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Abstract

This review provides an overview of Cryptococcus neoformans immunology and focuses on the
pathogenesis of Cryptococcus-related paradoxical immune reconstitution inflammatory syndrome
(IRIS). Cryptococcal IRIS has three phases: (1) before antiretroviral therapy (ART), with a paucity
of cerebrospinal fluid (CSF) inflammation and defects in antigen clearance; (2) during initial ART
immune recovery, with pro-inflammatory signaling by antigen-presenting cells without an effector
response; and (3) at IRIS, a cytokine storm with a predominant type-1 helper T-cell (Thy)
interferon-gamma (IFN-y) response. Understanding IRIS pathogenesis allows for risk stratification
and customization of HIVV/AIDS care. In brief, persons at high IRIS risk may benefit from
enhancing microbiologic clearance by use of adjunctive agents in combination with amphotericin,
prolonging initial induction therapy, and/or increasing the initial consolidation antifungal therapy
dose to at least 800 mg of fluconazole daily until the 2-week CSF culture is known to be sterile.
Prophylactic anti-inflammatory therapies or undue delay of ART initiation in an attempt to prevent
IRIS is unwarranted and may be dangerous.
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Introduction

The introduction of highly active antiretroviral therapy (ART) has lowered the incidence of
opportunistic infections and death in HIV-infected persons, but ART use has also introduced
new complications. A subset of patients will develop clinical deterioration with ART
because as their immune system improves, they develop exaggerated inflammatory
responses to persistent foreign antigens. This exaggerated inflammatory response is known
as immune reconstitution inflammatory syndrome (IRIS). IRIS has emerged as a common
complication of ART in sub-Saharan Africa, particularly as associated with cryptococcal
meningitis or tuberculosis. The pathologic mechanisms that underlie the development of
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cryptococcal IRIS have only recently begun to be elucidated. This review will impart an
overview of the normal immunology of cryptococcal infection and the aberrant pathogenesis
of Cryptococcus-related paradoxical IRIS.

Cryptococcal Microbiology

Cryptococcus neoformans is a eukaryotic, unicellular organism that was serendipitously
discovered more than 100 years ago. This fungus never achieved widespread notoriety as a
human pathogen until the emergence of the HIVV/AIDS epidemic, but C. neoformans has
evolved to possess several unique virulence components [1]. Most notably, the
polysaccharide capsule is critical to the yeast’s ability to survive within the environment and
to cause disease in humans [2, 3]. The capsule consists of nearly 90% glucuronoxylomannan
(GXM) polysaccharide, with about 9% galactoxylomannan (GalXM) and about 1%
mannoprotein [4]. The capsule helps the organism evade various aspects of the innate and
adaptive immune system [5]. As a result, antibody responses are believed to play a minor
role in cryptococcal defense, whereas cell-mediated immunity is necessary and sufficient to
protect most individuals from infection [6]. Clinically, this difference is most evident from
the markedly increased risk of cryptococcosis in persons living with AIDS, compared with
the relatively minor increased risk of cryptococcosis in persons with common variable
immunodeficiency or other B-cell dyscrasias.

Capsular components are shed during C. neoformans replication and can be recovered in
culture supernatants and serum of infected patients [3, 7]. Soluble forms of these molecules
appear to elicit different responses [8]. GXM is recognized by pattern recognition receptors
found on many innate immune cells, such as Toll-like receptors 2 and 4 on macrophages and
dendritic cells (Fig. 1a) [9]. Conversely, mannoprotein is an immunodominant peptide that is
recognized by antigen-specific T cells. Mannoprotein is implicated in type-Il interferon (i.e.,
IFN-y) and delayed-type hypersensitivity responses, both of which are critical to the classic
activation of macrophages and fungal clearance [10-12]. These molecules are believed to be
principal factors in cryptococcal immunity by influencing either a protective response via
mannoprotein or a nonprotective immune response via GXM [3, 4, 12].

Cryptococcal Host-Pathogen Interactions

Immunity and immune responses to Cryptococcus have been characterized through a
combination of mouse and human studies. The innate defense begins in the submucosa
through alternative complement opsonization of C. neoformans, allowing for efficient
phagocytosis by neutrophils, macrophages, and dendritic cells [13-15]. Dendritic cells
localize the pathogen to the endolysosome after phagocytosis, and the organism is efficiently
degraded and processed, with antigenic peptides presented on surface MHC-11 molecules
(Fig. 1a) [15, 16]. While in the secondary lymphatic tissue, T cells receive the appropriate
cytokine signals from dendritic cells, such as IL-12, to differentiate into effector T cells (Fig.
1b) [3]. Once activated by a subpopulation of effector T cells, macrophages have an
essential function in fungal clearance (Fig. 1c). Macrophages are important for creating a
pro-inflammatory signaling cascade via interleukin-6 (IL-6) and tumor necrosis factor
(TNF)-a to promote secondary lymphocyte recruitment. Macrophages require IFN-y
stimulation to upregulate antimicrobial peptides and reactive oxygen species sufficient to
kill the phagocytosed, facultative intracellular parasites of Cryptococcus (Fig. 1¢) [3]. The
polysaccharide capsule renders humoral immunity less effective, but the adaptive arm of the
immune system remains paramount to cryptococcal defense.

The paradigm of type-1 and type-2 helper T cells (Th1/Th,) provides a convenient context to
understand cryptococcal immunity. Observation of delayed-type hypersensitivity,
requirements for cell-mediated immunity, and dependence on IFN-y all suggest that a Th;
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response is essential to cryptococcal immunity [1-3]. The best evidence of the importance of
Thy responses in humans comes from observational data: IFN-y levels in the cerebrospinal
fluid (CSF) of persons with AIDS is positively correlated with increasing fungal clearance
from the CSF [17¢, 18]. This finding was experimentally validated by a randomized,
controlled trial of adjunctive IFN-y in combination with amphotericin and 5FC, which
increased by the 30% the rate of fungal clearance of Cryptococcus, compared with
amphotericin with flucytosine (5-FC) [19]. Conversely, Th, responses (e.g., IL-4, IL-13) are
not protective and result in disseminated cryptococcal infection [20, 21, 22¢].

Since Thy7 immune responses have recently been implicated in protection against fungal
pathogens such as Candida and Aspergillus, one would assume that they could be similarly
important for cryptococcal defense [23, 24]. However, the current evidence suggests that
Thy7 responses are not essential for protection and may in some cases be pathologic [25-
27]. As our understanding of effector T lymphocytes and their role during cryptococcal
infection develops, many ambiguities of human cryptococcosis are likely to become more
transparent.

Pathogenesis of Cryptococcal IRIS

Underlying all processes of cryptococcal immunity is a complicated, but informative,
network of immune signaling. Chemokines and cytokines can be measured in peripheral
blood or CSF of patients with infection, and this information can then be used to
characterize human immune responses. These approaches have been used in prospective
cohorts of persons with recent cryptococcosis undergoing ART-associated immune
reconstitution in an attempt to better understand the pathogenesis of IRIS following
cryptococcal meningitis (CM-IRIS) [28+—30¢]. Three sequential phases during immune
recovery appear to be involved in Cryptococcus-related IRIS: baseline (pre-ART), early
phase (pre-IRIS), and effector phase (IRIS event) (Table 1).

The baseline phase of IRIS pathogenesis begins before ART is even begun and reflects
underlying damage and dysfunction to the immune system. This dysfunction is noted by a
failure to generate appropriate effector responses and a paucity of pathogen recognition and
antigen clearance. Clinically, normal CSF protein levels and/or low CSF white blood cell
counts are seen in those who will go on to develop IRIS [29¢]. Further investigation has
revealed differences in cytokines and chemokines related to immune responses to
Cryptococcus. Lower CSF levels of IFN-y, TNF-a, IL-6, and IL-8 are present before ART in
persons who later go on to develop IRIS, compared with patients who do not develop IRIS
during ART [29e, 30e, 31]. This difference implies lower levels of pro-inflammatory
signaling (e.g., IL-6, IL-8, TNF-a) and lower levels of effector responses with less IFN-y.
This trend is also apparent in patients’ serum immediately before starting ART (at a median
of 5 weeks after the initial meningitis) [28¢]. Protective innate signals are decreased: lower
levels of TNF-a, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), and vascular endothelial growth factor (VEGF) were
observed before ART in the serum of persons who later developed IRIS, compared with
those who did not develop IRIS [28¢]. Additionally, inappropriate responses (e.g., IL-4 and
increased 1L-17) are more frequent before ART in those going on to develop IRIS. In the
Kampala cohort, initial CSF cryptococcal antigen (CrAg) levels did not differ, but those
going on to develop IRIS had higher serum CrAg levels at ART initiation, suggestive of
worse antigen clearance [28, 29¢]. In this pre-ART baseline phase of IRIS pathogenesis,
persons who go on to develop IRIS have a more damaged immune system and are unable to
mount appropriate or effective responses to antigens.
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These cytokine and chemokine signals can be interpreted in the wider context of human
immunology (Fig. 2a). IL-4 production by Th, in response to CrAg may inhibit the
differentiation of naive CD4* T cells (Thg) to Thy, and also may inhibit Thy cell IFN-y
production normally required for the activation of macrophages [32-34]. IL-4, a classic Thy
cytokine, is nonprotective against Cryptococcus and results in disseminated infection [20,
21, 22¢]. Additionally, insufficient GM-CSF with an overabundance of IL-4 may unbalance
the differentiation of monocytes from helpful myeloid dendritic cells (mDC) to unhelpful
plasmacytoid dendritic cells (pDC) [35]. mDCs are important for Th differentiation via
IL-12 signaling and peptide—major histocompatibility complex Il (MHC-II) antigen
presentation to naive T cells in secondary lymphoid organs [36]. Lastly, GM-CSF promotes
macrophage phagocytosis, so decreases in GM-CSF may proportionally decrease
macrophage phagocytosis of Cryptococcus [37-39]. These pathologic cytokine signals in
response to foreign antigen may cause decreases in Thq differentiation, macrophage classic
activation, macrophage phagocytosis, and antigen presentation via mDC. The net result is
ineffective responses that incompletely clear antigen, thereby setting the stage for the next
phases of IRIS pathogenesis.

The second stage (the pre-IRIS phase), while the patient receives ART, is defined by a
period of gradually increasing pro-inflammatory signaling without an effector response.
During the pre-IRIS phase, there appears to be an inflection point at which the the
immunodeficiency and anergy described in the preceding paragraph are reversed, with
reconsititution of pro-inflammatory signaling by antigen-presenting cells, particularly
macrophages. Acute phase signals (e.g., IL-6, C-reactive protein [CRP], and D-dimer),
growth factors (G-CSF and IL-7), and Th, lymphokines (IL-13) in the serum of patients
with recent cryptococcal meningitis were associated with increased hazard of IRIS in time-
to-event analyses (Fig. 2b) [28¢]. Increased risk of developing IRIS was most notable for
IL-6 produced by antigen-presenting cells and for downstream CRP, increasing in serum in
the weeks prior to an IRIS event. For every twofold increase in IL-6 or CRP, the hazard of
IRIS increased by 1.6 and 1.5 respectively [28¢]. Reconstituting an immune system in the
presence of copious antigen with accompanying IL-6 coupled with transforming growth
factor beta (TGF-p) likely favors the restoration of Thy7 cells and other effector cells and
also favors the suppression of T regulatory (Tyeg) cells and/or other regulatory mechanisms
[40, 41]. Similar increasing hazard was observed with IL-13 (HR= 1.5 per twofold increase),
a Thy lymphokine that induces alternative activation of macrophages. These alternatively
activated macrophages can phagocytosize Cryptococcus, but the phagocytosized organisms
are not killed; they can survive and propagate intracellularly within alternatively activated
macrophages [21, 22¢]. During this pre-IRIS phase of ART, cytokines reflective of effector
function, such as IFN-y or Thy7, are not increased in peripheral blood, as they are in controls
who do not develop IRIS [28¢]. Thus, this second pre-IRIS phase is characterized by pro-
inflammatory signaling (IL-6, CRP), growth factors (IL-7, G-CSF), and inappropriate
responses (IL-13, alternatively activated macrophages), but without any appropriate effector
responses that would efficiently clear antigen.

Upon sufficient immune restoration, anergy gives way to a physiologic immune response to
persistant CrAg (Fig. 2c). Although clinically pathologic, the nature and magnitude of
immune response is not particularly unusual, as it is predominantly a Thy effector response.
For instance, an IFN-y response to CrAg is an essential component of normal cryptococcal
defense, where by Th cells signal via IFN-y to macrophages, resulting in classic
macrophage activation, increased phagocytosis, and pathogen clearance [2]. During IRIS, at
the site of inflammation in the CSF, numerous cytokines are increased, including IFN-y
(2.5-fold increase), TNF-a (threefold increase), and IL-6 (twofold increase). Although these
increases in CSF cytokines between pre-ART cryptococcal meningitis and CM-IRIS are
both substantial (and statistically significant), the actual magnitude of IFN-y and other
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downstream cytokines and chemokines (CXCL10) is similar at the time of IRIS to the range
observed before ART, at the time of the initial cryptococcal meningitis, among cohort
controls who did not develop IRIS. The cytokine response in the periphery was a bit more
dramatic: almost every assayed cytokine was significantly higher than in time-matched
controls at the time of IRIS. Cytokine increases in the compartment (i.e., CSF) did not
completely overlap with the cytokine increases observed in the serum [28e, 29¢], so it is only
partially correct to assume that what is occurring in peripheral blood is also happening at the
site of inflammation. This may have implications for other non-cryptococcal IRIS research.

Previous IRIS Hypotheses

Though IRIS is an important clinical syndrome, it is incompletely understood. The increase
in immune response and IFN-y secretion seen in CM-IRIS could be caused by increased
effector potential, decreased regulatory capacity to control the inflammatory response, or
both. The predominant IRIS hypothesis has focused on potential pathologic deficits of the
negative feedback mechanisms for controlling immune regulation during ART-associated
immune restoration. The hypothesis has been that the immune dysregulation results in
pathologic inflammation (i.e., a cytokine storm), which clinically manifests as a paradoxical
IRIS event. Subsequently, as the effector and regulatory components of the immune system
become unbalanced, the potential for boundless inflammation increases, thus setting the
stage for IRIS. Though a sensible hypothesis, differences in regulatory T-cell populations
have not been observed in other IRIS conditions, such as tuberculosis-related IRIS. Nor have
marked increases in Thy7 populations been observed. Though Thy7 responses are present in
the CSF at the time of cryptococcal IRIS events, with measurable I1L-17, the relative
magnitude of IL-17 increases is small at the time of IRIS. The median level of IL-17
increased from 5.2 pg/mL in pre-ART cryptococcal meningitis to 14.0 pg/mL at time of
IRIS (P = 0.099) [29¢]. In contrast, IFN-y concentrations are nearly 10-fold higher than
IL-17 at the time of IRIS, at a median of 124 pg/mL in CSF, having increased from a pre-
ART level of 50 pg/mL (P = 0.043) [29]. Thus, Thy7:Tyeg axis at the site of inflammation in
CM-IRIS does not appear to be a major influence.

Proposed IRIS Theory

The recent clinical and epidemiologic data on cryptococcal IRIS provide a basis for a
slightly different intuitive theory, in which the failure to clear antigen during the early phase
of immune recovery is followed by an unbounded response to this persistant antigen upon
sufficient immune reconstitution. In this theory, the key defect is the failure to clear antigen
because of severely damaged immune systems. In the normal physiologic feedback loop,
pro-inflammatory signaling is abated when the foreign antigen is removed. If the antigen
persists, the signaling persists. In the Ugandan cryptococcal cohort [28e, 29¢], this effect was
evident in the pre-ART phase, with decreased inflammation at the time of the initial
infection coupled with more CrAg present when starting ART. With successful antifungal
therapy and successful immune recovery by ART, CrAg is cleared slowly and pro-
inflammatory immune signaling decreases over time. In contrast, in persons who will go on
to develop IRIS, the pro-inflammatory signaling increases over time during the pre-IRIS
phase on ART, in the absence of any measurable increased effector response. Many
perturbations of the immune system can cause ineffective responses, and preexisting
conditions (e.g., parasitic infections) may further contribute by skewing Thy versus Thy
responses, but one issue is very clear: although IRIS is evident as an acute clinical condition,
CSF and serum cytokine data from a prospective Ugandan cohort [28<] suggest that IRIS is
a developing process with distinct immunologic phases that evolve pathologically long
before an IRIS event clinically occurs. This theory reflects an overview of IRIS
pathogenesis with the details becoming more complex.

Curr Fungal Infect Rep. Author manuscript; available in PMC 2012 December 1.
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Clinical Implications of IRIS Pathogenesis

Understanding IRIS pathogenesis may allow better medical care of patients. Based on
current knowledge, the primary clinical lessons involve stratifying IRIS risk, customizing
cryptococcal meningitis therapy, and optimizing the timing of ART initiation.

Risk Stratification

Risk stratification appears to be possible based on a prospective Ugandan cohort [28e, 29e].
A predictive algorithm based on seven pre-ART serum biomarkers was able to predict
subsequent CM-IRIS, correctly classifying 82% of cases and controls. The IRIS algorithm
could stratify persons into groups with high (82%) IRIS risk, moderate (47%) risk, and low
(22%) risk. Although the biomarkers used may be considered research-only tests, there are
also routine clinical tests that are informative of risk.

One major risk factor is the paucity of CSF inflammation at time of the initial cryptococcal
meningitis diagnosis, based on CSF white blood cell (WBC) count and CSF protein levels,
both of which are routine clinical tests. Persons with both a low WBC count (< 25 WBCs/
pL) and low CSF protein (< 50 mg/dL) had sevenfold higher odds of subsequent IRIS [29¢].
The combination of CSF WBC and CSF protein had a diagnostic sensitivity of 69%,
specificity of 76%, positive likelihood ratio of 2.90, and negative likelihood ratio of 0.40.
Patients with a paucity of inflammation were also less likely to have sterile CSF after 2
weeks of amphotericin induction therapy [42], as increasing CSF IFN-y levels correspond to
increasing 2-week CSF culture sterility [43]. It is unclear whether the IRIS risk results
mainly from the paucity of an immune response evident by lack of CSF inflammation, from
the failure to sterilize the CSF, or both. Similar findings were reported in a prospective study
of a cryptococcal meningitis cohort conducted in Durban, South Africa: patients with a
positive CSF culture when starting ART had a threefold higher risk of developing CM-IRIS
[44¢]. As well, in Cape Town, CSF cytokine analysis revealed that those with a paucity of
CSF inflammation were more likely to develop IRIS, even in a trial of adjunctive IFN-y, in
which the majority of CSF cultures were sterile at 2 weeks [19, 30¢]. Though very
noteworthy, the incidence of IRIS was threefold lower in cross comparison between Cape
Town and Kampala cohorts, suggesting that microbiologic clearance is important [28e, 30¢].
Thus, based on the available prospective data, it appears that both a lack of CSF
inflammation and CSF culture positivity at 2 weeks are significant risk factors for the
subsequent development of CM-IRIS during ART.

Another common laboratory test that was a biomarker of poor outcome is CRP. Patients
with a serum CRP level fourfold higher than normal (> 32 mg/L) on the day of starting ART
had all-cause mortality eightfold higher than those with CRP less than 32 mg/L (P < 0.001)
[28+]. The predominant cause of death during ART was CM-IRIS; however elevated CRP
also may be a marker for other occult untreated opportunistic infections. The hypothesis is
that CRP elevation, which is mediated by IL-6, reflected pro-inflammatory signaling and/or
immune dysregulation of cryptococcosis that was not fully resolved immunologically or
microbiologically by the time of starting ART. Further data are needed to understand this
CRP association, but at present, a high pre-ART CRP level appears to be associated with
poor outcome on ART.

Customization of Cryptococcal Meningitis Therapy

Predicting risk is helpful, but taking clinical action to alter the risk is more helpful.
Clinicians can modify two interventions: They can customize the initial cryptococcal
meningitis therapy, and they can change the timing of ART initiation. The first of these is
perhaps the most important in ensuring that CSF cultures are sterile, by completing
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induction therapy before changing from fungicidal dosing of antifungal therapy to
consolidation therapy. Standard cryptococcal meningitis consolidation therapy with 400 mg
per day of fluconazole is recommended to be commenced after 2 weeks of amphotericin
induction therapy [45], but fluconazole doses at this dosage is fungistatic [17¢], so if the
culture is not sterile before the switch to consolidation therapy, fungal clearance becomes
dependent on the immune system. This is a vicious cycle, whereby persons who lack CSF
inflammation are less likely to be able to clear Cryptococcus until immune reconstitution
occurs, setting the stage for CM-IRIS to occur; the innate antigen-presenting cells are
generating pro-inflammatory signaling without an effective immune response. The evidence
of the benefit of culture sterility comes from the prospective Durban and Cape Town cohorts
as well as cross-cohort comparisons. The incidence of CM-IRIS in patients achieving 2-
week CSF culture sterility was 10% to 15% in the Durban and Cape Town cohorts [30e, 44e,
46], whereas the incidence in the Durban cohort among individuals with a positive CSF
culture (and in a Kampala cohort) was 45% [28e, 44¢]. Both in Durban and Cape Town,
having a CSF culture which was sterile before starting ART was protective against IRIS
[30e, 44, 46].

Microbiologic clearance can be improved by prolonging induction therapy, using more
microbiologically active induction therapy, or using higher-dose initial consolidation
therapy. In developed countries, where lipid formulations of amphotericin and intensive
electrolyte monitoring are available, prolonging induction therapy is a potential option,
although expensive. In resource-limited areas, the toxicity of amphotericin deoxycholate,
particularly with electrolyte abnormalities, becomes increasingly problematic with
prolonged administration [47].

A second option is to improve the microbiologic activity of the induction therapy by using a
concomitant adjunctive agent with amphotericin therapy, such as flucytosine (5-FC),
fluconazole at doses >800mg/day, or recombinant IFN-y [19, 43, 46]. Improved
microbiologic clearance is associated with improved 2-week and 10-week survival [17e, 43],
S0 adding adjunctive therapy is warranted even without respect to IRIS risk. In resource-
limited areas, adding fluconazole at doses of 800 to 1200 mg per day in twice daily divided
doses to amphotericin is an implementable option.

The third possible option is altering the initial phase of consolidation therapy. One clinical
debate is the actual utility of a 2-week lumbar puncture in the management of cryptococcal
meningitis. This lumbar puncture is critically important to verify CSF culture status, but the
culture may take an additional 7 to 14 days to finalize as culture-negative. Although the
initial diagnostic CSF cultures, which have a high burden of organisms, will often grow in
<72 hours, the burden of viable infectious organisms in the follow-up 2-week cultures are
typically several logio/mL lower and take longer to grow on culture. Thus, in real clinical
practice (in both developed and resource-limited countries), the 2-week CSF culture status is
unknown at the time of routine hospital discharge. With the new recognition that
fluconazole at doses =800 mg per day is fungicidal [48], we recommend using 800 mg to
1200 mg per day of fluconazole in divided, twice-daily doses (i.e., 400-600 mg twice daily)
until the CSF culture is known to be sterile. In an ongoing clinical trial (ClinicalTrials.gov,
NCT01075152), we are routinely using 800 mg of fluconazole for an additional 3 weeks,
until patients return to the outpatient clinic and the 2-week CSF culture results can be
reviewed. If 2-week CSF cultures are positive, we recommend a repeat lumbar puncture to
verify CSF culture status, and we continue 800 mg of fluconazole until the culture status is
known to be sterile.
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Optimizing ART Timing

Other potential clinical options to prevent CM-IRIS are either delaying ART initiation or
using prophylactic anti-inflammatory medications. These options lack data to support them
and could be dangerous. Delaying ART initiation is potentially hazardous, as patients with
cryptococcal meningitis have severe immunosuppression and are at risk of other AIDS
events and mortality in the absence of ART. In Kampala, 40% of patients died before
starting ART, including approximately 25% after hospital discharge but before ART
initiation [29¢, 42]. In the AIDS Clinical Trials Group A5164 strategy trial to determine
when to initiate ART, starting ART at 2 weeks versus 6 weeks did not alter the risk of
cryptococcal IRIS among the 38 patients with cryptococcal meningitis [49]. The timing of
ART initiation is the subject of an ongoing National Institutes of Health strategy trial
(NCT01075152) testing whether early ART initiation (1-2 weeks after the diagnosis of
cryptococcal meningitis) results in better survival than outpatient ART initiation at
approximately 5 weeks after diagnosis. Based on the natural history of survival following
cryptococcal meningitis without ART, delaying ART initiation beyond 6 to 8 weeks is
probably not warranted as a preventive measure against CM-IRIS, particularly for those at
low risk of CM-IRIS. Even in patients at high risk for IRIS, the onset of IRIS is often
delayed, with a median time of onset of approximately 5 to 8 weeks after ART initiation
(interquartile range, of 34 to 9-13 weeks) in three prospective African cohorts [28s, 44,
50+]. Thus, enhanced antifungal therapy has potential time to be effective even within the
normal timing of ART initiation.

Prophylactic Anti-inflammatory Therapy

A second option with unknown efficacy could be the use of prophylactic anti-inflammatory
medications to prevent CM-IRIS. Such therapies are purely speculative. As a paucity of CSF
inflammation was associated with IRIS [29e, 30¢], there is a potential danger in suppressing
early inflammation. Some inflammation is necessary to clear antigen, and one may
inadvertently increase the risk of CM-IRIS by suppressing antigen clearance. Preventive
anti-inflammatory therapy would require careful clinical trials to assess safety and efficacy.

Future Directions

The theory of IRIS pathogenesis presented here will require clinical validation in
multicenter studies. Further investigation by interpreting cytokines and chemokines in the
context of the cellular environment (i.e. flow cytometry experiments) and leukocyte gene
expression would strengthen the present theory. More robust experimental methods will also
be necessary to answer fundamental questions about IRIS. For example, what is the
contribution to IRIS of exogenous factors (cryptococcal virulence traits and components)
versus endogenous factors (immune abnormalities, host genetics)? Genotype and phenotype
data from clinical cryptococcal isolates and ex vivo cryptococcal antigen stimulations from
patients could help dissect these intricate processes. Although the current IRIS model
assumes HIV infection to be a stochastic process, this is likely an oversimplification. IRIS is
a clinical spectrum, and risk is influenced by multiple factors, which include the immune
damage caused by HIV. Answering a question of this complexity will require subtantial
effort and most likely animal models which are representative of human IRIS. In summary,
observational cytokine data collected from a prospective cryptococcal cohort undergoing
immune reconstitution offers the first immunologic link between cryptococcosis and
cryptococcal IRIS. However, strong collaborations between basic science and clinical
researchers will be necessary if our understanding of IRIS is to progress to the point of
providing useful clinical methods of prevention or intervention.
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Conclusions

ART-associated immune recovery of persons living with AIDS is often confounded by
cryptococcal-related paradoxical IRIS. The etiology of IRIS is incompletely understood, yet
several key clinical and epidemiological observations have allowed researchers to begin to
elucidate IRIS pathogenesis. This article provides a brief review of Cryptococcus
microbiology and immunology, as well as an extensive summary of recently published IRIS
data, and this information was formulated into a confluent theory of IRIS pathogenesis. In
short, we postulate that IRIS is the product of three distinct immunologic phases. First,
during acute infection before starting ART, the periphery and site of disease (i.e. CNS) of
persons who eventually develop IRIS is relatively lacking in the inflammatory cytokines one
would expect to be necessary for efficient organism and antigen clearance. Second, as the
immune system begins its restoration with ART, persons later developing IRIS appear to
mount pro-inflammatory signaling responses to the persistent antigen, but these signals are
not accompanied by appropriate effector responses to clear antigen. Third, the continued
inability to clear antigen, the mounting inflammation, and the belated effector response
eventually culminate in an acute, clinically apparent IRIS event. Thinking of IRIS
pathogenesis as an immunologic and temporal spectrum also allows for practical clinical
interventions, such as: risk stratification, customized cryptococcal meningitis therapy,
optimizing timing of ART, and potentially anti-inflammatory prophylaxis. Despite the many
questions of IRIS pathogenesis remaining unanswered, this review hopes to establish a
foundation upon which clinical and basic science researchers can build upon.
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Figure 1.

Immune responses to Cryptococcus. a Myeloid dendritic cells (DC) recognize Cryptococcus
neoformans pathogen-associated molecular patterns via Toll-like receptors 2 and 4 and
pinocytosis of soluble antigen, initiating inflammatory signaling. b DCs communicate with
naive CD4* T lymphocytes (Thgp), leading to differentiation of type-1 helper T cells (Thy). ¢
Thy CD4" lymphocytes classically activate macrophages (M®) via IFN-y. Macrophages
upregulate reactive oxygen species and kill C. neoformans within phagosomes. GM-CSF
granulocyte-macrophage colony-stimulating factor; IL interleukin; TNF tumor necrosis
factor.
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a Baseline pre-ART: Paucity of inflammation

Figure 2.

Pathogenesis of cryptococcal immune reconstitution inflammatory syndrome (IRIS), which
has three phases: a Before antiretroviral therapy (ART), inappropriate signals lead to a
nonprotective type-2 helper T-cell (Thy) response and failure to clear the antigen. b During
initial ART immune recovery, pro-inflammatory signaling by antigen-presenting cells does
not produce an effector response. ¢ During an IRIS event, a cytokine storm occurs in the
periphery and a predominant type-1 helper T-cell (Thy) effector response is evident in the
central nervous system, with both sites experiencing increased inflammation and possible
absence of regulatory mechanisms. CSF cerebrospinal fluid; DC dendritic cells; GM-CSF
granulocyte-macrophage colony-stimulating factor; IFN interferon; IL interleukin; M@
macrophage; WBC white blood cells.
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