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Reviewers' Comments:

Reviewer #1:
Remarks to the Author:

This study explores the antigenic variation among genetic lineages within each of the seven oncogenic 
genotypes of human papillomavirus. Serum samples from 2,255 women from Africa, the Americas, 
Asia and Europe who have had a natural infection with one of the seven strains are tested against 
various lineages of the infecting genotype for all seven oncogenic genotypes.Antigenic profiles for the 
different lineages were then derived from the antibody data using hierarchical clustering and antigenic 
cartography.In addition to establishing the antigenic dispersal of lineages within each of seven 
genotypes this work reports results on experiments with chimeric viruses in which the L1 and L2 gene 
inserts are swapped between the reference and outlier lineages showing that neutralizing antibodies 
bind almost exclusively to the major capsid protein.

Overall this is an important piece of work that goes far in quantifying the antigenic variation in HPV. 
The results are conveyed clearly, and the analysis is robust.

A general comment on this study is that it doesn’t explicitly describe certain assumptions or 
information that lead the authors to test antigenic variation at a particular level in the phylogeny 
(within accepted genotypes) without testing the antigenic relationship or difference among the 
accepted genotypes. Just as some forks in the genotype-specific phylogeny are found to be 
antigenically significant and some not, a priori we may expect some genotypes to be antigenically 
distant and some not. The fact that the genotypes are considered genotypes and not serotypes 
suggests that this is not known, and it’s not clear for the reader why this piece of work does not test 
that in the first instance. Perhaps this has been attempted and no cross-reactivity was detected to be 
able to relate the genotypes to one another. If such attempts have been made the authors should 
describe or reference them, if the authors have data it would be good to include, if not it would be a 
very important follow-up study to take a subset of sera (high titre sera) and test cross-genotype 
reactivity.

If testing sera against strains from other genotypes could yield an antigenic map relating the 
genotypes to one another it might allow for a more efficient choice of vaccine strains, it might show 
that some of the outliers described in the study approach the vaccine strain in another genotype as 
they deviate from their own representative strain, and it would lead to an overall more reliable 
placement of strains on the map through better triangulation, and it would improve the effect of 
scarcity of sera in certain subtypes.

It is good that the authors test the potential confounding of co-infections on serum reactivity. They 
could mention that two potential explanations for the robustness of the results to removal of these 
sera are possible: it could be that the multi-infection sera are heavily outnumbered, and it could be 
that the co-infecting strains don’t interact with one another.

The outlier HPV58 C could be a low reactive virus and not as antigenically distant as it seems given it 
also has low reaction with its homologous serum. In this case it would be worth adding a caveat that 
HPV58 C is reading low to all sera and to mention the possibility of a low reactivity issue for this 
particular pseudotype. The authors might also comment here that there are two non-HPV58 C sera 
that are close to the C antigen in the map, and why this might be.

In the case of HPV45 for which only two variants are available the authors have not produced 
antigenic maps. Such maps would be possible, yes, each serum position could not be resolved from 
being on one side of the two antigens or the other, but since the authors are primarily considering 
antigen distance they should still be able to the resolve the antigenic distance.



The imbalance in available sera within a genotype could be ameliorated through bootstrapping to get 
approximately the same number of sera for each of the lineages within a genotype, this would be a 
good robustness test.

Line 101: “Africa (575; 25%), The Americas (1270; 56%), Asia (373; 17%), Europe (37; 2%) and 
Oceania (0; 102 0%).”
The order of Africa and The Americas could be reversed to yield an overall descending order.

Reviewer #2:
Remarks to the Author:
Authors have presented a manuscript ’ Global Evaluation of Lineage-Specific Human Papillomavirus 
Capsid Antigenicity using Antibodies Elicited by Natural Infection´ to be considered for publication in 
the journal Nature Communications.
The article has a novel idea to assess antigenic variation for each oncogenic HPV type 16, 18, 31, 33,
45, 52 and 58 at variant level, which would likely reveal if there is variant-dependent differential 
antibody specific immune responses. Although some antigenic variation is observed in this study there 
are crucial limitations to the work.

1. A major issue is that the genetic ancestry of the serum/plasma sample used for the analysis of 
differential variant level antigenic variation is not explicitly tested, although the seropositivity rate has 
a significant geographic component eg. for HPV16. Hence, the authors should soften their conclusions 
particularly regarding geographical interpretations unless the ancestry of the individuals behind the 
samples is measured using molecular ancestry markers.

2. More than half of the serum (or plasma) samples (56%) were from the Americas and only 2% from 
Europe. This means that there is a strong geographical sampling bias (surrogate) in this dataset, while 
HPVs are known to have an extremely large and diverse geographical standing population diversity of 
the viral lineages. Hence, authors should sensitivity test and describe what part this sampling bias 
may play in the results, if any.

1. Indeed, it would be helpful for the authors to estimate what role/outcome the differential 
seropositivity rate might have played for the type-level variant results eg. for the HPV16 type variants.

2. Fig. 2 shows no fold differences in neutralization titers for HPV16 lineage specific sera. However, the 
authors write, “These differential neutralizing antibody titers manifest as reduced seropositivity 
against the reference lineage A antigen in some cases; for example, sera positive for neutralizing 
antibodies against outlier lineage antigens HPV16 C (50/64; 78%), HPV33 B (5/9; 56%), HPV52 D 
(6/9; 67%) and HPV58 C (5/6; 83%) demonstrated reduced seropositivity against lineage A antigens, 
as indicated.” Authors should address the likely discrepancy with the above sentences in the main text.

Minor comments:

- Figure 2. regarding the hierarchical clustering of neutralizing antibody titers the plot is not that 
readable, please explore other summary statistics and ordination methods to improve the visualization 
and testing of the interactions.

- Lineage-specific antigenic cartographs need a better visual resolution and a more detailed figure 
description, currently they are not that reader friendly.



We thank the  re ferees  for the ir time  and cons idera tion in reviewing our manuscript “Global Evalua tion of Lineage- 
Specific Human Papillomavirus  Capsid Antigenicity us ing Antibodies  Elicited by Natura l Infection” and be lieve  tha t 
the  revis ions  sugges ted by the  reviewers  have  grea tly improved the  manuscript. Our responses  to the  comments 
ra ised are  highlighted in blue  be low.

Reviewer #1:

This  s tudy explores  the  antigenic varia tion among gene tic lineages  within each of the  seven oncogenic 
genotypes  of human papillomavirus . Serum samples  from 2,255 women from Africa , the  Americas , Asia  and 
Europe  who have  had a  na tura l infection with one  of the  seven s tra ins  a re  tes ted aga ins t va rious  lineages  of the 
infecting genotype  for a ll seven oncogenic genotypes . Antigenic profiles  for the  diffe rent lineages  were  then 
derived from the  antibody da ta  us ing hie rarchica l clus te ring and antigenic ca rtography. In addition to es tablishing 
the  antigenic dispersa l of lineages  within each of seven genotypes  this  work reports  results  on experiments  with 
chimeric viruses  in which the  L1 and L2 gene  inse rts  a re  swapped be tween the  re fe rence  and outlie r lineages 
showing tha t neutra lizing antibodies  bind almos t exclus ive ly to the  major caps id prote in. Overa ll, this  is  an 
important piece  of work tha t goes  fa r in quantifying the  antigenic varia tion in HPV. The  results  a re  conveyed 
clea rly, and the  ana lysis  is  robus t.

We thank the  reviewer for his /he r considered review of the  manuscript and positive  comments .

A genera l comment on this  s tudy is  tha t it doesn’t explicitly describe  ce rta in assumptions  or information tha t lead 
the  authors  to te s t antigenic varia tion a t a  pa rticula r leve l in the  phylogeny (within accepted genotypes ) without 
te s ting the  antigenic re la tionship or diffe rence  among the  accepted genotypes . Jus t a s  some forks  in the 
genotype-specific phylogeny a re  found to be  antigenically s ignificant and some not, a  priori we  may expect some 
genotypes  to be  antigenica lly dis tant and some not. The  fact tha t the  genotypes  a re  considered genotypes  and 
not se rotypes  sugges ts  tha t this  is  not known, and it’s  not clea r for the  reader why this  piece  of work does  not 
tes t tha t in the  firs t ins tance . Perhaps  this  has  been a ttempted and no cross -reactivity was  de tected to be  able  to 
re la te  the  genotypes  to one  another. If such a ttempts  have  been made  the  authors  should describe  or re ference 
them, if the  authors  have  da ta  it would be  good to include , if not it would be  a  ve ry important follow-up s tudy to 
take  a  subse t of se ra  (high titre  se ra ) and tes t cross-genotype  reactivity. If te s ting se ra  aga ins t s tra ins  from other 
genotypes  could yield an antigenic map rela ting the  genotypes  to one  another it might a llow for a  more  e fficient 
choice  of vaccine  s tra ins , it might show tha t some of the  outlie rs  described in the  s tudy approach the  vaccine 
s tra in in another genotype  as  they devia te  from the ir own representa tive  s tra in, and it would lead to an overa ll 
more  re liable  placement of s tra ins  on the  map through be tte r triangula tion, and it would improve  the  e ffect of 
sca rcity of sera  in certa in subtypes .

We agree  tha t the  Introduction section could have  benefitted from inclus ion of some additiona l his torica l context 
on inte r-genotype  divers ity, pa rticula rly in re la tion to antigenicity. Ana lys is  of HPV genomic sequences  have  led 
to e s timates  for the  phylogene tic emergence  of specific types  from the ir common ances tors  a round 5 – 20 
million years  ago, with furthe r evolutionary branches  be ing resolved a t a round 200 – 500 thousand years ago for 
lineages  and 50 – 200 thousand years  ago for sublineages  [1, 2]. These  leve ls  within the  papillomavirus 
phylogeny have  traditiona lly been resolved by sequencing the  L1 ORF (more  recently by whole  genome 
sequencing); thus , the  te rm ‘type’ is  used to describe  one  leve l of gene tic divers ity within the  phylogeny [3].

The  HPV fie ld does  not traditiona lly describe  types  in te rms  of se rologica l responses  aga ins t its  antigens  (i.e ., 
class ifica tion by se rotype), unlike  for some other viruses . However, important ea rly capsid immunogenicity work 
in mice  and rabbits  demons tra ted a  predominant type-specific neutralizing antibody response , with some minor
cross -reactivity be tween re la ted types  [4, 5]. We have  previous ly published a  pre -clinica l immunogenicity s tudy



us ing caps ids  representing a  broad range  of types  be longing to the  a lpha-9 and a lpha-7 species  groups  and 
demons tra ted a  s imila r majority type-specific response  with some low leve l cross -reactivity be tween rela ted 
types  in keeping with the ir gene tic dis tance  profile  [6]. In response  to this  reviewer’s  comments , we  have  used 
these  published da ta  to crea te  re la tiona l antigenic maps  (see  Figure  R1, be low) for a  direct comparison with the 
da ta  included in this  manuscript. This  ana lys is  shows  the  tight clus te ring of individual rabbit se ra  a round the ir 
respective  antigens  and the  orders  of magnitude  grea te r dis tance  be tween antigens  a t the  leve l of type 
compared to the  lineage  leve l described in this  manuscript. For example , the  closes t inte r-type  re la tionship found 
was  a  100-fold dis tance  be tween HPV33 and HPV58 antigens , compared to the  2-20-fold inte r-lineage  dis tances 
found us ing lineage-specific na tural infection se ra  eva lua ted in this  manuscript (cf., Figure  4). Thus , a t leas t a t 
the  leve l of type  within the  phylogeny, genotypes  a re  equivalent to serotypes .

Figure  R1. Antigenic maps  based upon rabbit type-specific antise ra  [6].
Left panel, Alpha-9 types  (HPV16, 18, 31, 33, 35, 52 and 58) and right pa ne l, Alpha-7 types  (HPV18, 39, 45, 59 and 68).
Filled circles  and open squares  represent type -specific pseudovirus  antigens  and rabbit s era  (n=3 pe r type ), respective ly. 
In each antigenic map the  grey grid squa res  represent 1 antige nic unit (AU), which is  equiva lent to a  2-fold diffe rence ; 
thus , three  grid squa res  is  equiva lent to an 8-fold (23) diffe rence .

It is  a lso apparent tha t the  HPV prophylactic L1 caps id based vaccines  e licit some degree  of functiona l cross - 
reactive  antibody response  in humans  as  we and others  have  highlighted [7-9] and it is  reasonably assumed tha t 
this  cross-reactivity measured in vitro is  a t leas t an indica tor of the  cross -protective  capacity of the  HPV vaccines 
[10]. It should be  noted, however, tha t the  cross -reactive  antibody response  is  a t leas t two orders  of magnitude 
lower than tha t genera ted aga ins t the  type-specific antigen and may not be  as  durable  as  type-specific immunity 
[8, 9, 11]. Cross -protection is  the re fore  unlikely to be  as  robus t as  direct protection [12].

These  cross -reactive  antibody specificities  a re  apparent when se ra  conta ining the  high leve ls  of antibodies 
e licited following the  immuniza tion of small animals  or following the  vaccina tion of humans  a re  eva lua ted. It is 
difficult to imagine  be ing able  to measure  such cross-reactive  antibodies  in the  serum of individua ls  following 
na tura l infection where  the  antibody leve ls  a re  orders  of magnitude  lower and the re  would always  remain some 
uncerta inty about the  infection his tory of the  individua ls  from which the  samples  would be  derived.

We have  added some text to the  manuscript (lines  61-64, 76-78, 183-186 and 256-258) and have  included the 
previously unpublished antigenic maps  derived us ing the  pre -clinica l se ra  da ta  in the  Supp lemen tary File . We 
be lieve  tha t these  additions  address  the  concerns  of this  reviewer appropria te ly and improve  the  description of 
the  context in which this  current s tudy is  se t.

It is  good tha t the  authors  te s t the  potentia l confounding of co-infections  on serum reactivity. They could mention 
tha t two potentia l explana tions  for the  robus tness  of the  results  to remova l of these  se ra  a re  poss ible : it could be 
tha t the  multi-infection se ra  a re  heavily outnumbered, and it could be  tha t the  co-infecting s tra ins  don’t inte ract 
with one  another.

We agree  with the  reviewer tha t the re  a re  diffe rent explana tions  for the  robustness  of the  results  following 
removal of da ta  representing individuals  with evidence  of mixed infection, specifica lly: (i) tha t the re  is  a  biologica l 
mechanism for the  antibodies  e licited following na tura l infection with multiple  HPV types  to inte rfe re  with the 
es timation of antigenic dis tance  be tween specific types  but in this  case  the  low number of mixed infection 
samples  was  insufficient to bes tow inte rfe rence  of a  measurable  magnitude  or (ii) tha t the re  is  no such biological 
mechanism and the  type-specific antibody responses  a re  independent and do not inte rfe re  with one  another. We 
have  added text lines  252-256 to the  manuscript on this  point.



The  outlie r HPV58 C could be  a  low reactive  virus  and not as  antigenica lly distant as  it seems  given it a lso has 
low reaction with its  homologous  se rum. In this  case  it would be  worth adding a  cavea t tha t HPV58 C is  reading 
low to a ll se ra  and to mention the  poss ibility of a  low reactivity is sue  for this  pa rticular pseudotype .

We a re  mindful of the  poss ibility of intrins ic and/or technical issues  with individual antigens  tha t may 
inadvertently a ffect the  inte rpre ta tion of antibody specificity and so we  go to grea t lengths  to address  this  by 
s tandardizing pseudovirus  infectivity input into the  neutra liza tion assay, eva lua ting particle  morphology (for 
example  [13]), genera ting within-s tudy qua lity assurance  da ta  and where  appropria te  crea ting chimeric PsV to 
address  the  context of indica ted caps id sequences . There  is  no evidence  tha t the  HPV58 C should be 
considered technica lly diffe rent from any other PsV tha t we  have  used in this  or other s tudies , but ra ther 
represents  a  lower specific susceptibility to lineage  A antibodies  due  to lineage-specific amino acid changes  in 
the  L1 caps id prote in as  we  have  previously shown us ing monoclonal antibodies , nonava lent vaccine  and 
na tura l infection se ra  [13-15].

Neutralizing antibody tite rs  following na tural infection are  low in magnitude  compared to those  e licited following 
pre-clinica l immunization or vaccina tion. In this  case , antibodies  e licited following HPV58 A infection reacted with 
its  homologous  lineage  A antigen s imila rly to the  reactivity of antibodies  e licited following HPV58 lineage  C 
infection aga ins t its  homologous  lineage  C antigen (p=0.102; Mann Whitney U tes t; Supplementa ry Tab le  2). 
We have  previous ly evalua ted the  antigenicity of HPV58 capsids  us ing lineage-specific murine  antise ra  finding 
tha t both A and C antigens  genera ted tite rs  of ~100,000 aga ins t the ir homologous  antigen which was  reduced by 
~2 Log10 when tes ted aga ins t the  he te rologous  antigen [13]. The  da ta  support reciproca l diffe rences  in antibody 
susceptibility be tween lineages  A and C. We have  a lso presented da ta  in the  current manuscript us ing na tura l 
infection se ra  and in previous  publica tions  us ing se ra  and monoclonal antibodies  [13, 14] demons tra ting tha t 
chimeric PsV express ing the  L1 or fragments  the reof (e .g., DE, FG and/or HI loops ) of the  HPV58 lineages  A or 
C L1 capsids  appropria te ly reciproca te  HPV58 lineage  A and lineage  C antibody specificities .

These  da ta  support HPV58 A and C lineage  pseudoviruses  be ing antigenically dis tinct due  to specific amino 
acid res idues  on the  L1 caps id surface , ra ther than a  low reactivity issue  in genera l. We have  a lready cited 
examples  of our eva lua tions  of lineage-specific reactivity in the  text (263-266) but have  added a  line  specifica lly 
about the  reciprocity of the  murine  lineage-specific antise ra  (lines  266-267).

The  authors  might a lso comment here  tha t the re  a re  two non-HPV58 C se ra  tha t a re  close  to the  C antigen in 
the  map, and why this  might be .

The  reviewer points  out an important fea ture  of these  antigenic maps . In some cases , not limited to the  HPV58 
lineage  C example  highlighted by the  reviewer, an individual se rum can be  placed neare r to the  coordina tes  of a 
he te rologous  antigen than its  lineage-specific homologous  counte rpart. These  observa tions  a re  due  to 
diffe rences  in the  individua l level antibody specificitie s  tha t, in some cases , a  se rum can react to a  he te rologous 
antigen with a  s imilar or higher antibody tite r than aga ins t its  homologous  antigen. The  pos ition of the  antigens  is 
e s timated following a  number of ite ra tions  which take  into account the  reactivity of a ll the  se ra  aga ins t a ll the 
antigens . We have  added some text on this  in the  figure  legend to Figure  4.

In the  case  of HPV45 for which only two variants  a re  ava ilable  the  authors  have  not produced antigenic maps . 
Such maps  would be  poss ible , yes , each se rum pos ition could not be  resolved from being on one  s ide  of the  two 
antigens  or the  other, but s ince  the  authors  a re  primarily considering antigen dis tance  they should s till be  able  to 
the  resolve  the  antigenic dis tance .

To address  the  inability to accura te ly map HPV45 lineage  A and B antigens , we  s imula ted separa te  antigenic 
maps  which included an additiona l da tase t us ing an exact copy of lineage  A (labe lled A’) or lineage  B (labe lled 
B’) da ta  (Figure  R2). This  approach permitted an es timate  of antigenic dis tance  be tween lineage  A and B 
antigens  of 1.8-fold for both eva lua tions . A s ta tement on this  outcome has  been added to the  text in lines  171- 
174 and the  maps  be low added to the  Supplemen tary File .



Figure  R2. Antigenic maps  of HPV45 linea ges  A and B. To es timate  the  antige nic dis tance  be tween antigens  A and B, a 
dummy da tase t was  included in e ach map us ing a  copy of lineage  A (A’, le ft panel) or lineage  B data  (B’, right pane l).

The  imbalance  in ava ilable  se ra  within a  genotype  could be  ameliora ted through boots trapping to ge t 
approximate ly the  same number of se ra  for each of the  lineages  within a  genotype , this  would be  a  good 
robus tness  tes t.

This  imbalance  is  pa rticula rly evident for some of the  ra re r lineages  of types  HPV33, HP V52 and HPV58 where 
the  expected 15 – 30 se ropos itive  samples  per lineage  was  not reached (Supp lemen tary Tab le  2). There  is 
the re fore  a  va lid concern tha t the  reported antigenic dis tances  may not be  representa tive  of the  popula tion as 
the  samples  tes ted may represent a  skewed subse t due  to the  low representa tion of the  ra re r lineages .

The  te rm “boots trapping” is  commonly used to describe  a  process  whereby multiple  pseudo-da tase ts  of usua lly 
the  same or smalle r s ize  a re  crea ted by resampling da ta  (usua lly with replacement) from the  origina l da tase t in 
order to derive  summary s ta tis tics  of the  sampled popula tion. However, this  approach does  not increase  the  s ize 
of the  da tase t pe r se , only the  amount of da ta  ava ilable  to use  in es timates  of the  origina l sample  dis tribution. 
We had a lready conducted a  randomized resampling eva lua tion (without replacement) to tes t the  robus tness  of 
the  antigenic dis tance  es timations  by crea ting 10 pseudo-da tase ts  with a  sample  s ize  of 90% of the  origina l 
da tase t to es timate  the  mean (95%CI) antigenic dis tance  (Supp lemen tary Figure  3).

To address  the  reviewer’s  comments , we  have  conducted randomized resampling (with replacement) 
eva lua tions  with oversampling in order to crea te  pseudo-da tase ts  la rger than the  origina l sample  s ize  resulting in 
an increased number of samples  representing each lineage  (Figure  R3). The  disadvantage  of this  approach is 
tha t for lineages  where  the  number of origina l samples  is  low, samples  a re  more  like ly to be  used repea tedly 
which is  more  like ly to dis tort findings  on the  bas is  of chance  (as  with any small sample ) and result in “lumpy” 
dis tributions . An alte rna tive  approach would be  to derive  a rtificia l pseudo-samples  on the  bas is  of some 
modelled approach, us ing a  model of the  dis tribution and re la tionships  be tween the  se rologica l measures . 
Parametric assumptions  – such as  leas t squares  regress ion and re la ted methods  – may over-s implify the da ta 
s tructure  and lead to biased es timates  of mean dis tances . Class ifica tion and regress ion tree  (CART) ana lys is 
was  explored to genera te  new pseudo-samples  which offe red a  more  fa ithful reproduction of the  observed se ra 
dis tributions  but did little  to ameliora te  the  “lumpy” dis tributions  where  da ta  were  sparse . We there fore  opted for 
the  s imple r boots trap approach, which a lthough not idea l, does  use  rea l da ta  to provide  furthe r sens itivity 
ana lyses  tha t support the  robus tness  of our conclus ions .

We undertook two such eva lua tions . Firs t, a  matrix representing each type  was  crea ted and popula ted by 
sample  da ta  randomly selected (with replacement) from the  origina l type-specific da tase t. The  matrix s ize  was 
n=150 samples  for HPV33 and n=200 samples  for HPV52 and HPV58. As  expected, this  approach boos ted the 
numbers  of samples  overa ll by about 2-fold and as  this  was  done  proportiona te ly across  each da tase t the 
s tructure  of the  original datase t should be  re tained in the  final matrix. The  e ffect of this  approach was  to increase 
the  apparent number of samples  representing some of the  ra re r lineages  so tha t they met or were  close r to the  a 
priori sample  s ize  es timate  of 15 – 30 se ropositive  samples  per lineage . This  was  repea ted n=10 times  for each 
type  to genera te  mean (95%CI) antigenic dis tances . Next, a  matrix representing each type  was  crea ted and 
popula ted by a  fixed amount of sample  da ta  (n=50 per lineage) randomly se lected (with replacement) from the 
lineage-specific da ta  within the  origina l da tase t. The  matrix s ize  was  a lso n=150 samples  for HPV33 and n=200 
samples  for HPV52 and HPV58. This  approach would increase  the  number of pseudo samples 
disproportiona te ly and therefore  the re  was  no expecta tion tha t the  resulting matrix will re ta in the  s tructure  of the 
origina l da tase t. Thus , lineage  A would be  represented by fewer samples  than in the  origina l da tase t and other 
lineages  will have  samples  represented multiple  times  and will exhibit a  more  uneven dis tribution. This  was



repea ted n=10 times  for each type  to genera te  mean (95%CI) antigenic dis tances . These  approaches 
highlighted the  same outlie r lineages  as  in the  origina l assessment sugges ting tha t the  s tudy outcomes  a re 
robus t. The  proportiona te  resampling eva lua tion which a ttempted to re ta in the  s tructure  of the  original da tase t 
genera ted antigenic dis tance  es timates  very close  to the  origina l va lues , while  the  second evalua tion highlighted 
the  same lineages  as  be ing outlie rs , but the  dis tance  es timates  were  s lightly diffe rent like ly due  to the 
disproportiona te  representa tion of replica ted va lues  for each lineage  (Figure  4).

Overa ll, these  da ta  provide  furthe r support for the  dis tinct antigenicity of the  outlie r lineages , despite  the  overa ll 
shortfa ll in sample  numbers  for some of the  ra re r lineages . We have  included a  description of these  eva lua tions 
in the  manuscript text (lines  200-207 and 315-318) and added the  figure  to the  Supplementa ry File .
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1.8
(1.8 – 1.9)

1.1
(1.0 – 1.1)

2.2
(2.1 – 2.3)

16.2
(14.7 – 17.7)
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4.8
(4.6 – 5.0)

1.5
(1.4 – 1.5)

1.1
(1.0 – 1.1)

2.3
(2.2 – 2.4)

8.1
(7.6 – 8.6)

6.2
(5.9 – 6.5)

3.8
(3.6 – 3.9)

3.6
(3.4 – 3.8)

3.6
(3.5 – 3.7)

1.2
(1.2 – 1.3)

1.7
(1.6 – 1.8)

18.9
(17.0 – 20.9)

4.1
(3.9 – 4.3)

4.0
(3.8 – 4.3)

3.9
(3.8 – 4.1)

1.3
(1.3 – 1.4)

1.8
(1.7 – 1.9)

Figure  R3. Antigenic dis tance  es timates  following random resampling with replacement eva lua tions . Es timates  of 
antigenic dis tance  (mea n, 95%CI) be tween lineage  antige ns  following randomized resampling with replacement. 
Resampling was  proportionate  by random se lection from the  type -specific da tase t where  N represents  the  mean numbe r 
of samples  for each linea ge  a fte r 10 ite ra tions  or disproportiona te  where  each linea ge  was  resampled until a  ta rge t of
N=50 samples  for ea ch lineage  was  rea ched.

Line  101: “Africa  (575; 25%), The  Americas  (1270; 56%), Asia  (373; 17%), Europe  (37; 2%) and Oceania  (0; 102 
0%).” The  order of Africa  and The  Americas  could be  reversed to yie ld an overa ll descending order.

We have  amended the  s ta tement in the  text (line  105) to re flect the  descending order of the  number samples 
ava ilable  from these  regions .
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Reviewer #2:
Authors  have  presented a  manuscript ’Global Evalua tion of Lineage-Specific Human Papillomavirus  Caps id
Antigenicity us ing Antibodies  Elicited by Natura l Infection´ to be  cons idered for publica tion in the  journa l Na ture 
Communications . The  article  has  a  novel idea  to assess  antigenic varia tion for each oncogenic HPV type  16, 18, 
31, 33, 45, 52 and 58 a t va riant leve l, which would like ly revea l if the re  is  va riant-dependent diffe rentia l antibody 
specific immune responses . Although some antigenic varia tion is  observed in this  s tudy the re  a re  crucial 
limita tions  to the  work.

We thank the  reviewer for his /he r considered review of the  manuscript and positive  comments .

1. A major is sue  is  tha t the  gene tic ances try of the  se rum/plasma sample  used for the  ana lys is  of diffe rentia l 
va riant leve l antigenic varia tion is  not explicitly tes ted, a lthough the  se ropositivity ra te  has  a  s ignificant 
geographic component e .g. for HPV16. Hence , the  authors  should soften the ir conclus ions  particula rly regarding 
geographica l inte rpre ta tions  unless  the  ances try of the  individua ls  behind the  samples  is  measured us ing 
molecular ances try markers .

We agree  with the  reviewer tha t the  geographical source  of these  samples  should not imply a  specific gene tic 
ances try or e thnicity of these  individua ls . Although we have  cited sources  linking the  dispersa l of lineages  to 
geography, we  have  made  no such assumption about the  re la tionship be tween geography and e thnicity. In fact, 
we  were  ca re ful not to make  such assertions  by re fe rring to the  samples  as  be ing collected from ‘women 
res ident in Africa , The  Americas…’ e tc., we  were  s imply s ta ting the  geographic source  of the  samples . This 
caution is  warranted because  it is  clea r tha t individua l lineages  a re  diffe rentia lly dis tributed globally and can be 
overrepresented in high grade  disease  and while  the  role  of e thnicity in diffe rentia l disease  outcomes  is  unclear, 
a t leas t for some sublineages  of HPV16 there  does  seem to be  an associa tion [16]. In this  s tudy, se ros ta tus  was 
associa ted with geographica l region (p=0.001) for only one  genotype  s tudied, HPV16. Even a fte r remova l of the 
underrepresented samples  from Europe  this  associa tion remained (p=0.023) seemingly due  to a  lower 
se ropos itivity ra te  from the  As ian region.

In response  to this  reviewer, we  have  explicitly s ta ted tha t by re fe rring to samples  be ing collected from women 
res ident in these  regions  we a re  not infe rring the ir gene tic ances try or e thnicity (lines  385-386).

2. More  than ha lf of the  se rum (or plasma) samples  (56%) were  from the  Americas  and only 2% from Europe . 
This  means  tha t the re  is  a  s trong geographical sampling bias  (surroga te ) in this  da tase t, while  HPVs  a re  known 
to have  an extremely la rge  and diverse  geographica l s tanding popula tion divers ity of the  viral lineages . Hence , 
authors  should sens itivity tes t and describe  wha t part this  sampling bias  may play in the  results , if any.

We agree  with the  reviewer tha t despite  the  la rge-sca le  collection of samples  for this  s tudy the re  was 
unfortuna te ly a  s ignificant geographical sampling bias . We specifica lly highlighted this  issue  as  a  shortcoming in 
the  manuscript, but we  a re  happy to address  it furthe r. In response  to this  specific comment, we  conducted a 
sens itivity ana lys is  where in we removed da ta  associa ted with the  samples  from Europe  and one  other 
geographica l region (Africa , The  Americas  or Asia ) and es timated the  antigenic dis tances  us ing antigenic 
ca rtography. We conducted this  as sessment us ing da ta  for HPV16 as  this  type had the  mos t samples  with a ll 
lineages  represented by the  three  major regions  and was  the refore  amenable  to such an assessment 
(Supplementa ry Figure  1) but a lso because  this  type  has  been quite  rightly highlighted by the  reviewer as 
exhibiting some geographica l bias . We conducted three  such assessments  removing a  diffe rent major 
geographica l region (Africa , The  Americas  or Asia ) each time and compared the  outcome dis tances  to those 
genera ted us ing the  whole  da tase t (Figure  R4). Overa ll, the  dis tances  be tween lineage-specific antigens  were 
s imila r and the  dis tance  be tween lineage  A and C antigens  was  mainta ined a t be tween 2 – 4-fold, though it is 
poss ible  tha t remova l of samples  from Africa  (enriched for lineages  B and C) may have  had some influence .

Sample  se t Fold B C D

Whole  da tase t (n=226 seropos itive
samples )

As ia  and the  Americas  (n=87; no African
or European samples )

Africa  and Asia  (n=164; no samples  from
the  Americas  or Europe)

African and the  Americas  (n=189; no
samples  from As ia  or Europe)

A 1.2 2.7 1.9
B   2.6 1.7
C     2.0
A 1.3 2.3 1.9
B   2.0 1.4
C     1.6
A 1.1 2.8 1.9
B   2.8 1.8
C     2.2
A 1.3 2.9 2.1
B   2.7 1.7

Figure  R4. Sensitivity ana lys is  of HPV16 antige nic dis tance  es timates . Es timates  of a ntigenic dis tance  be tween linea ge 
antigens  following removal of s amples  from indica ted geographica l regions .
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While  the  number of samples  from Europe  in this  s tudy is  ve ry small, we  have  previously examined lineage- 
specific pseudoviruses  of HPV52 and HPV58 us ing se ra  collected from women res iding in Europe  (specifically, 
Ita ly) and for whom, where  measured, the  majority represented lineage  A infections  [13, 17]. In these  s tudies , 
HPV52 lineage  D and HPV58 lineage  C pseudoviruses  were  less  sens itive  compared to the ir equiva lent lineage 
A pseudoviruses . We have  added the  outcome from the  sens itivity ana lys is  to the  Supplemen tary file  and 
upda ted the  manuscript text to include  a  description of this  ana lys is  (lines  194-200 and 312-318).

1. Indeed, it would be  he lpful for the  authors  to es timate  wha t role /outcome the  diffe rentia l se ropositivity ra te 
might have  played for the  type-leve l va riant results  e .g. for the  HPV16 type  variants .

Higher ra tes  of se ropositivity would genera te  a  la rger sample  da tase t with which to use  for antigenic mapping 
and therefore  would a llow be tte r precis ion in the  es timates  of antigenic dis tance . In the  manuscript we  a ttempted 
to highlight the  issue  of precis ion by conducting a  small se ries  of ite ra tions  us ing a  90% resampling method for 
each type  to genera te  mean (95%CI) antigenic dis tance  es timates  (Supplemen tary File ). The  es timate  of 
precis ion for HPV16 gave  a  mean dis tance  of 2.7-fold (95%CI, 2.6 – 2.7) be tween lineage  antigens  A and C.

In response  to the  comment by this  reviewer highlighting the  diffe rentia l se ros ta tus  ra te  for HPV16 (although this 
was  manifes t for the  variable  [Region] and not the  variable  [Lineage]), we  es timated antigenic dis tances  us ing a 
randomized 50% smalle r se ropos itive  sample  for each lineage  compared to the  full da tase t to s imula te  a 
s ignificantly lower se ropositivity ra te . Removal of 50% (range  41 – 62%) of se ropositive  samples  had little  or no 
impact on the  es timated antigenic dis tances  demons tra ting tha t these  es timates  a re  robus t (Figure  R5).

Sample  se t Fold B C D

Whole  da tase t (n=226 seropos itive
samples )

Reduced lineage A sample s  (n=27/46;
n=207 tota l s amples )

Reduced lineage B sa mple s  (n=19/50;
n=195 tota l s amples )

Reduced lineage C sample s  (n=32/64;
n=194 tota l s amples )

Reduced lineage D sample s  (n=30/66;
n=190 tota l s amples )

A 1.2 2.7 1.9
B   2.6 1.7
C     2.0
A 1.2 2.6 1.9
B   2.6 1.6
C     2.0
A 1.2 2.6 2.0
B   2.5 1.6
C     1.9
A 1.3 2.5 1.9
B   2.4 1.6
C     1.8
A 1.2 2.7 2.0
B   2.6 1.7

Figure  R5. Impact es timate  of lower ra tes  of se ropos itivity. Es timates  of antige nic dis ta nce  be tween line age  antigens 
following removal of ca . 50% of se ropos itive  s amples  representing indica ted linea ges .

We have  added the  outcome from this  ana lysis  to the  Supplemen tary file  and upda ted the  manuscript text to 
include  a  description of this  ana lys is  (lines  194-200 and 312-318).

2. Fig. 2 shows  no fold diffe rences  in neutra liza tion tite rs  for HPV16 lineage  specific se ra . However, the  authors 
write , “These  diffe rentia l neutra lizing antibody tite rs  manifes t a s  reduced seropos itivity aga ins t the  re fe rence 
lineage  A antigen in some cases ; for example , se ra  pos itive  for neutra lizing antibodies  aga ins t outlie r lineage 
antigens  HPV16 C (50/64; 78%), HPV33 B (5/9; 56%), HPV52 D (6/9; 67%) and HPV58 C (5/6; 83%) 
demonstra ted reduced seropositivity agains t lineage  A antigens , a s  indica ted.” Authors  should address  the  like ly 
discrepancy with the  above  sentences  in the  main text.

HPV16 lineage  C sera  exhibited lower neutralizing antibody tite rs  aga ins t lineage  A, B and D pseudoviruses 
compared to the  HPV16 C lineage  antigen (Supp lemen tary Tab le  2 and blue-filled box and whisker plot in 
Figure  2). These  lower neutra liza tion tite rs  a lso manifes t a s  reduced se ropos itivity ra tes  aga ins t these  antigens 
with, for example , only 50 of 64 (78%; 95%CI, 66 – 85%) lineage  C positive  se rum samples  be ing pos itive 
aga ins t the  lineage  A pseudovirus  (Supp lemen tary Tab le  2). We have  amended the  text for cla rity and limited 
the  example  given to HPV16 where  the  number of lineage  specific positive  samples  is  high enough to be 
confident in the  point es timate  of lower se ropositivity (lines  135-138).
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Minor comments :

- Figure  2. regarding the  hie rarchica l clus te ring of neutra lizing antibody tite rs  the  plot is  not tha t readable , please 
explore  other summary s ta tis tics  and ordina tion methods  to improve  the  visua liza tion and tes ting of the 
inte ractions .

The  purpose  of the  hie rarchica l clus te ring was  to eva lua te  whe ther these  functiona l da ta  can be  used to identify 
lineage-specific antigen clus te rs  by providing an outcome supported by a  high proportion of resampling ite ra tions 
(boots traps ). This  approach has  been used by ourse lves  [18] and others  [19-21] for a  range  of ta rge ts  including 
HPV, Influenza  virus , HIV and SARS-CoV-2 to es tablish segrega tion of antigens  and/or immune  responses  and 
we be lieve  represents  an important tool with which to eva lua te  of lineage-specific antigenicity. We have 
addressed the  reviewers  concerns  in the  following ways :

We have  improved the  resolution of the  individual hea tmaps  and tha t of the  fina l image , have  replaced the 
indica tive  boots trap va lue  (‘***’) with the  actua l pe rcentage  (100%) of ite ra tions  and have  improved the  figure 
legend for the  reader to be tte r unders tand how to inte rpre t these  plots .

We have  a lso employed additiona l approaches  to corrobora te  these  da ta  us ing published methodologies 
(Clus tVis  [22]) (Figure  R6). Initia lly, we  corrobora ted the  segrega tion of antigens  us ing hea tmaps  supported by 
Euclidean dis tance  dendrograms . These  es timates  were  not underpinned by boots trapping but neverthe less 
corrobora te  the  separa tion of antigens  found in Figure  3. It is  pos s ible  to see  some enrichment of lineage- 
specific se rum samples  within some se rum clus te rs  (e .g., HPV16C, HPV33B, HPV52D and HPV58C) but 
without boots trap support these  observa tions  can only be  anecdota l. In addition, we  made  use  of the  principa l 
component ana lys is  a lgorithm with the  Clus tVis  programme [22]. The  PC1 and PC2 channels  accounted for the 
majority of the  variance  across  these  da tase ts  as  indica ted: HPV16 (91%), HPV18 (100%), HPV31 (100%), 
HPV33 (100%), HPV45 (100%), HPV52 (97%), HPV58 (98%). These  da ta  corrobora te  the  separa tion of 
antigens  by use  of hie rarchica l clus te ring but a lso corrobora te  the  rela tive  coordina tes  of the  antigens  in two- 
dimens ional space  found with the  antigenic ca rtography ana lys is  (Figure  4). Taken toge ther, these  a lgorithms 
provide  s trong support for the  diffe rentia l antigenicity of lineage-specific capsid antigens  within each genotype 
examined.

We have  added these  figures  to the  Supplementa ry File  and have  added appropria te  text to the  manuscript 
(lines  150-154, 179-181, 309-310, 439-440).



Figure  R6. Use  of additional clus te ring techniques  to support lineage -specific antige nicity. Top pane l, hie ra rchica l 
clus te ring and hea tmap using indica ted re la tive  scale . Natural log ne utra lizing antibody tite rs  were  reordered according to 
serologica l and a ntigen dendrograms cons tructed from the  resulting Euclidean dis tance  matrices . Serum s ide  ba r denotes 
na tura l infection linea ge  from which serum (or plasma) s ample  derived according to key. Bottom pa ne l, principa l 
component ana lys is  to define  re la tive  antigen position in two-dimens ional spa ce . The  PC1 and PC2 channe ls  accounted 
for the majority of the variance acros s  these  da tase ts  as  indica ted: HPV16 (91%), HPV18 (100%), HPV31 (100%), HPV33 
(100%), HPV45 (100%), HPV52 (97%), HPV58 (98%). Both ana lyses  made  use  of the  Clus tVis  program. [22].

- Lineage-specific antigenic ca rtographs  need a  be tte r visua l resolution and a  more  de ta iled figure  description, 
currently they a re  not tha t reader friendly.

We have  improved resolution of the  maps  within the  figure  and provided a  more  de ta iled figure  legend.
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Reviewers' Comments:

Reviewer #2:
Remarks to the Author:
Authors have meticulously addressed the reviewers comments. Particularly, I am pleased with the 
multitude of sensitivity testing performed by the authors to show the robustness of the observed 
results in their dataset. However, there are two issues I would like the authors to thoroughly address 
in their manuscript.

First, the authors main claim is that “For most genotypes, there was evidence of differential 
recognition of lineage-specific antigens and in some cases of a sufficient magnitude to suggest that 
some lineages should be considered antigenically distinct within their respective genotypes”. Although 
these results seem robust, I believe there might be a significant geographical component in their 
dataset, which could be masking some of the results.

I would like the authors to assess this issue by taking their most representative variant-level variable 
dataset, which is the HPV16 dataset and do the following:
1) Select only the results derived from residents from the Americas and estimate the lineage-specific
fold difference in neutralizing antibody titer for different variant lineages. Differential results between 
D lineage-specific sera compared to any other lineage-specific sera would be important to report as it 
would likely indicate human host genetic ancestry driven component in the results.
2) Select only the results derived from residents from Africa and estimate the lineage-specific fold
difference in neutralizing antibody titer for different variant lineages. Differential results between B 
and C lineage-specific sera compared to A or D lineage-specific sera would be important to report. 
3) Select only the results derived from residents from Europe and Asia and estimate the lineage- 
specific fold difference in neutralizing antibody titer for different variant lineages. Differential results 
between A lineage-specific sera compared to any other lineage-specific sera would be important to 
report.

Second, I would be pleased so see a discussion in the manuscript about the presented results on 
variant level antigenic variation, and the idea that antigenic variation plays a role in oncogenic HPVs 
evolutionary selective distribution in humans. That is, results presented here – particularly regarding 
HPV33 , HPV52 and HPV58 - are very interesting to reflect with the recent findings in a study by 
Pimenoff et al. (2023) Cell Host Microbe showing the long term effect of HPV vaccination leading to the 
likely replacement of vaccine targeted HPVs by the HPV33/52/58 types and that this could be due to 
antigenic variation playing a role in this selective evolutionary process of HPVs type (and variant) level 
replacement in time after vaccination.



We thank the reviewer for their time and consideration in reviewing our manuscript “Global Evaluation of 
Lineage-Specific Human Papillomavirus Capsid Antigenicity using Antibodies Elicited by Natural Infection”. Our 
responses to the comments raised are highlighted in blue below.

Reviewer #2 (Additional remarks to the author):
Authors have meticulously addressed the reviewers’ comments. Particularly, I am pleased with the multitude of 
sensitivity testing performed by the authors to show the robustness of the observed results in their dataset. 
However, there are two issues I would like the authors to thoroughly address in their manuscript.

First, the authors main claim is that “For most genotypes, there was evidence of differential recognition of 
lineage-specific antigens and in some cases of a sufficient magnitude to suggest that some lineages should be 
considered antigenically distinct within their respective genotypes”. Although these results seem robust, I believe 
there might be a significant geographical component in their dataset, which could be masking some of the 
results.

I would like the authors to assess this issue by taking their most representative variant-level variable dataset, 
which is the HPV16 dataset and do the following:

1) Select only the results derived from residents from the Americas and estimate the lineage-specific fold 
difference in neutralizing antibody titer for different variant lineages. Differential results between D lineage- 
specific sera compared to any other lineage-specific sera would be important to report as it would likely indicate 
human host genetic ancestry driven component in the results.

2) Select only the results derived from residents from Africa and estimate the lineage-specific fold difference in 
neutralizing antibody titer for different variant lineages. Differential results between B and C lineage-specific sera 
compared to A or D lineage-specific sera would be important to report.

3) Select only the results derived from residents from Europe and Asia and estimate the lineage-specific fold 
difference in neutralizing antibody titer for different variant lineages. Differential results between A lineage- 
specific sera compared to any other lineage-specific sera would be important to report.

We thank the reviewer for his/her positive comments and the opportunity to conduct further analyses of our 
dataset. We have conducted these evaluations and present the results in Supplementary Figure 7. The 
estimated antigenic distance between lineage A and C, for example, varies between 2 and 3-fold depending on 
which geographic region is represented. If samples from Africa are included the distance estimate is closer to 3, 
suggesting some geographical component to the antigenic distance. However, these estimates are likely to be 
influenced by both the ecological dispersal of lineages within each region and the representation of samples 
from each region included in this study. For instance, lineages B and C are uncommon outside of Africa (Clifford 
et al., 2019; Ref #10 in manuscript) and therefore not similarly represented by samples from The Americas or 
Asia. Thus, it is not possible to separate the influence of geography (and the possible impact of ancestry) from 
the ecological dispersal of lineages within that geographical location. We have added some text on this issue 
(lines 196-200, 318-320).

Second, I would be pleased so see a discussion in the manuscript about the presented results on variant level 
antigenic variation, and the idea that antigenic variation plays a role in oncogenic HPVs evolutionary selective 
distribution in humans. That is, results presented here – particularly regarding HPV33 , HPV52 and HPV58 - are 
very interesting to reflect with the recent findings in a study by Pimenoff et al. (2023) Cell Host Microbe showing 
the long term effect of HPV vaccination leading to the likely replacement of vaccine targeted HPVs by the
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HPV33/52/58 types and that this could be due to antigenic variation playing a role in this selective evolutionary 
process of HPVs type (and variant) level replacement in time after vaccination.

We thank the reviewer for highlighting the publication by Pimenoff et al., 2023 (which was published after 
submission of this manuscript) and for the opportunity to cite this important study. We have previously published 
data demonstrating that at least for some types (e.g., HPV33, 45, 52 and 58) there are significant differences in 
serum neutralizing antibody sensitivity for some variants compared to the reference lineage (Refs. #31-36 in 
manuscript). These include reductions in sensitivity to cross-reactive antibodies elicited by the bivalent and 
quadrivalent vaccines, type-specific antibodies elicited by the nonavalent vaccine and neutralizing monoclonal 
antibodies. The present study examined lineage-specific natural infection antibodies and highlighted similar 
patterns of lineage-specific antibody specificity. That is, the same lineages are implicated in the differential 
sensitivity to natural infection and vaccine-derived antibodies (see lines 264-271). We have already speculated 
that some of these variant residues may have arisen or been maintained due to humoral immune selection (lines 
279-286). It would be reasonable to speculate that the differential sensitivity of certain lineages to vaccine 
antibodies may impact the ecological diversity of HPV variants following introduction of a national vaccine 
programme, perhaps particularly where outlier antigenically distant variants are prevalent. Thus, the mechanism
(s) underpinning apparent temporal changes to the ecological niche occupation of particular genotypes outlined 
in the report by Pimenoff et al., may well apply to lineage variants as well. We agree with the reviewer that this is 
an important and logical line of inquiry from this work and one that we are keenly aware of (see Refs #30-36 and 
particularly #35). However, at present this is purely speculative based upon in vitro data and observational 
estimates of lineage dispersal but something that in time can be evaluated empirically as vaccine programmes 
are rolled out globally and monitored through public health surveillance programmes. We have added some text 
to the discussion on this important topic area (see lines 350-352).

We agree that the revisions suggested have greatly improved the manuscript and we now resubmit this revised 
version for consideration for publication in the journal Nature Communications.

Yours sincerely and on behalf of the co-authors,

Simon Beddows, Ph.D.

mailto:simon.beddows@ukhsa.gov.uk


Reviewers' Comments:

Reviewer #2:
Remarks to the Author:
I thank the authors for provided the additional analyses to take into account the geographical origin of 
the samples and the seropositivity rate differences in the dataset. Indeed, because the full dataset is 
biased with the geographical origin of the samples and there is a clear variation in the seropositivity 
rate, it is very interesting to see the geographically stratified analysis - the likely effect of differential 
genetic origin of the different HPV16 variant lineages. That is, when only European and Asian samples 
are analysed together for reasonable sample size, the antigenic distances are virtually non-significant 
(<= 2) whereas when only African samples are analysed there is the strongest distance between the 
African origin HPV16 lineage C and the Eurasian origin lineage A (>3).

Although the sample size in stratified geographical sets is too small to make strong interpretations I 
would like the authors to note in the discussion this difference in antigenic distances between the 
HPV16 variants when using only African or using only European and Asian samples.

The authors should also do the same stratification for the HPV52 and HPV58 variant analysis (where 
the antigenic distances are the strongest with full dataset) and report if the same difference in the 
antigenic distances patters is seen between African only and Eurasian only samples analysis between
the A and the C variants.



We thank the reviewer for their time and consideration in reviewing our manuscript “Global Evaluation of Lineage- 
Specific Human Papillomavirus Capsid Antigenicity using Antibodies Elicited by Natural Infection”. Our responses 
to the comments raised are highlighted in blue below.

Reviewer #2 (Remarks to the author):
I thank the authors for provided the additional analyses to take into account the geographical origin of the samples
and  the  seropositivity  rate  differences  in  the  dataset.  Indeed,  because  the  full  dataset  is  biased  with  the 
geographical origin of the samples and there is a clear variation in the seropositivity rate, it is very interesting to 
see the geographically stratified analysis - the likely effect of differential genetic origin of the different HPV16 
variant lineages. That is, when only European and Asian samples are analysed together for reasonable sample 
size, the antigenic distances are virtually non-significant (<= 2) whereas when only African samples are analysed 
there is the strongest distance between the African origin HPV16 lineage C and the Eurasian origin lineage A (>3). 
Although the sample size in stratified geographical sets is too small to make strong interpretations, I would like the 
authors to note in the discussion this difference in antigenic distances between the HPV16 variants when using 
only African or using only European and Asian samples.

We thank the reviewer for their interest in this study and welcome the additional comments. It has been an 
interesting endeavour to conduct additional analyses of these data to delineate the impact of geographical 
origin of the samples on the resulting antigenicity. We have added a line in the discussion to highlight the 
impact of geography on the antigenic distance between HPV16 lineages A and C (lines 320 – 323).
The authors should also do the same stratification for the HPV52 and HPV58 variant analysis (where the antigenic 
distances are the strongest with full dataset) and report if the same difference in the antigenic distances pattern is 
seen between African only and Eurasian only samples analysis between the A and the C variants.

In response to this comment by the reviewer we have attempted these additional analyses with HPV52 and 
HPV58. In all cases antigenic maps could be drawn and we present a summary of the outcomes below.

Type Region N Fold B C D

HPV52
Africa

A=13
B=0
C=0
D=0

A 3.0 1.2 3.2
B 3.0 4.4
C 3.7

Eurasia (Asia
and Europe)

D=0

C=7
D=3

A 2.5 1.3 3.5
B 2.0 3.2
C 3.1

HPV58

Africa
A=0
B=9
C=5
D=2

A 1.5 5.0 1.6
B 5.5 1.7
C 7.8

Eurasia (Asia
and Europe)

A=15
B=0
C=0
D=0

A 2.0 45.5 1.2
B 41.8 1.8
C 49.8

Unfortunately, in many cases, lineages were either represented by very few serum samples or by none. For 
example, for HPV52, only seropositive sera representing lineage A were available from Africa compared to 
a small number of samples representing all four lineages from Eurasia (Asian and European samples). This

A=3 
B=16
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was to be expected given the geographical and lineage distribution of samples collected (Supplementary 
Figure 1) and the rates of seropositivity (Supplementary Table 1). Thus, although lineage D remained the 
outlier lineage (compare with manuscript Figure 4 and Supplementary Figures 3, 6 and 8) the influence of 
geography on the estimated distances could not be reliably separated from the influence of the lack of 
representative samples. This is in contrast to the other analyses that we have performed on HPV16 (see 
Supplementary Figure 7) where the number of samples included was sufficient to answer the question 
appropriately. We have opted not to add these analyses to the Supplementary Information file as we believe 
that the estimated distances are unreliable and should not be afforded the same weight as the other antigenic 
distances that we have estimated in this study. We do, however, agree with the reviewer’s premise and have 
expanded statements in the Results (lines 201 – 202) and Discussion (lines 325 - 326) to cover this.

We agree that the revisions suggested have greatly improved the manuscript and we now resubmit this revised 
version for consideration for publication in the journal Nature Communications.

Yours sincerely and on behalf of the co-authors,

Simon Beddows, Ph.D.

mailto:simon.beddows@ukhsa.gov.uk
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