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Viruses, dendritic cells and the lung
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The interaction between viruses and dendritic cells (DCs) is varied and complex. DCs are key elements
in the development of a host response to pathogens such as viruses, but viruses have developed
survival tactics to either evade or diminish the immune system that functions to kill and eliminate these
micro-organisms. In the present review we summarize current concepts regarding the function of DCs
in the immune system, our understanding of how viruses alter DC function to attenuate both the virus-
specific and global immune response, and how we may be able to exploit DC function to prevent or

treat viral infections.
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Introduction

Many viruses utilize the respiratory tract as an entry point
into the host. They may target specialized cells of the res-
piratory tract for initial replication, leading to disease that
primarily manifests as illnesses of the lung and upper
airways. Alternatively, they may infect mobile elements that
are resident in the respiratory tract, or produce viremia
that can carry the virus to a secondary target organ. The
outcome of these encounters is determined by the early
events that occur in the lung at the interface of the innate
and adaptive immune responses. The DC has primary
responsibility for antigen processing, antigen presentation
and T lymphocyte activation, and thus initiates and shapes
the adaptive immune response. The ways in which DCs
translate messages regarding the lung milieu to T lympho-
cytes dictate the magnitude, kinetics, and composition of
the adaptive immune response, and thereby determine the
characteristics of virus-induced disease.

Dendritic cells as antigen-presenting cells
DCs are derived from myeloid CD34* progenitors in the
bone marrow, which can differentiate down one of two pre-
cursor pathways (for review see [1]). CD34* progenitors
may develop into CD14*CD11c*CD1~ monocytes, from
which immature DCs can be produced in response to gran-
ulocyte—macrophage colony-stimulating factor and IL-4,
whereas exposure to macrophage colony-stimulating factor
leads to macrophage differentiation. The CD34+ myeloid
progenitors can also differentiate into CD14-CD11c* pre-
cursors that yield Langerhans cells in response to granulo-
cyte—macrophage colony-stimulating factor, IL-4, and
transforming growth factor-B, or macrophages in response
to macrophage colony-stimulating factor.

Immature DCs are particularly adept in their ability to
capture antigen, and can do so either by macropinocytosis;
by endocytosis through C-type lectin receptors, FcyRI, or

APC = antigen-presenting cell; DC = dendritic cell; HSV = herpes simplex virus; IFN = interferon; IL = interleukin; LCMV = lymphocytic chori-
omeningitis virus; MHC = major histocompatability complex; MV = measles virus; TNF = tumor necrosis factor; TRAIL = tumor necrosis factor

related apoptosis-inducing ligand.
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FcyRIl; or by phagocytosis. The process of antigen
capture changes the immature DC both in phenotype and
function, transforming the DC into an antigen-presenting
cell (APC). The maturation of the DC leads to the migra-
tion of the cell from the peripheral tissues into the draining
lymphoid organs. CD40 ligand, as well as tumor necrosis
factor (TNF)-a and IL-1B, activate DCs, and are important
in the conversion of DCs from cells that are primarily
involved in antigen capture into APCs.

The transformation into mature DCs is associated with the
loss of receptors that are involved in endocytosis and
phagocytosis; an increase in the costimulatory molecules
CD40, CD58, CD80, and CD86; a change in morphol-
ogy; and a decreased expression of CD68 and increase in
DC-lysosome-associated membrane protein. DCs exit
nonlymphoid organs through the afferent lymph, and
migrate into the T cell area of lymphoid organs through the
coordinated activity of lipopolysaccharide produced by
pathogens, the local production of TNF-c. and IL-18, and
specific chemokines.

Following antigen uptake and maturation, DCs increase
expression of CCR7. The latter is a receptor for the
chemokines macrophage inflammatory protein-33 and
6Ckine, which are produced by cells in the lymph node T
cell zone, and are responsible for migration of mature
DCs into the paracortical area of lymphoid tissue. When
DCs encounter T lymphocytes, further DC maturation
occurs through CD40 ligand and additional molecules,
causing the release of cytokines such as IL-8, fractalkine,
and macrophage derived chemokines that can attract
lymphocytes. As a result of their maturation process, DCs
efficiently express major histocompatability complex
(MHC) molecules, which contain peptide fragments of
the processed antigen on their cell surface that can be
presented to T lymphocytes in the paracortical area.

When a T lymphocyte has a T cell receptor that is specific
for a particular MHC—antigen fragment complex presented
by a DC, that T lymphocyte becomes activated when
appropriate costimulatory interactions between the DC and
T lymphocyte are present (for review see [1]). These cos-
timulatory signals include the interaction of CD80 or CD86
(also known as B7.1 and B7.2, respectively) that is present
on the DC with CD28 that is present on the T cell. Without
costimulation the T cell receptor-MHC interaction leads to
apoptosis rather than activation. DCs present antigen via
their MHC class Il molecules to CD4*+ T lymphocytes.
CD4+ T lymphocytes are generally divided into two main
classes — type 1 and type 2 — that are characterized by the
cytokine array produced by the cell. Type 1 cells are impor-
tant in the immune response to intracellular pathogens
such as viruses and mycobacteria, and produce IFN-y, lym-
photoxin, and IL-2. Type 2 cells produce a variety of proin-
flammatory cytokines, such as IL-4, IL-5, IL-9, IL-10 and

IL-13, which are generally important in the development of
the humoral immune response. DCs may have an important
role in determining the profile of cytokines produced by
CD4+ cells. DCs may have an important role in determining
the profile of cytokines produced by CD4+ cells. In
humans, antigen presentation and T-cell activation by the
monocyte-derived CD11c* DCs secrete IL-12, leading to a
Type 1 cytokine profile. In contrast, CD11c~ DCs induce
CD4+ cells to produce type 2 cytokines [1].

Dendritic cells in antiviral immunity

Because DCs have the ability to capture and process
antigen in tissue in the initial stages of a viral infection,
they are particularly suited to prime antiviral immunity.
CD8* T lymphocytes are also very important in host
immunity to viral infections. CD8* lymphocytes recognize
eight- or nine-amino-acid peptide epitopes presented in
the context of MHC class | molecules, leading to lysis of
the infected target cell. DCs are particularly effective in
antigen presentation, and costimulation and activation of
CD8* cytotoxic T lymphocytes. For example, DCs
infected  with  polyomavirus, but not infected
macrophages, have the capability to prime polyomavirus-
specific CD8* T lymphocytes in vivo [2,3]. DCs infected
with other viruses (e.g. influenza [4] and lymphocytic
choriomeningitis virus [LCMV] [5]) also induce antigen-
specific CD8* T lymphocytes.

In a model of influenza A virus infection, mature DCs are
superior to immature DCs in stimulating IFN-y production
from CD8* effector cells [6]. Additionally, only mature
DCs, and not immature DCs, have the capability to stimu-
late expansion and differentiation of cytotoxic T lympho-
cyte effectors over a one-week period.

Recently, King et a/ [7] found that IL-4 has a profound
effect on DC antigen presentation of LCMV and the T lym-
phocyte response to viral infection. In this mouse model of
autoimmune diabetes the LCMV nucleoprotein is
expressed in the B-cells of the pancreas, and destruction
of the pancreas can be induced by infecting the mice with
LCMV, thus causing obliteration of the pancreatic islet by
LCMV-specific cytolytic T cells. However, the pancreatic
destruction that follows LCMV infection can be inhibited in
mice that express IL-4 via the human insulin promoter. IL-4
suppresses this virally induced diabetes by blocking the
production of LCMV-nucleoprotein specific cytotoxic T
cells. Further analysis revealed that IL-4 increased the
number of antigen-specific CD8* cells, but inhibited the
differentiation of cytotoxic precursors by LCMV-pulsed
DCs by increasing B7.2 and decreasing B7.1 expression.
Changes in DC antigen presentation and costimulation
may also explain recent findings from our laboratory that
showed that IL-4 inhibits virus-specific CD8* cytolytic
activity [8], and shifts the mechanism of lysis from more
perforin mediated to more Fas ligand mediated [9].



Effective T cell function is dependent on the maturation of
DCs for optimal antigen presentation via the MHC
complex. Some viral infections, such as influenza, promote
DC maturation after uptake, improving the ability of the
host to kill the virus [10—13]. In contrast, poxviruses have
developed several different mechanisms to evade immune
recognition and elimination. For example, vaccinia inhibits
DC maturation within one day after infection, particularly in
immature DCs, which have a greater propensity for vac-
cinia infection, while mature DCs are more likely to func-
tion as APCs [14]. Immature DCs that are infected with
vaccinia have decreased expression of CD25, CD83,
CD86 and human leukocyte antigen DR (markers of
mature DCs) as compared with noninfected immature
DCs that have also been treated with monocyte-condi-
tioned media, a factor that is known to cause DC matura-
tion [14]. A decrease in CD86 on the DC cell surface
could lead to antigenic tolerance, whereas decreased
human leukocyte antigen DR expression results in
decreased antigen presentation. Vaccinia infection of
mature DCs had a lesser effect on DC function [14]. Vac-
cinia infection of DCs also leads to abortive replication
and induction of DC apoptosis — events that further sup-
press the immune response to vaccinia [14]. In addition,
the poxviruses encode receptor homologs of cytokines
such as IL-1f, TNF-o, IFN-0o/f3 and IFN-y, which are impor-
tant in the host defense against viral infections [15]. IFN-o,
TNF-0, and IL-1B are among the key cytokines that are
involved in the induction of DC maturation [13,16—18].

Measles virus (MV) infection has long been recognized as
producing a significant systemic immunosuppression that
leads to a high mortality rate in undernourished children.
MV mediates immunosuppression at the level of the APC
by a variety of mechanisms. The binding of MV hemagglu-
tinin to its receptor CD46 results in downregulation of
IL-12 [19] and delayed-type hypersensitivity responses
[20]. MV has also been shown to inhibit DC maturation,
and thus the ability of DCs to present antigen to T lympho-
cytes. Ordinarily, the CD40 ligand expressed on activated
T cells induces terminal differentiation of DCs into mature
effector DCs [21,22]. However, the CD40 ligand depen-
dent maturation of DCs is prevented by MV [23]. This has
an added effect on the inhibition of IL-12 production [23].
IL-12 is a critical cytokine in the differentiation of CD4+
type O cells to become CD4+ type 1 cells that produce the
antiviral cytokine IFN-y and the potent T cell stimulatory
cytokine IL-2 [24]. MV replication also diminishes CD80
and CD86 expression on DCs, leading to less effective
antigen presentation to T lymphocytes [23]. In addition to
its inhibition of DC maturation, MV also abrogates CD40
ligand dependent CD8* T cell proliferation [23].

MV infected DCs can also induce T lymphocyte apoptosis,
further impairing the immune response. The mechanism by
which MV causes this effect is through MV induction of TNF
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related apoptosis-inducing ligand (TRAIL) mRNA and
protein expression in human monocyte derived DCs [25].
TRAIL is not believed to be cytotoxic to normal cells, but has
been shown to induce apoptosis in several transformed cell
lines [26]. Several lines of evidence suggest that TRAIL is
involved in lymphocyte apoptosis and participates in the
abnormal apoptosis that occurs with infection by immuno-
suppressive viruses such as HIV type 1, particularly
because T lymphocytes from HIV type 1 infected patients
are very susceptible to TRAIL induced cell death [26].

DC function is inhibited by other viruses also. Herpes
simplex virus (HSV) type 1 interferes with antigen presen-
tation and DC cytokine production [27]. The HSV
encoded protein, infected cell peptide 47, has been
shown to bind to the transporter associated with antigen
processing, and thereby interferes with translocation of
processed antigen into the endoplasmic reticulum for
association with MHC class | molecules [28,29]. In addi-
tion, HSV-1 infection of mature DCs alters their function
and phenotype, resulting in impaired T lymphocyte stimula-
tory capacity. HSV-1 infection specifically leads to degra-
dation of CD83, a cell surface molecule of unknown
function that has increased expression during DC matura-
tion [30]. DCs also have the highest frequency of latent
HSV-1 as compared with the other professional APCs, B
lymphocytes and macrophages [31]. Other viruses, such
as dengue virus [32], cytomegalovirus [33] and Venezue-
lan equine encephalitis virus [34], can also infect DCs and
evoke a variety of influences on antigen processing and
presentation [35].

Although the primary function of DCs is to initiate an
antigen specific immune response, there is evidence that
DCs may in some cases provide a safe haven for certain
viruses. For instance, DCs can support cytomegalovirus
latency and express viral latency associated transcripts
[36]. Reactivation of productive cytomegalovirus replica-
tion can occur in vitro in experimental conditions, which
suggests that cell differentiation pathways act as determi-
nants of reactivation [36]. In addition, HIV can be harbored
on follicular DCs bound on immune complexes [37]. The
virions are resistant to neutralizing antibody in this extra-
cellular setting, and can survive for long periods of time,
creating a state of ‘clinical’ latency.

Conclusion

DCs are being used in experimental systems as potential
therapeutic agents to treat a variety of diseases, and as
targets for vaccine antigen delivery. Although it is difficult
to know at this time whether such methods will have prac-
tical applications, the induction of DCs that contain spe-
cific antigenic peptides in the context of MHC molecules
to elicit a specific T lymphocyte response is very promis-
ing for vaccines and therapeutic strategies. Latouche and
Sadelain [38] generated APCs that express epitopes from
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the influenza matrix, along with the necessary appropriate
costimulatory molecules, that can induce antigen specific
cytotoxic T lymphocytes, cytotoxicity and protection.

Recent advances in our understanding of the interaction
between viruses and DC function have largely resulted
from technological breakthroughs in experimental tech-
niques. Continued work on fundamental aspects of the
virus interference with DC function is necessary in order
to develop therapeutic strategies to counteract these
evasive mechanisms. In addition, defining the interaction
of viruses and DCs with the adaptive immune response
will lead to new strategies for developing preventive vac-
cines and improving health.

Acknowledgement

This work was supported by KO8-HL-03730 (RSP), the American Lung
Association of Tennessee (RSP), the American Academy of Allergy,
Asthma and Immunology ERT Award (RSP), and RO1-Al-45512 (BSG).

References

1.

10.

Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ,
Pulendran B, Palucka K: Immunobiology of dendritic cells.
Annu Rev Immunol 2000, 18:767-811.

Drake DR, Moser JM, Hadley A, Altman JD, Maliszewski C, Butz E,
Lukacher AE: Polyomavirus-infected dendritic cells induce
antiviral CD8(+) T lymphocytes. J Viro/ 2000, 74:4093-4101.
Drake DR, Shawver ML, Hadley A, Butz E, Maliszewski C, Lukacher
AE: Induction of polyomavirus-specific CD8(+) T lymphocytes by
distinct dendritic cell subpopulations. J Viro/ 2001, 75:544-547.
Ridge JP, Di Rosa F, Matzinger P: A conditioned dendritic cell
can be a temporal bridge between a CD4+ T-helper and a T-
killer cell. Nature 1998, 393:474-478.

Borrow P, Evans CF, Oldstone MB: Virus-induced immunosup-
pression: immune system-mediated destruction of virus-
infected dendritic cells results in generalized immune
suppression. J Viro/ 1995, 69:1059-1070.

Larsson M, Messmer D, Somersan S, Fonteneau JF, Donahoe SM,
Lee M, Dunbar PR, Cerundolo V, Julkunen I, Nixon DF, Bhardwaj
N: Requirement of mature dendritic cells for efficient activa-
tion of influenza A-specific memory CD8* T cells. J Immunol
2000, 165:1182-1190.

King C, Mueller HR, Malo CM, Murali-Krishna K, Ahmed R, King E,
Sarvetnick N: Interleukin-4 acts at the locus of the antigen-
presenting dendritic cell to counter-regulate cytotoxic CD8* T-
cell responses. Nat Med 2001, 7:206-214.

Aung S, Tang YW, Graham BS: Interleukin-4 diminishes
CD8(+) respiratory syncytial virus-specific cytotoxic T-lym-
phocyte activity in vivo. J Viro/ 1999, 73:8944-8949.

Aung S, Graham BS: IL-4 diminishes perforin-mediated and
increases Fas ligand-mediated cytotoxicity in vivo. J Immunol
2000, 164:3487-3493.

Banchereau J, Steinman RM: Dendritic cells and the control of
immunity. Nature 1998, 392:245-252.

. Cella M, Salio M, Sakakibara Y, Langen H, Julkunen I, Lanzavec-

chia A: Maturation, activation, and protection of dendritic cells
induced by double-stranded RNA. J Exp Med 1999, 189:
821-829.

Schnorr JJ, Xanthakos S, Keikavoussi P, Kampgen E, ter Meulen
V, Schneider-Schaulies S: Induction of maturation of human
blood dendritic cell precursors by measles virus is associated
with immunosuppression. Proc Natl Acad Sci USA 1997, 94:
5326-5331.

Winzler C, Rovere P, Rescigno M, Granucci F, Penna G, Adorini
L, Zimmermann VS, Davoust J, Ricciardi-Castagnoli P: Maturation
stages of mouse dendritic cells in growth factor-dependent
long-term cultures. J Exp Med 1997, 185:317-328.
Engelmayer J, Larsson M, Subklewe M, Chahroudi A, Cox WI,
Steinman RM, Bhardwaj N: Vaccinia virus inhibits the matura-
tion of human dendritic cells: a novel mechanism of immune
evasion. J Immunol 1999, 163:6762-6768.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Moss B. Poxviridae: the viruses and their replication. In: Fields
Virology. Edited by Fields BN, Knipe DM, Howley PM. Philadel-
phia: Lippincott-Raven, 1996:2637-2672.

Luft T, Pang KC, Thomas E, Hertzog P, Hart DN, Trapani J, Cebon
J: Type | IFNs enhance the terminal differentiation of dendritic
cells. J Immunol 1998, 161:1947-1953.

Reddy A, Sapp M, Feldman M, Subklewe M, Bhardwaj N: A
monocyte conditioned medium is more effective than defined
cytokines in mediating the terminal maturation of human den-
dritic cells. Blood 1997, 90:3640-3646.

Sallusto F, Cella M, Danieli C, Lanzavecchia A: Dendritic cells
use macropinocytosis and the mannose receptor to concen-
trate macromolecules in the major histocompatibility complex
class Il compartment: downregulation by cytokines and bac-
terial products. J Exp Med 1995, 182:389-400.

Karp CL, Wysocka M, Wahl LM, Ahearn JM, Cuomo PJ, Sherry B,
Trinchieri G, Griffin DE: Mechanism of suppression of cell-
mediated immunity by measles virus. Science 1996, 273:228—
231.

Marie JC, Kehren J, Trescol-Biemont M, Evlashev A, Valentin H,
Walzer T, Tedone R, Loveland B, Nicolas J, Rabourdin-Combe C,
Horvat B: Mechanism of measles virus-induced suppression of
inflammatory immune responses. /mmunity 2001, 14:69-79.
Cella M, Scheidegger D, Palmer-Lehmann K, Lane P, Lanzavec-
chia A, Alber G: Ligation of CD40 on dendritic cells triggers
production of high levels of interleukin-12 and enhances T
cell stimulatory capacity: T-T help via APC activation. J Exp
Med 1996, 184:747-752.

Koch F, Stanzl U, Jennewein P, Janke K, Heufler C, Kampgen E,
Romani N, Schuler G: High level IL-12 production by murine
dendritic cells: upregulation via MHC class Il and CD40 mole-
cules and downregulation by IL-4 and IL-10. J Exp Med 1996,
184:741-746.

Servet-Delprat C, Vidalain PO, Bausinger H, Manie S, Le Deist F,
Azocar O, Hanau D, Fischer A, Rabourdin-Combe C: Measles
virus induces abnormal differentiation of CD40 ligand-acti-
vated human dendritic cells. J /mmuno/ 2000, 164:1753-
1760.

Abbas AK, Murphy KM, Sher A: Functional diversity of helper T
lymphocytes. Nature 1996, 383:787-793.

Vidalain PO, Azocar O, Lamouille B, Astier A, Rabourdin-Combe
C, Servet-Delprat C: Measles virus induces functional TRAIL
production by human dendritic cells. J Viro/ 2000, 74:
556-559.

Jeremias |, Herr |, Boehler T, Debatin KM: TRAIL/Apo-2-ligand-
induced apoptosis in human T cells. Eur J Immunol 1998, 28:
143-152.

Kruse M, Rosorius O, Kratzer F, Stelz G, Kuhnt C, Schuler G,
Hauber J, Steinkasserer A: Mature dendritic cells infected with
herpes simplex virus type 1 exhibit inhibited T-cell stimulatory
capacity. J Viro/ 2000, 74:7127-7136.

Hill A, Jugovic P, York I, Russ G, Bennink J, Yewdell J, Ploegh H,
Johnson D: Herpes simplex virus turns off the TAP to evade
host immunity. Nature 1995, 375:411-415.

Fruh K, Ahn K, Djaballah H, Sempe P, van Endert PM, Tampe R,
Peterson PA, Yang Y: A viral inhibitor of peptide transporters
for antigen presentation. Nature 1995, 375:415-418.

Kruse M, Rosorius O, Kratzer F, Bevec D, Kuhnt C, Steinkasserer
A, Schuler G, Hauber J: Inhibition of CD83 cell surface expres-
sion during dendritic cell maturation by interference with
nuclear export of CD83 mRNA. J Exp Med 2000, 191:
1581-1590.

Flano E, Husain SM, Sample JT, Woodland DL, Blackman MA:
Latent murine gamma-herpesvirus infection is established in
activated B cells, dendritic cells, and macrophages. J Immunol
2000, 165:1074-1081.

Wu SJ, Grouard-Vogel G, Sun W, Mascola JR, Brachtel E, Put-
vatana R, Louder MK, Filgueira L, Marovich MA, Wong HK, Blau-
velt A, Murphy GS, Robb ML, Innes BL, Birx DL, Hayes CG,
Frankel SS: Human skin Langerhans cells are targets of
dengue virus infection. Nat Med 2000, 6:816-820.

Jahn G, Stenglein S, Riegler S, Einsele H, Sinzger C: Human
cytomegalovirus infection of immature dendritic cells and
macrophages. Intervirology 1999, 42:365-372.

MacDonald GH, Johnston RE: Role of dendritic cell targeting in
Venezuelan equine encephalitis virus pathogenesis. J Viro/
2000, 74:914-922.



35.

36.

37.

38.

Tortorella D, Gewurz B, Schust D, Furman M, Ploegh H: Down-
regulation of MHC class | antigen presentation by HCMV;
lessons for tumor immunology. /mmunol Invest 2000, 29:97-
100.

Hahn G, Jores R, Mocarski ES: Cytomegalovirus remains latent
in a common precursor of dendritic cells and myeloid cells.
Proc Natl Acad Sci USA 1998, 95:3937-3942.

Heath SL, Tew SG, Tew JG, Szakal AK, Burton GF: Follicular
dendritic cells and human immunodeficiency virus infectivity.
Nature 1995, 377:740-744.

Latouche JB, Sadelain M: Induction of human cytotoxic T lym-
phocytes by artificial antigen-presenting cells. Nat Biotechnol
2000, 18:405-4009.

Available online http://respiratory-research.com/content/2/4/245

o
o
<
o
3




	Abstract
	Introduction
	Dendritic cells as antigen-presenting cells
	Dendritic cells in antiviral immunity
	Conclusion
	Acknowledgement
	References

