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Abstract

The replacement of abnormal hematopoietic stem cells (HSCs) with normal transplanted HSCs
can correct a wide range of hematologic disorders. Here, we provide evidence that transplantation
of more differentiated progenitor cells can be used to more rapidly correct lymphoid deficiencies
in unconditioned immunocompromised mice. Transplantation of flk2+ multipotent progenitors led
to robust B and T cell reconstitution that was maintained for at least 16 weeks. Antigenic
challenge at 16 weeks post-transplantation revealed that reconstituted lymphocytes maintained a
functional repertoire. In contrast to the persistent lymphocytic engraftment, myeloid chimerism
was lost by 12 weeks post-transplantation consistent with the fact that flk2+ progenitors are non-
self-renewing. Thus, while more differentiated progenitors are capable of rescuing lymphoid
deficiencies, transplantation of HSCs must be used for the correction of non-lymphoid disorders,
and, we propose, very long-term immune reconstitution. Based on recent evidence, we discuss
novel strategies to achieve the replacement of abnormal HSCs without the use of cytotoxic
conditioning regimens.

Accessing the stem cell niche

HSCs possess the remarkable ability to self-renew and yet maintain full differentiation
potential for the lifetime of an organism. These two properties allow for the proper
maintenance of hematopoietic homeostasis, but genetic abnormalities within HSCs can lead
to profound negative consequences such as immunodeficiency, anemia, or leukemia.
Because the replacement of functionally compromised HSCs with normal HSCs can correct
some of these diseases, it is of critical importance to understand how best to achieve such an
exchange while minimizing risk to the patient.
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The hypothesis that HSCs require a fixed tissue microenvironment within the bone marrow
to function properly was first proposed by Schofield over 30 years agol. The idea that such a
"niche" exists was based on the observations that the bone marrow, but not the spleen, could
sustain hematopoiesis through serial transplantations. In support of the niche hypothesis,
later studies showed that irradiation was required in order to facilitate sustained donor bone
marrow engraftment, presumably to clear endogenous HSC from their niches?: 3,

These and other studies also suggested that HSCs have the ability to home efficiently to
these empty niches upon intravenous transplantation. Very early work provided some
evidence that some HSCs might be present in the blood* °, but until recently the etiologic
purpose of the inherent ability of HSCs to home to their specialized microenvironments
through intravascular circulation was not clear. To determine whether HSCs circulate and
re-home to their niches under physiologic conditions, Wright et al. turned to a parabiosis
model in which cross circulation between congenically distinguishable mice was rapidly
established®. After separation, these mice maintained long-term blood chimerism,
suggesting that functional HSC cross-engraftment had occurred during the period of
parabiosis and in the absence of any radiaton or chemotherapy to open niches. Indeed, HSC
chimerism was detectable directly within the bone marrow of both partners. Additionally,
approximately 100 HSCs were detectable in the blood of unmanipulated mice at any given
point. Because the intravascular residence time of HSCs is no more than 5 minutes, it was
estimated that ~30,000 HSCs flux through the blood per day. Thus, the ability to exit and
relocate the appropriate niche seems to be a normal part of the homeostatic behavior of
HSC; it is almost certainly linked to the ability of HSC to home to the correct
microenvironments and support long-term blood cell reconstitution in the clinical context of
bone marrow transplantation. The biological importance of homeostatic HSC circulation is
still poorly understood, but the constant exchange of HSC between and within bone marrow
compartments presumably contributes to the maintenance of proper hematopoietic balance,
and may represent a strategy for rapidly responding to acute or focal hematopoietic stress or
injury. If indeed such an exchange occurs, a small number of HSC niches must be free for
engraftment by these circulating HSCs at any given point. However, because sustained
donor HSC engraftment is rarely seen in the absence of irradiation or other cytotoxic
conditioning? 3, the prevailing dogma has been that under normal conditions HSC niches
are occupied and must be cleared prior to transplantation.

In order to resolve these apparently contradictory observations, we recently performed
experiments in which histocompatible HSCs were transplanted into both unconditioned wild
type and immunodeficient animals’. These data showed that approximately 0.5% of HSC
niches are open and available for productive stem cell engraftment in the absence of any
myeloablative or suppressive conditioning, and that HSC engraftment of these rare niches
permitted complete and sustained rescue of the immunodeficiencies exhibited in SCID mice
through the temporal and considerable expansion of donor B cell and T cell progenitors. Our
experiments further revealed that access to these HSC niches was restricted through
immunosurveillance by a CD4+ T cell-dependent mechanism sufficient for the rejection of
HSC with even single antigenic differences. Consistent with this, CD4+ T cell
immunodepletion allowed for functional HSC engraftment even in the presence of minor
histocompatibility differences. These experiments provide proof of principle of a general

Cell Cycle. Author manuscript; available in PMC 2015 July 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhattacharya et al. Page 3

mechanism by which transplanted stem cells can functionally engraft recipients to rescue a
severe genetic deficiency without the use of highly cytotoxic preparative regimens.

Rapid Lymphopoiesis by Non-Self-Renewing Progenitors

Because many lymphocytes can persist for very long periods of time in the absence of input
from the bone marrow8: 9, we hypothesized that even non-self-renewing multipotent
progenitor cells might be able to reconstitute the lymphoid compartment of
immunocompromised mice. Because such progenitors can reconstitute hosts more rapidly
than HSCs, transplantation of these cells could potentially generate functional immunity in
recipients more rapidly than transplanted HSCs. For instance, studies using common
lymphoid progenitors have shown that a rapid burst of lymphopoiesis can protect mice
against lethal doses of cytomegalovirus after irradiation and HSC transplantation10. To test
the ability of non-self-renewing progenitors to generate immunity in unconditioned
immunocompromised recipients, we transplanted 180 c-kit+ lineage— Sca-1+ flk2+ (KLS
flk2+) progenitor cells or 500 c-kit+ lineage— Sca-1+ CD34~- flk2— HSCs into
unconditioned recombinase activating gene 2 and interleukin-2 receptor common gamma
chain-deficient (RAG2~/~yc™") micell. These KLS flk2+ cells retain myeloid and
lymphocytic differentiation potential, but lack the ability to self-renew for the lifetime of the
organism'2 13, Indeed, at 12 weeks post transplantation donor lymphocytes persisted but
donor granulocytes, which accurately reflect the presence of engrafted donor HSCs & 7, were
not observed in any of the recipients transplanted with KLS flk2+ cells (Figure 1).
Importantly, transplantation of KLS flk2+ cells led to the generation of B cells in all
recipients by 3 weeks post-transplant. In contrast, no B cells were detected at this timepoint
upon transplantation of HSCs (Figure 1). Thus, the non-self-renewing KLS flk2+ cells
generate B cells approximately 1-2 weeks earlier than do HSCs’. The findings that these
progenitors are more abundant than HSCs (D. Bryder, D.J.R., and I.L.W., submitted) and
can more rapidly generate functional lymphocytes than HSCs emphasize the potential
clinical use of KLS flk2+ cells for the transient treatment of inherited or acquired
immunodeficiency.

Previous studies have shown that as mature lymphocytes homeostatically proliferate in the
secondary lymphoid tissues of lymphocyte-deficient hosts, the antigen-specific repertoire
can decrease through the oligoclonal expansion of B and T cells with particular antigen
receptor rearrangements!4. To determine if functional repertoires were maintained in
RAG2~/~ yc™/~ mice transplanted with the non-self-renewing KLS flk2+ cells described
above, we immunized recipients with the T cell-dependent antigen alum-precipitated 4-
Hydroxy-3-nitrophenylacetyl conjugated to chicken gamma globulin (NP-CGG)15: 16 at 16
weeks post-transplantation. NP-specific antibody responses were seen in all mice,
demonstrating that a functional antigen-specific repertoire had been both generated and
maintained (Figure 2). Taken together, these data demonstrate that transplantation of non-
self-renewing KLS flk2+ cells can be used to rapidly rescue lymphoid deficiencies in
unconditioned immunocompromised mice. However, because animals engrafted with KLS
flk2+ cells did not maintain donor granulocyte chimerism, the data suggest that HSCs rather
than their more differentiated progeny must be used for the treatment of non-lymphoid
defects. Further, because naive lymphocytes have prolonged but not indefinite lifespans!’,

Cell Cycle. Author manuscript; available in PMC 2015 July 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhattacharya et al.

Page 4

the immunity generated by transplantation of KLS flk2+ cells is unlikely to be permanent.
While the memory lymphocytes generated during the period of functional immunity might
persist because of their intrinsic ability to survive!8: 19 and/or self-renew?20-22, the naive
lymphocytes would eventually be expected to be lost and with them the ability to respond to
new antigens. Because of these caveats, it is important to achieve HSC engraftment
alongside progenitor cell engraftment for both long-lasting and rapid correction of
hematopoietic deficiencies.

Strategies to Maximize HSC Engraftment

Maximizing the efficiency of functional HSC engraftment upon transplantation has long
been a priority for the treatment of a number of diseases. The two major barriers to efficient
HSC engraftment are thought to be immune rejection of the graft and the lack of access of
donor HSCs to appropriate niches. Both of these barriers can be lowered in part through the
treatment of the recipient with cytotoxic conditioning drugs prior to transplantation.
However, the use of these drugs themselves carries considerable risk for the patient,
particularly for the treatment of non-malignancies. Well-documented side effects of
commonly used cytotoxic treatments such as total body irradiation, busulfan, and
cyclophosphamide include prolonged loss of platelets, infertility, and secondary
malignancies23. Thus, methods to achieve HSC engraftment without such toxic conditioning
regimens should be of great interest to the medical community.

In previous work, we demonstrated that approximately 0.5% of HSC niches are available for
engraftment at any given point in unconditioned animals provided the transplanted HSCs
can evade host immune surveillance’. Since engraftment of wild type HSCs into these rare
niches leads to a dramatic expansion of lymphoid progenitors in unconditioned
immunodeficient animals, immunocompetence can be restored by astoundingly few
numbers of transplanted HSCs. However, unless donor HSCs have a significant competitive
advantage, these levels of engraftment in unconditioned hosts are likely too low to treat
mature myeloid or erythroid defects since these cell types turn over very rapidly and thus
require constant regeneration24. For example, studies using a mouse model of sickle cell
anemia showed that a donor HSC chimerism of ~25% was required to reverse some of the
detrimental effects associated with the disease?®. The transplantation of very high doses of
bone marrow into unconditioned hosts leads to chimerism, and it was suggested this results
from displacement of resident stem cells from their niches28. However, the data presented in
our study suggest that transplanted HSCs in excess of temporary open niches will not
displace filled niches, but might enter niches for non self-renewing progenitors. In our view
a closed niche at one moment has a finite probability of opening as a resident HSC moves
out into the peripheral blood. Because this implies that chimerism could be increased by
repetitive transplantation, the saturation of HSC niches should not be permanent and HSC
transit into and out of niches should be an ongoing dynamic process. Consistent with this,
we have found that repetitive transplantation increases HSC chimerism over that which can
be achieved by a single transplantation of HSCs’. Since the number of empty HSC niches is
similar to the number of HSCs estimated to exist in the blood at any given point5, it is
tempting to speculate that each circulating HSC represents a cell that has left vacant its bone
marrow niche. If true, it is likely that the rate of HSC niche emptying and filling is quite
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high. Thus, donor HSC engraftment can potentially be increased to very high levels through
the repetitive transplantation of small numbers of highly purified HSCs. Alternatively, it
might be possible to achieve high levels of chimerism through the slow continuous infusion
of purified donor HSC:s. It is even conceivable that agents to deplete only HSC’s will be
developed, or to mabilize high fractions of HSC out of niches. In these settings, high levels
of donor HSC engraftment would be efficiently achieved without the risks associated with
cytotoxic conditioning or graft versus host disease, which does not occur after
transplantation of highly purified HSCs2”.

Avoiding Rejection

Our earlier work also showed that antibody-mediated depletion of CD4 T cells allowed HSC
engraftment when only minor histocompatibility differences existed between the host and
donor, but that this engraftment was lost at ~8 weeks post-transplant as host CD4 T cells
were regenerated’. We have shown that injection of neonates with HY incompatible
hematolymphoid cells can induce and maintain transplant tolerance with less than 1%
chimerism?28: 29 while more recently, Taniguchi and colleagues have shown that a blood
chimerism of >10% can generate permanent tolerance to allografts in adults3C. It may be
possible to achieve this level of chimerism through the repetitive transplantation of MHC-
matched HSCs into CD4 and/or fully T cell depleted hosts prior to the regeneration of CD4
T cells and thus maintain permanent tolerance to the graft even in fully immunocompetent
individuals. Importantly, several recent clinical trials using humanized antibodies directed
against CD23! and CD432 have shown some efficacy in the depletion of host T cells and in
some cases, the generation of tolerance to allografts33.

Concluding Remarks

Through a better understanding of the dynamic interactions of HSCs with their bone marrow
niches, it now appears possible to manipulate this game of musical chairs for clinical
benefit. The ability to purify HSCs coupled with new methods to transiently suppress the
immune system might allow for high levels of HSC engraftment with little or no risk to the
patient. Such advances might transform the way bone marrow transplants are performed and
could greatly benefit individuals suffering from hematopoietic disorders.

Materials and Methods

Animals

All animal procedures were approved by the International Animal Care and Use Committee.
The C57BI/Ka-Thyl.1 CD45.1 strain was derived and maintained in our laboratory. The
RAG27~ yc™'~ mice have been described previously 11 and were bred onto the C57BI/Ka-
Thy1.2 CD45.2 background. Peripheral blood was sampled from the tail vein and HSC
transplants were performed by injection into the retroorbital sinus of isoflurane-anesthetized
mice. Donor mice were 10-12 weeks old and recipient mice ranged from 4-6 weeks of age.
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The following monoclonal antibodies were purified and conjugated using hybridomas
maintained in our laboratory: 2C11 (anti-CD3), GK1.5 (anti-CD4), 53-7.3 (anti-CD5), 53—
6.7 (anti-CD8), 6B2 (anti-B220), 8C5 (anti-Gr-1), M1/70 (anti-Mac-1), TER119 (anti-
Ter119), A20.1.7 (anti-CD45.1), AL1-4A2 (anti-CD45.2), 2B8 (anti-c-kit), and E13-161-7
(anti-Sca-1). Antibodies were conjugated to biotin, phycoerythrin (PE), allophycocyanin
(APC), or Alexa 488 (Molecular Probes, Eugene, OR), according to manufacturer's
instructions. Antibodies against CD3, CD4, CD8, B220, Mac-1, Ter119, and Gr-1
conjugated to PE-Cy5, anti-ckit and anti-Mac-1 conjugated to PE-Cy7, anti-Sca-1
conjugated to PE-Cy5.5, anti-B220 conjugated to APC-Cy?7, streptavidin conjugated to
APC, and anti-flk2 (A2F10) conjugated to PE were purchased from eBiosciences (San
Diego, CA). Anti-CD34 (RAM34) conjugated to biotin was purchased from BD Pharmingen
(San Diego, CA).

Fluorescence Activated Cell Sorting and Analysis

All cells were sorted and analyses performed on a BD FACS-Aria (Becton Dickinson,
Mountain View, CA). Peripheral blood was obtained from the tail vein, red blood cells were
sedimented with 2% dextran, and the remaining red blood cells were lysed with an
ammonium chloride solution. The remaining white blood cells were stained with anti-
CD45.2-Alexa 488, anti-CD45.1-PE, anti-Ter119-PE-Cy5, anti-Mac-1-PE-Cy7, anti-CD3-
APC, and anti-B220-APC-Cy7. For HSC and progenitor isolation, bone marrow was first
enriched using anti-c-kit beads and immunomagnetic selection on an AutoMACS machine
(Miltenyi Biotec, Bergisch Gladbach, Germany). Enriched cells were stained with anti-flk2-
PE, anti-lineage (CD3, CD4, CD8, B220, Ter119, Mac-1, Gr-1)-PE-Cy5, anti-Sca-1-PE-
Cy5.5, anti-c-kit-PE-Cy7 and anti-CD34-biotin followed by streptavidin-APC. C-kit+
lineage— Sca-1+ CD34~- Flk2—- (HSCs) or c-kit+ lineage— Sca-1+ CD34+ flk2+ (KLS flk2+)
cells were double sorted prior to transplantation.

Immunizations

Mice were immunized intraperitoneally with 100ug NP-CGG (Biosearch Technologies,
Novato, CA) precipitated in 10% aluminum potassium sulfate (Sigma-Aldrich, St. Louis,
MO). NP-specific enzyme-linked immunosorbent assays were performed with serum
obtained 7 days after immunization on high-protein binding 96-well plates coated with 5ug
NP-BSA/ well (Biosearch Technologies). Wells were developed with anti-mouse 1gG-
horseradish peroxidase (SouthernBiotech, Birmingham, AL) followed by 1 mg/ml ABTS
reagent (Sigma-Aldrich) and the reactions were stopped by the addition of 0.1% sodium
azide (Sigma-Aldrich). Absorbance was read at a wavelength of 405 nm. Concentrations of
NP-specific antibody were calculated through comparisons with standard dilution curves of
mouse 1gG (Sigma-Aldrich).
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Figure 1. Rapid B cell and transient granulocyte reconstitution after transplantation of non-self-
renewing multipotent progenitor cellsin unconditioned immunodeficient animals

Unconditioned CD45.2+ RAG2™/~ yc™/~ animals were transplanted with 180 CD45.1+ c-kit
+ lineage— Sca-1+ CD34+ flk2+ (KLS flk2+) or 500 c-kit+ lineage— Sca-1+ CD34- flk2—
(HSC) cells and peripheral blood was analyzed for donor contribution at 3 and 12 weeks
post-transplantation. Representative plots for KLS flk2+ cell-transplanted animals (n=5) and
HSC-transplanted animals (n=14) are shown. Donor B lymphocytes were identified as
CD45.1+ CD45.2—- CD45R+ CD11b- cells. Donor granulocytes were identified as CD45.1+
CD45.2- CD45R~- CD11b+ side scatterhigh cells. The subset of cells upon which each plot
is gated is listed above every column.
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Figure 2. Functional donor lymphocytes persist after transplantation of non-self-renewing
progenitor cells

Unconditioned RAG2~yc™/~ mice were transplanted with 180 KLS FLK2+ cells from wild
type mice and immunized with 100ug of the T-dependent antigen NP-CGG 14 weeks after
transplantation. NP-specific antibody levels were measured 1 week after immunization in 5
mice that had been immunized and 1 wild type untransplanted mouse that had not been
immunized. Serum from each mouse was tested in triplicate and the standard deviations for
each sample are shown. ND=not detectable.
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