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Abstract

Innate immune responses to cell damage-associated molecular patterns induce a controlled degree of inflammation,
ideally avoiding the promotion of intense unwanted inflammatory adverse events. When released by damaged cells,
Hsp70 can stimulate different responses that range from immune activation to immune suppression. The effects of
Hsp70 are mediated through innate receptors expressed primarily by myeloid cells, such as dendritic cells (DCs). The
regulatory innate receptors that bind to extracellular mouse Hsp70 (mHsp70) are not fully characterized, and neither
are their potential interactions with activating innate receptors. Here, we show that extracellular mHsp70 interacts
with a receptor complex formed by both inhibitory Siglec-E and activating lectin-like oxidized low-density lipo-
protein receptor-1 (LOX-1) on DCs. We also find that this interaction takes place in lipid microdomains within the
plasma membrane, and that Siglec-E acts as a negative regulator of LOX-1-mediated innate activation upon mHsp70
or oxidized LDL binding. Thus, Hsp70 can both bind to and modulate the interaction of inhibitory and activating
innate receptors on the cell surface. These findings add another dimension of regulatory mechanism to indicate how
self-molecules contribute to dampening of exacerbated inflammatory responses.
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Introduction

A key question in innate immunity is how cells distin-
guish between self and foreign molecules with high
degrees of homology. Innate immune responses are in-
itiated by pattern-recognition receptors, expressed in
abundance by macrophages and dendritic cells (DCs).
Their ligands vary from pathogen-associated molecular
patterns present in microorganisms to damage-asso-
ciated molecular patterns derived from injured tissues.
Ideally, an effector immune response must be able to
resolve any infection or sterile trauma with no exacer-
bating deleterious immunopathology. Importantly, the
interplay of innate signals will shape the adaptive im-
mune responses that ensue.’

The heat shock protein (HSP) 70 is one of the most
evolutionarily conserved proteins, but has complex ef-
fects when present in the extracellular microenviron-
ment. Mouse HSP70 (mHSP70) binds to scavenger
receptors such as lectin-like oxidized low-density lipo-
protein receptor-1 (LOX-1), scavenger receptor ex-
pressed by endothelial cells I (SREC-I), and fasciclin,
EGF-like, laminin-type EGF-like, and link domain-
containing scavenger receptor-1 and triggers in-
flammatory innate immunity in DCs.” DCs are the
major antigen-presenting cells (APCs) in mammals and
play a crucial role in inducing and regulating the T cell
responses that initiate upon engaging MHC:peptide
complexes and costimulatory molecules (CD86) ex-
pressed by the APCs. Conversely, HSP70 can exhibit
anti-inflammatory properties through its modulation of
APCs and the induction of regulatory T cells
(Tregs).”” Consequently, extracellular HSP can either
enhance or suppress immunity depending on the mi-
croenvironmental context. Recent findings demon-
strated that human HSP70 could interact with paired
receptors Siglec-5 and Siglec-14, with Siglec-14 enhan-
cing IL-8 and TNF-a production in human monocytes
following stimulation by human HSP70, while Siglec-5
reduced this inflammatory signaling.” However, the
mechanism by which HSPs could induce opposing re-
sponses in innate immune cells is poorly understood at
a molecular level. One possible scenario is that the same
HSP70 molecule could be recognized by different
functional receptors to activate distinct innate re-
sponses. Alternatively, they could be recognized by the
same receptor but lead to differential immune responses
due to interaction with distinct coreceptors.

Given the importance of murine models for in vivo
immunological studies, we sought to identify whether a
similar Siglec-based mechanism exists for murine re-
sponses to mHSP70. Based upon its previously described
anti-inflammatory properties, we identified mouse

Siglec-E as a potential candidate by which inflammatory
responses to mHSP70 may be regulated. Here, we show
that extracellular mHSP70 binds to mouse Siglec-E.
Notably, Siglec-E could also interact with the activating
mHsp70 receptor LOX-1, forming a complex within
lipid microdomains in the plasma membranes of DCs.
Deletion of Siglec-E from DCs increased LOX-1-trig-
gered activation, suggesting that Siglec-E restrains LOX-
1 engagement on DCs. Our results suggest a mechanism
by which innate counter-receptors heterodimerize on
the cell surface, forming a receptor complex that binds
to nonglycosylated self-molecules, thus contributing to
the intricate orchestration of immune responses.

Results
Extracellular mHSP70 interacts with Siglec-E

We first analyzed the potential role of Siglec-E, one of the
major murine Siglec receptors, in mHSP70-mediated ef-
fects. We asked whether mHSP70 could bind directly to
Siglec-E. As a first approach, we generated a murine
Siglec-E receptor construct encoding an HA tag in its N-
terminal (extracellular) domain. We then transfected
CHO-K1 cells with Siglec-E-HA plasmids and analyzed
the binding and colocalization of the expressed receptor
with fluorescently tagged mHSP70 in the absence of
other potential receptors. Notably, wild-type (WT) CHO-
K1 cells do not bind extracellular Hsp70 based on pre-
vious screening studies, providing a clean platform to
examine the abilities of innate receptors to bind and re-
spond to HSP70.”'" Alexa 488-tagged mHSP70 bound to
CHO-K1 expressing Siglec-E but not to the untransfected
control cells (Figure 1(a)). Such binding was inhibited by
an anti-Siglec-E antibody (Figure 1(a)). By confocal mi-
croscopy, we confirmed both that mHSP70 did not bind
to CHO-K1 control cells (Supplementary Figure 1), and
that it localized with HA (red, merged represented by
yellow area) in Siglec-E-HA-expressing CHO-K1 cells
(Figure 1(b)), with a Pearson’s correlation of
0.098 + 0.013 in CHO-K1 cells versus 0.792 + 0.059 in
CHO-Siglec-E-HA cells (P < 0.0001, Supplementary
Table 1). To further confirm these findings, ELISA plates
were coated with purified mHSP70 and probed with a
recombinant soluble IgG-Fc fusion chimera containing
the extracellular domain of Siglec-E (Figure 1(c)).
mHSP70 interacted directly with Siglec-E under these
conditions (Figure 1(d)), confirming the binding of the
HSP70 to this receptor. We then examined HSP70
binding in primary DCs ex vivo. We incubated DCs iso-
lated from naive mice spleens with extracellular Alexa
488-tagged mHSP70 and evaluated their potential



Siglec-E controls LOX-1 responses induced by Hsp70 3

U’\ Ctrl =

{ ”.ﬂ \ 3

I mHsP70 | &

©

x

<@

i mHSsP70 | <
,_} \ +a-SigE
S S

1 3

? 10

Aiexa 488h4>

(c) (d)
[] BSA Tk
anti-mouse >"01 W mHSP70
\N N\ IgG-HRP g 0.8
mouse Siglec-E + ﬁ 0.6
IgG2a-Fc (chimera)or .2 g4
&

= o GO mouse IgG2a-Fc portion
3444 Salnl W
N RN 0.0

mlgG2a-Fc  Siglec-E-Fc

coated BSA or mHSP70

Fig. 1 mHSP70 binds to murine Siglec-E. (a) CHO-K1 cells stably overexpressing Siglec-E-HA were treated with Alexa 488-tagged
murine HSP70 (mHSP70) on ice for 30 min, and its binding was evaluated by flow cytometry. Untransfected CHO-K1 cells treated
with Alexa 488-mHSP70 were used as controls. Anti-Siglec-E blocking antibody was added to neutralize the binding. *P < 0.05 or
***P < 0.001 when compared to mouse IgG using one-way analysis of variance with Tukey post-hoc test. (b) Representative confocal
microscopy images of CHO cells stably overexpressing Siglec-E-HA and treated with Alexa 488-tagged mHSP70. Cells were then
stained for HA (red). Magnification 400X. Scale bar = 5 um. (c) Representation of the ELISA in which plates were coated with
mHSP70 or BSA (negative control), followed by incubation with a Siglec-E-Fc chimera and a secondary horseradish peroxidase anti-
mouse IgG. Representation created with BioRender.com. (d) Relative binding between mHSP70 to Siglec-E-Fc determined by ELISA.
***P < 0.001 when compared to BSA by t-test. (e) Representative confocal image of mHSP70 (green) binding to Siglec-E (red) in
splenic DCs isolated from naive wild-type mice with magnetic CD11c beads. Scale bar = 10 um. Bars are represented as mean + SD
of triplicate. All data are representative of at least three independent experiments. Abbreviations used: mHsp70, mouse Hsp70; gMFI,
geometric mean fluorescence intensity; BSA, bovine serum albumin.

colocalization with Siglec-E on the cells. mHSP70 colo-
calized with Siglec-E in the murine DCs as indicated by
areas of the yellow merged fluorescence (Figure 1(e)),
with a Pearson’s correlation of 0.702 + 0.127. In con-

clusion, our data indicate that extracellular mHSP70 can
bind to murine Siglec-E.

mHSP70 is a non-sialylated ligand for Siglec-E

Siglec-E was previously shown to bind specifically to
glycosylated proteins.'""'> We thus asked whether the
mHSP70 used in the study was glycosylated. However,
our mHSP70 preparation did not contain detectable le-
vels of N-glycans (Figure 2(a)), when compared with the
heavily glycosylated fetuin, used as a positive control
(Figure 2(b)). We confirmed these findings by SDS-
PAGE and Western blot analyses. Deglycosylation of
mHSP70 with the N-glycosidase PNGase F treatment
did not result in a band shift in SDS-PAGE analysis,
contrary to what was observed with fetuin (Figure 2(c)).
Additionally, the potential presence of putative a(2,6)
sialoglycans displayed on mHSP70 was further ana-
lyzed. Western blots showed that the lectin sambucus
nigra lectin was not able to bind to mHSP70 (Figure

2(d)). These findings led us to hypothesize that Siglec-E
recognizes an alternative peptide-based topology on the
HSP molecule, unrelated to glycosylation.

Siglec-E and LOX-1 form innate receptor complexes in immune
cells

Mammalian HSP70 has been previously demonstrated to
bind to the innate receptor LOX-1.”'* We next asked if
Siglec-E and LOX-1 could interact and potentially form
complexes in DCs, cooperating to fine-tune opposing sig-
nals, and consequently their inflammatory/anti-in-
flammatory effects. To test this hypothesis, we coated plates
with purified LOX-1 and probed them with different con-
centrations of a soluble Siglec-E-Fc chimera (Figure 3(a)).
An ELISA revealed that the binding occurred in a dose-
dependent manner (Figure 3(b)) and was partially inhibited
by an anti-LOX-1 antibody (Figure 3(c)). We then con-
firmed their interaction by immunoprecipitating Siglec-E
from lysed murine splenocytes. Using immunoblot analysis,
we detected considerable amounts of LOX-1 in the Siglec-E
immunoprecipitate (Figure 3(d)). Interestingly, Siglec-E is
also associated with endogenous mHSP70 present in the
splenocytes (Figure 3(d)). We confirmed these findings by
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Fig. 2 Mouse Hsp70 is not glycosylated. (a) Analysis of N-glycans profile of extracellular mHsp70. (b) Fetuin was used as a positive
control. MALDI-TOF mass spectrometry was performed in protein preparations in which the N-linked glycans were released
enzymatically by PNGase F and permethylated, before being profiled. (c) SDS-PAGE of mHSP70 or fetuin treated or not with PNGase
F (deglycosylation). (d) SNA lectin blot analysis of purified extracellular mHSP70 or fetuin (positive control) treated or not with
PNGase F. (c) and (d) One representative gel from n = 3 biologically independent experiments. Abbreviation used: mHsp70, mouse
Hsp70; MALDI-TOF, matrix-assisted laser desorption/ionization-time-to-flight; SNA, sambucus nigra lectin,

transfecting stable CHO-LOX-1-Myc cells with Siglec-E-HA
plasmids and analyzing their interaction by confocal mi-
croscopy. Importantly, Myc and HA are expressed in the
extracellular domain of LOX-1 and Siglec-E, respectively.
When we transfected Siglec-E into CHO cells expressing
LOX-1, we noticed that surface expression patterns changed
dramatically when compared to WT CHO transfectants
(Figure 3(e)). In nonpermeabilized CHO cells expressing
only Siglec-E, receptor distribution seemed more evenly
spread over the cell surface. However, Siglec-E expression
became concentrated into foci in cells when cotransfected
with LOX-1 (Figure 3(e)), suggesting an association in dis-
crete patches on the membrane. By staining for HA and
Myc tags, we observed that Siglec-E and LOX-1 colocali-
zation could be detected in discrete foci in the CHO cells
(arrows, Figure 3(f)). To further characterize Siglec-E/LOX-
1 interaction in intact cells, we examined their colocaliza-
tion in non-stimulated DCs isolated from murine spleens.
Indeed, flow cytometry showed that ~15% of CD11c™ cells
coexpressed Siglec-E and LOX-1 on their cell surface, but

not in Siglec-E KO cells as expected (Figure 3(g) and (h)).
Moreover, Siglec-E KO DCs express lower levels of LOX-1
than WT cells (Figure 3(i)). Overall, these results support a
significant interaction between Siglec-E and LOX-1 on DCs.

Molecular docking and electrostatic potential analysis of the
interaction between Siglec-E and LOX-1 extracellular domains

We next employed complementary bioinformatic ana-
lysis to further explore the molecular nature of the in-
teractions between Siglec-E and LOX-1. We first
generated in silico 3D models for both Siglec-E and
LOX-1 receptors. The two best templates for Siglec-E
were a myelin-associated glycoprotein from Mus mus-
culus (PDB ID: 5LFR) and two N-terminal domains of
SIGLEC-5 from Homo sapiens (PDB ID: 2ZG2). The
whole extracellular moiety comprising residues 19 to
353 of Siglec-E was modeled using the multiple tem-
plates approach from Modeller. Regarding the murine
LOX-1 protein (target), the best template structure
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Fig. 3 Innate receptors Siglec-E and LOX-1 form hetero-complexes and are coexpressed by murine CD11c" DCs. (a) Cartoon of the
ELISA in which LOX-1 or BSA (negative control) was coated in the plate, incubated initially with different concentrations of a
soluble Siglec-E-Fc chimera, followed by incubation with a secondary HRP anti-mouse IgG. Representation created with
BioRender.com. (b) Relative binding between LOX-1 and Siglec-E-Fc chimera is dose-dependent. The mIgG2a-Fc controls were used
at 10 pg/mL. All assays were performed in triplicate. (c) Relative binding between LOX-1 and Siglec-E-Fc chimera in the presence of
anti-LOX-1 blocking antibody or isotype control. ***P < 0.001 by one-way analysis of variance with Tukey post test. All assays were
performed in triplicate. (d) Lysates from wild-type (WT) naive spleen cells were precipitated with either Siglec-E-specific antibody or
control mouse IgG. Precipitates were probed with antibodies to Siglec-E, LOX-1, or mHSP70. Complete membrane blots are included
in Supplementary Figure 1. One representative gel from n = 3 biologically independent experiments. (¢) CHO-K1 cells or CHO cells
stably overexpressing LOX-1 were transfected with a plasmid containing the Siglec-E-HA construct. Siglec-E expression pattern (HA
staining, red) was analyzed by confocal microscopy in nonpermeabilized cells. (F) Representative confocal microscopy images of
untreated CHO cells stably overexpressing LOX-1-Myc and Siglec-E-HA receptors stained for c-Myc (red) and HA (cyan) in
nonpermeabilized cells. (e) and (f) Magnification 400X. Scale bar = 5 um. All data are representative of three independent
experiments. (g) Representative contour plots of Siglec-E*LOX-1" cells in total lymphocytes or CD11c™€" (DCs) cells from WT or
Siglec-E KO naive mice spleens. (h) Percentages of Siglec-E*LOX-1" cells and (i) LOX-1 geometric mean fluorescence (gMFI) in
CD11cMe" cells from WT or Siglec-E KO naive mice spleens. Representative plots from n = 3 biologically independent experiments
with 3 animals per group. Statistical analyses by t-test.

found was the LOX-1 molecule from Homo sapiens  domain (CTLD) is highly conserved among species and
(PDB ID: 1YPQ). Previous data indicate that mouse  was already shown to be involved in the binding of
LOX-1 possesses the structural features required to form  several molecules by C-type lectins such as LOX-
dimers, as it has been shown to occur with homologous ~ 1.'”'® For this reason, we decided to model the CTLD
human LOX-1."* Also, the C-terminal C-type lectin-like ~ from LOX-1 as a homodimer and analyze in silico its



Borges et al.

(b)

Siglec-E
Siglec-E/LOX-1
C-terminal C-type dimer complex
iy lectin-like domain P
] (CTLD)
LOX-1 dimer

(©)

A

v —s

Fig. 4 In silico modeling of Siglec-E and LOX-1 dimer and molecular docking and electrostatic potential analysis of the Siglec-E/
LOX-1 dimer complex. Models of Siglec-E (green) and LOX-1 dimer (yellow) domains are represented in (a). In (b), a representation
of Siglec-E and LOX-1 predicted interaction was obtained from the ClusPro web server. (c) Complex with electrostatic potential
computed on the surface, where red, white, and blue represent negative, neutral, and positive charges, respectively (gradient ranges
from —2KkT to 2kT, being k the Boltzmann constant and T the temperature). (d) The molecules were separated and rotated to show
the interaction surface between Siglec-E and LOX-1, evidencing a complementarity of charges. (e) LOX-1 is positioned exactly over
the two positive charges of Siglec-E, and the complex is stabilized by several hydrogen bonds (cyan blue) between Siglec-E (green)

and LOX-1 (yellow).

interaction with Siglec-E. Data from ClusPro, a well-
known molecular docking server used to predict pro-
tein-protein interaction,'” predicted that a portion of the
Ig-like V-domain from Siglec-E could interact with the
CTLD from LOX-1 dimers (Figure 4(a) and (b)). Of
potential significance, there is a charge com-
plementarity at the interaction surface between the ex-
tracellular domain of both molecules, where two
positively charged motifs in Siglec-E interact with a
negatively charged region of CTLD from LOX-1
(Figure 4(c) and (d)). We screened residues present at
the Siglec-E/LOX-1 dimer interface, focusing on those
involved in hydrogen bonding (Figure 4(e)). Most of the
predicted interacting Siglec-E residues are positively
charged, including ARG34, LYS32, ARG75, and ARGS6,
while the LOX-1 residues are negatively charged,
ASP112, GLU118, GLU255, and ASN256
(Supplementary Table 2). We identified additional re-
sidues that could be involved in the interaction
(Supplementary Table 2). Hydrogen bonding between
the molecules appeared to involve ARG34, ARG75, and
ARG86 from Siglec-E and GLU112, GLU118, GLU255,
and SER60 from LOX-1. In conclusion, our modeling

studies suggest that potential electrostatic interactions
could occur between Siglec-E and the LOX-1 within
their extracellular domains, along with additional hy-
drogen bonds, which would be crucial to maintaining a
heterodimer.

mHSP70 binds to Siglec-E/LOX-1 complexes present in lipid rafts

We next investigated whether mHSP70 could bind to
the receptor complex formed by Siglec-E and LOX-1. To
determine whether mHSP70 simultaneously binds to
the receptor complex, we treated CHO-LOX-1-Myc-
Siglec-E-HA cells with Alexa 488-tagged mHSP70.
Fluorescently tagged mHSP70 colocalized with Siglec-
E/LOX-1 complexes in CHO cells (Figure 5(a),
Supplementary Table 3). We confirmed these findings
by treating splenic primary DCs with fluorescently
tagged mHSP70 at 4 °C to reduce endocytosis. mHSP70
bound to murine DCs and became colocalized with Si-
glec-E and LOX-1 (Figure 5(b)). Foci of colocalization
(shown in white) were seen on the cell surface upon
incubation with mHSP70, suggesting the presence of
triple complexes between each mHsp70 (green), Siglec-
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Fig. 5 Siglec-E/LOX-1 complexes are localized in lipid microdomains. (a) CHO-LOX-1-Myc-Siglec-E-HA expressing cells were treated
with Alexa 488-tagged extracellular murine HSP70 (mHSP70, 10 ug/mL) on ice for 30 min. Nonpermeabilized cells were then fixed
and stained for c-Myc (red) and HA (Cyan) and analyzed by confocal microscopy. Representative confocal microscopy images of
murine DCs isolated from naive wild-type animals and treated with Alexa 488-tagged mHSP70 on ice (b) or at 37 °C (c) for 30 min.
Nonpermeabilized cells were then fixed and stained for LOX-1 (red) and Siglec-E (Cyan). (d) Representative confocal microscopy
images of murine nonpermeabilized DCs stained for endogenous mHSP70 (green), LOX-1 (red), and Siglec-E (Cyan) at 4 °C. (e)
Representative confocal microscopy images of nonpermeabilized murine DCs stained for caveolin (orange), LOX-1 (red), and Siglec-E
(Cyan) at 4 °C (a-e). Magnification 400x. Scale bars = 5 um. (f) Wild-type splenocytes were treated for 2 h with methyl § cyclodextrin
(20 mM, cholesterol-sequestering agent) before stimulation with mHSP70 for 30 min. Spleen cell lysates were precipitated with either
Siglec-E-specific antibody or control goat IgG. Precipitates were probed with antibodies specific to LOX-1 or Siglec-E (input). One
representative gel and densitometric analysis of the three biologically independent experiments. Complete membrane blots are

included in Supplementary Figure 1. Abbreviations used: DCs, dendritic cells; LOX-1, lectin-like oxidized low-density lipoprotein
receptor-1; mHsp70, mouse Hsp70.
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Table 1

Comparison of colocalization coefficients between Siglec-E
and LOX-1 in untreated or mHSP70-treated murine den-
dritic cells.”

Siglec-E-LOX-1 colocalization

Coefficients Untreated mHSP70 P value
Pearson’s correlation 0.347 + 0.078  0.543 + 0.045 0.0157°
Spearman'’s rank 0.383 + 0.033  0.685 + 0.041  0.0005"

correlation value

Abbreviations used: LOX-1, lectin-like oxidized low-density lipo-
protein receptor-1; mHsp70, mouse Hsp70.

®The results are mean + standard deviation of coefficients from five
analyzed areas.

PUntreated versus mHSP70, by t-test.

E (cyan), and LOX-1 (red) (Figure 5(b)). We also ob-
served that mHSP70, Siglec-E, and LOX-1 complexes
were internalized when conducting the binding assays
at 37 °C (Figure 5(c)). These complexes are found at a
physiological level since the stain of endogenous
mHSP70 (green) colocalized with Siglec-E (cyan) and
LOX-1 (red) on the membrane of murine DCs (Figure
5(d), Supplementary Table 4).

The focal concentrations of the Siglec-E/LOX-1 re-
ceptor complexes suggested that their association could
occur in discrete patches on the membrane. Our pre-
vious studies on the Hsp70-binding scavenger receptors
indicated that SRECI, a close functional homolog of
LOX-1, was present in cholesterol-rich lipid rafts and
could influence other immune signaling molecules to
enter these lipid microdomains and regulate their ac-
tivities.'® Therefore, we investigated the possibility that
LOX-1 might possess a similar property compared to its
scavenger receptor comember SREC-I. Indeed, Siglec-E
(cyan) and LOX-1 (red) colocalized with the lipid raft
marker Caveolin-1 (orange) in splenic mouse DCs
(Figure 5(e), Pearson’s correlation of 0.757 + 0.143
and 0.911 + 0.037, respectively). We further in-
vestigated whether Siglec-E and LOX-1 interaction
would increase upon stimulus with mHSP70 by calcu-
lating different colocalization coefficients. Compared to
untreated cells, DCs stimulated with mHSP70 presented
significantly higher colocalization between Siglec-E and
LOX-1, as demonstrated by a higher Pearson’s correla-
tion and Spearman’s rank correlation values (Table 1).

To evaluate the potential role of lipid microdomains
in stabilizing Siglec-E/LOX-1 complexes, we incubated
WT splenocytes without or with cholesterol-seques-
tering agent methyl 8 cyclodextrin (MBCD), known to
disrupt lipid microdomains. We then treated the cells
with mHSP70 and immunoprecipitated Siglec-E from
the lysates of the treated cells, probing for the presence
of LOX-1 by immunoblot. A slight increase in LOX-1

coprecipitate was observed in lysates treated with
mHSP70, an effect that was partially blocked in cells
pre-treated with MBCD (Figure 5(f)). These data sup-
ported the conclusion that Siglec-E/LOX-1 complexes
are concentrated within lipid microdomains.

Siglec-E controls the magnitude of the DC maturation triggered
by LOX-1 ligands

We next asked whether Siglec-E was involved in reg-
ulating the responses triggered by LOX-1 ligands. We
tested the activation status of murine WT or Siglec-E-
deficient or bone-marrow-derived DCs (BMDCs) in-
cubated with increasing doses of mHSP70 or oxidized
LDL (oxLDL) (a classic LOX-1 ligand)."” To exclude
confounding effects of other contaminating molecular
patterns, we analyzed the effects of endotoxin-free pre-
parations of BMDCs by measuring MHC II and CD86
using flow cytometry. Both oxLDL and mHSP70 in-
creased the percentage of matured MHC I"CD86™ DCs
in a dose-dependent manner (Figure 6(a)). This eleva-
tion was notably more significant in the absence of Si-
glec-E (Figure 6(a)). Analysis of unstimulated Siglec-E
KO BMDCs indicated elevated basal levels of MHC
1IMCD86M cells (Figure 6(a)), suggesting a different level
of basal DC maturation state in these cells. This finding
is consistent with the anti-inflammatory effects reported
for Siglec-E.” Thus, the absence of Siglec-E potentiates
the expression of maturation markers by BMDCs sti-
mulated with LOX-1 ligands.

A prediction from these findings was that Siglec-E
could potentially exert a negative regulatory effect on
LOX-1-triggered intracellular signaling pathways. Given
that LOX-1 signals through phosphorylated Src (p-Src)
in DCs,”" we explored whether the impact on p-Src
signaling is mediated by Siglec-E. In the absence of any
ligand, Siglec-E KO BMDCs had increased baseline le-
vels of p-Src compared to WT cells (Figure 6(b)). The
treatment with either oxLDL or mHSP70 led to in-
creased p-Src levels (Figure 6(b)). The upregulation of p-
Src was notably more significant in Siglec-E-deficient
DCs (Figure 6(b)). Siglec-E is also known to recruit SH2-
domain-containing protein tyrosine phosphatases SHP-
1 and SHP-2 through its tyrosine-based inhibitory mo-
tifs and tyrosine-based switch motif,”* thus dampening
inflammatory responses.”””’ Hence, we examined the
levels of one of the tyrosine phosphatases, SHP-1, upon
oxLDL or mHSP70 treatments. As expected, Siglec-E
KO BMDCs have lower baseline levels of SHP-1 (Figure
6(c)). Although oxLDL and mHSP70 increased SHP-1
levels in Siglec-E-deficient DCs, this effect was sig-
nificantly reduced when compared to WT cells
(Figure 6(c)).
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Fig. 6 The absence of Siglec-E increases LOX-1-mediated maturation of DCs. (a) Wild-type (WT) or Siglec-E KO (SigEKO) bone-
marrow-derived dendritic cells were treated with increasing doses of oxLDL or mHSP70 for 24 h, and MHC IT"CD86" cells were
evaluated by flow cytometry. **P < 0.01, ***P < 0.001 compared to WT by one-way analysis of variance (ANOVA) with Tukey post
test. The experiments represent two repetitions performed in triplicate of a pool of two mice per genotype. *P < 0.05, **P < 0.01,
%P < 0.001 compared to WT by one-way ANOVA with Tukey post test. WT cells are represented in gray, and Siglec-E KO in
orange. WT or Siglec-E KO bone-marrow-derived dendritic cells were treated with 50 ug/mL of oxLDL or 50 ug/mL of mHSP70 for
30 min, and the expression of (b) phospho-Src (p-Src) or (c) SHP-1 was assessed using flow cytometry. **P < 0.01, ***P < 0.001
when compared to WT by one-way ANOVA with Tukey post test. Abbreviations used: Iso Ctrl, isotype control; LOX-1, lectin-like
oxidized low-density lipoprotein receptor-1; mHsp70, mouse Hsp70; oxLDL, oxidized LDL.

Discussion

Our study describes a novel innate receptor complex
formed by LOX-1 and Siglec-E that mediates responses
to extracellular Hsp70. Innate immune responses to cell
damage can induce inflammation and even adaptive
immunity.”"*> However, the magnitude of each of these
inflammatory responses is highly regulated in realistic
scenarios; inflammation in response to cell damage is
generally thought to lead to tissue repair rather than
high-affinity antibodies or cytotoxic T memory, mini-
mizing potential risks for autoimmunity. Tissue damage
is thought to be perceived differently in the absence or
presence of infection. Significant evidence supports the
idea of different receptors engaged by ligands that we
classify as pathogen-associated molecular patterns
versus the ones we call damage-associated molecular
patterns.”® This model, however, still does not indicate
if receptors that evolved to recognize molecular patterns
associated with cell damage can distinguish these
structures from conserved microbial orthologs.

The binding of the scavenger receptor LOX-1 by
human and mHsp70”'**” was previously shown to in-
duce TNF-a and deliver antigens to APCs, resulting in
the enhancement of anti-tumor immunity and tumor
regression in the absence of significant auto-
immunity.” *° This was rather puzzling because no
regulatory mechanism had been invoked or shown that
would prevent possible pathological autoimmune re-
sponses. Recently, Fong et al® demonstrated that
human HSP70 can bind to the human-paired receptors
Siglec-5 and Siglec-14. Their findings suggested a pos-
sible mechanism for fine-tuning this inflammatory re-
sponse: while Siglec-14 enhanced the production of IL-8
and TNF-a in human monocytes after stimulation with
human HSP70, expression of Siglec-5 reduced this in-
flammatory signaling. Some members of the Siglec fa-
mily receptors function via cis interactions,”"’” by
sequestering ligands away from their receptors and by
trans-interacting with their ligands, thus regulating
immune responses to self.”” Our results suggest that
Siglec-E, an important Siglec receptor expressed in
mouse innate immune cells, regulates the downstream
responses of LOX-1 when it engages mHSP70 or oxLDL.

We propose that Siglec-E can control the threshold for
DC activation, contributing to distinguishing signal
from noise triggered by self-molecules.”

The responses to mHSP70 are complex and depend
largely on context. The source of mHSP70 may result in
distinct post-translational modifications,” while its
subcellular location can also influence the downstream
immune response. For instance, Hsp70 is released into
the extracellular space, likely via plasma membrane-
associated vesicles, which show an enhanced ability to
activate macrophages, as indicated by elevated TNF-a
production.””*® An evolutionary model for plasma
membrane-associated Hsp70 was first proposed by De
Maio and Hightower.37 Moreover, binding of mHSP70
to LOX-1 does not always result in T cell responses but
rather consistently shows induction of TNF-o>*, and
might even result in IL-10 production.’ This range of
responses might reflect a differential expression of the
Siglec-E/LOX-1 receptor complex in the relevant APCs
in each experimental system. For example, TNF-a and
IL-10 induction might reflect binding to LOX-1 com-
plexed to Siglec-E, leading to inflammation and sub-
sequent tissue repair, while binding to LOX-1 in the
absence of Siglec-E association might favor the anti-
tumor immunity outcomes previously reported. In light
of this hypothesis, Siglec-E was recently demonstrated
to interact with the scavenger receptor CD36 and con-
trol the development of atherosclerosis in mice.”

Finally, we have found the localization of the re-
ceptors within discrete lipid microdomains to be im-
portant for the signaling pathways triggered by the
Siglec-E/LOX-1 complex. Lipid rafts are known to sta-
bilize extensive cell surface signaling complexes, leading
to the formation of immunological synapses.””*' These
data suggest that cell surface interaction between LOX-1
and Siglec-E may be required to stabilize both receptors
in functional forms and could potentially lead to larger
complexes at the cell membrane, as observed when
LOX-1 binds to ox-LDL.”* Our data suggest that large
signaling complexes, which include LOX-1, Siglec-E,
and other possible receptors or associated proteins, are
formed during immunological responses to extracellular
HSPs and perhaps other agents. Future studies should
assess whether human LOX-1 has a Siglec-binding
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partner, such as Siglec-7 and Siglec-9, which are close
human paralogs to murine Siglec-E.*”” It was recently
suggested that Siglec-E can assume a disulfide-linked
dimer configuration.”* The homodimeric interaction is
formed through a disulfide bond between cysteines at
position 298, which is on the opposite side of the pre-
dicted Siglec-E/LOX-1 interface. Thus, although the
interaction between Siglec-E and LOX-1 is likely be-
tween two dimers on the cell surface, the Siglec-E/LOX-
1 interface would not be affected by the presence of a
second Siglec-E molecule. Also, Siglec-E is itself N-gly-
cosylated and likely carries sialic acid residues.” This
modification could be important for determining the
interaction with LOX-1. However, the potential role of
sialic acid interactions in this process has yet to be de-
termined. Based on other examples, this modification
could range from being critical'' to practically unim-
portant.””*° The composition of innate immune re-
ceptors within these complexes could explain whether a
response would be biased towards inflammatory or anti-
inflammatory outcomes, as well as its duration and
amplitude. It also seems from our data that DCs or
macrophages might include both free receptors as well
as Siglec-E/LOX-1 complexes."’ Free receptors may be
in transit to forming the hetero-complexes and may
require ligand association to progress through mem-
branes to form the complexes, or individual receptors
might have discrete stand-alone functions.

Conclusion

Our study highlights the critical role of the LOX-1/
Siglec-E receptor complex in modulating immune re-
sponses to extracellular Hsp70. This interaction pro-
vides a potential regulatory mechanism that balances
inflammation and immune activation. The presence of
Siglec-E appears to fine-tune the immune response,
potentially directing outcomes toward tissue repair or
immune activation, depending on the context.
Additionally, the localization of these receptors within
lipid microdomains suggests an essential structural
component in stabilizing signaling pathways, suggesting
that cellular context and receptor configuration sig-
nificantly influence immune outcomes. The differential
expression of this receptor complex likely explains the
variable responses to Hsp70 observed across experi-
mental systems, from pro-inflammatory TNF-a pro-
duction to anti-inflammatory IL-10 release. Future
research should investigate analogous receptor part-
nerships in humans, particularly examining whether
human LOX-1 interacts with Siglec-7 or Siglec-9, and
further explore how the composition and organization

of these receptor complexes determine the nature,
magnitude, and duration of innate immune responses to
cellular damage.

Materials and methods
Cell culture

WT CHO-K1 cells and all stable CHO transfectant cells
were grown in Ham’s F-12 medium (Gibco) supple-
mented with 10% FBS (Gibco). In the case of stable
transfectant CHO-LOX-1 clonal selection was kept at
0.4mg/mL G418 (Gibco). Stable CHO-Siglec-E trans-
fectant was produced through transfection with
pcDNA3.1+/N-HA mouse Siglec-E plasmid.
Populations of G418 (0.4 mg/mL)-resistant cells were
generated after 2 weeks of cell culture. In some ex-
periments, CHO-LOX-1 cells were transiently trans-
fected with a Siglec-E encoding construct. All cells were
maintained in a 5% CO2 humidified incubator.

Animals

C57BL/6 WT mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). C57BL/6 Siglec-E KO
mice described previously in McMillan et al.** were not
used because of concerns about the effect of the
genomic Neo insertion. Instead, we used recently de-
rived floxed exon-deleted Siglec-E KO mice.”” Both
males and females were used in the experiments. All
animals were between 6 and 11 weeks old.

Experiments were approved by the BIDMC Animal
Care and Use Committee under TACUC0792012 and
Massachusetts General Brigham Institutional Animal
Care and Use Committee 2016N000250 and
2020N000125. All animals were housed in accordance
with the Institutional Animal Care and Use
Committee and National Institutes of Health Animal
Care guidelines.

Purified murine HSP70 and fluorescence labeling

ADP-bound mHsp70 was purified from mice liver, as
previously described by Murshid et al.’” Purified pro-
teins were labeled with Alexa Fluor 488 fluorescent dye
using Microscale Protein Labeling Kits from Thermo
Fisher, following the manufacturer’s instructions. En-
dotoxin levels were measured using the ToxinSensor
Chromogenic LAL Endotoxin Assay Kit (Genscript),
according to the manufacturer’s instructions. Only
proteins from 0.2 to 0.45EU/mL were used in this
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study. All proteins were quantified with the Pierce BCA
Protein assay kit (Thermo Scientific) before use.

Siglec-E:Ligand ELISA interaction assay

The ELISA assay was performed as an adapted protocol
from Fong et al.” and Horie et al.’’ Briefly, wells of a 96-
well plate were coated overnight at 4 °C with 10 ug/
mL of purified proteins in carbohydrate buffer (15 mM
Na2CO3 and 35 mM NaHCO3, pH 9.6), 100 uL per well.
The wells were washed three times with PBS containing
0.1% Tween-20 (PBS-T) after each step. After blocking
with 200 uL of blocking buffer (20 mM Tris HCI1 [pH7.4],
150 mM NacCl, and 1% BSA) for 1 h at room temperature
(RT), 5ug/mL of recombinant mouse Siglec-E-Fc chi-
mera (R&D Systems, Cat. 5806) in 100 uL of buffer
(10 mM Tris-HCI [pH7.4], 150 mM NacCl, 10 mM CacCl2,
1% BSA and 0.05% Tween-20) was added to each well
for 2h at RT. For some experiments, 30 ug/mL of anti-
LOX-1 blocking antibody (polyclonal, R&D Systems) or
goat IgG isotype (Biolegend) control was added to the
plate for 2 h at RT before adding the recombinant Siglec-
E-Fc chimera. Next, the wells were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (polyclonal, Abcam-ab6789, 1:3000) for 1h,
RT. HRP development was assayed by incubation with
3,3’,5,5 -tetramethylbenzidine liquid substrate at RT for
30 min, and the reaction was stopped by adding 0.5N
HCI per well (both from R&D Systems). All IgG controls
were used at equimolar concentrations for the highest
experimental condition. Samples were analyzed at
450 nm using the Benchmark Plus microplate spectro-
photometer (Bio-Rad).

DCs generation and isolation

DCs were grown from WT or Siglec-E KO bone mar-
rows (BMDCs) in the presence of 40 ng/mL of granu-
locyte-macrophage colony-stimulating factor and IL-4
(both from Peprotech or Biolegend). Cells were cultured
in 24-well plates in DMEM (Gibco), 10% FBS (Gibco)
with pen/strip (Gibco). Non-adherent cells (DCs) were
separated from adherent cells after six days in culture
and were plated with 10 ng/mL of granulocyte-macro-
phage colony-stimulating factor and IL-4. On the next
day, BMDCs were incubated in media (control), or dif-
ferent concentrations of mHSP70 or oxLDL (Thermo
Fisher) for different time points. Cells were analyzed by
flow cytometry.

CD11c* cells were isolated from WT or Siglec-E KO
naive mice. Spleens were disrupted against a nylon
screen and treated with Collagenase D (Roche) for
30min at 37°C. Cells were labeled with anti-CD11c

(clone N418)-coated magnetic beads (Miltenyi).
Splenocytes were Fc-blocked, and CD11c* cells were
purified by positive selection using MACS separation
columns (Miltenyi). The purity of selected cells was
controlled by flow cytometry analysis. Purified DCs
were analyzed by confocal microscopy.

Binding assays

BMDC:s or splenic isolated DCs were grown on Poly-D-
Lysine-coated coverslips (Corning) for 48 h in serum-
free AIM-V media (Gibco). Cells were incubated on ice
with 10 ug/mL of Alexa 488-labeled mHSP70 or DnaK
for 20 min. For receptor-mediated internalization ex-
periments, cells were incubated with labeled mHSP70
on ice for 20min and then at 37°C for 20min.
Coverslips were washed with PBS and fixed with 4%
paraformaldehyde for immunofluorescence experi-
ments as described below.

Bindings analysis by flow cytometry was performed
as described.” Briefly, nontrypsinized CHO cells were
washed twice in PBS containing 0.5% FBS, 0.05% NaN3,
and 1 mM CaCl2 (PFNC). For Siglec-E blocking, cells
were incubated with 10 ug/mL of anti-Siglec-E antibody
for 20min at RT. Cells were washed twice and in-
cubated with 10 ug/mL of labeled mHSP70 for 30 min
on ice with gentle shaking. The cells were washed four
times in PFNC twice, and the cells were analyzed in a
FACS Canto II (BD Biosciences) flow cytometer.

Immunofluorescence

After fixing with 4% paraformaldehyde, cells were per-
meabilized (for visualizing intracellular proteins) or not
(for surface expression or binding) using 0.1% Triton X-
100. Samples were blocked with 3% normal goat serum
(Sigma) for 1h at RT. Cells were then stained with
primary antibodies for 1h at room temperature, and
washed three times with 1x PBS. After that, cells were
stained again with fluorophore-conjugated secondary
antibodies for 1h at room temperature. After three
washes with 1x PBS, cells were stained with 1 pg/mL of
Hoechst 33342 (Thermo Scientific) in PBS for 10 min at
RT. Fluorophores were visualized using the following
filter sets: 488 nm excitation and bandpass 505-530 nm
emission filter for Alexa 488; 543 nm excitation and
bandpass 560-615nm for Cy3/Alexa 594nm; and
633nm excitation, in a Zeiss Confocal Microscope.
Images were processed using ZEN 2 blue edition and
Adobe Photoshop. Primary antibodies used were: goat
anti-mouse Siglec-E (polyclonal IgG, R&D Systems) and
mouse anti-cell membrane Hsp70 (clone 1H11,
StressMarq) were used as 1:100, rat anti-LOX-1
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(polyclonal, from Dr Sawamura, described in>? was used
at 1:200, mouse anti-HA antibody (clone 16B12, Cov-
ance) at 1:250, rabbit anti-caveolin (polyclonal, Sigma-
Aldrich) and mouse anti-c-Myc (clone 9E10, Biolegend)
were used as 1:300; rabbit anti-HA (cat H6908, Sigma)
was used at 20 ug/mL. All secondary antibodies were
purchased from Jackson ImmunoResearch and used as
1:300. All antibodies were prepared in 3% normal goat
serum solution.

Deglycosylation of mHSP70

mHSP70 or fetuin (New England Biolabs, positive con-
trol) were subjected to cleavage by PNGase F (New
England Biolabs), following the manufacturer’s in-
structions. Briefly, for each reaction, 20 ug of mHSP70
and fetuin were denatured at 100 °C for 10 min and then
mixed with Glycobuffer, 10% NP-40, and 1pL of
PGNase F, during 1 h at 37 °C. For protein detection, the
gel was stained using Coomassie Blue (Bio-Rad).

Immunoprecipitation

WT splenocytes were incubated with 10pug/mL of
mHSP70 or media for 30 min at 37°C. For some ex-
periments, spleen cells were pre-treated with 20 mM of
the cholesterol-sequestering agent MBCD (Sigma) for
4h. After that, Siglec-E was immunoprecipitated.
Spleen cells lysates were prepared in NP-40 lysis buffer
(containing 1% Nonidet P-40, 150 mM NaCl, 1 mM
EDTA, 1 mM PMSF-Boston BioProducts) with 1x Halt
protease inhibitor cocktail (Thermo Scientific). Samples
were pre-cleared with 40 uL of protein G Sepharose
beads (50% slurry, GE Healthcare) plus 5 ug Goat IgG
(Invitrogen), overnight at 4°C with rotation. Protein
concentration was measured with BCA assay and 350 pg
of lysates were incubated with 5 ug of anti-Siglec-E an-
tibody (polyclonal goat IgG-R&D Systems-cat. AF5806)
or goat IgG for 2h at 4°C, and then 40 puL of 50% bead
slurry was added for overnight at 4 °C with rotation. The
beads were washed four times with lysis buffer, and
complexes were eluted by boiling in Laemmli sample
buffer (Bio-Rad) for western blot.

Western blot

For Western blotting, 30 ug of protein were resolved by
4-15% gradient SDS-PAGE (Bio-Rad) and transferred to
polyvinylidenefluoride membranes. Membranes were
blocked with 5% non-fat milk and immunoblotted with
primary antibodies. After washing, membranes were
incubated with secondary antibodies that are HRP-
conjugated. The membrane reactions were visualized by

Perkin Elmer enhanced chemiluminescence reagents.
Primary antibodies: goat anti-mouse Siglec-E (poly-
clonal IgG, R&D Systems) and mouse IgM anti-mouse
Siglec-E (clone F-7, Santa Cruz) were used as 1:200,
rabbit anti-LOX-1 (clone EPR4025, Abcam), and mouse
anti-HSP70 (clone C92F3A-5, StressMarq) were used as
1:10,000. Secondary HRP-conjugated antibodies: goat
anti-mouse IgM (Santa Cruz, cat. Sc-2064) was used as
1:2000, horse anti-mouse IgG (cat. 7076, Cell Signaling)
was used as 1:3000, mouse anti-rabbit IgG, light chain-
specific (clone 5A6-1D10, Jackson ImmunoResearch),
and goat anti-rabbit IgG (cat. 7074, Cell Signaling) was
used as 1:3000.

For western blotting with the lectin, the membranes
underwent a 30-minute blocking at RT using 1x carbo-
free blocking solution (Vector) containing 1% Tween-20
(Sigma). The membranes were then blotted with 1 pg/
mL biotinylated Sambucus nigra Lectin (sambucus
nigra lectin, EBL, Vector) in the TBS with 0.1 M Ca2t
and 0.1 M Mg2™ for 1h at RT. Following three washes
with PBS 1x with 0.05% Tween-20, membranes were
incubated with goat anti-biotin-HRP at 1:5000 (Vector)
in PBS 1x. Sialylated proteins on the membranes were
visualized by PierceTM ECL Western Blotting substrate
solution (ThermoFisher).

Flow cytometry

Cells were initially washed with PBS and stained with
Fixable Viability Dye eFluor 780 (eBioscience) to detect
dead cells. Cells were then Fc blocked for 20 min on ice,
and surface markers were stained by incubation for
30 min with antibodies in PBS with 2% fetal bovine
serum (FBS). Intracellular staining was performed after
treating cells with the eBioscience® Foxp3 Fixation/
Permeabilization solution, followed by incubation with
antibodies for 1 h at RT. The following antibodies were
used for murine cells: I-A° (MHC 1II, clone AF6-120.1;
1:200), CD86 (clone GL1; 1:100), CD11c (clone HLS3;
1:100), CD45R/B220 (clone RA3-6B2; 1:200), CD11b
(clone M1/70; 1:100) from BD Biosciences; LOX-1
(clone 214012, 1:50) from R&D Systems; Siglec-E (clone
M1304A01, 1:200) from Biolegend.

For intracellular signaling pathway analysis, cells
were fixed with 4% paraformaldehyde for 10 min at
room temperature, followed by permeabilization with
the True-Phos Perm buffer (Biolegend) for 20 min on
ice, followed by incubation with antibodies for 30 min at
RT. The following antibodies were used for the sig-
naling pathways: phospho-Src (Tyr418, clone SC1T2M3;
1:10) from Thermo Fisher, mouse IgG2b isotype control
from Biolegend, SHP-1 (clone E1U6R, 1:50), and rabbit
IgG isotype control from Cell Signaling. Cells were
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analyzed using FACS Canto II or Fortessa X-20 (both
from BD Biosciences). Data obtained were analyzed
using FlowJo software (version X, Tree Star).

Protein homology modeling and molecular docking

The proteins LOX-1 (Uniprot ID: Q9EQO09) and Siglec-E
(Uniprot ID: Q91Y57) were modeled using Modeller
v9.10 software.”” Both proteins were initially submitted
to the same homology modeling protocol. Briefly, we
first searched for three-dimensional templates using
BLAST, HHPRED, and PHYRE2 servers.”"”” Then we
performed a structural alignment using selected tem-
plates against LOX-1 or Siglec-E sequences through the
TCOFFEE server ™ to choose the best template(s). After
that, a basic Modeller algorithm generated 100 models.
The best model was chosen according to DOPE score,
Ramachandran plot analysis, QMEAN score,”’ and
ModFOLD6 score””” of each residue. A loop refine-
ment was used to correct loop regions with bad mod-
eling scores when necessary. The protein-protein
interaction was assessed through ClusPro 2.0."” The
parameters were maintained as default. The electro-
static potential of the structures was computed with
DelPhi software (available at http://honig.c2b2.
columbia.edu/) and analyzed with UCSF Chimera and
UCSF Chimera X software.””"’

Statistics

For the comparison of two independent groups, we used
an unpaired Student’s t-test. For the multiple-group
comparison, one-way or two-way analysis of variance
(ANOVA) was used to determine differences. We used
Tukey post-hoc tests for multiple comparisons between
levels for one-way ANOVA and Sidak’s multiple com-
parisons test for two-way ANOVA. Significant differ-
ences were set for P < 0.05. After Kaplan-Meier survival
curves were generated, a log-rank test was used for
statistical inference between experimental groups.
Prism software was used for statistical analysis and
plotting graphs (GraphPad Software, Inc.).
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