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Abstract

Splenomegaly frequently occurs in patients with Plasmodium falciparum (Pf) or P. vivax
(Pv) malarial anemia, but mechanisms underlying this co-occurrence are unclear. In
malaria-endemic Papua, Indonesia, we prospectively analyzed red blood cell (RBC) con-
centrations in the spleen and spleen-mimetic retention in 37 subjects splenectomized for
trauma or hyperreactive splenomegaly, most of whom were infected with Plasmodium.
Splenomegaly (median 357 g [range: 80-1918 g]) was correlated positively with the pro-
portion of red-pulp on histological sections (median 88.1% [range: 74%-99.4%]; r = .59,
p = .0003) and correlated negatively with the proportion of white-pulp (median 8.3%
[range: 0.4%-22.9%]; r = —.50, p = .002). The number of RBC per microscopic field
(>95% uninfected) was correlated positively with spleen weight in both Pf-infected
(r=.73; p = .017) and Pv-infected spleens (r = .94; p = .006). The median estimated pro-
portion of total-body RBCs retained in Pf-infected spleens was 8.2% (range: 1.0%-33.6%),
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1 | INTRODUCTION

Malaria remains a major global health problem with an estimated
247 million cases worldwide in 2021 and many more residents of
endemic areas having asymptomatic parasitemia (chronic malaria).!
Severe anemia is the most frequent severe form of malaria with mild-
moderate anemia common in chronic malaria.>? Markers of impaired
red blood cell (RBC) production or excessive RBC loss are observed in
malaria,®>* but the respective contributions of these mechanisms to
anemia have never been quantitatively determined. It has been
hypothesized that impaired production may predominate in chronic
infections, while RBC loss, in part due to splenic RBC clearance, may
play a greater role in acute episodes.® Splenomegaly is a common
manifestation in malaria-endemic areas and occurs in patients infected
with either P. falciparum (Pf) or P. vivax (Pv).° In patients with malaria,
the presence of splenomegaly is correlated with anemia,’ 2 but
whether the enlarged spleen is a marker of more severe or more pro-
longed infection (both potentially associated with more profound ane-
mia) or a direct mediator of anemia is unknown. Because human
spleen studies are ethically and logistically demanding, quantifying the
relationship between spleen size, splenic architecture, RBC composi-
tion, and malarial anemia has not been previously performed.

In 37 patients undergoing splenectomy (mostly for trauma) in malaria-
endemic Papua, 32 were infected with malaria parasites and 26 were ane-
mic. We examined their splenic tissue architecture and accumulation and
subpopulation composition of RBC to determine the predominant mecha-
nisms underlying malarial splenomegaly. We also compared retention
characteristics of RBC from splenic and circulating blood to determine the

direct contribution of the spleen to anemia in malaria.

2 | METHODS
21 | Study participants and samples

Timika, Papua, Indonesia, is a lowland forest region with high
and unstable transmission of Pf and Pv.2 We prospectively

PCR-negative subjects

significantly higher than in Pv-infected (2.6% [range: 0.6%-23.8%]; p = .015) and

(2.5% [range: 1.0%-3.3%]; p = .006). Retained RBCs

accounted for over half of circulating RBC loss seen in Pf infections. The proportion
of total-body RBC retained in Pf- and Pv-infected spleens correlated negatively with
hemoglobin concentrations (r = —.56, p = .0003), hematocrit (r = —.58, p = .0002),
and circulating RBC counts (r = —.56, p = .0003). Splenic CD71-positive reticulocyte
concentrations correlated with spleen weight in Pf (r = 1.0; p = .003). Retention
rates of peripheral and splenic RBCs were correlated negatively with circulating RBC
counts (r = —.69, p = .07 and r = —.83, p = .008, respectively). In conclusion, reten-
tion of mostly uninfected RBC in the spleen, leading to marked congestion of the
red-pulp, was associated with splenomegaly and is the major mechanism of anemia in

subjects infected with Plasmodium, particularly Pf.

enrolled consecutive patients undergoing splenectomy at
the Timika regional hospital for any clinical indication
between 2015-17 (Cohort 1) and 2019-21 (Cohort 2). Previ-
ously published protocols for enrolment and clinical manage-
ment in Cohort 11314
Cohort 2.

Spleen tissue was collected from the operating theater dur-

were adopted for patients enrolled in

ing surgery, then rapidly processed for sliced spleen blood, and
stored as snap-frozen biopsies and formalin-fixed paraffin-
embedded (FFPE) blocks, as described previously.**># Spleen tis-
sue sections of 5 um thickness were prepared from FFPE-blocks
for histological and immunohistochemical staining. Peripheral
venous blood samples were collected intraoperatively for auto-
mated blood counts, peripheral blood smears, and fresh assays
and stored as frozen-packed RBCs and heparinized plasma.

Clinical and demographic data were recorded.

2.2 | Plasmodium detection

Detailed methods for the detection of Plasmodium infection are
described.*>'* Briefly, spleen tissue sections and peripheral
blood smears were Giemsa-stained and examined for malaria
parasites by optical microscopy. QlAamp DNA mini-kits (Qiagen,
Germany) were used to extract DNA from frozen spleen biopsies
and peripheral RBCs using a modified protocol, and then, geno-

mic DNA was examined for Plasmodium by PCR.}*

2.3 | Splenic architectural analyses

Giemsa-stained spleen sections were scanned at 400x magnifica-
tion on an AxioScan Z1 (Carl Zeiss, Germany) or Aperio AT2
(Leica Biosystems, Wetzlar, Germany). Using software tracing
tools (which provide the area in um? of customized regions), the
total section area and zones of white-pulp and non-white-pulp
structures (capsule, large vessels, central artery, trabeculus, and
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hilus) were quantified by a research microscopist for each sam-
ple, blinded to patient number and Plasmodium infection.
Circulatory spaces (perifollicular zones) around the follicles were
not considered white-pulp in this analysis. Red-pulp area was
calculated by subtracting white-pulp and non-white-pulp struc-
tures from the total section area. The percentages of white-pulp
and red-pulp were calculated for each spleen and categorized by
infecting Plasmodium species and spleen weight. The number of
RBCs/high-powered field (HPF) was counted in 10 red-pulp

HPFs on Giemsa-stained spleen sections.

2.4 | Intrasplenic and circulating RBC loads

A simple categorical approach was used to determine intrasplenic
RBC loads accurately based on spleen weight and experimental data.
An internal control experiment was performed on four spleens from
patients undergoing left spleno-pancreatectomy in France, a non-
malaria-endemic area, to determine the volume of packed RBC
inside a normal adult human spleen. Briefly, the four spleens were
weighed and then flushed with 100 to 500 mL of Krebs-albumin
solution®” using a 3-mm catheter inserted into the artery, with sev-
eral wash fractions collected consecutively from the vein into 5-mL
lithium-heparin blood tubes (first venous effluent) or 50-mL polyeth-
ylene tubes (subsequent rinsing steps). After centrifugation for
5 minutes at 1500 G, the volume of the RBC pellet was measured in
each tube using P1000 to P20 pipettors. Hematocrit in the last rins-
ing 50-mL tube was <0.1% (RBC pellet <50 uL) in all cases. The
mean (tstandard deviation) total volume of RBC pellet in a normal
spleen was 10.1 + 2.8 mL, and when normalized to spleen weight, it
was 8.3 + 3.7 mL/100 grams of tissue (Table S1). Given that splenic
blood hematocrit is considered to be twice that of circulating
blood,*® we assumed a spleen blood hematocrit of 60% in normal
spleens and that splenomegaly-related RBC congestion (Figure 1E)
increases spleen blood hematocrit in larger spleens. Using these data
and assumptions, we generated a simple categorical approach to
estimate the volume of intrasplenic RBCs, circulating RBCs, and the
proportion of total-body (circulating plus splenic) RBCs retained in

the spleen in our cohort:

KHO ET AL.
Spleen

Spleen Spleen blood blood Spleen RBC
weight volume per 100 g hematocrit volume per 100 g
(grams) tissue (L) (%) tissue (L)
0-200 15 60 9
201- 20 65 13

400
401- 25 70 17.5

800
>800 30 75 22.5

Using the above, the volume of intrasplenic RBCs (in mL) was cal-
culated for each spleen as follows:

[spleen weighting] y spleen RBC volume (inmL)
100 per 100 g tissue

The volume of circulating RBC (in L) was calculated for each indi-

vidual as follows:

[circulating blood hematocrit%)
100

= [circulating blood volume in L] x

For each individual, circulating blood volumes were calculated
using Nadler's method'* and circulating blood hematocrit values were
obtained from an automated analyzer.

The proportion of total-body (circulating plus splenic) RBCs that

are being retained in the spleen was calculated as follows:

B [volume of intrasplenic RBCs] 100
" [volume of intrasplenic RBCs] + [volume of circulating RBCs| '

2.5 | Macrophage immunohistochemistry

Rehydrated FFPE spleen sections from Cohort 1 were stained with

anti-human CDé8 (clone KP-1, Roche, Basel, Switzerland), followed

FIGURE 1

Architectural associations with spleen weight. The weight of each spleen was recorded (to the closest gram) and grouped

according to infecting Plasmodium species comprising of 16 with Pf, 13 with Pv, three mixed Pf-Pv infection, and five PCR-negative endemic
controls (A). Representative images of spleens are shown below each group (except mixed infections). Giemsa-stained spleen sections were
scanned at 400x magnification on a Carl Zeiss AxioScan Z1 or Leica Aperio AT2 to determine the percentage of area covered by white-pulp and
red-pulp. Representative histological images from P. falciparum- and P. vivax-infected spleens are presented, as well as images from cases of
splenomegaly and severe splenomegaly with P. falciparum infection (Bi). Representative histological illustrations of the degree of RBC congestion
in the red-pulp across difference spleen sizes are also provided (Bii, arrowheads indicate erythrophagocytosis). Correlations between spleen
weight and red-pulp (C) and spleen weight and white-pulp (D) were determined using the Pearson test. The number of RBCs per red-pulp field of
view was counted in a subset of P. falciparum (n = 10), P. vivax (n = 6), and PCR-negative (n = 1) spleens and correlated with spleen weight (E).
The number of macrophages (CD68+ cells) per unit volume of red-pulp was also counted in a subset of spleens (n = 19) and correlated with
spleen weight (F). In A, median, interquartile range, and individual datapoints are shown and compared using the Kruskal-Wallis test with Dunn's
multiple comparison. In C-F, spleen weights were log-transformed and line of best fit was determined by linear regression. A p-value <0.05 was
considered significant. Diamond datapoints represent spleens from patients recently treated with antimalarials, circular datapoints represent
spleens from untreated patients, and square datapoints represent patients with suspected hyperreactive malarial splenomegaly. Pf, Plasmodium
falciparum; Pv, Plasmodium vivax; RBC, red blood cell; PCR, polymerase chain reaction.
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by secondary labeling with N-Histofine (Nichirei Biosciences, Tokyo,
Japan). Immunostaining procedures were performed using an
automated Leica BOND-IIl platform (Leica Biosystems, Wetzlar,
Germany) and then counterstained with hematoxylin prior to sealing.
Slides were scanned using an AxioScan Z1 (Carl Zeiss, Germany), and
CD68" cells were counted by a research microscopist using ImageJ
(National Institute of Health, WI, USA) in a minimum area of 1 mm? of
red-pulp. To determine the number of cells per unit volume (mm?) of
red-pulp, the number of cells per unit area (mm?) was multiplied by

the section thickness (5 um = 0.005 mm).

2.6 | Exvivo RBC retention rate

A microsphere-based filtration of RBC (microsphiltration) assay
mimicking splenic biomechanical retention was performed on a sub-
set of acid citrate dextrose (ACD)-anticoagulated peripheral blood
and sliced spleen blood samples from nine individuals within 24 h of
surgery, and RBC retention rate was calculated as previously
reported.2*1” Briefly, fresh normal human RBCs were obtained on
the day of experiments and used for preparation of heated and nor-
mal control RBCs. WBC-depleted patient samples and normal con-
trol RBCs were labeled with PKH-26 and PKH-67 Fluorescent Cell
Linker kits (Sigma-Aldrich, Missouri, USA), respectively, and then
mixed with unlabeled normal control RBCs resulting in a single sus-
pension containing 5% labeled patient RBCs, 5% labeled normal con-
trol RBCs, and 90% unlabeled normal control RBCs. The resulting
suspension was adjusted to 2% hematocrit using 1% Albumax-IlI/PBS
and introduced upstream of rehydrated tips containing a microsphere
layer closely resembling splenic interendothelial spaces. A total of 6 mL
of flow solution was perfused through the system to facilitate filtration,
with deformable cells eluting through the tips and cells below the
deformability threshold retained at the microsphere layer. Each patient
sample was run in triplicate, and the downstream samples were
retrieved into falcon tubes. For quality control of tips, the above was
performed with heated RBCs (50°C for 20 min) in place of patient RBCs
as a positive control for rigid cells.

Fifty uL of each upstream and downstream sample was diluted
with 450 pL of flow solution and ran on a BD Accuri Cé flow cyt-
ometer (BD Biosciences, Australia). At least 300 000 events were col-
lected per sample. The percentage of labeled cells was gated
(Figure S1) and compared in upstream and downstream suspensions,
providing a measure of the rate of RBC retention, which was calcu-

lated as follows:

[Youpstream gate] — [%odownstream gate]

100.
[%upstream gate] x 100

RBCretention rate =

Microsphiltration was repeated on peripheral blood and sliced
spleen blood from eight non-endemic controls in France using a pub-

I*® with minor modifications to the

lished high-throughput protoco
upstream sample content consisting of 20% positive control RBCs,

20% negative control RBCs, 20% patient circulating RBCs, and 20%

e WiLey L

patient splenic RBCs, with the resulting suspension introduced into fil-

tration plates at 2% hematocrit.

2.7 | Reticulocytes

The concentration of total circulating reticulocytes, a proxy for bone
marrow function,’ and splenic reticulocytes categorized into CD71~
(mature), CD71'°%, cD71/"termediate 3nd CD71"8" was measured by
fresh flow cytometry in a subset of 11 Indonesian patients as pub-
lished previously.'* Immature CD71" reticulocyte populations, used
as a marker of rigid RBC,2*2° were correlated with spleen weight as
an additional measure of relationships between splenic filtration strin-

gency and spleen size.

2.8 | Serology

Total immunoglobulin M (IgM) levels were measured in frozen hepa-
rinized plasma samples using a BN-ProSpec protein analyzer (Siemens,
Germany). Baseline IgM levels in Timika were determined by analysis

of 54 adult plasma samples from a household survey.>4

29 | Statistics

Data analyses were performed using GraphPad Prism 9 (GraphPad,
California), Stata v13 (StataCorp, USA), FlowJo (BD, Ashland), ZEN
(Carl Zeiss, Germany), and Aperio ImageScope (Leica Biosystems,
Wetzlar, Germany). The entirety of some images was adjusted for
brightness/contrast without altering any original features. The Mann-
Whitney test was used for comparison of two groups, and the
Kruskal-Wallis test with Dunn's multiple comparison was used for
comparisons of multiple groups. Correlations were analyzed by the
Pearson or Spearman test. Partial correlation was performed in Stata
(pcorr) to control for RBC counts in the association between reticulo-
cyte concentrations and spleen weight. The chi-squared test was used

for comparison of categorical variables and population proportions.

3 | RESULTS

3.1 | Study cohort

Thirty-seven consecutive patients undergoing splenectomy were
enrolled (22 from Cohort 1*3%* and 15 from Cohort 2); 13 were
infected with Pv, 16 with Pf, three with mixed Pf-Pv, and five were
PCR-negative for Plasmodium. Of the 36 patients who were afebrile at
the time of splenectomy, eight (one Pv, four Pf, and three PCR-nega-
tive) received antimalarial treatment in the month prior to splenec-
tomy. One patient was acutely febrile and considered to have acute
falciparum malaria at the time of splenectomy. Demographic and labo-

ratory data from each group are given in Table 1.
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Indications for splenectomy were trauma in 35/37 (95%) and
elective surgery due to massively enlarged spleens in 2/37 (5%). Age,
gender, and ethnicity between groups were similar except for PCR-
negative individuals, who were younger, all males, and had underrep-
resentation of Papuans. On admission, 70% (26/37) of patients were
anemic (hemoglobin <12 g/dL). Pf-infected individuals were signifi-
cantly more anemic and thrombocytopenic than those infected with
Pv (Table 1). Plasma IgM concentrations were significantly lower in Pv
than in Pf infections (Table 1; Figure S2). None of the 95% of patients
(35/37) tested for HIV were seropositive, and none had histopatho-
logical evidence of alternative pathology.

3.2 |
with Pv

Larger spleens in infection with Pf than

Overall, the median spleen weight was 357 [range: 80-1918] grams.
Pf-infected spleens (median 464 g [range: 144-1918]) were
significantly larger than Pv-infected spleens (median 279 g [range: 80-
1250], p = .03) and PCR-negative spleens (median 228 g [range: 112-
296], p = .02; Figure 1A), including after controlling for body weight
(Figure S2). Two individuals with Pf infection had plasma IgM levels
two standard deviations (SD) greater than the mean of the Timika pop-
ulation (327 [SD: 385] mg/dL%), a diagnostic criterion for hyperreactive
malarial splenomegaly (HMS?Y). One Pv-infected spleen weighing
1.25 kg did not meet criteria for HMS (plasma IgM: 226 mg/dL).

Plasma IgM levels were correlated significantly with spleen
weight (Figure S2). This relationship supports malarial splenomegaly
as a continuous process leading to HMS, justifying the inclusion of the
two HMS cases in our analyses. Spleen weight was also negatively
correlated with circulating white blood cell and platelet counts
(Figure S2).

3.3 | RBC-based congestion and red-pulp
expansion correlate with extent of splenomegaly

Giemsa-stained spleen sections showed loss of architectural organiza-
tion with increasing spleen size (Figure 1Bi). A greater proportion of
red-pulp than white-pulp was universally observed across spleens. The
proportion of red-pulp was 89.5% in Pf-infected spleens compared to
84.5% in Pv-infected spleens (p = .047; Table 1). There was a strong
positive correlation between the proportion of red-pulp and spleen
weight (r=.59, p =.0003; Figure 1C) and a negative correlation
between the proportion of white-pulp and spleen weight (r = —.50,
p = .002; Figure 1D). Within the red-pulp, RBC congestion (Figure 1Bii)
and dissolution of white-pulp (Figure 1Bi) were histologically apparent
in larger spleens. Quantification of red-pulp RBCs showed that the
number of RBCs/HPF increased with spleen weight in both Pf and Pv
infections (r=.73, p=.017 and r=.94, p=.006, respectively,
Figure 1E). These correlations remained significant after controlling for
body weight (Figure S2). Thus, splenomegaly in Pf and Pv infections is
associated with expansion of red-pulp from the congestion of mostly

uninfected RBCs, mirroring the relative loss of white-pulp. Histological
evidence of erythrophagocytosis was observed in the red-pulp
(Figure 1Bii). The density of macrophages (CD68™ cells) in the red-pulp
was not correlated with spleen weight (r = —.06, p = .81; Figure 1F),
suggesting that the capacity for phagocytic clearance of RBCs does not
increase with splenic RBC congestion.

34 |
anemia

Splenic RBC congestion, spleen size, and

The median estimated proportion of total-body RBCs retained in
Pf-infected spleens was 8.2% (range: 1.0%-33.6%), significantly
higher than the median proportion in Pv (2.6% [range: 0.6%-
23.8%], p = .015) and PCR-negative controls (2.5% [range: 1.0%-
3.3%], p = .006; Figure 2A). The maximum observed proportions
were 33.6% in Pf, 23.8% in Pv, and 3.3% in PCR-negative controls
(Figure 2A). The proportion of total-body RBCs being retained in
the spleen was correlated negatively with hemoglobin concentra-
tion, hematocrit, and circulating RBC count in both Pf and Pv
(Figure 2B-D). Spleen size also correlated negatively with these
markers of oxygen-carrying capacity in circulation (Figure 2E-G).

To estimate the degree to which splenic RBC congestion con-
tributes to malarial anemia in P. falciparum, we compared the dif-
ferences in hemoglobin and splenic RBC load with PCR-negative
endemic controls. The median difference in hemoglobin concentra-
tion between Pf infections (10.2 g/dL) and PCR-negative controls
(11.1 g/dL) was 0.9 g/dL, consistent with that reported previously
in the wider Timika population.? This corresponds to an 8.1% loss
of circulating RBCs in Pf infections. Overall, the difference in
splenic RBC load percentage in Pf infections (median load 8.2%)
compared to PCR-negative controls (median load 2.5%) was 5.7%.
Using these figures, we estimate that splenic RBC congestion
accounted for 70% ([5.7+8.1] x 100) of circulating RBC loss seen
in Pf infections in our cohorts. The median proportion of circulat-
ing reticulocytes, measured in the first 11 patients (7 Pf, 4 Pv), was
1.8% (range: 1.1%-7.4%), suggesting that bone marrow RBC pro-
duction was not reduced. Thus, while splenic RBC congestion com-
prised a minority of total-body RBCs, our data suggest this process
accounts for the majority of malarial anemia.

A subset of 10/37 (27%) splenectomy patients in our cohorts
commenced transfusion a median of 63 (interquartile range: 34-266)
mins prior to splenectomy and blood collection (Table 1). Excluding
these individuals and analyzing non-transfused patients alone did not
significantly alter our findings (Figures S3 and S4), suggesting that

pre-operative transfusion was not a confounding factor.
3.5 | RBC deformability, splenic filtration
stringency, and spleen size

To determine whether biomechanical trapping of RBCs with reduced

deformability contributes to RBC congestion in the spleen, we
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FIGURE 2 Splenic RBC load and spleen weight correlations with markers of anemia. The proportion of RBCs retained in the spleen was

calculated as a percentage of total-body (intrasplenic and circulating) RBCs for all individuals—16 Pf, 13 Pv, three mixed Pf-Pv, and five PCR-
negative endemic controls (A). These proportions were correlated with markers of anemia including hemoglobin levels (B), hematocrit (C), and
circulating RBC counts (D). Spleen weight also correlated with the same circulating markers of anemia (E-G). Correlations were performed as a
single group using the Pearson test and for each species using the Spearman test. Spleen weights and RBC loads were log-transformed and line of
best fit was determined by linear regression. RBC, red blood cell; Pf, Plasmodium falciparum; Pv, P. vivax.
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FIGURE 3 RBC retention rates, anemia, and reticulocytes. The rate of RBC retention was used as a measure of RBC deformability as
determined by microsphiltration. The retention rates of RBC populations from paired peripheral blood and spleen blood samples were available
for eight individuals with asymptomatic infections and eight non-endemic controls (A). Paired samples were compared using the Wilcoxon test
and unpaired samples using the Mann-Whitney test. Peripheral (Bi) and splenic (Bii) RBC retention rates were correlated with circulating RBC
counts. The concentration of stiff immature CD71+ retics was determined by flow cytometry in a subset of 10 individuals (P. vivax n = 4,

P. falciparum n = 6) and was correlated with spleen weight as a marker for rigid cells to investigate splenic biomechanical filtration stringency (C).
All correlations were performed using the Spearman test. Lines of best fit in B were generated by linear regression. RBC, red blood cells; retics,

reticulocytes.

measured the ex vivo retention rate of splenic and peripheral RBCs by
microsphiltration in a subset of nine individuals from Cohort 1 (six Pf
and three Pv, eight paired) and in eight non-endemic controls from

France. In non-endemic controls, retention rates of splenic RBCs were

RBCs (p =.008,
Figure 3A), consistent with greater rigidity of trapped splenic RBCs

significantly higher compared to peripheral

than those in circulation under normal conditions. In contrast, reten-

tion rates of splenic and peripheral RBCs were similar in Plasmodium
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infections (p = .11; Figure 3A), consistent with reduced deformability
of circulating RBCs in malaria.

In Plasmodium infections, RBC retention rates were correlated
negatively with circulating RBC counts, with the relationship stronger
for splenic RBCs than for peripheral RBCs (Figures 3Bi and 3Bii).
Splenic RBC retentions rates were also correlated negatively with
hematocrit levels (r= —.63, p =.078). These data are consistent
with a role for reduced RBC deformability in contributing to malarial
anemia.

In Plasmodium infections, the retention rates of splenic RBCs
were not correlated with red-pulp area (r = —.23, p = .55), red-pulp
RBC counts per HPF (r=-.5, p=.27), spleen weight (r=.12,
p = .76), or the proportion of total-body RBCs retained in the spleen
(r=.23, p = .55), suggesting the presence of additional factors con-
tributing to RBC congestion and splenomegaly, i.e., not increased RBC
rigidity alone. We tested the hypothesis that larger spleens display
greater stringency at filtering RBCs using the concentration of rigid
CD71" reticulocytes?® as a plausible marker for splenic biomechanical
filtration capacity. As hypothesized, immature CD71" reticulocyte
counts in spleen blood correlated positively with spleen weight
(r = .58, p = .088; Figure 3C). When categorizing spleens by Plasmo-
dium infection, this relationship was highly significant in Pf (r = 1.0,
p =.003, n = 6) but not apparent in Pv infection (n = 4, Figure 3C).
These correlations were also apparent when immature reticulocytes
were categorized further into CD71'°%, CD71/"termediate 3ngd cp71Meh
subsets (Figure S5). In contrast, splenic blood counts of deformable
CD71™ mature reticulocytes were not correlated with spleen weight
(Figure S5). Controlling for the degree of anemia (circulating RBC
counts) did not alter our findings significantly (Table S2), indicating
that any reticulocytosis occurring in response to the anemia in larger
spleens was not a confounding factor.

4 | DISCUSSION

Our study highlights that splenic congestion with mostly uninfected
RBC accounts for malarial splenomegaly and is likely the most impor-
tant mechanism of malarial anemia. The opportunity to analyze
removed spleens, both macroscopically and microscopically, gener-
ated an unprecedently precise set of observations. Spleen weight is a
more relevant measure of spleen size than clinical palpation or imag-
ing and was correlated with congestion-defining measures, including
with the proportion of red-pulp and with the density of RBC on histol-
ogy. In Pf-infected subjects, RBCs retained in spleens accounted for
more than half of the circulating RBC loss. Moreover, splenic
CD71-positive reticulocyte concentrations correlated with spleen
weight and production of circulating reticulocytes was maintained.
Therefore, impaired RBC production was a minor component of ane-
mia in this cohort. In a subset of patients, microsphiltration of RBC
directly confirmed that splenic biomechanical sensing of RBC is

2223 and that retention rates of both

altered during and after malaria
peripheral and splenic RBCs were correlated with anemia. Taken

together, these quantitative observations indicate that excessive

spleen-related RBC loss is the predominant cause of malarial anemia,
as previously suggested by ex vivo perfusion of human spleens.?*
Splenic congestion with uninfected RBCs has been reported qual-
itatively in acute fatal falciparum malaria.?>~2? We now show quanti-
tatively that this mechanism is predominant in both chronic
asymptomatic and acute uncomplicated infections. RBC congestion is
associated with expansion of the red-pulp and is the key mechanism
underlying splenic enlargement in both Pf and Pv. We estimate that
up to 33.6% of total RBCs in Pf and 23.8% in Pv are retained in the
spleen and are associated with reductions in hemoglobin concentra-
tions and hematocrit, reflecting an apparent loss of RBCs in circula-
tion. These estimates are consistent with a radioisotope study in
malaria-endemic New Guinea reporting splenic pooling of 3%-38% of
RBCs.%° In malaria-endemic Uganda and Malawi, splenic enlargement
increased the risk of anemia in children who were re-admitted com-
pared to those without splenomegaly.” In Ugandan and Sudanese
studies, splenomegaly was also more prevalent in children with severe

malarial anemia, 112

with spleen size inversely correlated with hemo-
globin.? Splenomegaly also occurs in chronic malaria and can lead to
HMS, a syndrome characterized by massively enlarged spleens,
hypersplenism, and high polyclonal IgM titers following long-term par-
asite exposure.®* Anemia is almost universally present in HMS

cases, 3238

with one HMS case in our cohort having the largest spleen
and greatest degree of splenic congestion and anemia.

Splenic filtration of RBC occurs in the macrophage-rich cords of
the red-pulp and at tight interendothelial slits allowing passage only to
deformable cells from the red-pulp cords to venous sinuses.>* While
there is constant exchange of RBCs from the splenic pool and
circulation,® sustained trapping of a proportion of uninfected RBCs in
the spleen, as well as loss of infected-RBCs from a hidden asexual
endosplenic lifecycle,*® likely further contributes to the anemia seen
in asymptomatic infections.? We had previously shown that parasites
can be cultured from splenic blood.*® There is enhanced RBC clear-
ance following treatment in uncomplicated®® and severe falciparum
malaria®’ and following parasite clearance.®®%? Enhanced RBC clear-
ance also occurs in symptomatic malaria patients with splenomegaly
but not in those without>® Post-artesunate delayed hemolysis
(PADH) was an unlikely contributor to anemia in this study. In the
11 patients (30% of the cohort) who had received prior antimalarial
therapy, the timing of its administration and the high level of preexist-

ing antimalarial immunity in the area®®*!

each argue against the
occurrence of PADH-related anemia at the time of splenectomy. We
show that blood from spleens contains higher proportions of rigid
RBC in anemic subjects, suggesting that splenic retention of rigid RBC
contributes to anemia. Our correlative analyses of weight-dependent
retention of stiff CD71+ immature reticulocytes in falciparum malaria
also provide evidence of increased splenic filtration stringency in
larger spleens. While studies in greater numbers of subjects are
needed to clarify the magnitude of additional filtration stringency and
its role in splenic RBC retention in malaria, the findings are consistent
with the accelerated splenic clearance of stiff >1Cr-labeled RBCs pre-
viously observed in Thai Pf-infected patients with splenomegaly.?®

Such conclusions are not limited to studies in malaria. Enhanced
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splenic RBC sequestration is seen in splenomegaly due to cirrhosis
and other causes, supporting the concept that increased spleen size in
itself can result in increased filtration stringency*? regardless of the
underlying cause of congestive splenomegaly.

Beyond biomechanical retention, several immune-related pro-

43-48 with or

cesses may contribute to uninfected RBC congestion,
without accelerated macrophage clearance. The intensity of splenic
congestion observed in our cohort indicates that splenic retention of
uninfected RBC exceeds their elimination, as recently suspected in
sickle cell disease.* Further work is needed to better understand the
mechanisms tuning this equilibrium in malaria.

Larger spleens in Pf than in Pv infections suggest a greater reten-
tion of uninfected RBCs in the red-pulp cords, possibly from the
greater reduction in deformability of uninfected RBCs apparent in fal-

5051 or from greater splenic filtration stringency in Pf

ciparum malaria
infection.?2 With Pf capable of infecting RBCs of all ages, the greater
retention and congestion of RBCs provide an abundance of target
cells favoring the recently identified endosplenic Pf lifecycle.’® Our
findings also challenge the assumptions underlying prevailing models
of malarial anemia and the proportion of uninfected-to-infected

352-54 \where

erythrocytes lost in infection with both Plasmodium spp.,
all parasites have been previously assumed to circulate. The hidden
endosplenic lifecycles of parasitized RBC,*® particularly with Pv,'#
suggest that the latter is not the case.

Our study has several limitations. We estimated the splenic
RBC loss from circulation based on splenic RBC retention at a sin-
gle time-point (splenectomy), which does not account for removal
by macrophage erythrophagocytosis. Data from microfluidic and
spleen perfusion models indicate that RBC engulfment by splenic
macrophages occurs rapidly,*’ suggesting rapid turnover of con-
gested RBCs and thus a significant underestimation of splenic RBC
retention and loss in our cohort. This suggests that our estimates
of splenic RBC retention are conservative and may in fact make an
even greater contribution to anemia. Pre-splenectomy transfusion
in a quarter of our patients may have confounded the relationships
between splenic RBC congestion and circulating measures of RBC
loss. However, the same relationships were also found in the
majority without transfusion. Furthermore, our finding that an
increase in the proportion of total-body RBCs being retained in
spleen was negatively correlated with hemoglobin levels, hemato-
crit, and circulating RBC counts suggests that observations were
unrelated to trauma-related anemia. While the splenectomized
population may not be wholly representative of the population at
large, multiple studies in the general malaria-exposed population
have shown a robust correlation between splenomegaly and malar-
jal anemia.”"1239-33 We were unable to investigate the role of
genetics on splenic RBC retention, clearance, and splenomegaly in
our mixed cohort of Papuans and non-Papuans, processes recently
shown to be genetically controlled in Fulani people.??

In conclusion, our evaluation of human spleens from a prospec-
tive splenectomy series in a malaria-endemic region provides novel

quantifications supporting splenic RBC congestion and expansion of

e WiLey L ®

red-pulp as key underlying mechanisms of malarial anemia and spleno-
megaly. Congestion of RBCs in the spleen has detrimental conse-
quences including anemia and potential white-pulp dysfunction. Our
data indicate that the spleen threshold changes during malaria,
whereby retention of a rigid RBC likely results in retention of 2-3
additional RBCs. How congestion, stringency, and anemia are interre-
lated, including hierarchy in their causal-effect relationship, deserves

further study.
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