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Malaria parasites are known to invade
and develop in erythrocytes and reticulo-
cytes, but little is known about their infec-
tion of nucleated erythroid precursors.
We used an in vitro cell system that
progressed through basophilic, polychro-
matic, orthochromatic, and reticulocyte

stages to mature erythrocytes. We show
that orthochromatic cells are the earliest
stages that may be invaded by Plasmo-
dium falciparum, the causative agent of
fatal human malaria. Susceptibility to in-
vasion is distinct from intracellular sur-
vival and occurs at a time of extensive

erythroid remodeling. Together these data
suggest that the potential for complexity
of host interactions involved in infection
may be vastly greater than hitherto real-
ized. (Blood. 2009;114:3652-3655)

Introduction

Approximately 40% of the world’s population is at risk of
developing malaria,! which is caused by infections of the human
malaria parasites Plasmodium falciparum and Plasmodium vivax.
During blood-stage infection, which causes all symptoms and
pathologies of malaria, the parasite infects mature erythrocytes and
reticulocytes. Isolated reports suggest that nucleated erythroid
progenitors may also be infected,>? but little is known of when in
maturation they become susceptible and the complexity of associ-
ated cellular remodeling events. There is considerable interest in
these parameters, because they underlie host interactions with a
major human pathogen that is thought to have profoundly influ-
enced erythroid development.*

We have used an in vitro model system using primary cells to
study commitment to the erythroid lineage and differentiation of
committed progenitors to reticulocytes.>® The advantages are that
the kinetics of differentiation in vitro closely resembles that of
erythroid cell maturation in the bone marrow, and differentiation
occurs in a relatively synchronous manner. In this system we
examine malarial infection during complex, cellular remodeling at
terminal steps of erythroid differentiation. We show that despite
prior reports,? only orthochromatic erythroblasts can be infected by
falciparum malaria and that the process of infection is functionally
segregated into 2 categories: early-mid orthochromatic erythro-
blasts can support parasite invasion, but only late orthochromatic/
nascent reticulocytes sustain intracellular parasite growth.

Methods

Primary human erythroid cultures and flow cytometry

Human primary erythroblasts were generated by culturing CD34* early
hematopoietic progenitors initially isolated from growth factor—mobilized
peripheral blood (purchased from ALL Cells Inc). Culture and subsequent
flow cytometry sorting of cultured cells were carried out as previously

described.> On day 7 of culture, erythroid cells positive for the transferrin
receptor (CD71) were purified to 98% to 99% using a MoFlo high-speed
flow cytometer (BD Biosciences). Sorted cells were subsequently cultured
(in day 8 media formulation) and fed once more on day 10 with media
containing only erythropoietin (2 units/mL).

Parasite infection

P falciparum 3D7 was synchronized by successive rounds of Percoll and sorbitol.
Late-stage schizonts were used to initiate infection of 2 X 10° erythroblasts at a
multiplicity of infection = 5. Erythroblasts were infected on day 5 (proerythro-
blasts/basophilic), day 10 (polychromatic stage), or days 14 and 16 (orthochro-
matic) of culture. Cells were resuspended at 1 X 10%mL in Iscove modified
Dulbecco medium supplemented with 30% human serum and 2 units/mL
erythropoietin and incubated in 5% CO,-humidified chamber at 37°C. Infected
cells were collected at indicated time points and stained with Giemsa to monitor
parasitemia or benzidine and hematoxylin to monitor the differentiation program
of erythroblasts.” A counter who was blinded to sample identity enumerated
numbers of infected cells.

Transcriptional analysis

Primary human cells from 3 different donors were cultured and harvested at the
polychromatic (day 10) and early-mid orthochromatic (day 14) stage of
development. RNA was isolated with Trizol (Invitrogen) and purified with
RNeasy columns (QIAGEN) according to the manufacturers’ recommendations.
One microgram RNA was used for in vitro transcription reactions, and cRNA
was hybridized onto Affymetrix HG-U133 plus 2.0 chips according to Af-
fymetrix protocols. Normalization and statistical analysis was performed using
Dchip (Harvard School of Public Health)® model-based expression. To calculate
the false discovery rate (g-value), we input P values into the R add-in package
QVALUE (Princeton University)? and estimated it to be approximately 0.7%.

Results and discussion

We purified CD34% early hematopoietic progenitors from several
healthy donors to generate primary human erythroid progenitors
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Figure 1. Differentiation of primary human erythroblasts in A i
culture. CD34"-derived erythroid progenitors were differentiated 'fi18.1 (el 808
into erythroblasts and reticulocytes after flow cytometry sorting for o : : &:
transferrin receptor (CD71)—positive cells. (A) Flow cytometry <ct>_ ! -
analysis for glycophorin A (gypA) and CD71 on days 10, 14, and (B, “i 4
16 of culture. Day 10 (i), day 14 (iii), and day 16 (v) cells were at H
least 95% positive for erythroid cells. Panels ii, iv, and vi are n'! g
isotype controls to show antibody specificity. (B) Hematoxylin/ '}bo,:ra 0.21
benzidine staining of day 10 polychromatic erythroblasts, day 14 B w om ow
early orthochromatic erythroblasts, and day 16 enucleating/
reticulocytes. All populations contained hemoglobin (brown stain-
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and erythroblasts. During the first 7 days of culture, CD34* cells
commit to the erythroid lineage, and begin to express on their
surface erythropoietin and transferrin receptors (CD71) and subse-
quently glycophorin A as they differentiate. We purified CD717*
erythroblasts on day 7 to obtain an erythroid cell population that
was greater than 98% pure as judged by flow cytometry analysis on
day 10 (Figure 1A). This purity was sustained at days 14 and 16
with a gradual decrease in expression of CD71 and maintained
levels of glycophorin A. Benzidine staining shows that polychro-
matic erythroblasts (day 10) had begun synthesizing hemoglobin
(Figure 1B). At day 14, approximately 80% of erythroblasts were
nucleated orthochromatic and by day 16 half of the erythroblasts
were enucleating (Figure 1B).

We next tested the ability of P falciparum to infect erythroblasts
matured across representative stages of differentiation (Figure 1B).
As shown in Figure 2Ai, day 5 pro-/basophilic erythroblast cells
were refractory to infection. At day 10, polychromatic cells
appeared to be inefficiently infected. In contrast, at day 16 late
orthochromatic erythroblasts supported entry (detected by presence
of ring-stage parasites) as well as intracellular parasite maturation
(detected by presence of trophozoite- and schizont-stage parasites).
To further refine the time of onset of infection, we compared
infection in polychromatic (day 10) and mid (day 14) and late (day
16) orthochromatic stages. We again found that day 10 polychro-
matic cells were poorly invaded (with low levels of ring-stage
parasites found in a small fraction of cells containing condensed
nuclei; Figure 2Bi-ii). Ring-stage parasites were abundant in day
14 midorthochromatic stages but did not undergo intracellular
maturation to the trophozoite and schizont stages (Figure 2Biii-iv).
In contrast, in late-stage orthochromatic cells (day 16), 80% of
intracellular parasite forms matured through the second 24 hours to
form schizont-stage parasites (Figure 2Aii,Bv-vi), essentially analo-
gous to infection seen in mature red cells (not shown). These data
suggest that parasite entry and maturation can be segregated as
erythroid progenitors differentiate.

99 +1

To better understand changes in host cells as they become
susceptible to invasion, we analyzed the transcriptional changes
associated with maturation from polychromatic to early-mid ortho-
chromatic erythroblasts (days 10 and 14, respectively). Although
most markers of mature erythrocytes did not change (as described
in detail in the legend of Figure 2C), overall as many as 2038
transcripts (~ 15%) display significant change with 1065 down-
regulated and 973 up-regulated (fold change >2, P < .01,
g-value < 0.007; Figure 2C). The agreement in changes of expres-
sion profiles between donors (in pairwise comparisons) was 90%
(not shown), suggesting that the in vitro maturation process was
highly reproducible. Together these data suggest that maturation of
polychromatic to orthochromatic stages is associated with complex
cellular remodeling. Thus, a priori it is difficult to immediately
identify a limited set of high-value candidates linked to susceptibil-
ity to P falciparum invasion. Rather susceptibility to invasion may
well be linked to more complex changes characteristic of orthochro-
matic maturation.

Both P falciparum and P vivax infect erythroid progenitors,>3!!
suggesting parasitization of these cells occurs independently of
species. Our data show that polychromatic cells are not infected by
P falciparum, even though these cells express a major invasion
receptor glycophorin A and are highly endocytic (as judged by
transferrin receptor levels). This is consistent with the idea that
changes in receptor species, posttranslational modifications, signal-
ing, and/or cytoskeletal processes may underlie susceptibility to
infection gained at the orthochromatic stage. Finally, a large
proportion (~ 50%) of infected, early-mid orthochromatic cells
were vacuolated compared with uninfected counterparts, suggest-
ing induction of abnormalities that may be relevant to dyserythro-
poiesis. Because there is extensive remodeling between polychro-
matic and orthochromatic cells, susceptibility to invasion may be a
complex trait involving multiple parameters, and this in vitro
culture system should enable systematic analyses of those
parameters.
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Figure 2. Characterization of human erythroblast maturation by susceptibility to Plasmodium falciparum malaria infection and by transcriptional response.
(Ai) Percentage of day 5, 10, and 16 erythroblasts infected by Plasmodium falciparum. No infection is detected in pro-/basophilic erythroblasts (day 5). At day 10, when the
population is largely at the polychromatic stage a few early orthochromatic cells are detected that can also be infected. (i) Infection is seen in early/mid (day 14, B) and late (day
16, W) orthochromatic erythroblasts (N indicates nucleated; and E, enucleated), whereas only minor infection can be detected in polychromatic erythroblasts (day 10).
[ represent the percentage of nucleated/enucleated cells in the population, and B represent the proportion infected (marked with numbers) in each subset. Under these
conditions, in cultures containing only mature erythrocytes we detect 60% infection. Error bars indicate SEM; n = 3 for day 10; n = 3 for day 14; n = 2 for day 16. (B) Brightfield
images of Giemsa-stained infected erythroblast cells at 22 hours after invasion (hpi indicates hours of intracellular parasite growth; day 10, i; day 14, iii; day 16, v) and at 40 hpi
(day 10, ii; day 14, iv; day 16, vi). On day 10 at 22 hpi, a few cells contain ring-stage parasites (i, 1). Judging from staining of condensed nuclei, these cells are at the early
orthochromatic stage. At 40 hpi, no mature schizonts are seen, but ring vacuoles (ii, 1) may remain. On day 14, at 22 hpi, more than half the cells show rings (iii, 1), which fail to
mature to schizonts, but ring vacuoles (iv, 1) are prominently detected. Half of these cells become vacuolated by 40 hpi (iv, [{}]). On day 16, at 22 hpi and 40 hpi, respectively,
ring-stage parasites (v, 1) and schizont-stage parasites with hemozoin crystals (vi, () are evident in nucleated, late orthochromatic erythroblasts. Photomicrographs were
taken by light microscopy with a Zeiss Axioskop upright microscope and Nuance spectral camera/unmixing system (Cambridge Research and Instrumentation) using a 100X
objective. Scale represents 5 um. (C) Transcriptional profile of day 14 versus day 10 erythroblasts. Up-regulated transcripts are denoted with red squares; down-regulated,
with blue diamonds; unchanged, with gray crosses. As expected, hemoglobins a and b were highly transcribed (spot 1, purple asterisks), erythrocyte protein band 4.1 (epb41)
was up-regulated, and adducin 2 (add2) was down-regulated (inset, black squares, spots 12 and 13, respectively), suggesting assembly of the cytoskeleton was still in
progress. Beta-actin (actb, spot 2), glycophorins (gypc spot 3, gypa spot 4, gypb spot 6), spectrin (spta1 spot 5, sptb spot 9), ankyrin (ank1 spot 7), band 3 (slc4a1 spot 8), Duffy
(darc spot 10), and adducin 3 (add3 spot 11) are all expressed but show no significant change (fold change < 2, black squares). In addition erythropoietin receptor (epor spot
14, inset) transcript is reduced relative to transferrin receptor (cd71 spot 15, green circles) but nonetheless detectable. Bcel2-like 1 (bcl2/1 or bel-x.; spot 18), a marker for
terminal stages of erythropoiesis,'© is up-regulated 2.6-fold (P = .006, g = 0.005). In addition, it appears early orthochromatic cells are exiting the cell cycle because both
cyclins D3and E2 (ccnd3, ccne2; spots 16 and 17, respectively) are down-regulated ~ 3-fold compared with polychromatic cells (P = .002, g = 0.003 and P = .02, g > 0.007,
respectively). (D) Diagram displaying differential susceptibility of erythroblasts to P falciparum infection. Whereas orthochromatic cells can support parasite entry, only
enucleating erythroblasts/nascent reticulocytes support intracellular parasite growth.
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