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BSTRACT 

ntibodies are generated by B cells that evolve re- 
eptor specificity to pathogens through rounds of 
utation and selection in a process called affinity 

aturation. Somatic h yperm utation is mediated b y 

n enzyme with DNA sequence context-dependent 
argeting and substitution resulting in variable prob- 
bilities of amino acid substitutions during affinity 

aturation. We have previously developed a pro- 
ram called A ntigen R eceptor M utation A nalyzer for 
he D etection of L ow L ikelihood O ccurrences (AR- 
ADiLLO) that performs simulations of the somatic 

 yperm utation pr ocess to estimate the pr obabilities 

f observed antibody mutations. Here we describe 

he ARMADiLLO web server ( https://armadillo.dhvi. 
uke.edu ), an easy-to-use web interface that ana- 
 yzes input antibod y sequences and displays the 

robability estimates for all possible amino acid 

hanges over the full length of an antibody sequence. 
he probability of antibody mutations can be used 

 y imm unologists studying B cell ontogenies and 

 y v accine designer s that are pur suing strategies to 

licit broadly neutralizing antibodies which are en- 
iched with de velopmentall y rate-limiting improbable 

utations. The ARMADiLLO web server also con- 
ains precomputed results reporting the probability 

f amino acid substitutions in all human V gene seg- 
ents and in a collection of HIV broadly neutralizing 

ntibodies. 
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NTRODUCTION 

 cells de v elop r eceptors that can specifically r ecognize 
athogens through an evolutionary process called affinity 

a tura tion which involves iterati v e rounds of somatic hy- 
ermutation (SHM) and antigenic selection within germi- 
al centers ( 1 ). After B cells attain specificity to antigen, 
hey can dif ferentia te into plasma cells which secrete the 
oluble form of the B cell receptor as antibodies or into 

emory B cells which form the basis of immunological 
emory and guard against subsequent re-infection with the 

ame or similar patho gen ( 2 ). Ad vances in antibody cloning 

nd high throughput sequencing methods have resulted in 

 wealth of antibody sequencing data which has led to a 

reater understanding of B cell clonal evolution ( 3–5 ). Anti- 
ody sequences can be grouped into clones based on shared 

mm uno genetics and these clonally related sequences can 

hen be used as input to phylogenetic methods for infer- 
ing an unmutated common ancestor (UCA) sequence that 
 epr esents the B cell receptor of the original B cell progeni- 
or of the clone prior to affinity maturation ( 6 ). Mutations 
vin.wiehe@duk e.edu 
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are then identified as differences between an observed an-
tibody sequence and its UCA. The mutational agent that
media tes soma tic hypermuta tion in the germinal center, the
anatomical micr oenvir onment within lymphoid tissues in
which affinity maturation takes place, is activation-induced
cytidine deaminase (AID) ( 7 ). AID pr efer entially targets
specific sequence motifs for mutation (‘AID hot spots’) and
demonstrates bias against mutating other sequence mo-
tifs (‘AID cold spots’) ( 8 ). Due to the sequence context-
dependence of AID activity, certain mutations are much
more likely to occur than others ( 9 ). Amino acid changes
that r equir e multiple base substitutions to co-occur within
a codon to attain a specific amino acid are also of low
probability. We pre viously de v eloped a computational pro-
gram, Antigen Receptor Mutation Analyzer for Detection
of Low Likelihood Occurrences (ARMADiLLO) to per-
form simulations of the somatic hypermutation process and
draw upon these simulations to estimate the probabilities of
amino acid substitutions in the absence of antigenic selec-
tion ( 9 ). Using ARMADiLLO, w e show ed that improba-
ble mutations occur with high frequency in HIV broadly
neutralizing antibodies (bnAbs) and that improbable mu-
tations are often functionally required for these antibodies
to neutralize di v erse strains of HIV ( 9 ). Critical improba-
ble mutations can act as rate-limiting steps in the de v elop-
ment of bnAbs, and thus are high-value targets for selec-
tion by imm uno gens employed in vaccine strategies that aim
to recapitulate the induction of similar types of antibodies
in vaccinees using modern vaccine de v elopment approaches
( 10–12 ). Additionall y, estimates of m utation probability can
help the imm unolo gist or vaccinolo gist determine w hether
r ecurr ent patterns of mutations arose simply by chance in
the absence of selection due to AID activity or were due to
selection by the vaccine ( 13 ). 

To make antibod y muta tion probability analysis acces-
sible to a wider user base, we have developed the AR-
MADiLLO w e b server ( https//armadillo.dhvi.duke.edu ).
This w e b server provides a user-friendly interface for run-
ning ARMADiLLO geared towards immunologists and
vaccinolo gists. The ARMADiLL O w e b serv er includes se v-
eral features not previously available in the command-line
version of ARMADiLLO including automatic inference
of a UCA for the input antibody sequence using the Clo-
anal yst imm uno genetics anal ysis software ( 14 ) w hile also
providing an alternati v e manual input option for the user
to enter a pr eviously inferr ed UCA. Additionally, the w e b
server allows users to download high-resolution images of
the generated results. Finally, the ARMADiLLO w e b server
contains precomputed results reporting the probability of
amino acid substitution in all human V gene segments as
well as precomputed results for a representati v e set of 32
HIV bnAbs. Thus, the ARMADiLLO w e b server is an easy-
to-use tool and r esour ce for r esear chers to perform anti-
bod y muta tion probability anal ysis with a pplications for
vaccine and imm unolo gical r esear ch. 

MATERIALS AND METHODS 

ARMADiLLO method 

ARMADiLL O uses sim ula tions of soma tic hypermuta tion
to estimate the probability of amino acid substitutions in
an observed antibody sequence. ARMADiLLO relies on
SHM simulations because the sequence context-dependent
nature of SHM activity pre v ents direct estimation of mu-
tation probabilities. The ARMADiLLO algorithm and its
implementation as a commandline program hav e pre viously
been described ( 9 ). Here, we briefly summarize the method
and describe the extensions specific to the w e b server. Start-
ing with the sequence of an antibody of interest and its cor-
r esponding inferr ed UCA, the number of nucleotide muta-
tions N is calculated. Then, the mutability of each position
in the UCA is scored for each nucleotide 5-mer in the se-
quence according to the S5F model of SHM targeting ( 8 ).
Mutability scor es ar e then normalized, and a nucleotide
position is drawn at random from the resulting probabil-
ity distribution. The base is then changed according to the
S5F substitution model ( 8 ) and this process is iterated N
times to generate a synthetic sequence with an identical
n umber of n ucleotide muta tions as the observed antibod y
of interest. Using this iterati v e procedure, ARMADiLLO
ra pidl y generates a set of synthetically mutated sequences
(with a default of 10 000 sequences generated) which are
then translated into amino acid sequences. The frequen-
cies of each amino acid at each position in the simulated
set of sequences are used as empirical probability estimates
of amino acid changes. Thus, the probability estimates of
amino acid changes are conditioned upon the UCA se-
quence and the number of mutations in the observed anti-
body sequence reflecting that the probability any position
mutates within the antibody sequence increases with the
overall number of mutations acquired ( 9 ). Importantly, AR-
MADiLLO’s estimates of mutation probability are made in
the absence of antigenic selection, and ther efor e r epr esent
the probability an amino acid would change by chance in a
germinal center due to SHM activity alone. 

The ARMADiLLO w e bsite provides extensions upon
the original ARMADiLLO command-line implementa-
tion specifically aimed at increasing ease-of-use for the re-
searcher. The ARMADiLLO w e b server incorporates the
Cloanalyst software package ( 14 ) for inferring a UCA of
the input antibody sequence. The w e b server also allows the
user to specify a set number of mutations to simulate to es-
timate the probability of amino acid changes for sequences
with higher or lower numbers of nucleotide mutations than
observed in the input sequence. Additionally, the w e b server
generates high-resolution image files in both PNG and PDF
formats of the results for download by the user. 

ARMADiLLO web server implementation 

The ARMADiLLO w e b server is run on a nginx ( https:
//nginx.org/ ) server using the Django framework ( https:
//www.djangoproject.com/ ) based on Python3 ( https://
www.python.org/ ) as Platform-as-a-Service using Dokku
( https://dokku.com ). Messaging and data management
is handled by Redis ( https://redis.io/ ) communicating
with a PostgreSQL database ( https://www.postgresql.org/ ).
The client-side utilizes HTML5 ( https://html.com/html5/ )
with JavaScript ( https://www.javascript.com/ ) for interac-
ti v e user-interface components. Internet protocol addresses
are deidentified using an SHA-2 hash and stored for re-
porting usage statics only. The ARMADiLLO w e b server

file:https//armadillo.dhvi.duke.edu
https://nginx.org/
https://www.djangoproject.com/
https://www.python.org/
https://dokku.com
https://redis.io/
https://www.postgresql.org/
https://html.com/html5/
https://www.javascript.com/
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Figure 1. The ARMADiLLO w e b server interface and results pages. ( A ) The ARMADiLLO w e b server provides a easy-to-use interface for antibody 
m utation probability anal ysis. To estimate m utation probabilities, users input an antibody sequence, specify the heavy or light chain type and choose a host 
species. ARMADiLLO r esults ar e then returned in two views: ( B ) a simple view comparing the amino acid sequences of the UCA and antibody sequence 
of interest with amino acid changes color-coded according to their estima ted muta tion probability and ( C ) a detailed view comparing both the amino 
acid and nucleotide sequences, highlighting AID hot and cold spots, and displaying the corresponding mutation probabilities associated with amino acid 
changes (see main text for detailed descriptions of the outputs). 
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oes not utilize cookies nor collect other personal infor- 
ation. The ARMADiLLO w e b server supports most w e b 

r owsers, including Micr osoft Edge, Google Chr ome, Ap- 
le Safari, and Mozilla Firefox across the major platforms 
Windows, MacOS, and Linux). The results of submitted 

obs are stored for 30 days before deletion. 

ESULTS 

he ARMADiLLO w e b server features a simple interface 
 or perf orming analysis of antibody sequences and obtain- 
ng mutation probability estimates (Figure 1 A). To start, a 

ser inputs an antibody sequence of interest either by enter- 
ng the sequence into a text box or by uploading a sequence 
n fasta format. The user then selects the chain type of the 
nput antibody sequence (heavy, kappa or lambda) as well 
s the species from which the antibody sequence was recov- 
r ed. Curr entl y onl y human, mouse and rhesus macaque 
nput sequences are supported because of the availability 

f their imm uno globulin gene segment libraries in Cloana- 
 yst. Ad vanced options can be accessed if the user prefers to 

upply their own externally inferred UCA sequence instead 

f using the default UCA inference with Cloanalyst ( 14 ). 
n additional advanced option allows the user to specify 

he number of mutations to generate in the simulated se- 
uences, instead of the default setting w hich sim ulates se- 
uences with the same number of mutations as calculated 

n the input sequence. This feature can be used to explore 
ow antibody mutation probabilities change at higher or 

ower le v els of mutation than observed in the antibody se- 
uence of interest. The user can also specify in the advanced 

ptions the number of sequences ARMADiLL O sim ulates 
ith higher iteration numbers resulting in a reduction in the 
ariance of the estimated mutation probabilities, howe v er, 
his comes at the expense of longer wait times for results. 
n practice, confidence intervals are small e v en at the de- 
ault n = 10 000 iterations (Supplementary Table S1). AR- 

ADiLL O anal ysis is initiated when the user presses the 
tart button. 

After the user initiates the analysis, a waiting page con- 
aining information about the submitted job is displayed. 
ypically, r esults ar e generated within 10 seconds of sub- 
ission. Job results can also be recalled for 30 days by either 

sing the link provided to the user upon job completion, or 
y entering the provided Job ID into the Job ID field at the 
pper right of the w e bpage. 
The ARMADiLLO w e b server returns the mutation 

robability analysis results in two output views via tabs at 
he top of the results page. The first tab (‘Ov ervie w’) shows 
he UCA and input antibody sequences at the amino acid 

e v el with amino acid changes from the input sequence color 
oded by their estimated probability (Figure 1 B). The color 
ode is divided into seven categories ranging from over 20% 

robability to < 0.01% probability for a gi v en mutation. 
utations with < 2% probability are defined as ‘improba- 

le mutations’ and are colored from shades of orange to 

ed. Improbable mutations are not expected to occur fre- 
uently in B cell clones within germinal centers in the ab- 
ence of strong antigenic selection. Mutations with > 2% 

robability are defined as ‘probable mutations’ and are col- 
red in shades of green. Probable mutations are expected 

o occur frequently within B cell clones in germinal centers 
ue to intrinsic AID activity ( 9 , 15 , 16 ). Purple lines above
he sequence denote the locations of the CDR loops. The 
v ervie w tab provides the user with an easy way to iden- 
ify antibody mutations that are improbable and quickly 

etect potential evolutionary bottlenecks for antibody 

e v elopment. 

art/gkad398_f1.eps
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A B

Figure 2. Precomputed Results for HIV-1 BnAbs and Human V Alleles. The ARMADiLLO w e b server provides results from precomputed ARMADiLLO 

simulations for users to quickly get mutation probability estimates within ( A ) a r epr esentati v e set of HIV-1 bnAbs and ( B ) human V gene alleles for heavy, 
kappa and lambda chains where mutation probabilities are estimated over a range of muta tion frequencies. This fea ture is intended to be used as a r efer ence 
for looking up mutation probabilities for any amino acid position within any V gene at a gi v en mutation frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The second tab (‘Details’) provides a more detailed view
by comparing the UCA and input antibody sequence at
both the nucleotide and amino acid le v el (Figure 1 C). The
first three rows of the detailed output view display the UCA
amino acid sequence, the amino acid position numbering
and the UCA nucleotide sequence. The mutability score
(calculated with the S5F mutability model ( 8 )) r epr esents
the propensity of a position to mutate (with scores above
1 having higher than average mutability and scores below
1 having lower than average mutability) and is listed below
each base position. AID hot spots and cold spots are high-
lighted within the nucleotide sequences in red (mutability
score > 2) and blue (mutability score < 0.3), respecti v ely.
The next three rows display the antibody input sequence
using the same format. Amino acid changes resulting from
nucleotide mutations in the input sequence are highlighted
with a yellow background while the nucleotide mutations
are shown in a red font color. The last row displays the AR-
MADiLLO estimated probability of each observed amino
acid in the antibody of interest. This includes the probabil-
ity of amino acids that have not mutated in the antibody
of interest and can be interpreted as the probability that
the position will not mutate in the absence of antigenic se-
lection. Probability values for improbable mutations ( < 2%
probability) are highlighted in purple. Additionally, any nu-
cleotide that occurred at a cold spot is identified by a small
red arrow underneath the last row. Hovering a cursor over
the amino acid probability estimate brings up a list of all
possible amino acids in descending order of their mutation
pr obabilities, thus pr oviding the user with information on
the probability of alternati v e amino acids at specific posi-
tions of interest. Both tabbed views can be downloaded as
high-resolution images in the PNG and PDF formats. AR-
MADiLLO results can be recalled for 30 days after submis-
sion at the ARMADiLLO w e bsite by using the provided job
ID and / or link. 
 

Pr ecomputed r esults 

In addition to performing analysis on user-provided anti-
body sequences, the ARMADiLLO w e b server provides re-
sults from previously run ARMADiLLO analysis for a col-
lection of r epr esentati v e bnAbs for which heavy and light
chain nucleotide sequences are publicly available, as well as
pre-simula ted da ta for all human V gene segments. The pre-
computed r esults ar e accessible via tabs at the top of the
page. The ‘Precomputed BNAb Results’ tab displays a table
of HIV bnAbs that hav e ov er 50% neutralization breadth on
a large multi-clade virus panel (Figure 2 A) ( 17 ). This table
includes neutralization breadth and potency for each bnAb
along with its imm uno genetic information and the number
of improbable mutations in the heavy and light chain. The
table is grouped according to the HIV Env epitope class and
bnAbs within each epitope class are sorted by their neutral-
ization breadth. Each of the bnAbs can be explored in more
detail by clicking on the bnAb name or pressing the explore
button. This takes the user to a more detailed view that
shows the ov ervie w and detailed tabs for the bnAb as well as
a tab displaying a color-coded table of the positional amino
acid probabilities. The ‘Human V Alleles’ tab is intended to
be a quick r efer ence for finding mutation probabilities for
a gi v en V gene at a gi v en mutation frequency (Figure 2 B).
This page shows ARMADiLLO results for each human V
heavy, kappa and lambda gene allele with mutation proba-
bilities for each position in the V gene computed from pre-
simula ted da ta over a range of muta tion frequencies (1%,
5%, 10%, 15% and 20%). For each combination of V gene
and mutation frequency le v el, the user can view amino acid
probabilities in a similar format to the Details tab returned
by the ARMADiLLO w e b server when a user inputs a se-
quence. Additionally, the user can view a positional amino
acid probability table which is color-coded by probability.
This r esour ce allows the user to quickly look up the prob-
ability of mutating to any specific amino acid in a V gene
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Figure 3. Case Study. Example application of the ARMADiLLO w e b server using the HIV-1 bnAb DH270.6 as input. Mutations are color-coded by 
their probability (bottom panel, tiled amino acid sequence view). The improbable G57R mutation in the CDRH2 (purple line) occurs due to a nucleotide 
mutation in an AID cold spot (top panel, detailed view). The nearby Y60T mutation is improbable because two base changes in the codon ar e r equir ed to 
encode a threonine. 
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f interest over a range of low, medium or high mutation 

requencies. 

ase study 

he HIV bnAb DH270.6 can neutralize 51% of HIV-1 

trains ( 18 ) and is the type of antibody that a protecti v e
IV vaccine would need to elicit. DH270.6 arose in an 

IV infected subject after a period of 3 years and we have 
ho wn through antibody-HIV co-ev olution studies that a 

ritical rate-limiting step in its de v elopment was the acqui- 
ition of the G57R mutation in the heavy chain CDR2 loop 

 9 , 18 ). As an example of how the ARMADiLLO w e b server
an help users identify improbable mutations like G57R, 
e have included the DH270.6 heavy chain sequence as 

xample da ta tha t can be used to populate the input se-
uence text box on the ARMADiLLO w e b server launch 

age. Upon running ARMADiLL O anal ysis for DH270.6, 
he user can quickly see in the ‘Ov ervie w’ tab that G57R is
haded orange and thus is an improbable mutation between 

–2% probability (Figure 3 , bottom panel) and the purple 
ine above it demarca tes tha t G57R muta tion occurs in the
DRH2. Shifting to the ‘Details’ tab allows the user to get 
ore information on why the mutation is improbable. In 

he case of G57R, this vie w re v eals that the arginine muta-
ion was the result of a base change that occurred in a cold 

pot (highlighted in blue) in the first position of the glycine 
odon at position 57. Mutations can also be improbable due 
o requiring two or e v en three base changes to transition to 

 specific amino acid. One example of this type of mutation 

n DH270.6 is the Y60T improbable mutation (Figure 3 , top 

anel) which r equir es the first two base positions of the ty- 
osine codon to mutate in order to encode for a threonine. 
n DH270.6, Y60T has an estimated probability of 0.22%. 
he user may be interested in w hether functionall y similar 
mino acids have higher probabilities at a position of inter- 
st. By hovering the cursor over a position of interest in the 
Details’ view, the user can view the mutation probabilities 
f alternati v e amino acids. In DH270.6, hov ering the cursor 
ver the Y60T mutation reveals that the functionally similar 
mino acid serine, which is estima ted a t 10% mutation prob- 
bility, is substantially more likely to occur than threonine 
t this position. In addition, probable mutations like S55T 

n DH270.6, which is estimated to occur with 4.4% proba- 
ility (Figur e 3 ), ar e not likely to r equir e strong antigenic se-

ection to be elicited during affinity maturation. The quick 

dentification of G57R as an improbable mutation allows 
he imm unolo gist to then study the function of this m uta- 
ion. We have shown that selection of functionally-relevant 
mprobable mutations are critical to the successful elicita- 
ion of bnAbs with a vaccine ( 13 ). Overall, the DH270.6 

ase study serves as an excellent example of how the AR- 
ADiLLO w e b server can quickly and easily provide the 

mm unolo gist with useful information about the matura- 
ion of an antibody of interest and how this information 

an guide vaccine design strategies. 

ONCLUSIONS 

he ARMADiLLO w e b server provides a simple inter- 
ace for estimating the probabilities of amino acid substi- 
utions in antibody sequences. It gi v es r esear chers a tool 
o ra pidl y identify m uta tions tha t occur infrequently dur- 
ng antibody de v elopment in the absence of antigenic selec- 
ion. In the context of HIV bnAbs, these improbable mu- 
ations can be used as high-value targets in vaccine design 

s their selection could remove critical developmental bot- 
lenecks during affinity maturation potentially accelerating 
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the elicitation of bnAbs with a vaccine. In general, muta-
tion probability analysis with the ARMADiLLO w e b server
adds an additional le v el of information about how B cells
e volv e to attain specific recognition of antigens. The mat-
ura tional pa thways tha t B cell clones take in de v eloping
from unmutated precursor B cells to fully matured B cells
that produce antibodies with high affinity for a pathogen
can be thought of as evolutionary roadma ps. Anal yzing the
probability of mutations allows the r esear cher to see the to-
po gra phical features on these evolutionary roadmaps, with
improbable mutations r epr esenting uphill climbs that likely
r equir e strong antigenic selection and probable mutations
r epr esenting downhill stretches in which intrinsic AID ac-
tivity may be sufficient for their acquisition. Overall, the
ARMADiLLO w e b server is a useful tool for r esear chers to
stud y antibod y ma tura tion and to inform modern vaccine
design strategies in which antibodies are used as templates
for vaccine design. 

DA T A A V AILABILITY 

The ARMADiLLO w e b serv er is freely availab le to all
users at https://armadillo.dhvi.duke.edu . The source code
for a standalone version of ARMADiLLO can be down-
loaded from https://github.com/WieheLab/ARMADiLLO .
An ARMADiLLO commandline version has also been im-
plemented in an Apptainer container, bundling Cloana-
l yst and ARMADiLL O into a single e xecutab le package.
Due to the large size of the container, it is only avail-
able upon request. Detailed documentation for running
ARMADiLLO, the containerized version and the AR-
MADiLLO w e b server can be found at https://armadillo-
docs .readthedocs .io . 

SUPPLEMENT ARY DA T A 

Supplementary Data are available at NAR Online. 
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