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Abstract

Two different levels of control for bone marrow hematopoiesis are
believed to exist. On the one hand, normal blood cell distribution is
believed to be maintained in healthy subjects by an “innate” hemato-
poietic activity, i.e., a basal intrinsic bone marrow activity. On the
other hand, an “adaptive” hematopoietic state develops in response to
stress-induced stimulation. This adaptive hematopoiesis targets spe-
cific lineage amplification depending on the nature of the stimuli.
Unexpectedly, recent data have shown that what we call “normal
hematopoiesis” is a stress-induced state maintained by activated bone
marrow CD4* T cells. This T cell population includes a large number
of recently stimulated cells in normal mice whose priming requires the
presence of the cognate antigens. In the absence of CD4+ T cells or
their cognate antigens, hematopoiesis is maintained at low levels. In
this review, we summarize current knowledge on T cell biology,
which could explain how CD4+ T cells can help hematopoiesis, how
they are primed in mice that were not intentionally immunized, and
what maintains them activated in the bone marrow.
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Hematopoiesis control, i.e., the signals
that govern lineage commitment and he-
matopoietic stem cell maintenance in adult
bone marrow, has been extensively studied
in the last decades. A large part of this con-
trol depends on the bone marrow microenvi-
ronment, where a complex network includ-
ing multiple cell types such as fibroblasts,
osteocytes, endothelial cells, and all bone
marrow-derived cells regulates hematopoie-
sis through cytokine secretion and cellular
interactions. In addition, hematopoiesis can

be “endocrinally” regulated through cyto-
kines produced outside the bone marrow.
While bone marrow-derived stimuli have
been viewed as important to maintain basal
blood cell production, peripheral stimuli have
been related to hematopoiesis amplification
during stress situations such as infection,
inflammation, irradiation, or hypoxia. Thus,
modulation of hematopoiesis has been viewed
as a systemically controlled phenomenon (1-
4).

We have recently revisited this concept
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by showing that blood cell counts in normal
mice are not the result of basal “innate”
hematopoietic activity (5). On the contrary,
they reflect the antigenic stimulation of bone
marrow CD4* T cell. In other words, “nor-
mal hematopoiesis” is not an innate state,
but an adaptive state, maintained by antigen
stimulation. In view of these novel findings
and considering the potential role of CD4+ T
cells as a source of hematopoietins, we pro-
posed these cells to be key regulators of
what we currently understand as “normal”
hematopoiesis (5).

Here, we review the data that indirectly
relate T cell and hematopoiesis and discuss
the recent findings which redefine hemato-
poiesis as a T cell-dependent phenomenon.
We also summarize the current knowledge
on T cell biology to explain how T cells can
help hematopoiesis, how they are primed in
untreated (not intentionally immunized)
mice, and how they are maintained in an
activated-state in the bone marrow.

T cells and hematopoiesis - the old
history

The role of thymus-derived cells in he-
matopoiesis was first suggested 30 years
ago. Using the neonatal thymectomy model,
several investigators described that 1-day
thymectomized mice were anemic, showed
arrested erythroid maturation and reduction
in the number of spleen colony-forming units
in the bone marrow and spleen (6,7). In
addition, intravenous injection of live thy-
mocytes accelerated hematopoiesis recon-
stitution in sublethally irradiated mice (8).
All of these studies claimed the occurrence
of cooperation between hematopoietic cells
and T cells for the establishment of optimal
hematopoiesis in mice. Supporting these data,
production of interleukin-3 (IL-3) and granu-
locyte-macrophage colony-stimulating fac-
tors (GM-CSF) by T cells was described in
the early 80’s (9,10).

The increasing interest regarding the re-
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lationship between T cells and hematopoie-
sis was influenced by the description of fail-
ure of bone marrow transplantation (BMT)
in humans receiving T cell-depleted graft
(11,12). At that time, BMT was already seen
as an important component of the treatment
of hematologic malignancies. However, the
major problem regarding BMT is graft-ver-
sus-host disease (GVHD) (13), a severe dis-
ease mediated by T cells with high mortality
and morbidity rates. Therefore, dissociation
of T cell GVHD activity and bone marrow
engraftment activity was essential for the
advance in BMT therapy. In addition, it was
shown that T cells also contribute to elimi-
nating residual neoplastic cells in BMT re-
cipient, introducing a new variable in this
equation (12).

Thus, it is not surprising that almost all
the literature on T cell/hematopoiesis in the
last 25 years has been devoted to the role of
T cells in hematopoiesis restoration after
BMT. In fact, using bone marrow-radiation
chimeras, several investigators reported the
requirement for T cells in the establishment
of hematopoiesis after BMT (14,15). Ildstad
et al. (16) used mixed allogeneic chimeras
(B10+ B10.D2 — B10) to show that selec-
tive depletion of T cells in the bone marrow
inoculum conditioned the pattern of hemato-
poietic reconstitution: if B10 bone marrow
cells were T cell-depleted, B10.D2-derived
cells were the predominant hematopoietic
cells in reconstituted mice, and vice-versa.
These data showed that histocompatibility
between hematopoietic and T cells is neces-
sary for their cooperation despite previous
interpretations that an allogeneic effect was
necessary for engraftment.

The specificity of the T cell population
that causes GVHD and the population that
helps hematopoiesis is still an unsolved ques-
tion. Different T cell subpopulations have
been reported to be able to promote alloge-
neic bone marrow engraftment without caus-
ing GVHD (12,17). More specifically, the
role of bone marrow T cells in the pathogen-
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esis of GVHD seems to be very minor, if any
(17). Only recently have these T cells been
studied. The total bone marrow T cell popu-
lation comprises 2-3% of all bone marrow
cells. About one third of them are CD3*CD4~
CD8- or aBTCR*NK1.1* cells (18). The role
of these unusual T cells in the bone marrow,
specifically regarding hematopoiesis, has not
been evaluated. The remaining two thirds
are conventional oBTCR* T cells enriched
in activated and memory CD4* and CD8*
T cells (5,17,19,20). The potential of these
cells as hematopoietin providers or their cy-
tokine profile and the stimuli promoting their
activation have never been investigated.

Besides conventional T cells, an unusual
type of “T cells”, the “facilitating cells”, was
described in bone marrow by Ildstad’s group
(21). These cells comprise 0.4% of total
bone marrow cells and are CD8*CD3+CD45
RB-Thyl*class IT"m™ cells. Curiously, these
“T cells” do not express any known form of
T cell antigen receptor (TCR). They are
devoid of allospecific activity and can help
hematopoiesis. Therefore, although func-
tional data on the activity of these cells are
abundant (21-23), their existence remains
extremely controversial.

In addition to the BMT model, the role of
T cells in hematopoiesis was also investi-
gated in infectious disease models (24-26).
It appears that hematopoiesis amplification,
required to clear pathogens, is deficient in
athymic mice. This is true for the diverse
blood cell types, although it is more impor-
tant within the granulocytic compartment.
In these situations, T cells contribute secret-
ing cytokines, including GM-CSF, IL-3, IL-
4,1L-5,1L-6,IL-13, and oncostatin M, which
all contribute to amplifying granulocyte gen-
eration in bone marrow.

Introducing the recent findings
T cells have been shown to be involved

in hematopoiesis in different stress situa-
tions such as reconstitution after sublethal

irradiation, bone marrow engraftment after
BMT, and amplification of hematopoiesis
during infection, as cited above. However, it
is not clear if T cells contribute to hemato-
poiesis in the absence of such stresses. In
other words, do T cells play any major role
in the maintenance of normal hematopoie-
sis? Can T cells contribute to normal he-
matopoietic activity upon interaction with
syngeneic bone marrow cells? And if so,
what is the stimulus?

The closest replies to these questions
were obtained in the experiments reported
by Lord and Schofield (8) and by Bonomo et
al. (27). The former showed that injection of
syngeneic thymocytes accelerates bone mar-
row reconstitution after sublethal irradia-
tion. The latter, using an in vitro model,
showed that syngeneic T cells stimulate the
growth of hematopoietic progenitors.

With the above findings in mind, we
devoted our efforts to the study of normal
hematopoiesis in athymic nude mice since
these animals lack all conventional T cells
(5). Our findings were surprising: nude mice
have a severe reduction in the number of
granulocytes in peripheral blood, despite the
high frequency of granulo-monocytic pro-
genitors in the bone marrow. Nude mice
reconstitution with fetal thymus or purified
CD4* T cells not only restores the normal
granulocyte counts in peripheral blood, but
also reduces the frequency of progenitors in
bone marrow. In contrast, purified CD8*
T cells are completely inefficient in restor-
ing normal hematopoiesis. The progenitors
that accumulate in the nude bone marrow are
SCA1*CD11b* cells, representing commit-
ted myeloid progenitors. These cells are not
intrinsically unable to differentiate, since
exogenous stimulation with growth factors
promotes their differentiation in vitro. There-
fore, they do not differentiate in vivo be-
cause nude mice lack the T cell-derived
stimulus, probably inside the bone marrow,
which is necessary for that process to occur.
In other words, T cells are important to
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promote terminal differentiation of these
committed progenitors. These findings are
not exclusive for athymic mice, since they
have been confirmed in other T cell-deficient
mouse lineages such as SCID and RAG-.

We also found a strong correlation be-
tween the number of CD4* T cells in bone
marrow and restoration of granulocyte counts
in the peripheral blood of T cell-reconsti-
tuted mice. The same was true for reduction
in the number of bone marrow GM precur-
sors (5). These data strongly suggest that
bone marrow CD4* T cells were responsible
for the effect on hematopoiesis. Thus, since
to help hematopoiesis T cells must be acti-
vated, we looked at the activation status of
these cells in the bone marrow of normal
mice. In agreement with previous descrip-
tions (17,19) we found an increased propor-
tion of activated CD4* T cells in mouse bone
marrow - most of them showing an early
activated phenotype (5).

The large number of activated T cells in
the bone marrow of normal mice creates
another problem: since these mice were not
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Figure 1. Model of “adaptive” T cell-instructed hematopoiesis. T cells are primed by the
cognate antigen and reach the bone marrow, where they can help hematopoiesis by i) direct
cytokine production; ii) inducing cytokine production by the bone marrow stromal cells
(through cytokines or cellular interaction). These cytokines act by promoting terminal
differentiation of myeloid progenitors. BM = bone marrow; APC = antigen-presenting cell;
HSC = hematopoietic stem cell.
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intentionally immunized, how did their bone
marrow T cells become primed? Possibly, T
cells were being primed by their specific
antigens (the cognate antigen) following the
conventional pathway of T cell activation.
This priming could be in the bone marrow or
at the periphery, from where the antigen-
primed cells would migrate to the bone mar-
row. However, since our data showed that
bone marrow T cells were activated while
lymph node cells were not, it seemed pos-
sible that bone marrow T cells had their own
rules of activation. In this case, T cells would
be primed by endogenous weak ligands that
could work in synergy with other bone mar-
row-specific stimuli for T cell activation.

In order to answer this question, we de-
signed an experiment that dissociated these
two hypotheses. We used RAG~- TCR trans-
genic mice whose T cells all express TCR
specific for an exogenous antigen, ovalbu-
min (OVA), presented by the I-A® major
histocompatibility complex (MHC) mole-
cule (DO11.10) (28). If bone marrow T cells
were activated in DO11.10 mice and he-
matopoiesis was normal, this would mean
that bone marrow T cells are primed by
endogenous ligands in a distinct fashion.
However, if bone marrow T cells were not
activated, and hematopoiesis was abnormal,
this would mean that bone marrow T cells
must recognize the cognate antigen to be-
come primed and help hematopoiesis.
Through hematopoiesis and bone marrow T
cell analyses, we found that the second hy-
pothesis proved to be correct. In fact,
DO11.10 RAG™- mice had the same he-
matopoietic profile as nude mice, showing
that bone marrow T cells must recognize
their specific antigens in order to help he-
matopoiesis (5).

The conclusion was that, since hemato-
poiesis in normal mice is maintained by
antigenic stimulation of bone marrow T cells,
it does not represent a basal state! On the
contrary, it is already an induced state (Fig-
ure 1). However, current literature defines
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normal hematopoiesis as “a basal state that
maintains normal blood cell counts in the
absence of hematopoietic stresses” (1-4).
Can we consider antigenic stimulation a
stress? We believe that the answer is yes.
The source of antigen for bone marrow T
cell activation is unknown. It may be a harm-
less environmental antigen, a pathogen-de-
rived antigen, or even a self antigen. We will
discuss this question in more detail in the
next sections. The fact is that normal he-
matopoiesis does not represent a basal state,
and our finding shows that the old view of a
two layer-controlled hematopoiesis (normal
x stress-induced) must be reviewed. Our
suggestion would be to revisit the concept of
“normal”, and replace it with innate hemato-
poiesis, as the basal thymic-independent bone
marrow activity based only on the constitu-
ents of innate immunity.

The first problem: how T cells can
help hematopoiesis

It seems obvious to think that CD4* T
cells regulate hematopoiesis through cy-
tokine secretion. Indeed, CD4+ T cells are
wonderful cytokine producers, not only quan-
titatively, but also qualitatively, including
the major T cell cytokines that control the
immune responses such as IFN-vy, IL-4, IL-
5, IL-13, IL-10 and TGF-B, and the “minor”
cytokines, whose effects on adaptive im-
mune responses are less prominent (29).
This group includes GM-CSF, IL-3, IL-6,
IL-17, and oncostatin M - all involved in the
regulation of hematopoiesis (30-37). The
major problem is that most of these cyto-
kines are not T cell exclusive. Therefore, it is
very difficult to determine if the lack of T
cells significantly affects the role of these
cytokines.

In addition to having a direct activity as a
source of hematopoietins, T cells can also
stimulate cytokine production by bone mar-
row stromal cells (Figure 1). It has been
shown that oncostatin M and IL-17 pro-

duced by T cells can stimulate IL-6 produc-
tion by endothelial cells and osteocytes
(32,36). IL-6 has an important effect on
neutrophil production. IL-67- mice are neu-
tropenic. Also, in the absence of IL-6, re-
sidual neutrophils found in G-CSFR~- mice
are eliminated (34).

Besides cytokines, cell-cell interaction
seems to be important for the contribution of
T cells to hematopoiesis. T cells can interact
with bone marrow stroma through the CD40-
CD40L (CD154) pathway (Figure 1). In fact,
hematologic recovery after syngeneic BMT
is accelerated by treatment with soluble
CD40L in mice (38). This protocol increases
colony-forming units-GM frequency in
mouse bone marrow and spleen, and stimu-
lates platelet and leukocyte recovery in pe-
ripheral blood. CD40L appears to directly
stimulate the production of Flt3 by several
cell types and of thrombopoietin by bone
marrow stromal cells (39). This shows that,
although T cells are not indispensable for
megakaryopoiesis in normal mice, they can
contribute to platelet generation under dam-
age-induced conditions, i.e., after irradia-
tion.

Further evidence for cellular interaction
in T cell contribution to hematopoiesis came
from mixed chimera experiments. Since
MHC compatibility between T cells and he-
matopoietic progenitors is required for bone
marrow engraftment, it is clear that interac-
tion between the two cell types, in an MHC-
restricted way, is obligatory (16). How T
cells are activated and what activates them is
discussed in the next sections.

The second problem: how bone
marrow T cells become antigen-
primed cells

We and others have found an increased
number of activated T cells in mouse bone
marrow (5,17,19,20). This is true for both
CD4* and CD8* T cells. However, normal
mice are not intentionally immunized: how
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Figure 2. Dynamics of bone mar-
row T cell priming. The antigen
could use the intravenous route
to reach the bone marrow and
prime specific T cells directly in
the bone marrow (left). The anti-
gens also could enter the body
by a non-systemic route, i.e.,
subcutaneously, orally, or by the
mucosal route. In this situation,
T cells would be primed in the
peripheral lymphoid organs,
then migrate to the bone mar-
row, where they would be re-
stimulated to help hematopoie-
sis. BM = bone marrow.
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can they have such a high number of acti-
vated T cells in bone marrow? We have
found that only the cognate antigen can acti-
vate bone marrow T cells (5). Which are the
cognate antigens in ‘“normal” mice? We en-
vision two possible explanations: the stimu-
lation by environmental antigens or by cog-
nate self antigens. In fact, mice - like humans
- are exposed to antigens present in the envi-
ronment. These environmental antigens prob-
ably prime some T cell clones, although
their study has not attracted much interest
lately.

The second explanation suggests that
bone marrow T cells are primed by specific
autoantigens present only in bone marrow.
At present there are no data supporting or
excluding this hypothesis, except for the fact
that the CD4 T cell population of bone mar-
row is composed of lymphocytes preferen-
tially expressing VB3 families, especially V33
and VA7, suggesting that bone marrow T
cells have some preferences in terms of anti-
gen recognition (19). It is very difficult
to choose between these two hypotheses.
Our experimental model uses the DO11.10

J.P. Monteiro and A. Bonomo

RAG™~ mice in which all T cell clones re-
spond to OVA, excluding the possibility of
studying both T cell priming by environ-
mental antigens and cognate self-antigens
(5). Experiments with DO11.10 in animals
with anon-RAG~- background have revealed
that their bone marrow T cells are activated,
showing that T cells expressing endogenously
rearranged TCR o-chains can be primed by
other antigens. However, we could not dis-
tinguish if these TCRs recognize self or
environmental antigens.

Another important issue is the priming
site for bone marrow T cells (Figure 2).
Although we know that T cells must be
present in bone marrow to help hematopoie-
sis, we do not know if they were primed in
bone marrow or in the periphery. Activation
of virgin T cells must include TCR recogni-
tion of cognate antigens. Then, T cells can
only be primed in the bone marrow if the
antigens reach it. Feuerer et al. (40) showed
that this is possible for blood-borne anti-
gens. They transferred transgenic OT-I CD8*
T cells (which recognize pOVA + H-2KP) to
normal B6 mice, and immunized these mice

@@g Antigen-presenting cell

Antigens
@® Naive T cells
@ Antigen-primed T cells

L Antigen entrance

T cell priming in the BM

T cell priming in the lymph nodes

Antigen entrance

T cell restimulation in the BM
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with OVA intravenously. They found that
50% of bone marrow CD8* T cells displayed
the early-activation marker CD69 6 h after
immunization, while in the spleen and lymph
nodes the frequency of activated cells was
25 and 5%, respectively. The authors con-
cluded that priming of bone marrow T cells
predominantly occurred in bone marrow.
However, they did not show the total num-
ber of CD8* T cells in each organ. Probably
spleen and lymph nodes have a much higher
number of activated CD8* T cells than bone
marrow. In addition, Di Rosa and Santoni
(41) showed that antigen-primed T cells have
an increased capacity to migrate to bone
marrow when compared to naive cells. Thus,
it is possible that CD69* T cells in the bone
marrow represent peripherally primed T cells
that migrate to bone marrow after antigenic
stimulation (Figure 2).

Although it is clear that bone marrow
dendritic cells can present antigens in an
immunogenic manner, this is restricted to
antigens that reach the bone marrow. Prob-
ably, this will not be the case for environ-
mental antigens, which enter the body pre-
dominantly through mucosal and subcuta-
neous routes. If environmental antigens are
the responsible for the activation of the ma-
jority of bone marrow T cells in normal
mice, probably these cells were primed at
the periphery and then migrated to the bone
marrow. As described above, antigen-primed
T cells, both CD4* and CD8*, have a high
capacity to migrate to the bone marrow (41).
Lack of ICAM1 and CD18 molecules - which
are important to direct T cells to lymph nodes
- does not affect T cell migration to the bone
marrow. Interestingly enough, adoptive trans-
fer of activated T cells to 1-year-old mice
thymectomized at 4 weeks of age precludes
the access of activated cells to the bone
marrow due to the presence of a pre-existing
memory population in bone marrow (41).

The existence of a memory T cell pool in
bone marrow was described by several
groups (17,19,20). The CD8* compartment

of memory T cells in bone marrow is par-
ticularly interesting. Long-lived memory
CD8* T cells can be found in mouse bone
marrow 4-7 months after immunization (20).
However, it is not clear if the bone marrow
memory compartment is permanent or con-
stantly renewed. Parabiosis experiments fa-
vor the second hypothesis since, following
parabiosis, memory CD8* T cells rapidly
equilibrate into the lymphoid organs of each
parabiont, including bone marrow (42). Re-
cently, Di Rosa’s group showed that bone
marrow is an important location for T cell
memory maintenance (Di Rosa F, personal
communication). They showed that memory
bone marrow CD8* T cells are in a highly
proliferative state and contribute to a large
fraction of total CD8" memory T cells in
normal mice. Regarding bone marrow CD4+
T cells, there is no definitive report showing
that they are memory cells. However, if this
possibility proves to be correct, it is possible
that maintenance of hematopoiesis at an op-
timal level in normal mice (and humans) is
regulated by memory T cells.

The third problem: how the bone
marrow maintains T cells activated

Bone marrow T cells are primed in bone
marrow or at the periphery and then migrate
to bone marrow. However, what happens
after priming? Are T cells maintained in an
activated state in the bone marrow? Or, on
the contrary, are bone marrow T cells a pool
of activated cells in constant interchange
with the periphery? We favor the first hypo-
thesis for two reasons. The first is that the
presence of an activated T cell population is
a very highly reproducible result described
in several mouse lineages (5,17,19,20). The
second is that adoptive transfer of activated
T cells to mice thymectomized during adult
age impairs the migration of activated cells
to the bone marrow (41). In other words,
there is a competition for bone marrow seed-
ing and the pre-existing bone marrow T cell
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Figure 3. The bone marrow mi-
croenvironment can provide
several stimuli for antigen-
primed T cell restimulation. Bone
marrow antigen-experienced T
cells can recognize high avidity
cognate antigens, if they reach
the BM (A). They also could be
activated by non-cognate low
avidity antigens, which normally
could not activate naive cells (B).
In addition to T cell antigen re-
ceptor-mediated signals, BM T
cells are under scrutiny of BM-
derived cytokines such as IL-7,
IL-15, IL-18, and IL-21. These
cytokines act independently or
synergistically with peptide/ma-
jor histocompatibility complex
recognition (C). BM = bone mar-
row; APC = antigen-presenting
cell.
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population is at some advantage in “occupy-
ing” that microenvironment. In addition, bone
marrow T cells show an unusual activation
phenotype, including both very early and
late activation markers (5).
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These findings show that these T cells
are, in fact, antigen-primed, but also suggest
that they are being restimulated in the bone
marrow. The remaining question concerns
the restimulation of these cells (Figure 3). Is
ita cognate antigen/TCR stimulus? Is there a
role for self-ligands and cytokines? Although
the T cell population of bone marrow is
composed of clones bearing a restricted V3
repertoire, the population is polyclonal (19).
Thus, it is unlikely that all the antigens re-
quired to activate a polyclonal T cell popula-
tion will reach the bone marrow (Figure 3A).
In other words, if bone marrow T cells are a
resident population that is constantly restimu-
lated, probably the source of this stimulation
is not the cognate antigen, or at least not only
the cognate antigen.

Self-recognition is a double-edge sword.
If T cells recognize the peripheral self with
too much affinity and avidity they initiate a
deleterious autoimmune response. However,
if T cells are unable to recognize the periph-
eral self, they cannot survive or their activity
is impaired. Then, self-recognition is a quan-
titative problem, which is necessary for nor-
mal T cell activity, but it must be controlled
to avoid autoimmunity. The role of self-
ligands varies according to the activation
status of the T cell. While naive T cells
cannot persist in the absence of the thymic
positively selecting self-ligands, memory T
cells are maintained for long periods of time
in the absence of the selecting MHC (43,44).
Moreover, self-recognition is required for a
normal response of naive T cells to foreign
antigens. Dendritic cells can signal T cells in
the absence of exogenous antigens, induc-
ing weak proliferation and some signs of
activation, i.e., down-regulation of TCR and
expression of CD25 and CD69 (45,46). En-
dogenous peptide/MHC (pMHC) complexes
appear to accumulate in the immunological
synapse during antigen recognition, and al-
though only agonist pMHC can initiate T
cell activation, self pMHC seem to be re-
quired for a maximal response (47). Li et al.



Hematopoiesis control and bone marrow T cells

(48) suggested that this cooperation between
self and agonist ligands is required for opti-
mal CD4-mediated Lck accumulation in
the immunological synapse. Finally, Ron
Germain’s group (49) showed that self-rec-
ognition promotes the foreign antigen sensi-
tivity of naive T cells. These cells deprived
of contact with self-ligands show an acute
loss of {-chain phosphorylation and respond
poorly to subsequent cognate antigen stimu-
lation. Likewise, blood naive T cells - which
are naturally deprived of contact with self-
ligands - also show decreased sensitivity to
foreign antigens, confirming the physiologi-
cal relevance of these findings.

The role of self-recognition in the behav-
ior of already activated or memory T cells is
less understood. Kassiotis et al. (50) showed
that memory CD4* T cells maintained in the
absence of any endogenous ligands are less
responsive to subsequent antigenic stimula-
tion. In addition, Stefanova et al. (51) sug-
gested that 24-h pre-activated T cells (with
the agonist ligand) become hypersensitive
and can respond to different pMHC com-
plexes, including some peptides which were
antagonists for unprimed T cells. All of these
findings strongly suggest that i) self-ligands
have a function in T cell activation that is not
uniquely related to survival signals, but is
also related to maintenance of optimal TCR
proximal signaling; ii) activated T cells are
less demanding regarding antigen specific-
ity, and can be restimulated by altered ligands
which cannot activate the same naive T cells.
Therefore, it seems appropriate that self-
ligands should contribute to maintaining the
activated status of bone marrow T cells (Fig-
ure 3B). Further studies are required to con-
firm this hypothesis.

In addition to self-recognition, some cy-
tokines have remarkable effects on antigen-
experienced T cell activation (Figure 3C).
While naive T cells must find a cognate
antigen to become activated, memory T cells
can be activated through cytokines in deter-
mined situations. Berg et al. (52) showed

that memory CD8* T cells can secrete IFN-y
when stimulated with IL-12 and IL-18 in
the absence of a cognate antigen. Moreover,
several investigators have shown that memory
CD8* T cell maintenance - that depends on
homeostatic proliferation - is regulated by
IL-15 and, to a lesser extent, IL-7 (53,54). In
fact, memory CD8* T cells do not persist in
mice lacking IL-15 or IL-15Ra (55,56). In
the CD4 compartment, IL-7 is necessary to
maintain the memory, but appears to work in
association with TCR-derived signals (57).
Despite these findings, the existence and
extension of cytokine-inducted activation of
memory in normal mice have not been ad-
dressed. However, considering that bone
marrow T cells seem to include a large num-
ber of memory cells, and that the bone mar-
row microenvironment is an excellent source
of cytokines - especially IL-7 and IL-15 - we
cannot exclude a role for cytokines in the
maintenance of the activated status of bone
marrow T cells.

The possibility of cognate-antigen T cell
activation in the bone marrow creates an-
other problem: how to control T cells to
avoid autoimmune responses against the bone
marrow microenvironment? We believe that
the answer is in this microenvironment it-
self. Several investigators have reported that
bone marrow stromal cells have a potent
suppressive effect on T cell proliferation
(58,59). This suppression has been shown
for polyclonal and antigen-specific T cell
activation, requires cell contact and appears
to preserve cytokine production by the small
number of quiescent T cells left after the
suppressive interaction. Likewise, expres-
sion of activation markers is not altered,
suggesting that bone marrow stroma does
not block T cell activation (60). The mech-
anism for such effect has not been deter-
mined.

In summary, it is possible that T cell
activity in the bone marrow is under the
control of positive activation signals (self-
ligands, cytokines, and even accessibility of
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cognate antigen) and negative signals which
control the extent of this activation (the sup-
pressive activity of bone marrow stroma).
The tuning of these signals enables T cells to
contribute to hematopoiesis in the absence
of bone marrow damage.

Perspectives

The presence of activated T cells in the
bone marrow is required for normal hemato-
poiesis maintenance. Understanding the
mechanisms underlying T cell activity in the
bone marrow, can provide new clues not
only about immune regulation and immuno-
logical memory, but also about clinical prob-
lems such as the physiopathology of GVHD,
graft failure after BMT and hematologic
manifestations in T cell-deficient patients.
Finally, T cell activity in the bone marrow
shows that immunity and hematopoiesis are
intimately connected and that this connec-
tion is required to establish the best defense

J.P. Monteiro and A. Bonomo

against foreign aggressors, keeping us in a
healthy condition. Conceptually, it is impor-
tant to mention that what we understand as
normal hematopoiesis is the response of the
basal or “innate” hematopoiesis to the adap-
tive immune system.
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