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HUMAN IMMUNODEFICIENCY VI-
rus (HIV) central nervous
system (CNS) disease is
characterized by infiltra-

tion and activation of macrophages and
microglia, production of proinflamma-
tory cytokines, expression of proapop-
totic and neurotoxic mediators, and
neuronal loss.1-3 Although many anti-
retroviral drugs suppress HIV replica-
tion in peripheral blood, few drugs
achieve effective levels in the brain or
alter the inflammatory responses that
accompany viral infection in the CNS.
In addition, many reverse transcrip-
tase and protease inhibitors are expen-
sive and have significant adverse ef-
fects, including neurotoxicity.4,5 A
number of neuroprotective agents for
HIV-infected individuals are being ex-
amined in clinical trials,6-9 but no single
agent has emerged as a solution to both
the inflammatory and neurodegenera-
tive effects of HIV in the CNS.

The simian immunodeficiency vi-
rus (SIV)–macaque model provides an
excellent system to dissect the patho-
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Context The prevalence of human immunodeficiency virus (HIV) central nervous sys-
tem (CNS) disease has not decreased despite highly active antiretroviral therapy. Cur-
rent antiretroviral drugs are expensive, have significant adverse effects including neu-
rotoxicity, and few cross the blood-brain barrier.

Objective To examine the ability of minocycline, an antibiotic with potent anti-
inflammatory and neuroprotective properties, to protect against encephalitis and neuro-
degeneration using a rapid, high viral load simian immunodeficiency virus (SIV) model of
HIV-associated CNS disease that constitutes a rigorous in vivo test for potential thera-
peutics.

Design and Subjects Five SIV-infected pigtailed macaques were treated with 4 mg/kg
per day of minocycline beginning at early asymptomatic infection (21 days after in-
oculation). Another 6 macaques were inoculated with SIV but remained untreated.
Blood and cerebrospinal fluid (CSF) samples were taken on days 7, 10, 14, 21, 28, 35,
43, 56, 70, 77, and 84, and all macaques were humanely killed at 84 days after in-
oculation, a time that corresponds to late-stage infection in HIV-infected individuals.

Main Outcome Measures Blood and CSF samples were tested for viral load by real-
time reverse transcription–polymerase chain reaction and levels of monocyte chemoat-
tractant protein 1 were quantitated by enzyme-linked immunosorbent assay. The pres-
ence and severity of encephalitis was determined by microscopic examination of tissues.
Central nervous system inflammation was further assessed by measuring infiltration and
activation of macrophages, activation of p38 mitogen-activated protein kinase and ex-
pression of amyloid precursor protein by quantitative immunohistochemistry.

Results Minocycline-treated macaques had less severe encephalitis (P=.02), re-
duced CNS expression of neuroinflammatory markers (major histocompatibility com-
plex class II, P=.03; macrophage marker CD68 , P=.07; T-cell intracytoplasmic anti-
gen 1 , P=.03; CSF monocyte chemoattractant protein 1, P=.001), reduced activation
of p38 mitogen-activated protein kinase (P�.001), less axonal degeneration (�-
amyloid precursor protein, P=.03), and lower CNS virus replication (viral RNA, P=.04;
viral antigen, P=.04). In in vitro analysis, minocycline suppression of HIV and SIV rep-
lication in cultured primary macrophages did not correlate with suppression of acti-
vation of p38-mitogen-activated protein kinase pathways, whereas suppression in pri-
mary lymphocytes correlated with suppression of p38 activation.

Conclusions In this experimental SIV model of HIV CNS disease, minocycline re-
duced the severity of encephalitis, suppressed viral load in the brain, and decreased
the expression of CNS inflammatory markers. In vitro, minocycline inhibited SIV and
HIV replication. These findings suggest that minocycline, a safe, inexpensive, and readily
available antibiotic should be investigated as an anti-HIV therapeutic.
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genesis of HIV-induced CNS disease be-
cause it recapitulates key features of HIV
CNS infection, including the develop-
ment of encephalitis with active virus
replication in the CNS, characteristic
histopathological changes, psychomo-
tor impairment, and neurodegenera-
tion.10-13 However, the prolonged course
of infection (years) and the unpredict-
able incidence of SIV CNS disease in the
classic SIV-macaque model have lim-
ited its usefulness to elucidate patho-
genic mechanisms of HIV CNS dis-
ease that may be vulnerable to
therapeutic intervention. We there-
fore developed an accelerated, consis-
tent SIV-macaque model of HIV CNS
disease in which more than 90% of
infected animals develop encephalitis
with neurodegeneration 3 months af-
ter inoculation.13,14 Because of the high
viral loads in plasma and CSF of in-
fected animals, the rapidity of immu-
nosuppression and the high incidence
of severe neurological disease, this
model provides a rigorous test for evalu-
ation of anti-HIV and neuroprotective
therapeutics.

We tested the ability of the tetracy-
cline derivative minocycline to protect
against SIV neurodegeneration for sev-
eral reasons. First, minocycline has po-
tent anti-inflammatory properties and
effectively crosses the blood-brain bar-
rier.15-17 Second, minocycline is neuro-
protective in animal models of amyotro-
phic lateral sclerosis, multiple sclerosis,
Parkinson disease, Huntington dis-
ease, and ischemic or traumatic brain in-
jury and has recently been shown to re-
duce gadolinium-enhancing lesions in
the CNS of patients with multiple scle-
rosis.18-24 Third, the anti-inflammatory
and neuroprotective properties of mi-
nocycline in several animal models have
been linked to suppressed activation of
p38 mitogen-activated protein kinase,
and we recently demonstrated in-
creased p38 activation in SIV encepha-
litis.25 Finally, minocycline is readily
available, inexpensive, relatively safe
when administered long term, and it is
approved by the US Food and Drug Ad-
ministration for treatment of other medi-
cal conditions.

METHODS
Viruses and Animal Studies
Twelve juvenile pigtailed macaques (Ma-
caca nemestrina) were intravenously in-
oculated as previously described with
SIV/DeltaB670 (50 AID50) and SIV/
17E-Fr (10 000 AID50).12 Minocycline at
a dose of 4 mg/kg per day divided over
2 doses was administered orally in a
cherry-flavored tablet to 6 macaques
starting 21 days after innoculation.26 One
macaque in the treated group who fre-
quently refused to eat the minocycline
tablet was removed from the study.
There were no recognizable adverse ef-
fects of minocycline treatment. Cere-
brospinal fluid and plasma samples were
taken on days 7, 10, 14, 21, 28, 35, 43,
56, 70, 77, and 84 for quantitation of vi-
ral RNA and monocyte chemoat-
tractant protein 1 (MCP-1).12,27 All ma-
caques were killed 84 days after
inoculation in accordance with federal
guidelines and institutional policies. At
death, macaques were perfused with
sterile saline to remove blood from the
vasculature prior to freezing or fixing tis-
sues. These animal studies were ap-
proved by the Johns Hopkins Animal
Care and Use Committee. All the ani-
mals were humanly treated in accor-
dance with federal guidelines and insti-
tutional policies.

Laboratory Assessment

Pathological Assessment. All tissues
were examined microscopically by 2 pa-
thologists (M.C.Z., J.M.). Sections of
frontal and parietal cortex, basal gan-
glia, thalamus, midbrain, cerebellum,
brain stem, and spinal cord were ex-
amined microscopically and scored in-
dependently as mild, moderate, or se-
vere according to previously described
criteria.12

Quantitation of RNA in Plasma,
CSF, and Brain. Viral RNA in plasma
and CSF and viral RNA in brain tissue
(basal ganglia) were quantitated by real-
time reverse transcription–polymer-
ase chain reaction using a protocol pre-
viously described.12

Quantitation of MCP-1 in Plasma,
CSF, and Brain. Monocyte chemoat-
tractant protein 1 levels in CSF, plasma,

and brain homogenates were mea-
sured by enzyme-linked immunosor-
bent assay (R&D Systems, Minneapo-
lis, Minn) as described previously.27

Quantitative Immunohistochemi-
cal Analysis. Our methods for quanti-
tative immunohistochemical analysis of
macrophage marker CD68, major his-
tocompatibility complex class II, T-
cell intracytoplasmic antigen 1, SIV gly-
coprotein 41, �-amyloid precursor
protein, and activated p38 have been de-
scribed previously.12,25,27,28

Cell Culture, In Vitro Infection, and
Treatment With Minocycline. Periph-
eral blood lymphocytes and macro-
phages were cultured as described.29 Mi-
nocycline was added to cultures 24
hours before inoculation with HIV-
1IIIB, HIV-1Ba-L, SIV/17E-Fr, or SIV/
DeltaB670. Peripheral blood lympho-
cytes and macrophages were infected
(multiplicity of infection, 0.005 and
0.05, respectively), washed, and cul-
tured with or without minocycline. Vi-
rus replication was assessed by quan-
titating p27 or p24 by enzyme-linked
immunosorbent assay (Coulter, Mi-
ami, Fla) in supernatants collected pe-
riodically after infection. Viabilities of
infected peripheral blood lympho-
cytes (assessed by trypan blue exclu-
sion) were not affected by minocy-
cline. Minocycline concentrations of 20
µg/mL or less were not toxic to mac-
rophages; however, concentrations of
40 µg/mL resulted in an approximate
30% reduction in viability after 9 days.

Western Blot Analysis of p38
Activation. For HIV- and SIV-infected
cultures, whole cell lysates were pre-
pared from the above cultures 9 days
after inoculation and were subjected to
Western blot analysis for total p38 or
activated p38 (Cell Signaling, Beverly,
Mass).

Statistical Analysis

Fisher exact P value was used to com-
pare the proportions of animals with
moderate or severe encephalitis be-
tween treated and control groups to
properly account for the small num-
ber of observations. The dichotomiza-
tion of CNS severity (moderate to se-
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vere vs none to mild) has been used in
previous research using this model27

and was conducted prior to data analy-
sis. The comparison between treated
and control groups’ mean MCP-1 level
in the brain was conducted using a
2-sample t test. Expression of major his-
tocompatibility complex class II, CD68,
T-cell intracytoplasmic antigen 1, p-
p38, �-amyloid precursor protein, and
viral protein in the brain were quanti-
tated using 20 repeated measures on
each tissue sample. The P values were
determined by comparing the repli-
cate data from each group of animals
with the data from the other group al-
though only the means were depicted
graphically in the figures. Compari-
sons between the 2 treatment groups
were conducted using a linear regres-
sion model with a dichotomous vari-
able indicating membership in the treat-
ment group, a method analogous to the
2-sample t test. In addition, the coeffi-
cient and SE estimates were calcu-
lated using generalized estimating equa-
tions,30 a robust estimation procedure
that properly accounts for the inher-
ent correlation among replicated or re-
peated measurements observed on the
same animal. For variables with mea-
surements taken repeatedly overtime
(ie, CSF viral RNA and CSF:plasma
MCP-1 ratio) we again used general-
ized estimating equations in a linear re-
gression model but with time from in-

oculation and treatment by time
interaction included as independent
variables. The model estimates of the
coefficient and standard error for the
interaction term were used to test the
differences, if any, of the rates of change
over time between the 2 treatment
groups. All statistical tests were per-
formed as 2-sided tests. Analyses were
performed using Stata statistical soft-
ware version 8 (StataCorp, College Sta-
tion, Tex). Statistical significance was
P�.05.

RESULTS
CNS Inflammation and Axonal
Degeneration

In this study, a rapid, high viral load SIV
model of HIV CNS disease was used to
test the ability of minocycline to sup-
press SIV CNS inflammation and neu-
rodegeneration. Because all macaques
develop rapid immunosuppression and
express high viral loads in plasma and
CSF and because the majority develops
encephalitis within 84 days after virus
inoculation, this model provides a rig-
orous test for potential therapeutic treat-
ments. Five macaques were infected with
SIV12 and received minocycline treat-
ment (4 mg/kg per day)26 that was ini-
tiated during asymptomatic infection (21
days after inoculation).31 By day 84 af-
ter inoculation, of the untreated ma-
caques, 3 developed moderate, 2 devel-
oped severe, and 1 developed no SIV

encephalitis (FIGURE 1).12 In contrast,
3 of 5 minocycline-treated animals did
not develop encephalitis while the re-
maining 2 macaques had only mild en-
cephalitis. This decreased incidence of
moderate and severe encephalitis in the
minocycline-treated macaques was sta-
tistically significant (P=.02).

To assess the ability of minocycline
to suppress SIV-induced CNS inflam-
mation, we quantitated infiltration and
activation of macrophages and infiltra-
tion of cytotoxic lymphocytes into the
CNS, activation of p38 mitogen-
activated protein kinase in the brain and
expression of �-amyloid precursor pro-
tein, a marker of axonal degeneration,
by quantitative immunohistochemi-
cal analysis.12,25,27,28 Minocycline sig-
nificantly reduced expression of ma-
jor histocompatibility complex class II
antigens (P=.03; FIGURE 2A), indicat-
ing suppressed activation of macro-
phages, endothelial cells, or both in the
brain.

Decreased infiltration and activa-
tion of macrophages in minocycline-
treated animals also was suggested
by reduced expression of the macro-
phage marker CD68 (P = .07 ,
Figure 2B). Minocycline also reduced
the infiltration of cytotoxic lympho-
cytes into the brain as evidenced by sig-
nificantly reduced expression of the cy-
totoxic lymphocyte marker T-cell
intracytoplasmic antigen 1 (P = .03,

Figure 1. Brain Sections of Macaques Infected With Simian Immunodeficiency Virus

B MinocyclineA Untreated

A, Brain section from an SIV-infected untreated macaque demonstrating typical changes of severe SIV encephalitis with numerous epithelioid macrophages (arrows)
and multinucleated giant cells (arrowheads) in perivascular spaces. B, Brain section from an SIV-infected macaque treated with minocycline, showing no inflammation.
Hematoxylin-eosin; original magnification �200.
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Figure 2C) in treated animals. The ef-
fects of minocycline were not only lim-
ited to macrophages and lymphocytes
as suggested by the finding of signifi-
cantly reduced activation of p38 in neu-
rons and astrocytes in the brain of mi-
nocycline-treated macaques (P�.001,
Figure 2D). Expression of �-amyloid
precursor protein, an established
marker of axonal degeneration, also was
significantly lower (P=.03, Figure 2E)
in minocycline-treated macaques com-
pared with untreated SIV-infected
animals.

MCP-1 Expression in the CNS

Proinflammatory chemokines, particu-
larly MCP-1, provide signals from the
CNS that promote infiltration of mac-

rophages and to a lesser extent inflam-
matory T lymphocytes from the pe-
riphery into the brain. Increased CSF
expression of MCP-1 has been corre-
lated with the development of HIV and
SIV CNS disease.27,32,33 Quantitation of
CSF:plasma MCP-1 levels provides a
measure of the gradient of the MCP-1
that exists between the CNS and the pe-
riphery.27 To determine whether mi-
nocycline affects expression of this im-
portant proinflammatory signal in the
CNS, MCP-1 levels in CSF and plasma
were quantitated throughout infec-
tion and MCP-1 in brain was quanti-
tated at necropsy. Cerebrospinal fluid
MCP-1 levels (as measured by CSF:
plasma ratios) of several treated and
untreated SIV-infected macaques in-

creased during acute infection and
then declined after 10 to 14 days after
inoculation (FIGURE 3A, B), a pattern
typical of acute SIV infection.27 In the
untreated SIV-infected macaques,
CSF MCP-1 levels increased again af-
ter 28 days in contrast to the minocy-
cline-treated macaques in which CSF
MCP-1 levels remained significantly
lower (P = .001). The low levels of
MCP-1 in the CSF of the minocycline-
treated macaques during late-stage
infection were confirmed by measur-
ing MCP-1 protein levels in brain ho-
mogenates by enzyme-linked immu-
nosorbent assay. Minocycline-treated
macaques had significantly lower
levels of MCP-1 protein in the brain
than SIV-infected macaques (P=.03;

Figure 2. Suppression of Simian Immunodeficiency Virus–Induced Central Nervous System Inflammation and Axonal Degeneration by
Minocycline
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A, Expression of major histocompatibility complex class II antigens, which detects activated macrophages and microglia and endothelial cells. B, Expression of macro-
phage marker CD68, which marks activated macrophages and microglia. C, Expression of T-cell intracytoplasmic antigen 1, a protein found in cytotoxic cytoplasmic
granules of natural killer cells and CD8 T cells. D, Expression of activated p38 mitogen-activated protein kinase (p-p38); up-regulated most in neurons and astrocytes
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indicate group means.
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Figure 3C). Thus, minocycline has an
impact on the release of chemokines
that mediate influx of inflammatory
cells into the brain.

SIV Replication in the CNS

Because previous studies in this model
demonstrated that macaques with more
severe encephalitis had higher levels of
viral RNA in the CSF and brain, we
quantitated viral RNA in the CSF and
in brain tissue from SIV-infected mi-
nocycline-treated and untreated ma-
caques by real-time reverse transcrip-
tion–polymerase chain reaction.12

Minocycline significantly suppressed
levels of viral RNA in the CSF after 28
days. (P=.05; FIGURE 4A, B). Compari-
son of the change in CSF viral load from
day 28 after inoculation onward using
a linear regression model demon-
strated declining CSF viral loads in mi-
nocycline-treated macaques (dark line
after 28 days in Figure 4A, B) in con-
trast to increasing CSF viral loads in un-
treated macaques. Furthermore, mino-
cycline-treated macaques had reduced
expression of viral RNA in the basal
ganglia region of the brain (P= .04,
Figure 4C). The suppressive effect of
minocycline on SIV replication was
confirmed by quantitative image analy-

sis on brain sections stained immuno-
histochemically for SIV glycoprotein 41.
Minocycline-treated macaques had sig-
nificantly lower expression of viral an-
tigen in brain than untreated SIV-
infected macaques (P=.04; Figure 4D).

HIV and SIV Replication in Primary
Lymphocytes and Macrophages

Since minocycline suppressed SIV rep-
lication in the CNS, we examined
whether it also would inhibit SIV and
HIV replication in the predominant tar-
get cells productively infected by these
viruses—macrophages and lympho-
cytes. Cultured primary macaque and
human peripheral blood monoculear
cells–derived macrophages and lym-
phocytes29 were treated with 10, 20, or
40 µg/mL of minocycline20,34 for 24
hours prior to inoculation with the ap-
propriate viruses. Virus replication was
quantitated over time by p24 (HIV) or
p27 (SIV) enzyme-linked immunosor-
bent assay on culture supernatants. Mi-
nocycline inhibited HIV and SIV rep-
lication in primary lymphocytes
(FIGURE 5A, B, E) and macrophages
(Figure 5C, D, and F), in a dose-
dependent manner. At the highest dose,
minocycline inhibited HIV replication
by 92% and 99% and SIV replication by

99% and 85% in lymphocytes and mac-
rophages, respectively.

To investigate the mechanism(s) in-
volved in minocycline-mediated sup-
pression of HIV and SIV replication, we
examined activation of p38 in cul-
tured, HIV-infected minocycline-
treated primary lymphocytes and mac-
rophages. p38 is ubiquitously expressed
and although activation of p38 in as-
trocytes and neurons accompanies neu-
rodegeneration in our model and oth-
ers, this kinase also has critical signaling
functions in other cells including T lym-
phocytes and monocytes or macro-
phages.16,25,34 We specifically exam-
ined p38 activation as a potential
mechanism for virus suppression be-
cause 2 reports have suggested that ac-
tivation of p38 is required for replica-
tion of HIV in lymphocytes35 and in U1
promonocytic cells36 and because mi-
nocycline suppresses activation of p38
in response to proinflammatory cyto-
kines and neurotoxic products.16,34 Cells
were treated with minocycline for 24
hours prior to HIV infection and acti-
vation of p38 was assessed by West-
ern blot analysis of whole cell lysates
prepared days 9 after inoculation. Mi-
nocycline inhibited activation of p38
(and to some extent constitutive ex-

Figure 3. Expression of Monocyte Chemoattractant Protein 1 in the Central Nervous System

Minocycline
Treatment

Started

Cerebrospinal Fluid Monocyte Chemoattractant Protein 1 Brain Monocyte Chemoattractant Protein 1

30

10

5

15

20

25

0

0 2010 6050 70 80 904030
Days After Inoculation

C
er

eb
ro

sp
in

al
 F

lu
id

:P
la

sm
a

M
C

P
-1

 R
at

io

UntreatedA

30

10

5

15

20

25

0

0 2010 6050 70 80 904030
Days After Inoculation

C
er

eb
ro

sp
in

al
 F

lu
id

:P
la

sm
a

M
C

P
-1

 R
at

io

MinocyclineB

pg
/m

L

120

140

40

20

60

80

100

0

C

P = .03

Untreated Treated

No or Mild SIV
Encephalitis

Moderate or Severe
SIV Encephalitis

Monocyte chemoattractant protein 1 (MCP-1) expression in cerebrospinal fluid (CSF) is expressed as the ratio of MCP-1 in the CSF vs that in the plasma. A, After 28
days after inoculation, untreated macaques with moderate to severe encephalitis had increased CSF:plasma MCP-1 ratios. B, Minocycline-treated macaques had sig-
nificantly lower CSF:plasma MCP-1 ratios (P=.001) after 28 days. C, Simian immunodeficiency virus–infected, minocycline-treated macaques had significantly lower
MCP-1 protein in brain homogenates than untreated macaques. Horizontal bars indicate group means.

NEUROPROTECTIVE AND ANTI-HIV ACTIVITY OF MINOCYCLINE

©2005 American Medical Association. All rights reserved. (Reprinted) JAMA, April 27, 2005—Vol 293, No. 16 2007

Downloaded From: https://jamanetwork.com/ on 03/12/2022



pression of p38) in HIV-infected pri-
mary lymphocytes but not in macro-
phages (FIGURE 6A, B). Similar results
were obtained from SIV-infected pri-
mary lymphocytes and macrophages
(data not shown). These data indicate
that although inhibition of virus rep-
lication in minocycline-treated pri-
mary lymphocytes correlates with in-
hibition of p38 activation, inhibition of
HIV and SIV replication in primary
macrophages occurs via p38-indepen-

dent mechanisms. They further indi-
cate that the known activators of p38
in both lymphocytes and macro-
phages, mitogen-activated protein ki-
nase kinase 3 and 6, are not direct tar-
gets of minocycline.

COMMENT
In this study, we demonstrate that mi-
nocycline significantly inhibits HIV and
SIV replication in vitro and also re-
duces the incidence and severity of en-

cephalitis in a rigorous SIV-macaque
model of HIV CNS disease. The latter
observation is particularly impressive,
given the rapidity and severity of SIV
encephalitis in our model and the abil-
ity of minocycline to intervene effec-
tively when treatment is initiated dur-
ing asymptomatic infection and
continued during the short period be-
tween 21 and 84 days. To the best of
our knowledge, this is the first report
demonstrating anti-inflammatory and
neuroprotective activity of an antibi-
otic against a highly pathogenic virus
infection and that minocycline sup-
presses HIV and SIV replication in lym-
phocytes and macrophages, the main
target cells in vivo for these viruses.
Given that the prevalence of HIV CNS
disease has not declined in the era of
highly active antiretroviral treatment,
this finding may have important im-
plications for future studies on the
prevention and treatment of HIV-
infected individuals.37-39

The ability of minocycline to prevent
increased expression of MCP-1 in the
brain is unquestionably one factor me-
diating the neuroprotective effect in our
SIV model of HIV CNS disease.27 Mono-
cyte chemoattractant protein 1, which is
produced by macrophages and astro-
cytes in the brain, is the major inflam-
matory chemokine responsible for the in-
flux of macrophages into the brain.
Macrophages provide a primary mode of
transport for HIV and SIV into the brain,
are the major sources for HIV and SIV
replication in the CNS and produce toxic
mediators during HIV CNS disease. Our
finding of reduced activation of macro-
phages or microglia and decreased in-
flux of cytotoxic lymphocytes in mino-
cycline-treated SIV-infected macaques is
consistent with the suppression of
MCP-1 expression in the CNS by this an-
tibiotic. This study is the first, to our
knowledge, to link MCP-1 to the mecha-
nisms mediating the neuroprotective ef-
fects of minocycline. This finding sug-
gests that minocycline may have clinical
applicability to neurodegenerative dis-
orders in which MCP-1-induced infil-
tration and activation of macrophages is
an important determinant of neuropa-

Figure 4. Suppression of Viral Gene Expression in the Central Nervous System by
Minocycline
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by comparing the replicate data from each group of animals with the data from the other group. For graphical
presentation, only the animal-specific means are depicted. Horizontal bars indicate group means.
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thology, such as multiple sclerosis. A re-
cent report suggested that minocycline
may be an effective therapy for multiple
sclerosis.24 Furthermore, it ispossible that
minocycline treatment may have a role
in treatment of HIV-infected individu-
als who are at higher risk for develop-
ment of HIV CNS disease by virtue of a
geneticpolymorphismin theMCP-1pro-
moter region that increases MCP-1
levels.33

The dose of minocycline that was
used in these macaques (4 mg/kg per
day) is within in the tolerated range for
humans. Although it can be difficult to
compare effective or toxic doses from
one species to another, studies in non-
human primates come as close to ac-
tual human trials as possible. Two
double-blind, randomized, placebo-
controlled feasibility trials of minocy-
cline in patients with amyotrophic lat-
eral sclerosis have been reported
recently.40 In the first, 19 patients were

treated with 200 mg/d of minocycline
(3 mg/kg per day for a 70-kg indi-
vidual) for 6 months with no differ-
ence in adverse events compared with
those in the placebo group. In a sec-
ond, 23 patients received up to 400 mg
per day in an 8-month crossover trial.
The mean tolerated dose in this study

was 387 mg/d (5.5 mg/kg per day for a
70 kg individual). These findings sug-
gest that minocycline at the dose that
suppressed CNS inflammation and vi-
rus replication in macaques may be well
tolerated in HIV-infected individuals.

Although minocycline treatment ini-
tiated at 21 days after SIV inoculation

Figure 5. Human Immunodeficiency Virus and Simian Immunodeficiency Virus Replication in Primary Lymphocytes and Macrophages
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A and B, Simian immunodeficiency virus (SIV)–infected primary macaque lymphocytes, C, Human immunodeficiency virus (HIV)–infected primary human lympho-
cytes, D and E, SIV-infected primary macaque macrophages, and F, HIV-infected primary human macrophages.

Figure 6. Western Blot Analysis
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significantly reversed the pattern of in-
creasing levels of viral RNA in the CSF
as infection progressed, its effect on
plasma viral load was less marked, likely
because of the early high plasma viral
loads (�108 copy Eq/mL by 10 days af-
ter inoculation) in this accelerated SIV-
macaque model. Nevertheless, plasma
viral RNA levels were significantly lower
in the 3 minocycline-treated ma-
caques that did not develop encepha-
litis than in the 2 treated macaques with
encephalitis (data not shown; P=.05).

Perhaps the most unexpected result
of these studies was the ability of mi-
nocycline to substantially inhibit rep-
lication of SIV and HIV in primary cul-
tures of macrophages and lymphocytes.
A recent study describing minocy-
cline inhibition of HIV in cultured mi-
croglia was recently reported.41 It seems
unlikely that minocycline has classic an-
tiviral activity as do reverse transcrip-
tase and protease inhibitors because the
antibiotic was not engineered to tar-
get a specific viral protein.

We propose that rather than exert-
ing direct antiviral activity, minocy-
cline modifies the intracellular or extra-
cellular environment making it
nonpermissive for HIV or SIV replica-
tion. The ability of minocycline to
modify environments differentially in
primary macrophages and T lympho-
cytes (as evidenced by the differential
effect of minocycline on p38 activa-
tion) raises the possibility that each
cell type has a unique minocycline-
sensitive target and hence, a unique
mechanism of suppression.35,36,42 An im-
portant potential therapeutic advan-
tage of this differential effect is that if the
virus develops mutations that confer re-
sistance to minocycline in one target cell
type, that resistance might not confer a
replicative advantage in the other cell
type. Minocycline represents a second
immunodulatory agent to suppress HIV
replication in macrophages in a p38-
independent manner. Murabutide,
which is currently being studied in clini-
cal trials of HIV-infected patients, also
acts to suppress HIV replication in a
p38-independent manner in macro-
phages.42,43

Minocycline is a semisynthetic second-
generation tetracycline that readily
crosses the blood-brain barrier, is inex-
pensive and safe, has been prescribed for
years, and is available in generic form.
Our findings that minocycline inhibits
SIV and HIV replication in primary mac-
rophages and lymphocytes in vitro and
suppresses SIV replication in the brain
and the accompanying neuropathology
provide evidence for designing human
studies to examine the potential role of
minocycline as a supplement to highly
active antiretroviral therapy in the treat-
ment of HIV-associated cognitive disor-
ders and in maintaining low viral loads
in patients for whom highly active anti-
retroviral therapy must be discontin-
ued. Furthermore, minocycline is effi-
cacious against a variety of infectious
diseases, including toxoplasmosis, ma-
laria, andseveral sexually transmitteddis-
eases and thus has potential for long-
term use in global areas in which
individuals frequently harbor multiple
infections besides HIV.
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Let no one be discouraged by the belief there is noth-
ing one person can do against the enormous array of
the world’s ills, misery, ignorance, and violence. Few
will have the greatness to bend history, but each of
us can work to change a small portion of events. And
in the total of all those acts will be written the history
of a generation.

—Robert F. Kennedy (1925-1968)
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