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MALARIA

Adjunctive ruxolitinib attenuates inflammation and
enhances immunity in volunteers experimentally
infected with Plasmodium falciparum
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Inhibiting the inflammatory response to malaria offers a promising strategy to improve clinical outcomes and
overcome immunoregulatory barriers that hinder development of antiparasitic immunity. We conducted a
double-blind, randomized, placebo-controlled trial assessing whether ruxolitinib, a Janus-activated kinase (JAK)
1/2 inhibitor, can reduce inflammatory responses and enhance antiparasiticimmunity in malaria-naive volunteers
inoculated with blood-stage Plasmodium falciparum. Twenty participants were inoculated and, on day 8, random-
ized to receive artemether-lumefantrine with either ruxolitinib or placebo. Ninety days later, participants under-
went a second inoculation. Ruxolitinib was safe and well tolerated; moreover, it attenuated inflammatory
responses to the initial infection, with reduced posttreatment increases in C-reactive protein and markers of dis-
ease severity, including angiopoietin-2 and intercellular adhesion molecule-1. Ruxolitinib also enhanced immune
memory after the second infection, with elevated human leukocyte antigen-DRA and 4-1BB, consistent with in-
creased T cell activation. These data support the further evaluation of ruxolitinib as an adjunctive treatment to

improve clinical outcomes and boost antiparasitic immunity in clinical malaria.

INTRODUCTION

Malaria remains a major public health challenge, with 263 million
cases and 597,000 deaths reported globally in 2023, the majority
from Plasmodium falciparum (1). Current efforts to control malaria
have stalled, and case-fatality rates from severe malaria remain high
despite the use of highly effective antiparasitic drug treatments (2).
Although the recent introduction of two malaria vaccines offers
promise, the efficacy and duration of protection are suboptimal,
particularly in populations with the highest malaria burdens (3-5).
Thus, additional strategies are urgently needed to enhance the effi-
cacy of current drug and vaccine approaches.
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Emerging evidence suggests that development of protective im-
munity after clinical malaria or vaccination is impeded by malaria-
induced immunoregulatory pathways (6). These pathways are driven
by type I interferons (IFNs) that are produced early in malaria infec-
tion and result in the development of key regulatory responses, in-
cluding the development of interleukin-10 (IL-10)-producing type
I regulatory CD4' T (Tregl) cells (7-10). Although these immuno-
regulatory mechanisms may protect against disease mediated by the
inflammatory response (11, 12), they may also impede the develop-
ment of protective antiparasitic immunity after natural infection,
vaccination, or antiparasitic drug treatment (6, 13).

Type I IFNs signal through the recruitment of Janus-activated
kinases (JAK) 1 and 2 to the cytosolic domains of the type I IFN
receptor, leading to phosphorylation of signal transducer and acti-
vator of transcription (STAT) 1, 2, and 3 (14). This signaling cascade
is essential for promoting the differentiation of immunoregulatory
cells, including their production of IL-10 and expression of co-
inhibitory receptors (9, 10). Thus, targeting type-1 IFN signaling of-
fers a promising strategy to enhance antiparasitic immunity after
malaria treatment or vaccination. Ruxolitinib is an oral JAK1/2 in-
hibitor approved for treating adults with myelofibrosis, polycythe-
mia vera, and steroid-refractory graft-versus-host disease and has
been used in children with type-1 interferonopathy (15). We re-
cently demonstrated that ruxolitinib suppressed type-1 IFN sig-
naling and enhanced antiparasitic CD4" T cell responses when
administered with antiparasitic drugs in a preclinical model of visceral

10f15

9202 ‘02 AInC Lo a1n1isu| yosessey [eolpe N ejoybieg Jwid) e BI0°80Us 105" MMM//SaNY WO papeo jumod


mailto:bridget.​barber@​qimrb.​edu.​au
mailto:Christian.​Engwerda@​qimrb.​edu.​au
mailto:Christian.​Engwerda@​qimrb.​edu.​au
mailto:Michelle.​Boyle@​burnet.​edu.​au
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscitranslmed.aea2531&domain=pdf&date_stamp=2025-11-26

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

leishmaniasis (16). We therefore hypothesized that ruxolitinib could
enhance antiparasitic immunity when used as an adjunctive treat-
ment for malaria. Although ruxolitinib has been shown to be safe
and free of clinically relevant drug interactions when coadminis-
tered with the first-line antimalarial artemether-lumefantrine in
healthy volunteers (17), its use in individuals with malaria has not
been evaluated.

We conducted a double-blind, randomized, placebo-controlled trial
to assess whether ruxolitinib can modulate host immune responses and
enhance protective immunity when administered with artemether-
lumefantrine in malaria-naive volunteers experimentally infected with
blood-stage P. falciparum. The primary end point was safety and toler-
ability. Secondary end points included the effects of ruxolitinib on
STAT3 phosphorylation, antimalarial drug concentrations, parasite
clearance dynamics, inflammatory and immune responses, and par-
asite growth after a second homologous P, falciparum infection.

RESULTS

Study overview and participants

The study was conducted from 9 June 2021 to 7 July 2023. Twenty
malaria-naive volunteers were enrolled across six cohorts (Fig. 1). Par-
ticipants were between 18 and 55 years old; 11 were male (55%), and 17

(85%) self-selected their race as white (Table 1). On day 0, partici-
pants were intravenously inoculated with ~2800 viable P, falciparum
3D7-infected red blood cells (RBCs). Parasitemia was monitored
daily by quantitative polymerase chain reaction (QPCR) targeting
the P, falciparum 18S ribosomal RNA (rRNA) gene from day 4 (data
file S1). On day 8 (cohorts 3 to 6) or 9 (cohorts 1 and 2), participants
were randomized to receive 20 mg of ruxolitinib or placebo, admin-
istered 2 hours after artemether-lumefantrine. All study drugs were
administered orally twice daily for 3 days, under observation by
clinical staff. Participants were confined at the clinical trial site for
72 hours after the first dose and were followed up as outpatients un-
til day 28. On day 90 + 7, participants still available and eligible were
inoculated again with the same dose of P. falciparum 3D7-infected
RBCs and treated with artemether-lumefantrine when parasitemia
reached >50,000 parasites/ml or earlier if other prespecified clinical
criteria were met; participants were again monitored as outpatients for
28 days after administration of artemether-lumefantrine.

After the first inoculation, parasitemia progressed as expected,
with no difference in pretreatment parasitemia between treatment
groups [11,084 (range of 968 to 149,520) parasites/ml in the placebo
group and 11,586 (range of 363 to 251,802) parasites/ml in the rux-
olitinib group; Table 1]. All 20 participants received artemether-
lumefantrine and at least one dose of ruxolitinib (n = 11) or placebo

Screened for eligib

ility, N =50

Excluded, N =30:
- Eligibility criteria not met, n=24

- Volunteer decision, n=3
- Reserve not required, n=1
- Cohort delayed, n =2

| Enrolled and administered m

alaria challenge agent, N =20 |

| Randomized to ruxolitinib, N =11 |

| Randomized to placebo, N =9 |

Received at least one dose
of ruxolitinib, N =11

Discontinued, N =2
- Participant decision, n =2

Received at least one
dose of placebo, N =9

Discontinued, N =3
- Participant decision, n =3

Administered second malaria
challenge inoculation, N=9

Administered second malaria
challenge inoculation, N=6

Completed study, N =9*

| Completed study, N =6

Fig. 1. Trial design. Twenty participants were inoculated with pRBCs and randomized on the day of dosing to receive artemether-lumefantrine with either ruxolitinib or
placebo. All participants received at least one dose of ruxolitinib or placebo. Five participants, two in the ruxolitinib group and three in the placebo, discontinued volun-
tarily before administration of a second P. falciparum inoculation. *One participant in the ruxolitinib group tested positive for COVID-19 on day 6 after the second inocula-

tion, necessitating early administration of artemether-lumefantrine.
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Table 1. Participant characteristics and parasitemia at time of ruxolitinib or placebo administration. BMI, body mass index.

All (n = 20) Ruxolitinib (n = 11) Placebo (n = 9)

Male sex, n (%) 11 (55) 7 (64) e
Age years (median, range) 331855y A ey
BMI| kg/m’ (median, range) 25 ooy . B
e
White Ty —— son S
ASian 1(5) ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 1 (9) """""" O (0) """""
other* """""""""""""""""""""" 2 (10) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2 (]8) """""" O (O) """""

Parasitemia, parasites/ml
(geometric mean, range)

11,307 (363-251,802)

11,084 (968-149,520) 11,586 (363-251,802)

*One participant in the ruxolitinib group reported their race as Colombian and one as Iraqi.

(n=9) (Fig. 1). Three participants (two in the ruxolitinib group and
one in the placebo group) had dosing discontinued after either two
or three doses of ruxolitinib or placebo because of protocol-specified
toxicity rules (detailed below).

Five participants (two in the ruxolitinib group and three in the
placebo group) discontinued the study after the first inoculation
phase (Fig. 1). One ruxolitinib-treated participant tested positive for
COVID-19 on day 6 after the second inoculation, necessitating ear-
ly administration of artemether-lumefantrine.

Safety
In the first inoculation phase, 124 adverse events (AEs) (data file S2)
were reported after ruxolitinib/placebo [investigation medicinal
product (IMP)] dosing, with 18 of 20 (90%) participants experienc-
ing at least one AE (Table 2). After administration of IMP, partici-
pants in the ruxolitinib group experienced a median of four AEs
[interquartile range (IQR) 1.5 to 6], compared with a median of
seven AEs (IQR 2 to 14) in the placebo group (P = 0.25; table S1).
Most AEs were mild (86 of 124, 69%) or moderate (34 of 124,
27%) in severity, and most (84 of 124, 68%) were considered at-
tributable to malaria (Table 2). There were no serious AEs. Thirty-
five AEs were considered related to the IMP. Most of these were
also considered related to malaria given that it was not possible to
distinguish the causality. Headache was the most common IMP-
related AE, with seven events reported in six participants (three
participants per treatment group) (Table 3). The other IMP-related
AEs were mostly laboratory abnormalities, including elevations in
hepatic transaminase concentrations and decreases in white blood
count, platelets, and hemoglobin. Most of the IMP-related AEs
were mild or moderate in severity. There were three severe (grade
3) IMP-related AEs that resulted in discontinuation of IMP dos-
ing. A concomitant elevation in alanine aminotransferase (ALT)
(456 U/liter; normal range of 0 to 45 U/liter) and aspartate amino-
transferase (360 U/liter; normal range of 0 to 41 U/liter) in one
participant resulted in discontinuation of placebo after three dos-
es. In another participant, a neutrophil count decrease (0.67 x 10°/
liter; normal range of 1.5 X 10 to 8.0 X 10°/liter) resulted in dis-
continuation of ruxolitinib after two doses. In a third participant,
dosing of ruxolitinib was ceased after three doses because of a
platelet count decrease (81 X 10°/liter; normal range 150 x 10° to
400 x 10°/liter) that was of moderate severity (grade 2) but met a
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protocol-specified stopping criterion (platelet count drop of >50%
from baseline).

Safety and tolerability of ruxolitinib after the first inoculation
were further evaluated with a malaria clinical score calculated on
the basis of number and severity of malaria-related symptoms and
evaluated three times per day during confinement (table S2 and data
file S3). The sum of the malaria clinical scores recorded at each time
point during this posttreatment confinement period was associated
with pretreatment parasitemia (r = 0.71, P = 0.04). The median sum
was 7 [IQR 1 to 8, range 0 to 38] in the placebo group, compared to
2 (IQR 0 to 4, range 0 to 6) in the ruxolitinib group, although this
difference was not statistically significant (P = 0.16; table S3).

After the second inoculation, 98 AEs were reported (data file S2). All
participants experienced at least one AE (table S4). Participants in
the ruxolitinib group experienced a median of five AEs before final
artemether-lumefantrine treatment (IQR 1.8 to 7.8), similar to a median
of 3.5 AEs (IQR 2.0 to 5.8) in the placebo group (P = 0.60; table S1).

Effect of ruxolitinib on artemether-lumefantrine and
metabolite concentrations
Plasma concentrations of ruxolitinib, artemether, dihydroartemis-
inin (DHA), lumefantrine, and desbutyl-lumefantrine (DBL) were
quantified by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) (data file S1). In the ruxolitinib group, ruxolitinib
plasma concentration time profiles varied among participants
(fig. STA). Ruxolitinib was rapidly absorbed, with a mean maximum
concentration (Cp,y) of 192 ng/ml (SD = 1.38) and a median time to
Chnax of 0.97 hours (range 0.93 to 2.98) after the first dose; the mean
elimination half-life was short [2.4 hours (SD = 1.55)] (table S5).
Ruxolitinib reduced artemether absorption, with a mean arte-
mether Cp,y after the first dose of 35.41 ng/ml (SD 1.77) in the rux-
olitinib group compared with 67.80 ng/ml (SD 1.68) in the placebo
group (P = 0.028; table S6 and fig. S1B). The mean artemether Cp,y
was also significantly lower in the ruxolitinib group after the last dose
on day 3 (P = 0.019). The artemether area under the concentration-
time curve (AUCq.jo5t) Was lower in the ruxolitinib group after both
the first dose (P = 0.048) and the last dose (P = 0.001), indicating
reduced systemic exposure to artemether (table S6). Artemether is
quickly hydrolyzed to its active metabolite, DHA. The mean Cyax for
DHA was 59.93 ng/ml (SD 1.62) in the placebo group compared with
41.45 ng/ml (SD 1.28) in the ruxolitinib group after the first dose
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Table 2. Overall summary of AE incidence and severity after ruxolitinib or placebo dosing in the first inoculation phase (day 8 to day 89). n (%), number
and percentage of participants experiencing an AE; E, number of AEs; IMP, investigational medicinal product (ruxolitinib/placebo); SAE, serious adverse event.

Ruxolitinib (N = 11)

Placebo (N =9) Total (N = 20)

n (%) E

n (%) E

n (%) E

Any AE
Ml|d
Moderate

(81 8%) 51

Severe 2
5
1
6

IMP related AE
Mlld
i Moderate (45 5%)

Severe

Cha||enge s

agent—related AE
. Moderate (545%) P
g (91%)1

(100 0%) 73
(100 0%) 51

s ——
e e
)
e e

18 (90.0%) 124
11(550%)25

Table 3. Ruxolitinib- and placebo-related AEs. n (%), number and percentage of participants experiencing an AE; E, number of AEs.

AE preferred term Ruxolitinib (N =11)

Placebo (N =9) Total (N = 20)

n (%) E

n (%) E

n (%) E

Abdominal
dlscomfort

1(9.1%) 1
0% 1
0(0.0%) 0

ALT |ncreased
Aspartate ami-

notransferase
mcreased

. G|utamy|tran5_ R 0(00%) RO 0 FE 1

ferase |ncrea5ed

Hemog|ob|n 3(273%) R 3 R 1

decreased
LymphocytecountwHWWH (182%)2
decreased..,,4,4...,4,4..,4,4..,4.

Headache
Hyperh|dr05|s

Nausea (9 1%) s 1 [

Neutrophllcount . (182%) 4

decreased

PIateIet count 1(9.1%) 1 0

decreased

Whlte blood ceII R '1
count decreased

(P = 0.095). The Cpax was significantly different after the last dose,
with values of 71.05 ng/ml (SD 2.30) and 27.89 ng/ml (SD 2.17) for
placebo and ruxolitinib groups, respectively (P = 0.019; table S6 and
fig. S1C). The AUC for DHA was significantly lower in ruxolitinib-
treated individuals (P = 0.005). In contrast with artemether and
DHA, ruxolitinib had no impact on concentrations of lumefantrine
or DBL (table S7 and fig. S1, D and E).
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1(11.1%) 1
(11 1%) 1
(11 1%)

Soaany

22 33
0(0.0%) 0

2(10.0%) 2

20000 2
1(5.0%) 1

800D Lo
B e
5 (25.0%)

asom 4
2(10.0%) 4

Parasite clearance after first inoculation and treatment with
artemether-lumefantrine plus ruxolitinib or placebo

Parasite clearance was evaluated using the parasite reduction ratio
over 48 hours (PRRyg) and the parasite clearance half-life (PCy;,),
estimated using the slope of the optimal fit of the log-linear rela-
tionship of the parasite decay (18). All participants in the ruxoli-
tinib group had significant (P < 0.001) regression models (slope

40f15

9202 ‘02 AInC Lo a1n1isu| yosessey [eolpe N ejoybieg Jwid) e BI0°80Us 105" MMM//SaNY WO papeo jumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

coefficient from the log-linear parasite decay regression) and con-
tributed toward the treatment-specific estimate of PRRyg and cor-
responding PC,;,. However, in the placebo group, only seven of nine
participants had significant (P < 0.001) regression models and con-
tributed toward the parasite clearance parameter estimates (table S8).
The PRRyg was significantly lower in the ruxolitinib group {2827 [95%
confidence interval (CI) 2344 to 3409]} compared with the placebo
group [8242 (95% CI 6117 to 11104)] (Qg = 35.5, P < 0.001) (table S9).
However, this difference was no longer significant in a sensitivity anal-
ysis that removed one outlying participant in the placebo group who
had particularly rapid parasite clearance (R007) (Qp = 0.56, P = 0.45;
table S9). No participant experienced recrudescence.

Ruxolitinib reduces IL-6-induced STAT phosphorylation in
myeloid and CD4™" T cells
To assess the impact of ruxolitinib on cell signaling, STAT1, STATS3,
and STATS5 phosphorylation was measured after IL-6 stimulation of
whole blood. Samples were collected immediately before inocula-
tion (baseline), immediately before treatment, 1 day after treatment
(2 hours after ruxolitinib/placebo dose 3), and 5 days after treat-
ment. Whole blood was stimulated with the JAK/STAT-activating
cytokine IL-6 or left unstimulated for 15 min, and STAT phosphory-
lation (pSTAT) was assessed in myeloid cells and CD4" T cells us-
ing phosphor-cytometry by time-of-flight (pCyTOF) (Fig. 2A and
table S10). After batch correction, myeloid cells and CD4" T cells were
identified on the basis of expression of cell lineage markers (Fig. 2B).
IL-6 stimulation increased phosphorylation of STAT1, STAT3,
and STATS5 in both myeloid and CD4™ T cells (Fig. 2C). IL-6-induced
expression of pSTAT1 and pSTAT3 on myeloid cells was significant-
ly increased (P < 0.001) on the day of treatment compared with
baseline (Fig. 2D), indicating that infection with P. falciparum in-
creased sensitivity of myeloid cells to IL-6. There was no increase in
expression of pSTAT1 or pSTAT3 on CD4" T cells before treatment,
and IL-6-induced pSTATS5 expression decreased on myeloid and
CD4" T cells (Fig. 2, D and E). After treatment, there was a decrease
in IL-6-induced expression of pSTAT1 and pSTAT3 in myeloid and
CD4" T cells in the ruxolitinib group, whereas pSTAT1 expression
increased in the placebo group (Fig. 2, D and E). pSTAT5 was de-
creased by ruxolitinib treatment in CD4" T cells but not myeloid
cells. The fold change reductions in IL-6-induced pSTAT1 and
pSTAT3 expression on myeloid cells and pSTAT1 expression on
CD4™ T cells were correlated with ruxolitinib AUC (Fig. 2, Fand G).

Ruxolitinib attenuated posttreatment changes in
hematological and biochemical parameters

As previously observed in malaria volunteer infection studies (19-
21), reductions in hemoglobin, platelets, and lymphocytes occurred
in both treatment groups after inoculation (Fig. 3, A to C). Hemo-
globin reached a nadir 7 days after treatment, with no difference
between treatment groups. In the placebo group, platelets and lym-
phocytes also decreased after treatment, reaching nadirs on days 3
and 1, respectively. These posttreatment reductions were not ob-
served in the ruxolitinib group, with a significant impact of ruxoli-
tinib observed on day 3 for platelets (P = 0.022) and day 1 for
lymphocytes (P < 0.001). Neutrophils declined after treatment in
both groups, reaching a nadir on day 3, with no difference observed
between treatment groups (Fig. 3D).

Webster et al., Sci. Transl. Med. 17, eaea2531 (2025) 26 November 2025

The inflammatory marker C-reactive protein [CRP; measured by
enzyme-linked immunosorbent assay (ELISA)] increased in both
groups after inoculation. After treatment, CRP increased further in
the placebo group but not in the ruxolitinib group, with a significant
(P < 0.001) impact of ruxolitinib treatment on days 1 to 3 posttreat-
ment (Fig. 3E). The peak CRP posttreatment correlated with the
pretreatment parasitemia in the placebo group (r = 0.80, P = 0.013)
but not in the ruxolitinib group (r = —0.04, P = 0.91). The peak CRP
was also associated with the total malaria clinical score during the
confinement period (r = 0.64, P = 0.003) (table S3). As previously
observed in malaria volunteer infection studies (22, 23), ALT in-
creased modestly after treatment; this increase was delayed in the
ruxolitinib group, with an impact of treatment observed on days 1 to
3 posttreatment (Fig. 3F).

Ruxolitinib attenuated the posttreatment inflammatory
response to the initial infection

The impact of ruxolitinib on antiparasitic immune responses was
assessed by quantifying IFN-y and IL-10 within culture superna-
tants after restimulation of peripheral blood mononuclear cells
(PBMCs) with parasite-infected RBCs or uninfected RBCs (uURBCs)
for 72 hours (9). In both treatment groups, IFN-y and IL-10 produc-
tion increased by day 7 posttreatment, and IL-10 production was
higher in the ruxolitinib group compared with the placebo group at
this time point (fig. S2A). However, mixed model analysis did not
demonstrate an effect of ruxolitinib on the increase of IFN-y and
IL-10 at day 7 posttreatment (interaction term P > 0.05; fig. S2B).
Further, the mixed model analysis suggested that at the day 3 time
point, ruxolitinib attenuated the posttreatment increase in IL-10
(fig. S2B). The impact of ruxolitinib was further assessed on other
cytokines in poststimulation supernatants quantified in Luminex
(n = 46), using the mixed model analysis. At day 7 posttreatment,
other inflammatory markers, including macrophage inhibitory protein-
la (MIP-1a), MIP-1p, and tumor necrosis factor-a (TNF-ar), were
increased in both treatment groups; however, this increase did not
appear to be affected by ruxolitinib (fig. S2, C and D, and data file S4).

The impact of ruxolitinib on the host response after treatment was
further assessed by Alamar nucleic acid linked immuno-sandwich
assay (NULISA) on plasma collected before inoculation; before
treatment; and days 3, 7, and 21 posttreatment. Inflammatory mark-
ers known to be associated with disease severity in malaria, includ-
ing IL-6 (24), the endothelial activation marker angiopoietin-2 (25),
intercellular adhesion molecule-1 (ICAM-1) (26), and syndecan-1
(a marker of breakdown of endothelial glycocalyx) (27), were ana-
lyzed. Of these, IL-6 and ICAM-1 increased significantly (P < 0.001)
from preinoculation to day of treatment, whereas angiopoietin-2
decreased (Fig. 4, A to D). After treatment, angiopoietin-2, ICAM-1,
and syndecan-1 all increased in the placebo group, with ICAM-1
peaking at day 3 and angiopoietin-2 and syndecan-1 peaking at day
7 (Fig. 4, A to D). These posttreatment increases were either not ob-
served, or reduced, in the ruxolitinib group, with a significant im-
pact (P < 0.05) of treatment on day 3 posttreatment for ICAM-1;
days 3, 7, and 21 for angiopoietin-2; and day 7 for syndecan-1.

To further examine the impact of ruxolitinib on the host re-
sponse, the entire panel of analytes was assessed (n = 250).
P, falciparum infection induced a host response in both groups, with
139 (55.6%) analytes increased and 7 (2.8%) decreased between
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Fig. 2. Ruxolitinib treatment affected signaling in myeloid cells and CD4* T cells. (A) Whole blood was collected at inoculation (I), treatment (T), T + 1 (2 hours after
third dose of ruxolitinib or placebo), and T + 5 days, for n = 20 participants at each time point. Blood was stimulated with IL-6 or left unstimulated, fixed in PROT1, and
analyzed by pCyTOF. (B) Cell subsets were identified by expression profiles of linage markers and are presented in a uniform manifold approximation and projection
(UMAP) plot (left) and heatmap (right). NK, natural killer; PDC, plasmacytoid dendritic cell. (C) pSTAT1, pSTAT3, and pSTAT5 expression as median signaling intensity (MSI)
values in myeloid cells and CD4* T cells in unstimulated and IL-6-stimulated samples at inoculation. Data are Tukey box plots with the median and 25th and 75th percen-
tiles. The top and bottom hinges extend to the largest and smallest values, respectively, but no further than 1.5x IQR from the hinge. P values were calculated by Wilcoxon
signed-rank test. (D and E) pSTAT1, pSTAT3, and pSTATS5 expression in myeloid cells (D) and CD4* T cells (E) at 1, T, T+ 1,and T + 5. Data are log-transformed median signal-
ing intensity, with thin lines representing individuals and colored by treatment group. Before randomization is in gray, after randomization ruxolitinib individuals are red,
and placebo are blue. P values are from linear mixed-effect models, with bold lines representing the mean of the predicted values from the fitted models for each group.
TX represents the FDR-corrected P values for the interaction term between each time point (relative to time point T) and treatment group, i.e., the difference in change
from the baseline between the ruxolitinib and placebo groups. FDR-corrected P values for the comparison between each time point and time point T are shown for the
placebo (PBO) and ruxolitinib (RUX) groups and were determined from contrasts. (F and G) Fold change (FC) of MSI of pSTAT1/3/5 at time point T compared with time
point T + 1 in the ruxolitinib-treated group in myeloid (F) or CD4* T cells (G), correlated with ruxolitinib area under the curve (AUC). The red lines are locally estimated
scatterplot smoothing (LOESS) fit curves with error bands of 95% Cl in gray shaded regions. Spearman’s rho and P are indicated.
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Fig. 3. Ruxolitinib lessened infection-induced changes to hematological and biochemical parameters. (A to F) Hematological and biochemical parameters includ-
ing hemoglobin concentration (A), platelet count (B), lymphocyte count (C), neutrophil count (D), CRP concentration (E), and ALT concentration (F) at inoculation (1), treat-
ment (T), and 3, 7, and 21 days after treatment (T + 3, T+ 7,and T + 21). Data are raw data (log-transformed for CRP and ALT) with thin lines representing individuals and
colored by treatment group (blue for placebo, red for ruxolitinib treatment groups), and bold lines representing the mean of the predicted values from the fitted models
for each group. P values are FDR-corrected from linear mixed-effect models. TX represents the FDR-corrected P values for the interaction term between each time point
(relative to time point T) and treatment group, i.e., the difference in change from baseline between the ruxolitinib and placebo groups (underlined in green). FDR-
corrected P values for the comparison between each time point and time point T are shown for the placebo (PBO, underlined with blue) and ruxolitinib (RUX, underlined

with red) groups and were determined from contrasts.

inoculation and treatment [false discovery rate (FDR)-corrected;
fig. S3, A and B, and data file S5]. IFN-y was the most up-regulated
analyte, with other inflammatory markers, including TNF-a, chemo-
kine (C-X-C motif) ligands (CXCL) 9/10/11, chemokine (C-C motif)
ligand (CCL) 4, IL-6, and CRP, also up-regulated (fig. S3, A and B).
Pathway analysis of up-regulated analytes identified an inflammatory
response, with TNF signaling via nuclear factor kappa-light-chain-
enhancer of activated B cells and IL-2/STAT4 signaling and IL-6/JAK/
STAT3 signaling among the top up-regulated pathways (fig. S3C).
After treatment, in the placebo group, there were 115 analytes
that had changed at day 3 posttreatment (compared with the treat-
ment time point), including 96 of 250 (38.4%) that increased and 19
of 250 (7.6%) that decreased (Fig. 4E). Of these 115 analytes, an im-
pact of ruxolitinib was detected for 30 (26.1%) analytes, 24 (20.1%)
of which were down-regulated and 6 (5.2%) of which were increased

Webster et al., Sci. Transl. Med. 17, eaea2531 (2025) 26 November 2025

(Fig. 4F). Analytes down-regulated by ruxolitinib included CRP
(confirming the above analysis where CRP was quantified by ELISA)
and TNF receptor superfamily member 14 (also known as LIGHT),
blockade of which we have previously shown protects against ex-
perimental cerebral malaria (Fig. 4G) (28). The effect of ruxolitinib
on angiopoietin-2 at days 3 and 7 posttreatment remained signifi-
cant after FDR correction for all analytes (P = 0.004 and P = 0.04,
respectively). Pathway analysis identified that ruxolitinib was asso-
ciated with down-regulation of IL-6/JAK/STAT3 signaling and an
attenuated inflammatory response (fig. S3D). Exploratory correla-
tion analysis between NULISA analytes from ex vivo plasma and
Luminex analytes from in vitro parasite stimulated cultures identi-
fied few correlations between the data modules at all time points,
indicating distinct immune responses quantified with each approach
(fig. S3E).
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Fig. 4. Ruxolitinib alleviated systemic inflammatory responses. Alamar NULISA was used to quantify 250 analytes in plasma at inoculation (1), treatment (T), and 3, 7,
and 21 days after treatment (T + 3, T+ 7,and T+ 21). (A to D) Shown are concentrations of IL-6 (A), angiopoietin-2 (ANGPT2) (B), ICAM-1 (C), and syndecan-1 (SDC1) (D) over
the course of trial. Data are log-transformed with thin lines representing individuals and colored by treatment group (gray before inoculation, red in ruxolitinib-treated, and
blue in placebo groups) and bold lines representing the mean of the predicted values from the fitted models for each group. P values (unadjusted) are from linear mixed-
effect models. TX represents the P values (unadjusted) for the interaction term between each time point (compared with time point T) and treatment group, i.e,, the differ-
ence in change from baseline between the ruxolitinib and placebo groups (underlined in green). P values (unadjusted) for the comparison between each time point and
time point T are shown for the placebo (PBO, underlined with blue) or ruxolitinib (RUX, underlined with red) group and were determined from contrasts. (E) Volcano plots
show coefficient estimates from linear mixed-effects models and —log;o(FDR) of changes of analyte at each time point compared with T in the placebo group. Coefficient
estimates from linear mixed-effects models and FDR values are from linear mixed-effect model analysis. Analytes that are up-regulated relative to time point T are in gold
and down-regulated in green. (F) Volcano plots show coefficient estimates and —log1(FDR) of interaction terms between the ruxolitinib treatment group and change of
analyte at each time point compared with time point T. Coefficient and FDR values are from linear mixed-effect model analysis. Analytes that are up-regulated compared
with the change in placebo are in gold, and those that are down-regulated compared with the change in placebo are in green. (G) Shown are individual analytes at T + 3
that were modified by ruxolitinib. Data are the coefficient estimates from linear mixed-effects models for the change compared with time point T in the placebo group

Coefficient

[T + 3 (PBO)] and the coefficient estimates from linear mixed-effects models for the interaction term between time and ruxolitinib treatment (T + 3 * TX).
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Ruxolitinib enhanced the immune memory response after
second inoculation

To assess the impact of ruxolitinib on antiparasitic immune re-
sponses to reinfection, participants were reinoculated with the same
P, falciparum 3D7 strain 90 days after the first infection. After the
second infection, there was no difference in time to parasitemia be-
tween treatment groups (table S11; Fisher’s exact, P = 0.29). How-
ever, in both groups, the parasite multiplication rate over 48 hours
(PMRyg) and overall parasite growth rate were reduced (tables S12
and S13), with a sensitivity analysis showing that the parasite growth
rate was 0.08 log) parasites/ml per day lower (95% CI 0.02 to 0.14)
in the second infection compared with the first (P = 0.009) (table S14).
There was no evidence that this reduced parasite growth rate differed
between treatment groups [log-likelihood ratio test, X2(2) = 4.24,
P =0.12; table S14].

To evaluate memory immune responses to the second infection,
NULISA data were analyzed using segmented regression to identify
analytes that changed between the first and second infections and to
determine whether these differences were modulated by ruxolitinib.
Analyte responses were compared at matched time points across
both infections; for individuals treated later during the second in-
fection, day 7 postinoculation was used to avoid confounding from
prolonged parasite exposure.

Consistent with a memory response and improved parasite con-
trol during the second infection, 82 analytes (of 248, 33.1%) showed
differential responses compared with the first infection, with 38
(15.3%) up-regulated and 44 (17.7%) down-regulated (Fig. 5A). Up-
regulated analytes included markers of inflammation, such as CRP,
CXCL9, CXCL10, granzyme A (GZMA), granzyme B (GZMB), and
IFN-al1/IFN-a13 (Fig. 5B). Immunoregulatory molecules including
interleukin-18 binding protein (IL-18BP; FDR = 0.003) and lym-
phocyte-activation gene 3 (LAG3; FDR = 0.009) were also increased
(Fig. 5A). In addition, for 26 analytes (10.5%), the change in re-
sponse in the second infection was modified by ruxolitinib (Fig. 5C).
This included increased 4-1BB (TNFRSF9/CD137) and human leu-
kocyte antigen-DR isotype alpha chain (HLA-DR) concentrations,
consistent with increased T cell activation (Fig. 5D), and increased
chitinase-3-like protein 1 (CHI3L1) and leukemia inhibitory factor
(LIF) concentrations, associated with tissue repair and homeostasis
(Fig. 5D) (interaction phase*treatment 4-1BB FDR = 0.006, HLA-
DR FDR = 0.031, CHI3L1 FDR < 0.001, LIF FDR = 0.006) (29, 30).
Together, these data support the generation of a memory immune
response after reinfection with P, falciparum, which was further en-
hanced by ruxolitinib.

DISCUSSION
In this randomized, placebo-controlled trial in malaria-naive volun-
teers infected with P, falciparum, adjunctive therapy with ruxolitinib
was safe and well tolerated, transiently suppressed cellular pSTAT
signaling, and attenuated the inflammatory response after antima-
larial treatment. In addition, analysis of plasma biomarkers after a
second infection revealed an induced memory immune response,
which was enhanced in ruxolitinib-treated participants. These find-
ings highlight the potential of ruxolitinib as an adjunctive therapy to
improve clinical outcomes and promote the development of anti-
parasitic immunity in malaria.

This study was based on the hypothesis that ruxolitinib, a JAK
1/2 inhibitor, would block type-1 IFN signaling and thereby modulate

Webster et al., Sci. Transl. Med. 17, eaea2531 (2025) 26 November 2025

the immunoregulatory networks that hinder the development of an-
tiparasitic immunity after natural malaria infection or vaccination
(6). We first confirmed that ruxolitinib inhibited JAK/STAT signal-
ing by demonstrating that ruxolitinib reduced IL-6-induced phos-
phorylation of STAT1 and STAT3 in myeloid and CD4* T cells and
STATS5 in CD4" T cells. These data are supported by subsequent
analyses that showed that ruxolitinib reduced IFN-p-induced phos-
phorylation of these pathways (31). These inhibitory eftects correlated
with plasma ruxolitinib concentration, providing further evidence
of effective suppression of JAK/STAT signaling and supporting the
role of ruxolitinib in inhibiting type I IFN activity.

A key finding in this study was the impact of ruxolitinib on the
posttreatment inflammatory response, evaluated with standard he-
matological and biochemical parameters, as well as with the sensi-
tive NULISA platform. As expected, biomarkers of inflammation
were increased in participants after inoculation with P. falciparum
(9, 20). In the placebo group, this response increased further after
antimalarial treatment, with the key inflammatory marker CRP
peaking 2 to 3 days after treatment. Other key markers of disease
severity also increased after treatment, including angiopoietin-2
and ICAM-1, markers of endothelial activation (32) and cytoadher-
ence (33), respectively, and both are associated with disease severity
in falciparum malaria (25, 26, 34, 35). The posttreatment increase in
these inflammatory markers likely reflects the host response to the
release of parasite antigens after rupture of infected RBCs and may
contribute to the high mortality from severe malaria even after com-
mencing antiparasitic treatment (2). Although this inflammatory
response is a key target for adjunctive therapies in severe malaria, no
adjunctive treatment has yet been shown to reduce mortality (36).
Here, we found that ruxolitinib substantially attenuated posttreat-
ment increases in CRP, angiopoietin-2, and ICAM-1. Moreover,
peak CRP concentration in placebo-treated participants correlated
strongly with pretreatment parasitemia, whereas this correlation
was absent in the ruxolitinib group, further supporting the role of
ruxolitinib in inhibiting the parasite-induced inflammatory process.
These data are consistent with the anti-inflammatory effects of rux-
olitinib in in vitro models (37) and in a preclinical severe malaria
model (38) and the reductions in inflammatory biomarkers ob-
served when ruxolitinib is used in myeloproliferative disorders (39).
Further, a recent study involving a three-dimensional blood-brain
barrier model demonstrated that ruxolitinib prevented JAK/STAT-
mediated increases in blood-brain barrier permeability after expo-
sure to parasite egress products (40). Together, these data suggest a
potential role for adjunctive ruxolitinib for improving outcomes in
severe malaria.

Our data provide support for the safety of ruxolitinib in malaria.
Participants who received ruxolitinib did not experience more AEs.
Moreover, ruxolitinib was associated with reduced concentrations
of artemether and its active metabolite, DHA, and with slower para-
site clearance. Although the latter appeared largely driven by one
placebo-treated participant with particularly rapid parasite clear-
ance, parasite clearance dynamics should be closely monitored in
future trials of adjunctive ruxolitinib therapy.

The impact of ruxolitinib on the development of long-lasting an-
tiparasitic immunity in this study was evaluated by subjecting par-
ticipants to a second P. falciparum infection 3 months after the first.
After reinfection, both treatment groups exhibited elevated concen-
trations of immune biomarkers associated with parasite control.
These included chemokines like CCL19, which facilitates CD4" T
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Fig. 5. Ruxolitinib was associated with an improved immune response to second P. falciparum infection. (A) Coefficient for the change in slope between first and
second infections for each analyte with an FDR for a difference of <0.05. The change in response of analytes in red was modified by ruxolitinib. (B) Concentration of ana-
lytes CRP, CXCL9, CXCL11, GZMA, GZMB, and IFN-a1/IFN-a13 between inoculation and treatment in first and second infection in placebo (PBO)- and ruxolitinib-treated
(RUX) groups. FDR indicates a significant difference in the slopes for each analyte between infections. Interaction [all nonsignificant (NS)] indicates the interaction term
for an impact of treatment on the change in induction between infections. (C) Coefficient for the change in slope between first and second infections and for the interac-
tion term of impact of treatment group for all analytes where the interaction term FDR was <0.05. Change for second infection is on the top, and impact of treatment is
on the bottom (second * treatment). Nonsignificant (NS) changes in the second infection only are in gray. (D) 4-1BB, HLA-DR, CHI3L1, and LIF responses in the first and
second infections in placebo- and ruxolitinib-treated individuals. FDR indicates a significant difference in slope between the first and second infections, and interaction
indicates the FDR value for the impact of ruxolitinib on the change in slope.

cell trafficking to secondary lymphoid tissues (41); inflammatory
markers including CRP, GZMB, and GZMA; and immunoregulato-
ry molecules like IL-19BP and LAG3. Ruxolitinib treatment during
the first infection may have improved the quality of memory and
recall immune responses. Specifically, ruxolitinib treatment was as-
sociated with increased expression of T cell activation markers such
as HLA-DR and 4-1BB, as well as tissue repair factors including LIF
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(30) and CHI3L1 (29). These findings suggest that ruxolitinib treat-
ment during primary infection may have enabled a durable immu-
nological imprint that modulated the response to subsequent infection.
Although such imprinting is well established in viral infections (42),
its relevance in malaria is only beginning to be appreciated (6).
Analysis of CD4™ T cell responses induced during this study indi-
cates that ruxolitinib treatment modulated CD4™" T cell development
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(31). Further work is needed to define the specific immune cell pop-
ulations targeted by ruxolitinib and to clarify its broader effects on
host immunity, including the magnitude and quality of humoral
responses.

The link between ruxolitinib-induced changes in memory respons-
es and parasite control remains unresolved. Although participants re-
ceiving ruxolitinib showed evidence of enhanced immune memory,
this did not translate into reduced parasite growth during secondary
infection, as measured by PMRyg. Although the study was underpow-
ered to detect significant differences in PMRyg, the findings suggest
that enhanced memory responses may be distinct from the mecha-
nisms required for acute parasite control or that they represent an early
stage of immunity not yet sufficient to influence parasite clearance.

An important consideration for the interpretation of our find-
ings is that this study was conducted in malaria-naive volunteers in
Australia, with treatment administered very early in the course of
infection. The impact of ruxolitinib on the posttreatment inflamma-
tory response may differ in individuals with clinical malaria and
higher parasitemia. Further, in malaria-endemic regions, individu-
als may have preexisting immunity from prior infections, and the
effects of adjunctive ruxolitinib on the development of immune re-
sponses may differ from those observed in the current study. Studies
in malaria-exposed populations will be critical to test the potential
of adjunctive ruxolitinib for both improving clinical outcomes and
the development of antiparasitic immunity.

Several other limitations were apparent in this study. First, be-
cause of recruitment challenges and the COVID-19 pandemic, only
20 of the planned 26 participants were enrolled, and only 15 pro-
ceeded to a second infection. This reduced our statistical power to
detect between-group differences, such as in parasite growth after
reinfection. Nonetheless, we observed significant differences in in-
flammatory and immune responses between treatment groups. Sec-
ond, in the analysis of parasite clearance, two participants in the
placebo group had nonsignificant regression models and were ex-
cluded, and one participant appeared to be an outlier with particu-
larly rapid parasite clearance. Thus, uncertainty exists around the
impact of ruxolitinib on parasite clearance. Third, plasma samples
for NULISA analysis were only collected on days 3, 7, and 21 after
treatment of the first infection, and impacts of adjunctive ruxoli-
tinib within 24 to 48 hours of treatment may have been missed. Last,
PBMC stimulation with parasite antigens was only performed with
a single PBMC:P. falciparum-infected RBC (pRBC) ratio, poten-
tially masking some antigen-specific immune responses.

In conclusion, this randomized placebo-controlled trial in volun-
teers infected with P. falciparum demonstrated that adjunctive rux-
olitinib was safe and well tolerated and reduced the posttreatment
inflammatory response while enhancing immune memory responses
to reinfection. Although the potential impact of ruxolitinib on para-
site clearance warrants further investigation, these findings provide
support for advancing ruxolitinib as an adjunctive therapy to improve
clinical outcomes and enhance antiparasitic immunity after natural
infection or vaccination.

MATERIALS AND METHODS

Study design

This was a randomized, double-blind, placebo-controlled, phase 1b
clinical trial using the P. falciparum-induced blood stage malaria
(IBSM) model to assess whether ruxolitinib can modulate host
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immune responses and enhance protective immunity when admin-
istered with artemether-lumefantrine. Healthy malaria-naive males
and females (nonpregnant, nonlactating) aged 18 to 55 years were
eligible for inclusion (full eligibility criteria are in the Clinical Trial
Protocol; data file $6). The study was conducted at the University of
the Sunshine Coast Clinical Trails Unit (Morayfield, Australia) and
was registered on the Australian New Zealand Clinical Trials Regis-
try on 6 July 2021 (ACTRN12621000866808, https://anzctr.org.au/
Trial/Registration/TrialReview.aspx? ACTRN=12621000866808).
This study was approved by the QIMR Berghofer Human Research
Ethics Committee (P3696) and ethically reviewed in minimizing
duplication of ethics by the Australian Departments of Defence and
Veterans’ Affairs Human Research Ethics Committee. All partici-
pants gave written informed consent. The primary outcome was the
incidence, severity, and causality of AEs. Secondary outcomes were
parasite growth parameters (time to parasitemia and PMRyg), para-
site clearance kinetics (PRRyg and PCyy/2), drug pharmacokinetic
(PK) parameters, immune and inflammatory response parameters,
and pSTATS3 inhibition.

The planned sample size was 26 participants, randomized 1:1 to
ruxolitinib and placebo. This was based on the secondary outcome of
the antiparasitic immune response (IFN-y and IL-10 concentration).
Sample size calculations used data from a study that measured cyto-
kine production after P, falciparum parasite stimulation of PBMCs col-
lected from participants in previous P. falciparum IBSM trials (9). With
13 participants per group in the current study, a two-sided two sample
t test was estimated to have 80% power to detect a 23% difference in
mean IFN-y concentration 7 days posttreatment and 8% difference in
mean IL-10 concentration at the same time point, with a type I error
rate of 5%. This sample size was also considered appropriate to assess
the primary outcome associated with safety and tolerability.

The randomization list was generated electronically by an un-
blinded statistician using STATA 15. A copy of the randomization
schedule was sent to the unblinded clinical unit pharmacist and one
other staff member. All remaining investigators, participants, clinical
staff, and the study statistician remained blinded until unblinding
was performed at the time of database lock. Dosing was performed
by the unblinded staff member, and participants were blindfolded
because ruxolitinib and placebo tablets were not matched in terms of
appearance.

Procedures

Participants were inoculated intravenously with ~2800 viable P.
falciparum 3D7-infected human erythrocytes on day 0. On day 9 (co-
horts 1 and 2) or day 8 (cohorts 3 to 6), participants were admitted
to the clinical unit and randomized in a 1:1 ratio to receive oral
twice daily doses of artemether-lumefantrine (Riamet, Novartis
Pharmaceuticals) in conjunction with either ruxolitinib (Jakavi,
Novartis Pharmaceuticals) or placebo (microcrystalline cellulose, PCI
Pharma). Artemether-lumefantrine dosing was in accordance with
the manufacturer recommendations for treatment of malaria [four
tablets (each containing 20 mg of artemether and 120 mg of lume-
fantrine) twice daily over 3 consecutive days with food or drink rich
in fat]. One ruxolitinib tablet (20 mg) or one placebo tablet was ad-
ministered with 250 ml of water 2 hours after each artemether-
lumefantrine dose (total course of six tablets). Participants were
confined to the clinical unit for 72 hours for drug dosing, blood
sampling, and clinical assessment and were subsequently followed
up as outpatients to day 28 + 2.

11 0f 15

9202 ‘02 AInC Lo a1n1isu| yosessey [eolpe N ejoybieg Jwid) e BI0°80Us 105" MMM//SaNY WO papeo jumod


https://anzctr.org.au/Trial/Registration/TrialReview.aspx?ACTRN=12621000866808
https://anzctr.org.au/Trial/Registration/TrialReview.aspx?ACTRN=12621000866808

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A second (homologous) intravenous inoculation with ~2800 vi-
able P. falciparum-infected human erythrocytes was administered
on day 90 + 7 to all participants who remained eligible (a repeat eli-
gibility screening was performed on day 85 + 7). Participants were
administered a standard course of artemether-lumefantrine (as de-
scribed above) on an individualized basis when any of the following
criteria were met: parasitemia > 50,000 parasites/ml, malaria clinical
score > 6 and presence of parasitemia, serious adverse event related to
malaria challenge, grade 3 AE related to malaria challenge and not
self-resolved or relieved with concomitant medications, investigator
discretion based on participant safety, or 28 days after second inocula-
tion if the preceding criteria were not met. The end-of-study visit oc-
curred ~28 days after artemether-lumefantrine treatment initiation.

Quantification of P. falciparum parasitemia and of plasma
drug concentrations
Quantification of P. falciparum parasitemia was determined in ve-
nous blood samples by qPCR targeting the gene encoding 185 rRNA
as described previously (43). Plasma drug concentrations were de-
termined by LC-MS/MS using validated methods. Ruxolitinib was
measured as described previously (17), with the internal standard
Ruxolitinib-d9. The calibration range for ruxolitinib was 1.0 to 1000 ng/
ml using 50 pl of plasma. The analytical method was precise and ac-
curate. The descriptive statistics of the quality control (QC) samples
for ruxolitinib showed that the interassay precision (% coefficient of
variation) ranged from 5.3 to 8.2% (n = 14), whereas the interaccu-
racy ranged from 100.1 to 102.9% (n = 14) of the nominal concentra-
tions. The QC concentrations were as follows: 3 ng/ml for low QC,
20 ng/ml for mid QC, and 750 ng/ml for high QC for ruxolitinib.
Artemether and lumefantrine, and their active metabolites (DHA
and DBL), were measured as previously described (44). The calibra-
tion ranges were 1.0 to 1024 ng/ml using 50 pl of plasma. The QC
concentrations were 4 ng/ml for low QC, 32 ng/ml for mid-QC, and
512 ng/ml for high QC. The interassay precision ranged from 3.5 to
5.9% (n = 8) for artemether, 4.7 to 7.7% (n = 8) for DHA, 4.6 t0 8.5%
(n = 12) for lumefantrine, and 5.7 to 7.3% (n = 12) for DBL. The
interaccuracy ranged from 94.9 to 103.7% (n = 8) for artemether,
99.5 to 105.6% (n = 8) for DHA, 94.3 to 101.5% (n = 12) for lume-
fantrine, and 98.7 to 101.8% (n = 12) for DBL. For quality assurance,
the analytical laboratory at the Australian Defence Force Malaria
and Infectious Disease Institute participates in the WorldWide An-
timalarial Resistance Network proficiency testing/QC program for
the measurement of plasma concentrations of artemether, DHA,
lumefantrine, and DBL (45).

Assessment of safety and tolerability

Safety and tolerability were assessed by monitoring AEs, vital signs,
clinical laboratory parameters (hematology, biochemistry and urinal-
ysis), physical examination, and electrocardiographs. A malaria clini-
cal score was generated by grading 14 signs/symptoms frequently
associated with malaria using a four-point scale (absent, 0; mild, 1;
moderate, 2; severe, 3) and summing to generate a total score at each
time point (maximum score possible is 42). The timing of all study
assessments is indicated in the clinical trial protocol (data file S6).

Measurement of CRP
The inflammatory marker CRP was measured using a commercially
available ELISA Kit (Thermo Fisher Scientific, no. KHA0031)
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following the manufacturer’s instructions on plasma diluted 1:30,000
collected from a K2 EDTA tube. Samples were tested in duplicate
according to the manufacturer’s instructions. Absorbance was read
at 450 nm on a Biotek PowerWave XS2 microplate reader, and con-
centrations were calculated from a four-parameter logistic regres-
sion of standard curve.

Phosphoflow whole-blood CyTOF

Two hundred microliters of whole blood (from Li-heparin) was
stimulated with IL-6 (0.1 pg/ml; Biosciences, catalog no. BMS341)
for 15 min at room temperature or left unstimulated, fixed with
the Proteomic Stabilizer (PROT1, Smart Tube Inc.), and kept at
—80°C. CyTOF was performed by the Human Immune Monitoring
Center (HIMC) at Stanford University. Fixed samples were thawed;
samples were washed with Smart Tube Thaw-Lyse buffer twice and
washed with Cell Staining Buffer (CSB; Standard Biotools) once.
The samples were then washed twice with perm buffer [Invitrogen
10X permeabilization buffer no. 00-8333-56, diluted to 1X in
phosphate-buffered saline (PBS) from Standard Biotools]. The sam-
ples were then resuspended in 900 pl of perm buffer, and 10 pl of
each Standard Biotools CellID 20plex Pd barcode was added before
incubating at room temperature for 30 min. Next, the samples were
centrifuged, aspirated, and washed three times by resuspension in
CSB. The pellets were then resuspended in 450 pl of CSB and pooled
into a single tube. After centrifugation and aspiration, the pooled
sample was counted on a Bio-Rad T'C20 cell counter. Surface cock-
tail was added at one test, 20 pl per 1 million counted cells, and
stained at room temperature for 30 min. This cocktail was combined
from two —80°C frozen cocktails (HIMC surface stain and Boyle
surface stain), to which fresh 143Nd-CD45RA (Standard Biotools)
was added. Next, the sample was washed twice by resuspension with
CSB. For fixation, 4% paraformaldehyde (PFA) in PBS was added,
and the sample was incubated for 10 min at room temperature be-
fore adding PBS to 10 ml, centrifugation, and aspiration. Then, 1 ml
of —20°C cold methanol was added, and the sample was placed at
—80°C overnight. On day 2, the sample was centrifuged, the meth-
anol was aspirated before resuspension in 10 ml of PBS, and the
centrifugation and aspiration were repeated. The sample was resus-
pended in 1 ml of CSB and counted using a TC20 cell counter. Intra-
cellular cocktail was added (one test, 20 pl per 1 million counted
cells) and stained at room temperature for 30 min. This cocktail was
combined from two —80°C frozen cocktails (HIMC intracellular
stain and Boyle intracellular stain). After staining, the sample was
washed twice with CSB, centrifuged, and aspirated. The pellet was
then resuspended in 2% PFA/PBS containing 250 nM Ir intercalator
(Standard Biotools) and incubated for 20 min at room temperature.
Cells were washed once with CSB and twice with MilliQ water. On
the same day that staining was finished, cells were diluted to 0.75 M/
ml in MilliQ water containing 10X diluted EQ4 normalization beads
(Standard Biotools), and data were acquired by CyTOF (Helios, Cy-
TOF model 3). Data analysis was performed using FlowJo v10 by
gating on intact cells on the basis of the iridium isotopes from the
intercalator and then on singlets by Ir191 versus cell length followed
by cell clustering analyses. No live-dead was used because the sam-
ple was fresh, complete whole blood. For clustering analyses, data
were batch-corrected using the CyCombine package (46), clustered
using FlowSOM (47), and annotated by expression profiles of lin-
eage markers on R version 4.3.3.
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Parasite culture

Packed RBCs from donors were infected in vitro with the P, falciparum
3D7 parasite strain used to inoculate participants. Packed RBCs for
parasite culture were acquired from the Australian Red Cross. pRBCs
were cultured at 5% hematocrit in RPMI 1640 supplemented with
AlbuMAXII (0.25%) and heat-inactivated human serum (5%). Cul-
tures were incubated at 37°C in a 1% Oy, 5% CO,, and 94% N, gas
mixture. Culture medium was replaced daily, and parasite stage/
parasitemia was monitored by Giemsa-stained blood smears. Para-
sites were synchronized with 5% sorbitol after each round of in vitro
invasion. pRBCs were grown to 15% parasitemia and purified from
uRBCs and early-stage pRBCs by magnet separation to enrich ma-
ture trophozoite-stage pRBCs, and a single batch of parasites was
used for all stimulations. Purified pRBCs (>95% purity) were stored
at —80°C after addition of a glycerolyte cryopreservant. For use in
in vitro stimulations, glycerolyte-preserved parasites or control uRBCs
were thawed by dropwise addition of malaria thawing solution (MTS:
0.6% NaCl in H,0) and incubated at room temperature for 10 min.
Parasites were washed in MTS/PBS three times with decreasing so-
lution ratios (1:0, 1:1, and 0:1). After thaw, parasites were intact late-
stage trophozoites.

PBMC parasite stimulation and Luminex

PBMCs and plasma were isolated by density centrifugation with Fi-
coll gradient separation from whole blood collected in lithium hep-
arin tubes (BD Biosciences). Isolated PBMCs were cryopreserved in
10% dimethyl sulfoxide/fetal bovine serum. PBMCs were thawed in
RPMI 1640 (Gibco) containing 10% fetal calf serum and 0.02% Ben-
zonase. A total of 2.5 X 10° PBMCs were stimulated with 7.5 x 10°
3D7 strain parasite-infected RBCs or uRBCs (1 PBMC:3 pRBC or
uRBC) in 96-well U-bottom plates (9). Culture supernatants were
collected after 72 hours. IFN-y and IL-10 were measured by Luminex
with human 48 plex kits performed by the Immunoassay Team at
the HIMC at Stanford University. Kits were purchased from EMD
Millipore Corporation (Milliplex HCY TA-60K-PX48). The assay setup
followed the recommended protocol. Briefly, samples were diluted
3-fold for panels 1 and 2 or 10-fold for panel 3. A total of 25 pl of the
diluted sample was mixed with antibody-linked magnetic beads in a
96-well plate and incubated overnight at 4°C with shaking. Cold and
room temperature incubation steps were performed on an orbital
shaker at 500 to 600 rpm. Plates were washed twice with wash buffer
in a BioTek ELx405 washer (BioTek Instruments). After a 1-hour in-
cubation at room temperature with biotinylated detection antibody,
streptavidin-phycoerythrin was added for 30 min with shaking. These
reagents were used as supplied by the manufacturer without dilu-
tion. Plates were washed as described above, and PBS was added to
wells for reading in the Luminex FlexMap3D Instrument with a
lower bound of 50 beads per sample per cytokine. Each sample was
measured with single replicates. Custom Assay Chex control beads
were purchased and added to all wells (Radix BioSolutions). Wells
with a bead count below 50 were flagged, and data with a bead count
below 20 were excluded.

NULISA inflammation panel

This assay was performed by the HIMC at Stanford University on
plasma collected from lithium-heparin tubes. Samples were run on
the NULISA Inflammation panel (Alamar Biosciences, Fremont,
California), a multiplexed proximity ligation assay targeting 248 to
250 inflammation-associated proteins (250 analytes were for all first
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infection samples and 248 analytes for the second infection sam-
ples). The assay was processed automatically in the ARGO HT sys-
tem (Alamar Biosciences). A total of 25 pl of each sample was loaded
on the sample plate, along with three sample controls, four negative
controls, and three interplate controls. After completion of the auto-
mated run, next-generation sequencing (Illumina) was performed
on the pooled library. Data were generated using Alamar Command
Center and NULISA Analysis Software by normalization to internal
controls and interplate controls. Then, data were rescaled using log,
transformation. These steps produced an output in NULISA Pro-
tein Quantification units. The participant who tested positive for
COVID-19 after the second infection, requiring early treatment with
artemether-lumefantrine, was excluded from the analysis of the re-
inoculation time points.

Statistical analysis

The number of AEs per participant was compared between treat-
ment groups at each study phase using a Wilcoxon rank sum test. To
further assess clinical symptoms during the posttreatment 72-hour
confinement period after the first inoculation, as a post hoc analysis,
the sum of the malaria clinical score at each time point assessed was
calculated. Spearman’s correlation (conducted using Stata v18) was
used to evaluate the association between the sum of the malaria
clinical score, peak parasitemia, and peak CRP.

Plasma artemether, DHA, lumefantrine, DBL, and ruxolitinib
concentration time data were analyzed by noncompartmental meth-
ods using PKanalix (version 2023R1). Differences in PK parameters
between placebo and ruxolitinib groups were tested using an un-
paired two-sample ¢ test or Wilcoxon test.

The PRRyg and PCty/, were estimated using the slope of the opti-
mal fit for the log-linear relationship of the parasitemia decay (18).
Differences between treatment groups in parasite clearance param-
eters after first inoculation were assessed using an omnibus test. The
analysis was conducted using R version 4.1.3.

The parasite growth rate and associated PMRys were calculated
by applying a sine-wave growth model to the parasitemia data (48).
Mixed-effects models were used to obtain parameter estimates
overall after the first inoculation and for each treatment group after
the second inoculation. Changes in PMRyg between inoculation
phases were assessed by applying a mixed-effect segmented regres-
sion sine wave model with a treatment group-by-time interaction
after the second inoculation. Full model specifications are provided
in Supplementary Materials and Methods. Time to parasitemia after
the second inoculation was compared between groups using a
Fisher’s exact test. All PMRyg analyses were conducted using Stata
version 18.

The change in immune responses over time from either the in-
oculation or the treatment time point was assessed using log-linear
mixed-effects models with restricted maximum likelihood (REML)
estimation, incorporating a random intercept at the participant
level. For changes between the first inoculation and treatment time
point, only time point was added as a fixed effect. Treatment, time
point, and their interaction were included as fixed effects to evaluate
how the response differed between treatment groups and how the
change in response over time differed between treatment groups.
The change over time for the ruxolitinib group was assessed using
contrasts. Residual bootstrapping for linear mixed-effects models at
5000 iterations was applied to account for potential deviations from
normality in the residuals, ensuring robust and reliable estimates.
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FDR was controlled using the Benjamini-Hochberg method, grouped
per time point comparison and all model fixed effects.

A segmented regression approach was used to assess changes in
inflammatory and immune responses from the inoculation to treat-
ment time point and how these changes differed between first and
second infection (phase) and between treatment groups. Log-linear
mixed-effect models included time point, treatment, phase, and a
phase-by-day interaction as fixed effects, with participant-level
random effect and REML estimation. Residual bootstrapping and
multiple comparisons adjustment were applied as previously in-
dicated. Full model specifications are provided in Supplementary
Materials and Methods. Immunology analysis was conducted using
R version 4.3.3.

Supplementary Materials
The PDF file includes:

Materials and Methods

Figs.S1to S3

Tables S1to S14

Legends for data files S1 to S6

Other Supplementary Material for this manuscript includes the following:
Data files S1to S6
MDAR Reproducibility Checklist
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Editor’'s summary

Malaria infection elicits inflammatory responses that impede development of protective antimalaria immunity,

leaving individuals more susceptible to subsequent infections. Here, Webster et al. asked whether inhibiting this
inflammatory response with an adjunctive therapy could boost elicitation of immune memory. The authors inoculated
malaria-naive volunteers with Plasmodium falciparum and treated them with the JAK1/2 inhibitor ruxolitinib in

addition to antimalarials. The authors found that ruxolitinib attenuated inflammation after the first challenge, reducing
phosphorylation of STAT proteins in immune cells as expected. Moreover, upon a second challenge with P. falciparum,
the participants who had previously received adjunctive ruxolitinib had signatures of enhanced immune memory. These
data suggest that ruxolitinib, a well-tolerated and clinically used drug, could be an effective addition to the malaria
therapeutic toolkit. —Courtney Malo
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