus ATCC 29213. Blood samples were
collected at 4 and 18 hours following bacterial injection. Peritoneal lavage fluid was
harvested after injecting 2 mL of PBS into peritoneum, massaging and recovering fluid. A
20 pL aliquot was spread on sheep blood-agar plates (Columbia W/5% SB, ref. 254005, BD
Biosciences). All plates were incubated at 37°C for 24-48h. Colonies were counted and

expressed as c.f.u./ml for blood and peritoneal lavage samples.

Supplementary Figure 2. Effects of rshCD6 infusion in a mouse model of Gram-
negative sepsis induced by live colistine-sensitive and -resistant Acinetobacter
baumannii. (A) C57Bl/6] mice were infused with rshCD6 (1.25 mg/kg) (n = 17), colistin
(0.4 mg/kg/8h) (n = 17) or saline solution (n = 18) 1 hour before i.p. injection with a lethal
dose (1x107 c.fu.) of colistine-resistant A. baumannii from a clinical isolate. Average
survival was analyzed over time and compared to the saline treated group using a log-rank t
test. p value is shown for the difference between rshCD6 and colistine-treated mice. (B)
C57Bl1/6] mice were infused with rshCD6 (1.25 mg/kg) (n = 7), colistin (0.4 mg/kg/8h) (n =
9) or saline solution (n = 10) 1 hour before i.p. injection with a lethal dose (1x10" c.fu.) of
colistine-sensitive A. baumannii from a clinical isolate. Survival was analyzed as before, and
in this case differences between rshCD6 and colistin treatment were not significant. In both
cases, the lethal dose of A. baumannii was empirically determined as the minimum

inoculum of bacteria causing >90% death at 24-48 hours.
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