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Somatic hypermutation (SHM) is a critical enzyme-mediated process of
the adaptive immune response in which antibodies acquire mutations to en-
hance antigen binding. Despite abundant research elucidating the biochemi-
cal basis of SHM, and substantial sequence data available for parameteriza-
tion, previous computational models of SHM have not been explicitly mech-
anistic. In this paper we bridge this gap by developing a probabilistic latent
variable model encapsulating a sequence of interacting steps, thus formulat-
ing the biochemical underpinnings of SHM in a mathematical framework.
However, fitting this latent variable model is challenging. To navigate this
complexity, we employ an approximate Bayesian computation strategy inte-
grated with neural networks. We are able to estimate almost all of the param-
eters of the model to good accuracy but find that the parameters involving the
boundaries of the nucleotide stripping process are slightly more challenging,
given the type of data available.

1. Introduction. Researchers in many biological subfields have developed detailed
models describing biochemical processes. These models are often qualitative, not quanti-
tative: for example, the experiments underlying the stated biochemical process may have
shown that a certain enzyme is necessary for one part the process; however, these models
typically do not describe the rates or relative importances of the different pieces. Given ap-
propriate data, one would like to infer rates and relative importances of the processes. Here
we investigate somatic hypermutation (SHM), the biochemically-driven mutational process
underlying antibody maturation, as an example of such a process.

Biological theories, such as the one describing SHM, are often given in forms that are
easily translated to probabilistic models. Setting up such a model and performing parame-
ter inference can be useful, allowing us to quantify parts of the process that are either not
experimentally manipulable or not directly measurable. This can give us insight into the pro-
cess under normal circumstances and facilitate comparisons of the process under different
conditions. We will refer to a probabilistic model that is informed by what is known about
the underlying biological processes as a “mechanistic model.” This is in contrast to more
standard statistical models (e.g., the classic SSF model of Yaari et al. (2013)) that aim solely
at good prediction accuracy and whose parameterizations are not necessarily related to the
underlying biology.

To describe the biological context for this paper in a little more detail, we will now give
a brief introduction to B cell receptors and affinity maturation. B cell receptors (BCRs), also
known as immunoglobulins or antibodies in their secreted form, are proteins designed to bind
and identify foreign molecules. These BCRs must be incredibly diverse because of the wide
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diversity of foreign molecules, such as viral proteins, that need to be bound by them. They
are generated first by a random process of V(D)J recombination, which involves a BCR gene
being created by concatenating randomly trimmed versions of one randomly selected V gene
segment, one randomly selected D gene segment, and one randomly selected J gene segment.
Random nucleotides are inserted between these segments. Because there are several dozen
possible V and D segments, a handful of J gene segments, and many possibilities for trimming
and random nucleotide insertion, this process allows for high diversity in BCRs with only a
small number of genes.

If BCRs pass tests against self-reactivity and for functionality and are stimulated by bind-
ing foreign antigens, the corresponding B cells will enter specialized regions of the lymph
nodes where they undergo a process called “affinity maturation.” In affinity maturation, BCRs
diversify according to a Darwinian process of mutation and selection, with the objective of
improving binding to antigen. More specifically, BCRs which exhibit high binding affin-
ity undergo positive selection. While V(D)J recombination increases BCR diversity through
combining germline genes randomly, additional diversification through mutating the genes
themselves is also necessary to adapt to new antigens.

Our focus is on somatic hypermutation (SHM), the mutation component of affinity mat-
uration, which has a rate in the BCR-coding region of around a million-fold higher than the
mutation rate of normal cellular division (Kleinstein, Louzoun and Shlomchik (2003)). This
process is driven by specialized biochemical pathways, as described below. Accurate esti-
mation of mutation probability during SHM is important for understanding which antibodies
are accessible from a certain naive progenitor cell. For example, it has been shown that spe-
cific low-probability mutations are important for broadly-neutralizing HIV antibody matura-
tion (Bonsignori et al. (2017), Hwang et al. (2017), Wiehe et al. (2018)). Thus, to understand
prospects for eliciting such antibodies through vaccination and how to design vaccine inserts
rationally (Jardine et al. (2013)), we must estimate mutation probability accurately. Accurate
mutation rate estimation is also important for natural selection assessment (Dunn-Walters and
Spencer (1998), Hershberg et al. (2008), Uduman et al. (2011), Yaari, Uduman and Kleinstein
(2012), Yaari et al. (2015), McCoy et al. (2015)) in which the mutation rate (the introduction
rate of nucleotide changes) is compared to the substitution rate (the rate of such changes that
survive natural selection).

Current research on SHM can be primarily divided into two approaches: biochemical and
statistical. The biochemical approach uses gene knockout or knock-in (Langerak et al. (2007))
experiments in model organisms to elucidate mechanisms of somatic hypermutation. As a
prototypical example, Zivojnovic et al. (2014) use a mouse with a specific DNA substrate
spliced in to test the effect of the “Ung” pathway for generating mutations at adenine (A)
and thymine (T) bases. They found that when the Ung gene was knocked out, the mutation
patterns at A/T bases were significantly changed. This experiment clearly demonstrates the
importance of the Ung pathway but does not provide an estimate about the frequency with
which it is used.

The statistical approach, on the other hand, works to characterize the mutation process
in humans and wild-type animals by developing predictive quantitative models. It typically
works to understand the influence of local sequence context, namely, the surrounding DNA
bases, on mutation probability. For example, if a cytosine base is contained in a “hotspot,”
such as AGCT, many studies have shown that this is sufficient for a greatly increased mutation
rate (Yeap et al. (2015)). “Coldspots,” such as CCC, have a lower rate of mutation. Early work
analyzed these sequence contexts using a hypothesis-testing approach (e.g., Rogozin and
Diaz (2004)) while more recent work has performed rate estimation for highly parameterized
models (Yaari, Uduman and Kleinstein (2012), Cui et al. (2016)). Other work has included
a penalized proportional hazards model (Feng et al. (2019)), models that include absolute
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position in the sequence (Spisak, Walczak and Mora (2020)), and deep neural networks on
larger tracts of sequence (Tang, Krantsevich and MacCarthy (2022)). Such models are useful
for predicting the path of affinity maturation (Dhar et al. (2018), Wiehe et al. (2018)) and
analyzing natural diversification patterns (Yaari et al. (2015), Sheng et al. (2016), Vieira,
Zinder and Cobey (2018)). Furthermore, many of these papers provide information that can
clarify mechanistic understanding; for example Yaari et al. (2013) investigate DNA strand
symmetry, while Tang, Krantsevich and MacCarthy (2022) interpret their mutability scores in
terms of pathways. Many other papers use the pattern of mutations to describe the qualitative
importance of the different processes in SHM (Dunn-Walters et al. (1998), Spencer, Dunn
and Dunn-Walters (1999), Rogozin et al. (2001), Rogozin and Diaz (2004), Neuberger et al.
(2005), Wilson et al. (2005), Wang, Rada and Neuberger (2010)). Nevertheless, this work has
not resulted in rate estimates for the various repair pathways in vivo.

It would seem useful to be able to bring these two approaches to SHM research together
by fitting parameters of a probabilistic model of SHM; such a model should, in principle, be
able to be fit with less data by using prior mechanistic knowledge and should be useful by
providing estimates of parameters with direct biological relevance. However, such a project
faces several obstacles. First, there are a tremendous number of latent variable patterns that
lead to identical mutation locations, and thus calculating a likelihood for a set of mutations,
given a starting sequence, is not possible. Second, the mechanistic model may not be identi-
fiable from the data: there may be many parameter settings leading to identical distributions
of sequences of mutations. Third, although it is common to have tens of thousands or more
mutated sequences from a given data set and each sequence is hundreds of bases long, mu-
tations are relatively few, and the location of the mutations is stochastic. Thus, the signal for
fitting a complex model may not be as strong as it initially appears.

In this paper we take on this challenge by using a method combining neural networks and
strategies from Approximate Bayesian Computation (ABC) to infer parameters of a complex
latent variable model of SHM (Figure 1). We draw parameter values from a prior distribu-
tion, simulate data given the parameter drawn from the prior, and compute summary statis-
tics from the simulated data. Our simulator encodes a simplified version of the biological
processes underlying SHM, and the constraints it imposes are important in overcoming the
obstacles described in the previous paragraph. We then use the joint distribution of param-
eters and summary statistics as a training set for a neural network, which approximates the
posterior expectation of the parameters given the summary statistics. This approach is similar
to others who have used neural networks to estimate quantiles of the posterior distribution
directly (Fisher et al. (2023)), but we use summary statistics to generate these values. Un-
like some other approaches at using neural networks to improve the performance of ABC,
which use the neural network to craft the summary statistics (Jiang et al. (2017)), we create
the summary statistics ourselves and then use those statistics as inputs to a neural network.
Others have attempted to use deep learning in the context of more classical statistical tech-
niques (Jiang et al. (2017), Sheehan and Song (2016)), though generally these works use
neural networks to generate informative statistics rather than generate parameter estimates
from pre-selected summary statistics.

Although we do not have statistical guarantees of identifiability, we find in simulation
that most parameters of the model can be readily identified. Our results also show some
deficiencies of the core model of SHM and indicate what additional components are required
to have a more complete description of the process. Our method focuses on the sequence-
level mutation distribution, at the expense of accurately quantifying local context mutability.
In order to guide further research in the area, we also review alternative procedures we tried,
which were not successful, in the Discussion.
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FIG. 1. Model estimation framework. Parameters 0 are drawn from the prior and used to generate simulated
parameter-sequence pairs as mutant versions of the real parent sequences. These sequences are then processed
into summary statistics, for example, shown here the number of mutations where the parent base is C divided by
the total number of mutations where the parent base is C or G, a similar statistic involving the parent being A or
T, and descriptions of spatial colocalization. The neural network is trained on these summary statistics to predict
the parameters of the model. The trained model is then applied to real sequences to make estimates for the natural
process.

2. Methods.

2.1. Overview of somatic hypermutation. Now, we summarize, for the purposes of for-
malizing our model, current mechanistic understanding of the somatic hypermutation pro-
cess. The model presented here is necessarily an oversimplification in order to obtain a model
that can be fit. Further details on the simplifications employed are in the Discussion section,
though others have described the intricacies of the process extensively (Pilzecker and Jacobs
(2019)).

The underlying mechanism of SHM involves an initial step of DNA damage by the
ctivation-induced cytidine deaminase (AID) enzyme, which transforms a cytosine DNA base
to a uracil. AID binds to one of the two DNA strands and traverses processively along the se-
quence, inducing damage at some fraction of the cytosines it encounters (Pham et al. (2003),
Chelico et al. (2006), Mak et al. (2013)). This leads to spatial clustering of AID-induced
damage. This defect is resolved by one of several pathways (Figure 2). The comprehensive
review by Pilzecker and Jacobs (2019) describes five pathways: U synthesis, UNG2 TLS,
ncMMR UNG?2 hybrid, ncMMR, and UNG2 PCNA-Ub. The first three pathways lead to mu-
tation only at the location of the lesion, while the last two can lead to mutation at the lesion
and in a patch around the lesion.

Of the three pathways that lead to mutation only at the lesion, the major player is one
that relies on base excision repair (what Pilzecker and Jacobs (2019), describe as the UNG2
TLS pathway). In this pathway the uracil is removed by the Uracil-DNA glycosylase (UNG)
enzyme, and then special enzymes are used to read through the corresponding abasic site,
with additional local mutation from translesion polymerase REV1 (Jansen et al. (2006)) and
potentially from error-prone DNA polymerases. A mutation can also be introduced at the
lesion site if the uracil is not recognized by any of the repair machinery and is used as a
template when the DNA is replicated in preparation for cell division (what Pilzecker and
Jacobs (2019), call “U synthesis”). This results in a C/G to T/A mutation at the lesion location.

The primary pathway that leads to mutations around the lesion is an error-prone version of
the mismatch repair (MMR) pathway specific to B cells undergoing somatic hypermutation
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FI1G. 2. A simplified “consensus model” of the biochemical basis of somatic hypermutation (SHM): (A) AID
lesion, recognition, and error-prone repair through the noncanonical base excision repair (BER) and mismatch
repair (MMR) pathways. (B) Error-prone base excision repair (BER) induces a point mutation at a C site with
some probability. (C) Error-prone mismatch repair (MMR) induces potentially multiple point mutations in a win-
dow of stochastic size, or exo stripping region, around a C site with some probability.

(“ncMMR” in Pilzecker and Jacobs (2019)). In this pathway, enzymes, EXOI1 in particular,
strip DNA around a region of the mismatch, which is filled in by error-prone polymerases.
This region is referred to as the exo stripping region.

All of these processes occur on both strands of DNA. When DNA is replicated, the muta-
tions from one strand are propagated to the other strand.

Given a collection of mutated BCR sequences, we have no way of discriminating between
the two pathways that lead to mutations in a patch around the lesion or of discriminating
among the three pathways that lead to mutation only at the location of the lesion. We will,
therefore, combine the pathways in each category so that our model contains one for each
type of pathway. All of the pathways that lead to mutations in a patch around the lesion will
be aggregated into what we will call the “MMR pathway,” and all of the pathways that lead
to mutations at the lesion will be aggregated into what we will call the “BER pathway.”

We have not attempted to model insertion-deletion mutations as part of somatic hyper-
mutation (Briney, Willis and Crowe (2012), Lupo et al. (2022)) and process our sequences
accordingly. As such, we can assume that every mutation is a point mutation on a sequence
of fixed length. We also do not model certain minor pathways (e.g., Pol¢; Saribasak et al.
(2012)) and assume that their effects will be absorbed into our estimates of the two main
pathways.

Some potential interactions between the repair machinery and the damage machinery are
also not captured. Our simulator works by sampling lesions, sampling repair times and types
for each lesion, and finally sampling repairs to each lesion. The repairs are then executed in
order of their times, and each repair is completed before the next repair begins. Later repairs
depend on earlier repairs only in the following way: if a lesion is in the exo stripping region
of an earlier repair, it is considered already fixed, and it is removed from the list of sites to
repair. This procedure keeps some of the true dependence between lesions and repairs (if a
lesion is stripped out by exo, it no longer needs to be repaired). However, this model is a
simplification in that it only allows for one “round” of mutation, that is, sampling of lesions
followed by repair types and repairs. Therefore, we do not account for interaction between
the AID machinery and the repair machinery, such as MMR causing a germline A/T/G being
changed to a C, leaving it open for deamination by AID. On the other hand, one could have a
site be mutated more than once via the MMR machinery.

We will fit probabilistic parameters to this simplified consensus model.
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2.2. Probabilistic graphical model formulation of somatic hypermutation. Our mecha-
nistic model translates a biochemical SHM model (Figure 2) into a probabilistic graphical
model. To generate samples from this model, we first sample a set of AID lesions, which we
will call “lesions” for short, then sample repair types for each lesion. The repair process is
modeled by sampling a pathway to repair each of the lesions, with random variables gov-
erning recruitment probabilities of either the BER or MMR repair machinery to each site.
A repaired sequence is then drawn given this choice, with errors introduced by respective
error-prone machineries (Methot and Di Noia (2017)). As noted above, this corresponds to
one “round” of somatic hypermutation, when in reality the process of lesion introduction and
repair could happen multiple times. We simplify to one round of somatic hypermutation be-
cause, first, in real data our parent-child pairs don’t tend to have very many mutations (the
0.5, 0.9, and 0.99 quantiles of the branch length distribution correspond to just under 1, 7.5,
and 24.3 mutations expected per parent-child pair), and second, because of the difficulty in
distinguishing between multiple rounds of mutation and higher base rates per round.

We now describe this forward model in detail.

2.2.1. Forward model. To model this process, we start with a sequence of length L,
called S(@. These sequences could, in principle, be anything, but in this application §© will
always be one of the inferred ancestral sequences from one of the clonal family trees esti-
mated using IQ-TREE (Nguyen et al. (2014)) and described in more detail in Section 2.6. We
will call this sequence the “parent” sequence because in phylogenetic terms the new sequence
will descend from the parent sequence. Our random variables are:

e FW € {0, 1} is an indicator of whether the forward (FW = 1) or the reverse strand is tar-
geted by AID.

e A=(ay,...,ax),ar €{0,..., L —1}. We have K AID lesions, and a; gives us the posi-
tion along the sequence of the kth lesion. If FW = 1, these correspond to positions on the
forward strand’ otherwise, they correspond to positions on the reverse strand.

e TvmMrx and Tgerx € RT represent the time it takes for either the MMR or the BER ma-
chinery to be recruited to lesion k. If TmMrx < TBERk, then lesion k is repaired by MMR;
otherwise, it is repaired by BER.

o £ ,l(, E. E ,1( and Ej_give the number of bases stripped out to the left and the right of the kth
lesion. When BER is selected, these variables are O.

° Sl.(k), i=0,...,L—1, Sl.(k) e {A, T, C,G}. SO represents the parent sequence. S rep-
resents the sequence after k of the lesions have been resolved, and S‘X) represents the
observed sequence (i.e., the sequence after all K lesions have been resolved). Sl-(k) repre-
sents the nucleotide at position i in the mutated sequence S®).

To describe the forward model, we also introduce some extra variables and notation. Let
MMR;, be the indicator Ind(Tvvrx < TBERK), Tk = min(TvmRrk, IBERK) and pos(k) be the
position along the sequence of lesion k. Let V denote the vector containing all of the random
variables aside from those describing the sequence,

V=(FW, A, TumR 1 - - -» TMMR K » TBER 1 - - - » TBER K> Efs - s E% L EY, ... E%).
Furthermore, define the function stripped(k, V) as
stripped(k, V) = Ind(pos(k) € [pos(j) — E 1, pos(j) + E ]
for some j s.t. MMR; = 1 N T < Ty).

The stripped function represents lesion k being stripped out before it was repaired and allows
us to identify lesions that do not need to be resolved by either the BER or the MMR pathway.
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Then FW, A, TmvRr k> TBER K, E ,i, and E; are generated as follows (the PGCP is described
below):

FW ~ Bernoulli(prw),
A ~PGCP(u, 0, 0),

Tvimr k ~ Exponential ((1 — per)/PBER),

Terk ~ Exponential (1),

£l ~ {Geometric(l /i) MMRg =1,

0 otherwise,

Ef ~ {Geometric(l /iter) MMRy =1,

0 otherwise.

To describe the distribution of S, we will assume that FW = 1. If not, & is generated
by the same process happening on the reverse strand,

s s*D v

s D wp.1 if stripped(k, V) = 1 Ui ¢ [pos(k) — EL, pos(k) + E}].
. . i
&, T.G, C)Categorical(ﬂ;(Mk)_l)) if MMR; =101 e [pos(k) a Ek’ pos(k) + E/:]’

(A T. G, O)cuegoricalr®)  if MMRg =00 € [pos(k) — Ey, pos(k) + Ef].

For each lesion, each position on the sequence either doesn’t need to be resolved (because the
lesion was stripped out previously or because the position is not targeted by the repair machin-
ery) or should be resolved by the MMR or the BER machinery. Note that S©@, ... §&) |y
is a Markov process, where S S&=D are hidden states. However, the standard tech-
niques for hidden Markov models do not apply here, as we do not have an observation for
each hidden state in the process; furthermore, there are other latent variables that are not part
of the Markov process.

One important feature of our lesion vector A is that the lesion locations should be spatially
correlated. To achieve this, the lesions are the result of thinning what we call prelesions. At
each site k, there is some prelesion probability pj. These probabilities are first sampled in-
dependently across sites to obtain the prelesion set. Following this, we thin the prelesions
according to a Gaussian process with a particular mean, variance, and lengthscale. In par-
ticular, we include all prelesions only at sites where Gy > 0, where Gy is the value of the
Gaussian process at site k. We choose to do this in order to enable strong spatial correlation
due to AID moving in a processive manner along the sequence (Pham et al. (2003), Chelico
et al. (2006), Mak et al. (2013)) and mesoscale-sequence effects on AID deamination deriv-
ing from local DNA sequence flexibility (Wang et al. (2023)). Lesions at sites which are close
together in a sequence are positively correlated. This distribution for the lesions is called a
Probit Gaussian Cox Process (PGCP), a modification of the sigmoidal Gaussian Cox process
(Mgller, Syversveen and Waagepetersen (1998)). A more detailed definition of a PGCP can
be found in Section B.3 of the Appendix (Fisher et al. (2025)), which can be found in a sep-
arate document. Instead of applying the sigmoid function to the Gaussian process to obtain
the thinning probability, as in a sigmoidal Gaussial Cox process, prelesions are thinned if and
only if the Gaussian random variable associated with them is negative.
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The parameters are:

o neR, o cRT, ¢ eR: Parameters controlling the overall rate and correlation of the lesion
generating Cox process. For the purposes of identifiability, we will assume that w is fixed
at —10.0.

e ppgr: Parameter controlling the relative rate of BER recruitment to MMR recruitment.

e [lel, Uer: The lengths of the exo stripping region to the left and the right of the lesion is
modeled as a geometric random variables with means e and ey

e pry: Parameter controlling the relative rate of transcription of the forward strand.

o 7™): A 4 x 4 transition probability matrix, assumed known, describing the transition

between nucleotides after MMR. n/SM) represents the row of the matrix corresponding
to transition away from A and, similarly, for the other bases. The matrix has a nonzero
diagonal, allowing for error-free repair by the MMR pathway.

o 7(B): A length-4 vector, assumed known, giving the probability of each base being incor-
porated given repair by the BER pathway. All elements of this vector are nonzero, allowing
for error-free repair by the BER pathway.

Our estimand is, therefore, 8 = {0, £, pBER, Mel, Mers PEW -

For our choice of 78, we reference work from Krijger et al. (2009). They find that Ung,
the enzyme largely responsible for BER, induces mutations in a particular pattern. When
examining mice who were deficient in Msh2, the enzyme believed to be responsible for mu-
tations on the MMR pathway, they found that 75.4% of Guanine mutations were to Adenine,
and 77.9% of Cytosine mutations were to Thymine. These results simplify our model greatly,
as they allow the source pathway of an observed mutation to be determined with higher con-
fidence.

For 7™ we estimated the transition matrix using a strategy based on examining neigh-
boring mutations; see Section B.1 in the Appendix (Fisher et al. (2025)) for details and justi-
fication.

2.3. Estimating model parameters with neural network ABC. One of the problems with
estimating parameters in settings with latent variables, such as A, MMR, and E here, is
that we cannot easily calculate P(6 | S), even via stochastic techniques (e.g., MCMC) which
only require calculating P(S | 8). The difficulty in calculating P(S | 8) stems from having to
integrate over all latent states which could have generated S, which are too numerous to be
computationally tractable.

In order to estimate E(@ | S), we use a neural network-based estimation procedure which
is similar to approximate Bayesian computation (ABC); however, in our case the target is
posterior mean estimates of the parameters rather than a full approximate posterior. A visual
description of the estimation framework can be seen in Figure 1. In ABC-based methods,
one generates data under a candidate parameter set 6. The parameters, 6’, are then accepted
or weighted by some metric p of similarity of S’ to observed data. Typically, p is based
not on the high-dimensional observed data S but on some low-dimensional summary f(S).
In our framework, rather than needing to specify p to obtain an entire approximate pos-
terior, we instead input f(S) into a neural network, which then outputs an estimate of 6’.
Our proposed method differs from ABC in that we are not attempting to estimate/sample
from the posterior distribution but rather trying to estimate the posterior mean. It is simi-
lar in that both approaches use summary statistics to deal with high-dimensional data. One
of the reasons why we have employed this strategy is that the summary statistics we use
here are high-dimensional, (>100-dimensional), meaning that even some of the sophisticated
likelihood-free methods such as ABC-Markov chain Monte Carlo (Marjoram et al. (2003))
would struggle.
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It is important to note that the posterior mean is the true minimizer of mean-squared error
with respect to the joint distribution of 6, f(S), where f(S) are the summary statistics of
sequences S simulated under mechanistic parameters 6, that is,

E(0 ] f(S)) = arg;nin E((g(£(5)) —0)°),

where the minimization is over measurable functions. Here the expectation is taken with re-
spect to the joint distribution of 6, f(S). By generating many pairs of parameter sets and cor-
responding simulated sequences, we can create a large pool of training data, {6/, f(S; )}1—1
We can then train a neural network to approximate IE(6 | f(S)) using mean-squared error as
our loss function. Provided the neural network is sufficiently rich, and our function f(-) cap-
tures most of the relevant information about 6 present in observed sequences, we will train a
good estimator of E(6 | S).

This framework allows us to move from a high-dimensional latent-state Bayesian infer-
ence setting to a low-dimensional supervised learning setting. Provided we can simulate a
large enough set of sequences, we can estimate E(6 | S) without ever estimating the latent
states which define the association between 6 and S. Most of the difficulty in estimation with
this framework lies in specifying the correct neural network architecture and constructing
informative summary statistics for S.

In addition to estimating E(6 | S), we also work to quantify uncertainty via residual estima-
tion. To do this, we also predict the log squared r651dual and minimize (exp(R) (é 6)%)2,
where @ is our estimate of the parameter set and R is the log-squared residuals estimate.

2.4. Summary statistics. We will now describe the various summary statistics we use,
with their (Nicknames) and how they aid in inferring key mechanistic parameters.

2.4.1. Spatial colocalization (Colocalization). One of the key components of our set of
summary statistics is the spatial colocalization (Spisak, Walczak and Mora (2020)), which de-
scribes the observed clustering of mutations in SHM. Unlike local models of mutability, such
as SSF (Yaari et al. (2013)), our mechanistic framework allows for an elevated frequency of
close-together mutations, as seen in real sequences. Local models use several bases on either
side of a particular site to model the probability of mutation at that site; the most common is a
5-mer model, which uses two bases on either side. These lack the complexity to model corre-
lation in mutations. A visualization of the shortcomings of a 5-mer model in this respect can
be seen in Figure 3. Other works have incorporated wider sequence context in probabilistic

8 —— Five-mer Model
--- Real Data

Spatial Colocalization

0 20 40 60 80 100
Distance

FIG. 3. True spatial colocalization vs. 5-mer simulated colocalization. Mutations happen much closer together
than the local context model accounts for.
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modeling, but attempts to mimic the bunches of mutations seen in real sequences generally
involve a second round of “follow-up” mutations which explicitly occur near existing muta-
tion (e.g., Spisak, Walczak and Mora (2020)). However, such models are phenomenological
rather than explicitly mechanistic and still render the likelihood intractable.

More formally, spatial colocalization measures the degree to which mutations occur closer
together than what one might expect were they spatially independent. The spatial colocaliza-
tion of Spisak, Walczak and Mora (2020), for a pair of sites indexed by i, i + d, is defined
as

pGi,i+d)
p)pli+d)’

where p(i) is the probability of a mutation at site i. So if the two sites are independent,
the colocalization value will be 1. We are interested in the colocalization averaged over all
pairs distance d apart. This statistic quantifies the spatial effect on co-mutation over an entire
dataset/repertoire.

Estimating this quantity for real sequence data presents some challenges. If all observed
sequences were globally aligned and we had unlimited data, we could estimate this fraction
empirically for every site. However, in practice, it is possible to have many different parent
sequences from which observed sequences mutate, and these sequences do not fit neatly
into a multiple sequence alignment. It is also possible that we have few mutations per site,
making the variance of our estimates of the pairwise colocalization high. These issues make
estimation of equation (1) infeasible for the data we will be engaging with in this work.

Thus, one must use an estimator for colocalization rather than attempting to compute it

directly. If we have N sequences, sequence i has length ¢;, m; is the number of pairs of

mutations a distance r apart from each other, and m;" = (*™UIOnS Jsequencedy g the total

number of pairs of mutations in sequence i, the “SWM” (Spisak, Walczak and Mora (2020))
colocalization estimate is

ey

N ryot
) colocswar(r) i= » Lmle
N = Wi=n/()

This version of spatial colocalization can be thought of as the fraction of pairs of mutations
distance r apart, compared to the fraction of total sequence pairs which are distance r apart.
Critically, this quantity is estimated per-sequence and does not require us to estimate the per-
site mutation frequency anywhere. The result is that the estimates of the spatial colocalization
are more stable in smaller samples and in samples where there are only a small number of
mutated sequences for each parent sequence. We will use a vector of 100 of these spatial
colocalizations as a summary statistic, as described below.

2.4.2. Mutation frequencies (Base Freq, AT Frac, and C/C+G). We will use several mu-
tation frequencies as informative summary statistics. The first is the overall baseline mutation
frequency (Base Freq), or the fraction of total bases which differ from the parent sequence.
We care about the overall mutation frequency because it tells us about the relative rate of
prelesion thinning. The second is fraction of total mutations for which the parent base is A
or T (nicknamed AT Frac). We care about this fraction because A/T mutations can only occur
on the MMR pathway. The final mutation fraction of interest is the total number of mutations
where the parent base is C, divided by the total number of mutations where the parent base is
C or G (nicknamed C / C+G). This is because the BER pathway gives rise to mutations at C
sites if the lesion was on the forward strand and gives rise to mutations at G sites if the lesion
was on the reverse strand.
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o \ Base Freq

l Colocalization

Prw C/C+G

Mel» Mer «————— AT pairwise mut

AT to CG

PBER AT Frac

FIG. 4. The collection of parameters (left) and the summary statistics designed to infer them (right). Arrows
designate how we intended the summary statistics to inform the parameter estimation. However, as described in
Section 3.2, the actual influence is more complex.

2.4.3. Distance between mutation-associated sites (AT to CG and AT pairwise mut). Fi-
nally, we include two distance metrics in our set of summary statistics. The first is the average
distance of a mutation at an A/T site from the nearest C/G site (AT to CG). The idea behind
this summary statistic is that, for a larger exo stripping region, A/T mutations will be slightly
farther away from C/G sites on average. The second distance metric is the pairwise A/T muta-
tion distance (AT pairwise mut). This measures the mean pairwise distance between mutations
at A/T sites. We include this summary statistic because the size of the exo stripping region
impacts the clustering of A/T mutations. For instance, if we know that multiple A/T muta-
tions happen in an exo stripping region, then we expect them to be closer together in a small
exo stripping region in contrast to a large exo stripping region.

2.5. Parameters of interest. We will now describe parameters of interest in our model,
their priors, and how the aforementioned summary statistics allow us to infer them (Figure 4).

2.5.1. Gaussian process variance (o). The Gaussian process variance controls the over-
all prelesion thinning probability by governing the variability of the underlying Gaussian
process. We take a uniform prior from 5.0 to 15.0 on the standard deviation of the Gaussian
process. This includes the entire range of reasonable values, where the smallest value cor-
responds to almost all the prelesions being thinned, and the largest value corresponds to a
thinning rate of 75%, out of a minimum of 50% of the prelesions being thinned. The lower
bound of 50% is due to the technical details of the Probit Gaussian Cox Process (PGCP).

Along with the base rate, the variance of the Gaussian process affects the overall fraction of
C sites which are deaminated by AID as follows. Recall that the mean of the Gaussian process
is fixed at —10.0. This means that the probability that a prelesion is thinned is proportional

O 2
© fip/e €
Thus, in terms of summary statistics, a large value of o, along with a high base rate, con-
tributes to a high overall mutation frequency. Furthermore, a smaller value of o corresponds
to a larger colocalization magnitude (higher colocalization when d = 1).
Therefore, we include distance 1 spatial colocalization as well as the overall mutation
frequency, with the idea that it will help estimate the variance of the Gaussian process.

2.5.2. Gaussian process lengthscale (£). The Gaussian process lengthscale controls the
spatial scale of correlation in deamination probability. We have a uniform prior from —12.0
to —2.0 for the log of the lengthscale. The lengthscale affects the rate of decrease of the colo-
calization. A log-lengthscale of —12 corresponds to a small amount of correlation between
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neighboring sites (~0.4), dropping off to near zero for sites separated by two or more bases.
In contrast, log-lengthscale of —2 corresponds to a correlation of >0.99 for sites separated
by up to 15 bases and a correlation of >0.9 for sites separated by up to 50 bases. Thus, prior
covers the entire range of plausible scenarios.

To help estimate the lengthscale, we simply include the spatial colocalization vector from
distance 1 to distance 100 using the SWM estimator described above. The rate at which the
colocalization decays to 0 is used by the neural network to estimate the lengthscale.

2.5.3. BER probability (pper). This parameter describes the probability that the BER
repair pathway will be recruited to a lesion. If not repaired by BER, a lesion is repaired by
MMR. We have a uniform prior from O to 1 for this parameter. Notably, MMR allows for
mutations in a neighborhood around the lesion, rather than just at lesion itself. Summary
statistics which contain information about this statistic include the fraction of mutations oc-
curring at A/T sites as well as the average distance of A/T mutations from a C/G site. These
are informative for the BER probability parameter because a higher frequency of these mu-
tations, as well as these mutations occurring closer to C/G sites, suggests a lower fraction of
lesions which are repaired by BER.

2.5.4. Forward probability (prw). This parameter controls the probability that the given
round of mutation comes from the forward strand. We have a uniform prior from 0 to 1 for
this parameter. A higher forward strand probability parameter implies that we see a dispro-
portionate number of sequences originating from the forward strand.

The main summary statistic that informs this parameter is the fraction of C/G mutations
which are at C sites. Repair of a lesion on the forward strand gives rise to a C mutation, while
repair of a lesion on the reverse strand gives rise to a G mutation. Therefore, the fraction of
C/G mutations at C sites gives us information about whether the forward or the reverse strand
is more likely to be targeted.

2.5.5. Exo left/right stripping means ({Le], er). These two parameters control the mean
size of the exo stripping region on either side of the lesion when the MMR pathway is re-
cruited. The parameter is the mean length of the stripping region, which is geometrically
distributed. We have a uniform prior from 1 to 20 for the mean stripping region size, that is,
el ~ Unif(1, 20). and per ~ Unif(1, 20). This prior is based on the biologically plausible
range suggested in the literature (Unniraman and Schatz (2007)).

Summary statistics, which contain information on these parameters, include the average
distance to the left and to the right of C/G sites from A/T mutations. These parameters are the
most difficult to estimate in this model, because it is difficult to determine from the observed
data if two A/T mutations exist in the same exo stripping region or if they originated from
different lesions.

2.6. Data. In order for our model fit to reflect exclusively the mechanistic properties
of somatic hypermutation, it is critical that we train it on data which are free of the impact
of natural selection. If we attempted to estimate the mechanistic parameters on sequences
which were subject to the full process of affinity maturation, it would be impossible to de-
termine which patterns observed were due to selective pressure and which were due to SHM
mechanisms. Therefore, we engage with out-of-frame sequence data, sequences which are
nonfunctional due to codons being out of frame after the process of V(D)J recombination.
Specifically, we use the out-of-frame clonal family clustering and multiple sequence align-
ments using data from Briney et al. (2019) and analyzed by Spisak, Walczak and Mora (2020),
who use additional filtering criteria to make sure that the data represents neutral evolution.
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From these, we filter out all sequences containing insertions or deletions, as these are not a
part of our mechanistic model. For each of these clonal families, we use IQ-TREE (Nguyen
et al. (2014)) to infer the phylogeny, or evolutionary history of the clonal family. Ancestral se-
quences are inferred using the K80 substitution model (Kimura (1980)), with inferred naive
sequences from Spisak, Walczak and Mora (2020). Following phylogenetic inference, we
consider each edge of the tree to be an observation, with the mechanistic SHM process acting
independently on each edge. In total, our biological dataset contained 84,322 parent-child
pairs.

2.7. Training setup. We trained our neural network on simulated data generated from our
model of somatic hypermutation using parent sequences drawn from the biological data set.
To generate each simulated dataset, we sampled 2000 parents at random from phylogenies
inferred from the out-of-frame sequence data as well as a set of mechanistic parameters (6
from its prior distribution above). For each parent sequence, we simulate a single round of the
somatic hypermutation process, which can generate multiple mutations in the sequence. Our
estimation procedure ensures that the mutation frequency is approximately equal to that in
real data. We experimented with incorporating branch lengths and extra rounds of mutation,
but it did not appear to influence the accuracy of parameter estimation and added a substantial
computational cost. After simulating a sequence for each parent according to the forward
model, we calculated the summary statistics described above and input them into our neural
network, which then output an estimate for the posterior mean of 8. This is the procedure
outlined in Figure 1, with the goal of minimizing mean-squared error. The neural network
was trained on a set of 10,000 such simulated datasets, and evaluated on a held-out test set of
1000 such datasets. In order to avoid the relative values of the summary statistics adversely
affecting our estimation, we standardized each summary statistic to have mean zero and unit
variance.

The neural network used for training was a simple feedforward neural network (Svozil,
Kvasnicka and Pospichal (1997)) with five hidden layers and 64, 32, 16, 8, and 4 nodes per
hidden layer, respectively. Training was done with Adam (Kingma and Ba (2014)) in PyTorch
(Paszke et al. (2019)) using mean-squared error as the loss. We used mini-batches of size 200
and trained for 1000 iterations with step size 1072.

Our implementation of the forward model as well as all the code used for inference is
available at https://github.com/thayerf/shmpy.

3. Results.

3.1. Performance on simulated data. We assessed how accurately our neural network
recovered the mechanistic parameters by testing it on 1000 held-out simulated datasets (Fig-
ure 5). We were able to explain approximately 75% of the prior variance with our chosen
summary statistics and neural network described above. We recover the value of the length-
scale, the Gaussian process variance o, the forward probability, and BER probability with
high accuracy. We struggle to estimate the size of the exo stripping region to the left and right
of the excised base with the same level of accuracy. However, when taking the sum, as in
Figure 5, we find that we can recover the size of the exo stripping region with reasonably
high accuracy. This suggests that the direction of the exo window is difficult to identify in
some cases.

We also assessed our ability to quantify uncertainty (Figure 6). Our estimates of the
squared error are weakly correlated with the true value but are much noisier than our esti-
mates of the parameters themselves.
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a particular summary statistic is informative for that parameter.

3.2. Importance of summary statistics for parameter inference. In order to explore the
importance of each summary statistic in predicting each parameter, we performed an ex-
periment in which we shuffled the values of each summary statistic in our test set among
simulation replicates. After shuffling one of the summary statistics, we then recorded the
MSE for each parameter and compared it to the MSE of the full model. Summary statistics,
which are important for estimating a given parameter, will greatly increase the MSE for that
parameter when permuted. The mean squared error vs. the summary statistic removed can be
seen in Figure 7. We found that colocalization is the most informative summary statistic for
the lengthscale, the base mutation frequency is most informative for the variance, the fraction
of C/G mutations which occur at C sites is most informative for the forward probability, and
the A/T mutation fraction is most informative for the BER probability. For the exo window
sizes, it appears that all of the summary statistics contribute relatively equally. However, a
large part of this reduction in mean squared error is due to strong predictive performance in
parameters related to the spatial colocalization of AID lesions.

3.3. Posterior predictive checks. We also wanted to confirm that summary statistics from
real mutated sequences fell in a range which could be credibly generated by our forward
model. All but one of the summary statistics lie in the high-density range of the simulated
sequences (Figure 8). The notable exception is the distance from an A/T mutation to the
nearest C/G site. Real A/T mutations are farther away from C/G sites on average than can
be explained by our forward model. One possible explanation is the faithful repair of the
central deaminated cytosine in the MMR pathway, which we do not account for. Addition-
ally, we conducted posterior predictive checks verifying that sequences generated under the
estimated parameter set, when run through our estimation procedure, recover the same set of
parameters. Details of these simulations can be found in Appendix C (Fisher et al. (2025)).
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FIG. 8. Real data summary statistics compared to their simulated data equivalent. The real sequence summary
statistics (red dashed line) fall into a range that can be credibly explained by our forward simulation framework
(histogram), except for the A/T mutation distance to a C/G site. For the colocalization plot, the shaded region
represents the central 90% of colocalization values at each distance.

We also wanted to make sure that our estimated mechanistic parameters for the real se-
quences fell in the prior range. A comparison of the prior distribution to the estimated pa-
rameter values for real mutated sequences can be seen in Figure 9. We can see that our prior
contains feasible values for real sequences.

Finally, we were interested in how our model performed on a per-site mutability level. To
investigate this, we wished to compare loss on a logistic regression model which estimates
the mutation frequency at a given site using only the 5-mer located there, analogous to the
classic S5F model (Yaari et al. (2013)). However, it is difficult to calculate the per-site mu-
tation frequency of our mechanistic model because, unlike regression-based approaches, we
do not estimate per-site probabilities directly. In order to obtain per-site mutability estimates,
we forward simulated 10,000 sequences each from 1000 parent sequences according to our
fit mechanistic parameters. We then averaged over these 10,000 simulated sequences to get
a per-site estimate of mutability for each of the 1000 parent sequences. We calculated an av-
erage per-site log loss by comparing these estimates to vectors of mutation indicators for the
true 1000 child sequences. The same per-site calculation was conducted for the 5-mer model.
A 5-mer model outperforms our mechanistic model with respect to per-site mutability, with a
per-site log loss of 0.315 for the 5-mer model compared to 0.345 for the mechanistic model.
This suggests that our mechanistic model, which was designed to capture global mutation
patterns, is unable to attain the local accuracy of a 5-mer model.

3.4. Cross-colocalization. Both to check on our model’s performance on a measure that
was not used for training and to get insight into processes our model is missing, we looked at
a measure of colocalization that takes base identity into account. We refer to this quantity as
the cross-colocalization: the cross-colocalization for bases b and b, at a distance r is defined
as the ratio between the fraction of pairs of mutations containing bases b; and b; at distance
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FIG. 9. Real data estimated parameter values (red dashed lines) vs. histogram of prior distribution (blue bars).
All of the estimated governing parameters for the real data fall into the domain of our priors, suggesting that our
forward model is calibrated to have realistic relative rates of the various pathways.

r and the fraction of pairs of locations on the sequence containing bases b and b at distance
r (see equation (2)). This quantity is a generalization of the colocalization defined by Spisak,
Walczak and Mora (2020) and is described in more detail in Appendix Section B.2 (Fisher
et al. (2025)). Measures with a similar goal have been described in other papers (Krantsevich,
Tang and MacCarthy (2020)), but they require more information to compute. Specifically,
they require per-site estimates of mutation probability, which would be available to us only if
we used a parametric model or restricted ourselves to a subset of the sequences.

We perform a comparison of the cross-colocalizations between the real and simulated
data in Figure 10. As expected, the cross-colocalizations fall off as a function of r in both
the real and the simulated sequences. The cross-colocalizations involving C or G are over-
all more comparable between the real and simulated sequences than the AA/TT/AT cross-
colocalizations. The primary difference between the cross-colocalizations involving C or G
occurs at distance 1 for C/G pairs: that cross-colocalization is substantially higher in the real
data than in the simulated data. This large difference in cross-colocalization at distance 1 is
evidence in favor of a specific process not included in our model that only acts on C/G pairs
at distance 1. Two such processes that have been suggested in the literature are overlapping
hotspots (Wei et al. (2015)) and tandem mutations (Saribasak et al. (2012)). This particu-
lar result gives more credence to the overlapping hotspots explanation, as the difference in
cross-colocalization occurs for only one pair of bases, and the tandem mutation pathway is
not hypothesized to be specific to a certain set of bases.

The other main difference between the cross-colocalizations computed on the real and
simulated data is that the AA, TT, and AT cross-colocalizations are higher overall and drop
off more slowly in the simulated data than in the real data. Similar to cross-colocalization
results for pairs of bases including C or G, these results show that the colocalization pattern
for AA/AT/TT pairs can not be explained without resorting to explanations involving over-
lapping hotspots or extra pathways not included in the model. This suggests that there may
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F1G. 10. Cross-colocalization for data from Spisak, Walczak and Mora (2020) and simulated sequences. This
quantity is the colocalization between sites with bases as written in the row and column labels.

be additional layers of complexity not included here which contribute to certain mutation
patterns.

4. Discussion. The forward simulation and estimation framework we describe is, to our
knowledge, the first work to try to fit mechanistic parameters to the consensus model for so-
matic hypermutation. While previous work has focused on modeling mutability through local
sequence context or isolating mechanistic pathways via knockout experiments, we present a
method which estimates relative rates of known mechanistic pathways. Here we have built
a simplified forward model and developed means of estimating its mechanistic parameters
using a neural-network-based ABC-like framework.

Other work has employed deep learning in ABC. Jiang et al. (2017) use deep neural net-
works to estimate the posterior mean for parameters in a stochastic genetic oscillator and
then use that posterior mean as a summary statistic for traditional ABC. This strategy was
not effective on our data. Adapting their framework to our situation involves using a neural
net to estimate the posterior mean from the raw sequence data, but due to the high-dimension
and sparsely-distributed information in our sequence data, we could not get good enough
estimates of the posterior mean for this approach to work in our model. Fearnhead and Pran-
gle (2012) generate candidate summary statistics automatically via regression. Fisher et al.
(2023) attempt to estimate posterior quantiles directly via neural network estimation and for-
ward simulation. The method proposed here is similar to these previous works but uses the
neural network itself to determine the relationship between user-generated summary statistics
and the estimand.

There are several elements of real sequences which are recovered faithfully with our esti-
mation framework. The rate at which spatial colocalization decays to 1, governed primarily
by the lengthscale in our model, is estimated with high accuracy. More notably, the size
of the exo stripping region estimated here is similar to the range discussed in previous ex-
periments (Unniraman and Schatz (2007)), though others have proposed significantly larger
windows (Kadyrov et al. (2006)). Crucially, despite using a noninformative prior, our proce-
dure finds the size of the exo stripping region to be about 35 bases. This aligns with previous
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work showing that mutations can occur under SHM in the middle of long stretches of A/T
bases (Unniraman and Schatz (2007)). We reproduce that feature in this work. However, it is
worth noting that the exo parameters were estimated the least accurately of all our estimands.
This is likely due to the large number of possible explanations for a given mutation pattern
as well as the sparse distribution of information about the MMR pathway throughout our
simulated sequences.

Some features estimated in the model differ from or were not well characterized in pre-
vious in vitro or animal studies. Both in vitro (Pham et al. (2019)) and in vivo (Pilzecker
and Jacobs (2019)) studies have shown that AID deaminates C’s on both DNA strands. The
in vitro data study suggests about equal AID targeting to each strand, while the in vivo data
suggests about 1.5x more deaminations on the coding strand. We estimate a forward strand
bias of about 1.22 x, meaning that we do not see as dramatic of a strand bias for AID target-
ing in our estimation framework. It is possible this is due to differences between human and
mouse sequence data, since knockout experiments which isolate individual pathways are not
possible for human data.

Our estimated lengthscale parameter, which controls how likely lesions are to occur near
each other, corresponds to a correlation of 0.9 for neighboring pairs of positions, 0.7 for pairs
of positions with one base in between them, decreasing to 0.1 for for pairs of positions with
four bases in between them. This fairly steep drop-off in the correlation corresponds to less
processivity of AID than is observed in vitro (e.g., Senavirathne et al. (2015), show that AID
can scan along a 70-nucleotide ssDNA construct). However, it is a potential explanation for
the observation that AID action is much reduced in vivo compared with in vitro (Shen et al.
(2006), Pilzecker and Jacobs (2019)).

Finally, our estimated BER probability of about 0.65 suggests that there is a slight bias
toward the BER machinery being recruited over the MMR machinery (or, more precisely, a
slight bias toward machinery that repairs only the lesion over machinery that can introduce
mutations in a patch around the lesion). To our knowledge, the relative rates of these pathways
have not been characterized in the literature.

There are several shortcomings of the model proposed here. While the colocalization falls
within the central 90% of values at every distance, the distance 2 colocalization is much
higher in real sequences than our model can account for. This difference can possibly be
attributed to tandem mutations caused by Pol¢ (Saribasak et al. (2012)) or by overlapping
hotspots (Wei et al. (2015)). Our cross colocalization results suggest overlapping hotspots
are a more likely explanation. We also found that a simpler 5-mer model had lower log loss
than our mechanistic model on real data, presumably due to mutation hotspots not being
modeled in our framework. Attempts to incorporate mutability into the prelesion probabilities
made little difference, likely due to the relatively high marginal probability that a prelesion
is thinned. Further attempts should be made to incorporate local sequence context into the
pathways downstream of AID targeting as well as into lesion probability. Doing so will allow
for hotspots which are as highly mutable relative to the base mutation frequency as what we
see in real sequence data.

Although our model was able to recover the total size of the exo stripping region, it strug-
gled to identify the mean size of the region to the left and right of the region («; and ;).
The issue seems to be that there is no observable quantity that is very informative about these
parameters (see Figure 7, where all the parameters aside from Exo left and Exo right have a
dominant summary statistic). If we imagine what sort of statistic we would need to get good
estimates of these quantities, we would want something that measures the signed distance
between a mutation and the lesion that produced it. The problem is that this is not observable
(we don’t know where the lesions were, and even if we did we wouldn’t know the relation-
ship between a mutation and the lesion that was responsible for it), and in any individual
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sequence there is not enough information to even get a good estimate of where the lesions
were. These quantities may only be estimable in controlled systems, for instance, transgenic
mice containing a region where there is only one potential target for AID (Unniraman and
Schatz (2007)).

Many recent theories and uncertainties about the mechanisms governing SHM are not in-
corporated into our model. Recent work has suggested that AID can return to an exo-stripped
patch, leading to additional SHM (Green et al. (2011)). Other work has suggested that the
exo-stripped patch can be longer than any sequence we engage with here, potentially several
thousand base-pairs long (Kadyrov et al. (2006)). Overall, one must carefully balance the
seemingly limitless complexity of somatic hypermutation mechanisms with the difficulty of
high-dimensional Bayesian inference. While a model that incorporates every minor element
of the pathways governing SHM might seem ideal, the sparse information in the mutated
sequences as well as the exponentially growing number of explanations for the mechanistic
history of a sequence renders such a model intractable. In fact, while estimation in the simple
proposed model is accurate, it is not clear that a model which incorporates several additional
pathways as well as several downstream context-sensitive transition probabilities would even
be identifiable. The complexity of future mechanistic models should be gradually increased
to ensure accurate recovery of the relevant pathways.

In order to guide future work, we will now review other approaches that we tried. As other
analysts have had success in training neural networks on raw sequence data (Flagel, Brand-
vain and Schrider (2019)), we initially attempted to predict parameters directly from the
hot-encoded sequences, but it was not computationally feasible. Information about the mech-
anistic parameters is still sparsely distributed throughout the entire set of sequences, and
it is also not clear how to effectively combine information from thousands of hot-encoded
sequences into a single parameter estimate. Our initial attempt was to use a convolutional
neural network to output a low-dimensional vector for each sequence. Following this, a re-
current neural network would combine these outputs into a single parameter estimate. Not
only was this computationally expensive, but performance was poor.

Since it is much easier to find the parameters that maximize the complete-data likelihood
than to find parameters that maximize the observed-data likelihood, our next estimation at-
tempt was to use an importance sampling EM procedure. We attempted to sample from an
approximation of the conditional distribution of the latent variables, given the observations,
and find the values of the parameters that maximized the complete data log likelihood, us-
ing importance weights to correct for the fact that we were sampling from an approximation
of the conditional distribution of the latent variables, given the data, and not the exact con-
ditional distribution. This failed because our approximation did not match the truth closely
enough, leading to high variance in the weights and often a single latent variable draw per
observation having a weight that dominated all the other draws for that observation.

Finally, we attempted to incorporate an attention-based embedding of the one-hot-encoded
sequence as a learned summary statistic. This embedding was then used as a multidimen-
sional summary statistic alongside the other summary statistics. We were motivated to try this
because attention-based models have exhibited strong performance in other settings (Vaswani
et al. (2017)). However, likely due to computational issues relating to properly training the
model to convergence, this method did not improve performance over the method proposed
in this paper. It is possible that, given more training time or parameter tuning, this approach
would show better performance. More information about how we incorporated attention in
this attempt can be found in Appendix A (Fisher et al. (2025)).

Our original hypothesis in this work was that by leveraging mechanistic knowledge, we
would be able to fit more accurate models. This strategy has worked in other settings, in-
cluding our recent work on V(D)J recombination (Russell et al. (2023)). However, in this
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context, this has not resulted in more accurate mutability predictions. For somatic hypermu-
tation it seems possible that the biochemical process is simply too complex to gain statistical
efficiency using this approach. The path forward in this setting may be for more sophisti-
cated mechanism-free models as in (Spisak, Walczak and Mora (2020), Tang, Krantsevich
and MacCarthy (2022)).

On the other hand, this modeling exercise has revealed some features of the data that
support or sharpen current theories about the mechanisms governing SHM. Some param-
eters governing a forward model of mechanistic pathways can be recovered faithfully. We
show that known pathways which induce mutations are sufficient to produce the level of
spatial correlation we see in mutation sites in vivo. Although we were not able to provide
more accurate predictions than mechanism-free models, we still strongly believe in the merit
of mathematically formalizing biochemical models and engaging with parameter estimation
from real data. As experiments isolating different pathways are not available for humans,
attempting to infer parameters jointly from sequence data is the only way to get parameter
estimates for biochemical models; even when isolating those pathways, getting parameter
estimates is difficult.

Future work into refinement of the proposed forward model should be considered. While
this work showed that our neural network estimation procedure can estimate the parameters
governing forward simulation of the two major pathways which drive SHM, there are addi-
tional layers of complexity which could be added. However, with the current formulation,
such additions would also necessitate additional hand-crafted, informative summary statis-
tics to estimate parameters associated with the new pathways. It is not guaranteed that joint
accuracy in estimation, or even identifiability, would be maintained were the model made sig-
nificantly more complex. Our results suggest that the high dimension and sparsely distributed
information contained in BCR sequence data may indicate limits on how much we can learn
about biochemical mechanisms from sequencing experiments alone.
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AOAS1985SUPPA; .pdf). Appendix A: Transformer Modeling. Modeling extension for pa-
rameter estimation using transformer neural networks. Appendix B: Additional Sequence
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