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Severe CSF immune cell alterations
in cryptococcal meningitis gradually resolve
during antifungal therapy
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Abstract

Cryptococcal meningitis (CM) is a severe fungal disease in immunocompromised patients affecting the central nerv-
ous system (CNS). Host response and immunological alterations in the cerebrospinal fluid (CSF) after invasion of Cryp-
tococcus neoformans to the central nervous system have been investigated before but rigorous and comprehensive
studies examining cellular changes in the CSF of patients with cryptococccal meningitis are still rare. We retrospec-
tively collected CSF analysis and flow cytometry data of CSF and blood in patients with CM (n=7) and compared
them to HIV positive patients without meningitis (n=13) and HIV negative healthy controls (n= 7). Within the group
of patients with CM we compared those with HIV infection (n=3) or other immunocompromised conditions (n=4).
Flow cytometry analysis revealed an elevation of natural killer cells and natural killer T cells in the CSF and blood of HIV
negative patients with CM, pointing to innate immune activation in early stages after fungal invasion. HIV positive
patients with CM exhibited stronger blood-CSF-barrier disruption. Follow-up CSF analysis over up to 150 days showed
heterogeneous cellular courses in CM patients with slow normalization of CSF after induction of antifungal therapy.

Keywords Fungal meningitis, Cryptococcus neoformans, HIV, Antifungal therapy, Intrathecal immunity, Flow
cytometry

Introduction

Infectious meningitis is caused by various pathogens
including bacteria, viruses, fungi or parasites. Com-
mon symptoms of meningitis are headache, fever, neck
stiffness, nausea and vomiting, confusion or reduced
level of consciousness and ocular symptoms including
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photophobia, diplopia or loss of vision [1, 2]. The most
common fungal meningitis is caused by Cryptococcus
neoformans which is a yeast that occurs ubiquitously
in the natural environment. Inhalation of cryptococcal
spores and desiccated yeast can lead to pulmonary col-
onization and latent fungal infection but is usually well
controlled in immunocompetent people. Cryptococcal
dissemination and clinical manifestations of cryptococ-
cal infection develop mostly in immunocompromised
patients, e.g. in later HIV stages and AIDS, after organ
transplantation or in patients on other immunosuppres-
sive treatments. Fungal pathogens can then replicate
and disseminate and infect any other organ. It has been
shown that Cryptococcus neoformans has a propensity to
disseminate to the central nervous system (CNS), leading
to cryptococcal meningitis (CM) or meningoencephalitis
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[2, 3]. Often, infection of the meninges can lead to ele-
vated intracerebral pressure (ICP) due to cryptococcal
polysaccharides blocking drainage of cerebrospinal fluid
(CSF) or altered vascular permeability [4, 5]. Cryptococ-
cal replication in the brain parenchyma is associated with
formation of nodular lesions, so-called cryptococcomas
[6]. Early diagnosis and therapy determine the course of
CM which can be fatal [1].

Lumbar puncture (LP) and analysis of CSF is essen-
tial to diagnose meningitis. Changes in standard CSF
parameters are not specific for individual pathogens in
meningitis. Flow cytometry of CSF can facilitate deeper
CSF cell characterization in certain diseases [6—9], hint
towards involvement of various cell types in underlying
pathological mechanisms and support neurological diag-
noses. A previous flow cytometry analysis of the CSF was
reported in patients with HIV-associated CM [7, 8] but
that study aimed to detect cryptococcal pathogens rather
than host CSF cells in patients with CM and did not
include healthy controls or HIV patients without CM.
The host cellular response of the CSF to CNS invasion of
Cryptococcus neoformans and changes after induction of
antifungal therapy remain poorly characterized.

In this retrospective study we characterized the cellular
composition in blood and CSF of patients with CM and
compared them to groups of immunocompromised HIV
positive patients without CM and HIV negative healthy
controls. This revealed partly distinct cellular alterations
in patients with CM with either HIV infection (CM/
HIV+) or other immunocompromised conditions (CM/
HIV-). CM/HIV+patients showed partial overlap of
changes in a HIV positive control group without menin-
gitis. Follow-up of routine parameters and cellular recon-
stitution kinetics showed slow normalization of standard
CSF parameters and immune cell alterations after initia-
tion of antifungal therapy.

Methods

Patients

At the University Hospital Miinster, CSF is obtained
from patients presenting with neurological or psychiatric
symptoms during diagnostic work-up. All CSF samples
are analyzed in a specialized laboratory. This includes
CSF standard analysis and a standardized flow cytometry
panel (see below). We screened the database of the Uni-
versity Hospital Miinster for patients that were diagnosed
with CM or HIV based on the ICD-10 diagnosis and had
received standard and flow cytometry analysis of CSF.
All patients presented to a department of the University
Hospital Minster with neurological symptoms or cogni-
tive impairment and thus underwent LP during diagnos-
tic workup (Table 1).
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We identified seven patients with cryptococcal men-
ingitis, for whom flow cytometry (mFC) data were
available, and included them in our retrospective study,
referred to as the CM group (CM; ICD-10 B45.1; n=7).
Three of these patients were HIV positive (CM/HIV+,
n=3) whereas the other four patients had other immu-
nosuppressive conditions (CM/HIV-, n=4) (Table 1).
We further identified a control group of thirteen patients
with a diagnosis of HIV without meningitis and available
mFC data (HIV; ICD-10 U60; n= 13). Due to HIV which
is accompanied by a loss of CD4 positive T lympho-
cytes, those patients represent an immunocompromised
control group. For further comparison, another group
of seven HIV negative healthy controls was identified.
Patients of both control groups presented with neuro-
logical symptoms and thus underwent lumbar puncture
to establish a differential diagnosis. CSF results were
categorized as normal, referring to our center’s standard
values and patients of this group were diagnosed with
headache, transient global amnesia or unspecific neu-
rological symptoms of unknown etiology (Ctrl; n=7)
(Table 1). All patients were admitted in one of the clinical
departments of the University Hospital Miinster during
2006 and 2022.

Diagnostic workup of CM

Cryptococcal antigen testing, cryptococcal cultivation

and Indian ink staining

With reasonable suspicion of an opportunistic infection
of the CNS, a cryptococcal antigen test (Cr-Ag Lateral
Flow Assay, IMMY) was performed on CSF and serum
by immunochromatography with cryptococcal capsule
polysaccharide as target antigen. Additional cultiva-
tion of Cryptococcus neoformans on Sabouraud-Agar
is performed at the department of microbiology of
the University Hospital Minster to verify cryptococ-
cal infection. In the past, Indian ink staining was per-
formed on fresh CSF to directly detect encapsulated
cryptococcus through microscopy. Diagnosis of crypto-
coccal meningitis in our CM cohort was confirmed by
either microscopy of CSF, positive cultures from CSF or
serum or positivity in the cryptococcal antigen lateral
flow assay of CSF and serum. Details on each patient are
listed in Supplementary Table 1.

Standard CSF analysis

CSF analysis was performed at the specialized CSF lab-
oratory of the University Hospital Miinster within one
hour after LP. CSF samples were processed as described
in previous works [9, 10]. CSF cells were counted in a
Fuchs-Rosenthal chamber. Concentration of protein,
albumin and immunoglobulins were measured by neph-
elometry (BN ProSpec, Siemens). Evaluation of serum/
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CSF immunoglobulin levels for immunoglobulin A (IgA),
immunoglobulin G (IgG) and immunoglobulin M (IgM)
were performed by creation of a Reiber scheme. Dysfunc-
tion of the barrier between blood and CSF is referred to
as blood-CSF-barrier disruption (BCBD) and was evalu-
ated in reference to the serum/CSF albumin and IgG
ratio. Oligoclonal bands (OCB) were investigated via
isoelectric focusing and silver nitrate staining and were
evaluated positive for intrathecal IgG synthesis.

Flow cytometry

CSF samples and additional blood samples that are taken
within regular working hours are analyzed on a stand-
ardized panel at the specialized CSF laboratory of the
University Hospital Miinster. All samples underwent cen-
trifugation. Supernatant was removed and the centrifuged
cell deposit was stained using antibodies against immu-
nophenotypic surface molecules of immune cells. Stain-
ing was performed against CD3, CD4, CD8, CD14, CD16,
CD19, CD45, CD56, CD138 and HLA-DR as described
previously [9]. Flow cytometry was performed using a
Navios flow cytometer (Beckman Coulter) and data were
analyzed using the software Kaluza (version 2.1, Beckman
Coulter). First gating was performed on forward scatter
channel (FSC) and sideward scatter channel (SSC) charac-
teristics. Further gating of cellular subsets was performed
according to their specific expression profiles of clusters
of differentiation as described in preceding works [10].

Data analysis

We used R v4.3 to analyze the results. Statistical signifi-
cance was calculated with the Mann—Whitney U-test
when comparing two groups or with the Kruskal-Wallis-
test and the Dunn-test as a post hoc test when compar-
ing multiple groups. We performed multiple hypothesis
testing by Benjamini-Hochberg’s procedure and included
all tests in this correction (CSF: 114 tests; blood 78 tests).
An adjusted p value<0.05 was assessed as statistically
significant. We generated heatmaps with the R package
pheatmap v1.0. In a first step all parameters including
Immunoglobulin G, Immunoglobulin A, Immunoglobu-
lin M, Albumin, Protein, Albumin ratio, IgG ratio, IgA
ratio, IgM ratio, Glucose ratio, Lactate, blood-CSF-bar-
rier disruption (BCBD), oligoclonal bands (OCB), B cells
(Bc), classical monocytes (cMono), intermediate mono-
cytes (iMono), nonclassical monocytes (ncMono), CD4
positive T cells (CD4), CD4 and CD8 positive T cells
(CD4CDS8), activated CD4 and CDS8 positive T cells (HLA-
DR CD4CDS8), activated CD4 positive T cells (HLA-DR
CD4), CD8 positive T cells (CD8), activated CD8 positive
T cells (HLA-DR CD8), granulocytes (Granulo), lympho-
cytes (Lympho), monocytes (Mono), natural killer cells
(NK), natural killer T cells (NKT), Plasma cells, T cells
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(Tc), activated T cells (HLA-DR Tc), CD4CD8 ratio, CD56
bright natural killer cells (brightNK), and CD56 dim nat-
ural killer cells (dimNK) were normalized by the ordered
quantile technique of the bestNormalize package v1.9
followed by scaling and centering [11]. Subsequently, the
mean of these normalized values was calculated and vis-
ualized in a heatmap. The results were clustered by com-
plete linkage and Euclidean distance measures. Principal
component analysis (PCA) was conducted and visualized
with the R package FactorMineR v2.8 [12]. Receiver oper-
ating characteristics (ROC) analysis was performed with
the R package pROC v1.18 [13]. The line plots were gener-
ated with ggplot v3.4 with the Im method of geom_smooth
to plot a linear regression line. Correlation analysis was
calculated with Pearson’s correlation coefficient and p val-
ues were adjusted by Benjamini-Hochberg’s procedure.

Results

Identifying a cohort of patients with CM and control
groups

We aimed to characterize CSF cells in CM. In total, we
identified and collected data from i) seven patients with
CM, ii) thirteen HIV positive patients without CM as an
immunocompromised group (HIV), and iii) seven HIV
negative healthy controls (Ctrl) that were age- and sex-
matched to the CM group.

All CM patients had likely developed disease due to
immunosuppression. Three patients were HIV posi-
tive (CM/HIV+group, 42.8%) with one of them being
on antiretroviral therapy (ART, 33%). Four CM patients
were on immunosuppressive treatment but HIV- (CM/
HIV- group) including corticosteroid therapy, immu-
nosuppression after organ transplant or chemotherapy
(Table 1). Two of the patients were organ transplant
recipients (kidney transplant, small intestine transplant)
in their medical history and they were on immunosup-
pressive medication (belatacept and everolimus, Ciclo-
sporin A and Mycophenolate mofetil). One patient had
steroid treatment due to sarcoidosis (ICD-10 D86) and
the other one had a history of chemotherapy due to a
B cell Non-Hodgkin-lymphoma (Table 1). In the CM
group, the female-to-male ratio was 1:2.5 and the average
age at presentation was 55.9 years. Patients of the con-
trol groups underwent LP due to neurological symptoms
including headache, cognitive decline, visual disturbance,
vertigo and peripheral sensory or motor symptoms.
Within the HIV control group, nine patients were on
antiretroviral therapy (ART, 69.2%). The female-to-male
ratio was 1:5.5 and the average age was 48.7 years. We
then collected data from seven matched controls with
normal CSF parameters. The female-to-male ratio was
1:2.5 and the average age was 53.4 years. All groups were
thus sufficiently matched in terms of sex and age.
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CM and HIV patients show severe blood-CSF-barrier
disruption

CM is known to increase cell counts with predominance
of lymphocytes and protein level in CSF and reduced CSE/
serum glucose ratio and elevated opening pressure [4, 5].
First, we analyzed routine parameters of CSE. Basic CSF
analysis revealed an increase of protein level (Fig. 1A), albu-
min (Fig. 1B) and lactate (Fig. 1C) in patients with CM.
CM groups exhibited excessive blood-CSE-barrier disrup-
tion (Fig. 1C) and intrathecal immunoglobulin synthesis
over all immunoglobulin subtypes with dominance of IgG
(Fig. 1B) and this was higher in CM/HIV+compared to
CM/HIV- patients. Cryptococcus neoformans was detected
in all patients with CM by Cr-Ag Lateral Flow Assay with
positivity for cryptococcal antigen in CSF or serum, posi-
tive culture from CSF or serum or direct microscopy of
CSF after Indian ink staining (Supplementary Table 1).

The HIV group exhibited CSF changes that partially
resembled those of the CM group albeit to a lesser
extent. Glucose and lactate levels were normal in HIV
as expected (Fig. 1C). CSF protein, intrathecal immuno-
globulins and BCBD were increased in HIV compared
to control patients but to a lower extent than in the CM/
HIV+group (Fig. 1A, 1B, 1C). HIV positive patients,
both with and without cryptococcal meningitis revealed
positive oligoclonal bands (Fig. 1C). These changes in
standard parameters of CSF were as expected in menin-
gitis but are not specific for fungal meningitis.

Severe changes in CSF cells in CM
We next focused on changes in cellular subpopulations
in blood and CSF of patients with CM by capitalizing on
available multicolor flow cytometry (mFC) data at our
center. We integrated standard CSF parameters and mFC
data of CSF and performed principle component analy-
sis (PCA). CM/HIV- patients revealed broad clustering,
indicating high heterogeneity within the group. The Ctrl
group showed overlap with CM/HIV- patients. CM/
HIV+ patients and the HIV control group were clustered
more densely and distinctly separated from the other
groups (Fig. 2A). Principal components identified the
parameters differentiating individual groups (Fig. 2B).
Increased IgG ratio and CSF leukocytes (CD45+) and
decreased CSF CD4 positive T cells were the main drivers

(See figure on next page.)
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that separated HIV from Ctrl and indicated HIV infection.
Increased CSF protein, albumin and IgA ratio, and granu-
locytes mainly drove the differences between CM and HIV
as well as CM and Ctrl and indicated cryptococcal menin-
gitis (Fig. 2B).

In the next step, we compared the individual CSF cell
populations between the three groups (Fig. 2C, Supple-
mentary Fig. 1). CM/HIV- patients showed a significant
increase of NK cells with a dominance of bright NK cells
and increase of NKT cells in the CSF (Fig. 2C), next to the
previously mentioned increase of CSF protein, lactate,
albumin and immunoglobulin ratios (Fig. 1). NK cells have
been reported to play a decisive role in the early immune
response to fungal infection. Our findings thus indicate an
activation of innate immune mechanisms in the CSF com-
partment and underline the importance of NK cells in the
defense of CM. Both CM/HIV+and CM/HIV- patients
revealed an increase of HLA-DR CD4 T cells, hinting to
activation of the adaptive immune system too (Fig. 2C).

Heatmaps revealed partial overlap of CSF parame-
ters in the CM/HIV+and HIV control group, including
decrease of CD4 positive T cells and CD4/CD8 ratio, as
expected due to HIV infection. Further, heatmaps also
displayed a higher increase of NK cells and granulocytes
in CM/HIV- compared to CM/HIV+ patients (Fig. 2D).
Intrathecal immunoglobulins showed higher increase
in CM/HIV+ patients compared to the CM/HIV- group
(Fig. 2D). We next quantified the ability of individual
parameters in distinguishing groups by calculating the
area under the curve (AUC) in receiver operating curve
(ROC) analysis. This returned lactate level in CSF as the
best parameter (AUC 0.9102) when comparing CM and
HIV, followed by glucose (AUC 0.8769) and NK cells
(AUC 0.8241) (Supplementary Fig. 4, Supplementary
Table 2). Further, ROC analysis identified immunoglobu-
lin G level in CSF (AUC 0. 9722) as the best parameter
to distinguish CM from Ctrl, followed by albumin ratio,
immunoglobulin ratios over all subclasses, protein level
in the CSF and BCBD (AUC > 0.9) (Supplementary Fig. 4,
Supplementary Table 2). The differentiation of HIV
patients to Ctrl was mainly determined by diminished
CD4/CDS8 ratio and the presence of OCBs as illustrated
in heatmaps (Fig. 2D). ROC analysis identified immuno-
globulin A, albumin and protein levels in the CSF when

Fig. 1 Standard CSF analysis. Basic CSF parameters indicate blood-CSF-barrier disruption and distinguish CM patients from HIV and Ctrl. A Cells
were counted in a Fuchs-Rosenthal chamber. Protein level was measured by nephelometry. B Levels of albumin and intrathecal immunoglobulins
were measured by nephelometry. Albumin and immunoglobulin ratios were evaluated by serum/CSF ratio. C Glucose ratio refers to serum/CSF
levels of glucose. BCBD refers to serum/CSF ratio of albumin and immunoglobulin ratios. Oligoclonal bands were detected through isoelectric
focusing and silver nitrate staining. Abbreviations - BCBD: blood-CSF-barrier disruption, CM: cryptococcal meningitis, CSF: cerebrospinal fluid,

Ctrl: healthy control group, HIV: human immunodeficiency virus positive, immunocompromised control group IgA: immunoglobulin A, IgG:

immunoglobulin G, IgM: immunoglobulin M, OCB: oligoclonal bands
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comparing HIV to Ctrl (AUC>0.9) (Supplementary
Fig. 4A, Supplementary Table 2).

CD56""9" NK and NKT cells increase in the blood in CM/
HIV-

We next analyzed flow cytometry data of blood samples
collected in parallel to CSE. Similar to our observations in
the CSF, PCA showed high heterogeneity of CM groups,
whereas the HIV and Ctrl groups were more homogenous.
Ctrl were separable from the CM group and the HIV group.
The CM/HIV+and CM/HIV- patients were separated
clearly whereas the CM/HIV- group showed overlap within
the HIV control group (Fig. 3A). Increase of CD8 positive
T cells and activated T cell populations as well as decrease
of NK cells and CD4 positive T cells were the main drivers
of the PCA separation (Fig. 3B). Both CM/HIV+and HIV
patients showed an increase of T cells, whereas CM/HIV-
patients revealed a strong increase in NK and NKT cells
and increase of B lymphocytes in the blood as illustrated
by heatmaps (Fig. 3C) and individual plots (Supplemen-
tary Fig. 2). Decreased albumin and classical monocytes
were identified as the most distinct parameters in heatmaps
when comparing blood of CM groups and HIV (Fig. 3C).
Assessed by ROC analysis, CD56™8" NK cells (AUC
0.9795) were the parameter with the highest distinctive
power when comparing CM to healthy controls (Fig. 3D).
ROC analysis identified albumin (AUC 0.8141), NKT cells,
monocyte counts and classical monocytes (AUC 0.8131) as
the most distinct blood parameters when comparing CM
to HIV patients (Supplementary Fig. 4B, Supplementary
Table 2). This indicates that blood could serve as a disease
surrogate in immunocompromised patients.

Slow reconstitution kinetics of CSF abnormalities

during antifungal therapy

We were interested in how fungal-associated CSF abnor-
malities reconstituted under treatment. Antifungal therapy

(See figure on next page.)
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was induced in all patients with diagnosis. CM patients
received further CSF analyses during follow-up exami-
nations in different time intervals (5 days up to 11 years
after first LP). To identify potential biomarker candidates
of a therapy response, we visualized all parameters over
150 days after the first LP (Fig. 4, Supplementary Fig. 3)
and compared CM/HIV+to CM/HIV- patients.

Increased cell count, protein and intrathecal immu-
noglobulins in CSF decreased within a few days after
induction of therapy (Fig. 4A). Initial protein levels
were slightly higher in CM/HIV- compared to CM/
HIV+patients but decreased to normal protein levels
after approximately 75 days in both groups. One hundred
days after the first LP, CSF perturbations were mostly
reversed. Percentages of plasma cells, NK cells and gran-
ulocytes were decreasing over time (Fig. 4B, Supplemen-
tary Fig. 3). Initial proportions of NK cells and CD56"¢"t
NK cells were higher in the CM/HIV- group whereas
CD56%™ NK cells were higher in the CM/HIV+ group.
CD56"8" NK cells rapidly decreased after induction of
antifungal therapy and reached the lowest level by day
40 to 50, followed by a slow increase afterwards in both
CM/HIV+and CM/HIV- patients (Fig. 4B). As expected
in healthy patients, plasma cells were not detected in
most patients after 50 to 150 days (Fig. 4B). T cells dis-
played a slow increase in CM/HIV- patients over time
(Fig. 4C). The proportions of monocytes and monocyte
subsets exhibited variable kinetics in the CM/HIV+and
CM/HIV- group (Fig. 4C). Of note, this suggests a rela-
tive increase of the previously reduced cell proportion
(Fig. 4B, 4C, Supplementary Fig. 3).

Discussion

Cryptococcus neoformans can cause fatal meningitis and
meningoencephalitis in immunocompromised individu-
als [1, 3]. Fungal infection with Cryptococcus neoformans
has been studied with focus on virulence factors and

Fig. 2 Flow cytometry analysis of CSF. CM patients show an increase of NK cells in CSF. A Principal component analysis of CSF. Each patient

is represented as a multidimensional data point. Large circles represent the means of each group (CM/HIV+ blue, CM/HIV- orange, HIV pink, Ctrl
green). Ellipses of the same color represent the confidence intervals of each group. B Principal components (PCs) comprise multidimensional
parameters. Parameters with the highest distinctive power determine PC1 and PC2 and are represented by the length of their vector. C Plotting
of individual parameters revealed a significant increase of NKT and NK cells with dominance of CD5619" NK cells in the CSF of the CM/HIV- group.
CM patients showed elevation of activated T cells. CM/HIV+ showed reduced CD4 T lymphocytes. D Heatmap of CSF parameters. The mean

of each parameter was calculated, scaled, centered and clustered hierarchically. Abbreviations - AUC: area under the curve, Bc: B lymphocytes,
BCBD: blood-CSF-barrier disruption, brightNK: CD56°"9" natural killer cells, CM: cryptococcal meningitis, CD45: leukocytes, cMono: classical

monocytes, CSF: cerebrospinal fluid, Ctrl: healthy control group, dimNK: CD5

6%™ natural killer cells, Granulo: proportion of granulocytes, HIV: human

immunodeficiency virus positive, immunocompromised control group, HLA-DR Tc: activated T cells, IgA: immunoglobulin A, IgG: immunoglobulin
G, IgM: immunoglobulin M, Lympho: proportion of lymphocytes, iMono: intermediate monocytes, mono: monocytes, ncMono: non-classical
monocytes, NK: natural killer cells, NKT: natural killer T cells, OCB: oligoclonal bands, PCA: principal component analysis, PC: principal component,
plasma: plasma cells, ROC: receiver operating characteristic analysis, Tc: T lymphocytes
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survival mechanisms of the pathogen [2, 3, 6, 14-16],
though the immunological response in the human organ-
ism has been poorly understood so far. We present a ret-
rospective study of flow cytometry data of CSF and blood
in patients with CM and compare them to immunocom-
promised HIV positive patients without CM and a group
of HIV negative healthy controls.

Our study was limited due to its retrospective design
and a rather small cohort of patients with CM. We
screened our clinical database and selected patients with
CM and available multicolor flow cytometry data. As
flow cytometry is only performed during regular working
hours from 8 a.m. to 4 p.m., mFC data are limited. Due to
partition of three HIV patients in the CM group, overlap-
ping features with the immunocompromised HIV posi-
tive control group could be observed. Though elevated
intracranial pressure commonly occurs with CM [1, 4, 5],
CSF opening pressure was not assessed or documented
in our clinical data system, so no information could be
provided regarding this aspect.

Changes of standard CSF parameters associated with
fungal meningitis have been reported in the literature
before and we could reproduce those findings including
decrease of glucose and increase of lactate, elevation of
protein and immunoglobulins and the presence of severe
blood-CSE-barrier disruption [1, 6]. Those changes have
been reported in infectious diseases of the central nerv-
ous system before, though they are not specific for fungal
pathogens and have been noticed in bacterial meningitis/
meningoencephalitis too [17, 18].

The cellularity of CSF in CM has rarely been investigated
before. Due to their size and capsular phenotype, crypto-
coccal pathogens are often confounded with lymphocytes
in microscopy of blood or CSE. By performance of flow
cytometry of CSF, we aimed to identify cellular subpopu-
lations that are involved in CNS invasion and compart-
ment-specific immune response and might indicate more

(See figure on next page.)
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specifically cryptococcal infection. Flow cytometry analy-
sis in CM has been reported before [11, 12], but reports
have been lacking comparison to immunocompromised
patients without CM and healthy controls.

Scriven et al. [8] previously presented a study detect-
ing Cryptococcus in CSF by flow cytometry. In this
work, gating along sideward scatter (SSC) and CD45
allowed detection of a cell population that was expected
to indicate the presence of cryptococcal pathogens in
the CSF (CD45 negative population). CD45 is used as
a panleukocyte marker. When gating along FSC/SSC,
confounding of Cryptococci and lymphocytes is possi-
ble, but our gating strategy followed selection of CD45
positive cells in the second step to further categorize the
presence of lymphocytes, monocytes and granulocytes.
CD45 is not expressed on cryptococcal pathogens.
Thus, confounding of lymphocytes and Cryptococcus
is unlikely in our flow cytometry analysis. Moreover,
we displayed changes of cellular subpopulations over
150 days after induction of antifungal therapy which has
not been investigated before.

First, routine CSF analysis revealed severe blood-CSE-
barrier disruption and positive oligoclonal bands in
patients with CM. Intrathecal immunoglobulin synthe-
sis was higher in CM/HIV+, compared to CM patients
with other immunocompromised conditions (CM/HIV-).
Flow cytometry analysis further revealed an increase of
plasma cells and monocytes with a dominance of classical
monocytes in the CSF of the CM/HIV+ group. Changes
in the microvascular environment and BCBD have been
reported in HIV patients before and have been attributed
to HIV infection affecting the CNS [19-21].

In CM/HIV- patients, NK cells with a dominance of
CD56™8" NK cells and NKT cells were highly increased
in CSF and blood, pointing to activation of the innate
immune system in both compartments in response
to dissemination and CNS invasion of Cryptococcus

Fig. 3 Flow cytometry analysis of blood. Blood parameters distinguish CM from control groups partially. A Principal component analysis of blood
revealed high heterogeneity within CM patients and partial overlap with HIV patients. Each patient is illustrated as a multidimensional data

point. Large circles represent the means of each group (CM/HIV+ blue, CM/HIV- orange, HIV pink, Ctrl green). Ellipses of the same color represent
the confidence intervals of each group. B Principal components (PCs) comprise multidimensional parameters. Parameters with the highest
distinctive power determine PC1 and PC2 and are represented by the length of their vector. C Heatmap of blood parameters. The mean of each
parameter was calculated, scaled, centered and clustered hierarchically. D Receiver operating characteristic (ROC) analysis of blood parameters.
Sensitivity and specificity are represented by area under the curve (AUC) values, which range from 1 (perfect distinction) to 0.5 (uninformative).
Heatmaps illustrate the hierarchy of all parameters according to their distinctive power. When comparing blood parameters, CD56bright NK cells
(AUC = 0.9795) were the best parameter to distinguish CM from Ctrl, followed by albumin (AUC = 0.9444). Abbreviations - abs: cell counts/ pl, AUC:
area under the curve, Bc: B lymphocytes, BCBD: blood-CSF-barrier disruption, brightNK: CD56°"9 natural killer cells, CM: cryptococcal meningitis,

cMono: classical monocytes, CSF: cerebrospinal fluid, Ctrl: healthy control group, dimNK: CD5

69 natural killer cells, Granulo: granulocytes,

HIV: human immunodeficiency virus positive, immunocompromised control group, HLA-DR Tc: activated T cells, IgA: immunoglobulin A, I1gG:
immunoglobulin G, IgM: immunoglobulin M, iMono: intermediate monocytes, Lympho: lymphocytes, mono: monocytes, ncMono: non-classical
monocytes, NK: natural killer cells, NKT: natural killer T cells, OCB: oligoclonal bands, PCA: principal component analysis, PC: principal component,
plasma: plasma cells, ROC: receiver operating characteristic analysis, Tc: T lymphocytes
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neoformans. Both NK cells and NKT cells have been
shown to play an important role in the early stages of
antifungal immune response. NK cells perform vari-
ous defense mechanisms to control and eliminate fun-
gal pathogens, including direct toxicity via cytotoxic

molecules, but also death-receptor mediated apopto-
sis and antibody-dependent cell-mediated cytotoxicity
[22-25]. NK cells induce the synthesis of Type I media-
tors and interact with other cells of the innate and adap-
tive immune system, creating a link in between innate
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Fig. 4 Reconstituition kinetics of CSF parameters under antifungal therapy. Slow normalization of standard CSF parameters and variable courses
of NK cell populations after induction of antifungal therapy. Parameters over the course of time of the CM/HIV+group are represented as lines

in green. Lines of the CM/HIV- group are represented in red color. Flow cytometry of CSF was performed at the first presentation of each patient
and during follow-up in different intervals. Antifungal therapy was started within days after the first diagnosis of CM. Samples were taken in different
time intervals, trends of each parameter are represented over a period of 150 days. First sample (day 0) of two patients were taken during follow up,
both were already on antifungal therapy (Patient 10: 10 months after first diagnosis; Patient 24: 30 months after first diagnosis). Correlation analysis
was performed with Pearson’s correlation coefficient and p values were adjusted with the Benjamini-Hochberg method. A Reconstitution kinetics
of cells, protein and immunoglobulins in CSF. B Reconstitution kinetics of plasma cells, NK cells and NK subtypes.C Reconstitution kinetics of T cell,
monocytes and monocyte subpopulations. Abbreviations - Bc: B lymphocytes, BCBD: blood-CSF-barrier disruption, brightNK: CD56°9" natural
killer cells, CM: cryptococcal meningitis, cMono: classical monocytes, CSF: cerebrospinal fluid, Ctrl: healthy control group, dimNK: CD56%™ natural
killer cells, Granulo: proportion of granulocytes, HIV: human immunodeficiency virus positive, immunocompromised control group, HLA-DR Tc:
activated T cells, IgA: immunoglobulin A, IgG:immunoglobulin G, IgM: immunoglobulin M, iMono: intermediate monocytes, Lympho: proportion
of lymphocytes, mono: monocytes, ncMono: non-classical monocytes, NK: natural killer cells, NKT: natural killer T cells, OCB: oligoclonal bands,
Plasma: plasma cells, ROC: receiver operating characteristic analysis, Tc: T lymphocytes

and adaptive immune mechanisms that contribute to
the elimination of the fungus [23].

Both CM/HIV- as well as CM/HIV+ patients displayed
elevation of activated CD4 positive and activated CD4CD8
positive T cells in CSF. The activation of T lymphocytes in

patients with CM implicates further involvement of adap-
tive immune mechanisms in the CNS as a response to fun-
gal infection. It has been shown that NKT cells promote
a Tyl-dominating T cell response in the early phase of
systemic infection by Cryptococcus neoformans [24]. Thus,
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they contribute to an immediate immune response but
also to continuous protective immunity.

The importance of NK cells in infectious disease is not
limited to fungal infection though. NK cells have also
been shown to be involved in viral and bacterial infec-
tions e.g. with cytomegalovirus or Epstein-Barr-Virus,
Escherichia coli or Listeria monocytogenes [23]. An
increase of NK cells in the CSF has been observed in viral
and bacterial meningitis too [18] though direct compari-
son of cellular subsets in the CSF of viral vs. bacterial vs.
fungal meningitis has not been reported before.

Changes of cellular subsets in the CSF in CM after
induction of antifungal therapy have been reported over
a period of two weeks and focused on monocyte and NK
subsets [26]. Our retrospective study displays trends of
various cell subpopulations in the CSF over 150 days after
first lumbar puncture.

Next to normalization of protein, immunoglobulin
ratios as well as glucose and lactate, we observed slow
reconstitution of immune cell alterations after induction
of antifungal therapy, especially in plasma cells, granulo-
cytes and NK cells.

After induction of antifungal therapy, the CM/HIV-
group initially displayed an increase of B cells, bright NK
cells and activated T lymphocytes, whereas NK and NKT
cells rapidly decreased. After reaching a peak at about
day 10, activated T cells slowly decreased, followed by
a second increase of NK, NKT and T cells after day 40.
These variable courses hint to involvement of innate and
adaptive immune mechanisms in the CNS in the course
of fungal infection and elimination. CM/HIV+ patients
initially displayed an increase of NK and bright NK cells,
but a decrease of activated T lymphocytes. This hints to
a weaker adaptive immune response and greater impor-
tance of the innate immune response in this group.

Our study provides a hypothesis for cellular interac-
tions in CM and to predict immunological mechanisms
in the CSF in response to fungal CNS infection. Further
investigations are needed to analyze the involvement
and interactions of immune cells as well as intracellular
operations and to deeply understand immune cell mech-
anisms in response to CM.

In this study, we aimed to investigate the host cellular
response in the cerebrospinal fluid of patients with CM.
The study was limited regarding its retrospective design
and limited availability of multicolor flow cytometry
data, resulting in a rather small cohort of CM patients.

In summary, we represent flow cytometry analysis of
CSF in a group of patients with CM in comparison to
immunocompromised HIV patients without meningitis
and healthy controls. We detected a strong increase of
NK cells in the CSF in CM, indicating activation of an
innate immune response in the CSF compartment. We
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revealed slow reconstitution of standard CSF param-
eters and heterogenous trends of CSF cell subsets after
initiation of antifungal therapy. Performance of flow
cytometry on CSF indicates involvement of innate and
adaptive immune responses to CM and illustrates slow
reconstitution of immune cell alterations after induc-
tion of antifungal therapy in follow-up examinations.
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