The human pathobiome:
detection of pathogen-pathogen interactions
from snhapshot surveillance data
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From understanding individual infections to understanding the
impacts of the ‘pathobiome’ or ‘pathocenosis’.
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How can we detect pathogen-pathogen interactions in humans (and
other species) using minimally-invasive techniques?

e snapshot disease surveillance data (e.g., 16s, antibody
screening, etc. on individuals at a single point in time)

 at least to generate novel hypotheses
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How can we detect pathogen-pathogen interactions in humans
(and other species) using minimally-invasive techniques?
e snapshot disease surveillance data (e.g., 16s, antibody
screening, etc. on individuals at a single point in time)
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How can we detect pathogen-pathogen interactions in humans
(and other species) using minimally-invasive techniques?
e snapshot disease surveillance data (e.g., 16s, antibody
screening, etc. on individuals at a single point in time)

Association Screening Analysis
(Vaumourin et al., 2014)




How can we detect pathogen-pathogen interactions in humans
(and other species) using minimally-invasive techniques?
e snapshot disease surveillance data (e.g., 16s, antibody
screening, etc. on individuals at a single point in time)

Association Screening Analysis
(Vaumourin et al., 2014)

Individu LL FP  MA HCV HTLV EBO RFT DEN WNV CHK
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Association Screening Analysis
(Vaumourin et al. 2014)
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Association Screening Analysis
(Vaumourin et al. 2014)
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Plasmodium falciparum
distribution

Association Screening Analysis
(Vaumourin et al. 2014)
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Association Screening Analysis
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(Vaumourin et al. 2014)
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How can we detect pathogen-pathogen interactions in humans
(and other species) using minimally-invasive techniques?
e snapshot disease surveillance data (e.g., 16s, antibody
screening, etc. on individuals at a single point in time)

Association Screening Analysis
(Vaumourin et al., 2014)
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SCN + Rarefaction

% data sampled robustness
Association: Il fp ma hc ht eb rf de wn ch
Order Il fo mahc ht eb rf de wn ch AsDirection 10% 2 100% score (RR)
1018 1 1 # Frequent 0O O0O0OO0OO0111 11 5
880 1 1 # Frequent 0000001111 4
1017 1 1 1 # Frequent 0O 00O0OO0OO0OO0O1111 4
1014 1 1 # Frequent 0O 0O0O0OO0OO0OOO0OI1TI11 3
112 1 1 1 1 # Frequent OO0 0OO0OO0OO0OO0O111 3
892 1 1 # Rare 0O 0O0O0OOOOOT11 2
1020 1 # Rare 0O 0O0O0OO0OO0OO0OOO0OT11 2
256 1 1 # Frequent OO0 0OO0OO0OOO0OO0T11 2
830 1 1 1 # Rare 0O 0OO0OO0OO0OOOO0OI11 2
505 1 1 1 1 # Random 0O 0O0O0O0O0O0OOODOOT1I 1
506 1 1 1 # Frequent O O0O0O0OOOOODQO01 1
126 1 1 1 1 # Frequent 0O 0O0O0OO0OO0OOODOOT1I 1
182 1 1 1 1 1 # Random 0O 00OO0OO0OOOOOT1 1
298 1 1 1 1 1 1 # Random 0O 0O0O0OO0OOOOOOT1I 1
312 1 1 1 1 # Random 0 0O0O0O0O0O0OOODOOT1I 1
1016 1 # Rare 0O O0O0O0OOOOODQO01 1
352 1 1 1 # Frequent 0O 0O0O0OO0OO0OOODOOT1I 1
415 1 1 1 1 # Random 0O 00OO0OO0OOOOOT1 1
757 1 1 1 1 # Random 0O 00O0O0OOOOO0OOGO0O1 1
489 1 1 1 1 1 # Random 0000 OOOOOO0O O
695 1 1 1 1 # Random 0O 0O0O0OOO0OOOO0O O
469 1 1 1 1 1 # Random 0O 0O0O0O0OOOOOO0O O
480 1 1 # Frequent 0O00O0OOOOOO0O O
633 1 1 1 1 1 # Random 0O 0O0O0O0OOOOOOO0O O
496 1 1 # Rare 0O 0O0O0O0OOODOOO0O O
512 1 # Rare 0O 0O0O0OOO0OOOO0O O




SCN + Rarefaction

% data sampled robustness
Association: Il fp ma hc ht eb rf de wn ch
Order Il fo mahc ht eb rf de wn ch AsDirection 10% 2 100% score (RR)
1018 1 1 # Frequent 0O O0O0OO0OO0111 11 5
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892 1 1 # Rare O OO0 O0OOOOU O 1 1_2
1020 1 # Rare 0O 0O0O0OO0OO0OO0OOO0OT11 2
256 1 1 # Frequent OO0 0OO0OO0OOO0OO0T11 2
830 11 T # Rare Oo0oo0oo0oo0o0oo0o011 72
505 1 1 1 1 # Random 0O 0O0O0O0O0O0OOODOOT1I 1
506 1 1 1 # Frequent O O0O0O0OOOOODQO01 1
126 1 1 1 1 # Frequent 0O 0O0O0OO0OO0OOODOOT1I 1
182 1 1 1 1 1 # Random 0O 00OO0OO0OOOOOT1 1
298 1 1 1 1 1 1 # Random 0O 0O0O0OO0OOOOOOT1I 1
312 1 1 1 1 # Random 0 0O0O0O0O0O0OOODOOT1I 1
1016 1 # Rare 0O O0O0O0OOOOODQO01 1
352 1 1 1 # Frequent 0O 0O0O0OO0OO0OOODOOT1I 1
415 1 1 1 1 # Random 0O 00OO0OO0OOOOOT1 1
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633 1 1 1 1 1 # Random 0O 0O0O0O0OOOOOOO0O O
496 1 1 # Rare 0O 0O0O0O0OOODOOO0O O
512 1 # Rare 0O 0O0O0OOO0OOOO0O O




Gabon Results

Interesting patterns
identified:

1. Chicken or the egg:
Geographic distributions for
malaria infection and Ebola
virus antibodies are tightly
correlated (p=0.43, p<0.01)
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Gabon Results

SCN + Rarefaction

% data sampled robustness
Association: Il fp ma hc ht eb rf de wn ch
Order I fp mahc ht eb rf de wn ch AsDirection 10% > 100% score
1018 Tt # Frequent o0 000111115
880 1 1 # Frequent 000OO0OO0OO0O1T1T1T1 4
. . . e 1017 1l # Frequent 0.0.0.0.0.0.1.1 .1 .1 4
Interestlng patterns identified: 1014 1 1 #Frequent 0000000111 3
112 1 1 1 1 # Frequent 000OO0OOOOT1111 3
892 1 1 # Rare 00O0OO0OOOOO0OT1I1 2
. . 1020 1 # Rare 000OO0OOO0OOO0OT11 2
3. Chicken or the egg: Geographic 256 1 1 # Frequent 0000000011 2
. . . . . . 830 11 1 # Rare 0o000OO0OO0OO0OO0O11 2
distributions for malaria infection _ - : :
Response: Probability of Plasmodium spp. Infection
and Ebola virus antibodies are Random effects:
. Groups Name Variance Std.Dev.
tightly correlated (p=0.43, p<0.01), Department (Intercept) 09276  0.9631
oy . . Number of obs: 4091 , 40 department groups
but the positive association
: ; e : Fixed effects:
remains significant even after this estimate St Eror  zvalue  Priolzl)
has been taken into account (Intercept) -0.260575 0.19892 -1.31 0.19021
sex 0.185654 0.069827 2.659 0.00784 **
(G LMM). age -0.010261  0.002443 4201 2.66E-05 ***
Ebola Ab+ 0.489036 0.093638 5.223 1.76E-07 ***
Chisq Pr(>Chisq)
mod
mod + EbAb 27.146 1.89E-07 *kx




How can we detect pathogen-pathogen interactions in humans
(and other species) using minimally-invasive techniques?
e snapshot disease surveillance data (e.g., 16s, antibody
screening, etc. on individuals at a single point in time)

Association Screening Analysis
(Vaumourin et al., 2014)
e 3 advantages:
1. Powerl!l!
2. More than just pairwise associations




Gabon Results

Interesting patterns
identified:

2. Loa loa and Mansonella
perstans are tightly
associated, but the rarity of
solo M. perstans infections
and abundance data
suggests L.loa plays a
within-host facultative role.
Furthermore, when Mp and
LI co-infect, they appear
more often in hosts with
lower evidence of exposure
to other parasites.

Association: |
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SCN + Rarefaction

% data sampled
10% > 100% RR

Direction VS VS VS VS VSVSVSVSVSVSVSA
Frequent 000OO0O011111
Frequent
Frequent
Frequent
Frequent
Rare

Rare

Frequent
Rare

Random
Frequent
Frequent
Random
Random
Random
Rare

Frequent
Random
Random
Random
Random
Random
Frequent
Random
Rare

Rare
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Gabon Results
Generalized Linear Models:

Response: Number of other Abs present (HTLV,WNV,DENV,CHKV,RFV)

Co-Infection Fixed effects: Estimate df Deviance Resid.Df Deviance Pr(>Chi)
Null (poisson) -1.142 1596 1615.9 1.55E-14 ***
: age 0.019 1 84.315 1595 1531.6 < 2.20E-16 ***
!ntere_s_tlng patterns sex (male) 0.038 1 0.049 1594 1531.6 0.825604
identified: department 14 68795 1580 1462.8  3.19E-09 ***
malaria+ -178 1 8.687 1579 1454.1  0.003206 **
Eb Ab+ 0.011 1 0.004 1578 1454.1  0.951932
2. Loa loa and Mansonella Fil_coinfection  -0.525 1 7516 1577 1446.6  0.006115 **
perStanS are tlghtly M. perstans Fixed effects: Estimate df Deviance Resid.Df Deviance Pr(>Chi)
associated, but the rarity Of Null (poisson) -1.124 1596 1615.9 4.21E-14 ***
) ) age 0.018 1 84.315 1595 1531.6 < 2.20E-16 ***
solo M. perstans infections sex (male) 0.03 1 0.049 1594 15316 0.825604
department 14 68.795 1580 1462.8  3.19E-09 ***
and abundance data malaria+ -0.186 1 8.687 1579 1454.1  0.003206 **
suggests L.loa plays a Eb Ab+ 0.008 1 0.004 1578 14541  0.951932
M_perstans Inf.  -0.112 1 1.038 1577 1453  0.308375

within-host facultative role.
FU rthermore, When Mp and Loa loa Fixed effects: Estimate df Deviance Resid.Df Deviance Pr(>Chi)

) Null (poisson) -1.139 1596 1615.9 1.47E-14 ***
LI co-infect, they appear age 0.018 1 84315 1595 1531.6 < 2.20E-16 ***
; ; sex (male) 0.011 1 0.049 1594 1531.6 0.825604
more Oft_en in hosts with department 14 68.795 1580 1462.8  3.19E-09 ***
lower evidence of exposure malaria+ -0.191 8.687 1579 1454.1  0.003206 **

1
. Eb Ab+ 0.008 1 0.004 1578 1454.1  0.951932
to Other pa rasites. Loa_loa Inf. 0.07 1 1.016 1577 1453.1 0.313391



How can we detect pathogen-pathogen interactions in humans
(and other species) using minimally-invasive techniques?
e snapshot disease surveillance data (e.g., 16s, antibody
screening, etc. on individuals at a single point in time)

Association Screening Analysis
(Vaumourin et al., 2014)
e 3 advantages:
1. Powerl!!!
2. More than just pairwise associations
3. Potential for detection of directionality




Gabon Results
SCN + Rarefaction

Association Il fp % data sampled robustness
Order Il fp .Direction 10% > 100% score (RR)
1 1 1 Frequent 5
. 21 Rare 0
!nter(?s_tmg patterns 3 1 Rare 1
Analysis of Variance Table (terms added sequentially)
2. Loa loa and Mansonella
] Response: log nb_ManPers
DeI’StanS are t|ght|y Sum  MeanS model residuals
aSSOCIated but the rarlty Of Variables Df Sq q Fvalue Pr(>F) i
’ _ _ sex 1 167 1.667 0.406 0.525 :
solo M. perstans infections age 1 043 0428 0.104 0.7473 M—H W
log nb_Loaloa 1 35.04 35.04 8.541 0.0042 ** ) LH
and abundance data Residuals 119 488.2 4.103 .

,,,,,,,,,,

suggests L.loa plays a within-

Response: log nb_Loaloa

host faCU|tat|V6 role. Sum  Mean$S model residuals
Variables Df Sq q F value Pr(>F) it
. . . sex 1 1.52 1.515 0.191 0.6625 .
» Eukaryotes (active infection) .. 1 861 8613 1088 0299 |
Loa loa (22%) Mansonella perstans (10%) log nb_ManPers 1 1.6 1.598 0.202 0.654 :
- — Residuals 119 9419 7.915 SRR

s
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ARTICLE INFO ABSTRACT

Article history: Interactions among coinfecting parasites have the potential to alter host susceptibility to infection, the
Received 7 December 2013 progression of disease and the efficacy of disease control measures. It is therefore essential to be able

Received in revised form 27 February 2014
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Available online 3 April 2014

to accurately infer the occurrence and direction of such interactions from parasitological data. Due to
logistical constraints, perturbation experiments are rarely undertaken to directly detect interactions,
therefore a variety of approaches are commonly used to infer them from patterns of parasite association
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Gabon Results
SCN + Rarefaction

Association Il fp % data sampled robustness
Order Il fp .Direction 10% > 100% score (RR)
1 1 1 Frequent 5
. 21 Rare 0
!nter(?s_tmg patterns 3 1 Rare 1
Analysis of Variance Table (terms added sequentially)
2. Loa loa and Mansonella
] Response: log nb_ManPers
DeI’StanS are t|ght|y Sum  MeanS model residuals
aSSOCIated but the rarlty Of Variables Df Sq q Fvalue Pr(>F) i
’ _ _ sex 1 167 1.667 0.406 0.525 :
solo M. perstans infections age 1 043 0428 0.104 0.7473 M—H W
log nb_Loaloa 1 35.04 35.04 8.541 0.0042 ** ) LH
and abundance data Residuals 119 488.2 4.103 .

,,,,,,,,,,

suggests L.loa plays a within-

Response: log nb_Loaloa

host faCU|tat|V6 role. Sum  Mean$S model residuals
Variables Df Sq q F value Pr(>F) it
. . . sex 1 1.52 1.515 0.191 0.6625 .
» Eukaryotes (active infection) .. 1 861 8613 1088 0299 |
Loa loa (22%) Mansonella perstans (10%) log nb_ManPers 1 1.6 1.598 0.202 0.654 :
- — Residuals 119 9419 7.915 SRR

s




Individual-based Model

Helene Arduin & Lulla Opatowski

d Institut Pasteur, Paris




Individual-based Model
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(ONONO) NetLogo — 2spp_SIR3_2Chronic_CvsC_1 {/Users/jessieabbate/Dropbox/Work_Labs/Roche/Validate Methods/Helenes Model/2spp_simple/LDA sensitivity}
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NB: Here, I've broken up the
impacts of pathogens on
one-another by different
interaction coefficients for
infection period and
resistance period.
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Alternatives: Ax xB
Ivl = A-infected vs. B-infected 3289 691
RvR = A-resistant vs. B-resistant
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Simulation Results

20
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BfacA

* prevA = prevB
e prevA > prevB
e prevA < prevB
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-20
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SCN Rarefaction Robustness (RR) score

AB AX xB

Co-infection status (for pathogens A and B, xx=uninfected)




Simulation Results

LINEAR DISCRIMINANT ANALYSIS
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How can we detect pathogen-pathogen interactions in humans
(and other species) using minimally-invasive techniques?
e snapshot disease surveillance data (e.g., 16s, antibody
screening, etc. on individuals at a single point in time)

“pipeline” statistique

MCA + SCN | n Regression
Rarefaction SEM

ation:

I fp .hc ht eb rf de ch AsscDirection V!VIVIVIVIVIVIVIVIVIVSA
504 1 H#iH# Rare 0000000111 3
56 1 1 1 1 #### Frequent 0000000011 2
416 11 #itH Rare 0000000011 2
472 1 1 #it# Rare 0000000011 2
509 1 111 Frequent 0000000001 1
60 1 1 1 1 ### Frequent 0000000001 1
440 1 1 ### Frequent 0000000001 1
192 1 1 H#iH# Rare 0000000001 1 "
510 1 10 Frequent 0000000001 1 EBOV
446 1 1 #it# Rare 0000000001 1
296 11 11 #i## Frequent 0000000001 1
176 1 1 1 #### Frequent 0000000001 1
280 111 1 ### Random 0000000000 O
64 1 1 1 ### Frequent 0000000000 O
312 11 1 ### Frequent 0000000000 O
479 1 | #ith Frequent 0000000000 O
408 11 1 ### Frequent 0000000000 O
496 1 H#it# Rare 0000000000 O
150 1 11 1 1 ### Random 0000000000 O
1111 1 1 1 1 1 1###Random 0000000000 O
211111111 ###f Random 0000000000 O
31111 111 1 ### Random 0000000000 O
41111111 ### Random 0000000000 O
51 111 11 1 1 ### Random 0000000000 O
6 1 11 1 11 ol 0000000000 O
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How can we detect pathogen-pathogen interactions in humans
(and other species) using minimally-invasive techniques?
e snapshot disease surveillance data (e.g., 16s, antibody
screening, etc. on individuals at a single point in time)

“pipeline” statistique —_— Modélisation d’hypothéses

SCN Regression
MCA + + 5
[ ] [ Rarefaction ] [ SEM ] [ Modéle IBM }

Interactions + Interactions
intra-hotes inter-hotes

Distribution




