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Transferrin receptor 1 isdifferentidly required in lymphocyte development

Renée M. Ned, Wojciech Swat, and Nancy C. Andrews

Transferrin receptor (TfR) facilitates cellu-
lar iron uptake by mediating endocytosis
of its ligand, iron-loaded transferrin. Al-
though TfR is widely believed to be impor-
tant for iron acquisition by all mammalian
cells, direct experimental evidence is lack-
ing. We have previously shown that
mouse embryos homozygous for a dis-
rupted transferrin receptor allele (TfR~/)
die of anemia before embryonic day 12.5,
although most other embryonic tissues
appear to be developing normally. Here,

we have investigated the importance of
TfR postnatally, by using TfR~/~ embry-
onic stem cells to produce chimeric ani-
mals. We find that TfR~/~ embryonic stem
cells give rise to most tissues and or-
gans, but do not contribute to hematopoi-
etic tissues on awild-type C57BL/6J back-
ground, indicating that both adult
erythropoiesis and lymphopoiesis re-
quire TfR. On an immunodeficient
RAG2~/~ background, TfR~/~ B-cell devel-
opment proceeds at least to the IgM+

stage, although significantly fewer IgM*
cells are present in peripheral lymphoid
organs. Conversely, T cells lacking TfR
are arrested very early in their develop-
ment, at the CD4-8-3~ stage. These re-
sults indicate that TfR is necessary for
the normal maturation of thymocytes, but
that B-cell development is less severely
affected by the absence of TfR. (Blood.
2003;102:3711-3718)
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Introduction

Transferrin receptor 1 (TfR) is a widely expressed type |l mem-
brane protein that playsacentral roleiniron metabolism. Itsligand,
transferrin (Tf), binds ferric iron with high affinity to solubilize it,
render it nonreactive, and deliver it to cells. At the cell surface,
holotransferrin (Fe,-Tf) binds to TfR and is internalized by
receptor-mediated endocytosis. Iron dissociates from Tf within
acidified endosomes and is transferred across the endosomal
membrane by divalent metal transporter 1 (DMTL,; for areview, see
Andrews!). The apoprotein-Tf-TfR (apoTf-TfR) complex is then
recycled back to the cell surface. This process, termed the Tf cycle,
isreiterated many times by each TfR and Tf molecule, providing a
highly efficient mechanism for cellular iron uptake.

The erythroid bone marrow requires an exceptionally large
amount of iron to support the production of hemoglobin. However,
other cells that are not actively dividing have minima iron
requirements. Accordingly, 2 mutant mouse strains, deficient in
TfR or Tf, have revedled a critica role for the Tf cycle in
erythropoiesis. Embryoslacking TfR appear to form nonhematopoi-
etic tissues normally during early embryogenesis, but die from
severe anemia at mid-gestation, indicating that they become
dependent on the Tf cycle prior to the onset of fetal liver
hematopoiesis.2 The fact that TfR~/~ embryos can produce a
substantial red cell mass until embryonic day 10.5 (E10.5) suggests
that TfR-independent mechanisms of iron uptake are adequate for
the earliest erythropoiesis as well as for the initial formation of
most tissues. Similarly, hypotransferrinemic (Tf"P¥hP) animals are
profoundly anemic due to an inactivating mutation within a splice
donor site in the Tf gene® They also appear to have normal

development of most nonhematopoietic tissues. TfP/hx mice
survive if they are given exogenous Tf or red blood cell transfu-
sions soon after birth.4 Interestingly, these animals develop sys-
temic iron overload similar to human patients with atransferrine-
mia,> providing further evidence that the Tf cycle may be dispensable
for the survival, proliferation, and differentiation of many cell
types. However, TfR/~ mice and Tf"hex mice show subtle
abnormalities in neuroepithelial precursors? and central nervous
system architecture,’ respectively, indicating that the Tf cycle may
be important for neuronal development.

Therearelimitationsto the conclusionsthat can be drawn from these
studies of TR/~ and Tf"hex mice. Firgt, because TR/~ embryos die
between E10.5 and E12.5, it isimpossible to evauate whether cellsand
tissues that have not yet developed require TfR. In particular, we were
unable to determine whether TfR was necessary for definitive, adult
erythropoiesis, for the development of other hematopoietic lineages, or
for theformation of tissuesthat ariselater in gestation. Second, athough
severdly deficient in serum Tf, Tfhe¥hex mice have a smal amount of
circulating, abnormal Tf that is likely to be functional 2 Findly, it is
possiblethat TfR hasother roles, in addition toiron uptake, which do not
require Tf and would not have been revealed in studies of TfhP/hex mice,
For these reasons, we sought an alternative gpproach to determining the
importance of TfR in the formation of adult mousetissues.

We generated chimeric mice by introducing TfR~/~ embryonic
stem (ES) cellsinto wild-type (TfR*/*) blastocysts. The blastocysts
were alowed to develop, and chimeric mice were analyzed to
determine which tissues contained descendants of the TfR~/~ ES
cells and which were exclusively derived from the TfR*/* host
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cells. A substantial contribution of TfR~/~ ES cells to an organ or
tissue indicated that TfR was not essential for the development of
most or al of the cells of that tissue. Conversely, cell types and
tissues that showed no contribution from TfR~/~ ES cells must
require TfR for their normal development.

Similar to earlier studies of TfR~/~ embryos and Tf"P¥hex mice,
we found that TFR~/~ ES cells participated in the formation of most
tissues. However, TfR~/~ cells were notably missing from hemato-
poietic tissues including bone marrow, spleen, and thymus. This
suggested that TfR was not only necessary for normal erythropoi-
esis, but also for the proliferation or maturation (or both) of other
hematopoietic cell types. We extended our studies of the role of
TfR in T and B lymphopoiesis by producing chimeric mice on a
recombinase-activating gene-2—deficient (RAG2~/~) background,
because RAG2~/~ mice have an early block in the production of
lymphocytes. We found that TFR~/~ cellsdid not giveriseto T cells
beyond the triple-negative (CD4-8-3") stage of development.
However, B-lymphoid cells that had undergone heavy-chain gene
rearrangement and matured to at least the immunoglobulin M+
(IgM ™) stage of development were present in at least some of the
TfR~/~ chimeras. These results indicate that TfR is important in
early lymphoid development, but differentially so. TfR may play a
key role in the differentiation of T-lymphoid precursor cells, in the
expansion of early B- and T-lymphoid cell populations, or in
both processes.

Materials and methods
Generation of TfR~/~ ES cells

Previously derived TfR*/~ ES cells? were expanded on feeder layers of
y-irradiated embryonic fibroblasts in Dulbecco modified Eagle medium
containing 4.5 g/L glucose supplemented with 15% fetal calf serum (FCS),
1 mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM nonessential amino
acids, 25 mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid), 5.8 mM NaOH, 0.087 mM B-mercaptoethanol, 200 U/mL penicillin
G sodium, 200 pg/mL streptomycin sulfate, and 10* U/mL leukemia
inhibitory factor (R&D Systems, Minneapolis, MN). To inactivate the
remaining wild-type TfR alele, TfR*/~ cells were treated with 1 to 2.5
mg/mL G418 (Gibco BRL, Grand Island, NY) as part of a neomycin
step-up experiment” to select for cells that carried 2 copies of the targeted
chromosome and had lost the chromosome carrying the normal TfR allele.
Cloneswereisolated after 10 or 17 days of selection. Nontransferrin-bound
iron was provided for the selected cells by supplementation with 50 uM,
100 M, or 150 pM ferric salicylaldehyde isonicotinoyl hydrazone
(Fe-SIH, agift from P. Ponka). Ninety clones were screened by polymerase
chain reaction (PCR) amplification of a microsatellite polymorphism that
distinguishes between wild-type and null TfR aleles as previousy de-
scribed.? Clones that appeared to be TfR~/~ in this assay were confirmed by
Southern blot analysis.2 Two TfR™/~ clones were obtained, both of which
arose in cultures supplemented with 50 M Fe-SIH. Karyotype analysis
showed that both clones had a normal complement of 40 chromosomes.
Because long-term maintenance in Fe-SIH appeared to be toxic to the cells,
the clones were subsequently maintained with 20 pwg/mL ferric anmonium
citrate as theiron source.

Generation and analysis of C57BL/6J chimeras

Cells from each TfR~/~ clone and control TfR*/~ cells were microinjected
into wild-type C57BL/6J blastocysts to produce chimeric mice. Chimeras
and nonchimeric littermates were bled and tissues were harvested 4 to 6
weeks after birth. Blood was collected into heparinized capillary tubes.
Hemoglobin electrophoresis was performed as described previously.®
Isoelectric focusing was performed using standard techniques. Tissue DNA
was prepared using the Puregene DNA Isolation Kit (Gentra Systems,
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Minneapolis, MN) according to the manufacturer’s instructions. Samples
(10 p.g) were digested with Nhel and subjected to Southern blot analysis to
distinguish wild-type and disrupted TfR alleles,? or analyzed by PCR.

RAG2~/~ blastocyst complementation and flow cytometry

For the first experiment, RAG2~/~ mice® were maintained in the barrier
mouse facility at Children’s Hospital (Boston, MA). TfR~/~ and TfR*/~ ES
cell clones were microinjected into blastocysts to produce chimeric mice as
described (see “ Generation and analysis of C57BL/6J chimeras’). At 18 to
26 days of age, adistal portion of the tail was removed under anesthesiafor
preparation of DNA. DNA was purified from tails by incubation in
proteinase K lysis buffer (100 mM Tris [tris(hydroxymethyl)aminometh-
ane], pH 8.5, 5 mM EDTA [ethylenediaminetetraacetic acid], 0.2% sodium
dodecy! sulfate [SDS], 200 mM NaCl, 200 pg/mL proteinase K) followed
by phenol/chloroform extraction and ethanol precipitation. Southern analy-
siswas performed on 10 g tail DNA to identify chimeras (see“ Generation
and analysis of C57BL/6J chimeras’). In addition, 100 wL blood for
lymphocyte analysis was obtained by retro-orbital bleeding into heparin-
ized capillary tubes and transferred to 5-mL polystyrene tubes. Red blood
cells were lysed with 1 mL red blood cell lysis buffer (8.3 g/lL ammonium
chloride in 10 mM Tris-Cl, pH 7.5, at 37°C) for 2 to 3 minutes. |ce-cold
phosphate-buffered saline (PBS) supplemented with 2% FCS was added
and the remaining cells were pelleted at 4°C. Cell pellets were resuspended
in a small amount of the remaining liquid and 100 p.L antibody solution,
containing 1:100 dilutions of fluorescein isothiocyanate (FITC)-Ly9.1,
phycoerythrin (PE)-Thy1.2, and cychrome-B220 (CD45R) antibody
(PharMingen, San Diego, CA), was added. Samples were incubated on ice
for 10 minutes, then washed in 2% FCS/PBS and centrifuged as before. The
pellets were resuspended in a small amount of the remaining liquid and
10 000 to 50 000 cells were counted for flow cytometry. Lymphocytes were
identified by forward and side light scatter characteristics.

Chimeras and control mice (nonchimeric littermates, wild-type 129
mice, and RAG2~/~ mice) were humanely killed in the eighth week of life.
The bone marrow (BM) cavity of the femur was flushed with PBS to obtain
cells for DNA preparation. Spleen, thymus, and lymph nodes (inguinal,
brachial, axial, and mesenteric) were dissected into 3 mL ice-cold 2%
FCS/PBS. BM, heart, and kidney, as well as a portion of the dissected
spleen and thymus, were harvested for DNA. The dissected spleen, thymus,
and lymph nodes were placed between pieces of mesh and the tissue was
gently scraped apart. Further disruption was achieved by gently pipetting
the cell suspension through a glass pipette and red blood cells were lysed.
The resulting single-cell suspensions were kept on ice and centrifuged at
low speed for 6 to 7 minutes at 4°C. The pellets were resuspended in asmal|
amount of residual supernatant liquid. Then, 100 p.L resuspended cells plus
100 pL antibody solution were incubated on ice for 10 minutes. The cells
were washed with 2% FCS/PBS and recentrifuged, and the pellet was
resuspended in a small amount of residual supernatant liquid for flow
cytometry. Cells (200 000-500 000) were analyzed for each sample from
the chimeras. For the thymus, the antibody solution consisted of 1:100
dilutions of FITC-a mouse Ly9.1, PE-a mouse CD4, and cychrome-«
mouse CD8a (Ly-2). For the spleen and lymph nodes, the antibody solution
consisted of 1:100 dilutions of FITC-antimouse Ly9.1, PE-antimouse
Thy1.2 (CD90.2), and cychrome-antimouse B220/CD45R. All antibodies
were obtained from PharMingen. All flow cytometry was performed on a
FACSCalibur machine (Becton Dickinson, Bedford, MA) using CellQuest
software (BD Biosciences, Milan, Italy) and analyzed with FlowJo software
(Tree Star, San Carlos, CA). DNA was prepared with the Puregene DNA
Isolation Kit according to manufacturer’s instructions (Gentra Systems).

A second set of chimeras was obtained from blastocyst injections
performed by the Dana-Farber Cancer Institute DF/HCC Mouse Special-
ized Services Core Facility (Boston, MA). Both TfR*/~ and TfR/~
chimeras were identified by Southern blot analysis of tail DNA. When the
animals were 5 to 6 weeks old, lymphocytes were isolated and prepared
from blood, spleen, and lymph nodes. BM, kidney, heart, and sections of the
dissected spleen and thymuswere also harvested for DNA. Peripheral blood
lymphocytes were also stained with FITC-antimouse Ly9.1, PE-antimouse
IgM, alophycocyanin (APC)—antimouse CD3e, and then fixed in 0.5%
formaldehyde/PBS for later analysis. Thymocytes, splenocytes, and lymph
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Figure 1. TR~/~ ES cell clones and C57BL/6J chimera hemoglobin analysis. (A) Southern blot analysis of the parental TfR*/~ ES cell line and the 2 TR/~ ES cell clones
obtained after neomycin step-up. (B) Isoelectric focusing of hemoglobins from peripheral blood of E12 TfR~/~ chimeras (CM-1 to CM-3), nonchimeric wild-type littermates,
C57BL/6J (BL6), and 129 wild-type controls. M indicates marker lanes. (C) Hemoglobin electrophoresis of peripheral blood samples from TfR*/~ chimeras (het nos. 1-3), a 129
wild-type control, and 6 (of 8) H5 TfR~/~ chimeras. H5 chimeras no. 1 and no. 3 are not shown here, but in all cases, TfR~/~ chimeras show contribution only from the host
C57BL/6J hemoglobin to circulating erythrocytes, indicating that the 129-derived TfR~/~ cells are unable to produce mature erythrocytes.

node cells were analyzed. In addition, additional aliquots of spleen and
lymph node cells were also stained with FITC-antimouse Ly9.1, PE-
antimouse IgM, and APC-antimouse CD3e. At least 10 000 cells were
counted from blood, and at least 100 000 cells were counted from thymus,
spleen, and lymph nodes when enough material was present. All antibodies
were obtained from PharMingen. All flow cytometry was performed on a
FACSCalibur machine (Becton Dickinson) using CellQuest software (BD
Biosciences) and analyzed with FlowJo software (Tree Star).

Results

Generation of TfR~/~ ES cells and analysis
of C57BL/6J chimeras

We chose a chimera approach for this study, reasoning that adult
tissues that were not populated with TfR-null cellsmust require TfR
for their development. Two independent, homozygous TfR~/~ ES
cell clones (E12 and H5) were isolated using a neomycin step-up
selection strategy on heterozygous parental TfR*/~ ES cells (Figure
1A). These TfR~/~ ES clones were used in all subsequent experi-
ments. TfR™/~ or parenta TfR*~ ES cells were injected into
wild-type C57BL/6J mouse blastocysts to produce chimeric ani-
mals. Chimeras were identified by patches of brown coat color,
which indicated contribution from cells of ES (strain 129S4/SvJae)
origin. Typically, mice showing chimerism in coat color aso
showed chimerism in other tissues. Eleven adult chimeric mice
were analyzed from animals produced using TFR~/~ ES cells, and 3
adult chimeric mice were analyzed from animals produced using
TfR*/~ cells. The degree of chimerism based on coat color was 10%
t0 85% inthe TFR~/~ chimeras, with 4 animal s about 30% chimeric,
and 5 animal's having chimerism equal to or more than 50%.
Chimeric animals were similar to wild-type littermates in their
hematocrit values, hemoglobin concentrations, and red blood cell
parameters (data not shown). To determine whether the TfR~/~ and
TfR*/~ cells could contribute to definitive adult erythropoiesis, we
took advantage of the fact that C57BL/6 and 129 hemoglobins have

different electrophoretic properties. C57BL/6 hemoglobin migrates
as a single band (s type) and 129 hemoglobin migrates diffusely,
producing multiple bands (d type). Hemoglobin electrophoresis
and i soel ectric-focusing experiments were performed on peripheral
blood from TfR*/~ and TfR~/~ chimeras. Although one TfR*/~
chimera (with 25% coat color chimerism) did not show a contribu-
tion of TfR*'~ ES cells to circulating erythrocytes, the other 2
TfR*/~ chimeras (50%-70% chimerism by coat color) did have 129
hemoglobin, indicating that the parental TfR*/~ ES cells were able
to contribute substantially to circulating erythrocytes (Figure 1C).
In contrast, all chimeric animals generated from injection of TR/~
ES cells showed no 129 hemoglobin, indicating that there was no
contribution of TfR~/~ cells to circulating erythrocytes (Figure
1B-C). We conclude from this experiment that TfR is also essential
for adult erythropoiesis.

The likely role of TfR in erythropoiesis is obvious—erythroid
precursors must incorporate large amounts of iron to produce
hemoglobin, and, as observed previously in mouse embryos,? this
requires TfR. Immature erythroid precursors that fail to hemoglo-
binize properly are probably destroyed in the BM. However, other
cell types need far lessiron and may be able to rely on aternative
iron uptake pathways. We investigated this by using Southern blot
analysisto determine the contribution of TFR~/~ and control TfR*/~
ES cells to other tissues (Figure 2). The presence of the smaller
(approximately 9 kb) band indicates contribution from ES cells
carrying the null TfR allele.

Figure 2 shows representative results of Southern blot analyses
for chimerism in multiple tissues. In these and other experiments,
we found that both TfR*~ and TfR™/~ ES cells could contribute
substantially to brain, spinal cord, pancreas, intestine, heart,
kidney, skeletal muscle, liver, lung, and testis, indicating that TfR is
not essential for the normal development of cells in those tissues
and organs. However, because these structures are made up of
multiple types of cells, we cannot exclude the possibility that some
individual cell types do require TfR. Although we had seen
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Figure 2. TfR~/~ cells do not contribute to hematopoietic tissues on a wild-type C57BL/6J background. (A) Representative Southern blots of tissues from 2 E12
chimeras show contribution of TfR~/~ cells (targeted allele) to all tissues except spleen, thymus, and bone marrow. | indicates intestine; Br, brain; Sk, skin; H, heart; K, kidney;
Lv, liver; L, lung; P, pancreas; SC, spinal cord; SP, spleen; Te, testis; Th, thymus; M, skeletal muscle; BM, bone marrow; m, marker lane. (B) TfR*/~ and TfR~/~ cell contribution
to spleen (S), thymus (T), and bone marrow (BM) in chimeras was re-examined to confirm the absence of TfR~/~ cells in these tissues.

20z aunr g0 uo 3senb Aq ypd-| | L€00£02Z8Y/EYZ L6914/ LLEIOL/ZOL/HPd-B]0IE/POOIG/ABU  SUOledlqndysE//:dny woly papeojumo]



3714 NEDetal

THR-/-

129 control :
chimera

269

B220

Thy1.2

ey 3452

wt et

Ly9.1

Figure 3. TfR~/~ chimeras fail to produce mature B or T cells in the circulation.
Flow cytometry was performed on blood from TfR chimeras generated on a RAG2~/~
background. Nucleated blood cells were stained with Ly9.1 (an antibody recognizing
cells of 129 strain origin), B220 (pan B-cell marker), and Thy1.2 (pan T-cell marker).
Cells (10 000-50 000) were counted for each sample. The plots shown for the TfR~/~
chimera are representative of all 6 chimeras obtained. Percentages of cells in each
quadrant are indicated. Fewer total cells were counted for the 129 control, therefore
fewer cells appear on the dot plot.

increased apoptosis of neuroepithelial precursor cells in mid-
gestation TfR~/~ mouse embryos, we have not yet been able to
determine whether TfR is necessary for development of specific
structures in the central or periphera nervous system of adult
animals. However, no gross abnormalities in brain architecture
were noted on necropsy of the TfR~/~ chimeras (data not shown).

Results from our analysis of hematopoietic tissues were differ-
ent from those of nonhematopoietic tissues. As expected, we found
that control TfR*/~ cells could also contribute substantially to BM,
spleen, and thymus (Figure 2B). However, with the exception of
one highly chimeric animal (estimated 85% from coat color), none
of the chimeras produced from TfR~~ ES cells showed any
detectable contribution of TfR~/~ cells to those hematopoietic
tissues (Figure 2). The approximate 85% chimera did show a very
small contribution of TfR~/~ cells to spleen and thymus, but not
BM (data not shown). This suggests that the spleen and thymus
chimerism seen in this anima may be due to stromal or epithelial
cellsor both.

The fact that TfR~/~ cells were not detected in the BM in any
C57BL/6J chimeras suggested that most, if not all, hematopoietic
cells (or ahematopoietic stem cell) were dependent on TfR for their
proliferation or differentiation. This conclusion isfurther supported
by the fact that thymus and spleen, both populated primarily by
hematopoietic cells, also showed little or no contribution of TFR~/~
cells. Inthe remainder of our analysiswefocused on theroleof TfR
in lymphopoiesis.

TfR~/~ lymphocyte development on a RAG2~/~ background
is differentially affected

We further tested the ability of TfR~/~ cells to give rise to
lymphocytes in vivo by generating TfR*~ and TfR~/~ ES cell
chimeras on a RAG2~/~ background. The RAG2~/~ complementa-
tion assay was devel oped to address the problem that homozygous
disruption of some genes results in early embryonic lethality,
precluding study of their roles in lymphopoiesis.’® RAG2~/~ mice
cannot produce mature lymphocytes because they cannot undergo
somatic recombination of T-cell receptor and immunoglobulin
chain loci. In these mice, T-cell development is interrupted at the
CD4-8"3744-25" (early pre-T) stage, and B-cell development is
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arrested at the B220" CD43" early pro-B-cell stage.® Therefore, all
mature lymphocytesin RAG2~/~ chimeric animals must be derived
from the injected ES cells.’® Consequently, this system allows for a
more sensitive analysis of lymphocyte development from modified
ES cells than can be achieved on awild-type genetic background.

Chimeras were identified by Southern blot analysis of tail DNA
taken at 18 to 26 days of age. Chimerism assessed in this way
ranged from about 10% to 50% (data not shown). Flow cytometry
was performed on blood samplestaken at the sametime, to detect T
and B lymphocytes in the circulation. Anti-Ly9.1 antibody recog-
nizes an allele of a surface glycoprotein antigen present on strain
129 lymphocytes but absent from our RAG2~/~ cells, which display
the C57BL/6 strain Ly9.2 specificity.’13 This difference permits
the identification of lymphocytes derived from the injected ES
cells. Two chimeras produced by blastocyst injection of parental
TfR*/~ ES cells showed full reconstitution of the mature, circulat-
ing lymphocyte pool, rescuing the defect in lymphocyte develop-
ment seen in RAG2~/~ mice (Figure 3). In contrast, athough
10 000 to 50 000 nucleated blood cells were analyzed, very few, if
any, Ly9.1"Thyl.2* or Ly9.1"B220* cells were present in the
circulation of chimeras generated from injection of TfR~/~ EScells.
Thisindicated that TR/~ cells, in contrast to parental TFR*/~ cells,
were severely limited in their ability to develop into mature T or B
lymphocytes.

TfR~/~ chimeras were killed in the eighth week of life to
analyze the lymphocyte content of the spleen, thymus, and lymph
nodes by flow cytometry. For each sample, 200 000 to 500 000
cells were examined to increase the sensitivity of the analysis and
to alow detection of very small populations of cells. Spleen and
lymph node cells were stained with Ly9.1, Thyl.2, and B220
antibodies. Thymus cells were stained with Ly9.1, CD4, and CD8
antibodies.

Thymus-derived cell populations from all of the TfR~/~ chime-
ras were indistinguishable from the cell populations seen in
RAG2~/~ control mice, indicating that TfR~/~ cells cannot develop
beyond the triple-negative (CD4-8-37) developmenta stage, in
which RAG2~/~ cells are also arrested (Figure 4). The few dots
appearing in the CD4* and CD8* quadrants probably result from
nonspecific background staining, because RAG2~/~ mice have no
CD4" or CD8* cellsin the thymus.®

TfR-/-
chimera

129 control

CcD4

cps

Ly9.1

Figure 4. TfR~/~ chimeras, like RAG2~/~ animals, fail to produce thymic cells
that express CD4 or CD8. Flow cytometry was performed on thymocytes from
controls and 7-week-old TfR~/~ chimeras generated on a RAG2~/~ background.
Thymus cells were stained with Ly9.1, CD4, and CD8 antibodies. Cells (200 000-
500 000) were counted in these analyses. The plot shown for TfR~/~ chimera is
representative of the 6 chimeras obtained. Percentages of cells in each quadrant are
indicated.

20z aunr g0 uo 3senb Aq ypd-| | L€00£02Z8Y/EYZ L6914/ LLEIOL/ZOL/HPd-B]0IE/POOIG/ABU  SUOledlqndysE//:dny woly papeojumo]



BLOOD, 15 NOVEMBER 2003 - VOLUME 102, NUMBER 10

Figure 5. TR/~ chimeras display a differential ability
to produce T and B cells in secondary lymphoid
organs on a RAG2~/~ background. Nucleated cells

129 control
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RAGZ-/- TfR-/- chimera TfR-/- chimera no. 30 TfR~/- chimera no. 32

(bone marrow positive)

contral (bone marrow negative)  (bone marrow positive)

from 7-week-old chimeras and control animals were
stained with Ly9.1, B220, and Thy1.2 and analyzed by
flow cytometry. Cells (200 000-500 000) were counted
for these analyses. Percentages of cells in each quadrant
are indicated. (A) Splenic cells. (B) Lymph node (axial,
brachial, inguinal, and mesenteric) cells. All TR/~ chime-

ras show few, if any, Ly9.1*Thyl.2* cells. Only those
TfR~/~ chimeras with TfR~/~ cells in the bone marrow
(no. 30 and no. 32) display a small number of

Ly9.1tB220* cells. The TfR~/~ BM-negative chimera
shown is representative of the other 4 TfR~/~ BM-
negative chimeras obtained.

Furthermore, similar to RAG27/~ controls, few, if any,
Ly9.1*Thy1.2* cells were observed in samples from the spleen and
lymph nodes of TR/~ RAG2~/~ chimeras, indicating that therewere no
TfR~/~ T-lymphoid cells present in those sites (Figure 5). In contrast,
Southern blot andlysis showed substantial (30%-60%) TfR~/~ ES cell
contribution to other, nonhematopoietic organs as we had previoudy
seen in the C57BL/6J chimeras (data not shown).

In our analysis of B lymphopoiesis, however, we did see avery
small, but significant, contribution from TfR~/~ cells to the B-cell
compartment in RAG2~/~ chimeras. Four of 6 chimeric animals
examined had no detectable TfR~/~ cells in the bone marrow (by
Southern blot analysis; data not shown) and no Ly9.1"B220* cells
in the spleen or lymph nodes (by flow cytometry; Figure 5),
indicating an absence of TFR~/~ B cellsearly in development and in
the periphery. However, 2 animals, chimeras no. 30 and no. 32, did
have TfR~/~ cells in the bone marrow by Southern blot analysis
(approximately 20% and approximately 30%, respectively; data
not shown). These animals also had a very small Ly9.1*B220*
population in the spleen and lymph nodes (by flow cytometry; Figure
5). Dueto the paucity of RAG2-/~B220* cellsin these tissues, TR/~
B cells account for up to 22% and 41% of the lymphocyte-gated
cells in the spleen and lymph nodes, respectively, in chimera no.
32. The absolute numbers of Ly9.1*B220* cells in the spleens of
TfR~/~ chimeras were 1740 of 306 600 total cells counted for
chimera no. 30, 3143 cells of 283500 total cells counted for
chimera no. 32, and 24 648 of 190 950 total cells counted for the
129 control mouse. In the lymph nodes, chimera no. 30 had 594
Ly9.1tB220" cellsof 268 200 total cells counted, chimerano. 32 had
2770 of 312000 tota cells counted, and the 129 control mouse had
16 883 of 211 050 tota cells counted. PCR andysisof total spleen DNA
from TfR~/~ chimeras no. 30 and no. 32 showed a low level of D-J4
immunoglobulin heavy-chain rearrangement in these animals (data not
shown), suggesting that the B220* cell population included B-lymphoid
cdlsthat had matured at least asfar asthe early pre-B stage.

In a second group of chimeras, we further examined the ability
of TfR/~ cells to produce mature lymphocytes. In accord with

previous experiments, no TFR~/~RAG~/~ chimerashad Ly9.1+*CD4*
or Ly9.1"CD8* cellsinthethymus (datanot shown). They also had
no detectable Ly9.17"CD3e™ cells above background in the spleen
or blood (data not shown). Figure 6 shows flow cytometry on
spleen samplestaken from acontrol TfR*/~ chimera, anonchimeric
littermate, and the TFR~/~ chimeras with presence of TFR~/~ cellsin

TfR+/- chimera Non-chimeric littermate

ME 0.02 016

TfR-/- bone marrow-positive
chimeras
H5-12 H5-5 H5-16

IgM

Ly9.1

Figure 6. Some TfR~/~ chimeras are able to produce IgM* B cells. Splenocytes
from control and TfR~/~RAG2~/~ chimeras are stained with Ly9.1 and IgM. Two of the
BM-positive TfR/"RAG2~/~ chimeras show IgM* cells, one with a substantial
amount, indicating some ability to produce B cells that have completed V(D)J
recombination.

20z aunr g0 uo 3senb Aq ypd-| | L€00£02Z8Y/EYZ L6914/ LLEIOL/ZOL/HPd-B]0IE/POOIG/ABU  SUOledlqndysE//:dny woly papeojumo]



3716 NEDetal

the BM. TfR~/~ chimera H5-12 had TfR~/~ cells in both the bone
marrow (approximately 40% chimerism) and spleen (approxi-
mately 50% chimerism) by Southern blot analysis (data not
shown). This chimera had approximately half the percentage of
IgM* cells in the spleen as the TfR*/~ control chimera, and
approximately 30% as many total IgM* cells (8731 of 101 490
total cells counted versus 30 001 of 106 545 total cells counted for
the TfR*/~ chimera control). A second TfR~/~ chimera, H5-16,
showed fewer IgM * cellsin the spleen (1062 of 101 685 total cells
counted). These 2 chimeras, which displayed Ly9.1*IgM™* cellsin
the spleen, also showed Ly9.1"IgM™* cells in the lymph nodes,
whereas only chimera H5-12 had Ly9.1"IgM* cells in the periph-
eral blood (data not shown). The presence of IgM™* cells correlates
with the extent of BM chimerism—the most chimeric animal
(H5-12) had the greatest number and percentage of IgM™* cellsin
the spleen, lymph nodes, and blood. A less chimeric animal
(H5-16) displayed fewer IgM* cells. Other TfR~/~ chimeras, with
no or very little TFR~/~ contribution to the BM and spleen, had few
if any IgM* cells in the spleen, lymph nodes, or blood. These
results indicate overal that the absence of TfR impedes T-cell
differentiation beyond the earliest stage, whereas B lymphopoiesis
isnot as severely affected.

Discussion

We extended our previous analysis® to ask whether TfR is
necessary for adult erythropoiesis and for the development of other
adult tissues. Adult TfR~/~ chimeras produced on a wild-type
C57BL/6J background showed the contribution of TfR~/~ cells to
all tissues tested except those of hematopoietic origin—marrow,
spleen, and thymus. We conclude that most cell types are capabl e of
assimilating iron through amechanism that is not mediated by TfR.

At least 4 TfR-independent iron acquisition pathways have been
characterized in mammalian systems. TfR-independent uptake of
Tf-bound iron has been noted in TfR-deficient Chinese hamster
ovary cells.*15 Low level, receptor-mediated uptake of ferritin has
been shown in human erythroid precursors.16-18 Non—Tf-bound iron
has been shown to be taken up directly by avariety of cell typesin
vitro,%2 in accord with the observation that atransferrinemic
patients and Tf"P/x mice develop systemic iron overload in
nonhematopoietic tissues.#>2425 Most recently, iron delivery and
uptake mediated by 24p3/neutrophil gelatinase-associated lipocalin
(NGAL) has been described. 3°Fe-labeled 24p3/NGAL was shown
to deliver 5°Fe to developing kidney epithelial cells, with a pattern
of receptor binding, trafficking, and topologic distribution that was
distinct from that of Tf.26 The tissue distribution and developmental
timing of 24p3/NGAL-mediated iron transport appear to be
different from, but complementary to, those of Tf.26

24p3/NGAL-mediated iron delivery or the other TfR-indepen-
dent pathways must function efficiently when the Tf cycle is not
availableforiron delivery. It is possible that these alternative routes
are preferred in many tissues, and that the Tf cycle plays little, if
any, normal role in iron uptake by most mammalian cells.
However, it will be difficult to investigate that possibility further
until the molecular mechanisms underlying these alternative uptake
pathways have been fully elucidated.

The absence of TfR~/~ cells in bone marrow and spleen of
C57BL/6J chimeras, and the absence of strain 129 hemoglobin,
revealed that TfR is required for adult erythropoiesis. The absence
of TfR/~ cells in the spleen and thymus likewise showed,
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surprisingly, that lymphocyte development is also severely compro-
mised in the absence of TfR.

Thereis alarge body of literature on the roles of Tf and TfR in
lymphocytes. Tf has long been known to be an essential factor for
in vitro culture of lymphoid cells?"? Little, if any, TfR is
detectable on the surface of resting, mature T and B lymphocytes,
but it is markedly induced upon antigen and mitogen stimulation,
presumably to support the iron needs of rapidly proliferating
cells.?%-% Accordingly, anti-TfR antibodies have been shown to
inhibit proliferation of stimulated peripheral lymphocytes.3237:38 |n
mature T cells, TfR expression is induced in response to autocrine
activity of interleukin-2 and modulated by cellular iron
content.31.3%-41

To further investigate the ability of TfR~~ cells to undergo
normal lymphocyte differentiation, we took advantage of the
sensitive RAG2~/~ complementation assay. Under normal condi-
tions, T-cell development proceeds through well-delineated stages,
from thymic lymphoid progenitors to CD4-8-3" triple-negative
substages distinguished by differing CD44 and CD25 expression,
to CD4*CD8" double-positive cells and then to mature CD4-8* or
CD4*CD8" single-positive T cells (for a review, see Zuniga
Pflucker and Lenardo®?). TfR has been shown to be expressed only
by proliferating thymocytes, including some subsets of CD4-83~
(triple-negative) cells, and CD4*8*3~ (double-positive) cells prior
to expression of the T-cell receptor.®® In our TfR/-RAG2~/~
chimera analysis, we never detected TfR~/~ T-lymphoid cells
beyond the triple-negative stage, indicating a very early block in
differentiation. This is consistent with experiments carried out
with fetal thymus organ cultures, which have shown that
anti-TfR antibodies arrest the development of « T cells at the
CD4-8"3744-25" (early pre-T) stage, with very few cellsdevel op-
ing to the double-positive CD4+8*3~ stage.*

B-cell development also proceeds through well-defined stages,
characterized by differential expression of distinct cell surface
markers including CD43 and the p. heavy chain. Immature B cells
have completed V(D)J recombination and express IgM, whereas
fully mature B cells express both surface IgM and IgD (for reviews,
see Rolink and Melchers* and Osmond et al*9). In contrast to T-cell
development, however, there is little available information about
the expression of TfR or itsimportance during B-cell development.

Although some of the B220* cells seen in RAG2~/~ chimeras
may be natural killer cells and other non-B cells,*#” detection of
immunoglobulin heavy chain D-J rearrangements by PCR and
identification of Ly9.17IgM™* cells in the spleen and lymph nodes
of 2 of the TR/~ chimeras indicate that a considerable fraction of
TfR~/~B220" cells can pass the stage at which RAG2~/~ lympho-
poiesis is blocked. We interpret our observation that these cells
were present in a substantial numbers in only one TfR-/"RAG~/~
chimera, but absent in most other BM-positive TfR/~RAG/~
chimeras, as an indication that absence of TfR impairs proliferation
of early B-lymphoid precursors as well, but does not prevent their
differentiation. The presence, but decreased number, of these B
cells suggests that TfR is important during the stages in which B
cells normally receive signals to proliferate (eg, after successful
pairing of the VDJrecombined |g heavy chain with the surrogate
light chain). Itislikely that B-lymphoid precursorsuse TfR for iron
acquisition to support proliferation. It has been estimated that
maturation from the early pro-B stage (the point at which RAG2~/~
mice are blocked) to the large pre-B stage (whereVDJy recombina-
tion is complete and cells begin to express the pre-B-cell receptor)
requires approximately 6 cell divisions.*-%0 Perhaps B cells cannot
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effectively sequester storage iron®! or cannot otherwise obtain the
iron necessary for these divisionsin the absence of TfR.

Although we have observed that both T- and B-lymphoid
development are impaired when cells are actively proliferating and
might be expected to have increased iron needs, we cannot rule out
the possibility that TfR plays some other role in lymphoid
development. It is possible, for example, that TfR mediates an
important signal transduction event. Such a role has previously
been proposed for TfR in the activation of mature T cells,3? whereit
was shown that TfR interacts with the { chain of the T-cell
receptor—CD3 complex and with ZAP70, a T-cell-specific protein
tyrosine kinase. Stimulation with anti-CD3e and with anti-TfR
antibodiesinduces phosphorylation of both TfR and CD3¢, presum-
ably initiating asignaling cascade of unknown function. We cannot
exclude the possibility that lymphocyte proliferation isrequired for
proper differentiation, but there are examples of differentiation in
the presence of moderately to severely affected proliferation.53-56

In summary, we have demonstrated that the TfR is not required
for the development of most tissues and organs. However, TfR is
required for adult erythropoiesis and has disparate roles in T- and
B- lymphocyte development. B-cell maturation can proceed nor-
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mally, although there appears to be a proliferation defect in the
absence of TfR. In contrast, T lymphopoiesisis completely arrested
at avery early stage of maturation. We speculate that TfR may play
another rolein T-cell development, in addition to iron delivery.
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