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RED CELLS, IRON, AND ERYTHROPOIESIS

The macrophage contribution to stress erythropoiesis: when less
is enough

Tatiana Ulyanova, Susan R. Phelps, and Thalia Papayannopoulou

Division of Hematology, Department of Medicine, University of Washington, Seattle, WA

Although the importance of native bone marrow and spleen macrophages in enhancing

baseline and stress erythropoiesis has been emphasized over several decades, their

» Significant expansion only of
native splenic macrophages
that are F4/80"/Cd11b'"
occurs in both post-Epo and
post—-hemolysis-induced
stress.

o VCAM-1""" mice, like Spi-
C~/~, mice have significantly
decreased macrophages but
did not have a compromised
E-stress response.

kinetic and phenotypic changes during a variety of stress responses have been unclear.
Furthermore, whether monocyte-derived recruited macrophages can functionally sub-
stitute for inadequate or functionally impaired native macrophages has been controver-
sial and seem to be not only tissue- but also stress-type dependent. To provide further
insight into these issues, we made detailed observations at baseline and post-erythroid
stress (E-stress) in 2 mouse models with genetically depressed macrophage numbers
and compared them to their controls. We documented that, irrespective of the stress-
induced (hemolytic or post-erythropoietin [Epo]) treatment, only native CD11b'° splenic
macrophages expand dramatically post-stress in normal mice without significant
changes in the monocyte-derived CD11b" subset. The latter remained a minority and
did not change post-stress in 2 genetic models lacking either Spi-C or VCAM-1 with
impaired native macrophage proliferative expansion. Although CD11 b'° macrophages in
these mice were one-fifth of normal at their peak response, surprisingly, their erythroid
response was not compromised and was similar to controls. Thus, despite the prior emphasis on numerical macrophage reliance to
provide functional rescue from E-stress, our data highlight the importance of previously described non-macrophage-dependent
pathways activated under certain stress conditions to compensate for low macrophage numbers. (Blood. 2016;128(13):1756-1765)

Introduction

The link between erythroid-cell responses and macrophage number
and function has been extensively emphasized previously.'” This
macrophage/erythroblast (Eb) relationship is exerted within the bone
marrow (BM) or spleen in the context of cellular niches termed
erythroid or erythroblastic islands (Els). Although initial studies
focused on the role of macrophages to provide iron for heme synthesis,
and to phagocytize effete red blood cells and the expelled nuclei from
Ebs, later studies provided several additional roles for macrophages,
influencing proliferation and/or survival of erythroid cells. Guiding
these functions were several adhesive signals between macrophages
and erythroid cells, although the dominant or precise molecular path-
ways initiated in each case are unclear.>®!2

Studies on the phenotypic characterization of central macrophages
within Els revealed that although there is no single molecule expression
unique to the central macrophage, it can be characterized by a com-
bination of molecules expressed on its surface. Among these are the
pan-macrophage markers F4/80 and CDG68, as well as CD169 and
the adhesion molecule VCAM-1."* Regarding the monocytic markers
CD11b and Ly6G, there is currently a discrepancy in the literature.
For example, CD169" and Ly6G™* macrophages were identified as
supporting BM erythropoiesis,'*'> but other studies have concluded
that CD169™ macrophages or the EI macrophages “express low to

intermediate CD11b, whereas Ly6G™ macrophages exhibit high
CD11b expression.”'>!6-18

Under conditions of erythroid stress (E-stress), when demands are
imposed on enhancement of erythroid cell growth and maturation, a
proper cellular crosstalk among components within the Els and positive
feedback pathways from their microenvironment become especially
important. Thus, it is not surprising that various functional impairments
described in either macrophages or Ebs are mainly manifested under
stress. Molecules providing adhesive contact between macrophages
and Ebs (alphad integrin/VCAM-1,%'92° ICAM4/alphav/alpha4
integrins,'®'"2122 CD163,% palladin,'? as well as extracellular
matrix proteins, fibronectin,>** and laminin),>*?® exert regulatory
roles mostly under stress by influencing growth, differentiation, and
adhesion/migration of erythroid cells. In addition to direct contact,
soluble factors secreted by either Ebs or macrophages influence stress
erythropoiesis. These include the positive regulators growth arrest
specific protein 6 (Gas6),”* vascular endothelial growth factor A
(VEGF-A), and placental growth factor (PIGF)’' released by Ebs.

Beyond functional defects, the influence of macrophage numbers
on the outcome of stress response has been studied by extraneous
reductions of their numbers,'*!>2? or in certain genetic mouse models
with low macrophage numbers.>**> However, extraneous reductions
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by clodronate or diphtheria toxin-induced macrophage deletion may
exert additional off-target effects on other tissue cells, as noted
previously,*®*® making the data hard to interpret. On the other hand, in
mice with genetic deficiencies in red pulp macrophages (RPMs), it has
been concluded that monocyte-derived, CD11b™ cells, acquire post—
E-stress a functionally competent macrophage phenotype to address
functional demands.*®> However, the above conclusions about the
functional compensation of recruited CD11b™ macrophages are in
conflict with other previously forwarded data, suggesting that in cases
of non-genotoxic macrophage depletion, native tissue macrophages
respond by enhanced in situ proliferation without any monocyte
contribution to the functional tissue macrophage pool.>>*® Whether
these controversial outcomes are dependent on different forms of stress
is not clear.

In order to provide further insights on the contribution of specific
macrophage subsets to the E-stress response, in the present study we
assessed quantitative kinetic changes of macrophage subsets in re-
sponse to hemolytic stress or post-erythropoietin (Epo) treatment in
normal mice, and compared the data to the ones from 2 genetic mouse
models with drastically reduced numbers of macrophages at baseline
and post-stress. Despite the low number of macrophages in the latter
mice carrying a putative unfavorable signature, no detrimental
erythroid responses were noted. These unexpected data expand our
current knowledge of players involved in E-stress response in mice.

Methods

Mice and treatments

Spi-C—deficient mice were described elsewhere.'®** They were a generous gift
from D. Shayakhmetov (Atlanta, GA). In our study, we used Spi-C*™'™ as
controls for Spi-C ™'~ mice. VCAM-14"* (Tie2cre "/VCAM-1") mice*"*? in the
present study were on a C57Bl/6 background, the same as our a4™® mice
(Tie2cre /ad™)* and control mice. Phenylhydrazine (PHZ)-induced stress:
mice received a single PHZ injection (100 mg/kg, intraperitoneally) on day 1 and
were euthanized later either on day 4 or on day 6. In some experiments, after the
first PHZ injection, mice were allowed to recover for 3 weeks, received the
second PHZ injection, and were euthanized on day 6. Epo-induced stress: mice
received 3 injections of hu rEpo (100 U per mouse, intraperitoneally) on
consecutive days and were euthanized on different days. Transplantation: wild-
type (WT) recipients were lethally irradiated and received 5 X 10° of either WT
(control) or VCAM-12 BM cells. After BM reconstitution (at 9 weeks), mice
were challenged with PHZ. In some experiments, mice received a single injection
of 100 g control rat immunoglobulin G2b or CD24 murine monoclonal
antibodies (mAbs) (clone M1/69), and were euthanized 5 days later. All animal
procedures were approved by the University of Washington Institutional Animal
Care and Use Committee.

Flow cytometry

Freshly isolated BM and spleen cells were immunostained at 4°C with
combinations of mAbs. For macrophage evaluation, we used VCAM-1-Alexa
488 (clone 429; BioLegend, San Diego, CA), CDI11b-phycoerythrin (PE)
(BioLegend), and F4/80-allophycocyanin (APC) (eBioscience, San Diego, CA);
in some experiments, CD169-PE (clone 3D6.112; BioLegend) was used in
combination with VCAM-1, F4/80, and CD11b mAbs; to assess cycling
macrophages, Ki-67—fluorescein isothiocyanate (FITC) (BD Biosciences, San
Jose, CA) was used together with F4/80, CD11b, and VCAM-1 mAbs according
to the manufacturer’s instructions. For erythroid evaluation, we used CD71-FITC
(BD Biosciences), Ter119-PE (eBioscience), CD44-APC (BioLegend) or
CD71-FITC (BD Biosciences), Terl 19-PE (eBioscience), and CD117/cKit-
APC (Southern Biotech, Birmingham, AL). Eb maturation profile was assessed
as follows: pro-Ebs were Terl 19'°CD71™ whereas the Ter119" cells were
subdivided into basophilic Ebs (Ter119" CD44™ FSCM); polychromatic
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Ebs were Terl197CD44™9FSC™: and orthochromatic Ebs were
Ter119"CD44'°FSC'°. Fluorescence-activated cell sorter (FACS) analysis
was done using a FACSCalibur system (BD Immunocytometry Systems,
San Jose, CA) and FloJo software.

El preparations

El preparations were made from the BM and spleen, essentially as described.'®°

Cytospin preparations of Els were stained with Hema3 (Thermo Fisher
Scientific, Waltham, MA) or immunostained with biotinylated F4/80, or
CDl11b, or VCAM-1 antibodies, followed by Streptavidin-Alexa 488 (all
from BD Biosciences). In some experiments, isolated EIs were incubated with
10 mM EDTA to strip Ebs from macrophages, and then stained with F4/80
and CD169 mAbs for FACS analysis.

Results

Quantitative and phenotypic changes in macrophages in
response to E-stress

By isolating Els from the BM or spleen after E-stress, we found that
the phenotype of EI F4/80" macrophages in normal mice is the one
displaying low expression of CD11b and high expression of CD169
and VCAM-1 (Figure 1A), a conclusion consistent with several prior
reports.'>!%'833 In addition to the CD11b" macrophage populations
that are engaged in EI formation, F4/80"/CD11b™ are also present,
derived from circulating monocytes and represent a minority among
total macrophages in the spleen, but are modestly higher in BM at
baseline erythropoiesis (Figure 1B, left). Of note, VCAM-1 expression,
a characteristic feature of EI macrophages, was expressed in the great
majority of the CD1 10" subset, both in the BM and spleen, whereas
the monocyte-derived subset in the spleen was virtually negative
for VCAM-1 expression (Figure 1B, right; and see supplemental
Figures 1-2, available on the Blood Web site).

We next studied the dynamics of the above characterized
macrophage subsets during E-stress triggered after acute PHZ-
induced hemolysis. After PHZ injection, the number of both
macrophage subsets in the BM dropped by 50% on day 4 and started
to recover by day 6 (Figure 1C, right [femur]). In sharp contrast, the
number of CD11b' macrophages in the spleen increased dramatically
(32-fold) by day 6, whereas the CD11b™ subset remained unchanged
and comprised only a very small fraction of total splenic macrophages
(Figure 1C, left [spleen]; supplemental Figure 1). Consistency of
macrophage responses was seen when two PHZ treatments were given
3 weeks apart (supplemental Figure 3). In our next model, stress
erythropoiesis was induced by 3 daily Epo injections (100 U/mouse X 3).
In this model, any putative heme-triggered changes in macrophages are
absent. Again after Epo, as in after PHZ, we saw a dramatic increase in
CD11b" macrophages in the spleen by day 4, 1 day after the last Epo
injection (Figure 1C), although the magnitude of the response was
somewhat lower compared with the PHZ-induced stress. In BM, the
number of CD11b™ macrophages dropped, similarly to that seen after
PHZ, likely reflecting their mobilization to peripheral blood (PB),
whereas a modest increase in the number of CD11b™ macrophages in
the spleen was seen after Epo compared with the baseline (Figure 1C,
right).

The fact that we are dealing with selective proliferation of CD11b'"
native macrophages, especially after PHZ, was substantiated by
showing that the proportion of Ki-67" cycling CD11b" macrophages
increased to ~80% by day 6 (from 9% at day 0), whereas the propor-
tion of Ki-67" CD11b"™ macrophages was almost unchanged from
pretreatment values (Figure 1D, right).

20z dunf g0 uo 3senb Aq jpd 96/ L/¥9.G6€1/9GL L/EL/8Z L /Pd-BJole/pO0|qAeU-sUOleDlgNdyse//:djjy WOl papeojumog



1758  ULYANOVA et al BLOOD, 29 SEPTEMBER 2016 + VOLUME 128, NUMBER 13

B
100% ’w BM Spl
L, 80% I8
% = hi
2 0% 8 CD11bMF4/80+ ‘\f
- '
S 40%1 CD11bPF4/80+ i
X o ll )
o = . g \
20% |- isotype | N \
[a] T i T T T T T
0, 1L IS 10° 10" 10® 10® 10* 10° 10" 10%2 10%® 10*
BM Spl
—— VCAM-{ ————>
C SPLEEN FEMUR
© 250 PHZ 120 Epo 8 PHZ 8 Epo
= 7 71
< 200 1 100 o 6
5 80_
E 150 51 5
= 60 - 4 4
= 100 | i i
: o : \/I :
+ 2 2
o 50 4
o 20 14 14
<
= o l=m—]—— 0 0 0
do d4 dé do d4 d5 d6 d7 do  d4 dé do d4
D BM transplantation CcD11b© CD11bNi
© 1201
| v v
o
— 100 | '
>
;Ei 80 - dé —
= 60 d4
8 40
s do
& 201
h o isotype : e . . _ '
do d4 dé 10° 10" 10? 10° 10* 10° 10" 10% 10° 10

Ki-67 >

Figure 1. Macrophage subsets in WT mice at steady state and during response to stress. (A) Morphology and expression of F4/80, CD11b, and VCAM-1 was analyzed
in El preparations isolated from spleens of PHZ-treated or Epo-treated mice on day 4; Hema3 stain: note the different maturation stages of Ebs that adhere to themselves and
to the central macrophage engorged in damaged red cells after PHZ treatment (i); and DAPI-counterstained Els (ii-v). Light green stain for F4/80 and magenta nuclear stain
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Furthermore, to test whether the dynamic changes in macrophage
subsets are the same or different after BM transplantation representing
a genotoxic stress with possible elimination of native tissue macro-
phages, we carried out similar studies in normal lethally irradiated
recipient mice transplanted with normal stem cells. As indicated by data
presented in Figure 1D (left), PHZ stress induced 9 weeks posttrans-
plant resulted in kinetic responses similar to the ones seen in non-
transplanted mice, albeit of a lower magnitude. These data suggest that
by 9 weeks posttransplantation, the donor-derived macrophage pop-
ulation in the spleen has acquired the phenotypic characteristics seen
in nontransplanted mice (supplemental Figure 4).

In conclusion, native spleen macrophages phenotypically charac-
terized by low expression of CD11b respond by a significant
proliferation, both post-hemolytic stress by PHZ and post-Epo
treatment, in contrast to CD11b" macrophages, which do not show
significant quantitative changes post—E-stress. Similar expansions
of macrophage subsets were also observed in animals after BM
transplantation.

Changes in macrophage population before and after E-stress in
genetic mouse models with macrophage impairment

One of the models chosen for study is the Spi-C ™'~ mouse.>* Spi-C,
a member of the Spi family of Ets transcriptional factors, is normally
induced by heme through Bach1 degradation and is found to regulate
the development of F4/80"/CD11b'/VCAM-1" macrophages (ie, the
RPMs). Spi-C ™'~ mice show a severe reduction of F4/80"/CD68*/
CD169*/CD11b' macrophages in the spleen red pulp'® and in BM**
but not in other tissues. Importantly, Spi-C also regulates VCAM-1
expression (there is an Ets element within the VCAM-1 gene) and
Spi-C ™'~ mice were reported to have™ virtually absent VCAM-1
levels in F4/80"/CD11b" cells. When E-stress response was induced
in the Spi-C~’~ mice, there was an influx of monocyte-derived
CD11b" macrophages in the spleen. Because the erythroid response in
these mice was not very different than in controls,* it was previously
concluded but never convincingly documented in the same mice, that
the recruited monocyte-derived population under heme stimulation
(detrimental to native macrophages) morphed into a phenotypically
and functionally competent macrophage population.™?

In our study, we confirmed the reduction of RPMs in spleens of
Spi-C '~ mice (Figure 2A). In addition to decreased numbers, especially
of the CD11b™ subset (39% of control in BM and 14% of control in
the spleen), the Spi-C '~ macrophages also had decreased VCAM-1
expression especially in the spleen (Figure 2A, right). Erythropoiesis
was normal at steady state in these animals. To assess macrophage
changes post-E-stress, we induced acute hemolysis in these mice by
PHZ injection. As seen in Figure 2A, although a modest increase of
CD11b" macrophages was noted in the spleen, the total number of these
macrophages were only 19% = 5 of control spleen values and in BM
were 29% = 6 of the corresponding control values at day 6. At the same
time, the numbers of monocyte-derived CD11b™ macrophages
remained at low levels and were similar in Spi-C "~ mice and their
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controls, both in the BM and spleen. Of interest, the level of VCAM-1
expression, although increased slightly post-stress, remained below the
level expressed in controls (Figure 2A, right).

Because VCAM-1 expression was not properly activated in heme-
challenged Spi-C '~ macrophages (Figure 2A, right) and also because
VCAM-1 was previously associated with impairment in E-stress
response through the use of inhibitory antibodies,®*® we also studied
in detail the macrophage response of VCAM-1~* mice following
hemolytic stress (Figure 2B). We documented for the first time, that at
steady state, CD11b'® macrophages in the BM were one-fifth of control,
whereas in the spleen they were about half of control; the CD11b™
subset was 50% of control in the BM and similar to controls in
the spleen (Figure 2B). After PHZ challenge, CD11b" macrophages
reached only 10% to 20% of the level seen in control spleen and 30% of
the level seen in control femur. Whereas control macrophage CD11b'°
cells expanded ~32 times, their VCAM-144 counterparts expanded
only 10-fold, suggesting either impaired proliferative responses or
excessive death post-stress.

Thus overall, the 2 mouse models used showed great similarities
in their type and number of macrophage content, both at baseline and
after stress, compared with their respective controls.

To test whether the lack of VCAM-1 expression in macrophages
was intrinsically important for their low numbers, rather than
microenvironmentally-induced by other nonmacrophage stromal
cells that are VCAM-14/2 (ie, endothelial cells [ECs], stromal cells, or
fibroblasts not expressing VCAM-1), we made observations in lethally
irradiated normal mice transplanted with either VCAM-1 AABM cells,
or normal BM cells (Figure 2C). After donor reconstitution (9 weeks
posttransplantation), the total macrophage populations (F4/80, 98%
donor-derived) were quantitatively lower than controls, especially the
CD11b' populations in the BM. However, after hemolytic challenge,
VCAM-144 donor-transplanted mice essentially did not expand at day
6 post-PHZ (the day of maximum expansion of CD11b" cells in the
spleen), similarly to nontransplanted VCAM-1 AA animals and in sharp
contrast to mice transplanted with */* donor cells, which had
significant expansion of their total F4/80" cells and total CD11b'°
cells. These data suggest that VCAM-1 expression in macrophages
is likely intrinsically associated with their failure to expand post-
hemolytic stress.

Erythroid responses post-stress in Spi-C™'~ and
VCAM-142 mice

Because significant increases in tissue macrophages post-PHZ were
seen in normal mice, such changes may be intuitively interpreted as
necessary for erythroid response. Therefore, we evaluated in detail
erythroid responses in normal mice and compared them to those with
drastically reduced macrophages, the Spi-C '~ and VCAM- 142 mice.
Evaluation included spleen weight, spleen cellularity, total nucleated
erythroid cells (TER119™) and their maturation profile, EI preparations
from spleens of treated animals, and PB analysis (hematocrit [Hct], red
blood cell count [supplemental Figure 5], and white blood cell count).

Figure 1 (continued) (assigned color) for surrounding Ebs (ii); light green CD11b™ cells (iii); dotted circles indicate central macrophages. Light green F4/80" cells and DAPI-
stained Ebs (iv); and green VCAM-1 positivity on central macrophages (v). CD169 expression on F4/80" cells was analyzed by FACS after El disaggregation (bottom right
panel). (B) Percentage of F4/80" cells in the BM and spleen that are CD11b"™ or CD11b" at steady state (CD11b": red; CD11b": blue). VCAM-1 expression in the 2 subsets
(right panel). Note that only CD11b' express VCAM-1 in the spleen. (C) Quantitative kinetic changes in the 2 F4/80™ subsets after PHZ or Epo challenge. (D) Quantitative
changes in the 2 F4/80" subsets in transplanted mice (WT—WT) treated with PHZ 9 weeks after transplantation (left). Cycling status (Ki-67 antibodies; see “Methods”) of the
2 subsets before and after stress (right). Note differences only in the CD11b'® subset. The high Ki-67 positivity in this subset changed from 9.63 + 1.27% to 45.9 *+ 6.15% and
finally to 76.15 + 1.25% on days O (light blue), 4 (peach) and 6 (red), respectively. No such population was present in CD11b" subset (arrow). Number of mice: day 0, n = 6;
PHZ-induced stress, day 4, n = 4; day 6, n = 6; and Epo-induced stress, n = 3. Images in (Ai,iv-v) were taken with a Leica DMLB camera (objective N PLAN 40x/0.65, eye
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Figure 2. Total and CD11b'® macrophage subsets are greatly reduced before and during E-stress response in Spi-C-deficient and VCAM-1-deficient mice.
Numbers of CD11b" (lighter shades) and CD11b" (darker shades) macrophages, as well as VCAM-1 expression in F4/80" cells in the BM and spleen were determined at
several points after PHZ challenge. (A) Spi-C—deficient mice (blue bars and lines, n = 3 for each time point). (B) VCAM-1 knockouts (peach bars and lines, n = 3 to 5 mice for

each time point). (C) Normal irradiated recipients transplanted (Tx) with either normal donor cells (red hatched bars) or VCAM-1

=/~ donor cells (peach hatched bars, n = 5 for

each time point). Red bars and lines represent the respective controls (n = 6 to 12 mice for each time point). Significant difference from control; *P < .05. Note that total
F4/80" cells are significantly reduced in mutant mice compared with their controls before and especially after PHZ challenge, mainly in the spleen. Far right panels in (A-B)
indicate levels of VCAM-1 expression in total macrophages. Note that less VCAM-1 expression (lower MFI) is seen in Spi-C—deficient and virtually no expression in VCAM-
1-deficient macrophages (low MFI VCAM-1 was seen in <10% of F4/80" cells). Ctrl, control; d, day; MFI, mean fluorescence intensity.

Briefly, spleen responses in terms of splenic weight, cellularity, and
Eb content in Spi-C '~ mice were similar to controls (Figure 3A).
BM parameters were also similar to controls. In addition to total Eb
numbers, their maturation profile, as assessed by staining with CD71,
TER119, and CD44 antibodies, was also similar to control mice
(Figure 3B). EI preparations were qualitatively similar to those of
control mice (supplemental Figure 6A). Hct levels at day 6 post-PHZ
were 44.4 + 2.4% in control mice and 45.6 = 1.9% in Spi-C '~ mice

(n = 5 per group; supplemental Figure 5). In VCAM-1** mice, Hets

were 40.5 = 0.7% vs 41.1 = 2.9% in the respective controls
(supplemental Figure 5). Nevertheless, certain differences from controls
were seen in VCAM-1** mice in terms of Eb content, maturation
profile (Figure 3), and EI preparations (supplemental Figure 6A-B).
Despite these differences, by day 6, VCAM-1 A4 mice caught up to the
control levels, an outcome that is in agreement with recent data in which
VCAM:-1 was deleted only in macrophages.** In contrast to the primary
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VCAM-144 mice, normal mice reconstituted with VCAM-1*"2 donor
cells fared somewhat better in their erythroid responses, because the
transient changes seen in nontransplanted mice were not readily
apparent (Figure 3). It is tempting to attribute the differences seen to a
putative positive influence by the largely normal microenvironment
in the spleen and BM in transplanted mice.

Because macrophages and dendritic cells (DCs) appear to have
a common origin,*>* and a certain class of DCs (CD8a.*, ¢cDC1)
(ie, with high CD24 expression but negative for CD169 and located
adjacent to RPMs) appear to exert a macrophage-independent influence
on E-stress response,*’ we tested whether this pathway was functional
in VCAM-1*2 mice. Thus, we treated our VCAM-1*2 mice with
aCD24 antibodies to engage a DC response. As seen in Figure 4, both
control and VCAM-1*"* mice responded to this treatment by eliciting
similar increases in CD11b" macrophages in the spleen and similar
increments in Eb populations. It is of interest that following this
treatment, macrophage expansion in VCAM-1"2 mice was not signifi-
cantly different from that of controls, in stark contrast to PHZ response
(Figure 1). These data highlight the fact that differences in both macro-
phage and erythroid population responses depend on the stimulus applied.

Overall, certain phenotypic features of the VCAM-1*"* mice at
baseline and their responses post-stress are reminiscent of the ones seen
in integrin a4 mice.*”* Interaction of a4 on Ebs with its ligand
VCAM-1 on macrophages was previously considered important in EI
stabilization through the use of inhibitory antibodies for either a4 or
VCAM-1.%% Atbaseline, VCAM-1*"* mice, like a4 mice, are also
not anemic and show increased release of progenitor cells in the PB.*>%°
After E-stress, both types of mice exhibited a delayed response to stress.
However, of interest, only VCAM-1%2 mice at baseline have
significantly decreased total F4/80" cells in the spleen, especially the
ones that are CD11b" (Figure 2B). These data reinforce the participation
of a4/VCAM-1 interaction partners in the context of Els for the
enhancement of terminal erythroid maturation and for firm retention
of Ebs, in conjunction with other cooperating adhesive connections.

Discussion

The association of differentiating Ebs with macrophages within a
defined complex, the EI, has been emphasized on multiple occasions
since its inception (some 50 years ago'), as a necessary component of
developing erythroid cells. Reduction in the number of macrophages by
external treatments (ie, clodronate liposomes or by genetic manipula-
tions) has been deemed as highly detrimental to developing erythroid
cells, especially in response to stress.'>'**> Whether the existing
population of native tissue macrophages at baseline was adequate for
stress response, or whether their numbers need to increase also has not
been conclusively determined, because quantitative changes in the
population of macrophages were rarely assessed kinetically post-stress.
Our data in normal mice suggest that both post-hemolytic stress and
post-Epo treatment in the population of native spleen macrophages,
characteristically the ones with low expression of CD11b (native
macrophages), is dramatically expanded post-stress (Figure 1C).
Although the exact proliferative stimulus for the expansion of CD11b'
macrophages post—E-stress is not clear (increase in macrophage
colony-stimulating factor, reactive oxygen species, bone morphoge-
netic protein 4, or release of inflammatory cytokines), this outcome may
be intuitively viewed as necessary for optimal erythroid response. The
fact is that the number of monocyte-derived CD11b™ macrophages did
not change. As documented here, this is in agreement with previously

MACROPHAGES AND STRESS ERYTHROPOIESIS 1761

expressed views covering macrophage tissue responses to non-
genotoxic stress.>>*° However, an alternative view has been expressed
suggesting that CD1 16" macrophages represent a recruited “rescue
squad” capable of transforming and supplanting the low numbers of
native, CD11b" tissue macrophages®>*>%>! following the same type of
non-genotoxic stress. Beyond these inconsistencies regarding splenic
responses, there are also conflicting data about the influence of CD11b"™
macrophages on BM erythropoiesis post-cytokine treatments. A
negative role in BM erythropoiesis was found after reduction of their
numbers post-treatment with granulocyte colony stimulating factor'*
or with Fms-like tyrosine kinase (ie, Flt3),'* although a reduction in
CDI11b" macrophages also seen in earlier studies after Epo treatment
or post-hypoxia led to the opposite conclusion.>> Whether the CD11b™
macrophages are the ones participating in EI formation in BM'* in
contrast to spleen,'>'®!® also varies in different reports.

To provide further insight into these controversial issues, we made
detailed observations in 2 genetic models, Spi-C "~ and VCAM-1%4,
with distinct macrophage impairment. We documented that the native
spleen macrophages were dramatically diminished at steady state,
as documented for Spi-C~'~** mice and presented for the first time for
our VCAM-1*"* animals. The total number of F4/80" cells in both
types of animals was <20% of that in control animals (Figure 2). Post-
hemolytic stress, although the number of RPMs, or native spleen
macrophages, was expanded from their low numbers in both types of
animals (Figure 2) in contrast to the CD11b" macrophages, which did
not expand, the total macrophage population remained ~80% below
the number achieved in E-stressed controls (Figure 2). An explanation
for the low number of RPMs in Spi-C '~ macrophages at homeostasis
has been previously advanced,*® however, the reason why VCAM-144
macrophages are low is not clear. Activation of VCAM-1 in both ECs
and in macrophages by increased levels of glucocorticoids was found to
be part of the E-stress response.”>* Further, VCAM-1 appears to be a
target for hypoxia-inducible factor 1-a in ECs playing an essential role
in supporting erythropoiesis,>> because it impairs erythroid maturation.
The increased reactive oxygen species occurring post-stress could
also affect VCAM-1 activation in macrophages, as it occurs in ECs.
Therefore, the inability to activate VCAM-1 in macrophages may have
curtailed their proliferative response. Whether macrophages alone or
in cooperation with other stromal cells (ECs, fibroblasts, etc) respond
functionally by increasing their VCAM-1 activation and their num-
bers post-stress has been addressed in our transplantation experiments
(Figure 2C). Because VCAM-1 A/A macrophages did not expand within
normal host splenic stroma, phenocopying the nontransplanted
phenotype, the data support a dominant effect of VCAM-1 expression
in macrophages as intrinsically associated with their proliferation.

Despite the low number of native RPMs in both types of animals,
we were surprised to see that CD11b™ macrophages could not supplant
the void of native macrophages, especially post-stress, as suggested
in recent commentaries.>>*>! Because proliferation was only doc-
umented in CD11b' macrophages (Figure 1D), it is possible that the
presence of CD11b or the absence of VCAM-1 limits their activation
and/or proliferation post-stress (Figure 1), suggesting the need to
suppress their CD11b and/or enhance their VCAM-1 expression
before their proliferation. In this context, it is of note that in adipose
tissue macrophages, the presence of CD11b limits their proliferation
and their alternative activation.>®

A further and unexpected surprise was the fact that the erythroid
response in Spi-C '~ and in VCAM-1%/ “ mice was similar to control
mice despite the very low number of total F4/80™ cells (both CD11b'°
and CD11b™). The adequate response of Spi-C’~ to hemolytic
challenge was previously attributed to recruited macrophages (although
neither quantitative kinetic data for macrophage numbers nor erythroid
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Figure 4. Dynamics of macrophage subsets CD11b'° (lighter shades) and CD11b" (darker shades) in response to aCD24 antibody treatment. WT (red bars) and
VCAM-1~'" blue bars) mice were treated with aCD24 antibody or control immunoglobulin G (see “Methods”). Cellularity (left panels), macrophage (middle panels), and Eb
(right panels) responses were followed in the BM (A) and spleen (B). Note the major changes after treatment in the spleen only. These data are consistent with the fact that the
spleen and not the BM is the major source of SCF produced after CD24 engagement.*” SCF, stem cell factor.

cell numbers were provided to support this claim).>* It was argued that
heme challenge led to “local differentiation of monocytes into RPMs,
thus replenishing the resident population lost by heme toxicity”™ by
adapting a phenotype that is by definition heme-vulnerable? Because
we found that the CD11b™ macrophages did not significantly expand

post-stress in control and knockout animals, our data challenge this
claim. In this context, it is also important to note that the kinetic
responses we described after PHZ challenge were similar to the ones
seen after just Epo treatment, away from any heme-triggered changes.
Similar erythroid response data were also documented in VCAM-1%4

Figure 3. Erythroid responses to PHZ challenge in Spi-C—deficient and VCAM-1-deficient mice. (A) Cellularity and total number of Ebs in the femur (left panels) and
spleen (right panels) of respective controls for each group of mice (red bars), Spi-C—deficient mice (blue bars, upper panels), VCAM-1—deficient mice (peach bars, middle
panels), and control mice irradiated and transplanted with either control donor cells (red striped bars) or VCAM-1—deficient donor cells (peach striped bars, lower panel). (B)
Erythroid maturation profiles in femur and spleen of Spi-C—deficient mice (blue lines, left panels) VCAM-1—deficient mice (peach lines, middle panels) and control mice
irradiated and transplanted (Tx) with either control donor cells or VCAM-1—deficient donor cells (peach lines, right panels) and their respective controls (red lines) at day 4
(solid lines) and at day 6 post-PHZ (broken blue, peach, and red lines, respectively). Blue bars and lines, n = 3 for each time point; and peach bars and lines, n = 3 to 5 mice
for each time point; red bars and lines, n = 6 to 12 mice for each time point. Significant difference over controls; *P < .05 d, day; Baso, basophilic Eb; Poly, polychromatophilic
Eb; Ortho, orthochromatic Eb; Pro, proerythroblast.

20z dunf g0 uo 3senb Aq jpd 96/ L/¥9.G6€1/9GL L/EL/8Z L /Pd-BJole/pO0|qAeU-sUOleDlgNdyse//:djjy WOl papeojumog



1764 ULYANOVA et al

mice (Figure 3B). In these mice, despite their low macrophage num-
bers, the erythroid proliferative response was similar to controls by all
criteria (Hcet, spleen size, spleen cellularity, and total erythroid cells in
the spleen and BM) and with only some modest transient differences
from their controls (Figure 3B, day 4 responses).

Several possibilities can be envisioned that come into play to
enhance the E-stress response in these 2 animal models: in addition
to macrophages, and independently from the contribution of macro-
phages, DCs (having a shared origin with macrophages but divergent
molecular signaling) expressing CD24 */CD8a™ have been found to be
important for the amplification of erythroid expansion post-stress,
especially for the initiation of stress response.”” CD24 '~ mice had a
delayed response to stress (post-hemolysis or Epo, or cisplatin
challenge), despite the presence of normal macrophages and normal
erythroid cells. According to this scenario, an active response is initiated
through the presence of CD24 " cells and is further amplified through
positive feedback from erythroid cells, and direct or indirect effects by
ECs and macrophages. It needs to be emphasized that this scenario may
not require increased numbers of macrophages, as long as no inhibitory
signals are emanated by them. Because the stress response of both
Spi-C™'~ and VCAM-1** mice was adequate, we have to surmise
that no negative signals were derived by the above cells in response to
stimuli elicited by the E-stress modality. Indeed, we have documented
that the CD24 pathway of response is actively engaged in VCAM-144
animals, because when they were treated with the activating CD24
antibody, they responded similar to controls (Figure 4). It is important to
note however, that the overall erythroid response was over threefold
higher. Therefore, possibly either sustained high Epo levels post-PHZ
or heme-mediated stress, triggers additional pathways enhancing the
erythroid response. The recently reported effect of heme on CD§3
expression by DCs®’ dampening pro-inflammatory responses is in-
triguing, and may support the above speculation.

Another possibility is that a positive feedback by developing
erythoid cells themselves kicks in once a response is initiated. Multi-
ple pathways have been previously described, but their quantitative
contribution was only studied in impaired pathways. In response to
Epo, Ebs release Gas6 (important for cell survival) by boosting Epo
receptor signaling and by enhancing adhesion to fibronectin through
very-late-activation antigen 4 activation.”** Data in Gas6 '~ mice
convincingly show that Gas6 regulates the response to acute anemia
in both the spleen and BM.?® Apart from the erythroid direct effects,
Gasb6 exerts a paracrine effect by dampening the release of erythroid-
inhibitory factors by macrophages. Further, erythroid cells, in addition
to Gas6, secrete two angiogenic factors, VEGF-A and PIGF.**' These
factors promote in a paracrine fashion interactions with macrophages
or with ECs carrying their receptors. (Neuropilin 1 is expressed by BM
stromal cells and immature hematopoietic cells express neuropilin 1
ligands, such as VEGF and PIGF1 and 2.) In addition to paracrine
effects exercised by VEGF and PIGF, EphB4 ™ erythroid progenitors
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can interact, especially under hypoxic conditions, with Ephrin-B2 on
BM stromal cells®® and early erythroid cells express GDF11 supporting
their survival.>® These collective data indicate that during E-stress, Epo
receptor signaling sets up in motion a signaling network response,
which includes unique stress-related positive feedback by erythroid
cells, and which is also aided by paracrine positive and/or by inhibiting
negative responses from stromal cells. Finally, the engagement of
additional pathways enhancing the erythroid response may be stress
dependent. Furthermore, it is possible that the height of proliferative
response for macrophages and erythroid cells may be independently
controlled and also stress-type dependent.

In conclusion, our study highlights additional insights to erythroid
cell response by emphasizing that: (1) in the presence of a small number
of macrophages, amounting to one-fifth of normal, an optimal E-stress
response is possible presumably aided by autocrine feedback contribu-
tions by erythroid cells themselves and paracrine effects by other than
macrophage (stromal) cells; (2) F4/80"CD11b™, the monocyte-derived
subset in the BM and spleen does not numerically supplant the low
number of CD11b"° RPMs in Spi-C '~ (and VCAM-1%%), in contrast to
some previous suggestions™; (3) the presence of VCAM-1 is positively
associated, whereas CD11b expression is negatively associated with
macrophage proliferative expansion; and (4) whether macrophage-
independent pathways are engaged in the E-stress response may depend
on the type and severity of E-stress.
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