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Short Abstract — T-cell receptor (TCR) diversity is
generated by VDJ recombination. In this process, germline
DNA is rearranged and edited stochastically to produce a
random TCR coding sequence. The mechanism and potential
diversity of this molecular process is still not fully understood.
We apply maximum likelihood methods to deep sequencing
data of TCR beta chain CDR3 repertoires to infer a
probabilistic generative model of the VDJ rearrangement
process by focusing on out-of-frame sequences that have not
been subjected to selective forces. We find high consistency of
the model between different individuals and we characterize
the potential diversity of TCRs. The generative model provides
insight into the molecular mechanism of rearrangement and
also serves as a baseline for signatures of selection on the
repertoire. We also study the relationship between the
generation probability of TCRs and the sharing of TCRs
between different individuals.
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I. INTRODUCTION

HE ability to sequence entire immune cell repertoires [1]
provides an opportunity for quantitative insight into the
mechanism of diversity generation in VDJ recombination.
Each T-cell Receptor (TCR) is created by stochastic editing
of germline DNA: V, D and J genes are chosen and joined
together with random deletions of nucleotides from each
gene end, random insertions of nucleotides at the V-D and
the D-J junctions, and creation of short palindromic
nucleotides [2],[3],[4]. This results in a large diversity of
potential receptor coding sequences. The properties of this
molecular mechanism have not yet been quantitatively
characterized.
We use repertoires of T-cell receptor beta chain CDR3
sequences of 8 human individuals to infer the statistical
properties of these basic biochemical events. Since the
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repertoire is subject to selection in the thymus and
elsewhere, we focus on the non-productive out-of-frame
sequences that occur in a fraction of T-cells where the other
copy of the chromosome carries a productive TCR. This
subset of CDR3s has not been subject to selection.

Since any given CDR3 sequence can be produced in
multiple ways, the probability distribution of underlying
recombination events cannot be inferred directly from the
observed sequences. We present a maximum likelihood
method that uses an Expectation-Maximization (EM)
algorithm to infer a probabilistic generative model of VDIJ
rearrangement.

II. RESULTS

The generative model of VDJ rearrangement that we infer
is highly consistent between individuals, suggesting its
origin in a universal biochemical process. We are able to
quantify the potential diversity of the T-cell repertoire and
assess the significance of shared sequences between
individuals in our data set. The model also serves as a
baseline to probe the effect of selection on the repertoire.

The model provides insight into the molecular mechanism
of rearrangement. In particular, we find that the distribution
of nucleotide deletions is highly dependent on the gene
being deleted, reflecting a sequence dependent activity of the
nuclease involved, which we characterize. The nucleotide
insertions at V-D and D-J junctions are independent and
identical. The nucleotide bias in the insertions is well
modeled by a di-nucleotide Markov model.

More generally, we argue that the use of maximum
likelihood statistical inference methods is essential for
quantitative understanding of the generation and evolution of
diversity in the adaptive immune system.
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