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Abstract
T cell reconstitution following lymphopenia from chemotherapy or stem cell transplant is often slow
and incompetent, contributing to the development of infectious diseases, relapse, and graft-versus-
host disease. This is due to the fact that de novo T cell production is impaired following cytoreductive
regimens. T cells can be generated from two pathways: 1) thymus derived through active
thymopoiesis and 2) peripherally expanded clones through homeostatic proliferation. In the
development of lymphopenia, the thymic pathway is commonly compromised in adults and T cells
rely upon peripheral expansion to recover T cell numbers. This homeostatic proliferation exploits
the high cytokine levels following lymphopenia to rapidly generate T cells in the periphery.
Moreover, this early peripheral expansion of T cells can also be driven by exogenous antigen. This
results in loss of T cell repertoire diversity and may predispose to auto- or alloimmunity.
Alternatively, the high homeostatic proliferation following lymphopenia may facilitate expansion of
anti-tumor immunity. Murine and human studies have provided insight into the cytokine and cellular
regulators of these two pathways of T cell generation and the disparate portraits of T cell immunity
created through robust thymopoiesis or peripheral expansion following lymphopenia. This insight
has permitted the manipulation of the immune system to maximize anti-tumor immunity through
lymphopenia and led to an appreciation of mechanisms that underlie graft vs. host disease.
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1. Introduction
Reconstitution of T cell dependent immunity is a critical issue for patients treated with
lymphodepleting regimens. Chemotherapy or transplant preparative regimens result in a severe
and protracted lymphopenia. The recovery of T cell populations is delayed compared to that
of myeloid, NK or B cells [1]. Furthermore, T cell function often remains compromised even
after normal lymphocyte numbers have recovered [2-4]. This prolonged period of T cell
dysfunction may have serious clinical consequences. It may limit response to vaccines, reduce
resistance to infection, permit tumor relapse, and contribute to the development of
autoimmunity [3-6]. Yet at the same time, recent work has suggested that the immediate period
of lymphopenia post cytoreduction provides a unique opportunity for effective anti-tumor
immunotherapy [7-10]. An understanding of the processes of immune reconstitution that
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underlie this apparent paradox is critical, not only to address the deficits in immune
competence, but also to manipulate the process of reconstitution to enhance immune therapy.

T cell immune reconstitution is dependent upon the contributions of two primary pathways:
generation of new T cells from progenitors via thymopoiesis, and peripheral expansion of
residual mature lymphocytes by antigenic stimulation and homeostatic cytokines [11]. The
process of reconstitution involves a dynamic balance between the two pathways. Peripheral
expansion pathways affect immediate reconstitution, while thymic dependent pathways may
not fully impact on reconstitution for 1 – 2 years. The cumulative contribution from each
pathway may vary depending upon host age, residual T cell subsets, homeostatic cytokine
levels and endogenous antigenic stimulation. The sequelae of the two pathways are also quite
disparate, resulting in either a diverse T cell repertoire through active thymopoiesis or a skewed,
oligoclonal, peripherally-derived population. In the years since the two developmental
pathways were described, significant progress has been made toward understanding the cellular
and cytokine regulators of both renewed thymopoiesis and peripheral expansion. This
appreciation of the mechanisms of T cell recovery has, in turn, suggested new strategies to
manipulate these processes to improve immune therapy.

2. Thymic Dependent T Cell Reconstitution: Assessment of thymic
contribution

The fundamental route for the generation of T cells is thymopoiesis. When peripheral T cell
populations are severely depleted, a renewal of thymic activity can contribute to the
reconstitution of these peripheral T cell populations by generating naïve T cells de novo. CD4
helper, CD8 cytotoxic effector and CD4+CD25++ regulatory T cells all mature in the thymus.
During thymopoiesis, bone marrow-derived T progenitors traverse to the thymus, become
committed to the T lineage, and undergo proliferative expansion and maturation. During
thymopoiesis, the T cell receptor (TCR) is generated through recombinant rearrangement of
Variable (V), Diversity (D) and Joiner (J) genes, resulting in a broadly diverse repertoire of T
cell receptors (TCR). Through the positive and negative selection process, the thymocytes are
negatively selected for reactivity to autologous antigen prior to emigration to the periphery as
naïve cells.

Naïve T cells are severely reduced during cytoreductive regimens, whether through activation
or cell loss [1,12]. With renewal of thymopoiesis, the proportion of cells with a “naïve”
phenotype increases in peripheral T cell populations [12-14]. In murine models these naïve
cells were recognized as CD44low CD45RB; in man, CD45RA expression was initially used
to monitor naïve T cell populations [12,13]. The extent of the thymopoietic contribution was
unclear, however, because of concerns that phenotypically “naïve” cells could expand in the
periphery or that previously activated cells could revert to naïve phenotpe. This ambiguity has
been resolved by use of additional phenotypic markers (CCR7+CD62L+), and by evidence
that reversion of memory or activated cells does not contribute to populations with a true naïve
phenotype [15].

Thymic productivity has been further quantified by measurement of T cell receptor
rearrangement excision circles (TREC) [16]. TREC are the episomal DNA circles generated
during the rearrangement of the VDJ genes of the TCR α and β chains. These circles are stably
retained during cell division but do not replicate, hence becoming diluted among the daughter
cells. The signal joint (sj) TREC, formed during rearrangement of the TCRα chain, is readily
measurable by PCR assays in circulating peripheral T cells [17] and their quantification has
allowed insights into thymus activity in unperturbed steady state settings. TREC frequencies
are severely reduced by lymphodepletion, but recover with renewed thymopoiesis [16].
Elevated frequencies of TREC-bearing cells are consistent with export of large numbers of
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recent thymic emigrants (RTE) into the peripheral blood. In contrast, in the absence of robust
thymopoiesis, peripheral TREC frequencies remain low.

Renewed thymopoiesis is also measurable by TCR repertoire diversity, as assessed by
spectratyping, a PCR-based analysis of length variation in the complementarity-determining
region 3 (CDR3) of the TCR β chain. The CDR3 forms the contact site for the binding of
peptides and plays a critical role in antigen recognition. The enormous diversity of CDR3
results from the random insertion of nucleotides during the process of VDJ rearrangement; this
random process results in a Gaussian distribution of CDR3 lengths. Severe depletion of T cells
and antigen-driven clonal expansions result in an oligoclonal pattern of limited CDR3 lengths.
Renewal of thymopoiesis results in the re-establishment of polyclonal Gaussian patterns in the
CDR3 spectratypes, first among naïve cells and subsequently among memory T cells [14,18].

3. Thymic Dependent Immune Reconstitution: Determinants and
Consequences

Although the thymus involutes with age and injury, the thymus has a remarkable capacity for
renewal. With active thymopoiesis, young mice and children rapidly recover naïve cells after
high dose chemotherapy. In contrast, in thymectomized mice or individuals with inadequate
thymopoiesis, naïve cell reconstitution is impaired [13,14,16,19,20]. In as few as 2 weeks post
transplant in mice, thymic size and cellularity increase and maturing thymocyte subsets
reappear [21]. In humans with thymic renewal capacity, following chemotherapy, transplant
conditioning or HAART therapy for AIDS, the thymus similarly expands, even ‘rebounds’ to
greater than normal size, and becomes densely cellular when viewed by computerized
tomography (CT) [12,14,22-24]. This change in thymic size and radiodensity may represent
an increase in thymic productivity, as demonstrated by an increase in the ratio of
sjTREC:Dβ-Jβ TREC [25]. This expansion precedes and predicts an increase in export of naïve
T cells [14]. Furthermore, this reflects enhanced thymic activity with increased TREC
frequency in the peripheral blood [14,16,26].

Because thymic activity is dependent upon age, the ability of the thymus to recover is also
significantly influenced by host age. The thymus is most productive during the first 6 months
of life, but remains active throughout childhood. With time, the thymus dramatically involutes.
During the involutional process the densely cellular cortical and medullary tissues of the
neonatal thymus are reduced and the proliferative expansion of early thymocytes that underlies
thymopoietic productivity declines [25,27]. In the elderly, although the involuted thymus
continues to generate new T cells, renewing the diversity of the TCR repertoire, this occurs at
a much lower rate [27]. Age both affects the rate of recovery and diminishes the final extent
of thymic renewal (Figure 1). Aged mice, when irradiated and given marrow, do not exhibit
the degree of thymic rebound observed in young hosts [28]. In young children, robust renewal
of thymopoiesis is evident as early as 6 months after chemotherapy, but is slower in adolescents
[12,29]. In adults, each successive decade reduces the incidence of renewal of thymopoiesis,
limits the level of naive cells produced during this renewal and delays the time course of export
of naïve T cells into the peripheral blood [14,20,22] (Figure 1,3). Over age 45, the frequency
of significant renewal of thymopoiesis is severely reduced. TREC-bearing and phenotypically
naïve CD4 T cells exported into the periphery approach normal levels in adults only after 2
years [14,16]. In many older adults recovery of naïve cells takes 3 – 5 years; in some, naïve
cells remain below normal levels even after decades [30,31].

While age has an immutable impact on thymic recovery, the contribution of thymopoiesis may
also be altered by the availability of T progenitors, the extent of thymic damage from irradiation
or chemotherapy agents, or the presence of post transplant factors that restrict thymopoiesis,
such as immuno-suppressive drugs or GVHD (see the GVHD section below). Studies
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transplanting mixtures of congenic-labeled normal and recombinase activating gene knockout
(RAG-/-)marrows (that cannot generate T cells) have demonstrated that thymic productivity is
limited by the availability of functional marrow progenitors [32]. A decline in functionality in
early thymocyte progenitors may underlie reduced thymic productivity in the aged [33,34].
Conversely, increasing the availability of functional T progenitors may enhance thymopoiesis.
Umbilical cord stem cells resulted in higher TREC frequencies than adult bone marrow stem
cells [35], possibly due to a higher frequency of T progenitors in the younger marrows. When
isolated lymphoid progenitors were infused into irradiated mice, the increased precursor doses
enhanced thymocyte numbers and TREC [36]. Indeed when committed T progenitors were
adoptively transplanted, donor-derived thymopoiesis was enhanced and donor T cells increased
in the periphery [37].

In addition to a dependence upon functional T progenitors, thymic productivity is also
influenced by cytokines, growth factors, and hormones. These impact on developing
thymocytes or the thymic epithelial cells (TEC) that support them. Of the cytokines, the best
characterized is Interleukin-7 (IL-7). IL-7 is an important survival factor for developing
thymocytes that is produced constitutively by TEC. T cell maturation is severely reduced in
IL-7-/- and IL-7Rα-/- mice [38], due to a IL-7 dependent block at the DN1-DN2 transition. IL-7
therapy in vivo and in vitro improved early DN2 survival, but did not enhance thymopoiesis
or prevent age-associated involution [39,40]. IL-7 administration in the post transplant period
has been shown to significantly enhance donor-derived thymopoiesis [41-43], yet has had no
impact on ongoing thymopoiesis in intact mice [44]. Since TEC production of IL-7 is reduced
by radiation therapy [45], post-transplant IL-7 therapy may be effective because it restores
depleted levels of the cytokine. In intact mice intrathymic IL-7 levels may have reached a
cytokine plateau at which additional IL-7 produces no gain.

In contrast to IL-7, keratinocyte growth factor has shown promise to boost thymic productivity
by expanding TEC both post transplant and in intact mice [46-48]. Whereas KGF was not
required for initial thymic organogenesis and thymocyte maturation, KGF-/- mice were more
susceptible to thymic damage on sublethal irradiation and KGF administration before
transplant accelerated recovery of thymopoiesis [46]. In intact mice, KGF enhanced the level
of thymopoiesis by expanding the TEC populations that supported T progenitor engraftment
and thymocyte expansion [48].

Declines in the systemic levels of growth hormone and insulin-like growth factor - 1 (IGF-1)
also contribute to reduction in thymopoietic productivity. Growth factor administration
enhanced thymopoiesis in lymphopenic individuals [49-51]. In contrast to these agents that
support the thymopoietic process, systemic androgen levels in adults reduce thymopoiesis
through effects on the TEC [52]. Androgen withdrawal, by surgical or chemically induced
blockade, has enhanced thymopoietic size and productivity in intact hosts and accelerated
recovery of thymopoiesis after transplant therapy [34,53,54].

Renewal of thymopoiesis has profound consequences for recovery of immune function. The
ability of the individual to recover normal CD4+ T cell number is dependent upon active
thymopoiesis [14]. Without robust renewal of thymopoeisis, CD4+ T cell reconstitution is
impaired indefinitely [12,14,16,55]. Even 20 years after transplant, deficits in naïve CD4
numbers and total CD4 numbers persist in patients with inadequate renewal of thymopoiesis
[31]. Additionally, severe lymphopenia depletes the diversity of the TCR repertoire; only
renewal of thymopoiesis restores this diversity. Spectratyping demonstrates that TCR β-chain
CDR3 diversity recovers in naïve populations only when thymopoiesis recovers [14,56]. Only
this recovery of a diverse collection of naïve T cells will lead to a diverse memory population
with a normalization of oligoclonal and skewed TCR repertoires [14,19,29]. This thymic
dependent T cell reconstitution has significant functional consequences. Without a diverse,
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thymic derived, naïve pool of T cells, vaccine responses and infectious disease clearance are
impaired [20,55,56]. Furthermore, the recovery of repertoire diversity of naïve CD4+ cells can
abate autoimmune disease [57].

4. T Cell Reconstitution by Homeostatic Proliferation
Although the thymic dependent pathway can provide stable, diverse T cell reconstitution, the
contributions of this path to immune recovery are delayed by the period of thymic
reconstruction. In contrast, mature T cells transferred into lymphopenic hosts immediately
begin to proliferate and replenish the T cell compartment [13]. Adoptive transfer of syngeneic
bone marrow (BM) cells and congenic lymph node cells to C57BL/6 irradiated, thymus-intact
or thymectomized recipients resulted in sharply different patterns of T cell reconstitution.
Thymus-bearing hosts largely reconstituted with syngeneic marrow-derived T cells, through
a thymus-dependent mechanism. Thymectomized mice derived the majority of the peripheral
T cells from the congenic lymph node innocula [13]. This process has been termed homeostatic
peripheral expansion (HPE) [58] (Figure 2). HPE occurs in lymphopenic, not lympho-replete
hosts, results in rapid significant expansion of the T cell pool, and is associated with a shift
from naïve to memory/activated phenotype in the proliferating cells [58]. HPE does not depend
upon renewal of thymopoiesis. Indeed, HPE makes a larger and more long lasting contribution
to immune reconstitution in thymectomized hosts than in euthymic hosts [13]. HPE also is a
distinct process from ‘homeostatic cycling’, whereby naïve and memory cells cycle in a
lympho-replete host, without change in the cell phenotype or overall expansion in the T cell
pool [58]. (See Figure 2).

Following autologous or allogeneic transplantation in man, the residual T cells remaining in
the host and any T cells contained in the stem cell graft begin to rapidly divide, consistent with
HPE. The relative frequencies of the T subsets shift toward a preponderance of activated/
memory T cells. Many of these T cells express HLA-DR [1]. All T subsets – naïve, memory
and activated/effector – are in cycle [59]. The TREC frequency declines as TREC-bearing cells
become diluted by proliferative expansion and lack of thymopoietic output of RTE [59]. T cells
expand rapidly in the first weeks, but this expansion is often unstable, with longitudinal studies
often noting a sharp decline in overall T cell numbers by 3 - 6 months [1]. Serial studies of
TCR repertoire diversity have demonstrated that the early expansions are typically skewed and
oligoclonal, with very limited repertoire diversity. These limited repertoires may persist unless
supplemented either by an infusion of diverse repertoire mature cells via a donor lymphocyte
infusion, or by the protracted process of renewal of thymopoiesis [14,16,19,60,61]. (See Figure
3).

HPE is dependent upon both the support of homeostatic cytokines and upon cognate antigen-
driven interactions. In murine models, the influence of these two mechanisms is illustrated by
studies of CFSE labeled cells administered into a lymphopenic host. CFSE is a fluorescent
tracking molecule that binds to cell membranes; CFSE content is halved with each successive
cell division. These CFSE dilution studies have permitted the discrimination of (relatively)
slowly dividing cells, which seem to be dependent upon host cytokines, and rapidly dividing
cells, that seem dependent on cognate antigenic activation of cells. Although these two
mechanisms were defined independently, the process of HPE in lymphopenic hosts likely
results from the interaction of both of these. Although cognate antigen-specific interactions
may proceed more rapidly and skew the repertoire of T cell expansion, competition for limiting
levels of homeostatic cytokines both fuels and determines the limits of HPE.
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5. IL-7 tightly regulates the naïve T cell compartment in normal states and
drives HPE following lymphopenia

IL-7 is a critical, non-redundant cytokine required for stimulating naïve T cell expansion during
HPE and sustaining naïve T cell survival. Naïve CD4+ and CD8+ T cells undergo several
rounds of CFSE dilution within a week after transfer into irradiated lymphopenic hosts. Naïve
T cells adoptively transferred into IL-7-/- mice not only failed to undergo the HPE observed in
wild type (WT) hosts, but also failed to survive [62,63]. Administration of IL-7 led to a
normalization of naïve T cell subsets [62,63]. This IL-7 effect was maintained even in
thymectomized hosts, implicating HPE not thymopoiesis in the early T cell recovery in
lymphodepleted hosts [64]. In unmanipulated lympho-replete mice, moreover, exogenous IL-7
preferentially increased proliferation in peripheral naïve CD4+ and CD8+ T cells without
altering thymopoiesis [44]. In nonhuman primates, IL-7 produced a rapid increase in the total
number and in the percentage of cycling T cells in the peripheral blood, particularly within the
naïve subset [65,66]. This IL-7 treatment concurrently induced marked declines in the
frequency of TREC-bearing cells in the peripheral blood, consistent with HPE [65]. Similarly,
IL-7 administered to refractory melanoma patients produced a dose-dependent increase in
circulating CD4+ and CD8+ T cell numbers [67]. Interleukin 7 treatment also influenced the
trafficking of T cells, driving recent thymic emigrants from the spleen to the lymph nodes
[44]. This trafficking effect may have contributed to the enhanced functional activity of T cells
treated with IL-7 post transplant [64]. Finally, IL-7 provides a powerful anti-apoptotic signal
to T cells, increasing expression of anti-apoptotic factors [68-71]. Thus, IL-7 profoundly
influences the T cell compartment by enhancing proliferation, driving cells to lymph nodes,
and providing an anti-apoptotic signal that enhances survival.

IL-7 is also a true regulator of the size of the naïve pool, driving proliferation of naïve cells in
HPE and restricting expansion following T cell recovery Although the primary effect of IL7
is to enhance the size of the naïve pool, the presence of the receptor at the cellular level and
the availability of this cytokine provide homeostatic control for naïve T cells. Resting naïve T
cells express high levels of IL-7Rα. After activation or IL-7 signaling, proliferating cells
downregulate the IL-7R [72], minimizing IL-7 responsiveness. Because IL-7 is produced
constitutively at limiting levels, T cells ‘share’ the cytokine by downregulating the IL-7R after
signaling. IL-7 acts through a consumptive mechanism as well. Thus, expansion of the naïve
pool decreases cytokine access. Conversely, when lymphocyte numbers are depleted,
availability of the cytokine increases. These elevated levels drive cells into proliferation until
the numbers return to levels at which cytokine is once more a limiting factor. Human studies
conclusively demonstrated this inverse correlation between serum levels of IL-7 and T cell
reconstitution after lymphodepletion. High serum levels of IL-7 were initially observed in
patients with severe lymphopenia from either chemical depletion or HIV infection, but these
levels rapidly fell with lymphocyte recovery post-transplant [73,74]. Thus, following
lymphodepletion in mice and man, IL7 drives T cell recovery via peripheral expansion of
resident naïve T cell clones, and then, with recovery and depletion of the cytokine, proliferation
decreases to basal rates.

6. IL-15 and TGF beta Regulation of Memory CD8+ Cells Influences T cell
Reconstitution after Lymphopenia

Unlike IL-7, IL-15 has little effect on naïve T cells, but is important in the expansion and
survival of memory CD8+ T cells. Although memory CD8 T cells can be generated in
IL-15-/- mice, they do not persist [75,76]. Administration of IL-15 reversed this phenotype
[75]. Bromodeoxyuridine (BRDU) analysis of IL15-/- and wildtype mice confirmed that IL-15
acts by inducing proliferation of CD8+ T cells [77]. Subsequent studies revealed that IL-15
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provides a survival signal as well, upregulating Bcl-2 on activated CD8+ memory T cells
[78]. Human work has substantiated a role for IL-15 in memory T cell homeostasis as well.
IL-15 led to enhanced proliferation of CD8+ memory populations in vitro [79,80].
Furthermore, IL-15 led to enhanced replicative potential in cell cultures, by maintaining
telomere length through induction of telomerase [79]. Consistent with these data is the finding
that CD122, a receptor for IL-15, is most highly expressed on CD44high CD8+ cells murine
memory cells [63,76]. Additionally, IL-15 is important for memory CD8+ functions.
Diminished IL-15 leads to blunted memory CD8+ T cell response to bacterial and viral
antigens. After varicella or Listeria inoculation, there were significantly fewer antigen specific
T cells in the IL15-/- as compared to control mice [76,78]. Thus, IL-15 supports the proliferation
and survival of CD8+ memory T cells.

Recent evidence suggests that IL-15 as well as IL-7 may act as homeostatic cytokines,
supporting HPE in lymphopenic hosts. Like IL-7, IL-15 is produced constitutively by many
tissues although hematopoietic antigen presenting cells (APC) may be key producers; unlike
IL-7, it is also subject to modulation by inflammation. When lymphocytes have been severely
depleted, plasma IL-15 levels increase dramatically compared to normal levels [81,82].
Concomitantly, in the early post transplant period, CD8 memory cells expand
disproportionately, compared to CD4+ T cells [1,83]. The predominant CD8+ subpopulations
observed in the early expansion post transplant are the central memory (CM) (CD45RA-CCR7
+), effector memory (EM) (CD45RA-CCR7-) and CD45RA+ effector (EMRA) (CD45RA
+CCR7-) [84]. IL-15R expression and responsiveness is low in naïve CD8+ T cells and
progressively increases in CM to EM to EMRA [85]. This differential expansion and receptor
expression is consistent with a cytokine-driven HPE that is selective for CD8 T cells.

In addition to regulating CD8 homeostatic proliferation and enhancing antigenspecific CD8
responses, IL-15 also contributes to the expansion of a ‘bystander’ CD8 population.
Administration of lipopolysaccharide (LPS) or polyinosinic: polycytidylic acid (poly I:C) to
IL-15-/- or control hosts after adoptive transfer of WT CD8 memory T cells led to different
profiles of T cell expansion. Both LPS and poly I:C stimulate T cells without engagement of
the TCR. Proliferation of the WT T cells (enumerated by BRDU incorporation) was nearly
absent in IL-15-/- mice in contrast to the rapidly dividing population in WT hosts despite the
lack of TCR engagement [86]. Furthermore, the effect in control mice could be abrogated by
the co-administration of anti-CD122 antibody or the adoptive transfer of CD122-/- memory T
cells confirming that the bystander proliferative effect on CD8+ memory cells was due to IL-15
not simply the lack of innate immune cells in the IL-15-/- mouse [86].

While the greatest impact on memory T cell populations is mediated through IL-15, IL-21 may
also contribute to the homeostatic proliferation of CD8+ T cells during immune reconstitution.
Decreased CD 8+ vaccine responses were observed in an IL-21-/- mouse model as well [87].
IL-21 acted synergistically with IL-15 to increase murine CD8+ memory cell proliferation in
vitro [87]. Increased CD8+ memory T cells were produced in response to IL-21 administration
in vivo in a murine tumor model as well [87,88]. Thus, IL-21 may also influence CD8+ memory
expansion during HPE.

Since IL-15 is constitutively produced and could lead unchecked CD8+ memory expansion, it
is balanced by factors negatively regulating CD8+ populations. Lucas showed that TGFß
antagonizes the effect of IL-15 curtailing the proliferation and persistence of CD8 memory
populations. When the activity of TGFß is abolished by a transgene encoding a dominant
negative receptor (DNRII), a CD8 CD44high lymphoproliferative disorder and often leukemia
ensues [89,90]. This was shown to be a direct result of unchecked IL-15 influencing DNRII T
cells. In vivo, crossing the DNRII host with an IL-15-/- ablated the CD8 expansion [91].
Administration of TGFβ to human and murine CD8+ memory cells in vitro decreases CD8+
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proliferation and attenuates effector function [91,92]. Thus, human in vitro and murine models
of TGFß implicate this cytokine in the suppression of IL-15-driven memory CD8+ expansion.

7. Regulatory T Cells Constrain CD4+ and CD8+ T Cell Compartments,
Influencing the Host-reactivity of T cells during Immune Reconstitution

In addition to the known homeostatic cytokine regulators of CD4 and CD8 T cells, peripheral
expansion of both populations are influenced by regulatory T cells (Treg). Treg are
CD127-CD25++ CD4+ T cells that function to control autoimmune responses [93,94].
Characterized by the presence of the transcription factor FoxP3, Treg cells can mature in the
thymus or can be generated in the periphery from CD25- CD4 cells [94]. Generation of Treg
in the periphery is dependent upon the cytokine TGFβ, but expansion and survival of these
cells is IL-2 dependent. Initial evidence for Treg regulation of CD8+ T cells, was indirectly
shown by the significant increase in CD8 memory T cells after administration of IL-2 antibody
[95]. This was corroborated by subsequent studies showing that IL-2-/- mice exhibited
enhanced CD8 memory T cell proliferation as compared to wild type (WT) [96]. Even in the
presence of Listeria antigen, depletion of Treg cells by anti-CD4+ antibody could diminish the
directed CD8+ response [97]. Subsequent depletion of CD4+CD25+ cells led to a re-expansion
of CD8 memory T cells, implicating Treg in the negative regulation of CD8 memory T cells
[97]. Similarly, an uncontrolled expansion of CD4+ T cells in IL2-/- mice could be constrained
by the administration of CD4+CD25+ Treg cells [98].

Studies have shown that Treg can modulate the peripheral expansion of T cells to low and high
affinity antigen in lymphopenic hosts [99]. While regulatory T cells in mice and man display
similar functional and phenotypic properties, the role of Treg in homeostatic expansion remains
ill defined in man [100]. Treg levels appear to be low following transplant or chemotherapy
but expand rapidly in the first month [101,102]. As in mice, peripheral Treg levels in man are
potentiated by IL-2 therapy,[102], but the time line for the generation of thymically derived
Treg post transplant remains unknown.

8. Antigen-Driven Peripheral Expansion Independent of Cytokine Control
Antigen-induced T cell proliferation has long been identified as a key determinant in selective
expansion of specific T cells; in 1996, Mackall et al. showed that peripheral expansion of TCR
transgenic cells was exponentially increased when the cognate antigen was present [103].
Recently Min and Paul have explored a role for peripheral expansion that occurs independent
of cytokines in lymphopenic conditions. Using a murine model, Min et al. demonstrated that
adult congenic CD4+ T cells adoptively transferred into neonate recipients underwent a rapid
expansion not observed in adult recipients [104]. The majority of these cells upregulated CD44
and adopted memory profiles of cytokine secretion [104]. The proportion of adoptively
transferred cells undergoing proliferation was unaltered by the addition of anti-IL-7 or anti-
IL-7Rα implying that it was an IL-7- independent expansion [104]. This pathway of T cell
generation was also exacerbated by thymectomy of the neonatal mice, suggesting that this
mechanism is influenced by the degree of lymphopenia [104]. In contrast to cytokine fueled
expansions, MHC II interactions and CD28 ligation were shown to be critical to this process
for naïve CD4 antigen-driven expansion [104]. This MHC II interaction in fact dictates the
repertoire diversity of these antigen-expanded CD4 cells. Min et al. termed this endogenous
proliferation to differentiate it from the homeostatic proliferation driven by cytokine signals
[105]. In irradiated lymphopenic hosts, both processes could be demonstrated. Although the
predominant contribution of peripheral expansion was homeostatic proliferation, driven by
IL-7, there was a distinct population of rapidly proliferated cells unaffected by anti-IL-7
[105]. Finally, a similar mechanism was shown for a subset of CD8 T cells as well, implicating
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the antigen-driven endogenous proliferation in the development of memory CD4 and CD8
repertoires during immune reconstitution after lymphopenia [105].

Infectious antigens have been linked to the genesis of endogenous proliferation in the setting
of lymphopenia. Gnotobiotic rearing of SCID hosts markedly reduced expansion of adoptively
transferred cells compared to SCID hosts raised in usual specific pathogen free housing
[106]. In human studies, the disproportionate expansion of CMV-reactive CD8+ T cells
observed post transplant represents an example of antigen driven expansion [107-109]. CMV-
reactive T cells, identified by binding tetramers of the dominant peptide of the CMV protein
pp65, were found to expand following either autologous or allogeneic transplant [107-109].
The CMV reactive cells were CD45RA+, CCR7- CD27-, effector-memory/effector T cells
[108], the phenotype of the terminally differentiated CD8+ T cells that dominate early post
transplant expansions [83,84]. These CMV-reactive populations constituted a significant
percentage of the post transplant expansion, constituting more than 25% in some individuals
which was disproportionately higher post-transplant than pre-transplant [107]. Furthermore,
spectratyping demonstrated that the CMV-reactive population constituted an oligoclonal
expansion of T cells [109]. Thus, endogenous proliferation likely contributes to the
composition of the T cell repertoire generated following lymphopenia in mice and man.
Homestatic proliferation permits the expansion of the T cell compartment as a whole;
endogenous proliferation directs T cells to proliferate in response to specific antigen stimuli
early in T cell recovery.

9. Peripheral Expansion after Lymphopenia Enhances Vaccine and Tumor
Specific T cell Responses

The rapid cytokine-fueled, antigen-driven expansion of T cells transferred into a lymphopenic
host lends this time frame to vaccine introduction or adoptive transfer of T cells to promote
anti-tumor immunity. Several recent studies demonstrate that severe lymphodepletion can
create optimal conditions to promote graft versus tumor responses. T cells undergoing
peripheral expansion in sublethally irradiated lymphopenic mice developed CD8+ tumor-
specific effectors against established tumors [8]. Indeed, the expansion of tumor-specific
IFNγ producing T cells was significantly higher in the lymph nodes draining a tumor
vaccination site in sublethally irradiated mice reconstituted with naïve T cells than in intact
mice [110]. Two main mechanisms support targeted expansion of anti-tumor effectors after
lymphodepletion: elevated availability of homeostatic cytokines and depletion of regulatory T
cells that impede immune responses. IL-7 and IL-15 levels in the plasma are at the highest at
the time of lymphodepletion, when the presence of lymphocytes competing for cytokines is
the most reduced. Adoptive transfer of transgenic melanoma-antigen specific T cells blocked
tumor growth better in irradiated hosts than in intact hosts [9]. The superior CD8 antitumor
response after immune depletion was further enhanced by increasing the cytoreductive
radiation dose in a syngeneic stem cell transplant model [10,111]. This CD8+-mediated anti-
tumor immunity was shown to be dependent on the presence of IL-7 and IL-15 using cytokine
knockout mice, implicating these normal homeostasis mechanisms in the generation of anti-
tumor responses by adoptive T cell transfer [9]. In addition to the contribution of HPE
cytokines, lymphopenia also enhances directed anti-tumor immunity through depletion of T
regulatory cells as a result of cytoreductive treatment [112]. Specific deletion of CD25+ CD4
Treg cells from a conventional CD25- CD4 T cell product improved the tumorcidal effect
[112].

Maximal anti-tumor effects may be elicited with a combination of these effects: severe
lymphopenia through syngeneic rescue, directed T cell responses through vaccines, and
impaired Treg function. This was demonstrated in a B16F1 murine melanoma model using
intact mice with a synergistic combination of tumor peptide vaccine with
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oligodeoxynucleotides (CPG ODN) and IL-2 [113]. Thymectomized mice that underwent
lethal irradiation with syngeneic marrow rescue, followed by the same regimen of vaccine and
adjuvant therapy were similarly capable of inhibiting melanoma growth and developing
epitope-specific immunity in the post transplant period. Although IL-2 should diminish the
CD8+ effector response through Treg expansion, the administration of CPG ODN has been
shown to block Treg effects on conventional T cells [114]. This study thus highlights that
vaccine strategies targeting multiple cell populations may best generate an antitumor response
by enhancing tumor directed memory CD8+ effector populations through expansion during
lymphopenia and diminishing the restraints of T regulatory cells.

The elevated levels of homeostatic cytokines may contribute to the persistence of the
tumorcidal T cells as well as to their initial expansion. Exogenous administration of
homeostatic cytokines has also been shown to strengthen the response and improve the lifespan
of CD8+ tumor-specific immunity. IL-15 administration was shown to augment vaccine
responses using a vaccine vector containing human IL-15. Mice treated with this vaccine
elicited enhanced antigen-specific cytotoxic T lymphocytes generated against HIV and these
persisted for up to 14 months [115]. Administration of IL-21 further improved tumor
immunotherapy in murine vaccine models through the activation and prevention of cell death
in memory CD8+ cells [87,88,116]. The majority of these IL-21 treated cells persisted for
greater than 30 days after IL-21 therapy, far longer than IL-2 induced anti-tumor CD8+ T cells,
further supporting the role for IL-21 in long-lived memory populations [88]. These studies
have suggested that the elevated circulating cytokine milieu following lymphodepletion could
benefit graft-versus-tumor reactions.

T cell immunotherapy studies in man have similarly demonstrated enhanced efficacy in the
setting of lymphodepletion. Adoptive T cell transfers have had the greatest immunotherapy
success in the setting of the highly immunogenic melanoma. Administration of ex vivo
expanded melanoma-infiltrating lymphocytes along with high dose IL-2 following
cytoreductive therapy has provided effective therapy against established tumors [7,117,118].
Over 50% of heavily pretreated patients with metastatic melanoma experienced significant
tumor regression [117]. Tumor-specific clonotypes were found in responders at 1-2 months
post-infusion, suggesting that oligoclonal expansion of tumor reactive T cells played a
significant role in successful tumor clearance [118]. Furthermore, there was a significant
correlation between tumor regression and the persistence of these clonotypes [118]. These
studies have been limited by the ability to generate in vivo or ex vivo autologous T cells specific
for melanoma that maintain proliferative and cytolytic potential. Loss of telomere length upon
ex vivo expansion has limited the persistence of infused cells [119]. Use of IL-2 to support
early expansion of the infused cells in vivo also has resulted in increasing regulatory T cells
[120]. Finally, attack on normal melanocytes, resulting in vitilago or uveitis, has also been
observed in patients with effective anti-melanoma responses [7]. Recent cutting edge work by
Morgan et al. has demonstrated that T cells may be genetically engineered in vitro to target
melanoma and that these cells can induce clinical responses after lymphodepletion [121].

Thus, these findings suggest that the early post-transplant or post-chemotherapy lymphopenic
period is an optimal time to introduce T cell directed anti-tumor therapies. Furthermore, these
studies highlight several critical components to the successful generation of antitumor
immunity in the lymphopenic host. The timing of vaccines in the post-chemotherapy or post-
autologous BMT host will be paramount to capitalize upon the proliferative cytokine milieu
of elevated IL-7 and IL-15. Furthermore, it may be beneficial to increase these cytokine levels
at given points during immune therapy when normal homeostatic mechanisms would normally
lead to a depletion of these cytokines critical for persistence of expanded populations. For
instance, future studies may administer exogenous IL-7 in the months following immune
reconstitution to maximize naïve T cell expansion, or administer IL-15 to enhance T cell
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memory persistence at later time points. Finally, although immune responses may be elicited
from a polyclonal T cell population, this may be hindered in older patients with a limited T
cell repertoire or mechanisms inherent to tumors that effectively evade immune system
recognition. Use of genetically engineered T cells to target tumor may address this. Thus, the
novel approach of generating in vitro tumor specific T cells for infusion in the early after
lymphopenia may push the horizon for T cell enhanced autologous tumor eradication in
previously resistant malignancies.

10. Homeostatic Proliferation and Thymic Insufficiency Contribute to GVHD
The mechanisms that may enhance tumor immunity in autologous transplant can contribute to
the development of acute and chronic graft versus host disease (GVHD) in the context of
allogeneic transplant. Graft versus host disease has been linked to the development of donor
anti-host T cells. Since the early post-transplant milieu favors proliferation of T cells within
the graft rather than de novo T cell generation through thymopoiesis, alloimmunity can be
exacerbated in the acute post-transplant setting. Furthermore, there is evidence that the initial
expansions of CD8+ effector T cells are antigen-driven. Early experiments demonstrated
antigen-driven expansion of mature T cells adoptively transferred into a thymectomized Ld+

host using host Ld-reactive transgenic T cells. The transferred T cells were potent donor anti-
host effectors [103]. This was further substantiated using murine models in which the host
expressed Mls antigens disparate from the donor. These endogenous viral epitopes act as
superantigens, stimulating entire Vβ families of the TCR repertoire, the expansion of which
can be monitored. Following infusion of donor cells, the stimulated Vβ families expanded
disproportionately and rapidly dominated the total TCR repertoire [122-124]. Depletion of
these Vβ families from the donor inoculum prior to infusion prevented or significantly reduced
the morbidity of the GVHD [123,124]. Adoptive transfer of T cells from these Vβ families
from GVHD mice into sublethally irradiated secondary hosts led to GVHD in recipients, further
implicating these peripheral T cell clones in the alloimmunity [124]. Much like the cells
expanding in the periphery during autologous immune reconstitution, donor anti-host reactive
T cells in murine GVHD models have a memory/activated effector phenotype, a limited TCR
repertoire, expand quickly but then rapidly decline [122,125].

Factors that support antigen-driven peripheral expansion can exacerbate GVHD. Enhancing
naïve T cell proliferation through prolonged IL-7 administration aggravated GVHD in T cell
replete transplants and decreased the T cell dose required to induce GVHD [126]. When shorter
courses and lower doses of IL-7 were given, however, GVHD severity was unaffected [127,
128]. The key difference in these studies may have been the protracted maintenance of high
IL-7 levels by exogenous administration after the period when consumption by proliferating
cells would have depleted the cytokine to normal levels. Similarly, IL-15, the cytokine that
expands and activates memory CD8+ cells, has been shown to play a critical role in the genesis
of acute GVHD. Allogeneic transplants from IL-15-/- donors markedly reduced GVHD
severity, whereas transplants from transgenic mice with elevated IL-15 production resulted in
a more severe GVHD [129]. Similarly, exogenous IL-15 exacerbated GVHD in MHC-disparate
and xenogeneic T cell-replete transplant models by increasing peripheral expansion of CD8
cells post transplant [130,131]. In human studies, persistence of high IL-15 levels following
allogeneic stem cell transplant was correlated with severe acute GVHD [82,132]. The bystander
effect of CD8+ proliferation has also led to GVHD flares in the setting of viral infections in
murine models as well [133,134].

In contrast, factors that reduce peripheral expansion can reduce GVHD. Regulatory T cells
could control homeostatic expansion in lymphopenic mice [99]. Co-administration of CD25
+CD4+ T regulatory cells along with the T replete donor inoculum prevented acute GHVD in
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murine models [135-137]. Similarly in clinical trials, the level of FoxP3+ T regulatory cells in
the donor inoculum was inversely correlated with development of acute GVHD [101].

Rapid renewal of robust thymopoietic activity can offset the contribution of HPE post-
transplant, minimizing the risk of GVHD. In part, this is because newly generated naïve cells
may compete for homeostatic cytokines. This was first shown in the early studies of GVHD
where transgenic T cells transferred into a mismatched host peripherally expanded maximally
in thymectomzied hosts; thymus-intact mice had reduced HPE [13]. Additionally, newly
generated thymic derived T cells have undergone negative selection, eradicating destructive
host-reactive cells. In GVHD, however, Class II MHC expression in the thymus is reduced and
negative selection of auto-reactive cells is impaired [138,139].

Impaired thymic function is both caused by, and the result of, GVHD. The expansion of
autoreactive clones target the thymus for graft vs. host attack, precluding thymic renewal
[124,140,141]. Donor T cells infiltrate the host thymus and attack Class II MHC expressing
TEC cells critical to thymic function [141]. Subsequent regeneration of normal thymic
structural elements such as Hassall’s corpuscles is very slow [140]. Not only would this delay
naïve T cell reconstiution, it may also impact on the generation of Treg cells that would control
alloimmunity. Thymic maturation of CD4+CD25+ regulatory T cells is dependent upon
interactions of these cells with dendritic cells in Hassall’s corpuscles [142]. Since MHC class
II expressing host cells are a primary target of donor anti-host attack and since Hassall’s
corpuscles are among the last structures to recover, [140,141] GVHD may also reduce
generation of regulatory T cells.

Overall thymic productivity is therefore reduced after GVHD. This finding from murine
models has been substantiated in clinical studies; patients with chronic GVHD have reduced
levels of naïve and TREC-bearing T cells compared to patients without GVHD or to those
whose initial acute GVHD had resolved [20,26,143,144]. Chronic GVHD has been associated
with persistence of low TREC levels as well [20,143,145]. In the pediatric population, GVHD
with low TREC levels and thus poor thymic function was associated with mortality [145].
Thus, in humans, TREC assays document the association between thymic dysfunction and
persistent alloimmunity.

11. Conclusion and Trends for the Future: Manipulation of Immune
Reconstitution to Enhance Anti-Tumor Effectors and Limit Immune
Dysfunction

T cell recovery following lymphopenia is delayed and incompetent compared to other immune
cells. This has profound consequences for the individual in terms of anti-tumor and overall
immunity. Initial peripheral T cell proliferation, due to the prolific cytokine milieu for HPE
and antigen-driven signals, leads to recovery of an oligoclonal, restricted repertoire of T cells.
While this predisposes to alloimmunity and impairs clearance of infectious agents, it also
permits a maximal expansion of anti-tumor clones, providing significant anti-tumor immunity.
In patients with thymic renewal, de novo T cell production decreases peripheral expansion,
restores repertoire diversity, and provides new receptors to recognize infectious diseases and
tumor antigens. In the setting of allogeneic transplant, this has particular importance as thymic
recovery may abate GVHD and restore functional T cell immunity.

Studies from mice and men have revealed regulators of thymopoiesis and peripheral expansion.
In mice, recovery of thymopoiesis has been enhanced by infusion of committed T progenitors,
administration of KGF, growth hormone, and withdrawal of androgens. In man, designing
transplant regimens to minimize the toxicity to the thymus and maximize thymic recovery may
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permit the greatest possible graft vs. tumor effect while minimizing the risk of GVHD.
Peripheral expansion is enhanced by cytokines and antigen-driven responses in the period
following lymphopenia. Thus, in autologous transplant or chemotherapy settings, lymphopenia
may provide the best opportunity for directing the immune system to target and delete residual
disease. Vaccine and adoptive transfer of T cells may provide the most durable response if
given in the immediate post-transplant period when cytokine levels are the highest and the
antigen-driven response is maximal. Further administration of exogenous cytokines after the
cytokine milieu has returned to normal levels may improve the persistence of anti-tumor clones.
Therefore, an improved understanding of the cytokine and cellular influences that contribute
to the genesis and persistence of aberrant T cell responses may have important implications
for treating autoimmunity, GVHD, and malignant disease.
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Figure 1.
Diagrammatic representation of the consequences of robust versus impaired thymopoiesis. In
young individuals without GVHD, thymic renewal rapidly ensues following transplant induced
lymphopenia, with an increase in thymic size and a subsequent increase in thymic emigrants.
The naïve pool is thus enlarged and enriched for newly derived thymic T cells and displays a
diverse T cell repertoire, shown diagrammatically as multi-colored cells. In contrast, when
thymopoiesis is impaired by age or GVHD, the thymus remains small and releases few new
naïve T cells to the peripheral pool during immune reconstitution. The memory pool is
expanded and there is less diversity within both the naïve and memory pool.
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Figure 2.
Diagrammatic representation of homeostatic cycling versus homeostatic peripheral expansion.
In normal steady state homeostatic cycling, constitutive IL-7 production provides a survival
signal to a diverse array of naïve T cells and maintains a low level of proliferation. Memory
CD8+ compartment is similarly regulated by IL-15 production, IL-21 production, and the
influence of TGFβ and Treg cells. The influence of these competing factors leads to a smaller
and more diverse memory population. In contrast, following depletion of lymphocytes, residual
mature T cells rapidly proliferate in response to homeostatic cytokines and antigenic
stimulation by homeostatic peripheral expansion. Residual naive cells expand in response to
the elevated levels IL-7. Antigen-driven stimulation results in a rapid activation of naïve cells
and expansion of memory cells. Furthermore, elevated levels of IL-15, and possibly IL-21,
contribute to an early increase in CD8+ memory T cells. Since there are low levels of Treg
cells circulating, there is little regulation of this expansion by these cells. This results in a
skewed naïve and memory T cell repertoires.
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Figure 3.
Diagrammatic representation of the timeline of immune reconstitution in a 40 year old CMV
seropositive adult. Following cytoreductive therapy, the peripheral CD4 and CD8 T cell
populations are severely depleted. The thymus is reduced to a small remnant (shown at 1.5
month post-transplant). CD4 and CD8 T cells immediately undergo a marked expansion in
response to homeostatic cytokines and endogenous antigens, generating a population that is
mainly composed of memory (green) and effector (orange) T cells, with few naïve (blue) or
TREC-bearing cells (also represented at 1.5 month post-transplant). The CD4:CD8 ratio
becomes inverted by the more rapid expansion of CD8+ T cells, demonstrated by the peak of
(orange) effector CD8 cells as compared to the smaller (green) peak of CD4+ cells at 1.5
months. TCR repertoire diversity, that has been lost by lymphodepletion, is further skewed by
oligoclonal expansion of the limited number of remaining cells. The expanded population of
CD8 T cells persists and may continue to dominate the CD8 TCR repertoire as shown in
subsequent months by the large effector (orange) CD8 population. Renewed thymopoiesis
begins within the first 6 months, but the full contribution of naïve, TREC-bearing T cells with
a diverse TCR repertoire may require 1 - 2 years to be evident.
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