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REIAZIONE:

State of ART

The introduction of HAART, i.e. a combination of different drugs from three or more classes

of antiretroviral agents (ARVs), has significantly increased life expectancy of HIV seropositive
patients, reducing both morbidity and mortality (1). Moreover HAART has significantly
reduced the incidence of the most severe forms of A|DS-related dementia, whereas mlld
cognitive impairment is still affecting the majority of HIV infected patients: approximately
5oo/o of HIV infected patients show signs and symptoms of neurological disorders (2).

The molecular mechanisms underlying these neurological complications are not fully
elucidated. Most of the available evidence suggests that the main mechanism of neuronal

injury during HIV infection is indirect, through toxins, cytokines and nitric oxide (NO)

released by activated glial cells in response to residual viral replication (3). ln fact, unlike

other viral infections, HIV-1 does not directly infect neurons once in the brain, whereas

replication is mainly observed in perivascular macrophages and microglia cells {4}.

Under pathological conditions, microglia do not constitute a uniform cell population

but rather comprise a family of cells with diverse phenotypes, which may be associated to
beneficial or, on the contrary, to detrimental biological activities (5). Microglial activated
cells can be broadly divided into classically-activated M1 cells, with cytotoxic properties, and

alternatively-activated M2 cells, with phagocytic activities. Furthermore, the M2 activation

can be further divided into three classes: M2a, involved in repair and regeneration; M2b, an

immune-regulatory phenotype; or MZq an acquired-deactivating phenotype (6). Each of
these specific phenotypes displays a distinct pathway of activation, i.e. |NOS for ML,

Arginase (ARG) for M2a and interleukin (lL)-10 for M2b activation.
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A highly significant inverse correlation exists between CD4+ T cell counts and the

level of ARG activity in peripheral blood mononuclear cells from naiVe HIV-seropositive

patients (7) and the lack of a similar correlation in HAART treated patients suggests that

some ARVs might possibly modulate the activity of ARG (8). Moreover we have recently

carried out a screening of different AVRs, looking at their potential pro-inflammatory effects

on microglial cells. The drugs increased NO production in microglial cells activated with

Gpl20crus+ and lFNy, via a mechanism involving the inhibition of ARG I activity (9). Thus, in

the framework of microglial activation, the NO-ARG pathway can be envisioned as an

additional molecular target of different ARVs.

The main objectives of the present research project are the followings:

L. To characterize microglial polarization in in vifro model of NeuroAlDS

2. To evaluate the role of antiretroviral drugs in the regulation of microglial polarization

3. To investigate the role played by ARG pathway in the effects of ARVs on microglial cells.

To characterize microglial polarization in in vitro model of NeuroAlDS

lnitial experiments aimed to characterize the effects of different envolope protein GP120

isoforms were carried out on primary cultures of rat microglia! cells, prepared according to

the standard protocol used in our laboratory (9). Following this procedure, microgliaf

cultures used for the experiments are highly purified, being 95-98o/o positive for the specific

macrophage/microglial marker CDLLb IFig. 1A-B; 9].

Figure 1. A) Morphology of a primary culture of rat microglia cells was observed under phase-contrast microscopy. B)

Microglial cells were stained with an antibody specific for the rat CD11b surface antigen.

Miooglial cells express both chemokine receptors, i.e. CCR5 and CXCR4, used by HIV-1- for
entry in the host cells (10). Therefore microglial cells can be infected by all the three

different phenotypes of HIV-I: (M)-tropic (R5), T-tropic (X4), and dual tropic viruses.

Considering this possibility, we recently tested the effects of three different isoforms of

GP1.20, namely two isoforms derived from R5-tropic strains (GPl2Ocrrrs+ arìd GP120erL) and

an isoform derived from a X4-tropic strain (GP1201rB). ln primary cultures of rat microglia,

GP120s induced the up-regulation of several M1 pro-inflammatory genes, (iNOS, lllp, and

COXL-2), although with no significant increase of their final products. As expected, the
association of GP120 with lFNy significantly enhanced GP120-mediated pro-inflammatory

activity (L0). ln the present project we tested the effects of GP120 on different parameters

of microglial polarization, in particular we studied CD58 as marker of general activation,
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CD85 as marker at ML/MZ phenotypes, TGFp and ARG-I as markers of M2 activation.

Differences in the pattern of microglia activation were found in response to different

isoforms of GPL20.

ln particular, after 24 hours GPt2Os given alone are able to up-regulate CD68 and CD86

expression, albeit to a different extent, with GP120cr.rsa being the most effective, at least for

CD68 receptor. ln contrast no effect is elicited by Gp1.20s on TGFp and ARG-I gene

expression IFlG 2].

lnterestingly lFNy, a well known macrophage activating cytokine, modifies microglial

response to HIV GP120. Given in association with 10 Ut/ml lFNy, Gp120s altogether did not

exert any effects on CD68, whereas lFNy and Gp120sp5a only significantly increased TGFp

gene expression [FlG 2]. The mechanisms underlying the potentiating effects of lFNy in

microglial cells are still under investigation. ln conclusion, it seems that Gp120s are able to

induce a classical pro-inflammatory activation (M1) without particular influence toward the

M2 phenotype. GpL20cr,rs+ only, in association with lFNy, Ieads to a full activation of
microglia cells, enhancing both Ml and M2 markers.
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Figure 2. Effects of GP120s on M1 or M2 markers in rat microglia. (A) Total cytosolic RNA was prepared from Control, or cells

treated for 24 hours with Gp120s alone or with lFNy, and used for real time (Q)-PCR analysis of Cd86, Cd58, TGFP and ARG-I

expression. Data are expressed as fold change vs. Control, taken as calibrator for comparative quantization analysis of mRNA levels.

Each sample was measured in triplicate, the experiment was repeated 2 times with similar results. Data are means + SEM, and were

analyzed by two-way ANOVA followed by Bonferronl's post-test.

To evaluate the role of antiretroviral drugs in the reeulation of microglial polarization.
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ln order to reinforce the translational value of our findings

microglial cell line, CHME-S cells [Fig 3], kindly provided by

Canada).
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Figure 3. Morphology and F-actin immunostaining of CHME-S cells. (A) Morphology of CHME-S cell line,

observed by phase-contrast microscopy. (B) Cells were grown on coverslips for 24 h, and morphology was

evaluated by staining of F-actin with phalloidin-TRIC and fluorescence microscopy.

CHME-S cells are able to polarize toward both Ml and M2 phenotype in vitro. We tested different stimuli,

different times of incubation in order to assess iNOS (M1) activity or ARG (M2) activity. First, cells were

incubated with known ML polarizing stimuli and iNOS activity was evaluated. As shown in Fig. 4, iNOS

activity was significantly increased by a mixture of proinflammatory cytokines (TNF o, IFN y ,1L1, B - named

Tll, which is a classical tool to induce ML status). Likewise, Tll significantly increased iNOS expression after

4h (approximately 400 fold higher than control) and expression levels remained elevated at 24 hours (40

fold) (Fig. 5). Other classical inducers of M1 status, namely 1ng/ml LPS, 10 nglml glycoprotein GP12q with or
without lFNy, and each of the above cytokines given alone, failed to stimulate NO release by CHME-S (FiS.

4), and consistently GPrzo alone did not increase the expression of iNOS (Fig. 5). Thus, Tll was chosen as pro-

inflammatory (M 1-polarizing) stimulus.

T

Figure 4. Effects of Ml polarizing stimuli on iNOS activity in human microglial CHME-S cells. CHME-5 cells were incubated for 48h

in presence of several pro-inflammatory and M1-polarizing stimuli, including bacterial endotoxin lipopolysaccharide (LPS), the HIV-

envelope protein gp120, rat interferon y (lFNy), the human cytokines interleukin-1p (lL-lF) and tumor necrosis factor a (TNFa). A

cytokine mixture (Tll) containing the main M1 pro-inflammatory cytokines, TNFcr, ll-1p, lFNy, each used at the indicated

concentrations, was also tested in the system. NO production was assessed indirectly by measurement of nitrite accumulation in

the incubation medium (Griess method). Data are means 1 SEM (n = 6), and were analyzed by one-way ANOVA followed by

Bonferroni's post hoc test. ***P < 0.001 vs Control.
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Figure 5. Effects of M1 polarizing stimuli on iNOS expression in human microglial CHM E-5 cells. Total cytosolic RNA wa§ prepared

from Control, or CHME-S cells treated with Tll or Gp120 as indicated in figure, and used for real time (Q)-PCR analysis of iNOS

expression, Data are expressed as fold change vs. Control, taken as calibrator for comparative quantitation analysis of mRNA levels.

Each sample was measured in triplhate, the experiment was repeated 2 times with similar results. Data are means t SEM, and were

analyzed by two-way ANOVA followed by Bonferroni's post hoc test. ***P < 0.001 vs control.

The Th2 cytokine, interleukin (lL)-4, has been characterized as a potent inducer of the alternative M2

polarization status in macrophages, thus it was tested in our experimental model. lncreased ARG activity

was detected in human CHME-S microglial cells exposed to 2O ng/ml lL-4 for 48 hours (Fig. 6).
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Figure 5. Effects of recombinant human lL-  on CHME-S activation. CHME-S cells were treated for 48 hours with lL-4 and urea

levels were measured in the incubation medium. Data were analyzed by one-way ANOVA foltowed by Bonferroni 's post hoc test. *

P < 0.05 vs, Control,

ln a subsequent series of experiment we tested the effect of both stimuli (Tll or lL-4) on iNOS and ARG

expression and activity. As shown in Fig. 7, lL4 significantly increased ARG activi§ (Fig. 7B), without

significant induction of its expression at 4 hours (Fig. 7A). Conversely, Tll tended to reduce ARG expression

and activity in this experimental setting (Fig. 7), thus suggesting that the inhibition of ARG activity in part

contributes to enhance iNOS activity in response to M1 polarizing stimuli. On the other hand, we found that

Tll significantly increased the expression and activity of iNOS, while lL-4 had no modulatory effect (FiS. 8).
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Figure 7. Effects of the two different polarizing stimuli on ARG expression and activity in human microglial CHME-S cells. (A) Total

cytosolic RNA was prepared from Control, or CHME-S cells treated for 4 hours with lL-4 and Tll, and used for real time (Q)-PCR

analysis of human ARG-I expression. Data are expressed as fold change vs. Control, taken as calibrator for comparative quantitation

analysis of mRNA levels. Each sample was measured in triplicate, the experiment was repeated 2 times with similar results. Data

are means t SEM, and were analyzed by two-way ANOVA followed by Bonferroni's post-test. {B) CHME-S cells were treated for 72

hours with lL-4 or Tll and urea levels wére measured in thé incubation medium. Data were analyzed by one-way ANOVA followed

by Bonferroni 's post hoc test. *** P < 0.001 vs. Control.
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Figure 8. Effects of the two different polarizing stimuli on ARG expression and activity in human microglial CHME-S cells. (A) Total

cposolic RNA was prepared from Control, or CHME-S cells treated for 4 hours with lL-4 or Tll, and used for real time (a)-PCR

analysis of iNOS expression. Data are expressed as fold change vs. Control, taken as calibrator for comparative quantitation analysis

of mRNA levels. Each sample was measured in triplicate, the experiment was repeated 2 times with similar results, Data are means

t SEM, and were analyzed by two-way ANOVA followed by Bonferroni's post-test. ***P < 0.001 vs control. (B) CHME-5 were

incubated for 48h in presence of lL4 orTll. NO production was assessed indirectly by measurement of nitrite accumulation in thg

incubation medium (Griess method). Data are means t SEM (n = 5), and were analyzed by one-way ANOVA followed by

Bonferroni's post-test.***P < 0.001 vs Control.

After the characterization of CHME-5 system, we studied the effects of ARVs on ARG activity in four

different conditions: basal conditions (FlG 9A), after the induction of a M2 milieu by lL-4 (FlG 9B), after the

induction of a M1 environment by Tll (FlG 9C), and in a mixed MLIMZ paradigm, induced by the

simultaneous exposure to lL-4 and Tll (FlG 9D). After 72 h of exposure to stimuli, urea levels were

significantly increased in all paradigms; in particular, the levels of urea, expressed as the means t SEM of

(n) replicates per group, were: a) !.29!0.44 pglml (20) under basal conditions; b) 3.8710.951 pg/ml (10)

after lL-4 stimulation; c) 3.734t0.3741;4.,/ml (1-0) after Tll challenge; and d) 3.3110.76 pglml (10) after Tll+lL-
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4. ln these conditions, ARVs (100 pM DRV, 100 pM ATV, 1 nM EFV and lpM NVP) reduced the release of
urea in the incubation medium by about 50% with respect to the relevant stimuligiven alone (FlG 9 A-D).
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Figure 9. Effects of ARVs on ARG activity in CHME-S. In presence of ARVs 4 different conditions were investigated: basal conditions

{A}, after the induction of a M2 milieu by lL-4 (B}, after the induction of a M1 environment by fll (C}, and after simultaneous
exposure to lL-4 and Tll (D). After 72 hours of incubation the levels of urea, expressed as the means * SEM of (n) replicates per
group were: panel A- basal condition 100%18.9 {15), DRV 4570}11.0 {L5), ATV 31.9%+11.3 {15), EFV 37 .6Yo!7.2 (15), NVP 49.6%t8.1

{15); panel B-tLAIOO%!L9 (5),114+DRV 24%+8.9 (5),114+ATV 15%t8.8 (5),114+EFV44.2YotL2.2 (5),114+NVP L8.9%t4.9 (5); panelC-

Til ta}%itL2.4 (5), Til+DRV 49.57oÈ8.6 (5), Tll+ATV 40.7%t\7.9 (15), TI+EFV 25.%t7.2 (15], Ttt+NVp 40.5%t7t (5]; panel D- tl4+Til
100%115.5 (15), lL4+T||+DRV 67.3%É9.5 (10), lL4+TlI+ATV 32.7%*1,t.t {10), lL4+TlI+EFV 58.1%t12.3 {10), lL4+TlI+NVP 51.9%115.7
(L0). Data were analyzed by one-way ANOVA followed by Bonferroni's post-test. *P < 0.05 and **P < 0.01 ***P < 0.001 vs control
or stimuli.

To investigate the role plaved by ARG pathway in the gfggts of ARVs on microglial cells.

Arginase (ARG) is a hydrolytic manganese-containing enzyme using L-Arginine (L-Arg) as substrate.

Two arginase isoforms are expressed in mammals: ARG-I (cytosolic) and ARG-ll (mitochondrial) (11).

Although these isoforms are the products of distinct genes located on different chromosomes, both
isoenzymes catalyze the same reaction: arginine + H2O à ornithine + urea. Both ARG isoforms are primarily

involved in the final step of urea cycle. The arginase genes display independent regulation; they are

éxpressed in different cell types and can be induced and/or up-regulated by a wide range of agents (1-2).

For example, ARG-I but not ARG-Il is expressed under basalconditions in macrophages; in these cells ARG-I

is strongly up-regulated by interleukin (lL)-  whereas ARG-ll gene expression is induced by exposure to
serum and is not influenced by lL-  (13).
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To demonstrate a direct inhibitory activity of ARVs on isolated ARG preparations, we investigated

the effects of the above ARVs on isolated ARG enzyme preparations obtained from CHME-S. This

experimental model is a less complex system in which it is possible to study drug-enzyme interactions, and

thus fast screening pharmacological compounds with direct modulatory activity on the ARG enzyme.

First of all, we carried out time-course experiments under basal conditions. Cell lysates were

incubated at 37"C; Mn2t and L-Arg were added to the incubation medium and ARG activity was measured

after 0.5, 1, 1.5 and 2 hours of incubation. Optimal ARG activity was obtained at 2 hours [Fig 10A]. ln this

experimental paradigm 560 pM of the ARG inhibitor Nor-NOH§ was able to reduce ARG activity by about

30% [Fig 108]. All subsequent experiments were carried out at 2 hours.
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Figure 10. ARG activity in human CHME-S microglial cell lysates. (A) One 75 cmz flask of 80% confluent CHME-S cells was

lysed in 1000 pL of Tris-HCl with protease inhibitors. Optimal ARG activity was obtained after 2 hours of incubation, thus

this time point was selected for further experiments. Data are expressed as means t SEM (n =  ), the experiment was

repeated 3 times with similar results and analyzed by one-way ANOVA fotlowed by Bonferroni's post hoc test. ***P < 0.001

vs Control. (B) The ARGI inhibitor, nor-NOHA, significantly reduced ARG activity. Data are means t SEM (n=5), and were

analyzed by one-way ANOVA followed by Bonferroni's post-test. *P < 0.05 vs control.

Moreover in a further series of experiments, cellular lysates were incubated at 37"C in the presence

of Mn2*, L-Arg, GDH and other co-factors in order to optimize both ARG and INOS enzyme activity.

Under these conditions, ARG activity was evaluated by measuring urea levels after 2 hours of

incubation, whereas |NOS activity was measurable already after 20 min of incubation. ln particular,

the cells were pre-stimulated for 48 h with i) lL-4 or ii) Tll or iii) lL-4/nl and the interplay ARG-iNOS

was studied. As shown in figure B, in all the conditions studied it was possible to measure ARG

activity [FiS 1LA] but obviously only after Tll challenge (alone or in combination with lL-4) it was

possible to measure iNOS activity as well [Fig 11B].

I



BA

IIIflrf
ii(}CIETA IT4LIA\A DI FARI\{ACOLOGIA

cl-§IE-§ prÉ-trÉtr§d vrtth lL{
cFsrE-5 pre-lre*Èd witlr fi
CF&'!E-6 pre-tr c*cd wtth Ttrlll,4

t=r
EI
@I lulo lacubatioll at 37'C

lll lrqubltlon at 3?' C

-=Éo>zEE:g
8E
=§

J
5

=
E
1!
{3
É.{

Figure 11. ARG and iNOS activity in human CHME-S mlcroglial cell lysates. One 75 cm2 flask of 80% confluent CHME-S cells

as lysed in 10O0 pL of Tris-HCl with protease inhibitors. (B) The iNOS activity resulted measurable only in presence of Tll

(alone or with IL-4). Data shown in Figure are from CHME-S cells pre-stimulated with lL4 and Tll (added in combination) for

48 h. The INOS activìs was measured after 20 min of incubation at 37"C with ENOS-100 kit according to the manufacturer's

instructions. Data are means + SEM (n=6), and were analyzed by one-way ANOVA followed by Bonferroni's post-test. ***P <

0.001 vs Contrel.

Since in previous experiments on intact cells we found no difference among the effects of ARVs on ARG

regardless of whether or not the cells were stimulated with lL-4 and/or Tll, experiments on cell lysates were

conducted only in the presence of lL4 + Tll, to induce the full expression of both iNOS and ARG. Therefore,

CHME-5 cells were stimulated with Tll+lL4 for 48 hours before cell lysis. Thereafter the supernatants of cells

lysates were incubated at 37"C in the presence of ARVs; tvtn2*, lrarg, GDH and other co-factors were also

added, in order to optimize both ARG and iNOS enzyme activity. Under these conditions, ARG activity was

evaluated by measuring urea levels after 2 hours of incubation, whereas iNOS activity (but only for 2

samples) was measurable already after 20 min of incubation (data not shown). Similar to experiments on

intact cells, ARVs (100 pM DRV, 100 pM ATV, 1 nM EFV, 1 pM NVP) were altogether able to reduce by

about 50 % ARG activity (FlG 12) (14).

Control
DRV 100 pM

ATV 100 pM

EFV 1 nM

NVP 1 pM

Figure 12. Effects of ARVs on ARG activity of pre-stimulated CHME-5 cell lysates. CHME-5 cells were pre-stimulated with rh-lL4 and

Tll for 48 h. After this framework the cells were lysed and incubated at 37"C with Mn2*, L-Arg, GDH and other co-factors. After 2

hours of incubation the levels of urea, expressed as the means I SEM of (n) replicates per group were: ll4+Tll alone 100 I 9.8 (9),

tL4+Tl|+DRV 47.O r.8.L (9), lL4+Tll+ATV 64.2 x 6.3 (9), lL +TlI+EFV 46.0 t 10 (9), lL4+Tll+NVP 30.6 t 7.6 (9). Data were analyzed by

one-way ANOVA followed by Bonferroni's post-test. ***P < 0.001 and **P < 0.01 vs ll4+Tll.
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