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Abstract Diabetes mellitus type 1 (DMT1) is an autoim-
mune disease characterized by the destruction of insulin-
producing cells in the pancreas. Diabetic patients are more
susceptible to recurrent and uncontrolled infections, with
worse prognoses than in healthy individuals. Macrophages
(Mfs) derived from DMT1 individuals have compromised
mounting of inflammatory and immune responses. The
mechanisms responsible for these alterations remain un-
known. It has been shown that the presence of extra- and
intracellular heat shock proteins (hsp) positively modulates
immune cell function. Using naive Mfs derived from non-
obese diabetic (NOD) mice, a well-established mouse
model for DMT1, we demonstrate that heat shock (HS) as
well as treatment with geldanamycin (GA), significantly
improves diabetic Mf activation, resulting in increased
phagocytosis and killing of bacteria. Induction of HS did
not affect the aberrant NOD-Mf cytokine profile, which is
characterized by elevated IL-10 levels and normal tumor
necrosis factor alpha. Our observations were consistent at
pre-diabetic (normal random blood glucose) and diabetic
(random blood glucose greater than 250 mg/dl) stages,
suggesting that HS and GA treatment may compensate for
intrinsic genetic alterations present in diabetic cells regard-
less of the stage of the disease. The mechanisms associated

to this phenomenon are unknown, but they may likely be
associated with the induction of hsp expression, a common
factor between HS and GA treatment. Our results may open
a new field for non-classical function of hsp and indicate
that hsp expression may be used as a part of therapeutic
approaches for the treatment of complications associated
with DMT1 as well as other autoimmune diseases.
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Introduction

Heat shock protein (hsp) expression constitutes the most
primitive mechanism for cellular protection. This function
is accomplished due to the proteins’ intracellular chaperone
activity and is responsible for the refolding of stress-
denatured proteins and stabilization of transcription and
translation (Lindquist and Craig 1988; Morimoto 1991; De
Maio 1999). More recently, it has been shown that hsp also
regulate other cellular activities such as cytoskeleton
rearrangement (Han et al. 2000; Kirby et al. 1994; Liao et
al. 1995; Dou et al. 2003; Lavoie et al. 1993; Piotrowicz
and Levin 1997), endocytosis and phagocytosis (Vega et al.
2010; Vega and De Maio 2005), and activation of immune
cells (Vega et al. 2008; Asea et al. 2000, 2002). Especially
interesting is the capacity of both extra- and intracellular
hsp to regulate the immune system by activation of key
cells such as macrophages (Mfs) and dendritic cells,
thereby controlling inflammatory and immune responses
(Vega et al. 2010; De Maio 2010; Asea et al. 2000, 2002;
Basu et al. 2001). The mechanisms associated with this
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activation remain unknown, but it has been proposed that
they are part of the stress response (SR). Thus, hsp-
mediated immune activation may constitute a primary
signal to activate and control the inflammatory process
resulting in faster destruction of pathogens, clearance of
necrotic and apoptotic cells (AC), activation of healing
mechanisms, and homeostasis restoration. In agreement
with this, induction of hsp in several clinical conditions,
such as ischemia/reperfusion, infections, respiratory distress,
hemorrhage, and diabetes, has been observed (Donnelly et al.
1992; De Maio 1999; Giffard et al. 2008; Villar et al. 1993).
Among these conditions, diabetes and, more specifically,
diabetes mellitus type 1 (DMT1) represents an interesting
scenario for a potential modulatory effect of hsp, particularly
since functional and developmental defects of professional
phagocytes have been associated with the initiation and
progression of this autoimmune disease (Bagley et al. 2008;
Hutchings et al. 1990; Jun et al. 1999; Maree et al. 2005;
Gordon and Taylor 2005).

In the USA alone, an estimated 2 million people have been
diagnosed with DMT1, while worldwide, the incidence of this
disease continues to increase rapidly (by 2–5% per year). DMT1
is the second most common chronic disease diagnosed in
children. The only definitive treatment for DMT1 is a pancreatic
transplant, which is only performed in patients who have
advanced disease because it is a highly complicated and risky
procedure. Similarly, there are no successful strategies for the
treatment of the underlying inflammatory process responsible for
the destruction of β cells in the pancreas as well as prevention of
DMT1 development in susceptible individuals. Aggressive
treatment of diabetes and factors contributing to diabetes can
delay and possibly prevent the development of serious compli-
cations, such as heart disease, kidney failure, nerve damage, and
recurrent infections. The current treatment for DMT1, which in
the USA alone has reached a cost of $40 billion per year,
involves subcutaneous administration of insulin with careful
attendance to both exercise and nutrition. It is well accepted that
the initiation and the progression of DMT1 is linked to intrinsic
dysfunction in professional phagocytes (i.e., Mfs), which results
in a compromised mounting of immune and inflammatory
responses (Fan et al. 2004; Shultz et al. 1995; O’Brien et al.
2006; Trudeau et al. 2000; Marée et al. 2008; Mohammad et al.
2006). For example, it has been shown that deficient
internalization of AC by Mfs derived from diabetic individuals
is accompanied by decreased production of IL-10 and increased
secretion of pro-inflammatory cytokines, generating an unusual
pro-inflammatory environment in response to AC (O'Brien et
al. 2006; Trudeau et al. 2000; Marée et al. 2008; Mohammad et
al. 2006). On the contrary, incubation of DMT1-derived Mfs
with pro-inflammatory stimuli has been shown to produce
unusually high levels of PGE2, which leads to down-regulation
of cellular immune activation and therefore a decrease in
inflammation (Benhamou et al. 1995). Clinically, DMT1

patients are more susceptible to the development of recurrent
and more severe infections than non-diabetic individuals
(Pozzilli and Leslie 1994). Inflammatory processes in DMT1
patients are the most common cause of glucose imbalance,
hospitalization, limb amputation, wound healing delay, and/or
potentially fatal consequences. Thus, priority has been given to
the development of clinical or pharmacological interventions
that improve regulation of inflammation in diabetic patients. In
this study, we characterize the inflammatory and immune
responses of naive Mfs derived from non-obese diabetic
(NOD) mice, a well-established animal model for DMT1, and
the effect of heat shock (HS) and GA treatment on their
response to pro-inflammatory stimuli.

Results and discussion

Mfs derived from NOD mice have decreased phagocytic
and killing activities in comparison with cells derived from
non-diabetic strains Professional phagocytes, such as Mfs,
are widely distributed cells. Genetic and environmental
factors that affect their responses have been linked to the
pathogenesis of DMT1, although the exact mechanisms
remain unknown (Fan et al. 2004; Shultz et al. 1995). It has
been suggested that deficient internalization and/or clear-
ance of AC by Mfs may be linked to the development of
autoimmunity (O’Brien et al. 2006; Trudeau et al. 2000;
Marée et al. 2008; Mohammad et al. 2006). Both AC and
pathogens are internalized by phagocytosis, although the
cell surface receptors involved in these processes are
different. Therefore, we hypothesize that the clinically
reported high incidence of infections in diabetic patients is
due to deficient clearance of pathogens, secondary to an
impaired inflammatory response. To evaluate this possibil-
ity, we compared bacteria (Staphylococcus aureus and
Escherichia coli) phagocytic capacity of two populations
of naive Mfs, alveolar (AMfs) and peritoneal (PMfs) Mfs,
derived from female (8 weeks old) non-obese diabetic
(NOD/ShiLtJ) mice with cells isolated from non-diabetic
strains (BALB/c, C57BL6 [B6] and Swiss mice). All mice
were purchased from Jackson Laboratories (Bar Harbor,
ME, USA) and kept at the UCSD animal facility for a week
before performing experiments. The major component of
diabetes susceptibility in NOD/ShiLtJ (NOD) mice is the
unique MHC haplotype, H2g7=Kd-Aad-Abg7-Enull-Db, that
is linked to defects in antigen presenting processes, T-cell
regulation, cytokine production, and wound healing (Fan et
al. 2004). In brief, Mfs were harvested by lavage and
incubated in the presence of Fluorescein isothiocyanate
(FITC)-conjugated IgG-opsonized S. aureus as previously
described (Vega and De Maio 2005). Phagocytosis was
quantified by fluorometry (Fig. 1a) or visualized by
fluorescent microscopy (Fig. 1b). We observed that both
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Fig. 1 NOD-derived Mfs displayed decreased phagocytic and killing
activities. Female NOD/ShiLtJ mice (8 weeks old) were at the pre-
diabetic stage, measured as normal random blood glucose levels
(≥250 mg/ml). No differences were observed in body weights between
the strains. Peritoneal (PMfs) and alveolar (AMfs) macrophages were
isolated by peritoneal or alveolar lavage and cultured for 16 h in
RMPI1640 media (glucose level, 2,000 mg/L) supplemented with 10%
FBS. Phagocytic assays were performed as described in Vega and De
Maio (2005). In brief, cells (5×105 cells/well) were pre-incubated
(30 min) with serum-free (SF) medium before the addition of FITC
IgG-opsonized Staphylococcus aureus suspension (70 μg/ml, 60 min).
Non-internalized bacteria were removed by washing with acidic PBS
(pH 5.0). a Quantification of phagocytosis by fluorometry. Results were
rectified by the number of live cells measured as MTT and expressed as
arbitrary units (AU). n=5 mice in each group, experiments were
performed in triplicate. Statistical analysis was performed by one-way
analysis of variance (ANOVA) followed by Newman-Keuls test. *p<0.01
with respect to non-diabetic strains. b Visualization of internalized FITC
IgG-opsonized Staphylococcus aureus. Phagocytic assay was performed
as described above then cells were fixed in 4% PFA, and visualization of
internalized particles was performed using a fluorescent microscope. A
representative experiment is presented. c Non-permeabilized cell surface
immunostaining of FcγRs using a commercial FITC-conjugated antibody.
d Endocytosis of AlexaFluor594-conjugated transferrin was performed as

described by Vega et al. (2010). In brief, Mfs (5×105 cells/well) were
pre-incubated in SF medium (30 min) before adding AF594-transferrin
(50 μg/ml, 30 min). Internalized signal was visualized by fluorescent
microscopy. A representative experiment is presented. e Killing assay was
performed by incubating (120 min at 37°C) PMfs in the presence of live
GBS with a multiplicity of infection (MOI) of 1 (one Mf per one GBS).
Quantification of surviving bacteria was performed as described by Crotty
Alexander et al. (2010), and results are expressed as percentage of killed
bacteria. f Quantification of NADPH oxidase activation. The percentage
of NADPH oxidase activity was estimated by incubating PMfs with NBT
in the presence or the absence of DPI, an inhibitor of NADPH oxidase as
described previously (Vega and De Maio 2005). FITC IgG-opsonized
Staphylococcus aureus (70 μg/ml) were incubated for 1.5 h after NBT
incubation and NBT oxidation by superoxide anion was monitored at
540 nm and normalized by the protein content in each sample. The
percentage of NADPH activation was calculated by subtracting the NBT
plus DPI value from the NBT value. Results are expressed as the activity
of NADPH oxidase (percentage of total superoxide anion production). n=
5 mice in each group, experiments were performed in triplicate. Statistical
analysis was performed by one-way analysis of variance (ANOVA)
followed by Newman–Keuls test. *p<0.01 with respect to non-diabetic
strain. g Visualization of lysosomes labeled with Lysotraker-red (Invi-
trogen) in PMfs derived from BALB/c and NOD mice. A representative
experiment is presented
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AMfs and PMfs derived from NOD mice internalized
significantly lower amounts of fluorescent IgG-opsonized
S. aureus when compared with cells isolated from non-
diabetic strains (Fig. 1a, b). It is important to remark that at
8 weeks of age, NOD female mice are at the pre-diabetic
stage characterized by normal random blood glucose levels
(≥250 mg/dl), with a body weight that does not differ from
that observed in non-diabetic animals. On the contrary,
these animals have altered glucose tolerance as well as
insulinemia (Amrani et al. 1998). Spontaneous onset of
DMT1 had been observed in 80% of NOD female mice
(≥12 weeks old), which is characterized by elevated random
blood glucose levels (≤250 mg/dl). Thus, our observations
showed that Mfs derived from female diabetic NOD mice
(14 weeks old) also had a lower phagocytic capacity in
comparison with cells isolated from BALB/c mice (35 and
101 AU, respectively), suggesting that decreased phagocy-
tosis in NOD cells is independent of the blood glucose
levels or the stage of the disease. Lower phagocytic
capacity by NOD-derived cells was observed independently
of the nature of the ligand or the presence or absence of
opsonins. NOD-reduced phagocytosis was not due to a
diminished expression of the FcγRs on the cell surface
(Fig. 1c) or to a decreased binding capacity, suggesting that
processes such as phagosome formation and/or maturation
may be responsible for this NOD phenotype. Interestingly,
we observed no differences in endocytosis of transferrin
(clathrin-mediated endocytosis) (Fig. 1d) or cholera toxin
(lipid-mediated endocytosis) (data not shown), strongly
indicating the presence of specific alterations in the
activation of the NOD phagocytic signal transduction
pathway. Diminished phagocytosis of NOD-derived Mfs
is linked to a 5.3-fold lower killing capacity of live group B
Streptococcus (GBS) (Fig. 1e) and a deficient production of
superoxide anion by the NADPH oxidase (Fig. 1f). No
difference in the amount of lysosomes (measured by
Lysotraker-red staining) were observed between NOD and
non-diabetic Mfs (Fig. 1g), although we cannot discard the
existence of differences in enzymatic activities that may be
responsible for this diminished killing. In summary, our
data shows that Mfs derived from NOD mice have
decreased (compromised) phagocytic and killing responses.
These alterations may be responsible for the increased
susceptibility to recurrent and more prolonged infections in
diabetic patients. Similarly, it has been shown that NOD
mice required more time to resolve experimentally induced
inflammatory processes and infections (Rich and Lee 2005;
Bouma et al. 2005). The precise mechanism(s) involved in
this depressed response remains unclear. Maree et al. (2005,
2008) have suggested that a combination between a low
rate of engulfment (phagosome formation) and diminished
particle digestion are responsible for the decreased clear-
ance of AC by diabetic Mfs. Fan et al. (2006) linked

deficient activation of small Rho GTPases, such as CdC42
and Rac, to altered cytoskeleton rearrangements in major
murine models of spontaneous autoimmunity. In addition to
these alterations, NOD mice show an impaired recruitment
of professional phagocytes in response to local inflammation
(Bouma et al. 2005), which is associated with a deficient
production of local chemokines and an increased secretion of
IL-10. Moreover, it has been shown that neutrophils derived
from diabetic patients have decreased bactericidal activity,
resulting in further delays in pathogen destruction and,
therefore, delays in the tissue repair and wound healing
processes (Delamaire et al. 1997; Naghibi et al. 1987).

NOD-derived Mfs express significantly higher levels of IL-
10 in response to pro-inflammatory stimuli Previous reports
have shown that in diabetic individuals there is a defective
clearance of AC by Mfs (Trudeau et al. 2000; Mathis et al.
2001). Moreover, in Mfs derived from NOD mice, it has
been reported that, together with the impaired phagocytosis
of AC (O’Brien et al. 2006), an abnormal production of IL-
12 (Rainbow et al. 2008), IL-21 (King et al. 2004), and IL-
1β (Bouma et al. 2005) also occurs. It is important to remark
that quantitative and kinetic balance of pro- and anti-
inflammatory mediators contributes to restoring immunolog-
ical homeostasis and determines the final outcome of
biological processes (Brown et al. 2003). Thus, we investi-
gated potential alterations in cytokine production by NOD
Mfs in response to pro-inflammatory stimuli such as bacteria
particles or lipopolysaccharide (LPS). In brief, PMfs derived
from NOD and non-diabetic (BALB/c) mice were incubated
in the presence and absence of LPS or FITC IgG-opsonized
E. coli, and production of cytokines was evaluated by qRT-
PCR and ELISA (Fig. 2). We observed that non-stimulated
cells (control) have similar and extremely low levels of IL-
10 and tumor necrosis factor alpha (TNF-α). FITC IgG-
opsonized E. coli activation of NOD-derived PMfs resulted
in a significantly higher induction of IL-10 when compared
to BALB/c-derived cells (Fig. 2a). Similar results were
observed when PMfs were incubated with LPS (100 ng/ml,
2 h) or zymozan (200 μg/ml, 2 h) (data not shown),
suggesting that increased production of IL-10 is a common
phenomenon after activation of CD14/TLR4 (by LPS),
FcγR (by IgG-opsonized E. coli) or TLR2/TLR6 (by
zymozan) pathways. No differences in the levels of these
receptors (Figs. 1c and 2e, f) were observed between NOD
and BALB/c derived cells, suggesting that another mecha-
nism is responsible for the larger production of IL-10.
Interestingly, activation of Mfs with these pro-inflammatory
ligands resulted in similar induction of TNF-α (Fig. 2b, c).
Thus, calculated TNF-α/IL-10 ratios were significantly
lower (7.8-fold) in NOD-derived Mfs, suggesting a strong
anti-inflammatory component in response to pro-
inflammatory stimuli (Fig. 2d). It is important to remark
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that other non-diabetic strains, such as Swiss and DBA, have
similar responses to those observed in BALB/c Mfs. These
data demonstrate abnormal regulation of the IL-10 pathway in
NOD-derived Mfs, which results in a large expression of this
cytokine in response to pro-inflammatory stimuli. The
mechanisms that control this unusual expression of IL-10
remain unknown and require further investigation. Excessive
or mistimed IL-10 synthesis is linked to a down-regulation of
the inflammatory response to the extent that pathogens escape

immune control, resulting in chronic non-healing or recurrent
infections. For example, transgenic mice that constitutively
over-express IL-10 are highly susceptible to infections (Groux
et al 1999; Feng et al. 2002), and elevated levels of IL-10
observed in several autoimmune diseases are linked to the
occurrence of recurrent infections (Hedrich and Bream 2010;
Ishida et al. 1994; Sanjabi et al. 2009). Although the
association between IL-10 and autoimmunity is well docu-
mented, the mechanisms that explain how elevated levels of

Fig. 2 NOD-derived Mfs respond to pro-inflammatory stimuli with a
strong induction of IL-10. PMfs (2.5×105 cells/well) derived from NOD
or BALB/c mice (female, 8 weeks old) were pre-incubated in SF
medium (30 min) and then IgG-opsonized Escherichia coli particles
(70 μg/ml) were added (60 min). Total RNA was isolated using Trizol.
cDNAwas produced using random primers, and levels of IL-10 (a) and
TNF-α (b) were measured by qRT-PCR. Results are expressed as
number of copies of each cytokine messenger rectified by number of
copies of GAPDH levels. c Detection of TNF-α in the extracellular
medium by ELISA. PMfs (5×106 cells/well) were incubated in
complete medium in the presence of LPS (100 ng/ml) for 1, 2, and

3 h. Extracellular medium was collected. TNF-α levels were measured
and rectified by MTT values in each well. d Calculated TNF-α/IL-10
ratios in response to IgG-conjugated Escherichia coli particles incuba-
tion. These ratios were calculated from data presented in a and b. e
CD14 immunostaining using non-permeabilized PMfs derived from
NOD and BALB/c mice. Immunostaining was performed as described
in Vega and De Maio (2003). f TLR4 expression measured by qRT-
PCR. n=5 mice in each group, experiments were performed in triplicate.
Statistical analysis was performed by one-way analysis of variance
(ANOVA) followed by Newman–Keuls test. *p<0.01, with respect to
control BALB/c. #p<0.01, with respect to control stimulated BALB/c
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this cytokine promote autoimmunity are not fully understood.
Years of investigation have suggested that the effects of IL-10
on B cell function play a critical role in the onset of
autoimmunity by stabilizing auto-reactive clones, prolonging
B cell survival, differentiation, proliferation, and antibody
production (Lalani et al. 1997; Moore et al. 2001; te Velde et
al. 1992; Levy and Brouet 1994; Llorente et al. 1995).

Expression of hsp reverts the NOD-phenotype by improving
phagocytosis and killing activities We have previously
reported that induction of hsp results in increased phagocytosis
by J774 cells, which depends on the synthesis of new proteins
(Vega and De Maio 2005). The mechanisms responsible for
this increase remain unknown, although our investigations
strongly suggest a critical role of Hsp70 (Vega et al. 2010).

Fig. 3 Increased phagocytosis and bactericidal activity are observed
in NOD-derived Mfs after hsp expression. Heat shock (HS) and
treatment with GAwere performed as described by Vega and De Maio
(2005) in Mfs-derived from female BALB/c and NOD female mice
(8 weeks old). a Naive PMfs (5×105 cells/slide) were isolated as
previously described in Fig. 1 and incubated with GA (1 μg/ml, 6 h).
Cells were fixed in 4% PFA and permeabilized with cold acetone.
Immunostaining for Hsp70 was performed using a polyclonal
commercial antibody. No Hsp70 expression was detected by immu-
nostaining when control cells (untreated with GA) were used. b PMfs
(5×105 cells) were subjected to HS (42°C, 90 min) in SF medium and
allowed to recover at 37°C for 3 h. Total mRNA was isolated as
described in Fig. 2 and qRT-PCR was performed using commercial
probes for mouse HSP1A and HSP1B. Phagocytic assay was
performed using PMfs and AMfs as described in Fig. 1 using

FITC-conjugated IgG-opsonized Staphylococcus aureus particles.
Cells were either incubated in the presence or absence of GA (1 μg/
ml, 3 h) (c) or subjected or not to HS (d) and then visualization of
internalized FITC-conjugated IgG-opsonized Staphylococcus aureus
was performed by fluorescent microscopy. (e) Phagocytic indexes
were measured by fluorometry as described in Fig. 1 using PMfs
derived from NOD and BALB/c mice (f) PMfs were subjected to HS
and allowed to recover for 24 h, and then cells were incubated with
live GBS at an MOI of 1 (3 h at 37°C). Surviving bacteria colonies
were enumerated as described in Fig. 1. Results are expressed as
percentage of killed bacteria. n=5 mice in each group, experiments
were performed in triplicate. Statistical analysis was performed by
one-way analysis of variance (ANOVA) followed by Newman–Keuls
test. *p<0.01 with respect to BALB/c control (non-heat shocked)
cells. #p<0.01 with respect to NOD control (non-heat shocked) cells

578 V.L. Vega et al.



Thus, we decided to evaluate if the activation of the heat shock
response (HSR) may compensate for the genetic or epigenetic
alterations associated with the NOD phenotype. To accomplish
this possibility, AMfs and PMfs derived from NOD and
BALB/c mice were submitted to heat shock (HS) (42°C,
90 min) or incubated with geldanamycin (GA, 1 μg/ml), a
specific Hsp90 inhibitor, as previously described (Vega and
De Maio 2005). GA treatment activates the HSR by
disrupting the Hsp90/heat shock factor-1 (HSF-1) complex.
Then, trimerarized HSF-1 translocates to the nucleus and
initiates hsp gene transcription. We observed that NOD and
BALB/c derived Mfs express comparable levels of Hsp70 in
response to GA treatment (Fig. 3a) or to HS (Fig. 3b).
Although both HSP1A and HSP1B are strongly up-regulated
in comparison with control (resting) cells, a significantly
higher induction of HSP1B was reported in response to HS as
well as GA treatment (Fig. 3b). HSP1B expression has been
implicated in the increased survival of FcγR-activated Mfs
(Smith et al. 2010) and its expression regulates the induction
of pro- (IL-1β) and anti- (IL-10) inflammatory cytokines. Our
data show that treatment with GA (Fig. 3c) as well as
HS/recovery (Fig. 3d) results in significant increases in
phagocytosis of FITC-conjugated IgG-opsonized S. aureus
by both NOD and BALB/c derived Mfs. HS-mediated
phagocytic enhancement in non-diabetic cells is larger than
that observed in NOD-Mfs (Fig. 3e). Although it is important
to remark that activation of HSR in heat-shocked NOD-Mfs
resulted in phagocytic indexes that are similar to those
observed in non-heat-shocked (control) non-diabetic cells
exposed to bacteria particles (Fig. 3e). These data demon-
strate that NOD-Mfs subjected to HS display similar
phagocytic capacity to that observed in non-diabetic (control)
cells. This HS-mediated improvement may result in signifi-
cant improvements in the mounting of the inflammatory
response in vivo in diabetic individuals. Moreover, HS also
resulted in a significant increase in the killing capacity of
PMfs derived from NOD mice, to levels that did not differ
from those reached by BALB/c-derived heat-shocked PMfs
(Fig. 3f). The mechanisms associated with these observations
are under investigation. Although we must highlight that HS
did not prevent the NOD-associated increased expression of
IL-10 or revert the abnormally low production of superoxide
anion by the NADPH oxidase in response to pro-
inflammatory ligands, suggesting that activation of other
pathways are responsible for the modification of NOD
phenotype by HS. Unpublished data from our laboratory
strongly suggests that HS improves the killing capacity of
PMfs by up-regulating the expression of antimicrobial
peptides and iNOS (Vega and Crotty Alexander, unpublished
data). The mechanisms by which hsp expression modulates
the inflammatory response of professional phagocytes may
also be related to the control of vesicle trafficking and/or
cytoskeleton rearrangements. Previous reports have shown

F-actin formation after HS (Vega and De Maio 2005; Collier
and Schlesinger 1986; Han et al. 2000) as well as a close
association of Hsp70 with actin-filaments, microtubules,
tubulin, and intermediate filaments (Kirby et al. 1994; Liao
et al. 1995; Dou et al. 2003). Small hsp, in particular Hsp27,
have also been implicated in the regulation of the cytoske-
leton by participating in F-actin formation around plasma
membrane rufflings and pinocytosis (Lavoie et al. 1993) and
by inducing stabilization of actin filaments (Piotrowicz and
Levin 1997). Another potential explanation may be related to
the capacity of hsp, more specifically Hsp70, to interact with
membranes (Vega et al. 2008; Arispe et al. 2002, 2004;
Multhoff et al. 1995), which may provide a modulatory effect
over key processes such as vesicle formation, fusion, and/or
recycling, as well as membrane fluidity. These changes may
control phagosome movements, assembling of protein com-
plexes (i.e., receptors) on the membrane as well as targeting
key proteins to required cellular compartments. Finally, we
cannot discard the contribution of the classic cytoprotective
role of hsp, as these proteins may play a critical role during
Mf activation by stabilizing cell structures (i.e., phagosomes
and lysosomes) and therefore allowing clearance and destruc-
tion of pathogens and/or damaged cells (Morimoto 1991; Xu
and Wick 1996), as well as protecting key newly synthesized
pro- and anti-inflammatory polypeptides from damage.

Conclusions

Our data show the capacity of the HSR to up-regulate
phagocytosis and killing activities in both diabetic and non-
diabetic cells. We propose that these increases are part of the
stress response, whose final goal is to eliminate necrotic cells,
cell debris, and infectious agents with minimal tissue damage.
In DMT1 individuals, as well as other patients with
compromised function of professional phagocytes, activation
of HSRmay compensate for genetic or epigenetic dysfunction
in professional phagocytes resulting in significant improve-
ments in their response to injury or to infections.
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