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Abstract 

Persistent infection with high-risk (HR)-HPV causes cervical cancer, however, it is 

unclear why most infections resolve while a minority progress. We deep sequenced 

the HPV genomes of 1,228 HR-HPV-positive serial samples from 351 women with 

persistent infections (2–10 serial samples per woman over 1–8 years), including 279 

controls and 72 precancer/cancer cases, to assess HR-HPV genome changes during 

infection and relation to infection outcomes. Seventy-seven percent of persistent 

infections (45–97% by HPV type) were infections with the same exact viral genome 

isolate; for HPV16, only 52% were persistent with the same isolate. This may sug-

gest some infections include a type-specific isolate switch or new isolate infection 

during persistence. We additionally observed within-host change to the HPV genome 

estimated as gradual changes to intrahost single nucleotide variant (iSNV) frequency, 

and changes varied by HPV type, with HPV33 infections showing the most iSNV 

changes. Cases exhibited fewer viral genome changes during infection compared to 

controls (OR = 0.31, 95% CI = 0.1 – 0.86, p = 0.019), suggesting a more stable and 

clonal viral genome in cases. By viral gene, E7 had fewer nonsynonymous mutations 

in the cases compared to controls that cleared within 2 years of infection (p = 0.012), 

which confirms the importance of E7 conservation and suggests mutations to E7 

reduce persistence associated with progression. There was a similar pattern in E4 

(p = 0.013), while E5 had more changes in the cases (p = 0.008). A subset of 28 

infections had an intervening HPV-negative sample between HPV-positive visits; 

93% of these infections had the same exact viral genome isolate in the samples 

before and after the negative, consistent with subclinical persistence and subsequent 
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re-detection. Our data suggests that HR-HPV type-persistence can include a collec-

tion of viral isolates, and viral mutations during infection, particularly in E7, reduce 

HR-HPV persistence and thus carcinogenic potential.

Author summary 

Cervical cancer is the fourth most common cancer in women worldwide and 
is caused by persistent infection with high-risk types of human papillomavirus. 
Although most infections are cleared naturally, a small number persist and can 
progress to precancer and cancer. It remains unclear why certain infections 
progress while others do not. In this study, we followed women over time and 
analyzed repeated samples from the same infections to examine how the viral 
genome changes within an individual during infection. We found that the infec-
tions that subsequently progressed to precancer or cancer had significantly more 
stable viral genomes, whereas infections that did not progress showed greater 
genetic variation over time. We also observed differences in specific viral genes 
between persistence associated with progression and infections that cleared. 
These findings suggest that changes within the viral genome during infection can 
influence disease outcome. By highlighting the importance of tracking viral ge-
netic variation over time, our work provides new insight into HPV infections and 
suggests that monitoring viral genome stability could help improve risk assess-
ment and prevention strategies.

Background

Each year, high-risk human papillomaviruses (HR-HPVs) cause approximately 
690,000 cancers worldwide, including 660,000 cervical cancers and 348,000 deaths 
due to cervical cancer [1]. Persistent infection with one of the 12 HR-HPV types 
(HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59) is responsible for virtually all 
cases of cervical cancer [2–4]. HPVs are classified based on their ~7.9 kb double- 
stranded DNA genome, and the HR-HPVs are all clustered in the Alphapapillomavi-
rus genus in four species: Alpha-9 (HPV16, 31, 33, 35, 52, 58), Alpha-7 (HPV18, 39, 
45, 59), Alpha-5 (HPV51), and Alpha-6 (HPV56) [5]. The majority of HR-HPV infec-
tions are cleared by the immune system; only a small fraction will persist and prog-
ress to precancer and subsequently cancer [6,7]. Carcinogenicity varies by HR-HPV 
type. HPV16 is the most common carcinogenic type (responsible for ~60% of cervical 
cancers), followed by HPV18 (responsible for ~10–15%), while the other HR-HPV 
types including those genetically closely related to HPV16 and HPV18 (i.e., HPV31/
HPV35 and HPV45, respectively) are much less carcinogenic (each responsible for 
≤6% of cervical cancers) [8]. Within each type, genetic variation has been further 
linked to differences in HPV carcinogenicity by lineages and sublineages, and even 
individual single nucleotide polymorphisms (SNPs) [9–12].
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The HPV genome is considered evolutionarily stable, however, there have been only a few studies evaluating  
within-host HPV evolution, and recent studies suggest that the virus genome can change during an infection. Large stud-
ies investigating within-type genome diversity have shown a high level of viral isolate diversity at the consensus sequence 
level (i.e., a single representative sequence with the most common nucleotide at each position) among women in a given 
population [11,13,14], as well as intrahost single nucleotide variants (iSNV) within women [14–18]. Host innate antiviral 
APOBEC3 cytidine deaminases can induce HPV genome mutations [19] and contribute to HPV diversity, in addition to 
inducing human somatic driver mutations [20]. We have shown that HPV16 mutations potentially induced by APOBEC3 
frequently occur at low variant allele fractions (VAF) and that infections with more APOBEC3 mutations are more likely to 
be transient [15].

It is unclear how often the viral genome changes within a woman during her infection and if these changes impact 
infection outcome. Although most HPV genetic studies have been cross-sectional, a few longitudinal studies have eval-
uated HPV16 genome variation during infection. One study documented HPV16 genome changes in 94 women that 
later developed high-grade lesions using two serial samples (0.5–178 months apart) and reported that the majority had 
no genome changes during persistent infection, while 44% had 1–15 nucleotide changes [21]. Another study of 115 
women with 1–4 serial samples over three years identified a large amount of diversity among the women and found that 
the HPV16 genomes were conserved among serial samples within the women during infection [13]. Of note, both of 
these studies, and many of the earlier cross-sectional studies, focused on changes to the consensus-level viral genome 
sequence (i.e., the most common nucleotide detected in the sequence reads at each site). While this approach is well 
suited for sublineage assignment and population-level comparisons across women, it excludes changes occurring in a 
minority of reads and therefore likely overlooks many viral genomic changes within a host. In contrast, a recent longitu-
dinal study evaluated HPV16 iSNV changes over time in 40 women (2–5 serial samples per woman) and reported fewer 
iSNVs in the high-grade lesions compared to the normal/low-grade lesions, and an increase in APOBEC3-induced iSNVs 
over time in the normal/low-grade lesions [16].

To our knowledge, no large studies have evaluated HR-HPV isolate persistence or temporal changes to the allelic pro-
portions of iSNVs over the duration of infection across HR-HPV types and the risks associated with such changes. In this 
study, we investigated HR-HPV isolate persistence and longitudinal iSNV dynamics using whole-genome sequencing data 
from women enrolled in the prospective Guanacaste, Costa Rica Natural History Study and assessed their associations 
with infection outcome. We analyzed 1,228 serial samples (2–10 serial samples per woman) from 351 women positive 
for one or more of the 12 HR-HPV types. To capture within-host viral genomic changes across the full spectrum of variant 
allele fractions (VAFs), we performed whole-genome sequencing of all serial samples for each HR-HPV type. We investi-
gated viral isolate (i.e., genome sequence) persistence, and iSNV VAF changes over time and how they relate to infection 
clearance or precancer/cancer progression. In addition, we evaluated the HR-HPV genomes in the women with type- 
specific HR-HPV persistent infections and an intervening negative between HR-HPV positive samples to assess genomic 
evidence for a subclinical infection (i.e., lack of detection) of the same viral isolate.

Results

We evaluated 396 HR-HPV type-specific infections from 351 women with ≥ 2 serial samples (1,228 total samples) and 
HPV genome sequence data that passed our quality control (Fig 1). The characteristics of the 351 women are shown in 
Table 1, and by the 12 HR-HPV types in S1 Table. In total, we included 279 controls with benign or low-grade infections 
(≤CIN1; cervical intraepithelial neoplasia grade 1 or lower), and 72 cases including 28 CIN2, 40 CIN3 and 4 cancers. At 
study enrollment, 40% of the women had a co-infection with more than one HR-HPV type and 61% were less than 40 
years of age (Table 1). HPV16 was the most common HR-HPV (23.7% of infections), followed by HPV31 (13.6%) and 
HPV58 (11.4%). Grouping the HR-HPV types by species, 267/396 (67.4%) of the infections were Alpha-9 HPV types, 
69/396 (17.4%) were Alpha-7 types, and 60/396 (15.2%) were Alpha-5/Alpha-6 types.
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HR-HPV type-specific persistence can represent persistence of multiple viral isolates

For each of the 396 HR-HPV type-specific persistent infections, a sublineage was assigned to each serial sample (Fig 
2A). Lineage A was most common across nine HR-HPV types: 87% of HPV16 infections; 74% of HPV18; 88% of HPV33; 
100% of HPV35; 100% of HPV39; 83% of HPV51; 85% of HPV52; 76% of HPV56; and 91% of HPV58. For HPV16, 
sublineage A1 was most common (78%), followed by D3 and A2 (each 9%), and D2 (4%). At least two sublineages were 
detected for each HR-HPV type, and HPV31 had the greatest number of sublineages (n = 8). Twenty-seven (7%) of the 
396 infections were classified as skip infections with ≥1 intervening HPV-negative samples and were analyzed separately. 
The remaining 369 persistent infections (n = 1,193 serial samples) were further categorized as ‘isolate persistence’ or 
‘isolate switch/coinfection’, depending on whether the same viral genome isolate, or a different viral genome isolate (i.e., 
genome with ≥2 nucleotide changes) was observed among the serial samples (see methods for more details).

Fig 1.  Overview of the study workflow and methodology. 364 women (depicted as unique individuals by the different colors) positive for ≥1 HR-HPV 
types were selected from the Guanacaste, Costa Rica Natural History Study. Each woman had multiple serial screening visits during the study and was 
classified as a case if she progressed to cervical intraepithelial neoplasia grade 2 or higher (CIN2+) or as a control if she cleared/controlled her infection 
and never progressed to CIN2+. Exfoliated cervical serial samples (shown as tubes, colored to match the woman) were collected from multiple screen-
ing visits; the number of serial samples collected per woman ranged from 2 to 10. Each HR-HPV+ sample was HPV whole-genome sequenced. Each 
HR-HPV type detected in a woman (HR-HPV type-specific infection) was evaluated separately. The infections were categorized in one of two groups: 
skip infections (n = 27) with intervening HPV-negative tests or HR-HPV type persistent infections without any intervening HPV-negative tests (n = 369). 
The type-persistent infections were then evaluated for isolate persistence (i.e., whether each serial sample of the infections had the same HPV consen-
sus genome sequence or viral isolate in each serial sample) and iSNV frequency changes (i.e., changes to the proportion of viral sequence reads within 
the host having a particular single nucleotide variant) during the infection.

https://doi.org/10.1371/journal.ppat.1014362.g001



PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1014362  July 15, 2026 5 / 23

Isolate persistence was variable by HPV type and the majority of the infections across the HR-HPV types persisted for 
more than two years (83%, n = 307) (Fig 2B, S2 Table). Notably, for HPV16 and HPV33, 48% (42/87) and 55% (12/22) of the 
type-level persistent infections were not persistent at the viral isolate-level; that is, the same viral genome sequence was not 
detected throughout the infection period. Instead, isolate switches were observed, suggesting a new infection with the same 
type. Overall, 77.5% (286/369) of all the HR-HPV type persistent infections were persistent at the isolate-level with the same 
consensus viral genome throughout the infection period, whereas isolate switches/coinfections were observed in 22.5%. 
Interestingly, HPV33 infections persisting for 0–2 years had the highest frequency of isolate switches (80%), and HPV16 had 
the highest percentage of switches (51%) in infections that persisted for more than two years (S2 Table).

Among the serial samples (n = 1,193) of a given woman’s type-specific persistent infection, the majority of isolate 
sequences were exactly the same (79%; S1 Fig). In contrast, type-specific exhaustive pairwise comparisons of viral iso-
lates between all the women positive for that type, comparing only the enrollment sample viral isolates, showed that there 
was a high level of isolate diversity among women in the population (isolates differed by two or more nucleotides), ranging 

Table 1.  Characteristics and HR-HPV types detected in 351 women in the Guanacaste, Costa Rica 
Natural History Study.

Characteristics N (%)

Enrollment Age

  18-29 135 (38.5)

  30-39 79 (22.5)

  40-49 46 (13.1)

  50-59 33 (9.4)

  60+ 58 (16.5)

Histology

   ≤ CIN1 279 (79.5)

  CIN2 28 (8)

  CIN3 40 (11.4)

  Cancer 4 (1.1)

HR-HPV type co-infection

  Yes 141 (40)

  No 210 (60)

  Total 351 (100%)

HR-HPV type

  16 94 (23.7)

  18 31 (7.8)

  31 54 (13.6)

  33 24 (6.1)

  35 16 (4)

  39 16 (4)

  45 16 (4)

  51 22 (5.6)

  52 34 (8.6)

  56 38 (9.6)

  58 45 (11.4)

  59 6 (1.5)

Total* 396 (100%)

*Total number of HR-HPV infections, women coinfected with ≥ 1 type are counted more than once.

https://doi.org/10.1371/journal.ppat.1014362.t001
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from 81% to 100% (S2 Fig). The level of isolate diversity detected per type did not significantly correlate with the percent-
age of switches/coinfections (Pearson correlation, r = 0.27).

Evidence for within-host iSNV changes during HR-HPV type-specific persistent infections

We evaluated 1,193 serial samples (excluding skip infections) from 369 HR-HPV type-specific persistent infections to 
identify iSNVs that significantly changed VAF during infection. Fig 3A illustrates a hypothetical scenario where within-host 
ΔiSNV

VAF
 (i.e., iSNV VAF changes) may not be detected in consensus-level sequence analyses; while the consensus viral 

sequence for this infection remains the same after two years, the proportion of viral genomes with the iSNV of interest 
increases from 0% to 25% to 42% within the host. Therefore, we evaluated iSNV changes across the full spectrum of 
variant frequencies, including both consensus and sub-consensus levels.

After stringent quality control filtering, we included 323 of 369 type-persistent infections with at least one iSNV observed 
in ≥ 2 serial samples in this analysis. Cumulatively, these infections harbored 1,957 iSNVs in ≥ 2 serial samples with a 
sequencing depth ≥ 100 and VAF ≥ 0.005 and ≤ 0.995 in at least one serial sample (our criteria for identifying iSNV/variable 
sites). Each of the 1,957 iSNVs were further categorized based on their VAF change, as either increasing, decreasing, or 
no change (see Methods for more details).

We identified a total of 389 iSNVs (19.9% of iSNVs) that significantly changed VAF over time. The distribution of iSNVs 
that significantly increased or decreased VAF by HPV type is shown in Table 2. Interestingly, the proportion of iSNVs with 
VAF increase/decrease varied across types. Of note, the three HR-HPV types considered the most carcinogenic (HPV16, 
HPV18, HPV45) [22] had similar levels of iSNV changes (~19%), as well as HPV35 (19.6%). HPV33 had the highest frac-
tion of iSNVs with VAF changes (32.2%), while HPV56 had the least (7.1%). In addition, HPV51 had ≥ 3x iSNVs with VAF 
increase than decrease. We also show representative examples of infections with stable and changing iSNV VAFs during 
persistent infection (Fig 3B).

Since the PCR amplification process is stochastic, it is possible that some amplicons may be amplified more than oth-
ers, and therefore, some variant positions may have higher sequencing depth than others. To exclude the possibility that 
the observed iSNV VAF changes were due to sequencing depth differences across serial samples, we examined the cor-
relation between standard deviation of variant depth and standard deviation of VAF and observed no correlation (r = 0.011) 

Fig 2.  Distribution of sublineages (A) and frequency of viral persistence at the isolate-level (B) for each HR-HPV type. (A) The percentage of 
each sublineage observed per HR-HPV type. (B) Distribution of isolate persistence (i.e., same consensus HPV genome sequence observed in all serial 
samples; n = 286) and isolate switches (i.e., different consensus HPV genome sequence with ≥2 nucleotide changes observed across serial samples; 
n = 83) stratified by infection duration (0-2 years or >2 years) for each HR-HPV type across all type-persistent infections.

https://doi.org/10.1371/journal.ppat.1014362.g002
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between the two variables (S3A Fig). We also observed a minimal correlation (r = 0.056) between VAF and sequencing 
depth for each variant position (S3B Fig), confirming that the observed variations in iSNV VAF were not linked to sequenc-
ing depth changes.

Fig 3.  Within-host iSNV VAF changes. (A) A cartoon explaining the evolution of the viral genome within a woman at the sub-consensus level. At year 
0, the woman has 12 copies of the viral genome, all with the same sequence. Within a year, 3 of 12 viral genomes have accumulated the red iSNV. After 
two years of infection, the proportion of genomes (VAF) with the red iSNV has increased from 0 → 25% → 42%. However, because the red iSNV is still 
present in a minority of viral genomes (<50%), the consensus sequence remains unchanged. (B) Examples of our HPV16, HPV18 and HPV56 infections 
without any significant iSNV VAF changes (top) and with at least one significant iSNV VAF change (bottom). Each iSNV is shown as a distinct line and 
the observed VAF at each serial time point as a dot. iSNV, intrahost single nucleotide variant; VAF, variant allele fraction.

https://doi.org/10.1371/journal.ppat.1014362.g003
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Within-host viral iSNV frequency changes are associated with disease risk

The frequency of iSNV VAF changes in the controls was higher than in the precancer/cancer cases (CIN2, CIN3, Cancer) 
across all HR-HPV type persistent infections, particularly in the viral oncogenes E6, E7 and E5 (Fig 4A). Interestingly, 
several iSNV positions that exhibited significant frequency changes in controls were not variable in cases, with no iSNVs 
observed at these sites. As an orthogonal approach, we also estimated iSNV VAF changes by calculating the absolute of 
the difference between the iSNV VAF at first detection and at last detection across all HR-HPV types stratified by infec-
tion outcome (Fig 4B). There was a similar trend of lower iSNV VAF changes in CIN3/Cancer cases compared to controls 
(P = 0.0002). The distribution of VAF changes in women with CIN2 more closely resembled that of controls than CIN3/
Cancer cases, which reflects their less severe and ambiguous histopathology. By HPV species (Fig 4C), we consistently 
observed the same trend across Alpha-9, Alpha-7 and Alpha-5/6 HPV types, although the comparisons were only sig-
nificant for the Alpha-9 species likely due to the larger number of infections in this group. By HPV type, there was only 
enough controls/cases (n > 5) for this comparison for HPV16; less iSNV changes were also observed in the cases com-
pared to controls for the HPV16 infections (Fig 4C).

We further classified each infection based on the presence of at least one iSNV with a significant frequency change, 
as either VAF-change or No-VAF-change and evaluated the associations with infection outcome (S4 Fig). Considering 
all HR-HPV types with ≥ 2 years persistence and ≥ 3 serial samples, we observed a significant association between no 
iSNV VAF changes and progression to precancer/cancer, suggesting a more stable HPV genome in cases than controls 
(CIN3 + : OR 0.15, 95% CI 0.03–0.63, P = 0.003; Table 3). This association remained after adjusting for enrollment age, 
number of sexual partners and HR-HPV co-infection status (CIN2 + : OR 0.38, 95% CI 0.14–0.98, P = 0.049). A similar 
trend was observed for the Alpha-9 type infections (Table 3). Case counts were too small for association testing for the 
Alpha-7 and Alpha-5/6 types (n < 5).

Gene-specific nonsynonymous viral mutations are associated with infection outcome

To determine if nonsynonymous single nucleotide changes in specific genes were associated with viral clearance, we 
categorized the HR-HPV type-persistent infections based on HR-HPV clearance [‘control/clearance’ (n = 153) and ‘control/

Table 2.  Distribution of iSNVs by HPV type and iSNV VAF change.

HPV Type Total iSNVs
N

iSNVs with significant VAF changes

VAF increase
N (%)

VAF decrease
N (%)

Total
N (%)

HPV16 177 15 (8.5%) 19 (10.7%) 34 (19.2%)

HPV18 131 8 (6.1%) 18 (13.7%) 26 (19.8%)

HPV45 122 7 (5.7%) 16 (13.1%) 23 (18.9%)

HPV33 261 48 (18.4%) 36 (13.8%) 84 (32.2%)

HPV58 327 46 (14.1%) 43 (13.1%) 89 (27.2%)

HPV31 191 9 (4.7%) 9 (4.7%) 18 (9.4%)

HPV52 172 10 (5.8%) 11 (6.4%) 21 (12.2%)

HPV35 138 13 (9.4%) 14 (10.1%) 27 (19.6%)

HPV59 26 3 (11.5%) 5 (19.2%) 8 (30.8%)

HPV39 118 20 (16.9%) 11 (9.3%) 31 (26.3%)

HPV56 240 7 (2.9%) 10 (4.2%) 17 (7.1%)

HPV51 54 8 (14.8%) 3 (5.6%) 11 (20.4%)

N, number of iSNVs with the given change (% of total iSNVs for that type); VAF, variant allele fraction. Order of types is based on the worldwide attribu-
tion to cancer.

https://doi.org/10.1371/journal.ppat.1014362.t002
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no clearance’ (n = 132)] and on the duration of infection prior to clearance (S5, S6 Figs). Based on the infection clearance 
time, we further stratified the control/clearance infections into short-term and long-term clearance groups, ‘clearance (0–2 
years)’ and ‘clearance (4+ years)’. We evaluated all single nucleotide variants with VAF ≥ 0.005, sequencing depth ≥ 100 
and appearing in at least two serial samples, excluding variant sites consistent with a sublineage coinfection of that 

Fig 4.  iSNV VAF changes across 323 HR-HPV type persistent infections by viral gene and infection outcome. (A) Each iSNV detected in the 
persistent HR-HPV type-specific infections is shown by HPV genome position, viral gene/region, and colored by infection outcome (Control, CIN2, CIN3, 
Cancer). The iSNVs with significant VAF changes are shown as triangles and those without significant changes as dots. Infections with at least one iSNV 
in any of the 9 genes shown above were considered. (B) Distribution of changes in iSNV VAF measured as the absolute of the difference between VAF 
at the first serial sample observation and last observation for each iSNV by infection outcome for all HR-HPV types and for (C) Alpha-5/6, Alpha-7 and 
Alpha-9 species groups. Distributions were compared using Wilcoxon’s test. Only significant p values (p  <  0.05) are shown. Numbers correspond to the 
number of infections in each outcome group for each clade. iSNV, intrahost single nucleotide variant; VAF, variant allele fraction. E6, early gene 6; E7, 
early gene 7; E1, early gene 1; E2, early gene 2; E4, early gene 4; E5, early gene 5; L2, late gene 2; L1, late gene 1; URR, upstream regulatory region. 
CIN2, cervical intraepithelial neoplasia grade 2; CIN3, cervical intraepithelial neoplasia grade 3; Cancer includes adenocarcinoma and squamous cell 
carcinoma.

https://doi.org/10.1371/journal.ppat.1014362.g004
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HR-HPV type (see Methods for more details; S1 File). We compared the proportions of nonsynonymous single nucleotide 
variants by viral gene between the clearance (0–2 years), clearance (4 + years) and the cases (CIN2+).

Among infections with nonsynonymous single nucleotide variants, the cases had significantly fewer nonsynonymous 
variants in E7 and E4 ORFs, compared to the clearance (0–2 years) group (Fig 5). The most significant differences in 
nonsynonymous variant distributions were between the more rapid clearance (0–2 years) group and the cases. The clear-
ance (4 + years) group was more similar to cases in E7, with a lower proportion of nonsynonymous mutations. Interest-
ingly, we observed the opposite pattern for the E5, L2, and E6 ORFs: the cases had significantly more nonsynonymous 
variants compared to the clearance (0–2 years) group (Fig 5). Similar patterns were observed when considering only the 
Alpha-9 HPV types (S7A Fig) and only the A1/A2 sublineage infections across all the HR-HPV types (S7B Fig). We did not 
observe any significant patterns for the Alpha-7 types likely due to the small numbers.

Categorizing infections based on number of nonsynonymous single nucleotide variants (none vs. ≥ 1), there was a 
strong inverse association between nonsynonymous iSNVs in E7 and E4 and infection outcome comparing CIN2 + cases 
to the rapid clearance (0–2 years) controls (E7: OR 0.19, 95% CI 0.06–0.6, P = 0.012; E4: OR 0.23, 95% CI 0.07–0.71, 
P = 0.016) (Table 4), suggesting that infections that cleared within two years had more nonsynonymous mutations in E7 
and E4 compared to the cases. In contrast, nonsynonymous changes in the E5 gene were detected less in the controls, 
suggesting that the cases had more nonsynonymous mutations in E5 (OR 4.99, 95% CI 1.57–18.03, P = 0.012) (Table 4). 
No other associations were significant. The associations and distributions of nonsynonymous mutations by gene were 
also calculated separately for Alpha-9 types (S3 Table) and similar significant associations were observed.

Intervening negative ‘skip infections’: Evidence for lack of detection followed by re-appearance of the same virus

To evaluate if there was evidence of a subclinical persistent infection or lack of detection followed by re-appearance, we 
identified 27 HR-HPV type-specific infections that had an HPV-negative test (no detection) for a HR-HPV type within a 
string of HPV-positive tests (detection) for that type (i.e., HR-HPV negative with flanking HR-HPV positive tests; termed 
‘skip infections’). One of the 27 identified skip infections was excluded from analysis due to insufficient sequence coverage 
across the viral genome in the flanking samples for thorough evaluation. Two of the 26 (7.7%) infections had two indepen-
dent skip events (e.g., an infection with the following HPV test results: ++ - ++ - ++), therefore, a total of 28 skip events were 

Table 3.  HR-HPV iSNV VAF changes during a persistent infection and associations with infection outcome.

HPV Type Persistence years N visits Infection
 outcome*

No-VAF-change VAF-change OR (95% CI) P value

All HR-HPV ≥ 2 ≥ 3 Control 34 (37.8%) 56 (62.2%) Ref

CIN2+ 16 (66.7%) 8 (33.3%) 0.31 (0.1,0.86) 0.019

CIN3+ 12 (80%) 3 (20%) 0.15 (0.03,0.63) 0.003

Alpha-9 ≥ 2 ≥ 3 Control 21 (35.6%) 38 (64.4%) Ref

CIN2+ 13 (61.9%) 8 (38.1%) 0.34 (0.11,1.07) 0.043

CIN3+ 10 (76.9%) 3 (23.1%) 0.17 (0.03,0.76) 0.011

* Case HR-HPV coinfections with sequencing data were excluded from this analysis.

Ref: referent group.

Odds ratios (OR), 95% confidence intervals (95% CI) and P values were calculated using a two-sided Fisher’s exact test.

No-VAF-change is the number of infections that were categorized as No-VAF-change; VAF-change is the number of infections that were categorized as 
VAF-change.

N visits is the number of serial screening visits in which an infection was detected.

Persistence years was estimated as the time between the first positive serial sample (i.e., screening visit) collection date and the last positive serial 
sample collection date for each HR-HPV type, divided by 365.

https://doi.org/10.1371/journal.ppat.1014362.t003
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observed in the 26 infections (Table 5). We determined the HR-HPV sublineage and then compared the entire viral genome 
sequence (isolate) at every nucleotide position for each serial sample in each skip infection series to determine if the same 
exact virus was present at all time points. 92.9% (26 of 28) of the skip infections had the same exact HPV genome isolate 
in the flanking serial samples, suggesting that the same HR-HPV was present throughout the infection (Table 5). There 
were 2 infections that had a different isolate after the tested negative sample, and one had entirely different sublineages 
in the flanking samples (HPV35 A1 vs. A2). We illustrate four of the skip infections from this set in Fig 6; three of these 
included infections had the exact same isolate observed in each of the positive serial samples and flanking samples over 
5–7 years of persistence, while the fourth had 2 different isolates detected in the 5 positive serial samples.

Eighteen ‘skip infections’ had one negative test (i.e., one intervening negative) and 10 had two or more negative tests 
among the persistent positive serial samples (S4 Table). The enrollment age of the women who had a skip in their infec-
tion was older (median age of 38 years) than the women without a skip (median age of 34 years), although the age differ-
ence was not significant (S8 Fig).

Discussion

We conducted the largest study to date comprehensively evaluating HPV genome changes during persistent infection 
across all HR-HPV types and the relation to infection outcome. The study is based on deeply sequenced HPV whole- 
genomes from 396 HR-HPV infections and 1,228 prospectively collected serial samples. We report several fundamental 

Fig 5.  Distribution of nonsynonymous single nucleotide variants by gene and infection outcome. The percentage of nonsynonymous changes 
(iSNVs and SNVs) per infection per gene is shown for CIN2+ cases, Controls/Clearance (4+ years) and Controls/Clearance (0–2 years). Only infections 
with at least 3 nonsynonymous changes were considered. P values were corrected with FDR correction and only significant P values (<0.05) are shown. 
The L2 gene panel shows the number of infections for each outcome category. CIN2+, cervical intraepithelial neoplasia grade 2 or higher; ORF, open 
reading frame, E6, early gene 6; E7, early gene 7; E1, early gene 1; E2, early gene 2; E4, early gene 4; E5, early gene 5; L2, late gene 2; L1, late gene 
1; * (p < 0.05), ** (p < 0.01).

https://doi.org/10.1371/journal.ppat.1014362.g005
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Table 4.  Nonsynonymous single nucleotide changes associated with infection outcome by viral gene for all HR-HPV infections.

Gene Infection outcome* No Nonsynonymous changes ≥ 1 Nonsynonymous changes OR (95% CI) P value#

E7 Clearance (0–2 yrs) 7 (29.2%) 17 (70.8%) Ref

CIN2+ 37 (68.5%) 17 (31.5%) 0.19 (0.06,0.6) 0.012

E5 Clearance (0–2 yrs) 18 (75%) 6 (25%) Ref

CIN2+ 20 (37%) 34 (63%) 4.99 (1.57,18.03) 0.012

E4 Clearance (0–2 yrs) 8 (33.3%) 16 (66.7%) Ref

CIN2+ 37 (68.5%) 17 (31.5%) 0.23 (0.07,0.71) 0.016

L2 Clearance (0–2 yrs) 6 (25%) 18 (75%) Ref

CIN2+ 4 (7.4%) 50 (92.6%) 4.08 (0.86,22.05) 0.122

L1 Clearance (0–2 yrs) 5 (20.8%) 19 (79.2%) Ref

CIN2+ 6 (11.1%) 48 (88.9%) 2.08 (0.45,9.33) 0.361

E1 Clearance (0–2 yrs) 6 (25%) 18 (75%) Ref

CIN2+ 21 (38.9%) 33 (61.1%) 0.53 (0.15,1.68) 0.361

E6 Clearance (0–2 yrs) 12 (50%) 12 (50%) Ref

CIN2+ 19 (35.2%) 35 (64.8%) 1.83 (0.62,5.46) 0.361

E2 Clearance (0–2 yrs) 2 (8.3%) 22 (91.7%) Ref

CIN2+ 7 (13%) 47 (87%) 0.61 (0.06,3.59) 0.713

Only infections with ≥ 3 nonsynonymous mutations were considered.

‘No Nonsynonymous changes is the number of infections with no nonsynonymous iSNVs/SNVs, ‘≥ 1 Nonsynonymous changes’ is the number of infec-
tions with at least 1 nonsynonymous iSNVs/SNVs.

Odds ratios (OR), 95% confidence intervals (95% CI) and P values were calculated using a two-sided Fisher’s exact test; to enable calculations for Fish-
er exact test, the counts were incremented by 0.6 if any count in a 2x2 contingency table was 0.
#FDR correction was applied to the P values; significant p values (<0.05) are shown in bold.

CIN2+ includes cervical intraepithelial neoplasia grade 2 or higher.

* CIN2+ cases compared to the rapid clearance (0–2 years) controls; Coinfected cases with sequencing data were excluded.

https://doi.org/10.1371/journal.ppat.1014362.t004

Table 5.  Summary of the 26 HR-HPV skip infections with an intervening HR-HPV negative test.

HPV
Type

No. of skip
infections

Same isolate in the flanking positive samples, N (%)

HPV16 6 5 (83%)

HPV18 2 2 (100%)

HPV31 4 4 (100%)

HPV33 2 2 (100%)

HPV35* 1 (*2) 1 (50%)

HPV39 3 3 (100%)

HPV45 1 1 (100%)

HPV51 2 2 (100%)

HPV52 1 1 (100%)

HPV56* 4 (*5) 5 (100%)

HPV58 0 0 (0%)

HPV59 0 0 (0%)

* There were 2 independent skip infections in the same woman for HPV35 and HPV56.

https://doi.org/10.1371/journal.ppat.1014362.t005
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observations using this unique dataset: (1) the same consensus viral isolate was often not observed throughout HR-HPV 
type persistent infections indicating an isolate switch (i.e., a new or different genome isolate of the same HR-HPV type 
indicated by two or more distinct nucleotide changes), and ~50% of both HPV16 and HPV33 persistent infections included 
a new virus isolate or switch. (2) The infections that progress to precancer/cancer have significantly fewer iSNV frequency 
changes (i.e., within-host SNV changes indicated by a significant frequency change among serial samples) compared to 
the infections that do not progress; (3) the controls that clear their infections rapidly (≤ 2 years) have significantly more 
nonsynonymous mutations in E7 and less in E5 genes compared to precancer/cancer cases; (4) nearly all (93%) per-
sistent infections with intervening negatives, ‘skip infections’, have the same exact HPV genome isolate in the flanking 
serial samples, suggesting that the same HR-HPV is present throughout the infection and likely undetected in the inter-
vening negative sample(s) potentially due to subclinical persistence and subsequent re-appearance.

The prevalence of viral persistence at the isolate-level in the HR-HPV type persistent serial samples, i.e., identical 
genome sequence over time, was variable by HR-HPV type, ranging from 45% (HPV33) to 97% (HPV56) of all persistent 
infections. After HPV33, HPV16 had the highest frequency of a different viral isolate (isolate switch) detected among the 
serial samples of a persistent infection: approximately half of the type-level persistent infections did not represent per-
sistence of the same virus. The majority (54/100) of isolate switch sequences had four or more nucleotide changes, and 
twenty-two of these had more than ten changes, consistent with a different type-specific sublineage. A sudden switch to 
a viral consensus genome sequence with a large number of nucleotide changes likely suggests infection with a new viral 
isolate of that HPV type. This would suggest that some HPV16 infections may be progressing to precancer and cancer in 
even less time of persistence than previously thought.

It’s also possible that a co-infection with a different isolate of the same type at one time point switched to the domi-
nant isolate or clone at the next time-point. The isolate switches that differ by only a small number of changes (e.g., two 
nucleotide changes) could also result from rapid selection of variants in the population, potentially driven by host enzymes 
such as APOBEC3. A previous HPV16 longitudinal study reported a median of 0 substitutions/site/year (CI 0–0.8 × 10−4) 
in the consensus genome sequence, suggesting that the viral consensus-level sequences within the host were largely 

Fig 6.  Illustration of skip infections with intervening negative tests and viral isolates detected. Of the 26 HR-HPV skip infections observed in our 
study, we illustrate the viral isolates detected for four. Each row is a separate skip infection, the visit years are denoted as Y0, Y1, Y2, etc., each serial 
sample is depicted as a circle, and the duration of the infection is reported for each. Serial samples negative for the HR-HPV type are colored grey and 
denoted with a ‘-’. Positive ‘+’ samples that had the same isolate are shown in the same color, while those with a different isolate are shown with a differ-
ent color. The horizontal bars connecting the circles represent the serial timeline for each infection.

https://doi.org/10.1371/journal.ppat.1014362.g006
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stable [23]. Therefore, we don’t anticipate rapid selection to account for many of the observed consensus changes. Across 
all HR-HPV types, we observed isolate-level persistence throughout 78% of infections, which is also consistent with the 
study by Arroyo-Mühr et al [21]. Notably, we and others have previously reported extensive HPV16 isolate diversity at the 
consensus-level among women in a given population (i.e., 80–95% of isolates among independent women were unique 
and differed by as few as 2 nucleotides or more) [11,13,14,23], and here we observe this across all HR-HPV types, which 
supports our hypothesis that the observed isolate switches may represent new HR-HPV isolate infections.

Across HR-HPV persistent infections, the cases that progressed to precancer/cancer during the study had significantly 
more conserved viral genomes, i.e., fewer within-host iSNV frequency changes, during persistent infection compared to 
the controls. This suggests that within-host viral genetic changes occurring during an infection tend to reduce the viability 
or fitness of the virus and thus reduce the risk of progression to precancer and cancer, consistent with the predominance 
of purifying selection and overall conservation of the HPV genome [9]. This observation agrees with a previous longitu-
dinal study [16], which reported more iSNVs in the normal and low-grade diagnostic category compared to high-grade 
lesions. Genome conservation in the cases is consistent with the clonal expansion that is characteristic of cancer progres-
sion, which replaces a more homogeneous population of genomes with that of the expanding variant.

We observed that the E7 and E4 genes were particularly more conserved (i.e., fewer nonsynonymous single nucleotide 
changes) in persistent HR-HPV infections associated with progression to precancer/cancer compared to controls. This 
E7 association is consistent with our previous HPV16 study [11], and further expands this observation of E7 conservation 
and carcinogenesis to infections of all 12 HR-HPV types. Additionally, we have shown that nonsynonymous mutations 
in E7 are linked to more rapid viral clearance, suggesting that these variants are reducing the ability of the virus to per-
sist and thus constrain the oncogenic potential of HR-HPV infections. A previous study has shown that nonsynonymous 
single nucleotide changes in HPV16 E7 can lead to lower E7 protein levels and defective cell transformation and growth 
[24]. Here, we have also taken a more granular approach by considering all single nucleotide changes at all VAFs and 
the genetic changes that occur during an infection between cases and controls, versus comparing only consensus E7 
sequence differences. The HPV E4 protein is known to aid in virus synthesis and release by binding and disrupting keratin 
in the upper epithelial layer. Mutations to the HPV16 E4 protein have been previously reported and shown to disrupt its 
association with keratin [25]. Also, we and others have previously reported that the E4 protein in HPV16 is more con-
strained than E2 and shows disproportionately more synonymous mutations compared to E2 [9,11,26,27]. We make 
similar observations in this study, noting E4 conservation in persistent cases of all HR-HPV types and the Alpha-9 species, 
thereby suggesting that a conserved E4 protein is oncogenically more potent. Interestingly, in contrast to E7, the other two 
HPV oncoproteins, E5 and E6, showed the opposite pattern with more nonsynonymous mutations in cases, although only 
significant in E5. E5 is an accessory oncoprotein that downregulates the antiviral interferon response and disrupts MHC 
class I antigen processing and presentation [28]. A previous study has shown that certain nonsynonymous mutations in E5 
can increase its thermodynamic stability and modulate its functional behavior [29], as well as lead to differential activation 
of the NF-kB signaling pathway that regulates cell proliferation and apoptosis. It’s possible that the cases with nonsynony-
mous mutations in E5 are more likely to have highly expressed NF-kB and progression.

Compared to previous longitudinal studies [13,21], our study provides greater resolution for understanding the changes 
accrued in the HPV genome during infection using ≥ 2 serial samples. For example, as previously reported with fewer time 
points [16], we also observe that certain iSNVs only appear at low frequencies (VAF < 10%) in some intervening serial 
samples but not in other serial time points. To investigate whether such low frequency iSNVs were sequencing artifacts, 
we manually inspected the sequence reads for a subset of these variants using IGV and confirmed they were good qual-
ity variants and consistent with being a true iSNV, as previously described [30]. Our study defined true iSNVs as those 
detected in at least two serial samples, following Mishra et al. 2024 [18], and we imposed stringent variant quality control 
criteria, including a minimum sequencing read depth of 100 for each iSNV site, to remove potential sequencing artifacts 
at low read depths [31]. Further, to test the robustness of our findings at different iSNV VAF thresholds, we also repeated 



PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1014362  July 15, 2026 15 / 23

the analyses using iSNVs with VAF ≥ 0.03 and ≤ 0.97 with consistent results. Lastly, to rule out the potential influence of 
low-level sublineage coinfections from the same HR-HPV type on iSNV VAF changes, we excluded all lineage/sublineage 
defining sites. Therefore, the HPV genome variation we observed is attributed to within-host changes acquired during 
infection.

Our results confirm that changes to the viral genome arise during infection in within-host HPV populations, i.e., present 
in only a minority of viral genomes. In the past, we have referred to such changes as within-host somatic variations [15] 
or as iSNVs [9,18]. Such variants may arise as an outcome of a constant interplay between elements of the host innate 
immune system (e.g., APOBEC3 proteins) and HPV, or as a simple consequence of random de novo mutation. While 
previous studies have observed relatively few consensus-level nucleotide substitutions in the HPV16 genome among 
serial samples of cases compared to controls [21,32], we observe the same phenomenon among cases at the within-host 
(sub-consensus) level. We note that we have not specifically probed the tri-nucleotide context of the iSNVs to verify if they 
exhibit APOBEC3 signatures [14,15,20,33], and we consider this an important area of future research.

Our study documents potential subclinical persistence (lack of detection) of HR-HPV type-specific infections, followed 
by re-appearance (detection) in 26 HR-HPV type infections that had an intervening negative within a persistent infection, 
i.e., an HPV-negative test in a string of persistent HPV-positive tests (i.e., skip infection). We verified that the viral genome 
isolates of the positive serial samples flanking the negative were the same exact sequence in 93% of the skip infections, 
suggesting that it was the exact same virus before and after the negative time point. Given the large amount of HPV 
isolate diversity observed in human populations [11,13,14], the likelihood of re-infection with the same exact isolate is 
minimal, supporting the explanation of subclinical persistence or lack of detection and subsequent re-appearance of the 
same infection. While the manifestation of subclinical persistence can be strongly influenced by certain factors, such as 
sample viral load, unifocal vs. multifocal infection, and sample collection technique (i.e., self-collection vs. collection by 
clinician), our consistent observation of identical genome isolates over many years of infection strongly suggests virologi-
cal persistence below detection, attributable to host immune control, followed by infection re-appearance, rather than true 
clearance at the intervening time point [34].

We expect the effects of sequencing error on the iSNVs we observed to be minimal due to the very low single-base 
substitution error rate (~ 1 error per 10 kb sequenced [35]) that has been reported for our Ion Torrent sequencing plat-
form. Additionally, our criterion of considering only those iSNVs consistently observed in two or more serial samples and 
considering the sites with sequencing depth ≥ 100 would further reduce the presence of sequencing errors, as previously 
reported [18,31]. However, our study has some limitations to note. Although our study is the largest to date to evaluate 
HPV genome variation across serial samples and the first study to evaluate all HR-HPV type genome variation, our sam-
ple size for each HR-HPV type and precancer/cancer cases were small. We observed significant associations between 
iSNV VAF changes and infection outcome when considering persistent infections across all the HR-HPV types, but the 
associations were not significant for each type, likely due to the small sample sizes. There is likely some variability among 
serial samples from cervical cell sampling (e.g., different viral loads) that we were unable to account for; not every cell of 
the cervix is the same and different “colonies” or populations of viruses may be represented in the samples. This could 
lead to misclassification of SNVs or co-infected within-type isolates from different viral populations in serial samples. 
However, we expect such sample heterogeneity to contribute equally to both the cases and controls, and we observed no 
correlation between sequence read depth and variant frequency. Therefore, this would not account for any of the case/
control differences we observed.

Conclusions

In summary, we comprehensively characterized HR-HPV genomic variation during persistent infection; determined that 
iSNV changes occur during infection and are linked to infection outcomes, possibly by reducing viral fitness or viability; 
and provided viral genomic evidence for persistent but intermittently undetected infections that were later re-detected. 
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Importantly, HR-HPV type-level persistence can represent a heterogeneous collection of many viral isolates over time, 
which can appear as HPV type-specific persistence while including different infections. This underscores the limitations of 
classifying persistence solely at the HPV type level and highlights the need for higher-resolution genomic analyses incor-
porating isolate-level information, which may improve risk stratification in screening programs and inform the development 
and evaluation of therapeutic vaccine targets.

Materials and methods

Ethics approval and consent to participate

All the study participants provided written informed consent before participating in the study. The Guanacaste, Costa 
Rica Natural History Study was approved by the Institutional Review Board (IRB) of the National Cancer Institute (NCI), 
National Institutes of Health (NIH), and approved by the local IRB in Costa Rica.

Study population

The Guanacaste, Costa Rica Natural History Study (NHS) has been previously described [36–38]. Briefly, the study 
included 10,049 randomly sampled adult women (18 + years) residing in the Guanacaste Province of Costa Rica who were 
recruited for screening and follow-up, from 1993 to 2002, to understand the natural history of HPV infection and cervical 
neoplasia. Any participant with an abnormal screening result was rescreened at an interval of 6–12 months, and women 
with normal or negative screening results were randomly assigned to either be rescreened every 6–12 months or for pas-
sive follow-up to be rescreened after five to seven years. Women with CIN2+ at enrollment were treated and not further 
followed. Cervical samples from the enrolled women were collected using broom devices and then placed into Digene 
specimen transport medium. MY09/M11 L1 primer PCR system (MY09/11 PCR) with AmpliTaq Gold polymerase was used 
for HPV genotyping of the cervical samples [37].

Here, we included 364 HR-HPV (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and/or 59) positive women from this 
cohort, with 2–10 serial samples per women (1,309 total serial samples) collected over 6 months to 8 years of follow-up. 
Cases were defined as women positive for HR-HPV and diagnosed with cervical intraepithelial neoplasia grade 2 or 3 
(CIN2, n = 28; CIN3, n = 40), or cancer (n = 5). We included all women with CIN2+ and 2 or more HR-HPV positive serial 
samples; we included all available serial samples. We selected controls defined as women with type-specific HR-HPV 
positive persistence of 6 months to 8 years without progression to CIN2+ (≤ CIN1; n = 291) throughout the study period 
and included 2 (first and last available samples collected during follow-up) to 10 serial samples. We included 26 women 
that had a type-specific HR-HPV positive persistent infection with ≥ 1 intervening type-specific HR-HPV negative screen-
ing visits (flanked by HR-HPV positive visits; termed ‘skip infections’). Enrollment age of all selected women ranged from 
18 to 89, with a median age of 34 years.

HR-HPV whole-genome sequencing and variant calling

DNA was extracted from 1,309 HR-HPV positive serial samples. HPV16-positive serial samples were amplified using 
our previously described HPV16 single amplicon panel [39]. Serial samples positive for any of the remaining 11 HR-HPV 
types were amplified using an in-house custom assay, referred to as the National Cancer Institute Carcinogenic HPV All 
Next Generation Sequencing (NCI CHANGeS) assay. This assay uses a custom Ion AmpliSeq panel with 545 primer 
pairs, covering overlapping amplicons across the 12 HR-HPV types considered in this study. Primers were divided into 
two separate PCR reactions to avoid cross-reaction and primer dimerization. Amplicon lengths ranged from 69 bp to 324 
bp, with a median length of 199 bp. Whole-genome sequencing was performed for all 12 HR-HPV types concurrently on 
the Ion PGM platform. Raw sequencing reads were quality-controlled and adaptor trimmed using the Torrent Suite Soft-
ware and aligned to the HR-HPV reference genomes [5] using the Torrent Mapping Alignment Program  
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(https://github.com/iontorrent/TS/tree/master/Analysis/TMAP). Only reads with a mapping quality of 4 and above were 
retained. Reference-genome-based variant calling was performed using the Torrent Variant Caller (TVC)  
(https://github.com/domibel/IonTorrent-VariantCaller). VCF files were processed to decompose multi-allelic sites into bi- 
allelic records. Only single nucleotide variants were retained from the total pool of variants. SNPEff v3.6c [40] was used to 
annotate the variants for HPV gene or region and/or amino acid change.

A FASTA file with consensus viral genome sequences, including the samples that passed quality control and the nucle-
otide positions that were covered by at least 4 sequence reads, was created for each HR-HPV type along with sublineage 
references for each type. The FASTA file was used to build a phylogenetic tree with RAxML MPI [41], and lineages/sublin-
eages were assigned based on the topology of the trees and proximity to the reference genomes for each HR-HPV type. 
Each sequence was assigned to one of the following lineages/sublineages for each HR-HPV type: HPV16 A1-4, B1-4, 
C1-4, D1-4; HPV18 A1-5, B1-B3, C; HPV31 A1-2, B1-2, C1-3; HPV33 A1-3, B, C; HPV35 A1-2; HPV39 A1-2, B; HPV45 
A1-3, B1-2; HPV51 A1-4, B1-2; HPV52 A1-2, B1-2, C1-2, D; HPV56 A1-2, B; HPV58 A1-3, B1-2, C, D1-D2; HPV59 A1-3, 
B [5,12,42–44].

Of the 364 women included in our study (576 HR-HPV type-specific infections, including type co-infections), we 
excluded 87 HR-HPV type-specific infections that failed HPV sequencing and another 93 that had data from only a single 
serial time point (180 total type-specific infections excluded). Therefore, we included 396 infections with ≥ 2 serial samples 
from 351 women in our analyses (n = 1,228 serial samples) (Fig 1).

HR-HPV infection categories by viral genome or isolate persistence

Based on changes to the viral genome sequence across serial samples for a given woman, we classified each of the 396 
HR-HPV type-specific infections into one of the following categories. Nucleotide changes observed in the low-complexity 
sequence region between the E5 and L2 genes were excluded from this analysis.

	 i.	 Isolate Persistence – Infection persistence was first identified at the HR-HPV type level and then using the viral 
genome sequence data for that type, we evaluated viral persistence among the serial samples at the isolate level (i.e., 
viral consensus genome sequence persistence). An infection was classified as persistent at the isolate level if there 
were no changes (i.e., exact same genome sequence) or one single-nucleotide change was observed in the viral 
genome sequence in all the serial samples of that woman. A viral genome sequence was considered a unique isolate 
if it differed from the other serial samples’ sequences by two or more nucleotide positions, and these infections were 
not considered persistent at the isolate level. The 27 persistent infections with a type-specific intervening HPV- 
negative sample were considered skip rather than persistent infections (see below).

	ii.	 Isolate Switch/Coinfection – HR-HPV type persistent infections that had more than one viral isolate sequence detected 
among serial samples were classified as isolate switches, and/or as having a coinfection of more than one isolate of 
the same HR-HPV type.

	iii.	 Skip infection/intervening HPV-negative – A HR-HPV type-specific persistent infection that was HPV-negative at ≥ 
1 intervening samples between HPV-positive samples in the flanking earlier and later screening visits was clas-
sified as a skip infection. The skip infection serial sample sequences were compared at the consensus level and 
subsequently manually reviewed at a finer resolution by two independent reviewers, who inspected nucleotide 
positions and sequence reads using the Integrative Genomics Viewer (IGV) [45]. Every nucleotide position was 
manually reviewed across the entire genome for each serial sample to determine if the same exact viral genome 
was present at all time points and specifically in the flanking HPV-positive samples. One of the 27 identified 
skip infections was excluded from analysis due to insufficient viral genome coverage in the flanking samples for 
evaluation.

https://github.com/iontorrent/TS/tree/master/Analysis/TMAP
https://github.com/domibel/IonTorrent-VariantCaller
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HR-HPV infection categories by outcome

Each persistent HR-HPV type-specific infection was also classified based on the worst diagnosis and/or viral clearance 
(i.e., undetectable infection) during the study period. Each woman’s visit history report was manually reviewed to deter-
mine if she progressed to a high-grade lesion (CIN2 or higher) during the study, and if not, if she cleared her infection 
or had a persistent infection without viral clearance. For those that did not progress, we estimated the time between the 
visit date that first tested positive for the HR-HPV type and the date she tested HPV-negative. Using this information, the 
following categories were used to define the infection outcomes:

	 i.	 Control/Clearance: The HR-HPV type-specific infection was cleared or was no longer detected (HPV-negative) without 
progression to CIN2+.

	ii.	 Control/No clearance: The HR-HPV type-specific infection persisted and never cleared or progressed to CIN2+ during 
the study period.

	iii.	 Case: HR-HPV type-specific infection that progressed to a high-grade lesion (CIN2+).

	iv.	 Others: HR-HPV type-specific infection that cleared, however the woman progressed to CIN2+ due to a co-infection 
with a different type or due to a subsequent HR-HPV infection.

Estimating VAF changes among serial samples for each iSNV

We evaluated all single nucleotide variants (SNVs) with sequencing depth ≥ 100 that were detected in at least 2 serial 
samples. To remove potential sequencing errors that may occur at a very low frequency, variants with VAF < 0.005 were 
set to 0 and those with VAF > 0.995 were set to 1. Variants occurring at sublineage-defining positions for a given HR-HPV 
type (positions that differ between the sublineage reference sequences for that specific type) were excluded. From this set 
of variants, we only considered the iSNV sites (within-host variable sites) with VAF ≥ 0.005 and ≤ 0.995 in at least one time 
point.

iSNV VAF changes were calculated for all persistent HR-HPV infections by evaluating changes across all positive serial 
samples for each persistent infection. First, the VAF for each detected iSNV was calculated for each serial visit. If an iSNV 
was not detected at a given visit, its VAF was set to 0. Changes in iSNV VAF over time (hereafter, denoted as ΔiSNV

VAF
) 

were then estimated as the slope of a linear regression line (VAF as a function of number of days since first visit). A posi-
tive slope suggests increasing VAF during the infection period, a negative slope suggests decreasing VAF.

To assess the significance of the observed VAF change, a null distribution was generated for ΔiSNV
VAF

 by randomly 
selecting a subset of iSNVs, shuffling their VAF, and calculating ΔiSNV

VAF
 for all (shuffled and not shuffled) iSNVs. The 

procedure was repeated multiple times to generate a null distribution of VAF change. Separate null distributions were 
generated for HPV16 and the other HPV types to account for assay differences. To account for variability in VAF change 
due to the number of visits, the null distributions were stratified based on whether the iSNV was observed in 2 visits or > 2 
visits. Each observed ΔiSNV

VAF
 was assigned a percentile rank based on its null distribution by type (HPV16/non-HPV16) 

and number of visits (n = 2 or n > 2 visits). A 10th/90th percentile cutoff was applied to identify iSNVs that significantly 
increased (percentile rank ≥ 90) or decreased (percentile rank ≤ 10) in VAF. Each persistent HR-HPV infection was then 
classified as either VAF-change or No-VAF-change infection. Infections with at least one iSNV exhibiting a significant 
ΔiSNV

VAF
 were classified as VAF-change infections (S4 Fig); all others were classified as No-VAF-change.

Evaluating nonsynonymous mutations by HPV gene

All single-nucleotide variants (both iSNVs and SNVs) in HR-HPV persistent infections were annotated for synon-
ymous and nonsynonymous amino acid changes across HPV genes (E6, E7, E1, E2, E4, E5, L1, and L2 ORFs) 
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using annotations from PAVE [46]. The annotated variants were subsequently screened for evidence of sublin-
eage coinfection. To identify variant sites in a serial sample consistent with low-level sublineage coinfection within 
the same HR-HPV type, single nucleotide variants with VAF < 0.002 were set to 0 and VAF > 0.98 were set to 1. 
Only variable iSNV sites (considered as those having a VAF between 0 and 1 in at least one serial sample) with 
sequencing depth ≥ 100, observed in at least 2 serial samples and that were also sublineage defining positions 
were further considered. These iSNV sublineage defining sites were then clustered based on VAF of the minor 
allele (VAF < 0.5). We expect sublineage defining haplotype variants (i.e., linked variants) will have similar VAF 
values, and therefore, cluster together. To this end, we clustered all iSNV sublineage defining sites whose minor 
allele VAFs were within 0.05 of each other. Next, only those identified sites that were from potential sublineage 
coinfections with iSNV clusters of > 10 iSNVs were excluded. The remaining single nucleotide changes (iSNVs and 
SNVs) within these infections were included for this analysis. Only infections with ≥ 3 nonsynonymous mutations 
were considered for analysis, and the distribution of nonsynonymous mutations was compared between the Control/
Clearance and Case (CIN2+) groups.

Statistical analysis

Differences in the HPV type distribution by age group, infection outcome, and number of serial samples were evaluated 
by Fisher’s exact tests. A Wilcoxon rank-sum (Mann-Whitney) test was used to compare age as a continuous variable for 
the women with skip infections compared to those without. Fisher’s exact tests were used to estimate the odds ratio (OR), 
95% confidence intervals (95% CI) and significance (P value) of the associations between iSNV changes and disease 
risk, using the controls (≤CIN1) as the referent group. Associations with disease risk were performed using logistic regres-
sion models without adjustment and with adjustment for age at enrollment, number of sexual partners, and HR-HPV type 
coinfection (yes/no). Significance level was considered at 5% and statistical tests were two-sided. Statistical analyses 
were performed with R version 4.2.3.

Supporting information

S1 File. Nonsynonymous variants by HPV type and gene. List of the nonsynonymous single nucleotide variants with 
VAF ≥ 0.005, sequencing depth ≥100 and appearing in at least 2 serial samples. These were the variants included in the 
analysis illustrated in Fig 5. Columns descriptions: HPV_TYPE, the HR-HPV type; POS, nucleotide position; REF, refer-
ence nucleotide; ALT, variant nucleotide; AA mutation, amino acid change and position; Gene, HPV gene that includes 
the variant; Sublineage-defining site (Yes/No), if this position is considered a sublineage-defining site for the specified 
HR-HPV type; No. cases with variant, number of CIN2+ cases with the variant; No. controls with variant, number of 
controls with the variant; Total cases by HPV type, total number of CIN2+ cases with the specified HR-HPV type; Total 
controls by HPV type, total number of control with the specified HR-HPV type.
(XLSX)

S1 Table. Characteristics of the 351 women in the Guanacaste, Costa Rica Natural History Study by HR-HPV type. 
(PDF)

S2 Table. Summary of the frequency of viral persistence at the isolate-level by the duration of the infection (0–2 
years or >2 years) for each HR-HPV type across all type-persistent infections. 
(PDF)

S3 Table. Nonsynonymous single nucleotide changes associated with infection outcome by viral gene for Alpha-9 
HPV types. 
(PDF)

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s004
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S4 Table. Summary of each skip infection with one or more intervening HPV-negative tests by HR-HPV type. 
(PDF)

S1 Fig. Distribution of nucleotide differences among serial sample viral isolates (n = 1,193). The percentage of iso-
lates across all infections that differ by 0, 1, 2, 3, 4, 5 and > 5 nucleotide positions from the consensus sequence of each 
infection is shown.
(PDF)

S2 Fig. Distribution of isolate diversity among the women for each HR-HPV type. The percentage of consensus 
sequences with 0–1 and >1 nucleotide differences is shown for each HR-HPV type (n = 369 infections from 331 women). 
Nucleotide differences were calculated by exhaustive pairwise comparisons of enrollment sample (i.e., one sample per 
woman) viral isolate sequences between all the women positive for the HR-HPV type.
(PDF)

S3 Fig. VAF change by depth. (A) The correlation between the standard deviation of flow total depth (FDP) and standard 
deviation of VAF, and (B) correlation between VAF and FDP of each serial iSNV observation are shown. The linear regres-
sion/correlation line is shown in red. iSNV, intrahost single nucleotide variant; VAF, variant allele fraction.
(PDF)

S4 Fig. Approach to classify infections into VAF-change/No-VAF-change status. Each HR-HPV type-specific infec-
tion was classified based on whether it had at least one iSNV with significant increase/decrease in variant allele fraction 
(VAF) (VAF-change) or no iSNVs with significant VAF change (No-VAF-change).
(PDF)

S5 Fig. Distribution of infection outcomes by HR-HPV type. The % of the total for the distribution of each HR-HPV 
type is shown considering 364 HR-HPV persistent infections. Control:Clearance includes infections that cleared/controlled 
and the woman never progressed to a cervical intraepithelial neoplasia grade 2 or higher (CIN2+); Control:No clearance 
includes infections that never cleared/controlled during the course of the study and the woman never progressed to a 
CIN2+; Cases includes infections that progressed to CIN2+; Others are the infections that cleared, but the woman pro-
gressed to CIN2 due to the presence of a different HR-HPV infection.
(PDF)

S6 Fig. Distribution of HR-HPV control infections by viral clearance time. The number of years between the date 
the HR-HPV type was first detected (HR-HPV positive) and the date it was no longer detected (HR-HPV negative, date of 
clearance) for the 153 infections classified as control:clearance.
(PDF)

S7 Fig. Distribution of nonsynonymous single nucleotide variants (both iSNVs and fixed SNVs) by gene and 
infection outcome for the Alpha-9 types (A) and A1/A2 sublineages across all HR-HPV types (B). Only infections 
with ≥3 nonsynonymous changes were considered. P values were corrected using FDR correction; only significant p 
values are shown. The L2 gene panel shows the number of infections for each outcome category. Case includes cervical 
intraepithelial neoplasia grade 2 or higher (CIN2+). E6, early gene 6; E7, early gene 7; E1, early gene 1; E2, early gene 2; 
E4, early gene 4; E5, early gene 5; L2, late gene 2; L1, late gene 1; * (p < 0.05), ** (p < 0.01).
(PDF)

S8 Fig. Age of the 26 women with skip infections compared to those without skip infections (n = 369 HR-HPV 
infections). Wilcoxon two-sided test p value = 0.29.
(PDF)

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014362.s013


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1014362  July 15, 2026 21 / 23

Author contributions

Conceptualization: Ana Cecilia Rodriguez, Lisa Mirabello.

Data curation: Sambit K. Mishra, Meredith Yeager, Laurie Burdett, Ana Cecilia Rodriguez, Lisa Mirabello.

Formal analysis: Sambit K. Mishra, Meredith Yeager, Chase W. Nelson, Bin Zhu.

Funding acquisition: Robert D. Burk, Mark Schiffman, Lisa Mirabello.

Methodology: Sambit K. Mishra, Meredith Yeager, Chase W. Nelson, Bin Zhu, Laurie Burdett, Michael Dean.

Resources: Robert D. Burk, Rolando Herrero, Mark Schiffman, Ana Cecilia Rodriguez, Lisa Mirabello.

Supervision: Lisa Mirabello.

Writing – original draft: Sambit K. Mishra, Lisa Mirabello.

Writing – review & editing: Sambit K. Mishra, Meredith Yeager, Chase W. Nelson, Bin Zhu, Laurie Burdett, Robert D. 
Burk, Michael Dean, Rolando Herrero, Mark Schiffman, Ana Cecilia Rodriguez, Lisa Mirabello.

References
	 1.	 Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global cancer statistics 2022: GLOBOCAN estimates of incidence and 

mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2024;74:229–63. https://doi.org/10.3322/caac.21834

	 2.	 International Agency for Research on Cancer. Agents Classified by the IARC Monographs, Volumes 1–129 – IARC Monographs on the Identifica-
tion of Carcinogenic Hazards to Humans. WHO; 2021.

	 3.	 Doorbar J, Quint W, Banks L, Bravo IG, Stoler M, Broker TR, et al. The biology and life-cycle of human papillomaviruses. Vaccine. 2012;30 Suppl 
5:F55–70. https://doi.org/10.1016/j.vaccine.2012.06.083 PMID: 23199966

	 4.	 Schiffman M, Doorbar J, Wentzensen N, de Sanjosé S, Fakhry C, Monk BJ, et al. Carcinogenic human papillomavirus infection. Nat Rev Dis Prim-
ers. 2016;2:16086. https://doi.org/10.1038/nrdp.2016.86 PMID: 27905473

	 5.	 Burk RD, Harari A, Chen Z. Human papillomavirus genome variants. Virology. 2013;445(1–2):232–43. https://doi.org/10.1016/j.virol.2013.07.018 
PMID: 23998342

	 6.	 Doorbar J, Egawa N, Griffin H, Kranjec C, Murakami I. Human papillomavirus molecular biology and disease association. Rev Med Virol. 2015;25 
Suppl 1(Suppl Suppl 1):2–23. https://doi.org/10.1002/rmv.1822 PMID: 25752814

	 7.	 Demarco M, Hyun N, Carter-Pokras O, Raine-Bennett TR, Cheung L, Chen X, et al. A study of type-specific HPV natural history and implications 
for contemporary cervical cancer screening programs. EClinicalMedicine. 2020;22:100293. https://doi.org/10.1016/j.eclinm.2020.100293 PMID: 
32510043

	 8.	 de Sanjose S, Quint WG, Alemany L, Geraets DT, Klaustermeier JE, Lloveras B, et al. Human papillomavirus genotype attribution in invasive cer-
vical cancer: a retrospective cross-sectional worldwide study. Lancet Oncol. 2010;11(11):1048–56. https://doi.org/10.1016/S1470-2045(10)70230-8 
PMID: 20952254

	 9.	 Nelson CW, Mirabello L. Human papillomavirus genomics: understanding carcinogenicity. Tumour Virus Res. 2023;15:200258. https://doi.
org/10.1016/j.tvr.2023.200258 PMID: 36812987

	10.	 Mirabello L, Yeager M, Cullen M, Boland JF, Chen Z, Wentzensen N, et al. HPV16 sublineage associations with histology-specific cancer risk using 
HPV whole-genome sequences in 3200 women. J Natl Cancer Inst. 2016;108(9):djw100. https://doi.org/10.1093/jnci/djw100 PMID: 27130930

	11.	 Mirabello L, Yeager M, Yu K, Clifford GM, Xiao Y, Zhu B, et al. HPV16 E7 genetic conservation is critical to carcinogenesis. Cell. 2017;170(6):1164–
1174.e6. https://doi.org/10.1016/j.cell.2017.08.001 PMID: 28886384

	12.	 Pinheiro M, Gage JC, Clifford GM, Demarco M, Cheung LC, Chen Z, et al. Association of HPV35 with cervical carcinogenesis among women 
of African ancestry: evidence of viral-host interaction with implications for disease intervention. Int J Cancer. 2020;147(10):2677–86. https://doi.
org/10.1002/ijc.33033 PMID: 32363580

	13.	 van der Weele P, Meijer CJLM, King AJ. Whole-genome sequencing and variant analysis of human papillomavirus 16 infections. J Virol. 
2017;91(19):e00844–17. https://doi.org/10.1128/JVI.00844-17 PMID: 28701400

	14.	 Hirose Y, Onuki M, Tenjimbayashi Y, Mori S, Ishii Y, Takeuchi T, et al. Within-host variations of human papillomavirus reveal APOBEC signature 
mutagenesis in the viral genome. J Virol. 2018;92(12):e00017–18. https://doi.org/10.1128/JVI.00017-18 PMID: 29593040

	15.	 Zhu B, Xiao Y, Yeager M, Clifford G, Wentzensen N, Cullen M, et al. Mutations in the HPV16 genome induced by APOBEC3 are associated with 
viral clearance. Nat Commun. 2020;11(1):886. https://doi.org/10.1038/s41467-020-14730-1 PMID: 32060290

	16.	 Costanzi J-M, Stosic MS, Løvestad AH, Ambur OH, Rounge TB, Christiansen IK. Changes in intrahost genetic diversity according to lesion severity 
in longitudinal HPV16 samples. J Med Virol. 2024;96(5):e29641. https://doi.org/10.1002/jmv.29641 PMID: 38708811

https://doi.org/10.3322/caac.21834
https://doi.org/10.1016/j.vaccine.2012.06.083
http://www.ncbi.nlm.nih.gov/pubmed/23199966
https://doi.org/10.1038/nrdp.2016.86
http://www.ncbi.nlm.nih.gov/pubmed/27905473
https://doi.org/10.1016/j.virol.2013.07.018
http://www.ncbi.nlm.nih.gov/pubmed/23998342
https://doi.org/10.1002/rmv.1822
http://www.ncbi.nlm.nih.gov/pubmed/25752814
https://doi.org/10.1016/j.eclinm.2020.100293
http://www.ncbi.nlm.nih.gov/pubmed/32510043
https://doi.org/10.1016/S1470-2045(10)70230-8
http://www.ncbi.nlm.nih.gov/pubmed/20952254
https://doi.org/10.1016/j.tvr.2023.200258
https://doi.org/10.1016/j.tvr.2023.200258
http://www.ncbi.nlm.nih.gov/pubmed/36812987
https://doi.org/10.1093/jnci/djw100
http://www.ncbi.nlm.nih.gov/pubmed/27130930
https://doi.org/10.1016/j.cell.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28886384
https://doi.org/10.1002/ijc.33033
https://doi.org/10.1002/ijc.33033
http://www.ncbi.nlm.nih.gov/pubmed/32363580
https://doi.org/10.1128/JVI.00844-17
http://www.ncbi.nlm.nih.gov/pubmed/28701400
https://doi.org/10.1128/JVI.00017-18
http://www.ncbi.nlm.nih.gov/pubmed/29593040
https://doi.org/10.1038/s41467-020-14730-1
http://www.ncbi.nlm.nih.gov/pubmed/32060290
https://doi.org/10.1002/jmv.29641
http://www.ncbi.nlm.nih.gov/pubmed/38708811


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1014362  July 15, 2026 22 / 23

	17.	 Kogure G, Tanaka K, Matsui T, Onuki M, Matsumoto K, Iwata T, et al. Intra-patient genomic variations of human papillomavirus type 31 in cervical 
cancer and precancer. Viruses. 2023;15(10):2104. https://doi.org/10.3390/v15102104 PMID: 37896881

	18.	 Mishra SK, Nelson CW, Zhu B, Pinheiro M, Lee HJ, Dean M, et al. Improved detection of low-frequency within-host variants from deep sequencing: 
a case study with human papillomavirus. Virus Evol. 2024;10(1):veae013. https://doi.org/10.1093/ve/veae013 PMID: 38455683

	19.	 Vartanian J-P, Guétard D, Henry M, Wain-Hobson S. Evidence for editing of human papillomavirus DNA by APOBEC3 in benign and precancerous 
lesions. Science. 2008;320(5873):230–3. https://doi.org/10.1126/science.1153201 

	20.	 Henderson S, Chakravarthy A, Su X, Boshoff C, Fenton TR. APOBEC-mediated cytosine deamination links PIK3CA helical domain mutations to 
human papillomavirus-driven tumor development. Cell Rep. 2014;7:1833–41. https://doi.org/10.1016/j.celrep.2014.05.012

	21.	 Arroyo-Mühr L-S, Lagheden C, Hultin E, Eklund C, Adami H-O, Dillner J, et al. The HPV16 genome is stable in women who progress to in situ or 
invasive cervical cancer: a prospective population-based study. Cancer Res. 2019;79(17):4532–8. https://doi.org/10.1158/0008-5472.CAN-18-3933 
PMID: 31289133

	22.	 Wei F, Georges D, Man I, Baussano I, Clifford GM. Causal attribution of human papillomavirus genotypes to invasive cervical cancer worldwide: a 
systematic analysis of the global literature. Lancet. 2024;404(10451):435–44. https://doi.org/10.1016/S0140-6736(24)01097-3 PMID: 39097395

	23.	 Arroyo-Mühr LS, Lagheden C, Hultin E, Eklund C, Adami H-O, Dillner J, et al. Human papillomavirus type 16 genomic variation in women with sub-
sequent in situ or invasive cervical cancer: prospective population-based study. Br J Cancer. 2018;119(9):1163–8. https://doi.org/10.1038/s41416-
018-0311-7 PMID: 30344308

	24.	 Lou H, Boland JF, Li H, Burk R, Yeager M, Anderson SK, et al. HPV16 E7 nucleotide variants found in cancer-free subjects affect E7 protein 
expression and transformation. Cancers (Basel). 2022;14(19):4895. https://doi.org/10.3390/cancers14194895 PMID: 36230818

	25.	 Doorbar J. The E4 protein; structure, function and patterns of expression. Virology. 2013;445(1–2):80–98. https://doi.org/10.1016/j.
virol.2013.07.008 PMID: 24016539

	26.	 Narechania A, Terai M, Burk RD. Overlapping reading frames in closely related human papillomaviruses result in modular rates of selection within 
E2. J Gen Virol. 2005;86(Pt 5):1307–13. https://doi.org/10.1099/vir.0.80747-0 PMID: 15831941

	27.	 Hughes AL, Hughes MAK. Patterns of nucleotide difference in overlapping and non-overlapping reading frames of papillomavirus genomes. Virus 
Res. 2005;113(2):81–8. https://doi.org/10.1016/j.virusres.2005.03.030 PMID: 15913825

	28.	 Miyauchi S, Kim SS, Jones RN, Zhang L, Guram K, Sharma S, et al. Human papillomavirus E5 suppresses immunity via inhibition of the immuno-
proteasome and STING pathway. Cell Rep. 2023;42(5):112508. https://doi.org/10.1016/j.celrep.2023.112508 PMID: 37171962

	29.	 Silva RCDO, da Silva Júnior AHP, Gurgel APAD, Barros Junior MR, Santos DL, de Lima RDCP, et al. Structural and functional impacts of E5 
genetic variants of human papillomavirus type 31. Virus Res. 2020;290:198143. https://doi.org/10.1016/j.virusres.2020.198143 PMID: 32871208

	30.	 Robinson JT, Thorvaldsdóttir H, Wenger AM, Zehir A, Mesirov JP. Variant review with the integrative genomics viewer. Cancer Res. 
2017;77(21):e31–4. https://doi.org/10.1158/0008-5472.CAN-17-0337 PMID: 29092934

	31.	 McCrone JT, Lauring AS. Measurements of intrahost viral diversity are extremely sensitive to systematic errors in variant calling. J Virol. 
2016;90(15):6884–95. https://doi.org/10.1128/JVI.00667-16 PMID: 27194763

	32.	 Debernardi A, Valot B, Almarcha J, Guenat D, Hocquet D, Algros M-P, et al. Longitudinal follow-up of HPV16 sequence after cervical infection: low 
intrahost variation and no correlation with clinical evolution. J Med Virol. 2022;94(11):5512–8. https://doi.org/10.1002/jmv.27978 PMID: 35799409

	33.	 Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin AV, et al. Signatures of mutational processes in human cancer. Nature. 
2013;500(7463):415–21. https://doi.org/10.1038/nature12477 PMID: 23945592

	34.	 Doorbar J. The human papillomavirus twilight zone - latency, immune control and subclinical infection. Tumour Virus Res. 2023;16:200268. https://
doi.org/10.1016/j.tvr.2023.200268 PMID: 37354969

	35.	 Pereira FL, Soares SC, Dorella FA, Leal CAG, Figueiredo HCP. Evaluating the efficacy of the new Ion PGM Hi-Q sequencing kit applied to bacte-
rial genomes. Genomics. 2016;107(5):189–98. https://doi.org/10.1016/j.ygeno.2016.03.004 PMID: 27033417

	36.	 Schiffman M, Rodriguez AC, Chen Z, Wacholder S, Herrero R, Hildesheim A, et al. A population-based prospective study of carcinogenic human 
papillomavirus variant lineages, viral persistence, and cervical neoplasia. Cancer Res. 2010;70(8):3159–69. https://doi.org/10.1158/0008-5472.
CAN-09-4179 PMID: 20354192

	37.	 Herrero R, Schiffman MH, Bratti C, Hildesheim A, Balmaceda I, Sherman ME, et al. Design and methods of a population-based natural history 
study of cervical neoplasia in a rural province of Costa Rica: the Guanacaste Project. Rev Panam Salud Publica. 1997;1(5):362–75. https://doi.
org/10.1590/s1020-49891997000500005 PMID: 9180057

	38.	 Rodríguez AC, Schiffman M, Herrero R, Hildesheim A, Bratti C, Sherman ME, et al. Longitudinal study of human papillomavirus persistence and 
cervical intraepithelial neoplasia grade 2/3: critical role of duration of infection. J Natl Cancer Inst. 2010;102(5):315–24. https://doi.org/10.1093/jnci/
djq001 PMID: 20157096

	39.	 Cullen M, Boland JF, Schiffman M, Zhang X, Wentzensen N, Yang Q, et al. Deep sequencing of HPV16 genomes: A new high-throughput tool for 
exploring the carcinogenicity and natural history of HPV16 infection. Papillomavirus Res. 2015;1:3–11. https://doi.org/10.1016/j.pvr.2015.05.004 
PMID: 26645052

	40.	 Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, et al. A program for annotating and predicting the effects of single nucleotide polymor-
phisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin). 2012;6. https://doi.org/10.4161/fly.19695

https://doi.org/10.3390/v15102104
http://www.ncbi.nlm.nih.gov/pubmed/37896881
https://doi.org/10.1093/ve/veae013
http://www.ncbi.nlm.nih.gov/pubmed/38455683
https://doi.org/10.1126/science.1153201
https://doi.org/10.1016/j.celrep.2014.05.012
https://doi.org/10.1158/0008-5472.CAN-18-3933
http://www.ncbi.nlm.nih.gov/pubmed/31289133
https://doi.org/10.1016/S0140-6736(24)01097-3
http://www.ncbi.nlm.nih.gov/pubmed/39097395
https://doi.org/10.1038/s41416-018-0311-7
https://doi.org/10.1038/s41416-018-0311-7
http://www.ncbi.nlm.nih.gov/pubmed/30344308
https://doi.org/10.3390/cancers14194895
http://www.ncbi.nlm.nih.gov/pubmed/36230818
https://doi.org/10.1016/j.virol.2013.07.008
https://doi.org/10.1016/j.virol.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/24016539
https://doi.org/10.1099/vir.0.80747-0
http://www.ncbi.nlm.nih.gov/pubmed/15831941
https://doi.org/10.1016/j.virusres.2005.03.030
http://www.ncbi.nlm.nih.gov/pubmed/15913825
https://doi.org/10.1016/j.celrep.2023.112508
http://www.ncbi.nlm.nih.gov/pubmed/37171962
https://doi.org/10.1016/j.virusres.2020.198143
http://www.ncbi.nlm.nih.gov/pubmed/32871208
https://doi.org/10.1158/0008-5472.CAN-17-0337
http://www.ncbi.nlm.nih.gov/pubmed/29092934
https://doi.org/10.1128/JVI.00667-16
http://www.ncbi.nlm.nih.gov/pubmed/27194763
https://doi.org/10.1002/jmv.27978
http://www.ncbi.nlm.nih.gov/pubmed/35799409
https://doi.org/10.1038/nature12477
http://www.ncbi.nlm.nih.gov/pubmed/23945592
https://doi.org/10.1016/j.tvr.2023.200268
https://doi.org/10.1016/j.tvr.2023.200268
http://www.ncbi.nlm.nih.gov/pubmed/37354969
https://doi.org/10.1016/j.ygeno.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27033417
https://doi.org/10.1158/0008-5472.CAN-09-4179
https://doi.org/10.1158/0008-5472.CAN-09-4179
http://www.ncbi.nlm.nih.gov/pubmed/20354192
https://doi.org/10.1590/s1020-49891997000500005
https://doi.org/10.1590/s1020-49891997000500005
http://www.ncbi.nlm.nih.gov/pubmed/9180057
https://doi.org/10.1093/jnci/djq001
https://doi.org/10.1093/jnci/djq001
http://www.ncbi.nlm.nih.gov/pubmed/20157096
https://doi.org/10.1016/j.pvr.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26645052
https://doi.org/10.4161/fly.19695


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1014362  July 15, 2026 23 / 23

	41.	 Stamatakis A. RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models. Bioinformatics. 
2006;22(21):2688–90. https://doi.org/10.1093/bioinformatics/btl446 PMID: 16928733

	42.	 Pinheiro M, Harari A, Schiffman M, Clifford GM, Chen Z, Yeager M, et al. Phylogenomic analysis of human papillomavirus type 31 and cervical 
carcinogenesis: a study of 2093 viral genomes. Viruses. 2021;13(10):1948. https://doi.org/10.3390/v13101948 PMID: 34696378

	43.	 Clifford GM, Tenet V, Georges D, Alemany L, Pavón MA, Chen Z, et al. Human papillomavirus 16 sub-lineage dispersal and cervical cancer risk 
worldwide: Whole viral genome sequences from 7116 HPV16-positive women. Papillomavirus Res. 2019;7:67–74. https://doi.org/10.1016/j.
pvr.2019.02.001 PMID: 30738204

	44.	 Koestler AJ, Nelson CW, Yeager M, Chen Z, Mishra SK, Burdett L, et al. Whole-genome sequencing of 1,083 HPV45 cases and controls identifies 
genetic variants associated with glandular cervical lesions. Int J Cancer. 2025;157(6):1130–41. https://doi.org/10.1002/ijc.35464 PMID: 40323272

	45.	 Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative genomics viewer. Nat Biotechnol. 2011;29(1):24–6. 
https://doi.org/10.1038/nbt.1754 PMID: 21221095

	46.	 Van Doorslaer K, Li Z, Xirasagar S, Maes P, Kaminsky D, Liou D, et al. The Papillomavirus Episteme: a major update to the papillomavirus 
sequence database. Nucleic Acids Res. 2017;45(D1):D499–506. https://doi.org/10.1093/nar/gkw879 PMID: 28053164

https://doi.org/10.1093/bioinformatics/btl446
http://www.ncbi.nlm.nih.gov/pubmed/16928733
https://doi.org/10.3390/v13101948
http://www.ncbi.nlm.nih.gov/pubmed/34696378
https://doi.org/10.1016/j.pvr.2019.02.001
https://doi.org/10.1016/j.pvr.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30738204
https://doi.org/10.1002/ijc.35464
http://www.ncbi.nlm.nih.gov/pubmed/40323272
https://doi.org/10.1038/nbt.1754
http://www.ncbi.nlm.nih.gov/pubmed/21221095
https://doi.org/10.1093/nar/gkw879
http://www.ncbi.nlm.nih.gov/pubmed/28053164

	Longitudinal analysis of high-risk HPV infections reveals within-host viral genome changes over time
	Background
	Results
	HR-HPV type-specific persistence can represent persistence of multiple viral isolates
	Evidence for within-host iSNV changes during HR-HPV type-specific persistent infections
	Within-host viral iSNV frequency changes are associated with disease risk
	Gene-specific nonsynonymous viral mutations are associated with infection outcome
	Intervening negative ‘skip infections’: Evidence for lack of detection followed by re-appearance of the same virus

	Discussion
	Conclusions
	Materials and methods
	Ethics approval and consent to participate
	Study population
	HR-HPV whole-genome sequencing and variant calling
	HR-HPV infection categories by viral genome or isolate persistence
	HR-HPV infection categories by outcome
	Estimating VAF changes among serial samples for each iSNV
	Evaluating nonsynonymous mutations by HPV gene
	Statistical analysis

	Supporting information
	References


