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Iron withholding: a defense against viral infections
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A variety of laboratory and clinical investigations during the past 15 years have observed that one of the
dangers of excessive iron is its ability to favor animal viral infections. The metal is essential for host cell
synthesis of virions and can also impair defense cell function and increase ovxidative stress. In both animal
models and humans, viral infections cause upregulation of the iron withholding defense system. Factors that
suppress the system enhance viral progression; factors that strengthen the system augment host defense.
Procedures designed to reinforce the system are being developed and tested; some of these may become
uscful adjuncts in prevention and management of viral discases,
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Introduction

A fundamental attribute of virulence of bacterial,
fungal, protozoan and ncoplastic cells is  therr
ability to obtain iron from thewr vertebrate hosts.
In response. hosts attempt to withhold the growth-
essential metal from the invading cells in several
ways., These include (i) continuous stationing ol
potent iron-hinding proteins at potential sites of
mmvasion, (i) lowering iron in body fluids and dis-
cascd tissues during mvasion, and (i) withdrawing
non-heme iron from invaded host cells (Table 1),

Although viruses do not require iron. infected
host cells need the metal to synthesize viral parti-
cles. Accordingly. it might be predicted that the iron-
withholding defense system would be intensified
during a viral mvasion. As corollarics, conditions
that impair iron withholding might enhance viral
inlections  whercas  [actors  that  strengthen  the
defense  svstem might  suppress  the  infections.
Evidence concerning these predictions i1s presented
mn Lhis paper.
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Viral infections upregulate iron
withholding

Effects of the invasion-associated iron-withholding
processes include a reduction in serum iron and
transferrin iron saturation. and an increase in serum
ferritin. The altered values indicate that the host is
responding to the invasion: as the patient recovers,
the wvalues promptly return to normal. Recent
reports illustrate that these induced processcs occur
in viral mfections. For example, in a set of 20 chil-
dren with chicken pox and seven with mumps
(Cemeroglu & Ozsoylu 1994), the alterations were
abserved during the clinical phase of the diseases.
When the children had recovered. the values had
returned 1o normal (Table 2).

In a4 similar study (Olivares e al. 1993), 120
healthy infants were immunized with attenuated
measles virus or with a combination of measles,
mumps and rubella viruses as models of mild viral
infections. Values for serum iron. transferrin iron
saturation and scrum ferritin were measured al the
time of inoculation and again at Y and 14 days
post-vaccination. As the mild infections developed.
serum iron and transferrin iron saturation decreased
significantly.  whercas  serum ferritin - increased
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Table 1. Selected aspects of the iron withholding
defense system®

Constitutive components
Siderophilins
Transferrin in plasma, lymphatic fluid,
cerebrospinal fluid
Lactoferrin in tcars, milk, and secrctions of
respiratory, gastrointestinal and genital tracts
Ferritin within host cells

Processes induced at time of invasion

Suppression of assimilation of dietary iron”

Suppression of iron efflux from macrophages that
have digested hemoglobin of cffete erythrocytes®

Synthesis of additional ferritin to sequester retained
iron®

Synthesis of nitric oxide (from L-arginine) to effect
wilhdrawal of non-heme iron from invaded cells

* Modified with permission from Table 1 of Weinberg (1995).
® Activated by interleukin-1 or -6 or by tumor necrosis factor-
.

¢ Activated by IFN-y.

Table 2. Mean iron values of 20 children with chicken
pox and seven children with mumps*

Stage of disease

At 21 days P
presentation  later value
Serum iron (uMm) 5.2 15.2 <0.01
Transferrin iron saturation
(%) 10.9 26.6 <0.01
Serum ferritin (ng ml™")  59.6 356 <0.01

* Adapted from a portion of data in Tablc 1 of Cemeroglu &
Ozsoylu (1994).

Median age of children: 6 years.

Values for hemoglobin, hematocrit and mean corpuscular volume
remained unchanged during the course of the diseases.

significantly. Within 3 wecks after the mild infec-
tions had resolved, normal valucs had returncd.

In the late stages of AIDS, humans become hypo-
ferremic and hyperferritinemic, and they withhold
large amounts of the metal in bone marrow,
brain white matter, muscle and liver (Boelaert et al.
1996). These alterations apparently result from
exposure of the patients to numerous onslaughts
of opportunistic bacterial, fungal and protozoan
pathogens (Blumberg et al. 1984, Boelaert et al
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1996). Presumably, the initial HIV infection that had
devetoped within a few weeks of exposure to the
virus would have resulted in a temporary alteration
of the iron values; however, published studies on this
matter are not yet available,

The hypoferrcmic response to viral infection has
been demonstrated not only in humans but also in
animal models. In mice infected with Japanese
encephalitis virus, serum iron and transferrin iron
saturation each were lowered by 60% at the peak
of the clinical phase (Bharadwaj er of. 1991), At the
samc time, hepatic iron content was clevated by
170%. Valucs returned to normal when the mice had
recovered.

In viral invasions. alteration of iron availability
occurs not only at the Ussue level but also at
the intracellular level. Interferon (IFN)-vy induces
synthesis of nitric oxide which [orms nitrosyl-
iron—sulfur complexes and thus inhibits enzymes that
employ non-heme iron prosthetic groups (Weinberg
1992, Karupiah & Harris 1995). Targeted cnzymes
include ribonucleotide reductase, cis-aconilase and
mitochondrial oxidoreductases. In a study on vac-
cinia. nitric oxide inhibited viral progeny production
by blocking viral DNA synthesis, late gene expres-
sion and virus particle formation. The action of nitric
oxide was reversed by exogenous ferrous sulfate plus
L-cysteine (Karupiah & Harris 1995). Nitric oxide-
mediated inhibition of viral replication occurred also
with herpes simplex-1 virus. Host cells protected by
nitric oxide included a human epithclial cell linc as
well as a murine primary uterine cell culture.

Viral infections are enhanced by impaired
iron withholding

The ron-withholding defensc system 1s impaired by
iron loading via parenteral, inhaled or ingested
routes of entry of the metal. In humans who become
iron loaded by these routes of entry, increased risk
of bacterial infection (Weinberg & Weinberg 1995)
and ol neoplasia (Weinberg 1996) have been exten-
sively documented. Similar risks for viral infections
have been reported after iron loading by transfusion,
inhalation or ingestion.

For example, in five HIV patients, plasma p24 was
measured immediately before and after packed red
blood cell transfusion and then |, 2 and 4 weeks
later (Mudido er al. 1994). (The iron content of
packed red blood cells is approximately 1 mg ml-'.)
No change in p24 level occurred immediately aller
transfusion. However, each patient expcrienced a
rise in p24 at 1 or 2 weeks aller transfusion; the rise



averaged 67% (25-125%) over bascline. In a study
of 196 HIV-l-infeclted patients. the frequency of
cytomegalovirus  infections  {considered by the
authors to be reactivation of latent infection) was
increased with increasing numbers of whole blood
transfusions {P < 0.01) (Sloand et af. 1994).

Tobacco contains 440 -1150 pg iron g and ciga-
rette paper 420 pg iron ¢ '. Approximalely 0.1% of
the cigarette iron is contained in  mainsiream
smoke. Thus a one pack per day smoker could inhale
several micrograms of iron per day (Weinberg 1993).
Not surprisingly, the iron burden of alveolar macro-
phapes (AM) of smokers is two to four times
greater than that of AM of non-smokers. Broncho-
alveolar macrophages. obtained from 13 otherwise
healthy smokers {(mean ol one pack per day) and 13
healthy  non-smokers,  were  inlecled  with  a
macrophage-tropic strain of IIV-1 and monitored
for virus production (Abbud ef a/. 1995) for 12 days.
Peak HIV-1 p24 antigen level in culture super-
natants of cells of the smokers was 31 394 + 8295
versus 7037 + 2550 pg ml™' in cell supernatants of
the non-smokers (P < (0.002).

In persons infected with HIV. progression to
AILDS required & mean of 8.17 months in 43 smokers
and 14.50 months in 41 non-smokers (£ = 0.003)
{(Nieman er af. 1993). In a diflerent study of HIV-1
seropositive patients (Clarke er al. 1993), the virus
was isolated from bronchoalveolar lavage cells in 31
of 43 (72%) cigarctte smokers compared with 18 of
42 (43%) non-smokers (P = 0.01).

Persons with hereditary hemochromaltosis (HH)
comprise about 0.3-0.8% ol Caucasian populalions.
Because of an apparent delect in expression ol iron-
regulated proteins in cells of the duodenal mucosa.
the patients absorb from a normal dict 2 4 mg iron
per day instead of the health-consistent quantity of
[-2 mg. The hazardous oversupply is sequestered
in parcnchymal cells of liver, heart and selected
endocrine glands.

In a set of 183 male (45 £ 11.3 vears) and 56
female (48 = 12.4 vears) HH patients. antibody to
hepatitis B virus core was found in [3% of the males
and 2.1% of the females (Deugnier ef «f. 1991). In
an age- and sex-matched control group of blood
donors, 3.7% of the males and 1.8% of the females
were  positive for the antibody. The difference
between the result in the HH males as compared
with the controls was significant (£ < 0.005),

In African sidcrosis. persons who consume a dict
high in bioavailable iron and who have a postul-
ated (non-HHY) genetic deteet accumulate massive
amounts of the metal in both hepatic parenchymal
cells and in macrophages (Gangaidzo & Gordeuk

Iron and viral infections

1995), In these perscns, a strong correlation has
been observed between hepatitis B virus surface
antigen and iron content of their Kupffer cclls and
spleens (Senba et al. 1985).

In a set of 74 patients with porphyria cutanea
tarda, 76% had antibody to hepatitis C virus as
compared with 1% of 205 normal controls P < (.001)
(Fargion er al. 1992). In the patients. ‘a high preva-
lence of mild 1o moderate iron overload” was noted.
Regretiably, quantitative data on this matter were
not provided.

Hepatic iron overload is not always a requisite
for development of viral hepatitis. In a study of 28
patients with chronic viral hepatitis (six, B; 13, C;
one, D: eight. unknown), liver iron content was
clevated in only four (Di Biscegli ef al. 1992). An
observed correlation of serum aspartatec amino-
transferase with serum ferritin suggested to the
authors that the raised serum iron and [erritin gener-
alty seen in this disease could result from release of
the metal and protein from hepatocellular stores
during liver necrosis.

However, other studies of chronic carriers of
hepatitis B virus have found that the elevation of
scrum iron in these patients can be independent of
liver damage reflected by scrum transaminasc levels
(Felton er al. 1979, Blumberg et «f. 1951, Lustbader
er ol 1983). Indeed, in a group of hemodialysis
patients, a high serum ferritin, observed 2 months
prior Lo appearance of hepatitis B surface antigen
in the scrum, was corrclated with the likelihood that
the infection would become persistent (Lustbader er
al. 1983).

Moreover. in a series ol 79 patients with chronic
viral hepatitis (types B. C or NANBNC) treated with
IFN-, 45 achieved either a {ull or partial response
{Van Thicl et al. 1994). The mean hepatic iron
content of the responders was 638 + 118 pg ¢! dry
wt whereas that of the non-responders was 1156 +
283 wg gl dry wt (P < 0.05). Similarly, in a
group of 40 patients with chronic hepatitis C who
were treated with IFN-a, 16 responded and 24 [ailed
to respond (Piperno ez al. 1993). Mean serum ferritin
of responders were (26 (3-1121) ng ml!; of
non-responders. 436 (105-2740) ng ml ! (P < 0.003).
Mean hepatic iron content of responders was
550 (150-1510) pg o' of non-responders, 1620
(200-3910) pg g! (P < 0.001). Serum ferritin and
hepatic iron were elevated in only 25 and 6% of
responders, but in 79 and 58% of non-responders.
respectively (P = 0.0008).

In a sct of 39 chronic hepatitis C patients treated
with IFN-« 2a (Arber e al. 1995). scrum iron of the
13 responders was 18.5 + 7.9 M and transferrin iron
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saturation was 30 + 10%: of the 26 non-responders,
3004 £ 7.7uM and 53 £ 12% (P < 0.001). In a different
study of 15 chronic hepatitis C paticnts treated with
[FN-a&, complete responders had significantly lcss
iron in Kupffer cells than did non-responders
(P = 0.02) (Barton ef al. 1993).

Viral infections are suppressed by
strengthened iron withholding

A considerable array of natural, environmental.
nutritional and medical methods are available for
strengthening the iron-withholding defense system
(Weinberg 1996). Among these, atl least four have
been tested in viral-infected animal models or
humans. One type of method is that of augmenting
nitric oxide synthesis. For example, L-arginine, the
sale substrate for nitric oxide production, cannot be
synthesized by hirds but must be present in their
diet. Chickens fed additional L-arginine to elevate
their serum level 3-fold were inoculated with Rous
sarcoma virus (Taylor er al. 1991). Control birds,
fed a basal diet with suflicient L-arginine for
normal growth, likewise were inoculated with the
virus. The subsequent tumor load in the arginine-
enriched birds was less than 70% of that of the
controls.

In murine macrophages inoculated cither with
cctromelia virus, vaccinia virus, or herpes simplex-|
virus, A-methyl-L-arginine (a competitive inhibitor
of L-arginine) reversed IFN-y-induced restriction of
replication of between 73 and 100% (Karupiah ef al.
1993). The reversal was overcome by addition of
excess L- bul nol D-arginine,

A second type of method for strengthening iron
withholding is that of removal of excessive amounts
of the metal by phlcbotomy. In a sct of 10 non-HH
patients with chronic hepatitis C (Havashi ef af.
1994), periodic phiebotomy resulted in a mean
reduction of serum alanine aminotransferase activity
from 152 = 49 t0 35 = 32 IU I\ In five of the 10
patients, the level became normal. The authors
concluded that removal of even a slight. non-
cytotoxic amount of excess iron is beneficial 1o
patients with chronic hepatitis C.

In a similar study {(Bacon er al. 1993), eight
patients with chronic hepatitis C who had failed
to respond to IFN-a were phlebotomized five to 10
times (mean 7.9). The procedure achteved a reduc-
tion of their elevated serum ferritin and transferrin
iron saturation levels to normal and was accompa-
nied by a reduction in serum alanine transaminase
from 174 = 97 to 101 = 19 TU 1 ' (7 < 0.03). Iowever,
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only a 50% reduction in scrum hepatitis C RNA
level was achicved by phlcbotomy.

A third typc of mcthod that is being devel-
oped for strengthening iron withholding 1s that
of employing iron chelating drugs. The bacterial tri-
hydroxamate. deslerrioxamine (DF). has been used
for several decades in the treatment of translusional
iron or aluminium overload. More recently, this iron
chelator has shown cefficacy against sclected eucary-
otic and procaryolic pathogens when tested in in
virro as well as in animal and human models
(Weinberg & Weinberg 1995, Boelacrt et af. 1996).
Additionaliv. a number of studics have evaluated the
potential use of DF in viral infections.

In infected cultures of human foreskin fibroblasts.
15 um DF achieved a 90% reduction in replication
of four strains of human cytomegalovirus (Cinall
er al. 1994). The viability of the host cells remained
unaffected hy concentrations of DIF as high as
60 pM. However, in this system. DF failed to inhibit
replication of herpes simplex virus 1 or 2. In tests
with human hepaitoma cells, 15 psm DF likewise was
not cytotoxic but achieved only a 50% reduction in
replication of hepatitis B virions (Schwarz & Korba
1990).

Evaluations of the in vitro activity of DT against
HIV also have given varied results. In one study
(Lazdins er af. 1991), 30 wm DF caused a 90% reduc-
tion of HIV-1 replication but, in this system, cvto-
toxicity occurred. In another report (Baruchel er ol
1991), 18 um DF reduced reverse transcriptasc
activity by an amount comparable to that attained
by 26 pM zidovudine (AZT). However, in contrast
to AZ'T which completely suppressed HIV-1 protein
synthesis. DF reduced production of protein by only
63%. In a third account (Tabor e al. 1991). 30 pMm
DF suppressed p24 replication and substantially
reduced detectable levels of gae and emv gencs
without altering host cell viability.

In another study on HIV. 1wo provirally infected
cell lines (Ul promonocytoid and ACH-2 lvmpho-
cylic} were submitled to  oxidative stress by
hydrogen peroxide (Sappey e al. 1993). In this
system. 5 pM DF resulted in significant decreased
reverse lranscriplase activity wilhout cvloloxicily.
The anti-retroviral activity of DF also was observed
in HIV-i-infected peripheral blood mononuclear
cells stimulated with interleukin-2 (Sappey et al
1995).

Thirty one thalassemic patients who acquired HIV
via blood transfusions were treated with a daily
dose of DF of less than 400 mg kg ' (Costagliola
et al. 1994). Within 6.5 vears after seroconversion.
35% had cntered stage IV of AIDS. Thirty three



similar patients had received a daily dose of DF
ol greater than 40 mg kg ' Within 0.5 years after
scroconversion. only 11% had entered stage 1V of
AIDS. The dillerence in the rate ol progression
to stage 1V ol the two groups was significant
(7 < 0.002). Only [3% ol the first group and 9% of
the second group had microbial infections; accord-
inglv. the chelator probably functioned either 1o
dircctly inhibit viral replication or indirectly 1o
prevent oxidative stress (Costagliola ef al. 1994},

A fourth type of method for strengthening iron-
withholding defense is that of preventing the release
of transferrin-bound iron that normally would occur
within the host cell in the acid environment of the
endosome or lysosome. The weak bases, chloroquine
and hydroxychloroguine, accumulate at these sifes
and clevate local pH thus restricting iron release.
For instance, in human macrophages. chloroguine-
induced inhibition of Histoplasnra capsulatum was
reversed by iron nitriloacctate. an iron compound
that is soluble at neutral and alkaline pH, but not
by territransferrin, which releases iron only in an
acidhe environment (Newman ef af. 1994).

In two retroviral systems (HLIV-1 and  avian
REV-A). chlorogquine caused significant size reduc-
tion ol the cell- and virus-associated surface glyco-
proteins, gp 12001 HIV-1 and gp 90 of REV-A (Tsai
ef al 1990). The majority ol the HIV-1 virions
released were non-infectious and the total virus yicld
was reduced. In a subsequent study (Sperber er al.
1993). hydroxychloroquine inhibited ITEV-1 reverse
transeriptase production without injury to the host
cells. Concentrations of 10 and 1 M resulted na
S04 reduction in enzyme viclds from CD4* cells and
macrophages. respectively. Recently. forty asymp-

tomatic HIV-1-infected patients (CD4* counts of

200-500/mm*Y were randomly assigned 1o receive
cither 800 mg/day hvdroxychloroquine or placeho
for cight weeks (Sperber er aof. 1995). The amount
ol recoverable HIV-1 RNA in plasma declined
significandy in the treated group while 1t increased
in the placebo group (P — 0.022),

Perspectives

The observations summarized hercin suggest that,
in animal and human hosts, excessive iron favors
viral mlections. Iron loading not only can cnhance
host cell production of wviral nucleic acids and
proteins but also can compromise immune defense
mechanisms (Weinberg 1996), enhance oxidative
stress (Boclaert er gl 1996) and suppress cytokine-
inducible nitric oxide synthesis (Weiss ef al. 1994).

Tron and viral infections

Among the numerous methods for strengthening
iron withholding {Weinberg, 1996}, the following
might be cspecially relevant in prevention and
management ol viral infections: (i) substitute ery-
thropoictin for blood transfusions whenever possible
{Fischl et af. 1990}, (i) stop use of tobacco and (iii)
add iron reduction therapy (phlebotomy: iron chela-
lors) for patients who are receiving IFN-w or other
antiviral agents (Caracemt ef ol 1994, Baclaert ef al.
1996). Furthermore. persons with underlving condi-
tions that promote iron overload should be urged to
maintain strong immunization schedules [or both
viral and bacterial infectious discases.
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