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Abstract. 18S rRNA is a biomarker that provides an alternative to thick blood smears in controlled human malaria
infection (CHMI) trials. We reviewed data fromCHMI trials at non-endemic sites that used blood smears andPlasmodium
18S rRNA/rDNA biomarker nucleic acid tests (NATs) for time to positivity. We validated a multiplex quantitative reverse
transcription–polymerase chain reaction (qRT-PCR) for Plasmodium 18S rRNA, prospectively compared blood smears
and qRT-PCR for three trials, and modeled treatment effects at different biomarker-defined parasite densities to assess
the impact on infection detection, symptom reduction, and measured intervention efficacy. Literature review demon-
strated accelerated NAT-based infection detection compared with blood smears (mean acceleration: 3.2–3.6 days). For
prospectively tested trials, the validated Plasmodium 18S rRNA qRT-PCR positivity was earlier (7.6 days; 95% CI:
7.1–8.1 days) than blood smears (11.0 days; 95% CI: 10.3–11.8 days) and significantly preceded the onset of grade 2
malaria-related symptoms (12.2 days; 95% CI: 10.6–13.3 days). Discrepant analysis showed that the risk of a blood
smear–positive, biomarker-negative result was negligible. Data modeling predicted that treatment triggered by specific
biomarker-defined thresholds candifferentiate complete, partial, andnon-protective outcomesandeliminatemanygrade
2 and most grade 3 malaria-related symptoms post-CHMI. Plasmodium 18S rRNA is a sensitive and specific biomarker
that can justifiably replace blood smears for infection detection in CHMI trials in non-endemic settings. This study led to
biomarker qualification through the U.S. Food and Drug Administration for use in CHMI studies at non-endemic sites,
which will facilitate biomarker use for the qualified context of use in drug and vaccine trials.

INTRODUCTION

In 2016, Plasmodium parasites caused 219 million cases
and 435,000 malaria-attributable deaths.1 The standard ap-
proach for the detection of these burdensome parasites has
long been through microscopic examination of thick and thin
Giemsa-stained blood smears, now often supplemented with
rapid diagnostic tests. Thick blood smears (called “blood
smears” hereafter) have also served as the gold standard for
controlled human malaria infection (CHMI) studies.2 Con-
trolled humanmalaria infection studies are clinical trials where
experimental infection with sporozoite-stage parasites are
conducted to test early stage vaccine and drug candidates.
The blood smear limit of detection is ∼4–20 parasites/μL
depending on the number of fields evaluated,3,4 which means
that blood smears cannot usually detect parasites as they first
emerge from the liver 6–7days post-CHMI. Thus, by the time a
Plasmodium infection becomes blood smear–positive post-
CHMI in nonimmune persons, many participants are symp-
tomatic. Over the past 20 years, sensitive nucleic acid tests

(NATs) that afford earlier detection at lower parasite densities
have been developed (reviewed in Refs. 5 and 6). Methods
have included single-step and nested PCRs with electro-
phoresis gel–based detection, DNAdye- or probe-based real-
time quantitative PCR (qPCR), nucleic acid–based sequence
amplification (NASBA), and real-time quantitative reverse
transcription–PCR (qRT-PCR) with probe-based detection.
The most common NAT targets of Plasmodium are its con-

served 18S rRNA-coding genes (rDNA) by qPCR or the
expressed 18S rRNAs themselves by qRT-PCR or NASBA.
rRNAexpression is relatively stage specific,7–9with asexual (A)-
type 18S rRNAs more highly expressed in erythrocyte-stage
parasites and sexual (S)-type 18S rRNAs more abundant in
mosquito stages.8 Each Plasmodium parasite expresses
thousands of 18S rRNAs froma few coding genes,10–12making
it even possible to detect single parasites in a 0.05–1mL blood
sample by qRT-PCR or NASBA.10,12,13 Because of the differ-
ence in rRNA versus rDNA copy number per parasite, extrac-
tions for DNA qPCR generally require larger volumes of blood
than those for qRT-PCR or NASBA to achieve the same
parasite limit of detection. Initially, malaria NATs were used
retrospectively in trials, but as the techniques matured, such
methods have been increasingly used as primary endpoint
assays in CHMI trials in non-endemic sites.14–16
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Following CHMI, immunologically naive volunteers usually
become blood smear positive 10–12 days later. However, in
such persons, the blood stage begins approximately 6 days
post-CHMI, as determined by in vitro culture of clinical
samples17,18 and by NATs.13 Traditionally, CHMI participants
were monitored by once- or twice-daily blood smears and
received treatment on becoming patent. Dangerously, high-
density or prolonged infections do not occur with this
approach—to our knowledge, there have been no severe
malaria cases or deaths in any CHMI trial to date. Whereas
some CHMI participants at non-endemic sites are asymp-
tomatic on blood smear patency,13,19 malaria-related symp-
toms (e.g., headache, myalgia, fever, chills, sweats, nausea,
vomiting, and diarrhea) up to and including grade 3 symptoms
often commence days earlier.10,20–23 Although well-controlled,
sensitive assays for 18S rRNA/rDNA have been used in the
context of CHMI trials, regulatory qualification of this bio-
marker24 has not been previously achieved. Here, analytical/
clinical validation and regulatory qualification of the Plasmo-
dium 18S rRNA/rDNA biomarker for non-endemic site CHMI
studies are reported.

MATERIALS AND METHODS

Literature review. Peer-reviewed publications of Pf CHMI
that used Plasmodium 18S rRNA and/or rDNA assays and
blood smears were identified in PubMed. Publicly available
data (main manuscripts and Supplemental Information) were
evaluated. Subject-level data were not evaluated unless
publicly available.
Plasmodium 18S rRNA qRT-PCR assay. Extraction and

amplification for the third-generation biomarker assay were
entirely performed on the Abbott m2000sp and m2000rt in-
struments, respectively (Abbott Molecular, Niles, IL). Ethyl-
enediamine tetraacetic acid (EDTA) venous whole blood was
collected from trial participants, and 50 μL was mixed with
2 mL of NucliSENS lysis buffer (bioMérieux, Durham, NC).
One milliliter of lysate was processed by the m2000sp
using mSample RNA preparation kit (Abbott Molecular), and
the m2000 whole blood RNA extraction protocol was followed
by automated pipetting of mastermix and template into
96-well plates.
Our multiplex approach simultaneously evaluated a pan-

Plasmodium 18S rRNA target, a Plasmodium falciparum–

specific 18S rRNA target, and a human housekeeping mRNA
target. The triplex qRT-PCR reaction was performed using
35 μL SensiFAST™ Probe Lo-ROX One-Step Kit (Bioline,
Taunton, MA) and 15 μL of extracted eluate. Primers/probes
were as follows for the pan-Plasmodium 18S rRNA segment
(ForwardPanDDT1043F19: 59-AAAGTTAAGGGAGTGAAGA-39;
Reverse PanDDT1197R22: 59-AAGACTTTGATTTCTCATAA
GG-39; Probe: 59-[CAL Fluor Orange 560]-ACCGTCG
TAATCTTAACCATAAACTA[T(Black Hole Quencher-1)]
GCCGACTAG-39[Spacer C3]), a Pf-specific 18S rRNA se-
quence (Forward PfDDT1451F21: 59-GCGAGTACACTA
TATTCTTAT-39; Reverse PfDDT1562R21: 59-ATTATTAGTA
GAACAGGGAAA-39; Probe: 59-[6-FAM]-ATTTATTCAGTAA
TCAAATTAGGAT-39[BlackHoleQuencher-1]), and thehuman
TATA-Binding Protein (TBP) mRNA (Forward: 59-GATAAGA
GAGCCACGAACCAC-39; Reverse: 59-CAAGAACTTAGCTG
GAAAACCC-39; Probe: 59-[Quasar 670]-CACAGGAGCCAA
GAGTGAAGAACAGT-39[Black Hole Quencher-2]). Probes

were dual high performance liquid chromatography-purified
(LCG BioSearch Technologies, Novato, CA). All probes and
human TBP primers were at 0.1 μM final, Pf-specific primers
0.4 μM, and pan-Plasmodium primers 0.2 μM. Cycling con-
ditions were reverse transcription (10 minutes) at 48�C, de-
naturation (2 minutes) at 95�C, and 45 PCR cycles of 95�C
(5 seconds) and 50�C (35 seconds).
Pf culture. Control samples and some validation samples

were generated fromPf 3D7strain parasites cultured using the
methods of Trager and Jensen as previously reported.10 ABO
blood group-matched whole blood was used for diluting
erythrocyte cultures to prevent rosetting.
Calibration and reporting. A custom lot of quantified Ar-

mored RNA encoding full-length Pf 18S rRNA (Asuragen,
Austin, TX) was used as an absolute 18S rRNA calibrator by
addition to lysed Pf-negative whole blood before extraction.
Copies/mL of whole blood were converted to estimated
parasites/mL of whole blood by dividing by the per-parasite
copy number conversion factor (see Results). Quantitative
results were reported for estimated parasite densities ³ 20
parasites/mL, qualitative “low-positive” results for results
equivalent to 10 to < 20 estimated parasites/mL, and “not
detected” for lower and undetectable results.
Quality assurance.High (4×105parasites/mL), low (8×102

parasites/mL), and negative controls were tested in each as-
say run and monitored using 30-run Levey-Jennings plots.
Westgard 13s (run rejected if control > 3 SDs from expected
value), 22s (run rejected if twoconsecutive controls are > 2SDs
from expected value), and 12x rule (run rejected if 12 con-
secutive control measurements are on one side of the
mean).25 Human TBP mRNA was monitored as an endoge-
nous internal control. The laboratory exchanged samples with
outside laboratories for external quality assurance (EQA) and
enrolled in the WHO EQA scheme for malaria nucleic acid
amplification testing (http://www.who.int/malaria/publications/
atoz/NAAT-EQA-manual/en/).
Discrepant analysis. Discrepant analyses were performed

following Food and Drug Administration (FDA) guidelines.26

Agreement and CIs were calculated following the Clinical and
Laboratory Standards Institute (CLSI) standards.27 Tests used
to assess the primary result (pan-Plasmodium channel of
biomarker assay) included the Pf-specific channel of the cur-
rent assay, the first generation of theUniversity ofWashington
(UW) Pf 18S rRNA qRT-PCRs,10 and assays performed by
outside laboratories, including the University of Maryland 18S
rRNA biomarker qRT-PCR (University of Maryland),28 the
Laboratory forMalaria Immunology andVaccinology 18S rDNA
qPCR (unpublished, J. Neal, personal communication), and
the NIH Clinical Center 18S rDNA PCR (NIH).29

Human clinical samples. Leftover clinical whole blood
specimens (50 μL) from local hospitals were used under a
protocol approved by the UW Institutional Review Board (IRB)
(Protocol 47026, S. Murphy). Samples were also obtained
from the following completed IRB-approved clinical trials.
The MC-001 Demo Trial (IND 14224; ClinicalTrials.gov
NCT01058226) conducted at the Center for Infectious Dis-
ease Research (now Seattle Children’s Research Institute)
was a single-center, open-label phase 1 trial to demonstrate
the ability to conduct CHMI trials under an investigational new
drug (IND) application and obtain immunological endpoints
after one exposure.10,21 The MC-003 trial (IND 14752; Clin-
icalTrials.gov NCT01500980) was a phase 1, randomized,

BIOMARKER QUALIFICATION OF PLASMODIUM 18S rRNA IN CHMI STUDIES 1467

http://www.who.int/malaria/publications/atoz/NAAT-EQA-manual/en/
http://www.who.int/malaria/publications/atoz/NAAT-EQA-manual/en/


partial double-blind, placebo-controlled study at the samesite
by Infection-Treatment-Vaccination using chloroquine and
primaquine. The PfSPZ-CVac pyrimethamine (PYR) study
(NIAID Protocol Number 15-I-0169; IND 16650; Clinical-
Trials.gov NCT03083847) was a phase 1 study conducted at
theNIHClinicalCenter of Sanaria®PfSPZ-CVac (P. falciparum
sporozoite-chemoprophylaxis vaccination30) using chloro-
quine and PYR as the prophylactic drugs. The CHMIs for the
MC-001 and MC-003 studies were given by five infected
mosquito bites per participant, whereas CHMI for the NIH
PfSPZ-CVacPYRstudywasbydirect venous injection (DVI) of
3.2 × 103 aseptic, purified, cryopreserved Pf sporozoites
(Sanaria PfSPZ Challenge).20,31 In all studies, participants
provided informed consent; additional details are available in
the Supplemental Information and at ClinicalTrials.gov.
Studies were evaluated for onset of blood smear positivity,
18S rRNA positivity, and malaria-related symptom onset and
severity. Solicited malaria-related adverse events (AEs) in-
cluded temperature −³ 38�C, fever, malaise, myalgia, head-
ache, nausea, vomiting, chills, lower back pain, diarrhea,
abdominal pain, arthralgia, and chest pain. Temperature
grading was grade 1 (38.0–38.4�C), 2 (38.5–38.9�C), 3
(39.0–40�C), and 4 (> 40�C). Symptom grading used compa-
rable scales as defined in individual trial protocols.

Data management and statistics. Clinical and laboratory
data for included trials were managed by DF/Net Research
(Seattle, WA). For most comparisons, paired or unpaired
Student’s t-tests were used, depending on the nature of the
data. Food and Drug Administration and CLSI guidance were
followed for calculating CIs of assay data as indicated. Sta-
tistical significance was considered at P < 0.05.

RESULTS

Literature review: Plasmodium 18S rRNA/rDNA bio-
marker versus blood smears in CHMI trials at non-
endemic sites. Twenty-two CHMI studies at non-endemic
sites were reviewed on 488 volunteers (290 naı̈ve, 198 vacci-
nated), where both blood smears and biomarker NATs were
performed10,16,20–23,29,30,32–45 (Figure1,Supplemental Table 1).
Data on participants administered intramuscular or intradermal
PfSPZ Challenge were not included. Controlled humanmalaria
infectionwas by either three to seven infectiousmosquito bites
or DVI of 3.2 × 103 PfSPZ Challenge (Sanaria, Rockville, MD).
Across all studies and groups, the biomarker time to positivity
(TTP) was shorter than that for blood smears (Figure 1), with
biomarker assays becoming positive before blood smears
(mean difference: 3.4 days; 95% CI: 2.8–4.0). The reported

FIGURE 1. Time topositivity forPlasmodium18S rRNA/rDNAbiomarker andbloodsmears inpublishedcontrolledhumanmalaria infection (CHMI)
studies. Day 0 is the day of CHMI. Squares indicatemean onset of biomarker detection and circles indicate blood smear positivity, unless otherwise
denoted as median values in Supplemental Table 1. Shadowed data points are PfSPZ direct venous injection CHMI, and non-shadowed points
are mosquito bite CHMI. Error bars indicate minimum/maximum ranges, if available. In some studies, mean or range data could not be determined
from the primary publications. Y-axis labels indicate references in the main text, with naive or vaccinated subgroups from each study denoted
in parentheses.
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limit of detection for the assays used in the included studies
ranged from 10 to 500 parasites/mL.
Immunologically naive participants at non-endemic

studies. Naive participants at non-endemic sites included
248 individuals who underwent mosquito bite CHMI and
42 who underwent CHMI by DVI of PfSPZ Challenge
(Supplemental Table 1). For mosquito bite CHMI, biomarker
positivity (mean: 7.4 days; range: 6.3–14 days) occurred
3.6 days earlier (range: 2–5.2 days) than blood smears (mean:
10.9 days; range: 7–16 days) (Table 1). For the DVI CHMIs,
biomarker positivity (mean: 8.0 days; range: 7–11 days) oc-
curred 3.2 days earlier (range: 2–4.1 days) than blood smears
(mean: 11.2 days; range: 10–17.9 days). Blood smear and
biomarker TTPs were not significantly different for CHMI by
mosquito bites versus PfSPZ DVI. Positive blood smears oc-
curred at biomarker-estimatedparasite densities ranging from
1 × 103 to 5.4 × 105 parasites/mL (1–540 parasites/μL). Exact
timing of the onset of malaria-specific symptoms could not
be determined from the primary publications.
Previously vaccinated participants at non-endemic

studies. One hundred ninety-eight previously vaccinated in-
dividuals affected by CHMI throughmosquito bites (n = 165) or
DVI (n = 33) were evaluated (Supplemental Table 1). In some
cases, volunteers participated in an initial CHMI and, if initially
protected, in a later repeat CHMI; in such cases, each CHMI
counted as an individual CHMI for our analyses. Previously
vaccinated participants were stratified on the basis of whether
the vaccine cohort was highly protected against CHMI or not.
Three included groups showed efficacy ³ 50% (“effective”
group for this analysis),29,30,36 and those with efficacy < 50%
were considered separately.16,22,33,34,37,39,44 For vaccines
deemed effective for this analysis, 34/48 participants showed
complete protection (i.e., biomarker-negative throughout).
Among incompletely protected participants in the effective
cohorts, biomarker assayswerepositive 2.7 days earlier (mean:
11.1 days; range: 6–17 days) than blood smears (mean:
13.7 days; range: 10.9–18 days) (Table 1). For vaccines with
efficacy < 50%, biomarker positivity occurred (mean: 8.2 days;
range: 6.5–14.5days) 3.4days earlier (range: 2.5–4.9days) than

blood smears (mean: 11.6 days; range: 9–20 days). Compared
with naive controls, blood smears and 18S rRNA/rDNA bio-
marker TTPs for the effective vaccine group were signifi-
cantly shorter than those from naive participants (P= 0.001 and
P < 0.001, respectively), whereas there were no significant
differences between the ineffective vaccine group and the
naive controls for either endpoint.
Analytical validation of the Plasmodium 18S rRNA mul-

tiplex qRT-PCR. A multiplex Plasmodium 18S rRNA qRT-
PCR was analytically validated in accordance with CLSI
guidelines.46 Key characteristics and assay performance are
summarized in the following paragraphs. The assay detects
and quantifies pan-Plasmodium andPf-specific regions of the
18S rRNAand a humanTBPendogenous controlmRNA. Pan-
Plasmodium primers (PanDDT1043F19/PanDDT1197R22)
and a probe are 100% conserved in all human-infecting
plasmodia (Supplemental Figure 1, Supplemental Table 2); in
rodent-infecting species Plasmodium yoelii, Plasmodium
chabaudi, and Plasmodium berghei; and in primate-infecting
species Plasmodium cynomolgi and Plasmodium reichenowi.
The pan-Plasmodium amplicon contains nucleotide variation
that permits species identification by amplicon sequencing.
The Pf target used novel Pf-specific primers (PfDDT1451F21/
PfDDT1562R21) and a published Pf probe11 that are
100% matched to A-type 18S rRNA genes MAL5_18S/
PF3D7_0531600 and MAL7_18S/PF3D7_0725600 and to 10
full- orpartial-lengthPfA-type18S rRNAsequences inGenBank
(not shown). Pf reagents have mismatches to Pf S-type genes
and are absent from non-Pf 18S rRNA genes (Supplemental
Figure2). ThesePfprimersalsodetectedadditionalPf infections
infieldstudies thatweremissedbyearliergenerations10,11of the
assay, demonstrating improved coverage of variant Pf strains
(S. Das, G. Domingo, S. Murphy, personal communication).
The method was tested for accuracy, precision, analytical

sensitivity, sample stability and analytical specificity (inter-
ferences), reportable range, and carryover using whole blood
samples. Briefly, standard curves demonstrated an efficient
reaction andstable, reproducible performance (pan-Plasmodium
slope −3.38 cycles/log10 copies/mL lysate, 95% CI: −3.17

TABLE1
Time to positivity differences for naive and previously vaccinated participants in published CHMI studies at non-endemic sites
Group Datasets (n) Subjects (n) TBS+ (%) TBS TTP mean (range) Biomarker TTP mean (range) ΔTBS-Biomarker (SD) P-value

Immunologically naive volunteers
3–7 mosquito bites 17 248 98.1 10.9 (7–16) 7.3 (6.7–14) 3.6 (1.1) < 0.0001
3.2 × 103 PfSPZ DVI 5 42 100 11.2 (10–17.9) 8.0 (6–11) 3.2 (0.7) < 0.001

Previously vaccinated volunteers
Efficacy > 50%* 3 48 29.2 13.7 (10.9–18) 11.1 (6–17) 2.7 (2.6) 0.21
Efficacy £ 50%† 7 150 92.7 11.6 (9–20) 8.2 (6.5–14.5) 3.4 (0.9) < 0.0001
CHMI = controlled human malaria infection; DVI = direct venous injection; TBS = thick blood smear; TTP = time to positivity. Time to positivity and range data in days post-CHMI; P-values

comparing TBS TTP with biomarker TTP using paired Student’s t-tests for study- or cohort-specific data.
* Includes two CHMIs by mosquito bites and one by DVI of PfSPZ Challenge.
† Includes six CHMIs by mosquito bites and one by DVI of PfSPZ Challenge.

TABLE2
Studies included in the clinical validation

Study No. at CHMI CHMI route No. TBS+ No. biomarker+ No. treated for infection

MC-001 6 5 bites 6 6 6
MC-003* 29 5 bites 26* 25 26*
PfSPZ-CVac PYR 21 3200 DVI 6 15 15
CHMI = controlled human malaria infection; DVI = direct venous injection; PYR = pyrimethamine; TBS = thick blood smear.
* One MC-003 participant was treated on the basis of a mislabeled blood smear specimen and was excluded from this analysis as described in the text. The analysis herein includes n = 28

participants, including 25 who were blood smear–positive and 18S rRNA biomarker positive.
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to −3.59; intercept 41.9 cycles; 95% CI: 39.4–44.3 cycles; r2:
0.998). The Armored RNA calibrator was used to generate a
conversion factor for 18S rRNA copies per ring-stage parasite
of 7.4 × 103 18S rRNA copies/parasite (mean and median;
95%CI: 6.17 × 103 to 8.71 × 103; n= 22 samples) following our
previously published approach10,11 using EQA samples ex-
tensively characterized by qPCR and qRT-PCR47; the con-
version factor was within 2-fold of the values determined for
the earlier generations of the assay.10,11

Among 106 samples of known density (range: 1 × 102 to 4 ×
105 parasites/mL), the average log10 difference (bias) between
measured and expected results was +0.11 log10 parasites/mL
(95% CI: −0.23 to 0.44 log10 parasites/mL) in the pan-
Plasmodium channel, with no evidence of concentration-
dependent differences in recovery (Supplemental Figure 3).
Within-run and between-run precision48 were acceptable
(Supplemental Table 3). For low-density samples, the pan-
Plasmodium channel detected 100% (10/10), 95% (19/20),
and 95% (19/20) of samples at nominal concentrations of 100,
50, and 20 parasites/mL, respectively (Supplemental Table 4).
To further evaluate assay sensitivity, ArmoredRNAwasadded
to whole blood samples to create samples equivalent to low
parasite densities. Positive Armored RNA results included 21/
21 samples at a copy number equivalent to one parasite per
50 μL of whole blood (1.48 × 105 copies/mL of blood or 20
parasites/mL) and 20/20 at a copy number equivalent to one-
third of a parasite per 50 μL of whole blood (5.3 × 104 copies/
mL of blood or ∼7 parasites/mL). The limit of quantification
determined by CLSI methods49 was 20 parasites/mL using
Armored RNA added to lysed malaria-negative whole blood
(1.48 × 105 copies/mL whole blood) (Supplemental Table 5),
for a reportable range of 20 to 1 × 107 parasites/mL. No car-
ryover was noted (44 known negative samples processed
immediately after paired high positives). The assay detects
asexual-stage Plasmodium parasites as well as gametocytes
and sporozoites. There were no interferences from hemolysis
(to 10 times upper limit of normal [ULN] for free hemoglobin),
lipemia (to 6.5-foldULN), bilirubinemia (to 8-foldULN), heparin
(to 40U.S. Pharmacopeia heparin units/mL),Candida albicans

(to 4 × 103 cfu/mL), Cytomegalovirus (5 × 104 IU/mL),
Epstein–Barr virus (5 × 104 IU/mL), HIV-1 (viral load 4.76
log10RNAcopies/mL),HIV-2 (viral load3.24 log10RNAcopies/
mL), or Trypanosoma brucei spp. (1 × 106 parasites/mL). Leu-
kocytosis up to 25 × 109 cells/L did not interfere, but more
severe leukocytosis led to biomarker underestimation (−0.34
log10 estimated parasites/mL less than controls). Weak cross-
reactivity for high-density Babesia microti samples (5% par-
asitemia) occurred in the pan-Plasmodium channel (not the
Pf channel); a Babesia-specific assay is available to
discriminate.50

Stability studies showed that the Plasmodium 18S rRNA is
stable in parasite-containing EDTA whole blood samples (2 ×
102 estimated parasites/mL) for 96 hours at room temperature
or 72 hours at 4�C before lysis buffer addition (Supplemental
Table 6). Whole blood could also be frozen and thawed one
time with subsequent processing into lysis buffer on thawing
without significant biomarker degradation (P = 0.21, n = 9
paired samples), whereas repeated freeze-thawing resulted in
more significant degradation (P = 0.003, n = 9 paired samples)
(Supplemental Figure 4). Finally, correlation studies showed
close agreement with earlier assay generations10,11 (first- and
third-generation assays: n = 68 samples, slope: 1.06, in-
tercept: 0.03 log10 parasites/mL, r2: 0.91; second- and third-
generation assays:n=98 samples, slope: 1.00, intercept: 0.10
log10 parasites/mL, r2: 0.99).
Clinical validation of the 18S rRNA biomarker. We per-

formed a clinical validation of the Plasmodium 18S rRNA to
support biomarker qualification through the FDA.51 We tested
samples from three CHMI studies from non-endemic sites
(MC-001, MC-003, and PfSPZ-CVac PYR; Table 2), in which
blood smears and second- or third-generation Plasmodium
18S rRNA qRT-PCR were performed. Quantitative reverse
transcription–PCR and blood smear results (one sample per
day for each protocol-defined testing day) andmalaria-related
clinical data were included. Discrepant analyses were per-
formed for two trials. Data for each study are described and
evaluated in Supplemental Information and Supplemental
Tables 7–11. Summary data are below.

TABLE3
Onset of blood smear and Plasmodium 18S rRNA positivity and treatment for blood smear–positive participants

Days from CHMI to Statistic
MC-001
(N = 6)

MC-003 infectivity and drug
controls (N = 11)

MC-003 vaccinated
(N = 14)

PfSPZ-Cvac PYR
(N = 6)

All studies
(N = 37)

Biomarkerpositive including lowpositives
of ³ 10 est. parasites/mL

Mean 7.7 6.9 7.5 9.2 7.6
95% CI 6.4–8.9 6.7–7.1 6.9–8.1 6.1–12.2 7.1–8.1

Biomarker ³ 20 est. parasites/mL Mean 7.7 7.0 7.7 9.3 7.8
95% CI 6.4–8.9 7.0–7.0 6.9–8.6 6.4–12.3 7.2–8.3

Biomarker ³ 100 est. parasites/mL Mean 8.2 7.0 8.2 10.8 8.3
95% CI 6.8–9.6 7.0–7.0 7.3–9.1 7.2–14.4 7.6–9.0

Biomarker ³ 250 est. parasites/mL Mean 9.0 7.3 8.7 11.7 8.8
95% CI 7.3–10.8 6.8–7.7 7.9–9.6 8.6–14.7 8.1–9.5

Biomarker ³ 500 est. parasites/mL Mean 9.3 7.5 9.0 12.2 9.1
95% CI 7.4–11.3 6.9–8.0 8.0–10.0 9.7–14.7 8.4–9.9

Biomarker ³ 1,000 est. parasites/mL Mean 9.8 7.8 9.8 12.2 9.6
95% CI 8.0–11.6 7.1–8.5 8.6–11.0 9.7–14.7 8.8–10.3

Biomarker ³ 10,000 est. parasites/mL Mean 11.2* 9.0* 11.0* 12.6* 10.7*
95% CI 9.0–13.4 7.9–10.1 9.7–12.7 11.2–14.0 10.0–11.5

Positive blood smear Mean 11.2 9.2 11.4 13.5 11.0
95% CI 9.5–12.9 8.4–10.0 10.0–12.7 11.0–16.0 10.3–11.8

Treatment Mean 11.2 9.2 11.4 13.3 11.0
95% CI 9.5–12.9 8.4–10.0 10.0–12.7 10.8–15.9 10.2–11.8

CHMI = controlled human malaria infection; PYR = pyrimethamine.
* Fewer than the total number of participants reached a biomarker-calculated density of 10,000 estimated parasites/mLbefore treatment (MC-001”, n = 5;MC-003 infectivity/drug controls, n = 9;

MC-003 vaccinated, n = 12; PfSPZ-Cvac PYR, n = 5; total n = 31).
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Combined analysis of Plasmodium 18S rRNA infection
detection across all studies. In the included trials, blood
smear–positive participants showed the presence of the bio-
marker in peripheral blood on or before the time of blood
smear positivity (n = 37). Across all such volunteers, the
mean TTP for any level of biomarker positivity (including low
positives) was 7.6 days (range: 6–15 days; n = 37), with cor-
respondingly longer times needed to reach higher qRT-
PCR–estimateddensities (Table 3 andFigure 2A). By contrast,
for blood smear–positive participants, mean blood smear TTP
was 11.0 days (range: 7–18 days; n = 37). On average, bio-
marker positivity began 3.4 days (95%CI: 3.0–3.8 days) earlier
than blood smear positivity. When modeled against different
qRT-PCR–determined parasite densities, there were density-
dependent accelerations compared with blood smears
(Figure 2B, Table 4). For instance, the mean TTP difference
between biomarker equivalent to ³ 250 est. parasites/mL and
blood smears was 2.2 days (95% CI: 1.9–2.6 days), whereas
thedifferencewasgreater if amore sensitive biomarker-based
threshold of 20 parasites/mL was used (3.3 days; 95% CI:
2.9–3.7 days).
For the included studies, the mean time for first malaria-

related symptomof any gradewas 9.7 days (range: 6–14days;
n = 37) and for first grade 2 malaria-related symptom was
12.2 days (range: 6–15 days; n = 28) (Table 5). The mean dif-
ference between any biomarker positivity and malaria-related
symptom onset was 2.2 days (95% CI: 1.6–2.7 days). As for
blood smears, modeling of different treatment thresholds in-
dicates that treatment at lower densities is likely to mitigate
symptom onset seen at higher densities up to and including
blood smears (Figure 2C–D, Table 4).
The mean parasite density on becoming qRT-PCR positive

was 950 estimated parasites/mL (range: 19–10,904; n = 37 by
qRT-PCR) (Supplemental Table 12). At blood smear positivity,
the mean parasite density by blood smear was 19,668 esti-
mated parasites/mL (range: 1,700–82,000; n = 37) and 41,979
estimated parasites/mL by qRT-PCR (range: 1,687–162,152;
n = 37) (Supplemental Table 12). Quantification by blood
smears and qRT-PCR was moderately correlated (r2: 0.45;
n = 37 samples), with qRT-PCR estimates slightly higher
than those by blood smears (bias +0.28 log10 parasites/mL,
95% CI: −0.53 to +1.10 log10 parasites/mL; data not shown).
Discrepant analyses support accuracy of prepatent

detection of Plasmodium 18S rRNA. Plasmodium 18S
rRNA/rDNA biomarker assays have lower limits of detection
and are therefore more analytically sensitive than blood
smears. Thus, a common result in low-density infections is
“biomarker positive, blood smear negative.” Volunteers in
these studies whowere initially qRT-PCR positive progressed
to higher density infections and eventually became blood
smear positive. To further assess the ability to reliably detect
biomarker at sub-patent densities, all positive and negative
samples from two of the studies (MC-001 and PfSPZ-CVac
PYR) were subjected to discrepant analyses using published
assays conducted in our laboratory and at collaborating
centers (Supplemental Figure 5). There was 100% positive
percent agreement between blood smears and the described
pan-Plasmodium 18S rRNA qRT-PCR in both studies
(Supplemental Table 13). As expected, negative percent
agreement (NPA) between blood smears and pan-
Plasmodium qRT-PCR was < 100% in all cases. As the limit
of detection of comparator molecular assays approached

FIGURE 2. Differences in time to positivity (TTP) for Plasmodium 18S
rRNAbiomarkervs.bloodsmearsorsymptomsacrossall studies. (A) Time
to positivity for quantitative reverse transcription PCR (qRT-PCR) bio-
marker-estimated parasite densities or to TBS positivity as shown. Dif-
ferences in TTP for qRT-PCR biomarker comparedwith blood smears (B)
using various biomarker-defined thresholds (any positive or quantitative
positive ³ 20 estimated parasites/mL to ³ 10,000 estimated parasites/mL
as shown). Differences in TTP for qRT-PCRbiomarker comparedwith the
first solicited malaria-related symptom of any grade (C) or first solicited
grade 2malaria-related symptom (D) using biomarker-defined thresholds
as in A. Each data point corresponds to an individual participant. TBS =
thick blood smear; p/mL = estimated parasites/mL. Error bars, 95%CI.
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that of the pan-Plasmodium 18S rRNA qRT-PCR, NPA be-
tween the pan-Plasmodium qRT-PCR result and the com-
parator test approached 100%. Discrepant analyses
showed that the risk of a blood smear–positive/qRT-PCR–
negative result is close to zero. These data show that
qRT-PCR reliably detects Plasmodium 18S rRNA at sub-
microscopic densities.
Evaluation of biomarker-defined treatment thresholds

for CHMI studies. Clinical trials with NAT endpoints can be
designed to initiate treatment based on qualitative NAT posi-
tivity or on the basis of a quantitative NAT-defined threshold
corresponding to a specific copy number or estimated para-
site density. Waiting longer to treat post-CHMI may result in
more symptoms, but allow better resolution of partially pro-
tected phenotypes between groups. To evaluate such trade-
offs, correlations between biomarker, blood smears, and
symptoms were evaluated for the three included trials.
As described, lower biomarker levels were associated with
progressively earlier infection detection compared with onset
of blood smear patency and symptom onset (Table 4). The
greatest acceleration was achieved using the most sensitive
cutoff at the 20 parasite/mL assay limit of detection—as de-
scribed earlier, blood smears and symptoms would be
expected to trail 2–3 days behind this level of biomarker
positivity. Of all symptoms that occur in CHMI studies, it is
especially desirable to limit the frequency of grade 3 symp-
toms. Initiation of treatment based on the most sensitive
biomarker threshold would be expected to eliminate nearly all
grade 3 symptoms (Table 6).
Because not all assays achieve a limit of detection of 20

parasites/mL and because sampling bias may affect the limit
of detection at such low densities, we also evaluated a cutoff
of 250 estimated parasites/mL. This cutoff accelerated

infection detection by > 2 days compared with blood smears
and preceded malaria-related symptoms (any grade by
1.0 day and grade 2 by 2.1 days) (Table 4). The threshold of
250 parasites/mL would also be expected to precede nearly
all grade 3 symptoms (Table 6).
To evaluate the ability of different biomarker levels to dif-

ferentiate degrees of partial protection, we also evaluated
biomarker time to first positive, time to 250 estimated
parasites/mL, and estimated parasite density at first positive
againstCHMI results stratifiedby day of blood smear patency.
Subject-level data were binned into groups of no delay (blood
smear–positivedays7–9,n=13participants), lowdelay (blood
smear–positive days 10–11; n = 13 participants), moderate
delay (blood smear–positive days 12–13; n = 5 participants),
large delay (blood smear–positive day ³ 14; n= 6 participants),
or complete protection (n = 9 participants). Although time to
first positive biomarker result could significantly differentiate
the groupwith patency on days 7–9 from those on days 12–13
or ³ 14, it could not do so for the day 10–11 group (Figure 3A).
By contrast, time to ³ 250 estimated parasites/mL by qRT-
PCR closely mirrored the blood smear groupings and differ-
entiated between most groups (Figure 3B). Early positive
blood smears (days 7–9) were also accompanied by higher
biomarker-based parasite densities than participants patent
on day 10 or later (Figure 3C). Thus, these data and those of
others52 support a Plasmodium 18S rRNA–based treatment
threshold–based approach for differentiating outcomes of
complete, partial, and zero protective efficacy.

DISCUSSION

Controlled human malaria infection trials at non-endemic
sites are increasingly used to test malaria drug and vaccine

TABLE4
Comparisons of Plasmodium 18S rRNA versus blood smears and symptoms for all studies

Biomarker threshold (est. parasites/mL)

Mean days from biomarker to
TBS positivity*

Mean days from biomarker to any
related symptom†

Mean days from biomarker to any
grade 2 related symptom‡

Mean difference 95% CI§ P-value Mean difference 95% CI§ P-value Mean difference 95% CI§ P-value

Any (+) (incl. low positives) 3.4 (3.0–3.8) **** 2.2 (1.6–2.7) **** 3.3 (2.7–4.0) ****
³ 20 3.3 (2.9–3.7) **** 2.0 (1.5–2.6) **** 3.2 (2.6–3.8) ****
³ 100 2.8 (2.4–3.2) **** 1.6 (1.0–2.1) **** 2.7 (2.1–3.3) ****
³ 250 2.2 (1.9–2.6) **** 1.0 (0.5–1.4) *** 2.1 (1.6–2.6) ****
³ 500 1.9 (1.6–2.3) **** 0.7 (0.2–1.2) * 1.8 (1.3–2.2) ****
³ 1,000 1.5 (1.2–1.7) **** 0.2 (−0.3 to 0.7) 0.25 1.2 (0.7–1.8) ***
³ 10,000 0.2 (−0.1 to 0.4) 0.12 −0.9 (−1.5 to −0.3) 0.99 0.1 (−0.5 to 0.8) 0.37
Positive TBS NA NA NA −1.1 (−1.7 to −0.6) 0.99 −0.2 (−0.8 to 0.4) 0.70
NA = not applicable; TBS = thick blood smears. * P < 0.05; *** P < 0.001; **** P < 0.0001. T-tests performed among participants who eventually tested positive by TBS.
* HO: μTBS - BIOMARKER £ 0, HA: μTBS - BIOMARKER > 0.
† HO: μANY SYMPTOM - BIOMARKER £ 0, HA: μANY SYMPTOM - BIOMARKER > 0.
‡ HO: μGRADE 2 SYMPTOM - BIOMARKER £ 0, HA: μGRADE 2 SYMPTOM - BIOMARKER > 0.
§ One-sided CI.

TABLE5
Summary of post-CHMI malaria-related symptoms in blood smear–positive participants

Days from CHMI to Statistic MC-001 (N = 6)
MC-003 infectivity and drug

controls (N = 11)
MC-003 vaccinated

(N = 14)
PfSPZ-Cvac PYR

(N = 6)
All studies
(N = 37)

First symptom (any grade) N 6 11 14 4 35
Mean (days) 9.7 8.2 9.8 12.8 9.7
95% CI (days) 6.4–12.2 7.2–9.1 8.5–11.1 10.4–14.2 8.9–10.4

First grade 2 symptom N 5 10 9 4 28
Mean (days) 12.2 8.8 10.0 13.8 10.7
95% CI (days) 10.6–13.3 7.9–9.6 8.2–11.8 12.2–14.7 9.7–11.6

CHMI = controlled human malaria infection; PYR = pyrimethamine.
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candidates and assess innate and naturally acquired
resistance to malaria.19,53 In studies conducted at non-
endemic sites using blood smear endpoints, many volun-
teers who develop parasitemia experience malaria-related
AEs by the time parasites are microscopically detected. In
these studies, delayed blood smear patency is used as an
indicator of partial protection. Here, we provide analytical
and clinical validation that, compared with blood smears,
show that the Plasmodium 18S rRNA/rDNA biomarker can
accelerate infection detection and reduce AEs while pre-
serving the ability to discern complete, partial, and lack of
protection post-CHMI. Reviewof the literature demonstrated
consistently accelerated infection detection for the bio-
marker compared with blood smears in 22 published CHMI
studies. Testing of archival samples from three CHMI trials
using the analytically validated biomarker assay further
confirmed these trends and showed that the biomarker is
consistently detected approximately 7 days post-CHMI in
immunologically naive persons, which is ∼ 2–4 days earlier
than blood smear patency and symptom onset. The use of

biomarker testing as the primary treatment endpoint is no-
tably expected to eliminate most grade 3 symptoms and
grade 3 AEs in CHMI studies at non-endemic sites. With an
appropriately sensitive biomarker assay, discrepant analy-
ses showed that the risk of a blood smear–positive/
biomarker-negative result was close to zero. Thus, these
data support the use of the Plasmodium 18S rRNA/rDNA
biomarker as an alternative for blood smears in CHMI studies
at non-endemic study sites. Not surprisingly, several re-
cently published studies have used this biomarker as the
primary endpoint for some or all drug and vaccine CHMI
cohorts.14–16

These data were submitted to the FDA through the Center
for Drug Evaluation and Research (CDER) Drug Develop-
ment Tool Biomarker Qualification program54,55 to be con-
sidered for qualified use in non-endemic CHMI trials.
Through a 2014–2018 process, the FDA recently qualified
the biomarker51 for the following agency-wide context of
use (COU): Plasmodium 18S rRNA/rDNA biomarker (re-
ported in copies/mL blood) can be tested by a NAT for

TABLE6
Predicted elimination of grade 3 AEs for biomarker-based thresholds

Grade 3 AEs MC-001 (N = 6) MC-003 infectivity and drug controls (N = 11) MC-003 vaccinated (N = 14) PfSPZ-Cvac PYR (N = 6) All studies (N = 37)

As observed in the active studies
Volunteers (%) 1 (16.7%) 5 (45.5%) 6 (42.9%) 3 (50.0%) 15 (40.5%)
Total number 4 14 16 4 38

Before or on the day of TBS positivity
Volunteers (%) 1 (16.7%) 5 (45.5%) 5 (35.7%) 2 (33.3%) 13 (35.1%)
Total number 3 10 14 2 29

Before or on the day of biomarker equivalent to ³ 250 estimated parasites/mL
Volunteers (%) 1 (16.7%) 2 (9.1%) 1 (7.1%) 0 (0.0%) 4 (10.8%)
Total number 2 2 1 0 5

Before or on the day of any biomarker positivity
Volunteers (%) 1 (16.7%) 1 (9.1%) 0 (0.0%) 0 (0.0%) 2 (5.4%)
Total number 2 1 0 0 3
AE=adverse event; PYR=pyrimethamine; TBS= thick blood smear. Adverse eventswere identifiedhere asanyAE that eventually becameagrade3AE. For example, if a participant had agrade1

AE on day 6, but it became a grade 3 on day 8, the starting date was counted as day 6.

FIGURE 3. Ability of biomarker-based measurements to predict delayed blood smear patency. (A) Comparison of blood smear patency (par-
ticipants grouped based on patency on days 7–9, 10–11, 12–13, or ³ 14 days post-controlled humanmalaria infection) vs. first positive quantitative
reverse transcriptionPCR–definedbiomarker result of anydensity includingqualitative lowpositives. (B) Comparisonof bloodsmearpatencyas inA
vs. time to first biomarker result equivalent to ³ 250 estimated parasites/mL. (C) Comparison of blood smear patency as inA vs. estimated parasite
density based on the first positive biomarker result. Each data point corresponds to an individual participant. TBS = thick blood smear; p/mL =
estimated parasites/mL. P-values shown for two-sided unpaired Student’s t-tests. Error bars, 95% CI.
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monitoring to inform initiation of treatment ³ 6 days post-
CHMI in P. falciparum studies at non-endemic sites. Nota-
bly, CHMI trial participants need to be biomarker negative at
the start of a study and meet general CHMI inclusion/
exclusion criteria. Potential interferences from extreme
levels of leukocytosis and Babesia (as noted previously)
were also noted by the FDA. These interferences are unlikely
to be problematic in CHMI studies—individuals with leuko-
cytosis > 25 × 109/L would not be eligible for most studies at
screening and Babesia cross-reactivity would only occur
with high-density, clinically apparent infections. Such par-
ticipants would be disqualified at screening by symptoms
and by any reactive biomarker testing performed pre-CHMI.
The Pf channel described in this multiplex assay does not
cross-react with Babesia, and true Pf-positive results are
expected to be pan- and Pf-channel positive. The FDA re-
quests that biomarker data be reported in copies/mL—as
such, we issue results in copies/mL as well as in estimated
parasites/mL using a Pf-specific conversion factor. The
FDA’s qualified COU considers any positive cycle threshold
to be a qualitative positive biomarker result, but directs trial
protocols to specify a biomarker threshold where treatment
would be initiated—this threshold could be at the limit of
detection or higher. Our study assessed a variety of
thresholds and found that a density equivalent to 250 esti-
mated parasites/mL is likely to reduce symptoms and allow
differentiation between complete, partial, and lack of pro-
tection, which could be obscured if a much lower threshold
was used. Another study found that a comparable threshold
of 100 estimated parasites/mL behaved similarly.52 The FDA
recommends that the WHO 18S rRNA calibrators be de-
veloped and that laboratories participate in EQA. Additional
details about the COU and FDA-specific comments are
available online.51 As described by the FDA, biomarker
qualification status means that the biomarker can be used
by drug and vaccine developers for the qualified COU in IND
submissions, new drug applications, and biologics license
applications without biomarker data resubmission or rere-
view by FDA. Additional study and future regulatory review
are required to establish a qualified COU for other settings,
such as endemic site CHMI and/or field studies.
This study has several limitations. First, this study did not

address posttreatment clearance of the 18S rRNA bio-
marker, although these data are being compiled. Sensitive
NATs can sometimes lead to prolonged positivity following
adequate treatment. Second, human samples were limited
to non-endemic CHMI trials reliant on NF54 strain Pf para-
sites. Other CHMI strains such as 7G8, NF135.C10, and
NF166.C8 are in earlier stages of development and
use,14,56–59 and biomarker agreement with NF54 and/or
3D7-based studies may need to be evaluated because
prepatent periods can differ.60 Biomarker use in endemic
sites will likely add other complexities such as preexisting
infections, parasite strain and species variation, and higher
rates of partial immunity. Third, this report describes studies
where treatment was initiated by blood smear positivity and
TTP modeling was based on sample collection times. If
biomarker-positive participants are not treated until the
day after becoming treatment eligible, the projected re-
duction in symptomsmay not be fully realized. However, we
and others have since conducted numerous clinical tri-
als using the biomarker to initiate treatment including the

DSM265 drug trial,15 published PfSPZ vaccine trials,14,16 an
as-yet-unpublished multi-cohort drug trial (J. Kublin/
S. Murphy, personal communication), an unpublished
Sanaria PfSPZ-Cvac trial, and an ongoing study of geneti-
cally attenuated sporozoites administered by mosquito
bites (L. Jackson, personal communication). In these stud-
ies, the biomarker has led to elimination of the domiciled
hotel phase in the study designs. When these trials are
published, the collective experience is likely to demonstrate
accelerated infection detection and reduction in symptoms.
Thus, the biomarker-based approach can safely accelerate
infection detection in CHMI studies and provide nuanced pro-
tection data for evaluating early stage drugs and vaccines.
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