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Abstract

We present a machine learning approach for classifying epitopes by their ability to induce specific cytokines (IL-2, IL-4, IL 10),
using contextual embeddings from protein language models and ensemble gradient boosting classifiers. Our method achieves high
predictive performance, particularly for IL-10.

In this study, we propose a data-driven method for binary classification of T cell epitopes based on their ability
to induce the secretion of specific cytokines: IL-2, IL-4, or IL-10. The central idea is to leverage contextual embeddings
generated by state-of-the-art protein language models (ESM Cambrian (ESM C) [1] and Ankh [2]) as features for training
gradient boosting ensembles (LightGBM, CatBoost) within the LightAutoML [3] framework.

Experimentally validated human epitopes were extracted from the Immune Epitope Database (IEDB, February
2025) [4]. For each cytokine, balanced datasets were constructed using SMOTE [5] or ADASYN [6] oversampling tech-
niques, addressing class imbalance in positive vs. negative examples.

As baselines, we implemented classifiers using handcrafted sequence-based descriptors: Amino Acid Composition
(AACQ), Dipeptide Composition (DPC), and Amino Acid Pair (AAP) antigenicity scores. These served as a reference
to quantify the added value of deep contextual representations.

Models were evaluated using standard metrics: precision, recall, AUC, and Matthews Correlation Coefficient
(MCQC). For IL-10 prediction, our best model based on ESM C embeddings achieved AUC = 0.918 and MCC = 0.641 (see
table), outperforming previous methods such as IL10Pred [7]. Comparable or superior results were also obtained for IL-2,
while IL-4 remained more challenging due to its higher sequence diversity.

To explore this variability, we calculated sequence-level statistics across cytokine classes, including Shannon en-
tropy, dipeptide density, and average Levenshtein distance. IL-4-inducing epitopes displayed the highest variability, while
IL-10 epitopes were more conserved — explaining the observed differences in classification accuracy.

In summary, protein language models enable efficient, generalizable, and scalable prediction of cytokine-inducing
epitopes directly from amino acid sequences. This approach is especially useful for in silico immunogenicity discovery
and prioritization of candidate peptides for experimental validation.

Performance of ESM C model for cytokine-inducing epitope classification

Cytokine Precision Recall MCC AUC
IL-2 0.776 0.819 0.564 0.855
IL-4 0.717 0.833 0.433 0.795

IL-10 0.727 0.796 0.641 0.918
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