A review on HIV transmission in the female reproductive tract and preformulation considerations for intravaginal drug delivery of prevention technologies

 


.
	ABSTRACT:
The female reproductive tract consists of several anatomical and physiological features that present high risk for HIV and sexually transmitted infections in women. Clinical and epidemiological research has shown significant variation in risk of transmission and co-infections for different age groups and pregnancy status. Around 63% of all newly acquired HIV infections are in women aged 15-24 years and access to prevention product options that are safe, user friendly and comfortable remains low. Design and development of intravaginal drug delivery products provides better option for discreet and user-friendly methods for HIV prevention in women. Products that have good bioadhesive properties, optimal mucosal penetration, controlled release, high efficacy in inflamed vaginal conditions can improve HIV prevention in this target group. Key preformulation considerations must be taken to achieve optimal delivery of safe microbicides via the vaginal route and to further development of products in this category.
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1. INTRODUCTION 

Human immune deficiency virus (HIV) acquired through heterosexual transmission remains a challenge to female reproductive health for lower middle-income countries remains particularly in the age ranges of 15-24 years (1). In sub-Saharan Africa, adolescent, and young women have at least three times higher infection rates than the male counterparts. On average, 4,000 adolescent girls and young women acquire HIV every week, only 42% of districts with an inflated HIV incidence in Sub-Saharan Africa are currently covered with dedicated prevention programs for adolescent girls and young women (1,2).

Clinical research has proven the correlation between increased risk of co-infection of HIV and STIs, HIV transmission due to vaginal lesions and viral shedding, HIV and cervical cancer, fertility and HIV mother to child transmission during pregnancy (3). The objective to end the pandemic remains clear and with it comes opportunity for innovation and technology, not only in treatment, but in multipurpose prevention platforms that can reduce new HIV infections and address reproductive healthcare needs for women.

The introduction of anti-retroviral drugs for prevention and treatment has reduced infection rates and improved survival of HIV/AIDS patients, however drug resistance, low adherence due to adverse effects, poor biopharmaceutical properties of traditional formulations, social and cultural context that women exist in have been a challenge in curtailing the pandemic. Long acting injectables for prevention have been developed with inhibitory high product cost (>$40,000.00 USD/year) requiring donor aid subsidy, systemic side effects and use of an invasive route of administration. HIV vaccines and broad neutralizing antibodies are also in the pipeline.  

In this paper we review the role of the female reproductive tract in risk and protection for HIV infections, different antiretroviral drug classes and their potential as novel dosage forms for prevention of HIV heterosexual transmission, co-infections, and the critical considerations in preclinical work required in translating benchtop products to clinical use. Numerous studies have shown women to opt for prevention products designed and suited for personal use without consent of a sexual partner (4–6). This has led to much interest in the development of microbicides for vaginal delivery. 

The vaginal route has several distinct advantages for localised or systemic drug delivery. With a large surface area, vasculature, a lymphatic drainage system and the ability to bypass the first pass effect makes it a valuable route for drug delivery (5,7,8). When products are formulated for this route, design considerations have to be made, these include the drug release profile (immediate/controlled), compatibility with vaginal microbiota, environment pH, small volume, anatomical space, safety and tolerability of drug formulation as well as excipients of choice used in product formulation (8,9).

The pattern from successful programs that reduced infection rates caused by sexual transmission are proof that targeted interventions drive the incidence rates down (6). Reduction in discrepancy of newly acquired infections between genders of the 15 - 24-year-old age group, is possible by developing appropriate products (6). For women in Sub-Saharan Africa, what remains of great importance in pre- and post-exposure prophylaxis is the opportunity to reduce the rate of newly acquired HIV infection and the availability to select a product of their choice.


2. HIV INFECTIONS AND THE FEMALE REPRODUCTIVE TRACT

This section will review the different factors that increase the risk of transmission of HIV and co-infections in the female reproductive tract and implications to topical microbicide product design. The main driver for HIV transmission is mucosal exposure which accounts for over 80% of all infections with 40% of the infections occurring in the female reproductive system (3,10,11). Women are still a high-risk group for new HIV infections in rates higher than male counterparts and this presents an opportunity for the development of tailor-made prevention products. The specific steps and mechanisms that result in successful HIV infection following exposure in the female genital tract are still a grey area requiring research. Several models have been used to further understand HIV route of transmission and studies in non-human primates have proved that infection can occur in the upper or lower female genital tract (3,12).
Several physiological and anatomical features exist that regulate reproductive life cycle, immunobiology and hormonal regulation, growth and maturity of the cervix and epithelial cells at different ages all put women at high risk for HIV transmission and will be briefly discussed in this section.
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Fig 1:  The female reproductive tract (Atlas of visual inspection of the cervix with acetic acid for screening, triage, and assessment for treatment, June 2025(13) 


Epithelial cells in the reproductive tract are the primary route for HIV and other infections with differences in structures of the tissue at different parts of the reproductive tract (3,14). The lower tract consists of stratified squamous cervical and vaginal epithelium 25-cell layers or thicker. The epithelia for the upper reproductive tract are made up of endocervix, uterus, fallopian tubes and endometrium is columnar, consisting of a single layer of cells that secrete mucus and are a natural defence against pathogens and potential infections (3). The columnar epithelium tissue is characterized by tight junctions between cells that makes it impermeable to entry of any large molecules and particulate matter, including pathogens (3,14,15). The thick stratified epithelium of the lower reproductive tract, although not impermeable, is robust and provides a substantive physical barrier compared to the delicate single layer of columnar epithelium of the upper reproductive tract (3,16). 

The section where the squamous and columnar epithelium meet is described as the transformational zone. In addition to the physical barrier innate immune response to infections apart will also include mucus and antimicrobial peptides that are a form a chemical and biological barrier, and the Lactobacillus-rich vaginal milieu creates a biological barrier (3,14). The mucus which is mainly secreted from the endocervical epithelium has thick gel like consistency and contains electrolytes, mucin associated fatty acids and cellular debris from dead cells or material cleared by the neutrophils (14,15).

The lower female reproductive tract has a permeable thick stratified epithelium which forms a substantive physical barrier compared to the delicate single layer of columnar epithelium of the upper reproductive tract (3). Through the continuous sloughing of the superficial layers of the stratified epithelium of the vagina and ectocervix this process prevents many pathogens from colonizing and establishing infections, thus providing a better mechanical protection against HIV invasion than the single layer columnar epithelium that lines the upper reproductive tract (11,12,14). However, the greater surface area of the vaginal wall and ectocervix arguably allows greater access for HIV entry, particularly when breaches occur in the epithelium, such as during sexual intercourse.
The changes in morphology, physiological function and immunological responses in the female reproductive tract in adolescent (10-19 years), reproductive (15-49 years) and menopause ages (45-55 years) affect the risk of HIV acquisition and have an implication on product design.

2.1 Adolescent age group:

The risk of HIV transmission for women in this age group is 4-7 times higher for Sub-Saharan Africa compared to male counterparts. Cervical ectropion known as ectopy or eversion commonly occurs in adolescents were erythrocytes in the endocervix appear on the outer surface of the ectocervix (10). Several studies have shown that it is not independently associated with the acquisition of HIV infections, though prevalence of HIV is higher in adolescent girls with cervical ectopy (10,14). The condition is associated with different sexually transmitted infections including human papilloma virus and gonorrhoea. The STIs can possibly alter cervical tissue function. The prevalence of ectopy is higher in female adolescent populations that haven’t engaged in sexual intercourse and places them at a greater risk of infection from HIV and STIs (10,17).

The mature cervix for women consists of stratified squamous multiple cell layers that provide a physical barrier for protection against pathogens. The single-layer of columnar epithelium in adolescents is easier to breach during sexual intercourse, which can allow the entry pathogens.

The presence of elevated levels of inflammatory cytokines in adolescent girls compared to adult females is also linked to a higher risk of HIV transmission. The chemokines IL-6 and TNF-α contribute to genital inflammation creating conditions favourable for HIV acquisition and replication. MIP-1α and MIP-1β promote recruitment of CCR5 expressing cells to the genital tract including T-cells and macrophages which are targets for HIV virus (10,15). Previous studies have shown that higher pro-inflammatory biomarker TNF-α, as well as a distinct inflammation-associated immune clustering in sexually inactive adolescent girls, can potentially increase risk for infections including HIV upon sexual debut (10–12).

Literature on the level of antimicrobial peptides in this age group is limited, though they are important for immunomodulation, maintenance of tissue homeostasis, protection against pathogens among other roles they play in protecting the female reproductive tract (15). What is clear is that vaginal secretions vary with age increasing during reproductive age and lower before puberty and post menopause due to hormonal (estrogen) changes, pregnancy and local pathological states that may affect the level of antimicrobial peptides(15,17). 


2.2 Reproductive age and the menstrual cycle

The changes in estradiol and progesterone hormonal levels during menstrual cycles affect immune function and regulation in the female reproductive tract. Several studies suggest highest risk of HIV transmission in the luteal phase of the cycle especially after ovulation while some research has also shown high transmission risk in the first half of the cycle due to accumulation of immune cells susceptible to HIV (10,17,18). Sex hormones play a role in increasing migration and response of immune cells and the expression of adhesion molecules and chemotactic factors. Epithelial cells, in addition to providing barrier protection, transport immunoglobulins (IgA and IgG) into FRT secretions, and produce antimicrobials that are both bactericidal and viricidal (12,18).

Research done in this age group has proven the role of several AMPs, Macrophage Inflammatory Protein including (MIP)-3α, RANTES (regulated upon activation, normally T-cell expressed and secreted), human beta defensin (HBD)-2, elafin, and several other immune mediators to be protective against HIV infections (17).

2.3 Pregnancy

The research done on large populations on pregnant and non-pregnant women and risk for HIV acquisition showed no substantial variations (17).  Physiological changes occur during pregnancy to the physical, chemical and biological barriers in the FRT that are potential risk factors. AMPs play an important role in implantation, preventing pathogen infections and inflammation during pregnancy. The cervical epithelial cells play an important role in ensuring a physical and immunological barrier to infection is provided for the upper reproductive tract(10,17) . The cells will constantly undergo changes during each trimester of pregnancy.
Cooley, Anne et al. 2023 studied a series of images over a period of time to track changes in the structure of the cervical epithelia during pregnancy. From estrus cycle to 19 days in the first trimester significant changes in the stratified epithelium occur in the proliferation, differentiation, and apoptosis biological processes and an increase in the secretory epithelia (19).

During pregnancy, cell morphology and proliferation are similar between endo and ectocervix while cell death occurs primarily in the endocervix. If the physical barrier of the epithelial layer is damaged during pregnancy or vaginal mucus permeability increases risk for infection increases (10,19).

In vitro studies using TZM-bl assays have shown HIV inhibitory effect of cervicovaginal mucus secretions for pregnant and non-pregnant females, and anti-HIV activity did change between trimesters in pregnant women with the same assay (20). 

2.4 Physiological role of lactobacilli in the vaginal microenvironment

Lactobacilli have different function it plays as microbiota in the vaginal microenvironment from prevention of local infections to reproductive roles in conception and pregnancy (21).The microbiota is commonly dominated by Lactobacilli species at low pH (<4.5) which exhibit probiotic effect and are part of the natural defence against reproductive pathogens like Chlamydia trachomatis, herpes simplex virus (HSV-2) and HIV-1 (21,22). Variable amounts of lactic acid, biosurfactants, bacteriocin-like chemicals, and hydrogen peroxide are produced by various strains of the lactobacilli species that help prevent proliferation of pathogens and maintain an acidic vaginal microenvironment for a normal microbiota (22).

The balance of vaginal flora can be affected by multiple factors including age, hormonal changes, smoking, use of oestrogen-based contraceptives, diabetic conditions and menstrual flow in women. The most commonly occurring vaginal infection due to change in vaginal flora composition in women of reproductive age is Bacterial vaginosis (BV) with an incidence rate of 15% to 50% (21,22).  Half of BV patients show no symptom; clinical symptoms of BV include a burning feeling during urination, itching around the outside of the vagina, and an increased vaginal pH (>4.5), abnormal color of vaginal discharge, and an unpleasant fishy odor (21). The infection reduces the effectiveness of the physical barrier and innate immunity leading to an increased risk of acquisition of HIV and other STIs through sexual intercourse.




3. INTRAVAGINAL DRUG DELIVERY FOR HIV PREVENTION

Localised vaginal delivery of topical microbicides with PrEP agents offers a great opportunity for non-systemic products that can be absorbed and distributed into vaginal epithelium. Though physical, biological and chemical barrier of the female reproductive tract are important for protection from pathogens, they pose a significant challenge to intravaginal delivery and efficacy of anti-HIV molecules and other modalities used on multipurpose platforms to prevent pregnancy, STIs and other infections (23,24). Furthermore, for antiretroviral drugs the window phase is highly depended on the class of molecules, and physicochemical properties of the drug affect penetration of the cervicovaginal mucus, and drug delivery at site of interest as this affects efficacy and HIV acquisition (25). 
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Fig. 2: HIV infection timeline and protection of different ARV drug classes adapted from Miller and Shattock, (2003) (25)
 
The vaginal wall transudate, vulva secretions, exfoliated epithelial cells, and secretions from bacterial flora collectively form cervicovaginal fluid together with cervical mucus form the cervicovaginal mucus (CVM) (26). The composition and physical of the CVM affect drug penetration, permeability, distribution and retention within the vaginal epithelium which also serves as physical barrier with innate immunity mechanism (23,26). 

Data from preclinical and clinical work done in developing anti-HIV drug agents has shown several potential sites that can be targeted by small or large molecules in the inhibition of the retrovirus replication (25). Antiretrovirals can block one or several steps in the viral lifecycle. Understanding mechanism of transmission, target tissue and cells for virus, viral resistance and time to successful infection is important for the development of appropriate microbicides (27).

Drug resistance may occur but is currently low for those diagnosed taking oral prevention pills tenofovir and lamivudine containing preparations. Long acting cabotegravir injection has a few emerging cases of cross drug resistance among patients on HIV prophylaxis with integrase inhibitors in the same class (28). Dapivirine vaginal ring a non-nucleoside reverse transcriptase inhibitor showed low risk of transmission for drug resistant HIV for breakthrough infections occurring among PrEP users in a phase 3 study (29).
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Fig. 3: HIV life cycle and potential targets for inhibition in drug development (30)

Vaginal drug delivery offers an opportunity of controlled drug delivery that is discreet, economical, user friendly, good quality with the option for multipurpose prevention products that can not only prevent HIV infection but STIs, cervical cancer and/or pregnancy. Compared to traditional oral drug administration the potential to improve adherence, overcome social barriers to using PrEP, reduce systemic side effects while improving efficacy and more importantly giving end user better options for their choice of prevention product to use (5). Several product types have been developed from preclinical stage to clinal use including intravaginal rings, tablets, fast dissolving inserts, hydrogels and polymeric films. 

To enhance drug delivery with various dosage forms, APIs are incorporated or fabricated as nanoparticles. Based on previous research work done the ideal target product profile for NPs that can improve drug retention, reduce clearance through opsonisation and increase bio-adhesion in the vaginal lumen is shown in the table 1 and 2 (31,32).


Multiple considerations should be made in the product design of a microbicide as summarised in table 1.

Table 1: A summary of considerations to be made in formulation of microbicides for HIV prevention
	Product formulation, physicochemical characterization of a topical microbicide in vitro, in vivo and ex vivo testing (7,8,32,33) 

	Component
	Equipment required and/ rationale


	Preformulation characterization
	To understand and define the API, selection criteria for vaginal drug delivery and HIV prevention. Analytical method development (HPLC and LCMS), excipient and API compatibility. Thermal analytical methods using DSC for crystallinity and thermal behaviour.


	Formulation development
	Dosage form selection, Design of Experiment and process optimization, target product profile


	In vitro drug release studies
	Different equipment setup depending on dosage form type IV dissolution usually employed and biorelevant media as per USP guide. To determine and optimize drug release as target product profile


	Physicochemical and mechanical properties
	Rheometer (Viscosity determination), texture analysis, mucoadhesive properties 


	In vitro, in vivo and ex vivo efficacy and toxicity testing (free drug vs drug loaded carrier vs blank carrier vs control drug vs media)
	- To determine in vivo toxicity of products administered intravaginally to non-human primates (NHP) and 24 hours histopathological exams are carried using high power microscopes with a digital camera
- drug retention and distribution in vaginal lumen using ex vivo NHP model 
- drug-cell association determination using fluorescent activated cell sorting (FACS) was used to assess particle-cell associations and cell-specific particle distribution on ex vivo vaginal animal tissue 
- Retention profile of microbicide in reproductive tissue (ex vivo animal model)


	Lactobacillus compatibility

	Microbicide safety test with nonoxynol-9 control

	Product efficacy studies

	against HIV-1BaL in the TMZ-bl antiviral in vitro assay

	Ex vivo permeability (ADC vs free drug vs antibody)
	Comparative product permeability study using the Ex-Vivo Ectocervical Tissue Model in an In-Line Set-Up. Reduce use of animal models.

	in vivo pharmacokinetics in rodent model
	Confirm safety and pharmacokinetic profile of product. Alternative to NHP when an existing molecule on the market is repurposed from treatment to prevention.


	Accelerated Stability testing
	ICH compliant stability chambers




Table 2: Target product profile for nanoparticles used in vaginal delivery (31,32)

	Parameter   
	Value 
	Importance

	Particle size and morphology
	(100 – 200 nm); spherical to near spherical shape
	Improved penetration and retention in the CVM.


	Surface charge
	Close to neutral, slightly negative or positive charge
	Improved interaction with vaginal mucosa and retention of drug.


	pdI
	 pdI (<0.15)
	Narrow particle size range to assure uniform drug distribution per dosage unit


	Encapsulation efficiency
	>60%
	Higher payload and smaller dosage units


	Polymer properties
	Biocompatabile, degradable and bioadhesive 
	Retention of drug, penetration and slow release. Safety and clearance from the reproductive system




4. Conclusion

The need to develop prevention products for the female population can never be overstated. Gaps still exist in knowledge of the biological, chemical and physical roles that the female reproductive tract plays for fertility, protection from pathogens and cell regulation at different ages and hormonal cycles throughout the life of an individual. HIV infections and transmission rates remain higher in the adolescent to young adult age groups where risk factors tend still remain unclear from a clinical perspective. Cervical ectopy, early sexual debut, elevated levels of inflammatory cytokines and changes in cervical epithelia all play role in increased risk of HIV acquisition. 

Potential targets for drugs in the HIV life cycle exist, but the infection timeline from crossing the vaginal lumen to infection of regional lymph nodes and systemic circulation of the virus gives a prevention window from hours to a few days in which they may have greatest efficacy. These considerations are important in product design and selection of the active pharmaceutical ingredient. The ability to penetrate cervicovaginal mucus and reduce rate of clearance is also important in developing a microbicide. A rational approach to formulation development process, understanding the pharmacokinetics antiviral activity, mucoadhesion, safety, toxicity and patient acceptability all have an impact on product uptake and therapeutic efficacy.

STUDY HIGHLIGHTS:
· Natural barriers (biological, chemical and physical) to sexually transmitted infections
· The different factors that increase the risk of transmission of HIV and co-infections in the female reproductive tract 
· Opportunities and challenges for intravaginal drug delivery in HIV prevention technologies
· Preformulation and formulation methods for vaginal dosage forms designed for HIV prevention
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