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Abstract 

Background Plasmodium knowlesi is an established experimental model for basic and pre-clinical malaria vaccine 
research. Historically, rhesus macaques have been the most common host for malaria vaccine studies with P. knowlesi 
parasites. However, rhesus are not natural hosts for P. knowlesi, and there is interest in identifying alternative hosts 
for vaccine research. The study team previously reported that pig-tailed macaques (PTM), a natural host for P. knowlesi, 
could be challenged with cryopreserved P. knowlesi sporozoites (PkSPZ), with time to blood stage infection equiva-
lent to in rhesus. Here, additional exploratory studies were performed to evaluate PTM as potential hosts for malaria 
vaccine studies. The aim was to further characterize the parasitological and veterinary health outcomes after PkSPZ 
challenge in this macaque species.

Methods Malaria-naïve PTM were intravenously challenged with 2.5 ×  103 PkSPZ and monitored for blood stage 
infection by Plasmodium 18S rRNA RT-PCR and thin blood smears. Disease signs were evaluated by daily observa-
tions, complete blood counts, serum chemistry tests, and veterinary examinations. After anti-malarial drug treatment, 
a subset of animals was re-challenged and monitored as above. Whole blood gene expression analysis was performed 
on selected animals to assess host response to infection.

Results In naïve animals, the kinetics of P. knowlesi blood stage replication was reproducible, with parasite bur-
den rising linearly during an initial acute phase of infection from 6 to 11 days post-challenge, before plateau-
ing and transitioning into a chronic low-grade infection. After re-challenge, infections were again reproducible, 
but with lower blood stage parasite densities. Clinical signs of disease were absent or mild and anti-malarial treatment 
was not needed until the pre-defined study day. Whole blood gene expression analysis identified immunological 
changes associated with acute and chronic phases of infection, and further differences between initial challenge 
versus re-challenge.

Conclusions The ability to challenge PTM with PkSPZ and achieve reliable blood stage infections indicate this model 
has significant potential for malaria vaccine studies. Blood stage P. knowlesi infection in PTM is characterized by low 
parasite burdens and a benign disease course, in contrast with the virulent P. knowlesi disease course commonly 
reported in rhesus macaques. These findings identify new opportunities for malaria vaccine research using this natural 
host-parasite combination.
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Background
Plasmodium knowlesi has a long history in malaria 
research that predates its recognition as a human para-
site [1, 2]. These parasites are endemic to Southeast Asia, 
where they are commonly found in both long-tailed 
macaques (Macaca fascicularis) and pig-tailed macaques 
(Macaca nemestrina; abbreviated hereafter PTM) [3], 
and less frequently in other non-human primate (NHP) 
species [4]. As a research model, P. knowlesi sporozoites 
or blood stage parasites have been used to experimentally 
infect multiple NHP species, including rhesus macaques, 
long-tailed macaques, and other macaque species, as 
well as baboons, squirrel monkeys, and owl monkeys 
(reviewed in [5, 6]). These diverse experimental hosts dis-
play equally diverse disease outcomes during P. knowlesi 
blood stage infection, and correspondingly, different 
hosts have been used to study different aspects of para-
site biology, disease pathogenesis, and immunity.

For vaccine research with P. knowlesi, the historical 
host of choice has been the rhesus macaque (Macaca 
mulatta) [6]. Rhesus macaques are extensively used in 
biomedical research, share ~ 93% of their genome with 
humans, and are considered excellent translational 
models for human immunity and disease [7]. Plasmo-
dium knowlesi is highly infectious to rhesus macaques, 
making vaccine and challenge studies in this model a 
stringent test of malaria vaccine efficacy [8, 9]. Several 
highly impactful vaccine discoveries were made using 
this model (reviewed in [10]), and the wealth of prior 
literature has undoubtedly contributed to its popular-
ity. However, this model has certain limitations. Firstly, 
P. knowlesi infection in rhesus macaques typically results 
in acute, severe, and potentially fatal, blood stage disease 
[10–21], necessitating rapid diagnosis and treatment of 
infected animals in order to comply with modern animal 

ethics guidelines [22]. Second, while rhesus macaques are 
highly susceptible to experimental P. knowlesi infection, 
they are not natural hosts for this parasite [6]. Thus, the 
model may not faithfully recapitulate all the features of 
a natural host-parasite combination that are relevant for 
vaccine studies.

COVID-19 research demands made rhesus macaques 
more expensive and difficult to source, and so inspired 
new interest in identifying alternative NHP hosts for 
malaria vaccine studies. The selection of an alternative 
host for vaccine studies should take several criteria into 
consideration, including how closely the model rep-
resents the human immune system, the availability of 
animals and immunological reagents, the reliability of 
infection after challenge, and the disease outcomes in 
that host. A further factor to consider may be whether 
the model is based on an experimental or natural host-
parasite combination. Based on these criteria, the study 
team identified PTM a potentially promising alternative 
host for malaria vaccine studies. Pig-tailed macaques 
also share ~ 93% of their genome with humans [23], are 
bred for research [24], are considered excellent models 
of human immunity [25], and have a precedent for use 
in infectious disease studies [26–30]. Most importantly 
perhaps, PTM are natural hosts for P. knowlesi, and the 
disease course in wild animals is reportedly benign [31]. 
However, despite these many potential advantages, PTM 
have not previously been evaluated for use in basic or 
pre-clinical malaria research.

To evalute PTM as a potential model for malaria 
research, the study team therefore initiated a series 
of P. knowlesi challenge and infection studies at the 
Washington National Primate Research Center (WaN-
PRC). The team’s earlier report described preliminary 
data confirming that PTM could be challenged with 
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cryopreserved P. knowlesi sporozoites (PkSPZ), with 
an equivalent time to blood stage infection as in rhesus 
macaques [32]. Here, additional exploratory studies 
were performed to further evaluate infection outcomes 
in this proposed new research model. The present pilot 
study aimed to address two of the criteria most perti-
nent to vaccine research: (1) the reliability of infection, 
and (2) the clinical characteristics of blood stage infec-
tion. To facilitate comparison with the published lit-
erature for the rhesus model, the team sought to define 
these infection outcomes in both malaria-naïve ani-
mals after initial challenge and in drug-cured malaria-
experienced animals by re-challenge. The intent was to 
provide the first preliminary characterization of exper-
imental P. knowlesi infection in the natural PTM host.

Methods
Study design and rationale
This study enrolled PTM (Macaca nemestrina) bred 
for research use at the WaNPRC. The WaNPRC colony 
founders were originally imported from Indonesia and 
Malaysia. All animals used in the study were malaria-
naïve by virtue of being born in the United States, and 
all were tested for malaria at baseline and confirmed 
negative prior to enrolment. The study enrolled a total 
of n = 7 male and female PTM, aged three to 8  years, 
which were socially housed in pairs under standard 
conditions at the WaNPRC. The study was conducted 
in two cohorts. Cohort 1 consisted of n = 3 young adult 
males and was designed as a pilot study to assess the 
feasibility of PkSPZ infection. Cohort 2 consisted of 
n = 2 young adult males and n = 2 young adult females. 
Procedure details are provided in the study diagram 
(Additional file  1: Fig. S1). This follow-on study was 
designed to further characterize outcomes of PkSPZ 
infection in PTM and include animals of both bio-
logical sex per NIH policy [33]. For low-volume blood 
sampling to monitor P. knowlesi blood stage infection, 
animals were trained to enter a procedure cage for 
awake blood collection from the saphenous vein. For 
large-volume blood draws and other procedures that 
required handling, animals were fasted and sedated 
with intramuscular ketamine (10 mg/kg, Covetrus) per 
standard protocol. Some animals were given intramus-
cular ondansetron (0.5–1  mg/kg, Hikma) to reduce 
nausea, which is standard practice for sensitive ani-
mals at the WaNPRC. All procedures were conducted 
under an approved University of Washington Institu-
tional Animal Care and Use Committee Protocol and 
in accordance with the NIH Guide for the Care and 
Use of Laboratory Animals.

Cryopreserved sporozoites and intravenous challenge
This study used the P. knowlesi H strain, which was origi-
nally isolated from a natural human infection in Malay-
sia [15, 34]. Purified, cryopreserved, wild-type H strain 
PkSPZ were produced by Sanaria, Inc (Rockville, MD, 
USA). The PkSPZ are cryopreserved using patented 
methods. PkSPZ were shipped and stored on liquid 
nitrogen, and thawed and diluted according to standard 
Sanaria protocols. PkSPZ were administered to sedated 
animals intravenously in 1  mL of solution containing 
1% human albumin (ALBURX, CSL Behring) as previ-
ously described [35]. The challenge dose for this study 
was 2.5 ×  103 PkSPZ. This dose was selected because 
prior experiments in rhesus macaques demonstrated 
that 2.5 ×  103 PkSPZ infects 100% of animals with highly 
reproducibile resulting blood stage parasite densities 
[32]. PkSPZ were vialled at 5 ×  104 PkSPZ per vial, so a 
single vial was used for all animals challenged at a given 
time.

Monitoring of blood stage parasite burden
Daily monitoring of blood stage parasite burden was 
performed beginning 6  days post infection (p.i.), as this 
was the 1st day that parasites were expected to be in the 
peripheral blood [35]. For this, 200  µL of whole blood 
was collected into EDTA tubes and transported by cou-
rier at room temperature to the University of Washing-
ton Malaria Molecular Diagnostic Laboratory (MMDL). 
Blood collections typically occurred between 9:00 and 
11:00AM, and samples were received at the MMDL by 
12:00–1:00PM. Upon arrival, samples were processed 
in parallel for microscopic analysis and Plasmodium 
18S rRNA RT-PCR by unblinded research technicians. 
Giemsa-stained thin blood smears were prepared accord-
ing to standard protocols and examined under a 100X oil 
immersion objective on the day of collection. Fifty fields 
were viewed and the number and stages of the parasites 
recorded. This method has a limit of detection of ~ 100 
parasites per µL of blood [36] and was used for same day 
monitoring of infection status. Animals were deemed 
to have a blood smear patent infection if two unambi-
gious parasites were identified in fifty fields. For Plas-
modium 18S rRNA RT-PCR, blood was spotted in 50 µL 
replicate spots onto Whatman Protein Saver cards (Cat 
#28170-017), air dried, and stored for later batch process-
ing. Dried blood spots were excised by contact-free laser 
cutting into tubes [37], immersed in 2 mL of bioMérieux 
Nuclisens Lysis Buffer (bioMérieux, Cat #280134), and 
incubated at 55 ℃ for 30 min. RNA was extracted from 
1 mL of lysate on the Abbott m2000sp platform (Abbott 
Molecular, Niles, IL) and 18S rRNA RT-PCR was per-
formed as described on the Abbott m2000rt platform 
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[35]. Animals were deemed to have RT-PCR positive 
infections if the endogenous control had a CT of greater 
than 25 and the Pan Plasmodium target detected greater 
than 5.17 log10 copies of 18S rRNA/rDNA per mL of 
blood, which is approximately equivalent to 20 parasites 
per mL of blood [38]. On selected study days, 50  µL of 
blood was mixed directly with 2  mL of NucliSens lysis 
buffer, then extracted and analysed as above. The 18S 
rRNA RT-PCR assay was used as the primary method to 
monitor parasite infection kinetics, since it could detect 
and quantify parasites at a far lower densities than pos-
sible by thin blood smears.

Monitoring of disease signs
Daily observations of cohort 1 was performed begin-
ning 6 days p.i. to assess outward signs of disease. More 
rigorous monitoring for disease signs was performed 
for cohort 2, with animals given a daily clinical score for 
alertness, respiration rate, food intake and fecal output. 
Blood from cohort 2 was sampled on selected study days 
for complete blood count, serum chemistry, C-reactive 
protein, and venous lactate tests. Tests were performed 
at baseline, day 0 prior to PkSPZ administration, and on 
days 4, 7, 10, 14, 21, and 28 p.i. The same schedule was 
followed after the second challenge, except for the final 
blood draw, which was performed at 29 days p.i. (Addi-
tional file  1: Fig. S1). Blood tests were performed by 
the University of Washington Department of Labora-
tory Medicine and Pathology Research Testing Service. 
Cohort 2 also underwent veterinary examinations and 
spleen ultrasound at baseline and 28–29 days after each 
challenge to qualitatively assess splenomegaly.

Anti‑malarial drug treatment
Anti-malarial drugs were provided orally in treats, unless 
otherwise noted, as this method is considered to be least 
intrusive for the animals. At the designated study day, 
cohort 1 was given oral chloroquine (20  mg/kg base) 
once per day for 3 days. Chloroquine was provided as a 
compounded suspension of chloroquine phosphate and 
was given in food treats or by oral gavage. For dosing in 
treats, the chloroquine suspension was mixed in 5  mL 
of a desirable food such as pudding or fruit puree in a 
paper cup. Animals typically consumed the treat under 
direct supervision, but in cases where they did not, con-
sumption was confirmed by observing the empty paper 
cup. For oral gavage, when needed, the chloroquine sus-
pension was delivered via an orogastric tube to sedated 
animals, followed by gavage of 10 mL of Ensure (Abbott 
Laboratories). Cohort 2 was given either oral chloroquine 
as above or oral Coartem (1 tablet per dose, each contain-
ing 20  mg artemether and 120  mg lumefantrine) twice 
per day for three days. Coartem tablets were crushed and 

dosed in treats as above. In response to a treatment fail-
ure with the above drug regimens, one animal in cohort 
2 was additionally treated with intramuscular artesunate 
(8 mg/kg) for 4 days plus a 3-day course of oral chloro-
quine (20  mg/kg) every week for 3  weeks. Following 
treatment, blood was collected at least once per week 
to monitor for parasite clearance by 18S rRNA RT-PCR. 
Animals were deemed cured if they received negative RT-
PCR test results for several consecutive weeks.

Statistical analyses
As in previous studies [35], the number of animals per 
cohort was driven by budgetary constraints and sample 
sizes were relatively small. Descriptive statistics were 
used to summarize blood stage infection outcomes and 
haematological changes in each cohort, but in acknowl-
edgement of the small sample size, statistical tests were 
not used to make comparisons between cohorts. All data 
should therefore be regarded as preliminary.

Generation of gene expression data
Whole blood for gene expression analysis was collected 
on selected study days from cohort 2 animals into PAX-
gene tubes (BD #762165), transported at room tem-
perature, and transferred to −  80  ℃ for storage. RNA 
extraction was performed using the Agencourt RNA-
dvance Cell V2 kit (Beckman Coulter #A47942). RNA 
quality was assessed using an Agilent TapeStation and 
yields were quantified using a Qubit Fluorometer. One 
hundred ng of RNA per sample was processed and 
loaded onto the NanoString NHP Immunology V2 Panel 
(NanoString #115000276) for targeted whole blood gene 
expression analysis.

Gene expression analysis
The NanoString nCounter.RCC files were imported into 
nSolver Analysis Software 4.0 for review of quality con-
trol metrics, and the panel of housekeeping genes and 
positive controls was used to compute the normaliza-
tion factor. Each expression set was then standardized 
to a calibration sample loaded onto each CodeSet in 
nSolver. Further data analysis was performed in RStudio 
version 2022.02.01+461 with R version 4.1.3. The  log2 
transformed normalized count matrix was evaluated for 
outliers using principal component analysis, and a single 
outlier was identified and removed since it did not cluster 
with any of the other samples, suggesting variation was 
technical rather than biological. Differential expression 
between timepoints was evaluated with a within-animal 
correlation to account for inter-individual baseline levels 
with time as the main effect. Differential expression test-
ing was performed with limma [39] using an empirical 
Bayes moderation of the fitted linear model. Differentially 
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expressed genes (DEGs) were defined as genes with 
a false-discovery rate (FDR) < 0.2, since when multi-
ple comparisons are performed using the pre-selected 
NanoString panel, a less conservative method for gene 
significance levels is recommended. The union of DEGs 
identified by these criteria was visualized using UpSetR 
[40, 41]. Gene set enrichment analysis (GSEA) was per-
formed against blood transcriptome modules (BTM) 
with fold-change as the ranking metric using fast GSEA 
[42, 43].

Results
Pig‑tailed macaques can be reliably infected with purified 
cryopreserved PkSPZ
This study was designed to evaluate PTM as potential 
alternative hosts for malaria vaccine studies, with the aim 
of further characterizing the parasitological and veteri-
nary health outcomes after infectious PkSPZ challenge. 
The study was conducted in two pilot cohorts. Cohort 1 
consisted of three young adult males and was designed 
to assess the feasibility of PkSPZ challenge in PTM. This 
cohort was challenged intravenously with 2.5 ×  103 wild-
type PkSPZ and monitored for blood stage infection by 
Giemsa-stained thin blood smears and Plasmodium 18S 
rRNA RT-PCR. Daily observations were used to assess 
disease signs. After a period of blood stage infection, 
cohort 1 animals were treated with anti-malarial drugs 
and returned to the colony. Preliminary data describing 
the time to blood stage infection following PkSPZ chal-
lenge in this cohort was reported previously [32]. This 
data is again presented here along with substantial new 
data from this cohort.

Cohort 2 consisted of two young adult males and 
two young adult females and was designed to further 

characterize outcomes of PkSPZ challenge in PTM. 
Cohort 2 was challenged with 2.5 ×  103 wild-type PkSPZ 
and monitored as above. This gave a combined total of 
seven naïve animals that were challenged with PkSPZ 
across cohorts. After drug treatment, cohort 2 ani-
mals were rested for around 2 months and considered 
for re-challenge. One female developed a recrudescent 
infection that required further drug treatment, so was 
excluded from re-challenge. Thus, three animals from 
this cohort went on to re-challenge. In addition to daily 
observations, cohort 2 animals were evaluated after 
challenge by daily clinical scoring, frequent complete 
blood count tests and serum chemistry tests, veterinary 
exams, and whole blood gene expression analysis.

The time to first detection of blood stage parasites 
after PkSPZ challenge was consistent across cohorts 
(Table 1). All seven naïve animals became RT-PCR pos-
itive at 6–8  days post infection (p.i.) and blood smear 
positive at 11–14 days p.i. (Fig. 1A, B), consistent with 
RT-PCR having a much lower limit of detection than 
thin blood smears [36, 38]. These data were also com-
parable to the study team’s findings from naïve rhesus 
macaques challenged with the same PkSPZ dose [32]. 
After drug treatment, three of the cohort 2 animals 
successfully cleared their infections and went on to 
re-challenge. All three re-challenged animals became 
RT-PCR positive at 6 days p.i. (Fig. 1C). However, only 
one animal had sufficient parasitaemia to become blood 
smear positive and only did so at 18 days p.i. (Fig. 1D). 
Thus, naïve PTM reliably develop patent blood stage 
infections after PkSPZ challenge, with a time to first 
detection of blood stage parasites comparable to in rhe-
sus macaques [32]. Then, upon re-challenge, all animals 
again reliably develop RT-PCR-detectable infections, 

Table 1 Time to detection of blood stage parasites after challenge of pig-tailed macaques with infectious P. knowlesi sporozoites 
(PkSPZ)

Data by individual animal. # = this animal was not re-challenged due to recrudescent infection. * = transient patency by thin blood smear. M male; F female, SD 
standard deviation

Animal ID Sex PkSPZ challenge (days) PkSPZ re‑challenge (days)

18S rRNA RT‑PCR Thin blood smear 18S rRNA RT‑PCR Thin 
blood 
smear

Cohort 1 Z13228 M 7 11 No secondary challenge per-
formedZ16133 M 6 11

Z16318 M 6 11

Cohort 2 Z14235 F 6 11 6 –

Z16091 F 8 14 # #

Z17137 M 6 13 6 –

Z18090 M 7 14 6 18*

Mean (days +/− SD) 6.6 +/− 0.8 12.1 +/− 1.5 6.0 +/− 0.0 18*
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but these typically remain below the limit of detection 
of thin blood smears.

Pig‑tailed macaques spontaneously control P. knowlesi 
blood stage parasitaemia
Data from the daily RT-PCR monitoring was next used 
to evaluate the kinetics of blood stage infection in PTM 
after PkSPZ challenge. The kinetics of blood stage para-
site replication in animals after challenge was highly 
reproducible across cohorts. In all seven naïve animals, 
Plasmodium 18S rRNA copy numbers rose linearly from 
days 6–11 p.i. during an initial acute infection phase, 
before copy numbers plateaued in a subsequent chronic 
infection phase (Fig.  2A). Concurrent analysis of blood 
smears indicated that 18S rRNA copy numbers pla-
teaued around when animals became blood smear posi-
tive (Table  1). Indeed, positive blood smears contained 

very few parasites, suggesting parasitaemia was only just 
above the limit of detection of thin blood smears, which 
is between 0.01% and 0.001% parasitaemia [36]. Corre-
spondingly, at no time did animals approach the treat-
ment threshold of 1% parasitaemia, and anti-malarial 
treatment was only administered at the pre-defined study 
day at 28  days p.i. Thus, after PkSPZ challenge, naïve 
PTM show an initial linear increase in blood stage para-
site burden, but later spontaneously control parasitae-
mia to develop chronic low-grade infections. This ability 
of PTM to limit blood stage replication contrasts with 
the uncontrolled parasitaemia typically reported for P. 
knowlesi in rhesus macaques [5, 44], and is instead more 
similar to that described in long-tailed macaques [10, 
45–49].

Following re-challenge of cohort 2 animals, the kinet-
ics of blood stage parasite replication by RT-PCR again 

Fig. 1 Time to detection of blood stage parasites after challenge of pig-tailed macaques with infectious P. knowlesi sporozoites (PkSPZ). A, B Naïve 
pig-tailed macaques from cohorts 1 and 2 were challenged intravenously with 2.5 ×  103 PkSPZ and monitored for time to blood stage infection 
by Plasmodium 18S rRNA RT-PCR and thin blood smear. C, D Approximately 2 months after drug-cure, cohort 2 animals were re-challenged 
and monitored as above. See Table 1 for data by individual animal

Fig. 2 Kinetics of blood stage infection after challenge of pig-tailed macaques with infectious P. knowlesi sporozoites (PkSPZ). A Naïve pig-tailed 
macaques from cohorts 1 and 2 were monitored daily during blood stage infection to assess parasite burden by Plasmodium 18S rRNA RT-PCR. B 
Cohort 2 animals were monitored during their second blood stage infection as above. Data shown for each individual animal. Dotted line: fewer 
datapoints for this animal. See Graphical Abstract for the same data presented as mean ± standard deviation
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appeared to be reproducible. However, one animal 
refused non-sedated blood draws after re-challenge, and 
data was limited for that individual animal. With this 
caveat, there again appeared to be a trend for 18S rRNA 
copy numbers to rise from 6–11 days p.i., before plateau-
ing or decreasing (Fig.  2B). As noted above, concurrent 
evaluation of blood smears revealed that only one ani-
mal became transiently thin blood smear positive after 
re-challenge. Thus, re-challenged PTM again sponta-
neously control parasitaemia and develop chronic low-
grade infections, and may limit P. knowlesi blood stage 
parasite replication to a greater extent than after initial 
challenge. The ability for PTM to achieve greater control 
of parasitaemia after re-challenge is consistent with data 
from both rhesus [14, 16, 17] and long-tailed macaques 
[10]. Further, it suggests that P. knowlesi infection induces 
functional immune responses in PTM, consistent with 
the findings from studies in these other hosts [10, 14, 16, 
17].

Pig‑tailed macaques show a benign disease course 
during P. knowlesi infection
Daily observations and clinical scoring were used to 
assess the disease course in PTM after PkSPZ challenge. 
Cohort 1 animals were assessed only by daily observa-
tions, but no outward signs of disease or distress were 
noted. Cohort 2 animals were assessed by daily observa-
tions and daily clinical scoring for alertness, respiration 
rate, food intake and fecal output. The animals again 
showed no outward signs of disease, and no changes in 
clinical score that correlated with infection. Thus, PTM 
show an apparently benign disease course during P. 
knowlesi blood stage infection, consistent with reports 
from infected animals in the wild [31]. This outwardly 
asymptomatic course in PTM contrasts with the severe 
disease course typically reported for P. knowlesi in rhesus 
macaques [11], and is instead more similar to the disease 
course described in long-tailed macaques [10, 11, 46, 49].

The health of cohort 2 was additionally assessed by vet-
erinary examinations, which were conducted at baseline 
and 28–29  days after challenge or re-challenge. These 
exams identified no remarkable findings aside from pal-
pable enlargement of the spleen. After the initial chal-
lenge, three of the four animals had palpably enlarged 
spleens at 28 days p.i. Ultrasound confirmed changes in 
spleen shape relative to baseline in all four animals and 
increased echogenicity in two animals. After re-chal-
lenge, all animals had mild palpable splenomegaly at 
29 days p.i. Ultrasound confirmed mild changes in spleen 
size or shape in two animals and a minor change in echo-
genicity in one animal. Therefore, all animals had evi-
dence of splenomegaly after sustained periods of blood 
stage infection. These findings are consistent with prior 

reports of splenic involvement during P. knowlesi blood 
stage infection in both rhesus [11, 20, 50] and long-tailed 
macaques [47].

The disease course in cohort 2 animals was further 
monitored using frequent blood draws for haematology 
and serum chemistry tests, which included a panel of 
18 analytes such as liver enzymes alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST). No 
remarkable changes were seen in serum chemistry ana-
lytes at any point in the study. However, following ini-
tial challenge, all animals showed evidence of anaemia 
and thrombocytopenia, with decreases in red blood cell 
count, haematocrit, haemoglobin, and platelet count 
observed starting from 7 to 10  days p.i. (Fig.  3A). The 
anaemia appeared to be transient and mild, similar to 
previous reports of P. knowlesi in long-tailed macaques 
[47, 49]. Intriguingly, animals did not develop anaemia or 
thrombocytopenia after re-challenge, with red blood cell 
counts, haematocrit, haemoglobin, and platelet counts 
remaining almost exclusively within the normal reference 
ranges (Fig. 3B). Thus, malaria-naïve PTM develop anae-
mia and thrombocytopenia during their first P. knowlesi 
blood stage infection but develop resilience to these hae-
matological changes upon subsequent infection.

Transcriptional profiling of P. knowlesi infected pig‑tailed 
macaques
The discovery that PTM can maintain P. knowlesi blood 
stage infection for many weeks, develop only mild hae-
matological changes during their first infection, and go 
on to develop clinical resilience upon repeat infection 
are somewhat unique and distinguishing features of the 
model. To further explore how the PTM host responds 
to infection, whole blood gene expression analysis was 
performed for cohort 2 animals using the NanoString 
nCounter NHP Immunology panel. This panel includes 
770 pre-selected immune response genes. Samples for 
this analysis were selected based on the Plasmodium 18S 
rRNA RT-PCR data (Fig. 2) and were intended to evalu-
ate acute and chronic blood stage infection timepoints. 
For the first challenge, blood was sampled at baseline 
(first baseline), at day 10 p.i. (first acute), and day 28 p.i. 
(first chronic). For the animals that went on to re-chal-
lenge, blood was sampled immediately before re-chal-
lenge (second baseline), on day 10 p.i. (second acute), 
and day 29 p.i. (second chronic). These above shorthand 
timepoint designations are used hereafter.

First, principal component analysis was performed on 
all genes in the panel, which showed that gene expres-
sion clustered by individual NHP, confirming that indi-
vidual biological variation existed across NHPs enrolled 
in the study (Additional file 1: Fig. S2A). To assess overall 
variation in the gene expression data, pairwise contrasts 
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between timepoints were used to identify differentially 
expressed genes (DEGs). Principal component analysis 
of the most variably expressed genes revealed that sam-
ples broadly clustered according to timepoint, suggest-
ing that infection status was a driver of variation in the 

expression data (Additional file  1: Fig.  S2B). Evaluating 
each pairwise contrast, an immediately notable finding 
was that the baseline samples differed substantially, with 
108 DEGs identified between the first and second base-
lines (Fig.  4A). To investigate immunological processes 

Fig. 3 Complete blood count data for P. knowlesi infected pig-tailed macaques. A Naïve P. knowlesi-infected pig-tailed macaques develop 
anaemia and thrombocytopenia during their first blood stage infection. B P. knowlesi-infected pig-tailed macaques do not develop anaemia 
or thrombocytopenia during their second blood stage infection. Dotted lines show pig-tailed macaque complete blood count reference ranges 
at the Washington National Primate Research Center. Mean ± standard deviation
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associated with these DEGs, Gene Set Enrichment 
Analysis (GSEA) was performed using Blood Transcrip-
tion Modules [42]. This analysis identified significant 
upregulation of monocyte, neutrophil, cell cycle, natural 
killer (NK) cell and antigen presentation modules at the 
second baseline relative to the first (Fig. 4B). Thus, even 
2  months after drug treatment, P. knowlesi blood stage 
infection induced lasting immune system changes in this 
host, consistent with data from human malaria infection 
studies [51–53].

To evaluate the gene expression changes associated 
with acute and chronic blood stage infection, DEGs at 
each infection timepoint were identified by comparison 
to the relevant baseline. Since the two baselines differed, 
the first acute and chronic samples were compared to the 
first baseline, while the second acute and chronic sam-
ples were compared to the second baseline. This analy-
sis revealed that fewer DEGs were associated with acute 
infection relative to chronic infection (Fig.  4C, total 
genes, Fig.  4D–G). Indeed, only 36 DEGs were identi-
fied at the first acute timepoint, and zero at the second 
acute timepoint with a false discovery rate (FDR) of < 0.2. 
By contrast, 259 DEGs were identified at the first chronic 
timepoint, and 125 DEGs at the second chronic time-
point at this FDR. Notably, many DEGs were shared 
between the chronic timepoints (Fig. 4C, shared genes), 
suggesting substantial overlap in host response to chronic 
infection at both timepoints.

To investigate immunological processes associated with 
DEGs at each of these infection timepoints, GSEA was 
performed using Blood Transcription Modules [42]. The 
first acute timepoint showed downregulation of modules 
for T cells and NK cells, and upregulation of modules for 
monocytes, interferon sensing, inflammation, dendritic 
cell (DC) activation and cell cycle (Fig.  5A). The upreg-
ulated modules were particularly notable, as most were 
uniquely observed at this timepoint, and similar gene 
expression changes previously described for acute blood 
stage malaria exposure in malaria-naïve human volun-
teers [54–56]. The first chronic timepoint again showed 
downregulation of modules for T cells and NK cells, but 
also downregulation of the neutrophil and monocyte 
modules and upregulation of the B cell module. Thus, 
downregulation of T and NK cells is common to both 
the first acute and first chronic infection timepoints, but 
the first acute timepoint is uniquely characterized by the 
upregulation of innate and inflammatory pathways, while 
the first chronic timepoint instead shows evidence of 
control of inflammation and increasing B cell responses.

Despite zero DEGs being identified for the second 
acute timepoint at the selected FDR, the GSEA revealed 
a downregulation of modules for monocytes and the cell 
cycle. Since these same modules were upregulated at the 
second baseline relative to the first baseline timepoint, 
this represents a shift from the altered second base-
line state. Nevertheless, it was notable that the second 

Fig. 4 Overall trends in whole blood gene expression analysis of P. knowlesi infected pig-tailed macaques. A Volcano plot for first baseline 
versus second baseline. All volcano plots based on a False Discovery Rate (FDR) < 0.2, with upregulated genes shown in red and downregulated 
genes in blue. The number of Differentially Expressed Genes (DEGs) are indicated in each plot. B Gene Set Enrichment Analysis (GSEA) for blood 
transcription modules enriched in first baseline versus second baseline. GSEA based on an FDR of 0.05. NES, normalized enrichment score. C UpSet 
plot showing total DEGs for each infection timepoint versus the relevant baseline, and shared DEGs between infection timepoints. D–G Volcano 
plot for each infection timepoint versus the relevant baseline. All samples from cohort 2 animals
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acute timepoint did not show the same upregulation of 
innate and inflammatory responses as seen at the first 
acute timepoint, especially since control of inflammation 
has been associated with immune tolerance in malaria-
exposed humans [51]. The second chronic timepoint like-
wise showed a downregulation of modules for monocytes 
and cell cycle, as well as upregulation of the B cell mod-
ule. Thus, the second acute and chronic timepoints share 
downregulation of modules for monocytes, and cell cycle 
relative to the second baseline, but the second chronic 
timepoint also shows upregulation of B cell responses, 
similar to the first chronic infection timepoint.

Finally, to investigate inflammatory responses to P. 
knowlesi blood stage infection in PTM in more depth, 
a heatmap of genes associated with the inflammatory/
TLR/chemokine module was made to facilitate com-
parison across infection timepoints. Many genes in this 
module were upregulated at the first acute timepoint 
(Fig.  5B), consistent with inflammation being identified 
as a defining pathway at this timepoint. Four genes from 
the module were also upregulated at the first chronic 
timepoint, including the key pro-inflammatory cytokines 
IL1B and TNFα. Notably however, most other genes 
in this module were downregulated by the first chronic 
timepoint, consistent with the first acute and first chronic 
timepoints having generally distinct immune response 
profiles. Following re-infection, essentially all genes in 

the inflammatory/TLR/chemokine module were down-
regulated at both the second acute and second chronic 
timepoints. Thus, inflammation was predominantly asso-
ciated with the first acute infection timepoint, and to 
some extent the first chronic timepoint, while the second 
infection was defined by the apparent lack of inflamma-
tion. Taken together, these data suggest that modulation 
of inflammation, in addition to other immunological 
changes, is associated with the ability of PTM to tolerate 
and control P. knowlesi blood stage infection. These data 
further suggest that a relative lack of inflammation upon 
re-infection may correlate with observed development of 
clinical resilience in this model.

Discussion
This exploratory study was designed to assess PTM as 
a potential alternative host for malaria vaccine research 
using P. knowlesi parasites. The main aims of the study 
were to address the two criteria most pertinent to vaccine 
research, namely the reliability of infection after sporo-
zoite challenge, and the nature of the blood stage infec-
tion course. Extending from previously reported pilot 
data [32], this study confirmed the reliability of PkSPZ 
challenge in PTM, with all seven malaria-naïve animals 
becoming RT-PCR positive by days 6–8 p.i., and thin 
blood smear positive by days 11–14 p.i. The time to RT-
PCR positivity was consistent with the length of the P. 

Fig. 5 Immunological pathways associated with P. knowlesi infection in pig-tailed macaques. A Bubble plot of blood transcription modules 
identified by Gene Set Enrichment Analysis (GSEA). Upregulated modules shown in red and downregulated modules in blue. GSEA based 
on an FDR of 0.05. NES, normalized enrichment score. B Heatmap of genes in the inflammatory/TLR/chemokine blood transcription module 
that have at least one gene comparison timepoint below an FDR of 0.1. Upregulated genes in red and downregulated genes in blue. All pairwise 
contrasts for the first infection performed versus the first baseline, and all pairwise contrasts for the second infection performed versus the second 
baseline
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knowlesi liver stage, which is ~ 5–6  days [12]. Similarly, 
the time to thin blood smear positivity was consistent 
with data from P. knowlesi sporozoite challenge studies 
in other macaque host species (reviewed in [32]). Most 
importantly, the time to detection of blood stage para-
sites by each method was in line with prior data from 
rhesus macaques challenged with the same PkSPZ dose 
[32]. Together, this indicates that rhesus and PTM likely 
have equivalent susceptibility to PkSPZ challenge. Since 
sporozoites are typically preferred over blood stage para-
sites for challenge studies [57], this provides highly use-
ful information to guide future PkSPZ challenge studies 
in PTM.

The ability to re-challenge animals to induce repeated 
P. knowlesi blood stage infections is another feature of 
the rhesus macaque model [14, 16, 17]. This study con-
firmed that re-infection was possible in PTM, with all 
three re-challenged animals becoming RT-PCR positive 
by day 6 p.i. However, only one re-challenged animal 
became transiently blood smear positive, indicating that 
parasitaemia was typically below the limit of detection 
of thin blood smears [36]. Since prior re-challenge stud-
ies in rhesus macaques relied on blood smear to moni-
tor infection [14, 16, 17], this suggests that re-challenged 
PTM may develop lower blood stage burdens relative to 
their rhesus counterparts. However, this finding does 
not preclude re-challenge in PTM, but rather advocates 
for using sensitive diagnostic tools such as RT-PCR to 
monitor repeat infections. Further evaluation of the chal-
lenge and re-challenge data yields two additional insights. 
First, the finding that re-challenged animals become RT-
PCR positive at 6 days p.i., with a similar 18S rRNA copy 
number to after the initial challenge, suggests that PkSPZ 
challenge does not induce sterilizing immunity against 
sporozoites or liver stages. Second, the finding that re-
challenge yields different blood smear outcomes to the 
initial challenge suggests that infection does confer some 
functional anti-blood stage immunity. Both findings are 
preliminary and somewhat limited as only one female 
went on to re-challenge, but nonetheless very much in 
line with data from the rhesus model [14, 17], and con-
sistent with understanding of how immunity to Plasmo-
dium develops in natural human infections [58].

This preliminary study also describes several features 
of P. knowlesi infection in PTM that distinguish it from 
the rhesus model [11, 12, 14, 16, 17]. The daily sampling 
of animals for RT-PCR enabled quantitation of blood 
stage parasite burden over time and detailed evaluation 
of infection kinetics in this host. In all seven malaria-
naïve animals, the blood stage infections were repro-
ducible, with 18S rRNA copy numbers rising linearly 
during an initial acute infection phase, before plateauing 
as the infection became chronic. The initial linear rise in 

parasite burden is consistent with the 24-h P. knowlesi 
blood stage replication cycle [5], while the plateau indi-
cates animals later begin to spontaneously control para-
sitaemia and suppress the effective parasite replication 
rate. This infection trajectory was accompanied by a rela-
tively benign disease course, and at no time did animals 
show disease signs or need anti-malarial treatment. These 
findings contrast starkly with the infection outcomes 
reported in rhesus macaques, where P. knowlesi blood 
stage infections are typically described uncontrolled and 
potentially life-threatening (reviewed in [6]), and were 
instead much more similar to the outcomes reported in 
long-tailed macaques [10, 45–49]. The distinct infection 
outcomes in rhesus versus either the PTM or long-tailed 
macaque hosts in turn has very practical implications for 
the conduct of challenge studies. Since P. knowlesi can be 
fatal in rhesus macaques, animals must be closely moni-
tored after challenge so that any breakthrough infections 
can be rapidly diagnosed and treated. Conversely, since 
P. knowlesi is apparently benign in both PTM and long-
tailed macaques, animals may be less likely to experience 
pain and distress and thus require less intensive monitor-
ing. Indeed, in follow-on vaccination studies, the study 
team has been able to reduce sampling in PTM after 
PkSPZ challenge to every 2  days (M. Shears, personal 
communication). The PTM and long-tailed macaque 
models may thus both offer a potential advantage over 
the rhesus model for challenge studies from an animal 
ethics perspective.

The distinct P. knowlesi blood stage infection out-
comes in rhesus and PTM will likely also have impor-
tant immunological consequences. Since PTM can 
safely sustain P. knowlesi blood stage infection for 
longer than rhesus macaques, they can experience a 
greater duration of blood stage antigen exposure, and 
thus may be more suited to model immune responses 
that take place over a longer timeframe during infec-
tion. Indeed, the finding that re-challenge leads to 
sub- or barely patent infections in PTM, rather than 
the patent infections reported in rhesus macaques [14, 
17], may be due in part to differences in the length 
of the initial blood stage infection possible in each 
model and corresponding differences in the anti-
blood stage humoral response. This hypothesis is 
supported by prior studies in rhesus and long-tailed 
macaques, which noted that anti-blood stage immu-
nity was faster to develop in long-tailed macaques, 
and may have correlated with the longer duration of 
blood exposure possible in this host [17]. Another key 
finding of this study is thus that that both PTM and 
long-tailed macaques appear to share many common 
aspects in P. knowlesi disease progression and the cor-
responding immune response to infection, which is 
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likely related to both macaque species being natural 
hosts for this parasite in the wild [3]. This ability of 
the PTM and long-tailed macaque models to sustain P. 
knowlesi blood stage infection for an extended time in 
turn may be very relevant for addressing certain vac-
cine research questions, e.g., how malaria infection 
before or during vaccination impacts the subsequent 
immune response. Given that candidate malaria vac-
cines have shown decreased immunogenicity and effi-
cacy in malaria-endemic versus naïve populations [59], 
and asymptomatic malaria may not be identified and 
accounted for in all vaccine clinical trial designs [60], 
these features of P. knowlesi infection in the PTM and 
long-tailed macaque models may provide important 
opportunities for future research in this arena.

Finally, this pilot study used whole blood transcrip-
tional profiling of PTM as a preliminary way to explore 
the host immune response to P. knowlesi infection. 
This revealed several key findings that add to under-
standing of infection in this host. First, P. knowlesi 
infection induced lasting immunological changes in 
PTM, with genes associated with the monocyte, neu-
trophil, cell cycle, NK cell and antigen presentation 
modules significantly upregulated at the second base-
line relative to the first. This indicates that substantial 
reprogramming of innate immune cells may be occur-
ring due to P. knowlesi infection and drug cure in this 
host, consistent with descriptions of this phenom-
enon in humans [52, 53]. Second, P. knowlesi induced 
distinct transcriptional changes at acute and chronic 
infection timepoints, which further differed between 
the first and second infections. The most notable of 
these transcriptional changes were the unique upreg-
ulation of innate and inflammatory pathways at the 
first acute timepoint, and the common upregulation 
of B cell genes at both chronic infection timepoints. 
Together, these data suggest the following: (1) naïve 
PTM mount a strong pro-inflammatory response 
upon initial infection, consistent with responses seen 
during acute blood stage malaria infection in naïve 
human volunteers [54–56], (2) the animals develop 
substantial control of inflammation by the chronic 
infection phases, where they also mount a robust B 
cell response, and (3) upon re-challenge, the animals 
achieve more rapid control of inflammation, consistent 
with response seen during acute blood stage malaria 
infection in previously-exposed human volunteers 
[56]. These findings provide insights into immune 
responses that correlate with P. knowlesi infection and 
the development of immune tolerance in the PTM host 
and offer a valuable framework to guide future systems 
immunology and vaccinology studies in this potential 
new model.

Conclusions
This study demonstrates that experimental infection of 
PTM with PkSPZ results in chronic and clinically benign 
blood stage infections, and suggests that this new model 
may have distinct and complementary features to the 
existing rhesus model. Future studies are now planned 
to directly compare outcomes after PkSPZ challenge in 
matched cohorts of PTM and rhesus macaques to con-
firm the preliminary findings reported here. Overall, this 
new PTM model has significant potential to contribute to 
basic and pre-clinical malaria vaccine research.
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