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Abstract.

Iron deficiency (ID) and human immunodeficiency virus (HIV) infection frequently coexist. Little data exist on

ID in HIV-infected individuals, partly because the iron marker ferritin is altered by inflammation common in HIV infection.
We measured iron biomarkers (ferritin, soluble transferrin receptor [sTfR], hepcidin) and red cell indices (hemoglobin,
mean corpuscular volume [MCV)) in newly diagnosed, antiretroviral therapy-naive, HIV-infected (N = 138) and uninfected
(N=52) Kenyan adults enrolled in a study of the immune response to malaria. We compared markers between infected and
uninfected groups with t test and Wilcoxon Rank—Sum, used Spearman correlation to determine the association between
iron and inflammatory markers, and applied logistic regression to determine which markers best predicted anemia. HIV-
infected individuals had lower hemoglobin (P < 0.001), lower MCV (P < 0.001), higher sTfR (P = 0.003), and a greater
prevalence of ID (sTfR > 8.3 mg/L) than uninfected individuals. Ferritin was elevated in HIV-infected individuals and was
more strongly correlated with C-reactive protein (p = 0.43, P < 0.001) and hepcidin (p = 0.69, P < 0.001) than with
hemoglobin. The best predictor of anemia in HIV-infected participants was sTfR, with a one log-unit increase in sTfR
associated with a 6-fold increase in the odds of anemia (odds ratio = 6.3, 95% confidence interval: 1.8-21.8). These data
suggest a significant burden of ID among treatment-naive HIV-infected Kenyan adults. Soluble transferrin receptor may

be a reliable marker of ID in HIV-mediated inflammation.

INTRODUCTION

Iron deficiency (ID) is the most common nutritional de-
ficiency in the world'~® and a leading cause of disability in 27
countries.* Iron deficiency in childhood is an established
cause of lost developmental potential,>® whereas ID in adults
limits work productivity and physical energy. Maternal ID is
associated with preterm birth, perinatal risk for the mother,
and greater risk of subsequent ID in the infant.”

In many regions where ID is most common, HIV infection is
also prevalent. Iron deficiency is thought to be prevalent
among HIV-infected individuals, but its accurate diagnosis
and contribution to anemia in this population are unclear,
primarily because of the lack of a reliable biomarker for di-
agnosis. The iron storage protein ferritin is one of the most
frequently measured markers of iron status, with low blood
concentrations reflecting dietary ID. However, ferritin is also
an acute phase reactant that rises with the chronic in-
flammation, a hallmark of HIV infection.® The HIV protein Nef
also directly induces the production of ferritin in macro-
phages.® As a result, ferritin is often elevated in HIV-infected
individuals regardless of dietary iron status. The prevalence of
ID is, thus, likely underestimated in HIV-infected populations
when ferritin alone is used because this biomarker is reflecting
the chronic inflammation of HIV rather than body iron stores.®

Lack of an accurate marker to diagnose ID in the context of
HIV prohibits determination of the contribution of ID to anemia
in HIV-infected individuals. Anemia is a consistent predictor of
hastened disease progression and mortality in HIV-infected
children and adults.’®'2 Iron deficiency is the most common
cause of anemia worldwide and may be a significant, treatable
contributor to anemia in HIV, underscoring the necessity of its
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accurate diagnosis and assessment of its contribution to
anemia in this population.

To fully characterize the iron biomarker profile in HIV-
infected adults and to assess the effect of inflammation and
HIV disease severity on markers of iron status in this group,
we recently measured a panel of iron status and inflammatory
biomarkers in newly diagnosed, ART-naive, HIV-infected
Kenyan adults and compared them with those of HIV-
uninfected adults. We also assessed the association of
each biomarker with anemia in HIV-infected and uninfected
participants. Identification of markers that are resistant to in-
flammation and also relate to anemia would help HIV practi-
tioners better diagnose dietary ID in the face of chronic
inflammation and guide the safe and effective provision of iron
therapy to correct ID and anemia in HIV-infected individuals.

METHODS

Enrollment, clinical testing, and specimen collection.
Venous blood samples were collected from HIV-infected (N =
138) and uninfected (N = 52) individuals aged 18 years or older
at the time of HIV testing at the Bondo Sub-County Hospital, in
Bondo township, Western Kenya. All HIV-infected individuals
who were seen in the voluntary testing and counseling clinic
on enroliment dates between May and October 2012 were
offered participation in the parent study that examined the
immune response to malaria in HIV.'® Temporally, one HIV-
uninfected individual was enrolled for every time three HIV-
infected individuals were enrolled to ensure that samples from
comparison groups were collected with a similar distribution
throughout the malaria season. There was a larger number of
HIV-infected individuals enrolled so that outcomes could be
compared by CD4 count among HIV-infected individuals.
Each HIV-infected participant was antiretroviral naive and was
not on any opportunistic infection prophylaxis at the time of
blood collection. Individuals with chronic medical conditions,


mailto:park0587@umn.edu

440 FROSCH AND OTHERS

on immunosuppressants, with acute systemic illness in-
cluding fever (> 37.5°C), who were pregnant, or who were
taking any antimalarials were excluded.

Patients were assessed for active malaria infection and
helminth infection at the time of the collection with commercial
rapid diagnostic testing (Carestart HRP2 [Pf], Access Bio,
Sommerset, NJ) and Kato Katz examination, respectively.
Hemoglobin, mean corpuscular volume (MCV), and CD4
counts were measured in the core clinical laboratory at the
Bondo Sub-County Hospital. Anemia was defined according
to the World Health Organization definition as hemoglobin
< 120 g/L in women and < 130 g/L in men.” Low MCV was
defined as two standard deviations less than the mean based
on age and gender (female < 80 fL/cell, male < 81 fL/cell).”
Microcytic anemia was defined as having both low MCV and
anemia. Viral load testing was performed by the Centers for
Disease Control and Prevention laboratory in Kisumu, Kenya,
from dried blood spots (Abbott Laboratories, Abbott Park,
IL)." Plasma samples were stored at —80°C until testing for
iron biomarkers at the University of Minnesota.

Plasmairon and inflammatory biomarker measurement.
enzyme-linked immunosorbent assay (ELISA) was used to
measure plasma concentrations of ferritin (Ramco Laborato-
ries, Stafford, TX), soluble transferrin receptor ([sTfR], Ramco
Laboratories), C-reactive Protein ((CRP] Millipore Corporation,
Darmstadt, Germany), and hepcidin (Peninsula Laboratories,
San Carlos, CA). Hepcidin concentrations were measured in a
subset of participants (95 HIV-infected and 47 HIV-uninfected
participants). The prevalence of ID was calculated using two
different definitions: 1) ferritin < 15 pg/L'®; or 2 sTfR 8.3 mg/L
or higher.'®

Ethical considerations. All subjects underwent written in-
formed consent. The Ethics Committee at the Kenya Medical
Research Institute and the Institutional Review Board at the
University of Minnesota approved all study procedures.

Statistical analysis. For indicators with a normal distribu-
tion (hemoglobin, MCV), a t test was used to compare means
between HIV-infected and uninfected individuals. For those
with a non-Gaussian distribution (ferritin, sTfR, CRP, and
hepcidin), medians were compared using a Wilcoxon rank—
sum test. Proportions of conditions including anemia and ID
were compared between HIV-infected and uninfected indi-
viduals using X test.

To understand the relationship between iron status and HIV,
Spearman rank correlation was first used to investigate the
association between iron markers and markers of HIV disease
severity and inflammation (HIV viral load, CD4 count, and CRP).
Logistic regression models to determine biomarkers associated
with anemia were generated separately for HIV-infected and
HIV-uninfected individuals. For all participants, models were
generated using the following covariates: ferritin, sTfR, CRP
(each log-transformed), MCV, and helminth infection status.
HIV1 viral load and CD4 count was also included in models in
HIV-infected subjects. Models were generated in a forward
stepwise manner with o™t of 0.20, i.e., any covariate with a
P value of 0.20 or less was retained in the model.

RESULTS

HIV-infected individuals were an average of 4 years older
than HIV-uninfected participants at the time of enroliment
(Table 1). Of note, the prevalence of two major causes of

TaBLE 1
Clinical characteristics of study participants

HIV-uninfected HIV-infected value*
N 52 138 -
Age, years, mean 28.4(11.5) 32.2(10.3) 0.03
(SD)
Female gender,n (%) 27 (51.9) 84 (60.9) 0.26
Malaria-infected, 3(5.8) 11(8.0) 0.60
n (%)
Helminth infection, 9(17.6)T 31 (22.6)f 0.46
n (%)

CD4 count (cells/ -
mL), median (IQR§)

301 (180-476)f -

CD4 count < 200 - 42 (30.7)t -
n (%)

HIV-1 viral load - 50,370 (14,546-198,155)t -
(copies, mL),
median (IQRS§)

SD = standard deviation.

* P value comparing HIV-uninfected to HIV-infected participants from t test for means and
X2 for proportions.

tN=51.

FN=137.

§ IQR = interquartile range: 25th percentile, 75th percentile.

anemia in this region of Kenya—malaria and intestinal hel-
minth infection—were similar between the groups. Among
HIV-infected participants, there was a broad distribution of
CD4 counts (Range: 4-1,177), including 30.7% who met the
CD4 count threshold for acquired immunodeficiency syn-
drome of under 200 cells/mL (Table 1).

The mean hemoglobin was lower and prevalence of anemia
higher in HIV-infected compared with HIV-uninfected partici-
pants (Table 2). HIV-infected individuals also had a significantly
lower MCV and higher prevalence of microcytic anemia when
compared with HIV-uninfected individuals. Despite the lower
MCYV concentrations and greater prevalence of microcytic ane-
mia, median ferritin concentrations were significantly higher in
HIV-infected individuals, likely reflecting the greater inflammation
present in this group, as evidenced by this group’s significantly
higher CRP concentrations (Table 2). Using ferritin to define ID,
we found no significant difference in the prevalence of ID be-
tween HIV-infected and HIV-uninfected individuals (HIV nega-
tive: 26.9% ID versus HIV positive: 20.3% ID, P = 0.33, Table 2).
However, median sTfR concentrations was significantly higherin
HIV-infected versus uninfected participants, and according to
the sTfR definition, the prevalence of ID was significantly higher
in HIV-infected individuals (Table 2) and more in accordance with
the MCV and microcytic anemia findings. Median hepcidin was
not significantly different between the groups.

Among HIV-uninfected individuals, sTfR (p = -0.57, P <
0.01) and ferritin (p = 0.59, P < 0.01) were most strongly cor-
related with hemoglobin (Table 3), and the direction of these
associations reflected the expected relationship between iron
status and hemoglobin. There was also a strong inverse as-
sociation between ferritin levels and sTfR levels (Table 3,
p = -0.63, P < 0.01), as expected in the absence of in-
flammation. Of note, CRP was not significantly correlated with
any iron marker in HIV-negative participants. However, among
HIV-infected individuals MCV (p = 0.56, P < 0.01) and sTfR
(p = -0.59, P < 0.01) were strongly associated with hemo-
globin, whereas ferritin was less strongly associated with
hemoglobin than was seen in HIV-uninfected individuals and
in the opposite direction (Table 3, p = 0.21, P < 0.05). The
correlation between ferritin and sTfR was also weaker in
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TABLE 2
Iron and inflammatory markers by HIV status

HIV-uninfected HIV-infected P value®
N 52 138
Hemoglobin, g/L, mean (SD)T% 140( 111 (27) < 0.001
Anemia, n (%)1§ 0(19.6) 86 (65.2) < 0.001
Mean cell volume (fL/cell), mean (SD)t% 85 1. ) 76 8(12.7) <0.001
Microcytic anemia, n (%)1§|| 5(9.8 62 (47.0) <0.001
Ferritin, pg/L, median (IQR)Y 27 6 (12.0-65.7) 51.5(17.8-166.1) 0.007
C-reactive protein, mg/L median (IQR)q .5(0.3-1.1) 4.7 (0.9-26.1) < 0.001
Soluble transferrin receptor, mg/L, 2 (2.9-5.1) 4.8 (3.5-7.4) 0.003

median (IQR)q

Hepcidin, ng/mL, median (IQR)q# 9.1 (0.7-19.8) 10.2 (2.0-19.8) 0.30
ID by ferritin criteria, n (%)** 14 (26.9) 28 (20.3) 0.33
ID by sTfR criteria, n (%)t1 3(5.8) 26 (18.8) 0.03

ID = iron deficiency.

*P value determined by t test for means, Wilcoxon rank-sum test for medians, and x? test for categorical outcomes.

1N = 51 for HIV-uninfected and 132 for HIV-infected.

1 SD = standard deviation.

§ Anemia defined as < 12 g/dL in women and < 13 g/dL in men.

| Microcytosis defines as < 80 fL/cell in women and < 81 fL/cell in men.
91QR = interquartile range: 25th percentile, and 75th percentile.

#N = 47 for HIV-uninfected and 95 for HIV-infected.

**ID = ferritin < 15 pg/L.

111D =sTfR>8.3 mg/L.

HIV-infected individuals (Table 3, p = -0.38, P < 0.01).
C-reactive protein was significantly and strongly correlated
with ferritin and hepcidin, with a much weaker correlation
between CRP and sTFR, and had no significant correlation
between CRP and MCV (Table 3).

Using logistic regression to model predictors of anemia and a
criterion for inclusion in the model (@™ of 0.20), we found that
ferritin, CRP, sTfR, and helminth status met the inclusion criterion
among HIV-uninfected individuals, but only ferritin and CRP
reached a statistically significant relationship with anemia (P <
0.5). A one log-unit decline in ferritin (log-transformed) was sta-
tistically significantly associated with a 92% increase in the odds
of anemia (odds ratio [OR] = 0.08, 95% confidence interval [CI]:
0.01-0.8; P = 0.03). Higher CRP was associated with increased
odds of anemia (CRP [log-transformed]: OR = 3.8, 95% CI:
1.0-13.7; P =0.04). The relationship between ferritin and anemia
was maintained when controlling for the other covariates.

In HIV-infected individuals, sTfR, CRP, MCV, viral load, and
ferritin all met the inclusion criterion for the anemia model, but
only sTFR, CRP, and MCV were statistically significantly re-
lated to the odds of anemia in HIV-infected participants.
Higher sTfR, higher CRP, and lower MCV were associated
with increased odds of anemia (sTfR [log-transformed]: OR =
6.3,95% Cl: 1.8-21.8; P<0.001; CRP (log-transformed): OR =
1.5, 95% CI: 1.1-2.2, P = 0.003; MCV: OR = 0.94, 95% ClI:
0.90-0.98, P = 0.008) when controlling for other covariates.
Ferritin, on its own or when controlling for other iron bio-
markers, was not statistically associated with anemia in the
setting of HIV infection and failed to meet the inclusion crite-
rion for the logistic regression model. Of note, helminth in-
fection status was not statistically significantly associated
with anemiain HIV-positive or HIV-negative individuals, and its
inclusion in the models did not affect relationships of ferritin
and sTfR to anemia in either group.

When we stratified by anemia status, differences in rela-
tionships between biomarkers in the HIV-uninfected versus
infected groups emerged and mirrored the logistic regression
findings (Figure 1). In the absence of HIV, iron biomarkers and
their relation to anemia reflected the expected relationships
with dietary ID—ferritin, hepcidin, and MCV were significantly

lower among anemic individuals, whereas sTfR was higher.
C-reactive protein was low and not different between anemic
and non-anemic, HIV-uninfected individuals. By contrast,
among HIV-infected individuals, CRP was significantly higher
among anemic participants. Ferritin, a marker affected by in-
flammation, was correspondingly higher among anemic, HIV-
infected individuals when compared with anemic uninfected
individuals (P < 0.001), but sTfR and MCV both retained their
expected relationship to ID, being significantly higher and
lower, respectively, among anemic versus non-anemic HIV-
infected participants. Hepcidin concentration was not dif-
ferent between anemic versus non-anemic HIV-infected
individuals, perhaps reflecting the dual and opposing pulls
on the marker of inflammation, which results in higher
hepcidin concentrations, and dietary ID that leads to lower
hepcidin concentrations.

DISCUSSION

Currently, little is known on the burden of ID among HIV-
infected adults living in sub-Saharan Africa or whether ID
contributes to anemia in this population. Our study demon-
strates that ID is prevalent in HIV-infected adults and that
higher sTfR and lower MCV are significantly associated with
anemia in this newly diagnosed, HIV-positive population. This
finding suggests that correcting ID, as defined by an elevated
sTfR concentration or low MCV, may ameliorate anemia, an
established predictor of HIV progression and mortality.

In our population from western Kenya, nearly half of the HIV-
infected individuals suffered from microcytic anemia, a rate
four times higher than HIV-uninfected individuals. HIV-infected
study participants also had a significantly higher elevation in
plasma sTfR concentrations and higher prevalence of ID based
on sTfR concentrations than uninfected individuals. These dif-
ferences in MCV and sTfR were not apparent when using ferritin
alone, as this indicator was elevated along with CRP in HIV-
infected individuals, consistent with HIV-mediated immune ac-
tivation and inflammation and also with the anemia of chronic
disease that is common in individuals with HIV. We additionally
found that ID, based on sTfR and MCV, is an important
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TaBLE 3

Spearman rank correlation analysis of hemoglobin, MCV, and iron homeostasis markers

Hbg MCV sTfR Ferritin | CRP Hepcidin |
Hbg 0.41* -0.57* 0.58%* -0.17 0.37* <25
MCV 0.56* -0.38* 0.45%* -0.13 0.31* >25-40
sTfR -0.59* | -0.47* -0.63* -0.09 -0.69* >40-55
L

Ferritin 0.21%* 0.29* -0.38* 0.10 >55-70
CRP -0.34* |-0.11 0.15* 0.43* 0.14
Hepcidin | 0.20 0.27* -0.40%* 0.69* 0.50*
CD4 0.16 -0.02 -0.08 -0.34%* -0.34% -0.30%*

CD4
VL -0.29* | -0.1 0.02 0.32%* 0.49* 0.24* -0.44%*

MCV = mean cell volume. Values shown are Spearman rho calculation. HIV-uninfected shown above and to the right of the diagonal line. HIV-infected shown to the bottom and left of diagonal line,
*indicates a correlation with a P value of less than 0.05. Greyscale highlighting indicates the strength of the correlation based on the rho value for all relationships with a significant correlation. The
legend on the right shows the highlighting associated with the rho values shown on the table. This table appears in color at www.ajtmh.org.

contributor to anemia in HIV-infected adults, but this contribution
is obscured if using ferritin alone. Overall, these data suggest that
in the setting of untreated HIV, ferritin should not be primarily
relied on for the diagnosis of ID. This observation is supported by
the existing literature on the impact of acute inflammation on
most iron homeostasis biomarkers including not only ferritin, but
also serum iron, total iron binding capacity, and transferrin
concentration.'” Early examinations of the impact of iron status
on HIV disease outcomes has relied heavily on these markers
and may reflect the degree of inflammation rather than true iron
status.'®

The strongest predictor of hemoglobin among HIV-infected
individuals in our study was sTfR, suggesting that this marker
may be a good candidate for iron status evaluation in HIV-
infected individuals. We estimated the prevalence of ID with sTfR
using a threshold (8.3 mg/L) based on previous observations in
inflammatory joint and bowel diseases.'®'” The relatively low
prevalence of ID by sTfR criteria alone when compared with the
prevalence of ferritin-diagnosed ID and microcytic anemia
among HIV-uninfected individuals, suggests a cutoff of 8.3 mg/L
may not be sensitive enough in our population. Among HIV-
uninfected individuals with ID based on a ferritin value lower than
15 pg/L, the median (p25-p75) sTfR was 5.5 mg/L (4.4-8.0 mg/
L). Furthermore, the high prevalence of ID using ferritin among
HIV-negative individuals in our study suggests that this is still a
useful tool in evaluating iron status among adults in sub-Saharan
Africa. Indeed, ferritin is more sensitive in mild ID.'® Before sTfR

can be more widely used for the diagnosis of ID in this population,
a validated cutoff for the diagnosis of ID using this marker should
be evaluated with adults living in sub-Saharan Africa, where HIV
is highly prevalent before making this biomarker a tool for ID
diagnosis. Although dried blood spot methods have been de-
veloped, measuring sTfR requires an ELISA assay or other au-
tomated method, which precludes its immediate implementation
as a widely used screening tool in sub-Saharan Africa and other
resource-limited settings.

Despite the apparent high prevalence of ID among HIV-infected
individuals in Kenya and its significant contribution to anemia,
additional research weighing the risks versus benefits of iron
treatment of the correction of anemia in this population is needed.
In untreated HIV, elevated hepcidin levels and ferritin levels, as
seen in our study and previous research in other populations, are
suggestive of increased iron sequestration in macrophages.?°
Paired with the impaired intracellular immunity in HIV, iron
supplementation interventions must be evaluated for
safety. Elevated ferritin levels may predict tuberculosis
susceptibility®" and mouse models have demonstrated in-
creased Salmonella burden in mice with increased intracellular
iron stores.?? Furthermore, the increased risk of malaria with
iron supplementation is well established in the absence of
malaria control and prevention efforts.?®> Accordingly, ag-
gressive iron repletion may lead to increased susceptibility to
infections with an already high burden in this population, in-
cluding tuberculosis, Salmonella, and malaria.?3-26
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Ficure 1. Iron status markers by anemia and HIV status. Bars represent mean with 95% confidence interval (mean cell volume [MCV]) and median
with interquartile range (soluble transferrin receptor [sTfR], ferritin, C-reactive protein [CRP] and hepcidin). Significance between groups was
evaluated using student’s T test (MCV) or Wilcoxon Rank-Sum testing (sTfR, ferritin, CRP, and hepcidin).

However, the finding that ID is an important contributor to
anemia in this population is a potentially significant counterbal-
ance to this infection risk and raises the question of whether
correcting anemia with safe iron replenishment might lead to im-
proved health. Anemia is a consistent predictor of HIV disease
progression and mortality. Whether the cost of iron replenishment
in terms of potential subsequent infection is too great is unclear,
but not knowing where this delicate balance points lies empha-
sizes the urgent need for future trials aimed at determining the
safety of iron in HIV-infected adult populations and establishing
the mechanism for any increased risk of infection.

Finally, our cohort is drawn from HIV-infected individuals before
treatment. There should be additional studies among individuals
on antiretroviral therapy to determine if iron status improves and if
ferritin is a more reliable marker of ID with the treatment of HIV. If
ART alone is sufficient to improve iron status, this would be an-
other strong argument for early initiation of therapy in limited-
resource settings, particularly areas with an already high burden of
ID. Overall, our data brings to light a significant public health issue
that significantly impairs the productivity and wellness of HIV-
infected individuals. There should be particular concern about the
implications of our findings on high-risk populations including
pregnant women and children living with HIV.
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