
June 2017 | Volume 8 | Article 7321

Original research
published: 26 June 2017

doi: 10.3389/fimmu.2017.00732

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Adrian Liston,  

Flanders Institute for  
Biotechnology, Belgium

Reviewed by: 
SunAh Kang,  

University of North Carolina  
at Chapel Hill, United States  

Peter M. Van Endert,  
Institut national de la santé et de la 

recherche médicale (INSERM), 
France

*Correspondence:
Rahul Pal  

rahul@nii.ac.in

Specialty section: 
This article was submitted to 
Immunological Tolerance and 

Regulation, a section of the journal  
Frontiers in Immunology

Received: 27 March 2017
Accepted: 09 June 2017
Published: 26 June 2017

Citation: 
Jain S, Bose A, Bastia B, Sharma H, 

Sachdeva R, Jain AK and Pal R 
(2017) Oxidized Hemoglobin Is 

Antigenic and Immunogenic in Lupus.  
Front. Immunol. 8:732.  

doi: 10.3389/fimmu.2017.00732

Oxidized hemoglobin is antigenic 
and immunogenic in lupus
Sonia Jain1, Anjali Bose1, Banajit Bastia2, Hritika Sharma1, Ruchi Sachdeva1, Arun K. Jain2 
and Rahul Pal1*

1 Immunoendocrinology Laboratory, National Institute of Immunology, New Delhi, India, 2 Division of Electron Microscopy, 
National Institute of Pathology—ICMR, New Delhi, India

Hemolysis-associated anemia is characteristic of diseases such as atherosclerosis, 
lupus, malaria, and leishmaniasis; the toxic effects of free hemoglobin (Hb) have been 
extensively described. This study was based on the premise that release of this seques-
tered, inflammatory molecule can result in deleterious immunological consequences, 
particularly in the context of pre-existing lupus. IgG anti-Hb responses were detected 
in the sera of lupus patients. Lupus-prone mice exhibited heightened plasma Hb levels, 
and ferric (Fe3+) Hb triggered preferential release of lupus-associated cytokines from 
splenocytes derived from aging lupus-prone mice. Anti-Hb B cell precursor frequencies 
were heightened in such mice, which also expressed increased titers of anti-Hb anti-
bodies in serum and in kidney eluates. Fe3+ Hb preferentially increased the functional 
maturation of bone marrow-derived dendritic cells (BMDCs) from lupus-prone mice, 
effects abrogated upon the inhibition of Stat3. Hb interacted with lupus-associated 
autoantigens extruded during apoptosis and coincubation of Hb and apoptotic blebs 
had additional maturation-inducing effects on lupus BMDCs. Immunization with 
Hb in lupus-prone mice induced antigen spreading to lupus-associated moieties; 
Hb-interacting autoantigens were preferentially targeted and increased complement 
deposition and glomerulosclerosis were observed. Hb therefore demonstrates both 
antigenicity and immunogenicity and triggers specific immuno-pathological effects in 
a lupus milieu.

Keywords: hemoglobin, antigen spreading, glomerulonephritis, lupus, systemic autoimmunity

inTrODUcTiOn

Hemolysis, which characterizes several diseases of both infectious and autoimmune etiology, 
results in the release of hemoglobin (Hb) into circulation. Normally, haptoglobin (Hp) binds free 
Hb and the Hp–Hb complex is cleared via CD163-mediated endocytosis (1). In many hemolytic 
diseases, Hb concentrations exceed Hp-binding capacity (2, 3). Ferrous (Fe2+) Hb has a tendency 
to undergo oxidation to ferric (Fe3+) Hb (also referred to as methemoglobin) and to ferryl (Fe4+) 
Hb and may also release heme (4), leading to the formation of ferryl protein radicals (⋅P-Fe4+) and 
hemichromes (5). Hb, its oxidized forms, and heme have all been shown to be toxic to various cells; 
the vasoactivity, redox activity, and pro-inflammatory effects of Hb are well documented (6–10).

An inflammatory synergy between Hb and other molecules has been demonstrated. For 
example, Hb can enhance the secretion of inflammatory cytokines induced by toll-like receptor 
(TLR) 2, TLR3, TLR4, TLR7, and TLR9 agonists (11). While Hb is known to bind LPS (a TLR4 
ligand) and increase its biological activity (12), the mechanisms by which synergy between Hb and 
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other TLR ligands is achieved are not known. Since endogenous 
TLR ligands, such as those for TLR7/8 and TLR9, have been 
implicated in systemic autoimmunity (13), the binding of Hb 
to such ligands could have physiological and immunological 
effects.

The release of previously sequestered Hb, under conditions 
already rendered inflammatory because of on-going autoim-
mune responses (as in lupus), could lead to a break in immu-
nological tolerance toward the molecule, an event which could 
entail pathophysiological consequences. Scattered evidence does 
suggest propensity for the generation of anti-Hb autoimmune 
responses. For example, T cell reactivity against autologous Hb 
has been demonstrated in both non-autoimmune and auto-
immune-prone mice (14). Interestingly, in a specific instance, 
tumor-directed T cells were described to dominantly recognize 
Hb-derived peptides (15). Antigen microarray analysis of cord 
blood has revealed the existence of antibodies against Hb (16), 
and anti-Hb antibodies have been described in autoimmune 
human and murine sera (17). Humoral anti-Hb autoimmune 
responses remain poorly characterized, however, and potential 
mechanisms contributing to, as well as the downstream con-
sequences of, a break of immunological tolerance to Hb are 
currently unknown.

The current study was undertaken to elucidate both the anti-
genicity and immunogenicity of Hb and to evaluate its effects on 
innate and adaptive immune cells, specifically in the context of 
lupus.

MaTerials anD MeThODs

human sera and animals
This study was carried out in accordance with the recommenda-
tions of the ethical guidelines for biomedical research on human 
participants laid down by the Indian Council of Medical Research 
with written informed consent from all subjects. Patients on 
follow-up were females (aged between 23 and 45 years) of North 
Indian ethnicity. All subjects gave written informed consent in 
accordance with the Declaration of Helsinki. The protocol was 
approved by the Institutional Human Ethics Committee of the 
National Institute of Immunology.

This study was carried out in accordance with the recom-
mendations of Committee for the Purpose of Control and 
Supervision of Experiments on Animals (CPCSEA). The protocol 
was approved by the Institutional Animal Ethics Committee 
(IAEC Number: 323/13) of the National Institute of Immunology. 
NZM2410 (hereafter referred to as NZM), NZB  ×  NZW F1 
(hereafter referred to as NZB/W F1), FVB and C57BL/6 mice 
were obtained from The Jackson Laboratory and maintained at 
the National Institute of Immunology, New Delhi. Female mice 
were used for all experiments.

anti-hb reactivity in human Patients
Reactivity of antibodies in control sera (n  =  28), SLE patients 
(n  =  28), malaria (P. falciparum) patients (n  =  10), rheuma-
toid arthritis patients (n  =  20), and vitiligo patients (n  =  20) 
to human Hb (hHb) (Sigma) was assessed by ELISA, using 

standard protocols; sera were diluted (1:250) before analysis. 
HRP-conjugated goat anti-human IgG + M antibodies (Jackson 
ImmunoResearch) were employed for detection. IgG immuno-
globulins were purified from SLE sera containing antibodies 
reactive toward hHb (n = 8) and from control sera (n = 8) by 
Protein G affinity chromatography. Reactivity of purified IgG 
(1 μg/well) toward hHb (Sigma) was assessed by ELISA, using 
standard protocols; HRP-conjugated goat anti-human IgG anti-
bodies (Jackson ImmunoResearch) were employed for detection.

hb Quantification in Murine Plasma
Hemoglobin concentration in the plasma of 4-month-old FVB 
and NZM mice was determined using an ELISA kit (Uscn Life 
Science Inc.).

Purification and characterization of 
Murine hb, and assessment of splenocyte 
cytokine responses to hb
Murine Hb was purified from the blood of 4-month-old NZB/W 
F1 mice by a previously described protocol (18), with modifica-
tions. Briefly, heparinized blood was mixed with cold potassium 
phosphate-buffered saline (PBS; 10 mM, pH 6.5) and centrifuged 
at 3,220 g at 4°C for 15 min. After cell lysis with water, the lysate 
was dialyzed against PBS, and then centrifuged at 1,575  g for 
45 min. The supernatant was loaded onto an equilibrated CM-52 
column (Whatman). Elution was carried out under a pH gradi-
ent [10  mM potassium phosphate buffer (pH 6.5) and 15  mM 
potassium phosphate buffer (pH 8.5)]. Purity of eluted Hb was 
assessed by HPLC and silver staining, and its identity confirmed 
by electrospray mass spectrometry and N-terminal sequencing. 
Ferric (Fe3+) Hb was generated by addition of an equimolar 
concentration of H2O2 to ferrous (Fe2+) Hb; conversion was veri-
fied by assessing the absorption spectrum at 200–800 nm on a 
spectrophometer (Shimadzu).

Splenocytes (4 × 106 cells) derived from young (2-month-old) 
and old (8-month-old) NZM and FVB mice were incubated with 
Fe2+ Hb, Fe3+ Hb (0.5–5 µM), or LPS (5 µg/ml) for 24 h. After 
replenishment of medium, cells were rested for 24  h and then 
re-stimulated with PMA (50 ng/ml) and ionomycin (2 µg/ml) for 
24 h. Levels of IL-6, TNF-α, IL-8 (KC), and IL-10 in supernatants 
were quantified by ELISA (eBiosciences).

Determination of anti-hb B cell Precursor 
Frequencies
Varying numbers of splenocytes from 4-month-old NZM or 
FVB mice were cultured in the presence or absence of 15 µg/ml 
LPS (from Salmonella typhosa; Sigma) for 7 days. Supernatants 
were assayed for the presence of antibodies against Hb and 
dsDNA (used as a positive control) by ELISA. Optical densities 
greater than the average of un-stimulated controls +3 SDs (for 
respective cell inputs) were considered indicative of the presence 
of antibody. Data were analyzed by Poisson analysis. Briefly, for 
each cell input, percentages of wells negative for the measured 
reactivity over the total number of wells were calculated; cell 
inputs resulting in a value of 37.5% were adjudged the index of 
the respective B cell precursor frequency.
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hb–self antigen interaction
The ability of Hb to interact with self-moieties/autoantigens was 
assessed by ELISA and by surface plasmon resonance (SPR).

ELISA
Ribonucleoprotein autoantigens (La, Sm, Ro52, Ro60, RNP68k, 
and RNP A; Arotec Diagnostics Limited) were dispensed into 
ELISA plates. Reactivity to biotinylated Fe2+ Hb and Fe3+ Hb 
(1 µg/ml; in the presence or absence of 20 µg/ml unlabeled Hb) 
was revealed by the subsequent addition of streptavidin–HRP, 
following standard protocols.

Surface Plasmon Resonance
Interaction of Fe2+ Hb and Fe3+ Hb with ribonucleopro-
tein autoantigens was analyzed by SPR (BIAcore 2000; GE 
Healthcare). Individual proteins were immobilized on a 
CM-4 sensor chip by standard amine coupling using 0.4  M 
N-ethyl-N′-(dimethylaminopropyl)-carbodiimide (EDC)/0.1  M 
N-hydroxysuccinimide (NHS). Immobilized ribonucleoproteins 
elicited response units (RU) ranging between 50 and 3,000. 
Residual activated groups were blocked using ethanolamine 
(1.0  M, pH 8.5). The kinetics of interaction of Hb to immobi-
lized ribonucleoproteins were assessed at 25°C at a flow-rate of 
20–30  µl/min. An activated and blocked flow cell without an 
immobilized ligand was used to evaluate non-specific binding. 
After each binding cycle, sensor chips were regenerated by NaOH 
(10  mM). Results were analyzed using BIAevaluation version 
4.1.1 software.

Pull Down
CCL131 cells were incubated with RIPA Buffer (2% Triton 
X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 
150 mM sodium chloride, and 1 mM Tris–HCl, pH 7.8) contain-
ing a protease inhibitor cocktail (Sigma), for 20 min on ice. Cells 
were subjected to two freeze–thaw (FT) cycles in liquid nitrogen. 
Tubes were centrifuged at 16,000 g for 15 min at 4°C to remove 
debris. Protein content was estimated and 1 mg of lysate was incu-
bated with 50 µg of Sulfo-NHS-LC-Biotin (Sulfosuccinimidyl-6-
{biotinamido} hexanoate; Pierce) for 30 min. The reaction was 
quenched using 1  M ammonium chloride, and the lysate was 
dialyzed against PBS to remove free biotin.

Hemoglobin-conjugated Sepharose 4B beads (prepared by 
standard protocols) were incubated with biotinylated CCL131 
lysate for 16 h at 4°C. Beads were washed with PBS, SDS load-
ing dye was then added, and the mixture was heated to 100°C 
for 20 min in a dry bath (Biosan). Samples were centrifuged at 
16,000  g, and supernatants were processed for SDS-PAGE and 
Western blot. After incubation with streptavidin–HRP, enhanced 
chemiluminescence was employed to reveal Hb-interacting cel-
lular moieties.

assessment of the effects of hb, 
apoptotic Blebs, and cellular lysate on 
Bone Marrow-Derived Dendritic cells 
(BMDcs)
Apoptosis was induced in CCL131 cells by incubation with 0.5 µM 
staurosporin (Bio Basic) for 24 h. Blebs were prepared using the 

protocol of Fransen et  al. (19). For the preparation of control 
FT cellular lysate, cells were re-suspended in PBS, snap-frozen 
by brief incubation in liquid nitrogen, and immediately thawed; 
the cycle was repeated three times. The lysate was centrifuged at 
16,000 g for 15 min at 4°C to remove debris.

Bone marrow cells, isolated from the femur and tibia bones of 
2-month-old NZM or FVB mice, were cultured in RPMI 1640 (Life 
Technologies) supplemented with 0.2% NaHCO3, 0.24% HEPES, 
10% FCS, and 40 ng/ml GMCSF (Peprotech). On day 8, immature 
dendritic cells were incubated for 48 h with Fe2+ Hb, Fe3+ Hb (0.5, 
2.5, or 5 µM), hemin (Sigma; 2, 10, or 20 µM), apoptotic blebs 
(0.5, 1, or 10 μg/ml) or freeze–thawed cellular lysate (0.5, 1, or 
10 μg/ml) either individually or in specific combinations; in some 
instances, the following signaling inhibitors (0.05–10 µM) were 
employed: JNK II: JNK inhibitor II; PD98059: MEK/ERK inhibi-
tor; SB203580: p38 inhibitor; H-89: PKA inhibitor; Ly294002: 
PI3K inhibitor; Stat3 VII: Stat3 inhibitor VII; CAS 285986-31-4: 
Stat5 inhibitor (Calbiochem).

On day 10, supernatants were retrieved for cytokine analysis 
(eBiosciences, R&D Systems), and cells were processed for flow 
cytometry. Briefly, cells were incubated with biotinylated anti-
CD11c (BD Biosciences) along with individual FITC-labeled 
antibodies against murine CD80, CD83, CD86, or CD40  
(eBiosciences) for 1  h at 4°C. Cells were then incubated with 
streptavidin–PE (eBiosciences) for 1  h at 4°C. Cells were re-
suspended in 0.2% paraformaldehyde and run on a flow cytom-
eter (BD FACS-Calibur). Data were analyzed using Flow Jo X 
software (Tree Star, Inc.).

105 BMDCs derived from either NZM or FVB mice and 
matured in the presence of either Fe2+ Hb, Fe3+ Hb, or hemin 
were γ-irradiated (30 G) before coculture with 3 × 105 splenocytes 
isolated from C57BL/6 mice. After 4 days, 3H-thymidine (0.5 μCi/
well) was added for 18 h, and cell-incorporated radioactivity was 
assessed on a β-counter (MicroBeta TriLux, Perkin Elmer).

The effect of Fe3+ Hb on signaling intermediates was deter-
mined. BMDCs derived from NZM and FVB mice were stimu-
lated with Fe3+ Hb in presence or absence of inhibitors of various 
signaling pathways (as described earlier) for 30 min. Cell lysates 
were prepared in RIPA buffer containing phosphatase and pro-
tease inhibitors. After SDS-PAGE and transfer to nitrocellulose, 
lysates were probed using antibodies specific to the phosphoryl-
ated forms of STAT3, AKT, p38, JNK, and STAT5; antibodies 
binding the moieties regardless of phosphorylation status were 
used as control.

characterization of endogenous anti-hb 
reactivity and reactivities elicited upon 
hb immunization
Sera were collected from NZM and FVB mice at monthly inter-
vals till the age of 9 months. Antibodies adhering to the kidneys 
and lungs at 9 months were isolated using a previously described 
protocol (20), with modifications. Briefly, organs were rinsed with 
chilled PBS, immersed in buffer containing a protease inhibitor 
cocktail (Sigma), and homogenized. Homogenates were centri-
fuged at 12,800 g for 10 min at 4°C. Pellets were re-suspended 
in citrate-phosphate buffer (0.02 M, pH 3.2) and an incubation 
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FigUre 1 | Anti-human Hb (hHb) antibodies in human sera. (a) Reactivity of 
IgG and IgM antibodies in the sera of healthy volunteers (control, n = 28), 
SLE patients (n = 28), malaria (P. falciparum) patients (n = 10), rheumatoid 
arthritis patients (n = 20), and vitiligo patients (n = 20) to hHb. Data represent 
mean ± SEM. (B) Reactivity of IgG immunoglobulins, purified from SLE sera 
containing antibodies reactive toward hHb (n = 8) and from control sera 
(n = 8), to hHb. Data represent mean ± SEM (*p < 0.05, ***p < 0.001).
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carried out for 2 h at room temperature. Suspensions were then 
centrifuged at 12,800 g for 10 min at 4°C. Supernatants were col-
lected and the pH neutralized with 1 N NaOH.

Eight-week-old NZM and FVB mice were either left un-
immunized, were subcutaneously immunized with 50 µg Hb 
emulsified in incomplete Freund’s adjuvant (IFA; Difco), or 
were subcutaneously injected with IFA; three injections were 
administered at fortnightly intervals and blood samples were 
collected at 3, 5, 7, and 9 weeks after the initiation of immuni-
zation; reactivity of antibodies in sera at 9 weeks after the ini-
tiation of immunization is presented. Antibodies adhering to 
the kidneys and lungs in IFA-immunized and Hb-immunized 
animals at 16 weeks after the initiation of immunization were 
eluted as described above. Sera from non-immunized animals 
and from IFA- and Hb-immunized animals was diluted (1:200) 
and assessed for the presence of antibodies to Hb by Western 
blot and for antibodies to cellular antigens on permeabilized 
CCL131 cells by flow cytometry, using standard protocols. Sera 
(diluted 1:50–1:2,000) or organ eluates (diluted 1:50–1:100) 
were assessed for the presence of IgG  +  IgM antibodies to 
dsDNA, Fe2+ Hb, Fe3+ Hb, Hbα, Hbβ, contiguous peptides 
representing the murine Hb sequence (enumerated in Table 
S1 in Supplementary Material), ribonucleoproteins (Ro52, 
RNP68K, La, Sm), and various phospholipids by ELISA. 
IgG (purified from the serum of immunized animals by 
Protein A chromatography) was employed in some experi-
ments. Isotypes of anti-dsDNA and anti-Hb antibodies were 
enumerated by employing biotin-conjugated isotype-specific 
antibodies (BD Biosciences) and subsequent incubation with 
streptavidin–HRP.

histological analysis
At 6 months of age (or 16 weeks after the initiation of immuniza-
tion for IFA- and Hb-immunized animals) and at 9 months of 
age (for non-immunized animals), kidneys were fixed in buffered 
formalin and 4 µm sections were stained with hematoxylin and 
eosin and methenamine silver. Indices of glomerular damage 
(mesangial matrix increase, mesangial hypercellularity, basement 
membrane thickness and sclerosis), tubular damage (degenera-
tive epithelium and casts), and cellular infiltration of cells were 
scored by a pathologist unconnected with the study in blinded 
protocols. Glomeruli were scored for glomerulosclerosis as: 
normal (an absence of sclerosis), mild sclerosis (≤25% sclerosed 
glomerulii), moderate sclerosis (26–49% sclerosed glomerulii), 
or severe sclerosis (≥50% sclerosed glomerulii).

De-paraffinization and antigen retrieval of kidney sections 
was carried out using standard protocols. Sections were blocked 
by 5% normal goat serum followed by neutralization of endog-
enous peroxidase activity with 3% H2O2. Sections were stained 
with HRP-conjugated goat anti-mouse C3 antibodies (Cappel) 
followed by incubation with 3,3-diaminobenzidine/tetrahydro-
chloride (DAB; Vector Laboratories) and counterstaining with 
hematoxylin. 1 mm3 kidney sections were fixed in 0.1 M caco-
dylate buffer (pH 7.3) containing 2.5% glutaraldehyde and 4% 
formaldehyde. Modifications to the basement membrane and the 
presence of deposits were enumerated by transmission electron 
microscopy.

statistical analysis
Either the Shapiro–Wilk test or the Kolmogorov–Smirnov test 
was applied (depending on sample size) to assess for normal 
distribution of data; all data demonstrated normal distribution. 
Statistical analysis was carried out by the unpaired Student’s 
t-test (for comparison of two groups) and one-way ANOVA (for 
comparison of more than two groups and for paired data).

resUlTs

anti-hb reactivity in human sera
Anti-hHb reactivity of IgG + IgM antibodies in the sera of SLE 
patients, malaria (P. falciparum) patients, rheumatoid arthritis 
patients, and vitiligo patients was assessed. Although the SLE 
patients constituted a distinct cross-sectional cohort, the inci-
dence of anti-hHb reactivity was in general agreement with previ-
ous data from our lab (17); while anti-Hb antibody levels were 
also significantly elevated in sera of malaria patients, antibodies 
in sera from rheumatoid arthritis patients and vitiligo patients did 
not exhibit such reactivity (Figure  1A). IgG immunoglobulins 
were purified from the sera of eight SLE patients (demonstrating 
heightened anti-hHb reactivity) and eight control subjects by 
Protein G affinity chromatography; IgG purified from the sera 
of SLE patients demonstrated significantly higher reactivity 
toward hHb than did IgG purified from control sera (Figure 1B). 
Anti-Hb antibodies can therefore be detected in two diseases 
associated with erythrocyte lysis but not in some other diseases 
also characterized by inflammation and autoimmunity.

Plasma hb levels, splenocyte cytokine 
responses to hb, anti-hb B cell 
Precursor Frequencies, endogenous 
anti-hb autoantibody reactivity
The concentration of free Hb in the plasma of 4-month-old lupus-
prone NZM mice was higher than in the plasma of similarly aged 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


5

Jain et al. Hb and Autoimmune Pathology

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 732

non-lupus-prone FVB mice (Figure 2A). In addition, splenocytes 
derived from 8-month-old NZM mice responded to exogenous 
Hb (in particular, Fe3+ Hb) with the generation of significantly 
higher levels of IL-6, TNF-α, IL-8 (KC), and IL-10 than did sple-
nocytes derived from 2-month-old NZM mice, or splenocytes 
derived from 2- to 8-month-old FVB mice; in particular, in 
the latter three groups of animals, levels of IL-6, IL-8 (KC), and 
IL-10 were either statistically insignificant or undetectable upon 
Hb stimulation, compared with cells incubated with medium. 
Notably, with the exception of IL-10 in young NZM mice, LPS 
induced statistically significant levels of the cytokines from sple-
nocytes derived from young and old NZM mice, and from young 
and old FVB mice compared with cells incubated with medium 
(Figure S1 in Supplementary Material).

Limiting dilution analysis was employed to enumerate 
anti-dsDNA and anti-Hb B  cell precursor frequencies in 
4-month-old NZM and FVB mice. While anti-dsDNA B  cell 
precursor frequencies were expectedly higher in NZM mice, 
anti-Hb precursor frequencies were also ≅4-fold higher in 
NZM mice than in similarly aged FVB mice (Figure  2B). 
These results indicate that lupus-prone mice express higher 
plasma Hb levels, exhibit higher splenic cytokine responses to 
the molecule in an age-dependent manner, and may addition-
ally be prone to develop anti-Hb antibody reactivity. Higher 
titers of anti-Hb antibodies (recognizing both Fe2+ and Fe3+ 
forms of murine Hb) were indeed observed in the sera of 
lupus-prone NZM mice than in non-lupus prone FVB mice 
(Figure  2C). While anti-Hb titers in the sera of NZM mice 
demonstrated age-dependent increases, titers against Hbα and 
Hbβ remained relatively low across different ages, possibly 
suggesting  conformation-dependent autoantibody recognition 
(Figure 2C). Higher titers of antibodies reactive to Fe2+ Hb and 
Fe3+ Hb were also observed in lung and kidney eluates from 
NZM mice than from FVB mice at 9  months (Figure  2D). 
More detailed analysis, carried out at multiple dilutions of sera 
drawn from NZM and FVB mice at 4 and 9 months, reiterated 
the fact that endogenous anti-Hb titers were higher in NZM 
mice and that these titers registered an age-dependent increase. 
Experiments carried out using equal amounts of IgG immuno-
globulins purified from the serum of NZM and FVB mice also 
revealed heightened anti-Hb recognition in the former (Figure 
S2 in Supplementary Material).

Autoantibodies to Fe2+ Hb and Fe3+ Hb exhibited high 
pen etrance in lupus-prone mice (Figure 2E; Figure S3 in Sup-
plementary Material), with a predominance of the IgM isotype 
in sera and of the IgM and IgG2a isotypes in organ eluates 
(Figure 2F). Amino acids 100–119 of Hbα and 100–119 of Hbβ 
appeared to constitute major auto-antigenic B cell epitopes, since 
these peptides were preferentially bound by antibodies in the sera 
of lupus-prone mice (Figure S4A in Supplementary Material); in 
organ eluates from these mice, several other peptides were also 
recognized along with these dominant reactivities, but to a lesser 
extent (Figure S4B in Supplementary Material). Reactivity to a 
peptide with the same amino acid composition as Hbβ (100–119) 
but in scrambled sequence (referred to as Scrb 100–119) was low, 
suggesting that interaction was not charge dependent (Figures 
S4A,B in Supplementary Material).

effects of hb on BMDc Maturation
The influence of Hb on the expression of cell surface markers on 
BMDCs was assessed; the gating strategy employed is depicted 
in Figure S5 in Supplementary Material. Fe3+ Hb significantly 
increased expression of CD80, CD83, and CD40 on CD11c+ 
BMDCs derived from FVB mice and of CD80, CD83, CD86, 
and CD40 on such cells derived from NZM mice, an indication 
of its general inflammatory potential. Fe2+ Hb and hemin were 
able to induce increases in the expression of some markers as 
well. While Fe3+ Hb induced significant up-modulation of CD80 
levels compared to Fe2+ Hb and hemin in both mice strains, only 
in NZM mice were levels of CD86 significantly heightened by 
Fe3+ Hb over those achieved with either Fe2+ Hb or hemin. Fe3+ 
Hb enhanced levels of CD40 over those achieved by Fe2+ Hb in 
both strains of mice. Furthermore, BMDCs from lupus-prone 
NZM mice demonstrated more pronounced up-modulation of 
maturation markers in response to Hb, compared with responses 
observed in non-lupus prone FVB mice, while Fe2+ Hb induced 
significantly higher increases in CD80 and CD83, Fe3+ Hb induced 
significantly higher increases in CD80, CD83, CD86, and CD40 
(Figure  3A). LPS was employed as a positive control in these 
studies; as expected, LPS induced increases in the expression of 
several markers on CD11c+ BMDCs derived from both FVB and 
NZM mice (Figure S6 in Supplementary Material).

While Fe3+ Hb-matured BMDCs derived from both FVB 
and NZM mice induced the proliferation of allogeneic C57BL/6 
splenocytes, BMDCs derived from NZM mice were significantly 
better stimulators. BMDCs derived from both FVB and NZM 
mice matured in the presence of hemin were unable to induce 
proliferation (Figure 3B). Fe3+ Hb therefore mediated functional 
phenotypic and functional changes on antigen-presenting cells 
derived from lupus-prone mice that were distinct from those 
induced in non-lupus-prone mice.

Increased phosphorylation of Stat3 was observed upon 
the stimulation of FVB and NZM BMDCs with Fe3+ Hb; such 
increases were negated upon incubation with a Stat3 inhibitor. 
Phosphorylation of AKT, p38, JNK, and STAT5 remained unal-
tered in the presence of Fe3+ Hb (Figure S7 in Supplementary 
Material). While high basal levels of phosphorylated intermedi-
ates for some of these molecules in GMCSF-derived BMDCs may 
have obscured potential effects, two observations, made using a 
spectrum of signaling inhibitors, also revealed Stat3 to be a domi-
nant signaling intermediate for Fe3+ Hb. First, inhibition of Stat3 
most effectively downmodulated Hb-induced CD80 expression 
on BMDCs, an effect more prominently observed in cells derived 
from NZM mice (Figure 3C). Second, Fe3+ Hb-induced the secre-
tion of IL-6 from BMDCs, and such secretion was maximally 
sensitive to Stat3 inhibition (Figure  3D). These results suggest 
that Fe3+ Hb enhances the phosphorylation of Stat3 in BMDCs 
to heighten surface expression of costimulatory markers, as well 
as elevates the secretion of an inflammatory, lupus-associated 
cytokine.

To summarize, whether in lupus-prone or healthy mice, the 
fact that Hb acts via Stat3 to elicit inflammatory responses from, 
and phenotypic alterations on, dendritic cells is of interest. The 
higher circulating levels of Hb in lupus-prone mice provide con-
text and potential disease relevance; coupled with the heightened 
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FigUre 2 | Plasma hemoglobin (Hb) levels, anti-Hb B cell precursor frequencies, and endogenous anti-Hb autoantibody responses in the sera and organ eluates of 
FVB and NZM mice. (a) Hb concentrations in the plasma of 4-month-old FVB and NZM mice (n = 18). Symbols represent individual mice and mean ± SEM are also 
depicted. (B) Anti-Hb and anti-dsDNA B cell precursor frequencies in 4-month-old NZM (n = 11) and FVB mice (n = 8). Symbols represent individual mice and mean 
precursor frequencies ± SEM are also depicted. Numerical values (mean ± SEM) of anti-Hb and anti-dsDNA B cell precursor frequencies in the two strains are 
indicated below each graph. (c) Reactivity of antibodies in pooled sera (n = 12) from FVB (left panel) and NZM (right panel) mice, drawn at different ages, to Hb  
(Fe2+ or Fe3+), Hbα, and Hbβ. (D) Antibodies to Hb (Fe2+ or Fe3+), Hbα, and Hbβ in kidney and lung eluates from NZM and FVB mice at 9 months. (e) Reactivity of 
antibodies in the sera of FVB and NZM mice (at 7 months) to Hb (Fe2+ or Fe3+). Symbols represent individual mice, and mean ± SEM are also depicted. (F) Isotype 
analysis of anti-Hb antibodies in sera at 7 months (left panel) and in organ eluates at 9 months (right panel) from NZM mice. Symbols in the left panel represent 
individual mice, and mean ± SEM are also depicted. In all bar graphs, data represent mean ± SEM (*p < 0.05, **p < 0.005, ***p < 0.001).
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FigUre 3 | Effect of hemoglobin (Hb) on the maturation of bone marrow-derived dendritic cells (BMDCs) from 2-month-old FVB or NZM mice. (a) Expression of 
CD80, CD83, CD86, and CD40 on CD11c+ BMDCs stimulated with 0.5 µM Hb (Fe2+ or Fe3) or 2 µM hemin. Relative MFI: ratio of mean fluorescence intensity of 
stimulated over un-stimulated (or vehicle-treated) BMDCs. (B) Proliferation of C57BL/6 splenocytes stimulated with γ-irradiated BMDCs (derived from FVB or NZM 
mice) subsequent to incubation with Hb (Fe2+ or Fe3+) or hemin. (c) Expression of CD80 on CD11c+ BMDCs (derived from FVB or NZM mice) stimulated with Fe3+ 
Hb in presence of signaling inhibitors (10 µM) or the vehicle dimethyl sulfoxide (DMSO). Relative MFI: ratio of mean fluorescence intensity of stimulated over 
un-stimulated BMDCs. (D) Estimation of IL-6 in culture supernatants of BMDCs derived from FVB or NZM mice stimulated with Fe3+ Hb in the presence of various 
signaling inhibitors (10 µM) or DMSO. (c,D) JNK II: JNK inhibitor II; PD98059: MEK/ERK inhibitor; SB203580: p38 inhibitor; H-89: PKA inhibitor; Ly294002: PI3K 
inhibitor; Stat3 VII: Stat3 inhibitor VII; CAS 285986-31-4: Stat5 inhibitor. *p < 0.05, **p < 0.005, ***p < 0.001 vs medium; #p < 0.05, ##p < 0.005, ###p < 0.001 vs 
DMSO. In all graphs, data represent mean ± SEM. Data derived from three independent experiments, each carried out in triplicate (n = 18; 9 NZM, 9 FVB).
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sensitivity to Hb in terms of the up-modulation of costimulatory 
molecules, these effects may be worthy of further study, given 
reports of dendritic cell aberrance in lupus.

assessment of hb–self antigen 
interaction and evaluation of Downstream 
consequences
An inflammatory synergy between Hb and several exogenous 
TLR ligands has been documented (11). Since lupus is character-
ized by an aberrance in the clearance of dying cells and apoptotic 
blebs contain autoantigens known to act as endogenous TLR 

ligands [such as dsDNA, ribonucleoproteins, and HMGB1 (21)], 
it was of interest to assess whether Hb could interact with such 
molecules. In solid phase binding assays, biotinylated Fe3+ Hb 
interacted with the lupus-associated autoantigens Sm, Ro52, 
Ro60, and RNP68k to varying degrees; interaction was sig-
nificantly diminished upon competition with unlabeled Fe3+ Hb 
(Figure 4A, bottom panel), a strong indicator of the specificity of 
binding. Under similar conditions, while Fe2+ Hb also interacted 
with Ro52 and Ro60 (the principal Fe3+ Hb-interacting moie-
ties), levels of interaction were appreciably lower (Figure 4A, top 
panel). SPR, being more quantitative and sensitive, was employed 
to study the interaction of Hb with the ribonucleoprotein 
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FigUre 4 | Interaction of hemoglobin (Hb) with autoantigens. (a) Interaction of biotinylated Fe2+ Hb (Bio-Hb, top panel) and biotinylated Fe3+ Hb (Bio-Hb, 
bottom panel) with the indicated autoantigens; the effects of the addition of unlabeled Hb are also shown. *p < 0.05; ***p < 0.001; #p < 0.05 vs Fe2+ Hb at the 
corresponding concentration. (B) Surface plasmon resonance analysis of the binding of Fe2+ Hb (left panels) and Fe3+ Hb (right panels) with immobilized 
autoantigens La, RNP68k, and Ro52, as indicated. Concentrations of Fe2+ Hb employed to assess interaction with La and RNP68k were 0.5, 1, 2, 3, 5, and 7 µM 
(light blue to turquoise) and of Fe3+ Hb were 0, 1.56, 3.12, 6.25, 12.5, 25, 50, and 100 nM (red to gray). Concentrations of Fe2+ Hb employed to assess interaction 
with Ro52 were 0, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 9.6 µM (red to gray) and of Fe3+ Hb were 0, 0.78, 3.12, 6.25, 12.5, 25, and 50 nM (red to gray). Black lines 
alongside each profile indicate data-fitting using the 1:1 (Langmuir) Binding Model. (c) Parameters describing the kinetics of Hb-autoantigen interaction. Data are 
representative of three independent experiments.
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autoantigens La, RNP68k, and Ro52; much lower concentrations 
of Fe3+ Hb were required to achieve increases in RU at par with 
Fe2+ Hb (Figure  4B). Kinetic parameters, calculated using the 
1:1 (Langmuir) Binding Model, indicated that Fe3+ Hb bound 
respective ribonucleoproteins with 100- to 1,000-fold higher 
affinity than did Fe2+ Hb (Figure 4C). Hb (and more particularly, 
Fe3+ Hb) can thus interact with ribonucleoprotein autoantigens 
at physiologically relevant affinities.

To assess the potential consequences of Hb–autoantigen 
inter action, effects on the maturation of BMDCs were assessed. 
Expression of CD80 and CD83 was increased on the surface of 
CD11c+ BMDCs derived from NZM mice when Fe3+ Hb was 
added along with apoptotic blebs, compared to when Hb or blebs 

were added alone; such effects were not observed in FVB mice 
(Figure  5A). Coincubation of Hb with freeze–thawed cellular 
lysate did not result in such increases in either murine strain 
(Figure  5B). Furthermore, upon coincubation with Hb and 
apoptotic blebs, increases in CD80, CD83, and CD40 levels on 
BMDCs derived from NZM mice were significantly higher than 
on BMDCs derived from FVB mice under identical conditions. 
Coincubation of Fe2+ Hb and Fe3+ Hb with freeze–thawed lysate 
resulted in significant increases in CD80 levels in NZM- vs 
FVB-derived BMDCs (Figures 5A,B). These results imply that 
the interaction of Hb (particularly as Fe3+ Hb) with self-antigens 
(particularly as apoptotic blebs) results in immuno-stimulatory 
effects on dendritic cells.
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FigUre 5 | Effects of hemoglobin (Hb) and apoptotic blebs/freeze–thawed 
cellular lysate (FT) on maturation of bone marrow-derived dendritic cells 
(BMDCs) derived from 2-month-old FVB or NZM mice. Flow cytometric 
analysis of the expression of CD80, CD83, CD86, and CD40 on CD11c+ 
BMDCs stimulated with 0.5 mM Hb (Fe2+ or Fe3+) along with (a) apoptotic 
blebs (1 µg/ml) or (B) FT (1 µg/ml). Relative MFI: ratio of mean fluorescence 
intensity of stimulated over un-stimulated BMDCs. Data represent 
mean ± SEM. Differences individually attributable to Hb or blebs are not 
indicated. #p < 0.05, ###p < 0.001 vs Fe3+ Hb and vs apoptotic blebs in the 
same strain; *p < 0.05, **p < 0.005, ***p < 0.001. Data derived from three 
independent experiments, each carried out in triplicate (n = 18; 9 NZM, 
9 FVB).
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assessment of autoimmune responses 
in hb-immunized lupus-Prone and 
healthy Mice
In addition to being differentially antigenic in lupus-prone and 
healthy mice, whether Hb is also differentially immunogenic 
was assessed. Anti-Hb antibody titers increased significantly 
in the sera and kidney eluates of NZM mice immunized with 
Hb, but not in these fluids of similarly immunized FVB mice 
(Figure 6A). The fact that NZM mice responded to immuniza-
tion with Hb by generating higher anti-Hb titers than did FVB 

mice was reiterated in assays carried out at multiple dilutions 
(Figure S2 in Supplementary Material). In addition, experiments 
carried out using equal amounts of IgG immunoglobulins puri-
fied from the serum of Hb-immunized NZM and FVB mice also 
revealed heightened recognition of Hb (beyond expected endog-
enous age-related increases) upon immunization of the former  
(Figure S2 in Supplementary Material). In kidney eluates derived 
from Hb-immunized NZM mice, both IgM and IgG anti-Hb 
antibody levels were heightened (Figure 6B). In NZM mice, anti-
Hb autoantibody responses were predominantly directed against 
amino acids Hbα (100–119) in sera (Figure S8A in Supplementary 
Material) and amino acids Hbβ (100–119) in kidney eluates 
(Figure S8B in Supplementary Material), epitopes also targeted 
by endogenously arising anti-Hb autoantibody responses.

Flow cytometric analysis using permeabilized murine cells 
as targets revealed that Hb immunization in NZM mice, but not 
in FVB mice, generated antibodies that demonstrated recogni-
tion of self-moieties (Figure S9 in Supplementary Material). On 
Western blots upon cellular lysate and apoptotic blebs, antibod-
ies in the sera and kidney eluates derived from Hb-immunized 
NZM mice recognized a wide spectrum of moieties; antibodies 
in the sera and kidney eluates derived from similarly immunized 
FVB mice were poorly reactive (Figure 6C). Antibodies against 
dsDNA (an antibody specificity associated with glomerulone-
phritis) were preferentially heightened in sera derived from 
Hb-immunized NZM mice (Figure 6D).

The fact that NZM mice responded to immunization with Hb 
by generating higher anti-dsDNA titers than did FVB mice was 
reiterated in assays carried out at multiple dilutions (Figure S2 
in Supplementary Material). In addition, experiments carried 
out using equal amounts of IgG immunoglobulins purified from 
the serum of Hb-immunized NZM and FVB mice also revealed 
heightened recognition of dsDNA (beyond expected endogenous 
age-related increases) upon immunization of the former (Figure 
S2 in Supplementary Material).

Antibodies to several phospholipids were also preferentially 
heightened in sera derived from Hb-immunized NZM mice, as 
were antibodies recognizing dsDNA, Ro52, RNP68k, La, and 
Sm in kidney eluates from these mice; once again, equivalent 
increases were not observed in Hb-immunized FVB mice 
(Figures  6E,F). Several autoantibody isotypes contributed to 
increased anti-dsDNA antibody titers in sera and kidney eluates 
of Hb-immunized NZM mice (Figure S10 in Supplementary 
Material).

These results suggest that, specifically in a lupus milieu, Hb 
can act as an early immunological trigger, inducing humoral 
autoreactivity toward three major classes of autoantigens (nucleic 
acids, ribonucleoproteins, and lipids), reactivity against each of 
which is associated with significant pathological sequelae in 
lupus. Whether glomerulonephritis, possibly the most significant 
of such sequelae, was indeed induced upon Hb immunization was 
determined. Specific deposition of complement 3 was observed 
along the glomerulii basement membrane in Hb-immunized 
NZM mice. Moreover, Hb immunization in these mice resulted 
in split basement membranes in the capillary loops at the edges 
of the glomerulii; electron photomicrographs confirmed thick-
ening of basement membranes, accompanied by electron dense 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 6 | Anti-hemoglobin (Hb) autoantibody responses and autoreactivity of antibodies in sera (9 weeks after the initiation of immunization) and in kidney eluates 
(16 weeks after the initiation of immunization) of Hb-immunized FVB and NZM mice. (a) Anti-Hb antibodies in sera (left panel) and in kidney eluates (right panel) of 
incomplete Freund’s adjuvant (IFA)- and Hb-immunized NZM and FVB mice. Symbols in the left panel represent individual mice (n = 8) and mean ± SEM are also 
depicted. (B) Isotype analysis of anti-Hb antibodies in kidney eluates from Hb- and IFA-immunized NZM mice (n = 8). (c) (Left panel) Reactivity of antibodies in 
pooled sera (n = 8) from Hb- and IFA-immunized FVB and NZM mice toward moieties in cellular lysate by Western blot. (Right panel) Reactivity of antibodies in 
kidney eluates (n = 8) from Hb- and IFA-immunized FVB and NZM mice toward moieties in apoptotic blebs by Western blot. “PI,” pre-immune serum; “−,” 
secondary antibody control. Antibodies to β-actin were employed to verify equivalence of loading. (D) Anti-dsDNA antibodies in pooled sera (n = 8) from Hb- and 
IFA-immunized FVB and NZM mice. (e) Antibodies against phospholipids in pooled sera (n = 8) from Hb- and IFA-immunized FVB (left panel) and NZM (right panel) 
mice. (F) Reactivity against dsDNA and ribonucleoproteins (Ro52, RNP68K, La, Sm) of antibodies in kidney eluates (n = 8) of Hb- and IFA-immunized FVB and NZM 
mice. In all bar graphs, data represent mean ± SEM. #p < 0.05, ##p < 0.005, ###p < 0.001 vs Hb-immunized FVB mice, *p < 0.05, **p < 0.005, ***p < 0.001.
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deposits. IFA-immunized NZM mice demonstrated none of these 
effects (Figures 7A–C). Hematoxylin- and eosin-stained kidney 
sections from Hb-immunized NZM mice revealed increases 
in the mesangial matrix and evidence of severe glomeruloscle-
rosis without interstitial inflammation and red blood cells in 
the extra-capillary space; such degenerative changes were not 
observed in the kidneys of IFA-immunized NZM mice, or Hb- 
and IFA-immunized FVB mice (Figure  7D). Quantification of 
data revealed that a significantly higher percentage of glomerulii 
exhibited severe sclerosis in Hb-immunized NZM mice, compared 
with IFA-immunized NZM mice, and Hb- and IFA-immunized 
FVB mice; correspondingly, the percentage of histologically nor-
mal gomerulii was significantly diminished in Hb-immunized 
NZM mice (Figure  7E). The extent of glomerulosclerosis in 

Hb-immunized NZM mice at 6  months was equivalent to, or 
exceeded, that observed in naturally aging, non-immunized NZM 
animals at 9 months (data not shown). No significant changes in 
tubule-interstitial parameters were observed in these mice. Taken 
together, these observations constitute immunological and physi-
ological evidence that breakage of tolerance to Hb can enhance 
global autoreactivity and preferentially enhance disease kinetics 
exclusively in a lupus-prone milieu.

DiscUssiOn

Hematological aberrations are common in systemic lupus ery-
thematosus (22), and anti-RBC antibodies have been demon-
strated in lupus and other systemic autoimmune diseases (23). 
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FigUre 7 | Histological analysis of kidneys from FVB and NZM mice. (a) Representative photomicrographs depicting reactivity of anti-C3 antibodies toward 
glomerulii of incomplete Freund’s adjuvant (IFA)- and hemoglobin (Hb)-immunized NZM mice 16 weeks after the initiation of immunization (40×; scale bars: 20 µm). 
(B) Representative photomicrographs depicting methenamine silver staining of glomerulii sections from IFA- and Hb- immunized NZM mice 16 weeks after the 
initiation of immunization. Basement membranes have been indicated by arrows (40×; scale bars: 10 µm). (c) Representative electron micrographs depicting 
kidneys from IFA- and Hb-immunized NZM mice 16 weeks after the initiation of immunization (12,000×; scale bars: 200 nm). (D) Representative photomicrographs 
depicting hematoxylin- and eosin-staining of kidney sections from IFA- and Hb-immunized FVB and NZM mice 16 weeks after the initiation of immunization (40×; 
scale bars: 20 µm). (e) Quantitative analysis (at 16 weeks after the initiation of immunization) of glomerulosclerosis (categorized as “mild,” “moderate,” or “severe”)  
in IFA- and Hb-immunized FVB and NZM mice (n = 8). Data represent mean ± SEM (**p < 0.005, ***p < 0.001).
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While IgG antibodies induce erythrophagocytosis via the Fc 
receptor, IgM antibodies induce erythrocyte lysis via activation 
of complement (24). Under normal physiological conditions, 
released Hb is efficiently cleared by the reticuloendothelial sys-
tem (1). In diseases associated with excessive RBC lysis such as 
lupus, levels of free Hb can overwhelm scavenging mechanisms 
(2, 3). Hb, under such conditions, can oxidize and dissociate into 
dimers, and heme may be released (25). Reports suggest that Hb, 
oxidized Hb, Hb dimers, as well as heme can be inflammatory, 
toxic, redox-active, and/or vasoactive, both in vitro and in vivo 
(6–10).

Although T cell reactivity toward Hb (14) and anti-Hb autoan-
tibodies (17) have been described in systemic autoimmunity, the 
immunobiology of Hb has not been investigated in detail. In this 
study, sera derived from a certain percentage of lupus patients 
exhibited anti-hHb humoral autoreactivity, in consonance with 
a previous report from our lab (17); IgG immunoglobulins 
purified from such sera also bound hHb. No obvious correlation 
was observed between autoimmune hemolytic anemia and the 

presence of anti-Hb antibodies. This could possibly be attributed 
to the fact that, while SLE patients from whom blood samples 
were withdrawn for this study were at various stages of disease 
progression, autoimmune hemolytic anemia usually occurs at 
disease diagnosis or in the first year of onset, with recurrence 
rates being low as disease progresses (26, 27). At present, it is 
therefore unclear whether autoimmune hemolytic anemia is solely 
responsible for the generation of anti-Hb antibodies, and further 
analysis on more patients would be instructive. It is interesting 
that, while anti-Hb autoreactivity was also detected in the sera 
of malaria patients (a disease also characterized by hemolysis), 
rheumatoid arthritis patients and vitiligo patients did not exhibit 
such antibodies. While further investigations into the causes and 
consequences of anti-Hb autoreactivity are warranted, what is 
clear that such reactivity is not the consequence of a non-specific 
response in all inflammatory or autoimmune diseases.

Higher concentrations of Hb were observed in the plasma of 
NZM mice, compared with the plasma of FVB mice. Three inter-
esting, physiologically relevant, correlates of this phenomenon 
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were observed. The first correlate was the heightened Hb-induced 
secretion of lupus-associated cytokines exclusively from sple-
nocytes derived from old lupus-prone mice, an observation 
which suggests an age-related increase in sensitivity toward Hb 
(particularly Fe3+ Hb) exclusive to these animals. The fact that 
the non-specific inflammatory stimulus that LPS delivers did not 
elicit such discriminatory responses argues for an Hb-specific 
effect. The second correlate was the higher anti-Hb antibody-
secreting B cell precursor frequencies observed in lupus-prone 
mice, mimicking the higher frequencies of anti-dsDNA, anti-Sm, 
anti-Ro, and anti-La antibody-secreting B  cells seen in lupus 
in previous studies (28–30), an observation supporting the 
positioning of Hb as a bona fide autoantigen. The third correlate 
was the age-related increase in anti-Hb antibodies in NZM mice; 
incidence rates of reactivity were much higher in these mice than 
in SLE patients, possibly on account of genetic identity of the 
former, since immune responses are influenced by genes encoded 
by the major histocompatibility complex. The presence of IgG 
anti-Hb antibodies, particularly in organ eluates, is indicative of 
T cell involvement. IgG2a anti-dsDNA antibodies (among other 
isotypes) have been associated with glomerulonephritis (31) and 
may be involved in complement-mediated damage to the kid-
ney. Whether the organ-adhered IgG2a anti-Hb autoantibodies 
described in this study similarly contribute to organ pathology 
requires further substantiation. Nevertheless, the existence of 
isotype-switched anti-Hb autoantibody responses in lupus-prone 
mice is clearly significant.

Myeloid DCs (mDCs, which help in clearance of apoptotic 
debris and secrete inflammatory cytokines) and plasmacytoid 
DCs (which secrete IFN-α and influence autoantibody genera-
tion) have been implicated in lupus pathogenesis (32). While oxi-
dized Hb has been shown to enhance LPS-driven phenotypic and 
functional maturation of mDCs (33), the independent effects of 
Hb on mDC maturation, particularly in the context of autoim-
munity, have not been previously reported. In this study, Fe3+ Hb 
was more efficient in mediating the phenotypic maturation of 
CD11c+ BMDCs derived from lupus-prone mice. Furthermore, 
these cells were functionally capable, inducing higher prolif-
erative responses from allogeneic splenocytes than Hb-matured 
BMDCs derived from non-lupus prone mice. These findings 
indicate that Fe3+ Hb preferentially provides a biologically rel-
evant stimulus to innate immune cells derived from lupus-prone 
mice. Fe2+ Hb and hemin were relatively less effective than Fe3+ 
Hb in mediating the observed effects. Whether the structural 
modifications that occur upon the oxidation of Hb (34) influence 
binding to putative novel cell surface receptors on BMDCs from 
NZM mice is currently unclear.

Various signaling pathways can contribute to DC differentia-
tion and function (35). The fact Fe3+ Hb induced the phospho-
rylation of Stat3 in BMDCs and that inhibition of Stat3 signaling 
prevented the maturation-inducing effects of Hb is of interest. 
These observations are at variance with some previous studies 
which show that Stat3 negatively affects DC maturation (36–39). 
That said, the association of aberrant Stat3 activation and autoim-
munity has also been recognized. Suppressor of cytokine signal-
ing 1 (an inhibitor of Stat1 and Stat3 activation) deficient DCs are 
believed to contribute toward the generation of autoantibodies 

in vivo (40), while some of the effects of embelin (an anti-inflam-
matory and pro-apoptotic compound) in experimental autoim-
mune encephalomyelitis may be mediated by the inhibition of 
Stat3 in DCs (41). While oxidative stress [which is induced by 
Hb (6, 42, 43)] is a known activator of Stat3 phosphorylation (44, 
45), the molecular events arising due to Hb-mediated activation 
of Stat3 in dendritic cells in the context of lupus autoimmunity 
deserve further attention.

Hemoglobin is known to synergize with TLR2, TLR3, TLR4, 
TLR7, and TLR9 agonists to elicit the secretion of IL-6 and TNF-α 
from macrophages (11). The addition of Hb along with HMGB1 
and TLR ligands results in three-way synergy (46). Two probable 
mechanisms may contribute to such effects: The first mechanism 
postulates Hb-mediated up-modulation of TLR expression, 
thereby making cells more sensitive to TLR ligands. Indeed, the 
pro-oxidative activity of Hb generates reactive oxygen species 
(47) and oxidative stress has been shown to upmodulate TLR 
levels (48). Fe3+ Hb increased mRNA levels of TLR3, TLR7, TLR8, 
and TLR9, with concurrent enhancement in the secretion of IL-8 
(data not shown). Whether such up-modulation also results in 
heightened TLR signaling is under investigation. The second 
mechanism envisages the interaction of Hb with TLR agonists 
to form active complexes. Apoptotic blebs contain packaged 
autoantigens, many of which act as endogenous TLR ligands (49) 
and have stimulatory effects on the maturation of BMDCs (19). 
The current study revealed that Hb (and more particularly Fe3+ 
Hb) interacted, at physiologically relevant affinities, with several 
moieties known to be present in such blebs. A more comprehen-
sive approach to find additional potential Hb-binding partners, 
employing pull-down assays on cellular lysates using either Hb or 
mouse serum albumin (MSA, as a “control” murine protein) on the 
solid support, revealed that Hb interacts with a distinct set of self-
moieties than does MSA (Figure S11 in Supplementary Material). 
The positive identification (by mass spectroscopic analysis) of at 
least some specific Hb-interacting moieties as autoantigens would 
provide further supporting evidence and is an effort that is cur-
rently on-going. The differential stimulatory effects of apoptotic 
blebs in combination with Hb on marker expression on BMDCs 
derived from lupus-prone mice are indicative of differential 
signaling. The fact that apoptotic blebs contain concentrated 
(and possibly modified/processed) autoantigens might account 
for their increased synergy with Hb. Hb signaling through CD163 
(a receptor for Hb and the Hb–Hp complex) has been shown to 
activate ERK and p38 in monocytes and in monocyte-derived 
immature dendritic cells (50). In turn, cytokines and TLR ligands 
can modulate the expression of CD163 (51). Whether the syner-
gies of Hb with external/synthetic (as seen in previous studies) or 
putative endogenous (as seen in this study) TLR ligands involve 
similar pathways remains to be elucidated.

Immunization of lupus-prone mice with Hb leads to height-
ened levels of autoantibodies to Hb. Two observations suggest 
that Hbα (100–119) and Hbβ (100–119) constitute dominant 
autoreactive epitopes. First, the same regions were targeted by 
endogenously generated anti-Hb antibodies and by antibodies 
generated upon Hb immunization (in both sera and organ elu-
ates) in NZM mice. Second, anti-Hb antibodies arising in the 
blood of non-lupus-prone animals (at low tires) target the same 
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FigUre 8 | The immunobiology of Hb in systemic autoimmune disease. Autoimmune hemolysis leads to the release of Hb. If the haptoglobin-mediated clearance 
mechanism is overwhelmed, free Hb readily oxidizes to methemoglobin (Fe3+ Hb). Fe3+ Hb interacts with endogenous toll-like receptor (TLR) ligands/autoantigens 
and DAMP molecules present in apoptotic blebs, present at high concentrations in lupus. Hb and autoantigens, independently or as complexes, affect the functional 
maturation of antigen-presenting cells and subsequent cytokine secretion. Mature DCs present antigens to T cells leading to their activation; the ensuing cytokine 
secretion assists in the generation of autoantibodies by B cells. In addition, the higher Hb-specific B cell precursor frequencies in autoimmune-prone mice, as well 
as the binding of Hb to conventional endogenous TLR ligands/autoantigens (against which activated T cells already exist) may contribute to the break in B cell 
tolerance to Hb that ensues; consequently, isotype-switched anti-Hb antibodies arise in the blood. The immunogenicity of Hb is revealed (upon active immunization) 
to be associated with epitope spreading, possibly resulting from converse assistance to B cells specific for conventional autoantigens as a consequence of 
Hb–autoantigen complexation; heightened autoimmune reactivity against proteinacious, nucleic, and lipidic autoantigens results. The increased presence of 
autoantibodies to Hb and dsDNA (as well as to other moieties) in the kidneys correlates with the deposition of complement and with severe glomerulosclerosis.
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epitopes; it can be postulated that these regions are inherently 
antigenic (and immunogenic?), perhaps due to unappreciated 
molecular mimicry with an unknown agent or moiety. Such a 
theoretical claim awaits further analysis.

While early autoimmune responses have a restricted speci-
ficity, the onset of clinical disease kinetically overlaps with the 
presence of autoantibodies targeting several different moieties, 
believed to arise as a consequence of epitope spreading and 
cross-reactivity (52–54). Interestingly, immunization of lupus-
prone mice with Hb leads to the generation of antibodies to 
several other self-moieties. ELISAs reveal that kidney eluates 
from Hb-immunized NZM mice contain enhanced levels of 
antibodies to dsDNA, Ro52, RNP68k, La and Sm, and Western 
blots on cellular moieties, using both serum and kidney eluates, 
indicate a wide spectrum of reactivity toward proteinacious 
moieties; while reactivities possibly indicative of the recognition 
of Ro52 (≅52 kDa), RNP68k (≅68–70 kDa), and La (≅48 kDa) 

were observed, it can be speculated, based on molecular weight, 
that Ro60 (≅60 kDa), Sm B (≅26 kDa), and Sm D (≅13 kDa) 
constitute other potential reactivities. Definitive and compre-
hensive enumeration of all autoreactive targets awaits further 
analysis.

Although histological analysis carried out at 6 months indi-
cated the enhanced onset of glomerulosclerosis specifically in 
Hb-immunized lupus-prone mice (compared with adjuvant-
immunized mice), Figure S2 in Supplementary Material indicates 
anti-Hb antibodies as well anti-dsDNA antibodies were already 
elevated at 4 months in these mice. Investigations into whether 
degenerative changes in the kidneys are apparent earlier on are 
therefore clearly warranted.

Previous work in the lab has established that all immunizations 
with self-proteins in lupus-prone mice do not result in enhanced 
autoreactivity; while immunization with some apoptotic cell-
specific antibodies in lupus-prone mice generates heightened 
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levels of anti-self-reactivity, immunization with others does not 
(55). These results indicate that the effects observed upon the 
immunization of Hb in lupus-prone mice were not simply the 
consequence of non-specific inflammatory events.

A model elucidating the different facets of the immunobiology 
of Hb described in this report is depicted in Figure 8. Upon the 
release of Hb subsequent to autoimmune hemolysis, physiologi-
cal clearance mechanisms can be overwhelmed, resulting in high 
circulating Hb levels. Fe2+ Hb can oxidize to Fe3+ Hb which then 
interacts with endogenous TLR ligands/autoantigens, avail-
able as components of apoptotic blebs. Hb and Hb–autoantigen 
complexes affect the functional maturation of antigen-presenting 
cells and splenocyte cytokine secretion in lupus-prone mice. 
While mature dendritic cells can then more efficiently present 
self-antigens to T cells, higher Hb-specific B cell precursor fre-
quencies and higher circulating Hb levels may contribute to the 
specific break in B cell tolerance to Hb that specifically ensues 
in a lupus milieu. Hb–autoantigen complexes can also enable 
the recruitment of “help” from autoantigen-specific T  cells to 
Hb-specific B  cells (and vice  versa). The breakage of tolerance 
to Hb is associated with epitope spreading, the sequestration of 
isotype-switched autoantibodies against lupus-associated protei-
nacious, nucleic, and lipidic autoantigens in the kidneys and the 
accelerated onset of glomerulosclerosis.

The current work positions Hb both as an antigen and as a 
pathology-inducing (or, at the very least, pathology- perpetuating) 
immunogen in a murine model of lupus. It exhibits the properties 
of an “ideal” autoantigen: It is normally sequestered, is released 
as a consequence of disease processes and is consequently height-
ened in circulation, is inherently inflammatory, is endogenously 
immunogenic only in a lupus milieu, and finally is disease 
enhancing upon immunization, again only in a lupus milieu. 
This is not to suggest that free Hb is solely responsible for the 
generation of autoimmune responses in lupus, or indeed that it 
has a major role, but rather that it could provide an additional 
stimulus in a lupus-prone environment.

While the implications of anti-Hb autoreactivity in humans 
remain to be determined, the possibility of the adverse effects 
cannot be ignored, given the murine data. The fact that anti-Hb 
antibodies are observed only in a certain percentage of lupus 
patients does not reduce their potential significance; indeed, being 
such a heterogeneous disease, none of the autoantibodies thus far 
described are seen in all lupus patients. For example, incidence 
rates for anti-dsDNA antibodies (an autoreactivity with possibly 
the highest sensitivity and specificity for lupus) can range from 
30 to 90%. Regardless of this fact, specific pathologies have been 
attributed to specific autoantibody specificities and therefore 
each new specificity (such as anti-Hb) may be of consequence. 
Whether anti-Hb antibody levels are of supplemental diagnostic 

and/or prognostic value in humans would be interesting to 
evaluate.

eThics sTaTeMenT

Human subjects: This study was carried out in accordance with 
the recommendations of the ethical guidelines for biomedical 
research on human participants laid down by the Indian Council 
of Medical Research with written informed consent from all 
subjects. All subjects gave written informed consent in accord-
ance with the Declaration of Helsinki. The protocol was approved 
by the Institutional Human Ethics Committee of the National 
Institute of Immunology. Animal subjects: This study was carried 
out in accordance with the recommendations of Committee 
for the Purpose of Control and Supervision of Experiments 
on Animals (CPCSEA). The protocol was approved by the 
Institutional Animal Ethics Committee (IAEC Number: 323/13) 
of the National Institute of Immunology.

aUThOr cOnTriBUTiOns

SJ and RP designed the study. SJ, AB, HS, and RS performed 
research and collected data. BB and AJ acquired and analyzed 
electron microscopy data. SJ and RP analyzed and interpreted 
data, performed statistical analysis, and wrote the manuscript. All 
authors were involved in drafting the work, revising it critically 
for important intellectual content, approved the final version to 
be published, and agreed to be accountable for the content of the 
work.

acKnOWleDgMenTs

We thank Dr. Ashok Mukherjee for help with microscopy and 
related data analysis. The technical assistance of Mr. Ashok 
Kumar and Mr. Dharamveer is gratefully acknowledged.

FUnDing

This work was supported by core grants to the National Institute of 
Immunology by the Department of Biotechnology, Government 
of India and by an extramural grant to RP (BT/PR8320/MED/ 
30/982/2013) by the Department of Biotechnology, Gover nment 
of India.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00732/
full#supplementary-material.

reFerences

1. Nielsen MJ, Moller HJ, Moestrup SK. Hemoglobin and heme scavenger 
receptors. Antioxid Redox Signal (2010) 12:261–73. doi:10.1089/ars.2009.2792 

2. Muller-Eberhard U, Javid J, Liem HH, Hanstein A, Hanna M. Plasma con-
centrations of hemopexin, haptoglobin and heme in patients with various 
hemolytic diseases. Blood (1968) 32:811–5. 

3. Bahk YY, Na BK, Cho SH, Kim JY, Lim KJ, Kim TS. Proteomic analysis 
of haptoglobin and amyloid A protein levels in patients with vivax 
malaria. Korean J Parasitol (2010) 48:203–11. doi:10.3347/kjp.2010.48. 
3.203 

4. Giulivi C, Davies KJ. A novel antioxidant role for hemoglobin. The compro-
portionation of ferrylhemoglobin with oxyhemoglobin. J Biol Chem (1990) 
265:19453–60. 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00732/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00732/full#supplementary-material
https://doi.org/10.1089/ars.2009.2792
https://doi.org/10.3347/kjp.2010.48.3.203
https://doi.org/10.3347/kjp.2010.48.3.203


15

Jain et al. Hb and Autoimmune Pathology

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 732

5. Reeder BJ. The redox activity of hemoglobins: from physiologic functions 
to pathologic mechanisms. Antioxid Redox Signal (2010) 13:1087–123. 
doi:10.1089/ars.2009.2974 

6. Balla J, Jacob HS, Balla G, Nath K, Eaton JW, Vercellotti GM. Endothelial-cell 
heme uptake from heme proteins: induction of sensitization and desen-
sitization to oxidant damage. Proc Natl Acad Sci U S A (1993) 90:9285–9. 
doi:10.1073/pnas.90.20.9285 

7. McFaul SJ, Bowman PD, Villa VM, Gutierrez-Ibanez MJ, Johnson M, Smith D. 
Hemoglobin stimulates mononuclear leukocytes to release interleukin-8 and 
tumor necrosis factor alpha. Blood (1994) 84:3175–81. 

8. Reiter CD, Wang X, Tanus-Santos JE, Hogg N, Cannon  RO III,  
Schechter AN, et al. Cell-free hemoglobin limits nitric oxide bioavailability  
in sickle-cell disease. Nat Med (2002) 8:1383–9. doi:10.1038/nm1202-799 

9. Wang X, Mori T, Sumii T, Lo EH. Hemoglobin-induced cytotoxicity in rat 
cerebral cortical neurons: caspase activation and oxidative stress. Stroke 
(2002) 33:1882–8. doi:10.1161/01.STR.0000020121.41527.5D 

10. Liu X, Spolarics Z. Methemoglobin is a potent activator of endothelial cells by 
stimulating IL-6 and IL-8 production and E-selectin membrane expression. 
Am J Physiol Cell Physiol (2003) 285:C1036–46. doi:10.1152/ajpcell.00164.2003 

11. Lin T, Kwak YH, Sammy F, He P, Thundivalappil S, Sun G, et al. Synergistic 
inflammation is induced by blood degradation products with microbial 
toll-like receptor agonists and is blocked by hemopexin. J Infect Dis (2010) 
202:624–32. doi:10.1086/654929 

12. Kaca W, Roth RI, Levin J. Hemoglobin, a newly recognized lipopolysaccharide 
(LPS)-binding protein that enhances LPS biological activity. J Biol Chem 
(1994) 269:25078–84. 

13. Santiago-Raber ML, Baudino L, Izui S. Emerging roles of TLR7 and TLR9 
in murine SLE. J Autoimmun (2009) 33:231–8. doi:10.1016/j.jaut.2009.10.001 

14. Calkins CE, Esposito M. Differences between normal and autoimmune 
T  cell responses to autologous erythrocytes and haemoglobin: impairment 
of haptoglobin-mediated inhibition in NZB spleen cells. J Autoimmun (1996) 
9:453–62. doi:10.1006/jaut.1996.0062 

15. Komita H, Zhao X, Taylor JL, Sparvero LJ, Amoscato AA, Alber S, et al. CD8+ 
T-cell responses against hemoglobin-beta prevent solid tumor growth. Cancer 
Res (2008) 68:8076–84. doi:10.1158/0008-5472.CAN-08-0387 

16. Merbl Y, Zucker-Toledano M, Quintana FJ, Cohen IR. Newborn humans 
manifest autoantibodies to defined self molecules detected by antigen 
microarray informatics. J Clin Invest (2007) 117:712–8. doi:10.1172/JCI29943 

17. Bhatnagar H, Kala S, Sharma L, Jain S, Kim KS, Pal R. Serum and organ- 
associated anti-hemoglobin humoral autoreactivity: association with anti-Sm 
responses and inflammation. Eur J Immunol (2011) 41:537–48. doi:10.1002/
eji.201040989 

18. Ascoli F, Fanelli MR, Antonini E. Preparation and properties of apohemo-
globin and reconstituted hemoglobins. Methods Enzymol (1981) 76:72–87. 
doi:10.1016/0076-6879(81)76115-9 

19. Fransen JH, Hilbrands LB, Ruben J, Stoffels M, Adema GJ, van der Vlag J, et al. 
Mouse dendritic cells matured by ingestion of apoptotic blebs induce T cells 
to produce interleukin-17. Arthritis Rheum (2009) 60:2304–13. doi:10.1002/
art.24719 

20. Koffler D, Schur PH, Kunkel HG. Immunological studies concerning the 
nephritis of systemic lupus erythematosus. J Exp Med (1967) 126:607–24. 
doi:10.1084/jem.126.4.607 

21. Fransen JH, van der Vlag J, Ruben J, Adema GJ, Berden JH, Hilbrands LB. The 
role of dendritic cells in the pathogenesis of systemic lupus erythematosus. 
Arthritis Res Ther (2010) 12:207. doi:10.1186/ar2966 

22. Bashal F. Hematological disorders in patients with systemic lupus erythema-
tosus. Open Rheumatol J (2013) 7:87–95. doi:10.2174/1874312901307010087 

23. Hansen OP, Hansen TM, Jans H, Hippe E. Red blood cell membrane-bound 
IgG: demonstration of antibodies in patients with autoimmune haemolytic 
anaemia and immune complexes in patients with rheumatic diseases. Clin Lab 
Haematol (1984) 6:341–9. doi:10.1111/j.1365-2257.1984.tb00561.x 

24. Bass GF, Tuscano ET, Tuscano JM. Diagnosis and classification of autoim-
mune hemolytic anemia. Autoimmun Rev (2014) 13:560–4. doi:10.1016/j.
autrev.2013.11.010 

25. Schaer DJ, Buehler PW, Alayash AI, Belcher JD, Vercellotti GM. Hemolysis and 
free hemoglobin revisited: exploring hemoglobin and hemin scavengers as a 
novel class of therapeutic proteins. Blood (2013) 121:1276–84. doi:10.1182/
blood-2012-11-451229 

26. Domiciano DS, Shinjo SK. Autoimmune hemolytic anemia in systemic lupus 
erythematosus: association with thrombocytopenia. Clin Rheumatol (2010) 
29:1427–31. doi:10.1007/s10067-010-1479-2 

27. Kokori SI, Ioannidis JP, Voulgarelis M, Tzioufas AG, Moutsopoulos HM. 
Autoimmune hemolytic anemia in patients with systemic lupus erythe-
matosus. Am J Med (2000) 108:198–204. doi:10.1016/S0002-9343(99) 
00413-1 

28. Schwab J, Lukowsky A, Volk HD, Peter HH, Melchers I. Precursor frequencies 
for DNA-specific B lymphocytes in patients with systemic lupus erythemato-
sus (SLE). Clin Exp Immunol (1994) 96:450–7. doi:10.1111/j.1365-2249.1994.
tb06050.x 

29. Isacovics B, Silverman ED. Limiting dilution analysis of Epstein-Barr virus 
infectable B cells secreting anti-Ro/SSA and anti-La/SSB antibodies in neo-
natal lupus erythematosus and systemic lupus erythematosus. J Autoimmun 
(1993) 6:481–94. doi:10.1006/jaut.1993.1040 

30. Cohen PL, Shores EW, Rapoport R, Caster S, Eisenberg RA, Pisetsky DS. 
Anti-Sm autoantibodies in MRL mice: analysis of precursor frequency. Cell 
Immunol (1985) 96:448–54. doi:10.1016/0008-8749(85)90376-4 

31. Dang H, Harbeck RJ. A comparison of anti-DNA antibodies from serum and 
kidney eluates of NZB x NZW F1 mice. J Clin Lab Immunol (1982) 9:139–45. 

32. Crispin JC, Alcocer-Varela J. The role myeloid dendritic cells play in the 
pathogenesis of systemic lupus erythematosus. Autoimmun Rev (2007) 
6:450–6. doi:10.1016/j.autrev.2007.01.014 

33. Buttari B, Profumo E, Petrone L, Pietraforte D, Siracusano A, Margutti P, et al. 
Free hemoglobin: a dangerous signal for the immune system in patients with 
carotid atherosclerosis? Ann N Y Acad Sci (2007) 1107:42–50. doi:10.1196/
annals.1381.005 

34. Jia Y, Buehler PW, Boykins RA, Venable RM, Alayash AI. Structural basis of 
peroxide-mediated changes in human hemoglobin: a novel oxidative pathway. 
J Biol Chem (2007) 282:4894–907. doi:10.1074/jbc.M609955200 

35. Dalod M, Chelbi R, Malissen B, Lawrence T. Dendritic cell maturation: 
functional specialization through signaling specificity and transcriptional 
programming. EMBO J (2014) 33:1104–16. doi:10.1002/embj.201488027 

36. Melillo JA, Song L, Bhagat G, Blazquez AB, Plumlee CR, Lee C, et  al. 
Dendritic cell (DC)-specific targeting reveals Stat3 as a negative regulator 
of DC function. J Immunol (2010) 184:2638–45. doi:10.4049/jimmunol. 
0902960 

37. Park SJ, Nakagawa T, Kitamura H, Atsumi T, Kamon H, Sawa S, et al. IL-6 
regulates in  vivo dendritic cell differentiation through STAT3 activation. 
J Immunol (2004) 173:3844–54. doi:10.4049/jimmunol.173.6.3844 

38. Liu WH, Liu JJ, Wu J, Zhang LL, Liu F, Yin L, et  al. Novel mechanism of 
inhibition of dendritic cells maturation by mesenchymal stem cells via inter-
leukin-10 and the JAK1/STAT3 signaling pathway. PLoS One (2013) 8:e55487. 
doi:10.1371/journal.pone.0055487 

39. Kawakami Y, Inagaki N, Salek-Ardakani S, Kitaura J, Tanaka H, Nagao K, 
et al. Regulation of dendritic cell maturation and function by Bruton’s tyro-
sine kinase via IL-10 and Stat3. Proc Natl Acad Sci U S A (2006) 103:153–8. 
doi:10.1073/pnas.0509784103 

40. Hanada T, Yoshida H, Kato S, Tanaka K, Masutani K, Tsukada J, et  al. 
Suppressor of cytokine signaling-1 is essential for suppressing dendritic 
cell activation and systemic autoimmunity. Immunity (2003) 19:437–50. 
doi:10.1016/S1074-7613(03)00240-1 

41. Xue Z, Ge Z, Zhang K, Sun R, Yang J, Han R, et al. Embelin suppresses den-
dritic cell functions and limits autoimmune encephalomyelitis through the 
TGF-beta/beta-catenin and STAT3 signaling pathways. Mol Neurobiol (2014) 
49:1087–101. doi:10.1007/s12035-013-8583-7 

42. Alayash AI. Oxidative mechanisms of hemoglobin-based blood substitutes. 
Artif Cells Blood Substit Immobil Biotechnol (2001) 29:415–25. doi:10.1081/
BIO-100108547 

43. Goldman DW, Breyer  RJ III, Yeh D, Brockner-Ryan BA, Alayash AI. Acellular 
hemoglobin-mediated oxidative stress toward endothelium: a role for ferryl 
iron. Am J Physiol (1998) 275:H1046–53. 

44. Carballo M, Conde M, El Bekay R, Martín-Nieto J, Camacho MJ,  
Monteseirín J, et  al. Oxidative stress triggers STAT3 tyrosine phosphoryla-
tion and nuclear translocation in human lymphocytes. J Biol Chem (1999) 
274:17580–6. doi:10.1074/jbc.274.25.17580 

45. Mashreghi MF, Klemz R, Knosalla IS, Gerstmayer B, Janssen U, Buelow R, 
et al. Inhibition of dendritic cell maturation and function is independent of 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1089/ars.2009.2974
https://doi.org/10.1073/pnas.90.20.9285
https://doi.org/10.1038/nm1202-799
https://doi.org/10.1161/01.STR.0000020121.41527.5D
https://doi.org/10.1152/ajpcell.00164.2003
https://doi.org/10.1086/654929
https://doi.org/10.1016/j.jaut.2009.10.001
https://doi.org/10.1006/jaut.1996.0062
https://doi.org/10.1158/0008-5472.CAN-08-0387
https://doi.org/10.1172/JCI29943
https://doi.org/10.1002/eji.201040989
https://doi.org/10.1002/eji.201040989
https://doi.org/10.1016/0076-6879(81)76115-9
https://doi.org/10.1002/art.24719
https://doi.org/10.1002/art.24719
https://doi.org/10.1084/jem.126.4.607
https://doi.org/10.1186/ar2966
https://doi.org/10.2174/1874312901307010087
https://doi.org/10.1111/j.1365-2257.1984.tb00561.x
https://doi.org/10.1016/j.autrev.2013.11.010
https://doi.org/10.1016/j.autrev.2013.11.010
https://doi.org/10.1182/blood-2012-11-451229
https://doi.org/10.1182/blood-2012-11-451229
https://doi.org/10.1007/s10067-010-1479-2
https://doi.org/10.1016/S0002-9343(99)
00413-1
https://doi.org/10.1016/S0002-9343(99)
00413-1
https://doi.org/10.1111/j.1365-2249.1994.tb06050.x
https://doi.org/10.1111/j.1365-2249.1994.tb06050.x
https://doi.org/10.1006/jaut.1993.1040
https://doi.org/10.1016/0008-8749(85)90376-4
https://doi.org/10.1016/j.autrev.2007.01.014
https://doi.org/10.1196/annals.1381.005
https://doi.org/10.1196/annals.1381.005
https://doi.org/10.1074/jbc.M609955200
https://doi.org/10.1002/embj.201488027
https://doi.org/10.4049/jimmunol.
0902960
https://doi.org/10.4049/jimmunol.
0902960
https://doi.org/10.4049/jimmunol.173.6.3844
https://doi.org/10.1371/journal.pone.0055487
https://doi.org/10.1073/pnas.0509784103
https://doi.org/10.1016/S1074-7613(03)00240-1
https://doi.org/10.1007/s12035-013-8583-7
https://doi.org/10.1081/BIO-100108547
https://doi.org/10.1081/BIO-100108547
https://doi.org/10.1074/jbc.274.25.17580


16

Jain et al. Hb and Autoimmune Pathology

Frontiers in Immunology | www.frontiersin.org June 2017 | Volume 8 | Article 732

heme oxygenase 1 but requires the activation of STAT3. J Immunol (2008) 
180:7919–30. doi:10.4049/jimmunol.180.12.7919 

46. Lin T, Sammy F, Yang H, Thundivalappil S, Hellman J, Tracey KJ, et  al. 
Identification of hemopexin as an anti-inflammatory factor that inhibits 
synergy of hemoglobin with HMGB1 in sterile and infectious inflammation. 
J Immunol (2012) 189:2017–22. doi:10.4049/jimmunol.1103623 

47. Lee SK, Ding JL. A perspective on the role of extracellular hemoglobin on 
the innate immune system. DNA Cell Biol (2013) 32:36–40. doi:10.1089/
dna.2012.1897 

48. Powers KA, Szászi K, Khadaroo RG, Tawadros PS, Marshall JC, Kapus A, et al. 
Oxidative stress generated by hemorrhagic shock recruits toll-like receptor 
4 to the plasma membrane in macrophages. J Exp Med (2006) 203:1951–61. 
doi:10.1084/jem.20060943 

49. Marshak-Rothstein A. Toll-like receptors in systemic autoimmune disease. 
Nat Rev Immunol (2006) 6:823–35. doi:10.1038/nri1957 

50. Buttari B, Profumo E, Di Cristofano C, Pietraforte D, Lionetti V, Capoano R, 
et al. Haemoglobin triggers chemotaxis of human monocyte-derived dendritic 
cells: possible role in atherosclerotic lesion instability. Atherosclerosis (2011) 
215:316–22. doi:10.1016/j.atherosclerosis.2010.12.032 

51. Weaver LK, Pioli PA, Wardwell K, Vogel SN, Guyre PM. Up-regulation of 
human monocyte CD163 upon activation of cell-surface toll-like receptors. 
J Leukoc Biol (2007) 81:663–71. doi:10.1189/jlb.0706428 

52. Arbuckle MR, McClain MT, Rubertone MV, Scofield RH, Dennis GJ,  
James JA, et  al. Development of autoantibodies before the clinical onset of 

systemic lupus erythematosus. N Engl J Med (2003) 349:1526–33. doi:10.1056/
NEJMoa021933 

53. Deshmukh US, Lewis JE, Gaskin F, Dhakephalkar PK, Kannapell CC,  
Waters ST, et  al. Ro60 peptides induce antibodies to similar epitopes 
shared among lupus-related autoantigens. J Immunol (2000) 164:6655–61. 
doi:10.4049/jimmunol.164.12.6655 

54. Heinlen LD, McClain MT, Ritterhouse LL, Bruner BF, Edgerton CC, Keith MP, 
et al. 60 kD Ro and nRNP A frequently initiate human lupus autoimmunity. 
PLoS One (2010) 5:e9599. doi:10.1371/journal.pone.0009599 

55. Arora P, Malik M, Sachdeva R, Saxena L, Das J, Ramachandran VG, et  al. 
Innate and humoral recognition of the products of cell death: differential 
antigenecity and immunogenecity in lupus. Clin Exp Immunol (2016) 
187(3):353–68. doi:10.1111/cei.12889 

Conflict of Interest Statement: This research was conducted in the absence of 
any commercial or financial relationships that could be construed as a potential 
conflict of interest.

Copyright © 2017 Jain, Bose, Bastia, Sharma, Sachdeva, Jain and Pal. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.4049/jimmunol.180.12.7919
https://doi.org/10.4049/jimmunol.1103623
https://doi.org/10.1089/dna.2012.1897
https://doi.org/10.1089/dna.2012.1897
https://doi.org/10.1084/jem.20060943
https://doi.org/10.1038/nri1957
https://doi.org/10.1016/j.atherosclerosis.2010.12.032
https://doi.org/10.1189/jlb.0706428
https://doi.org/10.1056/NEJMoa021933
https://doi.org/10.1056/NEJMoa021933
https://doi.org/10.4049/jimmunol.164.12.6655
https://doi.org/10.1371/journal.pone.0009599
https://doi.org/10.1111/cei.12889
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Oxidized Hemoglobin Is Antigenic and Immunogenic in Lupus
	Introduction
	Materials and Methods
	Human Sera and Animals
	Anti-Hb Reactivity in Human Patients
	Hb Quantification in Murine Plasma
	Purification and Characterization of Murine Hb, and Assessment of Splenocyte Cytokine Responses to Hb
	Determination of Anti-Hb B Cell Precursor Frequencies
	Hb–Self Antigen Interaction
	ELISA
	Surface Plasmon Resonance
	Pull Down

	Assessment of the Effects of Hb, Apoptotic Blebs, and Cellular Lysate on Bone Marrow-Derived Dendritic Cells (BMDCs)
	Characterization of Endogenous Anti-Hb Reactivity and Reactivities Elicited upon Hb Immunization
	Histological Analysis
	Statistical Analysis

	Results
	Anti-Hb Reactivity in Human Sera
	Plasma Hb Levels, Splenocyte Cytokine Responses to Hb, Anti-Hb B Cell Precursor Frequencies, Endogenous Anti-Hb Autoantibody Reactivity
	Effects of Hb on BMDC Maturation
	Assessment of Hb–Self Antigen Interaction and Evaluation of Downstream Consequences
	Assessment of Autoimmune Responses in Hb-Immunized Lupus-Prone and Healthy Mice

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


