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Background. Host immune responses to HIV-associated cryptococcal meningitis are critical in disease outcome. Their
interaction with antifungal drug exposure is poorly understood. This study explored associations between immune biomarkers,
antifungal drug exposure, and clinical outcomes in HIV-associated cryptococcal meningitis.

Methods. We analyzed serial plasma and cerebrospinal fluid immune biomarkers from 64 participants recruited from the
AMBITION-cm trial. We estimated individual-level exposure to amphotericin B, flucytosine, and fluconazole. Associations
between immune biomarkers, pharmacokinetic parameters, and clinical outcomes were evaluated.

Results. An inflammatory cerebrospinal fluid response, characterized by coordination between tumor necrosis factor-a,
granulocyte colony-stimulating factor, and interleukin-7 signaling, was linked to low fungal burden, low intracranial pressure,
and survival. However, the value of specific immune biomarkers did not predict EFA or mortality. Exposure to amphotericin B
was significantly associated with EFA.

Conclusions. Favorable clinical outcomes from HIV-associated cryptococcal meningitis are associated with coordinated
inflammatory and cytotoxic responses in the central nervous system. Antifungal drug exposure was the dominant predictor of EFA.
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All-cause mortality from HIV-associated cryptococcal menin-
gitis remains in the region of 25% to 36% at 10 weeks [1, 2].
The host immune response is central to the pathogenesis of
cryptococcosis and determines whether infection is contained
within pulmonary granulomas or becomes disseminated, in-
cluding to the central nervous system (CNS) [3]. In advanced
HIV, dysregulation of CD4+ T cells interferes with inflammatory
signaling, enabling evasion of immune surveillance, persistence
of infection, and CNS invasion [4, 5]. T-helper (Th) 1 inflam-

matory responses, including release of proinflammatory cyto-

kines such as interferon-gamma (IFN-y), tumor necrosis
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factor-alpha (TNF-a), interleukins (ILs)-2, 6, 8, and 17, are
associated with enhanced early fungicidal activity (EFA) and
reduced mortality [6-8]. This signalling promotes classical
M1 macrophage polarization with attendant phagocytosis
and fungicide [9, 10]. In mice, a predominance of CD4+ cells
producing Th2-type responses with anti-inflammatory signal-
ling and alternative (M2) macrophage activation is associated
with detrimental outcomes [11, 12]—although this has not
been consistently replicated in humans. Deficiency of Thl-type
cytokines is associated with increased mortality in patients
with cryptococcal meningitis [6, 13].

The relationships between T-cell responses, macrophage acti-
vation pathways, and clinical manifestations from cryptococcal
infection are not straightforward. Additional complexity is add-
ed in the setting of antifungal therapy, which reduces fungal bur-
den and impacts the associated immune response [14, 15]. In this
study, we aimed to provide insight into the relative influence of
the host response and antifungal drug exposure on clinical out-
comes from HIV-associated cryptococcal meningitis. Immune
biomarkers were measured in plasma and cerebrospinal fluid
(CSF) collected serially from participants during the first
14 days of treatment. Posterior estimates of individual-level
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exposure to fluconazole, flucytosine, and amphotericin B were
derived from population pharmacokinetic (PK) models. We
examined the associations between immune biomarkers, anti-
fungal drug exposure, and clinical outcomes from cryptococ-
cal meningitis.

MATERIALS AND METHODS

Study Participants and Clinical Procedures

Participants were recruited from Queen Elizabeth Central
Hospital in Blantyre, Malawi. People living with HIV with a
confirmed first episode of cryptococcal meningitis were recruit-
ed as part of the phase IIl AMBITION-cm trial [1]. Participants
were randomized 1:1 to receive induction therapy with either a
single dose of liposomal amphotericin B (Ambisome, Gilead
Sciences; 10 mg/kg/day) followed by 14 days of flucytosine
(100 mg/kg/day) plus fluconazole (1200 mg/day)—the inter-
vention arm—or 7 days of amphotericin B deoxycholate
(1 mg/kg/day) plus flucytosine (100 mg/kg/day), followed by
7 days of fluconazole (1200 mg/day)—the control arm.

Patient Consent Statement

All patients who had capacity provided written, informed con-
sent for participation in the AMBITION-cm trial. If patients
were incapacitated, consent was obtained from a next of kin
with legal responsibility and then participants were recon-
sented if possible according to their clinical status. Ethical ap-
proval for AMBITION-cm was obtained from the Malawi
National Health Sciences Research Committee (#1907) and
the Research Ethics Committee of the London School of
Hygiene and Tropical Medicine (#14355).

Collection and Measurement of Soluble Biomarkers

Blood samples for measurement of immune biomarkers were
collected on day 1 (before initiation of study drugs), day 7,
and day 14. Blood samples for PK were collected on days 1
and 7 of the study at 0, 2, 4, 7, 12, and 23 hours after drug ad-
ministration. CSF was obtained by lumbar puncture (LP) for
measurement of immune biomarkers and PK before initiation
of study drugs (day 1) and on days 7 and 14. Additional LPs
were performed if clinically indicated for management of raised
intracranial pressure. CSF obtained from those LPs was also
analyzed.

Plasma and CSF samples were processed within 1 hour of
collection. Samples were centrifuged at 3000 rpm (1500g) for
10 minutes at 4 °C before freezing at —80 °C until analysis on
site at the Malawi Liverpool Wellcome Programme. We used
the Luminex multianalyte platform (Luminex, Merck
Millipore, Herts, UK) to measure IFN-y, TNF-q, granulocyte-
macrophage colony-stimulating factor (GM-CSF), granulocyte
colony-stimulating factor (G-CSF), IL-2, IL-4, IL-5, IL-6, IL-7,
IL-8 (CXCLS8), IL-10, IL-15, IL-17A, IL-12p40, IL-12p70, IL-1

receptor antagonist (IL-1ra), IFN-y inducible protein 10
(IP-10/CXCL10), endothelial ~ growth
(VEGF)-A, monocyte chemoattractant protein 1/chemokine
(C-C motif) ligand 2 (MCP-1/CCL2), macrophage inflammatory
protein (MIP)-1a/CCL3, MIP-1b/CCL4, and RANTES/CCLS5,
according to the manufacturer’s instructions.

vascular factor

Quantitative cryptococcal culture was performed on days 1,
7, and 14 using serial dilutions of 100 pL CSF with colony
counting after 48 hours of growth at 30 °C. For this substudy,
participants were followed up for 10 weeks with respect to
mortality outcomes.

Pharmacokinetic Analyses

The sampling, bioanalytical, and modeling techniques used for
this study are explained in detail elsewhere [16-18]. In brief,
concentration-time data for fluconazole, flucytosine, and am-
photericin B in plasma (all drugs) and CSF (fluconazole and
flucytosine only) were modeled using the nonparametric adap-
tive grid algorithm of the program Pmetrics [19] version 2.0.2
for R. Drug exposure was estimated by calculating the area un-
der the concentration-time curve (AUC) using the Bayesian
posterior PK predictions for each participant to perform trap-
ezoidal approximation in Pmetrics. These same estimates of
drug exposure were used by our group in another recent pub-
lication [18].

Data Analysis

Two statistical techniques were employed to reduce the dimen-
sionality of the large set of soluble biomarkers: principal com-
ponent analysis (PCA) and network analysis. PCA derives
linear functions (principal components [PCs]) that capture
the variance in a dataset and that are unrelated to one another,
increasing the interpretability of the data while minimizing in-
formation loss and avoiding multiple comparisons [20]. The
purpose of performing PCA in this case was to reduce the
“noise” created by relatively uninformative variables and to col-
lapse variables that were correlated to one another, enabling
simpler models of association between informative immune
biomarkers, pharmacokinetic variables, and clinical outcomes.
Network analysis places significance on the associations be-
tween variables, highlighting clusters of variables that are
more closely related to one another than to other variables.
The purpose of the network analyses performed here was to
identify coordinated immune responses associated with clinical
outcomes. The network analyses presented here included only
those cytokines that were strongly correlated (Pearson’s corre-
lation coefficient, r, >0.70; P < .05).

Prior to PCA and network analysis, analyte concentrations
were log;, transformed and normalized to the mean value for
that analyte across all timepoints. A “slope” value was calculat-
ed for each biomarker for each participant as a linear regression
of the log;o transformed, normalized concentration of that
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biomarker over time. PCA and network analyses were per-
formed on biomarker values from day 1 of the study and on
the slope values.

Several clinical outcomes served as dependent variables: fun-
gal burden at baseline prior to study drug administration, open-
ing intracranial pressure at baseline, EFA (calculated as a linear
regression of log;o CFU/mL of CSF over the first 14 days of ther-
apy) and mortality (followed up to 10 weeks). Regression models
were used to examine the relationship between PCs, posterior PK
predictions, and clinical outcome variables. Associations with
opening pressure were adjusted for baseline fungal burden in
CSF. Associations with EFA were adjusted for both baseline fun-
gal burden and study arm. Associations with time to death were
examined using Cox proportional hazards models and adjusted
for baseline fungal burden because this is consistently associated
with mortality from HIV-associated cryptococcal meningitis
[21]. Interaction terms were included between each immune
response PC and baseline fungal burden, to account for the pre-
sumed impact of the former on the latter. Statistical significance
was defined as P < .05. Original data are available online within
the Supplementary material.

RESULTS

Participants

Between November 2018 and October 2019, 64 participants were
recruited to this substudy of the AMBITION-cm trial—31 partic-
ipants in the control arm and 33 in the single-dose liposomal am-
photericin arm. The median age was 36 years (interquartile range
[IQR] 33-41 years) and 37% of participants were female. Median
weight was 50 kg (IQR 47-56 kg). Median CD4 cell count was
39 cells/mm> (IQR 21-83 cells/mm?, n = 57). At the time of re-
cruitment, 35 participants were taking antiretroviral treatment
(ART) and 29 were not taking ART. The cumulative case fatality
rate was 9% at 2 weeks (6/64) and 28% at 10 weeks (18/64).

Plasma and CSF Immune Biomarkers

The range of biomarker concentrations at baseline (day 1) in
plasma and CSF are shown in Figure 1. The change in bio-
marker values over time is depicted in Figure 2.

Posterior Estimates of Drug Exposure

The final PK models revealed substantial interindividual vari-
ability in drug exposure in this critically unwell population.
The median amphotericin B AUCy_,4 in plasma was 0.028 g/
L/h (IQR 0.014-0.540); flucytosine median AUC;44 163 in
CSF was 0.579 (IQR 0.343-0.813) and fluconazole median
AUC 44168 Was 5.504 (IQR 3.902-6.752). These time windows
were chosen to capture the high peak plasma concentration of
amphotericin B in the first 24 hours for those participants in
the intervention arm and to capture steady state of flucytosine
and fluconazole in the CNS.

Principal Component Analysis

Baseline Biomarker Values in Plasma and CSF. PCA of plasma
biomarkers from study day 1 demonstrated that 62.6% of the
overall variance in the dataset was accounted for by a combina-
tion of PC1 (38.7%), PC2 (15.2%), and PC3 (8.7%). PC1 com-
prised a large group of cytokines that contributed relatively
moderate, positive loading scores, implying that all variables
contributed similar information to that PC. The variance in
PC2 was primarily accounted for by negative loading scores
for IL-12p70, IL-2, and VEGF, indicating that the absence of
those variables contributed to PC2. PC3 was overwhelmingly
described by a strong contribution from IL-17A, with moderate
loading scores in other biomarkers (Figure 3A).

In CSF, 77.8% of the variance in the data from day 1 was ac-
counted for by the combination of PC1 (57.0%), PC2 (12.3%),
and PC3 (8.5%) (Figure 3B). A large group of biomarkers of
Thl-, Th2-, and Thl7-type responses drove the variance in
PC1; the contribution of each of those biomarkers to PC1 was pri-
marily positive and relatively homogeneous. The variance in PC2,
in contrast, was chiefly accounted for by positive loading scores in
a group of just 3 biomarkers: G-CSF, IL-7, and TNF-a. The che-
mokine RANTES was strongly negatively correlated with PC3.

Dynamic Biomarker Values in Plasma and CSF. Plasma bio-
marker concentrations were available for 39 participants on
day 1, 41 on day 7, and 37 on day 14. In CSF, biomarker con-
centrations were available from 61 participants on day 1, 55 pa-
tients on day 7, and 53 participants on day 14.

In plasma, the first 3 PCs accounted for 67.5% of the variance in
the dataset describing change in immune biomarkers over time:
PC1 37.1%, PC2 21.6%, and PC3 8.8% (Figure 3C). In CSF, 66.6%
of the total variance was accounted for by the first 3 PCs: PC1
45.0%, PC2 12.3%, and PC3 9.3% (Figure 3D). In both plasma
and CSF, PC1 was again characterized by relatively homoge-
neous, moderately positive loading scores across all biomarkers,
implying that all variables contributed similar information to that
PC. In plasma, PC2 comprised negative loading scores for IL-2,
IL-5,1L-12p40, IL-12p70, and IL-17A, indicating that the absence
of those variables contributed to PC2. PC3 in plasma was domi-
nated by a strong positive loading score for G-CSF (strong con-
tribution to PC3) and a negative score in RANTES (absence of
RANTES contributed to PC3). PC2 in the slope dataset from
CSF values was characterized by relatively strong contributions
from GM-CSF and RANTES, with a strong negative score for
IL-2. PC3 comprised strong positive loading scores for G-CSF,
IL-7, and TNF-a—the same biomarkers that presented the high-
est loading scores in the PCA of day 1 biomarkers in CSF.

Network Analysis

Baseline Biomarkers. Network analysis of baseline plasma
biomarkers suggested a particular pattern of biomarkers in
participants with high fungal burden and those who died
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Figure 1.

Baseline immune biomarker concentrations. Baseline soluble biomarker concentrations in A, plasma and B, CSF in patients with HIV-associated cryptococcal

meningitis. Boxes indicate median and interquartile range. Whiskers represent 10th and 90th percentiles. Abbreviation: CSF, cerebrospinal fluid.

before 10 weeks of follow-up (Figure 4). In these partici-
pants, there were 3 distinct clusters of immune biomarkers:
(1) IL-17A, IL-12p40 and VEGF; (2) IL-5 and IL-12p70; and
(3) all remaining biomarkers. Of note, the first of these distinct
clusters (IL-17A, IL-12p40, and VEGF) was also seen in patients
with high EFA, suggesting that this clustering alone was not

consistently related with either favorable or poor clinical outcomes.
IL-17A, IL-12p40, and VEGF also clustered together in partici-
pants who were not taking ART, but not in those who were taking
ART (Supplementary Figure 1). These are the same 3 biomarkers
that contributed positive loading scores to PC3 in the PCA of
baseline biomarker values in plasma.
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A Change in plasma biomarkers over time
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Figure 2. Change in biomarker values over time in A) plasma and B) cerebrospinal fluid. Gray lines represent individual patient biomarker values over time; black line is the

mean across the patient population.

Network analysis of day 1 CSF immune biomarker values re-
vealed a more consistent pattern (Figure 5). In participants
with favorable clinical outcomes (low baseline fungal burden,
low opening pressure, fast EFA, and survival at 10 weeks)
G-CSF, IL-7, and TNF-a clustered together, distinct from other
biomarkers, indicating that these cytokines were more closely
correlated to one another than they were to other biomarkers.
This pattern was not present in participants with high baseline
fungal burden, high CSF opening pressure, or in those who had
died within 10 weeks of study enrolment. However, the same
pattern was seen in participants with low EFA, suggesting that
this clustering did not distinguish between patients with slow
versus fast pharmacodynamic responses. In addition, the

pattern was present regardless of ART status. G-CSF, IL-7,
and TNF-o are the same biomarkers that contributed strongly
to PC2 in CSF.

Network Analysis
Dynamic Biomarker. Values Network analysis of the slope of
each biomarker value revealed less consistent patterns than
the networks of baseline biomarkers, in terms of associations
with favorable versus poor clinical outcomes (Supplementary
Figure 2). Overall, there was not a convincing trend in these
analyses.

In CSF, the pattern of G-CSF, IL-7, and TNF-a clustering to-
gether, distinct from other biomarkers, was seen in biomarker
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B Change in CSF biomarkers over time
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Figure 2. Continued

slope values (in keeping with the baseline dataset) in patients
who survived to 10 weeks. This pattern was not observed in pa-
tients who were deceased at 10 weeks. In keeping with the base-
line dataset, this clustering did not distinguish between patients
with slow versus fast EFA (Supplementary Figure 3). There was
no difference in the slope values of G-CSF, IL-7, or TNF-a be-
tween patients in the control versus single-dose arm of the
study (data not shown).

Relationships Between Principal Components, Pharmacokinetic
Variables and Clinical Outcomes

In regression models, we used the PCs from baseline data rather
than the PCAs of slope values, since the PCA of baseline data
identified the most consistent patterns.

There was a statistically significant association between PC3 in
plasma and baseline fungal burden and between PC2 in CSF and
baseline fungal burden (Table 1). Neither baseline fungal burden
nor any of the PCs from plasma or CSF data were associated with
lumbar opening pressure in univariate regression (data not
shown) or multivariate regression (Supplementary Table 1).

Adjusting for baseline fungal burden and exposure to each an-
tifungal drug, none of the immune data PCs was associated with
EFA. However, both baseline fungal burden and exposure to am-
photericin B were significantly associated with increased EFA: for
each log;y CFU/mL increase in fungal burden, EFA increased by
0.07 log;o CFU/mL/day (standard error 0.01, P < .001); for each
g/L/h increase in amphotericin B AUC, ,4, EFA increased by 0.14
log;o CFU/mL/day (standard error 0.04, P = .001); Table 2.
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Figure 3. Principal component analysis. A, Plasma, day 1: PCs 1, 2, and 3 accounted for 38.7%, 15.2%, and 8.7% of the variance, respectively. The majority of soluble
biomarkers in the dataset contribute relatively homogeneously to the variance in PC1. PC2 shows strongly negative loading scores in IL-12p70, IL-2, and VEGF, with PC3
predominated by a strongly positive loading score in IL-17A. B, CSF, day 1: PCs 1, 2, and 3 accounted for 57.0%, 12.3%, and 8.5% of the variance, respectively. Again, there
is relatively homogeneous contribution to variance in PC1. In PC2 is overwhelmingly characterized by positive loadings in G-CSF, IL-7, and TNF-a. PC3, in contrast, is pre-
dominantly defined by a negative loading score in RANTES, as well as a moderately positive score in TNF-a.. C, Plasma, slope values: PCs 1, 2, and 3 accounted for 37.1%,
21.6%, and 8.8% of the variance, respectively. PC1 was again characterized by relatively homogeneous, moderately positive loading scores across the majority of biomarkers.
PC2 comprised negative loading scores in IL-2, IL-5, IL-12p40, and IL-12p70. PC3 was characterized by strong positive loading scores in the slope values for IL-6 and IL-7, and
negative scores in the slope values for IP-10 and RANTES. D, CSF, slope values: PCs 1, 2, and 3 accounted for 45.0%, 12.3%, and 9.3% of the variance, respectively. PC1 was
characterized by moderately positive loading scores across the majority of biomarkers. PC2 was characterized by relatively strong contributions from GM-CSF and RANTES,
with a strong negative score for IL-2. PC3 comprised strong positive loading scores for G-CSF, IL-7, and TNF-o.. Abbreviations: GM-CSF, granulocyte-macrophage
colony-stimulating factor; IL, interleukin; PC, principal component; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.

A Cox proportional hazard model did not identify any stat-
istically significant independent predictors of survival time
among the PK parameters or PCs in univariate or multivariate
analysis (data not shown).

DISCUSSION

We present a comprehensive analysis of the immunopheno-
type both in the peripheral circulation and in the CNS of

patients with HIV-associated cryptococcal meningitis. There
was a notable lack of dynamism in immune biomarker values
over the first 14 days of treatment in either plasma or CSF,
and analysis of the slope values of each biomarker did not
yield significant information above that provided by analysis
of baseline values. An explanation for this may be that the im-
mune response to infection with Cryptococcus spp. is shaped
prior to diagnosis and the initiation of antifungal therapy,
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Figure 4. Network analyses showing the associations among immune biomark-
ers in plasma at baseline. Network plots showing associations between baseline
levels of immune biomarkers in plasma in patients categorized according to clinical
outcomes. Patients with baseline fungal burden greater than or equal to 6 logyq col-
ony forming units (CFU) per mL cerebrospinal fluid (CSF); patients with baseline fun-
gal burden less than 6 log;o CFU per mL CSF; patients with lumbar opening pressure
greater than or equal to 30 cm H,0; patients with lumbar opening pressure less
than 30 cm H,0; patients with early fungicidal activity (EFA) slower than —0.2
log;o CFU/mL/day; patients with EFA faster than or equal to —0.2 log;q CFU/mL/
day; patients who died by 10 wk into the study; patients who survived to 10 wk.
Color scheme is purely for presentation.
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Figure 5. Network analyses showing the associations among immune biomark-
ers in cerebrospinal fluid (CSF) at baseline. Network plots showing associations be-
tween baseline levels of immune biomarkers in CSF in patients categorized
according to clinical outcomes. Patients with baseline fungal burden greater
than or equal to 6 log;q colony forming units (CFU) per mL CSF; patients with base-
line fungal burden less than 6 log;q CFU per mL CSF; patients with lumbar opening
pressure greater than or equal to 30 cm H,0; patients with lumbar opening pressure
less than 30 cm H,0; patients with early fungicidal activity (EFA) slower than —0.2
logyq CFU/mL/day; patients with EFA faster than or equal to —0.2 log;g CFU/mL/
day; patients who died by 10 wk into the study; patients who survived to 10 wk.
Colour scheme is purely for presentation.
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Table1. Adjusted Multivariable Regression Model Examining Predictors
of Fungal Burden at Baseline

Table2. Adjusted Multivariable Regression Model Examining Predictors
of Early Fungicidal Activity

Regression Coefficient Standard Error P Value
Plasma PC1 0.25 0.14 .08
Plasma PC2 0.12 0.16 46
Plasma PC3 0.44 0.21 .04
CSF PC1 -0.15 0.10 15
CSF PC2 -0.35 0.17 .04
CSF PC3 0.21 0.22 .34

Bold values indicate statistically significant associations. Fungal burden measured in logqo
CFU/mL.

Abbreviations: CFU, colony forming unit; CSF, colony-stimulating factor; PC, principal
component.

with fluctuations in responses relatively minor once disease is
established.

In plasma, IL-12 p40, IL-17A, and VEGF contributed
strongly to the PC that was statistically significantly associated
with high baseline fungal burden—an established predictor of
mortality in cryptococcal meningitis [18, 21, 22]. This was
also reflected in the network analysis of plasma biomarkers at
baseline. This combination of cytokines suggests Thl and
Th17 T-cell differentiation, neutrophil, and monocyte recruit-
ment, activation of glial cells, and amplification of inflammato-
ry signalling. Indeed, IL-12 is an essential cytokine for
protective Th1 responses in murine models of cryptococcosis
[23]. VEGF can additionally disrupt the blood-brain barrier
to enable inflammatory cells and biomarkers to infiltrate the
CNS. In contrast with other investigators [6], our data did
not convincingly associate this pro-inflammatory signature in
plasma with clinical benefit. This may be because the immune
response in plasma does not reflect activity at the primary site
of pathology in the CNS. Alternatively, it may be a function of
the small number of participants in our cohort relative to the
number of measured biomarkers.

In keeping with other cohorts, favorable clinical outcomes in
our study were associated with a coordinated inflammatory and
cytotoxic response in the CNS [6, 24]. TNF-o is a core Thl-type
inflammatory and cytotoxic mediator, involved in protection
against a range of intra- and extracellular pathogens [25-29].
TNF-a stimulates IFN-y production, the beneficial role of
which is well documented in patients with HIV/CM [7, 30].
G-CSF promotes the differentiation of stem cells into cytotoxic
neutrophils and monocytes [31, 32]. In vitro experiments sug-
gest that G-CSF may also have direct immunomodulatory
properties: the addition of G-CSF to neutrophils, monocytes,
or monocyte-derived macrophages enhances cryptococcal kill-
ing both in the presence and absence of azole antifungal treat-
ment [33]. IL-7 is essential for lymphopoiesis and plays a key
role in homeostasis of T cells and inflammatory signalling net-
works [34-36]. There is evidence to suggest that amphotericin
B has immunomodulatory effects and that these effects differ

Regression Standard
Coefficient Error PValue
Baseline fungal burden —0.07 0.01 1.65
(logqo CFU/mL) Ep
Study arm: single dose QOdds ratio 1.03 0.08 71
AmBisome
Plasma PC1 0.00 0.01 .93
Plasma PC2 -0.01 0.01 .67
Plasma PC3 -0.02 0.02 19
CSF PC1 -0.01 0.01 .33
CSF PC2 0.00 0.01 .83
CSF PC3 -0.01 0.01 .61
Amphotericin AUCq.24 (9.L/h) -0.14 0.04 .04
Flucytosine AUC144-168 (g.L/) -0.04 0.02 11
Fluconazole AUC144.168 0.01 0.01 .29
(9.L/h)

Bold values indicate statistically significant associations. EFA measured in log;o CFU/mL/
day.

Abbreviations: AUC, area under the concentration-time curve; CFU, colony forming unit; PC,
principal component.

between amphotericin B formulations [14]. We did not design
this study to detect those differences and indeed did not ob-
serve differences in these key inflammatory cytokines between
study arms.

The immune response to HIV-associated cryptococcal men-
ingitis is marked by significant interindividual heterogeneity.
Identifying safe, generalizable targets for immunomodulatory
therapy is hugely challenging. A randomized controlled trial
of adjunctive IFN-y alongside amphotericin B deoxycholate
and flucytosine demonstrated improved EFA and a trend to-
ward reduced mortality in the IFN-y groups [7]. However,
this intervention is not in routine clinical use, in large part be-
cause of a lack of robust evidence of mortality benefit. Larger
trials of adjunctive IFN-y alongside a backbone of gold-
standard antifungal treatment, including mortality endpoints,
are required to explore this further. More data are also required
to identify those who are most likely to benefit from adjunctive
IFN-y. It is not clear, for example, whether ART status would
alter the response to immunomodulation.

From the point of diagnosis of cryptococcal meningitis, the
key intervention to improve outcomes remains the administra-
tion of potent antifungal therapy. Our analyses in CSF suggest a
consistent immune signature that distinguishes between pa-
tients with high- and low-baseline fungal burden, high and
low lumbar opening pressure, and mortality but fails to distin-
guish between high and low EFA. A plausible explanation for
this is that antifungal drug exposure is more predictive of
EFA than the immune response in the CNS. This hypothesis is
supported by our multivariable analysis, with amphotericin B ex-
posure remaining a significant predictor of EFA when adjusting
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for baseline fungal burden, immune signatures, and exposure to
fluconazole and flucytosine. We recently examined the relative
contribution of pathogen genomics and antifungal pharmacoki-
netics to EFA in patients with HIV-associated cryptococcal men-
ingitis and similarly concluded that the most significant
contributor is exposure to amphotericin B [18].

This study has limitations. First, our cohort was relatively
small in comparison to the number of clinical variables collect-
ed. We mitigated the statistical impact of this to a degree by im-
plementing PCA and network analyses before undertaking
regression analyses. Second, our estimates of amphotericin B
exposure in CSF were derived from plasma samples. This is be-
cause measured levels of amphotericin B are negligible in CSF
and the PK profile obtained from those samples is thought un-
likely to reflect exposure in brain parenchyma [37, 38]. Our
practice is therefore to measure in plasma and model CNS ex-
posure. Third, we were unable to account for microbiological
features such as strain lineage and phenotype in our analysis
because our sample size was insufficient to support the addition
of further datapoints. These data are published elsewhere [18].

In summary, our analysis supports an association between an
inflammatory, Th-1 type immune response in the CSF and fa-
vorable clinical outcomes from HIV-associated cryptococcal
meningitis. Our data emphasize the complexity of the immune
response to HIV-associated cryptococcal meningitis and provide
insight into the challenges of designing host-directed therapies.
Furthermore, our data suggest that the impact of exposure to
amphotericin B overshadows the impact of immune signatures
either peripherally, or at the site of infection, on EFA. In the de-
sign of future treatment protocols for HIV-associated cryptococ-
cal meningitis, optimized antifungal drug exposure should be an
absolute priority. Access to potent anticryptococcal drugs is es-
sential for all people who suffer with this disease.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
posted materials are not copyedited and are the sole responsibility of the
authors, so questions or comments should be addressed to the correspond-
ing author.
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