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Self-renewal of thymocytes in the absence

of competitive precursor replenishment

Thomas Boehm

Soon after transplantation of wild-type thymi into immunodeficient mice
lacking functional T cell receptors, productive T cell development in the donor
thymus ceases. This observation underlies one of the central dogmas of T cell
biology: because thymocytes are seemingly short-lived, intrathymic T cell
development depends on continuous import of lymphoid progenitors from the
bone marrow. New work reinterprets the outcome of this classical experiment
as being the result of competition for intrathymic niches specifically supporting
the DN3 stage of early T cell development. Surprisingly, when this niche space
is uncontested by immigrating host progenitors, development of T cells in the
thymus grafts continues. These new findings suggest that early thymocytes do
indeed have substantial self-renewing potential.

The thymus is an evolutionarily con-
served primary lymphoid organ that
is essential for T cell development. Its
immunological function was discov-
ered in mice ~50 yr ago (Miller, 1961).
Thymopoietic tissue is present in all
vertebrates (Boehm et al., 2012), includ-
ing jawless fish (lamprey and hagfish;
Bajoghli et al., 2011), the sister group
of jawed vertebrates that encompasses
species as diverse as sharks and humans.
The thymic microenvironment consists
mostly of epithelial cells that are capable
of attracting lymphoid progenitor cells,
specifying these cells to the T cell lin-
eage, and orchestrating a complex series
of selection events that culminate in the
generation of a self-tolerant and diverse
repertoire of T cell receptors (TCRs)
that is clonally expressed on T cells.

A central dogma of thymus biology

Because the thymus is an anatomically
well-defined structure, surgical mani-
pulations have played a decisive role in
elucidating key aspects of its biology. Sur-
gical removal unequivocally demonstrated
the requirement of the thymus for the
generation of T cells in different species
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(Miller, 1961; Horton and Manning,
1972). Likewise, transplantations of thy-
mus tissue from one animal to another
proved to be an extremely informative
means of examining more complex
questions. After transplantation of wild-
type thymi into hosts unable to complete
the somatic assembly of TCR genes,
donor T cells in the transplants were sub-
stituted within a few weeks by devel-
opmentally incapacitated host-derived
lymphocyte progenitors (Frey et al.,
1992; Takeda et al., 1996). These find-
ings, verified repeatedly in many labora-
tories, were made into one of the central
dogmas of thymus biology, namely that
thymocytes are short-lived, and thus
continuous T cell differentiation in the
thymus depends on the constant supply
of lymphocyte progenitors from extra-
thymic sources (e.g., the bone marrow).
Indeed, this basic tenet has been stated
thousands of times in the introductory
paragraphs of papers dealing with various
aspects of thymus function. But this
ritual will have to change, as a result of
two papers published in this issue of
The Journal of Experimental Medicine.
Through the clever use of geneti-
cally modified mice, Peaudecerf et al.
and Martins et al. have struck this de-
cades old dogma off the list of unques-
tioned principles in thymus biology. In
doing so, they introduce the concept of
cellular competition to explain important

aspects of the T cell differentiation
process. What exactly have Peaudecerf
et al. and Martins et al. done?

Transplantation of thymi

into immunodeficient hosts

Using a recently established mouse model
exhibiting a severe reduction of hema-
topoietic stem cells (HSCs) in the bone
marrow, Martins et al. (2012) reexam-
ined the issue of whether the thymus
harbors and exports hematopoietic pro-
genitor cells. The use of Rag2™"yc '~
Kit™¥ mice as recipients of wild-type
donor thymi provides a particularly sen-
sitive assay system for studying this
question because the many empty HSC
niches in the bone marrow of these
mice are readily occupied by transplanted
HSCs without the need for prior con-
ditioning (Waskow et al., 2009); how-
ever, in the overwhelming majority
of mice, the authors detected no bone
marrow engraftment by donor-derived
HSCs emanating from the thymus trans-
plants, indicating that export of HSCs
from the thymus is a rare event. Nev-
ertheless, when Martins et al. (2012)
examined T cell development in the
grafted thymus under these conditions
of failing progenitor supply, they un-
expectedly observed sustained donor
T cell development over much longer
periods of time than previously observed
in similar, but not identical, experimen-
tal paradigms (Frey et al., 1992; Takeda
et al., 1996; Berzins et al., 1998). Of the
three mutations co-introduced into their
host animals, Martins et al. (2012) establi-
shed that v, deficiency (Cao et al., 1995),
rather than lack of c-kit (Rodewald
etal.,1995) or Rag2 (Shinkai et al., 1992),
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was the critical factor facilitating sustained
intrathymic donor T cell development.

In a parallel study, Peaudecerf et al.
(2012) observed sustained donor T cell
development originating from trans-
planted wild-type thymi in host Rag2™'~
e 7 or Rag2™ /" 1I7r™’ recipient mice;
persistent donor T cell development was
not, however, observed in RagZ_/_ re-
cipients. These findings directly implicate
impaired IL-7 signaling as a mechanism
facilitating autonomous T cell develop-
ment in the thymus.

Why does failure of IL-7 signaling
cause such a different outcome to failure
of TCR signaling? The answer lies in
the sequence of events underlying intra-
thymic T cell development (Fig. 1 A).
Under the influence of various chemo-
kines emanating from the thymic micro-
environment, early thymic progenitors
enter the thymic rudiment (Calderén
and Boehm, 2011) and proliferate upon
exposure to IL-7 and SCE the ligand
of the c-kit receptor (Rodewald et al.,
1997). During these early stages of T cell
development, thymocytes are positive
for CD44 and transit from a CD25-
negative (DNT1) stage to a CD25-positive
stage (DN2). At the subsequent DN3
stage, T cells rearrange their Terb gene
segments, and generation of a functional
TCR chain enables expression of the
so-called pre=TCR complex on the cell
surface. When V(D)] recombination fails
(as in mice lacking Rag2 [Shinkai et al.,
1992], Prkdc [Blunt et al., 1995], or Cd3e
[DeJarnette et al., 1998]), thymocytes do
not develop beyond the DN3 stage. In
contrast, mutations impairing IL-7 signal-
ing (caused by loss of either o [Peschon
etal., 1994] or vy, [Cao et al., 1995] chains
of the IL-7 receptor) arrest development
at the earlier DN2 stage.

Competition for niche occupancy

Martins et al. (2012) and Peaudecerf et al.
(2012) show that only when host-derived
progenitors are capable of differentiating
further than the DN2 stage, do resident
donor thymocytes eventually disappear
from the thymus graft (Fig. 1 B). In con-
trast, when there is no continuous pro-
genitor supply (as is the case in recipients
deficient for both SCF and IL-7 signal-
ing), or when progenitors arrest before
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Figure 1. Competition for T cell progenitor niches in the thymus. (A) A schematic depiction of
early thymocyte development. Incoming lymphoid progenitors home to the thymic rudiment, where they
are sequentially exposed to stromal factors (e.g., SCF, IL-7, CXCL12, and DLL4) in different types of niches,
here designated by the stage of thymocytes occupying them. (B) After transplantation into a wild-type
(WT) host, thymocytes in the donor thymus are competitively replaced by a continuous stream of host-
derived progenitor cells. Host-derived progenitor cells are outlined in blue. (C) Transplantation of WT thymi
into hosts bearing different mutations alters the outcome of intrathymic T cell development. In Rag2~/~
hosts, host progenitor cells competitively replace donor thymocytes in DN1, DN2, and DN3 niches even
though host thymocytes fail to generate a functional pre-TCR or TCR. In Rag2™=117r~ hosts, competi-
tive replacement is restricted to DN and DN2 niches. Additional abrogation of SCF signaling eliminates
competition in all niches, perhaps facilitating donor thymocyte occupancy of inappropriate niches. In the
latter two situations, sustained generation of donor T cells occurs in the WT thymus graft.
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the DN3 stage of development (as in
the case of impaired IL-7 signaling),
donor thymocytes switch into a mode
in which they continue to cell autono-
mously generate T cells in the thymus
graft (Fig. 1 C). Hence, rather than ex-
plaining the disappearance of donor
thymocytes observed in previous experi-
ments (Frey et al., 1992; Takeda et al.,
1996) as a sign of their short life-span,
Martins et al. (2012) and Peaudecerf et al.
(2012) implicate competition between
newly emerging/imported host-derived
DN3 thymocytes and resident donor-
derived thymocytes as the force driving
donor thymocyte disappearance. There-
fore, lack of competition for space in
the “DN3 niche” appears to be critical to
enable autonomous T cell production.

What could be the mechanism by
which resident cells become less com-
petitive? One possibility is that exposure
to external signals such as cytokines and
chemokines changes their adhesive prop-
erties, reducing their competitive fitness
for one niche and increasing it for
another; a similar mechanism operates
in the testis stem cell niche of Drosophila
(Issigonis et al., 2009). In the context of
different precursor niches in the thymus,
successive changes in adhesive properties
would result in competitive replacement
of resident cells from one niche to the
next as a result of continuous import
of lymphoid progenitors. In this view,
competitive niche occupancy not only
fosters stage-specific differentiation but
also provides the basis for directed pro-
gression along the known developmen-
tal trajectory of thymocytes.

The observations of Martins et al.
(2012) and Peaudecerf et al. (2012) as-
cribe special importance to a niche
specifically supporting DN3 thymocytes.
This particular thymic microenviron-
ment furnishes additional signals, such as
those exemplified by the co-stimulatory
activity of CXCL12 (Janas et al., 2010;
Trampont et al., 2010). In hindsight,
the important role of the DN3 niche is
perhaps not surprising, given that the
DN3 stage, during which the pre-TCR
is formed and expressed on the cell sur-
face, is a critical checkpoint in thymo-
cyte development. Thymocytes failing
this so-called B selection abort further
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development and succumb to apoptosis
(von Boehmer et al., 1998). With respect
to niches for earlier stages of thymocyte
development, potentially important dif-
ferences might exist between recipients
entirely lacking endogenous lymphoid
progenitors (owing to the combined
effects of impaired SCF and IL-7 signal-
ing, for example) and recipients supply-
ing DN2-arrested progenitors to the
donor thymus (as a result of impaired
IL-7 signaling but normal SCF signaling).
When host lymphoid progenitors unable
to receive IL-7 signals colonize the DN1
and DN2 niches of the thymus graft,
they compete with resident donor cells;
however, such competition does not
occur in the DN3 niche (Fig. 1 C). In
contrast, when the host does not supply
any lymphoid progenitors, donor cells
are uncontested even in the DN1 and
DN2 niches (Fig. 1 C). Abnormally long
residence time might have unpredictable
effects on the phenotype and genomic
stability of such early T cell precursors
that are endowed with considerable pro-
liferative potential, perhaps underlying
the changes in the TCR repertoire
observed by Martins et al. (2012). This
underscores the importance of precisely
delivered environmental signals from the
thymic microenvironment that support
distinct trajectories of hematopoietic dift-
erentiation (Calder6on and Boehm, 2012).

Predisposition to leukemia?

Activation of the LMO2 oncogene
(Boehm et al., 1991) is an initiating event
for the development of human T cell
leukemia (Rabbitts, 1994). Interestingly,
when expressed in mouse hematopoietic
cells, Lmo2 confers stem cell-like pro-
perties on developing thymocytes; serial
transfer experiments revealed that this
self-renewal potential is associated with
cells of the DN3 phenotype (McCormack
et al., 2010). Therefore, it is conceivable
that Lmo2-expressing cells are partic-
ularly effective in competing for DN3
niche space and might spend an exten-
ded residence period in this niche, pos-
sibly constituting a predisposing factor
for the development of leukemia. Consi-
dering these observations and the results
of Martins et al. (2012) and Peaudecerf
et al. (2012), any situation leading to

unphysiologically long DN3 niche resi-
dence times might be leukemogenic.

In this view, the gated nature of
thymus colonization (Foss et al., 2001)
represents an endogenous risk factor
predisposing to leukemic development.
For example, after retrovirus-mediated
restoration of the expression of missing
or faulty IL-7 receptor signaling compo-
nents in patients undergoing gene ther-
apy for genetic defects in this pathway
(Fischer et al., 2011), the inevitable so-
matic mosaicism of mutant and corrected
HSCs might lead to only intermittent
importation of differentiation-competent
corrected progenitor cells into the thy-
mus. This situation would essentially
phenocopy the situation in the mice
studied by Martins et al. (2012).

If combined, the leukemia-predis-
posing effect of temporary failure of
niche competition may synergize with
the proleukemogenic effects of retrovi-
rally activated LMO2; this might lead
to the rapid development of leukemia
that was observed in patients (Hacein-
Bey-Abina et al., 2003).

In conclusion, the iconoclastic results
reported by Peaudecerf et al. (2012) and
Martins et al. (2012) clarify an impor-
tant aspect of thymus biology and T cell
differentiation, and moreover reaffirm the
importance of cellular competition for
precious niche space in these processes.
In addition, their system might provide a
unique opportunity to examine the role
of cell competition and niche occupancy
in the genesis of T cell leukemia.

This work was supported by the Max-Planck Society.

REFERENCES

Bajoghli, B., P. Guo, N. Aghaallaei, M. Hirano, C.
Strohmeier, N. McCurley, D.E. Bockman, M.
Schorpp, M.D. Cooper, and T. Boehm. 2011. A
thymus candidate in lampreys. Nature. 470:90—
94. http://dx.doi.org/10.1038/nature09655

Berzins, S.P.,R.L.Boyd,and].F. Miller. 1998. The
role of the thymus and recent thymic migrants
in the maintenance of the adult peripheral
lymphocyte pool. J. Exp. Med. 187:1839—
1848.http://dx.doi.org/10.1084/jem.187.11
.1839

Blunt, T., NJ. Finnie, G.E. Taccioli, G.C.M.
Smith, J. Demengeot, T.M. Gottlieb, R.
Mizuta, AJ. Varghese, F.W. Alt, P.A. Jeggo,
and S.P. Jackson. 1995. Defective DNA-
dependent protein kinase activity is linked
to V(D)J recombination and DNA repair

1399

920z Areniged g0 uo 3senb Aq 4pdzLyLZ1L0Z Wel/S6.Lyy.L/L6€1/8/60Z/4Pd-8lonie/wal/Bio sseidni//:dpy woy papeojumoq


http://dx.doi.org/10.1038/nature09655
http://dx.doi.org/10.1084/jem.187.11.1839
http://dx.doi.org/10.1084/jem.187.11.1839

JEM

defects associated with the murine scid mu-
tation. Cell. 80:813-823. http://dx.doi.org/
10.1016/0092-8674(95)90360-7

Boehm, T., L. Foroni, Y. Kaneko, M.F. Perutz,
and T.H. Rabbitts. 1991. The thombotin fam-
ily of cysteine-rich LIM-domain oncogenes:
distinct members are involved in T-cell
translocations to human chromosomes 11p15
and 11p13. Proc. Natl. Acad. Sci. USA.88:4367—
4371. http://dx.doi.org/10.1073/pnas.88.10
4367

Boehm, T., 1. Hess, and J.B. Swann. 2012. Evolu-
tion of lymphoid tissues. Trends Immunol.
33:315-321. http://dx.doi.org/10.1016/j.it
.2012.02.005

Calderén, L., and T. Boehm. 2011. Three che-
mokine receptors cooperatively regulate hom-
ing of hematopoietic progenitors to the
embryonic mouse thymus. Proc. Natl. Acad.
Sci. USA. 108:7517-7522. http://dx.doi.org/
10.1073/pnas. 1016428108

Calderén, L., and T. Boehm. 2012. Synergistic,
context-dependent, and hierarchical functions
of epithelial components in thymic micro-
environments. Cell. 149:159—-172. http://dx
.doi.org/10.1016/j.cell.2012.01.049

Cao, X., E-W. Shores, J. Hu-Li, M.R. Anver,
B.L. Kelsall, S.M. Russell, J. Drago, M.
Noguchi, A. Grinberg, E.T. Bloom, et al.
1995. Defective lymphoid development in
mice lacking expression of the common cyto-
kine receptor <y chain. Immunity. 2:223-238.
http://dx.doi.org/10.1016/1074-7613(95)
90047-0

DeJarnette, J.B., C.L. Sommers, K. Huang, K].
Woodside, R. Emmons, K. Katz, E.W. Shores,
and P.E. Love. 1998. Specific requirement
for CD3g in T cell development. Proc. Natl.
Acad. Sci. USA. 95:14909-14914. http://dx
.doi.org/10.1073/pnas.95.25.14909

Fischer, A., S. Hacein-Bey-Abina, and M.
Cavazzana-Calvo. 2011. Gene therapy for
primary adaptive immune deficiencies. J. Allergy
Clin. Immunol. 127:1356—1359. http://dx.doi
.org/10.1016/j.jaci.2011.04.030

Foss, D.L., E. Donskoy, and I. Goldschneider.
2001.The importation of hematogenous pre-
cursors by the thymus is a gated phenomenon
in normal adult mice. J. Exp. Med. 193:365—
374. http://dx.doi.org/10.1084/jem.193.3
.365

Frey, J.R., B. Ernst, C.D. Surh, and J. Sprent. 1992.
Thymus-grafted SCID mice show transient

1400

thymopoiesis and limited depletion of V
B 11" T cells. J. Exp. Med. 175:1067-1071.
http://dx.doi.org/10.1084/jem.175.4.1067

Hacein-Bey-Abina, S., C. Von Kalle, M.
Schmidt, M.P. McCormack, N. Wulffraat,
P. Leboulch, A. Lim, C.S. Osborne, R.
Pawliuk, E. Morillon, et al. 2003. LMO2-
associated clonal T cell proliferation in two
patients after gene therapy for SCID-XI1.
Science. 302:415-419. http://dx.doi.org/10
.1126/science. 1088547

Horton, J.D., and M.J. Manning. 1972. Response
to skin allografts in Xenopus laevis following
thymectomy at early stages of lymphoid
organ maturation. Transplantation. 14:141—
154. http://dx.doi.org/10.1097/00007890-
197208000-00001

Issigonis, M., N. Tulina, M. de Cuevas, C.
Brawley, L. Sandler, and E. Matunis. 2009.
JAK-STAT signal inhibition regulates com-
petition in the Drosophila testis stem cell niche.
Science. 326:153—156. http://dx.doi.org/10
.1126/science. 1176817

Janas, M.L., G. Varano, K. Gudmundsson, M.
Noda, T. Nagasawa, and M. Turner. 2010.
Thymic development beyond B-selection
requires phosphatidylinositol 3-kinase activa-
tion by CXCRA4. J. Exp. Med. 207:247-261.
http://dx.doi.org/10.1084/jem.20091430

Martins, V.C., E. Ruggiero, S.M. Schlenner,
V. Madan, M. Schmidt, PJ. Fink, C. von
Kalle, and H.-R.. Rodewald. 2012. Thymus-
autonomous T cell development in the ab-
sence of progenitor import. J. Exp. Med. 209:
1409-1417.

McCormack, M.P., L.F. Young, S. Vasudevan,
C.A.de Graaf, R. Codrington, T.H. Rabbitts,
S.M. Jane, and D J. Curtis. 2010. The Lmo2
oncogene initiates leukemia in mice by in-
ducing thymocyte self-renewal. Science. 327:
879-883. http://dx.doi.org/10.1126/science
1182378

Miller, J.F. 1961. Immunological function of the
thymus. Lancet.2:748—749.http://dx.doi.org/
10.1016/S0140-6736(61)90693-6

Peaudecerf, L., S. Lemos, A. Galgano, G. Krenn,
F. Vasseur, J. di Santo, S. Ezine, and B.
Rocha. 2012. Autonomous T cell genera-
tion: Thymocytes may persist and differen-
tiate without any input from bone-marrow
progenitors. J. Exp. Med. 209:1401-1408.

Peschon, J.J., P.J. Morrissey, K.H. Grabstein, F.J.
Ramsdell, E. Maraskovsky, B.C. Gliniak, L.S.

Park, S.F. Ziegler, D.E. Williams, C.B. Ware,
et al. 1994. Early lymphocyte expansion is
severely impaired in interleukin 7 receptor-
deficient mice. J. Exp. Med. 180:1955-1960.
http://dx.doi.org/10.1084/jem.180.5.1955

Rabbitts, T.H. 1994. Chromosomal transloca-
tions in human cancer. Nature. 372:143-149.
http://dx.doi.org/10.1038/372143a0

Rodewald, H.-R ., K. Kretzschmar, W. Swat, and
S. Takeda. 1995. Intrathymically expressed
c-kit ligand (stem cell factor) is a major factor
driving expansion of very immature thymo-
cytes in vivo. Immunity. 3:313-319. http://
dx.doi.org/10.1016/1074-7613(95)90116-7

Rodewald, H.-R., M. Ogawa, C. Haller, C.
Waskow, and J.P. DiSanto. 1997. Pro-
thymocyte expansion by c-kit and the com-
mon cytokine receptor 7y chain is essential for
repertoire formation. Immunity. 6:265-272.
http://dx.doi.org/10.1016/S1074-7613(00)
80329-5

Shinkai, Y., G. Rathbun, K.-P. Lam, E.M. Oltz,
V. Stewart, M. Mendelsohn, J. Charron,
M. Datta, F. Young, A.M. Stall, et al. 1992.
RAG-2-deficient mice lack mature lympho-
cytes owing to inability to initiate V(D)J rear-
rangement. Cell. 68:855-867. http://dx.doi
.org/10.1016/0092-8674(92)90029-C

Takeda, S., H.-R. Rodewald, H. Arakawa, H.
Bluethmann, and T. Shimizu. 1996. MHC class 11
molecules are not required for survival of newly
generated CD4™ T cells, but affect their long-
term life span. Immunity. 5:217-228. http://
dx.doi.org/10.1016/51074-7613(00)80317-9

Trampont, P.C., A.-C. Tosello-Trampont, Y. Shen,
AK. Duley, A.E. Sutherland, T.P. Bender,
D.R. Littman, and K.S. Ravichandran. 2010.
CXCR#4 acts as a costimulator during thy-
mic B-selection. Nat. Immunol. 11:162—170.
http://dx.doi.org/10.1038/ni.1830

von Boehmer, H., I. Aifantis, O. Azogui, J.
Feinberg, C. Saint-Ruf, C. Zober, C. Garcia,
and J. Buer. 1998. Crucial function of the
pre-T-cell receptor (TCR) in TCR B selec-
tion, TCR B allelic exclusion and « 3 versus
v 8 lineage commitment. Immunol. Rev. 165:
111-119. http://dx.doi.org/10.1111/7.1600-
065X.1998.tb01234.x

Waskow, C.,V.Madan, S. Bartels, C. Costa, R.. Blasig,
and H.-R. Rodewald. 2009. Hematopoietic
stem cell transplantation without irradiation.
Nat. Methods. 6:267-269. http://dx.doi.org/
10.1038/nmeth.1309

Challenging a central dogma of thymus biology | Boehm

920z Areniged g0 uo 3senb Aq 4pdzLyLZ1L0Z Wel/S6.Lyy.L/L6€1/8/60Z/4Pd-8lonie/wal/Bio sseidni//:dpy woy papeojumoq


http://dx.doi.org/10.1084/jem.180.5.1955
http://dx.doi.org/10.1038/372143a0
http://dx.doi.org/10.1016/1074-7613(95)90116-7
http://dx.doi.org/10.1016/1074-7613(95)90116-7
http://dx.doi.org/10.1016/S1074-7613(00)80329-5
http://dx.doi.org/10.1016/S1074-7613(00)80329-5
http://dx.doi.org/10.1016/0092-8674(92)90029-C
http://dx.doi.org/10.1016/0092-8674(92)90029-C
http://dx.doi.org/10.1016/S1074-7613(00)80317-9
http://dx.doi.org/10.1016/S1074-7613(00)80317-9
http://dx.doi.org/10.1038/ni.1830
http://dx.doi.org/10.1111/j.1600-065X.1998.tb01234.x
http://dx.doi.org/10.1111/j.1600-065X.1998.tb01234.x
http://dx.doi.org/10.1038/nmeth.1309
http://dx.doi.org/10.1038/nmeth.1309
http://dx.doi.org/10.1084/jem.175.4.1067
http://dx.doi.org/10.1126/science.1088547
http://dx.doi.org/10.1126/science.1088547
http://dx.doi.org/10.1097/00007890-197208000-00001
http://dx.doi.org/10.1097/00007890-197208000-00001
http://dx.doi.org/10.1126/science.1176817
http://dx.doi.org/10.1126/science.1176817
http://dx.doi.org/10.1084/jem.20091430
http://dx.doi.org/10.1126/science.1182378
http://dx.doi.org/10.1126/science.1182378
http://dx.doi.org/10.1016/S0140-6736(61)90693-6
http://dx.doi.org/10.1016/S0140-6736(61)90693-6
http://dx.doi.org/10.1016/0092-8674(95)90360-7
http://dx.doi.org/10.1016/0092-8674(95)90360-7
http://dx.doi.org/10.1073/pnas.88.10.4367
http://dx.doi.org/10.1073/pnas.88.10.4367
http://dx.doi.org/10.1016/j.it.2012.02.005
http://dx.doi.org/10.1016/j.it.2012.02.005
http://dx.doi.org/10.1073/pnas.1016428108
http://dx.doi.org/10.1073/pnas.1016428108
http://dx.doi.org/10.1016/j.cell.2012.01.049
http://dx.doi.org/10.1016/j.cell.2012.01.049
http://dx.doi.org/10.1016/1074-7613(95)90047-0
http://dx.doi.org/10.1016/1074-7613(95)90047-0
http://dx.doi.org/10.1073/pnas.95.25.14909
http://dx.doi.org/10.1073/pnas.95.25.14909
http://dx.doi.org/10.1016/j.jaci.2011.04.030
http://dx.doi.org/10.1016/j.jaci.2011.04.030
http://dx.doi.org/10.1084/jem.193.3.365
http://dx.doi.org/10.1084/jem.193.3.365

