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Abstract

Cell-mediated adaptive immune responses contribute to defense against all classes of pulmonary
pathogens and are essential against viruses, mycobacteria, and fungi, including Pneumocystis
carinii. Adaptive responses depend on sequential pairwise interactions between three cell types: T
cells, natural killer (NK) cells, and dendritic cells (DC). Differential expression of specific adhesion
molecules and chemokines regulates the location and timing of these interactions. Primary adaptive
responses are triggered by immature myeloid DC, which carry antigen from the lungs to regional
lymph nodes. Antigen presentation by these mature DC is required to activate naive CD4 T cells,
which are essential to generate polarized type 1 or type 2 effector responses and for robust
immunologic memory. Inflammation recruits NK cells and DC that interact in a contact- and tumor
necrosis factor-a—dependent fashion within injured tissues to initiate immune response polarization.
NK cells exposed to I1L-12 favor survival of DC that prime for Th1 responses, whereas NK cells
exposed to IL-4 do not exert DC selection, leading to tolerogenic or Th2 responses. Naive aff T cells,
NK cells, and DC also amplify secondary adaptive responses to previously encountered pathogens.
However, secondary responses are accelerated because memory T cells can migrate directly to
infected tissues where they can be activated without strenuous costimulatory requirements.
Additionally, previous pulmonary infections or immune responses increase numbers of lung DC and
populate the lungs with clones of memory B cellsand T cells that are immediately available to respond
to infections.
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The adaptive immune system protects the lungs against an astounding range of pathogens,
whether invading our alveoli or hiding within our own cells, and it does so with increased
efficiency each time we encounter the same or related organisms. These properties—versatility,
exquisite specificity, and memory—contribute to defense against all classes of pulmonary
pathogens. Adaptive responses are essential for intracellular pathogens, notably mycobacteria,
whose clearance requires classical macrophage activation; for viruses, which have evolved
many ways to evade or neutralize innate immunity; and for fungi, which combine the explosive
growth potential of bacteria with the sophistication of a eukaryotic genome.

The attributes of versatility, specificity, and memory depend on a complex interplay of many
cell types and multiple soluble factors. Adaptive immune responses build upon and shape innate
immune responses. Although this article focuses on the cell-mediated adaptive response, it is
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overly simplistic to believe that the innate and adaptive arms act in a purely sequential or
unidirectional manner. Cell-mediated responses are also modulated by humoral immunity, via
activating and inhibitory Fc receptors present in varying combinations on all leukocytes. This
interplay between immune cells and factors generally proceeds smoothly, but its complexity
provides many opportunities for immunocompromise that may be global or circumscribed.

This article reviews current concepts of cell-mediated adaptive immunity in normal host
defense of the adult lung. Primary immunodeficiencies that present in childhood (1) are not
considered. The focus is on recent discoveries that may not be familiar to nonimmunologists
but that are likely to affect clinical practice soon. This article is divided into three sections. The
first section introduces T cells, natural killer (NK) cells, and dendritic cells (DC), each of which
has distinct subsets with complementary actions. The second section describes how integrated
immune responses are defined by polarized cytokine secretion. The third section analyzes the
spatial and temporal organization of cell-mediated responses.

MENAGE A TROIS: THE INTERDEPENDENT LIVES OF T CELLS, NK CELLS,

AND DC

aff T Cells: The Costs and Rewards of a Thymic Education

Most T cells relevant to lung host defense express a T-cell antigen receptor (TCR) containing
af variable chains that permit recognition of short peptides. Precursors of of T cells are
recruited from the marrow to the thymus under the influence of P-selectin and the chemokine
CXCL12 (2,3). Progressing through distinct micro-environments due to differential expression
of specific chemokines (4), thymocytes undergo first positive and then negative selection,
assuring that their TCR respond to self-major histocompatibility (MHC)/peptide complexes,
but not so strongly as to be overtly autoreactive. Negative selection depends on thymocyte
exposure to so-called “promiscuous expression” of genes usually specific to other tissues. This
unique property of thymic medullary epithelial cells is driven in part by the AIRE transcription
factor (5). During thymic maturation, T cells randomly develop expression of CD8, allowing
antigen recognition in the context of class | MHC, or CD4, linking recognition to class Il MHC.
The tiny fraction (< 5% of input) that successfully completes thymic education begins the life
of a naive T cell wandering from bloodstream to lymph nodes and back again in search of
antigenic stimulation.

Thymic output is not accelerated by peripheral T lymphopenia. Most evidence indicates that
the thymus begins to involute in late childhood (6,7), reducing entry of naive T cells into the
circulating T-cell pool. Total pool size is maintained in health by homeostatic proliferation,
driven by recognition of self-MHC and IL-7 for naive T cells and largely by IL-15 for memory
CD8 cells (8). CD4 memory requires organized lymphoid tissue and IL-7, but how it is
maintained is uncertain (8). The diversity of the aff T cell repertoire is another matter. T-cell
diversity depends on MHC background (because thymic selection deletes clones) and on one’s
unique history of antigen exposures and infections. Repeated viral infections select for T cells
with broad cross-reactivity but can result in drop-out of some CD8 clones (9). Thymus-
independent T cells exist, especially in the gut, but they cannot compensate for loss of the
thymus due to skewed TCR diversity and limited recirculatory capacity (10). These processes
steadily impoverish T-cell diversity, reducing responses to novel infections or immunizations.

Yo T Cells Leave Home Early

All vertebrates possess a second lineage of T cells that bear TCR containing yd variable chains.
vd T cells are distinctive in several ways (Table 1). First is their ontogeny. yd T cells leave the
thymus during fetal or early postnatal life in clonal waves and persist in adulthood as self-
replicating peripheral populations. Second, they chiefly occupy different tissue niches than
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ap T cells. yd T cells are rare in blood and lymphoid tissues but are common in the gut and
other mucosa, including the airways. Third, yo TCR variable chains often show limited
diversity, in extreme cases being essentially invariant. This finding implies that y5 T cells
should see limited classes of highly conserved antigens. The nature of such antigens is
controversial, with evidence for autoreactivity to stress-induced self proteins and for polyclonal
reactivity to small pathogen-derived products such as isoprenylpyrophosphates (11,12). Both
types of stereotypic recognition are reminiscent of the innate immune system.

The true role of y3 T cells is uncertain and likely differs depending on anatomic location and
TCR clonality (which are inter-related) (13,14). To the degree that yd T cells contribute to host
defense, they do so early in infections. In murine models, y8 T cells play a nonredundant role
in Nocardia lung infection (15) and are needed to prevent dissemination of Klebsiella (16), but
their marked response to mycobacteria seems to be non-essential. Most data indicate that yd T
cells play an immunoregulatory role mediated by cytolysis. Gene-targeted mice lacking yd T
cells show exaggerated inflammation to multiple pathogens, including Mycobacterium
tuberculosis (17). Human yd T cells show greater TCR diversity than do y8 T cell of mice,
complicating extrapolations between species. y8 T cells have been best studied in asthma
pathogenesis, and yd T-cell deficiencies leading to opportunistic infections in humans have not
been identified.

NK and NK T Cells: Licensed to Kill

Natural cytotoxicity, the ability to rapidly lyse cells without the previous antigen-presentation
required by cytolytic CD8 or CD4 T cells, is a feature of two classes of lymphocytes, classical
NK cells and NK T cells (Table 1). Classical NK cell are a highly heterogeneous population
of large granular lymphocytes that lack variable antigen receptors. NK T cells also display
natural cytotoxicity but express o TCR of limited diversity (18). The signature role of both
types of NK cells is to lyse cells having reduced expression of class | MHC (“missing self”).
This ability makes NK cells crucial in defense against cytopathic viruses (especially
herpesviruses) that induce this loss of expression as a means of evading CD8 T-cell attack
(19).

NK cells sense this MHC reduction using a polymorphic series of invariant receptors. In
humans, these consist of killer inhibitory receptors specific for HLA-A, -B, and -C allotypes
and of CD94/NKG2A heterodimers that recognize the nonclassical HLA-E molecule.
Individual NK clones usually express inhibitory receptors of only one type; in this way, the
NK system can detect reductions in even a single class of HLA molecule. More recently, NK
cells have been recognized to choose targets based not only on missing self but also by
integrating signals from activation receptors that can sense ligands induced on host cells by
stress. The history of evolving thought on NK recognition has recently been summarized
(20).

NK cells contribute to defense against Cryptococcus neoformans and Aspergillus fumigatus
(21,22). Because NK cells possess TLR3 and TLR9 receptors, they can respond directly to
bacteria and viruses. NK cells express CX3CR1 (fractalkine receptor), which by analogy with
monocytes should mediate constitutive migration to noninflamed tissues; high levels of L-
selectin to permit entry into lymph nodes; and (unlike T cells) CD11b/CD18 (Mac-1), which
may facilitate recruitment to sites of inflammation (23). NK cells and NK T cells also play key
immunoregulatory roles that bridge innate and adaptive responses.

DC Lead a Dual Lifestyle

DC are monocytic cells that undergo an abrupt midlife conversion (24). Immature DC (iDC)
constantly imbibe and ingest antigens, retaining them without presentation. In healthy lungs,
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iDC reside in airway epithelium, alveolar septae, and around pulmonary vessels (25) but rarely
within alveoli. Once activated by TLR stimulation or proinflammatory cytokines, DC express
the chemokine receptor CCR7 and migrate to lymph nodes while increasing expression of
costimulatory molecules (26) to become highly efficient antigen-presenting cells.

Two phenotypes of DC are important for lung host defenses: myeloid DC (mDC) express
TLR4, TLR1, TLR2, and TLR3, allowing them to be activated by LPS, mycopeptides, and
viral RNA with production of IL-12; by contrast, plasmacytoid DC (pDC) express TLR9 and
TLR7, permitting them to respond to bacterial DNA and viruses with production of IFN-a.
Whether these DC phenotypes represent stable lineages arising from distinct precursors
remains controversial (27,28); additional DC phenotypes inhabit the skin (Langerhans cells)
and spleen.

THREE WAYS TO RESPOND: POLARIZED ADAPTIVE IMMUNE RESPONSES

One of the most instructive paradigms of contemporary immunology is the dichotomy between
type 1 and type 2 responses, which are defined by cytokine production. They are often called
T helper 1 (Thl) and T helper 2 (Th2) responses based on the CD4 T-cell subsets that constitute
the bulk of these polarized responses, but similar cytokine profiles can be produced by NK and
CD8 T cells and by eosinophils, respectively. Type 1 responses are characterized by secretion
of IFN-y but also produce IL-2, tumor necrosis factor—a, and granulocyte/macrophage colony-
stimulating factor. Type 1 responses classically activate macrophages to kill intracellular
pathogens, particularly M. tuberculosis. Type 1 responses are especially crucial in the lungs
because alveolar macrophages require exogenous interferons to activate STAT1-dependent
effector mechanisms (including nitric oxide generation) in response to bacterial or viral
products (29). Type 2 responses are characterized by the production of IL-4, IL-5, IL-9, IL-10,
and IL-13. These cytokines favor antibody production with class switching to IgE and 1gG4
and downregulate type 1-induced inflammation. Because much of the lung damage in viral
infections can be mediated by the type 1 response itself, such downregulation may preserve
lung integrity, but type 2 responses also favor fibrosis (30).

Polarization of individual T-cell clones solidifies via chromatin modification that is ultimately
due to fate-determining transcription factors (T-Bet for Thl cells, GATA-3 for Th2 cells)
(31). Moreover, the phenotype of the entire response becomes self-reinforcing because
products of these polarized responses inhibit each other. Thus, IFN-y suppresses growth of Th2
cells, and IL-10 blocks cytokine production by Th1 cells. These opposing effects predict that
ineffectual responses to specific pathogens may result from inappropriate immune response
polarization. This is the case, as shown by the disparate responses of inbred mouse strains to
C. neoformans (32), providing graphic validation in the lung of principles established in
extrapulmonary leishmanial and helminthic infections. Heterologous immunity, the
unanticipated responses by memory T cells to putatively unrelated viruses due to cross-reacting
epitopes, provides other examples (9).

One puzzle underlying this dichotomy is the initial source of IFN-y or IL-4. Although stochastic
cytokine production by activated T cells is a sufficient explanation in vitro, during in vivo
responses a more relevant source is the very rapid (< 6 h) production of IFN-y by classical NK
and NK T cells or of IL-4 by NK T cells. It was originally postulated that mDC and pDC were
pre-programmed to polarize naive of T cells toward Th1l and Th2 phenotypes, respectively
(33), but subsequent data show that mDC and pDC can induce type 1 or type 2 responses,
depending on antigen dose and the state of DC maturation (34).

Recently, a third phenotype of T-cell response has been identified, that of regulatory T (TR)
cells. This response is largely mediated by a distinctive CD25+ CD4 T-cell subset under the
control of the Foxp3 transcription factor (35). Tg cells principally develop from thymocytes
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that have intermediate self-reactivity but can also be produced peripherally during lymphopenia
or chronic antigenic stimulation. T can suppress type 1 or type 2 responses mediated by CD4
or CD8 of T cells via an undefined, contact-dependent mechanism. The effector mechanism
of CD25+ CD4 Tg cells may involve apoptosis of the target and is independent of IL-10 and
TGF-B, but other T-cell subsets with suppressive properties act via these cytokines (35).

ARRANGING LIAISONS: ORGANIZING IMMUNE RESPONSES IN TIME AND

SPACE

DC and Naive ap T Cells Meet in Lymph Nodes

Naive afp T cells transit from bloodstream to lymph nodes for two reasons: mechanistically,
because their pattern of adhesion and chemokine receptor expression (L-selectin and CCR?7,
respectively) permit entry only there, via high endothelial venules, and not into sites of
inflammation (4,36); and teleologically, because survival of T cells depends on finding an
antigen that will activate them and on IL-7 produced in the node by mesenchymal cells. Without
both signals, naive aff T cells survive only weeks in a T-cell-replete host. This arrangement
matches the design of DC, which enter lymph nodes via afferent lymphatics once mature and
ready to present antigens. Mature DC alone express the proper combination of antigen plus
MHC (signal 1) and costimulatory molecules (signal 2) to activate naive of T cells efficiently.
Hence, during primary immune responses, naive of3 T cells are activated in organized lymphoid
tissue.

Lymph node anatomy facilitates these interactions. Chemokines arriving from the inflamed
site are siphoned to the high endothelial venules by a reticulin network; fibroblastic reticular
cells form corridors that direct lymphocyte traffic (37). Bronchus-associated lymphoid tissue
(BALT), which is unencapsulated but organized tissue that increases with age, may facilitate
the development of specific pulmonary immune surveillance and responses. BALT was
originally considered part of a common mucosal immune system, together with lymphatic
tissue in the gut, Waldeyer’s ring, and the urogenital tract. However, the unique combinations
of adhesion molecules needed for lymphocyte entry into BALT (38) implies that it supports
tissue-specific homing.

DC and NK Cells: A Life-Altering, Potentially Fatal Rendezvous

During lung inflammation, DC are replenished by rapid recruitment from the blood (39) in a
process that depends on CCR2 and CCR6 but not endothelial selectins (40). NK cells are also
rapidly recruited and engage mDC in a reciprocally regulating interaction. Via IL-12, mature
mDC activate NK cytolytic function and production of tumor necrosis factor—o and IFN-y,
whereas activated NK cells enhance mDC maturation and I1L-12 secretion (41). The net result
is selection of DC that polarize naive aff T cells to a type 1 phenotype. Conversely, exposure
of NK cells to IL-4 (from NKT cells, eosinophils, or mast cells) impairs their development of
cytolytic function, cytokine secretion, and ability to promote efficient mDC maturation. The
net result is DC that induce a type 2 or tolerogenic response (35,41). NK cells seem to be
particularly sensitive to stress, and loss of their immunoregulatory functions may contribute
to relative immunocompromise in the perioperative period and likely in other critically ill
patients (42).

A subset of activated human NK cells also eliminates any remaining iDC (41). Like the carnage
of thymic education, this seemingly wasteful solution has survival advantage. By lysing iDC
replete with tolerogenic antigens derived from apoptotic host cells, the process assures that
emigrating DC are pulsed exclusively with antigens specific to the infection. NK cells can also
migrate to lymph nodes in a CCR7-independent manner to influence T-cell priming (43).
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Secondary Pulmonary Immune Responses: The Benefits and Risks of Persistence

In contrast to naive af T cells, effector af T cells have much reduced requirements for
activation, which can be fulfilled by a wide range of cytokine-activated cell types. Moreover,
effector T cells express diverse adhesion receptors that permit them to enter inflamed tissues
effectively. Murine lymphocyte subsets differ in their dependence on specific adhesion
receptors for recruitment to the lungs (e.g., CD8 T cells and Th1 CD4 cells strongly depend
on endothelial selectins, whereas yd T cells do not) (44,45). These data, plus existing human
studies (46), suggest that it might be possible to manipulate immune responses therapeutically
by altering expression of combinations of specific adhesion molecules or chemokines, or their
receptors.

Resolving infections leave the lungs populated with immune cells that can accelerate future
local immune responses. B cells and functional DC persist for months after antigenic
stimulation (47,48). Similarly, viral pneumonias in mice induce persistence of large numbers
of specific T-cell clones, with CD8 T cells remaining longer than CD4 T cells. These CD8
clones do not proliferate in the lungs but express specific antiviral activity and high levels of
receptors typically associated with acute activation (49), leading them to be called “persistently
activated T cells.” An attractive but unproven possibility is that similar mechanisms explain
the exuberant BALT and large numbers of lymphocytes, especially CD8 T cells, seen in
advanced chronic obstructive pulmonary disease (50). If so, data on heterologous immunity
and T-cell clonal deletion (9) imply that the response of individual patients to respiratory
viruses may be inappropriately severe or feeble due to the cumulative impact of their infectious
history on their own adaptive immune responses.

CONCLUSIONS

This review of cell-mediated adaptive immunity provides several lessons. Immune responses,
like the most rewarding experiences of human life, arise from relationships between
individuals. The nature of these relationships can evolve at different stages of life history; they
can have unanticipated and at times unpredictable outcomes; and their consequences may be
long-lasting, leading to commitment, or even, perhaps, to death. Success requires being in the
right place at the right time; this the immune response attempts to guarantee by carefully
controlling the expression of adhesion receptor/ligand and chemokine/chemokine receptor
pairs. The immune system is regulated by consensus; no single cell type controls the entire
adaptive response, and attempts to do so are often vigorously rebuffed. Finally, the response
to even seemingly trivial respiratory pathogens is modulated by past immunologic history
because memory T cells, in the words of Marcel Proust, “touch epochs that are immensely far
apart, separated by the slow accretion of many, many days—in the dimension of Time.”

Acknowledgements

The author thanks all the members of the Ann Arbor VA REAP Program for helpful suggestions and discussions, Dr.
Antonello Punturieri for reviewing the manuscript, and Joyce O’Brien for secretarial support. The author apologizes
to his many colleagues in pulmonary immunology research whose work could not be cited due to the size constraints
of this review.

Supported by Merit Review funding and a Research Enhancement Award Program (REAP) grant from the Biomedical
Research Service, Department of Veterans Affairs, and by RO1 HL056309 from the USPHS.

References

1. Fischer A. Human primary immunodeficiency diseases: a perspective. Nat Immunol 2004;5:23-30.
[PubMed: 14699405]

Proc Am Thorac Soc. Author manuscript; available in PMC 2008 March 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Curtis

Page 7

2. Plotkin J, Prockop SE, Lepique A, Petrie HT. Critical role for CXCR4 signaling in progenitor
localization and T cell differentiation in the postnatal thymus. J Immunol 2003;171:4521-4527.
[PubMed: 14568925]

3. Rossi FM, Corbel SY, Merzaban JS, Carlow DA, Gossens K, Duenas J, So L, Yi L, Ziltener HJ.
Recruitment of adult thymic progenitors is regulated by P-selectin and its ligand PSGL-1. Nat Immunol
2005;6:626—634. [PubMed: 15880112]

4. Campbell DJ, Kim CH, Butcher EC. Chemokines in the systemic organization of immunity. Immunol
Rev 2003;195:58-71. [PubMed: 12969310]

5. Kyewski B, Derbinski J. Self-representation in the thymus: an extended view. Nat Rev Immunol
2004;4:688-698. [PubMed: 15343368]

6. Mackall CL, Fleisher TA, Brown MR, Andrich MP, Chen CC, Feuerstein IM, Horowitz ME, McGrath
IT, Shad AT, Steinberg SM, et al. Age, thymopoiesis, and CD4+ T-lymphocyte regeneration after
intensive chemotherapy. N Engl J Med 1995;332:143-149. [PubMed: 7800006]

7. Shanker A. Is thymus redundant after adulthood? Immunol Lett 2004;91:79-86. [PubMed: 15019273]

8. Surh CD, Sprent J. Regulation of mature T cell homeostasis. Semin Immunol 2005;17:183-191.
[PubMed: 15826823]

9. Welsh RM, Selin LK, Szomolanyi-Tsuda E. Immunological memory to viral infections. Annu Rev
Immunol 2004;22:711-743. [PubMed: 15032594]

10. Blais ME, Louis I, Corneau S, Gerard G, Terra R, Perreault C. Extrathymic T-lymphocyte

development. Exp Hematol 2003;31:349-354. [PubMed: 12763132]

11. Chien YH, Jores R, Crowley MP. Recognition by y3T cells. Annu Rev Immunol 1996;14:511-532.
[PubMed: 8717523]

12. Tanaka Y, Morita CT, Nieves E, Brenner MB, Bloom BR. Natural and synthetic non-peptide antigens
recognized by human y3 T cells. Nature 1995;375:155-158. [PubMed: 7753173]

13. Carding SR, Egan PJ. y3 T cells: functional plasticity and heterogeneity. Nat Rev Immunol
2002;2:336-345. [PubMed: 12033739]

14. Hayday A, Tigelaar R. Immunoregulation in the tissues by y3 T cells. Nat Rev Immunol 2003;3:233—
242. [PubMed: 12658271]

15. King DP, Hyde DM, Jackson KA, Novosad DM, Ellis TN, Putney L, Stovall MY, Van Winkle LS,
Beaman BL, Ferrick DA. Cutting edge: protective response to pulmonary injury requires y8 T
lymphocytes. J Immunol 1999;162:5033-5036. [PubMed: 10227967]

16. Moore TA, Moore BB, Newstead MW, Standiford TJ. y3 T cells are critical for survival and early
proinflammatory cytokine gene expression during murine Klebsiella pneumonia. J Immunol
2000;165:2643-2650. [PubMed: 10946293]

17. D’Souza CD, Cooper AM, Frank AA, Mazzaccaro RJ, Bloom BR, Orme IM. An anti-inflammatory
role for y& T lymphocytes in acquired immunity to Mycobacterium tuberculosis. J Immunol
1997;158:1217-1221. [PubMed: 9013962]

18. Kronenberg M, Gapin L. The unconventional lifestyle of NKT cells. Nat Rev Immunol 2002;2:557—
568. [PubMed: 12154375]

19. Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP. Natural killer cells in antiviral
defense: function and regulation by innate cytokines. Annu Rev Immunol 1999;17:189-220.
[PubMed: 10358757]

20. Andrews DM, Andoniou CE, Scalzo AA, van Dommelen SL, Wallace ME, Smyth MJ, Degli-Esposti
MA. Cross-talk between dendritic cells and natural killer cells in viral infection. Mol Immunol
2005;42:547-555. [PubMed: 15607812]

21. Murphy JW, Hidore MR, Wong SC. Direct interactions of human lymphocytes with the yeast-like
organism, Cryptococcus neoformans. J Clin Invest 1993;91:1553-1566. [PubMed: 8473499]

22. Morrison BE, Park SJ, Mooney JM, Mehrad B. Chemokine-mediated recruitment of NK cells is a
critical host defense mechanism in invasive aspergillosis. J Clin Invest 2003;112:1862-1870.
[PubMed: 14679181]

23. Morris MA, Ley K. Trafficking of natural killer cells. Curr Mol Med 2004;4:431-438. [PubMed:
15354873]

Proc Am Thorac Soc. Author manuscript; available in PMC 2008 March 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Curtis

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42.

43.

44,

Page 8

Banchereau J, Steinman RM. Dendritic cells and the control of immunity. Nature 1998;392:245-252.
[PubMed: 9521319]

Holt PG, Haining S, Nelson DJ, Sedgwick JD. Origin and steady-state turnover of class Il MHC-
bearing dendritic cells in the epithelium of the conducting airways. J Immunol 1994;153:256-261.
[PubMed: 8207240]

Sallusto F, Mackay CR, Lanzavecchia A. The role of chemokine receptors in primary, effector, and
memory immune responses. Annu Rev Immunol 2000;18:593-620. [PubMed: 10837070]

Ardavin C. Origin, precursors and differentiation of mouse dendritic cells. Nat Rev Immunol
2003;3:582-590. [PubMed: 12876560]

Liu YJ. IPC: professional type 1 interferon-producing cells and plasmacytoid dendritic cell precursors.
Annu Rev Immunol 2005;23:275-306. [PubMed: 15771572]

Punturieri A, Alviani RS, Polak T, Copper P, Sonstein J, Curtis JL. Specific engagement of TLR4 or
TLR3 does not lead to IFN-p—mediated innate signal amplification and STAT1 phosphorylation in
resident murine alveolar macrophages. J Immunol 2004;173:1033-1042. [PubMed: 15240691]
Jakubzick C, Kunkel SL, Puri RK, Hogaboam CM. Therapeutic targeting of IL-4- and IL-13-
responsive cells in pulmonary fibrosis. Immunol Res 2004;30:339-349. [PubMed: 15531774]
Dong C, Flavell RA. Control of T helper cell differentiation—in search of master genes. Sci STKE
2000 2000:PEL.

Arora S, Hernandez Y, Erb-Downward JR, McDonald RA, Toews GB, Huffnagle GB. Role of IFN-
v in regulating T2 immunity and the development of alternatively activated macrophages during
allergic bronchopulmonary mycosis. J Immunol 2005;174:6346-6356. [PubMed: 15879135]
Rissoan MC, Soumelis V, Kadowaki N, Grouard G, Briere F, de Waal Malefyt R, Liu YJ. Reciprocal
control of T helper cell and dendritic cell differentiation. Science 1999;283:1183-1186. [PubMed:
10024247]

Boonstra A, Asselin-Paturel C, Gilliet M, Crain C, Trinchieri G, Liu YJ, O’Garra A. Flexibility of
mouse classical and plasmacytoid-derived dendritic cells in directing T helper type 1 and 2 cell
development: dependency on antigen dose and differential toll-like receptor ligation. J Exp Med
2003;197:101-109. [PubMed: 12515817]

Kronenberg M, Rudensky A. Regulation of immunity by self-reactive T cells. Nature 2005;435:598—
604. [PubMed: 15931212]

D’Ambrosio D, Mariani M, Panina-Bordignon P, Sinigaglia F. Chemokines and their receptors
guiding T lymphocyte recruitment in lung inflammation. Am J Respir Crit Care Med 2001;164:1266—
1275. [PubMed: 11673221]

. Crivellato E, Vacca A, Ribatti D. Setting the stage: an anatomist’s view of the immune system. Trends
Immunol 2004;25:210-217. [PubMed: 15039048]

Xu B, Wagner N, Pham LN, Magno V, Shan Z, Butcher EC, Michie SA. Lymphocyte homing to
bronchus-associated lymphoid tissue (BALT) is mediated by L-selectin/PNAd, 041 integrin/
VCAM-1, and LFA-1 adhesion pathways. J Exp Med 2003;197:1255-1267. [PubMed: 12756264]
Upham JW, Denburg JA, O’Byrne PM. Rapid response of circulating myeloid dendritic cells to
inhaled allergen in asthmatic subjects. Clin Exp Allergy 2002;32:818-823. [PubMed: 12047425]
Osterholzer JJ, Ames T, Polak T, Sonstein J, Moore BB, Chensue SW, Toews GB, Curtis JL. CCR2
and CCR6, but not endothelial selectins, mediate the accumulation of immature dendritic cells within
the lungs of mice in response to particulate antigen. J Immunol 2005;175:874-883. [PubMed:
16002685]

Moretta A. The dialogue between human natural Killer cells and dendritic cells. Curr Opin Immunol
2005;17:306-311. [PubMed: 15886122]

Curtis JL, Punturieri A. Enhancing antitumor immunity perioperatively: a matter of timing,
cooperation, and specificity. Am J Respir Cell Mol Biol 2003;28:541-545. [PubMed: 12707008]
Martin-Fontecha A, Thomsen LL, Brett S, Gerard C, Lipp M, Lanzavecchia A, Sallusto F. Induced
recruitment of NK cells to lymph nodes provides IFN-y for T(H)1 priming. Nat Immunol
2004;5:1260-1265. [PubMed: 15531883]

Curtis JL, Sonstein J, Craig RA, Todt JC, Knibbs RN, Polak T, Bullard DC, Stoolman LM. Subset-
specific reductions in lung lymphocyte accumulation in endothelial selectin-deficient mice. J
Immunol 2002;169:2570-2579. [PubMed: 12193727]

Proc Am Thorac Soc. Author manuscript; available in PMC 2008 March 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Curtis

Page 9

45. Clark JG, Mandac-Dy JB, Dixon AE, Madtes DK, Burkhart KM, Harlan JM, Bullard DC. Trafficking
of Th1 cells to lung: a role for selectins and a P-selectin glycoprotein-1-independent ligand. Am J
Respir Cell Mol Biol 2004;30:220-227. [PubMed: 12920054]

46. Ainslie MP, McNulty CA, Huynh T, Symon FA, Wardlaw AJ. Characterisation of adhesion receptors
mediating lymphocyte adhesion to bronchial endothelium provides evidence for a distinct lung
homing pathway. Thorax 2002;57:1054-1059. [PubMed: 12454301]

47. Bice DE, Williams AJ, Muggenburg BA. Long-term antibody production in canine lung allografts:
implications in pulmonary immunity and asthma. Am J Respir Cell Mol Biol 1996;14:341-347.
[PubMed: 8600938]

48. Julia V, Hessel EM, Malherbe L, Glaichenhaus N, O’Garra A, Coffman RL. A restricted subset of
dendritic cells captures airborne antigens and remains able to activate specific T cells long after
antigen exposure. Immunity 2002;16:271-283. [PubMed: 11869687]

49. Woodland DL. Cell-mediated immunity to respiratory virus infections. Curr Opin Immunol
2003;15:430-435. [PubMed: 12900275]

50. Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L, Cherniack RM, Rogers RM, Sciurba
FC, Coxson HO, et al. The nature of small-airway obstruction in chronic obstructive pulmonary
disease. N Engl J Med 2004;350:2645-2653. [PubMed: 15215480]

Proc Am Thorac Soc. Author manuscript; available in PMC 2008 March 2.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Curtis

TABLE 1

T-CELL AND NK CELL SUBSETS INVOLVED IN LUNG HOST DEFENSES
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Characteristic af T cells vd T cells NK T cells Classical NK cells

TCR variable chains off v of None

MHC restriction Class lor Il Class IB (some) CD1d Class | (suppresses)

Expressed TCR diversity Large Limited Limited None

Antigen recognition Peptide plus MHC Protein, unusual nonproteins o- Multiple activation
galactosyl ceramide, self- receptors sensing
glycolipids cellular stress

Phenotype

Frequency in blood (% of
lymphocytes)
Distribution in absence
of inflammation
Autoreactivity

Effector functions

Principal roles in lung
defense

CD4+ or CD8+
65-70%

Blood and lymphoid tissue

Only in Ty subset

Cytokine release (Th1/Th2) Cytolysis
(mostly CD8+)

Immunoregulation, cytokine secretion

Mostly CD4—, CD8- (CD8 aa+ in gut)
1-5%

Epithelia, blood

Yes
Cytolysis Cytokine release (Thl > Th2)

Immunoregulation, immunosurveillance

CD4+ or CD4—, CD8—
0.01-1%

Liver, spleen, bone
marrow

Yes

Cytolysis Cytokine
release (Thl > Th2)
Polarization of immune
responses

CD4-, CD8—
5-7%

Blood, spleen

No
Cytolysis

Immunoregulation,
Lysis of virally
infected cells

Adapted from data in or cited by References 13,14,18,35.
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