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Outline

1. protein language models (pLMs) and viruses

2. Unsupervised learning:
Assessing flu HA site variability with pLM entropy

3. Supervised learning:
Predicting virus fitness with CoVFit
Predicting virus antigenicity with PLANT

4. AI for vaccine development
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LARGE LANGUAGE MODELS (LLMs)

Training these models on a large corpus of 
text allows them to understand natural 
language

I     like    eating    sushi    🍣
pronoun

verb
gerund

noun
emoji
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Do proteins have a language?

M    A    I    S    G    D    D C
start

codon
RdRp
motif

Grammar = viability/fitness

Meaning = Antigenic variation

I     like    eating    sushi    🍣

I     don’t like    eating    sushi    🍣

M    A    I    S    G    D   D C

M    V A    I     S    G    D    D C

I     sushi eating    sushi    🍣 M    A    I    S    G    A    A C

I     like    eating    croissants 🥐 M    A   G S    G    D    D A

grammar

meaning
context

LARGE LANGUAGE MODELS (LLMs)
pronoun

verb
gerund

noun
emoji

I     like    eating    sushi    🍣
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Viralzone
https://viralzone.expasy.org/

https://viralzone.expasy.org/
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CAN WE FOCUS THE 
UNDERSTANDING OF 
pLMs TO THE FLU HA?
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Overall understanding
of a range of diverse 
protein sequences 
representing all the tree 
of life 
(but probably not 
many virus 
sequences)

Training dataset (corpus 
of protein sequences):
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FINE-TUNE THE ORIGINAL MODEL TO THE FLU HA DIVERSITY
(unsupervised learning)



All HA sequences in NCBIflu
clustered by 99% similarity 
~10,000

HA-all

H3H1 H5 H7

ESM-2

FINE-TUNE THE ORIGINAL MODEL TO THE FLU HA DIVERSITY
(unsupervised learning)



ESM-2
HA-all

All HA sequences in NCBIflu
clustered by 99% similarity 
~10,000

ESM-2 
H1

HA-all

H3H1 H5 H7

ESM-2 
H3

ESM-2 
H5

ESM-2 
H7

FINE-TUNE THE ORIGINAL MODEL TO THE FLU HA DIVERSITY
(unsupervised learning)



WE HAVE A
FLU-SPECIFIC pLM!

WHAT DO WE USE IT 
FOR? 🤔



The model can infer a probability of 
any amino acid in a given sequence 
context.

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5
HA 

protein

probability
F         0.8
L         0.1
S        0.05
P       0.001
.
.
.

Calculate the Shannon’s 
entropy for each site 

(high entropy = 
expected to be more 
variable)

Alignment entropy

high entropy 

low entropy 

Compare average pLM entropy to alignment entropy

pLM entropy

Specific for a single (unaligned) sequence Specific for a multiple sequence alignment



Average entropy score for multiple H3 HAs

H3 
alignment

ESM-2
HA-allESM-2



ESM-2Spearman correlation between per-site pLM
entropy and alignment entropy

pLM entropy 
correlates with 
alignment entropy



ESM-2
HA-allESM-2

Fine-tuned
model has 

substantially better 
performance

pLM entropy 
correlates with 
alignment entropy

Spearman correlation between per-site pLM
entropy and alignment entropy



ESM-2
HA-allESM-2 ESM-2 

H1
ESM-2 

H3
ESM-2 

H5
ESM-2 

H7

How do different 
training datasets 
compare

Spearman correlation between per-site pLM
entropy and alignment entropy

Fine-tuning on one 
serotype improves 

performance for that 
serotype (~only)



How do different 
training datasets 
compare

ESM-2
HA-allESM-2 ESM-2 

H1
ESM-2 

H3
ESM-2 

H5
ESM-2 

H7Spearman correlation between per-site pLM
entropy and alignment entropy



How do different 
training datasets 
compare

ESM-2
HA-allESM-2 ESM-2 

H1
ESM-2 

H3
ESM-2 

H5
ESM-2 

H7

FINE-TUNING ON 
RELATED BUT DISTANT
DIVERSITY WORSENS
PERFORMANCE

Spearman correlation between per-site pLM
entropy and alignment entropy



pLM entropy correlates with alignment 
entropy and performance improves when the 
pLM is fine-tuned on the protein group of 
interest

pLM entropy is sequence-specific:

no alignment
single sequence only



H3N2 flu
phylogenetic tree

alignment entropy



H3N2 flu
phylogenetic tree

alignment entropy

pLM entropy



H3N2 flu
phylogenetic tree

alignment entropy

pLM entropy



H3N2 flu
phylogenetic tree

alignment entropy

pLM entropy



H3N2 flu
phylogenetic tree

alignment entropy

pLM entropy

pLM entropy can predict mutable sites in a 
sequence 



Fine-tuning on a specific task
(supervised learning)

M    A    I    S    G    D   D C

M    V A    I     S    G    D    D C
M    A    I    S    G    A    A C

M    A   G S    G    D    D A

Training sequence dataset Associated values
0.1

0.5
0.3
0.8

Jumpei Ito

Link genotype to phenotype



Nextstrain (https://nextstrain.org/)

Variant B (Re = 2)

Variant A (Re = 1)

Date
Fr

eq
ue

nc
y

Logistic model

Estimating the reproduction number (Re) of SARS-CoV-2 
variants based on genomic data  

https://nextstrain.org/








https://github.com/TheSatoLab/CoVFit

https://github.com/TheSatoLab/CoVFit


Jumpei 
Ito

Shusuke 
Kawakubo 

Predicting antigenic cartography coordinates 
of H3N2 human influenza

Smith et al. (2004) Science 305:5682



PLANT
(Protein Language Model 
for Antigenic cartography)



PLANT
(Protein Language Model 
for Antigenic cartography)



https://github.com/TheSatoLab/PLANT
https://colab.research.google.com/drive/1sLE3ysElImtxBBIzlGHlFTdDo8_O5aoY

https://github.com/TheSatoLab/PLANT
https://colab.research.google.com/drive/1sLE3ysElImtxBBIzlGHlFTdDo8_O5aoY


AI for vaccine development
Can we use these AI-based technologies to improve how 
we make vaccines, by focusing on different antigens?

protein Language 
Models (pLMs)

Evotuning

AI-guided
antigen design





AI for vaccine development
Improving the ways that we currently use for selecting 
vaccine strains



AI for vaccine development
Improving the ways that we currently use for selecting 
vaccine strains
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Assessing flu HA site variability with pLM entropy 

Predicting virus fitness 
with CoVFit

https://github.com/spyros-lytras/plm_entropy

Predicting virus antigenicity 
with PLANT

https://github.com/TheSatoLab/PLANThttps://github.com/TheSatoLab/CoVFit

https://github.com/spyros-lytras/plm_entropy
https://github.com/spyros-lytras/plm_entropy
https://github.com/spyros-lytras/plm_entropy
https://github.com/TheSatoLab/PLANT
https://github.com/TheSatoLab/CoVFit


AI in Pandemic Preparedness and Vaccine 
development 
Antigen Surveillance: from Evolution to Immune Escape
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Questions?

Jumpei ItoShusuke Kawakubo Adam Strange

From June 2026…


