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Cyclosporine A (CsA), a widely used immunosuppressant, signi�cantly impacts host-pathogen 
dynamics by inhibiting T cell activation through the calcineurin-NFAT pathway. CsA's e�ects on 
pathogen virulence and host susceptibility are evident in case studies of Cryptococcus neoformans 
and invertebrate host-pathogen systems. These studies reveal how CsA alters pathogen morphology, 
virulence factors, and overall pathogenicity, with implications for managing infections in 
immunocompromised patients. The emerging concern of pharmaceutical contaminants, including 
CsA, in aquatic environments highlights the complex dynamics of host-pathogen interactions in 
invertebrates. Immune responses play a crucial role in shaping population and evolutionary 
dynamics. Various host defense strategies are observed, including avoidance, tolerance, clearance, 
acquired immunity, and immune priming. Regulatory challenges in pharmaceutical contamination 
persist, with signi�cant gaps in current regulations, particularly regarding invertebrate protection 
and chronic, low-dose exposure assessments. There is a pressing need for more comprehensive 
ecological risk assessments that consider the indirect e�ects of immunosuppressants on ecosystem 
functioning. Future research directions include �eld studies, multigenerational investigations, and 
the development of predictive ecological models. These e�orts aim to enhance understanding of 
how pharmaceuticals like CsA a�ect invertebrate host-pathogen dynamics. Such research is crucial 
for informing more e�ective environmental risk assessments and developing targeted conservation 
strategies to protect vulnerable invertebrate populations and maintain ecosystem balance in the face 
of increasing pharmaceutical contamination.
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Understanding the dynamics of host-pathogen interactions in 
invertebrates is crucial for comprehending broader ecological 
and evolutionary processes. Invertebrates, which include 
organisms such as insects, crustaceans, and mollusks, constitute a 
signi�cant portion of global biodiversity and play vital roles in 
various ecosystems [1]. �ese roles range from pollination and 
decomposition to serving as prey for higher trophic levels [2]. 
However, the implications of their immune responses to 
pathogens, and how these interactions shape population and 
evolutionary dynamics, remain largely underexplored and 
warrant further investigation.

 Research into the evolution of host defense mechanisms 
against diseases has garnered considerable theoretical attention. 
Hosts may evolve various strategies to combat infections, 
including avoidance (reducing transmission), tolerance (lowering 
virulence), and clearance (increasing recovery) [3,4]. �ese 
strategies are in�uenced by ecological and epidemiological traits, 
as well as the life-history costs associated with heightened defense 
mechanisms [5]. For instance, theoretical models suggest that 
hosts may develop long-lived immunity against rapidly 
transmitting pathogens that exhibit intermediate virulence [3]. 
Such immunity can allow hosts to maintain a balance between 
survival and reproduction, which is essential for the persistence 
of species [5].

 Acquired immunity, where hosts become immune a�er 
recovering from an infection, has also been explored in 
theoretical studies [5,6]. �ese studies have shown that long-lived 

immunity is likely to evolve in hosts facing fast-transmitting 
pathogens [6,7]. Additionally, the coexistence of host types with 
varying durations of immunity is possible, re�ecting the 
diversity of evolutionary strategies within populations [6,7]. 
Investment in immunity can vary based on host lifespan and 
the costs associated with maintaining immunity [6]. Maternal 
transfer of immunity is another aspect that has been modeled, 
indicating that this transfer is maximized in hosts with longer 
lifespans against pathogens with intermediate virulence. Such 
maternal transfer can enhance o�spring survival and in�uence 
population dynamics over time [8].

 Despite these advances, the evolution of immune 
priming—where hosts develop a heightened immune response 
upon subsequent exposures to a pathogen—has not been 
extensively studied. Immune priming represents a sophisticated 
adaptation that can enhance host resilience against recurrent 
infections. Recent research, however, has demonstrated that 
immune priming can signi�cantly reduce infection prevalence 
and lead to complex population dynamics, including potential 
bistability between disease-free and endemic states. �is 
suggests that immune priming could play a signi�cant role in 
shaping the evolutionary trajectories of invertebrate 
populations, a�ecting both their survival and reproductive 
success [6].

 Understanding host-pathogen dynamics in invertebrates 
is critical for several reasons. Immune priming, by enabling 
hosts to escape or delay infection, is subject to strong selection 

pressures. �is suggests that immune priming could play a 
signi�cant role in shaping the evolutionary trajectories of 
invertebrate populations [6]. Moreover, the interactions between 
host immune responses and pathogen virulence can in�uence 
population stability, biodiversity, and ecosystem functioning [9]. 
Changes in these dynamics can have cascading e�ects 
throughout ecosystems, highlighting the importance of this area 
of study for maintaining ecological balance.

 To investigate these dynamics, models are employed to 
describe the interactions between susceptible, primed, and 
infected hosts. �ese models consider factors such as birth rates, 
transmission coe�cients, and mortality rates [10]. For instance, a 
model might describe how susceptible hosts become primed or 
infected upon exposure to a pathogen, and how these states 
impact overall population dynamics [11]. �e inclusion of 
immune priming in these models has revealed that hosts with 
primed immunity can exhibit more complex and stable 
population dynamics compared to traditional models of acquired 
immunity. �is complexity can result in more resilient 
populations capable of withstanding environmental �uctuations 
and pathogen pressures [12].

 Studying host-pathogen dynamics in invertebrates is vital 
for understanding how these organisms respond to disease 
threats and how these responses evolve over time. �eoretical 
and empirical insights gained from these studies can inform 
conservation e�orts, pest management, and ecosystem health 
monitoring [6-8]. By understanding the mechanisms underlying 
host-pathogen interactions, researchers can develop strategies to 
mitigate the impacts of diseases on invertebrate populations. 
Furthermore, the potential for pharmaceuticals to modulate 
these dynamics underscores the importance of integrating 
ecological and evolutionary perspectives into environmental risk 
assessments.

Pharmaceuticals and their Environmental Impact
Pharmaceuticals, including antibiotics, analgesics, and 
immunosuppressants, are emerging as signi�cant environmental 
contaminants [13]. �ese substances enter aquatic environments 
through wastewater discharge, agricultural runo�, and improper 
disposal [14]. Pharmaceuticals can have profound e�ects on 
non-target organisms, including invertebrates, by altering their 
physiological and immunological responses [15]. �is review 
focuses on the role of pharmaceuticals in modulating disease 
resistance in invertebrates, emphasizing the need for further 
research and standardized testing to evaluate their 
environmental impact comprehensively.

 Pharmaceuticals are emerging contaminants of concern 
due to their widespread use and subsequent release into the 
environment from various sources, including urban domestic 
e�uents, hospital e�uents, animal farming, and pharmaceutical 
manufacturing [16]. �ese substances can enter water bodies and 
impact aquatic organisms through various toxicity mechanisms, 
including acute and chronic e�ects [15,16]. Conventional 
wastewater treatment methods, such as chemical, physical, and 
biological approaches, have limitations in removing 
pharmaceuticals due to their diverse properties and low 
concentrations [17]. As such, new methods, including 
adsorption, enzymatic treatment, and advanced oxidation 
processes, are being explored for e�ective pharmaceutical 
removal [18].

 Biological treatments, such as activated sludge and 
anaerobic digestion, have shown potential in pharmaceutical 
biodegradation [19]. �ese methods leverage microbial activity 
to break down pharmaceutical compounds, potentially reducing 
their environmental impact [19]. However, more research is 
needed to fully understand the e�ciency and environmental 
impact of these methods, particularly concerning their 
e�ectiveness in di�erent ecological contexts. Current regulatory 
frameworks for pharmaceutical concentrations in wastewater 
discharges are limited, and further studies are required to 
establish acceptable standards and minimize their negative 
impacts on the environment.

The Case Study of Cyclosporine A (CsA)
Cyclosporine A (CsA), a neutral lipophilic cyclic undecapeptide 
derived from the fungus Hypocladium in�atum Gams, has been 
extensively utilized for treating allogra� rejection and 
gra�-versus-host disease since its immunosuppressive properties 
were �rst reported by Borel et al. in 1976 [20]. CsA's primary 
mechanism of action involves inhibiting T cell activation, which 
is crucial for its role in immunosuppression. �is 
immunosuppressive e�ect is vital for preventing organ transplant 
rejection and managing autoimmune disorders [21-23].

Mechanism of action
CsA binding to cyclophilin A

CsA binds with high a�nity to cyclophilins, especially 
cyclophilin A, which is the most abundant cyclophilin in T cells 
[24,25]. Cyclophilins are ubiquitous cytosolic proteins with 
peptidyl-proline cis-trans isomerase (PPIase) activity, possibly 
mediating protein folding [26]. Although CsA inhibits the PPIase 
activity of cyclophilins, this inhibition is not involved in the 
mechanism of immunosuppression. Some CsA analogues that 
fail to block T cell activation can still inhibit PPIase activity, 
indicating a di�erent mechanism is at play for 
immunosuppression [27,28].

Inhibition of calcineurin activity

�e cyclophilin-CsA complex, but not cyclophilin alone, 
associates with calcineurin (also termed PP2B), a cytosolic 
protein serine/threonine phosphatase regulated by 
Ca2+/calmodulin [29]. Calcineurin consists of two subunits: a 
catalytic subunit (calcineurin A, CnA) and a regulatory subunit 
(calcineurin B, CnB) [30]. T cell receptor (TCR) engagement 
induces elevated intracellular calcium levels, activating 
calmodulin. Activated calmodulin interacts with CnA, releasing 
its autoinhibitory domain and activating its phosphatase activity 
[31]. �e cyclophilin-CsA complex binds directly to CnA, 
inhibiting its phosphatase activity. CsA does not inhibit certain 
Ca2+-independent T cell activation pathways, such as stimulation 
through CD28 in the presence of PMA, highlighting its 
speci�city [31].

Prevention of NFAT dephosphorylation and nuclear 
translocation

Calcineurin dephosphorylates NFAT family members, allowing 
their nuclear translocation to activate gene expression through 
the NF-AT cis-element [32]. Activated calcineurin translocates 
into the nucleus with NFAT family members, potentially 
maintaining sustained NFAT activation. NFAT1, NFAT2, and 
NFAT4 are involved in activating genes encoding cytokines, 

including IL-2, IL-4, and CD40L [32-36]. By inhibiting 
calcineurin-mediated dephosphorylation, CsA prevents the 
nuclear translocation of these NFAT members and subsequent 
gene expression in activated T cells. �is inhibition of the 
calcineurin-NFAT pathway is a crucial mechanism of 
CsA-mediated immunosuppression. �is pathway is essential for 
the activation of various immune responses, including those 
involved in in�ammation and autoimmune diseases [30].

Resultant immunosuppressive effects
Increased susceptibility to infections

CsA suppresses the immune response by inhibiting T-cell 
activation, leading to increased susceptibility to a range of 
infections [37]. �is immunosuppression allows pathogens to 
thrive in the host, as the immune system's ability to combat these 
invaders is signi�cantly weakened. For instance, patients on CsA 
therapy are at higher risk of opportunistic infections, including 
fungal, bacterial, and viral pathogens. �e increased vulnerability 
to infections necessitates careful management and prophylactic 
measures to prevent severe disease outcomes [38].

Alteration in pathogen virulence

CsA can a�ect the virulence of pathogens directly. By inhibiting 
calcineurin, CsA interferes with the stress response mechanisms 
of pathogens, potentially altering their growth, survival, and 
virulence factor expression [39]. For example, in Cryptococcus 
neoformans, CsA impacts the production of virulence factors 
such as polysaccharide capsules, melanin, bio�lms, and 
extracellular enzymes, which are crucial for the pathogen's 
adaptability and pathogenicity. �is alteration can in�uence the 
pathogen's ability to establish and maintain infections, a�ecting 
both the severity of disease and the course of treatment [40].

Case Studies
Cryptococcus neoformans

�is pathogenic fungus primarily a�ects immunocompromised 
individuals. CsA inhibition of calcineurin signi�cantly impacts 
C. neoformans's virulence. Understanding the e�ects of CsA on 
this pathogen is crucial for developing e�ective treatments and 
managing infections in immunocompromised patients [41].

Impact on virulence factors: CsA treatment reduces the size of 
the polysaccharide capsule and cell body diameter, which are 
critical for evading the host immune response [40]. �e capsule 
size is directly related to the fungus's ability to resist phagocytosis 
and establish infection. Additionally, CsA increases chitin 
content in the cell wall, alters secreted polysaccharides' structure, 
and reduces urease and phospholipase activity, which are vital for 
tissue invasion and nutrient acquisition. �ese changes can 
impact the pathogen's ability to cause disease and may necessitate 
adjustments in treatment strategies [40].

E�ects on morphology and viability: CsA-treated C. 
neoformans cells exhibit morphological changes, such as 
irregular shapes and continuous budding, indicating potential 
defects in cell division and growth. Despite these changes, the 
cells remain viable and metabolically active, suggesting that CsA 
a�ects speci�c pathways rather than causing overall cellular 
toxicity. �is observation highlights the need for targeted 
infections by suppressing immune responses like antimicrobial 
peptide production [42]. �is suppression can lead to higher 
infection rates and potentially more severe disease outcomes. 
Additionally, CsA's e�ect on fungal pathogens can alter their 

ability to produce virulence factors necessary for overcoming 
insect immune defenses. �e altered dynamics between host and 
pathogen can provide insights into disease management 
strategies and enhance our understanding of immune system 
interactions [43].

Insect-bacterial pathogen interactions: Similarly, CsA 
treatment in bacterial infections may lead to increased bacterial 
load and altered expression of bacterial virulence genes. �e 
impact of CsA on bacterial pathogens can in�uence their ability 
to establish and maintain infections, a�ecting both disease 
progression and treatment e�cacy. Studying these interactions 
can reveal important information about the broader e�ects of 
immunosuppressive drugs on microbial communities and host 
health [43,44].

Broader implications for immunocompromised 
populations
�e increasing population of immunocompromised 
individuals, due to advances in medical treatments such as 
organ transplants and therapies for autoimmune diseases, 
underscores the importance of understanding the impact of 
immunosuppressive drugs like CsA on host-pathogen dynamics.

Regulatory aspects
Current regulations regarding pharmaceutical contamination, 
particularly concerning invertebrate protection, are o�en 
inadequate or non-existent in many jurisdictions. �is regulatory 
gap poses signi�cant challenges for protecting invertebrate 
populations from the e�ects of drugs like CsA.

Lack of invertebrate-speci�c guidelines: Most environmental 
quality standards for pharmaceuticals are based on vertebrate 
toxicity data, potentially underestimating risks to invertebrates 
[44].

Mixture e�ects: Regulations o�en fail to account for the 
combinatorial e�ects of multiple pharmaceutical contaminants, 
which may have synergistic impacts on invertebrate immunity 
[45].

Chronic exposure: Current testing protocols typically focus on 
acute toxicity, neglecting the potential long-term e�ects of 
chronic, low-dose exposure to pharmaceuticals like CsA on 
invertebrate populations [46].

Ecological risk assessment: �ere's a need for more 
comprehensive ecological risk assessment frameworks that 
consider the indirect e�ects of immunosuppressants on 
ecosystem functioning through their impacts on invertebrate 
host-pathogen dynamics [47].

Clinical considerations

• Prophylactic measures: Patients on CsA therapy may require 
additional prophylactic measures to prevent opportunistic 
infections, including antifungal, antibacterial, and antiviral 
treatments [48].

• Monitoring and management: Regular monitoring of 
infection markers and early intervention strategies are crucial 
to manage infections in patients receiving CsA [49].

Future research directions
To address the gaps in our understanding of how CsA and 
similar pharmaceuticals a�ect invertebrate host-pathogen 
dynamics, several key areas for future research emerge:

Field studies: Long-term monitoring of invertebrate populations 
and their pathogens in environments with known 
pharmaceutical contamination to assess real-world impacts [50].

Multigenerational studies: Investigating the potential for 
transgenerational e�ects of CsA exposure on invertebrate 
immune function and pathogen resistance [51].

Molecular mechanisms: Elucidating the speci�c molecular 
pathways through which CsA a�ects invertebrate immune 
responses, potentially identifying conserved mechanisms across 
taxa [52].

Biomarker development: Identifying reliable biomarkers of 
immunosuppression in key invertebrate taxa to facilitate 
environmental monitoring [53].

Mixture toxicity: Investigating the combined e�ects of CsA with 
other common aquatic contaminants on invertebrate immunity 
and pathogen virulence [53].

Ecological modeling: Developing predictive models that 
integrate the e�ects of pharmaceutical contaminants on 
host-pathogen dynamics into broader ecosystem models [54].

Conclusions
�e study of host-pathogen dynamics in invertebrates, 
particularly regarding pharmaceutical contamination by 
immunosuppressants like Cyclosporine A (CsA), reveals 
complex interactions with signi�cant ecological implications. 
CsA impacts both host immunity and pathogen virulence, 
underscoring the delicate balance in these systems and 
highlighting the potential for disruption due to environmental 
contamination. Case studies of Cryptococcus neoformans and 
invertebrate host-pathogen systems demonstrate CsA's 
multifaceted e�ects, including altered pathogen morphology and 
increased host susceptibility. �ese �ndings emphasize the need 
for a comprehensive understanding of how pharmaceuticals 
in�uence ecosystem health at multiple levels. Current regulatory 
frameworks inadequately address pharmaceutical contamination 
challenges, particularly concerning invertebrate protection. 
Regulatory gaps, especially regarding chronic, low-dose 
exposures and mixture e�ects, call for more robust and 
species-speci�c guidelines. Interdisciplinary research combining 
�eld studies, multigenerational investigations, and ecological 
modeling will be crucial. Such e�orts will enhance our 
understanding of the long-term impacts of pharmaceutical 
contaminants on invertebrate populations and ecosystem 
dynamics. Developing reliable biomarkers and comprehensive 
risk assessment frameworks will be key to e�ective 
environmental monitoring and conservation strategies. �is 
research has signi�cant implications for environmental 
protection and human health, given the increasing prevalence of 
immunocompromised populations. By deepening our 
understanding of these interactions, we can develop e�ective 
strategies to mitigate the impacts of pharmaceutical 
contamination and preserve the delicate balance of invertebrate 
host-pathogen dynamics in our ecosystems.
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Understanding the dynamics of host-pathogen interactions in 
invertebrates is crucial for comprehending broader ecological 
and evolutionary processes. Invertebrates, which include 
organisms such as insects, crustaceans, and mollusks, constitute a 
signi�cant portion of global biodiversity and play vital roles in 
various ecosystems [1]. �ese roles range from pollination and 
decomposition to serving as prey for higher trophic levels [2]. 
However, the implications of their immune responses to 
pathogens, and how these interactions shape population and 
evolutionary dynamics, remain largely underexplored and 
warrant further investigation.

 Research into the evolution of host defense mechanisms 
against diseases has garnered considerable theoretical attention. 
Hosts may evolve various strategies to combat infections, 
including avoidance (reducing transmission), tolerance (lowering 
virulence), and clearance (increasing recovery) [3,4]. �ese 
strategies are in�uenced by ecological and epidemiological traits, 
as well as the life-history costs associated with heightened defense 
mechanisms [5]. For instance, theoretical models suggest that 
hosts may develop long-lived immunity against rapidly 
transmitting pathogens that exhibit intermediate virulence [3]. 
Such immunity can allow hosts to maintain a balance between 
survival and reproduction, which is essential for the persistence 
of species [5].

 Acquired immunity, where hosts become immune a�er 
recovering from an infection, has also been explored in 
theoretical studies [5,6]. �ese studies have shown that long-lived 

immunity is likely to evolve in hosts facing fast-transmitting 
pathogens [6,7]. Additionally, the coexistence of host types with 
varying durations of immunity is possible, re�ecting the 
diversity of evolutionary strategies within populations [6,7]. 
Investment in immunity can vary based on host lifespan and 
the costs associated with maintaining immunity [6]. Maternal 
transfer of immunity is another aspect that has been modeled, 
indicating that this transfer is maximized in hosts with longer 
lifespans against pathogens with intermediate virulence. Such 
maternal transfer can enhance o�spring survival and in�uence 
population dynamics over time [8].

 Despite these advances, the evolution of immune 
priming—where hosts develop a heightened immune response 
upon subsequent exposures to a pathogen—has not been 
extensively studied. Immune priming represents a sophisticated 
adaptation that can enhance host resilience against recurrent 
infections. Recent research, however, has demonstrated that 
immune priming can signi�cantly reduce infection prevalence 
and lead to complex population dynamics, including potential 
bistability between disease-free and endemic states. �is 
suggests that immune priming could play a signi�cant role in 
shaping the evolutionary trajectories of invertebrate 
populations, a�ecting both their survival and reproductive 
success [6].

 Understanding host-pathogen dynamics in invertebrates 
is critical for several reasons. Immune priming, by enabling 
hosts to escape or delay infection, is subject to strong selection 

pressures. �is suggests that immune priming could play a 
signi�cant role in shaping the evolutionary trajectories of 
invertebrate populations [6]. Moreover, the interactions between 
host immune responses and pathogen virulence can in�uence 
population stability, biodiversity, and ecosystem functioning [9]. 
Changes in these dynamics can have cascading e�ects 
throughout ecosystems, highlighting the importance of this area 
of study for maintaining ecological balance.

 To investigate these dynamics, models are employed to 
describe the interactions between susceptible, primed, and 
infected hosts. �ese models consider factors such as birth rates, 
transmission coe�cients, and mortality rates [10]. For instance, a 
model might describe how susceptible hosts become primed or 
infected upon exposure to a pathogen, and how these states 
impact overall population dynamics [11]. �e inclusion of 
immune priming in these models has revealed that hosts with 
primed immunity can exhibit more complex and stable 
population dynamics compared to traditional models of acquired 
immunity. �is complexity can result in more resilient 
populations capable of withstanding environmental �uctuations 
and pathogen pressures [12].

 Studying host-pathogen dynamics in invertebrates is vital 
for understanding how these organisms respond to disease 
threats and how these responses evolve over time. �eoretical 
and empirical insights gained from these studies can inform 
conservation e�orts, pest management, and ecosystem health 
monitoring [6-8]. By understanding the mechanisms underlying 
host-pathogen interactions, researchers can develop strategies to 
mitigate the impacts of diseases on invertebrate populations. 
Furthermore, the potential for pharmaceuticals to modulate 
these dynamics underscores the importance of integrating 
ecological and evolutionary perspectives into environmental risk 
assessments.

Pharmaceuticals and their Environmental Impact
Pharmaceuticals, including antibiotics, analgesics, and 
immunosuppressants, are emerging as signi�cant environmental 
contaminants [13]. �ese substances enter aquatic environments 
through wastewater discharge, agricultural runo�, and improper 
disposal [14]. Pharmaceuticals can have profound e�ects on 
non-target organisms, including invertebrates, by altering their 
physiological and immunological responses [15]. �is review 
focuses on the role of pharmaceuticals in modulating disease 
resistance in invertebrates, emphasizing the need for further 
research and standardized testing to evaluate their 
environmental impact comprehensively.

 Pharmaceuticals are emerging contaminants of concern 
due to their widespread use and subsequent release into the 
environment from various sources, including urban domestic 
e�uents, hospital e�uents, animal farming, and pharmaceutical 
manufacturing [16]. �ese substances can enter water bodies and 
impact aquatic organisms through various toxicity mechanisms, 
including acute and chronic e�ects [15,16]. Conventional 
wastewater treatment methods, such as chemical, physical, and 
biological approaches, have limitations in removing 
pharmaceuticals due to their diverse properties and low 
concentrations [17]. As such, new methods, including 
adsorption, enzymatic treatment, and advanced oxidation 
processes, are being explored for e�ective pharmaceutical 
removal [18].

 Biological treatments, such as activated sludge and 
anaerobic digestion, have shown potential in pharmaceutical 
biodegradation [19]. �ese methods leverage microbial activity 
to break down pharmaceutical compounds, potentially reducing 
their environmental impact [19]. However, more research is 
needed to fully understand the e�ciency and environmental 
impact of these methods, particularly concerning their 
e�ectiveness in di�erent ecological contexts. Current regulatory 
frameworks for pharmaceutical concentrations in wastewater 
discharges are limited, and further studies are required to 
establish acceptable standards and minimize their negative 
impacts on the environment.

The Case Study of Cyclosporine A (CsA)
Cyclosporine A (CsA), a neutral lipophilic cyclic undecapeptide 
derived from the fungus Hypocladium in�atum Gams, has been 
extensively utilized for treating allogra� rejection and 
gra�-versus-host disease since its immunosuppressive properties 
were �rst reported by Borel et al. in 1976 [20]. CsA's primary 
mechanism of action involves inhibiting T cell activation, which 
is crucial for its role in immunosuppression. �is 
immunosuppressive e�ect is vital for preventing organ transplant 
rejection and managing autoimmune disorders [21-23].

Mechanism of action
CsA binding to cyclophilin A

CsA binds with high a�nity to cyclophilins, especially 
cyclophilin A, which is the most abundant cyclophilin in T cells 
[24,25]. Cyclophilins are ubiquitous cytosolic proteins with 
peptidyl-proline cis-trans isomerase (PPIase) activity, possibly 
mediating protein folding [26]. Although CsA inhibits the PPIase 
activity of cyclophilins, this inhibition is not involved in the 
mechanism of immunosuppression. Some CsA analogues that 
fail to block T cell activation can still inhibit PPIase activity, 
indicating a di�erent mechanism is at play for 
immunosuppression [27,28].

Inhibition of calcineurin activity

�e cyclophilin-CsA complex, but not cyclophilin alone, 
associates with calcineurin (also termed PP2B), a cytosolic 
protein serine/threonine phosphatase regulated by 
Ca2+/calmodulin [29]. Calcineurin consists of two subunits: a 
catalytic subunit (calcineurin A, CnA) and a regulatory subunit 
(calcineurin B, CnB) [30]. T cell receptor (TCR) engagement 
induces elevated intracellular calcium levels, activating 
calmodulin. Activated calmodulin interacts with CnA, releasing 
its autoinhibitory domain and activating its phosphatase activity 
[31]. �e cyclophilin-CsA complex binds directly to CnA, 
inhibiting its phosphatase activity. CsA does not inhibit certain 
Ca2+-independent T cell activation pathways, such as stimulation 
through CD28 in the presence of PMA, highlighting its 
speci�city [31].

Prevention of NFAT dephosphorylation and nuclear 
translocation

Calcineurin dephosphorylates NFAT family members, allowing 
their nuclear translocation to activate gene expression through 
the NF-AT cis-element [32]. Activated calcineurin translocates 
into the nucleus with NFAT family members, potentially 
maintaining sustained NFAT activation. NFAT1, NFAT2, and 
NFAT4 are involved in activating genes encoding cytokines, 

including IL-2, IL-4, and CD40L [32-36]. By inhibiting 
calcineurin-mediated dephosphorylation, CsA prevents the 
nuclear translocation of these NFAT members and subsequent 
gene expression in activated T cells. �is inhibition of the 
calcineurin-NFAT pathway is a crucial mechanism of 
CsA-mediated immunosuppression. �is pathway is essential for 
the activation of various immune responses, including those 
involved in in�ammation and autoimmune diseases [30].

Resultant immunosuppressive effects
Increased susceptibility to infections

CsA suppresses the immune response by inhibiting T-cell 
activation, leading to increased susceptibility to a range of 
infections [37]. �is immunosuppression allows pathogens to 
thrive in the host, as the immune system's ability to combat these 
invaders is signi�cantly weakened. For instance, patients on CsA 
therapy are at higher risk of opportunistic infections, including 
fungal, bacterial, and viral pathogens. �e increased vulnerability 
to infections necessitates careful management and prophylactic 
measures to prevent severe disease outcomes [38].

Alteration in pathogen virulence

CsA can a�ect the virulence of pathogens directly. By inhibiting 
calcineurin, CsA interferes with the stress response mechanisms 
of pathogens, potentially altering their growth, survival, and 
virulence factor expression [39]. For example, in Cryptococcus 
neoformans, CsA impacts the production of virulence factors 
such as polysaccharide capsules, melanin, bio�lms, and 
extracellular enzymes, which are crucial for the pathogen's 
adaptability and pathogenicity. �is alteration can in�uence the 
pathogen's ability to establish and maintain infections, a�ecting 
both the severity of disease and the course of treatment [40].

Case Studies
Cryptococcus neoformans

�is pathogenic fungus primarily a�ects immunocompromised 
individuals. CsA inhibition of calcineurin signi�cantly impacts 
C. neoformans's virulence. Understanding the e�ects of CsA on 
this pathogen is crucial for developing e�ective treatments and 
managing infections in immunocompromised patients [41].

Impact on virulence factors: CsA treatment reduces the size of 
the polysaccharide capsule and cell body diameter, which are 
critical for evading the host immune response [40]. �e capsule 
size is directly related to the fungus's ability to resist phagocytosis 
and establish infection. Additionally, CsA increases chitin 
content in the cell wall, alters secreted polysaccharides' structure, 
and reduces urease and phospholipase activity, which are vital for 
tissue invasion and nutrient acquisition. �ese changes can 
impact the pathogen's ability to cause disease and may necessitate 
adjustments in treatment strategies [40].

E�ects on morphology and viability: CsA-treated C. 
neoformans cells exhibit morphological changes, such as 
irregular shapes and continuous budding, indicating potential 
defects in cell division and growth. Despite these changes, the 
cells remain viable and metabolically active, suggesting that CsA 
a�ects speci�c pathways rather than causing overall cellular 
toxicity. �is observation highlights the need for targeted 
infections by suppressing immune responses like antimicrobial 
peptide production [42]. �is suppression can lead to higher 
infection rates and potentially more severe disease outcomes. 
Additionally, CsA's e�ect on fungal pathogens can alter their 

ability to produce virulence factors necessary for overcoming 
insect immune defenses. �e altered dynamics between host and 
pathogen can provide insights into disease management 
strategies and enhance our understanding of immune system 
interactions [43].

Insect-bacterial pathogen interactions: Similarly, CsA 
treatment in bacterial infections may lead to increased bacterial 
load and altered expression of bacterial virulence genes. �e 
impact of CsA on bacterial pathogens can in�uence their ability 
to establish and maintain infections, a�ecting both disease 
progression and treatment e�cacy. Studying these interactions 
can reveal important information about the broader e�ects of 
immunosuppressive drugs on microbial communities and host 
health [43,44].

Broader implications for immunocompromised 
populations
�e increasing population of immunocompromised 
individuals, due to advances in medical treatments such as 
organ transplants and therapies for autoimmune diseases, 
underscores the importance of understanding the impact of 
immunosuppressive drugs like CsA on host-pathogen dynamics.

Regulatory aspects
Current regulations regarding pharmaceutical contamination, 
particularly concerning invertebrate protection, are o�en 
inadequate or non-existent in many jurisdictions. �is regulatory 
gap poses signi�cant challenges for protecting invertebrate 
populations from the e�ects of drugs like CsA.

Lack of invertebrate-speci�c guidelines: Most environmental 
quality standards for pharmaceuticals are based on vertebrate 
toxicity data, potentially underestimating risks to invertebrates 
[44].

Mixture e�ects: Regulations o�en fail to account for the 
combinatorial e�ects of multiple pharmaceutical contaminants, 
which may have synergistic impacts on invertebrate immunity 
[45].

Chronic exposure: Current testing protocols typically focus on 
acute toxicity, neglecting the potential long-term e�ects of 
chronic, low-dose exposure to pharmaceuticals like CsA on 
invertebrate populations [46].

Ecological risk assessment: �ere's a need for more 
comprehensive ecological risk assessment frameworks that 
consider the indirect e�ects of immunosuppressants on 
ecosystem functioning through their impacts on invertebrate 
host-pathogen dynamics [47].

Clinical considerations

• Prophylactic measures: Patients on CsA therapy may require 
additional prophylactic measures to prevent opportunistic 
infections, including antifungal, antibacterial, and antiviral 
treatments [48].

• Monitoring and management: Regular monitoring of 
infection markers and early intervention strategies are crucial 
to manage infections in patients receiving CsA [49].

Future research directions
To address the gaps in our understanding of how CsA and 
similar pharmaceuticals a�ect invertebrate host-pathogen 
dynamics, several key areas for future research emerge:

Field studies: Long-term monitoring of invertebrate populations 
and their pathogens in environments with known 
pharmaceutical contamination to assess real-world impacts [50].

Multigenerational studies: Investigating the potential for 
transgenerational e�ects of CsA exposure on invertebrate 
immune function and pathogen resistance [51].

Molecular mechanisms: Elucidating the speci�c molecular 
pathways through which CsA a�ects invertebrate immune 
responses, potentially identifying conserved mechanisms across 
taxa [52].

Biomarker development: Identifying reliable biomarkers of 
immunosuppression in key invertebrate taxa to facilitate 
environmental monitoring [53].

Mixture toxicity: Investigating the combined e�ects of CsA with 
other common aquatic contaminants on invertebrate immunity 
and pathogen virulence [53].

Ecological modeling: Developing predictive models that 
integrate the e�ects of pharmaceutical contaminants on 
host-pathogen dynamics into broader ecosystem models [54].

Conclusions
�e study of host-pathogen dynamics in invertebrates, 
particularly regarding pharmaceutical contamination by 
immunosuppressants like Cyclosporine A (CsA), reveals 
complex interactions with signi�cant ecological implications. 
CsA impacts both host immunity and pathogen virulence, 
underscoring the delicate balance in these systems and 
highlighting the potential for disruption due to environmental 
contamination. Case studies of Cryptococcus neoformans and 
invertebrate host-pathogen systems demonstrate CsA's 
multifaceted e�ects, including altered pathogen morphology and 
increased host susceptibility. �ese �ndings emphasize the need 
for a comprehensive understanding of how pharmaceuticals 
in�uence ecosystem health at multiple levels. Current regulatory 
frameworks inadequately address pharmaceutical contamination 
challenges, particularly concerning invertebrate protection. 
Regulatory gaps, especially regarding chronic, low-dose 
exposures and mixture e�ects, call for more robust and 
species-speci�c guidelines. Interdisciplinary research combining 
�eld studies, multigenerational investigations, and ecological 
modeling will be crucial. Such e�orts will enhance our 
understanding of the long-term impacts of pharmaceutical 
contaminants on invertebrate populations and ecosystem 
dynamics. Developing reliable biomarkers and comprehensive 
risk assessment frameworks will be key to e�ective 
environmental monitoring and conservation strategies. �is 
research has signi�cant implications for environmental 
protection and human health, given the increasing prevalence of 
immunocompromised populations. By deepening our 
understanding of these interactions, we can develop e�ective 
strategies to mitigate the impacts of pharmaceutical 
contamination and preserve the delicate balance of invertebrate 
host-pathogen dynamics in our ecosystems.
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Understanding the dynamics of host-pathogen interactions in 
invertebrates is crucial for comprehending broader ecological 
and evolutionary processes. Invertebrates, which include 
organisms such as insects, crustaceans, and mollusks, constitute a 
signi�cant portion of global biodiversity and play vital roles in 
various ecosystems [1]. �ese roles range from pollination and 
decomposition to serving as prey for higher trophic levels [2]. 
However, the implications of their immune responses to 
pathogens, and how these interactions shape population and 
evolutionary dynamics, remain largely underexplored and 
warrant further investigation.

 Research into the evolution of host defense mechanisms 
against diseases has garnered considerable theoretical attention. 
Hosts may evolve various strategies to combat infections, 
including avoidance (reducing transmission), tolerance (lowering 
virulence), and clearance (increasing recovery) [3,4]. �ese 
strategies are in�uenced by ecological and epidemiological traits, 
as well as the life-history costs associated with heightened defense 
mechanisms [5]. For instance, theoretical models suggest that 
hosts may develop long-lived immunity against rapidly 
transmitting pathogens that exhibit intermediate virulence [3]. 
Such immunity can allow hosts to maintain a balance between 
survival and reproduction, which is essential for the persistence 
of species [5].

 Acquired immunity, where hosts become immune a�er 
recovering from an infection, has also been explored in 
theoretical studies [5,6]. �ese studies have shown that long-lived 

immunity is likely to evolve in hosts facing fast-transmitting 
pathogens [6,7]. Additionally, the coexistence of host types with 
varying durations of immunity is possible, re�ecting the 
diversity of evolutionary strategies within populations [6,7]. 
Investment in immunity can vary based on host lifespan and 
the costs associated with maintaining immunity [6]. Maternal 
transfer of immunity is another aspect that has been modeled, 
indicating that this transfer is maximized in hosts with longer 
lifespans against pathogens with intermediate virulence. Such 
maternal transfer can enhance o�spring survival and in�uence 
population dynamics over time [8].

 Despite these advances, the evolution of immune 
priming—where hosts develop a heightened immune response 
upon subsequent exposures to a pathogen—has not been 
extensively studied. Immune priming represents a sophisticated 
adaptation that can enhance host resilience against recurrent 
infections. Recent research, however, has demonstrated that 
immune priming can signi�cantly reduce infection prevalence 
and lead to complex population dynamics, including potential 
bistability between disease-free and endemic states. �is 
suggests that immune priming could play a signi�cant role in 
shaping the evolutionary trajectories of invertebrate 
populations, a�ecting both their survival and reproductive 
success [6].

 Understanding host-pathogen dynamics in invertebrates 
is critical for several reasons. Immune priming, by enabling 
hosts to escape or delay infection, is subject to strong selection 

pressures. �is suggests that immune priming could play a 
signi�cant role in shaping the evolutionary trajectories of 
invertebrate populations [6]. Moreover, the interactions between 
host immune responses and pathogen virulence can in�uence 
population stability, biodiversity, and ecosystem functioning [9]. 
Changes in these dynamics can have cascading e�ects 
throughout ecosystems, highlighting the importance of this area 
of study for maintaining ecological balance.

 To investigate these dynamics, models are employed to 
describe the interactions between susceptible, primed, and 
infected hosts. �ese models consider factors such as birth rates, 
transmission coe�cients, and mortality rates [10]. For instance, a 
model might describe how susceptible hosts become primed or 
infected upon exposure to a pathogen, and how these states 
impact overall population dynamics [11]. �e inclusion of 
immune priming in these models has revealed that hosts with 
primed immunity can exhibit more complex and stable 
population dynamics compared to traditional models of acquired 
immunity. �is complexity can result in more resilient 
populations capable of withstanding environmental �uctuations 
and pathogen pressures [12].

 Studying host-pathogen dynamics in invertebrates is vital 
for understanding how these organisms respond to disease 
threats and how these responses evolve over time. �eoretical 
and empirical insights gained from these studies can inform 
conservation e�orts, pest management, and ecosystem health 
monitoring [6-8]. By understanding the mechanisms underlying 
host-pathogen interactions, researchers can develop strategies to 
mitigate the impacts of diseases on invertebrate populations. 
Furthermore, the potential for pharmaceuticals to modulate 
these dynamics underscores the importance of integrating 
ecological and evolutionary perspectives into environmental risk 
assessments.

Pharmaceuticals and their Environmental Impact
Pharmaceuticals, including antibiotics, analgesics, and 
immunosuppressants, are emerging as signi�cant environmental 
contaminants [13]. �ese substances enter aquatic environments 
through wastewater discharge, agricultural runo�, and improper 
disposal [14]. Pharmaceuticals can have profound e�ects on 
non-target organisms, including invertebrates, by altering their 
physiological and immunological responses [15]. �is review 
focuses on the role of pharmaceuticals in modulating disease 
resistance in invertebrates, emphasizing the need for further 
research and standardized testing to evaluate their 
environmental impact comprehensively.

 Pharmaceuticals are emerging contaminants of concern 
due to their widespread use and subsequent release into the 
environment from various sources, including urban domestic 
e�uents, hospital e�uents, animal farming, and pharmaceutical 
manufacturing [16]. �ese substances can enter water bodies and 
impact aquatic organisms through various toxicity mechanisms, 
including acute and chronic e�ects [15,16]. Conventional 
wastewater treatment methods, such as chemical, physical, and 
biological approaches, have limitations in removing 
pharmaceuticals due to their diverse properties and low 
concentrations [17]. As such, new methods, including 
adsorption, enzymatic treatment, and advanced oxidation 
processes, are being explored for e�ective pharmaceutical 
removal [18].

 Biological treatments, such as activated sludge and 
anaerobic digestion, have shown potential in pharmaceutical 
biodegradation [19]. �ese methods leverage microbial activity 
to break down pharmaceutical compounds, potentially reducing 
their environmental impact [19]. However, more research is 
needed to fully understand the e�ciency and environmental 
impact of these methods, particularly concerning their 
e�ectiveness in di�erent ecological contexts. Current regulatory 
frameworks for pharmaceutical concentrations in wastewater 
discharges are limited, and further studies are required to 
establish acceptable standards and minimize their negative 
impacts on the environment.

The Case Study of Cyclosporine A (CsA)
Cyclosporine A (CsA), a neutral lipophilic cyclic undecapeptide 
derived from the fungus Hypocladium in�atum Gams, has been 
extensively utilized for treating allogra� rejection and 
gra�-versus-host disease since its immunosuppressive properties 
were �rst reported by Borel et al. in 1976 [20]. CsA's primary 
mechanism of action involves inhibiting T cell activation, which 
is crucial for its role in immunosuppression. �is 
immunosuppressive e�ect is vital for preventing organ transplant 
rejection and managing autoimmune disorders [21-23].

Mechanism of action
CsA binding to cyclophilin A

CsA binds with high a�nity to cyclophilins, especially 
cyclophilin A, which is the most abundant cyclophilin in T cells 
[24,25]. Cyclophilins are ubiquitous cytosolic proteins with 
peptidyl-proline cis-trans isomerase (PPIase) activity, possibly 
mediating protein folding [26]. Although CsA inhibits the PPIase 
activity of cyclophilins, this inhibition is not involved in the 
mechanism of immunosuppression. Some CsA analogues that 
fail to block T cell activation can still inhibit PPIase activity, 
indicating a di�erent mechanism is at play for 
immunosuppression [27,28].

Inhibition of calcineurin activity

�e cyclophilin-CsA complex, but not cyclophilin alone, 
associates with calcineurin (also termed PP2B), a cytosolic 
protein serine/threonine phosphatase regulated by 
Ca2+/calmodulin [29]. Calcineurin consists of two subunits: a 
catalytic subunit (calcineurin A, CnA) and a regulatory subunit 
(calcineurin B, CnB) [30]. T cell receptor (TCR) engagement 
induces elevated intracellular calcium levels, activating 
calmodulin. Activated calmodulin interacts with CnA, releasing 
its autoinhibitory domain and activating its phosphatase activity 
[31]. �e cyclophilin-CsA complex binds directly to CnA, 
inhibiting its phosphatase activity. CsA does not inhibit certain 
Ca2+-independent T cell activation pathways, such as stimulation 
through CD28 in the presence of PMA, highlighting its 
speci�city [31].

Prevention of NFAT dephosphorylation and nuclear 
translocation

Calcineurin dephosphorylates NFAT family members, allowing 
their nuclear translocation to activate gene expression through 
the NF-AT cis-element [32]. Activated calcineurin translocates 
into the nucleus with NFAT family members, potentially 
maintaining sustained NFAT activation. NFAT1, NFAT2, and 
NFAT4 are involved in activating genes encoding cytokines, 

including IL-2, IL-4, and CD40L [32-36]. By inhibiting 
calcineurin-mediated dephosphorylation, CsA prevents the 
nuclear translocation of these NFAT members and subsequent 
gene expression in activated T cells. �is inhibition of the 
calcineurin-NFAT pathway is a crucial mechanism of 
CsA-mediated immunosuppression. �is pathway is essential for 
the activation of various immune responses, including those 
involved in in�ammation and autoimmune diseases [30].

Resultant immunosuppressive effects
Increased susceptibility to infections

CsA suppresses the immune response by inhibiting T-cell 
activation, leading to increased susceptibility to a range of 
infections [37]. �is immunosuppression allows pathogens to 
thrive in the host, as the immune system's ability to combat these 
invaders is signi�cantly weakened. For instance, patients on CsA 
therapy are at higher risk of opportunistic infections, including 
fungal, bacterial, and viral pathogens. �e increased vulnerability 
to infections necessitates careful management and prophylactic 
measures to prevent severe disease outcomes [38].

Alteration in pathogen virulence

CsA can a�ect the virulence of pathogens directly. By inhibiting 
calcineurin, CsA interferes with the stress response mechanisms 
of pathogens, potentially altering their growth, survival, and 
virulence factor expression [39]. For example, in Cryptococcus 
neoformans, CsA impacts the production of virulence factors 
such as polysaccharide capsules, melanin, bio�lms, and 
extracellular enzymes, which are crucial for the pathogen's 
adaptability and pathogenicity. �is alteration can in�uence the 
pathogen's ability to establish and maintain infections, a�ecting 
both the severity of disease and the course of treatment [40].

Case Studies
Cryptococcus neoformans

�is pathogenic fungus primarily a�ects immunocompromised 
individuals. CsA inhibition of calcineurin signi�cantly impacts 
C. neoformans's virulence. Understanding the e�ects of CsA on 
this pathogen is crucial for developing e�ective treatments and 
managing infections in immunocompromised patients [41].

Impact on virulence factors: CsA treatment reduces the size of 
the polysaccharide capsule and cell body diameter, which are 
critical for evading the host immune response [40]. �e capsule 
size is directly related to the fungus's ability to resist phagocytosis 
and establish infection. Additionally, CsA increases chitin 
content in the cell wall, alters secreted polysaccharides' structure, 
and reduces urease and phospholipase activity, which are vital for 
tissue invasion and nutrient acquisition. �ese changes can 
impact the pathogen's ability to cause disease and may necessitate 
adjustments in treatment strategies [40].

E�ects on morphology and viability: CsA-treated C. 
neoformans cells exhibit morphological changes, such as 
irregular shapes and continuous budding, indicating potential 
defects in cell division and growth. Despite these changes, the 
cells remain viable and metabolically active, suggesting that CsA 
a�ects speci�c pathways rather than causing overall cellular 
toxicity. �is observation highlights the need for targeted 
infections by suppressing immune responses like antimicrobial 
peptide production [42]. �is suppression can lead to higher 
infection rates and potentially more severe disease outcomes. 
Additionally, CsA's e�ect on fungal pathogens can alter their 

ability to produce virulence factors necessary for overcoming 
insect immune defenses. �e altered dynamics between host and 
pathogen can provide insights into disease management 
strategies and enhance our understanding of immune system 
interactions [43].

Insect-bacterial pathogen interactions: Similarly, CsA 
treatment in bacterial infections may lead to increased bacterial 
load and altered expression of bacterial virulence genes. �e 
impact of CsA on bacterial pathogens can in�uence their ability 
to establish and maintain infections, a�ecting both disease 
progression and treatment e�cacy. Studying these interactions 
can reveal important information about the broader e�ects of 
immunosuppressive drugs on microbial communities and host 
health [43,44].

Broader implications for immunocompromised 
populations
�e increasing population of immunocompromised 
individuals, due to advances in medical treatments such as 
organ transplants and therapies for autoimmune diseases, 
underscores the importance of understanding the impact of 
immunosuppressive drugs like CsA on host-pathogen dynamics.

Regulatory aspects
Current regulations regarding pharmaceutical contamination, 
particularly concerning invertebrate protection, are o�en 
inadequate or non-existent in many jurisdictions. �is regulatory 
gap poses signi�cant challenges for protecting invertebrate 
populations from the e�ects of drugs like CsA.

Lack of invertebrate-speci�c guidelines: Most environmental 
quality standards for pharmaceuticals are based on vertebrate 
toxicity data, potentially underestimating risks to invertebrates 
[44].

Mixture e�ects: Regulations o�en fail to account for the 
combinatorial e�ects of multiple pharmaceutical contaminants, 
which may have synergistic impacts on invertebrate immunity 
[45].

Chronic exposure: Current testing protocols typically focus on 
acute toxicity, neglecting the potential long-term e�ects of 
chronic, low-dose exposure to pharmaceuticals like CsA on 
invertebrate populations [46].

Ecological risk assessment: �ere's a need for more 
comprehensive ecological risk assessment frameworks that 
consider the indirect e�ects of immunosuppressants on 
ecosystem functioning through their impacts on invertebrate 
host-pathogen dynamics [47].

Clinical considerations

• Prophylactic measures: Patients on CsA therapy may require 
additional prophylactic measures to prevent opportunistic 
infections, including antifungal, antibacterial, and antiviral 
treatments [48].

• Monitoring and management: Regular monitoring of 
infection markers and early intervention strategies are crucial 
to manage infections in patients receiving CsA [49].

Future research directions
To address the gaps in our understanding of how CsA and 
similar pharmaceuticals a�ect invertebrate host-pathogen 
dynamics, several key areas for future research emerge:

Field studies: Long-term monitoring of invertebrate populations 
and their pathogens in environments with known 
pharmaceutical contamination to assess real-world impacts [50].

Multigenerational studies: Investigating the potential for 
transgenerational e�ects of CsA exposure on invertebrate 
immune function and pathogen resistance [51].

Molecular mechanisms: Elucidating the speci�c molecular 
pathways through which CsA a�ects invertebrate immune 
responses, potentially identifying conserved mechanisms across 
taxa [52].

Biomarker development: Identifying reliable biomarkers of 
immunosuppression in key invertebrate taxa to facilitate 
environmental monitoring [53].

Mixture toxicity: Investigating the combined e�ects of CsA with 
other common aquatic contaminants on invertebrate immunity 
and pathogen virulence [53].

Ecological modeling: Developing predictive models that 
integrate the e�ects of pharmaceutical contaminants on 
host-pathogen dynamics into broader ecosystem models [54].

Conclusions
�e study of host-pathogen dynamics in invertebrates, 
particularly regarding pharmaceutical contamination by 
immunosuppressants like Cyclosporine A (CsA), reveals 
complex interactions with signi�cant ecological implications. 
CsA impacts both host immunity and pathogen virulence, 
underscoring the delicate balance in these systems and 
highlighting the potential for disruption due to environmental 
contamination. Case studies of Cryptococcus neoformans and 
invertebrate host-pathogen systems demonstrate CsA's 
multifaceted e�ects, including altered pathogen morphology and 
increased host susceptibility. �ese �ndings emphasize the need 
for a comprehensive understanding of how pharmaceuticals 
in�uence ecosystem health at multiple levels. Current regulatory 
frameworks inadequately address pharmaceutical contamination 
challenges, particularly concerning invertebrate protection. 
Regulatory gaps, especially regarding chronic, low-dose 
exposures and mixture e�ects, call for more robust and 
species-speci�c guidelines. Interdisciplinary research combining 
�eld studies, multigenerational investigations, and ecological 
modeling will be crucial. Such e�orts will enhance our 
understanding of the long-term impacts of pharmaceutical 
contaminants on invertebrate populations and ecosystem 
dynamics. Developing reliable biomarkers and comprehensive 
risk assessment frameworks will be key to e�ective 
environmental monitoring and conservation strategies. �is 
research has signi�cant implications for environmental 
protection and human health, given the increasing prevalence of 
immunocompromised populations. By deepening our 
understanding of these interactions, we can develop e�ective 
strategies to mitigate the impacts of pharmaceutical 
contamination and preserve the delicate balance of invertebrate 
host-pathogen dynamics in our ecosystems.
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Understanding the dynamics of host-pathogen interactions in 
invertebrates is crucial for comprehending broader ecological 
and evolutionary processes. Invertebrates, which include 
organisms such as insects, crustaceans, and mollusks, constitute a 
signi�cant portion of global biodiversity and play vital roles in 
various ecosystems [1]. �ese roles range from pollination and 
decomposition to serving as prey for higher trophic levels [2]. 
However, the implications of their immune responses to 
pathogens, and how these interactions shape population and 
evolutionary dynamics, remain largely underexplored and 
warrant further investigation.

 Research into the evolution of host defense mechanisms 
against diseases has garnered considerable theoretical attention. 
Hosts may evolve various strategies to combat infections, 
including avoidance (reducing transmission), tolerance (lowering 
virulence), and clearance (increasing recovery) [3,4]. �ese 
strategies are in�uenced by ecological and epidemiological traits, 
as well as the life-history costs associated with heightened defense 
mechanisms [5]. For instance, theoretical models suggest that 
hosts may develop long-lived immunity against rapidly 
transmitting pathogens that exhibit intermediate virulence [3]. 
Such immunity can allow hosts to maintain a balance between 
survival and reproduction, which is essential for the persistence 
of species [5].

 Acquired immunity, where hosts become immune a�er 
recovering from an infection, has also been explored in 
theoretical studies [5,6]. �ese studies have shown that long-lived 

immunity is likely to evolve in hosts facing fast-transmitting 
pathogens [6,7]. Additionally, the coexistence of host types with 
varying durations of immunity is possible, re�ecting the 
diversity of evolutionary strategies within populations [6,7]. 
Investment in immunity can vary based on host lifespan and 
the costs associated with maintaining immunity [6]. Maternal 
transfer of immunity is another aspect that has been modeled, 
indicating that this transfer is maximized in hosts with longer 
lifespans against pathogens with intermediate virulence. Such 
maternal transfer can enhance o�spring survival and in�uence 
population dynamics over time [8].

 Despite these advances, the evolution of immune 
priming—where hosts develop a heightened immune response 
upon subsequent exposures to a pathogen—has not been 
extensively studied. Immune priming represents a sophisticated 
adaptation that can enhance host resilience against recurrent 
infections. Recent research, however, has demonstrated that 
immune priming can signi�cantly reduce infection prevalence 
and lead to complex population dynamics, including potential 
bistability between disease-free and endemic states. �is 
suggests that immune priming could play a signi�cant role in 
shaping the evolutionary trajectories of invertebrate 
populations, a�ecting both their survival and reproductive 
success [6].

 Understanding host-pathogen dynamics in invertebrates 
is critical for several reasons. Immune priming, by enabling 
hosts to escape or delay infection, is subject to strong selection 

pressures. �is suggests that immune priming could play a 
signi�cant role in shaping the evolutionary trajectories of 
invertebrate populations [6]. Moreover, the interactions between 
host immune responses and pathogen virulence can in�uence 
population stability, biodiversity, and ecosystem functioning [9]. 
Changes in these dynamics can have cascading e�ects 
throughout ecosystems, highlighting the importance of this area 
of study for maintaining ecological balance.

 To investigate these dynamics, models are employed to 
describe the interactions between susceptible, primed, and 
infected hosts. �ese models consider factors such as birth rates, 
transmission coe�cients, and mortality rates [10]. For instance, a 
model might describe how susceptible hosts become primed or 
infected upon exposure to a pathogen, and how these states 
impact overall population dynamics [11]. �e inclusion of 
immune priming in these models has revealed that hosts with 
primed immunity can exhibit more complex and stable 
population dynamics compared to traditional models of acquired 
immunity. �is complexity can result in more resilient 
populations capable of withstanding environmental �uctuations 
and pathogen pressures [12].

 Studying host-pathogen dynamics in invertebrates is vital 
for understanding how these organisms respond to disease 
threats and how these responses evolve over time. �eoretical 
and empirical insights gained from these studies can inform 
conservation e�orts, pest management, and ecosystem health 
monitoring [6-8]. By understanding the mechanisms underlying 
host-pathogen interactions, researchers can develop strategies to 
mitigate the impacts of diseases on invertebrate populations. 
Furthermore, the potential for pharmaceuticals to modulate 
these dynamics underscores the importance of integrating 
ecological and evolutionary perspectives into environmental risk 
assessments.

Pharmaceuticals and their Environmental Impact
Pharmaceuticals, including antibiotics, analgesics, and 
immunosuppressants, are emerging as signi�cant environmental 
contaminants [13]. �ese substances enter aquatic environments 
through wastewater discharge, agricultural runo�, and improper 
disposal [14]. Pharmaceuticals can have profound e�ects on 
non-target organisms, including invertebrates, by altering their 
physiological and immunological responses [15]. �is review 
focuses on the role of pharmaceuticals in modulating disease 
resistance in invertebrates, emphasizing the need for further 
research and standardized testing to evaluate their 
environmental impact comprehensively.

 Pharmaceuticals are emerging contaminants of concern 
due to their widespread use and subsequent release into the 
environment from various sources, including urban domestic 
e�uents, hospital e�uents, animal farming, and pharmaceutical 
manufacturing [16]. �ese substances can enter water bodies and 
impact aquatic organisms through various toxicity mechanisms, 
including acute and chronic e�ects [15,16]. Conventional 
wastewater treatment methods, such as chemical, physical, and 
biological approaches, have limitations in removing 
pharmaceuticals due to their diverse properties and low 
concentrations [17]. As such, new methods, including 
adsorption, enzymatic treatment, and advanced oxidation 
processes, are being explored for e�ective pharmaceutical 
removal [18].

 Biological treatments, such as activated sludge and 
anaerobic digestion, have shown potential in pharmaceutical 
biodegradation [19]. �ese methods leverage microbial activity 
to break down pharmaceutical compounds, potentially reducing 
their environmental impact [19]. However, more research is 
needed to fully understand the e�ciency and environmental 
impact of these methods, particularly concerning their 
e�ectiveness in di�erent ecological contexts. Current regulatory 
frameworks for pharmaceutical concentrations in wastewater 
discharges are limited, and further studies are required to 
establish acceptable standards and minimize their negative 
impacts on the environment.

The Case Study of Cyclosporine A (CsA)
Cyclosporine A (CsA), a neutral lipophilic cyclic undecapeptide 
derived from the fungus Hypocladium in�atum Gams, has been 
extensively utilized for treating allogra� rejection and 
gra�-versus-host disease since its immunosuppressive properties 
were �rst reported by Borel et al. in 1976 [20]. CsA's primary 
mechanism of action involves inhibiting T cell activation, which 
is crucial for its role in immunosuppression. �is 
immunosuppressive e�ect is vital for preventing organ transplant 
rejection and managing autoimmune disorders [21-23].

Mechanism of action
CsA binding to cyclophilin A

CsA binds with high a�nity to cyclophilins, especially 
cyclophilin A, which is the most abundant cyclophilin in T cells 
[24,25]. Cyclophilins are ubiquitous cytosolic proteins with 
peptidyl-proline cis-trans isomerase (PPIase) activity, possibly 
mediating protein folding [26]. Although CsA inhibits the PPIase 
activity of cyclophilins, this inhibition is not involved in the 
mechanism of immunosuppression. Some CsA analogues that 
fail to block T cell activation can still inhibit PPIase activity, 
indicating a di�erent mechanism is at play for 
immunosuppression [27,28].

Inhibition of calcineurin activity

�e cyclophilin-CsA complex, but not cyclophilin alone, 
associates with calcineurin (also termed PP2B), a cytosolic 
protein serine/threonine phosphatase regulated by 
Ca2+/calmodulin [29]. Calcineurin consists of two subunits: a 
catalytic subunit (calcineurin A, CnA) and a regulatory subunit 
(calcineurin B, CnB) [30]. T cell receptor (TCR) engagement 
induces elevated intracellular calcium levels, activating 
calmodulin. Activated calmodulin interacts with CnA, releasing 
its autoinhibitory domain and activating its phosphatase activity 
[31]. �e cyclophilin-CsA complex binds directly to CnA, 
inhibiting its phosphatase activity. CsA does not inhibit certain 
Ca2+-independent T cell activation pathways, such as stimulation 
through CD28 in the presence of PMA, highlighting its 
speci�city [31].

Prevention of NFAT dephosphorylation and nuclear 
translocation

Calcineurin dephosphorylates NFAT family members, allowing 
their nuclear translocation to activate gene expression through 
the NF-AT cis-element [32]. Activated calcineurin translocates 
into the nucleus with NFAT family members, potentially 
maintaining sustained NFAT activation. NFAT1, NFAT2, and 
NFAT4 are involved in activating genes encoding cytokines, 

including IL-2, IL-4, and CD40L [32-36]. By inhibiting 
calcineurin-mediated dephosphorylation, CsA prevents the 
nuclear translocation of these NFAT members and subsequent 
gene expression in activated T cells. �is inhibition of the 
calcineurin-NFAT pathway is a crucial mechanism of 
CsA-mediated immunosuppression. �is pathway is essential for 
the activation of various immune responses, including those 
involved in in�ammation and autoimmune diseases [30].

Resultant immunosuppressive effects
Increased susceptibility to infections

CsA suppresses the immune response by inhibiting T-cell 
activation, leading to increased susceptibility to a range of 
infections [37]. �is immunosuppression allows pathogens to 
thrive in the host, as the immune system's ability to combat these 
invaders is signi�cantly weakened. For instance, patients on CsA 
therapy are at higher risk of opportunistic infections, including 
fungal, bacterial, and viral pathogens. �e increased vulnerability 
to infections necessitates careful management and prophylactic 
measures to prevent severe disease outcomes [38].

Alteration in pathogen virulence

CsA can a�ect the virulence of pathogens directly. By inhibiting 
calcineurin, CsA interferes with the stress response mechanisms 
of pathogens, potentially altering their growth, survival, and 
virulence factor expression [39]. For example, in Cryptococcus 
neoformans, CsA impacts the production of virulence factors 
such as polysaccharide capsules, melanin, bio�lms, and 
extracellular enzymes, which are crucial for the pathogen's 
adaptability and pathogenicity. �is alteration can in�uence the 
pathogen's ability to establish and maintain infections, a�ecting 
both the severity of disease and the course of treatment [40].

Case Studies
Cryptococcus neoformans

�is pathogenic fungus primarily a�ects immunocompromised 
individuals. CsA inhibition of calcineurin signi�cantly impacts 
C. neoformans's virulence. Understanding the e�ects of CsA on 
this pathogen is crucial for developing e�ective treatments and 
managing infections in immunocompromised patients [41].

Impact on virulence factors: CsA treatment reduces the size of 
the polysaccharide capsule and cell body diameter, which are 
critical for evading the host immune response [40]. �e capsule 
size is directly related to the fungus's ability to resist phagocytosis 
and establish infection. Additionally, CsA increases chitin 
content in the cell wall, alters secreted polysaccharides' structure, 
and reduces urease and phospholipase activity, which are vital for 
tissue invasion and nutrient acquisition. �ese changes can 
impact the pathogen's ability to cause disease and may necessitate 
adjustments in treatment strategies [40].

E�ects on morphology and viability: CsA-treated C. 
neoformans cells exhibit morphological changes, such as 
irregular shapes and continuous budding, indicating potential 
defects in cell division and growth. Despite these changes, the 
cells remain viable and metabolically active, suggesting that CsA 
a�ects speci�c pathways rather than causing overall cellular 
toxicity. �is observation highlights the need for targeted 
infections by suppressing immune responses like antimicrobial 
peptide production [42]. �is suppression can lead to higher 
infection rates and potentially more severe disease outcomes. 
Additionally, CsA's e�ect on fungal pathogens can alter their 

ability to produce virulence factors necessary for overcoming 
insect immune defenses. �e altered dynamics between host and 
pathogen can provide insights into disease management 
strategies and enhance our understanding of immune system 
interactions [43].

Insect-bacterial pathogen interactions: Similarly, CsA 
treatment in bacterial infections may lead to increased bacterial 
load and altered expression of bacterial virulence genes. �e 
impact of CsA on bacterial pathogens can in�uence their ability 
to establish and maintain infections, a�ecting both disease 
progression and treatment e�cacy. Studying these interactions 
can reveal important information about the broader e�ects of 
immunosuppressive drugs on microbial communities and host 
health [43,44].

Broader implications for immunocompromised 
populations
�e increasing population of immunocompromised 
individuals, due to advances in medical treatments such as 
organ transplants and therapies for autoimmune diseases, 
underscores the importance of understanding the impact of 
immunosuppressive drugs like CsA on host-pathogen dynamics.

Regulatory aspects
Current regulations regarding pharmaceutical contamination, 
particularly concerning invertebrate protection, are o�en 
inadequate or non-existent in many jurisdictions. �is regulatory 
gap poses signi�cant challenges for protecting invertebrate 
populations from the e�ects of drugs like CsA.

Lack of invertebrate-speci�c guidelines: Most environmental 
quality standards for pharmaceuticals are based on vertebrate 
toxicity data, potentially underestimating risks to invertebrates 
[44].

Mixture e�ects: Regulations o�en fail to account for the 
combinatorial e�ects of multiple pharmaceutical contaminants, 
which may have synergistic impacts on invertebrate immunity 
[45].

Chronic exposure: Current testing protocols typically focus on 
acute toxicity, neglecting the potential long-term e�ects of 
chronic, low-dose exposure to pharmaceuticals like CsA on 
invertebrate populations [46].

Ecological risk assessment: �ere's a need for more 
comprehensive ecological risk assessment frameworks that 
consider the indirect e�ects of immunosuppressants on 
ecosystem functioning through their impacts on invertebrate 
host-pathogen dynamics [47].

Clinical considerations

• Prophylactic measures: Patients on CsA therapy may require 
additional prophylactic measures to prevent opportunistic 
infections, including antifungal, antibacterial, and antiviral 
treatments [48].

• Monitoring and management: Regular monitoring of 
infection markers and early intervention strategies are crucial 
to manage infections in patients receiving CsA [49].

Future research directions
To address the gaps in our understanding of how CsA and 
similar pharmaceuticals a�ect invertebrate host-pathogen 
dynamics, several key areas for future research emerge:

Field studies: Long-term monitoring of invertebrate populations 
and their pathogens in environments with known 
pharmaceutical contamination to assess real-world impacts [50].

Multigenerational studies: Investigating the potential for 
transgenerational e�ects of CsA exposure on invertebrate 
immune function and pathogen resistance [51].

Molecular mechanisms: Elucidating the speci�c molecular 
pathways through which CsA a�ects invertebrate immune 
responses, potentially identifying conserved mechanisms across 
taxa [52].

Biomarker development: Identifying reliable biomarkers of 
immunosuppression in key invertebrate taxa to facilitate 
environmental monitoring [53].

Mixture toxicity: Investigating the combined e�ects of CsA with 
other common aquatic contaminants on invertebrate immunity 
and pathogen virulence [53].

Ecological modeling: Developing predictive models that 
integrate the e�ects of pharmaceutical contaminants on 
host-pathogen dynamics into broader ecosystem models [54].

Conclusions
�e study of host-pathogen dynamics in invertebrates, 
particularly regarding pharmaceutical contamination by 
immunosuppressants like Cyclosporine A (CsA), reveals 
complex interactions with signi�cant ecological implications. 
CsA impacts both host immunity and pathogen virulence, 
underscoring the delicate balance in these systems and 
highlighting the potential for disruption due to environmental 
contamination. Case studies of Cryptococcus neoformans and 
invertebrate host-pathogen systems demonstrate CsA's 
multifaceted e�ects, including altered pathogen morphology and 
increased host susceptibility. �ese �ndings emphasize the need 
for a comprehensive understanding of how pharmaceuticals 
in�uence ecosystem health at multiple levels. Current regulatory 
frameworks inadequately address pharmaceutical contamination 
challenges, particularly concerning invertebrate protection. 
Regulatory gaps, especially regarding chronic, low-dose 
exposures and mixture e�ects, call for more robust and 
species-speci�c guidelines. Interdisciplinary research combining 
�eld studies, multigenerational investigations, and ecological 
modeling will be crucial. Such e�orts will enhance our 
understanding of the long-term impacts of pharmaceutical 
contaminants on invertebrate populations and ecosystem 
dynamics. Developing reliable biomarkers and comprehensive 
risk assessment frameworks will be key to e�ective 
environmental monitoring and conservation strategies. �is 
research has signi�cant implications for environmental 
protection and human health, given the increasing prevalence of 
immunocompromised populations. By deepening our 
understanding of these interactions, we can develop e�ective 
strategies to mitigate the impacts of pharmaceutical 
contamination and preserve the delicate balance of invertebrate 
host-pathogen dynamics in our ecosystems.
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Understanding the dynamics of host-pathogen interactions in 
invertebrates is crucial for comprehending broader ecological 
and evolutionary processes. Invertebrates, which include 
organisms such as insects, crustaceans, and mollusks, constitute a 
signi�cant portion of global biodiversity and play vital roles in 
various ecosystems [1]. �ese roles range from pollination and 
decomposition to serving as prey for higher trophic levels [2]. 
However, the implications of their immune responses to 
pathogens, and how these interactions shape population and 
evolutionary dynamics, remain largely underexplored and 
warrant further investigation.

 Research into the evolution of host defense mechanisms 
against diseases has garnered considerable theoretical attention. 
Hosts may evolve various strategies to combat infections, 
including avoidance (reducing transmission), tolerance (lowering 
virulence), and clearance (increasing recovery) [3,4]. �ese 
strategies are in�uenced by ecological and epidemiological traits, 
as well as the life-history costs associated with heightened defense 
mechanisms [5]. For instance, theoretical models suggest that 
hosts may develop long-lived immunity against rapidly 
transmitting pathogens that exhibit intermediate virulence [3]. 
Such immunity can allow hosts to maintain a balance between 
survival and reproduction, which is essential for the persistence 
of species [5].

 Acquired immunity, where hosts become immune a�er 
recovering from an infection, has also been explored in 
theoretical studies [5,6]. �ese studies have shown that long-lived 

immunity is likely to evolve in hosts facing fast-transmitting 
pathogens [6,7]. Additionally, the coexistence of host types with 
varying durations of immunity is possible, re�ecting the 
diversity of evolutionary strategies within populations [6,7]. 
Investment in immunity can vary based on host lifespan and 
the costs associated with maintaining immunity [6]. Maternal 
transfer of immunity is another aspect that has been modeled, 
indicating that this transfer is maximized in hosts with longer 
lifespans against pathogens with intermediate virulence. Such 
maternal transfer can enhance o�spring survival and in�uence 
population dynamics over time [8].

 Despite these advances, the evolution of immune 
priming—where hosts develop a heightened immune response 
upon subsequent exposures to a pathogen—has not been 
extensively studied. Immune priming represents a sophisticated 
adaptation that can enhance host resilience against recurrent 
infections. Recent research, however, has demonstrated that 
immune priming can signi�cantly reduce infection prevalence 
and lead to complex population dynamics, including potential 
bistability between disease-free and endemic states. �is 
suggests that immune priming could play a signi�cant role in 
shaping the evolutionary trajectories of invertebrate 
populations, a�ecting both their survival and reproductive 
success [6].

 Understanding host-pathogen dynamics in invertebrates 
is critical for several reasons. Immune priming, by enabling 
hosts to escape or delay infection, is subject to strong selection 

pressures. �is suggests that immune priming could play a 
signi�cant role in shaping the evolutionary trajectories of 
invertebrate populations [6]. Moreover, the interactions between 
host immune responses and pathogen virulence can in�uence 
population stability, biodiversity, and ecosystem functioning [9]. 
Changes in these dynamics can have cascading e�ects 
throughout ecosystems, highlighting the importance of this area 
of study for maintaining ecological balance.

 To investigate these dynamics, models are employed to 
describe the interactions between susceptible, primed, and 
infected hosts. �ese models consider factors such as birth rates, 
transmission coe�cients, and mortality rates [10]. For instance, a 
model might describe how susceptible hosts become primed or 
infected upon exposure to a pathogen, and how these states 
impact overall population dynamics [11]. �e inclusion of 
immune priming in these models has revealed that hosts with 
primed immunity can exhibit more complex and stable 
population dynamics compared to traditional models of acquired 
immunity. �is complexity can result in more resilient 
populations capable of withstanding environmental �uctuations 
and pathogen pressures [12].

 Studying host-pathogen dynamics in invertebrates is vital 
for understanding how these organisms respond to disease 
threats and how these responses evolve over time. �eoretical 
and empirical insights gained from these studies can inform 
conservation e�orts, pest management, and ecosystem health 
monitoring [6-8]. By understanding the mechanisms underlying 
host-pathogen interactions, researchers can develop strategies to 
mitigate the impacts of diseases on invertebrate populations. 
Furthermore, the potential for pharmaceuticals to modulate 
these dynamics underscores the importance of integrating 
ecological and evolutionary perspectives into environmental risk 
assessments.

Pharmaceuticals and their Environmental Impact
Pharmaceuticals, including antibiotics, analgesics, and 
immunosuppressants, are emerging as signi�cant environmental 
contaminants [13]. �ese substances enter aquatic environments 
through wastewater discharge, agricultural runo�, and improper 
disposal [14]. Pharmaceuticals can have profound e�ects on 
non-target organisms, including invertebrates, by altering their 
physiological and immunological responses [15]. �is review 
focuses on the role of pharmaceuticals in modulating disease 
resistance in invertebrates, emphasizing the need for further 
research and standardized testing to evaluate their 
environmental impact comprehensively.

 Pharmaceuticals are emerging contaminants of concern 
due to their widespread use and subsequent release into the 
environment from various sources, including urban domestic 
e�uents, hospital e�uents, animal farming, and pharmaceutical 
manufacturing [16]. �ese substances can enter water bodies and 
impact aquatic organisms through various toxicity mechanisms, 
including acute and chronic e�ects [15,16]. Conventional 
wastewater treatment methods, such as chemical, physical, and 
biological approaches, have limitations in removing 
pharmaceuticals due to their diverse properties and low 
concentrations [17]. As such, new methods, including 
adsorption, enzymatic treatment, and advanced oxidation 
processes, are being explored for e�ective pharmaceutical 
removal [18].

 Biological treatments, such as activated sludge and 
anaerobic digestion, have shown potential in pharmaceutical 
biodegradation [19]. �ese methods leverage microbial activity 
to break down pharmaceutical compounds, potentially reducing 
their environmental impact [19]. However, more research is 
needed to fully understand the e�ciency and environmental 
impact of these methods, particularly concerning their 
e�ectiveness in di�erent ecological contexts. Current regulatory 
frameworks for pharmaceutical concentrations in wastewater 
discharges are limited, and further studies are required to 
establish acceptable standards and minimize their negative 
impacts on the environment.

The Case Study of Cyclosporine A (CsA)
Cyclosporine A (CsA), a neutral lipophilic cyclic undecapeptide 
derived from the fungus Hypocladium in�atum Gams, has been 
extensively utilized for treating allogra� rejection and 
gra�-versus-host disease since its immunosuppressive properties 
were �rst reported by Borel et al. in 1976 [20]. CsA's primary 
mechanism of action involves inhibiting T cell activation, which 
is crucial for its role in immunosuppression. �is 
immunosuppressive e�ect is vital for preventing organ transplant 
rejection and managing autoimmune disorders [21-23].

Mechanism of action
CsA binding to cyclophilin A

CsA binds with high a�nity to cyclophilins, especially 
cyclophilin A, which is the most abundant cyclophilin in T cells 
[24,25]. Cyclophilins are ubiquitous cytosolic proteins with 
peptidyl-proline cis-trans isomerase (PPIase) activity, possibly 
mediating protein folding [26]. Although CsA inhibits the PPIase 
activity of cyclophilins, this inhibition is not involved in the 
mechanism of immunosuppression. Some CsA analogues that 
fail to block T cell activation can still inhibit PPIase activity, 
indicating a di�erent mechanism is at play for 
immunosuppression [27,28].

Inhibition of calcineurin activity

�e cyclophilin-CsA complex, but not cyclophilin alone, 
associates with calcineurin (also termed PP2B), a cytosolic 
protein serine/threonine phosphatase regulated by 
Ca2+/calmodulin [29]. Calcineurin consists of two subunits: a 
catalytic subunit (calcineurin A, CnA) and a regulatory subunit 
(calcineurin B, CnB) [30]. T cell receptor (TCR) engagement 
induces elevated intracellular calcium levels, activating 
calmodulin. Activated calmodulin interacts with CnA, releasing 
its autoinhibitory domain and activating its phosphatase activity 
[31]. �e cyclophilin-CsA complex binds directly to CnA, 
inhibiting its phosphatase activity. CsA does not inhibit certain 
Ca2+-independent T cell activation pathways, such as stimulation 
through CD28 in the presence of PMA, highlighting its 
speci�city [31].

Prevention of NFAT dephosphorylation and nuclear 
translocation

Calcineurin dephosphorylates NFAT family members, allowing 
their nuclear translocation to activate gene expression through 
the NF-AT cis-element [32]. Activated calcineurin translocates 
into the nucleus with NFAT family members, potentially 
maintaining sustained NFAT activation. NFAT1, NFAT2, and 
NFAT4 are involved in activating genes encoding cytokines, 

including IL-2, IL-4, and CD40L [32-36]. By inhibiting 
calcineurin-mediated dephosphorylation, CsA prevents the 
nuclear translocation of these NFAT members and subsequent 
gene expression in activated T cells. �is inhibition of the 
calcineurin-NFAT pathway is a crucial mechanism of 
CsA-mediated immunosuppression. �is pathway is essential for 
the activation of various immune responses, including those 
involved in in�ammation and autoimmune diseases [30].

Resultant immunosuppressive effects
Increased susceptibility to infections

CsA suppresses the immune response by inhibiting T-cell 
activation, leading to increased susceptibility to a range of 
infections [37]. �is immunosuppression allows pathogens to 
thrive in the host, as the immune system's ability to combat these 
invaders is signi�cantly weakened. For instance, patients on CsA 
therapy are at higher risk of opportunistic infections, including 
fungal, bacterial, and viral pathogens. �e increased vulnerability 
to infections necessitates careful management and prophylactic 
measures to prevent severe disease outcomes [38].

Alteration in pathogen virulence

CsA can a�ect the virulence of pathogens directly. By inhibiting 
calcineurin, CsA interferes with the stress response mechanisms 
of pathogens, potentially altering their growth, survival, and 
virulence factor expression [39]. For example, in Cryptococcus 
neoformans, CsA impacts the production of virulence factors 
such as polysaccharide capsules, melanin, bio�lms, and 
extracellular enzymes, which are crucial for the pathogen's 
adaptability and pathogenicity. �is alteration can in�uence the 
pathogen's ability to establish and maintain infections, a�ecting 
both the severity of disease and the course of treatment [40].

Case Studies
Cryptococcus neoformans

�is pathogenic fungus primarily a�ects immunocompromised 
individuals. CsA inhibition of calcineurin signi�cantly impacts 
C. neoformans's virulence. Understanding the e�ects of CsA on 
this pathogen is crucial for developing e�ective treatments and 
managing infections in immunocompromised patients [41].

Impact on virulence factors: CsA treatment reduces the size of 
the polysaccharide capsule and cell body diameter, which are 
critical for evading the host immune response [40]. �e capsule 
size is directly related to the fungus's ability to resist phagocytosis 
and establish infection. Additionally, CsA increases chitin 
content in the cell wall, alters secreted polysaccharides' structure, 
and reduces urease and phospholipase activity, which are vital for 
tissue invasion and nutrient acquisition. �ese changes can 
impact the pathogen's ability to cause disease and may necessitate 
adjustments in treatment strategies [40].

E�ects on morphology and viability: CsA-treated C. 
neoformans cells exhibit morphological changes, such as 
irregular shapes and continuous budding, indicating potential 
defects in cell division and growth. Despite these changes, the 
cells remain viable and metabolically active, suggesting that CsA 
a�ects speci�c pathways rather than causing overall cellular 
toxicity. �is observation highlights the need for targeted 
infections by suppressing immune responses like antimicrobial 
peptide production [42]. �is suppression can lead to higher 
infection rates and potentially more severe disease outcomes. 
Additionally, CsA's e�ect on fungal pathogens can alter their 

ability to produce virulence factors necessary for overcoming 
insect immune defenses. �e altered dynamics between host and 
pathogen can provide insights into disease management 
strategies and enhance our understanding of immune system 
interactions [43].

Insect-bacterial pathogen interactions: Similarly, CsA 
treatment in bacterial infections may lead to increased bacterial 
load and altered expression of bacterial virulence genes. �e 
impact of CsA on bacterial pathogens can in�uence their ability 
to establish and maintain infections, a�ecting both disease 
progression and treatment e�cacy. Studying these interactions 
can reveal important information about the broader e�ects of 
immunosuppressive drugs on microbial communities and host 
health [43,44].

Broader implications for immunocompromised 
populations
�e increasing population of immunocompromised 
individuals, due to advances in medical treatments such as 
organ transplants and therapies for autoimmune diseases, 
underscores the importance of understanding the impact of 
immunosuppressive drugs like CsA on host-pathogen dynamics.

Regulatory aspects
Current regulations regarding pharmaceutical contamination, 
particularly concerning invertebrate protection, are o�en 
inadequate or non-existent in many jurisdictions. �is regulatory 
gap poses signi�cant challenges for protecting invertebrate 
populations from the e�ects of drugs like CsA.

Lack of invertebrate-speci�c guidelines: Most environmental 
quality standards for pharmaceuticals are based on vertebrate 
toxicity data, potentially underestimating risks to invertebrates 
[44].

Mixture e�ects: Regulations o�en fail to account for the 
combinatorial e�ects of multiple pharmaceutical contaminants, 
which may have synergistic impacts on invertebrate immunity 
[45].

Chronic exposure: Current testing protocols typically focus on 
acute toxicity, neglecting the potential long-term e�ects of 
chronic, low-dose exposure to pharmaceuticals like CsA on 
invertebrate populations [46].

Ecological risk assessment: �ere's a need for more 
comprehensive ecological risk assessment frameworks that 
consider the indirect e�ects of immunosuppressants on 
ecosystem functioning through their impacts on invertebrate 
host-pathogen dynamics [47].

Clinical considerations

• Prophylactic measures: Patients on CsA therapy may require 
additional prophylactic measures to prevent opportunistic 
infections, including antifungal, antibacterial, and antiviral 
treatments [48].

• Monitoring and management: Regular monitoring of 
infection markers and early intervention strategies are crucial 
to manage infections in patients receiving CsA [49].

Future research directions
To address the gaps in our understanding of how CsA and 
similar pharmaceuticals a�ect invertebrate host-pathogen 
dynamics, several key areas for future research emerge:

Field studies: Long-term monitoring of invertebrate populations 
and their pathogens in environments with known 
pharmaceutical contamination to assess real-world impacts [50].

Multigenerational studies: Investigating the potential for 
transgenerational e�ects of CsA exposure on invertebrate 
immune function and pathogen resistance [51].

Molecular mechanisms: Elucidating the speci�c molecular 
pathways through which CsA a�ects invertebrate immune 
responses, potentially identifying conserved mechanisms across 
taxa [52].

Biomarker development: Identifying reliable biomarkers of 
immunosuppression in key invertebrate taxa to facilitate 
environmental monitoring [53].

Mixture toxicity: Investigating the combined e�ects of CsA with 
other common aquatic contaminants on invertebrate immunity 
and pathogen virulence [53].

Ecological modeling: Developing predictive models that 
integrate the e�ects of pharmaceutical contaminants on 
host-pathogen dynamics into broader ecosystem models [54].

Conclusions
�e study of host-pathogen dynamics in invertebrates, 
particularly regarding pharmaceutical contamination by 
immunosuppressants like Cyclosporine A (CsA), reveals 
complex interactions with signi�cant ecological implications. 
CsA impacts both host immunity and pathogen virulence, 
underscoring the delicate balance in these systems and 
highlighting the potential for disruption due to environmental 
contamination. Case studies of Cryptococcus neoformans and 
invertebrate host-pathogen systems demonstrate CsA's 
multifaceted e�ects, including altered pathogen morphology and 
increased host susceptibility. �ese �ndings emphasize the need 
for a comprehensive understanding of how pharmaceuticals 
in�uence ecosystem health at multiple levels. Current regulatory 
frameworks inadequately address pharmaceutical contamination 
challenges, particularly concerning invertebrate protection. 
Regulatory gaps, especially regarding chronic, low-dose 
exposures and mixture e�ects, call for more robust and 
species-speci�c guidelines. Interdisciplinary research combining 
�eld studies, multigenerational investigations, and ecological 
modeling will be crucial. Such e�orts will enhance our 
understanding of the long-term impacts of pharmaceutical 
contaminants on invertebrate populations and ecosystem 
dynamics. Developing reliable biomarkers and comprehensive 
risk assessment frameworks will be key to e�ective 
environmental monitoring and conservation strategies. �is 
research has signi�cant implications for environmental 
protection and human health, given the increasing prevalence of 
immunocompromised populations. By deepening our 
understanding of these interactions, we can develop e�ective 
strategies to mitigate the impacts of pharmaceutical 
contamination and preserve the delicate balance of invertebrate 
host-pathogen dynamics in our ecosystems.
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