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CHAPTER 4

DISCUSSION

1) INTRODUCTION

Ferritin is the intracellular protein responsible for the sequestration, storage and release
of iron. Ferritin can accumulate up to 4500 iron atoms as a ferrihydrite mineral in a
protein shell and releases these iron atoms when there is an increase in the cell’s need for
bio-available iron (1). The ferritin protein shell consists of 24 protein subunits of two
types, the H-subunit and the L-subunit. These ferritin subunits perform different
functions in the mineralization process of iron (2). The ferritin protein shell can exist as
various combinations of these two subunit types, giving rise to heteropolymers or
isoferritins. Isoferritins are functionally distinct and it would appear that characteristic
populations of isoferritins are found depending on the type of cell, the proliferation
status of the cell and the presence of disease (3). The synthesis of ferritin is regulated
both transcriptionally and translationally. Translation of ferritin subunit mRNA is
increased or decreased, depending on the labile iron pool and is controlled by an iron-
responsive element present in the 5-untranslated region of the ferritin subunit mRNA
(4). The transcription of the genes for the H-subunit and L-subunit of ferritin is
controlled by hormones and cytokines, which can result in a change in the pool of
translatable mRNA (5). The levels of intracellular ferritin are determined by the balance
between synthesis and degradation. Degradation of ferritin in the cytosol results in
complete release of iron, while degradation in secondary lysosomes results in the

formation of haemosiderin and protection against iron toxicity (6). The majority of
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ferritin is found in the cytosol. However, ferritin with slightly different properties can

also be found in organelles such as nuclei and mitochondria (7, 8).

Most of the ferritin produced intracellularly is harnessed for the regulation of iron bio-
availability, however some of the ferritin is secreted and internalized by other cells (9). In
addition to the regulation of iron bio-availability ferritin may contribute to the control of

myelopoiesis and immunological responses (10).

Plasma ferritin is increased as an acute phase protein during conditions of infection,
inflammation and malignancies, but its expression is also up-regulated in the cytosol of
various cells in conditions with uncontrolled cellular proliferation, in any condition
marked by excessive production of toxic oxygen radicals, and by infectious and
inflammatory processes (11).  Under such conditions ferritin up-regulation is
predominantly stimulated by increased reactive oxygen radical production and by
cytokines (5, 12). The major function of ferritin in these conditions is to reduce the bio-
availability of iron in order to stem uncontrolled cellular proliferation and excessive
production of reactive oxygen radicals (13). Ferritin is, however, not indiscriminately up-
regulated in these conditions as a marked shift towards a predominance in H-subunit rich

ferritins would appear to occur (14, 15, 16, 17, 18, 19, 20, 21, 22).

In the present study ultrastructural immunolocalisation of the H-subunit and L-subunit
of ferritin in different cells of the bone marrow was undertaken to quantitatively measure
the expression of the subunits of ferritin at the single cell level. In this study the
quantitative expression of the H-subunit and L-subunit of ferritin in bone marrow
macrophages and cells of the erythron was ultrastructurally evaluated by post-embedding
immunolocalisation with immunogold transmission electron microscopy in combination

with the inflammatory status of patients with chronic immune stimulation.
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2) EXPERIMENTAL GROUPS

Forty-eight patients attending the Department of Internal Medicine, Kalafong Hospital
for treatment of chronic diseases, with a high prevalence of human immunodeficiency
virus (HIV) infection were included in the study. Ten patients scheduled for hip
replacement at the Department of Orthopaedics at the Pretoria Academic Hospital were
included in the study as a group of patients with less severe immune stimulation. These

patients were all diagnosed with osteoarthritis and were HIV-negative.

The diagnosis of the patients from Kalafong Hospital were diverse and included various
types of infections (tuberculosis (IB), malaria, HIV), cancers (lung, breast),
pancytopenias as a result of bone marrow suppression or peripheral destruction of blood
cells, organ failures including renal failure, heart failure and liver failure, anaemias with
different etiologies and various other pathologies that resulted in inflammatory reactions.
This resulted in an extremely heterogenous group of patients. For the purpose of this
study the immune status and iron status, respectively, were used to group these patients.

The osteoarthritis patients were treated as a separate group.

3) AIM OF THE STUDY

The primary aim of the present study was to quantitatively measure the expression of the
H-subunit and L-subunit of ferritin in the bone marrow macrophage and cells of the
erythron in patients with chronic immune stimulation. A second aim was to investigate
the possible role that the expression of the H-subunit and L-subunit of ferritin may have
in the establishment and maintenance of an iron transfer block in patients with chronic

immune stimulation.

The discussion will be presented in the following sections:

1) Subdivision of the patients according to their immune status.
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2) Expression of the H-subunit and L-subunit of ferritin in the bone marrow
macrophage and cells of the erythron in patients with a pro-inflammatory

immune status.

3) Prevalence of the iron transfer block in patients with a pro-inflammatory immune
status.
4) Expression of the H-subunit and L-subunit of ferritin in a group of Kalafong

patients with iron transfer block.
5) Expression of the H-subunit and L-subunit of ferritin in the group of

osteoarthritis patients.

4) SUBDIVISION OF THE PATIENTS ACCORDING TO THEIR
IMMUNE STATUS
In order to investigate the expression of the H-subunit and L-subunit of ferritin it was
necessary to subdivide the patients in groups according to their immune status. The
immune status is determined to a major extent by cytokines and it has been shown that
certain cytokines can influence the expression of the H-subunits and L-subunits to
different extents. Patients were subdivided according to their immune status based firstly
on C-reactive protein levels and secondly based on neopterin levels. In order to validate
the subdivisions in terms of C-reactive protein and neopterin and to investigate more
specifically the cytokines that may contribute to changes in the expression of the H-

subunit and L-subunit of ferritin the cytokine profiles of these patients were determined.

4.1)  C-reactive protein as an indicator of immune stimulation

C-reactive protein is an acute phase protein and rises sharply with the onset of
inflammation reaching peak concentrations within 24-48 hours. Inflammatory processes
accompanying tissue injury, infection, malighancy, autoimmune diseases and

cardiovascular diseases can all result in an increase in C-reactive protein levels (23). Not
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only does C-reactive protein correlate with the progression of the inflammatory process
but C-reactive protein also reflects the resolution of inflammation. C-reactive protein is
synthesised and secreted by hepatocytes upon stimulation by acute phase protein-
inducing cytokines such as interleukin-6 (I1-6) (24). C-reactive protein is a pattern
recognition molecule and binds to specific molecular configurations that are typically
exposed during cell death or found on the surfaces of pathogens (25). By binding to the
molecules exposed with cell death C-reactive protein increases the clearance of apoptotic
cells.  C-reactive protein binds to the stimulatory receptors, FcgammaRI and
FcgammaRII, increasing phagocytosis and the release of inflammatory cytokines. In
addition, C-reactive protein binds to the inhibitory receptor FcgammaRIIb, blocking
activating signals (26). C-reactive protein is therefore clearly not only a by-stander
molecule during inflammation but actively takes part in pro-inflammatory, as well as anti-
inflammatory, processes. C-reactive protein levels are seen by some as the most accurate

reflection of the inflammatory state.

In the present study, in order to subdivide the Kalafong patients into groups, C-reactive
protein was determined as an overall indicator of the inflammatory status. A value of 10
mg/1 and less was taken as normal C-reactive protein levels, whereas a value of more
than 10 mg/1 as elevated C-reactive protein levels. For the group of Kalafong patients (n
= 19) with normal C-reactive protein the mean and SD was 2.8 + 2.8 mg/1, whereas for
the group of Kalafong patients (n = 29) with elevated C-reactive protein the mean and

SD was 82.2 £ 76.2 mg/l. The mean and SD for C-reactive protein for the osteoarthritis

group was 3.4 = 5.1 mg/l (n = 10). The C-reactive protein was significantly higher (p-
value < 0.0001) in the group of Kalafong patients with elevated C-reactive protein than
in the group of osteoarthritis patients. There was no significant difference between the

group of Kalafong patients with normal C-reactive protein and the osteoarthritis patients.
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This subdivision of the Kalafong patients clearly showed a group of patients with
increased C-reactive protein and a group with normal C-reactive protein. The group of
osteoarthritis patients showed C-reactive protein levels similar to that of the group of

Kalafong patients with normal C-reactive protein levels.

An increase in C-reactive protein is seen as an indicator of the involvement of the
classically activated macrophage (pro-inflammatory macrophage) in the orchestration of
the immune reponse. In the group of Kalafong patients with elevated C-reactive protein,
the macrophage takes on a pro-inflammatory role, which is characteristic of a T-helper

cell type-1 immune response.

Not all Kalafong patients with elevated C-reactive protein necessarily had elevated
neopterin and wice versa. However, the group of Kalafong patients with elevated C-
reactive protein showed a significantly higher level for neopterin (p-value = 0.0002),

(29.5 £ 24.8 ng/ml; n = 29) than the group of Kalafong patients with normal C-reactive

protein (7.7 £ 11.7 ng/ml; n = 19). Compared to the osteoarthritis patients (2.2 £ 0.52
ng/ml; n = 10), both the group of Kalafong patients with elevated C-reactive protein (p-
value < 0.0001) and the group of Kalafong patients with normal C-reactive protein (p-

value = 0.017) showed significantly higher neopterin levels.

4.2) Neopterin as an indicator of immune stimulation

The group of Kalafong patients were subsequently subdivided according to another
immunological indicator namely neopterin. Neopterin is synthesised by macrophages
upon stimulation with the T-helper cell type-1 secretory product, interferon-y (INF-y).
Consequently, neopterin has thus been used as a measure of both macrophage activity
and cell-mediated immunity. In the pro-inflammatory macrophage neopterin is

produced from guanosine triphosphate (GTP). Activation of GTP cyclohydrolase I
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results in an accumulation of 7,8-dihydroneopterin triphosphate, followed by the
conversion of 7,8-dihydroneopterin triphosphate to neopterin and 7,8-dihydroneopterin
by phosphatases (27). The rate of rise of neopterin is slower than that for C-reactive
protein, peaking at 9-12 days after contraction of viral infection. Although IFN-Y is the
major cytokine responsible for neopterin production (28), IFN-Y mediated neopterin
production can be superinduced by lipopolysaccharide (LPS) and tumor necrosis factor-

o (TNF-a) (27). Various other cytokines such as interleukin-2 (II-2) which are able to

induce IFN-Y release from T-helper cell type-1 cells can also provoke neopterin release
(27). Furthermore, increasing the number of monocytes/macrophages by administration
of granulocyte macrophage-colony stimulating factor (GM-CSF) also results in increased
neopterin production (27). However, it has also been shown that IFN-Y is not essential
for neopterin production. For instance, patients suffering from Mendelian susceptibility
to mycobacterial disease (MSMD), characterised by impaired or absent IFN-Y production

or function, show neopterin production when challenged by mycobacterium (29).

Neopterin production does not only indicate macrophage activation, but neopterin levels
are also shown to correlate with the degree of macrophage activation. Therefore,
neopterin levels in plasma can be employed to monitor the magnitude of cellular immune
activation/involvement duting an immune response (27). When cell-mediated immunity
dominates, high neopterin levels will be present and when humoral immunity takes the
lead, neopterin levels will be low (27). In wvivo increased neopterin production was
demonstrated in patients suffering from infections with viruses and intracellular bacterial
or protozoal pathogens, in patients with rheumatoid arthritis, systemic lupus
erythromatosus and in patients with acute cellular graft rejection or graft-versus-host

disease (28).
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In the present study neopterin was determined in order to indicate the involvement of
cell-mediated immunity orchestrated by the classically activated macrophage (pro-
inflammatory macrophage). In this study a value of less than 3.4 ng/ml was taken as
normal neopterin and a value equal to and more than 3.4 ng/ml as elevated neopterin.
This resulted in a group of 13 Kalafong patients with normal neopterin (2.2 * 0.47

ng/ml) and a group of 35 Kalafong patients with elevated neopterin (27.9 & 23.5 ng/ml).

For the osteoarthritis patients neopterin was 2.2 * 0.52 ng/ml (n = 10). The neopterin
values were significantly higher (p-value < 0.0001) in the group of Kalafong patients with
elevated neopterin than in the group of osteoarthritis patients. There was no significant
difference for neopterin between the osteoarthritis patients and the group of Kalafong

patients with normal neopterin.

As for the C-reactive protein subdivision, the subdivision of the Kalafong patients based
on neopterin clearly showed a group of patients with increased neopterin and a group
with normal neopterin. The group of osteoarthritis patients showed neopterin levels

similar to that of the group of Kalafong patients with normal neopterin.

The group of Kalafong patients with elevated neopterin showed a significantly higher
level for C-reactive protein (p-value = 0.001), (64.7 £ 77.2 mg/1; n = 35) than the group
of Kalafong patients with normal neopterin (13.1 £ 24.4 mg/1; n = 13). Compared to the
osteoarthritis patients (3.4 = 5.1 mg/l; n = 10), only the group of Kalafong patients with

elevated neopterin showed a significantly increased C-reactive protein (p-value < 0.0001).

C-reactive protein and neopterin correlated positively for the Kalafong patients (r = 0.48,
p-value = 0.0006). However, not all Kalafong patients with elevated C-reactive protein
necessarily had elevated neopterin and wice wversa.  Specific disease types show

characteristic elevations in C-reactive protein and/or neopterin (25, 28, 30). Therefore,
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depending on the type and stage of immune/inflammatory process and resolution
thereoff, C-reactive protein and neopterin might be elevated to different extents and may
be cleared at different time-points. Consequently, it was considered feasible to continue
the investigation based on both the subdivision according to C-reactive protein and the
subdivision according to neopterin. For the rest of the discussion reference will often be
made to groups with elevated or normal C-reactive protein and groups with elevated or
normal neopterin with the understanding that the reference is made to subdivisions
according to C-reactive protein and neopterin and that there are overlapping in patients

between the groups.

5) THE CYTOKINE RESPONSE OF PATIENTS WITH ELEVATED C-
REACTIVE PROTEIN AND PATIENTS WITH ELEVATED
NEOPTERIN

In order to validate the subdivision according to C-reactive protein and neopterin and to

investigate more specifically the cytokines that may contribute to changes in the

expression of the H-subunit and L-subunit of ferritin, cytokine profiles of these patients
were determined. The cytokines investigated included interferon-y (INF-y), tumor

necrosis factor-o. (INF-0v), intetleukin-1B (II-1B), interleukin-6 (I1-6), intetleukin-12 (Il-

12), interleukin-2 (Il-2), interleukin-8 (II-8), granulocyte macrophage-colony stimulating

factor (GM-CSF), intetleukin-4 (1l-4), interleukin-5 (II-5), transforming growth factor-f3

(TGF-B) and interleukin-10 (11-10).

5.1)  Background

Macrophage activation has many phenotypes during an immune response. These
macrophage phenotypes can be classified into three major types of activated
macrophages, each with distinguishable, but also some overlapping functions. These

different macrophage phenotypes are sequentially encountered during an immune
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response. During the first phase of an immune response the macrophage (type-1
activated macrophage — classically activated macrophage) takes on a pro-inflaimmatory
role. The function of the type-1 activated macrophage is as an effector cell in T-helper
cell type-1 cellular immune responses. The type-2 activated macrophage is anti-
inflammatory and preferentially induces T-helper cell type-2 humoral immune responses
to antigen. The third type of activated macrophage, the alternatively activated
macrophage appears to be involved in immunosuppression and tissue repair in the last
phase of the immune response (31, 32, 33). The magnitude and duration of each of
these phases of an immune response, orchestrated by one of the three types of activated
macrophages, depend on the complexity of the signalling pattern encountered by the
macrophage. Signal complexity depends on the type, combination and quantity of
stimuli (such as cytokines) and the temporal sequence in which the stimuli (such as

cytokines) are presented to the macrophage (34).

The activating signals for the classically activated macrophage (type-1 activated
macrophage) include INF-y, TNF-o( and 1I-2 with the secretory products TNF-a, 11-12,
[I-1B, 11-6 and 11-8 (31, 34, 35). IFN-y s the cytokine of major importance in the classical
activation of the macrophage. IFN-Y has been shown to augment the activation of
macrophages in response to bacterial products, such as LPS, pro-inflammatory cytokines
including TNF-0, 1I-1B and 1I-12, or activated T-lymphocytes through the CD40 ligand
(36). When the macrophage is activated by one of these stimuli without IFN-Y being
present, the absolute amount of cytokines and toxic nitrogen radicals released are many-
fold lower than for macrophages that have been exposed to activating stimuli with IFN-y
(36). 11-6 tends to be more of a secondary mediator, fundamental for the acute phase
response in the liver and has a regulatory function in the immune response (35). The
chemokine, II-8, is responsible for the recruitment of leukocytes such as the neutrophil

to the inflammatory site (37).
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The activating signals for the type-2 activated macrophage include IgG complexes and
Toll-like receptor (TLR) ligation with the secretory products 11-10, TNF-ot and 11-6. The

activating signals for the alternatively activated macrophage include 1l-4, TGF-B and
glucocorticoids with the secretory products Il-1 receptor antagonist (II-1RA) and II-10
(31). The T-helper cell type-2 cytokines I1-4, 11-10 and transforming growth factor-f3
(TGF-B) induces type-2 macrophage phenotypes. Type-2 macrophages are not simply
deactivated macrophages but are macrophages that display anti-inflammatory properties
together with the ability to bring about a more mature type-2 immune response
characterised by up-regulated humoral activities. Therefore, none of these T-helper cell
type-2 cytokines can be categorised as purely macrophage deactivating since they also
need to exert macrophage-activating effects in order for the macrophage to orchestrate a
type-2 immune response (38). T-helper cell type-2 activated macrophages show
enhanced capacity for antigen presentation and enhanced phagocytosis of debris and
particles, but not to pathogens. Furthermore, the T-helper cell type-2 activated
macrophage generates anti-inflammatory cytokines, suppresses the synthesis of pro-
inflammatory cytokines and is resistant to re-activation (36). Both II-10 and TGF-f are
shown to reduce the potential for inflammation in the local microenvironment, down-
regulate ongoing inflammation and polarize adaptive immunity towards anti-
inflammatory and/or humoral tresponses (39). TGF-B, 1I-4 and II-10 deactivate
macrophages in numerous ways including indirectly by suppression of T-cell
proliferation and/or directly by decreasing IFN-Y production. Furthermore, they can
each induce antagonists of cytokines released by macrophages such as Il-2 receptor
antagonist. 1l-4 preferentially stimulates type-2 T-helper cells in an autocrine function.
These type-2 T-helper cells produce II-10 a potent inhibitor of monocyte/macrophage-

dependent IFN-Y production by type-1 T-helper cells, cytotoxic T-cells and natural killer

cells. TGF-B and Il-4 also suppress IFN-y production by T-lymphocytes, human blood
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mononuclear cells, or natural killer cells (38). Not only does these type-2 cytokines bring
about alternatively activated macrophages during an immune response, but can also
cause naive macrophages to become resistant to type-1 cytokine exposure and the
attainment of a pro-inflammatory status. When naive macrophages are exposed to T-
helper cell type-2 lymphokines such as II-4 or TGF-B, cytokines 11-10 and II-13 and
glucocorticoids, the macrophage does not attain the classically activated (pro-
inflammatory) phenotype, even when such macrophages are challenged with pro-
inflammatory cytokines (36). These T-helper cell type-2 cytokines can all suppress nitric
oxide (NO) production by various mechanisms including inducible nitric oxide synthase

(iNOS) down-regulation and a decrease in iNOS substrate availability (40).

TGF-B is a potent anti-inflaimmatory cytokine, which plays a central role in the
resolution of inflammation and tissue repair. It has been shown that TGF-} production
can be stimulated early in the inflaimmatory response (41). TGF-B is the most potent
inhibitor of the INOS pathway and generation of NO. TGF- has been shown to inhibit
the synthesis of the iNOS protein and to destabilize iNOS mRNA (40). Furthermore,
TGF-B suppresses the production of pro-inflammatory cytokines by macrophages
including 11-8, GM-CSF and TNF-a (41, 42). TGF-B appears to be further involved in

the reparative phase of inflaimmation due to its ability to stimulate formation of matrix

components by fibroblasts. This enhanced production of matrix proteins coupled with
the unique ability of TGF-B to both inhibit matrix-degrading enzymes and increase the

sectetion of protease inhibitors results in a pronounced pro-fibrotic influence of TGF-f3

(43).
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5.2)  Cytokine profiles of the Kalafong and osteoarthritis patients

The cytokines are presented in groups in the following order. Firstly, cytokines involved
in the pro-inflammatory immune state, followed by the cytokines mostly involved in an
alternative T-helper cell type-2 driven immune reaction (predominantly anti-
inflammatory) and lastly, the cytokines most probably involved in the resolution of the

immune response and tissue repair.

5.2.1) Cytokine levels in patients with elevated C-reactive protein, patients with
normal C-reactive protein and osteoarthritis patients
Specific cytokines determine the production of C-reactive protein and others are raised
concomitantly, but independently. Various cytokines both pro-inflaimmatory and anti-
inflammatory were determined in the patients. As shown below, significant differences
for the pro-inflammatory cytokines were found between the group of Kalafong patients
with elevated C-reactive protein levels and the group of Kalafong patients with normal
C-reactive protein levels, while the osteoarthritis group’s pro-inflammatory cytokines
largely corresponded with that of the group of Kalafong patients with normal C-reactive

protein.

Pro-inflammatory cytokines
INTF-v was
® significantly higher (p-value = 0.0008) in the group of Kalafong patients with
elevated C-reactive protein (25.6 £ 73.8 pg/ml; n = 28) compared to the group of
Kalafong patients with normal C-reactive protein (1 + 2.6 pg/ml; n = 19),
® significantly higher (p-value = 0.0008) in the group of Kalafong patients with
elevated C-reactive protein compared to the osteoarthritis patients (0.1 £ 0

pg/ml; n = 10) and
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® not significantly different between the group of Kalafong patients with normal C-

reactive protein and the osteoarthritis patients.

Similar to INF-y, TNF-ot was also

® significantly higher (p-value = 0.007) in the group of Kalafong patients with
elevated C-reactive protein (4.1 £ 2.9 pg/ml; n = 29) compared to the group of
Kalafong patients with normal C-reactive protein (2.5 % 0.97 pg/ml; n = 19),

® significantly higher (p-value = 0.014) in the group of Kalafong patients with
elevated C-reactive protein compared to the osteoarthritis patients (2.5 * 0.96
pg/ml; n = 10) and

® not significantly different between the group of Kalafong patients with normal C-

reactive protein and the osteoarthritis patients.

Furthermore, the pro-inflaimmatory secretory product Il-1f was

® significantly higher (p-value = 0.013) in the group of Kalafong patients with
elevated C-reactive protein (6.5 £ 10.3 pg/ml; n = 29) compared to the group of
Kalafong patients with normal C-reactive protein (1.3 £ 2.3 pg/ml; n = 19),

® significantly higher (p-value = 0.029) in the group of Kalafong patients with
elevated C-reactive protein compared to the osteoarthritis patients (1.6 £ 3.3
pg/ml; n = 10) and

® not significantly different between the group of Kalafong patients with normal C-

reactive protein and the osteoarthritis patients.

Another of the pro-inflammatory secretory products, 11-6, was
® significantly higher (p-value < 0.0001) in the group of Kalafong patients with

elevated C-reactive protein (807.6 £ 2384.6 pg/ml; n = 29) compared to the
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group of Kalafong patients with normal C-reactive protein (7.2 & 12.6 pg/ml; n
= 19),

significantly higher (p-value < 0.0001) in the group of Kalafong patients with
elevated C-reactive protein compared to the osteoarthritis patients (5 * 2.1
pg/ml; n = 10) and

not significantly different between the group of Kalafong patients with normal C-

reactive protein and the osteoarthritis patients.

The only pro-inflammatory secretory product not higher in the group of Kalafong

patients with elevated C-reactive protein compared to the group of Kalafong patients

with normal C-reactive protein was II-12. However, the osteoarthritis patients differed

from both the groups of Kalafong patients. II-12 was

not significantly different between the group of Kalafong patients with elevated
C-reactive protein (4.6 £ 4 pg/ml; n = 29) and the group of Kalafong patients
with normal C-reactive protein (4.7 = 3.8 pg/ml; n = 19) and

significantly higher in both the group of Kalafong patients with elevated C-

reactive protein (p-value = 0.0001) and the group of Kalafong patients with

normal C-reactive protein (p-value = 0.001) compared to the osteoarthritis

patients (1.1 £ 1.3 pg/ml; n = 10).

The above may perhaps be explained by the reduced concentration of CD4 cells present

in the group of Kalafong patients with elevated C-reactive protein, since I1-12 is

produced by T-helper cell type-1 lymphocytes. The CD4 count was marginally lower (p-

value = 0.072) in the group of Kalafong patients with elevated C-reactive protein (293 *

397.7 x 10°/1; n = 20) compared to the group of Kalafong patients with normal C-

reactive protein (449.3 £ 664.9 x 10°/I; n = 10). However, the CD4 counts were not
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determined in all patients that were HIV-negative. If the CD4 counts of these patients
were included the group of Kalafong patients with normal C-reactive protein are very
likely to have had a higher mean CD4 count. Normal ranges for CD4 counts are 500-

2010 x 10°/1.

In addition, II-2 was

® not significantly different between the group of Kalafong patients with elevated
C-reactive protein (10.7 £ 6.3 pg/ml; n = 29) and the group of Kalafong patients
with normal C-reactive protein (9.9 £ 8.2 pg/ml; n = 19),

® marginaly higher (p-value = 0.051) in the group of Kalafong patients with
elevated C-reactive protein compared to the osteoarthritis patients (6.7 £ 4.9
pg/ml; n = 10) and

® not significantly different between the group of Kalafong patients with normal C-

reactive protein and the osteoarthritis patients.

The finding of no significant difference between the group of Kalafong patients with
elevated C-reactive protein and the group of Kalafong patients with normal C-reactive
protein for II-2 is also possibly accounted for by the low CD4 counts in the group of

Kalafong patients with elevated C-reactive protein.

The chemokine I1-8 was
® significantly higher (p-value < 0.0001) in the group of Kalafong patients with
elevated C-reactive protein (334.6 + 845.2 pg/ml; n = 29) compared to the group

of Kalafong patients with normal C-reactive protein (20.1 £ 19.9 pg/ml; n = 19),



UNIVERSITEIT VAN PRETORIA
&> UNIVERSITY OF PRETORIA 220
W YUNIBESITHI YA PRETORIA

® significantly higher (p-value = 0.0009) in the group of Kalafong patients with
elevated C-reactive protein compared to the osteoarthritis patients (18.9 * 6.4
pg/ml; n = 10) and

® not significantly different between the group of Kalafong patients with normal C-

reactive protein and the osteoarthritis patients.

In the present study GM-CSF was
® not significantly different between the group of Kalafong patients with elevated
C-reactive protein (6.1 9.4 pg/ml; n = 28), the group of Kalafong patients with
normal C-reactive protein (23.4 £ 55.5 pg/ml; n = 19) and the osteoarthritis

patients (3.6 = 6.2 pg/ml; n = 10).

GM-CSF is a hemopoietic cytokine involved in differentiation and activation of cells in
the myeloid compartment (44). GM-CSF was originally defined by its ability to generate
in vitro granulocyte and macrophage colonies from bone marrow precursor cells. It now
appears more likely that its major role lies in its ability to govern the properties of the
more mature myeloid cells of the granulocyte and macrophage lineages, particularly
during host defence and inflammatory reactions (45). As it was previously shown that
GM-CSF could contribute to inflaimmation through recruitment, increased survival
and/or priming of monocytes/macrophages for activation (45), GM-CSF was

determined in this study. However, no differences were seen between any of the groups.

T-helper cell type-2 cytokines

The T-helper cell type-2 (predominantly anti-inflammatory) cytokines are involved
during the later phase of an immune response. These cytokines were evaluated for the
groups of patients. As shown below, and in contrast to the findings on pro-

inflammatory cytokines, the level of only II-10 was marginally higher in the group of
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Kalafong patients with elevated C-reactive protein compared to the group of Kalafong

patients with normal C-reactive protein.

11-4 was
® not significantly different between the group of Kalafong patients with elevated
C-reactive protein (2.5 = 1.8 pg/ml; n = 29), the group of Kalafong patients with
normal C-reactive protein (2.4 £ 2.2 pg/ml; n = 19) and the osteoarthritis

patients (2.5 & 2.2 pg/ml; n = 10).

11-5 was
® not significantly different between the group of Kalafong patients with elevated
C-reactive protein (2.8 = 1.5 pg/ml; n = 29), the group of Kalafong patients with
normal C-reactive protein (4.1 £ 5 pg/ml; n = 19) and the osteoarthritis patients

(2.4 % 1.6 pg/ml; n = 10).

TGF-f was

® not significantly different between the group of Kalafong patients with elevated
C-reactive protein (12.4 £ 7.1 ng/ml; n = 28) and the group of Kalafong patients
with normal C-reactive protein (10.5 = 7.1 ng/ml; n = 19),

® significantly lower (p-value = 0.003) in the group of Kalafong patients with
elevated C-reactive protein compared to the osteoarthritis patients (18.3 £ 4.1
ng/ml; n = 10) and

® significantly lower (p-value = 0.0007) in the group of Kalafong patients with

normal C-reactive protein compared to the osteoarthritis patients.
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11-10 was

® marginally higher (p-value = 0.059) in the group of Kalafong patients with
elevated C-reactive protein (28.1 £ 61.6 pg/ml; n = 29) compatred to the group of
Kalafong patients with normal C-reactive protein (5.6 £ 3.3 pg/ml; n = 19),

® significantly higher (p-value = 0.035) in the group of Kalafong patients with
elevated C-reactive protein compared to the osteoarthritis patients (2.7 £ 1.5
pg/ml; n = 10) and

® significantly higher (p-value = 0.004) in the group of Kalafong patients with

normal C-reactive protein compared to the osteoarthritis patients.

In the present study there were no significant differences for the T-helper cell type-2
cytokines I1-4 and II-5 between the group of Kalafong patients with elevated C-reactive
protein and the group of Kalafong patients with normal C-reactive protein. However,
the T-helper cell type-2 cytokine, 11-10, was increased in the group of Kalafong patients
with elevated C-reactive protein compared to the group of Kalafong patients with
normal C-reactive protein. In addition, TGF-B was not significantly different between

the group of Kalafong patients with elevated C-reactive protein and the group of

Kalafong patients with normal C-reactive protein.

In summary on the cytokine profiles of the C-reactive protein subdivision

The above cytokine results confirm the presence of a pro-inflammatory immune state in
the group of Kalafong patients with elevated C-reactive protein levels. This was shown
by the increase in various pro-inflammatory cytokines including INF-y, TNF-o, 11-18, II-
6 and II-8. Nevertheless, 11-2 and II-12 were not significantly different between the
group of Kalafong patients with elevated C-reactive protein and the group of Kalafong

patients with normal C-reactive protein. These cytokines are both produced by T-helper
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type-1 cells (CD4 cells). A lower CD4 count than that of normal was shown in the
group of Kalafong patients with elevated C-reactive protein. A decrease in CD4 cells
would result in the production of less 11-2 and 1I-12. With a pro-inflaimmatory immune
state it would be expected that the T-helper cell type-2 cytokines involved in
predominantly anti-inflammatory processes will not be increased. The T-helper cell type-
2 cytokines, 11-4, 1I-5 and TGF-B, were not significantly different between the group of
Kalafong patients with elevated C-reactive protein and the group of Kalafong patients
with normal C-reactive protein. However, the T-helper cell type-2 cytokine, 11-10, was
marginally higher in the group of Kalafong patients with elevated C-reactive protein

compared to the group of Kalafong patients with normal C-reactive protein.

5.2.2) Cytokine levels in patients with elevated neopterin, patients with normal
neopterin and osteoarthritis patients
C-reactive protein and neopterin correlated positively for the Kalafong patients (r = 0.48,
p-value = 0.0006). However, as previously mentioned, not all Kalafong patients with
elevated C-reactive protein necessarily had elevated neopterin and vice versa. In the
following paragraphs cytokines for the neopterin subdivision are evaluated. As shown
below, significant differences for the pro-inflammatory cytokines were found between
the group of Kalafong patients with elevated neopterin levels and the group of Kalafong
patients with normal neopterin levels, while the osteoarthritis group’s pro-inflammatory
cytokines largely corresponded with that of the group of Kalafong patients with normal

neopterin.

Pro-inflammatory cytokines

The major pro-inflammatory cytokine INF-Y was
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marginally higher (p-value = 0.056) in the group of Kalafong patients with
elevated neopterin (21 £ 67.4 pg/ml; n = 34) compared to the group of Kalafong
patients with normal neopterin (1.6 = 3.3 pg/ml; n = 13),

significantly higher (p-value = 0.003) in the group of Kalafong patients with
elevated neopterin compared to the osteoarthritis patients (0.1 £ 0 pg/ml; n =
10) and

not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

The pro-inflammatory secreted cytokine TNF-Ol was

significantly higher (p-value = 0.048) in the group of Kalafong patients with
clevated neopterin (3.8 + 2.8 pg/ml; n = 35) compatred to the group of Kalafong
patients with normal neopterin (2.7 £ 0.89 pg/ml; n = 13),

significantly higher (p-value = 0.035) in the group of Kalafong patients with
elevated neoptetin compared to the osteoatthritis patients (2.5 = 0.96 pg/ml; n =
10) and

not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

Furthermore, I1-1 was

marginally higher (p-value = 0.075) in the group of Kalafong patients with
clevated neopterin (5.4 + 9.7 pg/ml; n = 35) compatred to the group of Kalafong

patients with normal neopterin (2 £ 2.8 pg/ml; n = 13),
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marginally higher (p-value = 0.057) in the group of Kalafong patients with
elevated neopterin compared to the osteoarthritis patients (1.6 + 3.3 pg/ml; n =

10) and

not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

11-6 was

significantly higher (p-value = 0.0003) in the group of Kalafong patients with
elevated neopterin (661.1 £ 2187.6 pg/ml; n = 35) compared to the group of
Kalafong patients with normal neopterin (32.3 £ 93.6 pg/ml; n = 13),
significantly higher (p-value = 0.0005) in the group of Kalafong patients with
elevated neopterin compared to the osteoarthritis patients (5 2.1 pg/ml; n =
10) and

not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

Similar to what was found for the C-reactive protein subdivision, Il-12 was

not significantly different between the group of Kalafong patients with elevated
neopterin (4.5 £ 4.2 pg/ml; n = 35) and the group of Kalafong patients with
normal neopterin (5.1 £ 3.1 pg/ml; n = 13) and

significantly higher (p-value = 0.0001) in the group of Kalafong patients with
elevated neopterin and in the group of Kalafong patients with normal neopterin

(p-value = 0.0005) compared to the osteoarthritis patients (1.1 £ 1.3 pg/ml; n =

10).
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In addition, similar to the C-reactive protein subdivision, II-2 was

not significantly different between the group of Kalafong patients with elevated
neopterin (10.7 + 7.1 pg/ml; n = 35) and the group of Kalafong patients with
normal neopterin (9.3 £ 7.1 pg/ml; n = 13),

significantly higher (p-value = 0.049) in the group of Kalafong patients with
elevated neopterin compared to the osteoarthritis patients (6.7 £ 4.9 pg/ml; n =
10) and

not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

11-8 was

significantly higher (p-value = 0.0001) in the group of Kalafong patients with
elevated neopterin (282.4 £ 775.9 pg/ml; n = 35) compared to the group of
Kalafong patients with normal neopterin (15.4 £ 8.3 pg/ml; n = 13),

significantly higher (p-value = 0.007) in the group of Kalafong patients with
elevated neopterin compared to the osteoarthritis patients (18.9 £ 6.4 pg/ml; n =
10) and

not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

GM-CSF was

not significantly different between the group of Kalafong patients with elevated
neopterin (10.2 £ 15.6 pg/ml; n = 34) and the group of Kalafong patients with

normal neopterin (20.8 * 65.9 pg/ml; n = 13),
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marginally higher (p-value = 0.054) in the group of Kalafong patients with
elevated neopterin compared to the osteoarthritis patients (3.6 + 6.2 pg/ml; n =
10) and

not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

T-helper cell type-2 cytokines

As shown below, and in contrast to the findings on the T-helper cell type-2 cytokines for

the C-reactive protein subdivision, the level of II-5 was significantly higher in the group

of Kalafong patients with elevated neopterin compared to the group of Kalafong patients

with normal neopterin.

11-4 was

not significantly different between the group of Kalafong patients with elevated
neopterin (2.6 £ 1.8 pg/ml; n = 35), the group of Kalafong patients with normal
neoptetin (2.1 £ 2.3 pg/ml; n = 13) and the osteoarthritis patients (2.5 £ 2.2

pg/ml; n = 10).

However, different from the C-reactive protein subdivision, II-5 was

significantly higher (p-value = 0.011) in the group of Kalafong patients with
elevated neopterin (3.9 £ 3.7 pg/ml; n = 35) compared to the group of Kalafong
patients with normal neopterin (1.9 + 1.4 pg/ml; n = 13),

marginally higher (p-value = 0.072) in the group of Kalafong patients with

elevated neopterin compared to the osteoarthritis patients (2.4 + 1.6 pg/ml; n =

10) and
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not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

11-10 was

significantly higher (p-value = 0.032) in the group of Kalafong patients with
elevated neopterin (24.9 * 56.3 pg/ml; n = 35) compared to the group of
Kalafong patients with normal neopterin (3.6 £ 2.1 pg/ml; n = 13),

significantly higher (p-value = 0.026) in the group of Kalafong patients with
elevated neopterin compared to the osteoarthritis patients (2.7 £ 1.5 pg/ml; n =
10) and

not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

TGF-f was

marginally lower (p-value = 0.082) in the group of Kalafong patients with
elevated neopterin (10.2 *+ 5.8 ng/ml; n = 34) compated to the group of
Kalafong patients with normal neopterin (15.2 £ 8.9 ng/ml; n = 13),

significantly lower (p-value = 0.0001) in the group of Kalafong patients with
elevated neoptetin compared to the osteoarthritis patients (18.3 £ 4.1 ng/ml; n =
10) and

not significantly different between the group of Kalafong patients with normal

neopterin and the osteoarthritis patients.

In summary on the cytokine profiles of the neopterin subdivision

The pro-inflaimmatory cytokines for the group of Kalafong patients with elevated

neopterin was increased similar to the group of Kalafong patients with elevated C-
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reactive protein. However, significant differences, not shown in the subdivision
according to C-reactive protein, were shown for T-helper cell type-2 cytokines between
the group of Kalafong patients with elevated neopterin and the group of Kalafong
patients with normal neopterin. The increase in these cytokines may have included a
more mature immune response in the group of Kalafong patients with elevated
neopterin. The pro-inflammatory cytokines for which significant increases were shown
in the group of Kalafong patients with elevated neopterin compared to the group of
Kalafong patients with normal neopterin included INF-y, TNF-q, 1I-1B, 11-6 and 1I-8.
Furthermore, similar to the C-reactive protein subdivision, I1-2 and II-12 were not
significantly different between the group of Kalafong patients with elevated neopterin
and the group of Kalafong patients with normal neopterin. This may also have been as a
result of the decreased CD4 count in the group of Kalafong patients with elevated
neopterin. 11-5, a T-helper cell type-2 cytokine, was significantly increased in the group
of Kalafong patients with elevated neopterin. Furthermore, 11-10 with predominantly
anti-inflammatory properties was significantly increased in the group of Kalafong
patients with elevated neopterin. For TGF-B, a decrease was shown for the group of

Kalafong patients with elevated neopterin compared to the group of Kalafong patients

with normal neopterin.

5.2.3) Osteoarthritis patients

Osteoarthritis is a disease of articular joints with the progression characterised by the
destruction of articular cartilage, sclerosis of underlying bone and osteophyte formation
(46). It has been suggested that osteoarthritis is induced by mechanical stress manifested
by cartilage destruction with minimal involvement of the immune response as compared
to that of rheumatoid arthritis (47). Although osteoarthritis is considered to be a largely
non-inflammatory disease, there is compelling evidence that subclinical inflammation is a

common event, even in the absence of acute inflammatory flares (48). It has previously
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been shown that the secretion of tumor necrosis factor-0, (TNF-) and interleukin-6 (II-

6) by stimulated blood cells of osteoarthritis patients was increased, similar to that of

rheumatoid arthritis patients. However, in contrast to the rheumatoid arthritis patients

no increased production was shown for interleukin-1B (II-1B) (49).

Controversial opinions exist about cytokine involvement in osteoarthritis. This is mostly
due to differences in the levels found for these substances in the general circulation.
Nevertheless, they do play a significant role at the tissue level. Osteoarthritis is

characterised by the involvement of both catabolic and anabolic cytokines in the
progression of the disease (46). The catabolic cytokines, II-1B and TNF-, have been
shown to be involved in primary cartilage damage, whereas the anabolic cytokine, TGF-
B, is implicated in promotion of the repair and integtity of cartilage with osteoarthritis

(46). Both these catabolic and anabolic cytokines play an important part in the

maintenance of articular cartilage homeostasis and it is suggested that the balance
between the signalling pathways of the catabolic cytokines, II-1B and TNF-a, and the
anabolic cytokine, TGF-B, is disrupted with osteoarthritis (50). The catabolic effects of
[I-1B and TNF-a are exerted by enzymatic destruction through activation of
metalloproteinases of cartilage matrix. Furthermore, inadequate synthesis of inhibitors
of the actions for II-1B and TNF-t can contribute to cartilage destruction with
osteoarthritis (51). An increase in the expression of the anabolic cytokine, TGF-f, has
been reported early in osteoarthritis with an increase in extracellular matrix production
(52). 'This anabolic cytokine, TGF-P, causes the synthesis of proteoglycans and other
cartilage matrix components in osteoarthritis patients (46) and is said to counteract the
effects of the catabolic cytokines in the later stages of disease progression. Although
TGF-B results in an anabolic state it is believed not to compensate for the overall

catabolic insult to cartilage with disease progression (52).
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In summary on the cytokine profiles of the osteoarthritis patients

The group of osteoarthritis patients showed C-reactive protein and neopterin levels
similar to the group of Kalafong patients with normal C-reactive protein and the group
of Kalafong patients with normal neopterin, respectively. It is therefore suggested that
the osteoarthritis patients did not have any pronounced pro-inflammatory immune
stimulation. Furthermore, the cytokine profile of the osteoarthritis patients was, with
one major exception, similar to the groups of Kalafong patients with normal C-reactive
protein/normal neopterin. The exception was a significantly higher TGF-B level in the

osteoarthritis patients.

In the present study no significantly higher levels were shown for the catabolic cytokines,
[I-1B and TNF-q, in the osteoarthritis patients compatred to the group of Kalafong
patients with normal C-reactive protein and to the group of Kalafong patients with
normal neopterin, respectively. In addition, no significantly higher levels for various
other catabolic (pro-inflaimmatory) cytokines including INF-y, 11-6, 11-8, 11-12, 1I-2 and
GM-CSF were shown in the osteoarthritis patients compared to the group of Kalafong
patients with normal C-reactive protein and to the group of Kalafong patients with
normal neopterin, respectively. Furthermore, no significantly higher levels for any of the
following T-helper cell type-2 cyokines — Il-4, II-5 or II-10 — were shown in the
osteoarthritis patients compared to either the group of Kalafong patients with normal C-
reactive protein or to the group of Kalafong patients with normal neopterin. It should
perhaps be stressed that circulating levels of cytokines do not necessarily reflect levels of
cytokine activity at the tissue level (46). However, a significantly higher level was shown
for TGF-B in the osteoarthritis patients compared to both the group of Kalafong
patients with normal C-reactive protein and the group of Kalafong patients with elevated
C-reactive protein, respectively. In addition, a significantly higher level was shown for

TGF-B in the osteoarthritis patients compared to the group of Kalafong patients with
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elevated neopterin. However, the group of Kalafong patients with normal neopterin

showed TGF-f levels similar to that of the osteoatthritis patients.

TGF-B, a cytokine with pleiotropic functions, does not only play a paramount role as an
anti-inflammatory cytokine during an immune response but also stimulates the
production of extracellular matrix proteins in joints with osteoarthritis. In the present
study TGF-P was significantly higher in the group of osteoarthritis patients without any
significantly higher levels for any of the pro-inflaimmatory or T-helper cell type-2
cytokines compared to the group of Kalafong patients with normal C-reactive protein
and the group of Kalafong patients with normal neopterin, respectively. It is therefore
suggested that TGF-B was increased in the group of osteoarthritis patients in line with its
pro-fibrotic role with disease progression of osteoarthritis. This significantly higher level
for the anabolic cytokine TGF-f in the osteoarthritis patients resulted in a group of
patients with a cytokine profile close to normal, but with a pronounced increase in one
cytokine. The expression of the H-subunit and L-subunit of ferritin was thus
investigated separately for this group and will be discussed in the last section on

osteoarthritis patients.

6) EXPRESSION OF THE H-SUBUNIT AND L-SUBUNIT OF
FERRITIN IN THE BONE MARROW MACROPHAGE AND CELLS
OF THE ERYTHRON IN PATIENTS WITH A PRO-
INFLAMMATORY IMMUNE STATUS COMPARED TO PATIENTS
WITH NO PRONOUNCED IMMUNE ACTIVATION

The expression of the H-subunit and L-subunit and the relationship between these

subunits depend not only on the type of cell, but also on the role of the cell in iron

homeostasis and various other factors that can influence the expression of the H-subunit

and L-subunit of ferritin. Since the role that the macrophage on the one hand, and the
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cells of the erythron on the other, play in iron homeostasis is to a great extent different, it
is expected that these subunits would be expressed differently. In this study the
expression of the H-subunit and L-subunit of ferritin was determined in the bone

marrow macrophage and in the cells of the erythron in patients.
phag ry p

6.1) H-subunit and L-subunit expression in the macrophage in the Kalafong
patients with a pro-inflammatory immune status
Both the group of Kalafong patients with elevated C-reactive protein levels and the
group of Kalafong patients with elevated neopterin levels displayed a predominantly pro-
inflammatory state orchestrated by classically activated macrophages. Both groups
showed significantly higher levels for the pro-inflaimmatory (T-helper cell type-1)
cytokines, but not similar increases for the T-helper cell type-2 cytokines. In the group
of Kalafong patients with elevated neopterin some of the T-helper cell type-2 cytokines
were increased whereas for the group of Kalafong patients with elevated C-reactive
protein these cytokines were mostly not significantly different from the group of

Kalafong patients with normal C-reactive protein.

When the expression of the H-subunit and L-subunit of ferritin was determined in the
bone marrow macrophage it was found that the expression of the H-subunit of ferritin

was marginally higher (p-value = 0.074) in the group of Kalafong patients with elevated
C-reactive protein (96.9 + 40.6 counts/Um?* n = 25) than in the group of Kalafong
patients with normal C-reactive protein (76.5 £ 30 counts/Um* n = 19). No significant
difference was shown for the expression of the L-subunit of ferritin between the group
of Kalafong patients with elevated C-reactive protein (117.8 £ 45.9 counts/Um?* n = 26)
and the group of Kalafong patients with normal C-reactive protein (107.7 £ 26.8
counts/m’ n = 19). The H-subunit/L-subunit ratio in the macrophage was marginally

higher (p-value = 0.086) in the group of Kalafong patients with elevated C-reactive
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protein (0.99 * 0.58; n = 25) than in the group of Kalafong patients with normal C-
reactive protein (0.73 £ 0.29; n = 19). Therefore, for the group of Kalafong patients with
increased C-reactive protein, for every one H-subunit there was one L-subunit.
However, for the group of Kalafong patients with normal C-reactive protein, for every
one H-subunit there was almost one and a half times as many L-subunits. This probably
reflects isoferritins containing a higher quantity of H-subunits in the group of Kalafong
patients with increased C-reactive protein compared to the group of Kalafong patients
with normal C-reactive protein with isoferritins containing a lower quantity of H-

subunits.

With the subdivision based on C-reactive protein levels there were indications of an
increase in the expression of the H-subunit in the macrophage of the bone marrow
during chronic pro-inflammatory stimulation. With the subdivision based on neopterin
levels, the increase in the expression of the H-subunit of ferritin in the macrophage was
pronounced for the group of patients with chronic pro-inflammatory immune
stimulation. In the subdivision according to neopterin the expression of the H-subunit
of ferritin in the bone marrow macrophage was significantly higher (p-value = 0.037) in
the group of Kalafong patients with elevated neopterin (94.7 £ 37.3 counts/tm? n = 31)
than in the group of Kalafong patients with normal neopterin (72.4 £ 34.0 counts/m’ n
= 13). As was the case for the subdivision according to C-reactive protein, no difference
was shown for the expression of the L-subunit in the bone marrow macrophage between
the group of Kalafong patients with elevated neopterin (108.1 * 34.3 counts/Um? n =
32) and the group of Kalafong patients with normal neopterin (126.8 £ 47.5 counts/[lm?;
n = 13). The H-subunit/L-subunit ratio in the macrophage was significantly higher (p-

value = 0.023) in the group of Kalafong patients with elevated neopterin (0.97 £ 0.49; n

= 31) than in the group of Kalafong patients with normal neopterin (0.66 * 0.43; n =
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13). Therefore, similar to the C-reactive protein subdivision the group of Kalafong
patients with elevated neopterin had one L-subunit for every H-subunit. Furthermore, in
comparison to the C-reactive protein subdivision the group of Kalafong patients with
normal neopterin had one and a half as many L-subunits for every one H-subunit.
Similar to the C-reactive protein subdivision this probably reflects isoferritins containing
a higher quantity of H-subunits in the group of Kalafong patients with elevated
neopterin compared to the group of Kalafong patients with normal neopterin with

isoferritins containing a lower quantity of H-subunits.

6.2) H-subunit and L-subunit expression in cells of the erythron in the
Kalafong patients with a pro-inflammatory immune status

The expression of the H-subunit and L-subunit of ferritin was not only determined in

the macrophages of the bone marrow but also in the cells of the erythron. For the C-

reactive protein subdivision there was no significant difference for the expression of the

H-subunit of ferritin in the cells of the erythron between the group of Kalafong patients
with elevated C-reactive protein (144.4 * 57.6 counts/um’ n = 25) and the group of
Kalafong patients with normal C-reactive protein (128.1 £ 48.7 counts/Um* n = 19). In
addition, there was no significant difference for the expression of the L-subunit of
ferritin in the cells of the erythron between the group of Kalafong patients with elevated
C-reactive protein (212.3 £ 76.6 counts/ Um* n = 26) and the group of Kalafong patients
with normal C-reactive protein (215.6 * 54.4 counts/Um? n = 19). Furthermore, there
was no significant difference for the H-subunit/L-subunit ratio in the cells of the
erythron between the group of Kalafong patients with elevated C-reactive protein (0.78
0.47; n = 25) and the group of Kalafong patients with normal C-reactive protein (0.61 £

0.24; n = 19).
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Similar to the C-reactive protein subdivision, the neopterin subdivision also showed no

significant difference for the expression of the H-subunit of ferritin in the cells of the

erythron between the group of Kalafong patients with elevated neopterin (141.4 £ 54.6
counts/Um? n = 31) and the group of Kalafong patients with normal neopterin (127.8 £

53.3 counts/Um’ n = 13). In addition, there was no significant difference for the
expression of the L-subunit of ferritin in the cells of the erythron between the group of
Kalafong patients with elevated neopterin (200.7 £ 54.9 counts/Um? n = 31) and the
group of Kalafong patients with normal neopterin (245.7 * 85.7 counts/Um* n = 13).
However, different from the C-reactive protein subdivision the H-subunit/L-subunit
ratio in the cells of the erythron was marginally higher (p-value = 0.062) in the group of
Kalafong patients with elevated neopterin (0.77 £ 0.42; n = 31) than in the group of

Kalafong patients with normal neopterin (0.57 £ 0.31; n = 13). This could possibly

indicate isoferritins in cells of the erythron with marginally increased H-subunits in the

group of Kalafong patients with elevated neopterin.

6.3) Discussion of the expression of the H-subunit and L-subunit of ferritin in
patients with a pro-inflammatory immune status
Several in vitro studies which point towards the differential expression of the H-subunit
and L-subunit of ferritin in a number of tissues in conditions marked by the excessive
production of toxic oxygen radicals, and by infectious and/or inflammatory processes
have been published. The present study focuses on the intracellular expression of the H-
subunit and L-subunit of ferritin. In no previous study was the expression of the H-
subunit and L-subunit of ferritin measured quantitatively in the macrophage of the bone
marrow in combination with the inflaimmatory status of patients. A few studies have
none the less been published that relate to the present study. One study exists in which

the expression of the H-subunit and L-subunit of ferritin in liver biopsies from three
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patients were investigated by ultrastructural immunolocalisation. However, no attempt
was made to quantify the level of expression of these two subunits (53). In this
particular study it was shown that the denatured H-ferritin subunit is a major constituent
of haemosiderin in the liver of patients with iron overload. This is similar to the finding
of another study which showed that antibodies directed against denatured human H-
ferritin stain only reticuloendothelial cells within the bone marrow (54). However,
ultrastructural immunolocalisation was not employed for the study. In a third related
study the expression of the two subunits with different disease states was investigated in
bone marrow aspirates with fluorescent immunolocalisation (55). However, due to the
nature of the fluorescent immunolocalisation technique it was not possible to quantify

the expression of the two subunits.

In the bone marrow, iron is differently metabolised by the cells of the erythron including
erythroblasts, reticulocytes and red blood cells on the one hand and the macrophage on
the other. Furthermore, iron is shuttled between the cells of the erythron and the
macrophage to support erythropoiesis. Not only is iron metabolised differently by these
various kinds of cells, but during conditions of chronic immune stimulation iron is
retained by the macrophage resulting in an increase in storage iron and hypoferraemia —
the so-called iron transfer block (56). In order to investigate the role of ferritin and more
specifically the subunits of ferritin in the handling of iron by cells of the bone marrow it
would be necessary to investigate the expression of the two subunits of ferritin, the H-

subunit and L-subunit, at the single cell level.

The results of this study showed in patients with a predominantly pro-inflammatory
immune status, governed by pro-inflammatory cytokines, the expression of the H-
subunit of ferritin in the macrophage to be higher and the expression of the L-subunit of

ferritin in the macrophage to be unaffected. In contrast, the expression of both the H-
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subunit and the L-subunit in cells of the erythron was unaffected in the patients with a

pro-inflammatory immune status.

The question now arises why the level of significance was higher with regard to the
expression of the H-subunit of ferritin in the macrophage for the subdivision according
to neopterin than for the subdivision according to C-reactive protein. Although both C-
reactive protein and neopterin are commonly used as indicators of pro-inflaimmatory
activity it is obvious that there are differences. One important difference is the time-
points at which C-reactive protein and neopterin peak during an immune reaction. C-
reactive protein peaks eatly in an immune reaction and neopterin peaks only later in the
immune response (28). Furthermore, with regard to the cytokine profiles of these
groups it could not be said that the group of Kalafong patients with elevated neopterin
had purely a pro-inflaimmatory immune response since some of the T-helper cell type-2

cytokines were also increased.

The findings in the present study of the increased expression of the H-subunit of ferritin
and unaffected expression of the L-subunit of ferritin in the macrophage are consistent
with previous results in other cell types. Various pro-inflammatory cytokines have been
reported to have the ability to induce ferritin expression including II-1¢t, 1I-1f, 11-2, 1I-6,
TNF-o and IFN-y (Table 1, Chapter 1). These cytokines modulate ferritin expression by
both transcriptional and translational mechanisms (57), but largely by an increase in the
rate of transcription of the ferritin gene (19, 58). The expression of the ferritin subunits
are, furthermore, differentially regulated by cytokines, and it is mostly the H-subunit of
ferritin that is increased by cytokine induction at variance with the L-subunit (19). Ix vitro
experiments with various cell types showed an increase in H-subunit expression relative

to L-subunit expression upon cytokine activation (Table 1, Chapter 1).
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The cytokine-induced increase in the expression of the H-subunit of ferritin is probably
even higher than observed since two other processes induced by cytokines during an
immune response can reduce the levels of the H-subunit of ferritin. Firstly, pro-
inflammatory cytokines not only induce the expression of intracellular ferritin as part of
the acute phase response, but also brings about an increase in the secretion of ferritin.

For instance, the secretion of ferritin was shown to be stimulated by cytokines in a
primary human hepatocyte culture where IL-10t and 11-6 induced a transient secretion of

ferritin at 24 hours, followed by a decline to baseline, and TNF- treatment resulted in a
sustained increase in ferritin secretion (58). Therefore, in the present study, secretion of
ferritin could very well have resulted in partially masking the response of an increase in
the expression of the H-subunits of ferritin in macrophages during pro-inflaimmatory

immune activation.

The second process, that could have brought about a lower observed increase in the H-
subunit of ferritin, also induced by pro-inflammatory cytokines, is the degradation of
ferritin (haemosiderin formation). It has been shown that activation of macrophages by
cytokines such as TNF-ot and 1I-1B can result in the slower release of iron compared to
the release by non-stimulated macrophages, thus supporting the proposed role of
cytokines in ferritin-mediated iron sequestration by macrophages (59, 60). This increased
formation of haemosiderin during immune stimulation with the subsequent with-holding

of iron will be addressed in a following section.

The role of ferritin in inflammatory conditions can be summarised by saying that pro-
inflammatory cytokines increase the production of ferritin early in the inflammatory
response and that H-subunit rich ferritins are preferentially up-regulated at variance with

L-subunit rich ferritins. At this stage this process not only protects the body against
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reactive oxygen species generation but, in addition reduces the bio-availability of iron

needed by pathogenic microorganisms.

The results of this study showed the expression of the H-subunit and L-subunit of
ferritin in the cells of the erythron not to be influenced by the cytokines as was the case
for the macrophage. The increase in the expression of the H-subunit of ferritin in the
macrophage with immune stimulation is consistent with the role of ferritin in with-
holding of iron. The accumulation of iron with chronic immune stimulation has been
shown to occur in the macrophages (56). This brings about haemosiderosis of the
macrophage and a reduction in serum iron. Due to this hypoferraemic state less iron will
reach the cells of the erythron resulting in the subsequent depletion of iron in the cells of
the erythron for the production of haemoglobin. In the present study it seems that in
the cells of the erythron the H-subunit of ferritin is not up-regulated in order to
contribute to the withholding of iron from haemoglobin production during a pro-

inflammatory immune reaction.

However, the H-subunit/L-subunit ratio in the cells of the erythron was higher in the
group of Kalafong patients with elevated neopterin than in the group of Kalafong
patients with normal neopterin. This possible increase in H-subunit rich isoferritins in
cells of the erythron in the group of Kalafong patients with elevated neopterin could play
a role in the regulation of bio-available iron for haemoglobin production. It has been
shown in a previous study that an increase in H-subunit rich ferritins in erythroid cells

could result in chelation of the labile iron pool (61).
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6.4) H-subunit and L-subunit expression in the macrophage and cells of the
erythron in the osteoarthritis patients

The expression of the H-subunit and L-subunit of ferritin in the macrophage and cells of

the erythron in the osteoarthritis patients was subsequently compared to the expression

of these subunits in the Kalafong patients. Comparisons were made for both the C-

reactive protein subdivision and the neopterin subdivision.

Osteoarthritis patients and the subdivision according to C-reactive protein

When the osteoarthritis patients were compared to the group of Kalafong patients with
normal C-reactive protein the osteoarthritis patients showed a significantly higher (p-
value = 0.02) H-subunit expression in the macrophage (118.8 £ 56.1 counts/im? n = 7).
There was no difference for the expression of the H-subunit in the macrophage between
the osteoarthritis patients and the group of Kalafong patients with high C-reactive
protein. When the expression of the L-subunit in the macrophage of the osteoarthritis
patients (136.2 £ 32.8 counts/Um’ n = 6) was compared to the group of Kalafong
patients with normal C-reactive protein it was also seen that the osteoarthritis group had
significantly higher (p-value = 0.042) L-subunit counts. The expression of the L-subunit
of ferritin in the macrophage in the osteoarthritis patients was not significantly different
from the group of Kalafong patients with elevated C-reactive protein. There was no
significant difference for the H-subunit/L-subunit ratio in the macrophage between the
group of osteoarthritis patients (0.81 * 0.26; n = 6) and either the group of Kalafong
patients with normal C-reactive protein or the group of Kalafong patients with elevated

C-reactive protein.

The expression of the H-subunit of ferritin in the cells of the erythron for the
osteoarthritis patients (148.8 £ 41.2 counts/Um?* n = 7) was similar to that of the group

of Kalafong patients with elevated C-reactive protein and to the group of Kalafong
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patients with normal C-reactive protein. The expression of the L-subunit of ferritin in
the cells of the erythron for the osteoarthritis patients (198.8 £ 66.8 counts/Um? n = 6)
was also similar to the group of Kalafong patients with elevated C-reactive protein and
the group of Kalafong patients with normal C-reactive protein. However, the
osteoarthritis patients (0.83 £ 0.31; n = 6) showed a marginally higher H-subunit/L-
subunit ratio (p-value = 0.075) in the cells of the erythron compared to the group of
Kalafong patients with normal C-reactive protein. No difference was shown for the H-
subunit/L-subunit ratio in the cells of the erythron between the osteoarthritis patients

and the group of Kalafong patients with elevated C-reactive protein.

Osteoarthritis patients and the subdivision according to neopterin

When the expression of the H-subunit of ferritin in the macrophage in the osteoarthritis
patients was compared to that of the Kalafong patient groups, subdivided according to
their neopterin values, a very similar outcome was found as for the C-reactive protein
subdivision. The expression of the H-subunit of ferritin in the macrophage was

significantly higher (p-value 0.033) in the osteoarthritis patients (118.8 £ 56.1

counts/Um?* n = 7) than in the group of Kalafong patients with normal neopterin and
not significantly different from that in the group of Kalafong patients with elevated
neopterin. There was no significant difference between the expression of the L-subunit
of ferritin in the macrophages of the osteoarthritis patients and the Kalafong patients
with normal neopterin. A marginally higher (p-value = 0.073) expression of the L-

subunit of ferritin was seen in the macrophage of the osteoarthritis patients (136.2 = 32.8

counts/im’ n = 6) compared to the group of Kalafong patients with elevated neopterin.
There was no significant difference between the osteoarthritis patients and the group of
Kalafong patients with normal neopterin for the expression of the L-subunit of ferritin in

the macrophage. No difference was shown between the H-subunit/L-subunit ratio in
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the macrophages of the osteoarthritis patients (0.81 * 0.26; n = 6) and either of the
group of Kalafong patients with elevated neopterin or the group of Kalafong patients

with normal neopterin.

When the H-subunit and L-subunit expression in cells of the erythron of the
osteoarthritis patients were compared to that of the Kalafong patient groups subdivided
according to neopterin levels there was no significant difference between the expression
of the H-subunit of ferritin in the cells of the erythron in the osteoarthritis patients
(148.8 £ 41.2 counts/Um’ n = 7) and that of either the group of Kalafong patients with
clevated neopterin or the group of Kalafong patients with normal neopterin.
Furthermore, no significant difference was seen between the expression of the L-subunit

of ferritin in the cells of the erythron in the osteoarthritis patients (198.8 * 66.8

counts/Um* n = 6) and that of either the group of Kalafong patients with elevated
neopterin or the group of Kalafong patients with normal neopterin. However, the H-
subunit/L-subunit ratio in the cells of the erythron was significantly increased (p-value =
0.035) in the osteoarthritis patients (0.83 * 0.31; n = 6) compared to that of the group of
Kalafong patients with normal neopterin. No significant difference was shown for the
H-subunit/L-subunit ratio in the cells of the erythron between the osteoarthritis patients

and the group of Kalafong patients with elevated neopterin.

In summary on the osteoarthritis patients
® their cytokine profile largely corresponded to that of the group of Kalafong
patients with normal C-reactive protein and to that of the group of Kalafong
patients with normal neopterin, therefore they did not show overt inflammatory

activity.
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their TGF-f was significantly higher than in the group of Kalafong patients with
normal C-reactive protein and significantly higher than in the group of Kalafong
patients with elevated C-reactive protein.

their TGF-P was significantly higher than in the group of Kalafong patients with
normal neopterin but not significantly different from the group of Kalafong
patients with normal neopterin.

the expression of the H-subunit of ferritin in the bone marrow macrophage was
significantly higher than that for the Kalafong patient groups with no
pronounced pro-inflammatory activity — in fact, it corresponded to that of the
Kalafong patient groups with overt pro-inflammatory activity.

the expression of the H-subunit and the L-subunit of ferritin in the erythron was
similar to all the groups of Kalafong patients, irrespective of immune status.

the H-subunit/L-subunit ratio in the cells of the erythron was higher than that
for the Kalafong patient groups with no pronounced pro-inflammatory activity —
in fact, it corresponded to that of the Kalafong patient groups with overt pro-

inflammatory activity.

Discussion of the expression of the H-subunit and L-subunit of ferritin in

osteoarthritis patients

Osteoarthritis is a disease of articular joints and results in destruction of articular

cartilage, sclerosis of underlying bone and osteophyte formation (46). Cytokines are

implicated in the disease progression of osteoarthritis. II-1B and TNF-at have been

shown to be involved in ptimaty cartilage damage, whereas TGF-f is implicated in the

promotion of the repair and integrity of cartilage with osteoarthritis (46). However, in

the present study the only cytokine elevated in the osteoarthritis patients compared to the

group of Kalafong patients with normal C-reactive protein and to the group of Kalafong
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patients with normal neopterin was TGF-. The results of this study could thus
implicate TGF-B in the increased expression of the H-subunit of ferritin in the
macrophages of the osteoarthritis patients. However, the significance of this possible
stimulation of the expression of the H-subunit in the macrophage by TGF- is not

known and can only be speculated on.

TGF-B as for many other cytokines has pleiotropic functions in many tissues and can
play a role in various physiological processes. It is known that TGF- plays an anabolic
role in cartilage formation and it has been shown that TGF- supplementation enhances
cartilage repair. It is therefore sometimes used as a therapeutic tool. However,
application of TGF-f provides problems in other tissues of the joints and results in
fibrosis and osteophyte formation (52). The TGF-} family consists of over 35 members
and includes, besides TGF-Bs, activins and bone morphogenetic proteins (BMPs). They
regulate cell proliferation, differentiation, apoptosis and migration, as well as control

extracellular matrix synthesis and degradation of various tissues (52). Furthermore, they

mediate cell and tissue responses to injury and modulate immune functions (52).

Due to the role that TGF- plays in the differentiation of various cell types and the up-
regulation of the expression of the H-subunit of ferritin upon cellular differentiation it is
possible that TGF-B could cause an increase in the expression of the H-subunit of
ferritin. In various cell types including pre-adipocytes, erythroid cells and neuronal cells
the expression of the H-subunit of ferritin was shown to be up-regulated upon
differentiation (62, 63, 64). This increase in the expression of the H-subunit of ferritin
was also found with differentiation of monocytes to macrophages.  Similarly
differentiation of, for instance colon carcinoma cells is, as for normal cells, accompanied

by an increased expression of the H-subunit of ferritin (65). TGF-B was first identified
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for promoting the transformation of non-neoplastic cells (43). For instance, TGF-f has
been shown to suppress erythropoiesis, not by inhibiting the proliferation of red blood
cell precursors, but by initiating differentiation of the red blood cell precursors (66). It is
thus speculated that TGF-B could possibly bring about differentiation of cells by up-
regulating the expression of the H-subunit of ferritin. This is supported by the results of
a previous study, which showed that TGF-f selectively increased the expression of the

H-subunits of ferritin in malignant H-ras transformed cells (67).

TGF-B has been shown to have both stimulatory and inhibitory effects upon
monocytes/macrophages.  Stimulatory effects include chemotaxis of monocytes,
induction of FcyRIII and induction of the transcription and translation of 11-1p, TNF-0,
platelet-derived growth factor (PDGF) and basic fibroblast growth factor (bFGF). The
inhibitory effects include a reduction in TGF-P receptors and deactivation of hydrogen
peroxide and superoxide anion production (43). Therefore, monocytes/macrophages are
responsive to TGF-B at different time-points during an immune reaction and it is

possible that some of these effects of TGF-B on the monocyte/macrophage could be

brought about by an up-regulation of the expression of the H-subunit of ferritin.

The suppression of proliferation and induction of differentation are regulated by
intracellular iron (labile iron pool). Iron is a necessary element for cellular proliferation
and it is generally accepted that rapidly dividing cells require more iron for their growth
and metabolism than resting cells. It is also known that cells normally display an increase
in cellular proliferation upon an increase in the labile iron pool (13). The reason for the
high need for iron is that iron is necessary for the functioning of different enzymes
involved in cellular proliferation, including ribonucleotide reductase, which controls a

rate-limiting step in DNA synthesis, and for various mitochondrial enzymes involved in
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the metabolism of the cell (68, 69). One way in which to bring about an increase in the
cellular labile iron pool is by suppression of ferritin synthesis. The expression of the H-
subunit gene is shown to be down-regulated by ¢-MYC and to be essential for the
control of cellular proliferation and transformation by ¢-MYC (70). This is in agreement
with the fact that the H-subunit is responsible for controlling the labile iron pool and
that down-regulation of H-subunit expression would result in an increase in the labile

iron pool. Therefore, in line with TGF-B’s role in cellular growth it could be speculated

that TGF-B could regulate proteins involved in iron homeostasis such as the H-subunit
of ferritin. Furthermore, has it been shown that administration of BMP-2 (member of
the TGF-B family) increases hepcidin expression and decreases serum iron levels 7 vivo
(71). This increased expression of hepcidin has been shown to occur by the activation of

the TGF-B/SMAD4 signalling pathway (72).

In the present section of the study it was seen that an increase in the expression of the
H-subunit of ferritin occurred in the bone marrow macrophage in groups of Kalafong
patients with a pro-inflammatory immune status and also in a group of osteoarthritis
patients with no overt pro-inflammatory activity, but with high TGF-f levels. It is now
of interest to investigate whether this increase in the expression of the H-subunit of
ferritin could play a role in entrapment of iron in the macrophage and in the resulting

reduction in serum iron.

7) PREVALENCE OF THE IRON TRANSFER BLOCK IN PATIENTS
WITH A PRO-INFLAMMATORY IMMUNE STATUS COMPARED TO
PATIENTS WITH NO PRONOUNCED IMMUNE ACTIVATION

In the next sections the possibility that the H-subunit and L-subunit of ferritin may play

a role in an increase in macrophage storage iron and in the resulting hypoferraemia, are

investigated. As pro-inflammatory cytokines are involved in the development of an iron
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transfer block the first step was to investigate the prevalence of an iron transfer block in

the groups of Kalafong patients with high pro-inflammatory activity.

7.1)  Iron transfer block

A decrease in serum iron is often found in patients with immune activation. This
hypoferraemic state is predominantly orchestrated by cytokines.  Various iron
homeostatic processes are affected by these cytokines with the combined actions
resulting in entrapment of iron in the macrophage and a decrease in serum iron. This

process is known as the iron transfer block (73).

The so-called iron transfer block is generally associated with chronic inflammatory
conditions. Inflammation, mediated by cytokines, produces a shift in iron handling by
the macrophage in favour of iron storage, in time leading to haemosiderosis of the
macrophage (74, 75, 76), hypoferraemia (56, 76, 77) and the anaemia of chronic disease.
The latter is, however, only partly due to a decrease in iron available for haemotopoiesis.
Ferritin plays a major part in the establishment and maintenance of an iron transfer block
and thus in the hypoferraemic state of the inflammatory reaction. TNF-a, II-1f, -6 and
11-10 have all been shown to directly stimulate the transcription and translation of ferritin
(73, 78). Furthermore, has it been shown that ferritin up-regulation precedes the
reduction in serum iron. However, other iron homeostasis proteins also contribute to
the reduction in serum iron. These include not only proteins responsible for the
handling of macrophage iron but also many others responsible for body iron
homeostasis. These proteins involved in the acquisition, storage and release of iron are
all influenced, to different extents, at different time-points during the inflaimmatory
reaction, by both pro- and anti-inflammatory cytokines. With an inflaimmatory reaction
the cytokine II-6 has been shown to stimulate the hepatic expression of the acute-phase

protein hepcidin. In turn hepcidin inhibits duodenal absorption of iron by down-
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regulating ferroportin expression thus reducing serum iron (79). By increasing the
expression of the divalent metal transporter 1, IFN-Y has been shown to stimulate the
uptake of ferrous iron by macrophages. However, not only pro-inflammatory cytokines
are involved in the establishment of an iron transfer block, but it has also been shown
that the anti-inflammatory cytokines, II-4 and I1-10, can up-regulate transferrin receptor
expression, resulting in an increase in transferrin receptor-mediated uptake of iron by the
macrophage (73, 78). Furthermore, an increase in the phagocytosis and degradation of
senescent erythrocytes is known to occur with an inflammatory reaction. This process is
directly up-regulated by TNF-ot stimulation as a result of the increase in the expression
of C3bi (CD11b/CD18) receptors tresponsible for the recognition and uptake of
damaged erythrocytes. In addition, it has been shown that TNF-at can also indirectly up-
regulate this process by damaging circulating erythrocytes. These damaged erythrocytes
are then phagocytosed upon binding to C3bi (CD11b/CD18) receptors followed by
degradation (73, 78). Not only is haemoglobin iron obtained by degradation of red blood
cells, but free plasma haemoglobin is taken up by the haemoglobin scavenger receptor,
CD163. It has been shown that II-10 and II-6 contribute to macrophage haemoglobin
acquisition by stimulating the expression of the haemoglobin scavenger receptor, CD163
(78). INF-y down-regulates the expression of ferroportin, the major transmembrane
protein responsible for the release of macrophage iron, thus inhibiting iron export from
macrophages (78), a process that is also affected by hepcidin (80). Down-regulation of
ferroportin occurs only later in the inflammatory response after the onset of
hypoferremia. It is therefore suggested that the down-regulation of ferroportin is not
responsible for the development of the iron transfer block, but that it plays a major role
in the maintenance of the iron transfer block (78). In addition, many of these pro-
inflammatory mediated effects on iron homeostasis are counterbalanced by anti-

inflammatory cytokines such as IL-4 and IL-13 (78).
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7.2)  Diagnosis of iron transfer block

In the present study iron transfer block was diagnosed by examining various factors
known to be associated with an iron transfer block. In general, the presence of an iron
transfer block is diagnosed by haematologists as a reduction in the amount of
sideroblasts relative to the amount of macrophage storage iron seen with Prussian Blue
iron staining of a bone marrow aspirate. However, various serum iron markers can also
be employed to assess the presence or absence of an iron transfer block. These include
serum iron, transferrin, transferrin saturation, ferritin and soluble transferrin receptor.
The transfertin/log ferritin ratio and the soluble transferrin receptor/log ferritin ratio
also show changes characteristic of an iron transfer block. The evaluation of various red
blood cell indices, influenced negatively by an iron transfer block, also contributes to the

evaluation of a patient’s iron status.

Normal serum iron levels range from 10-30 mol/l and normal transferrin saturation
between 15-60%. Both serum iron and transferrin saturation are decreased with true
iron deficiency and are increased with iron overload (81). These changes relate to the
changes in storage iron and depend on the size of the storage iron compartment. In the
presence of an iron transfer block, serum iron and transferrin saturation are also
decreased. Serum iron and transferrin saturation are decreased to below the normal
ranges for these serum iron markers. However, the decrease in these values in the
presence of an iron transfer block depends on the size of the storage iron compartment
and the duration of the iton transfer block. Therefore, similar to the Prussian blue iron
stains, the serum iron concentration and transferrin saturation are decreased relative to
the size of the storage iron compartment. For the quantitative, non-invasive
determination of iron stores, the plasma ferritin concentration is determined (81). It has
been well established that each microgram of ferritin per litre of serum represents 8-10

milligrams of stored iron. In healthy iron-replete adult males the plasma ferritin is about
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100 + 60 pg/l, reflecting an average store of about 1000 mg iron. When the body iron

reserve is completely exhausted the plasma ferritin is less than 12 pg/l. In women the
average store is about one-third of that in men (82). However, with iron transfer block
ferritin is elevated, since ferrtin is an acute phase protein and is therefore increased in
various chronic diseases and thus do not reflect the size of the iron stores anymore.
Therefore, in the presence of an iron transfer block only a Prussian blue iron stain of a
bone marrow aspirate could give a reliable evaluation of the size of the storage iron
compartment. Serum transferrin, the protein responsible for the transport of iron in the
blood, is usually increased in iron deficiency and decreased in iron overload. Normal
serum transferrin levels are between 2-3.5 g/l (81). In the presence of iron transfer
block, serum transferrin levels will be decreased. Transferrin, in contrast to ferritin is a
negative acute phase protein and decreased with inflammation. In order to determine to
what extent the functional iron compartment is reduced the soluble transferrin receptor
is determined. The soluble transferrin receptor is increased when the amount of iron
reaching the red blood cell precursors is decreased (83). In addition, since haemoglobin
contains the greatest part of the functional iron, can the haemoglobin concentration be
determined to give an indication of the decrease in the functional iron compartment (82).
Of the soluble transferrin receptor and haemoglobin concentration it is the increase in
soluble transferrin receptor that would occur before the subsequent reduction in
haemoglobin concentration. The haemoglobin concentration for males ranges between
130-180 g/1 and for females between 120-160 g/1 (81). These various factors are usually
measured together to give the best indication of the iron status of the patient.
Furthermore, two ratios, transferrin/log ferritin and soluble transferrin receptor/log
ferritin can also be employed to assist in the differentiation between an iron transfer
block and true iron deficiency. These ratios employ two factors, i.e., transferrin and
transferrin receptor. Transferrin is decreased in the face of an inflammatory reaction and

increased with true iron deficiency. Whereas, the soluble transferrin receptor is markedly
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increased with true iron deficiency and with inflammation the soluble transferrin receptor
is only slightly increased or normal (84). The denominator of these ratios, ferritin, is
increased with an inflaimmatory reaction and decreased with true iron deficiency.
Therefore, these ratios are expected to decrease with an inflammatory reaction and iron

transfer block, whereas it is expected to increase with true iron deficiency.

As pro-inflammatory cytokines are generally presumed to be major role players in the
development and maintenance of an iron transfer block, and as it was shown in the
previous section of this study that the groups of patients with high pro-inflaimmatory
activity have increased levels of the H-subunit of ferritin in the bone marrow
macrophage, the prevalence of iron transfer block was investigated in these groups of
Kalafong patients. Thereafter, the expression of the H-subunit and L-subunit of ferritin
was examined in a group of Kalafong patients with iron transfer block, irrespective of

their cytokine profiles.

7.3)  Iron status of the C-reactive protein and neopterin subdivisions

The presence or absence of an iron transfer block was evaluated for individual Kalafong
patients of both the subdivision according to C-reactive protein levels and the
subdivision according to neopterin levels. In an attempt to identify the presence of an
iron transfer block and to differentiate between an iron transfer block and true iron
deficiency, bone marrow iron stains of the aspirate and the core, various serum iron
markers and various red blood cell indices were assessed. This categorisation is discussed

in volume 2, chapter 6.
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7.3.1) Body iron stores as evaluated by Prussian blue iron stains of the bone
marrow aspirates and cores of the C-reactive protein and neopterin
subdivisions

To assess total body iron stores a Prussian blue iron stain was performed on the bone

marrow aspirates and bone marrow cores. The magnitude of blue iron deposits formed

in the bone marrow reticuloendothelial cells are known to correspond to total body iron
stores. 'The findings for these iron stains are presented in volume 2, chapter 6. Iron
stores for the group of Kalafong patients with elevated C-reactive protein were normal
for 22% of the patients, increased for 59% and for 19% of the patients in this group the
iron stores were reduced. Iron stores for the group of Kalafong patients with elevated
neopterin were normal for 15% of the patients, increased for 52% and for 33% of the
patients in this group the iron stores were reduced. Iron stores for the group of

Kalafong patients with normal C-reactive protein were normal for 21% of the patients,

increased for 16% and for 63% of the patients in this group the iron stores were reduced.

Iron stores for the group of Kalafong patients with normal neopterin were normal for

38% of the patients, increased for 15% and for 46% of the patients in this group the iron

stores were reduced.

7.3.2) Serum iron markers and determination of the iron status of the C-reactive
protein and neopterin subdivisions

In the following section the iron status for the C-reactive protein and neopterin

subdivisions was assessed by means of their serum iron markers. A summary of the

findings is in this section provided in small print in order to facilitate the reading of the

chapter.

Serum iron was
® ot significantly different between the group of Kalafong patients with
clevated C-reactive protein (9 £ 6.9 wmol/l; n = 29) and the group of
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Kalafong patients with normal C-reactive protein (11.3 + 10.6 pmol/l; n =
19) and
® not significantly different between the group of Kalafong patients with
elevated neopterin (10.4 £ 9.6 umol/l; n = 35) and the group of Kalafong
patients with normal neopterin (8.7 * 4.5 umol/l; n = 13).
® The laboratory values for normal serum iron are between 10-30 wmol/1.
Serum iron was low-normal for the group of Kalafong patients with normal C-reactive
protein and low for the group of Kalafong patients with normal neopterin. For these
two patient groups the Prussian blue iron stains showed that the majority of the patients
had low or absent iron stores. Therefore, the low mean serum iron for these groups was
as a result of true iron deficiency. In the group of Kalafong patients with elevated C-
reactive protein and the group of Kalafong patients with elevated neopterin the mean
serum iron was also low. However, in these patient groups the Prussian blue iron stains

showed that the iron stores for these patients were mostly normal or elevated. This

situation is characteristic of an iron transfer block.

Serum transferrin was
® significantly lower (p-value < 0.0001) in the group of Kalafong patients with
elevated C-reactive protein (1.3 £ 0.5 g/1; n = 28) compared to the group of
Kalafong patients with normal C-reactive protein (2.5 £ 0.83 g/I; n = 19) and
® significantly lower (p-value = 0.0008) in the group of Kalafong patients with
clevated neopterin (1.5 £ 0.70 g/I; n = 34) compared to the group of
Kalafong patients with normal neopterin (2.5 £ 0.84 g/I; n = 13).
® The laboratory values for normal serum transferrin are between 2-3.6 g/1.
In the group of Kalafong patients with normal C-reactive protein and the group of
Kalafong patients with normal neopterin the transferrin was normal as a result of the
storage iron compartments that were low, normal and increased for these patients. The
decrease in serum transferrin in the presence of low/deficient serum iron in the group of
Kalafong patients with elevated C-reactive protein and the group of Kalafong patients

with elevated neopterin are characteristic of an iron transfer block. Transferrin is a

negative acute phase protein and is decreased with an iron transfer block.
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Percentage transferrin saturation was
® not significantly different between the group of Kalafong patients with
elevated C-reactive protein (34.2 £ 47.7%; n = 26) and the group of Kalafong
patients with normal C-reactive protein (24.3 + 26.5%; n = 19) and
®  marginally lower (p-value = 0.058) in the group of Kalafong patients with
normal neopterin (17.41 = 15.1%; n = 13) compared to the group of
Kalafong patients with elevated neopterin (35.2 + 45.8%; n = 32).

® The laboratory values for normal percentage transferrin saturation ate
between 15-50% in females and between 20-50% in males.

For the group of Kalafong patients with normal neopterin the average transferrin
saturation of 17.41% is as a result of the decrease in serum iron together with an increase
in transferrin. Since, the percentage transferrin saturation is determined not only by
serum iron but also by serum transferrin levels. The group of Kalafong patients with
normal C-reactive protein showed similar transferrin levels but higher serum iron levels
than the group of Kalafong patients with normal neopterin. This resulted in a smaller
decrease in transferrin saturation in this group of patients. In the group of Kalafong
patients with elevated C-reactive protein and the group of Kalafong patients with
elevated neopterin serum transferrin saturation was thus normal for both groups. This is

as a result of the low serum iron and low transferrin.

Serum ferritin was

® significantly higher (p-value = 0.033) in the group of Kalafong patients with
elevated C-reactive protein (3903.1 + 8942.6 pug/l; n = 29) compared to the
group of Kalafong patients with normal C-reactive protein (166.8 * 270.3
ug/Ln = 19) and

® significantly higher (p-value = 0.03) in the group of Kalafong patients with
elevated neopterin (3277.4 + 8236 pg/l; n = 35) compared to the group of
Kalafong patients with normal neopterin (126.8 £ 164.5 ug/l; n = 13).

® The laboratory values for normal serum ferritin are between 11-306.8 ug/1 in
females and between 23.9-336.2 g/l in males.

Serum ferritin is an acute phase protein and was markedly increased in the group of
Kalafong patients with elevated C-reactive protein and the group of Kalafong patients

with elevated neopterin. This increase in serum ferritin is characteristic of an iron

transfer block.
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The transferrin/log ferritin ratio was
® significantly lower (p-value = 0.002) in the group of Kalafong patients with
elevated C-reactive protein (0.51 £ 0.31; n = 28) compared to the group of
Kalafong patients with normal C-reactive protein (2.2 £ 2; n = 19) and
® significantly lower (p-value = 0.0008) in the group of Kalafong patients with
elevated neopterin (0.96 = 1.4; n = 34) compared to the group of Kalafong
patients with normal neopterin (1.8 £ 1.7; n = 13).
The transferrin/log ferritin ratio was less than one for both the group of Kalafong
patients with elevated C-reactive protein and the group of Kalafong patients with
elevated neopterin. A transferrin/log ferritin ratio of less than one is characteristic of

patients with an iron transfer block. This confirms the iron transfer block in patients

with a pro-inflammatory, T-helper cell type-1 immune reaction.

Soluble transferrin receptor was
® significantly lower (p-value = 0.023) in the group of Kalafong patients with
elevated C-reactive protein (9.5 + 7.4 ug/ml; n = 29) compared to the group

of Kalafong patients with normal C-reactive protein (17.3 £ 12.9 pg/ml; n =
19) and

® not significantly different between the group of Kalafong patients with
clevated neopterin (11.8 £ 10.2 pg/ml; n = 35) and the group of Kalafong
patients with normal neopterin (14.8 £ 11.5 pg/ml; n = 13).
® The ELISA kit’s values for normal soluble transferrin receptor are between
2.9-8.3 ug/ml.
Soluble transferrin receptor was significantly lower in the group of Kalafong patients
with elevated C-reactive protein than in the group of Kalafong patients with normal C-
reactive protein. However, soluble transferrin receptor was higher for both groups
compared to the normal range for soluble transferrin receptor. It has been shown in
previous studies that soluble transferrin receptor is normal or slightly increased in the
presence of an iron transfer block and markedly elevated with true iron deficiency. For
patients with a possible iron transfer block together with true iron deficiency soluble
transferrin receptor will be significantly elevated and not normal or slightly increased

(73). A different result was shown for the neopterin subdivision. Soluble transferrin

receptor was not significantly different between the group of Kalafong patients with
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clevated neopterin and the group of Kalafong patients with normal neopterin.
Nevertheless, similar to the C-reactive protein subdivision, soluble transferrin receptor
was higher for both the group of Kalafong patients with elevated neopterin and the
group of Kalafong patients with normal neopterin compared to the normal range for

soluble transferrin receptor.

Soluble transferrin receptor in anaemia of chronic disease and iron deficiency
anaemia

Transferrin receptors are expressed on the cell surface of many cell types and can be
detected in serum (soluble transferrin receptors) as a result of cleavage from the cell
surface (83). Although different cell types contribute to the serum soluble transferrin
receptor concentration, erythroblasts provide more than 80% of the total concentration
of serum soluble transferrin receptor (83). The erythroid marrow is the major site for
iron uptake to support haemoglobin production with transferrin receptor numbers and
iron uptake by developing erythroid cells maximal at the basophilic normoblast stage.
When the erythroid cells cease dividing and mature into reticulocytes the transferrin
receptor numbers decrease, and with the attainment of the circulating erythrocyte stages
all transferrin receptors will have disappeared (85). Two factors can influence the
amount of transferrin receptors expressed on the cell surface of the erythroid cells.
Firstly, the rate of proliferation, with an increase in the rate of proliferation resulting in
an up-regulation of transferrin receptors on the membranes of the erythroid cells. The
second factor is the amount of available intracellular iron (85). The translation of
transferrin receptor mRNA is regulated by the iron-responsive protein/iron-responsive
element (IRP/IRE) with an increase in intracellular iron resulting in the down-regulation
of transferrin receptors and a decrease in intracellular iron resulting in an increase in
transferrin receptors. Since the proliferation of cells is dependent on the availability of

intracellular iron, the effects of the increase in the proliferative rate are possibly a
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consequence of the increased iron requirements with proliferation and thus another
manifestation of the regulation of transferrin receptor synthesis through iron availability
(86). Therefore, the serum soluble transferrin receptor concentration largely reflects the
size of the erythroid marrow and the transferrin receptor number on the erythroblast

surface (83).

In both the anaemia of chronic disease (ACD) and iron deficiency anaemia (IDA)
sideropenia is shown with a bone marrow iron stain (83). Therefore, in both ACD and
IDA the iron delivered to the erythroid marrow is suboptimal. However, with ACD this
can be in the face of either normal or increased macrophage storage iron. Due to the
suboptimal intracellular iron in the erythroblasts, an increase in the soluble transferrin
receptor concentration is expected. Clearly it becomes increased earlier in the
development of functional iron depletion than any of the red blood cell related
parameters (84). However, this is only true for IDA. With ACD soluble transferrin
receptor concentrations are normal or only slightly increased. This is as a result of the
general suppression of erythropoiesis in ACD. With the suppression of the proliferative
rate of the erythroblasts a decrease in transferrin receptor expression occurs. However,
the coexistence of true iron deficiency with chronic disease is associated with an increase
in both the efficiency and number of erythroblast transferrin receptors and a highly
significant rise in soluble transferrin receptor numbers. Therefore, with ACD in the
presence of true iron deficiency soluble transferrin receptor concentrations are increased
(83). It has been suggested that soluble transferrin receptor levels can distinguish
between ACD and IDA. Despite low serum iron levels, in both ACD and IDA, serum
soluble transferrin receptor values remain largely within the normal range for ACD but

are elevated in IDA, even in the presence of inflammatory disease (83, 84).
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In this study soluble transferrin receptor/log ferritin ratio was
® significantly lower (p-value = 0.025) in the group of Kalafong patients with
elevated C-reactive protein (3.4 £ 2.9; n = 29) compared to the group of
Kalafong patients with normal C-reactive protein (18.1 £ 26.1; n = 19) and

®  marginally lower (p-value = 0.065) in the group of Kalafong patients with
elevated neopterin (8.5 £ 19; n = 35) compared to the group of Kalafong
patients with normal neopterin (11.2+ 14.9; n = 13).
With a pro-inflammatory immune reaction ferritin is known to be indiscriminately
increased. Together with this increase in ferritin it is known that the soluble transferrin
receptor levels are normal or slightly elevated. Therefore, with a pro-inflammatory
immune reaction the soluble transferrin receptor/log ferritin ratio would decrease. In
contrast, with true iron deficiency this ratio is supposed to increase. The soluble
transferrin receptor/ferritin ratio was lower in both the group of Kalafong patients with
elevated C-reactive protein and the group of Kalafong patients with elevated neopterin
compared to the group of Kalafong patients with normal C-reactive protein and the
group of Kalafong patients with normal neopterin, respectively. This lower soluble
transferrin receptor/log ferritin ratio in the groups of patients with a pro-inflammatory

immune reaction is characteristic for an iron transfer block.

7.3.3) Red blood cell indices of the C-reactive protein and neopterin subdivisions
The evaluation of various red blood cell indices, influenced negatively by an iron transfer

block, also contributes to the evaluation of a patient’s iron status.

The red blood cell count was
® significantly lower (p-value = 0.0008) in the group of Kalafong patients with
elevated C-reactive protein (2.6 & 1.1 x 10'2/1; n = 29) compared to the group

of Kalafong patients with normal C-reactive protein (2.9 £ 1.4 x 10'2/l; n =
19) and

® significantly lower (p-value = 0.002) in the group of Kalafong patients with
elevated neopterin (2.3 £ 0.95 x 10'2/I; n = 35) compared to the group of
Kalafong patients with normal neopterin (3.7 £ 1.2 x 1012/ n = 13).

® The laboratory values for normal red blood cell count are between 4.13-5.67 x
1012/1 in females and between 4.89-6.11 x 1012/1 in males.



Anaemia was present in the majority of Kalafong patients. The anaemias had various
etiologies including anaemia due to blood loss, haemolytic anaemia, iron deficiency

anaemia, megaloblastic anaemia and anaemia of inflammation.
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etiologies of anaemia in some of the Kalafong patients were multi-factorial.

The haemoglobin was

Most of the Kalafong patients showed a decrease in haemoglobin. The patients had

significantly lower (p-value = 0.004) in the group of Kalafong patients with
normal C-reactive protein (7.2 £ 3.8 g/dl; n = 19) compated to the group of
Kalafong patients with elevated C-reactive protein (7.6 £ 3.5 g/dl; n = 29)
and

significantly lower (p-value = 0.005) in the group of Kalafong patients with
clevated neopterin (6.4 £ 2.9 g/dl; n = 35) compared to the group of
Kalafong patients with normal neopterin (10.2 £ 3.9 g/dl; n = 13).

The laboratory values for normal haemoglobin are 12.1-16.3 g/dl for females
and 14.3-18.3 g/dl for males.

multifactorial causes for the reduction in haemoglobin.

The haematocrit was

significantly lower (p-value = 0.001) in the group of Kalafong patients with
elevated C-reactive protein (0.23 £ 0.1 1/1; n = 29) compared to the group of
Kalafong patients with normal C-reactive protein (0.24 £ 0.121/1; n = 19) and
significantly lower (p-value = 0.002) in the group of Kalafong patients with
elevated neopterin (0.2 £ 0.08 1/1; n = 35) compared to the group of Kalafong
patients with normal neopterin (0.33 £ 0.121/1; n = 13).

The laboratory values for normal haematocrit are 0.370-0.490 1/1 in females
and 0.430-0.550 1/1 in males.

Most of the Kalafong patients showed a decrease in haematocrit.

The mean corpuscular volume was

significantly higher in the group of Kalafong patients with elevated C-reactive
protein (91.3 £ 15.6 fl; n = 29) compared to that of the group of Kalafong
patients with normal C-reactive protein (80.3 = 14.9 fl; n = 19) and

not significantly different between the group of Kalafong patients with
elevated neopterin (86.8 £ 16.2 fl; n = 35) and the group of Kalafong patients
with normal neopterin (87.3 = 16.3 fl; n = 13).

The laboratory values for normal mean corpuscular volume are 79.1-98.9 fl.

Furthermore, the



In the group of Kalafong patients with normal C-reactive protein and the group of
Kalafong patients with normal neopterin the inclusion of patients with different iron
storage compartments and different red blood cell pathologies such as macrocytic
anaemias resulted in a normal average mean corpuscular volume. The average for the
mean corpuscular volume for both the group of Kalafong patients with elevated C-
reactive protein and the group of Kalafong patients with elevated neopterin showed the
presence of normocytic red blood cells. It is known that most patients with an iron
transfer block have a normocytic, normochromic anaemia (73, 87). The patients with an
iron transfer block are mostly seen in medical care facilities at the time when they display
the presence of a normocytic, normochromic anaemia. With further development of

anaemia of chronic disease the patients develop a microcytic, hypochromic anaemia.
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The mean corpuscular haemoglobin was

significantly lower in the group of Kalafong patients with normal C-reactive
protein (24.5 * 5.9 pg; n = 19) compared to the group of Kalafong patients
with elevated C-reactive protein (29.8 + 6.1 pg; n = 29), and

not significantly different between the group of Kalafong patients with
elevated neopterin (27.9 £ 6.3 pg; n = 35) and the group of Kalafong patients
with normal neopterin (27.2+ 7.2 pg; n = 13).

The laboratory values for normal mean corpuscular haemoglobin are between
27-32 pg.

The mean corpuscular haemoglobin concentration was

significantly lower (p-value = 0.002) in the group of Kalafong patients with
normal C-reactive protein (30.3 + 2.4 ¢/dl; n = 19) compared to the group of
Kalafong patients with elevated C-reactive protein (32.5 * 2 g/dl; n = 29) and
not significantly different between the group Kalafong patients with elevated
neopterin (31.9 + 2.2 ¢/dl; n = 35) and the group of Kalafong patients with
normal neopterin (30.8 £ 3 g/dl; n = 13).

The laboratory values for normal mean corpuscular haemoglobin
concentration are between 32-36 g/dL

The red blood cell distribution width (RDW) was

not significantly different between the group of Kalafong patients with
elevated C-reactive protein (20.2 * 6.6%; n = 29) and the group of Kalafong
patients with normal C-reactive protein (21.1 = 8.2%; n = 19) and

not significantly different between the group of Kalafong patients with
elevated neopterin (20.6 £ 7.5%; n = 35) and the group of Kalafong patients
with normal neopterin (20.3 + 6.8%; n = 13).

The laboratory values for normal red blood cell distribution width atre
between 11.6-14%.
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The red blood cell distribution width is a measure of the variation of red blood cell width
with an increase in the red blood cell distribution width known as anisocytosis. A greater
variation in size occurs with iron deficient anaemia and anaemia of chronic inflammation.
The red blood cells produced with iron deficiency anaemia initially show highly variable
sizes therefore a markedly increased RDW, but with the development of a pronounced

microcytic, hypochromic anaemia the RDW will decrease (88).

The reticulocyte production index (RPI) was
® significantly higher (p-value = 0.039) in the group of Kalafong patients with
elevated C-reactive protein (0.81 £ 0.65; n = 11) compared to the group of
Kalafong patients with normal C-reactive protein (0.47 + 0.8; n = 11) and
® significantly higher (p-value = 0.047) in the group of Kalafong patients with
elevated neopterin (0.75 £ 0.8; n = 17) compared to the group of Kalafong
patients with normal neopterin (0.28 + 0.23; n = 5).
A decrease in the reticulocyte production index to below 2.5 is as a result of
hypoproliferative anaemias or anaemias due to ineffective erythropoiesis. The majority
of patients for which the reticulocyte production index were determined had a value of
less than 2.5. The decrease in the reticulocyte production index was as a result of various

factors such as suppression of erythropoiesis by cytokines and/or nutritional

deficiencies.

7.3.4) Prevalence of iron transfer block in patients with a pro-inflammatory
immune status
In a previous section it was shown that the cytokine profiles of both the elevated
neopterin and elevated C-reactive protein groups were predominantly pro-inflammatory
(T-helper cell type-1). When the results of the Prussian blue iron stains of the bone
marrow aspirate and core, the serum iron markers and the red blood cell indices were
evaluated for each individual patient (volume 2, chapter 6) the prevalence of an iron
transfer block in the subdivision according to C-reactive protein and the subdivision

according to neopterin was as follows.
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Iron status categorisation of patients for the C-reactive protein subdivision showed that
® 20 of the 29 patients (69%) with elevated C-reactive protein had an iron transfer
block while
® 14 of the 19 patients (74%) with normal C-reactive protein did not have an iron
transfer block, only five of the 19 patients (26%) with normal C-reactive protein

had an iron transfer block.

Iron status categorisation of patients for the neopterin subdivision showed that
® 23 of the 35 patients (66%) with elevated neopterin had an iron transfer block
while
® 11 of the 13 patients (85%) with normal neopterin did not have an iron transfer
block, only two of the 13 patients (15%) with normal neopterin had an iron

transfer block.

The above results supported the notion that T-helper cell type-1/pro-inflammatory
cytokines are major role players in the development of an iron transfer block. However,
it also showed that T-helper cell type-1/pro-inflammatory cytokines are not the only
mediators for the development of an iron transfer block. In view of the pleiotropic
nature of cytokines, the intracellular signalling cross-talk between cytokines, the many
interactions between factors such as transmembrane iron transporters, hepcidin and
others, it is difficult to predict the development of an iron transfer block merely on the
basis of isolated factors such as the pro-inflaimmatory status. Despite the predominant
role of pro-inflammatory cytokines in the development of an iron transfer block it was,
for instance, previously shown that T-helper cell type-2 cytokines can also play a role in
the development of an iron transfer block (73, 78). It was thus not a surprising finding
that all patients with a pro-inflammatory cytokine profile did not have an iron transfer

block. Neither was it a surprising finding that a small percentage of patients with a
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relatively normal cytokine profile had an iron transfer block. Furthermore, although the
cytokine profiles were very similar for the group of Kalafong patients with elevated C-
reactive protein and the group of Kalafong patients with elevated neopterin, there was
one notable exception. Together with the increase in the T-helper cell type-1 cytokines it
was found that Il-5 was significantly higher in the group of Kalafong patients with
elevated neopterin. II-5 is, in essence, a T-helper cell type-2 cytokine, but belongs to the
GM-CSF/11-3 subgroup (89). In contrast to GM-CSF and II-3 no effect on monocytes
for II-5 has been shown (90). However, it has been shown that I1-5, as for GM-CSF and
11-3, displayed proliferative effects on both microglia and macrophage cell lines (91).
Furthermore, both II-5 and 1l-3 have been shown to bind and activate the GM-CSF
receptor present on monocytes (44). It is therefore suggested that II-5 could have
contributed to the establishment of inflaimmation. Other confounding factors in the
prediction of whether an iron transfer block will develop or not, are the activity of
ferroportin and hepcidin (80). It has been shown that hepcidin production is increased
in inflaimmation and that hepcidin plays a major role in iron transfer block (79).
Hepcidin was shown to bind to ferroportin (major iron transporter involved in the
export of cellular iron) resulting in the internalization of ferroportin and a decrease in the
release of macrophage iron. However, it has also been shown that hepcidin’s role in the
iron transfer block involves, not the development of the block, but the maintenance of

the iron transfer block (78).

In summary on the iron status of the groups of Kalafong patients with a pro-
inflammatory immune status and the groups of Kalafong patients with no
pronounced immune activation

The group of Kalafong patients with elevated C-reactive protein and the group of
Kalafong patients with elevated neopterin displayed a pro-inflammatory cytokine profile.

For these two groups of patients a high prevalence of an iron transfer block was found
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when evaluating their Prussian blue iron stains for the bone marrow aspirate and core,
their serum iron markers and their red blood cell indices. The prevalence of an iron
transfer block was 69% for the group of Kalafong patients with elevated C-reactive
protein and 66% for the group of Kalafong patients with elevated neopterin. The
majority of the patients in these two groups of Kalafong patients had serum iron profiles
characteristic of patients with an iron transfer block. A decrease in serum iron, an
increase in ferritin, a decrease in transferrin, a small increase in soluble transferrin
receptot, a decrease in transferrin/log ferritin ratio and a decrease in soluble transferrin
receptor/log ferritin ratio all characteristic of the presence of an iron transfer block (73).
On the other hand, for the group of Kalafong patients with normal C-reactive protein
and the group of Kalafong patients with normal neopterin, no excessive pro-
inflammatory immune activation was found. As was expected most of the patients in the
group of Kalafong patients with normal C-reactive protein and in the group of Kalafong
patients with normal neopterin did not have serum iron profiles characteristic of an iron
transfer block. However, these groups of patients did not have normal iron status but a
high incidence of true iron deficiency. For these groups of patients a decreased serum
iron, normal ferritin, normal transferrin, a marked increase in soluble transferrin
receptor, an increase in transferrin/log ferritin ratio and an increase in the soluble
transferrin receptor/log ferritin ratio wete shown. In the presence of an iron transfer
block and in the presence of true iron deficiency a marked decrease in red blood cell
production is known to occur (84). In the presence of an iron transfer block a negative
effect on red blood cell production occurs as a result of the decrease in bio-available iron
for haemoglobin production and various other factors resulting in a decrease in red
blood cell production. These factors include suppression of the proliferation of
erythroid progenitor cells, decrease in the synthesis of erythropoietin, decrease in the
sensitivity of erythroblasts to erythropoietin and a decrease in red blood cell life span

(73). The anaemia of inflammation, is therefore on the one hand a result of a decrease in
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iron reaching the erythron and on the other as a result of the suppression of red blood
cell synthesis (92, 93, 94). 1I-1, TNF-a and TGF-B have all been shown to inhibit

erythropoietin synthesis and action during an inflammatory reaction (92).

In the next few sections important observations derived from the investigation of the
prevalence of an iron transfer block in the subdivision of the Kalafong patients based on
C-reactive protein and the subdivision of the Kalafong patients based on neopterin are

discussed.

7.4) Loss of the relationship between storage iron, bio-available iron and red
blood cell production in patients with a pro-inflammatory, T-helper cell
type-1 immune response

Normally a close relationship exists between bio-available iron and red blood cell

production. In the present study, this close relationship has been shown to exist for the

groups of Kalafong patients with no pronounced immune activation. In the following
paragraphs it will be shown that this relationship was disturbed in the group of patients

with a pro-inflammatory, T-helper cell type-1 immune response.

Serum iron and percentage transferrin saturation reflect the amount of iron that is
available to bind to the transferrin receptors of the red blood cell precusors. Therefore, a
decrease in serum iron and a decrease in percentage transferrin saturation are usually
associated with a decrease in haemoglobin production. This was seen in both the group
of Kalafong patients with normal C-reactive protein and the group of Kalafong patients
with normal neopterin.
In the group of Kalafong patients with normal C-reactive protein a decrease in
percentage transferrin saturation was shown to correlate with

® adecrease in mean corpuscular volume (r = 0.62, p-value = 0.005),

® adecrease in mean corpuscular haemoglobin (r = 0.64, p-value = 0.003) and
® adecrease in mean corpuscular haemoglobin concentration (r = 0.49, p-value

= 0.033).
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In the group of Kalafong patients with normal neopterin a decrease in percentage
transferrin saturation was shown to correlate with

® adecrease in mean corpuscular haemoglobin concentration (r = 0.65, p-value
= 0.015).
In the group of Kalafong patients with normal neopterin a decrease in serum iron was
shown to correlate with

® adecrease in mean corpuscular volume (r = 0.55, p-value = 0.053),
® adecrease in mean corpuscular haemoglobin (r = 0.57, p-value = 0.040) and

® adecrease in mean corpuscular haemoglobin concentration (r = 0.49, p-value
= 0.091).

When the available iron is reduced in the plasma due to decreased iron stores transferrin
will normally be up-regulated. An increase in serum transferrin is known to occur in
patients where the iron stores are deficient. An increase in transferrin in these patients
was related to iron-deficient iron stores resulting in iron-deficient erythropoiesis. This
was seen in both the group of Kalafong patients with normal C-reactive protein and the
group of Kalafong patients with normal neopterin.

In the group of Kalafong patients with normal C-reactive protein an increase in serum
transferrin was shown to correlate with
® adecrease in mean corpuscular volume (r = 0.62, p-value = 0.005),
® adecrease in mean corpuscular haemoglobin (r = 0.74, p-value = 0.0003) and
® adecrease in mean corpuscular haemoglobin concentration (r = 0.79, p-value
= 0.0001).
In the group of Kalafong patients with normal neopterin an increase in serum
transferrin was shown to correlate with
® adecrease in mean corpuscular volume (r = 0.70, p-value = 0.008),
® adecrease in mean corpuscular haemoglobin (r = 0.80, p-value = 0.001) and
® adecrease in mean corpuscular haemoglobin concentration (r = 0.84, p-value
= 0.0003).
Furthermore, in the group of Kalafong patients with normal C-reactive protein an
increase in the transfetrin/log ferritin ratio was shown to correlate with
® adecrease in mean corpuscular volume (r = 0.66, p-value = 0.002),
® adecrease in mean corpuscular haemoglobin (r = 0.72, p-value = 0.0005) and
® adecrease in mean corpuscular haemoglobin concentration (r = 0.70, p-value
= 0.001).
In the group of Kalafong patients with normal neopterin an increase in the
transferrin/log ferritin ratio was shown to correlate with

® adecrease in mean corpuscular haemoglobin concentration (r = 0.68, p-value
= 0.01).
With a decrease in iron reaching the red blood cell precursors these cells normally
produce more transferrin receptors in attempt to take up more iron. This was seen in
both the group of Kalafong patients with normal C-reactive protein and the group of

Kalafong patients with normal neopterin.
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In the group of Kalafong patients with normal C-reactive protein an increase in
soluble transferrin receptor was shown to correlate with

® adecrease in serum iron (r = 0.52, p-value = 0.024),

® an increase in serum transferrin (r = 0.59, p-value = 0.007), an increase in
serum transferrin indicates decreased iron stores as a result too little iron
reached the erythroblasts for red blood cell production,

® adecrease in mean corpuscular volume (r = 0.65, p-value = 0.002),
® adecrease in mean corpuscular haemoglobin (r = 0.75, p-value = 0.0002) and
® a decrease in mean corpuscular heamaglobin concentration (r = 0.75, p-value
= 0.0002).
In the group of Kalafong patients with normal neopterin an increase in soluble
transferrin receptor was shown to correlate with
® adecrease in the red blood cell count (r = 0.63, p-value = 0.021),
® adecrease in haemoglobin (r = 0.90, p-value < 0.0001),
® adecrease in haematocrit (r = 0.84, p-value = 0.0003) and
® adecrease in mean corpuscular heamoglobin concentration (r = 0.79, p-value
= 0.001).
Furthermore, in the group of Kalafong patients with normal C-reactive protein an
increase in the soluble transferrin receptor/log ferritin ratio was shown to correlate
with
® adecrease in mean corpuscular volume (r = 0.60, p-value = 0.007),
® adecrease in mean corpuscular haemoglobin (r = 0.65, p-value = 0.003) and
® a decrease in mean corpuscular haemoglobin concentration(r = 0.61, p-value
= 0.005).
In the group of Kalafong patients with normal neopterin an increase in the soluble
transferrin receptor/log ferritin ratio was shown to correlate with
® adecrease in mean corpuscular volume (r = 0.53, p-value = 0.00),
® adecrease in mean corpuscular haemoglobin (r = 0.63, p-value = 0.021) and
® adecrease in mean corpuscular haemoglobin concentration (r = 0.75, p-value

= 0.003).
These relationships between red blood cell production and iron was not shown to exist
in the group of Kalafong patients with elevated C-reactive protein and the group of
Kalafong patients with elevated neopterin. Only the following correlations were
indicated. In the group of Kalafong patients with elevated C-reactive protein a decrease
in the red blood cell count was shown to correlate with an increase in the red blood cell
distribution width (r = 0.57, p-value = 0.001). For the group of patients with elevated
neopterin an increase in serum transferrin correlated with a decrease in mean corpuscular

haemoglobin concentration (r = 0.56, p-value = 0.0000).

The results of the present study showed that in the group of Kalafong patients with
normal C-reactive protein and the group of Kalafong patients with normal neopterin

(patients with relatively normal pro-inflammatory activation) the availability of iron was
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the most important factor for regulating red blood cell production. In contrast, in the
groups of Kalafong patients with a pronounced pro-inflaimmatory cytokine profile
(group of Kalafong patients with elevated C-reactive protein and group of Kalafong
patients with elevated neopterin) this role of bio-available iron in the regulation of proper

red blood cell production was lost.

7.5) Possible role of the anti-inflammatory cytokine, transforming growth
factor-P, in resolving the iron transfer block
No direct correlation of any of the pro-inflammatory cytokines was shown between any
of the serum iron markers or between any of the red blood cell indices in either the
group of Kalafong patients with elevated C-reactive protein or the group of Kalafong
patients with elevated neopterin. However, in the group of Kalafong patients with
elevated C-reactive protein a possible role for the anti-inflaimmatory cytokine TGF-3 was
shown in resolving the iron transfer block. In the group of Kalafong patients with
elevated C-reactive protein an increase in TGF-B correlated with an increase in serum
transferrin (r = 0.73, p-value < 0.0001) and an increase in the transferrin/log ferritin ratio
(r = 0.67, p-value = 0.0001). TGF- is an anti-inflammatory cytokine and could perhaps
contribute (directly or indirectly) to the increase in the negative acute phase protein

transferrin.

7.6) Relationship between storage iron, bio-available iron, expression of the H-
subunit and L-subunit of ferritin and red blood cell production in the
group of Kalafong patients with normal neopterin

In the group of Kalafong patients with normal neopterin indications for a possible

regulatory role for the H-subunit and L-subunit of ferritin was shown in the production

of red blood cells. In the group of Kalafong patients with normal neopterin an increase

in the H-subunit/L-subunit ratio in the macrophage correlated with a decrease in mean
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corpuscular volume (r = 0.58, p-value = 0.037). A correlation was also seen between an
increase in the H-subunit/L-subunit ratio in the macrophage with a decrease in mean
corpuscular haemoglobin (r = 0.51, p-value = 0.072). Therefore, with an increase in the
amount of H-subunits relative to the amount of L-subunits in the macrophage (increase
in H-subunit rich ferritins) a decrease in efficient red blood cell production was shown.
It has already been established by previous studies that a reduced amount of iron reaches
the red blood cell precursors with an iron transfer block (95). An increase in the H-
subunit/L-subunit ratio in the macrophage could contribute to the reduction in iron that
reached the red blood cell precursors since H-subunit rich ferritins are more prone to
conversion into haemosiderin.  Once H-subunit rich ferritins are converted into
haemosiderin, the iron that was contained in ferritin is trapped. In support of the
trapping of iron in these patients it was shown that with an increase in the expression of
the L-subunit of ferritin in the macrophage the mean corpuscular volume (r = 0.85, p-
value = 0.0002) and the mean corpuscular haemoglobin (r = 0.76, p-value = 0.003) were
increased. The L-subunit of ferritin is more likely to be influenced by iron and therefore
is indicative of an increase in the labile iron pool of the macrophage. An increase in the
labile iron pool of the macrophage is likely to result in more iron being delivered to the
red blood cell precursors. Furthermore, an increase in the L-subunit of ferritin in the
cells of the erythron correlated with an increase in the mean corpuscular volume (r =
0.69, p-value = 0.01) and an increase in the mean corpuscular haemoglobin (r = 0.65, p-
value = 0.016). An increase in the L-subunit of ferritin in cells of the erythron most
probably reflects an increase in the labile iron pool of these cells. It has been shown in
previous studies that when iron accumulates in erythroid cells due to an increase in the
cellular uptake of iron, the L-subunit rich ferritins seem to increase and to be closely
related to the iron status of the cells (55, 96). An increase in the labile iron pool would
furnish the cells of the erythron with more iron for haemoglobin synthesis. This increase

in the intracellular labile iron pool in the cells of the erythron reflected by an increase in



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA 271
W YUNIBESITHI YA PRETORIA

the expression of the L-subunit of ferritin was most likely as a result of an increase in
bio-available iron since the L.-subunit of ferritin in the cells of the erythron was shown to
correlate with an increase in serum iron (r = 0.66, p-value = 0.014) and an increase in the

percentage transferrin saturation (r = 0.68, p-value = 0.01).

7.7)  Relationship between the H-subunit/L-subunit ratio in cells of the
erythron and the mean corpuscular volume in the group of Kalafong
patients with normal neopterin

Similar to what was shown for the H-subunit/L-subunit ratio in the macrophage an

increase in the H-subunit/L-subunit ratio in the cells of the erythron correlated with a

decrease in the mean corpuscular volume (r = 0.52, p-value = 0.069) in the group of

Kalafong patients with normal neopterin. The mean corpuscular volume of red blood

cells is closely related to the amount of haemoglobin in these cells. Therefore, a

reduction in the mean corpuscular volume reflects a decrease in the amount of iron

reaching the red blood cell precursors (97). The importance of an increase in the H-

subunit/L-subunit ratio in the cells of the erythron in terms of iron bio-availability is not

known. It could be that an increase in the H-subunit/L-subunit ratio in the cells of the
erythron, similar to the macrophage, can result in the un-availability of cellular iron for
red blood cell production. Red blood cell precursors obtain iron for haemoglobin
production possibly by the following two routes — transferrin iron via the transferrin
receptor and as ferritin during the process of rhopheocytosis (98). Once the iron reaches
the intracellular labile iron pool it is either incorporated into ferritin or used for
haemoglobin production. The expression of the H-subunit and L-subunit of ferritin
plays an important role in the sequestration and the release of bio-avalable iron for the
production of haemoglobin. The erythroid cells contain mainly H-subunit rich ferritins,
which play a major role in the intracellular transport and donation of iron for the active

synthesis of haem (99), particularly in immature erythroid cell precursors such as
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proerythroblasts and basophilic erythroblasts (55). However, it has been shown that an
increase in H-subunit rich isoferritins can result in the rapid chelation of labile iron in
erythroid cells (61). Therefore, the increase in the H-subunit/L-subunit ratio in the red
blood cell precursors could result in the reduction in the red blood cell volume as a result

of the withholding of iron by these H-subunit rich ferritins.

7.8)  Relationship between the H-subunit of ferritin in the cells of the erythron
and the mean corpuscular haemoglobin concentration in the group of
Kalafong patients with elevated C-reactive protein

In the group of Kalafong patients with elevated C-reactive protein a decrease in the H-

subunit of ferritin in the cells of the erythron correlated with a decrease in the mean

corpuscular haemoglobin concentration (r = 0.51, p-value = 0.007). The intracellular

labile iron pool of the red blood cell precursors is regulated by the expression of the H-

subunit and L-subunit of ferritin (61). It is suggested by previous studies that in the red

blood cell precursors the expression of the H-subunit of ferritin plays an important role
in the release of bio-available iron for the production of haemoglobin. It has been
shown that H-subunit rich ferritins accumulate and release iron faster than do L-subunit
rich ferritins (2, 3, 76, 100) and it is suggested that the H-subunit rich ferritins permit
more dynamic intracellular traffic of iron (3, 101). Therefore, this correlation of a
decrease in the expression of the H-subunit in the cells of the erythron together with the
decrease in the mean corpuscular haemoglobin concentration points to a role for the
decrease in H-subunit resulting in a reduction in the release of bio-available iron. It was
shown, 7n vitro, that a too great proportion of H-subunits in the ferritin protein shell
result in ferritin aggregation. This may be due to the inadequacy of the ferritin protein
shell to retain the formed Fe’* resulting in the loss of Fe’* and hydrolysis of Fe’* on the

outside of the ferritin molecule (4). Upon ferritin aggregation, the iron contained in the



.6_

UNIVERSITEIT VAN PRETORIA

y UNIVERSITY OF PRETORIA 273
W YUNIBESITHI YA PRETORIA

ferritin protein shell may be trapped and therefore no longer available to support

haemoglobin production.

7.9)  Pro-hepcidin and caeruloplasmin levels for the C-reactive protein and
neopterin subdivisions
Pro-hepcidin is the precursor of the hormone hepcidin that plays a role in the mediation
of the homeostasis of extracellular iron. Hepcidin synthesis is physiologically increased
by elevated plasma iron, decreased by erythropoietic activity and pathologically increased
by inflaimmation. Hepcidin acts by regulating iron influx into plasma from duodenal
enterocytes, hepatocytes and macrophages. Hepcidin binds to the transmembrane iron-
transporter, ferroportin, responsible for the movement of iron from the cytoplasm of
these cells to the plasma. An increase in hepcidin results in the internalization of
ferrroportin and a reduction in the release of iron from enterocytes, hepatocytes and
macrophages. Due to the role of hepcidin in the regulation of the release of iron from
macrophages, it has been suggested that hepcidin could play a role in the development of

the iron transfer block with inflammation (79).

At the time of the study the newly developed hepcidin ELISA from DRG Diagnostics,
Germany was not avaliable for purchase and therefore only pro-hepcidin could be

measured. In this study pro-hepcidin was significantly decreased (p-value = 0.039) for
the group of Kalafong patients with elevated C-reactive protein (135.2 £ 48.2 ng/ml; n =
28) compared to the group of Kalafong patients with normal C-reactive protein (159.3 £
38.6 ng/ml; n = 19). Similar to what was found for the C-reactive protein subdivision
pro-hepcidin was significantly decreased (p-value = 0.02) in the group of Kalafong
patients with elevated neopterin (135.6 £ 40 ng/ml; n = 34) compared to the group of

Kalafong patients with normal neopterin (169.2 £ 52.2 ng/ml; n = 13).
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Although it was previously shown that pro-hepcidin is increased during an inflammatory
reaction (102), the results of the present study showed the opposite to occur in the
groups of Kalafong patients with a pro-inflammatory immune reaction. Nevertheless,
pro-hepcidin might be reduced in this study due to an increase in the conversion to

hepcidin. This could, however, only be clarified by the measurement of hepcidin.

Caeruloplasmin is a multi-copper binding protein that acts as a serum ferroxidase and is
essential for the mobilization of iron from storage tissues (103). Caeruloplasmin is
situated on the extracellular side of the cell membrane and oxidizes Fe** to Fe’ to
facilitate the binding to transferrin. Therefore, caeruloplasmin plays an important role in
the export of iron from tissue storage sites. In the present study, there was no significant
difference for caeruloplasmin between the group of Kalafong patients with elevated C-
reactive protein (0.47 £ 0.15 g/1; n = 27) and the group of Kalafong patients with normal
C-reactive protein (0.46 * 0.16 g/l; n = 19). There was also no difference for

caeruloplasmin between the group of Kalafong patients with elevated neopterin (0.47 *

0.16 g/1; n = 33) and the group of Kalafong patients with normal neopterin (0.47 + 0.14

g/l;n=13).

8) EXPRESSION OF THE H-SUBUNIT AND L-SUBUNIT OF
FERRITIN IN A GROUP OF KALAFONG PATIENTS WITH IRON
TRANSFER BLOCK COMPARED TO A GROUP OF KALAFONG
PATIENTS WITH NO IRON TRANSFER BLOCK

In order to investigate the possibility that the H-subunit and L-subunit of ferritin may

play a role in the development and maintenance of an iron transfer block the Kalafong

patients were subdivided in a group of patients with iron transfer block and a group of

patients with no iron transfer block.
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8.1)  Iron status of the iron transfer block subdivision of the Kalafong patients

For the next section the presence or absence of an iron transfer block was evaluated for
all Kalafong patients irrespective of their immune status. In an attempt to identify the
presence of an iron transfer block and to differentiate between an iron transfer block and
true iron deficiency, bone marrow iron stains of the aspirate and the core, various serum
iron markers and various red blood cell indices were assessed. This categorisation was
discussed in the results chapter (volume 2, chapter 6) and will be summarised in the

following section.

8.1.1) Body iron stores as evaluated by Prussian blue iron stains of the bone
marrow aspirates and cores of the iron transfer block subdivision of the
Kalafong patients

The iron stores for the group of Kalafong patients with no iron transfer block were

normal for 7 of 23 (30%) of the patients, increased for 3 of 23 (13%) of the patients and

for 13 of 23 (57%) of the patients in this group the iron stores were reduced. The iron
stores for the group of Kalafong patients with iron transfer block were normal for 3 of

23 (13%) of the patients, increased for 16 of 23 (70%) of the patients and for 4 of 23

(17%) of the patients in this group the iron strores were reduced. Not all patients with

an iron transfer block had increased iron stores. This can be ascribed to the concomitant

existence of true iron deficiency.

8.1.2) Serum iron markers and determination of the iron status of the iron
transfer block subdivision of the Kalafong patients

The following serum iron markers were evaluated; serum iron, transferrin, transferrin

saturation, ferritin, soluble transferrin receptor, transferrin/log ferritin and soluble

transferrin receptor/log ferritin.
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Serum iron was
® not significantly different between the group of Kalafong patients with iron
transfer block (9.1 = 7.5 wmol/1; n = 25) and the group of Kalafong patients
without iron transfer block (10.8 = 9.6 umol/1; n = 23).
® The laboratory values for normal serum iron are between 10-30 wmol/1.

The group of Kalafong patients without iron transfer block had low serum iron due to

the inclusion of many patients with true iron deficiency.

Serum transferrin was
® significantly lower (p-value < 0.0001) in the group of Kalafong patients with
iron transfer block (1.3 = 0.42 g/I; n = 24) compared to the group of
Kalafong patients without iron transfer block (2.3 £ 0.92 g/1; n = 23).
® The laboratory values for normal serum transferrin are between 2-3.6 g/1.

Transferrin is a negative acute phase protein and a decrease in transferrin is characteristic

of the presence of iron transfer block.

Percentage transferrin saturation was
® not significantly different between the group of Kalafong patients with iron
transfer block (27.7 + 21.7%; n = 22) and the group of Kalafong patients
without iron transfer block (32.3 £ 52.5%; n = 23).
® The laboratory values for normal percentage transferrin saturation are
between 15-50% in females and between 20-50% in males.

The percentage transferrin saturation is determined not only by serum iron but also by
serum transferrin levels. In the group of Kalafong patients with iron transfer block the
percentage transferrin saturation was thus normal because of the low serum iron and low

transferrin.

Serum ferritin was
® significantly higher (p-value < 0.0001) in the group of Kalafong patients with
iron transfer block (2709.6 = 4210.9 ug/l; n = 25) compatred to the group of
Kalafong patients without iron transfer block (2113.8 £ 9465 ug/1; n = 23).
® The laboratory values for normal serum ferritin are between 11-306.8 pg/1 in
females and between 23.9-336.2 g /1 in males.
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Serum ferritin is an acute phase protein and is elevated in the presence of an
inflammatory reaction. The high mean for serum ferritin in the group of Kalafong

patients with no iron transfer block was as a result of a patient included in this group

with a serum ferritin value of more than 45500 pg/1.

Transferrin/log ferritin ratio was
® significantly lower (p-value = 0.002) in the group of Kalafong patients with
iron transfer block (0.48 £ 0.28; n = 24) compared to the group of Kalafong
patients without iron transfer block (2 £ 1.9; n = 23).

A decrease in the transferrin/log ferritin ratio is characteristic of an iron transfer block.

The soluble transferrin receptor was
® significantly lower (p-value < 0.0001) in the group of Kalafong patients with
iron transfer block (7.1 * 4.4 pg/ml; n = 25) compared to the group of
Kalafong patients without iron transfer block (18.5 = 12.1 pg/ml; n = 23).
® The ELISA kit’s values for normal soluble transferrin receptor are between
2.9-8.3 ug/ml.

The soluble transferrin receptor is normal or only slightly increased in the presence of an
iron transfer block but with true iron deficiency it is markely elevated (83). In the group
of Kalafong patients without the iron transfer block a pronounced elevation of the
soluble transferrin receptor was shown indicating the presence of true iron deficiency.
This underlines the fact that many of the Kalafong patients without iron transfer block

did not have normal iron status, but true iron deficiency.

The soluble transfertin receptor/log ferritin ratio was
® significantly lower (p-value = 0.011) in the group of Kalafong patients with
iron transfer block (2.6 £ 1.9; n = 25) compared to the group of Kalafong
patients without iron transfer block (16.5 = 23.9; n = 23).

A decrease in the soluble transferrin receptor/log fetritin ratio is characteristic of an iron
transfer block, whereas the tremendously increased soluble transferrin receptor/log

ferritin ratio is characteristic for true iron deficiency. This once again indicated the
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presence of true iron deficiency in many of the Kalafong patients without iron transfer

block.

8.1.3) Red blood cell indices of the iron transfer block subdivision of the
Kalafong patients
The evaluation of various red blood cell indices, influenced negatively by an iron transfer

block, also contributes to the evaluation of a patient’s iron status.

The red blood cell count was
® not significantly different between the group of Kalafong patients with iron
transfer block (2.5 £ 0.95 x 1012/I; n = 25) and the group of Kalafong
patients without iron transfer block (2.9 £ 1.4 x 1012/, n = 23).

® The red blood cell counts were low compared to the normal ranges of 4.13-
5.67 x 1012/1 for females and 4.89-6.11 x 1012/1 for males.

The low red blood cell counts was as a result of not only functional iron deficiency, with
or without the presence of an iron transfer block, but was also the result of many other

pathologies found in the Kalafong patients.

Haemoglobin was
® not significantly different between the group of Kalafong patients with iron
transfer block (7.3 £ 3.2 g/dl; n = 25) and the group of Kalafong patients
without iron transfer block (7.5 £ 4.1 g/dl; n = 23).

® The laboratory values for normal haemoglobin are between 12.1-16.3 g/dl
for females and between 14.3-18.3 g/dl for males.

Haematocrit was
® not significantly different between the group of Kalafong patients with iron
transfer block (0.22 + 0.09 1/1; n = 25) and the group of Kalafong patients
without iron transfer block (0.24 £ 0.13 1/1; n = 23).

® The laboratory values for normal haematoctit are between 0.370-0.490 1/1 for
females and between 0.430-0.550 1/1 for males.

The mean corpuscular volume was
® not significantly different between the group of Kalafong patients with iron
transfer block (89.8 £ 13 fl; n = 25) and the group of Kalafong patients
without iron transfer block (83.9 £ 18.6 fl; n = 23).

® The laboratory values for normal mean corpuscular volume are between
79.1-98.9 fl.
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The mean corpuscular volume for the group of Kalafong patients was normal when
compared to the normal laboratory values. It is known that the anaemia of chronic

disease is mostly normocytic and normochromic (73, 87).

The mean corpuscular haemoglobin was
® not significantly different between the group of Kalafong patients with iron
transfer block (29.1 £ 5 pg; n = 25) and the group of Kalafong patients
without iron transfer block (26.2 = 7.7 pg; n = 23).

¢ The laboratory values for normal mean corpuscular haemoglobin are
between 27-32 pg.

The mean corpuscular haemoglobin was normal for the group of Kalafong patients with
iron transfer block, but below normal for the group of Kalafong patients without iron
transfer block. Many patients with true iron deficiency were included in the group of
Kalafong patients with no iron transfer block. The anaemia of true iron deficiency is
mostly a microcytic, hypochromic anaemia with the anaemia of chronic disease mostly a

normocytic, normochromic anaemia.

The mean corpuscular haemoglobin concentration was
® significantly higher (p-value = 0.024) in the group of Kalafong patients with
iron transfer block (32.4 £ 1.9 g/dl; n = 25) compared to the group of
Kalafong patients without iron transfer block (30.8 £ 2.7 g/dl; n = 23).

® The normal ranges for the mean corpuscular haemoglobin concentration are
between 32-36 g/dL.

Similar to the mean corpuscular haemoglobin the mean corpuscular haemoglobin
concentration was low-normal for the group of Kalafong patients with iron transfer

block and below normal for the group of Kalafong patients with no iron transfer block.

The red blood cell distribution width was
® not significantly different between the group of Kalafong patients with iron
transfer block (19.7 £ 5.5%; n = 24) and the group of Kalafong patients
without iron transfer block (22.3 £ 7.5%; n = 23).

® The laboratory values for normal red blood cell distribution width are
between 11.6-14 %.
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The red blood cell distribution width was above normal for both the group of Kalafong
patients with iron transfer block and the group of Kalafong patients with no iron
transfer block. An increase in the red blood cell distribution width occuts for both

anaemia of chronic disease and for the anaemia of true iron deficiency.

The RPI was
® not significantly different between the group of Kalafong patients with iron
transfer block (0.41 + 0.41; n = 10) and the group of Kalafong patients
without iron transfer block (0.84 £ 0.89; n = 12).

The reticulocyte production index was below 2.5 for both the group of Kalafong
patients with iron transfer block and the group of Kalafong patients with no iron
transfer block. A reticulocyte production index of below 2.5 indicates a suppressed bone

marrow response.

In this section the Prussian blue iron stains of the bone marrow aspirates and cores, the
serum iron markers and the red blood cell indices were used to subdivide the Kalafong
patients into a group of patients with iron transfer block and a group of patients without
iron transfer block. This was done irrespective of their immune status. This subdivision
will be used to investigate the expression of the H-subunit and L-subunit of ferritin in

bone marrow macrophages and the cells of the erythron with an iron transfer block.

8.2) Loss of the relationship between storage iron, bio-available iron and red
blood cell production in the group of Kalafong patients with an iron
transfer block

In the group of Kalafong patients with no iron transfer block the role that iron play in

red blood cell production was clearly shown.

An increase in serum iron correlated with
® anincrease in mean corpuscular volume (r = 0.57, p-value = 0.004),
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® anincrease in mean corpuscular haemoglobin (r = 0.59, p-value = 0.003) and

® an increase in mean corpuscular haemoglobin concentration (r = 0.50, p-
value = 0.010).

An increase in transferrin correlated with
® adecrease in mean corpuscular volume (r = 0.58, p-value = 0.004),
® adecrease in mean corpuscular haemoglobin (r = 0.69, p-value = 0.0003) and

® adecrease in mean corpuscular haemoglobin concentration (r = 0.82, p-value
< 0.0001).

An increase in soluble transferrin receptor correlated with
® anincrease in haemoglobin (r = 0.71, p-value = 0.0001),
® anincrease in haematocrit (r = 0.66, p-value = 0.0000),
® an increase in mean corpuscular volume (r = 0.46, p-value = 0.027),
® anincrease in mean corpuscular haemoglobin (r = 0.53, p-value = 0.01) and

® an increase in mean corpuscular haemoglobin concentration (r = 0.64, p-
value = 0.001).

A decrease in transferrin/log ferritin ratio correlated with

® an increase in mean corpuscular haemoglobin concentration (r
value = 0.0003).

0.69, p-

A decrease in the red blood cell distribution width correlated with

® anincrease in haemoglobin (r = 0.70, p-value = 0.0002) and

® an increase in haematocrit (r = 0.68, p-value = 0.0003).
In the group of Kalafong patients with an iron transfer block no direct role was indicated
for iron in red blood cell production as was shown for the group of Kalafong patients
with no iron transfer block. The results showed that with an iron transfer block the iron
status is only one of the factors that contribute to the decrease in red blood cell
production. The other factors that play a role include suppression of the proliferation of
erythroid progenitor cells, decrease in the synthesis of erythropoietin, decrease in the
sensitivity of erythroblasts to erythropoietin and a decrease in red blood cell life span
(73).  Iron status is therefore not the major determinant of proper red blood cell

production in patients with an iron transfer block.
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8.3) Expression of the H-subunit and L-subunit of ferritin in macrophages and
cells of the erythron in the group of Kalafong patients with an iron transfer
block compared to the group of Kalafong patients with no iron transfer
block

In this study the expression of the H-subunit in the macrophages of the bone marrow in

the group of Kalafong patients with an iron transfer block (99.5 £ 41 counts/Um* n =

22) was marginally higher (p-value = 0.06) than in the group of Kalafong patients

without an iron transfer block (78.5 £ 30.8 counts/[um? n = 23). For the expression of

the L-subunit in the macrophages there was no difference between the group of

Kalafong patients with an iron transfer block (113.1 £ 39.4 counts/im? n = 21) and the

group of Kalafong patients without an iron transfer block (113.6 £ 40.3 counts/m? n =

23). 'There was no significant difference for the H-subunit/L-subunit ratio in the

macrophages between the group of Kalafong patients with an iron transfer block (1 £

0.57; n = 21) and the group of Kalafong patients without an iron transfer block (0.76 *

0.39; n =23).

There were no significant differences for the expression of the H-subunit of ferritin in
the cells of the erythron between the group of Kalafong patients with an iron transfer
block (141.5 £ 50.9 counts/Um? n = 22) and the group of Kalafong patients without an
iron transfer block (135.1 £ 57.1 counts/um?* n = 23). For the expression of the L.-
subunit of ferritin in the cells of the erythron there was no significant difference between
the group of Kalafong patients with iron transfer block (211.5 £ 59.6 counts/Um* n =
21) and the group of Kalafong patients without an iron transfer block (217.5 * 76.1
counts/ umz; n = 23). There was no significant difference for the H-subunit/L-subunit

ratio in the cells of the erythron between the group of Kalafong patients with iron
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transfer block (0.74 £ 0.44; n = 21) and the group of Kalafong patients without an iron

transfer block (0.68 + 0.36; n = 23).

The increase in only the H-subunit of ferritin in the macrophage in the group of
Kalafong patients with iron transfer block was similar to the group of Kalafong patients
with elevated C-reactive protein and to the group of Kalafong patients with elevated
neopterin. Both the group of Kalafong patients with elevated C-reactive protein and the
group of Kalafong patients with elevated neopterin showed a pro-inflammatory, T-helper
cell type-1 response. The immune status for the the group of Kalafong patients with
iron transfer block and the group of Kalafong patients with no iron transfer block is

discussed in a following section.

8.4) Relationship between the H-subunit/L-subunit ratio in cells of the
erythron and the mean corpuscular volume and the mean corpuscular
haemoglobin in the group of Kalafong patients with an iron transfer block

In the group of Kalafong patients with an iron transfer block an increase in the H-

subunit/L-subunit ratio in cells of the erythron correlated with a decrease in mean

corpuscular volume (r = 0.55, p-value = 0.008) and a decrease in mean corpuscular
haemoglobin (r = 0.42, p-value = 0.049). This suggests that an increase in H-subunit
rich ferritins in the cells of the erythron might play a role in the amount of iron available

for haemoglobin synthesis.

Iron taken up by the red blood cell precursors either as ferritin with rhopheocytosis or as
transferrin via the transferrin receptor pathway is incorporated into ferritin in the red
blood cell precursors before this iron is used for haemoglobin production (9, 104). In

the present study it was shown that with an increase in H-subunit rich ferritins in red
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blood cell precursors less haemoglobin was produced. Therefore, it could be said that

these H-subunit rich ferritins withholds iron from haemoglobin production.

8.5)  Relationship between the L-subunit of ferritin in cells of the erythron and
the mean corpuscular volume and the mean corpuscular haemoglobin in
the group of Kalafong patients with an iron transfer block

In the group of Kalafong patients with an iron transfer block a positive correlation was

shown between the L-subunit of ferritin in the cells of the erythron and the mean

corpuscular volume (r = 0.53, p-value = 0.014) and the mean corpuscular haemoglobin (r

= 0.53, p-value = 0.013). This correlation might reflect an increase in iron reaching the

cells of the erythron. It is known that the expression of the L-subunit of ferritin is
closely related to the intracellular labile iron pool. Translation of the L-subunit mRNA is
increased by binding of iron to the iron responsive protein resulting in an unoccupied
iron responsive element site on the L-subunit mRNA which is then available for binding
of the translation complex (58). This results in an increase in the expression of the L-

subunit of ferritin with an increase in the labile iron pool.

8.6) Relationship between the soluble transferrin receptor and the red blood
cell distribution width in the group of Kalafong patients with an iron
transfer block

Different factors play a role in the anaemia of chronic disease including an iron transfer

block (73). That the iron transfer block could be a contributing factor in the anaemia

associated with chronic inflammation was shown for the group of Kalafong patients with
an iron transfer block. A correlation was shown between an increase in soluble

transferrin receptor with an increase in the red blood cell distribution width (r = 0.79, p-

value < 0.0001) for the group of Kalafong patients with an iron transfer block. An

increase in the soluble transferrin receptor is known to occur with a reduction in the
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amount of iron reaching the red blood cell precursors (83). The resulting increase in the
red blood cell distribution width occurs as a result of differences in the amount of
haemoglobin in the red blood cells and the subsequent variation in the red blood cell’s

volume (88).

8.7)  Cytokine levels of the iron transfer block subdivision of the Kalafong
patients

When the pro-inflammatory immune status as reflected by C-reactive protein and

neopterin was compared between the group of Kalafong patients with iron transfer block

and the group of Kalafong patients without iron transfer block it was found that the

group of Kalafong patients with iron transfer block showed a significantly higher level of

pro-inflammatory activity. C-reactive protein was significantly higher (p-value = 0.0004)

in the group of Kalafong patients with an iron transfer block (84.1 £ 83.2 mg/l; n = 25)
compared to the group of Kalafong patients without an iron transfer block (14.5 £ 22.3
mg/l; n = 23). Neopterin was also significantly higher (p-value = 0.0004) in the group of
Kalafong patients with an iron transfer block (31.7 £ 24.5 ng/ml; n = 25) compated to

the group of Kalafong patients without an iron transfer block (9.2 £ 14.5 ng/ml; n = 23).
Furthermore, it was found that an increase in neopterin correlated with a decrease in
transferrin (r = 0.47, p-value = 0.019). Therefore with an increase in cellular immune
activation (T-helper cell type-1 response) a decrease in transferrin was shown. A

decrease in transferrin is characteristic of iron transfer block.

This pronounced pro-inflammatory immune status indicated by the significantly elevated
C-reactive protein and neopterin levels for the group of Kalafong patients with iron
transfer block was reflected in the cytokine profile of these patients. Cytokines have
previously been shown to play a significant role in the establishment of an iron transfer

block (56, 74, 75, 76, 77). Various cytokines are known to contribute to the
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establishment and maintenance of an iron transfer block whereas some cytokines are
known to play a major part in resolving the iron transfer block (78). Cytokines make use
of different intracellular pathways but also overlapping pathways resulting in cross-talk
between different cytokines where specific cytokines can augment or down-regulate the
effects of other cytokines (34). Therefore, the establishment and the maintenance of an
iron transfer block depend not only on the type of cytokines but also on the combination
of these cytokines. In the group of Kalafong patients with an iron transfer block
compared to the group of Kalafong patients with no iron transfer block the pro-
inflammatory cytokines that were significantly higher included INF-y, 11-6, 11-8 and 11-2.
No significant increases were shown for 11-12 and GM-CSF in the group of Kalafong
patients with iron transfer block compared to the group of Kalafong patients with no
iron transfer block.

INF-y was
® significantly higher (p-value = 0.0007) in the group of Kalafong patients with
iron transfer block (14.8 £ 33.7 pg/ml; n = 24) compared to the group of
Kalafong patients with no iron transfer block (16.5 £ 76.2 pg/ml; n = 23),
® significantly higher (p-value = 0.043) in the group of Kalafong patients with
iron transfer block compared to the osteoarthritis patients (0.1 £ 0 pg/ml; n
= 10) and
® ot significantly different between the group of Kalafong patients with no
iron transfer block and the osteoarthritis patients.
11-6 was
® significantly higher (p-value = 0.002) in the group of Kalafong patients with
iron transfer block (525.4 + 1782.4 pg/ml; n = 25) compared to the group of
Kalafong patients with no iron transfer block (453.1 * 2025.5 pg/ml; n =
23),
® significantly higher (p-value = 0.0005) in the group of Kalafong patients with
iron transfer block compared to the osteoarthritis patients (5 £ 2.1 pg/ml; n
=10) and
® ot significantly different between the group of Kalafong patients with no
iron transfer block and the osteoarthritis patients.
11-8 was
® significantly higher (p-value = 0.0001) in the group of Kalafong patients with
iron transfer block (321.1 £ 893.6 pg/ml; n = 25) compared to the group of
Kalafong patients with no iron transfer block (89.4 £ 246.5 pg/ml; n = 23),
® significantly higher (p-value = 0.0007) in the group of Kalafong patients with
iron transfer block compared to the osteoarthritis patients (18.9 £ 6.4; n =
10) and
® not significantly different between the group of Kalafong patients with no
iron transfer block and the osteoarthritis patients.
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11-2 was

® not significantly different between the group of Kalafong patients with iron
transfer block (11 + 6.9 pg/ml; n = 25) and the group of Kalafong patients
with no iron transfer block (9.6 7.3 pg/ml; n = 23),

® significantly higher (p-value = 0.047) in the group of Kalafong patients with
iron transfer block compared to the osteoarthritis patients (6.7 £ 4.9 pg/ml;
n = 10) and

® not significantly different between the group of Kalafong patients with no

iron transfer block and the osteoarthritis patients.
11-12 was

® not significantly different between the group of Kalafong patients with iron
transfer block (4 * 3.4 pg/ml; n = 25) and the group of Kalafong patients
with no iron transfer block (5.4 + 4.3 pg/ml; n = 23),

® significantly higher (p-value = 0.0009) in the group of Kalafong patients with
iron transfer block compared to the osteoarthritis patients (1.1 £ 1.3 pg/ml;
n = 10) and

® significantly higher (p-value = 0.0001) in the group of Kalafong patients with
no iron transfer block compared to the osteoarthritis patients.

GM-CSF was

® not significantly different between the group of Kalafong patients with iron
transfer block (15.2 £ 48.6 pg/ml; n = 24) and the group of Kalafong
patients with no iron transfer block (10.9 + 17.4 pg/ml; n = 23),

® not significantly different between the group group of Kalafong patients with
iron transfer block and the osteoarthritis patients (3.6 £ 6.2; n = 10) and

®  marginally higher (p-value = 0.085) in the group of Kalafong patients with no
iron transfer block compared to the osteoarthritis patients.

These pro-inflammatory cytokines could all contribute to the establishment and
maintenance, cither directly or indirectly, of the iron transfer block. The role of Il-6 in
the establishment and maintenance of an iron transfer block is complicated. 1l-6 is
generally seen as a pro-inflammatory cytokine although I1-6 does not bring about NO
production and can bring about an anti-inflammatory macrophage phenotype (40). 1I-6
utilises the JAK/Stat signalling pathway involving the Janus family of tyrosine kinases
(JAK kinases). Stimulation of this pathway by I1-6, similar to II-1B, results in activation
of the Stat3 transcription factor (105). Stat3 results in transcription of genes of inhibitory
pathways, which brings about an anti-inflammatory macrophage phenotype (1006).
However, 11-6 possibly plays a role in the establishment of the iron transfer block by the
stimulation of the secretion of hepcidin by hepatocytes (79). A major role for hepcidin
has been proposed in causing an iron transfer block during an inflammatory reaction

(79). Hepcidin results in an increase in iron retainment in macrophages and enterocytes
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by decreasing the availability of the transmembrane protein, ferroportin, on the cellular
membranes. Ferroportin is responsible for the efflux of iron from macrophages and
enterocytes and thus when ferroportin is not available on the cell membrane less iron is
released into the circulation. In the macrophage this will significantly contribute to the

increased amounts of storage iron during an inflammatory reaction (79).

The pro-inflammatory cytokine, TNF-0, was not significantly different between the
group of Kalafong patients with iron transfer block and the group of Kalafong patients
with no iron transfer block, but marginally higher in the group of Kalafong patients with
iron transfer block when compared to the osteoarthritis patients. TNF-o is able to
mediate macrophage activation along one of two pathways. One pathway plays a role in
wound repair and is characterised by the induction of insulin-like growth factor. The
second pathway is involved in macrophage cytocidal activation and is characterised by
the induction of the inducible form of nitric oxide synthase (iINOS). It is this second
pathway, which would predominate during a pro-inflammatory immune reaction with the

production of iNOS. However, TNF-0 only activates this pathway in the presence of
INF-y whereas the first pathway can be activated by TNF-a without the presence of
INF-y (107). Therefore, TNF-ot is perhaps redundant for the establishment and

maintenance of an iron transfer block since INF-Y is the most potent activator of iNOS
(40).

TNF-o was

® not significantly different between the group of Kalafong patients with iron
transfer block (3.8 £ 2.9 pg/ml; n = 25) and the group of Kalafong patients
with no iron transfer block (3.2 + 1.9 pg/ml; n = 23),

®  marginally higher (p-value = 0.071) in the group of Kalafong patients with
iron transfer block compared to the osteoarthritis patients (2.5 + 0.96 pg/ml;
n = 10) and

® ot significantly different between the group of Kalafong patients with no
iron transfer block and the osteoarthritis patients.
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The cytokine, 1I-1B, was not significantly different between any of the groups. II-1B is
also generally known as a pro-inflammatory cytokine. However, I1-1P has been shown to

bring about an anti-inflammatory macrophage phenotype. 1I-1f utilises the JAK/Stat
signalling pathway involving the Janus family of tyrosine kinases (JAK kinases).
Stimulation of this pathway by II-1B, similar to II-6, results in activation of the Stat3
transcription factor (105). Stat3 results in transcription of genes of inhibitory pathways,

which brings about an anti-inflammatory macrophage phenotype (40, 106). Therefore, it
is very likely that II-1B did not contribute to the establishment and maintenance of an
iron transfer block in the Kalafong patients.

[1-1P was
® not significantly different between the group of Kalafong patients with iron
transfer block (5.5 £ 10.3 pg/ml; n = 25), the group of Kalafong patients
without iron transfer block (3.4 £ 6.1 pg/ml; n = 23) and the osteoarthritis
patients (1.6 £ 3.3 pg/ml; n = 10).

The cytokine, I1-5, was the only T-helper cell type-2 cytokine that was significantly higher
in the group of Kalafong patients with an iron transfer block compared to the group of
Kalafong patients with no iron transfer block. 1I-5 is, in essence, a T-helper cell type-2
cytokine, but belongs to the GM-CSF/I1-3 subgroup (89). In contrast to GM-CSF and
11-3 no effect on monocytes for II-5 has been shown (90). However, it has been shown
that II-5, as for GM-CSF and 1I-3, displayed proliferative effects on both microglia and
macrophage cell lines (91). Furthermore, both II-5 and 11-3 has been shown to bind and
activate the GM-CSF receptor present on monocytes (44). It is therefore suggested that
11-5 could have contributed to the establishment of the iron transfer block.
11-5 was
e significantly higher (p-value = 0.045) in the group of Kalafong patients with
iron transfer block (4.2 + 4.3 pg/ml; n = 25) compared to the group of
Kalafong patients with no iron transfer block (2.3 1.3 pg/ml; n = 23),

® marginally higher (p-value = 0.07) in the group of Kalafong patients with
iron transfer block compared to the osteoarthritis patients (2.4 £ 1.6 pg/ml;
n=10) and

® not significantly different between the group of Kalafong patients with no
iron transfer block and the osteoarthritis patients.
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The T-helper cell type-2 cytokine, I1-10, was not significantly different between the group
of Kalafong patients with iron transfer block and the group of Kalafong patients with no
iron transfer block, but was significantly higher for both these groups compared to the
osteoarthritis group. The anti-inflammatory cytokine, II-10, results in decreased
production of pro-inflammatory cytokines (transcriptional repression perhaps through
the up-regulation of the formation of p50 homodimers of NF-kB and/or the expression
of Bcl-3, which preferentially recruits p50 homodimers of NF-KB — negative effect on
pro-inflammatory gene transcription) into the nucleus (41). Therefore, the role that 11-10
plays in the establishment and maintenance of the iron transfer block as an anti-
inflammatory cytokine is perhaps not clear. However, in previous studies it has been
shown that II-10 can up-regulate the transferrin receptor on the cell membrane of the
macrophage resulting in an increase in transferrin receptor-mediated uptake of iron (73,
78). Furthermore, has it been shown that I1-10 contributes to macrophage haemoglobin
acquisition by stimulating the expression of the haemoglobin scavenger receptor, CD163
(78).
11-10 was
® not significantly different between the group of Kalafong patients with iron
transfer block (15.2 * 19.9 pg/ml; n = 25) and the group of Kalafong
patients with no iron transfer block (23.5 £ 68 pg/ml; n = 23),

® significantly higher (p-value = 0.005) in the group of Kalafong patients with
iron transfer block compared to the osteoarthritis patients (2.7 £ 1.5 pg/ml;
n = 10) and

® significantly higher (p-value = 0.014) in the group of Kalafong patients with
no iron transfer block compared to the osteoarthritis patients.

The anti-inflammatory cytokine 1l-4 is able to markedly suppress transcriptional
activation of INF-y responsive genes and the promoter sequences required for both
INF-vy and Il-4 sensitivity are identical. INF-y activates Statl and Il-4 activates Stat0,
where Statl promotes transcription and Stat6 is inactive. Therefore, 11-4 appears to
suppress INF-y-inducible pro-inflammatory gene expression through the ability of Stat6

to compete with Statl for occupancy of promoter sites necessary for INF-y-induced
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transcriptional initiation (108). In the present study, I1-4 was neither higher in the group
of Kalafong patients with iron transfer block, nor in the group of Kalafong patients with

no iron transfer block compared to the osteoarthritis patients.

11-4 was
® not significantly different between the group of Kalafong patients with iron
transfer block (2.7 + 1.9 pg/ml; n = 25), the group of Kalafong patients with
no iron transfer block (2.2 £ 2 pg/ml; n = 23) and the osteoarthritis patients
(2.5% 2.2 pg/ml; n = 10).

There was no significant difference for TGF-B between the group of Kalafong patients
with iron transfer block and the group of Kalafong patients with no iron transfer block.

However, TGF-B was significantly lower for both these groups when compared to the

osteoarthritis patients. This significant increase of TGF-B in the osteoarthritis patients
was discussed in a previous section.
TGF-B was
® not significantly different between the group of Kalafong patients with iron
transfer block (10.4 £ 5.6 ng/ml; n = 24) and the group of Kalafong patients
with no iron transfer block (12.8 & 8.3 ng/ml; n = 23),

® significantly lower (p-value = 0.0001) in the group of Kalafong patients with
iron transfer block compared to the osteoarthritis patients (18.3 + 4.1 ng/ml;
n = 10) and

® significantly lower (p-value = 0.016) in the group of Kalafong patients with
no iron transfer block compared to the osteoarthritis patients.

The question now remains whether any relationship could be expected between specific
cytokines and any of the serum iron markers or red blood cell indices. In the group of
Kalafong patients with an iron transfer block no correlations was shown for any of the
pro-inflammatory cytokines and serum iron markers or red blood cell indices. Although
no direct role for any of the T-helper cell type-1 cytokines was shown, an increase in
TGF-B (anti-inflammatory cytokine) correlated with an increase in transferrin (r = 0.48,

p-value = 0.02). The opposite of what occurs with an iron transfer block.
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8.8)  Pro-hepcidin and caeruloplasmin levels for the iron transfer block
subdivision

For pro-hepcidin there was no significant difference between the group of Kalafong

patients with iron transfer block (194 281 ng/ml; n = 25) and the group of Kalafong

patients without iron transfer block (151.6 £ 44.7 ng/ml; n = 23). As was previously

mentioned, pro-hepcidin levels not necessarily reflect the hepcidin levels. The pro-

hepcidin/hepcidin relationship can only be established when a suitable commercial

ELISA kit is available.

There was no significant difference for caeruloplasmin between the group of Kalafong
patients with iron transfer block (0.44 £ 0.16 g/1; n = 23) and the group of Kalafong

patients without iron transfer block (0.49 £ 0.14 g/1; n = 23).

8.9) In summary on the expression of the H-subunit and L-subunit of ferritin
in the iron transfer block subdivision of the Kalafong patients
The expression of the H-subunit of ferritin in the bone marrow macrophage was
marginally higher in the group of Kalafong patients with iron transfer block compared to
the group of Kalafong patients with no iron transfer block. The expression of the L-
subunit of ferritin in the bone marrow macrophage was not significantly different
between the group of Kalafong patients with iron transfer block and the group of
Kalafong patients with no iron transfer block. Furthermore, the expression of the H-
subunit and L-subunit of ferritin in the cells of the erythron was not significantly
different between the group of Kalafong patients with iron transfer block and the group
of Kalafong patients with no iron transfer block. These findings were similar to the C-
reactive protein and neopterin subdivisions. The cytokine profile of the iron transfer

block subdivision was similar to that of the neopterin subdivision — a pro-inflammatory



.6,_

d UNIVERSITEIT VAN PRETORIA

: UNIVERSITY OF PRETORIA 293
W YUNIBESITHI YA PRETORIA

T-helper cell type-1 immune response, but for a significant increase in the T-helper cell

type-2 cytokine, I1-5.

No correlation was shown between the expression of the H-subunit and L-subunit of
ferritin in the bone marrow macrophage and any of the serum iron markers or red blood
cell indices in iron transfer block. However, correlations were shown between the
expression of the H-subunit and L-subunit of ferritin in the cells of the erythron and red
blood cell indices in iron transfer block. An increase in the H-subunit/L-subunit ratio in
cells of the erythron was shown to correlate with a decrease in the mean corpuscular
volume (r = 0.67, p-value = 0.0009) and a decrease in the mean corpuscular haemoglobin
(r = 0.50, p-value = 0.008) in the group of Kalafong patients with an iron transfer block.
An increase in the H-subunit/L-subunit ratio showed a possible increase in H-subunit
rich ferritins. These H-subunit rich ferritins could have resulted in withholding of the
iron from haemoglobin production in the cells of the erythron. Furthermore, an increase
in the L-subunit of ferritin in the cells of the erythron was shown to correlate with an
increase in the mean corpuscular volume (r = 0.53, p-value = 0.014) and an increase in
the mean corpuscular haemoglobin (r = 0.53, p-value = 0.013) in the group of Kalafong
patients with an iron transfer block. The expression of the L-subunit of ferritin has been
shown to be closely related to the amount of intracellular iron. Therefore, the increase in
the expression of the L-subunit of ferritin in the cells of the erythron could have

indicated an increase in intracellular iron available for haemoglobin production.

9) INCREASE IN THE EXPRESSION OF THE H-SUBUNIT OF
FERRITIN IN THE MACROPHAGES OF OSTEOARTHRITIS
PATIENTS AND IMPLICATIONS

In the group of osteoarthritis patients the expression of the H-subunit of ferritin in the

bone marrow macrophage was similarly increased as for the group of Kalafong patients
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with elevated C-reactive protein and the group of Kalafong patients with elevated
neopterin. This increase in the expression of the H-subunit of ferritin in the macrophage
was found despite the osteoarthritis patients not showing any pronounced pro-
inflammatory activity as reflected by their C-reactive protein and neopterin levels.
Furthermore, no increases were found for any of the pro-inflammatory cytokines. The
only cytokine that was significantly increased for the group of osteoarthritis patients was
the anti-inflammatory cytokine TGF-P. In this section the possible role that an increase
in the H-subunit of ferritin in the macrophage can play in iron metabolism and possibly

iron transfer block in osteoarthritis is addressed.

9.1) Iron status of the osteoarthritis patients
In order to investigate the possible role of the H-subunit of ferritin in an iron transfer
block the iron status of the osteoarthritis patients were determined by Prussian blue iron

stains for bone marrow cores, serum iron markers and red blood cell indices.

9.1.1) Body iron stores as evaluated by Prussian blue iron stains of the bone
marrow cores of the osteoarthritis patients

Prussian blue iron stains were done for only six of the ten osteoarthritis patients. Four

of these osteoarthritis patients had reduced iron stores, one had absent iron stores and

one had normal iron stores. The body iron stores for the osteoarthritis patients were

markedly low.

9.1.2) Serum iron markers and determination of the iron status of the
osteoarthritis patients
The results on the serum iron markers are given in small print followed by a summary on

the serum iron markers in osteoarthritis patients.
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® Serum iron was low-normal for the group of osteoarthritis patients (12.9 = 5.9
umol/l; n = 10) and not significantly different from the group of Kalafong
patients with normal C-reactive protein and the group of Kalafong patients with
normal neopterin.

® Serum transferrin was low-normal for the group of osteoarthritis patients (2 *
0.57 g/l; n = 10) and not significantly different from the group of Kalafong
patients with normal C-reactive protein and the group of Kalafong patients with
normal neopterin.

® Percentage transferrin saturation was normal for the osteoarthritis patients (30.3 &
14.4%; n = 10) and not significantly different from the group of Kalafong patients
with normal C-reactive protein but significantly higher (p-value = 0.049)
compared to the group of Kalafong patients with normal neopterin.

e Ferritin was normal for the osteoarthritis patients (94.2 & 69.6 ug/l; n = 10) and
not significantly different from the group of Kalafong patients with normal C-
reactive protein and the group of Kalafong patients with normal neopterin.

® The transferrin/log ferritin ratio was significantly lower (p-value = 0.044) in the
osteoarthritis patients (1.2 £ 0.58; n = 10) compared to the group of Kalafong
patients with normal C-reactive protein and significantly higher (p-value = 0.005)
compared to the group of Kalafong patients with elevated C-reactive protein.
When compared to the neopterin subdivision the transferrin/log ferritin ratio was
significantly higher (p-value = 0.008) in the osteoarthritis patients compared to the
group of Kalafong patients with elevated neopterin and not significantly different
from the group of Kalafong patients with normal neopterin.

® The soluble transferrin receptor was significantly lower (p-value = 0.0002) in the
osteoarthritis patients (3.3 * 1.4 pg/ml; n = 10) compared to the group of
Kalafong patients with normal C-reactive protein and significatly lower (p-value =
0.0001) compared to the group of Kalafong patients with elevated C-reactive
protein. Compared to the neopterin subdivision the soluble transferrin receptor
in the osteoarthritis patients was significantly lower (p-value = 0.004) compared to
the group of Kalafong patients with normal neopterin and significantly lower (p-
value < 0.0001) compared to the group of Kalafong patients with elevated
neopterin.

® The soluble transferrin receptor/log fetritin ratio was significantly lower (p-value
= 0.015) in the osteoarthritis patients (2 = 1.3; n = 10) compared to the group of
Kalafong patients with normal C-reactive protein and significantly lower (p-value
= 0.04) compared to the group of Kalafong patients with elevated C-reactive
protein.  Compared to the neopterin subdivision the soluble transferrin
receptor/log fetritin ratio in the osteoarthritis patients was significantly lower (p-
value = 0.045) compared to the group of Kalafong patients with normal neopterin
and significantly lower (p-value = 0.042) compared to the group of Kalafong
patients with elevated neopterin.

In summary on the serum iron markers of the osteoarthritis patients

The osteoarthritis patients showed low/reduced body iron stores and low-normal serum
iron. In this situation a marked increase in transferrin would be expected. However, the
osteoarthritis patients showed low-normal transferrin. Furthermore, the osteoarthritis
patients showed a transferrin/log ferritin ratio significantly lower than that in the group
of Kalafong patients with normal C-reactive protein but still significantly higher than that

in the group of Kalafong patients with elevated C-reactive protein. The transfetrin/log
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ferritin ratio was lower for the group of osteoarthritis patients when compared to the
group of Kalafong patients with normal C-reactive protein. This decrease in the
transferrin/log ferritin ratio is characteristic of iron transfer block. A marked dectrease
for soluble transferrin receptor was seen in the osteoarthritis patients. The soluble
transferrin receptor was abnormally low in the face of low serum iron in the
osteoarthritis patients. The soluble transferrin receptor was not only significantly lower
in the osteoarthritis patients than in the groups of Kalafong patients with normal C-
reactive protein and normal neopterin but was also significantly lower than in the group
of Kalafong patients with elevated C-reactive protein and elevated neopterin. Such a
reduced soluble transferrin receptor is expected in patients with an iron transfer block.
In addition, the soluble transferrin receptor/log ferritin ratio in the osteoarthritis patients
was not only significantly lower than in the groups of Kalafong patients with normal C-
reactive protein and normal neopterin, but also significantly lower than in the groups of

Kalafong patients with elevated C-reactive protein and elevated neopterin.

The group of osteoarthritis patients thus displayed some characteristics that could be
expected for patients with a combination of true iron deficiency and iron transfer block.
These factors were low-normal serum iron, reduced transferrin/log ferritin ratio, reduced

soluble transferrin receptor and reduced soluble transferrin receptor/log ferritin ratio.

9.1.3) Red blood cell indices of the osteoarthritis patients
The results on the red blood cell indices are given in small print followed by a summary

on the red blood cell indices in osteoarthritis patients.

® The red blood cell count was low-normal for the osteoarthritis patients (4.8 £ 0.67
x 1012/1; n = 9) and significantly higher (p-value < 0.0001) compared to the group
of Kalafong patients with normal C-reactive protein and marginally higher (p-
value = 0.057) compared to the group of Kalafong patients with normal
neopterin.
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® The haemoglobin was normal in the osteoarthritis patients (14.9 £ 1.5 g/dl; n =
10) and significantly higher (p-value < 0.0001) compared to the group of Kalafong
patients with normal C-reactive protein and significantly higher (p-value = 0.001)
compared to the group of Kalafong patients with normal neopterin.

® The haematoctit was normal in the osteoarthritis patients (0.45 = 0.051/1; n = 10)
and significantly higher (p-value < 0.0001) compared to the group Kalafong
patients with normal C-reactive protein and significantly higher (p-value = 0.003)
compared to the group of Kalafong patients with normal neopterin.

® The mean corpuscular volume was normal in the osteoarthritis patients (94.2 £ 5.7
fl;, n = 9) and significantly higher (p-value = 0.002) compared to the group
Kalafong patients with normal C-reactive protein and marginally higher (p-value =
0.082) compared to the group of Kalafong patients with normal neopterin.

® The mean corpuscular haemoglobin was normal in the osteoarthritis patients (31.1

t+ 2.2 pg; n = 9) and significantly higher (p-value = 0.0002) compared to the group
of Kalafong patients with normal C-reactive protein and marginally higher (p-
value 0.053) compared to the group of Kalafong patients with normal neopterin.

® The mean corpuscular haemoglobin concentration was normal in the
osteoarthritis patients (33 + 1.2 g/dl; n = 9) and significantly higher (p-value =
0.0003) compared to the group of Kalafong patients with normal C-reactive
protein and significantly higher (p-value = 0.03) compared to group of the
Kalafong patients with normal neopterin.

® The red blood cell distribution width was normal in the osteoarthritis patients

(12.9 £ 0.64%; n = 9) and significantly lower (p-value = 0.0004) compared to the
group of Kalafong patients with normal C-reactive protein and significantly lower
(p-value = 0.002) compared the group of Kalafong patients with normal
neopterin,

In summary on the red blood cell indices of the osteoarthritis patients

The red blood cell production was low-normal for the osteoarthritis patients. This was
most probably as a result of the low body iron stores and serum iron. None of the red
blood cell indices indicated that insufficient amounts of iron were reaching the erythron

for haemoglobin production.

9.1.4) Iron status of the osteoarthritis patients

When the results of the Prussian blue iron stains of the bone marrow core, the serum
iron markers and the red blood cell indices were evaluated for each individual
osteoarthritis patient (volume 2, chapter 6) an iron transfer block was shown for some of
the osteoarthritis patients. For 40% (four of ten patients) of the osteoarthritis patients an
iron transfer block was shown and for 60% (six of ten patients) no iron transfer block
was shown. The most pronounced changes shown for the osteoarthritis patients

characteristic of an iron transfer block were low-normal serum iron, reduced
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transferrin/log ferritin ratio, reduced soluble transferrin receptor and reduced soluble
transferrin receptor/log ferritin ratio. In addition, a decrease in transferrin was related to
an increase in the red blood cell distribution width (r = 0.67, p-value = 0.05). This is

characteristic for an iron transfer block.

9.2) Relationship between storage iron, bio-available iron, expression of the H-
subunit and L-subunit of ferritin and red blood cell production in the
osteoarthritis patients

The soluble transferrin receptor/transferrin complex is responsible for the acquiring of

iron for various cell types and especially so for the cells of the erythron (85). In the

group of osteoarthritis patients the soluble transferrin receptor was closely related to the

transferrin levels (r = 0.79, p-value = 0.006), negatively related to the percentage

transferrin saturation (r = 0.74, p-value = 0.014) and negatively related to the ferritin

levels (r = 0.75, p-value = 0.013). Therefore, with a decrease in body iron (decrease in
ferritin, decrease in transferrin saturation and increase in transferrin) the amount of

soluble transferrin receptors was probably increased in an attempt by the erythron to

acquire more iron.

Hepcidin (formed from pro-hepcidin) decreases ferroportin availability in cell
membranes.  Ferroportin transports iron out of cells and is the major iron
transmembrane channel for the movement of iron from the cytosol to the blood in
enterocytes and macrophages. As body iron increases, hepcidin is induced, which then
inhibits the efflux of iron through ferroportin down-regulation (109). This blocks
intestinal iron absorption and iron recycling from erythrocytes by macrophages. In this
study pro-hepcidin was closely related to the serum iron in the group of osteoarthritis

patients (r = 0.67, p-value = 0.034).
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The expression of the H-subunit of ferritin in the cells of the erythron was closely related
to the serum iron (r = 0.80, p-value = 0.031). This might further be suggestive of the
role that this subunit plays in rapid turnover of iron in the cells of the erythron. Due to
the H-subunit rich ferritin’s more dynamic ability of iron uptake and release it would
appear to be largely found in cells having high iron requirements for metabolic activities

and a non-existent role in iron storage (96).

The H-subunit/L-subunit ratio in the bone marrow macrophages was closely related to
the serum iron level (r = 0.82, p-value = 0.047) in the osteoarthritis patients. Therefore,
with an increase in serum iron and body iron the macrophages responded by increasing
the expression of the H-subunits relative to that of the L-subunits. It is known that the
H-subunit to L-subunit ratio of a specific type of cell does not remain constant and the
proportion of the H-subunits and L-subunits present in the ferritin shell changes during

differentiation and in various pathological states (110, 111, 112, 113).

9.3) DPossible role for the anti-inflammatory cytokine, transforming growth
factor-B, in resolving the iron transfer block in osteoarthritis patients
The osteoarthrtitis patients had a relatively normal cytokine profile similar to the group
of Kalafong patients with normal C-reactive protein and the group of Kalafong patients
with normal neopterin. However, an increase in TGF-f was found for the osteoarthritis
patients. TGF-B is an anti-inflammatory cytokine (41) and could have brought about an
increase in soluble transferrin receptor and transferrin (both are decreased by pro-
inflammatory cytokines). This was found in the osteoarthritis patients where an increase
in TGF-B correlated with an increase in soluble transfertin receptor (r = 0.67, p-value =

0.034) and an increase in transferrin (r = 0.63, p-value = 0.05).
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9.4) Cytokines and the expression of the H-subunit and L-subunit of ferritin in
osteoarthritis patients
It is generally assumed that cytokines play a major role in the expression of the H-
subunit of ferritin not only by the up-regulation of transcription but also by inducing
secretion and ferritin aggregation (58, 59, 60). In the present study on the osteoarthritis
patients some cytokines were shown to correlate with a decrease in the expression of the
subunits of ferritin. An increase in II-8 correlated with a decrease in the H-subunit of
ferritin (r = 0.81, p-value = 0.026) and a decrease in the H-subunit/L-subunit ratio in the
macrophage (r = 0.84, p-value = 0.037). An increase in II-6 correlated with a decrease in
the L-subunit of ferritin in the macrophage (r = 0.85, p-value = 0.034). This is
consistent with the role that ferritin plays in inflammation with possibly first the up-
regulation of specifically the H-subunit of ferritin followed by a decrease in the H-
subunit and L-subunit as a result of an increase in haemosiderin formation or secretion
of ferritin. An increase in II-2 correlated with a decrease in the H-subunit of ferritin in
the cells of the erythron (r = 0.73, p-value = 0.064). An increase in TNF- (r = 0.94, p-
value = 0.006) and an increase in 11-10 (r = 0.85, p-value = 0.03) correlated with a
decrease in the L-subunit of ferritin in the cells of the erythron. This negative correlation
between different cytokines and the decrease in the expression of the ferritin subunits
might point to a role for cytokines in the possible decrease of the ferritin subunits in

osteoarthritis patients.

9.5)  Pro-hepcidin and caeruloplasmin levels for the osteoarthritis patients

Pro-hepcidin was not significantly different between the osteoarthritis patients (140.6 £
30.2 ng/ml; n = 10) and any of the groups of Kalafong patients with elevated C-reactive
protein, normal C-reactive protein, elevated neopterin and normal neopterin. However,
in the group of osteoarthritis patients an increase in pro-hepcidin correlated with an

increase in serum iron (r = 0.67, p-value = 0.034). This finding is similar to the results of
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previous studies where it has been shown that the production of pro-hepcidin is
regulated by serum iron (79). Caeruloplasmin was not significantly different between the
osteoarthritis patients (0.45 £ 0.14 g/I; n = 10) and any of the groups of Kalafong
patients with elevated C-reactive protein, normal C-reactive protein, elevated neopterin

and normal neopterin.

9.6) Insummary on the osteoarthritis patients

The pro-inflammatory indicators, C-reactive protein and neopterin, of the osteoarthritis
patients were not significantly different from the groups of Kalafong patients with no
overt pro-inflammatory activity. The cytokine profiles of the osteoarthritis patients were
also similar to the groups of Kalafong patients with no overt pro-inflammatory activity
except for the significant increase in TGF-B levels in the osteoarthritis patients.
However, the osteoarthritis patients had some serum iron markers characteristic of an
iron transfer block including low-normal serum iron, reduced transfertin/log ferritin
ratio, reduced soluble transferrin receptor and reduced soluble transferrin receptor/log
ferritin ratio. In addition, a decrease in transferrin was related to an increase in the red
blood cell distribution width. However, an increase in TGF-B correlated with an
increase in soluble transferrin receptor and an increase in transferrin, both opposite for

what occurs with an iron transfer block.

The expression of the H-subunit of ferritin in the bone marrow macrophage in the
osteoarthritis patients was showed to be increased, similar to the group of Kalafong
patients with a pronounced increase in pro-inflammatory activity. However, it is thought
that this increase in the expression of the H-subunit of ferritin in the macrophage was
caused by the increase in TGF-P in the osteoarthritis patients. A very interesting finding
for the group of osteoarthritis patients was the correlation of the decrease in the

expression of the H-subunit and L-subunit of ferritin with an increase in some cytokines.
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Cytokines has been shown, in previous studies, to not only induce the transcription of
mostly the H-subunit of ferritin, but also to cause an increase in the formation of

haemosiderin and the secretion of ferritin (58, 59, 60).

In this chapter the results were discussed in five main sections a) subdivision of the
patients according to their immune status where the Kalafong patients were subdivided
firstly based on C-reactive protein levels and secondly on neopterin levels, b) the
expression of the H-subunit and L-subunit of ferritin in the bone marrow macrophage
and cells of the erythron in patients with a pro-inflammatory immune status where the
expression of the H-subunit and L-subunit of ferritin was investigated in the groups of
Kalafong patients with high C-reactive protein and high neopterin, respectively, c) the
prevalence of iron transfer block in patients with a pro-inflaimmatory immune status
where the iron status of the Kalafong patients and the possible role that the H-subunit
and L-subunit of ferritin in macrophages and cells of the erythron play in iron transfer
block were investigated, d) the expression of the H-subunit and L-subunit of ferritin in a
group of Kalafong patients with iron transfer block and a group of Kalafong patients
with no iron transfer block where the possible role that the H-subunit and L-subunit of
ferritin in macrophages and cells of the erythron play in the establishment and
maintenance of iron transfer block were investigated and finally €) a section on the
osteoarthritis patients where the expression of the H-subunit and L-subunit of ferritin in
macrophages and cells of the erythron were investigated. The next and final chapter will

present a summation of the results, conclusions and suggestions for further study.
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CHAPTER 5

FINAL SUMMARY AND CONCLUSIONS

The primary aim of the present study was to quantitatively measure the expression of the
H-subunit and L-subunit of ferritin in the bone marrow macrophage and cells of the
erythron in patients with chronic immune stimulation — more specifically chronic T-
helper cell type-1 stimulation. The expression of the H-subunit and L-subunit of ferritin
has not previously been measured quantitatively in the bone marrow macrophage and
cells of the erythron in relation to patients’ immune status. A second aim was to
investigate the possible role that the expression of the H-subunit and L-subunit of
ferritin may have in the establishment and maintenance of an iron transfer block in

patients with chronic immune stimulation.

The study subjects included 48 patients with chronic diseases from the Department of
Internal Medicine, Kalafong Hospital and 10 patients with osteoarthritis, scheduled for
hip replacement at the Department of Orthopaedics, Pretoria Academic Hospital. Bone
marrow and blood samples were collected from each patient. The diagnoses of the
patients from Kalafong Hospital were diverse and resulted in an extremely heterogenous
group of patients. For the purpose of this study the immune status and iron status were

used to group these patients.

The first objective of the study was to subdivide patients according to their immune

status. Both neopterin and C-reactive protein levels are often used to assess the pro-
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inflammatory status of patients. The Kalafong patients were thus subdivided, firstly
based on C-reactive protein levels and secondly on neopterin levels. Although a
significant correspondence was seen between the patients in whom high C-reactive
protein and patients in whom high neopterin levels were recorded, it was found that
there were patients in whom neopterin levels gave a different picture in terms of their
inflammatory status from that assumed from their C-reactive protein values. This, for
reasons explained in the relevant sections of the discussion, was not an unexpected
finding. In view of potential subtle differences in immune status, the subdivision
according to C-reactive protein and that according to neopterin were henceforth tested
independently and were, despite the large overlap in patients, referred to as the C-reactive

protein and neopterin groups or subdivisions.

The pro-inflaimmatory status of the C-reactive protein and neopterin subdivisions was
subsequently examined by their cytokine profiles. The cytokine profiles were

investigated in terms of the macrophage phenotype-associated cytokines, i.e., those

related to the classically activated macrophage which is an effector in T-helper cell type-1
cellular immune responses, those related to the type-2 or anti-inflammatory macrophage
that preferentially effects T-helper cell type-2 humoral responses, and those related to the
alternatively activated macrophage predominantly involved in immunosuppression and
tissue repair. The cytokine profiles confirmed that the subdivisions according to high C-

reactive protein and high neopterin, respectively, did represent patient groups with high

pro-inflammatory activity.

The osteoarthritis group showed no pronounced pro-inflammatory activity, similar to the
group of Kalafong patients with normal C-reactive protein and the group of Kalafong
patients with normal neopterin, but in contrast to these groups the osteoarthritis patients

had a significantly higher plasma TGF-B level. The high TGF- level in the
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osteoarthritis group is not unexpected since TGF-P has, for instance, been shown to play
an anabolic role in cartilage formation and to modulate cell and tissue responses to injury
().  TGF-B has, in addition, been shown to play a role in cell proliferation,
differentiation, apoptosis and migration and is, despite its ability to contribute to fibrosis
and osteophyte formation, sometimes used as a therapeutic tool in osteoarthritis (1). In
view of their particular cytokine profile, the osteoarthritis patients were, for further

analyses, subsequently treated as a separate group.

The expression of the H-subunit and IL-subunit of ferritin in the bone marrow
macrophage and cells of the erythron in patients with chronic pro-inflammatory activity,
Le., immune activity related to the classically activated macrophage was investigated
separately for the subdivisions of Kalafong patients according to high C-reactive protein
and high neopterin. The osteoarthritis patient group was treated as separate. The
Kalafong patients with chronic immune stimulation, the subdivision according to C-
reactive protein and that according to neopterin levels, showed similar changes in
expression of the H-subunit and L-subunit of ferritin. The one major difference from
normal found in expression of the ferritin subunits in the patient groups with overt pro-
inflammatory activity was that of a significantly higher H-subunit expression in the
macrophage of the bone marrow. The expression of the L-subunit in the bone marrow
macrophage in the groups of Kalafong patients with high pro-inflammatory activity did
not differ markedly from those with normal immune activity. The H-subunit/L-subunit
ratio in the macrophage was also higher in the groups of Kalafong patients with
pronounced pro-inflammatory activity possibly reflecting an increase in H-subunit rich
isoferritins. These findings of increased H-subunit, but normal L-subunit expression of
ferritin in the macrophage of the bone marrow are in line with previous indications that
pro-inflammatory cytokines have the ability to modulate ferritin expression through both

transcriptional and translational mechanisms, but that it is mostly the expression of the
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H-subunit of ferritin that is increased by pro-inflammatory cytokines (2). From a
functional point of view the observed increase in the expression of the H-subunit of
ferritin in inflammatory conditions could have a physiological advantage as it may offer
protection against increased oxidative onslaughts to the cell. The latter statement is
based on the fact that pro-inflammatory conditions stimulate the production of reactive
oxygen species (3) and that the H-subunit of ferritin can offer protection against

oxidative damage through the withdrawal of iron (4).

There were no significant differences between the pro-inflammatory and normal
Kalafong groups for either the H-subunit or L-subunit expression in the cells of the
erythron. However, in the group of Kalafong patients with elevated neopterin the H-
subunit/L-subunit ratio in the cells of the erythron was higher than in the group of
Kalafong patients with normal neopterin. This could indicate that the expression of the
H-subunit of ferritin in the cells of the erythron might be influenced by cytokines, but
not to the same extent as for the macrophage. The cells of the erythron also handle large
amounts of iron, but they do not play the same major role in the storage of iron as the

macrophage.

When the expression of the subunits was examined in the osteoarthritis patients, a
somewhat surprising observation was made. As previously discussed, the pro-
inflammatory status of the osteoarthritis group was similar to that of the Kalafong
patients with normal inflammatory status whether examined by C-reactive protein,
neopterin or pro-inflammatory cytokines. The only marked cytokine difference from
normal was seen in theit TGF-B levels that were significantly higher in the group of
osteoarthritis patients than in the other groups. However, when the ferritin subunits
were examined, the osteoarthritis group’s subunit profile corresponded to that of the

Kalafong patient groups with overt pro-inflammatory activity. From these findings it is
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tempting to imply a role for TGF-B in the enhanced expression of the H-subunit.
However, it is obvious that further investigations are required to confirm or refute this

possibility and that the results found here merely suggest further investigation into the
relationship between TGF-B and H-subunit expression. Before embarking on such work

one should perhaps ask whether a possible advantage exists for an increase in H-subunit

expression in these patients or whether the co-occurrence of an increase in H-subunit

expression and in TGF- is merely an epiphenomenon.

The second aim of this study was to investigate a possible role for the expression of the
H-subunit of ferritin in the macrophage in iron transfer block. The rationale for such an
investigation can be found firstly, in the fact that inflammatory conditions can underlie
iron retention by bone marrow macrophages, and — as seen from the results of this study
— increased H-subunit expression, and secondly, that the H-subunit of ferritin is known
to reduce the efflux of iron from cells (5, 6). As pro-inflammatory cytokines may not be
the only factors involved in the development and maintenance of the iron transfer block
the first step was to investigate the prevalence of the iron transfer block in the Kalafong
patients — against the background of their pro-inflammatory activity. The second step in
investigating a possible role for the H-subunit of ferritin in the macrophage in iron
transfer block was to subdivide the Kalafong patients on the basis of the presence or

absence of an iron transfer block — irrespective of their immune status.

In examining the prevalence of an iron transfer block in the presence of chronic pro-
inflammatory activity the results showed almost 70% of the patients with high pro-
inflammatory activity to exhibit the characteristics of an iron transfer block. However,
between 15% and 26% of patients, depending on whether C-reactive protein or
neopterin was used as indicator, who did not show overt pro-inflammatory activity, also

had an iron transfer block. These results thus confirmed the strong association between
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the development and maintenance of an iron transfer block on the one hand, and pro-
inflammatory activity on the other. It does, however, also show that the chronic pro-
inflammatory state cannot summarily be assumed to be accompanied by an iron transfer
block and consequently with the associated anaemia of chronic disease. Whether the
observation of an iron transfer block in a small number of patients without pronounced
pro-inflammatory activity was due to the stage of the disease and therefore to the phase
of the immune response, or some other factor, cannot at this point be deduced from the
results. Other potential role players in the development and maintenance of the iron

transfer block were discussed in the previous chapter.

In the second phase of investigating the possibility that the H-subunit of ferritin may
play a role in the iron transfer block, the Kalafong patients were subdivided according to
the presence or absence of an iron transfer block — irrespective of their immune status.
The subdivision into patients with and patients without an iron transfer block was made
on the grounds of assessment of the iron stores of Prussian blue stains of the bone
marrow aspirates and cores, serum indicators of iron status and red blood cell profiles.
The subdivision based solely on aspirates was made virtually impossible due to many of
the patients, in addition to iron transfer block, also suffering from true iron deficiency.
However, in addition to serum iron, serum transferrin, percentage serum transferrin
saturation, transferrin/log ferritin ratio, other factors such as soluble transferrin receptor
and soluble transferrin receptor/log ferritin ratio, as well as the red blood cell profiles,
were employed in order to group the patients. A marginally higher expression of the H-
subunit of ferritin was seen in the patients with an iron transfer block than in those
without an iron transfer block. Although not the primary aim of this study, the results
thus pointed towards a role for increased expression of the H-subunit in the bone

marrow macrophage in iron transfer block.
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The preceding paragraphs summarized the outcome of the main aims of the study.
However, a number of important observations were made that warrant reporting and
may point the way for further investigation. These are touched upon in the following

paragraphs.

In investigating the relationship between the presence of an iron transfer block and
immune activity the normal, expected relationships between storage iron, bio-available
iron and red blood cell profile was seen. This normal relationship was present in the
Kalafong groups with normal immune status, the Kalafong group with no iron transfer
block and in the osteoarthritis patients. However, these relationships were largely lost in
the immune-stimulated Kalafong patients. It would thus appear that, in conditions with
chronic pro-inflaimmatory activity, iron availability loses its primary role in the

establishment of the circulating red blood cell profile.

The study also provided indications that the H-subunit and L-subunit of ferritin may, in
patients with normal immune status, play a role in the bio-availability of iron for
haemoglobin synthesis. In the group of Kalafong patients with normal neopterin the
possibility that the H-subunit and L-subunit of ferritin may play a role in the bio-
availability of iron for haemoglobin synthesis was supported by a) the negative
correlation between the H-subunit/L-subunit ratio in the macrophage and the MCV and
MCH of the red blood cells, b) the negative cotrelation between the H-subunit/L-
subunit ratio (increase in H-subunit rich isoferritins) in the cells of the erythron and the
red blood cell MCV, c¢) the positive correlation between the expression of the L-subunit
of ferritin in the macrophage (reflecting an increase in the labile iron pool in the
macrophage and therefore a reduction in the shunting of iron to more stable pools) and
the red blood cell MCV and MCH and d) the positive correlation between the bio-

available serum iron (serum iron and percentage transferrin saturation) and the
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expression of the L-subunit of ferritin in the cells of the erythron. Similar correlations
were found in the Kalafong patients with an iron transfer block where it was seen that a)
the H-subunit/L-subunit ratio in cells of the erythron correlated negatively with the
MCV and MCH of the red blood cells and b) the expression of the L-subunit of ferritin
in the cells of the erythron correlated positively with the MCV and MCH of the red
blood cells. According to these results it would appear that an increase in H-subunit rich
ferritins in the macrophage may result in less iron being released by the macrophage due
to the possible shunting of iron to more stable pools and that an increase in the L-
subunit of ferritin in the macrophage may reflect an increase in the labile iron pool in the
macrophage and therefore a reduction in the shunting of iron to more stable pools and
an increase in the bio-availability of iron. Although the possibility that the H-subunit and
L-subunit of ferritin may play a role in the bio-availability of iron for haemoglobin
synthesis has not before been investigated 7z wivo, there are indications from
investigations in cell cultures that would appear to support the above correlations. The
first of the above deductions is in line with the results of Picard e 4/ on cultured
erythroid cells where it was shown that an increase in H-subunit rich isoferritins can
result in the rapid chelation of the labile iron pool (7) and the second deduction with that
of a study by Ruggeri ¢f al. where it was shown that the concentration of L-subunit rich
ferritins in liver, serum and cultured cells is related to iron levels (8). An, as yet,
inexplicable, but opposing, relationship was found in the immune-stimulated Kalafong
patients where a positive correlation was found between the expression of the H-subunit

of ferritin in the cells of the erythron and red blood cell MCHC.

In the osteoarthritis patients the correlations between the H-subunit and L-subunit of
ferritin and the bio-availability of iron was directly opposite to that of the Kalafong
patients with normal immune status. The H-subunit/L-subunit ratio in the bone marrow

macrophage and the H-subunit of ferritin in the cells of the erythron were closely related
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to the serum iron level. This contradiction in results between the immunological normal
Kalafong group and the osteoarthritis group needs further investigation. In fact, further
studies on the H-subunit and L-subunit of ferritin, in general, would be of interest in
osteoarthritis patients as several of the osteoarthritis patients showed characteristics of an
iron transfer block while their circulating cytokine profiles were, except for TGF-f,

relatively normal.

In the group of osteoarthritis patients a role for various cytokines in the regulation of the
levels of the H-subunit and L-subunit of ferritin was shown. Some cytokines were
shown to correlate with a decrease in the expression of the subunits of ferritin. An
increase in II-8 correlated with a decrease in the H-subunit of ferritin and a decrease in
the H-subunit/L-subunit ratio in the macrophage. An increase in I1-6 correlated with a
decrease in the L-subunit of ferritin in the macrophage. This is consistent with the role
that ferritin plays in inflammation (9) with possibly first the up-regulation of specifically
the H-subunit of ferritin followed by a decrease in the H-subunit and L-subunit as a

result of an increase in haemosiderin formation or secretion of ferritin.

Some correlations were also found between the expression of the H-subunit and L-
subunit of ferritin in cells of the erythron and cytokines. An increase in I1-2 correlated
with a decrease in the H-subunit of ferritin in the cells of the erythron. An increase in
TNF-o and an increase in 1I-10 correlated with a decrease in the L-subunit of ferritin in
the cells of the erythron. In view of the pleiotropic nature of cytokines, it would be
unwarranted to make definitive assumptions on the role that cytokines play in the

expression of the H-subunit and L-subunit of ferritin without further investigations.
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Suggestions for further investigations

In no previous study was the expression of the H-subunit and L-subunit of ferritin
measured quantitatively in bone marrow macrophages and cells of the erythron in
combination with the inflaimmatory status of patients. This study investigated the
influence of an overt pro-inflammatory state on the expression of the H-subunit and L-
subunit of ferritin. The expression/levels of the H-subunit and L-subunit of ferritin are
determined by various processes including transcription of the H-subunit and L-subunit
genes, translation of the H-subunit and L-subunit mRNA, aggregation of ferritin and
secretion of ferritin. It is suggested that the regulation of H-subunit/L-subunit levels
during inflammatory processes be further investigated by measuring the mRNA levels,
the amount of ferritin aggregation and the secretion of ferritin. By determining the
mRNA levels the change in transcription could be evaluated. Measuring mRNA with
ultrastructural iz situ hybridisation is theoretically possible and was tried. However, the
copies of mRNA transcripts were very few and even completely absent due to the harsh
treatments of fixation, dehydration and embedding. It is suggested that u situ
hybridisation of tissue prepared by cryo-fixation could be tried in order to retain more
mRNA copies. The process of secretion can also contribute to the levels of the H-
subunit and L-subunit of ferritin. By determining the plasma levels of the H-subunit and

L-subunit of ferritin this process of secretion could be investigated.
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