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Immune responses

in beta-thalassaemia: heme
oxygenase 1 reduces cytokine
production and bactericidal activity
of human leucocytes
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Chidchamai Kewcharoenwong?, Manabu Ato?, Gregory J. Bancroft® &
Ganjana Lertmemongkolchai'™

Patients with beta-thalassaemia increase the risk of bacterial infections, particularly Burkholderia
pseudomallei (Bp), the causative agent of melioidosis in Thailand. Impaired immune cell functions
may be the cause of this susceptibility, but detailed mechanisms have not been defined. In this study,
we observed impaired production of IFN-gamma and IL-10 by whole blood from beta-thalassaemia
patients upon stimulation with a range of bacteria-derived stimuli. In contrast, IFN-gamma response
via TCR and plasma IgG specific for Bp were still intact. Importantly, mRNA expression of heme
oxygenase 1 (HO-1), a potential modulator of immune function, was increased in whole blood from
beta-thalassaemia patients, either with or without stimulation with Bp in vitro. Induction of HO-1 by
hemin or CoPP in vitro reduced production of IFN-gamma and IL-10 from healthy human PBMCs and
decreased bacterial clearance activity of whole blood from healthy controls and beta-thalassaemia,
while inhibition of HO-1 by SnPP enhanced both functions in healthy controls. These results were
confirmed to some extent in purified human monocytes of healthy controls. Our results suggest

a mechanism that excess hemin of beta-thalassaemia patients is a significant cause of immune
suppression via HO-1 induction and may underlie the susceptibility of these individuals to severe
bacterial infection.

Thalassaemia, a genetic defect in hemoglobin synthesis, is a public health problem worldwide'. f-Thalassaemia
is a common type of thalassaemia disease which is frequently found in East India, Bangladesh, and Southeast
Asia'. Bacterial infections were reported as causes of death in thalassaemia patients®. In Thailand, thalassaemia
and diabetes mellitus are major risk factors for life-threatening infection by Burkholderia pseudomallei (Bp),
so called melioidosis®. In areas where Bp is endemic, most people who have been exposed are seropositive,
and develop pre-existing immunity against this bacteria, with only a minority of otherwise immunocompetent
individuals progressing to clinical disease®.

Understanding melioidosis pathogenesis is crucial to improve prevention of disease, particularly in people
with underlying conditions®. Recruitment of immune cells including neutrophils, macrophages, natural killer
(NK) cells, NK T cells and T cells occurs at sites of Bp infection®8. Bp clearance can be mediated by plasma
antibodies which enhance bacterial killing by neutrophils and macrophages’. Several pro- and anti-inflammatory
cytokines are produced in response to bacterial components which modulate immune homeostasis, resulting
in potentially protective inflammatory responses'. Interferon-gamma (IFN-y) has been reported as a crucial
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B-Thalassaemia Pvalue
Parameters Healthy (n=20) | (n=13) DM (n=10) | HC versus DM | HCss versus p-thal | DM versus p-thal
g:;ii:male) 151 1.6:1 11
Age (year) 32.8+8.4 32+11.2 59.1+7.9 <0.0001 ns <0.0001
RBC indices
RBC (x 103/pl) 4.8+0.4 3.2+£09 49+0.8 ns <0.0001 <0.0001
Hb (g/dl) 13.5+1.4 6.0+£1.7 122+19 ns <0.0001 <0.0001
HCT (%) 40.4+3.1 19.4+42 35.1+5.5 <0.001 <0.0001 <0.0001
MCV (fl) 84.4+4.0 61.8+9.4 73.2+10.8 <0.05 <0.0001 ns
MCH (pg) 28.2+1.5 18.0+1.5 25.3+3.8 <0.0001 <0.0001 <0.0001
MCHC (g/dl) 33.2+1.8 29.5+34 346+1.3 ns <0.05 <0.0001
WBC parameters (x 10%/ul)
I:]tl";l whiteblood | 610 10.545.9 84427 ns <0.05 ns
Neutrophil 3.9+0.6 49+22 49+2.1 ns ns ns
Lymphocyte 2.0£0.5 4.5+3.9 1.5+0.4 ns <0.05 <0.0001
Monocyte 0.4+0.3 0.5+£0.6 0.8+0.4 <0.05 ns <0.05

Table 1. Comparison of demographics, red blood cell (RBC) indices and white blood cell (WBC) parameters
between healthy donors without thalassaemia phenotype, B-thalassaemia disease patients (p-thal), and
diabetes mellitus individuals (DM). Data was shown as mean + standard deviation. Statistical significance

was determined by using one-way ANOVA with Tukey’s multiple comparisons post-test. RBC red blood cell,
Hb haemoglobin, HCT haematocrit, MCV mean corpuscular volume, MCH mean corpuscular haemoglobin,
MCHC mean corpuscular haemoglobin concentration, #s non-significant.

pro-inflammatory cytokine to survive melioidosis infection®”!'"12, However, excessive production of pro-inflam-
matory cytokines can lead to development of tissue damage, organ disfunction, or septic shock'>'. IL-10 has
been studied in human melioidosis as a potent anti-inflammatory cytokine to counter-balance enhancement of
immune functions'. Furthermore, a recent study of human plasma cytokine responses in melioidosis revealed the
relationship between increasing levels of IFN-v, IL-6, IL-8, IL-10 and TNF-a to survival of melioidosis patients'S.

Several impairments of immune response mechanisms are suggested to increase bacterial infection suscepti-
bility in thalassaemia patients'”'®. For example, alteration of number and function of T cells'?, B cells*® and NK
cells?!, impairment of innate immune functions from neutrophils** and monocytes/macrophages®, and reduced
activity of complement®*. Increasing levels of heme due to hemolysis in blood circulation of f-thalassaemia
patients has also been suggested as a possible cause of oxidative stress that may lead to infection?*?. Heme has
detrimental effects on the control of bacterial infections by inhibiting phagocytosis and migration of human
and mouse phagocytes®?. Heme oxygenase 1 (HO-1) is an important enzyme for heme catalysis to maintain
homeostasis though anti-oxidant and anti-inflammation activities*”?®, The immunoregulatory actions of HO-1
had been reported to promote Bp infection in mice by increasing serum IL-6, TNF-a and MCP-1, but decreasing
IFN-y production®. In mycobacterial infection, HO-1 increased inflammation and bacterial growth in infected
mice, and increased bacterial survival in infected human macrophage-like cells***!. These studies strongly sug-
gested that in other circumstances, heme and HO-1 could modulate of host immune responses to increase
susceptibility to bacterial infection. However, to date, there is only limited information on the effects of heme
and HO-1 in human immune cells taken from patients suffering from thalassaemia.

In this study, we investigated cell mediated immune responses in peripheral blood leucocytes and purified
monocytes from P-thalassaemia patients living in the melioidosis endemic region of Thailand.

Results

Red blood cell indices from B-thalassaemia patients are decreased compared to non-thalas-
saemic healthy and diabetes mellitus individuals.  Volunteers with no sign of infection were recruited
(n=43) at Nakhon Phanom Hospital. Hematological profile of individuals with p-thalassaemia conditions com-
pared to non-thalassaemic healthy and DM volunteers is shown in Table 1.

Reduction of IFN-y and IL-10 produced from whole blood samples of B-thalassaemia patients
exposed to various bacterial stimuli. (-Thalassaemia disease is thought to be impaired immune
response against various type of infections'”. According to studies on melioidosis, B-thalassaemia and diabetes
mellitus are reported as major risk factors for increasing of infection susceptibility®. To examine the alteration
of immunity in response to Bp, whole blood samples from 13 healthy controls, 15 B-thalassaemia patients and
10 diabetes individuals were stimulated with various bacterial stimuli for 48 h before measured concentration
of IFN-y and IL-10 in supernatant. In this experiment, we addressed on different aspects of immune response
by cultured whole blood with medium alone as a background control for cytokine production without stimuli,
LPS for activation of innate immune response®, PFA fixed Bp for the response against whole bacteria of Bp, and
finally Bp-derived FIgK protein for the stimulation through protein processing pathway. To rule out the possibil-
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Figure 1. Reduction of IFN-y and IL-10 produced from whole blood samples of p-thalassaemia patients upon
stimulation. Whole blood samples (adjusted the number of lymphocyte plus monocyte at 1.8 x 10° cells) from
healthy controls (open circle, n=13), 3-thalassaemia patients (filled circle, n=15) and diabetes individuals (filled
triangle, n=10) were cultured with medium alone, 10 pg/ml of LPS, 5.4 x 10° CFUs PFA fixed Bp or 10 pg/ml
FlgK protein for 48 h. IFN-y (A) and IL-10 (B) production upon stimulation in supernatant were measured

by ELISA, and the results were shown as scattered dot plot and line at mean with 95% confidence interval.
Statistically significant was analyzed by using one-way ANOVA with Tukey’s multiple comparisons post-test;
*P<0.05,**P<0.01, ***P<0.001, and ns non-significant.

ity that uninfected HbE trait individuals may have some impairment on cytokine production upon stimulation,
we compared the cytokine results from uninfected HbE trait individuals with healthy without thalassaemic
phenotype; IFN-y and IL-10 production was unimpaired in response to various microbial stimuli in whole blood
samples (Fig. S1).

IFN-y production from B-thalassaemia patients after stimulation with LPS, PFA fixed Bp and FIgK are sig-
nificantly lower than healthy controls (Fig. 1A). In addition, IFN-y production from individuals with DM is
also lower than healthy controls when stimulated with LPS, fixed Bp and FIgK (Fig. 1A). Reduced levels of IL-10
production from P-thalassaemia patients in response to LPS, fixed Bp and FIgK were seen when compared to
healthy controls, but the comparisons between healthy controls versus diabetic individuals do not show a sig-
nificant difference (Fig. 1B). Furthermore, we classified the patients phenotypically into transfusion dependent
thalassaemia (TDT) and non-transfusion dependent thalassaemia (NTDT) based on their clinical severity and
transfusion requirement® and compared their disease progression and immune (Table S1). Our data in the
Table S1 show that 57% of patients with TDT presented splenectomy which was only 22% in NTDT. Moreover,
increased ferritin level was demonstrated significantly in TDT compared with NTDT. These results are consist-
ent with a previous report showing severe iron overload that starts early in TDT*. In addition, no difference of
IFN-y and IL-10 production was observed between TDT and NTDT patients or between splenectomized and
non-splenectomized patients (Fig. S2).
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Figure 2. Comparison of plasma anti-Bp IgG antibody level and IFN-y production upon TCR stimulation
between samples from healthy donors and B-thalassaemia patients. Whole blood from healthy control (open
circle, n=9) and B-thalassaemia patients (filled circle, n="7) were stimulated with anti-CD3 and anti-CD28
antibodies for 48 h before measured for IFN-y in supernatant by ELISA (A). Plasma anti-Bp IgG from healthy
controls (open circle, n=34) and B-thalassaemia patients (filled circle, n=16) were measured by ELISA (B). The
results were shown as scattered dot plot and line at median with interquartile range. Statistical analysis was done
by using Mann Whitney test; *P <0.05, ns non-significant.

T cell response though T cell receptor (TCR) and plasma Bp-binding IgG antibody of
B-thalassaemia patients are not reduced compared to healthy controls. We next sought to
examine whether responses from T and B lymphocytes of -thalassaemia patients are similar or different from
healthy controls. Whole blood from 9 healthy controls and 7 p-thalassaemia patients were stimulated with TCR
antagonists (anti-CD3 and anti-CD28 antibodies) for 48 h and IFN-y production in the culture supernatant was
measured by ELISA. The results revealed a higher IFN-y production from {-thalassaemia patients compared to
healthy controls (Fig. 2A). Meanwhile, plasma samples from 34 healthy controls and 16 p-thalassaemia patients
were measured for Bp-binding IgG antibodies by indirect ELISA. There was no significant difference between
Bp-binding IgG antibody levels from healthy controls and p-thalassaemia patients (Fig. 2B). Taken together, this
suggests that IFN-y response via TCR and plasma IgG level from B-thalassaemia patients are intact as healthy
controls. Therefore, the causes of alteration in reduction of cytokine production are more likely to be an effect on
the other immune functions rather than the adaptive immune responses.

B-Thalassaemia patients have increased expression of HO-1 in whole blood culture with
Bp. p-thalassaemia disease is a condition of impairment of B-globin chain synthesis resulting in increased
unpaired a-globin chains. The accumulation of excessed a-globin chains is bound to heme which is finally
degraded by heme oxygenases (HO), particularly HO-1. To test whether HO-1 expression was altered, blood
samples from 7 B-thalassaemia patients and 7 healthy donors were collected for measuring expression of HO-
I mRNA by real-time PCR either with or without in vitro stimulation with PFA fixed Bp. The baseline results
reveal that HO-1 expression levels of unstimulated whole blood from f-thalassaemia patients was higher than
those of healthy donors (Fig. 3). After Bp stimulation, HO-I expression was significantly enhanced in all healthy
donors and B-thalassaemia patients. Furthermore, in response to stimulation with fixed Bp, whole blood of
B-thalassaemia patients showed significantly increased levels of HO-1 expression compared with healthy con-
trols (P<0.05). These data indicate that B-thalassaemia patients present the greater up-regulation of HO-1
expression against Bp when compared with healthy controls.

Presence of hemin and induction of HO-1 decreased IFN-y and IL-10 production in response
to Bp. To address the hypothesis that HO-1 is responsible for alteration of immune responses to Bp, PBMCs
were isolated from 12 healthy donors and HO-1 mRNA expression after pretreatment with chemical HO-1
inducer or inhibitor was determined by real-time PCR. Hemin (ferriprotoporphyrin IX), a derivative chemical
from heme, was used as a representative of heme-induced HO-1 expression®*®. Application of cobalt proto-
porphyrin IX (CoPP) as HO-1 inducer and tin protoporphyrin IX (SnPP) as HO-1 inhibitor are widely used
in previous researches?***7*, Hemin and CoPP induced HO-1 mRNA expression as expected (Fig. S3A, B),
while SnPP inhibited HO-1 mRNA expression (Fig. S3C). When cells were pretreated with vehicle control or
each HO-1 modulator at various concentrations, reduction of IFN-y and IL-10 responses were found from both
HO-1 inducer, hemin and CoPP, pretreated PBMC in a dose dependent manner (Fig. 4A, B). In contrast, HO-1
inhibitor (SnPP) treatment significantly increased IFN-y production upon stimulation in a dose dependent
manner but did not alter IL-10 production (Fig. 4C). These results support our hypothesis that increasing levels
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Figure 3. Increasing of whole blood HO-1 expression from B-thalassaemia patients compared to healthy
donors with and without fixed Bp stimulation. HO-1 expression from whole blood of healthy controls (open
circle, n=7) and p-thalassaemia patients (filled circle, n=7) were analyzed by real-time PCR using GADPH
as internal reference gene. Unstimulated whole blood of healthy and p-thalassaemia were analyzed for ACt
between HO-1 and GADPH before calculated for HO-1 mRNA expression by 272, PFA fixed Bp stimulated
whole blood of healthy and p-thalassaemia were analyzed for ACt between HO-1 and GADPH, then AACt
comparing to medium control before calculated for HO-1 mRNA expression by 274, Results were plotted as
scattered dot plot and line at median with interquartile range. Statistical analysis was done by using Wilcoxon
matched pairs signed rank test or Mann Whitney test; *P <0.05 and **P<0.01.

of heme in the blood of p-thalassaemia patients leads to a reduction of IFN-y and IL-10 production in response
to infection or stimulation with various types of bacterial stimuli.

Presence of hemin and induction of HO-1 expression resulted in the reduced bacterial killing
in vitro. Next, we simulated the situation of immune responses occurring in the presence of heme or HO-1
inducer or inhibitor. We addressed the effect of the heme and HO-1 expression on the clearance and cytokines
production against common causes of bacterial infection in Northeast of Thailand; B. pseudomallei, Escheri-
chia coli, S. typhimurium and Staphylococcus aureus®. Whole blood samples of healthy donors or p-thalassaemia
patients were pre-treated with medium, hemin, HO-1 inducer (CoPP) or HO-1 inhibitor (SnPP) before being
infected with live bacteria and the numbers of surviving bacteria were counted at different time points. In the
medium control, bacterial killing efficacy of whole blood from healthy control was significantly more effective
than B-thalassaemia patients (Fig. 5A). Induction of HO-1 expression by hemin and CoPP significantly reduced
the efficacy of bacterial killing in all bacterial infected whole blood, either from healthy donors or B-thalassaemia
patients, regardless of the bacteria species used (Fig. 5B, C). Inhibition of HO-1 expression by SnPP significantly
enhanced bacterial killing in whole blood from healthy controls and only slightly increased in B-thalassaemia
patients (Fig. 5D). Of note, the delay of bacterial killing activity of whole blood from p-thalassaemia patients
was observed, when compared to healthy controls. Meanwhile, bacterial infected whole blood of healthy donors
showed significantly induced IFN-y after treatment with SnPP for 24 h but most of p-thalassaemia patients failed
to produce IFN-vy (Fig. S4).

We then addressed the effect of HO-1 on bacterial killing by using purified human monocytes from healthy
controls. The bacterial killing activities at 3 and 6 h post infection with live Bp plus hemin or CoPP pre-treatment
were significantly lower than medium control (Fig. 6A, B), whereas SnPP pre-treated monocytes showed sig-
nificantly higher killing activities (Fig. 6C). Similarly, infection with other types of bacteria also found similar
results, suggesting that expression of HO-1 impairs the efficacy of bacterial killing, in both human whole blood
and purified monocytes.

Discussion
B-Thalassaemia is a chronic disease with chronic anaemia caused by mutation in -globin gene consequently
reduced or absent of -globin chain synthesis resulting to ineffective functions of red blood cells*. We observed
anaemia in B-thalassaemia patients and DM individuals in this study, especially in B-thalassaemia patients that
presented with more severe anaemia. This is consistent with reports that B-thalassaemia is a dyserythropoiesis
leading to anaemia*’, while occurrence of anaemia in DM results from impairment of erythropoietin by the
peritubular fibroblasts due to chronic hyperglycemia*!. Increasing absolute number of total white blood cells and
lymphocytes were increased in p-thalassaemia, while DM shown increasing number of monocytes only. These
observations are similar as previous reports*2.

Besides DM, thalassaemia disease is one of the important risk factors of melioidosis3. In this study, the
whole blood response to B. pseudomallei infection of both DM individuals and p-thalassaemia patients showed
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Figure 4. Effect of HO-1 expression associated to IFN-y and IL-10 production from PBMC after stimulation
with fixed Bp in vitro. PBMCs from healthy donors (n=12) were pre-treated with medium control (0 uM),
hemin; HO-1 inducer (12.5 or 25 uM) (A), CoPP; HO-1 inducer (12.5, 25 or 50 uM) (B), or SnPP; HO-1
inhibitor (2.5, 5 or 10 pM) (C) before cultured with PFA fixed Bp for 48 h. Concentrations of IFN-y (n=12) or
IL-10 (n=10) in supernatants were measured by ELISA. The data are presented with individual dot plot joined
with dash line for sample from the same donor, bar graphs are plotted at median. Statistical analysis was done by
using two-way ANOVA with Dunnett’s multiple comparisons test; ns, non-significant, **P<0.01, **P <0.001,
PP <0.0001.

defects in IFN-y production. These results in DM are consistent with previously established studies by present-
ing the reduction of IFN-y of whole blood from DM against B. pseudomallei in vitro'> and in PBMC of acute
melioidosis patients with DM as underlying condition*’. These data suggest that both DM individuals and
B-thalassaemia patients may have similarly impair T cell immunity in response to B. pseudomallei infection. In
contrast, we found that B-thalassaemia also impaired IL-10 production when compared with heathy controls,
which is not the case in DM'°. Some beta-thalassaemia/HbE patients have increased plasma IFN-y level which
possibly imply low-grade inflammation that may be caused by an additional independent factor in determining
the severity of the anaemia***. Low-grade inflammation is associated with the reduction of immune functions
and proinflammatory cytokines are increasingly found in chronic diseases including type 2 diabetes mellitus
(T2DM)'>%. Although the causes of low-grade inflammation in T2DM might differ from thalassaemia patients,
the consequence of this phenomenon might be similar. Likewise, we found that restimulation of whole blood
from beta-thalassaemia/HbE patients with probable low-grade inflammation presented reduced IFN-y and
IL-10 production and bacterial killing activity which may lead to increased susceptibility to melioidosis. Taking
these data together, it may imply that the precise nature of the defects in immune response of p-thalassaemia
patients against B. pseudomallei infection differs from DM individuals and further studies are still needed for
investigating these mechanisms.

Next, we studied cytokine responses upon stimulation with various type of stimuli including; LPS, a compo-
nent of Gram-negative bacterial cell wall, which activates immune response via TLR4*, whole intact bacteria
of PFA fixed Bp that activate cytokine production via pathways of innate and adaptive immune responses,
finally FIgK protein (BPSL0280), a flagella hook-associated protein that can activate IFN-y production from T
cells®. We found a clear reduction of IFN-y and IL-10 secretion from whole blood of B-thalassaemia patients
incubated with LPS, fixed whole intact bacteria of Bp, and FIgK protein compared to healthy controls. Other
reports in B-thalassaemia found impairments in innate immune functions of NK cells?!, neutrophil?>, mono-
cyte/macrophage?, and complement fixation** which seems to be similar to diabetes condition*”. Furthermore,
a cohort study of Thai adult patients with thalassaemia reported higher prevalence of infection in transfusion
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Figure 5. Bacterial killing efficacy of human whole blood from healthy controls and -thalassaemia patients are
related to HO-1 expression. Whole blood from healthy donors (n=5) or p-thalassaemia (p-thal; n=6) were pre-
treated for 3 h with medium control, hemin at 25 uM, CoPP at 50 uM or SnPP at 10 uM before infection with
10° CFUs of E. coli, S. typhimurium or S. aureus for 1, 3 and 6 h. Total numbers of viable bacteria after infection
at various time points were assessed by colony count and calculated as % bacterial killing = ((inoculum bacteria
- remaining bacteria)/inoculum bacteria) x 100. Data of % bacterial killing of medium control between healthy
versus B-thal is shown as individual dot plots with bar at mean (A). Data of % bacterial killing with and without
pre-treatment by hemin (B), CoPP (C), or SnPP (D) is shown as individual dot plots with connecting lines of
the same donors. Statistical analysis was tested by two-way ANOVA with Bonferroni’s multiple comparisons
test; *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.
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Figure 6. Bacterial killing efficacies of human monocyte are related to inhibition or induction of HO-1
expression. Monocyte from healthy donors (n=3) were pre-treated 3 h with medium, hemin at 25 uM

(A), CoPP at 50 uM (B) or SnPP at 10 uM (C) before infection with 5x 10° CFUs live Bp for 1, 3 and 6 h or
infection with 5x 10° CFUs of live E. coli, S. typhimurium or S. aureus for 0.5, 1 and 3 h. Total numbers of
viable bacteria after infection at various time points were assessed by colony count, calculated as % bacterial
killing = ((inoculum bacteria — remaining bacteria)/inoculum bacteria) x 100. Data is shown as individual dot
plots with connecting lines of the same donors. Statistical analysis was done by using two-way ANOVA with
Bonferroni’s multiple comparisons test; *P <0.05, **P<0.01, **P<0.001.

dependent thalassaemia (TDT) than non-transfusion dependent thalassaemia (NTDT)*. Our results correlated
with a previous study reporting no significant difference of IFN-y production between splenectomized and
non-splenectomized B-thalassaemia patients with TDT'. Furthermore, splenectomy had benefit probably in
some TDT patients, but advanced age and splenectomy were the significant clinical risk factors for most of the
disease-related complications in both TDT and NTDT groups®**.

Further experiments revealed that activation of IFN-y production via T cell receptor (TCR) signal by using
anti-CD3 and anti-CD28 antibodies stimulated on whole blood from p-thalassaemia patients is higher than
healthy controls. This data is consistent with previous reports that p-thalassaemia patients have increased expres-
sion of CD3 marker on T cell surface than healthy controls'’, and also T cell activation is not defective®?, although
dysfunction of T and B cells have been reported in conditions with high levels of ferritin'**. Moreover, con-
centrations of anti-Bp serum IgG from (-thalassaemia patients was comparable to healthy controls, while total

SCIENTIFIC REPORTS |

(2020) 10:10297 |

https://doi.org/10.1038/s41598-020-67346-2



www.nature.com/scientificreports/

antibody levels in serum of p-thalassaemia patients was increasing’. Therefore, based on our results, there is
no significant general impairment of immune responses through TCR and IgG antibody production against Bp
from B-thalassaemia patients in comparison to healthy controls.

The hemolytic consequences of B-thalassaemia lead to increasing levels of heme in blood circulation®® which
causes cell death by inducing free radical oxidative species (ROS)*!~** and elicit inflammatory injuries®"**. HO-1
is upregulated to catalyze heme into iron, carbon monoxide and bilirubin>. Expression of HO-1 is not only for
heme catalysis but can also adversely affect immune function. Studies using mouse derived macrophages show
increasing level of HO-1 mRNA expression after infected with Bp, and leading to increase serum IL-6, TNF-a and
MCP-1, but IFN-y production was decreased®. Here we found increased HO-1 mRNA expression in whole blood
from P-thalassaemia patients, which increased further in the presence of Bp in vitro. The presence of increased
baseline levels of HO-1 in -thalassaemia can be explained by the presence of high levels of hemin (> 50 uM) in
serum from B-thalassaemia patients, but undetectable in non-thalassaemia individuals?*. Hemin and products of
hemin degradation by HO-1 can have multiple effects on cellular immune functions. CD4 T cell and monocyte
coculture in presence of hemin triggers a polarization of CD4 T cells to a regulatory T cell (Treg) subset™. A study
of carbon monoxide releasing molecule (CORM-2) treated C57BL/6 mice infected with Bp revealed increas-
ing burden of bacteria in lung and increased bacterial load in macrophages*. Carbon monoxide is also able to
suppress human CD4 T cell proliferation and IL-2 secretion”. In addition, in a mouse model HO-1 mediated
iron released from catabolism of heme leads to cell damage in thalassaemic erythroblasts®®. Taken together, all
studies lead to our hypothesis that hemin induced HO-1 reaction may explain immune response impairment
and increasing of susceptibility to infection.

To further test the effects of HO-1 per se on immune function, we investigated the effect of chemical induced
HO-1 activation or inhibition before stimulation of leucocytes from healthy individuals with B. pseudomallei.
Treatment of normal human PBMCs with HO-1 activators, hemin and CoPP, caused reduction of IFN-y and
IL-10 after stimulation with B. pseudomallei. In contrast inhibition of HO-1 by using SnPP increased IFN-y
production with no effect on IL-10. This is in comparison with studies in mice showing that HO-1 activation
by CoPP impaired dendritic cell maturation, CD4* and CD8* T-cell proliferation and IFN-y production but
increased IL-10 in response to LPS in vitro®®. HO-1 can also inhibit IFN-y, decrease immune cell numbers and
also induce T cell apoptosis of mice®.

To investigate the consequences of these changes to anti-bacterial immunity, we measured cell mediated
responses induced by live pathogenic bacteria (namely B. pseudomallei, E. coli, S. typhimurium and S. aureus)
which cause serious disease in patients with thalassaemia in Thailand?. The HO-1 activators, hemin and CoPP
impaired bacterial killing activity of human whole blood and purified monocytes from healthy controls, which
correlated with low production of IFN-y, in all bacteria tested. In contrast, the HO-1 inhibitor, SnPP enhanced
bacterial killing and resulted in higher levels of IFN-y compared with medium controls. Interestingly whole
blood from (-thalassaemia patients impaired bactericidal activities upon exogenous HO-1 induced by hemin
or CoPP, similar to healthy controls. However HO-1 inhibition by SnPP did not enhance bactericidal activity
suggesting that high levels of endogenous HO-1 might not be completely inhibited under this condition or
there might be other mechanisms to impair bactericidal activity in p-thalassaemia. This issue still needs further
investigation. Apart from our observation, there are more reported bacterial clearance mechanisms that HO-1
can be modulated by hemin and strongly inhibited phagocytic activity and migration of human monocyte and
neutrophil, which is not correlated with heme-iron catabolism?®. HO-1 expression can promote M. tuberculosis
growth within primary human macrophage cells*’, and also reduce bacterial killing in mice infected with B. pseu-
domallei®. Induction of HO-1 expression by CoPP combined with LPS can inhibit T cell responses and reduce
IFN-y production by impairing DC maturation and expression of MHC-II, CD40, CD80, and CD86 in mice®.

In conclusion, our study demonstrates defective cytokine production of p-thalassaemia patients in response
to a diverse range of stimuli derived from pathogenic bacteria. We believe that HO-1, as well as hemin, is pri-
marily responsible for these effects on production of both IFN-y and IL-10, and also impair the bactericidal
activity of human leucocytes against pathogens known to infect individuals with p-thalassaemia. Modulation
of the heme/HO-1 pathway may hold promise for future host directed therapies. Protection of macrophage cell
lines and human macrophages, by quinine can prevent damaging effects of increasingly endogenous heme fol-
lowing sepsis with gram negative bacteria and restore macrophage phagocytosis in vivo®. In mouse models of
[B-thalassaemia, inhibition of HO-1 by SnPP can decrease heme catabolism and reduce iron release including
improved erythropoiesis®'. Blocking of HO-1 expression may be an alternative therapy for septic p-thalassaemia
patients to reduce heme catabolism and enhance proinflammatory cytokines for improved bacterial killing.

Methods

Subjects. This study was approved by Human Ethics Committee at Nakhon Phanom Hospital, [IEC-NKP1-
No.19/2558. Informed consent was obtained from all participants and in compliance with the Declaration of
Helsinki. Healthy donors were defined by blood bank guidelines and had no signs of infection at the time of
blood collection. B-thalassaemia patients were previously diagnosed by clinicians, and blood samples were
collected before receiving blood transfusion. All donors with mean corpuscular volume (MCV)<80 fL and
dichlorophenol indophenol precipitation (DCIP) positive were confirmed by Hb typing and classified as HbE
carriers®?. Diabetes mellitus (DM) individuals were defined as type 2 DM by clinicians and had fasting blood
sugar more than 126 mg/d1®® at the time of blood collection.

Bacteria preparation. Live Bp strain K96243, E. coli ATCC25922, Salmonella enterica serovar Typhimu-
rium ATCC13311, S. aureus ATCC25923 were grown in mid log phase and the number of bacteria was con-
firmed by colony count. Live Bp were killed by 2% paraformaldehyde (PFA) and kept frozen at — 80 °C until use.
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Cell culture. Whole blood samples were collected as previously published protocol® and incubated with
medium alone, 10 ug/ml E. coli lipopolysaccharide (LPS; Sigma), 5.4 x 10° CFUs PFA fixed Bp (ratio at 30:1), or
10 pug/ml BPSL0280 (FIgK) protein. After 3 h at 37 °C, cell pellets were collected for HO-1 expression analysis by
real-time PCR and supernatants were collected at 48 h. In some experiment, adjusted whole blood samples were
cultured at 37 °C in the presence of 3 pug/ml anti-CD3 (eBioscience) and 3 pg/ml anti-CD28 (eBioscience), or in
the presence of 3 ug/ml isotype antibody (eBioscience). IFN-y and IL-10 levels in supernatant were detected by
ELISA kits (BD Biosciences) following the manufacturer’s instructions.

In other experiments, PBMCs or CD14 positive cells were isolated from whole blood samples* and plated at
2.5x10° cells/ml, then pretreated for 3 h at 37 °C with vehicle control (0.1 M NaOH; Sigma), a substrate of HO-1
(hemin; Sigma), an HO-1 inducer (cobalt protoporphyrin IX (CoPP); Enzo Life Sciences), or an HO-1 inhibitor
(tin protoporphyrin IX (SnPP); Enzo Life Sciences). Sequentially, 7.5 x 10° CFUs of PFA fixed Bp (ratio at 30:1)
were cultured with pretreated PBMCs or monocytes for 48 h at 37 °C. After 3 h of pre-treatment at 37 °C, cell
pellets were collected for HO-1 expression analysis by real-time PCR and after 48 h supernatants were collected
for cytokine quantification by ELISA.

Plasma IgG antibody detection. PFA fixed Bp at 10° CFUs per well were coated onto 96 wells ELISA
plates overnight before adding 1:300 diluted heparinized plasma in duplicate and following our published
protocol®-¢,

Measurement of HO-1 mRNA expression by quantitative real-time polymerase chain reac-
tion. Total RNA from whole blood was isolated using Tempus Spin RNA Isolation Kit (Tempus), while total
RNA from cell culture pellets was isolated using RNeasy Mini Kit (Qiagen) following the manufacturer’s instruc-
tions. Reverse transcription of 1 ug total RNA was done by using ImProm-II Reverse Transcription System (Pro-
mega). Quantitative real-time PCR was performed by using Rotor gene 3000, with AccuPower 2X GreenstarTM
qPCR Master Mix (Bioneer). GADPH was used as internal reference gene®”. HO-1 amplicons were detected by
using forward primer 5-GCAGAGAATGCTGAGTTCATG-3' and reverse primer 5-CACATCTATGTGGCC
CTGGAGGAGG-3%. All assays were performed in duplicate and the results were shown as cycle threshold (Ct).

Bacterial clearance assay. After pretreatment for 3 h with vehicle control, 25 M hemin, 50 uM CoPP, or
10 uM SnPP, whole blood or monocytes were infected with 10° CFUs and 5 x 10° CFUs, respectively, of live Bp,
E. coli, S. enterica serovar Typhimurium or S. aureus for 1, 3 and 6 h at 37 °C. At each time point, infected cells
were lysed with 1% Triton X-100 (Biotech), then total numbers of viable bacteria were counted by colony count
on LB agar plate. Data was analyzed as % Bacterial killing = ((inoculum bacteria - remaining bacteria)/inoculum
bacteria) x 100.

Data analysis. All statistical analysis was done by using Graphpad Prism version 6 (Graphpad software).
One-way ANOVA was applied for independent sample sets, while two-way ANOVA was applied for matched
sample sets. Wilcoxon matched-pair’s signed rank test was applied for comparison of non-normally distribution
data, whereas Mann Whitney test was applied for comparison of independent patients. Statistically significant
differences were considered at P<0.05.
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