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Abstract: Pneumocystis jirovecii pneumonia (PJP) is a high-burden opportunistic infection with a significant risk of death among
immunocompromised hosts. Prneumocystis spp. cycle between trophic forms and cysts within the host alveoli. The trophic form relies
heavily on the folate biosynthesis pathway, whereas the cyst form, supported by a B-1,3-glucan-rich cell wall, is considered important
for transmission. Immune evasion is mediated in part by major surface glycoprotein antigenic variation, and additional effects on host
antigen-presentation pathways have been reported primarily in experimental rodent models and remain to be established in human
disease. Innate recognition mediated by Dectin-1, with additional contributions from Toll-like receptor 2 (TLR2) signaling described in
experimental models, may promote T helper 17 (Th17)- and Th1-biased immune responses. Distinct host immune contexts then shape
divergent disease phenotypes. In HIV-infected hosts, CD4+ T-cell deficiency, high fungal burden, and impaired clearance predominate,
and immune reconstitution inflammatory syndrome (IRIS) may occur early after initiation of antiretroviral therapy (ART). In non-HIV
immunocompromised hosts, broader immune dysfunction, including impaired antibody responses and antigen presentation together
with complement and neutrophil activation, more often leads to a low-burden but highly inflammatory pattern that can progress to
acute respiratory distress syndrome (ARDS). This review summarizes the life cycle, adhesion and immune pathways, immune evasion
mechanisms, and differences between HIV-infected hosts and non-HIV immunocompromised hosts, with the goal of supporting
precision treatment for PJP and optimizing clinical strategies.
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Introduction

Pneumocystis pneumonia is a common opportunistic infection in immunocompromised hosts, typically seen in human
immunodeficiency virus (HIV)-infected hosts, people who have received solid organ transplants, and people receiving
glucocorticoids or biologic agents."

With the widespread use of ART, the incidence of PJP has declined markedly among HIV-infected hosts,
particularly in high-income countries. However, PJP remains a substantial burden in many low- and middle-
income regions, including parts of Africa, as well as among non-HIV immunocompromised populations. There
are systematic differences in immunopathogenesis between HIV-associated and non-HIV-associated PJP, as demon-
strated by human clinical and epidemiological studies: the former usually presents with subacute onset, higher
alveolar fungal burden, and relatively mild inflammation, whereas the latter often shows acute fulminant disease
with lower fungal burden but a stronger host inflammatory response, which more readily progresses to ARDS and

carries higher mortality.”®
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In recent years, anti-CD20 therapy represented by rituximab has been widely used, and the risk of PJP associated with
B-cell depletion has increased significantly, further altering the epidemiology and phenotypic spectrum in non-HIV
immunocompromised hosts.”

This review aims to explain why PJP presents with markedly different clinical and inflammatory phenotypes in HIV-
infected hosts compared with non-HIV immunocompromised hosts. We focus on differences in fungal burden and host
inflammatory responses, including CD4 T-cell deficiency in HIV and inflammation-driven lung injury in non-HIV PJP, to
provide a framework for understanding disease severity and clinical outcomes. To further contextualize these distinct
immunopathological patterns, we next turn to the biological features of Pneumocystis and the molecular mechanisms
through which the organism interacts with the host immune system.

Pathogenic Mechanisms of Pneumocystis Spp

Pneumocystis jirovecii is an opportunistic fungal pathogen that readily causes lethal PJP in immunocompromised hosts.®
A study in healthy children showed that environmental exposure often occurs in early childhood and infection is
frequently asymptomatic, with anti-Preumocystis jirovecii serum antibody titers increasing with age; about two thirds
of children have a titer of >1:16 by 4 years of age.’ Therefore, Pneumocystis may persist in the host as colonization, and
disease can develop upon immune suppression either through reactivation of a pre-existing infection or through
reinfection following renewed exposure.'® Its pathogenic course generally proceeds as follows: initial adhesion to and
colonization of the alveolar epithelium; subsequent evasion of immune recognition and clearance through multiple
mechanisms while provoking an amplified inflammatory response; and ultimately disruption of alveolar structure and
function, causing impaired gas exchange and hypoxemia.

Recent molecular epidemiological studies have increasingly challenged the universal applicability of the childhood
latent infection reactivation hypothesis as the primary mechanism underlying Preumocystis pneumonia. In recurrent
cases, Pneumocystis strains detected during the first and subsequent episodes often exhibit different genotypes, and the
genotype identified at recurrence is not detectable in bronchoalveolar lavage fluid from the initial episode, suggesting that
disease may more commonly result from a new exogenous infection.'' In addition, among solid organ transplant
recipients, multilocus sequence typing has demonstrated that some patients share an identical and distinct genotype,
and transmission mapping analyses further support the possibility of in-hospital transmission or a shared source of
exposure.'>!? Taken together, these findings indicate that recent reinfection may play an important role in the develop-
ment of Pneumocystis pneumonia in immunocompromised populations.

Life Cycle and Metabolic Characteristics of Pneumocystis Spp

The life cycle of Prneumocystis jirovecii comprises two main forms: trophic forms and cysts. The cyst is the infectious
stage that can be transmitted through the air to the host lung and then differentiates into trophic forms in the host. Trophic
forms are the metabolically active stage that adhere, divide, and expand within the alveolar space, and ultimately convert
back into cysts to continue the life cycle and enable transmission between hosts.'"* Pneumocystis shows strong
dependence on folate biosynthesis. It cannot obtain exogenous folate from the host and must synthesize tetrahydrofolate
(THF) de novo to sustain DNA replication and cell division. This pathway involves several key enzymes: aminodeox-
ychorismate synthase 1 (ABZ1) first converts chorismate to 4-amino-4-deoxychorismate (ADC), which is then cleaved to
para-aminobenzoic acid (PABA) by ABZ2. Dihydropteroate synthase (DHPS) catalyzes the condensation of PABA with
6-hydroxymethyl-7,8-dihydropterin pyrophosphate (DHPPP) to form dihydropteroate. Dihydrofolate synthase (DHFS)
then catalyzes the ATP-dependent addition of L-glutamate to produce dihydrofolate (DHF), which is reduced to
tetrahydrofolate (THF) by dihydrofolate reductase (DHFR).">"'” Trimethoprim—sulfamethoxazole (TMP-SMX) inhibits
DHFR and DHPS, respectively, thereby blocking this pathway and suppressing trophic proliferation and cyst
formation.'® Meanwhile, the cyst stage is crucial for transmission and persistence within the host. The cyst wall is
enriched in B-1,3-glucan, which provides structural integrity, whereas trophic forms largely lack this component.'®
Although B-1,3-glucan is a potent immunostimulatory molecule, its spatial organization within the cyst wall and partial
masking by major surface glycoproteins may modulate host recognition. In addition, a cyst-specific endo-f3-1,3-glucanase
(Eng) is expressed exclusively in cysts and is capable of releasing major surface glycoprotein in vitro, suggesting
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a potential role in surface antigen remodeling.'® Whether Eng-mediated glucan remodeling and major surface glycopro-
tein (Msg) release contribute to immune evasion or long-term persistence during Prneumocystis infection in vivo remains
to be determined. Caspofungin inhibits B-1,3-glucan synthesis, selectively reduces cyst numbers, and may secondarily
diminish Eng-dependent wall remodeling, offering a potential therapeutic strategy against Pneumocystis.'® Pneumocystis
also differs from other fungi in structural composition: its cell membrane lacks ergosterol and contains mainly cholesterol
and phytosterols, with cholesterol believed to be scavenged from the host lung environment and incorporated into the
fungal membrane, leading to intrinsic low susceptibility to azoles and polyenes.’*?? This membrane specificity
influences drug susceptibility and may relate to the functional requirements of different life cycle stages. Genomic and
evolutionary studies indicate that Preumocystis jirovecii has adopted a highly host-adapted, obligate biotrophic lifestyle,
characterized by extensive loss of biosynthetic pathways and a strong dependence on host-derived nutrients within the
lung environment. Such adaptations likely underlie its long-standing resistance to axenic in vitro cultivation, as many
essential metabolic and signaling requirements cannot be readily reproduced outside the host. In addition, Pneumocystis
Jjirovecii exhibits a reduced repertoire of lytic proteases and lacks many classical fungal virulence factors, further
distinguishing its biology from that of typical pathogenic fungi.?®> Notably, because Prneumocystis cannot be maintained
long term under routine culture conditions, studies of its metabolic features, drug targets, and resistance mechanisms still

face substantial technical barriers.?%?!

Adhesion of Pneumocystis to the Host

The trophic form of Pneumocystis jirovecii is the key mediator of adhesion, thereby initiating infection and
pathogenesis.** The initial adhesion to alveolar epithelium presents as close apposition of cell surfaces, with membrane-
free fusion and rearrangement of intramembranous particles; simple adhesion alone does not disrupt the epithelial
barrier.”> Msg is a central factor in this process.’® Msg binds to host extracellular matrix components, such as fibronectin,
vitronectin, and mannose residues, to mediate adherence to host cells.?”*® Moreover, after contacting the epithelium,
Preumocystis jirovecii upregulates epithelial a5B1 integrin (a fibronectin-receptor subunit) through post-translational
regulation, markedly increasing its surface expression and further stabilizing adhesion.?® In addition, in a host-matched
alveolar environment, adhesion and attachment are reinforced, with pseudopodia thought to participate.?

Host Phagocytosis of Pneumocystis

Phagocytosis is a prerequisite for the host’s elimination of Prneumocystis, primarily mediated by macrophages. The B-
glucan on the Pneumocystis surface is specifically recognized by Dectin-1, which triggers actin polymerization and
internalization to form a phagosome. Within this compartment, a respiratory burst driven by NADPH oxidase generates
hydrogen peroxide (H,0,), exerting the major microbicidal effect.***! Meanwhile, oxidatively damaged fungal proteins
are presumed to enter antigen-processing compartments. Based on canonical MHC class II pathways described in other
fungal and inflammatory settings, antigenic peptides could be loaded onto MHC-II molecules following invariant chain
(1i) degradation and HLA-DM-mediated peptide exchange, ultimately enabling presentation to CD4" T cells.*> However,
the direct involvement of invariant chain and HLA-DM in Pneumocystis-specific antigen processing has not yet been
experimentally demonstrated.

In terms of signal amplification and compensatory pathways, Dectin-1 signaling induces MIP-2 secretion, recruiting
neutrophils. When Dectin-1 is blocked, opsonin-dependent FcyRII/III-mediated phagocytosis can partially compensate.>®
Cytokines such as IL-12, IL-6, IL-21, IL-23, and IL-27 regulate the differentiation of human CD4" T cells into
T follicular helper (Tth) cells-IL-12 acts via the tyrosine kinase 2-STAT3 axis, whereas the others depend on STAT3-
to promote IL-21 secretion by Tfh cells, which in turn supports B-cell production of IgG and IgA.**

Complement activation generates iC3b, which covalently deposits on the pathogen surface as an opsonin.
Complement receptor 3 (CR3), highly expressed on macrophages and neutrophils, recognizes iC3b and triggers
phagocytic clearance, thereby markedly enhancing pathogen elimination.***> In addition, CR3 contains a lectin-like
site capable of directly binding fungal B-glucans, which primes the receptor and amplifies subsequent iC3b-mediated
effector responses.*® Activated neutrophils produce H,O, via NADPH oxidase, and myeloperoxidase (MPO) uses H,O,
to oxidize chloride, bromide, and thiocyanate ions, generating potent oxidants, mainly hypochlorous acid, along with
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hypothiocyanous acid. These oxidants attack methionine and cysteine residues in proteins, as well as lipids and DNA,
leading to structural and functional destruction of the pathogen. MPO also serves as a key component of neutrophil
extracellular traps (NETs), whose DNA—protein networks capture pathogens and sustain oxidative killing.>” IFN-y and
GM-CSF enhance the phagocytic activity of alveolar macrophages. IFN-y promotes macrophage production of reactive
nitrogen intermediates (RNI) through a TNF-o—dependent L-arginine pathway, contributing to killing of rodent
Pneumocystis in experimental models.*® GM-CSF heightens macrophage responsiveness to stimuli and promotes TNF-
o secretion, thereby improving clearance efficiency.’® Conversely, pulmonary surfactant proteins facilitate immune
evasion: SP-D promotes pathogen aggregation and suppresses macrophage phagocytosis, while SP-A interferes with
recognition and uptake via its C-type lectin-like domain, both of which impair host clearance.***' Surfactant protein
D (SP-D) rapidly accumulates upon pathogen entry, binds the Msg through its carbohydrate recognition domain (CRD),
and simultaneously engages macrophage surface molecules to form a pathogen—SP-D—macrophage triad that increases
the probability of contact and adhesion; this process does not directly trigger phagocytosis and is independent of the
mannose receptor.*? Thus SP-D primarily provides low-threshold soluble recognition and adhesion enhancement, and
conversion of adhesion into uptake and effector killing requires downstream signaling mediated by pattern-recognition
receptors (Figure 1).*?

Host Immune Activation Pathways Mediated by Pneumocystis

Innate Recognition and Signaling

In immunocompetent hosts, innate recognition first limits colonization and determines the direction of the response.*
The host senses B-glucans exposed on the fungal cell wall to initiate innate immunity, and myeloid cells including
macrophages and dendritic cells use C-type lectin receptors to detect pathogen and tissue damage signals, maintaining
a dynamic balance between immune activation and pulmonary homeostasis.*> Under homeostatic conditions, alveolar
macrophages are predominantly M2-like, capable of clearing pathogens while avoiding excessive inflammation and
thereby preserving barrier function.**

In mice, B-1,3-glucan recognition by Dectin-1 recruits and activates spleen tyrosine kinase (Syk) via the hem-
immunoreceptor tyrosine-based activation motif, leading to robust ROS production by macrophages and dendritic cells;
downstream activation of inflammasome components and Syk/CARD9/BCL10/MALT1/NF-kB-associated cytokine
responses has been demonstrated in fungal and B-glucan-based models and is thought to contribute to IL-6, IL-12, IL-
23, TNF-a, and IL-10 production in murine Pneumocystis infection models.*>*® IL-23, together with IL-1pB, can
subsequently drive naive CD4" T cells toward Th17 differentiation, indirectly increasing IL-17A levels.***® In
a human dendritic cell model, Preumocystis cell wall B-glucan signals through Dectin-1 with activation of Syk and
NF-kB and recruitment to lipid rafts, enhancing IL-23 and IL-6 in a dose-dependent manner and, in co-culture with
T cells, promoting Th17 differentiation with release of IL-17 and IL-22, thereby validating and extending the above
mechanisms.*” Preumocystis cell wall p-glucan also induces maturation of human dendritic cells and enhances their
migratory capacity, upregulating surface CD80, CD86, CD40, and C-C chemokine receptor 7; it increases surface Fas
and intracellular cellular FLICE inhibitory protein, improving resistance to Fas-mediated apoptosis.*® In co-culture with
activated T cells, dendritic cell Fas engages Fas ligand on the opposing T cells and partially regulates dendritic cell
secretion of IL-1p and TNF-0.*® Because IL-12 p35 is not induced, dendritic cells cannot produce IL-12 p70; however,
with co-stimulation provided by IL-1B together with CD80 and CD86, dendritic cells can still drive naive CD4" T cells
toward Thl differentiation under IL-12-independent conditions, and the resulting IFN-y enhances the ability of alveolar
macrophages to clear Pneumocystis.*® Similarly, in murine models of pulmonary Cryptococcus neoformans infection,
Notch signaling has been shown to support I[FN-y—producing Th1 responses; however, comparable evidence is currently
lacking in Preumocystis infection.*” Dectin-2, another C-type lectin receptor, can recognize Pneumocystis surface
components such as Msg and f-glucan, initiating FcRy-Syk-associated innate signaling that promotes pro-
inflammatory cytokine production by alveolar macrophages and participates in the initial host response to
Pneumocystis, although Dectin-2 is not essential for clearance.”® Although Msg can bind dendritic cell C-type lectin
receptors, macrophage mannose receptor (MMR) and DC-SIGN, through its glycans, Pneumocystis lacks key genes for
synthesis of high-mannose outer chains so Msg retains only the high-mannose core; this glycosylation defect prevents
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Figure | Recognition, phagocytosis, and host immune signaling pathways involved in responses to Pneumocystis. This figure was created using BioRender. Red arrows
indicate pro-inflammatory or activating pathways; gray arrows represent non-inflammatory recognition pathways; black arrows indicate cellular processes or neutral
transitions. B-1,3-glucan exposed on the Pneumocystis cell wall serves as a major pathogen associated molecular pattern and is recognized by multiple pattern recognition
receptors expressed on macrophages and dendritic cells. Engagement of these receptors promotes actin remodeling during phagocytosis, generation of reactive oxygen
species through NADPH oxidase activity, and opsonin dependent uptake mediated by complement receptor 3 following complement deposition. Dectin-2 participates in
early innate recognition of Pneumocystis, whereas engagement of DC-SIGN or the macrophage mannose receptor is associated with non-inflammatory recognition. p-
I,3-glucan can also activate Toll-like receptor 2, leading to induction of pro-inflammatory mediators through NF-kB signaling. Signaling events downstream of f-1,3-glucan
recognition receptors involve pathways that include CARD9 and inflammasome activation driven by reactive oxygen species, contributing to the production of pro-
inflammatory cytokines. Innate immune activation shapes downstream adaptive immune responses, including differentiation of CD4" T cells and enhancement of macrophage
fungicidal activity by CD8" T cells. These coordinated innate and adaptive immune mechanisms ultimately contribute to effective clearance of Pneumocystis. Most mechanistic
insights summarized in this figure are derived from rodent models of Pneumocystis species infection. Direct mechanistic validation in human Pneumocystis jirovecii infection
remains limited because continuous in vitro culture of Pneumocystis jirovecii is not currently available.

Abbreviations: CARDY, caspase recruitment domain containing protein 9; CCR7, C-C motif chemokine receptor 7; CD40, cluster of differentiation 40; CR3, complement
receptor 3; DC-SIGN, dendritic cell specific intercellular adhesion molecule 3 grabbing non-integrin; Fas, Fas cell surface death receptor; GM-CSF, granulocyte macrophage
colony-stimulating factor; IFN-y, interferon gamma; IL-17, interleukin 17; iC3b, inactivated complement component 3b; MIP-2, macrophage inflammatory protein 2; MMR,
macrophage mannose receptor; NF-kB, nuclear factor kappa B; NADPH, nicotinamide adenine dinucleotide phosphate; NOX2, NADPH oxidase 2; ROS, reactive oxygen
species; SOD, superoxide dismutase; Th17, T helper 17; TLR2, Toll-like receptor 2.

receptor binding from triggering dendritic cell activation, maturation, cytokine secretion, or induction of immune-related
genes.’!

Innate recognition of Preumocystis is not limited to the C-type lectin receptor network. During Pneumocystis
infection, B-glucan has been shown to bind TLR2 on alveolar macrophages, inducing nuclear translocation of NF-«B
p65 and driving the transcription and secretion of proinflammatory mediators such as TNF-a and macrophage inflam-
matory protein-2 (MIP-2).>* Beyond this Prneumocystis-validated pathway, studies in other fungal and B-glucan-based
systems have demonstrated that Dectin-1 and TLR2 can synergistically activate NF-kB to induce IL-10 production. IL-10
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subsequently suppresses IL-12 and IL-23, restrains Th1 and Th17 polarization, and attenuates B-glucan-triggered ROS
and TNF-o production in macrophages, thereby establishing a negative feedback loop on proinflammatory responses.”
Whether such regulatory circuits operate during Preumocystis infection remains to be directly demonstrated. Similarly,
Dectin-1-dependent Ca®"-CaMKII-Pyk2-ERK-CREB signaling has been shown to promote IL-10 production in zymo-
san-stimulated human macrophages and other fungal models; however, the involvement of this calcium-dependent
pathway in Prneumocystis infection has not yet been experimentally validated.>*

B-Glucan is also recognized by epithelial cells; binding of B-glucan to ephrin type-A receptor 2 on alveolar epithelial
cells leads to phosphorylation and enhanced IL-6 expression, aggravating local inflammation.”> In human airway
epithelial cells, Preumocystis cell wall B-glucan signals via glycosphingolipid receptors to activate calcium-dependent
ERK/p38 mitogen-activated protein kinase (MAPK) pathways, induces NF-kB and activator protein-1 activation,
promotes IL-8 secretion, and recruits neutrophils; in earlier studies of rat alveolar epithelial cells, Preumocystis cell
wall B-glucan activated NF-xB and induced MIP-2 through the lactosylceramide-protein kinase C axis, and in macro-
phages pB-glucan induced TNF-o via the NF-«kB pathway, all of which contribute to amplification of local

inflammation.>®>’

Adaptive Immune Activation and Effector Responses

In adaptive immunity, beyond the T-cell responses driven by the innate pathways above, B-cell-mediated antigen-specific
responses provide protection: Pneumocystis can directly activate antigen-specific B cells through the B-cell receptor
(BCR), enabling early antigen presentation via major histocompatibility complex class II (MHC II) and the delivery of
co-stimulatory signals to CD4" T cells through CD80/CD86-CD28 or CD40-CD40L interactions, thereby promoting their
activation and proliferation and helping to initiate effective clearance.’®>® While naive CD4" T cells receive co-
stimulatory cues (such as CD80/CD86-CD28), the alarmin IL-33 released from epithelial and other tissue cells upon
Preumocystis stimulation first activates group 2 innate lymphoid cells (ILC2) by binding the ST2 receptor (ILIRL1) on
ILC2, and activated ILC2 further helps establish a type 2 immune milieu; under these convergent signals, CD4" T cells
differentiate toward Th2 and secrete I1L-4, IL-5, and IL-13, which promote eosinophil recruitment, goblet-cell hyperplasia
(for example Muc5ac and Clca3), and mucus secretion, ultimately causing airway hyperresponsiveness, reduced lung
compliance, and increased airway resistance.®® As key antigen-presenting cells, dendritic cells present antigen to CD4"
T cells via MHC II and provide co-stimulation through CD80 or CD86 with CD28 and through CD40 with CD40L,
driving in the lung a mixed response dominated by Thl and Th17 with a Th2 component, which strengthens pathogen
control yet requires counter-regulation to prevent excessive inflammation.®'

In humoral immunity, T follicular helper T cells are key regulators of antibody quality and durability. Knowledge of
the molecular programs that govern Tfh differentiation and function is largely derived from viral infection models,
bacterial infection models, and immunization systems. In these settings, antigen-bearing dendritic cells prime naive CD4"
T cells in draining lymph nodes and, through co-stimulatory signals mediated by inducible T-cell co-stimulator and its
ligand together with phosphoinositide 3-kinase and TANK-binding kinase | signaling, induce the expression of B-cell
lymphoma 6 while upregulating C-X-C chemokine receptor 5, thereby promoting commitment to the Tfh lineage.®
Mature Tth cells, characterized by high CXCRS expression, respond to C-X-C motif chemokine ligand 13 produced by
follicular dendritic cells and localize to B-cell follicles and the light zone of germinal centers, where they provide help
through CD40 ligand and inducible T-cell co-stimulator to support B-cell activation, immunoglobulin class switching,
and the generation of high-affinity IgA and IgG.%®> Tfh cells are distinct from conventional Thl and Th2 subsets and
represent a specialized effector population dedicated to thymus-dependent antibody responses.®> To limit excessive
humoral activation, Foxp3" thymus-derived regulatory T-cell precursors can further differentiate into follicular regulatory
T cells that co-express B-cell lymphoma 6 and Blimp-1. This population depends on CXCRS and CXCL13-mediated
trafficking to access germinal centers and, supported by CD28 signaling, signaling lymphocytic activation molecule-
associated protein, and B-cell-derived differentiation cues, exerts suppressive activity to constrain Tth cell numbers and
restrict non-antigen-specific germinal center B-cell expansion, thereby fine-tuning response magnitude, B-cell selection,

and humoral tolerance.®*
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In contrast to these broadly defined regulatory frameworks, Pneumocystis-specific CD8" T-cell effector functions
have been directly demonstrated. In immunocompetent mice, in vitro polarized Tc1 CD8" T cells recognize Pneumocystis
antigens presented by dendritic cells through major histocompatibility complex class I and release granulocyte-
macrophage colony-stimulating factor, which enhances macrophage-mediated fungicidal activity, whereas Tc2 cells
lack this protective effect and instead suppress macrophage function (Figure 1).9

Immune Evasion by Pneumocystis

Prneumocystis evades immune clearance through multiple mechanisms. The trophic form of Pneumocystis murina
suppresses dendritic cell proinflammatory responses by downregulating MHC-II, CIITA, and CD40, key molecules
involved in antigen presentation and costimulation, thereby weakening the activation of CD4" T-cell proliferation and the
induction of Th1/Th17 responses. Through both soluble factors and direct cell—cell contact, it shapes an immunosup-
pressive microenvironment that favors pulmonary colonization and immune evasion. In contrast, the cystic form can, to
some extent, counteract this inhibitory effect.®® Although the suppressive phenotype of trophic forms is well documented,
the precise molecular mediators responsible for MHC-II and CD40 downregulation remain incompletely defined.
Available evidence suggests that this effect is independent of trophic form viability and may involve shed or secreted
glycoproteins, such as Msg, rather than a classical protease-driven degradation mechanism. This layered suppression of
dendritic cell maturation likely delays effective adaptive immune activation during early infection.®® By leveraging the
diversity of the Msg gene family together with a monoallelic expression strategy, it dynamically switches the Msg
variants expressed in the host, thereby escaping T-cell recognition; because CD4" T cells recognize Msg antigens with
high specificity and the amino-acid identity between variants is only 86%-91%, preexisting T cells recognize only
portions of variant peptides and cannot effectively respond to substantially altered antigens, resulting in escape from
cellular immunity.®” Studies in rodent Prneumocystis models indicate that the pathogen can persist in the host by forming
biofilms that hinder macrophage phagocytosis and mask B-glucan and other moieties, thereby reducing host immune
recognition.®® However, whether similar biofilm-like structures exist in human Preumocystis jirovecii infection, and how
they are structurally organized in vivo, remain to be fully characterized.

Pathogenesis in HIV-Associated Hosts

Immune Suppression and Impaired Clearance Before ART

In HIV-infected hosts, alveolar macrophages exhibit markedly reduced expression of mannose receptors and impaired
phagocytic function.®” Under immunodeficient conditions, elevated pulmonary SP-A levels may further diminish the
clearance capacity of alveolar macrophages through this mechanism, thereby increasing susceptibility to PJP.*' In HIV-
infected hosts, both the number and function of CD4" T cells decline markedly, local IFN-y levels fall, alveolar
macrophages fail to achieve full activation, and antigen presentation is limited, together weakening immune clearance
of Pneumocystis. The immune response exhibits a Th2-dominant pattern. In HIV-infected hosts who have not received
ART, who have Pneumocystis pneumonia, CD4" T cells are markedly reduced, and the IL-4 rs2243250 TT/TC genotype
is associated with an increased risk of infection, suggesting that elevated IL-4 expression and Th2 polarization may
suppress IFN-y- and TNF-o—mediated Thl responses and impair pathogen clearance. Similar changes have been
observed in SHIV-infected nonhuman primate models, where Pneumocystis colonization leads to increased levels of
IL-4, IL-5, IL-13, IL-6, and GM-CSF, while IFN-y shows only a transient increase.’*’"

At the same time, the reduction of CD4" T cells expressing CD40L deprives B cells of effective help, thereby
exacerbating both quantitative B-cell depletion and functional impairment in antigen presentation, further constraining
T-cell activation and expansion and creating multiple bottlenecks along the clearance pathway.”*”* Early in infection,
some individuals may exhibit asymptomatic colonization. As CD4+ T-cell counts decline below 200 cells per microliter,
the risk of Prneumocystis pneumonia increases and clinical disease may develop. In more advanced immunodeficiency,
particularly when CD4+ T-cell counts fall below 50 cells per microliter, pathogen burden may rise sharply, accompanied
by dysregulated inflammatory responses, including neutrophil infiltration and cytokine imbalance. These processes
damage the alveolar epithelium, lead to foamy exudate accumulation and interstitial inflammation, and ultimately disrupt
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the air-blood barrier, resulting in hypoxemia and respiratory distress.”* In HIV-infected hosts who have not received
ART, although dendritic cells and macrophages are reduced in number or function, they still detect pathogen-associated
molecular patterns and signal through Dectin-1 with Syk and CARD9 to engage NF-kB and mechanistic target of
rapamycin complex 1 pathways, inducing a proinflammatory program dominated by IL-12, TNF-a, and IFN-o, together
with activation of type I and type II interferon pathways and the complement and coagulation cascades, creating
a distinctive state of persistent inflammation with dysregulated metabolism.”®

Despite CD4" T-cell impairment, the host can mobilize compensatory clearance pathways. IFN-y-induced type 1
cytotoxic T cells (Tcl) upregulate C-X-C chemokine receptor 3 (CXCR3) and are recruited via its ligands monokine
induced by IFN-y (Mig; CXCL9), IFN-y—inducible protein-10 (IP-10; CXCL10), and IFN-inducible T-cell alpha
chemoattractant (I-TAC; CXCLI11), sustaining IFN-y release in the lung to enhance macrophage phagocytosis and
Dectin-1-linked intracellular killing; in adoptive-transfer models of murine Preumocystis infection, such CD8" T cells
can clear the pathogen independently, partially compensating for CD4 deficiency.’® Tcl-type CD8" T cells also secrete
granulocyte—macrophage colony-stimulating factor, promote macrophage oxidative burst and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase activation, and upregulate phagocytic receptors such as Dectin-1 and the
mannose receptor, further improving microbicidal activity and clearance.®® In PJP, the CXCR3 axis recruits CXCR3" Tcl
cells through IP-10, Mig, and I-TAC and drives IFN-y release; even in the absence of CD4 cells, IP-10 can augment CDS§
effector function and accelerate pathogen clearance.”” However, under conditions of high pathogen burden and profound
CD4 deficiency, this compensatory axis often cannot sustain full control on its own, and imbalance between clearance
and inflammation progressively emerges (Figure 2).
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Figure 2 Comparative immunopathogenesis of Pneumocystis pneumonia under different immune conditions. This figure was created using BioRender. Red arrows indicate
pro-inflammatory or activating pathways; blue dashed arrows denote reduced, impaired, or suppressive signaling; black arrows indicate cellular processes or neutral
transitions. The pathways depicted reflect a synthesis of clinical observations in human PJP and mechanistic insights derived primarily from murine models. The panels
schematically summarize distinct immune-response patterns observed in different host contexts: HIV-positive individuals before antiretroviral therapy (ART), HIV-positive
individuals during early ART, and immunocompromised individuals without HIV. Left panel: a. HIV" PJP (ART-naive): In untreated HIV infection, profound CD4" T-cell
depletion and dysfunction impair downstream adaptive immune responses. Reduced Th|/Th7-associated cytokine production leads to weakened activation of macrophages
and neutrophils, resulting in diminished inflammatory responses and oxidative killing. Consequently, fungal clearance is inefficient, and pathogen burden remains high despite
limited tissue inflammation. Middle panel: b. HIV® PJP (early ART). Following ART initiation, rapid CD4" T-cell recovery restores Th1/Th17 responses and enhances
proinflammatory cytokine production. During this phase, enhanced fungal clearance is observed and may be accompanied by marked inflammatory-cell recruitment,
increased production of nitric oxide and related mediators, and substantial alveolar injury, potentially giving rise to features of immune reconstitution inflammatory
syndrome. Right panel: c. Non-HIV PJP. In non-HIV hosts with iatrogenic immunosuppression, particularly those receiving systemic immunosuppressive therapy, susceptibility
to PJP reflects heterogeneous defects in adaptive immunity. B-cell, directed therapies, including anti-CD20 antibodies, impair humoral responses, whereas broader
immunosuppressive regimens predominantly compromise CD4" T-cell, mediated immunity. In parallel, heightened complement activation and neutrophil responses may
amplify pulmonary inflammation and contribute to lung injury. Although fungal burden is often lower than in HIV-associated PJP, excessive inflammatory responses can lead to
diffuse alveolar damage and severe respiratory dysfunction.

Abbreviations: ART, antiretroviral therapy; C3, complement component 3; CD20, cluster of differentiation 20; HIV, human immunodeficiency virus; IFN-y, interferon
gamma; IL-33, interleukin 33; ILC2, group 2 innate lymphoid cells; NETSs, neutrophil extracellular traps; NO, nitric oxide; PJP, Pneumocystis jirovecii pneumonia; Tcl, type |
cytotoxic T cells; Th17, T helper 17; TNF-a, tumor necrosis factor alpha.
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Immune Reconstitution and Inflammatory Injury After ART

In the setting of immunosuppression, impaired clearance and amplified inflammation progress in parallel, whereas rapid
CD4 reconstitution after initiation of ART can precipitate immune reconstitution inflammatory syndrome (IRIS).** The
syndrome may occur during initial initiation of ART, following re-initiation of ART, or after switching to a more
effective regimen in patients who previously failed to achieve adequate viral suppression.”® *° After ART initiation, IRIS
may manifest in two distinct clinical forms: first, as worsening inflammatory responses of a previously diagnosed and
treated opportunistic infection, termed paradoxical IRIS; and second, as the emergence of a previously subclinical and
unrecognized infection following immune recovery, often accompanied by a pronounced inflammatory phenotype,
termed unmasking IRIS.®! Characterized by the reactivation of Th1 and Th17 responses, this phase features excessive
release of proinflammatory cytokines, leading to concomitant alveolar injury and fungal clearance.® Animal studies
show that after transfer of CD4" T cells into severely immunodeficient hosts, these cells become pathogen antigen
specific in the lung, produce IFN-y, and strongly activate alveolar macrophages, with concurrent worsening of macro-
phage hyperactivation and alveolar edema and marked increases in mediators such as TNF-o and IL-2.**> TNF-a induces
endothelial intercellular adhesion molecule-1 (ICAM-1) expression, promotes recruitment of neutrophils and monocytes
into the lung interstitium, and exerts direct toxicity on alveolar epithelium, disrupting the air—blood barrier and fluid
homeostasis and thereby aggravating edema.®* IL-2 drives clonal expansion of T cells and increases microvascular
permeability, which amplifies exudation and impairs diffusion.®>*® In murine models, IFN-y enhances the microbicidal
capacity of alveolar macrophages and, via activation of the Janus kinase—signal transducer and activator of transcription
pathway, induces inducible nitric oxide (NO) synthase transcription to catalyze L-arginine into excess NO.*” Excess NO
promotes nonenzymatic S-nitrosylation of SP-D at Cysl5 and Cys20 to generate SNO-SP-D, which disrupts the
dodecameric structure and causes depolymerization into monomers or trimers; depolymerized SNO-SP-D engages the
calreticulin (CRT)/low-density lipoprotein receptor-related protein 1 receptor complex to activate the macrophage p38
MAPK pathway, thereby promoting macrophage chemotaxis and recruitment of inflammatory cells.®” However, its
applicability in humans remains uncertain, as human alveolar macrophages do not consistently generate high output nitric
oxide.®® Therefore, in human Pneumocystis pneumonia, host defense may rely less on nitric oxide mediated antimicrobial
pathways and more on reactive oxygen species and downstream reactive nitrogen intermediates generated through
oxidative burst mechanisms potentially driven by NADPH oxidase, although their specific roles in Pneumocystis
infection remain to be further elucidated.® For CD8" T cells, if a non-Tcl phenotype predominates, adoptive transfer
can trigger Fas ligand-mediated apoptosis that perturbs alveolar surfactant homeostasis and increases capillary perme-
ability, leading to elevated lactate dehydrogenase and total protein in bronchoalveolar lavage fluid, greater exudates and
fibrinous material histologically, and further impairment of lung function.”® Pneumocystis infection and inflammation
also reduce SP-B, weakening regulation of alveolar surface tension. Experimental SP-B deficiency models demonstrate
that increased minimal surface tension directly impairs lung compliance and promotes alveolar collapse, providing
a mechanistic basis for the stiff lung physiology observed in PJP-related ARDS. Meanwhile, the proinflammatory effect
of SNO-SP-D further exacerbates alveolar edema, forming a vicious cycle of SP-B loss, inflammatory surfactant

dysfunction, and escalating lung injury (Figure 2).%7%

Impairment of the B-Cell Axis and Mechanisms of Susceptibility in

Non-HIV Immunocompromised Hosts

Non-HIV immunocompromised hosts often have underlying conditions and receive immune-targeted therapies that
reduce B-cell number and function, thereby diminishing humoral immunity and B-cell-dependent antigen presentation.
B-cell defects markedly increase susceptibility to Prneumocystis carinii infection in mouse models, indicating that B cells
and humoral immunity are essential components of defense against this pathogen.”’ The widely used anti-CD20
monoclonal antibody rituximab targets pre-B, mature B, and memory B cells without affecting hematopoietic stem
cells or terminally differentiated plasma cells; after administration, near-complete depletion of peripheral B cells occurs
by about 72 hours, the depleted state usually persists for 2 to 6 months, and peripheral B-cell reconstitution typically
appears at approximately 12 months after monotherapy and gradually returns toward baseline.”*** The resulting decline
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in humoral immunity is associated with secondary immunodeficiency and increased susceptibility to this pathogen, so in
populations with hematologic malignancies and autoimmune diseases, the relationship between use of rituximab and
infection risk remains a continuing concern.”* Corticosteroids are often given concurrently with or alternated with these
therapies, and they significantly downregulate B-cell-related genes such as CD19, CD20, and Tnfrsfl13c in lung tissue
and peripheral blood in mice and patient samples, reduce B-cell numbers including CD79b-positive and BAFF-
R—positive subsets, simultaneously suppress innate and adaptive immunity, further weaken B-cell-mediated antimicro-
bial responses, and increase susceptibility.”’

Impairment of the B-cell axis not only weakens antibody- and complement-mediated opsonization but also disrupts
key conduits linking innate and adaptive immunity.>® Through CD40-CDA40L interactions, B cells contribute to control
of murine Pneumocystis infection and, as professional antigen-presenting cells, support CD4 T-cell proliferation via
MHC II-dependent antigen presentation.’” This process depends on B-cell expression of MHC 1I to drive effector CD4
T-cell trafficking to the lung and the establishment of protective memory, culminating in clearance; when B cells are
absent or lack MHC 11, CD4 T cells can be primed but fail to undergo effective pulmonary recruitment and memory
formation, resulting in loss of infection control.”® Therapeutic B-cell depletion also reshapes the magnitude and quality
of CD4 responses; with dendritic-cell involvement, anti-CD20 treatment selectively suppresses antigen-specific CD4
T-cell activation, clonal expansion, and effector differentiation, reflected by reduced IL-2 and IFN-y secretion, while
exerting relatively limited effects on CD8 T-cell function.”” Notably, in some primary B-cell disorders such as
X-linked agammaglobulinemia (XLA) and common variable immunodeficiency (CVID), reported rates of
Pneumocystis jirovecii pneumonia are low, suggesting the existence of B-cell-independent pathways for CD4 activa-
tion under specific host and exposure contexts, which delineates the bounds and references for mechanistic
interpretation.”®

In HIV-negative immunocompromised hosts with PJP, an increased proportion of Thl cells has been observed in
the lungs.”” In the context of amplified inflammation, hosts pretreated with corticosteroids or with impaired immune
axes are more prone to a complement- and granulocyte-driven injury loop: during infection, alveolar macrophages
synthesize large amounts of C3, whose cleavage generates C3b to promote formation of C5 convertase and subsequent
C5a, thereby increasing endothelial permeability, stimulating macrophages and epithelial cells to release proinflam-
matory cytokines, and upregulating endothelial ICAM-1 to facilitate neutrophil adhesion and transmigration, which
aggravates alveolitis and tissue damage.'°® Pathogen-associated stimuli can also activate the NLRP3 inflammasome in
neutrophils, driving caspase-1-dependent maturation of IL-1f, while peptidylarginine deiminase 4 (PAD4)-mediated
chromatin decondensation triggers NET-mediated cell death (NETosis) with release of extracellular traps enriched in
elastase and myeloperoxidase; PAD4 forms a positive feedback with NLRP3 to sustain IL-1p production and amplify
inflammation.'”" Conversely, B cells provide important immunoregulation and hematopoietic support: in type
I interferon—deficient mouse models, B cells help maintain hematopoietic progenitor activity partly via their own
IL-10 and by inducing IL-10 from other cells, and IL-10 modulates the number and differentiation of mature
neutrophils, indicating that B-cell populations, including regulatory B cells, can participate in post-infection hemato-
poietic protection and immune regulation through IL-10."%? In tumor settings, adoptively transferred regulatory B cells
can suppress macrophage activation via IL-10, thereby weakening the antitumor effect of anti-CD20 antibodies,
underscoring the strong anti-inflammatory capacity of regulatory B cells and their impact when B-cell depletion
coincides with heightened infection risk.'® Clinical and basic studies further show that regulatory B cells often decline
in frequency or function in systemic lupus erythematosus and rheumatoid arthritis, whereas in cancer and chronic
infection their suppressive phenotype may be remodeled and linked to immune evasion.'® In PJP, IL-10-producing
regulatory B cells can suppress the proinflammatory cytokine IL-1PB, thereby limiting excessive activation and
proliferation of Thl and Th17 cells, reducing tissue injury, and maintaining an immune balance favorable for pathogen
clearance; when B-cell maturation is impaired—such as with BAFF-R deficiency leading to reduced regulatory B cells
—this regulatory mechanism is compromised and pathology worsens.'® Together, these factors in non-HIV PJP yield
a pattern of low pathogen burden but reduced clearance efficiency, exacerbated lung injury, a potential for fulminant

course, and high mortality (Figure 2).'%¢'%%
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Future Perspectives

Despite significant advances in understanding the immunopathogenesis of Preumocystis pneumonia, several critical
knowledge gaps remain. Future studies should prioritize defining the molecular mechanisms by which distinct
Preumocystis life cycle stages modulate antigen-presenting cell function and host immune responses, particularly in
human-relevant systems. Improved experimental models and access to human lung-derived samples will be essential to
clarify species-specific differences in macrophage effector pathways, immune reconstitution dynamics, and surfactant
dysfunction.

Conclusion

In recent years, Pneumocystis pneumonia has become increasingly recognized among non-HIV immunocompromised
hosts, particularly in immunocompromised populations. Host immune context strongly shapes disease phenotype. In
HIV-infected hosts, profound CD4 T-cell deficiency is associated with high fungal burden and impaired clearance, and
IRIS may occur after initiation of ART, especially in those with advanced immunodeficiency. In contrast, in non-HIV
immunocompromised hosts, Pneumocystis pneumonia arises in the setting of multiple forms of immunosuppression,
including but not limited to anti-CD20 antibody therapy, high-dose corticosteroid use, and other immunomodulatory or
cytotoxic treatments. Depending on the underlying cause, these conditions may involve impaired B-cell function and
antigen presentation in some patients, together with exaggerated complement and neutrophil responses, and more often
lead to a low-burden but highly inflammatory pattern that can progress to acute respiratory distress syndrome. These
differences highlight the need for risk-stratified monitoring, appropriate prophylaxis, and immune-informed clinical
strategies to improve outcomes in vulnerable populations.
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