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Abstract

In healthy adulHomo sapienghe most frequent circulatingd T cells (Vy9V382) respond to pyrophosphomonoesters, alkylamines (together
referred to as non-peptidic antigens, NpAgs) and nitrogen-containing bisphosphonates. The seemingly very low toxicity of bisphosphonate an
pyrophosphomonoester drugs in vivo, may allow novel approaches to the immunotherapy of viral infections. For example, these drugs can b
used to stimulate ¥OV32 T cells to release antiviral molecules that directly suppress virus replication without destroying the virus-replicating
cells. In addition, the soluble molecules releasedybyT cells could boost the antiviral potency of cytotoxic T lymphocytes (CTLs) and
promote antigen presentation. The relative therapeutic value of drug-induced direct antiviral and immunoregulatory activities may depend or
the infecting virus as well as on the nature of protective immune responses.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction important effectors of natural immunity argd T lym-

phocytes, which display a broad antiviral activity against
In viral infections, both adaptive and innate immune different viruses such as retroviruses, flaviviruses, paramyx-
reactions cooperate to protect the host and, whenever it isoviruses, orthomyxoviruses, picornaviruses, coronaviruses,
possible, to eradicate or control the infection. The early rhabdoviruses, arenaviruses, herpesviruses, hepadnaviruses,
synthesis of soluble factors (cytokines, chemokines) influ- and orthopoxviruses (reviewed ji]). This broad antiviral
ences substantially the subsequent immune response andctivity of vd T cells is likely to play a crucial defensive
may, therefore, affect the course of infection. One of the role, especially considering that their relatively large num-
bers (e.g., approximately one out of every 30 adult human
* Corresponding author. Tel.: +1 608 263 6316; fax: +1 608 263 6316.  Peripheral blood lymphocytes is aygVvd2 T lymphocyte)
E-mail addressmmalkovs@wisc.edu (M. Malkovsky). can respond very quickly (typically, no antigen processing
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is required for the potent major histocompatibility complex Mevalonate pathway
(MHC)-unrestricted activities of YOV32 T cells) and release

soluble antiviral factors. Acetyl-CoA

2. Pharmacological stimulation ofyd T cells

Statins

Many natural ligands recognized by humayo¥s2 T

. . Isopentenyl pyrophosphate |
cells are known. Probably the most important representatives |

of this group are intermediates of isoprenoid biosynthesis 7 N-BPs

[2] (e.g., 3-formyl-1-butyl-pyrophosphate and isopentenyl-

pyrophosphate) and were first isolated from mycobacteria —— Viral proteins
[3-5]. Other natural and synthetic phospho-ligarfés/], HDV
alkylamines[8] and aminobiphosphonatg8] also stimu- Ersmianion

late VyOV32 T cells. Structure-function studies ofy9Vv2-

specific ligands suggest that some of these molecules could — Cellular proteins
be readily docked into a putative binding site of thgd¥/s2 b

TCR[10,11] Functionally, mature Y9V32 T cells express ESC\Y
cell-surface inhibitory receptors for MHC class | molecules HIV

(INMRs) that may control TCR-mediated reactivities in the S HBV

antiviral responsgl2,13]
Phosphostim (phosphobromohydrin) is the first drug that Fig. 1. The role of the mevalonate (MVA) pathway in viral assembly. The

. . . g MVA pathway is critical for protein prenylation and cholesterol biosynthesis.
was designed to stimulate selectivelyvs2 T cells. Cur Therefore, the MVA pathway may be important for viral assembly of par-

rently, this new drug is in Phase I/Phase Il clinical trials icjes requiring: (a) the prenylation of viral (HDV) or cellular (HCV, RSV)
in cancer patients. Nitrogen-containing bisphosphonates (N-proteins; or (b) the synthesis of cholesterol (HIV, HBV) that is necessary
BPs) have been used to prevent bone demineralization infor membrane budding. Blocking this pathway by statins or N-BPs inter-
paters with osteopoross, multple myeloma, and cerain LS HE SOOI, TS
metastatic cancers (e.g., b_reaSt and pro;tate). Recently, accumulation ofIPP,apoténtendogenoups stimulaton@\62 T lympho-
BPs have been shown to induce activation ofova2 T cytes.
cells accompanied by augmented: (a) cytotoxic activities; (b)
cytokine3-chemokine production; and (c) DNA synthetic the inhibition of large delta antigen prenylation mediated
responses in ¥9V32 T cells. These unexpected activities by BZA-5B interferes with the assembly of HDV virions.
of N-BPs have opened new possibilities of therapeutic usageln addition, the increased concentration of large delta anti-
for these drugs. gen within infected cells may act as a potgahsdominant

The mechanism of N-BP action appears to include the inhibitor of HDV replication[18].
inhibition of farnesyl pyrophosphate synthase activity (as  The block of mevalonate pathway by N-BPs also results
one of the key enzymes in the mevalonate pathway, farnesylin a decreased synthesis of cholesterol. It has been reported
pyrophosphate synthase catalyzes the sequential head-to-tathat cholesterol is critical for HIV passage through cell mem-
condensation of two molecules of isopentenyl pyrophosphatebranes and that the ability of Nef protein to increase viral
with dimethylallyl pyrophosphate). This leads to an accumu- infectivity depends on cholesterf19]. Specifically, Nef is
lation of isopentenyl pyrophosphate, an essential metaboliteinvolved in transporting newly synthesized cholesterol to

that is directly recognized by8V32 T cells[14]. Interest- the site of viral budding and promotes the incorporation of
ingly, the mevalonate pathway is critical for protein preny- cholesterolinto viral particles. These data suggest that an effi-
lation, which may be important for viral assembbid. 1). cient cholesterol synthesis in HIV-infected cells is important

In hepatoma cells exposed to lovastatin (an inhibitor of 3- forthe production of infectious viriof20]. Altogether, these
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reduc- results open a new possibility of using the inhibitors of meval-
tase, the enzyme that catalyzes the conversion of HMG-CoA onate pathway as double-edge swords—that is as antivirals
to mevalonate), hepatitic C virus (HCV) RNA replication is interfering with virion production as well as stimulators of
impaired due to the dissolution of the HCV replication com- V+vy9V32 T cell cytotoxic and other antiviral effects.

plex[15]. The lovastatin treatment can also block respiratory

syncytial virus (RSV) replication and cell-to-cell fusion in

vivo and in vitro by inhibiting the isoprenylation of the cel- 3. Non-cytolytic antiviral immunity mediated by

lular protein RhoA[16]. Vy9Ve2 T cells
Similarly, BZA-5B (an inhibitor of protein prenylation)
blocks the production of hepatitis delta virus (HDV) parti- Immune responses to viral infections comprise both

cles in vitro in a dose dependent manfiEf]. In particular, cytolytic (i.e., cytotoxicity against virus-infected cells) and
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Fig. 2. Soluble factors produced by activategd¥/s32 T cells. PBMC from healthy donors were stimulated for 24 h with IL-2 alone (panel A) or with IL-2 in

the presence of IPP (panel B). The production of different soluble molecules was analyzed by TransSignal Human Cytokine Antibody Arrays fellowing th
manufacturer instructions (Panomics, Redwood City, CA). The analysis was performed in duplicate and panel C shows the experimental layalt. The sign
intensity is proportionate to the soluble factor production.

non-cytolytic activities of \§9Vs2 T cells. The innate non-  ing killer T cells, NK cells and macrophages, and triggering
cytolytic activity encompasses the production and release ofintracellular pathways that suppress viral replication without
several soluble molecules. As shownHig. 2, peripheral direct cytolytic effects on host cell22,23]. In vitro, the non-
blood mononuclear cells (PBMCs) stimulated with isopen- cytolytic antiviral activity of interferons has been demon-
tenyl pyrophosphate (IPP, a classical non-peptidic antigen for strated in infections with HCV, hepatitis B virus (HBV),
Vy9Va2 T cells) release an array of cytokines (e.g., lfN-  herpesviruses, orthopoxviruses, picornaviruses, retroviruses,
TNF-a, IL-1q, IL-6, GM-CSF, TPO, OSM) and chemokines influenza and other type of viruses (reviewed[21,24).
(e.g., MIP-k/B, RANTES, SDF-1, MCP-2 MDC, ENA-78 In hepatitis B-transgenic mice, IFfM-+eleased by CD8 T
and GRO) with known antiviral and/or immunomodulatory cells is able to diminish the HBV gene expression and repli-
properties. After stimulation and in sharp contrast to many cation and activates hepatocytes to clear the virus through
non-<yd TCR-expressing lymphoid cells, singley9Vvs2 T a non-cytolytic pathway25]. In the acute phase of HCV
lymphocytes produce more than one of these soluble antivi- infection, the ability of T cells to produce IFN-s associ-
ral/immunoregulatory factor${g. 3). The innate response is  ated with virus clearanc6]. Recently, it has been shown
followed by humoral and cellular adaptive immune responsesthat NS3 peptide-stimulated CD8 T cells release H-N-
influenced by many of these soluble molecules. In addition, and reduce HCV RNA replication activif27]. Generally,
the non-cytolytic antiviral molecules continue to suppress the in chimpanzeesRan troglodytey the appearance of CD8-
infectious process in vital organs without destroying impor- positive CTLs is better correlated with protection against
tant cells and also can boost the antiviral potency of classicalHCV than the antibody respon$28]. This is compatible
o cytotoxic T lymphocytes (CTLR1]. with the idea that the production of IFjby CD8-positive
The main factor with known antiviral activities released by T-lymphocytes may contribute to the resolution of the infec-
vd T cells is IFN-y—a key molecule in recruiting and activat-  tion[28]. Despite the potent interferon effects, the majority of
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Fig. 3. In contrast ta T lymphocytes or CD3-negative cells, a substantial proportion of activatd@d™Mymphocytes produce multiple cytokines. Human
PBMCs were incubated (24 h) in culture medium with of 128 sodium pamidronate and the IFiNand TNFe intracellular presence was assessed by
flow cytometry. During the last 4 h of incubation, brefeldin A @@/ml) was present to block the cytokine release from cells. Polyclonal stimulation with
concanavalin A (not shown) generated a very similar pattern—that is large numbef26fGD3+ double producers (in contrast to predominant single
producers in thexg + CD3+ and \62- CD3-pools) with the exception of substantially larger amounts of single-d¥bsitive a3 T cells. The cytokine
production by thexp+ CD3+ or \B2- CD3-cells in pamidronate-stimulated cultures was inhibited by anti4RiNAbs suggesting that IFN-released by
pamidronate-stimulatedy0Va2 T cells may be an important factor in the induction of cytokine synthesis by the testedy@/8¥ T cell pools.

patients become persistently infected with HCV. This chronic phenotypd30]. Thus, the induction of IFN¢ production by
infection is associated with a drastic impairment of IFN- V~y9V32 T lymphocytes could represent a new strategy to
v production by T cell§29] and a hepatic expansion of inhibit viral replication and to support the Th1l-type immune
HCV-specific CD8-positive T lymphocytes with a regulatory response.
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Interleukin-Ix (IL-1a) produced by activategld T cells
can have either stimulatory or inhibitory effects on HIV infec-
tion[31,32] Also, it has been shown that the cytomegalovirus
(CMV) infection is reduced in marrow stromal cells that
either secrete IL-1 or are treated with exogenous [33].
Stimulatedyd T cells also produce interleukin-6 (IL-6),
a potent lymphoid cell growth factor, which affects B-
lymphocytes, T-lymphocytes or hybridoma cells, and may
influence cytotoxic T cells in combination with other factors
such as IL-2 and IFNy. IL-6 production by skin fibrob-

F. Poccia et al. / Immunology Letters 100 (2005) 14—20

the production of MIP-&, MIP-13, and lymphotactin, but
not macrophage chemoattractant protein-1 (MCR4E).
The induction of MIP-& and MIP-13 is unaffected by IL-4,
IL-10, or INF-y, but IPP plus IL-12-induced release of MIP-
la, but not MIP-3, is blocked by TGH3. Vy9V32 T cells
also express many-chemokine receptors including CCR1,
CCRS5, and CCRS that can be downregulated by activation
stimuli. Activating signals foryd T cells also induce the pro-
duction of macrophage chemoattractant protein-2 (MCP-2)
and MDC. MCP-2 plays an important role in the inflamma-

lasts that support the replication of dengue virus and othertory response of blood monocytes and tissue macrophages

flaviviruses in vivo may be an important factor in control-
ling flavivirus infectiong34]. Moreover, IL-6 was shown to

and inhibits the replication of HIV-1 via CCRE7]. MDC
is chemotactic for monocytes, dendritic cells, activated lym-

strengthen the retinoic acid-mediated suppression of HIV-1 phocytes, and NK cells and exhibits anti-HIV-1 actiji3].

replication in macrophagg32].
The granulocyte-macrophage colony-stimulating factor
(GM-CSF) produced by activategh T cells is a potent

species-specific stimulator of precursors of granulocytes,

macrophages and eosinophils. Antiviral effects of GM-
CSF have been reported in dengue infectif@]. GM-
CSF can boost antiviral humoral immunity to influenza
and simian immunodeficiency virus (SIB5], increase

Cumulatively, the high levels of proinflammatory cytokines
and chemokines with antiviral properties produced by acti-
vated VW9Va2 T cells may influence the progression of HIV
disease.

Other interesting IPP-induced molecules include the
epithelial neutrophil activating peptide-78 (ENA-78) that
is a chemotactic and activating factor for neutrophils, and
human GRO (MGSA) that promotes neutrophil chemotaxis

humoral and cellular immune responses against herpes sim-and degranulation. Through these molecul@sT cells may

plex virus-2 (HSV-2)[36] and improve protection against
Epstein—Barr virus (EBV)-induced lymphoproliferative dis-
orders[37]. Also thrombopoietin (stimulates the prolifer-

influence the behavior of granulocytes—that is the cells that
are likely to release o&-defensins and other non-cytolytic
antiviral factors.a-defensins are a family of antimicrobial

ation and maturation of megakaryocytes) and oncostatin peptides that have been identified in animals (including

M (growth regulating cytokine) are secreted by activated
v8 T cells, but their effect on viral replication remains
unclear.

Chemokines, a superfamily of proinflammatory cytokines,
are released by many activate@ T cells. Chemokines

act primarily as chemoattractants and activators of spe-

human and non-human primates) and plants. They play an
important role in infections, inflammation, wound repair, and
acquired immunity. Based on the disulfide pairing of their
characteristic six cysteine residues, they are divideddnto
defensins an@-defensinsa-defensins are mainly released
by granulocytes and can inhibit HIV infection in vitfd9].

cific types of leukocytes. Some chemokines (such as theln addition to their anti-HIV activitiesy-defensins interfere

B-chemokines MIP-&, MIP-18 and RANTES) influence
directly the rate of HIV replicatiof88]. The stromal-derived
factor (SDF-1) that blocks the entry of CXCR4-dependent
(T cell-tropic) HIV-1 isolateg39] has been identified as a
ligand for LESTR/fusirj40]. RANTES and MCP-3 inhibit T
cell-tropic HIV-1isolate$41] and the macrophage chemotac-

tic protein (MDC, macrophage-derived chemokine) can also

block HIV-1 entry[42]. Other CD8 antiviral factors (e.g.,
CAF) inhibit HIV-1 transcription[43]. The post-integration
mode of action makes CAF distinct frofd-chemokines
and similar to IL-16[44]. Importantly, antigen-stimulated
Vvy9V382 T cells produce the HIV-inhibitor-chemokines
(MIP-1a, MIP-18, and RANTES)[45,46] that block both
CCRS5 co-receptor-dependent (e.g., Hipdall) and CXCR4
co-receptor-dependent (e.g., HIVal) viral isolates[45].
However, it is likely that additional, not molecularly defined
antiviral activities ofyd T cells contribute to the observed
antiviral effects.

Antigen-stimulated W9V82 T cells rapidly establish

with the replication of HSV-1 and HSV-2, CMV, vesicular
stomatitis virus (VSV), and influenza vir{s0]. The expres-
sion ofa-defensins inyd T cells has been describ§ll ], but
further studies are required to explore the contribution®f
T cells to the production and action of defensins during viral
infections.

Another proinflammatory factor released by activayéd
T cells is TNFe, a potent lymphoid factor with (unlike
the molecules described above) cytotoxic effects on a wide
range of target cells. Beneficial effects of TNHn cellular
immunity to VSV[52], CMV [53], HSV-1[54], and vaccinia
virus [55] have been noted. TN&-was shown to enhance
HIV-1 replication in chronically infected promonocytic and
T-lymphoid cell lines by activation of the nuclear factor NF-
kB, which stimulates the long terminal repeat (LTR) of the
provirus [31]. In contrast, IFNy (an important enhancer
of TNF-a production by macrophages) inhibits the HIV-1
growth in primary macrophagd56]. While TNF-« has a
protective role in activated CD4+ T cells against R5-tropic

chemotactic gradients that may shape the host inflammatoryviruses, it enhances CXCR4 expression of CD4+ T cells and
response against various pathogens including HIV. The acti-mediates an increased susceptibility to infection with X4-
vation of VWy9Va2 T cells with IPP induces (within 4-12h) tropic HIV and SIV strains. Therefore, the role of TNFn



F. Poccia et al. / Immunology Letters 100 (2005) 14-20 19

HIV infections is somewhat intricate, and further studies are [14] Gober HJ, Kistowska M, Angman L, Jeno P, Mori L, De Libero G.

needed to clarify its effects.

4. Conclusions

Human T cell receptoryd cells recognize endogenous mevalonate
metabolites in tumor cells. J Exp Med 2003;197:163-8.

[15] Ye J, Wang C, Sumpter Jr R, Brown MS, Goldstein JL, Gale Jr
M. Disruption of hepatitis C virus RNA replication through inhibi-
tion of host protein geranylgeranylation. Proc Natl Acad Sci USA
2003;100:15865-70.

Novel synthetic drugs N-BPs and Phosphostim that can [16] Gower TL, Graham BS. Antiviral activity of lovastatin against res-

activate WW9OVas2 T cells have been developed recently as

well as effective in vivoyd-stimulatory protocol$57]. Some
of these molecules are able not only to activatg@Vvs2 T

piratory syncytial virus in vivo and in vitro. Antimicrob Agents
Chemother 2001;45:1231-7.

[17] Glenn JS, Marsters Jr JC, Greenberg HB. Use of a prenylation
inhibitor as a novel antiviral agent. J Virol 1998;72:9303-6.

cells, but also can inhibit protein prenylation or cholesterol [18] Glenn JS, White IM. Trans-dominant inhibition of human hepatitis

biosynthesis that may be required for viral assembly. Thus,
N-BPs/Phosphostim-based therapeutic strategies should b
considered to enhance the current inadequate armaments for

fighting emerging and re-emerging viruses.
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