
Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

HIV protease inhibitors alter innate immune
response signaling to double-stranded RNA in oral
epithelial cells: implications for immune
reconstitution inflammatory syndrome?

Robert J. Danahera,b,c, Charlotte S. Kaetzelb, Richard
N. Greenbergd,e, Chunmei Wanga, Maria E.C. Brunob
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In this investigation, several HIV protease inhibi-

tors altered the virally associated, double-stranded

RNA (dsRNA)-stimulated, innate immune

response. Lopinavir, the most potent inducer

of interleukin (IL)-8 expression, also inhibited

dsRNA-induced monocyte chemotactic protein 1

expression. Further analyses demonstrated that

nuclear factor-kB is required for lopinavir’s induc-

tion of IL-8. These findings demonstrate that pro-

tease inhibitors, such as lopinavir, differentially

dysregulate innate immune signaling in a manner

that could affect immune (reconstitution) inflam-

matory responses in oral epithelium.

HIV protease inhibitors are components of highly active
antiretroviral therapy (HAART) that contribute signi-
ficantly to the reduction of HIV-associated morbidity
and mortality [1,2]. Despite the benefits, severe and/or
atypical symptoms of previously subclinical infections
occur in more than 20% of patients on HAART [3]. This
phenomenon, referred to as immune reconstitution
inflammatory syndrome, frequently manifests at epithelial
sites [4,5]. Epithelial eruptions associated with this
syndrome often result from the emergence of persistent
viruses such as human papillomavirus (HPV) or human
herpesviruses [6]. One possible explanation is that
components of HAART may exacerbate inflammatory
responses to viruses in epithelial cells. We therefore
evaluated the impact of protease inhibitors on innate
immune signaling in oral epithelial cells following
exposure to double-stranded RNA (dsRNA), a virus-
associated ligand for several cellular pattern recognition
receptors, including Toll-like receptor 3 (TLR3).

Immortalized oral keratinocyte OKF6/hTERT-2
(OKF6) cells, which have normal growth and differen-
tiation characteristics that represent a model of oral
epithelium [7], were cultured as previously described
[8]. Cells were treated with varying doses of protease
inhibitors, 1 mg/ml polyinosinic : polycytidylic acid (poly
I : C), a synthetic dsRNA, and/or 10 mmol/l Bay11-7082
as indicated. RNA was extracted, reverse transcribed and
quantified by quantitative real-time PCR [9]. Primers
and probes for interleukin (IL)-8, regulated upon activa-
tion, normal T-cell expressed and secreted (RANTES),
tumor necrosis factor (TNF) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were previously
described [9]. TLR3 and monocyte chemotactic
protein (MCP)-1 TaqMan gene expression assays were

purchased from Applied Biosystems (Foster City,
California, USA). Relative mRNA levels were calculated
by [2�(CT test�CT GAPDH)]� 100% using GAPDH as the
reference gene. Secreted protein levels were measured
using Luminex IS-100 (Luminex, Austin, Texas, USA)
and kits from Beadlyte Technology (Millipore, Billerica,
Massachusetts, USA) as previously described [10].
Nuclear factor (NF)-kB activity was analyzed, as
previously described [9], by transfection of an NF-kB
reporter plasmid that contains four copies of a consensus
NF-kB-binding site upstream of a minimal promoter and
the firefly luciferase gene (Agilent Technologies Inc.,
Santa Clara, California, USA). Statistical differences were
determined by analysis of variance and Fisher’s protected
least significant difference test.

Expression of the chemokine IL-8, an early and sensitive
indicator of innate immune responses, was evaluated in
response to treatment with HIV protease inhibitors and
dsRNA. OKF6 cells were treated for 30 h with protease
inhibitors at concentration ranges found in human plasma
[11,12], then treated with dsRNA for the final 3 h
(Fig. 1). At the highest dose, lopinavir and atazanavir
increased IL-8 mRNA 4.4-fold and 2.8-fold, respectively,
and synergized with dsRNA (Fig. 1a). Although ritonavir
and saquinavir alone did not alter IL-8 expression, these
protease inhibitors significantly enhanced the response to
dsRNA. In contrast, indinavir and amprenavir did not
alter IL-8 expression.

We further characterized dose-dependent and time-
dependent effects of lopinavir and atazanavir on addi-
tional mediators of the innate immune response.
Expression of TLR3 was unaffected by these protease
inhibitors, indicating that upregulation of this receptor for
dsRNA was not responsible for the protease inhibitor-
enhanced expression of IL-8 (data not shown). IL-8
expression increased rapidly in a dose-dependent manner
following stimulation with dsRNA and declined by 6 h of
treatment (Fig. 1b), as previously demonstrated in
intestinal epithelial cells [9]. The dsRNA-stimulated
increase in MCP-1 and RANTES mRNA was slower
than that of IL-8, consistent with the delayed response of
these chemokines in innate immune responses [13]. In
contrast to its effect on IL-8, lopinavir but not atazanavir
inhibited dsRNA-induced MCP-1 expression in a dose-
dependent manner. The highest dose of lopinavir also
resulted in sustained expression of IL-8 and TNF
expression at 6 h poststimulation. Levels of secreted IL-
8, MCP-1 and RANTES paralleled changes in their
respective mRNAs, whereas protease inhibitor and
dsRNA-stimulated secretion of TNF was enhanced to
a greater extent than was TNF mRNA (Fig. 1c).

Because activation of the NF-kB signaling pathway is
required for induction of IL-8 by TLR3 signaling [14],
we hypothesized that lopinavir synergizes with dsRNA
signaling to enhance activation of NF-kB. To test this
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Fig. 1. HIV protease inhibitors alter double-stranded RNA-induced expression of innate immune modulators in oral epithelial
cells. (a) Analysis of interleukin (IL)-8 mRNA following treatment of oral keratinocyte (OKF6) for 30 h with the indicated protease
inhibitor (PI) (20 mmol/l), in the presence (open bars) or absence (filled bars) of poly I : C for the final 3 h. Analysis of mRNA (b) and
secreted protein (c) for innate immune modulators following treatment of OKF6 cells for 30 h with 0, 2.5, 5.0, 10 or 20 mmol/l of
lopinavir or atazanavir in the presence and absence of poly I : C for the final 3 and 6 h. (d) Analysis of nuclear factor (NF)-kB-
dependent reporter gene activity following treatment of OKF6 cells for 30 h with 20 mmol/l lopinavir or atazanavir in the presence
or absence of poly I : C for the final 6 h. (e) Analysis of chemokine mRNA expression following treatment of OKF6 cells for 30 h with
0, 5 or 20 mmol/l of lopinavir, in the presence and absence of the NF-kB inhibitor Bay 11 for the final 3.5 h and poly I : C for the final
3 h. Data are expressed as the mean� SEM [n¼4, for (a), (b), (c) and (e), n�8 for (d)]. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; MCP, monocyte chemotactic protein; RANTES, regulated upon activation, normal T-cell expressed and secreted;
TNF, tumor necrosis factor. �The mean for cells cultured in the presence of PIs is significantly different from the mean for cells
cultured in the absence of PIs, under the same conditions of dsRNA and/or Bay 11 treatment (P<0.05). ��The mean for cells treated
with the combination of dsRNA and lopinavir is significantly greater than the mean for cells treated with either stimulus alone
(P<0.05).
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hypothesis, cells were transfected with an NF-kB reporter
plasmid and treated with lopinavir and/or dsRNA.
Treatment of OKF6 cells with lopinavir or dsRNA alone,
but not atazanavir, caused a significant increase in NF-kB-
dependent gene expression (Fig. 1d). Importantly, the
combination of lopinavir and dsRNA caused a greater
increase in NF-kB activity than did either stimulus alone,
similar to the synergistic effect of these stimuli on IL-8
mRNA (Fig. 1a). Consistent with this finding, induction
of IL-8, RANTES and MCP-1 expression by dsRNA
and/or lopinavir was completely blocked by Bay 11-7082
(Fig. 1e), a drug that selectively and irreversibly inhibits
inducible phosphorylation of IkBa without affecting
constitutive IkBa phosphorylation [15]. The finding that
lopinavir causes NF-kB activation may be unique to oral
epithelial cells, as protease inhibitors have been reported to
prevent activation of NF-kB in other cell types [16–19].

These data demonstrate that select protease inhibitors alter
the pattern of chemokine expression and interfere with the
negative regulation of proinflammatory factors during
dsRNA-induced signaling in oral epithelial cells. Surpris-
ingly, we found that lopinavir in conjunction with dsRNA
enhanced expression of IL-8, but inhibited expression of
MCP-1. Safronova et al. [20] reported that hypoxia, a
condition frequently associated with tissue inflammation,
had similar opposing effects on induction of IL-8 and
MCP-1 expression in human epithelial cells. These
investigators found that NF-kB-dependent activation of
histone deacetylases was responsible for hypoxia-induced
repression of MCP-1 expression. Although extrapolation
of these in-vitro findings to the in-vivo setting should be
undertaken with caution, exacerbated IL-8 expression
caused by protease inhibitors could favor the recruitment
of neutrophils, whereas downregulation of MCP-1 could
inhibit recruitment of monocytes to sites of epithelial
inflammation [21–23]. Significantly, reduced infiltration
of monocytes and impaired monocyte function are features
of persistent HPV-associated warts [24–29], which have
been reported in HIV-positive patients on HAART [30–
32]. Furthermore, infiltrating monocytes and tissue
macrophages in epithelia are critical for antiviral activity
[33] and the development of a T helper cell (Th1)-
dominated cellular immune response, both of which
contribute to clearing of HPV-infected cells and resolution
of warts [25,34].

In summary, a novel implication of this research is that
individual protease inhibitors may dysregulate the innate
immune response in ways that could exacerbate epithelial
viral infections in patients receiving HAART.
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Reduced CD127 expression on peripheral CD4R

T cells impairs immunological recovery in course of
suppressive highly active antiretroviral therapy

Francesca Baia, Giusi M. Bellistrı̀a, Camilla Tincatia,
Alessia Savoldia, Alessandro Pandolfoa, Teresa Binia,
Giovanni Carpanib, Elisabetta Sinigagliab, Giulia
Marchettia and Antonella d’Arminio Monfortea

Inefficient immune recovery under highly active
antiretroviral therapy (HAART) represents a clini-
cal issue. Twenty-seven of 121 HIVR naı̈ve patients
became immunological nonresponders (INRs) and
55 introduced therapy late [very late treated
(VLT)]. INR displayed older age, lower CD4R cell
counts, down-regulation of CD127RCD4R and
higher apoptotic CD95RCD8R. VLT also showed
higher activated CD38RCD8R%. The only factor
associated with INR status was CD127RCD4R%.
INR showed lower baseline interleukin (IL)-7 levels
and a reduced expression of IL-7R (CD127) on
naı̈ve and memory T-cells, reaching significance
in memory CD127RCD45R0RCD4R. These results
suggest a possible role for the IL-7/IL-7R system in
the pathogenesis of poor immunological recovery
during HAART.

Up to 30% of HIV-positive patients show an incomplete
response to highly active antiretroviral therapy (HAART)
and become immunological nonresponders (INRs) [1,2].
These patients represent a clinical issue in the manage-
ment of HIV, because of the increased risk of disease
progression and the need for alternative therapeutic
strategies to overcome the immune depression.

The defective immune response may be related to
different factors, including older age, therapeutic failures,
low adherence to therapy, genetic and virological para-
meters, hepatitic co-infections and low CD4þ cell counts
before starting HAART [3,4]. Furthermore, a substantial
number of HIV-positive patients presents late for care
with severe immunodeficiency or a clinical AIDS event,
resulting in a delayed uptake of HAART [5–7].

We aimed to investigate risk factors of impaired CD4þ

increases following HAARTand to evaluate the quality of
immune recovery according to the degree of immune
depression at the moment of HAART introduction.

2590 AIDS 2010, Vol 24 No 16


