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Summary

Increasing evidence suggests that free haem and iron exert vasculo-toxic

and pro-inflammatory effects by activating endothelial and immune cells.

In the present retrospective study, we compared serum samples from trans-

fusion-dependent patients with b-thalassaemia major and intermedia,

hereditary spherocytosis and sickle cell disease (SCD). Haemolysis, transfu-

sions and ineffective erythropoiesis contribute to haem and iron overload

in haemolytic patients. In all cohorts we observed increased systemic haem

and iron levels associated with scavenger depletion and toxic ‘free’ species

formation. Endothelial dysfunction, oxidative stress and inflammation

markers were significantly increased compared to healthy donors. In multi-

variable logistic regression analysis, oxidative stress markers remained sig-

nificantly associated with both haem- and iron-related parameters, while

soluble vascular cell adhesion molecule 1 (sVCAM-1), soluble endothelial

selectin (sE-selectin) and tumour necrosis factor a (TNFa) showed the

strongest association with haem-related parameters and soluble intercellular

adhesion molecule 1 (sICAM-1), sVCAM-1, interleukin 6 (IL-6) and vascu-

lar endothelial growth factor (VEGF) with iron-related parameters. While

hereditary spherocytosis was associated with the highest IL-6 and TNFa
levels, b-thalassaemia major showed limited inflammation compared to

SCD. The sVCAM1 increase was significantly lower in patients with SCD

receiving exchange compared to simple transfusions. The present results

support the involvement of free haem/iron species in the pathogenesis of

vascular dysfunction and sterile inflammation in haemolytic diseases, irre-

spective of the underlying haemolytic mechanism, and highlight the poten-

tial therapeutic benefit of iron/haem scavenging therapies in these

conditions.
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Introduction

Blood diseases such as sickle cell disease (SCD), b-thalas-
saemia (b-thal) and hereditary spherocytosis (SPH) are hall-

marked by haemolysis, leading to cell-free haemoglobin (Hb)

release in the circulation.1–8 Mechanistically haemolysis can

be extra- or intra-vascular. While extra-vascular haemolysis

involves red blood cell (RBC) phagocytosis by hepatic and

splenic macrophages of the reticulo-endothelial system, and

accounts for most haemolytic events in b-thal and hereditary

SPH, intravascular haemolysis occurs in the form of erythro-

cyte destruction within the blood vessel lumen and accounts

for one-third of the haemolytic process in SCD.5

Previous work showed that circulating free Hb levels are

increased in these diseases and haptoglobin (Hp), the Hb

scavenger is reduced. Hp is part of a detoxification system in

mammals that scavenges haemolysis by-products in the cir-

culation and promotes intracellular metabolism.1,2,9 This

detoxification system also includes the haem scavenger hae-

mopexin (Hx) and the cellular enzymes haem-oxygenases

(HO-1 and -2).9,10 Hp and Hx, by binding with high affinity

Hb and haem, respectively, deliver Hb to macrophages and

haem to hepatocytes, thus preventing their pro-oxidant

action in the circulation and non-specific uptake in non-tar-

get cells.1,2,11–15 Within cells, HOs degrade the haem

porphyrin into iron, carbon monoxide and biliverdin, thus

exerting primary anti-inflammatory, anti-oxidant and anti-

apoptotic effects.10,16–19 Once iron is released, the ferritin

heavy chain (H-Ferritin) oxidises ferrous iron (Fe2+) to cat-

alytically inactive ferric iron (Fe3+) through its ferroxidase

activity and allows iron storage inside ferritin light chain

(L-Ferritin).20–22 Due to a high rate of haemolysis, haem

detoxification systems are often saturated in haemolytic dis-

eases.1,11,23–25 While Hp is used as a clinical marker for

haemolysis and its reduction in SCD, b-thal and SPH is

known; the modulation and comparison of haem-related

parameters across different haemolytic diseases is less clear.

Anaemia in haemolytic diseases is often treated with trans-

fusions. While regular transfusions cause iron overload,

exchange transfusions are expected to limit iron accumula-

tion. In transfused patients, the iron binding capacity of the

plasma carrier transferrin (Tf) is often exceeded, resulting in

non-Tf-bound iron (NTBI) formation and iron overload.

Low hepcidin levels in patients with b-thal in response to

inefficient erythropoiesis, are an additional cause of iron

overload.7,26–30 The hepatic hormone hepcidin controls iron

absorption and recycling through the occlusion and prote-

olytic degradation of the iron exporter ferroportin on the

surface of duodenal enterocytes and macrophages.31,32 Hep-

cidin levels are reduced in response to hypoxia and increased
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erythropoietic activity in patients with haemoglobinopathies,

promoting dietary iron uptake for erythropoiesis despite suf-

ficient iron availability.31,32 Previous work showed a reduc-

tion of hepcidin in patients with b-thal, whereas data on

hepcidin in SCD remain controversial. Differences between

patients with SCD receiving simple versus exchange transfu-

sions have not explored to date.

A vasculo-toxic and pro-inflammatory role has been

attributed to unbound haem and iron.1,33–36 due to their

ability to induce endothelial and immune cell activation.37–

44 Through these mechanisms, haem and iron promote

adhesion of leucocytes and RBCs to the vessel wall and

trigger vasculopathy45,46 and sterile inflammation, which

contributes to a dysfunctional vasculature and highly

inflammatory environment typical of SCD and b-thal.36,47–
50 Overall, haemolysis and related mechanisms likely con-

tribute to a number of complications associated with these

diseases, including vaso-occlusive crisis, pulmonary hyper-

tension, stroke, acute chest syndrome, leg ulceration and

thrombosis.46,51–62 Whereas haem-induced toxicity has been

explored in patients with SCD, the association between

haem/iron parameters and markers of vascular dysfunction

and inflammation has been poorly investigated in patients

with b-thal and SPH, and comparisons across these diseases

are not available.

In the present study, we analysed cohorts of transfusion-

dependent patients with b-thal major, b-thal intermedia,

SPH and SCD to shed light on the relationship between the

formation of free haem and iron species and vascular dys-

function, as well as inflammation across haemolytic diseases.

Specifically, the aims of the present study were: (i) to system-

atically compare haem- and iron-related parameters and vas-

cular/inflammatory markers across different haemolytic

diseases; (ii) to correlate markers of vascular alterations,

oxidative stress and inflammation with haem- and iron-re-

lated parameters; (iii) to compare iron-related parameters in

patients with SCD receiving simple versus exchange transfu-

sions; (iv) to assess the impact of splenectomy on anaemia

and haemolysis, as well as vascular/inflammatory markers.

Patients and methods

Details on patients and methods are included in Data S1.

Results

Patients’ characteristics

We analysed (i) a cohort of patients with b-thal major (n = 59)

and b-thal intermedia (n = 7). These patients were transfu-

sion-dependent (one transfusion every 3–4 weeks); however,

transfusions were unable to fully correct the anaemia (aver-

age Hb 78 g/l for b-thal major). 95% of the patients received

iron chelation (75% patients receiving either deferoxamine

or deferiprone alone; 20% a combination of deferoxamine or

deferiprone with deferasirox; 5% non-chelated) (Tables SI

and SII). We compared patients with b-thal to healthy sub-

jects (n = 17). The b-thal cohorts predominantly included

children (average age 11–14, range 2–36 years); therefore, it

was not possible to obtain a perfectly age-matched control

population of healthy donors (average age 27, range 8–
42 years). Nevertheless, throughout the study we did not

observe major differences between younger (aged 8–15 years)

and older (aged >25 years) control subjects for the parame-

ters analysed; (ii) a cohort of patients with hereditary SPH

(n = 14; mean [SD] age 8�35 [3�89] years), receiving one

transfusion every 3 up to 8 weeks (average Hb 84 g/l). Only

30% of these patients were treated by chelation (deferoxam-

ine) (Tables SIII and SIV); (iii–iv) two cohorts of patients

with SCD (genotype SS), whereby the first cohort received

simple transfusions (SCD 1, n = 16; mean [SD]

19�18 [5�75] years) and the second automated exchange

transfusions (SCD 2, n = 19; mean [SD] age

22�5 [6�17] years). The SCD 1 patients were sporadically

transfused every 3–6 weeks (average Hb 82.5 g/l) and did

not receive chelation. 25% of SCD 1 patients were treated

with hydroxyurea. The SCD 2 patients received exchange

transfusion every 4 weeks (average Hb 100.8 g/l) and only

21% required iron chelation therapy (deferasirox). The SPH

and SCD cohorts were compared to a control population of

healthy subjects (34; aged ≥25 years) (Tables SV–SVII). The
SCD 2 patients were mainly of African American origin,63

whereas all the other cohorts of patients analysed in the pre-

sent study (b-thal, SPH, SCD 1) were of Palestinian origin.64

Compliance with iron chelation therapy was poor, especially

in the patients with b-thal and SPH.

All parameters reported in our study were measured as

long as a sufficient sample was available. Lack of sample

availability prevented us from measuring all parameters in

the entire cohorts and controls. The b-thal cohorts and the

SCD and SPH cohorts were analysed at different times,

therefore data are presented in separate graphs. To directly

compare between the results from the patients with b-thal
with patients with SPH and SCD, we included a few b-thal
serum samples still available at the time of the analysis of

SCD and SPH serum samples. Comparisons are presented in

Figs 1H, I, 2F, G, 4E, F, 5E; Figure S4.

Systemic haem and iron are elevated in transfusion-
dependent patients with haemolytic diseases

In all patient cohorts serum levels of cell-free haem, which

include both bound and free Hb and haem, were significantly

elevated compared to healthy subjects, without significant

differences among the three haemolytic diseases (Fig 1A, G, H).

However, most patients with SPH had lower Hb/haem levels

compared to patients with b-thal and SCD (Fig 1H). Consis-

tent with the increase in circulating haem, Hx was severely

reduced in patients with b-thal, both major and intermedia,

as well as in patients with SCD, reaching almost undetectable
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levels (Fig 1C, D, G, I, J). Hx levels were reduced to a lesser

extent in patients with SPH (Fig 1G, I). Additionally, we

observed reduced Hp and increased bilirubin levels in

patients with b-thal (Fig 1B; Figure S1). Hb/haem scavenger

saturation and depletion likely result in the formation of

‘free’ unbound Hb and haem species, which we estimated in

the patients with b-thal based on Hp and Hx levels. While in

control subjects the total serum Hp and Hx levels accounted

for an average Hb/haem binding capacity of 20�66 (9�83–
31�5) µmol/l, in patients with b-thal major this capacity was

as low as 4�53 (0�59–8�47) µmol/l (Fig 1E). However, serum

total Hb/haem levels were increased from an average of

Fig 1. Transfusion-dependent patients with b-thalassaemia (b-thal), sickle cell disease (SCD) and spherocytosis (SPH) are hallmarked by haemol-

ysis and haem scavenger depletion. (A–C) Measurement of total cell-free Hb/haem, haptoglobin and haemopexin in sera of healthy subjects

(Ctrl), and patients with b-thal major and intermedia (int). (D) Correlation between haemopexin and haem includes data from Ctrls and patients

with b-thal. (E,F) Total µmol/l Hb and haem binding capacity of haptoglobin and haemopexin and ‘free’ unbound Hb/haem (NHBHb, NHBH)

in patients with b-thal major and int (calculated as described in Methods). (G) Representative Western blot for haemopexin in sera of healthy

subjects (Ctrl), as well as patients with b-thal major, SCD (SCD 1 and 2), and SPH; (H,I) Measurement of total cell-free Hb/haem and haemo-

pexin in sera of Ctrls and patients with SPH and SCD (SCD 1 and 2). Few samples of patients with b-thal major were included for comparison.

(J) Correlation of haemopexin with haem includes data from Ctrls, and patients with SCD1 and 2. Values represent mean � SD. *P < 0�05;
**P < 0�01; ***P < 0�001; ****P < 0�0001.
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34�82 (22�77–46�87) µmol/l in healthy subjects up to

80 (41�68–118�52) µmol/l in patients with b-thal major

(Fig 1A). Therefore, the average amount of ‘free’ non-Hp-

bound Hb (NHBHb) and non-Hx-bound haem (NHBH)

was about 16�9 (3�88–29�9) µmol/l in healthy subjects and

elevated up to 76 (36�4–115�5) µmol/l in patients with b-thal
major (Fig 1F). Patients with b-thal carried at least an aver-

age 50 µmol/l NHBHb and NHBH in excess compared to

healthy individuals.

Furthermore, serum iron, Tf saturation and NTBI were

highly elevated in b-thal major and intermedia and, to a

lower extent in SCD and SPH (Fig 2A–C, E–G; Figure S1).

Patients with b-thal major had the highest levels of serum

iron, Tf saturation (average 80%) and NTBI, whereas

patients with b-thal intermedia and SCD had a more moder-

ate Tf saturation (average 55–60%) and NTBI increase

(Fig 2A–C). Tf saturation and NTBI were only mildly ele-

vated in SPH and more pronounced in SCD (Fig 2E–G).
Markers for iron overload were increased to similar levels in

patients with SCD receiving simple and exchange transfu-

sions (Tf saturation average 55% in SCD 1 vs. 50% in SCD

2) (Fig 2E–G). In all cohorts, NTBI showed a direct correla-

tion with Tf saturation (Fig 2D, H).

In patients with b-thal the Hb levels were decreased and

the erythropoietin (EPO) as well as hepcidin levels increased

(Fig 3A–C). However, hepcidin induction by iron appears

inadequate when compared to the elevated iron burden,

monitored as serum ferritin, in these patients. This is indi-

cated by the hepcidin–ferritin ratio, which was significantly

decreased in patients with b-thal compared to healthy sub-

jects (Fig 3D).

Anaemia was also seen in patients with SCD and SPH

(Fig 3E). Conversely to the b-thal cohorts, in the SCD and

SPH cohorts hepcidin levels were decreased (Fig 3G),

together with a less severe iron burden (Tf saturation 35–
60%, Fig 2E–G) and increased erythropoietic activity

(demonstrated by EPO induction, Fig 3F). The modulation of

the hepcidin–serum iron ratio reflected that of absolute hep-

cidin levels (Fig 3H). While haem and Hx levels, as well the

hepcidin–ferritin ratio, were similarly altered across patients

with different haemolytic diseases, Tf saturation, NTBI and

EPO were significantly higher in patients with b-thal,

Fig 2. Transfusion-dependent patients with haemolytic diseases are hallmarked by elevated transferrin (Tf) saturation and non-Tf-bound iron

(NTBI) formation. (A–C) Measurement of iron, Tf saturation and NTBI in sera of healthy subjects (Ctrl), as well as patients with b-thalassaemia

(b-thal) intermedia (int) and major. (D) Correlation between NTBI and Tf saturation includes data from Ctrls and patients with b-thal. (E–G)
Measurement of iron, Tf saturation and NTBI in sera of Ctrls, as well as patients with sickle cell disease (SCD1 and 2) and spherocytosis (SPH).

A few samples of patients with b-thal major were included for comparison. (H) Correlation between NTBI and Tf saturation includes data from

Ctrls and patients with SCD (SCD 1 and 2). Values represent mean � SD. *P < 0�05; **P < 0�01; ***P < 0�001; ****P < 0�0001.
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reflecting higher transfusional iron burden and more severe

ineffective erythropoiesis (Figs 1H, I, 2F, Gand 3B, C, F, G).

Collectively, these data indicate that haemolytic diseases are

hallmarked by elevated systemic haem and iron levels, associ-

ated with scavenger saturation and formation of unbound Hb,

haem and iron species. Hepcidin levels are reduced or inappro-

priately low in these disease conditions, likely contributing to

NTBI formation together with transfusions.

Markers of vasculopathy are increased in transfusion-
dependent patients with haemolytic diseases

We recently showed that in mouse models of haemolytic

(SCD and b-thal) and iron-overload disease (hereditary

haemochromatosis) unbound haem and iron are drivers of

vascular damage.15,33,39,65 We thus analysed whether markers

of vascular activation and dysfunction are altered in the

serum of patients with haemolytic anaemias. Specifically, we

monitored circulating soluble adhesion molecules, whose

increase indicates endothelial activation, and nitrotyrosine,

whose reduced levels indicate poor availability of the key

endothelial homeostatic regulator nitric oxide (NO) and thus

vascular dysfunction. Consistent with our observations in

disease models, patients with b-thal, SCD and SPH had an

increase of markers of vascular activation and dysfunction.

Soluble adhesion molecules, including soluble vascular cell

adhesion molecule 1 (sVCAM-1), soluble intercellular adhe-

sion molecule 1 (sICAM-1), soluble platelet and endothelial

Fig 3. Iron overload in transfusion-dependent patients with haemolytic diseases is associated with inappropriate hepcidin levels. (A–D) Measure-

ment of haemoglobin, erythropoietin (EPO), hepcidin and hepcidin–serum ferritin (Ft) ratio in blood samples and sera of healthy subjects (Ctrl),

and patients with b-thalassaemia (b-thal) intermedia (int) and major; (E–H) Measurement of haemoglobin, EPO, hepcidin and hepcidin–Ft ratio
in sera of Ctrls, as well as patients with sickle cell disease (SCD 1 and 2) and spherocytosis (SPH). EPO is shown only in the SPH an SCD 1

groups. Values represent mean � SD. *P < 0�05; ***P < 0�001; ****P < 0�0001.

Fig 4. Transfusion-dependent patients with haemolytic diseases are characterised by elevated biomarkers of vascular dysfunctions. (A) Measure-

ment of soluble vascular cell and intercellular adhesion molecules 1 (sVCAM-1, sICAM-1), soluble endothelial and platelet selectins (sE-selectin,

sP-selectin) in sera of healthy subjects (Ctrls), as well as patients with b-thalassaemia (b-thal) intermedia (int) and major. (B–D) Significant cor-
relations between soluble adhesion molecules and haem/iron-related parameters including data from Ctrls and patients with b-thal major are

shown. (E) Measurement of sVCAM-1 and sE-selectin in sera of Ctrls, as well as patients with sickle cell disease (SCD 1 and 2), and spherocytosis

(SPH). (F) Correlations between sE-selectin and haem or transferrin (Tf) saturation including data from Ctrls and SCD 1 and 2 are shown.

(G, I) Nitrotyrosine measurement in sera of Ctrls, as well as patients with b-thal int and major, SCD 1 and 2, and SPH. A few samples of patients

with b-thal major were included for comparison. (H) Correlations between nitrotyrosine (Ntyr) and haemopexin (Hx) or Tf saturation including

data from Ctrls and patients with b-thal are shown. Values represent mean � SD. *P < 0�05; **P < 0�01; ***P < 0�001; ****P < 0�0001.
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selectins (sP-selectin; sE-selectin), were increased in the

serum of patients with b-thal major and intermedia (Fig 4A).

sE-selectin and sVCAM-1 were significantly elevated also in

patients with SCD and SPH (Fig 4E). While sE-selectin levels

were similar across the cohorts, sVCAM-1 levels were higher

in patients with b-thal and SCD receiving simple transfusions

F. Vinchi et al.
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(SCD 1) compared to patients with SPH and SCD receiving

exchange transfusions (SCD 2) (Fig 4A, E). Most circulating

adhesion molecules were directly correlated with haem- and

iron-related parameters (Fig 4B–D, F). Nitrotyrosine levels

were almost unchanged in patients with SPH and reduced in

patients with b-thal and SCD compared to healthy donors

(Fig 4G, I), indicating reduced NO production. Nitrotyrosine

levels were directly correlated with Hx and inversely corre-

lated with Tf saturation (Fig 4H).

To determine the relationship between haem/iron-related

parameters and damage biomarkers, we performed both uni-

and multivariate regression analysis. In Figs 4, 5 and 6 the

univariate correlations shown are those that remain signifi-

cant in the multivariate regression analysis reported in

Table I. Furthermore, we generated correlation matrices with

Spearman correlations, which are visualised through correla-

tion dot plots in Fig 8A–C.
Multivariate linear regression analysis indicated that serum

haem and Hx were correlated with sE-selectin in all cohorts.

Moreover, serum iron and Tf saturation showed a positive

correlation with sE-selectin in the b-thal major and SCD

cohorts (Table I; Fig 4D, F). sVCAM-1 showed a positive

correlation with most haem and iron parameters, particularly

in the b-thal major cohort (Table I; Fig 4B). Serum ferritin

was positively correlated with sICAM-1 in the b-thal major

cohort (Table I; Fig 4C). Nitrotyrosine was negatively corre-

lated with Hx in all cohorts and also with most haem and

iron parameters in the b-thal major cohort (Table I;

Fig 4H).

These findings indicate a direct correlation between the

haem/iron status and vascular alterations (Fig 7A–C) and

suggest that elevated free haem and iron contribute to vascu-

lar dysfunction in patients with haemolytic diseases.

Markers of oxidative stress and inflammation are
increased in transfusion-dependent patients with
haemolytic diseases

Due to their pro-oxidant and inflammatory properties,

unbound haem and iron trigger oxidative stress and inflam-

mation.14,15,38,66,67 Therefore, we analysed serum markers of

oxidative stress as well as cytokines in our patient cohorts.

Compared to healthy subjects, patients with b-thal had

increased levels of lipid peroxidation, assessed by

malondialdehyde (MDA) measurement, and protein oxida-

tion, assessed by advanced oxidised protein product (AOPP)

levels (Fig 5A). The MDA increase was higher in b-thal
major compared to intermedia. Lipid peroxidation was also

elevated in the SCD and SPH cohorts compared to healthy

subjects (Fig 5E). While lipid peroxidation was similarly

increased in the two SCD cohorts, patients with SPH and

b-thal major had a trend towards lower and higher MDA

levels respectively (Fig 5A, E). Patients with b-thal major fur-

ther had increased oxidation of low-density lipoprotein

(oxLDL) per mg LDL (Fig 5A). Despite overall reduced LDL

levels in the b-thal population (Figure S2A, B), those patients

that had LDL levels comparable to healthy controls (average

0�8 mg/ml; Figure S2C) had higher oxLDL, correlating with

increased serum iron and Tf saturation (Fig 5D). Uni- and

multivariable regression linear analysis showed a strong cor-

relation between MDA and most haem as well as iron

parameters in all cohorts (Table I; Fig 5B, F, G). Similarly,

AOPP showed a correlation with Hx, serum iron and ferritin

in b-thal major (Table I; Fig 5C).

Circulating levels of interleukin 1b (IL-1b), IL-6, tumour

necrosis factor a (TNFa) and vascular endothelial growth fac-

tor (VEGF) were elevated in patients with b-thal major and

intermedia (Fig 6A). By contrast, monocyte chemoattractant

protein-1 (MCP-1) levels were significantly decreased in these

patients (Figure S3). Patients with SCD and SPH had increased

IL-6, TNFa, MCP-1 and VEGF levels, whereby IL-6 and TNFa
levels were higher in patients with SPH (Fig 6D), and VEGF

and MCP-1 levels were higher in patients with SCD receiving

exchange transfusions (SCD 2) (Fig 6D; Figure S3). Patients

with b-thal had lower TNFa, VEGF and MCP-1 levels com-

pared to patients with SPH and SCD, indicating overall more

moderate inflammation (Figure S4). Regression analysis

showed that IL-6 was positively correlated with serum haem

and ferritin in the b-thal major cohort (Table I; Fig 6B); a

good correlation was also seen between IL-6 and Hx, serum

iron and NTBI in the SCD and SPH cohorts (Table I; Fig 6E,

F). Interestingly, TNFa had a positive correlation with serum

haem and Hx in the SCD and SPH cohorts, but not the b-thal
major one (Table I; Fig 6E, F). VEGF showed a specific corre-

lation with iron parameters, serum iron, Tf saturation and

NTBI (Table I; Fig 6C). Hydroxyurea treatment reduced IL-6

and TNFa levels in patients with SCD receiving simple transfu-

sions (SCD 1) (Figure S5).

Fig 5. Transfusion-dependent patients with haemolytic diseases are hallmarked by oxidative stress. (A) Measurement of malondialdehyde (MDA),

advanced oxidised protein products (AOPP) and oxidised low-density lipoproteins (oxLDL) in sera of healthy subjects (Ctrls), as well as patients

with b-thalassaemia (b-thal) intermedia (int) and major. (B, C) Significant correlations of MDA and AOPP with haem/iron-related parameters

including data from Ctrls and patients with b-thal major are shown. (D) oxLDL levels in Ctrls as well as patients with b-thal major who show an

average level of circulating LDLs of about 0�8 mg/ml (See Figure S3). Correlations between oxLDL and free haem or iron levels in this subgroup

of patients and Ctrls is shown. (E) Measurement of MDA in sera of Ctrls, as well as patients with sickle cell disease (SCD) 1 and 2, and spherocy-

tosis (SPH). Few samples of patients with b-thal major were included for comparison. (F, G) Significant correlations between MDA and haem/

iron-related parameters including data from Ctrls, and patients with SCD (SCD 1 and 2) and SPH are shown. Values represent mean � SD.

*P < 0�05; **P < 0�01; ****P < 0�0001.
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Splenectomy aggravates haemolysis in transfusion-
dependent patients with b-thal major and spherocytosis

As the spleen is frequently removed in haemolytic disorders,

we performed a sub-analysis by comparing splenectomised

and non-splenectomised patients with transfusion-dependent

b-thal major, SCD (only cohort SCD 2) and SPH in order to

evaluate the effect of splenectomy on haem- and iron-related

parameters, as well as vascular and inflammatory markers

(Fig 7, full analysis: Figures S6–S11). The most severe effect

was seen in patients with b-thal major. Compared to non-

splenectomised patients (n = 38), splenectomised patients

with b-thal major (n = 21) had more severe anaemia and

haemolytic disease, hallmarked by lower total Hb, higher

cell-free haem, and lower serum Hp and Hx levels (Fig 7A;

Figure S6A, C). Moreover, they developed a more pro-

nounced iron overload, as suggested by significantly higher

serum iron and ferritin levels (NTBI showed a trend to

higher levels) (Fig 7A; Figure S6B). EPO was further elevated

and hepcidin lower, highlighting a higher degree of ineffec-

tive erythropoiesis in splenectomised patients with b-thal
(Fig 7B; Figure S6C). Consistent with the more severe haem/

iron overload, splenectomised patients had elevated circulat-

ing markers of endothelial dysfunction (sVCAM-1, sICAM-1,

sP-Selectin, sE-Selectin, VEGF), oxidative stress (MDA and

AOPP) and inflammation (IL-6, white blood cell count)

(Fig. 7C; Figure S7). Interestingly, nitrotyrosine levels were

higher in splenectomised patients. Similar to patients with

b-thal, splenectomised patients with SPH (six patients) had a

more pronounced haem and iron phenotype compared to

non-splenectomised ones (eight). However, in contrast to

b-thal, anaemia was improved by splenectomy, as indicated

by higher Hb levels (Fig. 7D; Figure S8). Splenectomised

patients with SPH had a mild elevation of vascular (sE-se-

lectin, VEGF) and inflammatory markers (IL-6, TNFa), as

well as lipid peroxidation (Fig. 7E; Figure S9). Likely due to

limited sample numbers, patients with SCD with exchange

transfusions did not show significant differences when they

underwent splenectomy (6 vs. 9 non-splenectomised), besides

a mild drop in Hb and increase in iron and IL-6 (Figures

S10 and S11).

Overall, the present study highlights a direct correlation of

the haem/iron status with vascular and oxidative stress mark-

ers and inflammatory mediators, as shown by the dot plots

and relative Spearman correlation analysis (Fig 8A–C; Tables
SVIII–SX), and support a causal link between haem/iron

excess and vascular dysfunction, oxidative damage and

inflammation (Fig 8D). Splenectomy amplifies these detri-

mental effects by aggravating haemolysis.

Discussion

Haemolysis and free iron accumulation as a cause for vascu-

lar dysfunction, inflammation and oxidative stress was

mainly demonstrated by us and others in in vitro systems

and in vivo mouse models.14,15,37,39,41,42,65,66,68 In the present

study, we analysed and compared cohorts of transfusion-de-

pendent patients with three different haemolytic diseases and

found that free haem and iron excess were correlated with

vasculo-toxicity, oxidative stress and inflammation. While

the present study does not inform about the direct influence

of transfusions on haemolysis and inflammatory markers due

to the lack of a non-transfused patient group, we believe our

observations are of significance for patients who present with

haemolytic anaemias and transfusion dependency.

Elevated levels of circulating Hb and haem lead to the sat-

uration of Hp and Hx in mouse models of Hb/haem over-

load as well as murine disease models for SCD and

b-thal.15,38,69 Our present data show that this is fully recapit-

ulated in transfused patients with b-thal major and interme-

dia, SCD and hereditary SPH and confirm previous

observations.5

A first result was that circulating Hb/haem levels increased

in all three haemolytic diseases independently of the underly-

ing haemolytic mechanism. This implies that irrespective

whether haemolysis occurs extra- (within tissues) or intra-

vascularly, Hb and haem reach the circulation, saturating

plasma scavengers and giving rise to ‘free’ NHBHb and

NHBH (Fig 8D). Most patients with SPH had lower circulat-

ing Hb/haem levels, suggesting a reduced haemolysis rate

compared to patients with b-thal and SCD (Fig 1).

We further show that systemic iron levels, Tf saturation

and NTBI are increased according to transfusion burden,

being more elevated in patients with b-thal than in patients

with SCD and SPH (Fig 2). The majority of previous studies

showed a reduction of hepcidin in b-thal.70–78 In the present

study, we observed increased hepcidin levels, suggesting that

transfusional iron overload (Fig 3) dominates over hepcidin

regulatory signals induced by anaemia and ineffective ery-

thropoiesis (EPO, erythroferrone) in these b-thal cohorts.

The discrepancy is likely explained by the severe transfusional

iron overload indicated by very high serum ferritin levels

(average 3763 ng/ml) in the present b-thal cohort compared

Fig 6. Transfusion-dependent patients with haemolytic diseases are hallmarked by elevated circulating inflammatory cytokines. (A) Measurement

of tumour necrosis factor a (TNFa), interleukin 6 (IL-6), IL-1b and vascular endothelial growth factor (VEGF) in sera of healthy subjects (Ctrls),

as well as patients with b-thalassaemia (b-thal) intermedia (int) and major. (B, C) Significant correlations of IL-6 and VEGF with haem/iron-re-

lated parameters including data from Ctrls and patients with b-thal major are shown. (D) Measurement of TNFa, IL-6 and VEGF in sera of Ctrls,

as well as patients with sickle cell disease (SCD 1 and 2), and spherocytosis (SPH). (E, F) Significant correlations of TNFa and IL-6 with haem/

iron-related parameters including data from Ctrls and patients with SCD 1 and 2 or SPH are shown. Values represent mean � SD. *P < 0�05;
**P < 0�01; ***P < 0�001; ****P < 0�0001.
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to most b-thal cohorts analysed previously where ferritin

levels were lower (<1000 ng/ml). Similarly to our present

study, Rashidy et al.79 observed high hepcidin in patients

with b-thal associated with elevated ferritin levels (average

2451 ng/ml). Indeed, transfusions acutely induce hepcidin

expression in patients with b-thal major by triggering a tem-

porary suppression of erythropoiesis and by causing iron

accumulation. Persistent hepcidin elevation likely reflects

iron overload due to inadequate chelation and poor compli-

ance in our present cohort. Despite absolute high hepcidin

levels, these are inadequately low when compared to the iron

burden, as suggested by the low hepcidin–ferritin ratio in

patients with b-thal compared to healthy subjects (Fig 3D).

Elevated erythropoietic activity and iron demand likely

account for inappropriately low hepcidin induction. Overall,

these data indicate that in transfused patients with b-thal
hepcidin levels result from the combined effect of ineffective

erythropoiesis and transfusional iron overload. In SCD, hep-

cidin modulation is controversial: previous studies showed

either increased or reduced hepcidin levels. Kroot et al. 70

showed that in four of nine patients with HbSS SCD hep-

cidin levels were decreased compared to control subjects,

which was attributed to increased erythropoietic activity. In

agreement with this study Karafin et al.71 has proven that

while erythropoietic drive, iron status, and inflammation all

contribute to the control of hepcidin levels, the strongest

contributor is the erythropoietic drive. Therefore, low hep-

cidin values were found in patients with high reticulocyte

percentage and EPO. Consistently, hepcidin levels were

reduced and EPO was increased in our present SCD cohorts,

suggesting that enhanced erythropoietic activity overrides

iron burden and inflammation in the regulation of hepcidin

and has a key role in triggering iron overload in SCD

(Fig 3). The observation of comparable NTBI levels in the

two SCD cohorts suggests that NTBI may not only result

from iron overload due to simple transfusions, but are likely

explained by reduced hepcidin levels in patients with SCD

receiving exchange transfusions.

Another important result of our present study was the

appearance of soluble adhesion molecules and elevated VEGF

levels in the circulation, reflecting upon vascular activation

and damage correlates with both haem- and iron-related

parameters in all the haemolytic cohorts (Fig 4). This finding

supports a connection between haemolysis and vasculopathy.

Consistent with previous analyses in SCD, our present data

show that sVCAM-1 and sE-selectin are linked to haemolysis

markers also in b-thal major.80 Moreover, sVCAM-1 and

sICAM-1 are associated with the iron status, suggesting a

synergistic effect of free haem and iron in vascular

dysfunction.

Free haem and iron have the ability to accumulate in

endothelial cells, where they cause vascular oxidative stress

and endothelial activation by promoting reactive oxygen spe-

cies (ROS) formation and cell apoptosis, and reduce NO

availability, thereby triggering vascular permeabilisation and

dysfunction.15,38,39,41,42,72,81 In addition, haem and iron exert

toxic effects on smooth muscle and cardiac cells.82-85 These

findings are of relevance for patients with SCD and b-thal,
who in the long term may develop vascular-related complica-

tions, including vaso-occlusive crisis, acute chest syndrome,

increased blood pressure, altered cardiac function, stroke and

atherosclerosis.54,56,58,86,87 An increased risk of vascular com-

plications has also been observed in SPH.6,40 Moreover, the

presence of elevated serum sP-selectin also reflects upon

enhanced haem-driven platelet activation during clotting for-

mation, as recently demonstrated.88

NO availability is severely reduced in patients with SCD

and b-thal major, as suggested by reduced nitrotyrosine

levels that likely reflect upon reduced NO production by

endothelial NO synthase (Fig 4). NO plays a major role in

vascular homeostasis and is a critical regulator of vasomotor

tone, endothelial adhesion molecule expression and platelet

activation.89,90,91 Free Hb-mediated NO scavenging, haem/

iron-driven NO oxidative inactivation and decreased produc-

tion likely lead to an overall reduction in the active NO frac-

tion and contribute to vascular dysfunction in haemolytic

conditions.1,5,58

Besides inducing vasculo-toxicity, free haem and iron

behave as ‘alarmin’ by triggering the activation of immune

cells, including macrophages and neutrophils, and promoting

sterile inflammation.36,48,50,92 Haem stimulates neutrophil

extracellular trap (NET) formation and inflammatory neu-

trophil activation, contributing to SCD pathogenesis.93–95

Macrophages activated by free haem and iron undergo a

pro-inflammatory phenotypic switching hallmarked by ele-

vated IL-6, TNFa, IL-1b synthesis and are involved in tissue

damage and chronic inflammation in SCD.14,66,68,96-100

Increased circulating levels of inflammatory cytokines were

observed in all haemolytic patient cohorts analysed in the

present study (Fig 6). Lower TNFa, VEGF and MCP-1 levels

Fig 7. Effect of splenectomy on anaemia, haem/iron parameters and markers of vascular dysfunction, oxidative stress and inflammation in trans-

fusion-dependent patients with b-thalassaemia (b-thal) major and spherocytosis (SPH). (A) Measurement of total cell-free haemoglobin/haem,

haemopexin and ferritin, (B) haemoglobin, erythropoietin (EPO) and hepcidin, (C) soluble vascular cell adhesion molecule 1 (sVCAM-1), lipid

peroxidation (malondialdehyde) and interleukin 6 (IL-6) in sera and blood samples of healthy subjects (Ctrls) and patients with b-thal major,

non-splenectomised (NO; n = 38) and splenectomised (YES; n = 21). (D) Cell-free Hb/haem, ferritin and haemoglobin, (E) sVCAM-1, lipid per-

oxidation (MDA) and IL-6 in sera and blood samples of Ctrls and patients with SPH, non-splenectomised (NO; n = 8) and splenectomised

(YES; n = 6). Values represent mean � SD. *P < 0�05; **P < 0�01; ***P < 0�001; ****P < 0�0001.
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in patients with b-thal compared to patients with SCD and

SPH might be explained by a different underlying disease

pathophysiology, but also by the chelation therapy that only

patients with b-thal received (Figures S3 and S4). The TNFa
and MCP-1 levels in SCD are highest and thus may serve as

markers for chronic sterile inflammation. The trend to higher

TNFa and IL-6 levels in the SCD 1 versus SCD 2 cohort,

support the concept that exchange transfusions suppress pro-

inflammatory mechanisms by reducing the number of sick-

ling cells.37,41,66,67,101 The administration of exogenous Hx in

SCD and b-thal mice, by promoting hepatic haem detoxifica-

tion and limiting haem-iron loading in cardiovascular and

Fig 8. Working model: haem- and iron-mediated toxicity in haemolytic diseases. (A) Correlation plots between haem/iron-related parameters

[serum haem, iron, transferrin (Tf) saturation, non-Tf-bound iron (NTBI), haemopexin (Hx)] and damage-related parameters [malondialdehyde

(MDA), soluble vascular cell and intercellular adhesion molecules 1 (sVCAM1, sICAM-1), soluble endothelial and platelet selectins (sP-selectin,

sE-selectin), oxidation of low-density lipoprotein (oxLDL), nitrotyrosine, advanced oxidised protein product (AOPP), interleukin 1b (IL-1b),
tumour necrosis factor a (TNFa), IL-6, vascular endothelial growth factor (VEGF)] in patients with b-thalassaemia (b-thal) major. Corresponding

Spearman correlation coefficients and P values are reported in Table SIII. (B, C) Correlation plots between iron-related parameters (haem, iron,

Tf saturation, NTBI, Hx) and damage-related parameters [sVCAM1, sE-selectin, nitrotyrosine, MDA, IL-6, TNFa, VEGF, monocyte chemoattrac-

tant protein-1 (MCP-1)] in patients with sickle cell disease (SCD; SCD 1 and 2)and spherocytosis (SPH). Corresponding Spearman correlation

coefficients and P values are reported in Tables SIX and SX. The size of the dot suggests the strength of the correlation; the colour of the dot

indicate the direction of the correlation (blue dot: positive; red dot: negative). (D) In haemolytic diseases, haemolysis leads to the release of ele-

vated haemoglobin (Hb) and haem levels in the circulation. Saturation of the Hb and haem scavengers haptoglobin and haemopexin triggers the

formation of ‘free’ non-haptoglobin-bound Hb (NHBHb), non-haemopexin-bound haem (NHBH). In parallel, transfusions increase systemic iron

levels and transferrin saturation. This generates ‘free’ NTBI. NHBHb, NHBH and NTBI exert a synergistic detrimental action on the vasculature

and immune cells. While the pro-oxidant potential of NHBH and NTBI is reflected by elevated lipid and proteins oxidation (lipid peroxides,

oxLDL, AOPP), their vasculo-toxic and pro-inflammatory action is reflected by elevated soluble adhesion molecules (e.g. E-selectin, P-selectin,

ICAM-1, VCAM-1), VEGF and inflammatory cytokines (e.g. IL-6, TNFa, IL-1b) and reduced nitric oxide (NO) levels. These alterations likely

contribute to NHBH- and NTBI-triggered vasculopathy and chronic sterile inflammation, typical hallmarks of several haemolytic diseases. [Col-

our figure can be viewed at wileyonlinelibrary.com]
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immune cells, prevents haem-induced vasculo-toxicity and

inflammation.14,15,60,72 In the present study, we show that a

severe drop in Hb and haem scavengers is a signature of

human haemolytic diseases and underlies vascular dysfunc-

tion and sterile inflammation in these cohorts of patients.

The elevation of oxidative stress markers in patients with

haemolytic diseases also indicates a saturation of the anti-ox-

idant systems, resulting in ROS production and related

sequelae102,103 (Fig 5).

Recently we have shown that NTBI and vascular iron

accumulation contribute to atherosclerosis through a multi-

factorial action involving vascular oxidative stress and dys-

function, lipid and protein oxidation, inflammation and

elevated VEGF.39,87 Likewise, unbound haem exerts a pro-ox-

idant, pro-atherogenic and pro-thrombotic effects due to its

oxidant and inflammatory action.25,104–112 These findings can

be translated to patients with hereditary haemochromatosis39

and haemolytic disorders, where the same markers are

increased and can represent valuable biomarkers for iron-ag-

gravated risk of cardiovascular disease in these pathological

conditions. Patients with b-thal have an increased incidence

of cardiovascular complications, whereby congestive heart

failure is the main cause of death, especially in transfusion-

dependent b-thal major.113,114 Furthermore, these patients

are also prone to arterial and venous thromboembolic events,

stroke, cardiovascular abnormalities and premature

atherosclerosis.87,115–121 The low LDL cholesterol levels in

b-thal, which we and others observed (Figure S2), may pro-

tect against an atherogenic risk, explaining the higher inci-

dence of cardiac rather than atherosclerotic mortality in

these patients.122–125 In patients with b-thal and SCD, accel-

erated erythropoiesis and enhanced cholesterol consumption

have been suggested as a dominant mechanism of low LDL

levels.126 Conversely, children with b-thal may be at an

increased risk of premature atherosclerosis because of dyslipi-

daemia with elevated triglycerides.121,124,127,128 Interestingly,

we found that patients with b-thal with LDL levels in the

same range as the control populations had a clear increase in

oxLDL levels (Fig 5), correlating with free haem and iron

levels. Therefore, iron might superimpose a pro-atheroscle-

rotic risk through increased serum LDL oxidation in patients

with b-thal who carry average LDL levels at least comparable

to the normal population. Independently of cholesterol levels,

iron overload in b-thal has been implicated in early

atherosclerotic changes, including endothelial dysfunction,

structural arterial alterations (e.g. re-modelling, increased

stiffness)117,129 and carotid thickness.117,130,131 Overall, our

present data suggest that patients with b-thal bear a vascular

and inflammatory phenotype together with an athero-protec-

tive lipid pattern, the interplay of which eventually determine

the development of cardiovascular dysfunction and/or

atherosclerotic disease. While SCD is a less common risk fac-

tor for atherosclerosis probably due to the overall lower

extent of iron overload, in recent decades the longer life

expectancy and the tendency to transfuse significantly

increased such risk in this patient population.132

Previous reports suggested that splenectomy aggravates

haemolysis in b-thal, leading to higher circulating levels of

free Hb as well as sE- and P-Selectin.133,134 In the present

study, we found that also sVCAM-1 and sICAM-1, as well as

oxidative stress markers and cytokines, were more elevated

after splenectomy. More importantly, we found that the

effect of splenectomy was not limited to aggravated haemoly-

sis, but extends to a more severe iron overload (Fig 7; Fig-

ures S6 and S7). This is likely triggered by a more severe

ineffective erythropoiesis due to the lack of extra-medullary

splenic erythropoiesis contribution. Therefore, in b-thal,
anaemia is worsened by the combined effect of suppressed

splenic erythropoiesis and accelerated intravascular haemoly-

sis, as consequence of spleen removal.133,135 By contrast, the

improved anaemia and increased cell-free haem in splenec-

tomised patients with SPH suggests that the lack of spleen-

mediated RBC clearance on the one hand moderately

enhances intravascular haemolysis, and on the other prolongs

RBC half-life (Fig 7; Figures S8 and S9).135,136 Thus, while

splenectomy accelerates intravascular haemolysis in both b-
thal and SPH, its effect on anaemia is opposite due to a

major role of suppressed splenic erythropoiesis in b-thal and
reduced extra-vascular haemolysis in SPH. The increased

intravascular haemolysis is associated with aggravated inflam-

mation and oxidative stress in both b-thal and SPH.

Overall, the present study supports the concept that (i) hae-

molytic conditions are hallmarked by the presence of free

haem and iron species that are generated in the circulation

independently of the haemolytic mechanisms and also upon

transfusions; (ii) free haem and iron are involved in the patho-

genesis of chronic inflammation and cardiovascular-related

complications in haemolytic patients through the induction

vascular dysfunction and immune cell activation;87,105,137 (iii)

b-thal and SCD show more severe vascular alterations com-

pared to SPH, consistent with higher levels of free Hb, haem

and iron; (iv) splenectomy accelerates intravascular haemoly-

sis, thus aggravating vascular dysfunction and inflammation.

We believe that the markers analysed in the present study can

serve as valuable early biomarkers for haem- and iron-driven

vasculo-toxicity and inflammation in iron overload and hae-

molytic conditions, potentially reflecting predisposition to dis-

ease-related complications. Finally, our present data highlight

the potential therapeutic benefit of Hp/Hx replacement treat-

ment, as well as anti-oxidant and anti-inflammatory strategies

to counteract vascular toxicity and inflammation in haemoly-

tic and iron-overload conditions.3,4,69,72,138-143
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