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~Human host
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A tale of three genomes

Anopheles mosquitos

/'

T

A

Plasmodium falciparum
(malaria parasite)

also Pvivax, P. malariae,
Povale




Reasohs to be opti‘mistic‘

Several countries have eliminated malaria,
several more on course to do so by 2025

WHO World Malaria Report 2022

Il One or more indigenous cases Certified malaria free after 2000
Zero indigenous cases in 2019-2021 No malaria
Zero indigenous cases in 2021 Not applicable

I Zero indigenous cases (>3 years) in 2021

Bangladesh

Reasons to be concerned

Rising antimalarial and insecticide
resistance, including in Africa

= K13 wild-type
K13 R561H
B K13 mutant (other,

“ WELLCOME CENTRE for HUMAN GENETICS Ashley et al, N. Engl. J. Med. 2014, Stokes et al, eLife 2021



“Talk outline

Host-parasite
- genetic
interactions

Discoveries from
genome-wide
association studies

The “classical”
variants
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The malaria hypothesis

“Montalenti [recalled] a gene, lethal .in the
homozygous state, which occurs in the
heterozygous state with such frequency in
some populations (more than 10%) that one
must admit that it represents [..] an advantage
for individuals that carry it”

‘ | - transcript of 1949 meeting
between J.B.S Haldane and G. Montalenti

“1949 was an annus mirabilis when the modern
phase of research on haemoglobinopathies was
initiated. [...] Montalenti observed high frequencies
of thalassemia heterozygotes in formerly malarious

Distribution of Distribution of parts of Italy, and | observed high frequencies of
“ in Africa ~ ' ‘in Africa DETS G -
- A.C.Allison

P.W. Hedrick, Heredity (2011)

“ WELLCOME CENTRE for HUMAN GENETICS A. C. Allison - Biochem molecular biology education (2006)  ©



TABLE 1

With Parasitaemia

Sicklers .. .. 12 (27-9%)
Non-sicklers .. 113 (45-7%)

Allison A. C. BMJ (1954)

“ WELLCOME CENTRE for HUMAN GENETICS

Without Parasitaemia

31 (72-1%)
134 (53-:3%%)

~ The discovery of the protective

effect of sickle haemoglobin.

Infection observed at ~2-fold

lower rates in A/S individuals in

this sample of children from

Uganda (N = 290)



TABLE I ~ The discovery of the protective
effect of sickle haemoglobin.

With Parasitaemia | Without Parasitaemia

Sicklers .. .. | 12279%) 31 (72-1%) 4 ~Infection observed at ~2-fold
Non-sicklers .. 113 (45-7%%) 134 (53-3%) lower rates in this sample of
e e — children from Uganda (N = 290)

Allison A. C. BMJ (1954)

In severe malaria cases:
Odds ratio (95% Q1) Weight (%)

_ . . : , . — A Haemoglobin AS
Effect size against severe malaria is Severe malaria
: Gilles et al (1967)* 0-19 (0.07-0-55)
stronger — a 10-fold protective effect . ociono sl 130619 . 15064 636
| ' | . A A Mockenhaupt et al (2004)* i 0.02 (0-0-28)
. : Ackerman et al (2005)** 0-08 (0-03-0-21)
Now repl_lcated across many populations ey ol (20079 008 (006:041)
and studies. Jallow et al (2009)* 0-09 (0-05-016)

Summary I=0%, p=0-456 ' 0-09 (0-06-0-12)

*
1/100 1/10 (no protection)

“ WELLCOME CENTRE for HUMAN GENETICS Taylor et al Lancet Infect. Dis 201 ?8



The malaria hypothesis

“In the less malarious parts of Accra about 5% of children died

from malaria before they were & years old [..] fairly evenly
spread over the first five years of life. In the more malarious
suburban areas, there were many more deaths from malaria in

the first two years of life”
- Colbourne M.J. and Edington G.M., BMJ 1956

~ Malaria provides a poSitive selective force on these human
genetic alleles — pushing them to higher frequency.

“ WELLCOME CENTRE for HUMAN GENETICS



Sickle homozygotes and heterozygots

- Sickle cell anaemia aetiology is well understood...

Haemoglobin P.S. Frenette and G.F. Atweh, JCI (2007)

Edelstein 1973

...but.it’s still not really understood how sickle heterozygotes are protected
although many mechanisms have been proposed

“ WELLCOME CENTRE for HUMAN GENETICS Image credit: Richard Wheeler 10



The malaria hypothesis

Malaria provides a positive selective force on these human
genetic alleles — pushing them to higher frequency.

Anaemia causes a negative selective force.

What would happen if this balancing force wasn’t there?

“ WELLCOME CENTRE for HUMAN GENETICS
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The sweep of protection against P.vivax

Duffy —ve allele frequency

'.

‘*'. J’:wo‘o.’. ' e
L

o, | T8 / Gene
..ccaAGATAAGAGC.. DARC expressed

\

The GATA transcription factor binds to a DNA motif
upstream of the DARC gene, causing gene expression

%  P. vivax-positive surveys

*  P. vivax-negative surveys

o Duffy surveys

Sub-Saharan Africa boundary

7/, 75% Confidence of >95% Fy(a-b-)

§\\\ 95% Confidence of =95% Fy(a-b-)

Fy(a-b-) frequency

B o1 = 60-70%

10-20%
[ 2030

B s040% N 70-98%
B <0-s50%

. 100% One of the few examples of a selective sweep
B s> R - (o)

in the human genome

Rosalind R. Howes et al, Nat. Comm. 2011 12



The sweep of protection against P.vivax

Duffy —ve aIIeIe frequency

L .. ”‘,.

.V‘*' J’ow’:‘f g o;:, i
*} “ : X
’ Gene
..ccaAGATARAGAGC... DARC expressed
f
/
.ccaaAGGTAAGAGC... DARC Gene not
%  P. vivax-positive surveys ? | 1 1 1 eXpressed
*  P. vivax-negative surveys w \
o Duffy surveys p
S s ey . The ‘FY*0’ mutation ‘turns off’ expression by
77/, 75% Confidence of >95% Fy(a-b-) | | | d|Sru ptmg the GATA Slte

§\\\ 95% Confidence of =95% Fy(a-b-)

Fy(a-b-) frequency

B o0 = 60-70%

ﬁzo—aoéfo = 70 980/
B 040 [ - Y .
— P L One of the few examples of a selective sweep
oo M 98-100% % in the human genome

Rosalind R. Howes et al, Nat. Comm. 2011 13



Discovery of  Discovery of

rotection due FY*0
i to sickle “(P.vivax) (Many other alleles
(1950s) (1970s) proposed)
" RN | | | |
1949 2005

“How Malaria Has Affected the Human Genome and What Human Genetics Can Teach Us about Malaria”
— Dominic Kwiatkowski Am'J Hum Genet 2005

“ WELLCOME CENTRE for HUMAN GENETICS



~ Genetic variants proposed to provide protection circa 2005

Fﬁg"‘:{' géogg; Alpha-globin GlycophorinAandB ~ G6PD ~ “Band3”  (DARC
B - th’alass,aemia o - thalassaemia deletions deficiency ovalocytosis For P.vivax)
Haptoglobin | -0 blood group ‘ PIEZO1
Cytoadhesion; | CD36 . CR1 | ICAMT PECAM1
f i i 1 i Interferon
: CD40 ligand HLA receptor i
I mmun |ty: LA Immune activation antigen presentation compopnents Injerlenkins
MBL2 NOS2A Tumer Necrosis Factor Interferon Gamma

“How Malaria Has Affected the Human Genome and What Human Genetics Can Teach Us about Malaria”
— Dominic Kwiatkowski Am'J Hum Genet 2005

“ WELLCOME CENTRE for HUMAN GENETICS 15



Discovery of  Discovery of

protection due FY*0
to sickle - (P.vivax)
(1950s) (1970s)
N N/
1949

“When the same polymorphism has been tested in different
geographical locations, the results have been variable - not
simply failure to replicate but, in some cases, the association of

the same polymorphism with susceptibility to severe malaria in
one study and with resistance in another.”

(Many other alleles
proposed)

|

2005

“How Malaria Has Affected the Human Genome and What Human Genetics Can Teach Us about Malaria”

“ WELLCOME CENTRE for HUMAN GENETICS

— Dominic Kwiatkowski Am'J Hum Genet 2005
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MalariaGEN collected over 30,000 cases and controls

Whole-genome sequences Study samples

Group Trios Duos Other TOTAL Group Cases Controls TOTAL

® Gambia Africa

FULA 31 B Gambia 2567 2605 5172
JOLA 32 ) N W Mali 274 183 457
MANDINKA 33 = g M Burkina Faso 733 596 1329
WOLLOF 32 B Ghana 399 320 719
® Burkina Faso > W Nigeria 113 22 135
MOSSI 0 B Cameroon 592 685 1277
® Cameroon W Malawi 1182 1317 2499
BANTU 5 . B Tanzania 416 403 819
SEMIBANTU 8 7 j v N Kenya 1681 1615 3296
® Tanzania ’ . Asia
CHAGGA 21 -, M Vietnam 718 546 1264
PARE 22 7 Oceania
WASAAMBA 23 PNG 402 374 776

~400 population individuals - » : ‘ Over 17,000 severe cases
to add to available reference and controls with human
genetic data genome-wide data

Malaria

“ WELLCOME CENTRE for HUMAN GENETICS GENOMIC EPIDEMIOLOGY NETWORK
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Gambia
® MANDINKA (1617)
® FULA (912)
® JOLA(791)
® WOLLOF (760)
® SERERE (256)
® MIXED / OTHER (227)
® MANJAGO (146)
* SEREHULE (142)

Burkina Faso
® MOSSI (1292)

Cameroon
SEMI_BANTU (573)
BANTU (505)
MIXED / OTHER (58)

Tanzania
MZIGUA (245)
WASAMBAA (244)
WABONDEI (149)
MIXED / OTHER (148)

T T T

-0.10  0.10

Papua New Guinea
MADANG (479)
® MIXED /OTHER (71)
® SEPIK (70)

“ WELLCOME CENTRE for HUMAN GENETICS

-0.10 0.05

-0.05 0.05

T 11
-0.05 0.05

Ghana
KASEM (273)
NANKAM (205)
AKANS (167)
MIXED / OTHER (73)

-0.05 0.05

02 04

-0.15 0.00 0.15

e

-0.05 0.05

» <

G T Toale)
-0.20 -0.05

-0.3 0.0

Vietnam

® KINH (1154)
MIXED / OTHER (75)

-0.15 0.00 0.15

-0.15 0.00

| P L
-0.05 0.10

Nigeria

® YORUBA (124)
® MIXED/OTHER (5)

»
-
©

-0.10

Kenya
GIRIAMA (1525)
® CHONYI(947)
KAUMA (295)
® MIXED/OTHER (180)
KAMBE (50)

Mali

® BAMBARA (225)
® MIXED / OTHER (139)
® MALINKE (57)

-0.2 0.1 0.4

Malawi
* MALAWI (2471)

-0.05 0.10

-0.20 0.00

19



Only a handful of variants show strong associations

Best posterior model
Fixed effects

Variable across subphenotypes
Variable across populations

Evidence for
association
(logio BF)

ti:?
X
0
&
i
2
%

DR BT &

12 183 415 16 17 19 21

Position in human genome

- The human genome is very big, with millions of variants.
You need very strong evidence (say > 1076) to get convinced in this type of study.

“ WELLCOME CENTRE for HUMAN GENETICS cf also Timmann et al Nature 2012 20



~ Genetic variants proposed to provide protection circa 2005

Fﬁg’: géogg; ~ Alpha-globin GlycophorinAandB ~  G6PD / “Band /3"
B - th’alass’aemia a - thalassaemia deletions deficiency ovalocytosis
Haptoglobin | -0 blood group ‘ PIEZO1
Cytoadhesion; | CD36 - CR1 | ICAMT PECAM1
| | | ‘ ‘ Interferon
: CD40 ligand HLA receptor i
I mmun |ty: LA Immune activation antigen presentation compopnents Injerlenkins
MBLZ2 NOS2A Tumer Necrosis Factor Interferon Gamma

“ WELLCOME CENTRE for HUMAN GENETICS A



~ Genetic variants proposed to provide protection circa 2005

ﬁ%tﬂgéoﬁgﬁ. Alpha-globin GlycophorinAandB ~ G6PD .~ “Band 3"
B - th’alass’aemia a - thalassaemia deletions deficiency ovalocytosis
Haptegiobin | -0 blood group ‘ PIEZO1
Cytoadhesion; | CP36 - CR1 | ICAMT PECAM1
| | | Interferon
10 1i s ) . :
Im mun Ity PLBHRA ImCrE;g ;lc{a?';idon antigen I;;Ir]_‘e?e“tation recRor Interleakins
‘ - » components
MBLZ NOS24 Tumer Necrosis Factor Interfersci: Gamma

“ WELLCOME CENTRE for HUMAN GENETICS 22



~ Genetic variants proposed to provide protection circa 2005

i@tiféoﬁﬁé Alpha-globin GlycophorinAandB =~ G6PD . “Band3”
B - th’alasséaemia a - thalassaemia deletions deficiency ovalocytosis
+ duplications!

Haptegiobin | O blood group ‘ PIEZO1 ATP2B4
RBC calcium pump!
Cytoadhesion; l CcP36 L CR1 ‘ ICAM1 [ PECAM1
| | i Interferon
Immunity: Fcorza - CP40ligand B receptor Intericakins
. mmune activation dan 1ged preSth datlion ComponentS
MBL2 NCS2A Tumer Necrosis Factor Interfersci: Gamma

“ WELLCOME CENTRE for HUMAN GENETICS 23



Only a handful of variants show strong associations

Best posterior model
Fixed effects

Variable across subphenotypes
Variable across populations

Evidence for
association
(logio BF)

ti:?
X
0
&
i
2
%

DR BT &

12 183 14 15 16 17

Position in human genome

- The human genome is very big, with millions of variants.
You need very strong evidence (say > 1076) to get convinced in this type of study.

“ WELLCOME CENTRE for HUMAN GENETICS
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Erythrocyte-specific calcium control at ATP2B4

= direction of transcription

ATP2B4 is expressed in
all cells in this form

But in red cells in this
form

The risk allele has a

GATA site, and expressed ATAAGAT.. | 4 | | | | |
the gene 7 Srect N The protective allele disrupts the GATA site and
-GAGCGGTAxGaT.. does not express the gene

“ WELLCOME CENTRE for HUMAN GENETICS



Erythrocyte-specific calcium control at ATP2B4

= direction of transcription

ATP2B4 is expressed in
all cells in this form

But in red cells in this
form

The risk allele has a
GATA site, and expressed
the gene

Cat
Ca*

“ WELLCOME CENTRE for HUMAN GENETICS

.GAGCGATAAGAT..

-GAGCGGTAAGAT.. does not express the gene

The prdtective allele disrupts the GATA site and

A , 4 | 4 Ca*
ATP2B4 is a calcium pump. Cat Ca* Ca*
It removes Ca* from the cell. Cat

Ca*

26



Erythrocyte-specific calcium control at ATP2B4

= direction of transcription

ATP2B4 is expressed in
all cells in this form

But in red cells in this
form

The risk allele has a

GATA site, and d K - < < : | < |
the gene PR R The protective allele disrupts the GATA site and
-GAGCGGTAAGAT.. does not express the gene
Ca* ATP2B4 is a calcium pump. Ca*

It removes Ca* from the cell.

Parasitophorous
vacuole

“ WELLCOME CENTRE for HUMAN GENETICS Lessard et al 201 7, Zambo et al 2017 27



Only a handful of variants show strong associations

Best posterior model
Fixed effects

Variable across subphenotypes
Variable across populations

Evidence for
association
(logio BF)

ti:?
X
0
&
i
2
%

DR BT &

12 183 14 15 16 17

Position in human genome

- The human genome is very big, with millions of variants.
You need very strong evidence (say > 1076) to get convinced in this type of study.

“ WELLCOME CENTRE for HUMAN GENETICS
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Structural variation of glycophorins is associated with protection

Genes on reference haplotype

GYPE GYPB GYPA
—i—% —

Genes on haplotype protective against severe malaria

GYPE GYPE Dantu hybrid Dantu hybrid ~ GYPA

Okb 100 kb 200 kb 300 kb 400 kb 500 kb 600 kb

“Dantu NE” blood group variant, only found in parts of east Africa

“ WELLCOME CENTRE for HUMAN GENETICS E. Leffler et al Science 2017
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Structural variation of glycophorins is associated with protection

Genes on reference haplotype

GYPE GYPB GYPA
—i—% —

Genes on haplotype protective against severe malaria

GYPE GYPE Dantu hybrid Dantu hybrid ~ GYPA

Okb 100 kb 200 kb 300 kb 400 kb 500 kb 600 kb

Non-Dantu Dantu homozygote
*k *k

Failed invasions

“Dantu NE” blood group variant, only found in parts of east Africa

Membrane tension

Successful invasions

Successful invasions

“ WELLCOME CENTRE for HUMAN GENETICS E. Leffler et al Science 2017 S.Kariuki et al Nature 2020 30



Sickle'haemogliobin
Glycophorin A/B duplications!
ATP2B4 (RBC calcium channel)
Blood group O

(Intragenic SNP)

HbC

“ WELLCOME CENTRE for HUMAN GENETICS

CM+SMA
M

SMA
OTHER

CM+SMA
CM
SMA
OTHER

CM+SMA
CM
SMA
OTHER

CM+SMA
CM
SMA
OTHER

CM+SMA
CM
SMA
OTHER

Estimated effects

cq

0.125 0.25

11% 21%

9% 15%

34% 47% 55%

80% 93% 97%

0% 3% 10%

0.5

Protective genotype frequency

0000000

- 0@
00000000
0000000060060
900 00060

31
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“ WELLCOME CENTRE for HUMAN GENETICS

A substantial proportion of the heritability
remains unexplained

That'is — there is probably more to find, if only
we had large enough samples.

Ky



“Talk outline

Host-parasite
- genetic
interactions

1949 2023
TIME
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O blood type
frequency ~ 50%
RR ~ O. /5 (recessive):

ATP2B4 calcium

pump variation
frequency ~ 50%
RR ~ 0.66

(recessive)

“ WELLCOME CENTRE for HUMAN GENETICS

Dantu blood type
frequency ~ 0-170%
RR ~ 0.6

(additiv8)

Sickle haemoglobin
(HbS)
Frequency ~ 2-20%

RR ~ 0. 7-0.2
(heterozygote)

Allison Br Med. J. (1954)

GWAS of severe malaria susceptibility - MalariaGEN Nature Communications 2019



Oblood.type —\ /7 Dantu blood type | | | o

| > | ; | S
ATP2B4 calciurm 4 ~ Sickle haemoglobin alciparum

o (HbS) 23Mb genome
- pump variation | | | | | | | ~>5,000 genes

millions of variants

Have parasite populations adapted?
(And is this detectable in current populations?)

“ WELLCOME CENTRE for HUMAN GENETICS



Human — P.falciparum genetic association study

“Malaria protection due to sickle haemoglobin depends on parasite genotype”, 2021

https://doi.org/10.1038/s41586-021-04288-3

“ WELLCOME CENTRE for HUMAN GENETICS
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welicome LONDON AR5 -
« Sanger KEMRI|\Wellcome Trust IVGIENT (s Malaria

. institute S \UAXYY  GENOMIC EPIDEMIOLOGY NETWORK

Plan of our analysis:

1. Sequence the P.falciparum genome in severe malaria cases
selected from our previously published human GWAS*

2. Test for association between human and parasite genetic variants

B WELLCOME CENTRE for HUMAN GENETICS *MalariaGEN human GWAS, Nature Communications 2019



Investigating human-parasite genetic interaction in severe malaria cases

1. Sequence the P falcjparum genome in severe malaria cases from the
published human GWAS

] Banjul, The Gambia
N=2,721

WGS; parasitaemia = 80,000 pf/ ul

W Kilifi, Kenya
N=2,375

sWGA,; parasitaemia = 67 pf/ul

350
250

Collected in 1995-2009 20x

60/
—

sWGA; "zero" parasitaemia

isWGA parasitaemia = 90 000 pf/ul

Variant calling and quality control

Overlap with human data J

Previously generated -
human genome-wide
genotypes and N= 3,346 samples

Imputation

“ WELLCOME CENTRE for HUMAN GENETICS @



!

2. Test for association pairwise between human and P/ variants
using a simple logistic regression framework:

9Pf ~ 9human * country

Software at: www.well.ox.ac.uk/~gav/hptest

Focus on candidates: Focus on ‘easy’ parts:

Biallelic variants in core genome
Seen in at least 25 infections across the sample.
51,552 variants in-total : :

. Known protective mutations
. Further putative associations
« < Blood group gene variants
. HLA alleles

(...excludes multiallelics and complex regions)

“ WELLCOME CENTRE for HUMAN GENETICS



Three regions of the Pf genome are associated...

Evidence for association :

for P.falciparum variants
(averaged over human variants)

c-&‘o-'--t&-ﬂh-ﬂ.uﬁ.&swu;—iwuoahu.&hw;“

4 5 6 7 8 9 10 11 12 13 14

P.falciparum genetic variants

“ WELLCOME CENTRE for HUMAN GENETICS



Three regions of the Pf genome are associated with...

Evidence for association
for P.falciparum variants
(averaged over human variants)

c-&‘o-'--tmm.ha-é.uﬁm:“u;.iwuoahu.ndwzw

5 6 7 8 9 10 11 13 14

Evidence for association
for human variants
(averaged over Pfvariants)

Blood group genes

“ WELLCOME CENTRE for HUMAN GENETICS



Three regions of the Pf genome are associated with HbS

Pfsal 27 Pfsas3

Evidence for association :
for P.falciparum variants Pfsa2 i

averaged over human variants . ‘ . . .
( J ) 20 8070 IR 03030 BN 0 it0n 00.0h . M0 s Buvie 1eso e 21 100D o D5t s K2t Peet? aveloind

5 6 7 8 9 10 11 12 13 14

A

Sickle haemoglobin (HbS)

Evidence for association
for human variants
(averaged over Pfvariants)

Blood group genes

Prsa ="“Plasmodium falciparum sickle-associated”

“ WELLCOME CENTRE for HUMAN GENETICS



Three regions of the Pf genome are associated with HbS

Prsal | Prfsa3

Evidence for association
Pfsa’

for P.falciparum variants
(averaged over human variants)

2o B VI 30 B i 00,0 s Bt e 2008 8 35 . K5 Pt el

5 6 7 8 9 10 13 14

Sickle haemoglobin (HbS) i .

Evidence for association
for human variants
(averaged over Pfvariants)

P ‘._*-“MW

Candidate associations

Pfsal Pfsa3

chr11:1,058,035
chr2:631,190 _;_

Evidence for association +

for P.falciparum variants ch2:514,255 i
®

+ L]
Pfgenome: .

«l-w-s'ﬂﬁnm;m‘.m O ir oo’ andeetIndanny 1 Wi nPSn sientiew

® 1127300
F1127200 wd [127800
R0215200 ™ 0215600 R 0220700 W 1127000 B 1127600
= ACS9 = 0275400  w= ORCS #0220200 R0220500 Bt 1126500 R 1126800 R 1127400
Rt RONG wl ACSS Rt R PB2 R 0219900 Fews 0220100 e 0220400 B—— CLAG2 wesd 1126700  WdUTPase  +R 1127700
Rt 0214800 30215100 B 0215500 +ADHHCI1 Pt [ 5 A3 20220300 & 0220600 wid 1126600  ASNRPF  E=1127500
I T T T T T 1 m T T T T 1 L T T T T 1
610,000 620,000 630,000 640,000 650,000 790,000 800,000 810,000 820,000 830,000 1,040,0001,050,0001,060,0001,070,0001,080,000

Position on chromosome 2 Position on chromosome 2 Position on chromosome 11




The protective effect of HbS varies with Pfsa genotype

Sample counts N = 4,071 severe malaria cases
Pfsa3

Pfsa2 HbS genotype
Pfsal — AA AS SS AA AS SS

941 1251 3
125 +

55

32

14

12

18

133 | 20

325 | 6

Pfsa genotype
- = reference allele

+ = HbS-associated
allele

gH+ 1+ 10+
S+ ++ 01 4+
+++1 +1 11

T
o,
~

Gambia Kenya

45 of 49 severe infections of individuals with HbS genotypes
were with Pfsa+ parasites

“ WELLCOME CENTRE for HUMAN GENETICS



The protective effect of HbS varies with Pfsa genotype

Sample counts Relative risk of HbS
Plsa3 by Pfsa genotype

Pfsa? HbS genotype

AR AS  SS AA AS 1/256 1/64 1116 1/41/21 2 4
Prfsal —

Population controls —— 2284 396 15 3365 600 :
941 1251 3 - s (R =0.012
125 4

® S 2 = 0.09

14
12 RR =0.17
18 § ey »

133 | 20 ' %
325 | 6 : D RR = 0.83

Pfsa genotype
- = reference allele

+ = HbS-associated
allele

’§++I+II+I
<+ 1 ++1 +1 1
+++1 + 1 1 1

T
o,
~

Gambia Kenya 1/256 1/64 116 1/4121 2 4

Pfsa+ parasites may have overcome HbS protection

Dl WELLCOME CENTRE for HUMAN GENETICS https://doi.org/10.1038/s41586-021-04288-3 + caveats!



The protective effect of HbS varies with Pfsa genotype

Pfsa3 Relative risk of HbS
Prea? _I by Pfsa genotype

1/256 1/64 116 1/4121 2 4

Pfsal —

L —— RR = 0.012

- =

Pfsagenotype | ~ 7T~ i .— RR =10.09
- = reference allele :
. + + -
+ = HbS-associated

lele -+ 4+ E _— RR = 0.17

+ -+
++ +

Crived) — RR = 0.83

| I N N B B B e
1/256 1/64 116 1/4121 2 4 /

Pfsa+ parasites may be able to overcome HbS protection

Dl WELLCOME CENTRE for HUMAN GENETICS https://doi.org/10.1038/s41586-021-04288-3 + caveats!



Pfsa frequencies vary widely within and between populations

Pfsal+ frequency
chr2:631,190 T=A

Wellcome Open Research Wellcome Open Research 2021, 6:42 Last updated: 29 MAR 2021

W) Check for updates

RESEARCH ARTICLE

Pfsa2+ frequency

: : - hr2:814,288 C>T
An open dataset of Plasmodium falciparum genome variation chi2814,268 G-

in 7,000 worldwide samples

MalariaGEN Pf6

Wellcome Open Research 2021 Pfsa3+ frequency
chrl11:1,058,035 T>A

African pops non-African pops

“ WELLCOME CENTRE for HUMAN GENETICS



Pfsa frequencies vary widely within and between populations
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The Pfsa alleles are in strong linkage disequilibrium i.e. they co-occur
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The Pfsa alleles are in strong linkage disequilibrium i.e. they co-occur

r=0.80 Correlation between
Pfsa+ alleles in severe

malaria cases...
After excluding HbS individuals

..or in-milder infections:
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The Pfsa alleles are in strong linkage disequilibrium i.e. they co-occur
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”’Reverse malaria hypothesis”

Pfsa- carrylng paraS|tes are able to mfect and cause dlsease In HbS carrylng
individuals.. | |

. ..'.if SO, ’they ére présumably poAsitiveI.y selécted ih indiViduaIS carrying HbS — é
kind of reverse malaria hypothesis.

~ + This must be one of the selective forces generating the unusual population-

genetic features - but any competing forces are currently unknown.

~» Raises many questions...
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Puzzles and questlons

o What IS the underlylng blology7
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* How is the long-range LD maintained?

» What happens in other populations - or in milder cases?

* How does sickle provide protection anyway?
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Discovery of
protection due
to sickle
(1950s)

A
1949
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Discovery of
sickle-associated
- Pf variants

S
2021 2023



Stop press

Hamilton W. ; Amenga-Etego L.
“A fourth locus in the Plasmodium falciparum genome associated with sickle haemoglobin”
bioRxiv (2023)

chr11:1,058,035 T > A

(Pfsad) There appears to be
chr2:631,190 T > A a 4t Pfsa locus in
Evidence e west Africa.

& chra:f121,473 T>A

: (Putafive new jlocus)

Discovered in non-
severe cases from
Ghana

Parasite genome
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Discovery of
protection due

to sickle » ~ . 4 | 4 ‘ . | - More discovery

(1950s) (& translatable
| insights?)

1949 2023
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% The missing part of my talk: mosquito genomics

0.053 (2.0)

\

0.139 0.7)

The Anopheles gambiae 1000.Genomes Consortium, Nature 2017
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“Describing population structure.

~ Tracking insecticide resistance and

gene flow.

Parasite-vector interactions?

57
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Parasite gene expression (RNA levels)

sickle=associated
(Pfsa+) parasite

T=9

Hours post-invasion

v PF3D7_1127000 © othergenes |

Pfsa- parasite

The parasite takes about 48 hours to replicate within red cells (then they burst and the parasites re-
invade). What does gene expression look like across this cycle?
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sickle=associated
(Pfsa+) parasite

T=15

Hours post-invasion

v PF3D7_1127000 © othergenes |

Pfsa- parasite
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sickle=associated
(Pfsa+) parasite

T=21

Hours post-invasion

v PF3D7_1127000 © othergenes |

Pfsa- parasite
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sickle=associated
(Pfsa+) parasite

T=24

Hours post-invasion

v PF3D7_1127000 © othergenes |

Pfsa- parasite
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sickle=associated
(Pfsa+) parasite

T=27

Hours post-invasion

v PF3D7_1127000 © othergenes |

Pfsa- parasite
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sickle=associated
(Pfsa+) parasite

T=30

Hours post-invasion

v PF3D7_1127000 © othergenes |

Pfsa- parasite
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sickle=associated
(Pfsa+) parasite

T=33

Hours post-invasion

v PF3D7_1127000 © othergenes |

Pfsa- parasite
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sickle=associated
(Pfsa+) parasite

T=39

Hours post-invasion

v PF3D7_1127000 © other genes |

Pfsa- parasite
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sickle=associated
(Pfsa+) parasite

T=45

Hours post-invasion

v PF3D7_1127000 © othergenes |

Pfsa- parasite
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T=48

Hours post-invasion

v PF3D7_1127000 © other genes |
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