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Abstract 
Pharmaceutical  organizations  generate  vast  amounts  of  data,  often  fragmented  across 
multiple systems, domains, and silos. This fragmentation is exacerbated by the proliferation 
of ontologies, each offering its own diverse interpretations of key concepts. The complexity 
grows further when pharmaceutical  companies,  contract  research organizations (CROs), 
regulatory bodies, and other stakeholders need to exchange information. Although the FAIR 
principles (Findable, Accessible, Interoperable, Reusable) promote good data management, 
achieving wide interoperability at scale is challenging with the current risk of creating “FAIR 
silos” resources compliant with the FAIR principles, but interoperable only within specific 
organizations or units. 
To overcome these challenges, several members of the Pistoia Alliance initiated the Pharma 
General Ontology (PGO) project, which will identify, select and recommend a set of core 
vocabularies for use in relation to describing core pharmaceutical R&D concepts and deliver 
shared semantics, thereby, supporting interoperability across pharmaceutical domains. 
The PGO will supply a set of public URIs for key R&D concepts, establishing a community-
aligned, controlled vocabulary. It is hoped this shared controlled vocabulary will  enable 
smoother data exchange and improve understanding across the pharmaceutical sector by 
creating a community consensus and convergence hub. Initially, the project will focus on 
R&D during 2024, with plans to broaden its scope to the entire medicinal product lifecycle.
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1. Introduction

The current enthusiasm around AI sweeping the industry, beyond the headlines and some success 
stories, underscores a critical requirement: accurate, trustworthy, and high-quality data essential for 
effective model training. This necessitates the assembly of well-annotated data corpora, rich in both 
depth and breadth. Recent advancements and community experiences with Large Language Models 
(LLM) and building LLM-based agents further highlights the need for capabilities to mitigate the risks 
associated with spurious output of such tools, commonly referred to as “hallucinations”.  Among the 
techniques  available,  Graph-based  Retrieval  Augmented  Generation  (GraphRAG)  is  gaining 
popularity [1, 2]. This technique relies on developing and applying knowledge graphs or neuro-
symbolic artefacts used as a source of truth and “grounding reference”. They therefore define an 
envelope of legitimate and trusted knowledge, against which the LLM agent output can be evaluated 
[3].

This growing recognition within business circles for accurate, trustworthy and high-quality data 
places the FAIR principles of data management [4] at the heart of many corporate strategies, aiming 
to improve the governance, stewardship, and ultimately the value-driven use of data assets.

The benefits of FAIR for the Pharma industry have been comprehensively outlined by Wise and 
colleagues [5] and we encourage our readership to consult this work as it is not the purpose of the  
present  manuscript  to  reiterate  it  here.  Rather,  our  objective  is  to  document  an approach and 
methodology for addressing the known risk of generating “FAiR” silos,  where the lowercase “i”  
denotes  limited,  reduced  or  impaired  interoperability.  This  describes  the  situation  where 
interoperability is localized and thus partial, restricted to a domain within an organization or limited 
functional areas. The factors contributing to this “interoperability of limited span” are multifactorial. 
This limited interoperability can often be traced back to a range of conflicting operational constraints. 
For  instance,  regulatory  pressures  may  mandate  the  use  of  specific  resources  as  required  by 
authorities, irrespective of their potential for interoperability of other artefacts. Furthermore, distinct 
licensing terms and usage restrictions, applied to semantic artifacts, affect their diffusion and uptake. 
Then, despite community initiatives to drive concerted development [6, 7, 8], independent initiatives 
sprout and develop resources in isolation [9],  leading to competing and overlapping knowledge 
representations within the same domain. The resulting “offer redundancy” may, in the absence of 
mapping efforts [10],  lead to reduced interoperability.  This fragmentation of data along distinct 
semantic  lines  can  significantly  hinder  integration  efforts,  creating  barriers  to  seamless  data 
exchange.

These observations put a particular facet of data management in a sharp light. The importance of 
high-quality  reference  data  as  a  foundation  for  producing  data  corpora  suitable  for  artificial 
intelligence applications. 

 Against this backdrop, the goal of the Pharma General Ontology (PGO) initiative is two-fold. First, 
it seeks to establish consensus on a set of core concepts, or entities relevant to the pharmaceutical  
R&D domain. Second, it aims to survey semantic artefacts to review and recommend a set of FAIR  
resources which can reliably be used to provide value-sets for key attributes of the core concepts 
identified in the first round. An added goal for the project is to communicate both outcomes in an 
explicit, machine-actionable fashion. We aim to do so using open-source framework and models 
devised to structure metadata profiles [11, 12, 13, 14], while following community best practices 
sourced from FAIRsharing such as MIRO or the FAIR cookbook content (FCB:020) [9, 15, 16]. These 
best practices build on the availability of persistent resolvable identifiers and the availability of 
infrastructure to ensure resolution and redirection [17,18].

 

https://w3id.org/faircookbook/FCB020


2. Methods

The PGO project, still ongoing at the time of writing this article is governed by the PGO steering 
group, which defines milestones and deliverables. The PGO governance process was defined and the 
collaborative work among distributed actors is facilitated by a project manager supported by the 
Pistoia Alliance through contributions from participating organizations. To support the development, 
the group elected to use GitHub [19], the popular code sharing platform, taking advantage of issue 
tracking, wiki, deployment, continuous build features provisioned by the platform. Owing to the 
Pistoia  Alliance bylaws,  the  main outcomes of  the development  work are  shared via  a  private  
repository. Communication of public outcomes was carried out through a dedicated channel, also 
hosted on GitHub but in the form of a public resource. The group used teleconferencing platforms 
(Microsoft Teams and Zoom) during regular calls for coordinating day to day operations. Quarterly 
face-to-face meetings were set up to consolidate progress.  The group relied on instruments such as 
surveys and interviews to collect user requirements and used standard “card sorting” exercises to 
review and prioritize concepts submitted by contributing members to the working group. 

To formally structure information requirements, the group considered several well-established 
frameworks  and  specifications,  with  JSON  schema  and  LinkML  being  ultimately  selected  for 
evaluation. LinkML (linked data Modeling Language), is a flexible data modeling language, specifically 
designed from the ground up to specify data schemas and mappings to vocabularies and ontologies.  
By using YAML to describe models, LinkML is both human-readable and machine-actionable, making 
it an ideal choice for managing and sharing controlled vocabularies.   The formalization of data models 
in LinkML allows for robust instance data validation.  LinkML’s suite of libraries facilitates schema 
definition validation, automatic Python code generation (e.g.,  Pydantic or dataclass classes),  and 
database schema generation (SQL)  to  support  data persistence.  Additionally,  its  Semantic  Web-
oriented  stack  enables  near-seamless  generation  of  JSON-LD  contexts  and  RDF  serializations, 
broadening compatibility with other data models. For further details, we direct readers to the LinkML 
documentation and learning resources available in code notebooks.

 

2.1.Why LinkML for the PGO?

In  pharmaceutical  R&D,  data  interoperability  is  challenged  by  the  diverse  ontologies  and 
terminologies used across organizations and research domains. For the PGO to function as an effective 
resource, it must facilitate seamless mappings to external vocabularies, accommodating the diverse 
data  needs  of  the  industry.  LinkML  offers  a  structured  approach  to  managing  these  complex 
mappings, making it a strategic choice for PGO’s development. One of LinkML’s core strengths is its 
alignment  with  FAIR principles,  which are  essential  for  enhancing the usability  of  data  across 
different platforms. By structuring data models in a format that is both human-readable and machine-
actionable, LinkML enhances the findability, accessibility, interoperability, and reusability of data 
resources.  Its  built-in  support  for  semantic  annotations  and  mappings  to  external  vocabularies 
ensures that each concept and attribute within the PGO can be clearly defined and linked to a globally 
recognized identifier, creating a foundation for cross-organizational data sharing. LinkML’s semantic 
web-oriented stack further supports interoperability by enabling automatic generation of JSON-LD 
contexts and RDF serialization of instance data.  This compatibility with Linked Data standards allows 
PGO’s data to be readily integrated into larger semantic networks, broadening its accessibility and 
applicability across diverse data systems. LinkML’s use of YAML makes the language accessible to 
domain experts without extensive coding expertise, facilitating smoother onboarding and adoption 
by subject matter experts, and ensuring that PGO’s framework can be managed effectively by those  
closest to the data.

In addition to its accessibility, LinkML allows for defining multiple representations of the same 
concept, each associated with unique identifiers (URIs) and links to external ontologies. This feature 
allows the PGO to serve as a unified reference point for concepts, while also capturing alternative  



definitions from widely used biomedical ontologies. By providing this flexibility, LinkML empowers 
the PGO to act as a central hub for interoperable data exchange, supporting both intra-organizational 
and  cross-organizational  integration.  LinkML’s  robust  tooling  also  contributes  to  PGO’s 
sustainability. Automated code generation, validation, and database schema creation, essential for 
maintaining consistent and high-quality data models while adapting to new industry requirements. 
This adaptability ensures that PGO can incorporate emerging concepts and align with evolving 
industry standards, helping to ensure its long-term relevance and scalability. 

However,  working  with  LinkML  isn’t  without  challenges  that  the  PGO  team  has  carefully 
managed.  Although  LinkML  reduces  some  barriers  to  adoption,  its  integration  with  complex 
corporate  infrastructures  and  existing  ontologies  requires  ongoing  support  and  customization. 
Additionally, as with any open-source framework, contributing enhancements and documentation 
back to the LinkML project  from a corporate  setting involves  navigating legal  and compliance 
reviews, which can slow the pace of collaborative improvements. Ultimately, LinkML provides the 
PGO with a structured, flexible, and FAIR-aligned framework to foster data interoperability, support 
industry collaboration, and serve as a sustainable resource in the pharmaceutical R&D domain.

2.2.LinkML Schema and Concept Modeling

The PGO defines each core pharmaceutical concept as a distinct LinkML class, allowing each 
concept to incorporate synonyms that accommodate the range of terminology used by stakeholders. 
This  ensures  consistent  mappings  across  terminological  variations.  Synonyms  and  alternative 
definitions are documented with provenance information, enabling users to select definitions suited 
to their specific contexts. 

To identify and select relevant semantic artifacts, the PGO working group conducted a survey of  
state-of-the-art resources, identifying potential value set sources and metadata profiles for each core 
concept. Concepts were selected and prioritized based on their relevance to pharmaceutical R&D 
workflows and, feedback from key stakeholders, ensuring that high-impact terms were addressed 
early in the development process. 

LinkML’s  structure  enables  systematic  mappings  between  core  concepts  and  external 
vocabularies,  following a standardized alignment process.  While external ontologies can present 
challenges, particularly when definitions conflict, this approach ensures that mappings are driven by 
community consensus, minimizing disruption and optimizing interoperability.

To  maintain  relevance  and  adaptability,  the  PGO  includes  provisions  for  periodic  updates, 
enabling the integration of new concepts and refinements to existing mappings as industry standards 
and needs evolve. LinkML’s inherent flexibility supports seamless schema updates, allowing the PGO 
to scale in response to pharmaceutical advancements. These practices aim to sustain the PGO as a 
robust, FAIR-aligned ontology that addresses the diverse data requirements of pharmaceutical R&D.

3. Results

The Pistoia Alliance PGO project builds upon the foundational work of the FAIR project and its  
community of experts in 2023. This groundwork included identifying needs, defining the scope, and 
providing an initial list of core concepts. The first outcome of the PGO group was the identification 
and refinement of a set of 25 core concepts, deemed essential for the semantic representation of the  
Pharma R&D domain and its value chain. For each concept, the PGO project team aims to provide the 
following metadata: a preferred label,  a definition, the source of the definition, and at least one 
persistent, resolvable identifier anchoring and linking the entity to an authoritative reference resource.

The group strives to obtain references from a single resource to ensure consistency and gauge 
which  of  the  available  resources  could  provide  complete  or  near-complete  coverage. 



schema.org/Bioschemas, wikidata, HL7 FHIR have been appraised [7, 8, 20, 21]. The rationale for 
selecting these resources was the use of open-source resources, with no restriction to access to obtain 
semantic  anchoring  in  resources  widely  used  for  specific  application  such  as  search  engine 
optimization (schema.org) or data integration (wikidata, HL7 FHIR). Furthermore, for entities lending 
themselves to univocal instance declaration, a source of identifiers was identified. We will expand on 
this aspect in the following section.

3.1. Strategy Execution

The  PGO’s  development  followed  a  structured,  multi-step  approach  designed  to  ensure 
comprehensive concept identification, schema development, validation, and sustainable governance. 
Below is a breakdown of the key steps executed by the project team: 

Step 1: Concept Identification and Mapping
● Collaboration with Domain Experts: The team worked closely with subject matter experts 

to identify key pharmaceutical R&D concepts, prioritizing those with high relevance to cross-
functional workflows.  These concepts were mapped to widely adopted public ontologies such 
as MeSH, ChEBI, and OBO Foundry ontologies or licensed resources (SNOMED CT), to 
maximize compatibility and alignment with established industry standards.

● Compilation of Definitions and URIs: For each concept, definitions, URIs, and version 
information were compiled from selected ontology sources. This foundational reference set 
forms a comprehensive, consistent baseline that supports cross-referencing, interoperability, 
and accurate semantic alignment.  

Step 2: Schema Development and Population
● Schema Implementation: Model each concept within the LinkML schema, allowing for the 

inclusion of multiple definitions and mappings to external ontologies.
● Concept Population:  Populate the schema with the core concepts derived from expert 

collaboration, with attention to accommodating diverse terminology and definitions as used 
across pharmaceutical R&D sectors. 

3.2.Core Concepts 

Table 1 below lists the key concepts identified for inclusion in the PGO, each essential to covering 
the Research & Development domain of the pharmaceutical industry value chain.  For each concept, 
definitions will be sourced from authoritative vocabularies or ontologies, with agreed-upon sets of  
preferred  labels  and  synonyms  established  to  support  interoperability.  The  alphabetical  list 
corresponds to the current version, which may be expanded in the future to cover domains beyond 
R&D.  



Table 1:  list of PGO core concept to cover the Research & Development Domain of 
the Pharmaceutical Industry value chain. 

 Assay (Method) 
 Assay (Biological)
 Biomarker
 Biospecimen
 Cell Line
 Cell Type
 clinical study
 Compound
 Equipment
 Disease
 Drug
 Gene
 Indication
 Molecular Target
 Product
 Program
 Project
 Protein
 Site
 Species
 Subject-Person
 Substance
 Target
 Unit of Measure
 Vocabulary

 
Each concept will be documented by instantiating a custom-built LinkML schema that serves as 

the backbone for representing each core concept. This schema is designed to accommodate multiple 
definitions and mappings to trusted external ontologies,  ensuring flexibility and alignment with 
diverse standards. By structuring each concept within the PGO, we aim to establish a unified reference 
point that supports precise and consistent data exchange across pharmaceutical organizations.

In  the  second phase  of  development,  each concept  will  be  assessed to  identify  at  least  one 
authoritative source of information that supports the creation of value sets for either the resource 
itself or for key facets defining the entity.

To illustrate this point, for the simplest and least controversial case, PGO experts selected Uniprot 
[22] as the reference source for identifiers to fully qualify values instantiating an entity that would be 
cast as PGO:Protein in a document.

More complex concepts require a multi-source approach. For instance, the "Clinical Study" concept 
will utilize ClinicalTrials.gov [23] to provide stable, regulator-approved trial identifiers, while the 
CDISC glossary [24] will supply value sets for attributes like "clinical trial type" and "clinical trial  
phase." This multi-source approach allows the PGO to incorporate reliable data across the lifecycle of 
clinical studies, balancing specificity with broad applicability.

To optimize the reusability potential, PGO developers strived to not reinvent whenever possible 
and considered efforts such as the Biolink model [14]. Biolink modeled a number of essential bio 
domain  entities  to  facilitate  data  collection  and  data  integration  projects.  Therefore,  schemas 
developed  by  PGO exploit  specific  LinkML elements,  `close_mapping`  and  `exact_mapping`  to 
provide bridges to Biolink entities when they apply.  Then, PGO developers relied on the linkML 
‘id_prefixes  ’  , which is a mechanism that allows to list explicitly the resources that instances of this  

https://linkml.io/linkml/schemas/uris-and-mappings.html#id-prefixes


class ought to have as part of their CURIE. This feature meets precisely the requirements defined in 
the PGO use cases and extensively used in the Biolink approach.

 Beyond selecting sources, the team established metadata profiles to fully qualify each resource and 
unambiguously communicate its essential characteristics. By consulting the FAIRSharing catalog, 
which indexes standards, policies, vocabularies, and databases, the PGO working group identified the 
relevant metadata profiles. Collaboration with the Pistoia Alliance's FAIR Ontologies project further 
supported the selection and structuring of these metadata resources [15,16].
To summarize, two distinct LinkML schemas have been defined and one more is under development:

 A LinkML schema to describe each semantic artifact selected by the expert group, adhering 
to a minimal information profile. This schema is available at [public GitHub repository link].
 A LinkML schema to describe each PGO concept, enabling structured, machine-actionable 
definitions. This schema is also accessible at [public GitHub repository link].
 A LinkML schema for data dictionaries (currently under development), which will provide an 
additional layer of structure for mapping data fields and terms to PGO concepts.

This structured approach ensures that each concept in the PGO is clearly defined, annotated, and 
linked to authoritative sources, promoting interoperability across pharmaceutical data systems.

3.3. Experience using the LinkML library

LinkML isn’t just a schema definition language; It encompasses a suite of specialized libraries, 
purpose-built to deliver machine actionable metadata. Machine actionability refers to the ability of  
metadata descriptors to be mobilized more effectively but not supplying “just strings” but “things” 
[25] via the association of labels with resolvable identifiers, in accordance to the FAIR principles. The 
framework is meant to ensure that every entity and attribute is semantically annotated. This means 
that in theory, instance data meeting the requirements defined by a semantically anchored schemas, 
can readily be serialized to RDF thus enabling data integration through the provision of a semantic 
graph of instance data.

While evaluating LinkML, the PGO working group identified some limitations which prevented 
the full execution of the RDF conversion of instance data. These restrictions have been traced not to 
LinkML specifications per-se but to limitations of library the stack relies on. Specifically, a discrepancy 
between  features  allowed  by  JSON-LD  1.1  specifications  [26]  and  the  implementation  of  said 
specifications by the RDFlib [27] 7.0 library. This gap restricts the flexibility needed for associating 
multiple URIs with a single class, impacting use cases that require broad interoperability

As we outlined in section 3.1, each core PGO entity can be tied to a class_uri attribute in a LinkML 
schema. However, the current specification does not allow for more than one CURIE per entity to be 
provided. 

We therefore aim to provide class equivalence mapping by relying on the SSSOM mapping syntax 
described by Matentzoglu and colleagues (7), enabling the provision of class equivalence mappings 
between PGO concepts and external ontologies.

The PGO group operated as a good citizen of open science, reporting issues and documenting 
possible fixes, for instance https://github.com/linkml/schema-automator/issues/149.

The PGO group has plans to actively contribute to open science by documenting issues and 
suggesting fixes within the LinkML ecosystem, including raising issues (e.g., Schema-Automator Issue 
#149) and participating in discussions to advance community tools. The different industrial partners, 
each working with the stack, have each identified issues or suggestions to improve the framework. 
However, contributing back to open science projects from a corporate environment presents unique 
challenges. Legal and compliance barriers often require review and approval before contributions can 
be made publicly, adding time and procedural complexity to the process. Additionally, corporate 
firewalls can impede direct interaction with open-source repositories and collaboration platforms, 

https://github.com/linkml/schema-automator/issues/149
https://github.com/linkml/schema-automator/issues/149
https://github.com/linkml/schema-automator/issues/149


complicating the group’s efforts to work seamlessly with the open science community. The intent is 
nevertheless to proactively assist the community.

To address documentation gaps and contribute further to LinkML, the PGO team plans to develop 
a series of Jupyter notebooks demonstrating programmatic schema generation. These notebooks will 
clarify  method invocation,  offering practical  guidance  for  other  organizations  and  projects  and 
improving LinkML’s accessibility and usability. By sharing these best practices and workflows, the 
PGO team aims to streamline onboarding for new users and provide a resource to address common 
challenges in pharmaceutical and life sciences data management, ultimately enhancing LinkML’s 
utility across the industry.

4. Conclusion

The Pistoia Alliance PGO working group is keen to evaluate the approach “in the wild”, for instance 
through collaboration  and creation  of  a  community  of  practice  exploring  frameworks,  such  as 
LinkML, to deliver “FAIR by Design”, “FAIR at the first mile” metadata definitions and the definition 
of data dictionaries. With this early release and preliminary work, the PGO working group, under the 
Pistoia Alliance, aims to trigger the interest of major pharma players and associated service providers. 
This phase is an opportunity to engage with subject matter experts to review and validate content to 
ensure consistency and accuracy across different ontologies. It also enables interoperability testing 
by evaluating the resources against real-world use-cases where different systems and organizations 
need to exchange data to ensure interoperability and integration is achieved.

Finally, the group aims to develop a governance framework to manage updates and revisions to 
the ontology mappings and definitions over time, ensuring the PGO remains a living resource. This 
should help define a long-term sustainability plan for the PGO by establishing a process for updating 
mappings as external ontologies evolve.

We invite all parties to evaluate, test this initial output and provide comments and suggestions to 
refine or expand the list of FAIR ontologies to align against when considering data exchange, data 
interoperability and data integration scenarios between organizations operating in the domain, from 
big Pharma to service providers.
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