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Abstract 

Background: Transcriptional profiling of the human immune response to malaria has been used to identify diagnos-
tic markers, understand the pathogenicity of severe disease and dissect the mechanisms of naturally acquired immu-
nity (NAI). However, interpreting this body of work is difficult given considerable variation in study design, definition 
of disease, patient selection and methodology employed. This work details a comprehensive review of gene expres-
sion profiling (GEP) of the human immune response to malaria to determine how this technology has been applied to 
date, instances where this has advanced understanding of NAI and the extent of variability in methodology between 
studies to allow informed comparison of data and interpretation of results.

Methods: Datasets from the gene expression omnibus (GEO) including the search terms; ‘plasmodium’ or ‘malaria’ or 
‘sporozoite’ or ‘merozoite’ or ‘gametocyte’ and ‘Homo sapiens’ were identified and publications analysed. Datasets of 
gene expression changes in relation to malaria vaccines were excluded.

Results: Twenty-three GEO datasets and 25 related publications were included in the final review. All datasets 
related to Plasmodium falciparum infection, except two that related to Plasmodium vivax infection. The majority of 
datasets included samples from individuals infected with malaria ‘naturally’ in the field (n = 13, 57%), however some 
related to controlled human malaria infection (CHMI) studies (n = 6, 26%), or cells stimulated with Plasmodium in vitro 
(n = 6, 26%). The majority of studies examined gene expression changes relating to the blood stage of the parasite. 
Significant heterogeneity between datasets was identified in terms of study design, sample type, platform used and 
method of analysis. Seven datasets specifically investigated transcriptional changes associated with NAI to malaria, 
with evidence supporting suppression of the innate pro-inflammatory response as an important mechanism for this 
in the majority of these studies. However, further interpretation of this body of work was limited by heterogeneity 
between studies and small sample sizes.

Conclusions: GEP in malaria is a potentially powerful tool, but to date studies have been hypothesis generating with 
small sample sizes and widely varying methodology. As CHMI studies are increasingly performed in endemic settings, 
there will be growing opportunity to use GEP to understand detailed time-course changes in host response and 
understand in greater detail the mechanisms of NAI.
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Background
Malaria, caused by infection with parasites of the genus 
Plasmodium, remains a significant public health concern 
[1]. Despite a vaccine in pilot implementation trials [2] 
and widespread application of control measures [3], the 
disease is still responsible for a huge burden of mortality 
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and morbidity worldwide and a concerning increase in 
incidence has been seen in previously well-controlled 
areas [3].

With repeated exposure to infection, individuals in 
malaria-endemic regions develop naturally acquired 
immunity (NAI), first to the most severe clinical forms, 
such as cerebral malaria and then more slowly to infec-
tion itself [1]. Although the role of antibodies in con-
trolling parasite density, symptomatology and severity 
of disease is well established [4, 5], less is known about 
mechanism in terms of the role of the innate and cellu-
lar immune responses [6]. Increased understanding of 
the immune response to malaria, in particular those that 
mediate NAI, could aid identification of diagnostic and 
prognostic markers, inform vaccine development and 
assist with the identification of treatment strategies to 
modify the immunological mechanisms mediating severe 
pathology [1].

Transcriptomics, which allows the expression of thou-
sands of genes to be assessed in parallel for a single RNA 
sample, is an exciting, expanding area of research with 
vast potential application in the field of infection [7]. 
Facilitating a systems biology approach, gene expres-
sion data from high-throughput technologies (such as 
microarrays [8] and next generation sequencing enabling 
RNA sequencing for bulk cell populations and at single-
cell resolution [9, 10]) can allow greater understanding 
of individuals’ response to infection. To date, expression 
data have been used to dissect mechanisms of vaccine 
immunogenicity [11], inform the design of new vaccines 
[12, 13], predict response to infection and outcome [14, 
15], characterize and improve understanding of sepsis 
[16], and offer a novel approach to the diagnosis of infec-
tious pathogens [17–19] together with RNA expression 
in the pathogen [20].

Given the limited understanding of the mechanisms of 
NAI to malaria from traditional immunological studies, 
a systems approach characterizing the gene expression 
patterns associated with infection could provide novel 
and valuable insights [21, 22]. Transcriptional profiling 
of the immune response to malaria in humans to date 
has sought to identify markers to aid diagnosis [23], to 
understand the pathogenicity of severe disease [24] and 
dissect the mechanisms of NAI [25, 26]. However, inter-
preting this body of work is difficult given considerable 
variation in study design, definition of disease, patient 
selection and methodology employed.

This review outlines a comprehensive analysis of all 
GEP studies of the human immune response to malaria 
with two aims: (i) to understand the application of this 
technology to date, in particular how these studies have 
informed understanding of NAI; and (ii) to determine the 
extent of variability in methodology between studies to 

allow informed comparison of data and interpretation of 
results.

Methods
A search of Gene Expression Omnibus (GEO) [27] for 
datasets including the search terms; ‘plasmodium’ or 
‘malaria’ or ‘sporozoite’ or ‘merozoite’ or ‘gametocyte’ 
and ‘Homo sapiens’ was performed on 10th September 
2019. Each of these datasets were examined and those 
not relating to the human immune response to malaria 
infection or using the Homo sapiens platform excluded. 
Of note, datasets of gene expression changes in relation 
to malaria vaccines were excluded.

Results
Studies identified
The search identified 30 GEO datasets. Seven of these 
datasets were excluded, as published analyses were una-
vailable. Twenty-three datasets and 25 related publica-
tions were therefore included in the final review (Table 1 
and Additional file  1: Figure S1). All datasets related to 
Plasmodium falciparum infection except two that related 
to Plasmodium vivax infection (Table  1). The majority 
of datasets included samples from individuals infected 
with malaria ‘naturally’ in the field (n = 13, 57%), how-
ever some related to controlled human malaria infec-
tion (CHMI) studies (n = 6, 26%), or cells stimulated 
with Plasmodium in vitro (n = 6, 26%). Studies included 
samples from individuals with a wide range of ages (from 
2  months—varying ages of adulthood) with differing 
degrees of prior exposure and, therefore, NAI to malaria. 
Samples were often collected as part of wider immuno-
epidemiological studies or vaccine trials, leading to varia-
tion in study design and sampling intervals.

Review of methodological approaches
Significant heterogeneity in the datasets was found 
in terms of study design, sample type, platform used 
and method of analysis (Tables  1, 2 and Fig.  1), making 
direct comparison of results between studies difficult. 
Most datasets were generated from whole blood samples 
(n = 11, 48%), however some used PBMCs (n = 3, 13%) 
or individual tissue or cells types (n = 8, 35%) (Table 1). 
For the majority of studies, expression profiling was per-
formed by array (n = 16, 70%), with others using high 
throughput sequencing (n = 6, 26%) or RT-qPCR [28] 
(n = 1, 4%) (Table 1). There was heterogeneity in data gen-
eration between studies with variation in methods used 
for normalization of data and adjustment for co-variables 
(Table 2). Thresholds for significance varied considerably 
and not all studies applied corrections for multiple test-
ing. Choice of database used for gene ontology analysis 



Page 3 of 15Hodgson et al. Malar J          (2019) 18:418 

Ta
bl

e 
1 

Su
m

m
ar

y 
of

 g
en

e 
ex

pr
es

si
on

 d
at

as
et

s 
in

ve
st

ig
at

in
g 

th
e 

hu
m

an
 im

m
un

ol
og

ic
al

 re
sp

on
se

 to
 m

al
ar

ia
 in

fe
ct

io
n

G
EO

 s
er

ie
s

Ti
tle

 o
f d

at
as

et
Pu

bl
ic

at
io

n
D

es
ig

n
In

fe
ct

io
n/

an
tig

en
ic

 
St

im
ul

at
io

n

Sp
ec

ie
s

Ti
ss

ue
A

ge
Pa

rt
ic

ip
an

t 
or

ig
in

Ex
pr

es
si

on
 

pr
ofi

lin
g

Su
bj

ec
ts

 
(s

am
pl

es
)a

Co
nt

ro
ls

Pl
at

fo
rm

 
na

m
e

Pl
at

fo
rm

 
te

ch
no

lo
gy

G
SE

29
00

H
os

t r
es

po
ns

e 
m

al
ar

ia
G

riffi
th

s 
et

 a
l. 

(2
00

5)
Co

m
pa

ris
on

 o
f G

EP
 

in
 fe

br
ile

 c
hi

ld
re

n 
w

ith
 c

on
va

le
sc

en
t 

sa
m

pl
es

 2
 w

ee
ks

 
po

st
 d

is
ch

ar
ge

Fi
el

d
P. 

fa
lc

ip
ar

um
W

ho
le

 
bl

oo
d:

 
PA

X 
ge

ne

C
hi

ld
re

n 
2–

12
6 

m
on

th
s

Ke
ny

a
A

rr
ay

22
 (2

8)
Su

bj
ec

t 
pa

ire
d 

sa
m

pl
es

: 
di

ag
no

si
s 

an
d 

po
st

 
tr

ea
tm

en
t

LC
-3

6
Sp

ot
te

d 
D

N
A

/
cD

N
A

G
SE

54
18

G
en

e 
ex

pr
es

-
si

on
 a

na
ly

si
s 

in
 

m
al

ar
ia

 in
fe

ct
io

n

O
ck

en
ho

us
e 

et
 a

l. 
(2

00
6)

Co
m

pa
ris

on
 o

f G
EP

 in
 

ea
rly

, p
re

-s
ym

pt
o-

m
at

ic
 b

lo
od

-s
ta

ge
 

in
fe

ct
io

n 
po

st
 C

H
M

I 
w

ith
 s

ym
pt

om
at

ic
 

m
al

ar
ia

-e
xp

er
ie

nc
ed

 
ad

ul
ts

 w
ith

 n
at

ur
al

ly
 

ac
qu

ire
d 

m
al

ar
ia

C
H

M
I a

nd
 

Fi
el

d
P. 

fa
lc

ip
ar

um
PB

M
C

A
du

lts
; 

19
–4

9 
ye

ar
s

U
SA

 a
nd

 
Ca

m
er

oo
n

A
rr

ay
37

 (7
4)

22
 u

n-
in

fe
ct

ed
 

m
al

ar
ia

-
na

ïv
e 

A
m

er
ic

an
 

ad
ul

ts

A
ffy

m
-

et
rix

 h
um

an
 

ge
no

m
e 

U
13

3A
 a

rr
ay

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

15
22

1
M

al
ar

ia
 p

rim
es

 th
e 

in
na

te
 im

m
un

e 
re

sp
on

se
 d

ue
 

to
 IF

N
γ 

in
du

ce
d 

en
ha

nc
em

en
t o

f 
To

ll-
lik

e 
re

ce
pt

or
 

ex
pr

es
si

on
 a

nd
 

fu
nc

tio
n

Fr
an

kl
in

 e
t a

l. 
(2

00
9)

 a
nd

 
Sh

ar
m

a 
et

 a
l. 

(2
01

1)
 a

nd
 

H
ira

ko
 e

t a
l. 

(2
01

8)

Co
m

pa
ris

on
 G

EP
 a

t 
m

al
ar

ia
 d

ia
gn

os
is

 
an

d 
28

 d
ay

s 
po

st
 

tr
ea

tm
en

t

Fi
el

d
P. 

fa
lc

ip
ar

um
PB

M
C

A
du

lts
 

30
 ±

 1
0 

ye
ar

s
Br

az
il;

 P
or

to
 

Ve
lh

o
A

rr
ay

21
 (4

2)
Su

bj
ec

t 
pa

ire
d 

sa
m

pl
es

: 
di

ag
no

si
s 

an
d 

po
st

 
tr

ea
tm

en
t

Ill
um

in
a 

hu
m

an
-6

 
v2

.0

O
lig

on
uc

le
o-

tid
e 

be
ad

s

G
SE

26
87

6
Ti

m
e 

ki
ne

tic
s 

of
 

ge
ne

 e
xp

re
ss

io
n 

in
 N

K9
2 

ce
lls

 a
ft

er
 

P. 
fa

lc
ip

ar
um

-iR
BC

 
en

co
un

te
r

D
e 

Ca
rv

al
ho

 
et

 a
l. 

(2
01

1)
Co

m
pa

ris
on

 o
f G

EP
 

va
ria

tio
n 

of
 N

K9
2 

ce
lls

 a
ft

er
 6

, 1
2,

 a
nd

 
24

 h
 o

f c
o-

cu
ltu

re
 

w
ith

 e
ith

er
 in

fe
ct

ed
 

or
 u

ni
nf

ec
te

d 
RB

C
 

co
m

pa
re

d 
to

 ti
m

e-
po

in
t 0

In
 v

itr
o—

iR
BC

P. 
fa

lc
ip

ar
um

N
K9

2 
ce

ll 
lin

e
N

/A
N

/A
A

rr
ay

N
/A

 (1
2)

Pa
ire

d 
sa

m
-

pl
es

: p
re

 
an

d 
po

st
 

ex
po

su
re

A
ffy

m
-

et
rix

 h
um

an
 

ge
ne

 1
.0

 S
T 

ar
ra

y

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

33
81

1
Pa

ire
d 

w
ho

le
 b

lo
od

 
hu

m
an

 tr
an

sc
rip

-
tio

n 
pr

ofi
le

s 
fro

m
 

ch
ild

re
n 

w
ith

 
se

ve
re

 m
al

ar
ia

 
an

d 
m

ild
 m

al
ar

ia

Kr
up

ka
 e

t a
l. 

(2
01

2)
Co

m
pa

ris
on

 o
f G

EP
 in

 
se

ve
re

 m
al

ar
ia

 a
nd

 
su

bs
eq

ue
nt

 m
ild

 
m

al
ar

ia
 in

 s
am

e 
su

bj
ec

ts
 1

 m
on

th
 

la
te

r

Fi
el

d
P. 

fa
lc

ip
ar

um
W

ho
le

 
bl

oo
d:

 
tr

i-
re

ag
en

t 
BD

C
hi

ld
re

n:
 

8–
45

 m
on

th
s

M
al

aw
i

A
rr

ay
5 

(1
0)

Su
bj

ec
t 

pa
ire

d 
sa

m
-

pl
es

: s
ev

er
e 

an
d 

m
ild

 
m

al
ar

ia

A
ffy

m
-

et
rix

 H
um

an
 

G
en

e 
1.

0 
ST

 
A

rr
ay

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

34
40

4
Th

e 
ge

no
m

ic
 

ar
ch

ite
ct

ur
e 

of
 

ho
st

 w
ho

le
 b

lo
od

 
tr

an
sc

rip
tio

na
l 

re
sp

on
se

 to
 

m
al

ar
ia

 in
fe

ct
io

n

Id
ag

hd
ou

r 
et

 a
l. 

(2
01

2)
Co

m
pa

ris
on

 o
f G

EP
 in

 
m

ild
 m

al
ar

ia
 w

ith
 

ag
e 

m
at

ch
ed

 u
n-

in
fe

ct
ed

 c
on

tr
ol

s

Fi
el

d
P. 

fa
lc

ip
ar

um
W

ho
le

 
bl

oo
d:

 
Te

m
pu

s

C
hi

ld
re

n;
 m

ed
ia

n 
ag

e 
3.

7 
ye

ar
s

Be
ni

n
A

rr
ay

94
 s

ub
je

ct
s 

(9
4)

 a
nd

 
64

 c
on

tr
ol

s 
(6

4)

U
ni

nf
ec

te
d 

ag
e 

m
at

ch
ed

Ill
um

in
a 

H
um

an
H

T-
 

12
 V

4.
0 

ex
pr

es
sio

n 
be

ad
 c

hi
p

O
lig

on
uc

le
o-

tid
e 

be
ad

s



Page 4 of 15Hodgson et al. Malar J          (2019) 18:418 

Ta
bl

e 
1 

(c
on

ti
nu

ed
)

G
EO

 s
er

ie
s

Ti
tle

 o
f d

at
as

et
Pu

bl
ic

at
io

n
D

es
ig

n
In

fe
ct

io
n/

an
tig

en
ic

 
St

im
ul

at
io

n

Sp
ec

ie
s

Ti
ss

ue
A

ge
Pa

rt
ic

ip
an

t 
or

ig
in

Ex
pr

es
si

on
 

pr
ofi

lin
g

Su
bj

ec
ts

 
(s

am
pl

es
)a

Co
nt

ro
ls

Pl
at

fo
rm

 
na

m
e

Pl
at

fo
rm

 
te

ch
no

lo
gy

G
SE

55
84

3
Lo

ss
 a

nd
 d

ys
fu

nc
-

tio
n 

of
 V

de
lta

2 
+

  
ga

m
m

a 
de

lta
-lo

w
 

T 
ce

lls
 is

 a
ss

oc
i-

at
ed

 w
ith

 c
lin

ic
al

 
to

le
ra

nc
e 

to
 

m
al

ar
ia

Ja
ga

nn
at

ha
n 

et
 a

l. 
(2

01
4)

Co
m

pa
ris

on
 o

f G
EP

 o
f 

Vδ
2 
+

 T 
ce

lls
 fr

om
 

ch
ild

re
n 

w
ith

 ‘h
ig

h’
 

an
d 

‘lo
w

’ e
pi

so
de

s 
of

 m
al

ar
ia

 in
 th

e 
pr

ec
ed

in
g 

ye
ar

In
 v

itr
o—

iR
BC

P. 
fa

lc
ip

ar
um

Vδ
2 
+

 T 
ce

lls
C

hi
ld

re
n:

 
4–

5 
ye

ar
s

U
ga

nd
a

A
rr

ay
78

 (1
56

)
N

/A
Ag

i- le
nt

-0
39

49
4 

Su
re

Pr
in

t G
3 

H
um

an
 G

E 
v2

 8
 ×

 6
0K

 
M

ic
ro

ar
ra

y 
03

93
8

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

53
29

2
Tr

an
sc

rip
to

m
ic

 
an

al
ys

is
 o

f 
Pl

as
m

od
iu

m
 

PB
A

N
KA

, 
PB

SL
TR

iP
-K

O
, 

PB
26

8-
KO

 
pa

ra
si

te
 in

fe
ct

ed
 

an
d 

un
in

fe
ct

ed
 

ho
st

 c
el

l

Ja
ijy

an
 e

t a
l. 

(2
01

5)
Co

m
pa

ris
on

 o
f G

EP
 o

f 
un

in
fe

ct
ed

 H
ep

G
2 

w
ith

 th
os

e 
in

fe
ct

ed
 

w
ith

 w
ild

-t
yp

e 
an

d 
kn

oc
k 

ou
t s

po
ro

-
zo

ite
s

In
 v

itr
o—

sp
or

oz
oi

te
s

P. 
fa

lc
ip

ar
um

H
ep

G
2 

ce
lls

N
/A

N
/A

H
ig

h th
ro

ug
h-

pu
t 

se
qu

en
c-

in
g

N
K

N
K

Ill
um

in
a 

G
en

om
e 

A
na

ly
ze

r 
IIx

 (H
om

o 
sa

pi
en

s)

H
ig

h- th
ro

ug
hp

ut
 

se
qu

en
ci

ng

G
SE

50
95

7
M

ol
ec

ul
ar

 h
al

lm
ar

ks
 

of
 e

xp
er

im
en

ta
lly

 
ac

qu
ire

d 
im

m
u-

ni
ty

 to
 m

al
ar

ia
 

[P
ilo

t S
tu

dy
]

Tr
an

 e
t a

l. 
(2

01
6)

 a
nd

 
Va

lle
jo

 e
t a

l. 
(2

01
8)

Co
m

pa
ris

on
 o

f G
EP

 
pr

e 
an

d 
po

st
 in

fe
c-

tio
n

C
H

M
I

P. 
fa

lc
ip

ar
um

W
ho

le
 

bl
oo

d:
 

PA
X 

ge
ne

A
du

lts
: 

19
–2

2 
ye

ar
s

U
SA

H
ig

h th
ro

ug
h-

pu
t 

se
qu

en
c-

in
g

5 
(1

0)
Su

bj
ec

t 
pa

ire
d 

sa
m

-
pl

es
: P

re
 

an
d 

po
st

 
in

fe
ct

io
n

Ill
um

in
a 

H
iS

eq
 2

00
0 

(H
om

o 
sa

pi
en

s)

H
ig

h- th
ro

ug
hp

ut
 

se
qu

en
ci

ng

G
SE

52
16

6
M

ol
ec

ul
ar

 h
al

lm
ar

ks
 

of
 n

at
ur

al
ly

 
ac

qu
ire

d 
im

m
u-

ni
ty

 to
 m

al
ar

ia

Tr
an

 e
t a

l. 
(2

01
6)

Co
m

pa
ris

on
 o

f G
EP

 
pr

e 
an

d 
po

st
 in

fe
c-

tio
n

Fi
el

d
P. 

fa
lc

ip
ar

um
W

ho
le

 
bl

oo
d:

 
Te

m
pu

s

A
du

lts
 a

nd
 

C
hi

ld
re

n 
13

.5
–2

3.
3 

ye
ar

s

M
al

aw
i

H
ig

h th
ro

ug
h-

pu
t 

se
qu

en
c-

in
g

8 
(1

6)
Pa

ire
d 

sa
m

e 
su

bj
ec

t p
re

 
in

fe
ct

io
n

Ill
um

in
a 

H
iS

eq
 2

00
0 

(H
om

o 
sa

pi
en

s)

H
ig

h- th
ro

ug
hp

ut
 

se
qu

en
ci

ng

G
SE

64
33

8
Ex

pr
es

si
on

 d
at

a 
fro

m
 w

ho
le

 
bl

oo
d 

sa
m

pl
es

 o
f 

Rw
an

da
n 

ad
ul

ts
 

w
ith

 m
ild

 m
al

ar
ia

 
w

ith
 m

at
ch

ed
 

sa
m

pl
e 

30
 d

ay
s 

la
te

r (
co

nv
al

es
-

ce
nc

e)

Su
br

am
an

ia
m

 
et

 a
l. 

(2
01

5)
Co

m
pa

ris
on

 o
f G

EP
 

in
 m

ild
 m

al
ar

ia
 a

nd
 

30
 d

ay
s 

la
te

r

Fi
el

d
P. 

fa
lc

ip
ar

um
W

ho
le

 
bl

oo
d:

 
Tr

i-
Re

ag
en

t 
BD

A
du

lts
Rw

an
da

n
A

rr
ay

19
 (3

8)
Su

bj
ec

t 
pa

ire
d 

sa
m

pl
es

: 
di

ag
no

si
s 

an
d 

po
st

 
tr

ea
tm

en
t

[H
uG

en
e-

1_
0-

st
] 

A
ffy

m
-

et
rix

 H
um

an
 

G
en

e 
1.

0 
ST

 
A

rr
ay

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

64
49

3
FC

RL
5 

de
lin

e-
at

es
 fu

nc
tio

n-
al

ly
 im

pa
ire

d 
m

em
or

y 
B 

ce
lls

 
as

so
ci

at
ed

 w
ith

 
m

al
ar

ia
 e

xp
os

ur
e

Su
lli

va
n 

(2
01

5)
Co

m
pa

ris
on

 o
f G

EP
 

be
tw

ee
n 

cl
as

si
-

ca
l a

nd
 a

ty
pi

ca
l 

m
em

or
y 

B 
ce

lls
 in

 
U

ga
nd

a 
ch

ild
re

n

Fi
el

d
P. 

fa
lc

ip
ar

um
PB

M
C

C
hi

ld
re

n 
8–

10
 y

ea
rs

U
ga

nd
a

A
rr

ay
12

N
K

Ag
i- le

nt
-0

39
49

4 
Su

re
Pr

in
t G

3 
H

um
an

 G
E 

v2
 8

 ×
 6

0K
 

M
ic

ro
ar

ra
y 

03
93

81

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e



Page 5 of 15Hodgson et al. Malar J          (2019) 18:418 

Ta
bl

e 
1 

(c
on

ti
nu

ed
)

G
EO

 s
er

ie
s

Ti
tle

 o
f d

at
as

et
Pu

bl
ic

at
io

n
D

es
ig

n
In

fe
ct

io
n/

an
tig

en
ic

 
St

im
ul

at
io

n

Sp
ec

ie
s

Ti
ss

ue
A

ge
Pa

rt
ic

ip
an

t 
or

ig
in

Ex
pr

es
si

on
 

pr
ofi

lin
g

Su
bj

ec
ts

 
(s

am
pl

es
)a

Co
nt

ro
ls

Pl
at

fo
rm

 
na

m
e

Pl
at

fo
rm

 
te

ch
no

lo
gy

G
SE

67
18

4
Tr

an
sc

rip
tio

n 
pr

ofi
lin

g 
of

 
m

al
ar

ia
-n

aï
ve

 a
nd

 
se

m
i-i

m
m

un
e 

co
lo

m
bi

an
 

vo
lu

nt
ee

rs
 in

 
a 

Pl
as

m
od

iu
m

 
vi

va
x 

sp
or

oz
oi

te
 

ch
al

le
ng

e

Ro
ja

s-
Pe

na
s 

(2
01

5)
, 

Va
lle

jo
 

(2
01

8)
 a

nd
 

G
ar

di
na

ss
i 

(2
01

8)

Co
m

pa
ris

on
 o

f G
EP

 
ch

an
ge

s 
be

tw
ee

n 
m

al
ar

ia
 n

aï
ve

 a
nd

 
se

m
i-i

m
m

un
e 

ad
ul

ts
 

pr
e-

in
fe

ct
io

n 
an

d 
at

 
di

ag
no

si
s

C
H

M
I

P. 
vi

va
x

W
ho

le
 

bl
oo

d:
 

Te
m

pu
s

A
du

lts
Co

lu
m

bi
a

H
ig

h th
ro

ug
h-

pu
t 

se
qu

en
c-

in
g

12
 (2

4)
Su

bj
ec

t 
pa

ire
d 

sa
m

pl
es

: 
pr

e-
in

fe
c-

tio
n 

an
d 

di
ag

no
si

s

Ill
um

in
a 

H
iS

eq
 2

50
0 

(H
om

o 
sa

pi
en

s)

H
ig

h- th
ro

ug
hp

ut
 

se
qu

en
ci

ng

G
SE

67
46

9
Tr

an
sc

rip
tio

n 
pr

ofi
lin

g 
of

 
m

al
ar

ia
-n

aï
ve

 a
nd

 
se

m
i-i

m
m

un
e 

co
lo

m
bi

an
 

vo
lu

nt
ee

rs
 in

 
a 

Pl
as

m
od

iu
m

 
vi

va
x 

sp
or

oz
oi

te
 

ch
al

le
ng

e

Ro
ja

s-
Pe

na
s 

(2
01

5)
Co

m
pa

ris
on

 o
f G

EP
 

ch
an

ge
s 

be
tw

ee
n 

m
al

ar
ia

 n
aï

ve
 a

nd
 

se
m

i-i
m

m
un

e 
ad

ul
ts

 
ov

er
 th

e 
tim

e-
co

ur
se

 o
f m

al
ar

ia
 

in
fe

ct
io

n:
 p

re
-

in
fe

ct
io

n,
 d

ay
 5

, d
ay

 
7,

 d
ay

 9
, d

ia
gn

os
is

 
an

d 
m

on
th

 4

C
H

M
I

P. 
vi

va
x

W
ho

le
 

bl
oo

d:
 

Te
m

pu
s

A
du

lts
Co

lu
m

bi
a

RT
-q

PC
R

16
 (8

5)
Su

bj
ec

t 
pa

ire
d 

sa
m

pl
es

: 
Pr

e 
in

fe
c-

tio
n 

an
d 

m
ul

tip
le

 
tim

e-
po

in
ts

 
po

st
 in

fe
c-

tio
n

Fl
ui

di
gm

 
96

Ã
—

96
 

na
no

flu
id

ic
 

ar
ra

ys
 fo

r 
96

 g
en

es
: 

bl
oo

d 
in

fo
rm

at
iv

e 
tr

an
sc

rip
ts

RT
-P

C
R

G
SE

75
86

G
en

om
e 

w
id

e 
an

al
ys

is
 o

f p
la

-
ce

nt
al

 m
al

ar
ia

M
ue

hl
en

ba
ch

s 
(2

00
7)

Co
m

pa
ris

on
 o

f G
EP

 
in

 w
om

en
 w

ith
 p

la
-

ce
nt

al
 m

al
ar

ia
 a

nd
 

th
os

e 
w

ith
ou

t

Fi
el

d
P. 

fa
lc

ip
ar

um
Pl

ac
en

ta
A

du
lts

Ta
nz

an
ia

A
rr

ay
20

 (2
0)

N
K

[H
G

-U
13

3_
Pl

us
_2

] 
A

ffy
m

-
et

rix
 H

um
an

 
G

en
om

e 
U

13
3 

Pl
us

 
2.

0 
A

rr
ay

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

77
12

2
In

vo
lv

em
en

t o
f 

β-
de

fe
ns

in
 1

30
 

(D
EF

B1
30

) i
n 

th
e 

m
ac

ro
ph

ag
e 

m
ic

ro
bi

ci
da

l 
m

ec
ha

ni
sm

s 
fo

r 
ki

lli
ng

 P
la

sm
o-

di
um

 fa
lc

ip
ar

um

Te
rk

aw
i (

20
17

)
H

um
an

 m
on

oc
yt

e-
de

riv
ed

 m
ac

-
ro

ph
ag

es
 w

er
e 

co
-c

ul
tu

re
d 

w
ith

 P
. 

fa
lc

ip
ar

um
 iR

BC
s, 

sa
po

ni
n-

tr
ea

te
d 

iR
BC

s, 
or

 n
on

-
in

fe
ct

ed
 R

BC
s

In
 v

itr
o—

iR
BC

P. 
fa

lc
ip

ar
um

M
ac

-
ro

ph
ag

es
N

K
N

K
A

rr
ay

N
K 

(8
)

N
K

Ag
i- le

nt
-0

28
00

4 
Su

re
Pr

in
t 

G
3 

H
um

an
 

G
E 

8 
×

 6
0K

 
M

ic
ro

ar
ra

y

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

93
66

4
Co

m
pa

ris
on

 o
f t

he
 

tr
an

sc
rip

to
m

ic
 

pr
ofi

le
 o

f P
. 

fa
lc

ip
ar

um
 re

ac
-

tiv
e 

po
ly

fu
nc

-
tio

na
l a

nd
 IF

N
γ 

m
on

of
un

ct
io

na
l 

hu
m

an
 C

D
4 

T 
ce

lls

Bu
re

l (
20

17
)

Co
m

pa
ris

on
 o

f G
EP

 in
 

m
on

of
un

ct
io

na
l a

nd
 

po
ly

fu
nc

tio
na

l I
FN

 
pr

od
uc

in
g 

T 
ce

lls
 

co
lle

ct
ed

 2
1 

da
ys

 
po

st
 C

H
M

I i
nf

ec
tio

n

C
H

M
I +

 in
 

vi
tr

o—
iR

BC
P. 

fa
lc

ip
ar

um
IF

N
 p

ro
-

du
ci

ng
 T

 
ce

lls

18
–4

2 
ye

ar
s

A
us

tr
al

ia
A

rr
ay

8 
(2

)
N

K
[H

uG
en

e-
2_

0-
st

] 
A

ffy
m

-
et

rix
 H

um
an

 
G

en
e 

2.
0 

ST
 

A
rr

ay

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e



Page 6 of 15Hodgson et al. Malar J          (2019) 18:418 

Ta
bl

e 
1 

(c
on

ti
nu

ed
)

G
EO

 s
er

ie
s

Ti
tle

 o
f d

at
as

et
Pu

bl
ic

at
io

n
D

es
ig

n
In

fe
ct

io
n/

an
tig

en
ic

 
St

im
ul

at
io

n

Sp
ec

ie
s

Ti
ss

ue
A

ge
Pa

rt
ic

ip
an

t 
or

ig
in

Ex
pr

es
si

on
 

pr
ofi

lin
g

Su
bj

ec
ts

 
(s

am
pl

es
)a

Co
nt

ro
ls

Pl
at

fo
rm

 
na

m
e

Pl
at

fo
rm

 
te

ch
no

lo
gy

G
SE

10
05

62
RN

A
-s

eq
ue

nc
in

g 
an

al
ys

is
 o

f 
re

sp
on

se
 to

 
P. 

fa
lc

ip
ar

um
 

in
fe

ct
io

n 
in

 F
ul

an
i 

an
d 

M
os

si
 e

th
ni

c 
gr

ou
ps

, B
ur

ki
na

 
Fa

so

Q
ui

n 
(2

01
7)

Co
m

pa
ris

on
 o

f G
EP

 
in

 o
no

cy
te

s 
an

d 
C

D
14
−

 c
el

ls
 in

 P
. f

al
-

ci
pa

ru
m

 in
fe

ct
ed

 a
nd

 
un

in
fe

ct
ed

 m
al

ar
ia

-
ex

po
se

d 
Fu

la
ni

 a
nd

 
M

os
si

 s
ym

pa
tr

ic
 

et
hn

ic
 g

ro
up

s

Fi
el

d
P. 

fa
lc

ip
ar

um
M

on
oc

yt
es

 
(C

D
14
+

) 
an

d 
ly

m
-

ph
oc

yt
es

 
(C

D
14
−

)

15
–2

4 
ye

ar
s

Bu
rk

in
o 

Fa
so

H
ig

h th
ro

ug
h-

pu
t 

se
qu

en
c-

in
g

23
 (2

3)
N

K
Ill

um
in

a 
H

iS
eq

 2
50

0 
(H

om
o 

sa
pi

en
s)

H
ig

h- th
ro

ug
hp

ut
 

se
qu

en
ci

ng

G
SE

11
24

W
ho

le
 b

lo
od

 
tr

an
sc

rip
to

m
e 

of
 c

hi
ld

ho
od

 
m

al
ar

ia

Bo
ld

t (
20

19
)

Co
m

pa
ris

on
 o

f G
EP

 
of

 c
hi

ld
re

n 
w

ith
 

as
ym

pt
om

at
ic

 
pa

ra
si

te
m

ia
, 

un
co

m
pl

ic
at

ed
 

m
al

ar
ia

, m
al

ar
ia

 w
ith

 
se

ve
re

 a
na

em
ia

 a
nd

 
ce

re
br

al
 m

al
ar

ia

Fi
el

d
P. 

fa
lc

ip
ar

um
W

ho
le

 
bl

oo
d:

 
PA

X 
ge

ne

0.
5–

6 
ye

ar
s

G
ab

on
A

rr
ay

N
K

H
ea

lth
y 

co
nt

ro
l 

ch
ild

re
n

[H
G

-U
13

3A
] 

A
ffy

m
-

et
rix

 H
um

an
 

G
en

om
e 

U
13

3A
 A

rr
ay

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

11
40

76
D

iff
er

en
tia

l g
en

e 
ex

pr
es

si
on

 p
ro

fil
e 

of
 h

um
an

 n
eu

tr
o-

ph
ils

 c
ul

tu
re

d 
w

ith
 

Pl
as

m
od

iu
m

 fa
lc

i-
pa

ru
m

-p
ar

as
iti

ze
d 

er
yt

hr
oc

yt
es

Te
rk

aw
i (

20
18

)
Co

m
pa

ris
on

 o
f G

EP
 

in
 n

eu
tr

op
hi

ls
 in

cu
-

ba
te

d 
w

ith
 iR

BC
 o

r 
no

n-
in

fe
ct

ed
 R

BC

In
 v

itr
o—

iR
BC

P. 
fa

lc
ip

ar
um

N
eu

tr
o-

ph
ils

N
K

N
K

A
rr

ay
1 

(8
)

Cu
ltu

re
 w

ith
 

no
n-

in
fe

ct
ed

 
RB

C

Ag
i- le

nt
-0

72
36

3 
Su

re
Pr

in
t G

3 
H

um
an

 G
E 

v3
 8

 ×
 6

0K
 

M
ic

ro
ar

ra
y

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

97
15

8
Tr

an
sc

rip
tio

na
l 

re
sp

on
se

s 
in

du
ce

d 
by

 c
on

-
tr

ol
le

d 
hu

m
an

 
m

al
ar

ia
 in

fe
ct

io
n 

(C
H

M
I)

Ro
th

an
 (2

01
8)

Co
m

pa
ris

on
 o

f G
EP

 
in

 w
ho

le
 b

lo
od

 p
re

 
an

d 
po

st
 s

po
ro

zo
ite

 
C

H
M

I i
n 

m
al

ar
ia

 
ex

po
se

d 
ad

ul
ts

C
H

M
I

P. 
fa

lc
ip

ar
um

W
ho

le
 

bl
oo

d:
 

PA
X 

ge
ne

A
du

lts
Ta

nz
an

ia
H

ig
h th
ro

ug
h-

pu
t 

se
qu

en
c-

in
g

10
 (4

0)
Su

bj
ec

t 
pa

ire
d 

sa
m

pl
es

: 
pr

e 
an

d 
po

st
 C

H
M

I

Ill
um

in
a 

H
iS

eq
 2

00
0 

(H
om

o 
sa

pi
en

s)

H
ig

h- th
ro

ug
hp

ut
 

se
qu

en
ci

ng

G
SE

65
92

8
M

al
ar

ia
-a

ss
oc

ia
te

d 
at

yp
ic

al
 m

em
or

y 
B 

ce
lls

 e
xh

ib
it 

m
ar

ke
dl

y 
re

du
ce

d 
B 

ce
ll 

re
ce

pt
or

 s
ig

na
l-

in
g 

an
d 

eff
ec

to
r 

fu
nc

tio
n

Po
rt

ug
al

 
(2

01
5)

Co
m

ap
ris

on
 o

f G
EP

 o
f 

na
ïv

e 
B 

ce
lls

, c
la

s-
si

ca
l a

nd
 a

ty
pi

ca
l 

m
em

or
y 

B 
ce

lls
 in

 
im

m
un

e 
ad

ul
ts

Fi
el

d
P. 

fa
lc

ip
ar

um
B 

ce
lls

A
du

lts
: 

18
–3

7 
ye

ar
s

M
al

i
A

rr
ay

20
 (2

0)
U

S 
he

al
th

y 
ad

ul
ts

[H
uG

en
e-

2_
0-

st
] 

Aff
ym

et
rix

 
H

um
an

 G
en

e 
2.

0 
ST

 A
rra

y 
[tr

an
sc

rip
t 

(g
en

e)
 v

er
-

sio
n]

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

G
SE

72
05

8
A

ct
iv

at
ed

 
ne

ut
ro

ph
ils

 a
re

 
as

so
ci

at
ed

 w
ith

 
pe

di
at

ric
 c

er
eb

ra
l 

m
al

ar
ia

 v
as

cu
lo

p-
at

hy
 in

 M
al

aw
ia

n 
ch

ild
re

n

Fe
in

tu
ch

 
(2

01
6)

Co
m

pa
ris

on
 o

f G
EP

 
in

 c
er

eb
ra

l m
al

ar
ia

 
be

tw
ee

n 
ch

ild
re

n 
w

ith
 m

al
ar

ia
 re

tin
-

op
at

hy
 a

nd
 th

os
e 

w
ith

ou
t

Fi
el

d
P. 

fa
lc

ip
ar

um
W

ho
le

 
bl

oo
d:

 
Tr

i-
Re

ag
en

t 
BD

C
hi

ld
re

n 
6 

m
on

th
–

12
 y

ea
rs

M
al

i
A

rr
ay

98
 (9

8)
N

K
[H

uG
en

e-
1_

0-
st

] 
Aff

ym
et

rix
 

H
um

an
 G

en
e 

1.
0 

ST
 A

rra
y 

[tr
an

sc
rip

t 
(g

en
e)

 v
er

-
sio

n]

In
 s

itu
 o

lig
o-

nu
cl

eo
tid

e

PB
M

C 
pe

rip
he

ra
l b

lo
od

 m
on

on
uc

le
ar

 c
el

ls
, G

EP
 g

en
e 

ex
pr

es
si

on
 p

ro
fil

e,
 C

H
M

I c
on

tr
ol

le
d 

hu
m

an
 m

al
ar

ia
 in

fe
ct

io
n,

 iR
BC

s i
nf

ec
te

d 
re

d 
bl

oo
d 

ce
lls

, N
/A

 n
ot

 a
pp

lic
ab

le
, N

K 
no

t k
no

w
n

a  S
am

pl
es

 a
na

ly
se

d 
fo

r p
ub

lic
at

io
n



Page 7 of 15Hodgson et al. Malar J          (2019) 18:418 

Ta
bl

e 
2 

Co
m

pa
ri

so
n 

of
 m

et
ho

do
lo

gi
ca

l a
pp

ro
ac

he
s 

fo
r a

na
ly

si
s 

of
 g

en
e 

ex
pr

es
si

on
 d

at
a

D
at

as
et

D
at

a 
ge

ne
ra

tio
n

G
en

e 
on

to
lo

gy
 a

na
ly

si
s

G
EO

 s
er

ie
s

Pu
bl

ic
at

io
n

RN
A

 
Q

ua
nt

ifi
ca

tio
n 

Pl
at

fo
rm

N
or

m
al

iz
at

io
n

A
dj

us
tm

en
t 

fo
r c

ov
ar

ia
te

s
D

efi
ni

tio
n 

ex
pr

es
si

on
Ex

pr
es

se
d 

ge
ne

s
Th

re
sh

ol
d 

FC
Th

re
sh

ol
d 

P
Te

st
M

ul
tip

le
 

te
st

in
g

G
O

 a
na

ly
si

s
Th

re
sh

ol
d 

G
O

 
en

ri
ch

m
en

t 
p

Te
st

M
ul

tip
le

 
te

st
in

g

G
SE

29
00

G
riffi

th
s 

(2
00

5)
St

an
fo

rd
 U

ni
-

ve
rs

ity
 c

D
N

A
 

ly
m

ph
oc

hi
p 

tw
o 

co
lo

r 
m

ic
ro

ar
ra

y

Sc
al

ed
 to

 g
eo

-
m

et
ric

 m
ea

n 
of

 
sa

m
pl

e:
re

fe
re

nc
e 

si
gn

al
 ra

tio
 fr

om
 

al
l a

rr
ay

 fe
at

ur
es

N
S

Si
gn

al
 

th
re

sh
ol

d
98

69
2.

5 
(fr

om
 

m
ed

ia
n 

in
 >

 4
 

sa
m

pl
es

)

0.
1

Pe
rm

ut
a-

tio
n

FD
R

N
A

N
A

N
A

N
A

G
SE

54
18

O
ck

en
ho

us
e 

(2
00

6)
A

ffy
m

et
rix

 
U

13
3A

 G
en

e-
C

hi
ps

RM
A

N
S

N
S

N
S

N
o

0.
01

SA
M

, t
-t

es
t

FD
R

O
nt

o 
Ex

pr
es

s 
an

d 
Pa

th
w

ay
 

A
rc

hi
te

ct

0.
05

N
S

FD
R

G
SE

15
22

1
Fr

an
kl

in
 

(2
00

9)
 a

nd
 

Sh
ar

m
a 

(2
01

1)

Ill
um

in
a 

H
um

an
 

W
G

-6
 v

2.
0

Cu
bi

c 
sp

lin
e

N
S

Si
gn

al
 

th
re

sh
ol

d
N

S
1.

7
0.

01
Pa

ire
d 

t-
te

st
FD

R
O

nt
o 

Ex
pr

es
s

Va
ry

in
g

N
S

N
S

G
SE

15
22

1
H

ira
ko

 (2
01

8)
Ill

um
in

a 
H

um
an

 
W

G
-6

 v
2.

0
Cu

bi
c 

sp
lin

e
N

S
Si

gn
al

 
th

re
sh

ol
d

N
S

1.
5

0.
01

Pe
rm

ut
a-

tio
n 

an
d 

t-
te

st

FD
R

D
AV

ID
, G

SE
A

0.
05

M
ul

tip
le

FD
R

G
SE

26
87

6
de

 C
ar

va
lh

o 
(2

01
1)

A
ffy

m
et

rix
 

H
um

an
 G

en
e 

1.
0 

ST
 A

rr
ay

RM
A

N
S

N
S

N
S

1.
5

0.
05

St
ud

en
t 

t-
te

st
N

o
In

ge
nu

ity
 

pa
th

w
ay

 
an

al
ys

is

N
S

N
S

N
S

G
SE

33
81

1
Kr

up
ka

 
(2

01
2)

A
ffy

m
et

rix
 

H
um

an
 G

en
e 

1.
0 

ST
 A

rr
ay

RM
A

 a
nd

 Q
ua

nt
ile

N
S

Si
gn

al
 a

nd
 

va
ria

tio
n 

th
re

sh
ol

d

31
10

2
0.

05
Pa

ire
d 

t-
te

st
N

o
G

en
e 

se
t 

en
ric

hm
en

t 
an

al
ys

is
 o

n 
se

le
ct

ed
 

G
O

 te
rm

s

0.
01

Pa
ire

d 
t-

te
st

FD
R

G
SE

34
40

4
Id

ag
hd

ou
r 

(2
01

2)
Ill

um
in

a 
H

um
an

 
H

T-
12

 B
ea

d-
C

hi
ps

Q
ua

nt
ile

Lo
ca

tio
n,

 S
ex

, 
H

b,
 to

ta
l c

el
l 

co
un

ts
 (R

BC
s 

an
d 

W
BC

s)
 

an
d 

an
ce

st
ry

Si
gn

al
 a

nd
 

no
rm

al
ity

 
th

re
sh

ol
d

N
S

2 
(fo

r c
om

-
pa

ris
on

)
0.

01
A

N
O

VA
, 

A
N

CO
VA

FD
R

G
en

e 
se

t 
en

ric
hm

en
t 

an
al

ys
is

 o
n 

cu
st

om
iz

ed
 

M
si

gD
B 

da
ta

ba
se

0.
05

N
S

Bo
nf

er
ro

ni

G
SE

55
84

3
Ja

ga
nn

at
ha

n 
(2

01
4)

A
gi

le
nt

 S
ur

e 
Pr

in
t G

3 
H

um
an

 G
en

e 
Ex

pr
es

-
si

on
 8

 ×
 6

0K
 

v2
 g

en
e 

ex
pr

es
si

on
 

m
ic

ro
ar

ra
ys

Q
ua

nt
ile

N
S

Si
gn

al
 

th
re

sh
ol

d
N

S
2

0.
05

SA
M

FD
R

N
A

N
A

N
A

N
A

G
SE

53
29

2
Ja

ijy
an

 
(2

01
5)

Ill
um

in
a 

G
en

om
e 

A
na

-
ly

ze
r I

ix
 7

2S
E

N
S

N
S

N
S

N
S

N
S

0.
05

t-
te

st
N

o
G

en
eC

od
is

3,
 

Bi
ng

o 
2.

3 
pl

ug
in

 
(C

yt
os

ca
pe

 
2.

8.
3)

0.
05

N
S

N
S



Page 8 of 15Hodgson et al. Malar J          (2019) 18:418 

Ta
bl

e 
2 

(c
on

ti
nu

ed
)

D
at

as
et

D
at

a 
ge

ne
ra

tio
n

G
en

e 
on

to
lo

gy
 a

na
ly

si
s

G
EO

 s
er

ie
s

Pu
bl

ic
at

io
n

RN
A

 
Q

ua
nt

ifi
ca

tio
n 

Pl
at

fo
rm

N
or

m
al

iz
at

io
n

A
dj

us
tm

en
t 

fo
r c

ov
ar

ia
te

s
D

efi
ni

tio
n 

ex
pr

es
si

on
Ex

pr
es

se
d 

ge
ne

s
Th

re
sh

ol
d 

FC
Th

re
sh

ol
d 

P
Te

st
M

ul
tip

le
 

te
st

in
g

G
O

 a
na

ly
si

s
Th

re
sh

ol
d 

G
O

 
en

ri
ch

m
en

t 
p

Te
st

M
ul

tip
le

 
te

st
in

g

G
SE

50
95

7 
G

SE
52

16
6

Tr
an

 (2
01

6)
Ill

um
in

a 
H

iS
eq

 2
00

0 
2 
×

 1
00

 P
E

TA
M

M
Ba

tc
h,

 S
ex

, 
A

ge
, P

re
-

in
fe

ct
io

n 
ba

se
lin

e

Si
gn

al
 a

nd
 

va
ria

tio
n 

th
re

sh
ol

d,
 

re
m

ov
al

 Y
 

ch
ro

m
o-

so
m

es

N
S

1.
5

0.
05

Li
m

m
a

FD
R

In
ge

nu
ity

 
pa

th
w

ay
 

an
al

ys
is

0.
05

Fi
sh

er
 

ex
ac

t 
te

st

FD
R

G
SE

50
95

7 
G

SE
67

18
4

Va
lle

jo
 (2

01
8)

Ill
um

in
a 

H
iS

eq
 2

00
0 

2 
×

 1
00

 P
E

C
PM

, T
PM

N
S

Si
gn

al
 

th
re

sh
ol

d
N

S
N

S
0.

05
Ed

ge
R

FD
R

W
G

SE
A

, 
To

pp
G

en
e,

 
ST

RI
N

G

0.
05

M
ul

tip
le

FD
R

G
SE

64
33

8
Su

br
am

a-
ni

am
 

(2
01

5)

A
ffy

m
et

rix
 

H
um

an
 G

en
e 

1.
0 

ST
 A

rr
ay

N
on

lin
ea

r n
or

-
m

al
iz

at
io

n 
ba

se
d 

on
 L

i-W
on

g 
m

et
ho

ds

N
S

N
S

N
S

1.
2

0.
00

1
Pa

ire
d 

t-
te

st
FD

R
In

ge
nu

ity
 

Pa
th

w
ay

 
A

na
ly

si
s

0.
05

N
S

FD
R

G
SE

64
49

3
Su

lli
va

n 
(2

01
5)

A
gi

le
nt

 S
ur

e 
Pr

in
t G

3 
H

um
an

 G
en

e 
Ex

pr
es

-
si

on
 8

 ×
 6

0K
 

v2
 g

en
e 

ex
pr

es
si

on
 

m
ic

ro
ar

ra
ys

Q
ua

nt
ile

N
S

Si
gn

al
 

th
re

sh
ol

d
N

S
1.

5
0.

03
Li

m
m

a
FD

R
D

AV
ID

0.
05

N
S

FD
R

G
SE

67
18

4
Ro

ja
s-

Pe
na

s 
(2

01
5)

Ill
um

in
a 

H
iS

eq
 2

50
0 

2 
×

 1
00

 P
E

SN
M

Lo
ca

tio
n/

tim
e-

po
in

t, 
su

b-
je

ct
 (r

an
do

m
 

eff
ec

t)

Si
gn

al
 

th
re

sh
ol

d
61

54
N

o
0.

05
N

S
FD

R
N

A
N

A
N

A
N

A

G
SE

67
18

4
G

ar
di

na
ss

i 
(2

01
8)

Ill
um

in
a 

H
iS

eq
 2

50
0 

2 
×

 1
00

 P
E

N
S

N
S

N
S

N
S

N
o

0.
05

Li
m

m
a,

 
re

pe
at

ed
 

m
ea

su
re

s 
A

N
O

VA

FD
R

G
SE

A
 o

n 
bl

oo
d 

tr
an

-
sc

rip
to

m
e 

m
od

ul
es

 
(B

TM
, L

i 
et

 a
l.)

0.
05

pe
rm

u-
ta

tio
n

FD
R

G
SE

75
86

M
ue

hl
en

-
ba

ch
s 

(2
00

7)

A
ffy

m
et

rix
 

U
13

3 
Pl

us
 2

.0
 

G
en

eC
hi

p

G
C

 R
M

A
N

S
N

S
N

S
2.

5
0.

01
t-

te
st

N
o

N
A

N
A

N
A

N
A

G
SE

77
12

2
Ta

ra
w

a 
(2

01
7)

A
gi

le
nt

 S
ur

e 
Pr

in
t G

3 
H

um
an

 G
en

e 
Ex

pr
es

-
si

on
 8

 ×
 6

0K
 

ge
ne

 e
xp

re
s-

si
on

 m
ic

ro
ar

-
ra

ys

Ea
ch

 g
en

e 
ex

pr
es

-
si

on
 a

rr
ay

 d
at

as
et

 
w

as
 n

or
m

al
iz

ed
 

to
 th

e 
in

 s
ili

co
n 

po
ol

 fo
r t

he
 

m
ac

ro
ph

ag
es

 
cu

ltu
re

d 
w

ith
 

RB
C

s

N
S

N
S

N
S

N
o

0.
05

Pa
ire

d 
t-

te
st

N
o

D
AV

ID
0.

05
Fi

sh
er

 
ex

ac
t 

te
st

N
o



Page 9 of 15Hodgson et al. Malar J          (2019) 18:418 

Ta
bl

e 
2 

(c
on

ti
nu

ed
)

D
at

as
et

D
at

a 
ge

ne
ra

tio
n

G
en

e 
on

to
lo

gy
 a

na
ly

si
s

G
EO

 s
er

ie
s

Pu
bl

ic
at

io
n

RN
A

 
Q

ua
nt

ifi
ca

tio
n 

Pl
at

fo
rm

N
or

m
al

iz
at

io
n

A
dj

us
tm

en
t 

fo
r c

ov
ar

ia
te

s
D

efi
ni

tio
n 

ex
pr

es
si

on
Ex

pr
es

se
d 

ge
ne

s
Th

re
sh

ol
d 

FC
Th

re
sh

ol
d 

P
Te

st
M

ul
tip

le
 

te
st

in
g

G
O

 a
na

ly
si

s
Th

re
sh

ol
d 

G
O

 
en

ri
ch

m
en

t 
p

Te
st

M
ul

tip
le

 
te

st
in

g

G
SE

93
66

4
Bu

rl 
(2

01
7)

A
ffy

m
et

rix
 

H
um

an
 G

en
e 

ST
 2

.0
 g

en
e 

ar
ra

y

RM
A

N
S

N
S

N
S

2
0.

05
N

S
N

o
ST

RI
N

G
0.

01
N

S
Co

rr
ec

te
d 

un
sp

ec
i-

fie
d

G
SE

10
05

62
Q

ui
n 

(2
01

7)
Ill

um
in

a 
H

iS
eq

 2
50

0 
2 
×

 5
0 

PE

N
S

N
S

N
S

N
S

N
o

0.
05

Li
m

m
a

FD
R

N
A

N
A

N
A

N
A

G
SE

11
24

Bo
ld

t (
20

19
)

A
ffy

m
et

rix
 

U
13

3A
 +

 B
 

G
en

eC
hi

ps

RM
A

N
S

Si
gn

al
 

th
re

sh
ol

d
N

S
1.

9
0.

00
4

SA
M

FD
R

D
AV

ID
 a

nd
 

In
ge

nu
ity

 
Pa

th
w

ay
 

A
na

ly
si

s

0.
05

N
S

N
S

G
SE

11
40

76
Te

rk
aw

i 
(2

01
8)

A
gi

le
nt

 S
ur

e 
Pr

in
t G

3 
H

um
an

 G
en

e 
Ex

pr
es

-
si

on
 8

 ×
 6

0K
 

ge
ne

 e
xp

re
s-

si
on

 m
ic

ro
ar

-
ra

ys

Ea
ch

 g
en

e 
ex

pr
es

-
si

on
 a

rr
ay

 d
at

as
et

 
w

as
 n

or
m

al
iz

ed
 

to
 th

e 
in

 s
ili

co
n 

po
ol

 fo
r t

he
 n

eu
-

tr
op

hi
ls

 c
ul

tu
re

d 
w

ith
 R

BC
s

N
S

N
S

N
S

2
0.

01
Li

m
m

a
N

o
G

en
om

at
ix

 
G

en
eR

-
an

ke
r, 

D
AV

ID
, 

N
ET

-G
E 

an
d 

En
ric

he
r

0.
05

N
S

Co
rr

ec
te

d 
un

sp
ec

i-
fie

d

G
SE

97
15

8
Ro

th
an

 
(2

01
8)

Ill
um

in
a 

H
iS

eq
 2

50
0 

2 
×

 5
1 

PE

TM
M

Bl
oc

ki
ng

 b
y 

su
bj

ec
t, 

in
 

tw
o 

se
pa

ra
te

 
m

od
el

s 
in

te
r-

ac
tio

n 
w

ith
 

ce
ll 

co
un

t 
an

d 
tim

e 
of

 
pa

ra
si

te
m

ia
 

w
as

 a
dd

ed

Si
gn

al
 

th
re

sh
ol

d
16

,4
73

1.
5

0.
05

Li
m

m
a

FD
R

G
SE

A
 

(c
am

er
a)

 o
n 

bl
oo

d 
tr

an
-

sc
rip

to
m

e 
m

od
ul

es
 

(B
TM

, L
i 

et
 a

l.)

0.
05

Fi
sh

er
 

ex
ac

t 
te

st

FD
R

G
SE

65
92

8
Po

rt
ug

al
 

(2
01

5)
A

ffy
m

et
rix

 
H

um
an

 G
en

e 
ST

 2
.0

 g
en

e 
ar

ra
y

RM
A

N
S

N
S

N
S

N
S

0.
05

A
N

O
VA

FD
R

In
ge

nu
ity

 
pa

th
w

ay
 

an
al

ys
is

N
S

N
S

N
S

G
SE

72
05

8
Fe

in
tu

ch
 

(2
01

6)
A

ffy
m

et
rix

 
H

um
an

 G
en

e 
1.

0 
ST

 a
rr

ay

RM
A

 a
nd

 Q
ua

nt
ile

Pe
rip

he
ra

l 
pa

ra
si

te
m

ia
N

S
N

S
N

o
0.

05
t-

te
st

N
o

G
SE

A
, C

at
e-

G
O

riz
er

 a
nd

 
in

ge
nu

ity
 

pa
th

w
ay

 
an

al
ys

is

0.
2 

an
d 

0.
06

N
S

FD
R

FD
R 

fa
ls

e 
di

sc
ov

er
y 

ra
te

, H
b 

ha
em

og
lo

bi
n,

 N
A 

no
t a

va
ila

bl
e,

 N
S 

no
t s

pe
ci

fie
d 

in
 p

ub
lic

at
io

n,
 R

BC
s r

ed
 b

lo
od

 c
el

ls
, R

M
A 

Ro
bu

st
 M

ul
tic

hi
p 

av
er

ag
e,

 S
N

M
 s

up
er

vi
se

d 
no

rm
al

iz
at

io
n 

of
 m

ic
ro

ar
ra

y,
 T

M
M

 tr
im

m
ed

 m
ea

n 
of

 
M

-v
al

ue
s, 

G
EO

 G
en

e 
Ex

pr
es

si
on

 O
m

ni
bu

s, 
G

E 
ge

ne
 o

nt
ol

og
y



Page 10 of 15Hodgson et al. Malar J          (2019) 18:418 

also varied and there was variable, often incomplete 
reporting of analysis methods used (Table 2).

Transcriptional insights into the immune response 
to malaria infection
Seven datasets provided insight into the transcriptional 
changes associated with NAI to malaria (Table  3) [24–
26, 28–31]. However, given the difficulty in defining or 
quantifying NAI for an individual, studies varied in their 
approach, choosing to examine GEPs in settings of vary-
ing history of prior exposure to malaria [25, 26, 28, 29], 
symptomatology during infection [25] or severity of dis-
ease [24, 32]. All studies examining NAI included small 
numbers of subjects and all deployed different experi-
mental designs (Table 3).

The findings from a number of studies supported a 
dampening of the innate pro-inflammatory immune 
response as a mechanism underpinning NAI [24–26, 33] 
although this finding was not observed in all studies [28, 
29, 31].

One study by Franklin et al. provided evidence of ‘pro-
inflammatory priming’ of the innate immune system 
in acute malaria infection [34]. Comparison of GEP in 
Brazilian adults presenting with uncomplicated malaria 
with paired convalescent samples showed an increase in 
expression in genes involved in TLR signalling pathways 
supporting a role for TLR hyper responsiveness in the 
pathology of malaria infection [34, 35].

Quin et  al. sought to use RNA sequencing to eluci-
date the mechanism driving lower infection rates, lower 
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parasite densities and fewer symptomatic cases of P. fal-
ciparum in the population of Fulani compared to other 
sympatric ethnic groups [33]. Comparison of the GEP 
of monocytes from infected and uninfected Fulani and 
Mossi adults showed a marked difference, with a signifi-
cantly greater number of differentially expressed (DE) 
genes in infected Fulani compared to infected Mossi par-
ticipants (1239 versus 3 DE genes respectively). Pathway 
analysis showed that infected Fulani, but not infected 
Mossi, individuals demonstrated a marked reduction 
in expression of inflammasome pathway components, 
suggesting a blunting of the innate pro-inflammatory 
immune response post-infection could explain the differ-
ences in susceptibility.

Another study sought to examine the genetic basis of 
gene expression variation in malaria [36]. Idaghdour 
et al. compared GEP in children diagnosed with uncom-
plicated malaria (n = 94) in Benin with age matched 
controls (n = 64) [36] and performed a genome wide 
association test of transcript abundance. Testing for gen-
otype-by-infection interactions demonstrated the exist-
ence of genome wide significant interactions and other 
genes subject to interaction effects beneath genome-
wide significance but still likely to have important roles 
in modulating the course of infection. These interactions 
affected the complement system, antigen processing and 
presentation and T cell activation [36].

In work to identify a transcriptional signature to dis-
tinguish acute malaria from other febrile illnesses, Grif-
fiths et  al. compared the GEP of twenty-two Kenyan 
children admitted with febrile illnesses (fifteen of which 
had malaria infection alone) with six convalescent sam-
ples collected 2  weeks post discharge [23]. Two main 
GEPs relating to neutrophil and erythroid activity were 
shown to differentiate acutely ill and convalescent chil-
dren, with significantly higher expression of genes in the 
neutrophil-related gene region in subjects with bacterial 
infections and significantly higher expression of genes 
related to lymphocyte and T cell activation in subjects 
with malaria. The authors also identified two gene pro-
files whose expression intensity correlated with host 
parasitaemia.

Only two datasets included gene expression changes 
following P. vivax infection [28, 30, 37]. Rojas-Penas et al. 
interrogated GEP changes in malaria naïve (MN) and 
malaria-exposed (ME) Columbian volunteers following 
infection with P. vivax in a CHMI setting [28]. Significant 
GEP changes were consistent with time-point rather than 
prior malaria exposure, with a decline in innate immune 
signalling and neutrophil number (in contrast to strong 
up regulation of the same genes reported by Igadour et al. 
[36]) and an increase in interferon induction seen at diag-
nosis. No significant GEP changes were noted at other 

time points, including those relating to the liver stage of 
infection. Further analysis of this dataset by Vallejo et al. 
using network co-expression analysis showed that while 
P. vivax infection induced strong inflammatory responses 
in all participants, the inflammatory response was atten-
uated with pathways associated with antigen processing 
and presentation less enriched in those with prior expo-
sure to P. vivax, suggesting a more ‘tolerogenic’ immune 
response in these individuals [30].

In contrast to this work, Rothen et al. found that tran-
scriptional changes post-CHMI via intradermal injection 
of cryopreserved P. falciparum sporozoites were most 
pronounced on day 5 after inoculation, during the clini-
cally silent liver stage rather than during the blood-stage 
of infection [38].

Transcriptomic studies in specific cell types
Whilst the majority of studies examined the immune 
response from whole blood or PBMCs, some examined 
transcriptomic changes in other cell types or tissues [26, 
33, 39–45]. For example, the work of Muehlenbachs et al. 
with placental tissue highlighted a previously unappre-
ciated role for B cells in chronic placental malaria [39]; 
whilst Sullivan et  al. compared GEPs of classical and 
‘atypical’ memory B cells obtained from Ugandan chil-
dren showing the latter demonstrated down-regulation 
of B cell receptor signalling and apoptosis [43].

Discussion
GEP is a powerful tool to analyse the immune response 
to infection. As this review demonstrates, the applica-
tion of these studies for malaria are wide-ranging, from 
attempts to dissect the mechanisms of NAI to improving 
understanding of the interaction between host genotype 
and infection outcome. However, as a field in its rela-
tive infancy, studies are often hypothesis generating with 
extremely small sample sizes. There is a lack of stand-
ardization ranging from methodological (such as sample 
type, RNA extraction, platform and analysis) to pheno-
type (including precision in disease context and immune 
status). This variation means interpreting published data 
and comparison between studies is challenging. Some of 
this is unavoidable, however, much could be addressed, 
for example by implementing standardization in blood 
sampling, methodological protocols for data genera-
tion and analysis with robust significance testing and 
approaches to confounders, use of ontologies (for exam-
ple human phenotype and gene ontologies) and expert 
curation and annotation of data on deposition [46–49].

GEP studies are well placed to examine the mechanisms 
of NAI and have already helped highlight the role of the 
innate and early adaptive immune responses [24–26]. 
However, work has been limited by the lack of an in vitro 
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correlate or universally accepted definition of NAI, 
meaning identifying the immune status of individuals or 
quantification of immunity is problematic [6, 50]. In field 
studies where the timing of infection and parasite burden 
and dynamics are unknown, and potentially hugely vari-
able between individuals, only limited information can be 
reliably extrapolated from any GEP changes seen. Most 
studies assess gene expression from peripheral blood or 
its components, which does not provide reliable informa-
tion regarding the transcriptional changes in key organs 
such as spleen, liver, and bone marrow. In addition, when 
subjects are recruited at presentation with disease, no 
baseline comparator data are available to use as a con-
trol. Even if a clear difference in GEP were to be reported 
between individuals with and without NAI, it would be 
near impossible to distinguish GEP changes associated 
with parasitaemia from those mediating immunity.

However, there is much potential for the future use of 
GEP studies, particularly in CHMI studies [51, 52] where 
the parasite burden can be pre-defined and dynamics of 
infection closely monitored using highly sensitive qPCR. 
As these studies are increasingly performed in endemic 
settings [53–55], there will be growing opportunity to 
use GEP to understand detailed time-course changes in 
immune response, particularly at the skin, liver and pre-
symptomatic blood-stage, which to date have been diffi-
cult to study in human subjects infected in the field.

Conclusion
GEP in malaria is a potentially powerful tool, but to date 
studies have been hypothesis generating with small sam-
ple sizes and widely varying methodology. As CHMI 
studies are increasingly performed in endemic settings, 
there will be growing opportunity to use GEP to under-
stand detailed time-course changes in host response and 
understand in greater detail the mechanisms of NAI.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1293 6-019-3035-0.

Additional file 1: Figure S1. Flowchart summarizing identification of GEO 
datasets and publications.
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