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Introduction

Abstract

Objective: HIV-associated neurocognitive disorders (HAND) remain a
challenge despite combination antiretroviral therapy (cART). Immune cell
activation has been implicated to play a major role in the development of
HAND. Methods: In this study, we used multicolor flow cytometry on periph-
eral blood (PB) and cerebrospinal fluid (CSF) samples to determine the expres-
sion of HLA-DR and programmed death-1 (PD-1) on CD4+ and CD8+ T cells
in patients with chronic HIV infection. Expression levels were correlated with
HI virus load in PB and CSF, classification of HAND and severity of magnetic
resonance imaging (MRI) signal abnormalities. Results: In a cohort of 86 HIV
patients we found that the grade of neurocognitive impairment and the severity
of MRI signal abnormalities correlated with decreasing CD4/CD8-ratios and
increased frequencies of HLA-DR expressing CD4+ and CD8+ T cells reaching
the highest values in the CSF samples. Importantly, HLA-DR upregulation was
still detectable in virologically suppressed HIV patients. Further, T-cell subpop-
ulation analysis of 40 HIV patients showed a significant shift from naive to
effector memory (EM) T cells that was negatively correlated with the grade of
neurocognitive impairment in the PB samples. Moreover, PD-1 was signifi-
cantly increased on CD4+ memory T cells with highest levels on EM T cells in
HIV patients with mild or severe neurocognitive alterations. Interpretation:
The CD4/CDS8 ratio, the proportion of EM to naive T cells and the immune
activation profile of CD4+ and CD8+ T cells in PB and CSF might be useful
parameters to monitor the efficacy of cART and to identify HIV patients at risk
of further neurocognitive deterioration.

daily living and cannot be explained by another preexist-
ing neurological disease, severe substance abuse, or

HIV-associated neurocognitive disorders (HAND) are still
a major challenge in chronic HIV infection."* The diag-
nosis of HAND is currently based on abnormal perfor-
mance on neuropsychological testing and the presence or
absence of functional limitations related to cognitive
impairment. Three levels of HAND have been defined:
asymptomatic neurocognitive impairment (ANI), mild
neurocognitive disorder (MND), and HAD (HIV-associ-
ated dementia).” HAND typically present as a subcortical
dementia with cognitive, behavioral, and motor decline
over weeks or months, which interferes with activities of

another cause of dementia.*® Standard magnetic reso-
nance imaging (MRI) has been shown to be a sensitive
diagnostic tool in the investigation and management of
HIV-related central nervous system (CNS) disorders and
we could recently show that typical white matter lesions
correlate with neurocognitive deficits in HIV-infected
patients.® Volumetric MR techniques and diffusion tensor
imaging measures could be used as additional tools to
monitor disease progression of HIV patients.”

Although severe cognitive disorders rarely occur in
patients effectively treated with combination antiretroviral
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therapy (cART, plasma HIV RNA <50 copies/mL), more
subtle forms of cognitive impairment are present in about
50% of long-term survivors with treated HIV infection.® '
A low CD4 nadir has been identified as an important pre-
dictor of neurocognitive impairment in HIV patients."'
However, in the cART era, HIV disease markers such as
HIV load and CD4 cell counts are no longer closely asso-
ciated with ongoing neurocognitive impairment in HIV
patients on treatment.

There is growing evidence that multiple factors are
involved in the development or persistence of neurocog-
nitive dysfunctions in cART-suppressed patients that
include the failure of cART to completely suppress HIV
replication within the CNS, the occurrence of HIV vari-
ants with distinct resistance profiles and potential
antiretroviral CNS toxicity.'>'? This probably leads to an
ongoing, slowly progressing process of brain infection,
inflammation and injury which is reflected by the persis-
tence of intrathecal IgG-synthesis, elevated cerebrospinal
fluid (CSF) neopterin levels, and increased immune activa-
tion markers such as interleukin 6, TNF-o, CCL2/MCP-1,
sIL-2R, sCD14, or sCD163."*%°

Nonetheless, additional biomarkers are needed that
could identify a population at risk of developing neu-
rocognitive dysfunctions or that could monitor the effi-
cacy of treatment to improve the outcome and optimize
quality of life of HIV patients. In this study, we deter-
mined the frequency and immune activation status of
CD4+ or CD8+ T-cell subpopulations in peripheral blood
(PB) and CSF in correlation with HI virus load, the grade
of neurocognitive dysfunction and the severity of MRI
signal abnormalities in cART-treated HIV patients by
multicolor flow cytometry.

Material and Methods

Standard protocol approvals, registrations
and patient consents

Patients were recruited at the Department of Neurology
at the University Hospital Muenster, Germany from 2012
until 2014. All experiments were carried out according to
the Declaration of Helsinki and were approved by the
ethical committee of the University of Miinster Medical
School (2010-262-f-S). All patients consented to the sci-
entific use of their biosamples, which were all primarily
obtained for routine diagnostic workup.

Clinical parameters

The clinical evaluation consisted of medical history,
standardized neurologic examination and a neuropsy-
chological assessment for the presence of HAND. All
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participants were tested with a standard neuropsycho-
logical test battery assessing six cognitive domains:
speed of information processing, executive function,
learning, memory, motor, and verbal function. Patients
were classified according to the “Frascati” criteria.” In
brief, patients with HIV-associated ANI not interfering
with everyday functioning were graded with 1, patients
with HIV-associated MND with mild interference in
daily functioning were graded with 2, and patients with
HAD with marked interference with day-to-day func-
tioning were graded with 3. HIV patients with a nor-
mal test performance were graded with 0.

CSF and blood samples

HIV patients underwent a lumbar puncture to obtain
CSF and ethylenediaminetetraacetic acid (EDTA) blood
was taken at the same time. As a control, blood and
CSF was analyzed from patients with suspected presence
of a neurologic disorder but who suffered from a soma-
tization disorder in retrospective. Patients included in
the control group also fulfilled the following laboratory
criteria defining a noninflammatory CSF: <5 cells/mL,
<500 mg protein/mL, <2 mmol/L lactate, no disruption
of the blood-brain and/or -CSF barrier, no intrathecal
immunoglobulin synthesis, no oligoclonal bands in the
CSFE. HIV ribonuclein acid levels (copies per microliter)
were analyzed with a Cobas Amplicor HIV Monitor
Test (Roche, Basel, Switzerland).

Multiparameter flow cytometry

CSF samples were collected in polypropylene tubes and
were processed within 20 min. Cells were obtained from
EDTA blood by erythrocyte lysis using VersaLyse buffer
(Beckman Coulter, Krefeld, Germany) following the
manufacturer’s instructions. Cells were obtained from CSF
by centrifugation (15 min, 290g, 4°C) and incubation in Ver-
saLyse buffer. Cells were stained for 30 min at 4°C using the
following fluorochrome-conjugated antibodies: CD14-FITC,
CD138-PE, HLA-DR-ECD, CD3-PC5.5, CD56-PC7, CD4-
APC, CDI19-APCAlexafluor700, CD16-APCAlexafluor750,
CD8-PacificBlue, and CD45-KromeOrange (all Beckman
Coulter). T-cell subpopulations were further analyzed using
the following fluorochrome-conjugated antibodies: CD45RA-
FITC, CD27-PE, CD3-ECD, CCR7-PC5.5, CD25-PC7, CD56-
APC, CDI127-APCAlexafluor700, CD62L-APCAlexafluor750
or PDI1-APCAlexafluor750, CD8-PacificBlue, and CD4-
KromeOrange (obtained from Beckman Coulter or
Ebioscience, Frankfurt, Germany). After washing, all sam-
ples were analyzed using the Navios™ flow cytometer
(Beckman Coulter, Germany). The gating strategy to
determine HLA-DR expression on CD4+ and CD8+ T
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cells and CD4+ and CD8+ T-cell subpopulations are
described in Figures S1 and S2.

MRI procedure

All MRI examinations were performed with a 1.5-T
clinical imaging system (Gyroscan Intera®; Philips Medi-
cal Systems, Best, the Netherlands) using a synergy head
neck coil. Axial Tl-weighted spin-echo  (SE),
T2-weighted fast SE (FSE), and fluid-attenuated inver-
sion recovery FSE sequences were obtained. Cerebral sig-
nal abnormalities in MRI of HIV-infected patients were
evaluated as described previously.”"** In brief, the pat-
tern of signal abnormalities was graded as none (score
0), multifocal (score 1) and diffuse (score 2) and the
severity of signal abnormalities within the periventricular
white matter and the basal ganglia was graded as none
(score 0), mild (<25% involvement, score 1), moderate
(25-75% involvement, score 2), and severe (>75%
involvement, score 3). As a result, a maximum score of
5 could be obtained.

Statistics

The data were analyzed with the Kolmogorov—Smirnov
procedure to test for normal distribution. Because not all
patient groups showed a normal distribution, the follow-
ing nonparametric tests were used: The two-tailed
Mann—Whitney test was used to test for significant dif-
ferences between two groups. The Kruskal-Wallis test
with post hoc Dunn Multiple Comparison analysis was
applied to test for significant differences between three
and more groups. For correlation analysis, we used the
Spearman rank test. Values of P < 0.05 were considered
to be significant. GraphPad Prism 5.0 GraphPad Soft-
ware, Inc.La Jolla, USA was used for statistical analyses.

Results

Patient characteristics

Between 2012 and 2014 we recruited 86 subjects
(male = 71, female = 15) with a median age of 49 years
(range 19-72 years). Subject demographic and treatment
data are presented in Table 1. The majority (89%) of sub-
jects were on cART. The median time since diagnosis of
HIV-infection was 13 years (1-27 years). Most subjects
had suppressed HIV RNA (<37 copies/mL) in blood
(69.8%) and CSF (75.6%). The median CD4+/CD8+ T-cell
ratio was 0.6 (0.1-2.8) with 25.6% of the subjects achieving
a CD4+/CD8+ T-cell ratio >1. CD4 T-cell counts were 552
(3-1327) cells/uL and CD8 T-cell counts were 898 (70—

O. M. Grauer et al.

Table 1. Demographic and HIV-related data of the study population.

Number of patients (n) 86

Gender (male:female) 71:15

Median age (years) 49 (range 19-72)
Median duration of HIV-infection (years) 13 (range 1-27)
CART (%) 89

Median CD4+ cell/uL 552 (range 3-1327)
Median CD8+ cell/ul 898 (range 70-2431)
Median T4/T8 ratio (PB) 0.6 (range 0.1-2.8)

Patients with T4/T8 ratio >1 PB (%) 25.6

Median HIV RNA copies/mL (PB) nnw (range 0-135.000)
Median HIV RNA copies/mL (L) nnw (range 0-418.000)
Patients with HI VL <37 copies/mL PB (%) 69.8 (26/86)

Patients with HI VL <37 copies/mL L (%) 75.6 (21/86)

HAND Number of Controlled Controlled VL
classification patients (n) VL PB (%) CSF (%)
Grade 0 11 81.8 (09/11) 90.9 (10/11)
Grade 1 25 76.0 (19/25) 63.6 (07/11)
Grade 2 37 64.9 (24/37) 64.9 (24/37)
Grade 3 13 61.5 (08/13) 76.9 (10/13)

PB, peripheral blood; VL, virus load; HAND, HIV-associated neurocog-
nitive disorders; CSF, cerebrospinal fluid.

2431) cells/uL. The control group comprised 17 subjects
with a median age of 45 years (range 23-59 years).

The grade of neurocognitive impairment of
HIV patients was associated with decreasing
CD4/CD8-ratios in PB and CSF

PB and CSF samples of control and HIV patients were
examined with a panel of fluorochrome-conjugated
antibodies as described previously”” and in Figure SI.
Flow cytometric analyses showed that the frequency of
CD45+ lymphocytes, CD3+56— T cells, CD3—CD56+
NK cells and CD3+CD56+ NKT cells was not different
and HIV patients (Fig. 1A). As
expected, further T-cell analyses revealed a significant
decrease in the frequency of CD4+ T cells and a signif-
icant increase in the frequency of CD8+ T cells both in
PB and CSF samples of HIV patients resulting in a
substantial decrease in the CD4/CD8 ratios. In addition,
we correlated the CD4/CD8 ratio with the grade of
neurocognitive impairment in HIV patients. HAND was
classified according to the “Frascati” criteria and graded
from 0 to 3 as mentioned in Material and Methods
(2.2.). Subsequent analyses showed that the grade of
neurocognitive impairment correlated with an increasing
CD4/CD8 inversion both in PB and CSF, most promi-
nently in HIV patients with severe neurocognitive alter-
ations (grade 3) (Fig. 1B).

between control
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Figure 1. Immune profile of lymphocytes in the peripheral blood (PB) and cerebrospinal fluid (CSF). (A) Proportions of CD45+ lymphocytes, CD3+
T cells (CD3+CD56—), NK cells (CD3—CD56+) and NKT cells (CD3+CD56+) within PB (black symbols) and CSF (red symbols) of control (ctrl,
n =17, closed circles and squares) and HIV patients (HIV, n = 86; open circles and squares) were determined by multicolor flow cytometry as
described in Figure S1. (B) Proportions of CD4+ T cells (CD3+CD56—CD4+) and CD8+ T cells (CD3+CD56—CD8+) as well as CD4/CD8 ratio within
PB and CSF of control and HIV patients are shown. In addition, CD4/CD8 ratios within PB and CSF according to the grade of neurocognitive
impairment are depicted (vertical scatter plot, mean with SEM). P values were calculated using Mann-Whitney test for comparison of two groups,
and Kruskal-Wallis test with post hoc Dunn Multiple Comparison analysis for the comparison of three and more groups). Asterisks denote
different P values: *P < 0.05; ***P < 0.0001. For detailed statistics see Table S1A and B.

The grade of neurocognitive impairment
and MRI signal abnormalities were
associated with an increased HLA-DR
expression on CD4+ and CD8+ T cells in PB
and CSF of HIV patients

Next, we investigated whether CD4+ and CD8+ T cells in
PB and CSF samples of HIV patients expressed the
immune activation marker HLA-DR. Figure 2A shows
that HLA-DR was significantly upregulated on CD4+ and
CD8+ T cells not only in PB, but particularly in CSF of
HIV patients when compared to the control group. Fur-
ther analyses revealed that the frequency of HLA-DR-pos-
itive CD4+ and CD8+ T cells correlated with the virus
load with the highest values in PB and CSF samples of
HIV patients with a detectable HI virus load (>37 copies/
mL). Interestingly, an upregulation of HLA-DR expres-
sion could also be detected on CD4+ and CD8+ T cells in
PB and CSF samples of HIV patients with a suppressed
HI virus load (<37 copies/mL) which made up about
70% of the study population (Fig. 2B). We then assessed
whether there was a correlation between HLA-DR expres-
sion on CD4+ and CD8+ T cells and the grade of neu-
rocognitive impairment in virologically suppressed HIV
patients. Figure 2C shows that the percentages of HLA-
DR expressing CD4+ and CD8+ T cells continuously
increased with the grade of neurocognitive impairment
reaching the highest values in PB and CSF samples of
HIV patients with severe neurocognitive alterations.
Moreover, HLA-DR expression levels on CD4+ and CD8+
T cells also differed significantly between HIV patients
with normal cognitive function or asymptomatic neu-
rocognitive deficits (grade 0 or 1) and HAD (grade 3)
further demonstrating that persistent immune activation
contributes to the neurocognitive impairment in HIV
patients.

In addition, we asked the question whether HLA-DR
expression on CD4+ and CD8+ T cells was associated
with the severity of MRI signal abnormalities in HIV
patients with undetectable virus in PB or CSF. MRI signal
abnormalities were scored as mentioned in Material and
Methods (2.5.). As depicted in Figure 2C, the frequency
of HLA-DR expressing CD4+ T cells was mainly increased
in PB and CSF samples of HIV patients with MRI signal

abnormalities scores of 2-3 and 4-5. A significant HLA-
DR upregulation could also be detected on CD8+ T cells
in PB samples of HIV patients with severe MRI signal
abnormalities scores of 4-5, whereas the frequency of
HLA-DR expressing CD8+ T cells was only slightly ele-
vated in CSF samples of HIV patients when compared
with the control group.

The proportion of EM to naive CD4+ and
CD8+ T cells negatively correlated with the
grade of neurocognitive impairment in HIV
patients

In 40 HIV patients, we could perform additional analyses
for CD4+ and CD8+ T-cell subpopulations in blood and
CSF samples as described in Figure S2: naive T cells
(naive, CCR7+CD45RA+), central memory T cells (CM,
CCR7+CD45RA—), effector memory T cells (EM,
CCR7—CD45RA—), and terminal differentiated EM T
cells (TEMRA, CCR7—CD45RA+). As
Figure 3A, the proportion of naive CD4+ and to a lesser
extent of CD4+ TEMRA in PB was significantly reduced
in HIV patients, whereas the proportion of EM and CM
CD4+ T cells was significantly increased compared to the
control group. In CSF samples, EM and CM T cells did
not differ significantly between control and HIV patients,
whereas the difference of naive CD4+ T cells and CD4+
TEMRA reached statistical significance between both sub-
jects. Similar to CD4+ T cells, the proportion of naive
CD8+ T cells in PB was significantly reduced in HIV
patients, whereas the proportion of EM CD8+ T cells was
significantly increased compared to the control group.
However, the frequency of CM CD8+ T cells and CD8+
TEMRA did not differ significantly between controls and
HIV patients. In CSF samples, we could also not detect
any significant differences between the CD8+ T-cell sub-
populations (Fig. 3B).

On the basis of these results, we further analyzed the
correlation between the proportion of naive and EM T
cells within the blood CD4+ and CD8+ T-cell compart-
ment. As shown in Figure 4A, the frequency of EM CD4+
and CD8+ T cells negatively correlated with the frequency
of naive CD4+ and CD8+ T cells in HIV patients in con-
trast to control patients. Moreover, we correlated the fre-

shown in
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Figure 2. HLA-DR expression on CD4+ and CD8+ T cells. (A) The expression of HLA-DR on CD4+ and CD8+ T cells within PB (black symbols) and
CSF (red symbols) of control (ctrl, n = 17; closed circles and squares) and HIV-patients (HIV, n = 86; open circles and squares) were evaluated by
flow cytometry. (B) Graphs showing the percentage of HLA-DR-positive CD4+ and CD8+ T cells within PB (closed black symbols) and CSF (open
red symbols) of control and HIV-patients according to the virus load (none, <37 copies/mL, >37 copies/mL). P values were calculated using Mann—
Whitney test. Asterisks denote different P values: *P < 0.05; **P < 0.01; ***P < 0.0001. (C) Graphs showing the percentage of HLA-DR-positive
CD4+ and CD8+ T cells in PB (closed symbols) and CSF (open symbols) of control and virologically suppressed HIV-patients according to the grade
of neurocognitive impairment (grade 0-3) and the severity of MRI signal abnormalities (score 0-5). P values were calculated using Mann-Whitney
test for comparison of two groups, and Kruskal-Wallis test with post hoc Dunn Multiple Comparison analysis for the comparison of three and
more groups. Asterisks denote different P values: *P < 0.05; **P < 0.01; ***P < 0.0001. For detailed statistics see Table S2A-C. PB, peripheral

blood; CSF, cerebrospinal fluid; MRI, magnetic resonance imaging.

quency of naive and EM CD4+ and CD8+ T cells with
the extent of neurocognitive dysfunctions in HIV patients.
As depicted in Figure 4B, a substantial negative correla-
tion between the proportion of EM to naive CD4+ and
CD8+ T cells could be detected in symptomatic HIV
patients with mild or severe neurocognitive impairment
(grade 2-3) when compared to control or HIV patients
with normal cognitive function or asymptomatic neu-
rocognitive deficits (grade 0-1).

PD-1 was significantly increased on CD4+ EM
T cells in blood of HIV patients with
neurocognitive dysfunctions

With the knowledge of an increased T-cell activation and
a shift from naive to EM CD4+ and CD8+ T cells in HIV
patients, we next asked the question whether the inhibi-
tory programmed death-1 receptor (PD-1) that has been
associated with T-cell exhaustion in chronically virus-in-
fected T cells was upregulated on different T-cell subpop-
ulations in PB of HIV patients. Flow cytometric analysis
revealed that PD-1 was significantly increased on CD4+,
but not CD8+ T cells in PB of HIV patients when com-
pared to the control group (Fig. 5A). Further analyses
showed that PD-1 expression was significantly increased
on CD4+ memory cells with highest levels on CD4+ EM
cells (Fig. 5B). Regarding neurocognitive dysfunctions,
subsequent analyses disclosed that the percentages of PD-
1-expressing CD4+ memory T cells were increased in HIV
patients with highest proportions of PD-1-expressing
CD4+ EM T cells in PB of symptomatic HIV patients
with mild or severe neurocognitive dysfunctions (grade
2-3) (Fig. 5C).

Discussion

HAND are still a serious complication of the central
nervous system in HIV-infected patients. Although cART
has a proven beneficial impact on the incidence and
prevalence of severe forms of HAND, some patients with
HIV continue to experience neurocognitive deterioration
despite effective antiretroviral treatment."” Therefore, use-

ful biomarkers are needed that are helpful in identifying
HIV patients at risk of further deterioration of neurocog-
nitive dysfunctions in order to improve their outcome
and optimize quality of life.***

There is growing evidence that a low CD4/CD8 ratio is
associated with an increased risk of non-AIDS-related
morbidity and mortality in virally suppressed HIV-in-
fected patients.26’27 In accordance with these observations,
we found that decreasing CD4/CD8-ratios both in PB and
CSF strongly correlated with the grade of neurocognitive
impairment in HIV patients on cART. These data suggest
that HIV patients with a lower CD4/CD8 ratio have a
higher likelihood to develop more severe neurocognitive
dysfunctions than HIV patients with higher CD4/CD8
ratio despite cART. Moreover, this observation could be
of practical relevance, because a normalization of the
CD4/CD8 ratio usually does not occur and the CD4/CD8
ratio remains low in a substantial proportion of HIV
patients with increased CD4+ T-cell counts under effec-
tive antiretroviral therapy.*®*’

Additional analysis of T-cell subpopulations in our
study revealed significant lower frequencies of naive CD4+
and CD8+ T cells and increased frequency of EM CD4+
and CD8+ T cells in PB of HIV patients when compared
to control patients. These results are in line with previous
investigations which showed a maturation arrest and accu-
mulation of EM T cells in chronically HIV-infected
patients.”®”" In addition, Tinago et al. recently demon-
strated a positive correlation between a higher percentage
of naive T cells and a more normal immune phenotype as
suggested by a higher CD4/CD8 ratio in a cohort of
patients on effective cART.*® In contrast to PB, CSF sam-
ples were dominated by a high frequency of effector and
memory T cells which did not significantly differ between
control and HIV patients. This predominance of EM T
cells within the CSF might be explained by an enhanced
migratory capacity through the blood-brain barrier.*?
More interestingly, our data indicate that a skewed T-cell
phenotype from naive to EM T cells within PB is strongly
associated with the extent of neurocognitive dysfunctions
in HIV patients. This also points toward a major role of
naive T cells in controlling immune responses and the

912 © 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.



O. M. Grauer et al. HAND and T-Cell Activation

A

naive CD4 CM CD4

100+ 1004
80+

60+ bt

= _&. .ﬁ
*
1 o
20 . u}

% of CD4+ T cells
. .
]

% of CD4+ T cells

ctrl HIvV ctrl HIV
EM CD4 TEMRA CD4
—* * *%
100+ = 100+
| |
w o B
— | | —
2 80+ !.- 5a8 e 80
= bl ™ A -
£ 60{ e » 55 Jﬁ- + 60 o oe
a D'ﬁ a
2 A o° BE O 401 .
< 20| % ﬁ. o B o -
2 20 ¥ 20 n
2 ..ﬁ o = ]
0 T T T T u-
ctrl HIvV ctrl HIV ctrl HIV ctrl HIV
naive CD8 CMCD8
*k*k
100 _— 100
-2 2
T 804 g 801
- -
a+:| 604 g-:l 604 u]
aQ o0 S o
O 401 O 401
s _&1 | ] ‘s = DDU
o ] [=] o | ]
& 201 X 20 o U
° . o oo © o <
0 % D-M
ctrl HIV ctrl HIV
& & & 8
EM CD8 TEMRA CD8
*%
100 100
= | . % - -
Bl o :
[ e = -
] == s
3 - B ° 5 8
O d L] [&]
O 40 t o -
o F, oo =]
R 204 Pye u " o B
0l—ne me 92 .
ctrl HIV ctrl HIV

913

© 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.



HAND and T-Cell Activation

O. M. Grauer et al.

Figure 3. Distribution of CD4+ and CD8+ T-cell subpopulations within PB (black symbols) and CSF (red symbols) (n = 40; closed circles and
squares) of control and HIV patients. The four defined subpopulations were identified by multicolor parametric flow cytometry as described in
Figure S2: Naive (CCR7+/CD45RA+), CM = central memory (CCR7+/CD45RA-), EM = effector memory (CCR7—/CD45RA—) and TEMRA = terminal
differentiated effector memory (CCR7—/CD45RA+) T cells (AB) Proportions of each CD4+ (A) and CD8+ (B) T-cell subsets within PB (ctrl, n = 18;
closed circles and squares) and CSF (HIV, n = 40; open circles and squares) are shown. P values were calculated using Mann-Whitney test for
comparison of two groups, and Kruskal-Wallis test with post hoc Dunn Multiple Comparison analysis for the comparison of three and more
groups. Asterisks denote different P values: *P < 0.05; **P < 0.01; ***P < 0.0001. For detailed statistics see Table S3A and B. PB, peripheral

blood; CSF, cerebrospinal fluid.

process of neurocognitive deterioration in HIV-infected
patients. Numerous experimental studies have shown that
immune responses to viral infections are better with an
enhanced naive T-cell pool filled with a greater repertoire
of viral-specific epitopes when compared with the memory
T-cell pool.*

Previously, it has been clearly demonstrated that the
CD4/CD8 ratio is independently associated with the acti-
vation of CD4+ and CD8+ T cells despite long-term viral
suppression.”>”® Consistent with these results, we also
observed an increased frequency of activated HLA-DR-ex-
pressing CD4+ or CD8+ T cells in PB and CSF samples
from HIV patients that strongly correlated with the extent
of neurocognitive dysfunctions and the severity of MRI
signal abnormalities in our study population. Importantly,
HLA-DR upregulation could still be detected both in PB
and CSF samples from virologically suppressed HIV
patients. Moreover, comparing PB and CSF, higher values
of HLA-DR expression were determined on CD4+ and
CD8+ T cells in CSF samples from HIV patients.
Although not directly shown, we assume that HLA-DR
molecules are mainly upregulated on effector and CM
CD4+ and CD8+ T cells, because these populations made
up the majority of T cells obtained from CSF (see Tables
S3A and B).

All together, these data confirm that persistent immune
activation, particularly in the CNS compartment, is
involved in the neuropsychological decline of HIV
patients and the development of MRI signal abnormalities
despite cART. These data also indicate that it is not suffi-
cient to only suppress the virus load below the detection
level, but also to inhibit virus replication which might
prevent chronic immune cell activation. Strong evidence
for that comes from a recent study showing that HLA-DR
expression was not increased on CD4+ and CD8+ T cells
in blood of HIV elite controllers, but not in cART-con-
trolled HIV patients.””

Additionally, these data raise the important question
about the mechanisms that are responsible for an ongo-
ing immune activation in the CNS in the setting of
long-term, systemically effective cART. There are strong
indications that cART regimens are not able to com-
pletely stop HIV replication in the CNS, especially
within long-lived cells such as tissue macrophages,

microglia, and astrocytes due to reduced CNS penetra-
tion and drug exposure.>”® This is supported by brain
tissue analysis at post mortem with detection of HIV
RNA or DNA in these cell types and abnormal levels of
activation.'®*® Besides that, even when cART successfully
suppressed CSF HIV RNA below detectable levels, viral
escape in the CSF has been observed in up to 10% of
HIV patients. Alternatively, low-level viremia of HIV
variants with distinct resistance profiles might be present
in the CNS during chronic infections that cannot be
eliminated by current cART regimens supporting the
concept of CNS compartmentalization of HIV
species,***!

Another important mechanism in viral escape includes
the selective functional silencing or elimination of virus-
specific T cells. It is well-known that chronic viral infec-
tions with continuous presentation of viral proteins to
the immune system can lead to T-cell exhaustion.*” One
of the key features of T-cell exhaustion with loss of prolif-
erative capacity, INF-y production and cytotoxic potential
is a prolonged and/or high expression of inhibitory recep-
tors such as PD-1.">** Moreover, there is growing evi-
dence that PD-1 might play a role as a key regulator of
memory cell differentiation and survival.*’ In our study,
we could show that CD4+, but not CD8+ T cells obtained
from PB of HIV patients significantly upregulated PD-1.
In addition, PD-1 expression was significantly increased
on CD4+ memory cells with highest levels on CD4+ EM
cells. The expression levels of PD-1 expression were most
prominent on CD4+ memory T cells obtained from PB of
symptomatic HIV patients with mild or severe neurocog-
nitive dysfunctions, but PD-1 expression levels were also
increased on CD4+ memory T cells from asymptomatic
HIV patients with neurocognitive deficits that do not
interfere with everyday functioning. These data suggest
that PD-1-expressing CD4+ memory T cells in chronic
HIV infections might be exhausted and might notably
participate in the development of neurocognitive deficits
in HIV patients despite cART.***’ In this context, it
might be also interesting to evaluate whether PD-1 upreg-
ulation on memory CD4+ T cells is associated with a loss
of virus-specific CD8+ T cell responses.* As many other
cell surface inhibitory receptors coregulate T-cell exhaus-
tion,**** we also looked for TIM-3 expression on CD4+
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Figure 4. (A) Correlations between the proportion of CD4+ and CD8+ TEM cells and naive CD4+ and CD8&+ T cells within PB of control and HIV
patients. (B) Correlations between the proportion of CD4+ and CD8+ TEM cells and naive CD4+ and CD8+ naive T cells within peripheral blood of control
and HIV patients according to the grade of neurocognitive impairment (grade 0-1 and grade 2-3). All r and P values correspond to Spearman’s test.
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Figure 5. PD-1+ expression on CD4+ and CD8+ T-cell subsets. (A) PD-1 expression was determined in T cells from control (ctrl, n = 17; closed circles)
and HIV patients (HIV, n = 27; closed squares) by flow cytometry. (A) Graphs comparing the percentage of PD1+ cells within CD4+ and CD8+ T cells in
control and HIV-patients. (B) Graphs showing percentages of PD1+ cells on different CD4+ T-cell subsets from control and HIV patients, respectively. (C)
Scatter plots illustrating the analysis of PD-1+ cells in relation to the grade of neurocognitive impairment in HIV patients (grade 0-1 and grade 2-3). P
values were calculated using Mann-Whitney test for comparison of two groups, and Kruskal-Wallis test with post hoc Dunn Multiple Comparison
analysis for the comparison of three and more groups. Asterisks denote different Pvalues: *P < 0.05; **P < 0.01. For detailed statistics see Table S4A-C.
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or CD8+ T-cell subpopulations, but could not detect a
significant upregulation in PB and CSF samples of HIV
patients when compared with a control group (data not
shown).

In summary, our study underlines that the extent of
CD4/CD8 inversion with a shift from naive to EM T
cells and the magnitude of immune activation of CD4+
or CD8+ T cells, predominantly in the CSF, is associated
with a higher degree of neurocognitive dysfunctions in
HIV patients. We believe that these findings have poten-
tial clinical implications, since patients with a low CD4/
CD8 ratio and a skewed T-cell differentiation despite
achieving full immunovirological response to cART
might be at potential risk of developing neurocognitive
deterioration and should be carefully monitored. This
should include regularly analysis of the HIV virus load
and testing for HIV variants in PB and CSF. Analysis of
immune activation markers such as HLA-DR and PD-1
could be used to adapt cART using regimens with high
CNS penetration effectiveness. Moreover, this study
highlights that further strategies are necessary to prevent
the development of neurocognitive dysfunctions in HIV
patients, for example, the reconstitution of the naive
T-cell pool and a reprogramming of CD4+ memory T
cells. Strategies could include the combined administra-
tion of PD-1 and/or cytokine blocking antibodies to
enhance immunity during chronic HIV infections as was

previously shown.?"*°
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Tables S1-S4. Detailed statistical analyses of the data pre-
sented.

Figure S1. Gating strategy to determine HLA-DR-positive
CD3+CD56—CD4+ and CD8+ T cells and CD3+CD56+
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NKT cells in PB and CSF. Cells derived from the periph-
eral blood (PB; 1st row) and cerebrospinal fluid (CSF;
2nd row) were stained using fluorochrome-labeled anti-
bodies directed against the linage markers CD45 (leuko-
cytes), CD14 (monocytes), CD3 (T cells), CD56 (NK
cells), CD4 (CD4+ T cells), and CD8 (CD8+ T cells) and
the activation marker HLA-DR and analyzed by multipa-
rameter cytometry. CD45+ leukocytes were selected in a
CD45 versus forward scatter channel (FSC) plot. CD45+
cells were then displayed in a CD14 versus sideward scat-
ter channel (SSC) plot to identify CD14- lymphocytes. To
distinguish between CD3—CD56+ NK cells, CD3+CD56+
NKT cells and CD3+CD56— T cells, lymphocytes were
further displayed in a CD3 versus CD56 plot.
CD3+CD56— T cells were further split into CD4+ and
CD8+ T cells and the percentage of HLA-DR-positive
CD4+ T cells and CD8+ T cells was analyzed, respectively.
HLA-DR-positive CD3+CD56+ NKT cells were analyzed
in a similar manner. Resulting quadrant gates were ana-
lyzed postprocessing using Kaluza 1.2 Software (Beckman
Coulter).

Figure S2. Gating strategy to determine CD4+ and CD8+
T-cell subsets in PB and CSF. Lymphocytes were selected
in a side scatter channel (SSC) versus forward scatter
channel (FSC) plot. Lymphocytes were then displayed in
a CD3 versus CD56 plot. CD3+CD56— T cells were fur-
ther split into CD4+ and CD8+ T cells. CD4+ and CD8+
T cells subsets were defined using the following co-expres-
sion of markers: Naive (naive, CCR7+CD45RA+), central
memory (CM, CCR7+CD45RA—), effector memory (EM,
CCR7—CD45RA—) and terminal differentiated effector
(TEMRA, CCR7—CD45RA+) T cells. Resulting quadrant
gates were analyzed postprocessing using Kaluza 1.2 Soft-
ware (Beckman Coulter).
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