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Abstract 

Background: Kra monkeys (Macaca fascicularis), a natural host of Plasmodium knowlesi, control parasitaemia caused 
by this parasite species and escape death without treatment. Knowledge of the disease progression and resilience in 
kra monkeys will aid the effective use of this species to study mechanisms of resilience to malaria. This longitudinal 
study aimed to define clinical, physiological and pathological changes in kra monkeys infected with P. knowlesi, which 
could explain their resilient phenotype.

Methods: Kra monkeys (n = 15, male, young adults) were infected intravenously with cryopreserved P. knowlesi 
sporozoites and the resulting parasitaemias were monitored daily. Complete blood counts, reticulocyte counts, blood 
chemistry and physiological telemetry data (n = 7) were acquired as described prior to infection to establish baseline 
values and then daily after inoculation for up to 50 days. Bone marrow aspirates, plasma samples, and 22 tissue sam‑
ples were collected at specific time points to evaluate longitudinal clinical, physiological and pathological effects of P. 
knowlesi infections during acute and chronic infections.

Results: As expected, the kra monkeys controlled acute infections and remained with low‑level, persistent parasi‑
taemias without anti‑malarial intervention. Unexpectedly, early in the infection, fevers developed, which ultimately 
returned to baseline, as well as mild to moderate thrombocytopenia, and moderate to severe anaemia. Mathemati‑
cal modelling and the reticulocyte production index indicated that the anaemia was largely due to the removal of 
uninfected erythrocytes and not impaired production of erythrocytes. Mild tissue damage was observed, and tissue 
parasite load was associated with tissue damage even though parasite accumulation in the tissues was generally low.

Conclusions: Kra monkeys experimentally infected with P. knowlesi sporozoites presented with multiple clinical signs 
of malaria that varied in severity among individuals. Overall, the animals shared common mechanisms of resilience 
characterized by controlling parasitaemia 3–5 days after patency, and controlling fever, coupled with physiological 
and bone marrow responses to compensate for anaemia. Together, these responses likely minimized tissue dam‑
age while supporting the establishment of chronic infections, which may be important for transmission in natural 
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Background
Plasmodium knowlesi malaria cases have been identified 
in 10 of the 11 countries that comprise Southeast Asia; 
the one exception being Timor-Leste (reviewed in [1–3]). 
Since its recognition in 2004 in Malaysia as an emergent 
zoonotic parasite species [4], P. knowlesi has in fact risen 
as the major cause of human clinical cases of malaria in 
Malaysia and threatens to upend malaria elimination in 
this country [1, 2, 4–8]; over 4000 Malaysian cases of P. 
knowlesi malaria were reported in 2018 [9]. Plasmodium 
knowlesi transmission to humans has been attributed to 
spillover events from peri-domestic infected macaques 
in village settings, or from infected wild macaques in the 
setting of jungle trekking, foraging, farming, and log-
ging activities [1, 5, 10–13]. At least three macaque spe-
cies are endemic to these geographical regions and can 
serve as reservoirs for P. knowlesi: Macaca fascicularis 
(the kra monkey, also known as cynomolgus monkey or 
long-tailed macaque), Macaca nemestrina (pig-tailed 
macaque) and Macaca arctoides (stump-tailed macaque) 
[14–17].

Plasmodium knowlesi infections cause symptoms that 
are generally associated with malaria caused by other 
Plasmodium species (Plasmodium falciparum, Plasmo-
dium vivax, Plasmodium malariae, and Plasmodium 
ovale, and the closely related zoonotic species Plasmo-
dium cynomolgi) [18–21], including cyclical episodes of 
fever and chills with rigor. Clinical complications have 
the potential to become exacerbated quickly given this 
species’ unique 24-h replication cycle within the eryth-
rocyte host cell [1, 5, 22–24]. Asymptomatic P. knowlesi 
infections are also common [25–29], including a high 
percentage in children [12]. Clinically, thrombocyto-
penia has been reported as a universal problem with P. 
knowlesi infections (<  150,000 platelets/ml), with about 
1/3 of adult patients showing severe thrombocytopenia 
(< 50,000 platelets/ml) [reviewed in 1]. Anaemia is not a 
predominant problem with P. knowlesi malaria in adults, 
though moderate anaemia (defined as less than 10 g/dl) 
and recovery from this disease state have been observed, 
and some cases of severe anaemia (less than 7  g/dl) 
have been documented [24, 30] and reviewed in [1]. In 
contrast, anaemia has been identified as a predominant 
feature in children with P. knowlesi malaria [31], despite 
children having lower parasitaemias (and no fatalities 
reported) [32]. While hyperparasitaemia is associated 

with severe disease, it should be noted that P. knowlesi 
can cause clinical manifestations at lower parasitaemias 
than other species (e.g., baseline median values on hos-
pital admission in Kapit of 1387 P. knowlesi parasites/
ml, compared to 4258 P. vivax parasites/ml and 26,781 
P. falciparum parasites/ml) [24]. Also, Barber and others 
showed in a prospective study that in Sabah, Malaysia, 
P. knowlesi was more likely than P. falciparum to cause 
severe disease [30].

In severe cases of P. knowlesi malaria, clinical signs and 
symptoms in adults have included abdominal pain, short-
ness of breath, productive cough, and respiratory distress 
[1, 6, 23, 24]. Severe cases have included jaundice, acute 
kidney injury, metabolic acidosis, acute lung injury, and 
shock, among others [reviewed in 33, 34]. High para-
sitaemia (>  20,000 P. knowlesi parasites/ml) along with 
jaundice and thrombocytopenia have been identified 
as putative indicators for severe disease [1, 24, 30]. Cer-
ebral malaria and coma have not been associated with P. 
knowlesi, although severe malaria including hyperparasi-
taemia can result in cerebral pathology as shown in one 
reported autopsy case of P. knowlesi [23].

Daneshvar et al. reported close to 10% of hospital cases 
of P. knowlesi malaria with severe complications and a 
case fatality rate in their study of 1.8% [24] while others 
have reported higher numbers for severe cases (29% and 
39% of hospital cases studied) [30, 35] and deaths (six 
deaths out of 22 patients with a severe case of P. knowlesi 
malaria) [35]. As of 2017, 41 deaths were reported in 
Malaysia [36]. Notably, deaths are being averted in recent 
years with improved monitoring and diagnosis and the 
timely use of intravenous artesunate [37] or artemisinin-
based combination therapy (ACT) [30, 33, 38, 39].

As this zoonotic disease remains prevalent, gaining an 
improved understanding of the pathogenesis of P. knowlesi 
is important. Such an understanding can be gained with 
the use of nonhuman primate (NHP) models (reviewed 
in [40–42]). Experimental infections can be designed that 
consider the infecting parasite species and genotype(s), 
the parasite stage and size of the inoculum, the duration 
of infections through acute and chronic stages of illness, 
experimental interventions, treatments, and the immune 
status of the host. Furthermore, tissue samples can be col-
lected at selected times for pathology studies.

Multiple NHP species can be experimentally infected 
with P. knowlesi (reviewed in [40, 41, 43]). The most 

endemic settings. These results provide new foundational insights into malaria pathogenesis and resilience in kra 
monkeys, which may improve understanding of human infections.
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explored have been rhesus and kra monkeys. Malaria-
naïve rhesus macaques will invariably succumb to P. 
knowlesi infection, unless treated with anti-malarial 
drugs, because of the unceasing, overwhelming rise in 
parasitaemia and the continued cyclical destruction of 
erythrocytes that occurs unabated in this species with 
the multiplication of the parasites every 24  h [43–48]. 
Thus, rhesus macaques are viable animal models for 
severe disease due to hyperparasitaemia. In the course 
of ~  50  years, rhesus monkey infections became the 
main experimental host to study P. knowlesi biology, 
virulence, immune responses, antigenic variation and 
pathology, with much knowledge yet to be uncovered in 
each of these areas (e.g., see [46–50]) and (reviewed in 
[41, 42]). In stark contrast, malaria-naïve kra monkeys 
are able to control parasitaemia without anti-malarial 
treatment, typically with a maximum of 1–3% parasi-
taemia [43–45, 51, 52], making them the preferred ani-
mal model for mild, moderate or chronic P. knowlesi 
malaria.

Despite the potential of kra monkeys for revealing 
mechanisms of resilience to P. knowlesi infections, only 
a few small studies have so far reported features of P. 
knowlesi infections and pathology in kra monkeys [53, 
54]. Anderios et  al. reported haematological and liver 
and spleen histopathology data from two kra monkeys 
after 60 or 90  days of infection post-inoculation either 
with P. knowlesi-infected blood from a patient or cryo-
preserved P. knowlesi (Malayan strain)-infected rhesus 
blood [53]. Barber et  al. studied the deformability of 
RBCs from both P. knowlesi-infected patients and three 
infected kra monkeys [54]. In-depth longitudinal char-
acterizations of clinical and other parameters during 
the course of P. knowlesi acute and chronic infections in 
this resilient host species and tissue pathology analysis 
will complement clinical investigations and therapeutic 
considerations.

By combining telemetric, clinical, parasitologi-
cal and pathological data, collected longitudinally for 
up to 50  days, the present investigation demonstrates 
that kra monkeys develop and recover without treat-
ment from clinical manifestations of malaria, including 
fever, thrombocytopenia and anaemia. Low parasitae-
mias, low parasite tissue burdens, and overall mild tis-
sue damage and organ dysfunction define this resilient 
phenotype. By highlighting the clinical and pathologi-
cal consequences of P. knowlesi, this study provides a 
framework for basic and systems biological studies 
utilizing the P. knowlesi-kra monkey model for study-
ing malaria resilience and pathogenesis [55]. Possible 
systemic mechanisms and potential research directions 
are discussed to better understand these phenomena 
and consider future novel therapies.

Methods
Animal use and approvals
Experiments involving NHPs were performed at the 
Yerkes National Primate Research Center (YNPRC), 
an AAALAC International-accredited facility, follow-
ing ARRIVE Guidelines and Recommendations [56]. 
All experimental, surgical, and necropsy procedures 
were approved by Emory’s IACUC and the Animal Care 
and Use Review Office (ACURO) of the US Depart-
ment of Defense and followed accordingly. The Emory’s 
IACUC approval number was PROTO201700484-YER-
2003344-ENTRPR-A. Fifteen M. fascicularis (Mauritius 
origin, born and raised at the Mannheimer Foundation, 
Inc., Homestead, FL, USA), all healthy and malaria-
naïve young adults (3–5 years old) were assigned within 
three cohorts for sequential longitudinal systems biol-
ogy infection experiments, primarily aiming to study 
both acute and chronic phases of infection and to 
understand the resilience phenotype exhibited by M. 
fascicularis with P. knowlesi blood-stage infections. 
The majority of the kra monkeys were not consan-
guineous. All had different dams and the majority had 
different sires, except for the following: H12C59 and 
H14C17 had two same potential sires and 14C3 and 
14C15 had two potential same sires. Euthanasia and 
necropsies were performed at selected times to analyze 
tissue data from animals at acute (n =  4) and chronic 
(n = 11) phases of infection (Additional file 1: Table S1 
and Additional file  10: Fig. S1, Additional file  11: Fig. 
S2, Additional file  12: Fig. S3). Male monkeys were 
selected to eliminate confounding anaemia measure-
ments due to menstruation. All animals were housed 
socially, with 12-h light–dark cycles, in housing com-
pliant with the Animal Welfare Act and the Guide for 
the Care and Use of Laboratory Animals. Environmen-
tal enrichment consisting of food and physical manipu-
landa was provided daily. The animals received positive 
reinforcement training to habituate them to ear-stick 
blood collections for blood smear preparations and 
clinical analyses requiring blood collections of less than 
150  µl. The weight of the animals was determined to 
be between 5.6 kg and 11.7 kg at the endpoint of each 
experiment, when necropsies and tissue analyses were 
performed. The animals were anaesthetized using keta-
mine and euthanized via intravenous administrations of 
barbiturates. This euthanasia method is an acceptable 
method of euthanasia for NHPs per the recommenda-
tions of the “AVMA Guidelines for the Euthanasia of 
Animals”.

Parasite isolates and inoculations
The monkeys from experimental cohorts E07, E33 
and E35 (Additional file  1: Table  S1) were infected 
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intravenously with ~  100,000 cryopreserved P. knowlesi 
clone Pk1(A+) sporozoites derived from the Malayan 
strain of P. knowlesi [57] (kindly provided by John W. 
Barnwell, Centers for Disease Control and Prevention, 
Atlanta, GA), which had been suspended in RPMI 1640 
with 50% fetal calf serum and quick frozen, and when 
thawed estimated to be 0.1–1% viable; John W. Barnwell, 
personal communication). The Experiment 07 cohort 
was initially inoculated with sporozoites freshly dissected 
from mosquitoes at the Centers for Disease Control and 
Prevention, but for unexplained reasons parasitaemia 
did not develop in the blood. The E07 cohort was sub-
sequently inoculated (about 80 days later) with the same 
batch of cryopreserved sporozoites used to infect the 
two other cohorts. There was no evidence that the ani-
mals had developed immunity based on similar infection 
kinetics across the cohorts, and significant differences 
were not detected in the repeated baseline transcrip-
tomes [55]. Tissues from normal uninfected animals from 
E34 (Additional file 1: Table S1), as well as archived tissue 
blocks from the YNPRC tissue repository, were used as 
negative controls for histopathological comparisons.

Sample collections
Bone marrow (BM) aspirates from the iliac crest and 
venous blood collections were collected into EDTA. 
Capillary blood samples were collected into EDTA using 
standardized ear-stick procedures for complete blood 
counts (CBCs) and monitoring of parasitaemia.

Telemetry
The monkeys in the E07 cohort (n =  7) had telemetry 
devices surgically implanted about 4–5  weeks prior to 
the initial inoculation of sporozoites, for real-time moni-
toring of temperature and other vital signs (Brady et al., 
manuscript in preparation). The devices were activated 
to collect continuous telemetry data about 2 weeks prior 
to the inoculation of sporozoites (see Additional file  1: 
Table  S1 and Additional file  10: Fig. S1). These devices 
were not included in the experimental design of the E33 
and E35 protocols, which comprised two iterative stud-
ies without these measurements among the goals. In 
brief, the PhysioTelTM L11 telemetry implant device was 
secured between the external and internal abdominal 
oblique muscles. Raw temperature data, used in the cur-
rent study, was obtained with a 1 Hz sampling frequency 
after which missing value indicators were removed. 
Hourly temperature averages were obtained using a sub-
set of the data, minute averages obtained from the first 
15 s of each minute if available, and then smoothed using 

the Hodrick-Prescott filter to reduce noise. The normal 
temperature range for each monkey was defined as the 
range of temperatures measured prior to inoculation of 
P. knowlesi sporozoites. The febrile threshold was deter-
mined by considering the parasitaemia prior to the time 
when the temperature rose above the individual’s thresh-
old. The time-to-temperature response was determined 
as the day post-inoculation when the temperature rose 
above the individual’s threshold.

Quantification of reticulocyte production index
Reticulocyte production index (RPI) was calculated to 
assess bone marrow responsiveness to anaemia, and is 
given by the following equation, as described previously 
[58]:

Parasite enumeration
Parasitaemia was enumerated daily between 1 and 3 PM 
when synchronous ring-stage parasites predominated 
until the infections became patent. After patency, twice-
daily capillary samples (8 AM, schizonts; and 1–3 PM 
ring stages) were acquired for parasitaemia monitoring. 
Thick and thin blood smears were prepared and stained 
with Giemsa (Gurr®). Thick blood smears were used to 
enumerate parasitaemias below 1% by the Earle Perez 
method [59]. Once parasitaemia was greater than 1%, 
thin blood smears were used for parasitaemia measure-
ments by determining the number of infected red blood 
cells (iRBCs) out of 1,000 total RBCs. The number of 
parasites per microlitre of blood was calculated from thin 
blood smears by multiplying the percentage of iRBCs by 
the number of RBCs per microlitre of blood obtained 
from the CBCs. Cumulative parasitaemia was calculated 
for each animal by adding together the daily parasitaemia 
(parasites/µl) from the day of inoculation to the day of 
necropsy. Mean parasitaemia across five-day increments 
was calculated for each individual by defining 5-day win-
dows starting from the day of inoculation and averaging 
the parasitaemias within each window. Subsequent cal-
culations with haemoglobin levels and platelet counts 
were likewise performed in this manner.

RPI =
Percent peripheral reticulocytes

Reticulocyte maturation

∗

Haemoglobin

Individual baseline haemoglobin
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Quantification of parasite replication rate
The replication rate of parasites was calculated as 
described previously [60]. Only the first peak was consid-
ered because it had the most robust sample size.

Tissue collection, preservation, and pathology analysis
Tissues were collected at necropsy from 22 organs from 
all longitudinal infection experiments with the excep-
tion of E33, which had an abbreviated tissue collection, 
restricted to liver, lung, kidney, spleen, adrenal gland, 
BM, stomach, duodenum, jejunum, and colon where pre-
vious pathology had been observed. Gross lesions were 
photographed, and tissue sections were collected for 
histopathology. Each was preserved in 10% neutral buff-
ered formalin, embedded in paraffin, sectioned at 4 mm, 
and stained with haematoxylin and eosin (H&E). Diag-
nostic characterization and scoring of histopathology 
were obtained from examination of randomized, blinded 
H&E-stained tissues. Tissues were scored from 1 (low) 
to 4 (high) based on: inflammation, oedema, necrosis, 
haemorrhage, hyperplasia, fibrosis, and vasculitis. The 
scores were summed and whole organ scores obtained 
for comparison, as described previously with P. vivax-
infected Saimiri boliviensis tissues [61].

iRBC quantification within tissues
iRBC densities in the tissues were determined by count-
ing the number of iRBCs in ten HPFs (1000×) under oil 
immersion on a standard light microscope, as described 
previously with P. vivax infected S. boliviensis tissues 
[61]. All sections were randomized and blinded.

Erythroid progenitor measurements by flow cytometry
Five µl of BM aspirate were placed into a 5  ml FACS 
tube. An antibody cocktail consisting of the antibodies 
outlined in Additional file  9: Table  S9 was then added 
to each tube. The samples were vortexed and incubated 
at RT for 15 min in the dark. The samples were washed 
with 500  µl of PBS followed by centrifugation at 800×g 
for 7 min at 4 °C. The supernatant was aspirated and dis-
carded. Hoechst 33342 dye (10 ug/ml) was then added 
to each sample and incubated for 30 min at 37 °C in the 
dark. Five hundred microlitres of PBS were then added 
to each sample followed by centrifugation at 800×g for 
7  min at 4  °C. The supernatant was then aspirated and 
discarded. Samples were resuspended in 100  µl of 1X 
Annexin V binding buffer followed by addition of the 
Annexin V probe. After the samples were incubated for 
15 min, an additional 400 µl of binding buffer was added, 
and the samples were immediately acquired on an LSR-II 
flow cytometer using standardized acquisition template. 

Voltage was controlled throughout each longitudinal 
experiment by calibrating the instrument using rainbow 
calibration particles (Biolegend). After acquisition, data 
were compensated in FlowJo (Treestar, Inc), and then, 
uploaded to Cytobank for analysis. Frequencies of eryth-
roid cells out of the erythroid population were exported 
and used in analyses. Other markers in the panel were 
either not significantly different or are beyond the scope 
of this manuscript.

Erythropoietin quantification
Erythropoietin (EPO) was measured as previously 
described [62] with minor modifications. Frozen plasma 
isolated from whole blood collected in EDTA was thawed 
on ice. Each aliquot was then centrifuged at 750×g for 
15 min at 4 °C. The supernatant was collected and used in 
the Quantikine IVD ELISA kit from R&D systems follow-
ing the manufacturer’s suggested protocol except that the 
amount of suggested sample for the assays was reduced 
by 50% compared to what is suggested. EPO concentra-
tions were determined using a 5-point standard curve 
that best fit the dynamic range of where the samples fell 
on the curve.

Computation of the removal of uninfected RBCs
The degree of removal of uninfected RBCs was computed 
with a discrete recursive mathematical model of the RBC 
dynamics, as previously performed for data generated 
from macaques infected with P. cynomolgi or Plasmo-
dium coatneyi [63, 64]. Briefly, modelling the infection 
trajectory of each monkey was accomplished by fitting 
an adaptation of the former model [64, 65] to the experi-
mentally determined data. The model has four variables, 
representing reticulocytes, RBCs, iRBCs and free mero-
zoites. The first three have a lifetime age-structure strati-
fied into 1-h intervals, while the iRBCs are modeled with 
only 24 one-hour age-classes, thus enforcing the approxi-
mate 24-h cycle of P. knowlesi. The model was parameter-
ized with an RBC hazard function determined for rhesus 
macaques [64] using data from [66]. This hazard func-
tion allows the estimation of the level of RBC loss due 
to senescence. All other model estimates, reticulocyte 
maturation time, erythropoietic output, RBC loss due to 
the bystander effect, RBC loss due to parasitisation and 
immune responses against iRBCs, are determined in a 
“personalized” manner, namely based on experimental 
data generated from each animal. The full model descrip-
tion can be found elsewhere [64].

Statistical analyses
Data were generally divided into two categories for these 
analyses. Samples that were collected daily, namely 
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parasitaemias, haemoglobin, reticulocyte counts, and 
platelet counts were divided into 5-day intervals and 
compared across the course of infection using a linear 
mixed effects model that accounted for date and mon-
key drop out due to sacrifice (Additional file 10: Fig S1, 
Additional file 11: Fig. S3). Direct comparisons of tissue 
scores were performed using a Tukey HSD test. Statistics 
and figures were produced in R Studio version 1.1.383, 
under R version 3.4.3 GUI version 1.70, or JMP Pro ver-
sion 13.0.0. Associations were tested using the Spear-
man’s correlation test, and hierarchical multiple linear 
regression analyses. Multicollinearity was assessed using 
the olsrr package in R. Graphs were prepared using JMP 
Pro version 15. Comparisons were considered significant 
when FDR-adjusted, where appropriate, p-values below 
0.05.

Results
Fifteen malaria-naïve M. fascicularis comprising three 
experimental cohorts (E07, E33, and E35), in addition to 
three control monkeys (E34), were assigned to this study 
and used sequentially in a set of iterative longitudinal 
P. knowlesi infection experiments. Brief accompanying 
details about the animal cohorts and experimental plans 
are summarized in Additional file 1: Table S1. Schemat-
ics showing the timeline from the time of the telemetry 
device implantation and activation to record data (for 
E07 animals) with the projected and actual parasitaemias, 
as well as sampling and necropsy time points for all of the 
animals by cohort are displayed in Additional file 10: Fig. 
S1, Additional file 11: Fig. S2, Additional file 12: Fig. S3.

Kra monkeys controlled acute P. knowlesi parasitaemia 
and developed chronic infections without anti‑malarial 
intervention
All kra monkeys infected in this study (n =  15) devel-
oped patent blood-stage infections 6–7  days post-inoc-
ulation (dpi) with cryopreserved P. knowlesi sporozoites, 
and they controlled the acute phase parasitaemia within 
a few days without the need for anti-malarial interven-
tion (Figs.  1a, 1b). The average P. knowlesi parasite rep-
lication rate between patency and peak parasitaemia 
was 8.59-fold ±  1.719 (mean ±  SEM) per cycle, which 
is comparable to the value of tenfold, which is accepted 
in the literature and was determined for rhesus monkey 
infections with P. knowlesi and in vitro culture using rhe-
sus erythrocytes [44, 45, 67]. Most primary parasitaemic 
peaks averaged about 1000 parasites/µl; however, three of 
the 15 monkeys developed parasitaemias that exceeded 
40,000 parasites/µl, which is equivalent to about 1% 
iRBCs out of the total RBCs enumerated (Fig.  1a). To 

identify the time where the kra monkeys began control-
ling the parasitaemia and when chronic infections began 
to develop, the mean parasitaemia across five-day incre-
ments was calculated for each individual and compared. 
Parasitaemias peaked 6–15 dpi, declined significantly by 
21–25 dpi, and began to stabilize by 31–35 dpi where 
they persisted at or below 200 parasites/µl (Fig.  1c). 
Overall, the parasitaemia kinetics in the kra monkeys was 
similar to those reported in previous studies irrespective 
of the P. knowlesi infections being initiated with sporozo-
ites or blood-stages [40, 44, 45, 52]

Kra monkeys infected with P. knowlesi developed mild 
to moderate thrombocytopenia
Platelet levels were stable in the P. knowlesi-infected kra 
monkeys through 7 dpi, and then they began to rapidly 
decrease through 10 dpi while parasitaemia was rising, 
even though this decrease was not significantly differ-
ent (Fig. 2a). After parasitaemias peaked, platelet counts 
began increasing and returned to baseline levels by 
21–25 dpi (Fig. 2a, b). The monkeys experienced mild to 
moderate thrombocytopenia, as reported previously for 
P. cynomolgi and P. coatneyi infection of rhesus mon-
keys [58, 66, 68], with platelet nadirs as low as 129,000 
platelets/ml (Fig.  2a). Importantly, none of the animals 
developed severe thrombocytopenia, defined as platelet 
nadirs below 50,000 platelets/µl [69]. As platelet levels 
decreased, the mean platelet volume (MPV) remained 
high but then significantly declined after about 13 dpi 
and remained lower than baseline throughout the rest of 
the infection (Fig. 2c).

Moderate to severe anaemia developed during P. knowlesi 
infections in kra monkeys due to removal of uninfected 
RBCs and not inefficient erythropoiesis
Haemoglobin levels in the infected kra monkeys were 
determined daily by CBC analysis to evaluate the devel-
opment of anaemia. Haemoglobin levels were stable 
through 8–10 dpi, but then sharply decreased after 
the peak of parasitaemia through 20 dpi (Fig.  3a, b). 
Two monkeys developed haemoglobin nadirs as low as 
4.8  g/dL, corresponding to severe anaemia (<  7.0  g/dl) 
with about a 55% loss in haemoglobin relative to base-
line (Fig.  3a, b). Haemoglobin levels began to increase 
about 21 dpi and continued to increase throughout the 
remainder of the infection period (Fig. 3a, b). Despite the 
dramatic loss in haemoglobin, the haemoglobin levels 
rebounded without anti-malarial or clinical intervention 
and were on average greater than 11 g/dl by 36 dpi until 
the end of the study (Fig. 3a, 3b). Mild anaemia persisted 
until the end of the experiment, and the animals never 
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fully recovered to their pre-infection haemoglobin levels 
(Fig. 3a, b), akin to previous reports with patients [24].

Inefficient erythropoiesis was shown to be a con-
tributor in the development of malarial anaemia in rhe-
sus monkeys with P. coatneyi or P. cynomolgi infections 
[62, 66], as well as in humans and rodents infected with 
malaria parasites [70–73]. Thus, it was hypothesized 

that inefficient erythropoiesis may contribute, at least 
in part, to the development of anaemia in P. knowlesi 
infected kra monkeys. Contrary to this hypothesis, how-
ever, peripheral reticulocyte counts steadily increased as 
haemoglobin levels decreased, and they peaked a couple 
of days after the haemoglobin levels reached their nadirs 
(Fig.  3c–e). To evaluate if the increase in reticulocyte 
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levels was appropriate to compensate for the decrease in 
haemoglobin levels, the RPI was calculated. Indeed, the 
RPI was sustained over 2 from about 17–26 dpi, indicat-
ing that there was adequate compensation by the BM, 
following the dropping haemoglobin levels, and no evi-
dence of inefficient erythropoiesis was found (Fig. 3e).

To confirm if the increase in peripheral reticulocyte 
levels was due to upregulation of erythropoiesis in the 
BM, the frequency of erythroid lineage cells in the whole 
BM aspirates collected prior to infection and at 8–11 
dpi was evaluated by flow cytometry. The gating strat-
egy used to quantify the frequency of erythroid progeni-
tor cells in the BM aspirates is described in Additional 
file  13: Fig. S4. The erythroid lineage cells were defined 
as CD41a-CD45-LiveDead-CD71+  Hoechst+  cells. The 
frequency of erythroid lineage cells was increased in 
the BM aspirates, acquired by 10 or 11 dpi, compared to 
baseline (Fig.  3f, g). Consistent with the flow cytometry 
data, H&E-stained BM specimens acquired at necropsies 
as early as 10 dpi revealed substantial expansion of eryth-
roid progenitors relative to uninfected controls (Fig. 3h). 
Correspondingly, plasma EPO levels were significantly 
elevated above baseline levels at these times for a subset 
of animals where plasma samples were available (Fig. 3i).

Since there was no evidence of inefficient erythro-
poiesis in the P. knowlesi-infected kra monkeys and the 
relatively low parasitaemia could not account for the 
observed decrease in haemoglobin levels, the degree 
of removal of uninfected RBCs was computed using 
a mathematical model devised for this purpose [64]. 
Modeling of the kra monkey data showed an appropri-
ate timely compensatory erythropoietic response, with 
68.6% ± 4.9% (mean ± SEM) attributable to the removal 
of uninfected bystander RBCs (Fig.  3j). The model esti-
mated that the parasite was responsible for less than 0.4% 
of the total RBC losses (Additional file 14: Fig. S5).

Kra monkeys infected with P. knowlesi developed fevers 
that self‑resolved
Densely sampled temperature data were analysed from 
the kra monkeys that had surgically implanted telem-
etry devices (n  =  7, E07, Additional file  1: Table  S1 
and Additional file  10: Fig. S1) to study their tem-
perature patterns including possible fever after infec-
tion (Fig. 4a). Fever was defined as any increase above 
an individual’s baseline range of temperatures, which 
represent each monkey’s daily circadian rhythm. All 
kra monkeys exhibited a fever by 7 dpi corresponding 
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roughly to the period in which the blood-stage infec-
tion reached patency, between 6 and 8 dpi (Fig. 4a, b). 
The average temperature of the animals significantly 
increased from pre-infection values of 36.89 ± 0.17 °C 
(mean ± SEM) to 37.87 ± 0.24 °C and 38.39 ± 0.23 °C 
by 6–10 and 11–15 dpi, respectively (Fig.  4c). The 
febrile threshold [67] was defined as the parasitaemia 
at which the kra monkeys developed temperatures 
and determined to be about 160  ±  71.58 parasites/
ml (mean ±  SEM). After parasitaemia was controlled, 
the average temperatures decreased to pre-infection 

levels of 36.79 ±  0.29  °C and 36.48 ±  0.26  °C for the 
day 16–20 and 21–25 time periods, respectively (Fig. 4a 
and c). Monkeys that proceeded to establish chronic 
low-level parasitaemia no longer experienced tempera-
ture spikes (Fig. 4a, c).

Plasmodium knowlesi infection in kra monkeys caused mild 
to moderate tissue pathology
An extensive analysis was performed of H&E-stained 
tissue sections acquired from up to 22 different organs 
collected from the P. knowlesi-infected kra monkeys, 
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Fig. 5 Plasmodium knowlesi‑infected kra monkeys exhibit histopathology consistent with systemic measures of disease. a Representative light 
micrographs of H&E‑stained tissue sections from control and infected kra monkeys. Infected lungs showed areas of fibrosis (Fib), hyperplasia (*), 
haemolysis (Hem), and interstitial thickening (IT). All animals had periportal (*) and sinusoidal (SI) infiltration in the liver. Kidney histopathology 
included tubular crystal formation (TC), hypercellular glomeruli (*), and tubular degeneration (TD). The stomach, duodenum, jejunum, and colon 
all exhibited mucosal immune infiltration (*). b Semi‑quantitative histopathology scores of tissues collected at necropsy. The average alanine 
transaminase (c), aspartate aminotransferase (d), total bilirubin (e), and creatinine (f) for each animal where data were available during the indicated 
time period after infection. Light gray bars indicate mean of the shown datapoints. Error bars = SEM. Statistical significance was assessed using a 
linear mixed‑effect model followed by a Tukey–Kramer HSD post‑hoc analysis. p‑values of < 0.05 were considered statistically significant. Asterisks 
indicate statistical significance

(See figure on next page.)
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sacrificed at different dpi, to determine if and the extent 
to which the monkeys may have sustained tissue dam-
age. Hyperplasia, interstitial thickening, and fibrosis were 
observed in the lungs of nearly all monkeys (13/15), and 
mild to moderate haemorrhage occurred in four of them 
(Fig. 5a and Additional file 2: Table S2). All monkeys had 
Kupffer cell hyperplasia and evidence of liver inflamma-
tion based on cellular infiltrates around the periportal 
region and congestion in the hepatic sinuses (Fig. 5a). No 
hepatocellular necrosis or cholestasis was noted. The kid-
neys of all animals showed glomerular hypercellularity 
without glomerulonephritis, and three animals had tubu-
lar degeneration (Fig. 5a and Additional file 2: Table S2). 
One monkey with high parasitaemia and elevated creati-
nine had evidence of calcification or crystalline deposi-
tion in the kidney tubules (Fig. 5a and Additional file 2: 
Table  S2). Less common kidney pathologies included 
interstitial inflammation and haemorrhage (Additional 
file  2: Table  S2). Gastrointestinal inflammation was 
observed in the tissues from each monkey and included 
gastritis, duodenitis, jejunitis, and mild colitis without 
oedema. The spleens from the infected animals were 
grossly enlarged and weighed significantly more than the 
spleens from uninfected animals; the day of necropsy did 
not influence these results (Additional file  3: Table  S3). 
The adrenal glands, aorta, cerebrum, cerebellum, mid-
brain, eyes, lymph nodes, omentum, skeletal muscle, tes-
tis, and thymus were unremarkable.

The severity of the observed tissue damage in each tis-
sue except for the BM and spleen was scored for each ani-
mal to facilitate a semi-quantitative comparison of tissue 
damage between organs (Additional file  2: Table  S2) as 
performed previously with tissues from P. vivax-infected 

S. boliviensis monkeys [61]. The severity of tissue damage 
in the lungs and liver was significantly higher than other 
tissues that sustained pathology (Fig.  5b and Additional 
file  4: Table  S4). The date of necropsy—which differed 
for the animals—did not affect the histopathological 
scores, indicating that how long an animal was parasitae-
mic did not have a detectable impact on the severity of 
tissue damage (Additional file  5: Table  S5). In line with 
the absence of cholestasis and hepatocellular necrosis, 
aspartate aminotransaminase (AST) and alanine ami-
notransferase (ALT) remained unchanged during infec-
tion, and while bilirubinaemia was observed, it resolved 
by 11–15 dpi (Fig. 5e). Consistent with kidney pathology, 
serum creatinine levels were significantly elevated 11–20 
dpi before returning to baseline levels (Fig. 5f ). Notably, 
creatinine levels varied significantly between individuals 
after 20 dpi (Fig. 5f ).

Parasite accumulation in the vasculature is associated 
with severity of tissue damage
To determine if the severity of damage in each tissue was 
associated with parasite accumulation within that tissue, 
the number of iRBCs in 10 high-power fields (HPFs) was 
enumerated (Additional file  6: Table  S6). This analysis 
provided approximate iRBC densities within each tissue, 
for 22 tissue types, as also performed previously with P. 
vivax-infected S. boliviensis tissues [61]. A representative 
image of parasites identified in tissues is shown in Fig. 6a. 
Multiple analyses were then used to assess if the accu-
mulation of parasites in the tissues was associated with 
the tissue damage scores (Additional file  2: Table  S2). 
First, a univariate analysis was performed between tis-
sue scores and iRBC density. Parasite iRBC burden 
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weakly positively correlated with tissue score (ρ = 0.265, 
p-value =  0.00022). Next, a hierarchical multiple linear 
regression analysis was performed to determine which 
factors affected tissue scores the most (Additional file 7: 
Table  S7). A model considering only iRBC tissue bur-
den did not result in a linear relationship (adjusted 
 R2  =  0.0354, p-value  =  0.0054). However, when com-
bined with the tissue type, the relationship was moder-
ately linear (adjusted  R2 = 0.678, p-value = 2.2 ×  10−16), 
indicating that the iRBC burden in a tissue may con-
tribute to the degree of damage observed. The day of 
necropsy, parasitaemia at necropsy, and cumulative para-
sitaemia were also tested and were found not to contrib-
ute to the relationship (Additional file  8: Table  S8). No 
multicollinearity was noted.

Discussion
This longitudinal infection study defines clinical, physi-
ological and pathological changes that occurred in kra 
monkeys after being experimentally infected with P. 
knowlesi sporozoites. Consistent with kra monkeys 
being a resilient host, they controlled their parasitaemia 
soon—within a few days—after becoming patent and 
did not develop severe thrombocytopenia, a complica-
tion that has been observed with severe human Plasmo-
dium infections [reviewed in 69], and most notably with 
P. knowlesi [1, 24, 30], as well as some P. cynomolgi or P. 
coatneyi infections in rhesus monkeys [58, 66]. Recently, 
thrombocytopenia has been associated with platelet-
Plasmodium iRBC interactions that result in the killing 
of those infected cells [74]. While platelet killing of P. 
knowlesi-iRBCs was not evaluated in the current study, it 
is certainly conceivable that platelets could have a killing 
function in this animal model. In fact, the mild throm-
bocytopenia observed here would be fitting with platelets 
having a role in eliminating parasites and contributing to 
the lower level of iRBCs in this resilient host. It would be 
of extreme interest to test this possibility and establish 
direct comparisons of parasitaemia and thrombocytope-
nia with platelet killing assays also performed during rhe-
sus infections, where the parasitaemia escalates unabated 
to high levels.

A precipitous and dramatic drop of haemoglobin 
occurred during the peak of P. knowlesi parasitaemia 
in the kra monkeys and continued until the parasitae-
mia was controlled. This resulted in haemoglobin nadirs 
within the documented range of moderate to severe 
malarial anaemia experienced by P. cynomolgi or P. coat-
neyi-infected rhesus macaques [58, 66, 68, 75], humans 
with Plasmodium parasites [reviewed in 76], and nota-
bly children with P. knowlesi [31]. These haemoglobin 
kinetics are reproducible in NHPs infected with Plas-
modium spp. and virtually indistinguishable from the 

haemoglobin kinetic data generated retrospectively from 
neurosyphilitic patients infected with P. vivax [77]. The 
development of severe anaemia in kra monkeys infected 
with P. knowlesi has not been previously reported and 
these data raise the intriguing point that these animals 
demonstrated natural resilience to their infection despite 
demonstrating this disease manifestation. This raises 
questions regarding what mechanisms are used by these 
animals to overcome the anaemia.

Interestingly, in this regard, in contrast to inefficient 
erythropoiesis reported for humans, rhesus macaques, 
and rodents infected with malaria parasites [62, 66, 68, 
70–73, 75], there was no evidence in the P. knowlesi-
infected kra monkeys that inefficient erythropoiesis con-
tributed to the development of their anaemia. Instead, 
the kra monkey BM responded appropriately when EPO 
was elevated in the plasma, comparable to data shown 
recently for four kra monkeys infected with P. coatneyi-
infected RBCs and monitored for anaemia [75]. Thus, the 
mechanism(s) that apparently limits an EPO-depend-
ent response to malarial anaemia in humans, rhesus 
macaques, and rodent malaria parasite model systems, 
appears to be absent in kra monkeys, thereby, enabling 
kra monkeys to sufficiently compensate for the loss of 
RBCs during P. knowlesi malaria. The data presented here 
suggest that preserving the BM’s ability to compensate for 
the loss of RBCs is a noteworthy characteristic of resil-
ience displayed by the kra monkeys to P. knowlesi infec-
tions. Future comparative studies should explore soluble 
factors, such as inflammatory molecules, metabolites, 
growth factors, that are different between kra and rhesus 
monkeys infected with P. knowlesi to identify factors that 
may contribute to inefficient erythropoiesis in the rhesus 
but not the kra monkey.

Previous malarial anaemia studies based upon rhe-
sus macaques infected with P. cynomolgi or P. coatneyi 
could not readily distinguish the contribution of ineffi-
cient erythropoiesis versus removal of uninfected eryth-
rocytes because these processes occurred sequentially 
[58, 66, 68, 75]. In rhesus macaques infected with P. cyn-
omolgi or P. coatneyi, there is apparent inefficient eryth-
ropoiesis that occurs while haemoglobin levels begin to 
drop [58, 66, 68, 75]. This is followed by a rapid decline 
in haemoglobin levels despite a compensatory response 
by the BM [58, 62, 66, 68, 75]. Mathematical modelling 
of RBC haemodynamics in rhesus monkeys infected 
with P. coatneyi suggested that removal of uninfected 
erythrocytes contributed more to anaemia in the P. coat-
neyi infected rhesus monkeys than inefficient eryth-
ropoiesis [63]. Significant loss of uninfected RBCs was 
also predicted based on the retrospective modelling of 
P. falciparum parasitaemia and anaemia data from neu-
rosyphilis patients undergoing malariotherapy [78] and 
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demonstrated in clinical studies involving P. falciparum 
and P. vivax [79]. Still, the extent that inefficient erythro-
poiesis contributed to the exacerbation of anaemia in the 
animal models, dominated by the removal of uninfected 
RBCs, remained unclear. Curiously, the kra monkeys 
in this study displayed no evidence of inefficient eryth-
ropoiesis yet maintained similar adverse haemoglobin 
kinetics as determined from rhesus monkey models [58, 
62, 66, 68, 75] and human data [reviewed in 76]. In kra 
monkeys infected with P. coatneyi, the observed eryth-
ropoietic response was suboptimal, and alone did not 
explain the anaemia observed in this species [75]. Over-
all, with malaria caused by various Plasmodium species, 
it appears that the removal of uninfected RBCs may con-
tribute more than inefficient erythropoiesis to the devel-
opment of malarial anaemia than previously appreciated, 
as also generally concluded by Jakeman et al. [78].

The mathematical model suggests that only 0.4% of 
RBC losses in kra monkeys are directly due to infection 
by P. knowlesi, while 31% are removed by normal physio-
logic processes of cellular senescence and random death, 
which do not contribute to the anaemia. That leaves 
68.6% of losses unaccounted, and hence attributed to 
the bystander effect. A possible alternative explanation 
could be that large numbers of iRBCs might be hiding in 
peripheral tissues, thereby making the circulating level of 
iRBCs appear low, while still contributing to the overall 
production of parasites. This explanation does not seem 
probable though, as rather few iRBCs were identified in 
peripheral tissues, where the levels correlated with the 
small numbers observed in circulation. Furthermore, in 
order to exclude the high degree of bystander removal, 
the total number of iRBCs would have to be two orders 
of magnitude higher, which seems very unlikely. Thus, 
as these monkeys showed a normal compensatory BM 
response, the most likely explanation appears to be that 
a process of substantial bystander destruction of RBCs 
is induced in order to remove as many of the iRBCs as 
possible while also reducing the pool of infectable RBCs. 
Both processes would result in a slower growth of the 
parasite population, which would afford the host valu-
able time to launch an adaptive immune response. This 
process might involve platelets, which would explain the 
often-observed malarial thrombocytopenia [69].

Kra monkeys infected with P. knowlesi are well-suited 
to study the possible physiological and immunobiological 
mechanisms that lead to the removal of uninfected RBCs, 
whether in malaria-naïve or semi-immune animals [66]. 
Interestingly, recent RBC deformability studies showed 
that the ability of uninfected RBCs to become deform-
able was not affected in M. fascicularis (n = 3, bred and 
grown in animal facilities at Nafovanny in a malaria-free 
environment in Vietnam) after being infected for 8 days 

with P. knowlesi (UM01 strain) blood-stage parasites, and 
echinocyte formation was not observed [54]. These find-
ings contrast with that group’s complementary results 
from human infections [54], and published findings from 
infected rhesus monkeys (Macaca mulatta) [80, 81], in 
support of the idea that the absence of these adverse rhe-
ologic features and the maintained deformability of RBCs 
in the kra monkeys supports their resilience. Future stud-
ies are warranted that look more closely at all of these 
factors side-by-side with both monkey species, to hone in 
on the various mechanisms that may support the resilient 
phenotype.

Acute Plasmodium infections caused by different para-
site species—whether in NHPs or humans—are known to 
cause damage to tissues and vital organs and contribute 
to clinical complications and possibly death [reviewed 
in 37]. Anderios et  al. described histological changes in 
the spleen and liver of two kra monkeys (born and bred 
at the Institute for Medical Research in Kuala Lumpur) 
after 60 or 90 days of infection with blood-stage parasites 
derived from the blood of a human patient or a cryopre-
served isolate from an infected rhesus (obtained from the 
American Type Culture Collection (ATCC)) [53]. The 
current longitudinal study with 15 kra monkeys is much 
more comprehensive with the histopathological analy-
sis of 22 tissues. Here, histological changes in the liver, 
lungs, kidneys, and the gastrointestinal tract were iden-
tified, but consistent with kra monkeys being a resilient 
host, the tissue lesions observed were relatively mild, and 
this was so regardless of whether the tissues being ana-
lysed were from acutely or chronically infected animals 
(Additional file  2: Table  S2). These results can be con-
trasted with the severe tissue damage previously reported 
from P. knowlesi, P. coatneyi or P. cynomolgi infections in 
rhesus macaques [50, 82–85].

Consistent with the mild histological changes observed 
in this study of kra monkeys, there were only a few indi-
cations of organ dysfunction. Nearly all animals had 
some degree of tissue damage in the lungs, and the lungs 
had the highest iRBC count per high power field. Creati-
nine levels became elevated at the peak of parasitaemia 
and remained elevated, indicative of kidney issues. Given 
the minor tissue-damage observed in the kidneys, it is 
possible that the increased creatinine could be related to 
an increase in antigen–antibody immune complex depo-
sition in the kidney tubules or a decrease in fluid intake. 
Regardless, it is relevant to note that increased creati-
nine has been a common finding in patients with severe 
malaria [34]. Hyperbilirubinaemia has also been associ-
ated with severe P. knowlesi malaria in humans [24]. Like-
wise, bilirubin was elevated in the kra monkeys. Although 
direct and indirect bilirubin levels were unavailable, the 
absence of significant histological evidence for hepatic 
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injury such as cholestasis suggests that the elevated total 
bilirubin levels in the kra monkeys were due to hemolysis 
of uninfected RBCs. In agreement with this hypothesis, 
bilirubinaemia returned to baseline in the latter part of 
the infections, coincident with the recovery of haemo-
globin levels. Neither ALT nor AST were elevated at 
any stage in the infections, which is consistent with the 
absence of hepatocyte necrosis, or signs of major tissue 
damage systemically. Together, these data suggest that 
kra monkey resilience to P. knowlesi infection, as dem-
onstrated by their control of parasitaemia and compen-
sation for anaemia, is reflected by only minimal or mild 
tissue damage and organ dysfunction.

The presence of iRBCs in various tissues have been 
reported from previous studies with P. knowlesi infected 
rhesus macaques [49, 50]. Likewise, P. knowlesi iRBCs 
were identified in the tissues of the kra monkeys in this 
study and they predominated in the spleen, adrenal 
glands, lungs, kidneys, and gastrointestinal tract. How-
ever, relatively few iRBCs were identified, which is con-
sistent with the comparatively low number of circulating 
parasites in the resilient kra monkey species. Regardless, 
similar as determined in prior studies with P. vivax infec-
tion of S. boliviensis monkeys [61], there was a modest 
relationship in the current study between histopathology 
score and parasite accumulation in the tissues.

Understanding the immune responses and pathophysi-
ological processes that occur during P. knowlesi infec-
tions in humans has been of great interest but studying 
these infections longitudinally in humans is not feasible 
due to ethical requirements to treat individuals once 
they are parasitaemic. Plasmodium knowlesi-infected kra 
monkeys are a viable alternative for studying the progres-
sion of acute and chronic infections, and without drug 
treatment being a confounding factor. Unlike infections 
of rhesus monkeys with various Plasmodium species, 
the P. knowlesi-infected kra monkeys uniformly develop 
naturally occurring chronic infections [44, 45, 51, 52], 
and with similarly low parasitaemia levels as recorded 
for uncomplicated P. knowlesi infections in humans [24]. 
Importantly, while the kra monkeys demonstrated resil-
ience from severe and deadly disease, chronicity was 
characterized similar to human infections by persistent 
and lower than normal haemoglobin levels. These results 
warrant further exploration in the context of this animal 
model to understand the loss of the uninfected RBCs and 
to determine what host responses may be occurring.

Interestingly, P. knowlesi infections in humans induce 
fevers at lower parasitaemias than P. falciparum infec-
tions [30]. Given recent findings that macaque RBC cul-
ture-adapted P. knowlesi parasites could be adapted to 
human RBCs by acquisition of sialic acid-independent 
invasion mechanisms, one hypothesis to explain this is 

that P. knowlesi is not as well-adapted to humans, and, 
thus, can trigger immune responses more quickly than 
P. falciparum [86]. Therefore, it was expected that kra 
monkeys, as a natural host of P. knowlesi, would develop 
fevers once high parasitaemias developed. However, the 
kra monkeys developed fevers shortly after their infec-
tions reached patency, and their pyrogenic thresholds 
were about 160 parasites/µl. These data suggest that 
the lower pyrogenic threshold observed for P. knowlesi 
in humans may not solely be due to poor adaptation to 
humans. Kra monkeys may have evolved adaptations in 
pattern recognition receptors that enable them to detect 
parasite-derived molecules at lower levels than other pri-
mates, thereby, enabling the immune system to detect 
and respond to P. knowlesi more quickly, as shown in one 
study with a few animals [51].

As this research field advances, delving deeper into spe-
cific host-parasite interactions and pathways, it is impor-
tant to take into consideration the origin and genetic 
background of the host monkeys and the infecting para-
sites, as well as prior experimental history of the animals 
and whether experiments are initiated with sporozoites 
or blood-stage parasites. The source and validation of 
the monkey and parasite species are critical. Thus, we 
have taken care to indicate the macaque monkey and P. 
knowlesi parasite sources and isolate information in this 
manuscript, and to the extent available for referenced 
papers [53, 54]. As early as 1932, major differences and 
nuances of P. knowlesi parasite-host combinations were 
described by Napier and Campbell [87] and Knowles and 
Das Gupta [43], and such data summarized then from 
numerous NHP infections, and since by others [44, 45, 
88, 89], including instances of “hybrid” short-tailed kra/
cynomolgus-rhesus monkeys [88], may bring important 
if not critical insights and value to current research.

Conclusions
This study reports a systematic analysis of P. knowlesi-
infected kra monkeys to identify basic features of resil-
ience to malaria, which could be relevant for infections 
caused by various species of Plasmodium. This inves-
tigation affirms previous reports that kra monkeys are 
resilient to P. knowlesi infections and shows that their 
resilience is not—at least in part—because they com-
pletely subvert development of clinical signs of malaria 
and avoid tissue-damage. Instead, while kra monkeys 
prevent P. knowlesi parasitaemia from rising above 1–3% 
they mount compensatory physiological responses that 
may reverse disease progression and limit tissue pathol-
ogy. The kra monkey-Plasmodium infection model sys-
tem is valuable for studying mechanisms of resilience to 
malaria and identifying specific physiological and immu-
nobiological responses that may function to minimize 
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disease and death in people infected with Plasmodium. 
Of note, the kra monkey data best reflected the clinical 
picture of children rather than adults infected with P. 
knowlesi, as determined in a few studies [31–33]. Con-
tinued validation of this animal model is warranted as a 
complement to human studies aimed at understanding 
mechanisms of resilience to malaria, with the possible 
goal of new host-directed therapies to resolve acute dis-
ease states and the progression of chronic Plasmodium 
infections. Such inquiry has begun, specifically, for exam-
ple, involving in-depth analysis of the peripheral blood 
transcriptomes of rhesus and kra monkeys in response to 
P. knowlesi [90].
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Additional file 1: Table S1. Macaque Cohort and Experimental 
Summaries. Details regarding four monkey cohorts involved in the 
current study are summarised; three of these were experimen‑
tally infected with P. knowlesi sporozoites, and one served as control 
group. The cohorts are listed in the order in which experiments using 
these animals were performed. These animals and their longitudinal 
infection designs were part of a systems biology program, with iterative 
cohort experimentation designed to satisfy the goals of those research 
programs. §The non‑sequential experimental numbering (E07, E33, E34, 
and E35) reflects the experimental numbers assigned in the MaHPIC Labo‑
ratory Information Management System. †Telemetry data were collected 
in E07 (only), for temperature, blood pressure, heart rate and activity 
level (Brady et al., manuscript in preparation). Spx is an abbreviation for 
splenectomy.

Additional file 2: Table S2. Histopathology scores for P. knowlesi‑infected 
kra monkeys. The kra monkey codes shaded with PINK (n = 4) represent 
animals sacrificed during an acute phase of the infection, and the codes 
shaded with GREY (n = 12) represent animals sacrificed during a chronic 
phase of infection. The experimental number for each coded animal 
is also shown: E07, E33, or E35. Nineteen tissues were examined by a 
veterinary pathologist and scored semi‑quantitatively in the categories 
above. Spleen, lymph nodes, and bone marrow were not scored because 
the changes were deemed to be physiological reactions to infection and/
or anaemia. The following tissues were examined for histopathological 
changes, but omitted from this table because no changes were found: 
aorta, adrenal gland, cerebrum, cerebellum, eye, midbrain, muscle, skin, 
testis, thymus, and omentum. These tissues were assigned a score of zero 
for modeling purposes. Semi‑quantitative scores are presented as a heat‑
map to visually represent severity, with 0 being no changes or damage, 
and 4 being diffuse changes. Organs were scored in several categories, 
including inflammation, oedema, crypt inflammation (for the gastrointes‑
tinal organs), necrosis, haemorrhage, hyperplasia (including alveolar wall 
thickening/interstitial hyperplasia, for the lungs, Kupffer cell hyperplasia 
in the liver, and glomerular hyperplasia for the kidneys), fibrosis, vasculitis, 
and tubular degeneration (for kidneys). The histopathology categories 
shown reflect the range of pathologies noted, whether for one or multiple 
monkeys.

Additional file 3: Table S3. Linear regression: spleen weight vs. time of 
infection. The effect of time at necropsy on spleen weight was tested via a 
linear regression model and found not to contribute.

Additional file 4: Table S4. Tukey HSD Post‑hoc pairwise comparison of 
tissue score. Semiquantitative tissue scores were compared pairwise using 
Tukey HSD post‑hoc analysis. Mean difference is the difference in means 
between the organ pair being compared. Adjusted p‑value, significance  
 

 
and upper and lower bound are included. *p < 0.05; **p < 0.005, 
***p < 0.0005, ****p < 0.00005; NS = not significant.

Additional file 5: Table S5. Linear regression: pathology score vs. nec‑
ropsy day. The effect of time at necropsy on pathology score was tested 
via a linear regression model and found not to contribute.

Additional file 6: Table S6. Summary statistics for parasite tissue 
counts. Parasites in H&E‑stained tissue sections for each organ were 
quantified by light microscopy. Mean number of parasites in 10 high 
power fields per H&E‑stained tissue, standard deviation, standard error, 
and number of sections are presented.

Additional file 7: Table S7. Hierarchical Linear Regression Analysis. Mul‑
tiple Linear Regression (MLR) was performed to test the relationship 
between score, count, and organ. For organ, adrenal gland was selected 
as the reference tissue. Parameter is significant at p = 0.05; *p < 0.05, 
**p < 0.005, ***p < 0.0005.; NS = not significant.

Additional file 8: Table S8. Hierarchical Linear Regression Analysis of 
Infection Parameters. Multiple Linear Regression (MLR) was performed to 
test the relationship between score, count, days post‑inoculation (DPI), 
parasitaemia, and cumulative parasitaemia. Parameter is significant at 
p = 0.05; *p < 0.05, **p < 0.005, ***p < 0.0005.; NS = not significant.

Additional file 9: Table S9. Flow cytometry staining cocktail for meas‑
uring erythroid progenitors in rhesus and kra monkey bone marrow 
aspirates.

Additional file 10: Fig. S1. E07 Experimental Design and Parasitaemia, as 
also similarly presented in PlasmoDB [91] to accompany E07 publicly avail‑
able data. Pilot P. knowlesi infection in seven kra monkeys (11C131, 11C166, 
12C36, 12C44, 12C53, H12C59, H12C8) with staggered necropsy end‑
points that included necropsies at an acute (n = 4: 11C131, 12C36, H12C8, 
H12C59) or chronic (n = 3: 11C166, 12C44, 12C53) stage of infection. Top 
Panel: Schematic of the planned (generalized) experimental design with 
pre‑infection surgical implantation of a telemetry device (scissors) plus 
recovery time and their activation for collection of physiological data, 
before (grey bar) and after surgery baseline timepoint (TP) sample collec‑
tions (gold bars), P. knowlesi cryopreserved sporozoite inoculations at day 
0 (syringe), predicted parasitaemia kinetics (pink curved line) with early 
infection, log‑phase, peaking parasitaemia, and sequential chronic phase 
TPs indicated for blood and bone marrow sample collections. Necropsy 
endpoints (*) were planned for selected animals at an acute and early or 
late chronic stages of infection. Bottom Panel: Schematic showing E07 
experimental data including P. knowlesi cryopreserved sporozoite inocula‑
tions on day 0  (syringe†), daily parasitaemias graphed (pink line), and 
defined TPs (gold bars) and the specific days of euthanasia and necropsy 
endpoints (*) are indicated for each of the animals. No subcurative treat‑
ments were required, as the blood‑stage infections and clinical signs 
naturally began to resolve, as expected with kra monkeys. †This cohort 
had previously been inoculated with sporozoites freshly isolated from 
mosquito salivary glands, yet for reasons unknown, blood‑stage parasi‑
taemia did not result. Transcriptomic analysis of peripheral blood samples 
did not reveal any significant differences between these baseline TPs 
[55]. This pilot experiment allowed for (1) testing of cryopreserved stocks 
of P. knowlesi sporozoites and the kinetics of the parasitaemia in kra mon‑
keys (pink line); (2) capturing blood, bone marrow and tissue data on both 
the acute and chronic phases of the infection; (3) testing of experimental 
and analysis pipelines for the generation and analysis of biological data at 
specific TPs, including the secure and reliable transfer of samples or data 
as required across the large MaHPIC and HAMMER consortia [92]; and col‑
lection and analysis of infected tissue samples from necropsies.

Additional file 11:  Fig. S2. E33 Experimental Design and Parasitaemia, 
as also similarly presented in PlasmoDB [91] to accompany E33 publicly 
available data. E33 includes iterative P. knowlesi infections in a cohort of 
four kra monkeys (13C90, 14C15, 14C3, H13C110) to continue to study 
acute and early stage “Chronic I” infections. Top Panel: Schematic of the 
planned (generalized) experimental design with timepoints (TP) of sample 
collection (gold bars), P. knowlesi cryopreserved sporozoite inoculations 
at day 0 (syringe), predicted parasitaemia kinetics (pink line) with early 
infection, log‑phases, peaking parasitaemia, and later TPs indicated for 
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blood and bone marrow sample collections. Necropsy endpoints (*) 
were planned for each species after day 14, early on in the natural overall 
decline in parasitaemia as observed for kra monkeys in E07 (Fig. S1) and 
again subsequently in E35 (Fig. S3). Bottom Panel: Schematic showing 
E33 experimental data including P. knowlesi cryopreserved sporozoite 
inoculations on day 0 (syringe), daily parasitaemias graphed (pink lines), 
and defined TPs (gold bars) and the specific days of euthanasia and 
necropsy endpoints (*) are indicated for each of the animals. No treatment 
was required.

Additional file 12: Fig. S3. E35 Experimental Design and Parasitaemia, 
as also similarly presented in PlasmoDB [91] to accompany E35 publicly 
available data. E35 includes iterative P. knowlesi infections in a cohort of 
four kra monkeys (13C33, 13C74, H13C101, H14C17) to continue to study 
acute and chronic infections, up to 50 days, with the later TPs 5–8 also 
labelled Chronic I–Chronic IV. Top Panel: Schematic of the planned (gener‑
alized) experimental design with timepoint (TP) sample collections (gold 
bars), P. knowlesi cryopreserved sporozoite inoculations at day 0 (syringe), 
predicted parasitaemia kinetics (pink line) with early infection, log‑phases, 
peaking parasitaemia, and later TPs indicated for blood and bone marrow 
sample collections. Necropsy endpoints (*) were planned for each animal 
well after day 14, when the natural decline in parasitaemia was expected, 
as observed for the three kra monkeys with chronic infections in E07 (Fig. 
S1), and when parasitaemia was still undetectable. Bottom Panel: Sche‑
matic showing E35 experimental data including P. knowlesi cryopreserved 
sporozoite inoculations on day 0 (syringe), daily parasitaemias graphed 
(pink lines), and defined TPs (gold bars) and the specific days of euthanasia 
and necropsy endpoints (*) are indicated for each of the animals. No treat‑
ment was required.

Additional file 13: Fig. S4. Flow Cytometry Gating Strategy. Representa‑
tive flow cytometry gating strategy for measuring erythroid lineage cells 
in bone marrow aspirate collected from the kra monkeys.

Additional file 14: Fig. S5. Characterization of the dynamics of RBC 
removal and production processes in a representative kra monkey (12C44) 
during a P. knowlesi infection. To quantify the haemodynamic processes 
during a P. knowlesi infection, a computational dynamical model was used 
that was previously developed to faithfully track the blood dynamics in 
Plasmodium infected monkeys [63–65]. The model was formulated as 
a set of discrete recursive equations, where the pools of reticulocytes, 
RBCs, and iRBCs were stratified into age classes. The model directly repre‑
sents that reticulocytes are released from the bone marrow with a certain 
age and rate, circulate for a day and then mature into RBCs. Pertinent 
model results (lines) are superimposed on experimental data (symbols). 
Shown are the circulating reticulocytes (A), mature RBCs (C), and infected 
RBCs (F), from which the model allowed the quantification of different 
causes of RBC removal (D and E). The NHP RBCs normally die after about 
100 days due to senescence, or on a daily basis due to “random” effects, 
such as shear stresses (E). During Plasmodium infections, some of the 
healthy RBCs are also infected by merozoites and destroyed when the 
parasites are released (parasitisation, D) or lost to a bystander effect (D). 
Interestingly, large numbers of RBCs were lost during the infection due 
to the bystander mechanism (D). The profile of RBCs (C) demonstrates 
that the kra monkey had severe anaemia and responded appropriately by 
increasing the erythropoietic output and releasing younger reticulocytes, 
thereby increasing the reticulocyte maturation time in circulation (B).
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