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Abstract

As they mature into erythrocytes during normal erythropoiesis, reticulocytes lose surface
transferrin receptors before or concurrently with reticulin. Exosome release accounts for most of
the loss of transferrin receptors from reticulocytes. During erythropoietic stress, reticulocytes are
released early from hematopoietic tissues and have increased reticulin staining and transferrin
receptors. Flow cytometry of dually stained erythrocytes of mice recovering from phlebotomy
demonstrated delayed loss of reticulin and transferrin receptors during in vitro maturation
compared to in vivo maturation, indicating that an in vivo process extrinsic to the reticulocytes
facilitates their maturation. Splenectomy or macrophage depletion by liposomal clodronate
inhibited in vivo maturation of reticulocytes and increased the numbers of reticulin-negative,
transferrin receptor-positive cells during and after recovery from phlebotomy. This reticulin-
negative, transferrin receptor-positive population was rarely found in normal mice. Transmission
electron microscopy demonstrated that the reticulin-negative, transferrin receptor-positive cells
were elongated and discoid erythrocytes, but they had intracellular and surface structures that
appeared to be partially degraded organelles. The results indicate that maturation of circulating
stress reticulocytes is enhanced by an extrinsic process that occurs in the spleen and involves
macrophage activity. Complete loss of reticulin with incomplete loss of surface transferrin
receptors in this process produces a reticulin-negative, transferrin receptor-positive erythrocyte
population that has potential utility for detecting prior erythropoietic stresses including bleeding,
hemolysis and erythropoietin administration, even after recovery has been completed.
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INTRODUCTION

Reticulocytes form in hematopoietic tissues when orthochromatic erythroblasts enucleate.
Over the several days of their maturation in the hematopoietic organs and blood,
reticulocytes degrade or remove internal organelles, such as ribosomes, mitochondria,
endoplasmic reticulum, as well as losing some plasma membrane components expressed
during erythroblast stages. These losses of internal organelles and plasma membrane
components lead to decreased cell size, conversion from aerobic to anaerobic metabolism,
and metamorphosis from the irregularly shaped, motile reticulocyte to the uniform,
biconcave, discoid shape that characterizes mature RBCs. During maturation, reticulocytes
migrate through the vascular endothelium of venous sinuses in the hematopoietic organs and
enter the circulating blood, where they require another one to two days of maturation before
becoming erythrocytes, i.e., mature red blood cells (RBCs). Two processes degrade internal
organelles in reticulocytes: ubiquitin/proteasomal degradation [1-3] and autophagic vacuole
formation and externalization [4-7]. Clinical methods quantify reticulocytes by staining
residual RNA, mainly in ribosomes, with either supravital dyes such as new methylene blue
or fluorescent dyes such as thiazole orange (TO) [8]. When the last residual RNA in a
reticulocyte is degraded, that cell is no longer classified as a reticulocyte but rather is
considered a mature RBC. However, when a reticulocyte completes its degradation of RNA,
it may have not completed remodeling of the plasma membrane [9].

In addition to the intracellular degradation of internalized plasma membrane components,
reticulocytes can externalize plasma membrane components by two processes. In one
process, plasma membrane endosomes form intracellular multivesicular bodies which fuse
with the plasma membrane, releasing small, membrane-bound exosomes that are enriched in
specific membrane components [10, 11]. The most studied plasma membrane component
removed from reticulocytes in exosomes is the transferrin receptor (TfR1/CD71), an
abundant plasma membrane protein in erythroblasts that imports iron via binding and
endocytosis of diferric transferrin. After release of iron from transferrin in the endosome,
TfRs are recycled to the erythroblast membrane, but during normal reticulocyte maturation
the TfRs are routed to multivesicular bodies and subsequent exosomal release [12, 13].
Other proteins including a4p1 integrin, nucleoside transporters, acetylcholinesterase and
aquaporin-1 are also found in reticulocyte exosomes [14]. In addition to forming
multivesicular bodies, cytoplasmic vesicles formed by plasma membrane internalization in
the late-stage reticulocytes can fuse with autophagosomes, which subsequently exocytose
the membrane components along with other organelles in the autophagosome [15].
Membrane proteins eliminated by the autophagosomal pathway in the later stages of
reticulocyte maturation do not include TfR and a4 integrin, which appear to be lost earlier
by the exosomal-multivesicular mechanism [15].
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Proteasome and exosome formation are intrinsic to reticulocytes, but a process extrinsic to
reticulocytes appears to play a role in their maturation. Indeed, human reticulocytes formed
in vitro require circulation in NOD/SCID mice to acquire mature erythrocyte size and shape
[16]. Several reports have indicated a splenic role in this extrinsic mechanism of reticulocyte
maturation [9, 17-21]. In erythropoietically normal humans, splenectomy delays
reticulocyte maturation [18] and increases autophagic vacuoles subjacent to RBC
membranes [19]. Splenectomy delays normal loss of reticulocyte membrane cholesterol and
phospholipids [9, 20], and delays normal loss of fibronectin binding during maturation of
circulating reticulocytes [21]. However, the spleen is not the only organ that mediates the
maturation of reticulocytes. Several weeks to months after splenectomy, other organs,
presumably the liver and bone marrow, assume the fibronectin-binding and enhancement of
reticulocyte maturation functions associated with the spleen [18, 21].

Ultrastructural studies have demonstrated that macrophages are likely mediators of extrinsic
membrane remodeling before and after reticulocyte release from the hematopoietic organs.
In normal human fetal erythropoiesis, hepatic sinusoidal macrophages surround newly
formed reticulocytes in a process, emperipolesis, which precedes reticulocyte entry into
hepatic venous sinuses [22]. In normal rat bone marrow, reticulocytes have intimate contact
with central macrophages of erythroblastic islands before entering marrow venous sinusoids
[23]. In normal erythropoiesis of several different mammalian species, the spleen selectively
sequesters reticulocytes that bind to macrophages in the red pulp [24, 25].

Stress erythropoiesis following blood loss, hemolysis, or erythropoietin administration
increases the numbers of circulating reticulocytes. Within hours of blood loss, reticulocyte
transit across the bone marrow sinusoidal cells into the circulation increases several-fold
[26]. This increased reticulocyte transit raises circulating reticulocyte numbers and shifts the
circulating reticulocyte population to more immature stages. Reticulocyte immaturity is
demonstrated by increases in cell size, reticulin staining, iron uptake [27, 28], mobility and
lobulation [29, 30], and membrane ion transporter activities [31, 32]. Circulating, immature
reticulocytes produced during erythropoietic stress require the same total amount of time for
reticulin degradation as do normal immature reticulocytes that are not released early from
the bone marrow [27, 28]. Furthermore, splenectomy does not affect the total time required
for reticulin loss in circulating stress reticulocytes [28]. However, erythropoietic stress
appears to affect extrinsic remodeling of reticulocyte plasma membrane by delaying and
diminishing loss of specific components [21, 33]. In the present study, we examine loss of
TfRs by extrinsic plasma membrane remodeling during maturation of stress reticulocytes.

MATERIALS AND METHODS

Mice and induction of erythropoietic stress

The Vanderbilt University Animal Care Committee approved all experiments. All
experiments, except for those requiring splenectomized mice, used female CDyF; mice,
aged 8-12 weeks old (Harlan Laboratories, Indianapolis, IN). Experiments with
splenectomized mice used similarly aged BALB/c female mice at 2 to 4 weeks after
splenectomy (Harlan Laboratories). To induce erythropoietic stress by blood loss, isoflurane-
anesthetized mice were phlebotomized 15 — 20 uL blood/gram of body weight with
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heparinized capillary tubes and given intraperitoneal saline, as described previously [34], on
three or five consecutive days. Depending upon the amounts and schedule of phlebotomies,
hematocrits on day one of recovery ranged from 15-25%. On various days during their
recovery from the phlebotomy, isoflurane-anesthetized mice were phlebotomized one pL
blood/gram of body weight for microhematocrits, RBC counts, and flow cytometry analyses.
In experiments comparing reticulocyte maturation in vivo and in vitro, the mice were
phlebotomized for five days, reducing their hematocrits to the 22-25% range. On the sixth
day, a sample of reticulocyte-rich blood was collected for culture. These heparinized
samples of peripheral blood that had increased percentages of reticulocytes were washed in
PBS and cultured for four days under conditions previously described [35]. Briefly, blood
samples were cultured at 37°C in a humidified atmosphere of 5% CO2 in air at 2 x 106
cells/mL. The culture medium was Iscove’s modified Dulbecco’s medium with 30% heat-
inactivated fetal bovine serum, 1% deionized bovine albumin, 100 units/mL penicillin-G,
100 pg/mL streptomycin, and 0.1 mM -thioglycerol. Aliquots from cultures of reticulocytes
or peripheral blood with increased reticulocytes were collected daily and processed for
further analyses.

Immediately after obtaining the peripheral blood sample used for culture, the phebotomized
mice were transfused intraperitoneally with 150 uL/gram body weight of packed donor
RBCs that had been washed in phosphate buffered saline (PBS). Over the next 16 h, these
hypertransfusions raised hematocrits to the 56-58% range, stopping further reticulocyte
production. During daily blood sampling for analyses, hematocrits of the phlebotomized-
hypertransfused mice remained above the normal baseline hematocrit range of 45 — 49% for
four days, permitting the monitoring of circulating reticulocyte maturation in vivo without
the influx of new reticulocytes.

In experiments measuring surface TfRs on reticulocytes and RBCs during recovery from
blood loss, mice phlebotomized daily for three days, with no intervention other than blood
sampling, recovered normally to their baseline hematocrits, RBCs, and reticulocytes. To
examine the effects of macrophages on reticulocyte maturation in vivo, one microgram of
liposomal clodronate (dichloromethylene diphosphonate) in 0.2 mL of PBS or an equal
volume of plain liposomes in 0.2 mL PBS (Encapsula Nanosciences, Nashville, TN) were
injected into the lateral tail vein at the beginning of the fourth day of recovery from
phlebotomy. Liposomal clondronate disrupts macrophage function by selectively killing
those mature macrophages that ingest it [36]. After liposomal clodronate administration,
macrophage function remains decreased for several days in vivo until the generation of new
mature macrophages.

Analyses of hematocrits, RBC numbers, reticulocytes, and TfR expression

Hematocrits were measured in centrifuged microcapillary tubes. RBC numbers were
determined by diluting heparinized blood samples into PBS and counting in a
hemocytometer. In fresh and cultured blood samples from phlebotomized mice, reticulocytes
and RBCs expressing surface TfRs were analyzed simultaneously by dual color flow
cytometry. PBS-washed RBCs were resuspended in PBS plus 2% fetal bovine serum, stained
for 20 min on ice with rat monoclonal antibodies to murine TfR/CD71 conjugated with
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allophycocyanin (APC) (Leinco Technologies, St. Louis, MO), washed in PBS, resuspended
in 10 ng/mL thiazole orange (Sigma-Aldrich, St. Louis, MO) in PBS for at least 30 min., and
analyzed by two-color flow cytometry. Fresh and cultured blood samples from
phlebotomized mice were also analyzed for expression of surface TfRs and a4 integrin
(CD49d) using flow cytometry with rat monoclonal antibodies to murine TfR conjugated
with APC and murine a4 integrin conjugated to fluoroscein isothiocyanate (FITC) (BD
Pharmingen, San Jose, CA). The RBCs were washed in PBS, resuspended in PBS plus 2%
fetal bovine serum, stained for 20 min on ice with the antibodies to TfR and a4 integrin,
washed in PBS, and examined by flow cytometry. Controls were freshly harvested, PBS-
washed RBCs from normal mice. Flow cytometric data were collected with a FACSCantoll
equipped with standard 3-laser, 4-2-2 instrument configuration and running FACSDiVa
acquisition software (BD Biosciences, San Jose, CA). Listmode files were further analyzed
using Winlist Software (Verity Software House, Topsham, ME). Light Scatter (FSC, linear
or log and SSC, log) gates to exclude debris, aggregates, platelets, and leukocytes were
applied to fluorescent parameters for determination of RBC subset percentages.

Electron Microscopy

RESULTS

To determine the morphological appearance of the circulating RBCs that displayed surface
TfRs but had no thiazole orange staining, samples of peripheral blood were obtained from
mice on day 5 of recovery from phlebotomy. These blood samples were washed with PBS,
stained for TfR and thiazole orange and separated by fluorescence-activated cell sorting.
Cells were sorted for electron microscopy using a FACSAriall (BD Biosciences, San Jose,
CA) with standard filter sets. Gates and sorting regions were similar to those used for
analysis, and aliquots of sorted cells were evaluated for purity using the FACSCantoll. RBCs
with surface TfRs (thiazole orange negative, TfR positive) were fixed in glutaraldehyde and
processed for transmission electron microscopy as previously described [35].

Transferrin receptor expression on reticulocytes during recovery from blood loss

In order to determine the pattern of TfR expression in circulating reticulocytes during
recovery after blood loss, mice were made anemic by phlebotomies on three consecutive
days, and their blood was analyzed on the subsequent 10 days (recovery days 1 to 10) by
flow cytometry for thiazole orange (TO) staining and surface TfR/CD71 expression. Fig. 1A
shows paired flow cytometry histograms for forward-scattering (F-Sc) versus side-scattering
(S-Sc) of light and TO versus TfR-allophycocyanin (TfR-APC) fluorescence of the RBCs of
a representative mouse on recovery days 1, 3, 5, 7, and 10. In Fig. 1A, compared to an
unbled, control (Normal) mouse, the percentages of TO+ and TFR+ cells were increased on
recovery day 1. TO+ and TfR+ percentages increased further on recovery days 3 and 5
before decreasing on recovery day 7 (Fig. 1A). On recovery day 10, one day after fully
recovering from their anemias, the mouse had persistently increased TO+ and TfR+ cells,
including TO-, TfR+ cells, which were always less than 1% in normal control mice.

To determine whether mechanisms extrinsic to reticulocytes may play a role in the patterns
of TO staining and surface TfR expression during recovery from blood loss, cohorts of RBC
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populations with increased percentages of stress reticulocytes were examined during
maturation for 96 h in vitro or in vivo. Blood samples of mice made anemic by phlebotomy
were placed in tissue culture where the reticulocytes matured in vitro, while their cohort
reticulocytes remaining in vivo matured in the phlebotomized mice that had new reticulocyte
production suppressed by hypertransfusion. Fig. 1B shows paired flow cytometry histograms
for F-Sc versus S-Sc of light and TO versus TfR-allophycocyanin (TfR-APC) fluorescence
of RBCs from a representative mouse that was made anemic by five consecutive days of
phlebotomies, with the 0 h of recovery on the sixth day. At recovery time 0 h, a sample of
blood was cultured in vitro. The flow cytometry histograms are shown in Fig. 1B for this 0 h
blood sample and for the subsequent 24 h, 48 h, 72 h and 96 h times of maturation in vivo
(left-hand column) and in vitro (right-hand column). In Fig. 1B, 50% of the RBCs from the
phlebotmized mouse at recovery time 0 h stained with TO, indicating that they were
reticulocytes, whereas 3.2% of the RBCs of an unbled, control (Normal) mouse blood
analyzed at the same time were reticulocytes. The majority of reticulocytes from the anemic
mouse at 0 h expressed TfRs with 36% of all RBCs staining TO+,TfR+, while only 14% of
all RBCs stained TO+,TfR-. Conversely, Fig. 1B shows that among the few reticulocytes in
a normal mouse 1.2% of RBCs stained TO+,TfR+, while 2% stained TO+,TfR-. Only 0.1%
of the RBCs were TO-,TfR+ RBCs, indicating the rarity of these cells in the blood, except
under conditions of erythropoietic stress.

In Fig. 1B, hypertransfusion of the phlebotomized mouse reduced the reticulocyte
percentage of RBCs from 50% at 0 h of recovery to 24.2% at 24 hours later (left-hand
column). In vivo, the percentages of reticulocytes (total TO+ RBCs) steadily decreased from
24.2% at 24 h to only 2.3% of the cells at 96 h (Fig. 1B, left-hand column). In vitro, the loss
of TO staining was much less complete, as shown in Fig. 1B right-hand column, in which
52% of cells were TO+ at 24 h and 32.7% remained TO+ at 96 h. Furthermore, among those
reticulocytes that became TO—- RBCs in vitro, many retained TfR expression as shown in the
TO-,TfR+ population that was only 2.8% at 24 h of culture became 14% of the cells by 96 h
of culture. Unexpectedly, the reticulocytes that matured in vivo also demonstrated a
persistence of TfR expression after the loss of TO staining, as the percentages of TO-, TfR+
RBCs increased ten-fold from 0.6% at 24 h to 6% at 96 h (Fig. 1B, right-hand column).

Like TfR, a4 integrin is a component of the plasma membrane of nucleated erythroid cells
that is normally lost by exocytosis in the late stages of erythroblast maturation and continues
in the early stages of reticulocyte maturation [14, 15]. In Suppl. Fig. 1, flow cytometry
histograms of TfR and a4 integrin expression on RBCs from a phlebotomized, anemic
mouse are shown at 0 h and daily from 24 to 96 h during reticulocyte maturation in vitro
(upper row) and, after hypertransfusion, in vivo (lower row). In the anemic phlebotomized
mouse, the percentages of cells expressing a4 integrin on the plasma membrane was always
less than those expressing TfR. However, the loss of a4 integrin during in vitro maturation
(Suppl. Fig. 1, upper row of panels) was delayed compared to in vivo maturation, a pattern
similar to the delayed loss of TfR during maturation in vitro compared to in vivo.

The percentages of TfR+ cells maturing in vivo showed essentially no change from 16.6% at
24 h to 16.0% at 48 h in Fig. 1B and increased slightly from 18.6% to 22.8% between 24
and 48 h in Suppl. Fig. 1. After 48 h, percentages of TfR+ cells declined greatly in vivo
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(Figs. 1B and Suppl. Fig. 1). These results indicate that maximal suppression of new
reticulocyte production in vivo required about 2 days following the abrupt decrease in EPO
production by hypertransfusion. In the case of reticulocytes maturing in vitro, the plating,
harvesting, and washing of cultured cells were associated with about 15% loss of cells, with
relatively greater percentages of mature RBCs lost. As a result, TfR+ cell percentages were
slightly increased at 24 h compared to their respective percentages in anemic blood (Fig. 1B
and Suppl. Fig. 1). TfR+ cells declined in vitro from 45.8% at 24 h to 38.5% at 48 h in Fig.
1B, whereas TfR+ cells increased slightly in vitro from 33.1% at 24 h to 38.8% at 48 h in
Supplemental Fig. 1. After 48 h, the percentages of TfR+ cells declined slightly in vitro (Fig.
1B and Suppl. Fig. 1).

Splenic function and reticulocyte maturation

The delayed maturation rate of reticulocytes maturing in vitro versus in vivo in Fig. 1B and
Suppl. Fig.1 suggested that an extrinsic process in vivo enhanced loss of reticulin, TfR and
a4 integrin in reticulocytes that were produced and released into the blood during
erythropoietic stress. The results in Fig. 1B and Suppl. Fig. 1 indicated that the extrinsic
process that enhanced maturation of stress reticulocytes in vivo resulted in complete loss of
reticulin and a4 integrin. However, this extrinsic process did not achieve complete loss of
TfRs, as the percentages of TO—, TfR+ RBCs, which are relatively rare cells in normal
blood, accumulated in the blood of phlebotomized mice that had been hypertransfused (Fig.
1B). Therefore, we designed experiments to determine the roles played by the spleen and/or
macrophages in the loss of TfRs from circulating stress reticulocytes in mice that were
recovering normally after phlebotomies.

Fig. 2 shows changes in hematocrits, RBC numbers, and flow cytometry results for TO
staining and TfR expression of circulating RBCs from splenectomized mice and control,
non-splenectomized littermates during recovery from anemia induced by three consecutive
daily phlebotomies similar to the experiment shown in Fig. 1A, except that the anemia was
slightly less severe. Before phlebotomy, the splenectomized mice had similar hematocrits,
total RBCs, and reticulocyte counts as the non-splenectomized normal controls. After
phlebotomy, the splenectomized mice eventually recovered to similar hematocrits and
reticulocyte counts as did control mice. However, recovery from phlebotomy-induced
anemia was delayed in splenectomized mice compared to non-splenectomized controls (Fig.
2A, 2B), because the murine spleen is the primary organ responsible for stress
erythropoiesis. The absence of the spleen resulted in blunted and delayed reticulocyte
increases in response to phlebotomies (Fig. 2C). However, in both splenectomized and
normal control mice, hematocrits returned to pre-phlebotomy values by recovery day 17
(Fig. 2A), and reticulocytes (total TO+ RBCs) returned to pre-phlebotomy values by
recovery day 24 (Fig. 2C). On the other hand, the total TfR+ RBCs (Fig. 2D) and TO-, TfR+
RBCs (Fig. 2E) remained increased above pre-phlebotomy values for an additional two
weeks in both splenectomized and normal control mice. Most importantly, during the last
three weeks, the splenectomized mice had significantly greater increases in both total TfR+
RBCs (Fig. 2D) and TO-,TfR+ RBCs (Fig. 2E) than did control mice. On day 3 of recovery,
both normal and splenectomized mice had less than 1% of the total RBC populations stained
with annexin V, indicating an absence of apoptotic or dead cells in RBC populations. The
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development and persistence of the TO-,TfR+ RBC population after phlebotomy in normal
mice demonstrated that loss of reticulocyte surface TfRs was compromised during stress
erythropoiesis. The increased TO-, TfR+ RBC population in the splenectomized mice after
phlebotomy compared to control mice after phlebotomy indicated that the spleen plays a role
in the loss of TfRs from the maturing reticulocytes.

Macrophage activity in reticulocyte maturation

Macrophages are among the most likely candidate cell types mediating the loss of
reticulocyte TfRs in the spleen [22—-25]. Therefore, hematocrits, RBC numbers, and flow
cytometry results for TO staining and surface TfR expression of circulating RBCs were
examined in mice treated with liposomal clodronate and control mice treated with plain
liposomes on day 4 of recovery from anemia induced by three consecutive daily
phlebotomies (Fig. 3). As previously reported [37, 38], liposomal clodronate reduced new
reticulocyte formation due to its disruption of erythroblastic island function such that the
blood of liposomal clodronate-treated mice had fewer absolute numbers of reticulocytes
(total TO+ RBCs) that reached statistical significance during the period of recovery days 7—
13 compared to control mice that received plain liposomes (Fig. 3C). This reduced
production of reticulocytes resulted in a statistically significant decline in total numbers of
RBCs in the same post-phlebotomy period of days 7-13 compared to controls (Fig. 3B) and
a decline in hematocrit that reached statistical significance on recovery days 11-17 (Fig.
3A). After day 14 in clodronate-treated mice, these lower hematocrits from decreased
reticulocyte production on days 7-13 and newly regenerated macrophages in erythroblastic
islands helped to produce more reticulocytes than controls (Fig. 3C). Despite fewer absolute
numbers of reticulocytes than controls in the period following liposomal clodronate, the
liposomal clodronate-treated mice had similar absolute numbers of TfR+ RBCs (Fig. 3D)
and increased absolute numbers of TO-, TfR+ RBCs on these days (Fig. 3E). These results
demonstrated that liposomal clodronate-treated mice had significantly impaired loss of TfR
from newly formed RBCs compared to controls, indicating that macrophages mediated loss
of TfRs from the surface of maturing reticulocytes.

Morphological appearance of TO-,TfR+ RBCs

To determine whether the TO—, TfR+ RBCs were similar to mature biconcave RBCs, we
sorted TO-, TfR+ RBCs from mice on recovery day 5 after three daily phlebotomies and
examined them by transmission electron microscopy (Fig. 4). Supplemental Fig. 2 shows
flow cytometry histograms of the RBCs prior to cell sorting and the post-sorting fraction of
TO-,TfR+ RBCs. Although all of the TO—,TfR+ RBCs had smooth contours and some had
achieved biconcavity and elongation, they also had remnant structures that appeared to be
degraded organelles in the cytoplasm or displayed on the cell surface (Fig. 4). Therefore, TO
-, TfR+ RBCs circulating in the blood of the post—phlebotomy mice represent a stage of
maturation in which they are no longer reticulocytes because they have lost their reticulin
staining with TO. However, despite their regular, symmetrical, and frequently biconcave
appearance, TO—, TfR+ RBCs are also unlike mature erythrocytes because they have residual
small structures in the cytoplasm and on the surface of the cells.
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DISCUSSION

Most reticulocytes in normal mice did not express TfRs, i.e., they were TO+,TfR— RBCs as
shown in histograms Figs. 1A and 1B. Similar populations of TO+,TfR— RBCs were found
in healthy humans using dual reticulin and TfR staining, when TO [39-41] or auramine-O
[42] were used to detect reticulin. In these healthy individuals, all circulating RBCs that
expressed surface TfRs also stained for reticulin, i.e., all were TO+,TfR+ RBCs. TO-, TfR+
RBCs were not detected in normal individuals. In normal human umbilical cord blood,
reticulocyte percentages have a slightly higher range of up to 5% of all RBCs, and about
87% of reticulocytes as measured by TO staining do not express TfRs [43]. Furthermore, a
histogram of dually stained RBCs showed that TO-, TfR+ RBCs are rare in human cord
blood [43], similar to their rarity in normal mice. Thus, under normal conditions, the
majority of circulating reticulocytes have lost all surface TfRs, and those that enter the
circulation expressing surface TfRs will completely lose those TfRs prior to completing loss
of reticulin.

During erythropoietic stress, reticulocytes exit early from the hematopoietic tissues,
increasing circulating reticulocyte numbers and the proportion of those reticulocytes that
express surface TfRs. The recovery day 1 cells in Fig. 1A and 0 h recovery cells in Fig. 1B
from phlebotomized mice show that the majority of circulating reticulocytes produced by the
erythropoietic stress of phlebotomy had surface TfRs, i.e., they were TO+,TfR+ RBCs. As
these TO+,TfR+ RBCs matured in vivo or in vitro, some lost all reticulin staining before
they lost all surface TfRs, giving rise to a population of TO-,TfR+ RBCs (Figs. 1A, 1B).
Therefore, stress reticulocytes lost surface TfRs after entering the circulation, but their TfR
loss was sufficiently delayed that some completely degraded their reticulin before loss of
TfRs was completed. As a result, a population of TO-, TfR+ RBCs circulated during and
after resolution of erythropoietic stress as demonstrated in Figs. 2 and 3. TO—,TfR+ RBCs
occur in erythropoietically stressed humans as a patient with sickle cell disease had more
RBCs expressing TfR than staining with TO, but a histogram of dually stained RBCs was
not provided [39]. Two human studies suggest delayed loss of TfR in reticulocytes produced
during erythropoietic stress, but did not show a specific population of TO-, TfR+ RBCs [41,
44]. Hemodialysis patients receiving combined EPO and IV iron therapy had increased
percentages of reticulocytes expressing TfR [41]. Also, EPO-treated hemodialysis patients
demonstrate increased TfR expression in later stages of reticulocyte maturation compared to
untreated patients [44].

Our results demonstrate that an extrinsic process involving the spleen and macrophages
facilitates loss of surface TfRs during maturation of circulating reticulocytes. The role of the
spleen in this extrinsic facilitation of circulating reticulocyte maturation is unclear. In rats,
the spleen sequestered exchange-transfused reticulocytes, and erythropoietic stress in donors
and recipients contributed to the degree of sequestration and RBC survival [45].
Splenectomy, however, did not affect reticulocyte sequestration in rats that were
hypertransfused with blood from phlebotomized rats [28]. We avoided transfusion of
reticulocyte populations by studying TfRs on reticulocytes produced endogenously in mice
during recovery from phlebotomy. The results for TfRs in Fig. 2 suggest that the spleen
plays a role during erythropoietic stress in the loss of reticulocyte surface proteins that are
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highly expressed in erythroblasts and normally lost earlier in maturation when the
reticulocyte is in the marrow. These surface proteins are more highly expressed on
circulating stress reticulocytes because of their relative immaturity when released early from
hematopoietic tissues. In addition to TfRs, several plasma membrane proteins expressed
prominently in erythroblasts are selectively removed from maturing reticulocytes via
exosomes [14]. One of these proteins, a4P1 integrin, mediates erythroid cell adhesion to
central macrophages in erythroblastic islands via its macrophage counter receptor, vascular
adhesion molecule 1 (VCAM-1) [46, 47] as well as being the erythroid cell receptor for
fibronectin, a component of hematopoietic stroma [48]. The persistence of a4 integrin in
Suppl. Fig. 1 and splenectomy effects on TfR expressing cells in Fig. 2 are consistent with
the persistent fibronectin binding of RBCs in post-phlebotomy rabbits and in splenectomized
mice [21].

Residual TfRs on the plasma membrane and residual cytoplasmic inclusions and surface
deposits of reticulin-negative RBCs in Fig. 4 suggests that plasma membrane remodeling
and the loss of residual intracellular or surface structures may be functionally associated.
The spleen has a “pitting” function that removes cytoplasmic inclusions without disrupting
the RBC integrity [17]. During normal erythropoiesis, cytoplasmic inclusions are more
prevalent in splenectomized individuals [19]. Also, reticulocytes in splenectomized
individuals have more inclusions than mature RBCs, but some ‘mature’ RBCs, presumably
those recently completing reticulin degradation, have inclusions [19]. The inclusions are
mostly autophagic vacuoles located in the cellular periphery, immediately beneath the cell
surface, or protruding from the cell surface [19]. The close association of autophagic
vacuoles with the plasma membrane may allow splenic pitting to remove simultaneously a
vacuole and the overlying surface membrane.

Fig. 3 demonstrates a role for macrophages in the maturation of circulating stress
reticulocytes. Reticulocytes interact with macrophages at several times during their
maturation: a) with central macrophages during their residence in erythroblastic islands [47],
b) with sinusoidal macrophages during their emperipoletic passage into the sinusoidal blood
[21], and c¢) with macrophages of the spleen, liver or bone marrow during their sequestration
in these organs [18, 21]. This last interaction appears to be most important for circulating
stress reticulocytes. Macrophages have a proposed role in the exosomal process through
their phagocytic clearance of exosomes [49]. If interactions with macrophages induce
reticulocyte exosome formation or release, decreased loss of TfRs in mice treated with
liposomal clodronate, as shown in Fig. 3, may be attributed to prevention of these
interactions. However, exosomes account for removal of about 50% of TfRs on reticulocytes
[11, 50] indicating that another mechanism plays a significant role in reticulocyte loss of
TfRs. If exosome formation requires functional endocytic activity, then more mature stress
reticulocytes that no longer form endocytic vesicles may not lose TfRs through exosomal
release, but rather through another mechanism like macrophage-mediated removal of TfR-
containing membrane in exocytosed autophagic vacuoles [15]. Electron microscopic images
including those in Fig.4 did not show intact organelles including mitochondria, which are
normally removed from reticulcoytes in autophagic vacuoles. Reactive oxygen species are
increased in stress reticulocytes [51], and they may play a role in the incomplete loss of TfR.
However, we did not examine ROS status of the reticulocytes during their maturation. If
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these TfR losses are not achieved when the other aspects of reticulocyte maturation are
completed, small amounts of residual surface TfRs may persist resulting in TO—, TfR+
RBCs.

Control mice in Figs. 3 and 4 show that TO—,TfR+ RBCs produced during erythropoietic
stress persist for weeks after standard hematological determinations such as hematocrit,
hemoglobin and reticulocytes have returned to baseline values. Persistent expression of TfRs
on RBCs that have lost their reticulocyte staining provides a potential marker for recent
stress erythropoiesis. If human RBCs produced during stress erythropoiesis express surface
TfRs for weeks after the loss of reticulin from reticulocytes, then circulating TO-, TfR+
RBCs may be used clinically to detect recent episodes of bleeding, hemolysis, or EPO
administration, even when hematocrit, hemoglobin and reticulocytes have returned to normal
levels.
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Figure 1. Pattern of reticulin staining and transferrin receptor (TfR) expression of RBCs during
recovery from blood loss

(A) Histograms of flow cytometry analyses of RBCs for reticulin with thiazole orange (TO)
staining and transferrin receptor expression with APC-conjugated TfR/CD71 antibodies in
mice recovering from phlebotomy. Mice phlebotomized on three consecutive days had
reduction of mean baseline hematocrit of 46% and to a mean of 15% on the fourth day
(recovery day 1). During recovery to baseline hematocrits over 10 days, blood samples were
analyzed by flow cytometry. In the pair of histograms shown at each time point, the forward-
scattering versus side-scattering of light in the left histogram shows the outlines of the gates

Am J Hematol. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rhodes et al.

Page 15

used to select the cells for flow cytometric analyses of TfR-APC versus TO fluorescence
shown in the right histogram. Results for an unbled control mouse (Normal) that was also
analyzed on recovery day 1 and for the unstained recovery day 1 cells (No TfR-APC and No
TO staining) are shown above the recovery day 1 histograms. The paired histograms for F-
Sc/S-Sc and TfR-APC/TO of a representative mouse are shown on recovery days 1, 3, 5, 7,
and 10. Percentages of total analyzed RBCs are shown in the respective quadrants for TO

- TfR+, TO+,TfR+, and TO+,TfR- cells. (B) Flow cytometry analyses of TO staining and
TR expression during in vivo and vitro maturation of reticulocytes. Mice were
phlebotomized on five consecutive days with reduction in mean hematocrit from 48% to
23%. On the sixth day (time = 0 hours), samples of blood were obtained for flow cytometry
analyses and initiation of tissue culture, and the mice were then hypertransfused as described
in Methods. At each time point the forward-scattering versus side-scattering of light is
shown in the left histogram with outlines of the gates used to select cells for flow cytometric
analyses of TfR-APC versus TO fluorescence that are shown in the right histogram. Results
for an unbled control mouse (Normal) that was also analyzed at 0 h and for the unstained 0 h
cells (No TfR-APC and No TO staining) are shown above and to the right of 0 h histograms,
respectively. The paired histograms for F-Sc/S-Sc and TfR-APC/TO of RBCs of a
representative mouse are shown at 24 h, 48 h, 72 h and 96 h for in vivo maturation in the
left-hand column and for in vitro maturation in the corresponding right-hand column.
Percentages of total analyzed RBCs are shown in the respective quadrants for TO—, TfR+,
TO+,TfR+, and TO+,TfR- cells.
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Figure 2. Effects of splenectomy on stress reticulocyte maturation
Control (M) or splenectomized (O) mice were phlebotomized on days —2 to 0 to induce

anemia and allowed to recover without any intervention other than blood sampling as
described in Methods. Samples of blood were analyzed as described in Methods for (A)
Hematocrit and (B) Total erythrocyte (RBC) numbers as well as by flow cytometry for (C)
Total reticulocyte numbers (TO+ RBCs), (D) Total number of RBCs displaying surface TfR
(Total TfR+ RBCs), and (E) Total number of RBCs without reticulin that express TfR (TO
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-, TfR+ RBCs). Pre-phlebotomy mean values are shown by dashed lines. Results are means
+ SEM of five individual mice. *Significantly different than control at p < 0.05.
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Figure 3. Effects of liposomal chlodronate on stress reticulocyte maturation
Mice were phlebotomized on days —2 to 0 to induce anemia, allowed to recover without

intervention other than blood sampling, and given a single administration of liposomal
clodronate as described in Methods. On recovery day 4, control mice (H) received plain,
empty liposomes, and liposomal clodronate-treated mice (O) received one microgram of
clodronate in liposomes as described in Methods. Samples of blood were analyzed as
described in Methods for (A) Hematocrit, (B) Total erythrocyte (RBC) numbers, as well as
by flow cytometry for (C) Total reticulocyte numbers (TO+ RBCs), (D) Total number of

Am J Hematol. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rhodes et al.

Page 19

RBCs displaying surface TfR (Total TfR+ RBCs), and (E) Total number of RBCs without
reticulin that express TfR (TO-, TfR+ RBCs). Pre-phlebotomy mean values are shown by
dashed lines. Results are means + SEM of five individual mice. *Significantly different than
control at p < 0.05.
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Figure 4. Transmission electron micrographs of TO-, TfR+ RBCs
TO-,TfR+ RBCs were isolated by fluorescence activated cell sorting from the blood of a

mouse on the fifth day of recovery from three consecutive days of phlebotomy. Pre-sorting
and post-sorting analyses of forward and side light-scattering (shown in Supplemental Fig.
2) indicated that the TO—, TfR+ RBCs were intact and unchanged in these properties after
sorting procedure. The micrographs show individual cells at similar magnifications (bar
equals 1 micrometer). The rectangles in each micrograph designate those areas shown at
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higher magnification in the adjacent micrographs. These selected areas demonstrate internal
or surface structures consistent with degraded organelles.
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