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ABSTRACT 

Hereditary hemochromatosis (HH) is an autosomal-recessive disorder of the iron metabolism. Patients are typi-
cally affected by dysregulated iron levels, which can lead to iron accumulation within essential organs, such as 
liver, heart and pancreas. Furthermore, many HH patients are also afflicted by several immune defects and in-
creased occurrence of autoimmune diseases that are linked to human homeostatic iron regulator protein (HFE) in 
the immune response. Here we examined immune cell phenotype and function in 21 HH patients compared to 21 
healthy controls with a focus on Natural Killer (NK) cells. We observed increased basal and stimulated production 
of pro-inflammatory cytokines such as IL-1β or IL-18 in HH patients compared to healthy controls. However, we 
did not find major changes in the phenotype, the amount or the cytotoxic function of NK cells in HH patients. 
Instead, our data show a general decrease in the total number of granulocytes in HH patients (2774 ± 958 per μl 
versus 3457 ± 1122 per μl in healthy controls). These data demonstrate that NK cells of HH patients are not 
significantly affected and that the patients’ treatment by regular phlebotomy is sufficient to avoid systemic iron 
overload and its consequences to the immune system.  
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INTRODUCTION 

Although iron plays a crucial role for cell 
functionality, it is also known to generate 
toxic reactive oxygen species (ROS) that can 
harm the organism. Accordingly, iron con-
centrations are tightly regulated, both system-
ically and intracellularly (Porto and De Sousa, 
2007). This regulation is important for the 
iron metabolism of a broad range of organ-
isms. At the same time, a host organism can 

modulate its iron levels in order to make iron 
less available for pathogenic microorganisms 
and for the generation of reactive oxygen spe-
cies to combat unwanted invaders (Radtke 
and O'Riordan, 2006; Weinberg, 2005). 
Hence, the immune defense is inevitably 
linked to the iron metabolism. 

Connections between iron overload and 
the immune system were already described 
for diverse immune cell types, such as abnor-
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mal ratios of T cell subsets in hemochromato-
sis patients (de Sousa et al., 1991; Porto and 
De Sousa, 2007). Hereditary hemochromato-
sis (HH) is an autosomal-recessive disorder in 
which the iron metabolism is dysregulated, 
leading to a systemic iron overload (Adams et 
al., 2018; European Association for the Study 
of the Liver, 2010). Accumulation of high 
levels of iron can lead to an irreversible de-
struction of essential organs such as the heart, 
liver and pancreas. In HH patients the sys-
temic iron overload is caused by a mutation of 
the iron sensor protein HFE (Human homeo-
static iron regulator protein). HFE and trans-
ferrin receptor 1 (TfR1) are triggering a sig-
naling cascade to regulate hepcidin, which is 
a systemic regulatory hormone of the iron me-
tabolism. Hepcidin acts as a ligand for ferro-
portin, an iron exporter expressed on the sur-
face of macrophages, hepatocytes and the ba-
solateral surface of enterocytes. Binding of 
hepcidin to ferroportin results in the internal-
ization and degradation of the receptor, 
thereby blocking iron efflux from cells. Via 
this mechanism, HFE regulates iron absorp-
tion in the small intestine as well as iron recy-
cling by macrophages (Powell and Yapp, 
2000; Reuben et al., 2017). In the case of he-
reditary hemochromatosis, the mutated HFE 
is unable to fold properly or undergo post-
translational processing and is therefore tar-
geted for degradation, resulting in hepcidin 
deficiency and heightened iron entry into the 
bloodstream (Barton et al., 2015; Feder et al., 
1997; Reuben et al., 2017). Therefore, HFE 
plays an important role in the iron metabo-
lism.  

Due to its remarkable structure similarity 
to MHC I molecules, HFE was originally 
named human leukocyte antigen (HLA)-H, 
which underlines again the connection be-
tween the iron metabolism and the immune 
system (Feder et al., 1996). HFE is catego-
rized as a non-classical MHC Ib molecule and 
although it does not bind peptides, HFE is rec-
ognized by T cells. Imbalanced CD4/CD8 ra-
tios of T cells were found in hemochromatosis 
patients with HFE mutations. Additionally, 
the non-classical MHC Ib molecules such as 

HLA-E, -F and -G have been shown to bind 
to receptors on Natural Killer (NK) cells with 
effects on immunoregulation, autoimmunity 
and immune tolerance during pregnancy 
(Hamerman et al., 2005; Reimao et al., 1991). 

NK cells belong to the innate immune sys-
tem and are very important for early immune 
reactions against viruses, malignant cells or 
parasites (Watzl, 2014; Watzl et al., 2014). 
NK cells are found in peripheral blood, repre-
senting 5-15 % of all lymphocytes. Addition-
ally, they are found in tissues such as spleen, 
bone marrow, liver, uterus, or lungs 
(Bryceson et al., 2006). The activity of NK 
cells is regulated by the interplay of activating 
and inhibitory signals, originating from a 
large array of different surface receptors. Hu-
man NK cells are characterized as CD56+, 

NKp46+, CD3- cells that can kill infected or 
transformed cells by the release of granzyme 
and perforin filled granules or via the activa-
tion of death receptors on their target cells 
(Cooper et al., 2001; Fehniger et al., 2003; 
Pegram et al., 2011). Activation of NK cells 
also results in the production of cytokines 
such as IFN-γ, which is important for the reg-
ulation of adaptive immune responses.  

Due to the fact that imbalanced CD4/CD8 
T lymphocyte ratios were already described 
for HH patients we took a closer look at the 
influence of the iron metabolism on the im-
mune system. In our preliminary studies some 
HH patients showed aberrant NK cell num-
bers and activities. Therefore, we decided to 
focus our analysis on NK cells. 
 

MATERIALS AND METHODS 

Patients 
Participants included in this study signed 

the informed consent. Participants described 
as patients in this work were diagnosed with 
hereditary hemochromatosis. Only age and 
gender of participants are known, while date 
of diagnosis, type of HFE mutation and other 
diseases or infections are unknown. This 
study includes a group of 21 patients with a 
mean age of 59.6 years and a male proportion 
of 52.4 %. The age-matched healthy control 
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group (n=21) has a mean age of 56.3 years 
and a male proportion of 42.9 %. 
 
Cell culture 

The K562 chronic myeloid leukemia cell 
line was maintained in IMDM medium (Life 
technologiesTM) supplemented with 10 % fe-
tal bovine serum (InvitrogenTM) and 10 
Units/ml Penicillin / 10 μg/mL Streptomycin 
(Life technologiesTM). 
 
PBMC isolation 

Peripheral blood mononuclear cells 
(PBMC) were isolated by Ficoll density cen-
trifugation from heparinized whole blood. 
PBMCs were stored at -170 °C until used for 
experiments. 
 
Absolute cell count 

To determine the absolute number of leu-
kocyte populations, 50 μl fresh heparinized 
blood sample was added to TruCount tubes 
(BD Biosciences) and incubated for 20 min at 
RT with the indicated antibodies (Table 1). 
Samples were subjected to erythrocyte lysis 
using FACS Lysing Solution (BD Biosci-
ences, Heidelberg, Germany) and were meas-
ured on a BD LSRFortessa (BD Biosciences). 
Data were analyzed using FlowJo Software 
(FlowJo LLC, USA). Absolute cell number in 
blood samples was calculated as  

events	in	cell	gate
events	in	bead	gate

	x	
beads	per	test
test	volume

cells	per	μL	blood 
 
Multicolor flow cytometry 

For immunophenotyping three different 
panels were set up to analyze the samples for 
(1) a general leukocyte overview, (2) NK and 
T cell activation and memory markers and (3) 
activating NK cell receptors. All applied anti-
bodies and dilutions are listed in Table 1. 
Samples were thawed and kept on ice during 
the staining. For each panel 2 x 106 PBMC 
were first stained with zombie yellow for 20 
minutes in the dark. After a wash step with 
FACS buffer (DPBS, Gibco® + 2 % fetal bo-
vine serum, Gibco®) samples were stained 

with the individual antibody mixture for 20 
minutes in the dark. Cells were resuspended 
in 150 μl FACS buffer and kept on ice until 
analysis at the same day on a BD LSRFor-
tessa. Data were analyzed using the FlowJo 
software (FlowJo LLC, USA). 

 
Degranulation assay 

PBMC were incubated in CTL medium 
(IMDM medium, Life technologiesTM + 10 % 
fetal bovine serum, InvitrogenTM + 10 
Units/ml Penicillin / 10 μg/mL Streptomycin, 
Life technologiesTM) at a ratio of 1:1 with 
K562 in the presence of anti-CD107a-PE/Cy5 
for 3 h at 37 °C and 5 % (v/v) CO2. Cells were 
stained with CD3-BV510 and CD56-BV421 
and then analyzed by flow cytometry.  
 
51Cr-release assay 

K562 were labelled with 100 μCi 51Cr on 
a rotator for 1 h in a humidified incubator at 
37 °C and 5 % (v/v) CO2. Co-incubation of 
PBMC and labelled K562 was performed in 
96-well U-bottom plates and different effec-
tor to target ratios (6.5/1, 12.5/1, 25/1 and 
50/1) for 4 h at 37 °C and 5 % (v/v) CO2. After 
incubation the supernatant was harvested and 
51Cr release was analyzed with a γ-counter. 
Percent specific lysis was calculated as:  
 
experimental	release spontaneous	release
maximum	release spontaneous	release

	x	100

%	specific	lysis 
 

Since effector to target ratios are related 
to applied PBMC concentrations, the NK cell 
percentage of PBMC was used to recalculate 
the e/t ratio for NK cells in each individual 
sample. The number of lytic units (LU)/107 
was calculated for a lysis of 40 % as follows: 
 

LU/10 effectors
10

T	 ∙ 	X
 

T: number of target cells, p: reference ly-
sis level (here: 40 %), Xp: e/t ratio required to 
lyse p% of target cells 
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Table 1: Panel description, antigens, antibody clones and coupled fluorochromes, distributors and Ab 
dilution used to stain 0.2 × 106 PBMC are listed. 

Panel Antigen Clone Fluoro-
chrome 

Company Dilution 
1/x 

Leukocyte  
overview 

CD3 UCHT1 BV510 BD HorizonTM 200 

 CD14 MφP9 PE BD PharmingenTM 500 
 CD16 3G8 FITC BD PharmingenTM 200 
 CD19 HIB19 BV421 BD HorizonTM 200 
 CD45 HI30 AF700 BD PharmingenTM 400 
 CD56 B159 APC BD PharmingenTM 100 
 CD64 10.1 PE-Cy7 BD PharmingenTM 200 
 CD71 M-A712 APC-Cy7 BD PharmingenTM 100 
 HLA-DR G46-6 PerCP-Cy5.5 BD HorizonTM 100 
 Zombie  

Yellow 
 Qdot585  1000 

NK + T activation 
+ memory 

CD3 UCHT1 BV510 BD HorizonTM 200 

 CD25 M-A251 PE-Cy7 BD PharmingenTM 50 
 CD56 B159 PerCP-Cy5.5 BD PharmingenTM 100 
 CD57 NK-1 PE BD PharmingenTM 800 
 CD69 FN50 APC-H7 BD PharmingenTM 100 
 DNAM-1 DX11 AF647 BD PharmingenTM 100 
 NKG2C 134591 AF488 R&D Systems 100 
 KLRG1 2F1 BV421 BD HorizonTM 200 
 Zombie  

Yellow 
 Qdot585  1000 

NK cell receptors CD3 UCHT1 BV510 BD HorizonTM 200 
 CD56 B159 BV421 BD PharmingenTM 50 
 2B4 C1.7 PE-Cy5.5 Beckman Coulter 200 
 NKp46 9E2/Nkp46 PE-Cy7 BD PharmingenTM 100 
 NKp44 p44-8.1 PE BD PharmingenTM 200 
 NKp30 p30-15 AF647 BD PharmingenTM 100 
 NKG2D 149810 AF700 R&D Systems 100 
 Zombie  

Yellow 
 Qdot585  1000 

TruCount CD3 SK7 PerCP BD PharmingenTM 25 
 CD19 HIB19 FITC BD PharmingenTM 25 
 CD45 HI30 APC BD PharmingenTM 25 
 CD56 B159 PE BD PharmingenTM 25 
Degranulation CD3 UCHT1 BV510 BD HorizonTM 200 
 CD56 B159 BV421 BD PharmingenTM 50 
 CD107a H4A3 PE/Cy5 BD PharmingenTM 100 
      

 
 
Cytometric bead array 

To remove platelets and aggregates, coag-
ulated blood was centrifuged and resulting se-
rum was again centrifuged at 10,000 x g. 
Samples were stored at -80 °C until analysis. 
PBMC were stimulated for 6 h at 37 °C with 
20 nM PMA (phorbol-12-myrisate-13-ace-
tate, in DMSO, Cayman) and 2 μg/mL iono-
mycin (in DMSO, Calbiochem). The culture 

supernatant was stored at -80 °C before using 
the LEGENDplexTM Human Inflammation 
Panel Kit according to the manufacturer’s in-
structions. This kit allows the analysis of the 
13 cytokines: IL-1β, IFN-α, IFN-γ, TNF-α, 
MCP-1 (CCL2), IL-6, IL-8 (CXCL8), IL-10, 
IL-12p70, IL-17A, IL-18, IL-23 and IL-33. 
Serum cytokine levels were measured using 
the same Kit.  
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Ferritin ELISA 
Ferritin ELISA from IBL International 

GmbH was used according to the manufac-
turer’s instructions to determine ferritin levels 
of the participant’s serum samples. Plates 
were read by a microwell plate reader. 
 
Statistical analysis 

Results from multiple experiments were 
reported as mean ± SD. Parameters for HH 
patients were compared to age-matched 
healthy controls. Significance levels were de-
termined by the Wilcoxon rank-sum test (also 
known as Mann-Whitney U test, * p ≤ 0.05, 
** p ≤ 0.01, *** p ≤ 0.001). 
 

RESULTS 

Measurements of total cell numbers and 
immunophenotyping show minor variations 
for NK cells in treated HH patients 

Patients with hereditary hemochromatosis 
(HH) are affected by iron overload, which can 
lead to several consecutive symptoms. Con-
nections between increased iron levels and 
immune cells were already shown (de Sousa 
et al., 1991; Porto and De Sousa, 2007). One 
of the treatment strategies for HH patients, to 
reduce systemic iron levels, is regular phle-
botomy. Therefore, we wanted to investigate 
the immune cell composition, phenotype and 
function in treated HH patients. As some HH 
patients showed aberrant NK cell activities in 
our preliminary studies, we decided to focus 
on NK cells. We recruited 21 HH patients and 
21 healthy controls for our study. First, we 
measured absolute cell numbers of leukocytes 
from whole blood samples via flow cytometry 
(TruCOUNTTM). We observed no changes in 
the absolute numbers of NK cells (Figure 1A), 
B cells, T cells, NK-T cells or monocytes 
(data not shown) in HH patients compared to 
healthy controls. However, HH patients 
demonstrated significantly lower granulocyte 
numbers compared to healthy controls (Fig-
ure 1B).  

To analyze the phenotype to NK cells, we 
designed three multicolor cytometry panels 
(Table 1): (i) A leukocyte panel for a general 

overview of PBMC subsets and their distribu-
tion, (ii) an activation panel for expression 
levels of selected NK cell activation and 
memory markers and (iii) a receptor panel for 
the NK cell activation receptors NKp30, 
NKp44, NKp46, 2B4 and NKG2D. Frozen 
PBMCs of HH patients and healthy controls 
were thawed, stained and directly analyzed by 
flow cytometry. For leukocyte phenotyping, 
dead cells were first excluded by zombie yel-
low staining and leukocytes were identified 
by gating on CD45 positive cells. Quantifica-
tion of NK cell, T cell and B cell frequencies 
of PBMC as well as of CD14 positive mono-
cytes showed comparable results for treated 
HH patients and healthy controls (Supple-
mentary Figure 1). Similarly, NK cells 
showed no differences in the expression of ac-
tivation and differentiation markers such as 
NKG2C, DNAM-1, CD69, KLRG1, CD57 or 
CD25 when comparing treated HH patients 
and healthy controls (Figure 2). Finally, we 
did not find statistically significant differ-
ences in the expression levels of the activating 
NK cell receptors NKp30, NKp44, NKp46, or 
NKG2D between treated HH patients and 
healthy controls (Figure 3). In contrast, the 
activating receptor 2B4 showed a signifi-
cantly lower expression (p<0.01) on NK cells 
of treated HH patients compared to healthy 
controls (Figure 3E). 

 
Figure 1: HH patients have fewer granulocytes in 
peripheral blood. Mean ± SD of absolute cell 
count (cells per μL blood) of A) NK cells and B) 
Granulocytes from 21 HH patients (HH) and 
healthy age-matched controls (HC). No significant 
changes were found for other leukocyte 
populations. The presented data is analyzed by 
Wilcoxon rank-sum test, also called Mann-
Whitney U test: * indicates P<0.05 statistical 
significance.

https://www.excli.de/vol19/Watzl_25032020_supplementary_information.pdf
https://www.excli.de/vol19/Watzl_25032020_supplementary_information.pdf
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Figure 2: No altered expression of activation markers on NK cells of HH patients compared to controls. 
A) Gating strategy for measuring expression levels of selected NK cell activation markers by multicolor 
flow cytometry. Quantitative analysis of flow cytometry data for HH patients compared to healthy controls 
(each n=21): Mean ± SD of B) % positive NKG2C expressing NK cells, C) mean fluorescence intensity 
(MFI) of DNAM-1 positive NK cells, D) % CD69 NK cells, E) % KLRG1 positive NK cells, F) % CD57 
positive NK cells and G) CD25 positive NK cells. The data is analyzed by Wilcoxon rank-sum test, also 
called Mann-Whitney U test; no significant variation between HH and HC was observed.
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Figure 3: Lower expression levels of the activating receptor 2B4 on NK cells of HH patients. A) Gating 
strategy for measuring expression levels of selected NK cell activation receptors by multicolor flow 
cytometry. Quantitative analysis of flow cytometry data for HH patients compared to healthy controls 
(each n=21): Mean ± SD of B) mean fluorescence intensity (MFI) of NKp30 positive NK cells, C) MFI of 
NKG2D positive NK cells, D) MFI of NKp44 positive NK cells, E) MFI of 2B4 positive NK cells and F) 
MFI of NKp46 positive NK cells. The data is analyzed by Wilcoxon rank-sum test, also called Mann-
Whitney U test; ** indicates P<0.01 statistical significance. 

 
NK cells of hemochromatosis patients show 
slightly higher cytotoxicity 
Next we tested the functional activity of NK 
cells. NK cells release their cytotoxic gran-
ules upon the killing of a sensitive target cell. 
This degranulation can be measured by de-
tecting the externalization of CD107a on the 
surface of NK cells. PBMCs were co-cultured 
with K562 target cells for 3 h and the number 
of degranulating NK cells (CD107a positive 
NK cells) was determined by flow cytometry. 
While we clearly observed the degranulation 
of NK cells, there were no differences be-
tween treated HH patients and healthy con-
trols (Figure 4A). Additionally, the NK cell-
mediated killing of target cells can be meas-
ured using a chromium release assay. There-
fore, PBMCs were incubated with 51Cr-la-
beled K562 target cells for 4 h and the lytic

 
Figure 4: Slightly increased NK cell cytotoxicity in 
some HH patients. Summarized data (mean ± SD) 
of A) CD107a positive NK cells after 3 h incub-
ation with K562 as target cells and B) of lytic units 
per 107 effectors with a specific lysis of 40 % of 
chromium release assays with K562 as target 
cells after 4 h incubation. The data is analyzed by 
Wilcoxon rank-sum test, also called Mann-
Whitney U test; no significant variations between 
hereditary hemochromatosis patients (HH) and 
healthy controls (HC) was observed. N=21 for HH 
and HC respectively. 
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activity of NK cells was calculated. Although 
some treated HH patients showed higher NK 
cell cytotoxicity compared to controls (Figure 
4B), there were no statistically significant dif-
ferences in the cytotoxic activity of NK cells 
comparing HH patients to healthy controls. 

 
Increased pro-inflammatory cytokine pro-
duction by PBMC of treated HH patients 

Cytokines are important for the regulation 
of immune reactions and they are involved in 
many immune-mediated diseases. Therefore, 
we measured the concentration of 13 different 
cytokines in the serum of HH patients and 
healthy controls. Cytokine concentrations of 

HH patients were slightly, but significantly 
lower in case of TNF- (p<0.01), IL-10 
(p<0.01) and IL-12p70 (p<0.05), and slightly 
higher for MCP-1 (p<0.01), IL-18 (p<0.05) 
and IL-23 (p<0.05) (Figure 5A). Addition-
ally, we measured the cytokine concentration 
produced by PBMC after their stimulation 
with PMA and ionomycin. Here we observed 
an increased production of pro-inflammatory 
cytokines in treated HH patients: IL-1 
(p<0.05), IL-8 (0.01), IL-18 (p<0.01) and IL-
33 (p<0.001) compared to healthy controls 
(Figure 5B). 

Figure 5: Increased pro-inflammatory cytokine production by PBMCs of HH patients. Mean ± SD of 13 
different cytokines; A) concentrations of examined serum samples and B) produced by PBMC after 
unspecific stimulation with ionomycin and PMA (phorbol-12-myristate-13-acetate). The data is analyzed 
by Wilcoxon rank-sum test, also called Mann-Whitney U test; n=21 for HH and HC respectively.  
* indicates P<0.05 statistical significance. 
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Well-adjusted serum ferritin levels of 
treated hemochromatosis patients 

Finally, we measured serum ferritin levels 
to determine potential relationships with the 
immune parameters. We found that, except 
for a few outliers, all HH patients showed fer-
ritin levels comparable to the healthy control 
group (Figure 6A). Therefore, the treatment 
of the HH patients seemed to be effective in 
keeping their iron levels within normal pa-
rameters. Next we wanted to test if there is a 
correlation between the variations in immune 
parameters of HH patients and their ferritin 
levels. While we observed a highly variable 
expression of IL-18 in serum in HH patients 
as well as in healthy controls, these were not 
correlated to ferritin levels of the subjects 
(Figure 6B). Also, neither the higher levels of 
ferritin in some treated HH patients, nor the 
higher expression levels of some cytokines 
correlated with the increased cytotoxicity of 
outliers in the chromium release assay (data 
not shown). 

 

DISCUSSION 

Based on previous observations in our lab, 
we wanted to examine whether selected im-
mune cells, especially NK cells, are pheno-
typically and functionally influenced in 
treated hemochromatosis patients. Therefore, 

blood samples of twenty-one hereditary he-
mochromatosis patients and age-matched 
healthy controls were studied.  

With the exception of granulocytes, we 
did not find significant differences in absolute 
immune cell numbers or the relative distribu-
tion of PBMC subpopulations for HH patients 
compared to the healthy control group. It was 
reported that iron overload or high serum fer-
ritin levels are associated with low lympho-
cyte counts regardless of whether hereditary 
hemochromatosis patients exhibit the HFE 
mutation C282Y (homo- or heterozygote) or 
C282Y/H63D compound heterozygote 
(Barton et al., 2005). However, most of our 
tested HH patients were medically well ad-
justed by phlebotomy to treat iron overload as 
evident by the normal serum ferritin concen-
trations in most HH patients. This may ex-
plain why we did not find major differences 
in lymphocyte numbers. Several studies 
found a correlation between iron overload and 
a reduced phagocytic and bactericidal activity 
of neutrophils (Boelaert et al., 1990; Cantini-
eaux et al., 1988; Patruta et al., 1998; van 
Asbeck et al., 1984). While this may be re-
lated to our finding that HH patients have 
lower absolute numbers of granulocytes, fur-
ther studies are warranted to investigate this 
finding in more detail. 

 

 
Figure 6: Normal ferritin levels and no correlation with pro-inflammatory cytokine concentrations in HH 
patients. A) Summarized data of ferritin serum concentrations. The data is analyzed by Wilcoxon rank-
sum test, also called Mann-Whitney U test; no significant variations between hereditary 
hemochromatosis patients (HH) and healthy controls (HC) was observed. N=21 for HH and HC 
respectively. B) Correlation of IL-18 serum concentrations with ferritin serum concentrations for HH and 
HC (data for remaining cytokines not shown).
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Regular phlebotomy not only prevents 
iron overload in HH patients, but it also re-
sults in repeated immune cell loss. Interest-
ingly, this does not seem to affect immune 
cell numbers in HH patients, indicating that 
the loss of immune cells due to phlebotomy is 
rapidly counteracted by de-novo generation.  

Our phenotypic analysis did not find any 
major differences in NK cells between HH 
patients and healthy controls. We only found 
a lower expression of the activating receptor 
2B4. However, this reduction of 2B4 expres-
sion does not seem to have functional conse-
quences for NK cell cytotoxicity, as we found 
normal NK cell degranulation and cytotoxi-
city in HH patients. The reason for the lower 
expression of 2B4 is unknown. The genotype 
of patients could play a role, but we found no 
data in the literature describing such an effect. 

Cytokine levels in serum or after stimula-
tion of HH patient’s PBMC showed a ten-
dency for increased production of pro-inflam-
matory cytokines. Iron and its homeostasis 
are already known to be influenced through 
distinct inflammatory cytokines by regulating 
ferritin translation (Torti and Torti, 2002; 
Wessling-Resnick, 2010). Further, a correla-
tion between inflammatory cytokines and 
hepcidin is described in iron deficiency ane-
mia (IDA). Here, increased levels of pro-in-
flammatory cytokines lead to increased hep-
cidin synthesis which blocks the iron efflux 
from cells resulting in lower iron levels. Es-
pecially higher levels of the pro-inflammatory 
cytokines TNF-α and IL-6 are described to 
lead to increased hepcidin levels, causing 
IDA (Askar et al., 2019; Atkinson et al., 2008; 
Ganz, 2003; Ganz and Nemeth, 2012). Con-
versely, monocytes of HFE associated hemo-
chromatosis patients produce less TNF-α in 
vitro (Gordeuk et al., 1992). This converse ef-
fect was also shown in a study for IL-6, in 
which healthy adults displayed a strong re-
duction of serum iron upon receiving an IL-6 
infusion (Nemeth et al., 2004). IL-6 was also 
described to be able to increase hepcidin syn-
thesis (Askar et al., 2017). These findings rise 
the question of causality between these pro-
inflammatory cytokines and systemic iron 

levels. In our study, we found significantly 
lower production of TNF-α and IL-6 in 
treated HH patients, but we are not able to dis-
tinguish whether cytokines influence iron lev-
els or vice versa. Loss of HFE function for ex-
ample already results in reduced hepcidin lev-
els and increased ferroportin levels, while 
lowering iron levels in monocytes and macro-
phages (Cairo et al., 1997). Again, the HFE 
gene itself seems to have an influence on reg-
ulatory mechanisms of immune cells, leading 
to different production repertoires of cyto-
kines, which promote altered iron levels. This 
would also explain why there is no obvious 
correlation between the cytokine production 
and ferritin levels, since the patients are 
treated to get rid of the iron overload but still 
produce altered repertoires of cytokines 
caused by their genotype. Comparable to our 
results, IL-1β production by monocytes was 
not significantly different between HH pa-
tients and the control group described by Gor-
deuk et al. (1992). Increased levels of the re-
maining pro-inflammatory cytokines or IL-10 
have not yet been associated with iron over-
load or hemochromatosis but could explain 
the slightly increased NK cell cytotoxicity.  

In summary, we did not find major pheno-
typic or functional alterations in NK cells and 
other immune cells in HH patients, suggesting 
that if the disease is treated there are no major 
impacts on the immune system.  
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