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The New Era of Predictive, Preventive,
Personalized, & Participatory (P4) Medicine
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Age-independent immunosenescence (AllS):
a disease-predicting, sexually dimorphic immunologic
program activated in response to antigenic challenges
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Age-independent
Immunosenescence (AllS)

Can occur at any age & Is a sign of
Immunologic frailty



The past informed the present

Past— NEJM (2013)
JAMA-Internal Medicine (2015)

Present— May, 2019

70,000 person study (~6000 HIV-)
232 non-human primates
Influenza vaccine challenge study
Mice models of infection



Natural History of Untreated HIV-1 Disease
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Hypothesis: Suppress VL with Early ART +
‘Normalize’ CD4+ = ‘normalize’ iImmune health

Established median CD4+ in ~16000 HIV- = 900, lower IQR = 800
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1200 | Primary « Not all people achieved this CD4+

infection

4 threshold despite early ART

1000 R
‘= Much lower but persistent AIDS risk &

800 |  — Immune deficits
This was dismaying & paradoxical ---

o --0

ol Considered 2 missing pieces--

(1)CD4 imperfect metric to gauge immune
status &

8 (2) pre-HIV Immune status predicts ART

response
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Prediction Conundrum
Risk factors induce poor
immunologic health; —-—>
because of its non-HIV origins :
it is not responsive to ART

Post-HIV poor
immunologic health
despite early ART

Persons with a ‘better immune system’

e Resist acquiring HIV
« Have better outcomes pre- & post-ART




2 distinct forms of Immunosenescence

Age-independent
Immunosenescence
(AIIS)

Age-dependent
Immunosenescence
(ADIS)

Conflation of these 2 forms of Immunosenescence

-

confounding in aging/immunity/vaccine research



HIV as a cause of
“accelerated aging,
premature aging or
iInflamma-aging”

Is a flawed concept

Arising from failure to
distinguish between
AllS vs. age-dependent
Immunosenescence



Incidence / traits

Trade-offs

Longevity

» Diseases:

o Autoimmune
o Inflammatory
o Cancer

’ ’ LY . .
Microbial burden

Tolerance
Immunity

GDP per capita / family income



Trade-offs and AllS setpoint

Trade-offs of GDP per capita/family income
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Approach

Laboratory indicators of AllS

Ratio CD4+ CD8+ CD4+

IHG =1.0 =800 expansion levels CD8-CD4 Status
I + + lower  higher ]| o
Equilibrium AllS-free
| + — lower lower -
11l — + higher  higher | Disequilibrium Full-scale
IV — — higher  lower - AllS

Y

Derived five genomic signatures that are proxies for epidemiologic
and immunologic hallmarks of AllS

@ Probed 23,162 publicly available gene expression datasets

@ Applied Bradford Hill criteria to determine causal link between AllS
setpoint and trade-offs

@ Identified molecular and cellular mechanisms

(5) Distinguished AllS from ADCS



CD8 and CD4 changes upon antigenic challenge
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Immune Health Grades (IHG)

IHG-I and Il - similarly higher CD4+ but divergent CD8+
IHG-II and IV — similarly lower CD4+ but divergent CD8+

IHG n (%) CD8+ CD4+ Ratio CDB8+ expansion CD8+ CD4+ CD8-CD4 AlIS Status
| 2852(73.2) 525(392-689) 1154 (980-1393) 2.26 (1.75-2.97) Restrained Lower  Higher

Il 840(21.6) 354 (267-447)  675(592-746)  1.90 (1.44-238) Restrained Lowest  Lower | cauilibrium — AllS-free
N 95 (2.4) 1195 (1033-1463) 988 (870-1197)  0.87 (0.76-0.93) Unrestrained Highest  Higher

. . disequilibrium  AllIS
IV 109 (2.8) 781 (646-932) 616 (517-712) 0.82 (0.66-0.93) Unrestrained High Lower



Analysis of immune traits by chronologic age or CD4+ counts
is a conflated/confounded analysis

AlIS (IHG-IIl and IHG-IV) increases with age; M>F

IHG distribution in in HIV- community-based cohort (SardiNIA)
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AllS vs. Age-dependent Immunosenescence immune traits

AllS is marked by expansion of senescent, activated

and regulatory-like CD8+ T-cells & NK T-cells



Traits of immunosenescence in in HIV- community-based cohort (SardiNIA)

Age-independent (AllS) Age-related Neutral
Signature 1 2 3 4 5 6
# of traits (N 3 4 23 2 22
Differences by age _ -
(in IHG-I and IHG-II) ¢ ? ¢i¢ iii
Differences by IHG _ _
(I'vs Il and Il vs IV) ﬁT TTT Tﬁ l
Example = CD127-CDge" CD28-CD127- CD28-CDaPria Naive CDgbrian Naive CD4+ CD3g9+CDgan
(T-cells) CD25++CD8gbriant

AllS is marked by expansion of senescent, activated

and regulatory-like CD8+ T-cells & NK T-cells



Evolutionary conservation of IHGs: stratification in 3 categories

IHG in non-human primates
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% with cardinal features of IHG-Ill or IHG-IV (ratio < 1.0)

Subgroups n 0 10 20 30 40 59?0 70
(o 18-29yr 890 ]
] ¥
= Age 30 -59yr 2982 .
Features of AllS = 60- 102 yr 2561 s
v (8]
. o Q Female 393 W
° £ ? 18-2 { : @
Sexual dimorphism £l B 829y | mC e e )
. <] © Female 144 o
* More acquire CMV | 5 L osex asoy | femae e R, 2
5 af Male 1286 3
H o
° Age is proxy for 60102 yr{ Female 905 ]: S
. . Male 731 3
antigenic load e Stanford Children's
Vi hospital staff
®, ICrobia =
* Sensitive to exposure {Young (~24yr) 50 ]
0 *
. [ - *
antigenic load £ | od(-s6y) 50
Helminthic Ethiopian-1 786
¢ Adve rse Outcomes " infection Ethiopian-2 63
g ~ Impure Mild Haem. A 219
E clotting factors Severe Haem. A 37
Intravenous drug use 681
Belmeviae] Heroin addicts 21
factors Men sex with men 100
Sex workers 1050
Tetanus 1wk before 11 ] N
\ vaccine 1-2 wk after 11
Survival 88-92 yr | Better 132 } £
L Worse 89
Conanitive g [ Intact 97

Prediction:
Younger persons with AllIS are at higher
risk for vaccine failures and ‘age-associated

disorders’ (e.g., atherosclerosis, cancer)



Cancer Risk
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Schistosomiasis

Pre-existing AllS and HIV acquisition IHG in HIV- Kenyan children
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Correlation vs. causality: increased sensitivity to AllS; risk for HIV

Behavioral activity score

, | .  Immunologic integrity
lower (score <0 ) higher (score 20 )

100 predicts HIV
< 30]D J0ooonD 0obogdddo * HIV seroconversion

£ h f i
= o W O HIV- as a proxy function
GEJ W HIV+

S 10
8

0 A L
all all
S 3} o Maximal CD8+ Pred|Ct|0n
T O 27 - o suppressors ] ]
‘ 2 ‘ ‘ g ioleastHlV Vaccine studies
SE | R R R e seroconversion
s8R HiN (HIV/TB etc) —
0% dmliS it confounded
TR - unless placebo

Grp 12 3 4 5 6 78 9 10 11 12 .

HG all | 1 1 0 W v al 1 0 1 1 miv vsS. trial arms are
Ratio =175 100 <1.00 >1.75 100 <1.00 balanced for AIIS
S -1.75 175
integrity

No Yes AllS No Yes AllS

Incipient AllIS Incipient AllIS



Laboratory = genomic markers of AllS

Laboratory indicators of AllS
Ratio CD4+ CD8+ CD4+

IHG =1.0 =800 expansion levels CD8-CD4 Status
I + + lower  higher ]| o
Equilibrium AllS-free
| + — lower lower -
11l — + higher  higher | Disequilibrium Full-scale
IV — — higher  lower - AllS
Y

Derived five genomic signatures that are proxies for epidemiologic
and immunologic hallmarks of AllS

@ Probed 23,162 publicly available gene expression datasets

@ Applied Bradford Hill criteria to determine causal link between AllS
setpoint and trade-offs

@ Identified molecular and cellular mechanisms

(5) Distinguished AllS from ADCS



Gene signatures that correlate with AllIS vs. non-AllS programs

AllS immunologic program Score range Higher scores correlate with
S1 Antigenic (Ag) load —26 to 25 Increased host Ag load
S2 AlIS triad —-6t06 Three hallmarks of full-scale AllS
S3 Immunologic Integrity —211to 32 - el responS|.veness
t T-cell dysfunction
S4 Effector-Naive —-6to6 ! Effector T-cells
f Naive T-cells
+ T- ~ q 3 g
S5 CD8+ T-cell health o6 10 33 t Stem-cell like self-renewing

(CXCR53+TIM3-PD1+CD8+) memory precursor T-cells
+ Effector-like exhausted T-cells

Non-AllS immunologic program

t T-helper (Th) 2 cells

S6 Th1-Th2 —-81to 8 | Th1 cells
_ t Co-stimulatory T-cells signals
7. Immune checkpoint —1410 10 { Co-inhibitory T-cells signals
} Tr1-associated cells
S8 Type 1 regulatory T-cells (Tr1) -5to 12

{ T,0-associated cells

S9 IFN related 0to 38 } IFN-related signaling
Cellular Senescence (CS) program

S10 Core CS signature —23to 32 ! Conventional CS



Evaluated >140,000 publicly available gene expression arrays

—  Key criteria

77097 -- GEO Datasets (Dec 15, 2016) Allows for testing

‘ 21787 -- no PMID Bradford Hill Criteria:
55310 -- with PMID o Prospective studies
| 32824 - Others o Covariate provided
22486 - H. sapiens | M. musculus with microarrary (age, sex)
12236 -- H. sapiens only - o Challenge studies
-vaccine
9726 -- M. musculus only infection
924 -- Other combinations o Disease or treatment
225 -- H. sapiens and M. musculus -controlled for
299 -- H. sapiens and/or M. musculus age and sex
with other species o Genetic information

o Others as stated
70207 -- ArrayExpress Datasets (Jul 12, 2017) ‘
| 20851 Array assay

| 18314 ArrayExpress only || Representative datasets presented
in the manuscript (out of XX dataset)

| 2499 H. sapiens and M. musculus
30 in vivo or in vitro

| 279 data array-express Datasets : ) )
intervention studies

31 longitudinal studies

Recent GEO + ArrayExpress Datasets (Jun 22, 2018)

373 GEO Datasets 16 challenge studies in

humans/mice

321 Microarray datasets i .
142 RNA-Seq datasets 35 Iqterveptlon/tre_atn_went/cll_nlcal
— trials with longitudinal/paired
24 ArrayExpress Datasets samples
21 Microarray datasets 39 mechanistic cell-line models
3 RNA-Seq datasets for 188 sorted cells




AllS setpoint correlates with RSV disease severity

IN neonates

Control RSV
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Effects of repetitive AllS hits over a lifetime:
AllS setpoint increases with age (M>F)

S1: Ag load
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$5: CD8+ health

Age Sex n
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15-34 F 310
15-34 M 243
35-54 F 290
35-54 M 176
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15-24
25-34
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75-84
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AllS setpoint of older HIV- individuals =
younger individuals with increased Ag stimulation

A HIV- Finland Africa
*k >k *k *k * '+‘
1
. P=0.017
101 __ s i) I L
T
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S po- =
o
-20 - 1
n 46 29 49 40 54 50 68 57 61 64 11 20 60 24 38 34 12 7 27 31 20 67
X X N \Y N Moo\ x
Sex FMFMFMFMF M NES S S Oé\f\q’q’\%ﬁ
— — U 1T ] M
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Higher AlIS setpoint at baseline predicts mortality in
severely ill individuals

Derivation Validation
5 10- T T 104 + 5 [ T
© - |
2 0] g ooy o LH
E _% B ﬁ 7 1 l
15 - J 0 154 | =10+ l
N AR P X Ad P n 157108 69 37
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Higher AlIS setpoint correlates with influenza
susceptibility, severity and vaccine responsiveness

A By age (yrs) By sex By severity B n
n o n Control 52
o 18-30 26 n Mild 39 Moderate flu 65
‘g 0.5 31-50 46 Female 47 Moderate 28 Severe flu 44
@ 51-71 22 Male 47 Severe 27 E
5 0/P=0.078 . o 0051
2 200
& ON -)r[
T 5 -05
2_1'0 T T 1 T T 1 r T 1 T T T T
@ T1 T2 T3 T1 T2 T3 T1 T2 T3 age 17-31 32-48 49-59 60-90
Time from hospitalization
C r-00s Cohort 1 Cohort2
v resist AllS resist AllS
® 06 05 sex Age
5 0. ' Grp TSS (%F) (yrs) n
o sex Age 00 P (% y
N 0.0 (%F) (yrs) n 1010 32 24 25
g Asymptomatic 38 28 8 2 1120 29 25 7
2 Symptomatic 56 27 9 32130 75 26 4
N 4 =30 40 25 5
LI) _10 . L P = 0001 _20 [ B e e e e e — ILIP |= 010:13| 1
& A 010 30 50 70 90 110 a0 ‘°'\q;f-’f@fb%‘%’b@(bq‘?'\'\%b‘?@'\,@%
Hours



Disease model

Tolerance ' Immunity
< >

Microbial burden mes————————————————

(Ag stimulation) Higher Lower
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