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Abstract

Background—Iron is an essential mineral for both cellular and pathogen survival and is
essential for viral replication. In turn, iron metabolism has been shown to be altered by several
viral infections. However, little is known regarding the association between iron status and HPV
natural history. We hypothesize iron to be an HPV-cofactor that is associated with longer duration
of infection.

Methods—Ferritin and soluble transferrin receptor (STfR) were measured in baseline serum
samples from 327 women enrolled in the Ludwig-McGill Cohort. Incident HPV clearance rates
(any-type, oncogenic HPV, non-oncogenic HPV, and HPV-16) over 36 months were estimated
from Cox-proportional hazard models accounting for correlations between multiple infections.

Results—Women with ferritin levels above the median were less likely to clear an incident
oncogenic HPV (AHR=0.73; 95%CI 0.55-0.96) and HPV-16 infections (AHR=0.29; 95%ClI
0.11-0.73). Using physiological cut-points, women with enriched iron stores (=120ug/L) were less
likely to clear incident oncogenic HPV infections compared to those with low-levels of iron
(<20ug/L)(AHR=0.34; 95%CI 0.15-0.81).

Conclusion—This study observed that women with the highest ferritin levels were less likely to
clear incident oncogenic and HPV-16 infections compared to women with low ferritin. Rising iron
stores may decrease probability of clearing new HPV infection, possibly by promoting viral
activity and contributing to oxidative DNA damage.

Impact—This novel study suggests that elevated iron stores may put women at risk for persistent
HPV infection, an early event in cervical carcinogenesis. Further examination of the association
between iron status and HPV natural history is warranted.
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INTRODUCTION

Iron is an essential mineral that is required for oxygen transfer as well as cellular
metabolism. Iron can exist in several oxidation states, a property that supports electron
transfer for ATP generation as well as promotion of reactive oxygen species (ROS). Iron
status has been examined as a contributor to carcinogenesis (1, 2) and associated with
increased risk of cancer in several epidemiological studies.(1, 2) Several studies have
documented that elevated iron promotes cancer cell proliferation and causes oxidative DNA
damage through its interaction with oxygen and hydrogen peroxide.(3) ROS produced by
elevated iron has been shown to directly alter the viral activity of several cancer-causing
viruses, including Human papillomavirus (HPV), such as by directly influencing HPV
transcriptional activity.(4)

Epidemiological studies have reported an association between longer duration of HPV
infections and factors that induce ROS, such as smoking, co-infection with Chlamydia and
reduced antioxidant intake.(5-7) Thus, we hypothesize that iron may be an HPV-cofactor
that is associated with longer duration of infection and HPV-associated carcinogenesis. To
date, the association between iron status and early events in cervical carcinogenesis, such as
the inability to clear HPV infections, has not been investigated. Serum ferritin, an iron
storage protein, and soluble transferrin receptor (STfR), a cellular iron transport protein,
have been shown to be reliable markers of iron status.(8) In addition, they can be used to
calculate the sTfR-ferritin index (molar ratio of sSTfR per ferritin), which is a robust
biomarker for determining iron deficiency.(9, 10) Nested within the Ludwig-McGill study,
we examined the association between biomarkers of iron status (ferritin, sTfR, and sTfR-F
index) and clearance of incident HPV infection among 327 women contributing 494
infections (249 oncogenic, 245 non-oncogenic and 64 HPV-16 infections).

MATERIALS AND METHODS
Study Sample

The current analysis included women participating in the Ludwig-McGill cohort study, an
HPV natural history study of 2528 low-income women living in S&o Paulo, Brazil recruited
between 1993 and 1997. Study design, clinical sampling, and HPV testing for the Ludwig-
McGill cohort study have been previously detailed(11). All HPV analyses were performed
using standard polymerase chain reaction (PCR) of the L1 gene with MY(09/11 consensus
primers and the B-globin gene as an internal control as previously reported(11, 12). Study
visits were every 4 months in the first year and twice yearly thereafter for up to 5 years. All
participants signed an approved informed consent before entering the study. The study was
approved by the institutional review board at each participating institutions. Women with
normal cytology who were enrolled during the first 2 years of the Ludwig-McGill study that
had an incident HPV infection over 3-years of follow-up and baseline serum available were
included (N=327).

Serum Iron Marker Testing

Non-fasting blood samples were processed for serum and stored at —20°C. Ferritin (Lg/L)
and soluble transferrin receptor (STR; g/L) were measured in the baseline serum specimen
as previously described.(9). The sTfR-ferritin index was calculated using the following
formula: sTTR (g/L)/log(ferritin(ng/L).(9, 10) sTfR and sTfR-F index are inversely
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associated with iron level, thus a high sTfR-F index reflects lower iron status. The percent
coefficient of variability was 9% for ferritin and 4% for sTfR.(9) Serum levels of ferritin and
STfR are relatively stable over time and a single measurement from a subject reflects long-
term average level.(10)

Statistical analysis

Time-to-clearance of HPV infection was defined as the time between the first positive HPV
DNA test and the subsequent first negative test (clearance event). Clearance time was
censored at the woman’s last visit if she did not clear the infection within 3-years of follow-
up or at the first of two consecutive visits with missing HPV results. All clearance events
were determined on a type-specific basis and then grouped as any HPV, oncogenic
infections (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68) or non-oncogenic infections
(6/11, 26, 32, 34, 40, 42, 44, 53, 54, 55, 57, 61, 62, 64, 66, 67, 69, 70, 71, 72, 73, 81, 82, 83,
84, 89, ref(13)). Analyses were conducted based on individual HPV infections; therefore,
women infected with multiple HPV types contributed multiple outcome events (37%).

Iron status biomarkers were evaluated as continuous measures (log transformed for the
skewed data) and dichotomized at the median. Since women in the cohort are mostly young
premenopausal, we have used levels of ferritin <20pg/L as iron deficient, 20-120n.g/L as
iron adequate and >120p.g/L as iron rich.(14) Differences in ferritin, sSTfR, and sTfR-F index
by baseline characteristics were tested by the Wilcoxon rank-sum or Kruskal-Wallis test.
Median clearance time was estimated using the Kaplan-Meier method and evaluated using
the log-rank test. We examined associations of baseline iron status with type-specific
clearance of incident HPV infections during the first 3-years of follow-up using Cox
proportional hazard models, with a robust sandwich estimator taking into account within-
subject correlations.(15) Covariates in the final model were selected using backward
selection based on models run individually for any type, oncogenic, non-oncogenic and
HPV-16. Variables that were significant at 0.10 level were then adjusted for in the final
models, including age, age at menarche, smoking status, education, number of lifetime
sexual partners, oral contraceptive use, alcohol, age at first intercourse, and number of
pregnancies. The proportional hazard assumption for each Cox model was met, as
determined by the Kolmogorov-type Supremum test. All statistical tests were two-sided and
considered as statistically significant at the level of 0.05. All analyses were performed with
SAS (SAS9.2., SAS Institute).

RESULTS AND DISCUSSSION

Iron biomarker levels are presented by demographic and risk-factor characteristics (Table 1).
The median levels of ferritin, STfR, and sTfR-F index were 26.6 png/L (range 1.0-391.5 pg/
L), 2.0 (0.09-8.17 pg/L), and 1.08 (0.72-6.21), respectively. Among this population of pre-
menopausal Brazilian women, median ferritin differed across age categories (<20, 21-30,
31-40 and >40 years of age; p-value=0.05)). These data were similar to that previously
reported among pre-menopausal women in the US (16) and a wide age-range of women in
Brazil(18-81years).(17) Median sTfR and sTfR-index were significantly lower (reflecting
higher iron status) among white women (p-value=0.003 and p-values=0.004), smokers (p-
value=0.04 and p-value=0.09) and alcohol drinkers (p-value=0.04 and p-value=0.005),
respectively. These observations of lower median sTfR levels among smokers and alcohol
drinkers were consistent with a study by Pynaert et al,(18) which reported that never
smokers has significantly higher sTfR levels compared to current smokers (1.12 vs. 1.05 pg/
L).(18) Finally, iron levels were elevated, as measured by lower median sTfR-F index, with
increasing duration of oral contraceptive use (p-value=0.01), with the largest difference
between women taking oral contraceptive for over 6-years. Casabellata as colleagues
reported similar finding however the duration of OC use was 3-months.(19)
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Table 2 presents the median time-to-clearance of type-specific incident HPV infections and
the adjusted hazard ratios (AHR) of type-specific HPV clearance by iron status. Median
duration of HPV infections did not significantly differ by iron status (Table 2). However,
women with ferritin levels above the median were less likely to clear an incident oncogenic
HPV infection (AHR=0.73; 95% CI 0.55-0.96). Using physiological cut-points, women
with enriched iron stores (=120 pg/L) were less likely to clear incident any type HPV
(AHR=0.61, 95% CI 0.26-1.41; Figure 1A) or oncogenic HPV infections (AHR=0.34; 95%
Cl 0.15-0.81; Figure 1B) compared to those with low-levels of iron (<20g/L). There was
no significant association between ferritin at adequate or enriched levels and clearance of
incident non-oncogenic HPV infections (Figure 1C). A total of 57 incident HPV-16
infections were detected during the first three years of follow-up. Overall, the median
duration of an HPV-16 infection was 6.9 months (95% CI 6.0-12.1) and 9.6 months (95%
Cl 6.0-12.2) for women with ferritin below or above the 26.6 pg/L (p-value=0.86) cut-
point. Women with elevated ferritin were less likely to clear HPV-16 infections (AHR=0.29,
95%CI 0.11-0.73). There was no significant difference in HPV-16 clearance by sTfR level
or sTfR-F index.

Overall, we found that women with ferritin levels above the median were less likely to clear
an incident oncogenic and HPV-16 infection. Our findings are consistent with our
hypothesis that rising iron stores may increase risk of persistent HPV infection (reduced
clearance) by promoting viral activity and contributing to oxidative DNA damage. Iron is a
growth nutrient for humans and is required for DNA replication (2); however, it is also
essential for pathogens to survive and shown essential for some viral replication.(20) Iron
metabolism has been shown to be altered by several viral infections, including HIV and
CMV/(20); however, relatively little is known about how HPV utilizes cellular iron. /n vitro,
elevated iron concentrations promoted cell growth of HPV-16 SiHa cells, increased E6/E7
expression (21), and treatment with iron chelators induced growth arrest and apoptosis.(22)
Furthermore, HPV is dependent on iron sensitive host transcription factors, such as NFk-B
(23), for viral gene expression. Thus, elevated iron stores, (e.g. elevated ferritin), may
promote viral activity and persistence by increasing the activity of cellular transcription. As
viruses require iron for replication and transcription, it is biologically plausible that rising
iron stores may increase risk for persistent HPV infection by promoting viral activity.

Iron also contributes to oxidative DNA damage which is an additional mechanism by which
elevated iron stores may be associated with decreased clearance. Due to its ability to interact
with oxygen and hydrogen peroxide, iron is an active metal species responsible for
generating reactive oxygen species (ROS) through Fenton, Haber-Weiss, or iron auto-
oxidation reactions.(3) ROS contribute to carcinogenesis by oxidizing cellular proteins and
DNA that could result in (1) lethal mutations, (2) down regulatation of host immunity, and/
or (3) altering cellular activity by activating AP-1 and NF-xB (transcription factors), cell
proliferation, and apoptosis.(24, 25) Thus, it is biologically plausible that excess iron stores
leads to ROS which can promote HPV viral replication and transcriptional activity
(expression of HPV 16 E6 and E7 proteins), as well as cell proliferation and apoptosis; all
pivotal events in cervical carcinogenesis.

HPV clearance was not associated with sSTfR or sTfR-F index. Serum concentrations of
STfR are relatively stable and not influenced by infection or inflammation, unlike ferritin
levels.(8) While sTfR is a good biomarker for iron deficiency(9), it may not be the most
ideal biomarker when investigating the association between iron and viral infection. It is
unclear why ferritin was the only iron marker that was associated with longer duration of
HPV infection.
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As with any observational study, there are strengths and limitations that need to be
considered when interpreting the findings. In view of this being a cohort of mostly young
women, we utilized a comprehensive approach in evaluating the associations between iron
biomarkers and HPV clearance by examining iron across the range of values (continuous
measures), dichotomized at the median, and clinically defined cutpoints as deficient,
adequate, and relatively enriched iron status.(14) Furthermore, we analyzed only incident
HPV outcomes (any type infection, oncogenic, non-oncogenic and HPV-16 infections). This
study was nested within the Ludwig-McGill Cohort study, which had a relatively large
sample size, providing sufficient power to adequately test our a priori hypothesis. As in any
observational study, there is a possibility our finding were due to chance. Similar to other
biological markers, the iron biomarker values may not reflect the absolute value due to
possible loss during specimen processing, storage and/or extraction; however, this loss
would be similar across all samples and not differ by HPV status. Therefore, the associations
observed within this study should be valid with potentially a lower magnitude of the
associations due to methodological errors. The study population was primarily pre-
menopausal, with only 2.8% of women reported as post-menopausal at enrollment and was
adequately reflected with the lower ferritin levels observed among premenopausal women.

In conclusion, we observed that women in the highest category of ferritin levels were less
likely to clear incident oncogenic and HPV-16 infections compared to women with the low-
levels of ferritin. This association was strongest among women with enriched iron stores
(=120 pg/L). Rising iron stores may increase risk of persistent HPV infection (reduced
clearance) by promoting viral replication and transcription as well as contributing to
oxidative DNA damage. Further examination of the association between iron status and
HPV natural history is warranted.
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Figure 1. Hazard of clearing incident HPV infection

by clinical Ferritin cutpoints with the reference <20 value: (A) Any-type HPV clearance; (B)
Oncogenic HPV clearance; and (C) non-oncogenic HPV clearance.
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Table 1

Demographic characteristics among women who tested positive for any HPV type (N=327)

Ferritin (ug/L) STfR (ug/L) STfR-F Index
n (%) ) ) i
Median (in -max) Median (min-maxy Median gvin —max)

Age (years)?

<20 36 (11.0)  26.6 (14.2 - 3915) 2.1(1.3-5.0) 1.2 (0.6-2.8)

21-30 135(41.3)  30.5 (1.0 - 350.0) 1.9 (0.1-4.8) 1.0(0.1-3.2)

31-40 102(31.2)  26.4(12.9-302.2) 2.0(1.1-8.2) 1.1(0.4-6.2)

> 40 54(165) 22.0(11.5-315.9) 2.0 (1.0-7.5) 1.0 (0.6 - 4.6)
Race/Ethnicity?¢

White 192 (58.9)  26.4 (1.0-391.5) 1.9(0.1-8.2) 1.0(0.1-6.2)

Non-White 134 (41.1) 27.5(14.3-350.0) 21(11-71) 1.2(0.4-4.3)
Marital Status

Common Law 113(34.6) 29.3(13.1-338.7) 20(1.2-7.1) 1.1(0.6-4.3)

Divorced 28(8.6) 22.1(11.5-184.4) 1.9(1.0-75) 1.0 (0.6 - 4.6)

Married 109(33.3)  25.1(1.0-302.2) 2.0 (0.1-8.2) 1.0 (0.1-6.2)

Single 70(21.4) 317 (10.9-3915) 2.1(1.0-45) 1.2 (0.5-2.9)

Widow 7(21) 21.3(155-46.5) 1.8(1.4-21) 0.9 (0.6 -1.3)
Education

< Elementary 63(19.3) 27.6(12.9-315.9) 22(1.1-58) 1.2(0.4-3.1)

Elementary 181(555)  26.4 (1.0 -391.5) 2.0 (0.1-7.5) 1.0 (0.1 - 4.6)

< High School 44(135) 36.7(10.9-338.7) 1.9 (1.0-4.5) 1.0 (0.6-2.9)

> High School 38(11.7) 24.5(13.2-209.1) 1.8(1.2-8.2) 1.0 (0.5-6.2)
Monthly Income (US$)

<250 75(237) 265(1154-350.0)  2.0(1.0-7.1) 1.1(0.4-4.3)

250 — 450 83(26.2)  26.6(1.0-240.1) 1.9 (0.1-7.5) 1.1(0.1-4.6)

451724 71(224) 27.9(13.1-230.2) 2.0(1.2-5.2) 1.1 (0.6 - 4.5)

2725 88(27.8) 28.8(10.9-391.5) 2.0 (1.0-5.4) 1.1 (0.6 -3.2)
Smoking status?

Never 161 (49.4)  27.7 (1.0-3915) 21(0.1-8.2) 1.1(0.1-6.2)

Former 55(16.9) 28.4(13.1-315.9) 1.9 (1.1-5.0) 1.0 (0.4-3.1)

Current 110(33.7)  26.0 (12.9 - 350.0) 1.9(1.2-75) 1.0 (0.5 - 4.6)
Alcohol use?¢

Yes 237(725)  26.6 (1.0-3915) 2.0(0.1-7.1) 1.0 (0.1 -4.3)

No 90 (27.5) 27.5(11.5-315.9) 2.1(1.0-8.2) 1.2(05-6.2)
Oral contraceptive use®

Never 61(18.7) 26.5(10.9—3915) 2.0(1.0-75) 1.2 (0.5-4.6)

< 6 years 185(56.8)  29.4 (11.5-247.2) 2.1(1.0-8.2) 1.1(0.6-6.2)

> 6 years 80(245)  22.1(1.0-338.7) 1.9(0.1-5.2) 0.9 (0.1-4.5)
Total no. of pregnancies

0-1 67(20.7) 26.3(10.9-391.5) 2.0 (1.0-4.5) 1.1 (0.6 - 2.9)
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. Ferritin (ug/L) STfR (ug/L) STfR-F Index
n (%) Median (min-maxy  Median \in—maxy Median pin_max

2-3 133 (41.2)  28.9 (1.0-240.1) 1.9(0.1-8.2) 1.1(0.1-6.2)

4-6 94(29.1) 257 (11.5-315.9) 2.0 (1.0-5.4) 1.0 (0.4-3.1)

7+ 29(9.0) 33.8(15.2-104.4) 22(14-171) 1.2(0.6-4.3)
Ageat first intercourse

<15 101(31.0)  27.2(1.0-3915) 2.1(0.1-5.4) 1.1(0.1-3.2)

16-17 88(27.0) 26.4(11.5-338.7) 1.9(1.0-7.1) 0.9 (0.6 —4.3)

18-19 73(22.4) 28.0(10.9-184.9) 2.0 (1.0-5.0) 1.1(0.6-3.8)

>20 64(19.6) 26.7 (15.5 - 350.0) 2.0(1.1-8.2) 1.2(0.4-6.2)
Lifetime no. of sexual partners?¢

0-1 112(34.4) 259 (1.0-338.7) 2.0(0.1-8.2) 1.1(0.1-6.2)

2-3 125(38.3)  29.1(10.9 - 391.5) 21(1.0-7.1) 1.2 (0.6 - 4.3)

>4 89(27.3) 255 (11.5-209.1) 1.8(1.0-5.0) 1.0 (0.5-3.8)
Total no. of sexual partnersin thelast fiveyears

0-1 208(63.8)  28.5(1.0-338.7) 2.0 (0.1-8.2) 1.1(0.1-6.2)

22 118(36.2)  26.0 (10.9 - 391.5) 2.0(1.0-5.4) 1.1(0.6-3.2)
Total no. of sexual partnersduring the last year

0-1 201(89.8)  27.5(1.0-3915) 2.0 (0.1-8.2) 1.1(0.1-6.2)

22 33(10.2) 27.0(13.2-350.0) 21(1.2-4.7) 1.1(0.7-2.6)
Ageat Menarche

0-11 years 74(226) 26.3(13.1-209.1) 2.0(1.2-8.2) 1.1 (0.6 -6.2)

12-19 years 253(77.4)  27.5(1.0-3915) 2.0 (0.1-7.5) 1.1 (0.1-4.6)
Condom use

Always 14 (4.3) 33.4(18.8-153.9) 1.8 (1.3-3.6) 1.0 (0.6 - 2.8)

Never/Occasionally 313 (95.7)  26.6 (1.0 - 391.5) 2.0(0.1-8.2) 1.1(0.1-6.2)

Kruskal-Wallis test was used to compare means,

aFerritin vary significantly,
bsTfR vary significantly,

csTfR per Ferritin vary significantly,

sTfR= Soluble Transferrin Receptor
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