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Although rare diseases are seen as rare on an individual basis, collectively these 

diseases affect around 300 million individuals from all the world's populations, 

allowing one to arguably define them as one of the most heavily neglected and difficult 

areas of modern medicine. The accepted clinical definition of rare disease typically 

revolves around a disease prevalence of <1 in 2,000 of the population for most of the 

world, with >10,000 heterogeneous disease entities typically seen as genetic or 

epidemiologic in nature affecting younger-aged populations. The past few years have 

seen significant progress in the treatment and understanding of various rare diseases; 

however, there continue to be substantial diagnostic, treatment, and financial challenges 

individuals living with rare disease experience. This review article summarizes the 

latest research advances in rare disease, identifies notable clinical management 

challenges, and examines new and emerging hopes for improving outcomes for persons 

living with rare disease, and how we can use health systems to move towards health 

equity for populations throughout the world. The rare disease diagnostic ecosystem 

remains filled with long 'diagnostic odysseys,' where patients wait many years to come 

to a definitive diagnosis. 

   

INTERNATIONAL JOURNAL OF  

PHARMACEUTICAL SCIENCES 

[ISSN: 0975-4725; CODEN(USA): IJPS00] 

Journal Homepage: https://www.ijpsjournal.com 

 

Review Article  

Pharmacotherapy of Rare Diseases 

Swati Dhakane, Pranjali Nikam*, Pranit Nanavare, Janvi Nikam, Shrushti Pagade, 

Karan Pagale 

Department of Clinical Pharmacy, Rasiklal M Dhariwal Institute of Pharmaceutical Education and Research, 

Chinchwad, Pune 

ARTICLE INFO                              ABSTRACT                      
Published:   12 May. 2026 

Keywords: 

Rare diseases, Orphan 

drugs, Drug development, 

Research and development 

(R&D), Regulatory 

challenges, 

Pharmacotherapy,Treatment 

access, High treatment cost, 

Clinical practice, Market 

limitations, Therapeutic 

advancements. 

DOI:    

10.5281/zenodo.20131754 

 

 

 

INTRODUCTION 

1.1 Defination  

Rare diseases are a broad category of ailments that 

are very uncommon in the general population.  

Although the exact criteria vary by area, they are 

commonly defined as conditions that afflict less 

than 200,000 persons in the US or less than 1 in 

2,000 people in the EU, but in india approximately 

70-90 million peoples are affected by these 

diseases a quarter of the worlds rare diseases 

patients jointly provide a significant global health 

burden. Rare diseases are frequently chronic, 

https://www.ijpsjournal.com/
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progressive, genetically based, and sometimes 

fatal. [1][2][3] 

1.2 Importance of Pharmacotherapy & Unmet 

Medical Needs  

Rare disease pharmacotherapy refers to the 

administration of therapeutic agents (medication, 

specifically) to treat, manage, or prevent diseases 

that affect a very small portion of the population. 

Most rare diseases are chronic progressive life-

threatening diseases and therefore new 

pharmacological treatments are crucial to create 

better outcomes and improve patient quality of 

life. [4] Most rare diseases are genetic diseases; 

they are essentially the result of a mutation that 

prevents normal physiological function from 

occurring. The pathway to developing drugs for 

rare genetic diseases is incredibly difficult and 

further compounded by the small patient 

population, ultimately not enough of a commercial 

incentive to put forward the time, resources, and 

energy to develop a drug ultimately for the small 

population of patients.Governments have 

attempted to mitigate these challenges by funding 

research and drug development via orphan drug 

legislation in many countries. Pharmacotherapy 

for rare diseases is predominantly reliant on 

orphan drugs, however advances in biotechnology, 

genomics, and molecular medicine have begun to 

yield breakthroughs not only in pharmacotherapy 

for rare diseases, but in therapy-focused 

treatments, targeted therapies, gene therapies, and 

enzyme replacement therapies. Despite all the 

benefits of rare disease pharmacotherapy, several 

existing challenges remain including costs, lack of 

exposure to clinical data and lack of equitable 

access to services. Ongoing research efforts, as 

well as collaboration between healthcare 

professionals, policy makers, and patient advocacy 

and support organisations will remain vital for 

improving access to medicines. [5] 

2.Objectives  

1. Provide Effective Treatment Options 

- Elaboration: Develop effective, safe treatments 

for rare diseases with unmet treatment options. 

- Improve outcomes and health-related quality of 

life in individuals with rare diseases. 

2. Meet Unmet Medical Needs 

Directly target rare disease states that are 

neglected within the commercial drug 

development sector because of the limited 

commercial opportunity. 

- Fill therapeutic gaps created by the lack of 

approval of any therapeutic agents in the category. 

3. Encourage Research and Innovation 

- The promotion of research on rare disease 

processes, phenomenology, and therapeutic 

targets. 

- Encourage research innovation in the broader 

concept of developing Biotechnology and 

Precision Medicine. 

4. Ensuring Accessible and Affordable Care 

- Expedite regulatory development; for example, 

incentives in the context of the Orphan Drug Act 

that allow for treatment availability to patients. 

- Provide fair cost and reimbursement pathways 

that facilitate patient access. 

5. Support Early Diagnosis and Treatment 

It should promote the development of diagnostic 

studies and diagnostic tools and early screening 

pathways that would allow patients to take 

4.%09Tambuyzer%20E,%20Vandendriessche%20B,%20Austin%20CP,%20Brooks%20PJ,%20Larsson%20K,%20Miller%20Needleman%20KI,%20et%20al.%20Therapies%20for%20rare%20diseases:%20therapeutic%20modalities%20and%20their%20impact.%20Drug%20Discov%20Today.%202020;25(4):633-640
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beneficial purchased pharmacotherapy as early as 

possible. 

- The early initiation of treatment to stop the 

disease process and prevention of complications. 

6. Improve the Quality of Life and Longevity 

- Symptom control, improvement of activity 

capabilities concerning health, and survival 

increase for the patients. 

- Aid in relieving the burden of rare disease 

success for the patient and caregivers of patients. 

7. Facilitate Global Collaboration 

Support processes that share international data 

collection, global observational and interventional 

or clinical trials, and harmonization of regulatory 

participation, and parallel distribution to greatly 

affect how drug is made available. [6][7] 

3.Classification Of Rare Diseases  

Rare diseases, commonly referred to as orphan 

diseases, encompass an array of conditions that 

affect a limited segment of the population. They 

can be categorized by their causation, which may 

include genetic, non-genetic, the organ or system 

involved, and their onset and course [8] 

1. Genetic disorders: 

Approximately 80% of rare diseases are genetic in 

nature and can be associated with changes in either 

a single gene (monogenic) or multiple genes 

(polygenic). Cystic fibrosis, Duchenne muscular 

dystrophy, and phenylketonuria would be 

examples of these types of rare diseases. 

2. Non-Genetic Disorders: 

This group would be related to an infectious agent, 

autoimmunity, or environmental exposure for 

instance. Examples include rare cancers, rare 

infections, or idiopathic pulmonary fibrosis. 

3. By Organ/System Involved: 

Neurological: e.g., Huntington's disease, Rett 

syndrome 

Metabolic: e.g., Gaucher disease, Fabry disease 

Hematological: e.g., aplastic anemia, thalassemia 

Oncological: e.g., rare cancers, such as sarcomas 

Immunological: e.g., severe combined 

immunodeficiency (SCID) 

4. By Onset and Course: 

Congenital (e.g., albinism) 

Acquired later in life (e.g., rare autoimmune 

diseases) 

Overall, rare diseases are highly heterogeneous 

and can be chronic, progressive, and life-

threatening necessitating specialized approaches 

to diagnosis and management strategies according 

to the associated pathophysiological 

characteristics. [8][9] 

4.Orphan Drugs  

An orphan drug is defined as a drug created 

specifically for the diagnosis, prevention or 

treatment of rare diseases. Rare diseases are 

defined as having a small population of individuals 

that are impacted by the disease. The small 

population of patients will render orphan drugs 

unfavorable from an economic perspective to 

pharmaceutical companies. With this gap in the 

pharmaceutical market, governments offer unique 

incentives to foster the research and development 

of orphan drugs. 
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4.1 Evaluation & Concept 

The evaluation process for orphan drug 

designation includes establishing whether a 

disease can be considered "rare." For example, in 

the U.S. a rare disease is defined as a population of 

less than 200,000 individuals impacted by the 

disease while in the E.U. the qualification is a 

maximum of 5 in 10,000 individuals. The 

regulators also evaluate not only if a disease is rare 

but if there are adequate available treatment 

options for the condition, and if a potential orphan 

drug provides clinically meaningful benefit to the 

patient before granting the orphan drug 

designation.Once an Orphan drug designation has 

been established additional developer benefits for 

orphan drug include market exclusivity, tax credits 

for trials, waiver of fees and/or government 

funding to offset financial risk and accelerate the 

time to a product being marketed. [10] 

4.2 Orphan Drug Development Process  

The orphan drug development pathway aims to 

develop therapies for rare diseases that affect a 

very small percentage of patients.  The first step is 

to identify a disease with no available therapeutic 

option. Once identified, the drug must be assessed 

for safety and potential efficacy in a laboratory and 

animal models. Once the drug is safety determined 

for human use, developers will make a submission 

for an orphan drug designation to qualify for 

benefits - tax credits, lower submission fees and 

market exclusivity. After designating the drug as 

an orphan drug, developers can start the clinical 

trial phase with flexible protocols and small 

numbers of patients.  If the clinical trials are 

successful, the developers must go through the 

regulatory approval process with an organization 

such as the FDA or EMA, and if successful, the 

drug will receive approval by either agency. 

Following approval, post-marketing surveillance 

is completed to sustain commercialization and 

safety. These regulatory processes and incentives 

are meant to reinforce research for valuable 

therapies for rare diseases. [11][12] 

4.3 Market Size for Orphan Drugs  

Over the past decade, the orphan drug market has 

remarkably grown as the result of renewed focus 

on rare diseases and increased biopharmaceutical 

innovation. Currently, estimates suggest the 

market at the global level was valued at >USD 

190–240 billion in 2024, indicating a strong 

potential for commercialization regardless of 

relatively small patient populations. Future 

estimates continue to show significant growth, 

with predictions indicating the market would 

exceed USD 550–620 billion in 2033–2034, which 

approximates a compound has a annual growth 

rate of 10–12%. Growth in the orphan drugs 

market, has been fortified by advances in genomic 

science, a number of cell and gene therapies, and 

regulatory measures such as orphan drug 

designation, extended marketing exclusivity, and 

tax incentives. In addition to all the 

aforementioned factors, advancing diagnostics, 

and awareness of disease, ultimately means there 

is a larger potential population of treatable 

patients. Although the high cost of development -- 

coupled with an often, high cost to therapy -- is 

challenging, orphan drugs is one of the fastest 

growing fields on a global scale. [13][14] 

5.Regulatory Framework For Orphan Drugs  

Aim of the regulatory framework for rare disease 

pharmacotherapy is to stimulate the development 

and availability of orphan drugs for conditions that 

affect only a small number of patients.  The 

Provisions to encourage the development of 

orphan drugs are made by regulators, such as the 

Central Drugs Standard Control Organization 

(CDSCO) in India, the European Medicines 

Agency (EMA) and the U.S. Food and Drug 
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Administration (FDA).  Examples of these types 

of provisions include market exclusivity, tax 

credits, fee waivers, and expedited review and 

approvals. Two landmark pieces of legislation 

include the EU Regulation on Orphan Medicinal 

Products (2000) and the U.S. Orphan Drug Act 

(1983).  In India, orphan drug designations were 

created under the New Drugs and Clinical Trials 

Rules (2019).  The goal of these types of 

regulatory frameworks is to balance patient needs, 

access to affordable treatments and innovation 

while considering safety and effectiveness. 

[15][16] 

5.1 Global Regulatory Policies  

Global regulatory policies for orphan drugs aim to 

incentivize the development of treatments for rare 

diseases that lack commercial viability. The 

United States Orphan Drug Act (1983) introduced 

tax credits, fee waivers, research grants, and seven 

years of market exclusivity, setting a global 

precedent. The European Union’s Regulation (EC) 

No. 141/2000 offers 10 years of market 

exclusivity, protocol assistance, and fee 

reductions. Both regions base orphan designation 

on disease prevalence and unmet medical 

need.Countries in Asia have adopted similar 

frameworks. Japan and South Korea provide 

priority review, reduced clinical requirements, and 

extended exclusivity to promote innovation. China 

has strengthened its rare-disease ecosystem 

through national rare-disease lists, expedited 

pathways, and acceptance of overseas clinical 

data. India, while lacking a standalone Orphan 

Drug Act, introduced rare-disease provisions 

under the New Drugs and Clinical Trials (NDCT) 

Rules, 2019. These rules exempt orphan drugs 

from local clinical trial requirements, offer fee 

waivers, and simplify approval pathways. India’s 

National Policy for Rare Diseases (2021) supports 

patient assistance programs but challenges remain 

in funding, epidemiological data, and 

pricing.Overall, global policies focus on 

incentives, accelerated approvals, and 

collaborative harmonization to improve access to 

rare-disease therapies worldwide. 

5.2 Incentives of Orphan Drug Development 

Due to small patient populations, high R&D costs, 

and unpredictable market returns, the development 

of therapies for rare diseases has historically been 

constrained.  Many regulatory bodies have 

developed orphan drug frameworks that offer a 

mix of financial, regulatory, and commercial 

incentives in order to address this market failure.  

When combined, these strategies seek to increase 

access to treatments for patients with rare diseases, 

lower development risk, and foster innovation. 

1.Tax Credits 

Substantial tax credits are provided for qualified 

clinical research expenditures, reducing the 

financial burden associated with developing 

therapies for rare diseases. These credits can offset 

a significant proportion of trial costs and directly 

encourage investment in orphan indications. 

2.Fast-Track or Accelerated Approvals 

Regulatory agencies offer expedited pathways—

such as fast-track, priority review, or accelerated 

approval—to shorten the time required for clinical 

evaluation and marketing authorization. These 

mechanisms improve the efficiency of drug 

development and enable earlier patient access to 

promising therapies. 

3.Market Exclusivity 

Following regulatory approval, orphan drugs 

receive a defined period of market exclusivity. 

During this time, no other product targeting the 

same indication can be approved, which 
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safeguards the sponsor’s investment and enhances 

the drug’s commercial viability. 

4.Fee Waivers or Reductions 

Orphan drug sponsors are exempted from or 

receive reductions in regulatory submission fees, 

such as application or maintenance fees. These 

waivers substantially decrease the upfront costs 

associated with the review process and are 

particularly beneficial for small and emerging 

biopharmaceutical companies. 

5.Grants for Clinical Trials 

Governments and non-profit organizations 

provide dedicated funding programs to support 

preclinical and clinical research on rare diseases. 

These grants help offset high development costs, 

facilitate the initiation of early-phase studies, and 

encourage continued innovation in underserved 

therapeutic areas. 

6.Pharmacotherapy Of Rare Diseases  

Pharmacotherapy approaches for rare diseases 

have advanced significantly, driven by improved 

understanding of genetic and molecular 

mechanisms. Current strategies include small-

molecule drugs that modulate defective enzymes 

or reduce toxic metabolite accumulation, and 

enzyme replacement therapy (ERT), which 

remains central for many lysosomal storage 

disorders. Gene therapy using adeno-associated 

viral vectors offers long-term correction for 

conditions such as spinal muscular atrophy, while 

RNA-based therapies—including antisense 

oligonucleotides and siRNA—enable mutation-

specific treatment. Monoclonal antibodies target 

immune-mediated and hematological rare 

diseases, and cell-based therapies such as 

hematopoietic stem cell transplantation support 

immune and metabolic correction. Drug 

repurposing is increasingly used to reduce 

development time and costs. Precision medicine, 

guided by genomic analysis and biomarkers, helps 

tailor therapies to individual mutations. Despite 

challenges such as small patient populations and 

high treatment costs, advances in biotechnology 

and supportive regulatory frameworks continue to 

expand therapeutic options for rare diseases. 

[17][18][19][20] 

6.1 Enzyme Replacement Therapy  

An important development in the treatment of 

lysosomal storage disorders (LSDs), especially 

Gaucher disease and Pompe disease, is ERT.  ERT 

treats the underlying enzymatic deficiency rather 

than just its symptoms by giving patients effective 

recombinant enzyme supplements.  ERT has a 

profoundly positive effect on morbidity and 

quality of life, but it also comes with a number of 

drawbacks, including as very high lifetime costs, 

the need for continuous infusion, immunogenicity, 

inconsistent tissue penetrance, and uneven access 

worldwide. [17] The mechanics, therapeutic 

advantages, cost, and clinical limits of ERT for 

these illnesses are outlined below: 

1.ERT for Gaucher Disease 

1.1 Available Therapies 

Since the early 1990s, recombinant preparations 

including imiglucerase, velaglucerase alfa, and 

taliglucerase alfa have essentially supplanted 

alglucerase as the first ERT for Gaucher disease 

type I.  These treatments target organs that are 

present in macrophages, such as the bone marrow, 

liver, and spleen. 

1.2 Clinical Benefits 

ERT effectively reduces hepatosplenomegaly, 

improves hematologic parameters, and decreases 

bone pain and marrow infiltration. In most 
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patients, early treatment can normalize blood 

counts within months and significantly enhance 

quality of life. Long-term data show prevention of 

irreversible organ damage when treatment is 

started early 

1.3 Cost Considerations 

ERT for Gaucher disease is one of the most 

expensive pharmacological interventions globally. 

Although specific prices vary by region, insurer, 

weight, and dose, typical annual therapy costs are 

in the range of minimum hundred thousand US 

dollars per year, often exceeding $200,000–

$400,000 annually for adult patients. Costs 

increase significantly for higher dosing regimens 

and heavier individuals, as dosing is weight-based. 

Lifetime treatment expenses frequently surpass 

several million dollars. Such financial burden 

strains healthcare systems and creates significant 

disparities in access, especially in low- and 

middle-income countries where treatment 

availability is extremely limited. Despite 

differential pricing programs in some regions, cost 

remains a central barrier to equitable treatment. 

1.4 Limitations 

Several limitations affect the clinical 

effectiveness of Gaucher ERT: 

Lifelong intravenous infusions: Typically 

administered biweekly, infusions require medical 

facilities or trained home-infusion services, 

limiting convenience and adherence. 

Incomplete tissue penetration: ERT does not 

adequately reach the central nervous system 

(CNS); therefore, Gaucher types II and III, which 

involve neurological manifestations, derive 

limited benefit. 

Immunogenicity: Some patients develop anti-

drug antibodies that may reduce drug efficacy or 

cause infusion reactions. 

Residual bone disease: Although hematologic 

and visceral manifestations respond well, skeletal 

disease may persist due to poor enzyme 

penetration into avascular bone regions. 

High economic cost: Limits long-term 

sustainability and availability across populations. 

2.ERT for Pompe Disease 

2.1 Available Therapies 

Pompe disease is treated with recombinant human 

acid α-glucosidase (rhGAA), initially 

alglucosidase alfa and more recently 

avalglucosidase alfa, with modified glycosylation 

patterns intended to enhance uptake into muscle 

cells. ERT is now standard of care for both 

infantile-onset (IOPD) and late-onset Pompe 

disease (LOPD). 

Fig.1. Cause Of Pompe Disease, mutation in the GAA gene.
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2.2 Clinical Benefits 

ERT dramatically improves survival in IOPD, 

delaying progression of cardiomyopathy and 

extending ventilator-free survival. In LOPD, ERT 

slows functional decline, stabilizes respiratory 

parameters, and supports improved endurance. 

However, the therapeutic response is 

heterogeneous, influenced by factors such as age 

at treatment initiation, CRIM (cross-reactive 

immunologic material) status, genetic 

background, and disease severity. 

2.3 Cost Considerations 

ERT for Pompe disease is also associated with 

extremely high costs. Annual expenses typically 

fall within $250,000 to more than $500,000 per 

year, depending on dosing and body weight. 

Children with IOPD, who require higher mg/kg 

dosing, often reach even higher annual costs. The 

total lifetime expenditure may exceed several 

million dollars. These costs pose heavy burdens on 

national insurance programs and make Pompe one 

of the most expensive chronic conditions to treat. 

2.4 Limitations 

ERT in Pompe disease faces multiple biological 

and practical limitations: 

Suboptimal targeting of skeletal muscle: Enzyme 

uptake is mediated by the mannose-6-phosphate 

(M6P) receptor pathway, which is relatively sparse 

in muscle tissue. As a result, skeletal muscle 

response is often incomplete. 

Limited effect on respiratory decline: Although 

ERT can stabilize breathing function, many 

patients continue to experience progressive 

respiratory insufficiency over time. 

Immunogenicity and CRIM-negative patients: 

Infants lacking endogenous GAA protein (CRIM-

negative) often produce high-titer antibodies that 

neutralize therapy. Immune modulation regimens 

are required but add complexity and risk. 

Need for lifelong biweekly infusions: As with 

Gaucher disease, the burden of chronic treatments 

reduces efficacy and quality of life. 

Inadequate CNS delivery: As ERT does not 

cross the blood–brain barrier, emerging 

recognition of potential CNS involvement in 

Pompe disease remains unaddressed. [17] 

3. Broader Limitations of ERT 

Across both diseases, several cross-cutting 

limitations are evident: 

1. High global cost remains the most significant 

barrier to equitable treatment distribution. 

2. Central nervous system inaccessibility due to 

inability of recombinant enzymes for crossing the 

blood brain barrier. 

3. Variable patient response, especially in Pompe 

disease. 

4. Manufacturing complexity, contributing to high 

cost and potential supply instability. 

5. Dependence on early diagnosis, as delayed 

treatment initiation reduces efficacy. 

6. Gene Therapy  

Intentional introduction, alteration or regulation of 

genetic material in a patient’s cells to treat disease. 

Approaches split into: in vivo (direct delivery into 

patient) and ex vivo (remove cells, modify, 

reinfuse). Delivery can be viral (AAV, adenovirus, 

lentivirus, HSV) or non-viral (lipid nanoparticles, 

electroporation, antisense oligos). Viral vectors 

remain the dominant platform for clinical in-vivo 

gene transfer due to efficiency and tropism 

engineering. [18] 
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1. Viral vectors: types, mechanisms, strengths 

& limitations 

1.1 Adeno-associated virus (AAV) 

Mechanism: small, non-pathogenic parvovirus 

that persists predominantly as episomes in non-

dividing cells. Many serotypes with different 

tissue tropisms enable targeting (AAV9 for 

CNS/motor neurons, AAV8/AAV2 for liver, etc.).  

Strength: excellent safety profile in many clinical 

contexts; efficient transduction of post-mitotic 

cells; long-term expression in non-dividing 

tissues; low innate pathogenicity.  

Limitations: small packaging capacity (~4.7 kb) 

constrains large genes; pre-existing neutralizing 

antibodies (NAbs) common in humans which limit 

efficacy and re-dosing; limited carrying space 

complicates complex expression cassettes; rare 

immune-mediated toxicities reported at high 

doses.  

1.2 Lentiviral vectors (LV; derived from HIV)  

Mechanism/ Features: integrate into host 

genome (integrating vector) enabling durable 

expression in dividing cells (hematopoietic stem 

cells, T cells). Self-inactivating (SIN) designs and 

promoter choices mitigate genotoxicity. 

Strengths: large payload (≈8–10 kb), ability to 

stably modify dividing cells (ideal for ex-vivo 

HSC or CAR-T). Good track record in 

hematologic gene therapies. 

Limitations/ Risks: insertional mutagenesis is a 

theoretical/real risk (oncogenic activation) — 

though modern LV designs and clinical experience 

show improved safety compared to early gamma-

retroviral vectors; production complexity and 

biosafety containment considerations.  

1.3 Adenoviral vectors  

Mechanism/ Features: high payload capacity; 

strong transgene expression; robust innate immune 

activation.  

Use & Limitations: useful in vaccination and 

transient high expression contexts but historically 

associated with strong inflammatory responses 

and, at high systemic doses, severe toxicity (e.g., 

problems in early trials). Often used with localized 

delivery to reduce systemic inflammation. 

2. CRISPR-based approaches — modalities 

and delivery strategies 

Fig.no.2 The Main Principle of CRISPR/Cas 9 genome editing.
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2.1 Modalities 

Nuclease-mediated DSBs (CRISPR-Cas9): 

create double-strand breaks (DSBs) that are 

repaired by NHEJ (knockouts) or HDR (precise 

edits — HDR low efficiency in non-dividing 

cells). 

Base editors: make single base conversions 

without DSBs (e.g., C→T or A→G), reducing 

DSB-related toxicity. 

Prime editors: programmable small 

insertions/deletions and base substitutions with 

fewer byproducts than HDR. 

Epigenetic editors / CRISPRa/CRISPRi: do not 

change sequence but modulate expression.  

2.2 Delivery strategies 

Ex vivo editing: isolate patient cells (HSCs, T 

cells), deliver CRISPR components (RNP, 

mRNA, lentiviral or AAV donor), select and 

expand, then reinfuse — used in sickle cell / β-

thalassemia and CAR-T. Advantages: control, 

screening for off-targets, no systemic exposure. In 

vivo editing: direct delivery to tissues (liver, 

muscle, retina, CNS) using AAVs, LNPs (lipid 

nanoparticles), or conjugates. Challenges: 

targeting specificity, immunogenicity, and 

controlling dose to avoid systemic toxicity. Recent 

clinical trials and approvals are rapidly evolving; 

some in-vivo CRISPR therapies have shown 

promising early results (e.g., liver cholesterol-

lowering programs).  

2.3 Safety considerations particular to CRISPR 

Off-target edits (unintended DNA changes) — 

newer Cas variants and high-fidelity guides reduce 

but do not eliminate risk. 

On-target but undesired outcomes (large deletions, 

chromosomal rearrangements, p53 activation) — 

DSBs can trigger complex genomic outcomes. 

Immunogenicity to Cas proteins (preexisting 

immunity) can limit systemic use. 

Delivery vehicle toxicities (see viral vector 

section).  

3. Case example: Onasemnogene abeparvovec 

(OA; Zolgensma) for spinal muscular atrophy 

(SMA) 

3.1 Mechanism of action 

OA is a one-time, systemic AAV9 vector encoding 

a functional copy of human SMN1 under a 

ubiquitous promoter. AAV9 crosses the blood–

brain barrier and transduces motor neurons and 

peripheral tissues, restoring SMN protein 

expression.  

3.2 Efficacy 

Clinical and real-world observational data 

demonstrate major improvements in survival and 

motor milestones for infants with SMA type 1 

treated early (improved ventilator-free survival, 

acquired motor milestones not expected 

historically). Meta-analyses and cohort studies 

report meaningful functional gains and survival 

benefits versus natural history.  

3.3 Safety profile and observed adverse events 

Acute/short-term: transient liver enzyme 

elevations (hepatotoxicity), thrombocytopenia, 

fever; protocols call for corticosteroid prophylaxis 

and close LFT monitoring.Serious but rare events: 

reports of thrombotic microangiopathy (TMA) and 

hepatotoxicity have occurred post-marketing, 

particularly in higher-risk patients or when 

combined with other stressors. Regulatory 
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agencies and manufacturers provide monitoring 

guidelines. Long-term follow-up: ongoing 

registries and follow-ups show sustained benefits; 

long-term safety surveillance is ongoing to 

monitor for late adverse events and durability.  

4. Challenges, safety concerns, limitations, and 

long-term effects  

4.1 Immune responses 

Pre-existing neutralizing antibodies (NAbs) to 

viral capsids (especially AAV) can block vector 

transduction; prevalence varies by serotype and 

geography. Pre-screening is common in trials. 

Innate and adaptive immune activation can cause 

transient transaminitis, systemic inflammatory 

responses, and impede re-dosing. High systemic 

AAV doses have been linked with severe immune-

mediated adverse events in some trials. Strategies: 

immune-suppression protocols, capsid 

engineering, plasmapheresis, IgG-depletion, or 

novel encapsulation/delivery.  

4.2 Insertional mutagenesis & genotoxicity 

Integrating vectors (lentivirus) carry a risk of 

insertion near proto-oncogenes; careful vector 

design (SIN LTRs, internal promoters) and long-

term monitoring reduce but do not eliminate risk. 

Retroviral vectors historically caused leukemia in 

some early trials; lessons drove safer designs. 

AAV is largely non-integrating but low-frequency 

integration has been detected; preclinical models 

showed possible hepatocellular carcinoma signal 

in some mouse strains at very high doses — 

clinical relevance remains debated; long-term 

human registries are critical.  

4.3 Off-target editing and complex genomic 

outcomes (CRISPR) 

Off-targets: unintended cleavage/editing in 

genomic loci causing loss/gain of function. High-

fidelity nucleases, in-silico and empirical off-

target profiling, and limiting exposure (RNPs, 

transient mRNA delivery) help mitigate risk. 

Large deletions / rearrangements / chromothripsis: 

DSBs can produce complex structural variants; 

base/prime editors reduce DSB-related hazards. 

Robust preclinical genotoxicity assays and 

sensitive detection methods (GUIDE-seq, 

CIRCLE-seq, long-read sequencing) should be 

applied.  

4.4 Delivery limitations 

Tissue targeting & biodistribution: achieving 

sufficient, safe dosing at the disease tissue while 

limiting off-target transduction (and ensuing 

toxicity) remains a challenge — especially for 

CNS and muscle. 

Dose scaling and toxicity: systemic dosing 

required for widespread tissues (e.g., 

neuromuscular diseases) can push vector doses 

into ranges where toxicity is more likely (immune 

and organ toxicities).  

4.5 Manufacturing, quality and cost 

Manufacturing scale: consistent GMP 

production of high-titer, high-quality viral vectors 

at clinical scale is technically challenging and 

expensive. 

Batch variability and purity: contaminating 

empty capsids, host cell proteins, and adventitious 

agents are manufacturing concerns. 

Economic barriers: single-dose curative 

therapies are usually priced extremely high (e.g., 

OA’s pricing controversy), raising access and 

reimbursement challenges.  

4.6 Regulatory, ethical, and societal issues 
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Long-term follow-up requirements: regulators 

typically mandate multiyear safety registries (10–

15 years) to monitor late adverse events and 

durability. 

Germline risk and embryo editing: somatic 

therapies are ethically acceptable when risks are 

minimized; germline editing raises profound 

ethical concerns and is widely restricted. Public 

trust and transparent consent are necessary.  

4.7 Durability & long-term effects 

Durability depends on vector/tissue: AAV 

episomal expression can be durable in non-

dividing cells but may dilute in dividing tissues 

(pediatric patients grow; hepatocyte turnover can 

reduce effect). Lentiviral integration can provide 

durable expression in dividing cell lineages. 

Late toxicities: unknown but under surveillance 

— examples include possible late immune 

complications, oncogenesis signals (rare), and 

organ-specific toxicity that may develop years 

after exposure. Registries for therapies like OA 

and long-term clinical monitoring for CRISPR 

trials are essential.  

5. Risk mitigation strategies (practical / 

translational) 

-Pre-screening for anti-capsid antibodies and prior 

exposures. 

-Capsid engineering (novel serotypes, directed 

evolution) to escape NAbs and change tropism. 

-Transient immunosuppression around dosing and 

close hepatic/hematologic monitoring. 

-Use of ex-vivo editing when feasible to reduce 

systemic exposure and permit quality control of 

modified cells. 

-High-fidelity nucleases, base/prime editors to 

reduce DSB-related genotoxicity. 

-Robust off-target detection and orthogonal safety 

assays pre-clinical and post-treatment 

surveillance. 

-Dose-finding and stepwise scaling with early 

sentinel cohorts and stopping rules. 

Small Molecule Drugs  

1.Why Small Molecules Matter in Rare Diseases? 

Small molecules offer several advantages 

1.1Accessibility and Affordability 

Small molecules are typically cheaper and faster to 

develop than biologics. Their scalability makes 

them ideal for underserved rare disease markets. 

1.2. Intracellular Targeting 

Many rare diseases involve enzyme deficiencies, 

protein misfolding, or aberrant biochemical 

pathways that require intracellular intervention—

an area where small molecules excel. 

1.3. Oral Administration 

Most small molecules can be orally administered, 

improving long-term adherence for chronic rare 

conditions. 

1.4. Chemical Versatility 

Their structural flexibility allows targeting of 

diverse mechanisms, including enzyme 

activation/inhibition, chaperoning protein folding, 

modulating signaling pathways, and interacting 

with mutant proteins. 

2. Mechanisms of Action of Small-Molecule 

Drugs in Rare Diseases 
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2.1. Enzyme Replacement Support / Substrate 

Reduction 

Used when the primary pathology is accumulation 

of toxic substrates due to enzyme deficiency. 

Examples: Miglustat, Eliglustat – substrate 

reduction in Gaucher disease. 

Venglustat – modulates glycosphingolipid 

metabolism. 

2.2. Pharmacological Chaperones 

Small molecules that stabilize misfolded proteins, 

restoring function. 

Examples: Migalastat – corrects misfolded α-

galactosidase A in Fabry disease. 

Tafamidis – stabilizes transthyretin tetramers in 

transthyretin amyloidosis. [19] 

2.3. Read-through Agents for Nonsense 

Mutations 

Promote ribosomal read-through to restore 

truncated proteins 

Examples: 

Ataluren – used in Duchenne muscular dystrophy 

with nonsense mutations. 

2.4 Ion Channel Modulators 

Restore function in channelopathies 

Examples: 

Ivacaftor – potentiates CFTR channel in cystic 

fibrosis (G551D mutation). 

Mexiletine – sodium-channel blocker in myotonia 

congenita. 

2.5. Metabolic Modulators 

Correct metabolic pathway imbalances 

Examples: 

Nitisinone – blocks tyrosine breakdown in 

hereditary tyrosinemia type 1. 

Rapamycin analogs (e.g., everolimus) – mTOR 

pathway modulation in tuberous sclerosis 

complex. 

2.6. Receptor or Signaling Pathway Modulators 

Used when rare diseases stem from aberrant 

signaling 

Examples: 

Vismodegib – Hedgehog pathway inhibitor in 

basal cell carcinoma (Gorlin syndrome). 

Imatinib – tyrosine kinase inhibitor for 

hypereosinophilic syndrome. 

3. Key FDA/EMA-Approved Small-Molecule 

Drugs for Rare Diseases 

DRUG INDICATION (Rare 

Disease) 

MECHANISM 

Ivacaftor Cystic Fibrosis (specific 

mutations) 

CFTR potentiator 

Tafamidis Transthyretin 

amyloidosis 

Protein Stabilizer 

Migalastat Fabry disease Pharmacological chaperone 

Nitisinone Tyrosinemia Type 1 Metabolic enzyme blocker 
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Ataluren Duchenne muscular 

dystrophy 

Ribosomal read-through 

Vismodegib Gorlin syndrome Hedgehog pathway inhibitor 

Bosutinib,Dasatinib Ph+CML (rare subtype) Tyrosine kinase inhibitor 

Pexidartinib Tenosynovial giant cell 

tumor 

CSF1R inhibitor 

Triheptanoin Long-chain fatty acid 

oxidation disorders 

Anaplerotic therapy 

4. Drug Repurposing: A Critical Strategy 

Given the small patient populations, repurposing 

existing drugs drastically reduces time and cost. 

Examples of repurposed small molecules: 

Sirolimus/Everolimus → Tuberous sclerosis, 

lymphangioleiomyomatosis 

Beta-blockers → Infantile hemangioma 

Dantrolene → Malignant hyperthermia 

Drug repurposing is especially useful when 

disease mechanisms overlap with common 

biochemical pathways. 

5. Challenges in Small-Molecule Development 

for Rare Diseases 

5.1. Limited Patient Populations 

Small cohorts complicate clinical trial design, 

statistical power, and endpoint selection. 

5.2. Biological Complexity 

Many rare diseases are monogenic but present 

heterogeneous phenotypes. 

5.3. Mutation-Specific Therapies 

Drugs like ivacaftor benefit only specific 

genotypes, limiting market size further. 

5.4. Regulatory Hurdles 

Regulators require robust evidence of 

safety/efficacy, but generating it is difficult in low-

incidence diseases. 

5.5. Economic Barriers 

Despite lower R&D costs, small-market returns 

can be commercially risky.  

 Monochonal Antibodies & Biologics 

Advances in biotechnology particularly 

monoclonal antibodies and other biologics—have 

reshaped the therapeutic landscape for many rare 

cancers and hematologic disorders. Regulatory 

frameworks such as the U.S. Orphan Drug Act 

(1983) and the European Union Orphan 

Regulation (2000) have further catalyzed 

development by providing incentives including 

market exclusivity, fee waivers, and tax credits. 

[20] 

1. Monoclonal Antibodies in Rare Cancers 

1.1 Mechanisms of Action 

Monoclonal antibodies target specific tumor-

associated antigens or immune pathways. Major 

mechanisms include: 

Direct cytotoxicity (e.g., apoptosis induction) 

Antibody-dependent cellular cytotoxicity (ADCC) 
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Complement-dependent cytotoxicity (CDC) 

Immune checkpoint inhibition 

Delivery of cytotoxic agents through antibody–

drug conjugates (ADCs) 

1.2 Examples in Rare Solid Tumors 

1.2.1 Merkel Cell Carcinoma 

Avelumab (anti-PD-L1): First approved therapy 

for metastatic Merkel cell carcinoma (MCC). 

Pembrolizumab (anti-PD-1): Demonstrates 

durable responses in advanced MCC. 

These agents transformed MCC from a 

chemotherapy-dependent disease to an 

immunotherapy-responsive cancer with 

significantly improved survival. 

1.2.2 Soft Tissue Sarcomas (STS) 

Olaratumab (PDGFR- alpha inhibitor): Previously 

used for advanced STS. Although later withdrawn 

due to negative confirmatory trials, its 

development catalyzed interest in targeted 

biologics for sarcomas. 

Nivolumab + Ipilimumab: Shows activity in 

subsets of ultra-rare sarcomas such as alveolar soft 

part sarcoma (ASPS). 

1.2.3 Uveal Melanoma 

Tebentafusp: A bispecific gp100×CD3 T-cell 

engaging biologic offering survival benefit for 

HLA-A*02:01 patients—one of the first T-cell 

receptor therapies for a solid tumor. 

2. Monoclonal Antibodies in Rare Hematologic 

Disorders 

2.1 Paroxysmal Nocturnal Hemoglobinuria 

(PNH) 

Eculizumab (anti-C5): First biologic to 

dramatically reduce hemolysis and improve 

quality of life in PNH. 

Ravulizumab: A long-acting complement 

inhibitor offering extended dosing intervals. 

These complement inhibitors transformed PNH 

into a manageable chronic disease. 

2.2 Atypical Hemolytic Uremic Syndrome: 

Also treated with eculizumab and ravulizumab, 

significantly reducing renal complications. 

2.3 Immune Thrombocytopenia (ITP) 

Rituximab (anti-CD20): Used off-label in 

refractory ITP; provides durable remission in a 

subset of patients. 

Romiplostim and Eltrombopag (TPO-R 

agonists): Biologic agents enhancing platelet 

production. 

2.4 Hemophilia A and B 

Emicizumab: A bispecific antibody mimicking 

the function of factor VIII, approved for 

Hemophilia A with or without inhibitors. 

Etranacogene dezaparvovec (AAV-based gene 

therapy): A biologic approach offering long-term 

factor IX expression in Hemophilia B. 

3. Biologics in Ultra-Rare Disorders 

3.1 Castleman Disease 

Siltuximab: An anti-IL-6 monoclonal antibody 

effective in idiopathic multicentric Castleman 

disease (iMCD). 
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3.2 Primary Immunodeficiency Disorders 

(PID) 

IVIG/SCIG biologics support immune function 

Targeted mAbs such as dupilumab (IL-4Rα) have 

applications in specific rare immune dysregulation 

syndromes. 

3.3 Amyloidosis 

Daratumumab (anti-CD38): Used in AL 

amyloidosis with significant hematologic and 

organ response rates. 

CAEL-101: An investigational antibody targeting 

amyloid deposits. 

4. Challenges in Biologic Development for Rare 

Diseases 

-Small patient populations → limited clinical trial 

power. 

-High production costs. 

-Complex regulatory pathways. 

-Need for global multicenter collaboration. 

-Genetic heterogeneity within rare diseases. 

7.Role Of Pharmacist  

Pharmacists provide very detailed guidance for 

patients or their caregivers on the safe and proper 

use of orphan medications. In order to optimize the 

care of patients with rare disorders, they often 

monitor therapeutic response, side effects, and 

drug-drug interactions. Pharmacists that engage in 

active pharmacovigilance are in a better position 

to detect, document, and communicate the adverse 

drug events that may be associated with orphan 

medications. They also enhance rational 

prescribing by completing the medication review, 

establishing medication appropriateness, and 

preventing medication errors. A pharmacist can 

greatly enhance adherence by responding to 

patient questions, simplifying medication 

regimens, and providing follow-up counseling. 

Pharmacists work closely with physicians and 

other specialists to create a tailored treatment plan 

for patients with rare diseases. In addition, by 

providing advice regarding the reimbursement 

process, pharmacists also assist patients in 

obtaining access. [21] 

8.Challenges And Limitations  

Limited patient populations and minimal 

understanding of disease mechanism represent the 

main barrier to pharmacotherapy for rare diseases. 

The rarity of these conditions results in challenges 

for large-scale clinical trials and ultimately leaves 

us with insufficient information regarding 

medication safety and effectiveness. 

Challenges associated with bringing orphan 

drugs to market: Sponsors who decide to invest 

in the development or commercialization of these 

therapies still have many substantial challenges. 

Even though orphan drug frameworks and 

accelerated regulatory pathways have increased 

sponsor activity in the rare disease space, the 

availability of these regulatory pathways does not 

assure approval of the drug in a regulatory 

timeline. Additionally, to delays stated in Existing 

Clinical Evidence, the timeline to regulatory 

approval often delays the time to clinical trial 

completion due to the additional due diligence 

needed.  Therefore, sponsors may incur additional 

financial costs related to required clinical trial and 

market preparation activity. Financial costs refer 

to resources spent on activities, such as clinical 

trials and research; these costs are purchased with 

money. Additionally, to financial costs, when 

there are delays in the regulatory approval 

timeline, time costs may rise . Time costs are 
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defined as the time the sponsor and investigators 

are waiting between data collection and regulatory 

approval. [22] 

Fig.no.3 Rare diseases clinical trial termination reasons. 

9.Research Advances and Future Prospects  

A few of the innovative technologies driving new 

drug development for rare diseases are new 

CRISPR gene editing technologies, RNA-based 

therapies, and artificial intelligence.  CRISPR 

technology promises to route genetic mutation, 

which is the root of many rare diseases, and fixed 

on a permanent basis.  RNA therapy, such as 

mRNA and antisense oligonucleotides, can lead to 

less invasive and more broadly targeted treatment 

based on its ability to modify genetic expression.  

AI and machine learning can predict disease 

mechanisms and possible drug targets, and can 

even help to design future clinical trials.  This 

crossing of technologies will cover novel drug 

development for rare diseases now and 

increasingly into the future, with promises of more 

efficient, more personalized, and lower cost 

models of therapeutic approaches. [23] 

CONCLUSION  

 There has been a remarkable evolution in 

pharmacotherapy for rare diseases, primarily due 

to the advancement of sophisticated genetic and 

biotechnological approaches.  Although it remains 

challenging due to regulatory burdens and limited 

clinical data, not to mention the expensive nature 

of treatment, progress is occurring even as both 

precision medicine, gene therapy, and enzyme 

replacement contribute to improved patient 

outcomes and quality of life.  Building on this 

momentum, researchers, clinicians, and 

reimbursement bodies and regulatory bodies will 

need to continue their collaboration to help 

accelerate the development and access to effective 

treatments.  If awareness and innovation improve, 

rare disease pharmacotherapy carries 

extraordinary promise for a more personalized and 

equitable healthcare system in the future. [24] 
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