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ABSTRACT++
+
Background:""

Human" Immunodeficiency" VirusK1" (HIVK1)" relies" on" the" host" cells" for" its" replication" and"

survival."Escape"mutations"in"the"viral"genome"arise"in"response"to"the"selective"pressure"

by" Human" Leukocyte" Antigen" (HLA)" class" IKrestricted" CD8+" T" cell" responses." Escape"

mutations"that"are"accumulated"at"the"host"population"level"as"a"result"of"immune"selection"

pressure"may"indirectly"result"in"different"consequences"for"the"host"due"to"fitness"cost"to"

the"virus."Some"are"associated"with"rapid"disease"progression,"while"others"that"diminish"

viral"fitness"are"associated"with"slower"CD4"decline."Nef"is"one"of"the"accessory"proteins"of"

HIVK1"and"plays"an"important"role"in"viral"pathogenesis"and"replication."Its"major"functions"

include"downKregulation"of"CD4"and"HLA"Class"I"expression"on"the"host"cell"surface"to"avoid"

recognition"by"immune"cells,"and"modification"of"host"cell"signal"transduction"pathways"to"

ensure"a"persistent"state"of"infection."Between"50K90%"of"CD8+"T"cell"responses"during"the"

acute" phase" of" HIV" infection" are" targeted" against" the" Nef" protein," and" the" highest"

InterferonK!"(IFNK!)"production"of"CD8+"T"cells"is"directed"towards"Nef"during"the"chronic"

phase." " In" both" human" and"macaque" models" of" infection" some" NefKspecific" CD8+" T" cell"

responses" that" drive" viral" escape" mutations" have" been" associated" with" better" immune"

control.""

+

Hypothesis:+

"I" hypothesize" that" immunologically" relevant" CD8+" T" cell" epitopes" of" HIVK1" Nef" protein"

contain" positively" selected" mutations" (PSMs)" that" are" associated" with" different" clinical"

outcomes"in"the"infected"host"such"as"disease"progression"profiles.""
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To"test"this"hypothesis,"the"following"specific"objectives"were"carried"out:"1)"identification"

of" PSMs" in" HIVK1" Nef" sequences" using" Bioinformatics" tools" (Quasi" analysis)" and"

determining" their" association" with" disease" progression;" 2)" validation" of" epitopes" that"

contain" PSMs," associated" with" differential" disease" outcome," by" ELISPOT;" and" 3)"

characterization" of" CD8+" T" cell" populations" restricted" by" the" HLA" class" I" epitopes"

containing"these"PSMs,"using"flow"cytometry."

"

Major+Findings:""

1)"PSMs"were"identified"in"both"the"variable"and"conserved"regions"of"HIVK1"Nef."Several"of"

the" PSMs"were" associated"with" different" disease" outcomes." Three" PSMs"were" associated"

with"faster"CD4"decline"(E63D"p"="0.028,"log"rank="4.799;"I101V"p=0.003,"log"rank=8.667"

and" I168M" p=0.042," log" rank=4.150),"while" two" PSMs"were" associated"with" slower" CD4"

decline"(H116N"p="0.00011,"log"rank=14.891"and"K182M"p=0.03,"log"rank=4.753)"

2)"These"PSMs"are"within"the"CD8+"T"cell"epitopes"recognized"by"several"HLA"class"I"alleles"

common"in"the"Kenyan"population.""

3)" The" CD8+" T" cell" responses" restricted" by" the" same" HLA" class" I" allele" can" drive" PSMs"

associated"with" different" clinical" consequences." This" is" demonstrated" by" the" example" of"

A*02:01." " A*02:01" was" associated" with" I101V" and" H116N" (p=0.028" and" 0.021,"

respectively)."I101V"was"associated"with"faster"CD4"decline"(p=0.003,"log"rank="8.667)"and"

H116N"was"associated"with"slower"CD4"decline"(p="0.00011,"log"rank="14.891).""

4)" There"was" no" difference" in" the" frequency" of" HLA" class" I" restricted" CD8+" T" cells" that"

recognized"epitope"variants"containing"PSMs"or"consensus"amino"acids."
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5)"There"was"no"significant"difference"between"the" frequency"of" IFNK!"producing"CD8+"T"

cells"that"target"epitopes"with"PSMs"associated"with"slow"or"fast"CD4"decline."There"was"no"

significant" difference" in" the" frequency" of" antigenKspecific" CD8+" T" cells" with" antiviral"

intracellular" cytokines," their" proliferation" and" exhaustion" characteristics" when" peptides"

with"different"PSMs"were"tested"by"flow"cytometry."However,"the"frequency"of"CD8+"T"cells"

restricted" by" A*02:01K" ILDLWVYNT" (IT9KN)" epitope," containing" a" PSM" associated" with"

slower" CD4" decline," was" higher" (p"0.0001)" than" CD8+" T" cells" restricted" by" A*02:01K

ILDLWVYHT"(IT9KH)"epitope,"containing"consensus"amino"acid"associated"with"faster"CD4"

decline.""

+

Conclusions:++

Identification"of"PSMs"associated"with"different" clinical"outcomes"and"characterization"of"

CD8+" T" cell" populations" specific" to" epitopes" associated" with" differential" disease"

progression" can" help" determine" potentially" effective" immungens" of" a" HIVK1" vaccine"

candidate."

"

"

+
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1.+INTRODUCTION+

1.1+The+HIV@1+Pandemic+

1.1.1+Global+Pandemic+and+Burden+

After" nearly" three" decades" of" research" Human" Immunodeficiency" VirusK1" (HIVK1)"

continues"to"be"a"major"public"health"threat"globally(1)."According"to"the"most"recent"data"

from"the"World"Health"Organization"(WHO),"in"the"year"2016,"36.7"million"people"around"

the"globe"were"living"with"HIV,"with"1.8"million"(1.6"millionK2.1"million)"new"infections"and"

1.0" million" (830,000K1.2" million)" deaths(2,3)." From" the" beginning" of" the" epidemic" in"

1981(4)" to" the" end" of" 2015," it" is" estimated" that" nearly" 78" million" people" have" become"

infected" by" the" virus" and" 35" million" have" died" as" a" result" of" AIDS" (Acquired"

immunodeficiency" syndrome)Krelated" illnesses(5)."Access" to"antiretroviral" therapy" (ART)"

has" improved"over"the"years,"with"nearly"18.2"million"people"receiving"treatment" in" June"

2016"compared"to"15.8"million" in"2015(5)." "This"has" led"to"an" increase" in" life"expectancy"

and"therefore,"an"increase"in"the"prevalence"of"HIVK1"infection"globally,"from"31"million"in"

2002" to"36.7"million" in"2015(6)."Despite" the"progress"made"due" to"ART"accessibility" the"

number"of"new"HIV"infections"among"adults"has"not"declined"since"2010"with"1.9"million"

new"infections(7).""

+

1.1.2+HIV@1+Epidemic+in+Sub@Saharan+Africa,+Kenya++

Kenya" is" among" one" of" the" most" severely" affected" countries" in" Africa" since" the" first"

HIV/AIDS" diagnosis" was" made" in" 1984(8)." Within" a" decade" after" this" initial" discovery,"

between"1995K96," the"prevalence"of"HIVK1" infection"was"approximately"10.5%."Gradually"

by"the"year"2003,"a"40%"decline"led"to"6.7%"prevalence"countrywide"and"finally"by"the"year"
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2012"the"prevalence"had"reached"5.6%"(9)." "Factors"that"have"contributed"to"this"decline"

are"AIDS" related"mortality" and" scale" up" of"ART."Despite" this" decline"women" and" girls" in"

Kenya"remain"more"vulnerable"than"men"and"boys"for"risk"of"HIVK1"infection."The"results"of"

several" surveys" in"Kenya"have" shown" that" the"prevalence" among"women" is" nearly" twice"

that" in"men." Among"people" living"with"HIV" (PLHIV)" 57%"are"women" and"43%"are"men."

Among"young"people"between"the"ages"of"15K24,"the"prevalence"of"HIVK1"infection"for"boys"

was"lower"(1.1K1.5%)"compared"to"girls"(3.0K5.9%)"between"2003K2012(9).""

"

Aside" from" the" generalized" epidemic" described" above," Kenya" also" has" a" concentrated"

epidemic," where" certain" population" demographics" continue" to" remain" disproportionally"

affected;"these" include"sex"workers"and"their"clients," injection"drug"users"(IDU),"and"men"

who"have"sex"with"men"(MSM)."HIV"prevalence"is"highest"among"female"sex"workers"(FSW)"

at" approximately" 29.3%(9)." Factors" such" as" poverty," socioeconomic" status," stigma" and"

discrimination"have" all" played"a" role" in" leaving" certain" segments"of" the"population"more"

vulnerable" than" others." However," HIV" educational" programs," counseling," testing" and"

treatment"are"in"place"to"reduce"HIVK1"incidence"in"Kenya.""

+

1.1.3+Origins+of+HIV++

The"first"cases"of"AIDS"were"reported"in"the"United"States"in"1981"and"1982"(10,11)"with"

large" numbers" of" homosexual" men" suffering" from" opportunistic" infections" and" rare"

malignancies" such"as"Kaposi’s" sarcoma(12)." " Finally," in"1984," the" causative" agent"behind"

AIDS," HIV," was" isolated" and" discovered" as" a" retrovirus(8)." The" HIVK1" epidemic" initially"

began"in"heterosexual"populations"in"Zaire"and"Rawanda"in"1984(13,14)."The"epidemic"is"a"
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result" of" multiple" zoonotic" transmissions," where" simian" immunodeficiency" virus" (SIV)"

crossed"from"nonKhuman"primates"to"humans,"through"exposure"to"blood"with"possibly"the"

bushmeat"hunters"in"Central"and"West"Africa"as"the"first"group"to"be"infected(1)."There"are"

two"strains"of" the"virus;"HIVK1," the"more"pathogenic" form," is" traced"back" to"chimpanzees"

and" gorillas" while" HIVK2," originates" from" sooty" mangabeys(1)." " Unlike" HIVK1," HIVK2" is"

mostly"limited"to"West"Africa"and"while"it"also"causes"a"similar"immunodeficiency,"it"has"a"

lower"transmission"ability"and"results"in"slower"disease"progression(1)."""

"

There" are" four" major" groups" of" HIVK1" that" represent" independent" transmission" events:"

groups"M" (major),"N" (nonKM"or"nonKO)"and"O" (outlier)"were" first" transmitted" to"humans"

from" chimpanzees" while," group" P" was" transmitted" from" gorillas(15K17)." Today’s" global"

HIVK1/AIDS"pandemic"is"the"result"of"group"M"virus"that"has"diversified"into"nine"distinct"

subtypes"based"on"genetic"variability"which"include"subtype"A,"B,"C,"D,"F,"G,"H,"J"and"K(18)"

and" subKsubtypes" A1KA4" and" F1" and" F2" (19,20)." There" are" also" up" to" 54" circulating"

recombinant" forms" (CRF)." The" criteria" for" a" CRF" is" to" characterize" identical" mosaic"

structure" from" full" genome" sequences" of" at" least" three" epidemiologically" unlinked"

individuals." If" this" criterion" is" not"met" the" virus" is" classified" a" unique" recombinant" form"

(URF)(21)"""The"predominant"subtype"responsible"for"HIVK1"global"pandemic"is"subtype"C"

with"approximate"prevalence"of"50%,"followed"by"subtype"A,"12%,"and"subtype"B,"11%(5)."

+

1.1.4+Impact+of+HIV@1+Diversity+and+Subtype+Variation+on+Disease+Progression+

and+Viral+Control++
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The"error"prone"reverse"transcriptase"(RT)"enzyme"of"HIVK1"lacks"proofreading"ability"and"

is"responsible"for"high"rates"of"mutations"and"recombination"in"the"virus"that"has"resulted"

in" HIV’s" genetic" diversity(12)." Genetic" variation" in" virus" within" the" same" subtypes" is"

between"8K17%"and"in"virus"from"different"subtypes"approximately"17K35%(22)."Naturally"

HIVK1"diversity"leads"to"challenges"with"vaccine"development,"response"to"treatment,"and"

has"an" impact"on" transmission,"host" immunity"and"pathogenesis" (23)."An"example"of" the"

difference"of" transmission"rates"among"subtypes"was"demonstrated" in"an"Ugandan"study"

which" revealed" that"heterosexual" transmission" rates"of" subtype"A" is"higher" than"subtype"

D(24)." Higher" rates" of" subtype" C" heterosexual" transmission" in" South" Africa" and" India"

maybe"due"to" the"stronger" localization"of"virus"of" this"subtype" in" the" female"genital" tract"

compared"to"other"subtypes(25K27).""In"terms"of"pathogenesis"several"studies"have"shown"

that"within"the"same"population"patients"infected"with"subtype"D"virus"progressed"to"AIDS"

more"rapidly"than"those"infected"with"subtype"A(28,29).""Subtype"D"infected"patients"also"

had" lower"CD4"T"cell" counts"compared" to"subtype"A"patients(29,30)."However," this" issue"

remains"controversial,"since"it"has"also"been"shown"that"disease"progression"rates"were"not"

different" among" individuals" infected" with" subtype" A" or" D" (31)." A" study" that" compared"

sequences"from"subtype"B"and"nonKsubtype"B"infected"patients"on"ART"showed"that"drug"

resistant" mutational" patterns" were" differ" between" the" two" groups(32)." Although" HIVK1"

diversity"presents"these"challenges,"host"genetic"factors"such"as"Human"Leukocyte"Antigen"

(HLA)" class" I" alleles" drive" the" evolution" of" various" forms" of" the" virus" and" thus" provide"

researchers" the" opportunity" to" predict" evolutionary" pathways." This" will" in" turn" better"

inform" therapeutic" strategies(33)." " The" relationship" between" HLA" alleles" and" viral"

evolution"is"outlined"in"more"detail"in"section"1.5.2."
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+

1.1.5+HIV@1+Transmission+

HIV"transmission"can"occur"by"three"major"exposure"routes:"sexual"intercourse"(vaginal"or"

anal),"vertical"transmission"(mother"to"child"through"breast"milk"or"birth)"and"parenteral"

transmission" (injection" drug" use" needle" sharing," percutaneous" needle" injury" or" blood"

transfusions)." Sexual" intercourse" and" parenteral" transmission" are" considered" horizontal"

routes" of" transfer(5,34)" ." Worldwide" the" most" common" transmission" route" is" through"

unprotected"sex,"followed"by"IDU"needle"sharing"and"mother"to"child"transmission"(MTCT)"

(5,35)."Anal"sex"carries"a"greater"risk"of"transmission"compared"to"vaginal"sex,"accounting"

for"the"epidemic"of"HIVK1"infection"in"the"MSM"population"globally(36)."The"risk"of"HIVK1"

transmission"is"18"times"higher"by"receptive"anal"sex"compared"to"vaginal"sex"(37,38)."This"

can"be"attributed" to" three"major"physiological" and" immunological" factors(5)." First," rectal"

epithelial"layer"is"more"vulnerable"to"abrasions"than"the"vaginal"mucosal"layer.""Second,"the"

microfold" cells" (M)" that" line" the" lymphoid" follicles" in" the" rectal" mucosa" are" highly"

specialized"to"bind"any"foreign"antigens"like"HIV."Finally"the"rectum,"which"is"an"extension"

of" the" intestinal" epithelium" tends" to" be" populated" by" HIVK1" target" cells" such" as" CD4+"

lymphocytes,"dendritic"cells"(DC),"monocytes"and"macrophages(38)."

"

Several" biological" and" behavioral" factors" contribute" to" the" increased" risk" in" the"

transmission"of"HIVK1."Increased"plasma"viral"load"(VL)"is"associated"with"increased"risk"of"

transmission;"with" every" 1" log10" increase" in"VL" the" risk" of" transmission" is" increased"by"

approximately"2.4"times(39)."Since"the"plasma"VL"is"highest"during"the"acute"phase"of"the"

infection"(first"12"weeks),"transmission"of"the"virus"is"most"effective"during"this"time(40)."
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Increased" endocervical" and" seminal" VL" have" also" been" linked" to" higher" transmission"

rates(41).""Other"biological"factors"including,"pregnancy"and"sexually"transmitted"infections"

(STI)"can"contribute"to"increased"transmission"risks."Behavioral"factors"that"contribute"to"

increased" risk" of" transmission" include," number" of" sexual" partners(42)," concurrent"

partners(42)," sexual" abuse/violence," injection" drug" use" and" needle" sharing" while" male"

circumcision"and"condom"use"can"reduce" the" risk" (34)."Social" factors" such"as" stigma"and"

discrimination"represent"obstacles"to"access"to"treatment"and"care"and"thus"contribute"to"

increased"risk"of"transmission(43).""

+

1.2+Treatments+and+Prevention+

1.2.1+Treatment+of+HIV@1+

Although"currently"there"is"no"effective"vaccine"to"prevent"HIVK1"infection,"one"of"the"major"

achievements" in" the" field" of"HIV" research"has" been" the" discovery" of" drugs" that" treat" the"

infection," making" it" a" more" manageable" condition" compared" to" a" previously" fatal" one."

Initially"in"early"1980s,"acyclic"nucleoside"analogue"antiviral"agents"used"against"infections"

caused"by"herpes"simplex"virus"(HSV)"were"found"to"also"serve"as"potent"inhibitors"of"HIVK

1(44,45)." Today" there" are" nearly" 30" ART" drugs" available" and" approved" to" treat" HIVK1"

infection(46)." These" drugs" disrupt" the" life" cycle" of" the" virus" by" targeting" its" replication"

cycle" at" various" steps." They" include" nucleoside" and" nucleotide" reverse" transcriptase"

inhibitors" (NRTIs)," NonKnucleotide" reverse" transcriptase" inhibitors" (NNRTIs)," integrase"

inhibitors," protease" inhibitors," CCR5" (chemokine" coKreceptor" 5)" inhibitors" and" fusion"

inhibitors"(46,47)."The"combination"of"two"or"more"ARV"drugs"is"a"stronger"regiment"that"

is"more"effective"against"the"virus(46)."This"form"of"therapy"is"referred"to"as"highly"active"
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antiretroviral" therapy"(HAART)."ARV"therapy"reduces" the"risk"of"viral" transmission" to"an"

uninfected"individual"(e.g."in"serodiscordant"couples),"as"it"lowers"peak"viraemia"during"the"

acute"phase"of"the"infection,"and"reduces"latent"viral"reservoirs"and"infection"of"other"cells"

(46)."

"

Previously" the"WHO"guidelines" recommend" initiation" of"ARV" treatment"when" the" CD4"T"

cells"of"an"infected"patient"reach"350"cells"per"μl"of"blood."In"a"healthy"uninfected"adult,"the"

CD4"T"cell"count"is"approximately"500"cells"per"μl"and"when"an"individual"infected"with"HIV"

develops"AIDS"the"CD4"T"cell"count"drops"below"200"cells"per"μl"of"blood."Thus,"a"threshold"

of"350"CD4"cells"per"μl"was"determined"as"the"optimal"point"to"benefit"from"treatment"well"

in"advance"of"suffering"from"symptoms"associated"with"AIDS(47)."As"of"2015"however,"new"

WHO"guidelines"are"in"place"that"recommend"initiation"of"ART"for"all" infected"individuals"

immediately"after"a"diagnosis"has"been"made"irrespective"of"patient"CD4"T"cell"count(6)."It"

is" expected" that" CD4" T" cell" counts" increase" rapidly" for" up" to" three" months" after" ART"

initiation"and"ideally"remain"steady"as"the"overall"count"reaches"the"normal"500,"although"

this"may"not"be"achieved"in"all"patients,"especially"those"presenting"with"low"CD4"counts"at"

start"of"treatment"(47).""

"

Presidents"Emergency"Preparedness"for"AIDS"Relief"(PEPFAR)"is"an"initiative"established"in"

2003"by"American"President"George"W."Bush"in"an"effort"to"respond"to"the"HIV/AIDS"global"

epidemic" by" providing" ART" to" those" living" in" resource" limited" settings(48)." " Nearly" 7.7"

million" PLHIV"worldwide" have" received" lifesaving" treatment" through" PEPFAR." Although,"

initially" between" 2003" and" 2007" PEPFAR" I" adopted" an" emergency" response" approach,"
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PEPFAR" II," between" 2008" and" 2012," utilized" a" more" targeted" approach" with" greater"

emphasis" on" country" ownership." The" success" of" PEPFAR" will" continue" to" rely" on"

strengthening" existing" health" systems," engaging" the" private" sector" and" support" from"

various"donors(48)."""

+

1.2.2+HIV@1+Prevention+Strategies+

WHO"recommends"Pre/exposure#prophylaxis"(PrEP),"to"those"at"increased"risk"to"maximize"

prevention" of"HIVK1" infection(6)." PrEP" is" a" prevention" strategy" that" uses" combination" of"

ART" drugs(49,50)." Uninfected" persons" who" are" at" high" risk" of" exposure," such" as"

commercial"sexKworkers"(CSW)"or"IDUs"(50),"can"administer"PrEP"orally"or"topically"(in"the"

form"of"a"gel"as"a"microbicide),"prior"to"exposure"to"HIV"to"reduce"chance"of"infection."The"

first"successful"PrEP"study,"called"CAPRISA"004,"was"conducted"in"2010"in"South"Africa"and"

it" enrolled" 889" highKrisk" women" (51)." The" drug" tested" was" 1%" tenofovir" gel" that" was"

administered"vaginally"12"hours"before"and"up" to"12"hours"after" sexual" intercourse."The"

result"of"this"study"was"encouraging;"it"was"reported"that"HIV"acquisition"was"reduced"by"

39%"and"acquisition"was"inversely"correlated"with"traces"of"tenofovir"in"vaginal"secretion."

Several"other"randomized"control"studies"investigating"the"effectiveness"of"PrEP"have"since"

taken" place" and" included" various" population" demographics" such" as"MSMs" in" the" United"

States," IDUs" in" Thailand" and" serodiscordant" couples" in" Kenya" and" Uganda(52K54)." The"

effectiveness" of" PrEP" has" ranged" from" 39K75%" overall" reduction" in" HIV" acquisition."

However," the" effectiveness" of" this" powerful" prevention" tool" relies" on" patient" adherence."

Several"studies"have"shown"that"low"adherence"was"correlated"with"no"protection"against"

HIV"while"daily"adherence"reduced"risk"of"HIV"infection"by"90%(49).""
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#

Post#exposure#prophylaxis#(PEP)#uses" the" same" concept" as" PrEP" but" is" administered" after"

exposure"to"HIV," for"example," in" incidences"of"needle"injury"for"health"care"professionals,"

victims" of" sexual" assault" or" other" unprotected" sexual" encounters(55)." PEP" must" be"

administered"within"72"hours"after"exposure"and"daily"for"up"to"28"days."Scale"up"of"PEP"is"

likely" not" practical" or" sustainable" and" therefore," other" prevention" strategies"must" be" in"

place"to"effectively"reduce"risk"of"infection."

#

Prevention# of# mother# to# child# transmission" (PMTCT)# is" an" indispensable" strategy" to"

drastically" reduce" the" risk" of" transmission" to" a" newborn" infant(43,56)." WHO" has"

recommended" four" different" approaches" that" are" effective" in" achieving" this" goal." These"

include:"1)"HIV"prevention" in"women"during"childbearing"age"2)"prevention"of"unwanted"

pregnancy" in" infected"women"3)"prevention"of" transmission" from"mother" to" infant"using"

ART"and"4)"continued"care"and"support"of"mothers"with"HIV"infection."Of"these"strategies,"

one" of" the" most" successful" has" been" the" scale" up" of" ART" treatment" in" low" and" middle"

income"countries"which"reached"53%"of"HIVKpositive"women"in"2009,"compared"to"45%"in"

2008"and"only"15%"in"2005(57).""

"

Other"prevention"approaches"include"behavioral"strategies"such"as"condom"use,"counseling"

and"treatment"of"STIs." "Voluntary#Medical#Male#Circumcision#(VMMC)"has"also"been"shown"

to" reduce" the" risk" of" transmission" and" therefore" prevent" infection(58)." As" stated" above"

there" are" several" approaches" for" the"prevention"of"HIVK1" infection" and" a" combination"of"

these"approaches"will"be" the"most"effective"way" in"reducing" the"risk"of" transmission"and"
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overall" incidence." However," the" single" most" effective" prevention" strategy" is" through"

immunization"that"features"a"vaccine"platform"with"effective"immunogen.""

+

1.2.3+HIV@1+Vaccine+Development++

Although" the" development" of" ARV" treatment" has" been" successful" in" combating" the"

deleterious" impact" of" HIVK1/AIDS" globally," challenges" associated" with" cost," drug"

accessibility" and" long" term" side" effects" of" treatment" continue" to" push" the" research"

community" towards" an" innovative" preventative" strategy." Nearly" 30" different" vaccine"

candidates"have"demonstrated"some"ability"to"induce"immune"responses,"though"many"are"

not"protective(59)."The"major"challenge"for"a"vaccine"candidate" is" to"elicit"effective"T"cell"

responses" while" also" generating" highKtitres" of" broadly" neutralizing" antibodies." Early"

vaccine" strategies" were" focused" on" inducing" B" cells" that" through" antibodyKmediated"

neutralization"may"prevent"HIV"acquisition(60)."Two"phase"III"gp120"vaccine"trials" failed"

to" demonstrate" protection:" Vax004"was" tested" for" efficacy" in"MSM" populations" in" North"

America" and" Europe" (61)" and" Vax003"was" tested" in" an" IDU" population" in" Thailand(62)."

With" discouraging" outcomes" of" the" BKcell" targeted" AIDSVAX®" trials" T" cell" based" vaccine"

strategies"that"aimed"to"reduce"viral"set"point"(e.g."plasma"VL)"and"therefore,"delay"disease"

progression," quickly" became" popular,(60)." Two" phase" IIb" T" cell" based" vaccine" trials" in"

heterosexual"and"MSM"populations"in"the"Americas"and"Australia"(STEP)"and"heterosexual"

men" and"women" in" South"Africa" (Phambilit)"were" halted" due" to" poor" efficacy(63,64)." In"

fact,"the"STEP"trial"showed"evidence"for"increased"risk"of"acquisition"in"the"vaccinated"vs."

placebo"group"(4.6%"vs."3.1%"respectively,"pKvalue="0.07)."Both"vaccine"candidates"were"

DNA"based"Ad5"vector"expressing"gag,"pol,"nef"as"the"main"viral"components(59)."
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"

To"date"the"most"effective"vaccine"candidate"is"the"RV144"Thai"trial,"which"combined"both"

antibody"and"T"cell"strategy."The"vaccine"consisted"of"ALVACKHIV"prime"using"a"canarypox"

vector,"which"was" followed" by"AIDSVAX"boost" (gp120" subunit)." In" a" randomized" double"

blind" trial" among" 16,402" participants," efficacy" first" reached" 60%" but" over" 42"months" it"

dropped"to"31.2%"(95%"confidence"interval,"1.1"to"52.1;"p="0.04)(65)."Two"main"correlates"

of" protection" among" vaccinated" individuals" were" identified." First," there" was" an" inverse"

correlation"between"plasma"concentration"of"IgG"antibody"specific"for"the"V1V2"loop"region"

of"gp120"and"risk"of"HIV"acquisition."Second,"IgA"antibody"to"HIVK1"Env"was"shown"to"be"

correlated"with"acquisition"of"infection(66)."Additionally,"low"levels"of"EnvKspecific"CD4+"T"

cells," EnvKspecific" IgA" antibodies," IgG" avidity," nonKneutralizing" antibodies" and" antibodyK

dependent"cellKmediated"cytotoxicity"were"also" inversely"correlated"with"risk"of" infection"

(66K68)." Although" the" results" of" RV144" trial" were" not" durable," the" combined" T" cell"

mediated" and" antibody" neutralization" approach" provides" hope" and" insight" for" further"

innovative"strategies.""

+

1.3+HIV@1+VIROLOGY+

1.3.1+Genetic+Structure+

HIVK1" is" approximately" 9" kilobases" (kb)" long" and" belongs" to" the" Retroviridae" family,"

Lentivirinae#subfamily"and"Lentivirus"genus."The"viral"gene"products"consist"of"three"major"

proteins," Gag," Pol" and" Env," two" regulatory" proteins," Tat# and" Rev" and# four" accessory"

proteins,"Vif,"Vpr,"Vpu,"and"Nef"(Figure"1.1)."Gag"and"Env"play"a"structural"role"for"the"virus."

The"Gag"polyprotein"is"cleaved"by"the"protease"to"give"rise"to"matrix"(p17),"capsid"(p24),"
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NucleoCapsid"(p7),"and"p6"protein,"all"of"which"contribute"to"inner"and"outer"structure"of"

the"virus."The"Env"protein"is"cleaved"into"gp120"and"gp41."gp120"binds"to"CD4"and"other"

receptors"on"host"cells,"and"gp41,"allows"for"viral"fusion"into"the"host"cell"upon"interaction"

with"CD4"receptors."Pol"is"a"catalytic"protein"of"HIV"that"is"cleaved"into"three"viral"enzyme"

proteins," protease," integrase," and" reverse# trascriptase." Tat" and" Rev" contribute" to" viral"

replication"early"on"during"infection"and"the"accessory"proteins"of"HIV"(Vif,"Vpr,"Vpu,"and"

Nef)" each" play" an" important" role" in" the" pathogenesis" and" virulence" of" the" virus"mainly"

through"immune"evasion"strategies(69)."(Note:#structure#and#function#of#Nef,#the#main#HIV/1#

protein#studied#in#this#work,#is#discussed#in#more#detail#in#section#1.6.1).++
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"
"
Figure+1.1.+Structure+of+HIV@1+genome.+Individual"genes"are"drawn"based"on"the"nucleotide"base"
pairs"and"arranged"vertically"by"translational"frame.""
"
"
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1.3.2+HIV@1+Life+Cycle+

The" first" step" in" the" viral" life" cycle" of"HIVK1" is" binding"or" attachment"between"gp41"and"

gp120"of"the"viral"Env"protein"and"host"cell"receptors,"CD4"and"chemokine"receptors,"CCR5"

or"CXCR4(70)."The"primary"targets"of"the"virus"are"cells"that"express"the"CD4"receptor"such"

as"CD4+"lymphocytes,"monocytes,"macrophages"and"DCs."Although"resting"CD4+"T"cells"are"

also" infected," activated" CD4+" T" cells" are" most" susceptible" due" to" the" high" surface"

expression" levels" of" viral" receptor" and" the" ability" to" support" viral" replication" while"

proliferating(71)." HIVK1" is" also" able" to" infect" nonKCD4" expressing" cells" such" as" renal"

epithelial" cells(72)" and" brain" astrocytes(73)," which" can" result" in" nephropathy" and"

neurocognitive" disorder" complications" respectively(43)." Once" binding" is" established" the"

virus" will" enter" the" host" cell" through" the" fusion" of" its" Env" protein" and" the" host" cell"

membrane."Inside"the"cell,"HIV"releases"the"RT"enzyme"that"converts"viral"RNA"into"double"

stranded"DNA."In"the"host"nucleus,"viral"enzyme" integrase#will" facilitate"the"integration"of"

viral"and"host"cellular"genome."Following"integration,"the"HIV"provirus"can"either"undergo"

active"transcription"resulting"in"high"population"of"viral"progeny"or"enter"proviral"latency"

as"a"result"of"silencing"mechanisms"that"repress"transcription(74,75)."While"ARV"treatment"

can" reduce" viral" load" (by" halting" replication" processes" that" lead" to" viral" progeny)," viral"

latency" represents" a" great" obstacle" in" treatment" and" eradication" of" HIVK1." For"

transcriptionally" capable" virus," following" the" integration" step" the" virus" uses" the" host"

machinery" for" the" transcription"of"viral"mRNA."Within"host" cell" cytoplasm"viral"mRNA" is"

translated" to"polyproteins" that"are"assembled"at" the"cell"surface"and"released"via" the"cell"

membrane." These" immature" virions" undergo" a" maturation" process" during" which" the"
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polyproteins"are"cleaved"by"the"HIV"protease."Only"mature"virions"are"capable"of"infecting"

CD4+"T"cells"to"continue"the"replication"cycle."!

+

1.3.3+HIV@1+Pathogenesis+and+Immune+Dysfunction+

Once"HIV" establishes" itself"within" a" host" cell" it" is" transmitted" to" other" neighboring" cells"

across" the" mucosal" membrane" that" also" express" CCR5" or" CXCR4(76,77)" ." DCs" and"

Langerhan" cells" become" infected" in" the" submucosal" layer(43)." The" acute" phase" of" the"

infection," which" often" lasts" about" 12" weeks," is" characterized" by" rapid" viral" replication."

During"this"period"cellular"immunity"signals"the"production"of"inflammatory"and"antiviral"

cytokines."A"peak"in"HIVKspecific"CD8+"T"cells"can"be"detected"1K2"weeks"after"increase"in"

viremia."Eventually"VL" reaches"a" setpoint"as"a" result"of"potent"killing"of" infected"cells"by"

CD8+"T"cells,"an"important"component"of"adaptive"immunity."Approximately,"three"months"

after" the" infection"neutralizing" antibodies," released"by"B" cells," begin" to" appear." In"nearly"

20%"of" patients" broadly"neutralizing" antibodies" (bNab)"have"been" shown" to"directly" kill"

the"virus"with"the"ability"to"neutralize"HIV"from"multiple"subtypes"(78).""

"

A"distinctive"feature"of"HIVK1"infection"is"the"depletion"of"CD4+"T"cells"as"a"result"of"their"

destruction,"which"ultimately"leads"to"immune"dysfunction."Several"mechanisms"contribute"

to" the" elimination"of"CD4+"T" cells." These" include:"direct" killing"of"CD4"T" cells," bystander"

effect"of"syncytia" formation,"senescence"and"apoptosis(43)."During"the"acute"phase"of" the"

infection," CD4" T" cells" circulating" in" the" blood" are" rapidly" lost" from" over" 1000" to"

approximately"500"cells"per"μl"blood."This"is"followed"by"recovery"of"CD4"T"cells"to"normal"

concentrations,"which"occurs"concurrent"with"the"reduction"of"pVL"due"to"killing"by"CD8+"T"
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cells.""However,"in"untreated"infections"CD4"count"continues"to"decrease"slowly"throughout"

the"chronic"phase"and"once"below"200"cells"per"μl"blood,"the"AIDS"stage"of"disease"begins,"

followed" by" death" due" to" AIDS" related" complications." " A" major" cause" of" CD4+" T" cell"

depletion"is"the"infection"of"activated"memory"T"cells"of"the"gutKassociated"lymphoid"tissue"

(GALT)(79)." GALT" cells"within" the" gastrointestinal" (GI)" tract" contain" high" levels" of" CCR5"

expressing" activated" memory" T" cells" (80,81)," therefore," servings" as" targets" for" HIV"

infection."Gradually" the"depletion"of" these" lymphoid"T"cells" increases"permeability"of" the"

gut" tissue" and" subsequently" results" in" high" concentrations" of" microbial" products" that"

further"activate"both"innate"and"adaptive"immune"systems,"causing"activation"of"HIV"target"

cells."Preferential"loss"of"TKhelperK17"cells"(Th17)"and"mucosalKassociated"invariant"T"cells,"

which"play"a"role"in"controlling"bacterial"infections"result"in"weakened"immunity"(82)."

+

Increased"immune"activation"is"also"another"feature"of"HIVK1"pathogenesis(43)."One"major"

factor"of"immune"activation"is"the"stimulation"of"host"TollKlike"receptors"(TLR)K"7"and"K8"by"

the"virus"(83)"and"subsequent"release"of"proKinflammatory"cytokines"IFNKα,"Interleukin"

(IL)"K6"and"K8,"macrophage"inflammatory"protein"(MIP)K1α,"and"adhesion"molecules"(84)."

Other"TLRs"are"also"activated"by"bacterial"products"such"as"lipopolysaccharides"(LPS)"and"

bacterial"DNA"that"accumulate"after"damage"to"mucosal"intestinal"barriers"(85).""CoK

infection"with"other"viruses"such"as"cytomegalovirus"(CMV)"can"also"induce"expansion"of"

activated"T"cells"(86)."Overall,"these"factors"contribute"to"enhanced"immune"proliferative"

state"that"further"mediates"infection"of"HIV"target"cells"and"disease"progression."ART"drugs"

are"successful"in"diminishing"pVL"levels"and"thus"reducing"immune"activation,"however,"

baseline"levels"that"characterize"an"uninfected"individual’s"immune"profile"are"never"
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achieved."Currently,"some"treatment"plans"seek"to"reduce"T"cell"proliferation"and"activation"

in"order"to"eliminate"HIV"target"of"replication(87)."""

"

1.4+HIV@1+and+Host+Immune+Responses+

The" various" components" of" the" host" immune" response" against" HIVK1" have" been" studied"

extensively"in"the"global"effort"to"develop"an"effective"vaccine."The"host"immune"response"

consists"of" innate"and"adaptive" immunity."The"components"of" the" innate" immunity"allow"

for" rapid" and" immediate" response" against" the" infecting" pathogens," while" the" adaptive"

immunity" provides" longKterm" protection" through" antigen" recognition" and" antigenic"

memory.""In"the"following"sections"the"major"players"of"the"immune"response"against"HIVK1"

will"be"discussed.""

+

1.4.1+Innate+Immune+Responses+

The"components"of"the" innate" immune"response"form"the"first" line"of"defense"against"

HIVK1"infection(88)."The"main"purpose"of"innate"immunity"against"HIVK1"is"to"limit"the"

infection"by"controlling"viral"spread"and"to"activate"and"modulate"the"antiviral"effects"

of" the"adaptive" immunity."Once"mucosal" resident"CD4+"T"cells,"DCs"and"macrophages"

are" infected," viral" recognition" by" innate" immunity" is" initiated." PathogenKrecognition"

receptors"(PRRs)"on"host"cells"have"the"ability"to"detect"viral"particles"called"pathogenK

associated"molecular"patterns"(PAMPs)."Among"PRRs,"host"cell"TLRs"can"recognize"viral"

proteins." TLRK7" and" TLRK8" commonly" recognize" HIVK1" genomic" RNA" and" signal" the"

activation"of"plasmacytoid"dendritic" cells" (pDCs),"which"produce"high" levels"of" type" I"

interferons"(IFN)"that"have"antiviral"properties"(89K91)."
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"

Activation" of" the" innate" immune" cells" results" in" the" release" of" cytokines" and"

chemokines,"such"as"IFNKγ"and"ILK2,"which"eventually"recruit"other"immune"cells"to"the"

site"of" the" infection(91)."Natural"Killers"(NK)"cells" for"examples"are"recruited"by"ILK2,"

ILK15" and" ILK21" and" have" potent" antiviral" activity(92)." Killer" immunoglobulinKlike"

receptors" (KIRs)" on" the" surface" of" NK" cells" are" highly" polymorphic" and" play" an"

important" role" in" the" activation" and" inhibition" of" these" cells." KIRs" also" interact"with"

HLA" class" I" molecules," thereby" initiating" NK" cell" antiviral" effector" functions." These"

include"antibodyKdependent"cellular"cytotoxity"(ADCC)K"mediated"and"direct"killing"of"

HIV"infected"cells."Numerous"studies"have"demonstrated"that"certain"KIR"receptors"like"

KIR2DL1,"KIR2DL2"and"KIR2DL3"are"expanded"in"early"infection"which"begin"antiviral"

activity"against"HIVK1"infection"(93).""

"

The" innate" immune"response"has"been"of" interest" for" researchers" in" the"recent"years"

since"it"has"been"shown"to"impact"the"adaptive"immune"response"that"follows"the"initial"

line"of"defense" towards"viral" infection."T" cell"mediated" immunity"as"well" as" antibody"

production" by" B" cells" are" linked" to" initial" activation" of" innate" immune" pathways."

Therefore,"the"component"of"innate"immune"response,"activated"during"the"early"phase"

of" the" infection," play" a" crucial" role" in" determining" the" subsequent" control" of" disease"

course,"such"as"CD4"depletion"and"VL"(93).""

+

1.4.2+Adaptive+Immune+Responses+
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The" adaptive" arm" of" the" immune" response" consists" of" humoral" response" that" tend" to"

neutralize"or"kill"the"virus"thereby"preventing"infection"of"new"cells,"and"cellular"responses"

that"kill"infected"cells(94)."

+

1.4.2.1+Humoral+Responses+

The" antiviral" activity" of" humoral" immune" response" against" HIVK1" is" initiated" by" B" cells,"

which" form" plasma" cells" after" antigen" stimulation" and" produce" potent" antibodies" (Ab)"

capable" of" virus" neutralization(95)." bNAbs" are" specialized" in" recognition" of" gp120" and"

gp41"epitopes"of"the"Env"protein."Their"major"function"is"to"prevent"infection"of"uninfected"

cells" through" direct" virus" neutralization." Immunoglobulins" (Ig)" can" mediate" cytotoxicity"

and"viral"inhibition."IgG"proteins"for"example"bind"to"viral"epitopes"and"facilitate"killing"of"

infected" cells" by" recruiting" other" effectors" such"NK" cells,"monocytes" and" neutraphills." In"

HIV" uninfected" individuals" IgA" and" IgM" have" demonstrated" catalytic" activity" against" the"

virus"(96)."

+

1.4.2.2+CD4++T+cells+

The"evidence"of"the"role"that"CD4+"T"cells"play"in"control"against"HIV"has"been"documented"

in"numerous"studies"(97)."In"longKterm"nonKprogressors""(LTNP)"and"elite"controllers"(EC),"

a"subset"of"HIVK1" infected" individuals"who"maintain"stable"CD4"count" for"at" least"7"years"

without"treatment,"HIVK1"specific"CD4+"T"cells"were"enriched"in"the"mucosal"tissue.""These"

cells" have" also" demonstrated" polyfunctionality" (i.e." secretion" of" multiple" cytokines)" and"

proliferation" capacity(98,99)." Activation" and" frequency" of" CD4+" T" cells" have" also" been"

linked" with" lower" VL" (100,101)." In" LTNPs," CD4+" T" cells" demonstrated" low" expression"
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levels" of" exhaustion" markers" and" coKinhibitory" molecules," TKcell" immunoglobulin" and"

mucinKdomain"containingK3"(TIMK3),"program"cellKdeath"protein"1(PDK1)"and"LymphocyteK

activation" gene" 3" (LAG3)" (102,103)." Proliferating" CD4+" T" cells" maintain" longKterm"

activation"of"CD8+"T"cells,"a"hallmark"of"effective"immune"response"in"LTNPs"and"ECs(103)."

Furthermore," studies" have" shown" that" loss" of" CD4+" T" cells" in" the" chronic" phase" of" the"

infection"can"diminish"the"effector"function"of"CD8+"T"cells"(104,105).""CD4+"T"cells"are"able"

to"potentiate"the"function"of"other"immune"cells(106);""CD4+"T"cells"secret"ILK2"to"activate"

CD8+"T"cells,"and"ILK4"to"upregulate"B"cells.""

+

1.4.2.3+CD8++T+cells+

Cytotoxic"T"Lymphocytes"(CTL),"also"known"as"Killer"or"CD8+"T"cells"play"a"major"role"in"

the"elimination"of"infected"or"malignant"cancer"cells"in"the"host"(106K108)."In"HIV"infection,"

numerous"studies"have"outlined"the"crucial"role"of"CTLs"in"controlling"viremia"in"both"acute"

and"chronic"phases"of"infection."An"inverse"correlation"between"the"number"of"CD8+"T"cells"

and"viremia"in"infected"hosts"has"been"shown"(109).""Depleting"CD8+"T"cells"of"SIV"infected"

rhesus"macaques"has"been"shown"to"accelerate""disease"progression"with"lowered"CD4+"T"

cells"and"increased"VL"(110)."Beside"a"quantitative"measure"of"the"important"role"of"CD8+"T"

cells,"several"studies"have"also"demonstrated"their"qualitative#impact"(111)."For"example,"

CD8+"T"cells"of"elite"viral"controllers"(ECs)"and"LTNPs"were"found"to"be"polyfunctional,"

defined"by"their"ability"to"secret"multiple"cytokines"such"as"IFNKγ,"TNFKα,"MIPK1β,"ILK2"and"

CD107a"(193,"216).""Such"responses"can"effectively"inhibit"viral"replication"and"promote"

the"killing"of"HIVK1"infected"cells,(112,113).""Additionally,"in"highly"exposed"seronegatives"

(HESN),"a"subset"of"individuals#who"remain"HIVKnegative"for"several"years"despite"frequent"
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exposure"to"infectious"virus"(114,115),"polyfunctional"CD8+"T"cells"may"play"a"role"in"

protection"against"HIVK1"infection(116)."+

+

Killing"by"CTLs"is"also"accomplished"through"the"production"and"release"of"two"protein"

families,"perforins"and"granzymes(117)"(118)."Perforins"create"pores"in"the"membrane"of"

HIVK1"infected"cells"mediating"the"transport"of"granzymes"into"the"cell."Granzymes,"which"

are"serine"proteases,"interact"with"cellular"proteins"to"promote"apopotosis"(selfKkilling)"of"

the"infected"cells,"thereby"diminishing"the"spread"of"infection"to"other"cells."Studies"have"

shown"that"the"granzyme"BKmediated"killing"of"HIVK1"infected"cells"are"more"frequent"in"

ECs"than"in"disease"progressors(119,120)."+

"

In"an"HIVK1" infected"cell’s" cytoplasm" the"enzyme"protease"breaks"down" the"viral"protein"

into"smaller"peptides"of"approximately"9"amino"acids"long"(121)."Peptides"are"then"passed"

through"transportKassociated"antigen"processing"(TAP)"protein"into"the"cell’s"endoplasmic"

reticulum" (ER)"where" they" are" coupled"with" the" host’s" HLA"molecule." This" peptideKHLA"

complex" is" further"processed"through"the"Golgi"apparatus"and" is" finally"expressed"on"the"

surface"where"the"viral"peptide"is"presented"to"the"TCR"on"CD8+"T"cells"(122)."It"is"through"

antigen" recognition" by" TCR" that" CD8+" T" cells" can" initiate" their" cytotoxic" (release" of"

granzymes"and"perforins)"and"cytolytic"(release"of"cytokines"like"ILK2"etc)"activities"(Figure"

1.2).!

+

+
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+

+

Figure+1.2.+HLA+peptide+presentation+to+CD8++T+cells+via+the+TCR+and+subsequent+

activation+of+CD8++T+cells.++
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1.5+HIV@1+Host+Immune+Evasion+

Overtime,"HIVK1" has" developed" strategies" to" escape" the" host" immune" response" to"

survive" and" enhance" its" replication" capacity(123)," and" to" overcome" host" immune"

barriers" (124)." The" host" immune" response" represents" several" lines" of" defense"

through" innate" and" adaptive" immunity" as" well" as" host" restriction" factors" to"

effectively"reduce"viral"replication"and"halt"infection(103)."The"evolving"interactions"

between" the" virus" and" the" host" immune" response" take" place" at" different" stages"

during"the"course"of"untreated"infection"and"the"host" immune"response"ultimately"

drives"viral"evolution"(125)."Below"some"mechanisms"are"described.""

+

1.5.1+CTL+Escape+Mutations"

HLAKrestricted"CTL"responses"represent"major"selective"pressures"that"drive"viral"

evolution"in"an"infected"host."At"transmission,"viral"genetic"bottleneck"results"in"

infection"of"the"new"host"by"a"founder"virus(34,38,126)."Upon"entering"the"host"

nucleus"the"virus"quickly"replicates"using"an"error"prone"RT"enzyme."It"is"estimated"

that"3x10K5"mutations"per"base"pair"per"replication"cycle"are"introduced"as"a"result"

of"RT’s"lack"of"DNA"proofreading"ability(127,128)."This"leads"to"the"generation"of"

closely"related"but"diverse"population"of"viral"sequences"referred"to"as"quasi#

species(129,130)."Immediately"the"cellular"immune"response"initiates"the"killing"of"

HIVKinfected"cells"through"the"recognition"of"viral"epitopes"presented"by"HLA"class"I"

molecules"to"T"cell"receptors"(TCR)."Then"with"virusKspecific"CTL"responses"during"

the"acute"phase"of"the"infection"a"dramatic"decline"in"viremia"occurs"simultaneously"

(131K133)."These"early"CD8+"T"cell"responses"select"for"mutations"within"viral"
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epitopes"that"make"immune"escape"possible."It"has"been"shown"that"escape"

mutations"result"in"the"generation"of"new"viral"sequences"in"the"first"7K21"days"of"

infection(134,135)"and"continue"to"take"place"even"during"the"chronic"

phase(136,137)."Escape"mutation"was"first"described"in"1991"among"a"cohort"of"

HIVKseropositive"haemophiliac"patients"where"a"fluctuation"in"the"specificity"of"CTL"

responses"was"matched"with"proviral"gag"epitope"DNA"sequence"variability."Two"

variants"of"p17"gag#epitopes"containing"arginine"to"lysin"(RK>K)"amino"acid"

substitution,"present"in"the"blood"of"some"donors"were"not"recognized"by"BK

lymphoblastoid"T"cell"lines"or"autologous"activated"T"cells."This"study"showed"that"

amino"acid"substitutions"in"Gag"epitopes"diminish"CTL"recognition"and"therefore,"

clearly"demonstrated"HIVK1"escape(138)."Subsequently,"escape"was"described"in"

1997"in"a"study"that"examined"viralKspecific"CD8+"T"cell"responses"against"an"

immunodominant"epitope"of"gp160"protein"in"Env(139)."Sequence"analysis"using"

RTKPCR"revealed"amino"acid"replacement"mutations"in"the"Env"protein"that"

weakened"the"peptideKHLA"binding,"therefore,"demonstrating"CD8+"T"cell"escape"

mutation."Numerous"studies"since"then"have"described"the"role"of"HLAKrestricted"

C8+"T"cells"in"driving"the"evolution"of"the"virus"by"selecting"escape"mutations"in"

viral"epitopes"of"multiple"genes"such"as"gag,"pol,"env,"nef"and"other"accessory"and"

regulatory"proteins"of"HIV"(140K144).""

"

Epitope"processing"is"a"complex"mechanism"and"CTL"escape"mutations"can"occur"at"

three" different" stages" (Reviewed" in" Carlson" et" al." 2015," Trends" in"

Microbiology)(145)." The" first" is" when" viral" protein" mutations" interfere" with"
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intracellular"processing"of"peptides"by"the"proteasome"in"the"infected"cell(146)."This"

is" called" antigen/processing# escape”" and" can" take" place" within" or" nearby" an"

epitope(147,148)"."An"example"of"this"type"of"mutation"is"A146P"in"Gag"of"B*57:03"

individuals"that"results"in"improper"trimming"of"the"epitope"(149).""The"second"type"

of" mutation," called" “HLA/binding# escape”" affects" the" epitopeKHLA" binding"

step(145,150)."In"this"scenario"epitopes"are"processed"by"the"proteasome,"however,"

a" replacement"mutation," often" in" one" of" the" peptide’s" anchor" positions," 2," 8" or" 9,"

diminishes" binding" ability" between" that" epitope" and" the" HLA"molecule(150,151)."""

R264K"mutation" in" B*27" restricted" Gag"KK10" epitope" is" an" example" of" this(137)."

The" third"possible" stage" for" escape"mutation" can" take"place"at" the" step"of" antigen"

presentation" to" TCR."While" some"mutations" do" not" impact" antigen" processing" or"

HLAKbinding" steps," “TCR"escape#mutations”" reduce"epitope" recognition"by" the"TCR"

clonotypes"of"the"selecting"CTLs(138,152)."These"mutations"are"typically"selected"at"

the"middle"position"of"epitopes,"often"position"6"(152)."CTL"driven"escape"mutations"

have" been" shown" in" both"HIV" and" SIV"models." (123,153)." Since" escape"mutations"

can" occur" both" within" and" outside" an" epitope," effective" methods" to" survey" the"

emergence" of"mutations" is" crucial" in" determining" regions" that" are" under" immune"

selection" pressure." Further," identifying" these" key" residues" and" correlating" them"

with"clinical"outcomes"of"disease"progression"or"survival"can"help"us"select"effective"

vaccine"immunogens.""

+

1.5.2+HIV@1+and+HLA+Class+I++
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Major" Histocompatibility" Complex" (MHC)" is" the" most" polymorphic" coding" region"

within"the"human"genome(154)." "Human"Leukocyte"antigens"(HLA)"are"a"group"of"

genes"within" the"MHC" coding" region" in" chromosome" 6" in" humans" (154,155)" and"

their" major" function" is" to" recognize" and" distinguish" between" self" and" foreign"

antigens."Upon"recognition"of"nonKself"antigens"HLA"activates"host"immune"cells"to"

respond"to"infection."There"are"two"classes"of"HLA."HLA"Class"I"genes"code"for"HLAK

A,"KB"and"KC"that"present"antigens"to"cytotoxic"T"lymphocytes"(also"known"as"CD8+"T"

cells)." By" presenting" antigen" peptides" to" TCR," HLAKpeptide" complex" initiates" the"

activation" of" CD8+" T" cells" (Figure" 1.2.)." This" process" was" first" established" by"

Zinkernagel"and"Doherty"in"1974"and"was"called"“MHC"class"I"restriction”(156)."HLA"

Class"II"genes"which"consist"of"HLAKDR,"KDP,"and"KDQ"present"extracellular"antigens"

to"CD4+"T"cells(157)."The"vast"polymorphism"of"the"HLA"coding"region"is"the"result"

of" its" interactions" with" pathogens" encountered" throughout" human" evolutionary"

history(154)."In"HIV"infection,"HLA"is"one"of"the"major"host"genetic"factors"that"may"

determine" the"rate"of"disease"progression"and"may"play"an" important"role" in"viral"

control," through" the" recognition" of" certain" immunodominant" epitopes(158,159).""

For" example," in" HLAKB*27Kexpressing" individuals" strong" CTL" responses" to" the"

immunodominant"KK10"epitope"of"Gag"was"observed(137,160K162)."Several"cohort"

and"genomeKwide"association"studies"(GWAS)"have"depicted"the"role"of"HLA"alleles"

on"disease"susceptibility"and"control"on"a"large"scale."The"first"of"these"studies"was"

conducted" nearly" two" decades" ago" in" 1996" where" Kaslow" and" colleagues"

determined"that"HLA"class"I"alleles"B*57"and"B*27"in"a"subtype"B"infected"Caucasian"

cohort"were"associated"with"delayed"onset"of"AIDS"from"the"time"of"infection(160)"."
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In" a" South" African" study" involving" subtype" C" infected" patients," B*58:01" was"

associated"with"slower"disease"progression(163);"while"the"results"of"a"GWAS"study"

showed" that" in" a" Caucasian" cohort" of" subtype" B" infected" patients," B*07:02" was"

associated" with" susceptibility" to" progression" to" AIDS(162)." Overall," these" studies"

demonstrate" the" important" role" that"HLA" alleles" play" in" both" disease" control" and"

susceptibility." Determining" host" genetic" factors" that" contribute" to" HIV" control" is"

therefore,"an" important"approach"that"can"help" in" the"design"of"protective"vaccine"

strategies.""

#

Epitope"recognition"by"HLA"class"I"alleles"restricted"CD8+"T"cells"is"a"major"driving"

force" in" the" evolution"of" the" virus(158)" ." To" evade" recognition"by"HLA,"mutations"

may" arise" within" an" epitope" or" in" the" flanking" regions," which" impair" peptide"

processing" and" presentation(164)." While" the" emergence" of" escape" mutants" may"

present" a" challenge" to" the" immune" response" and" in" designing" protective"

therapeutics," the"mutational"patterns" are" largely"predictable" at" the" individual" and"

population" level" based" on" the" host" HLA" characteristics(158)." For" examples," in"

individuals" who" are" B*57" positive," a" T" to" N" mutation" at" position" three" of" TW10"

epitope" of" p24" protein" is" selected(123,165)." Similarly," in" B*27" individuals," in" the"

Gag" KK10" epitope," M" is" replaced" by" L(166)." The" understanding" that" immune"

selection"pressure"drives"HIV" evolution"within" a" population" is" based"on" the" “HLA"

footprinting”" hypothesis," which" suggests" that" common" HLA" alleles" influence" the"

viral" adaptation" patterns" that" eventually" determine" the" circulating" consensus"

sequence"within"a"population(167,168)"."For"example,"A*24:02"is"highly"prevalent"in"
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Japan,"appearing"in"approximately"60K70%"of"the"population(169)."The"common"Nef"

Y135F"mutation,"where"tyrosine"(Y)"is"replaced"by"phenylanaline"(F)"at"position"135"

of" the"protein" is" selected"by"A*24:02." In" the" infected" Japanese"population"F" is" the"

consensus"at"position"135,"rather"than"Y,"the"global"subtype"B"consensus(170K172)."

This" illustrates" how" viral" sequence" diversity" is" determined" and" shaped" by" HLA"

alleles"most"common"in"the"population." " "Therefore,"viral"sequence"diversity" is"the"

result"of" selective" forces" imposed"by"CTLs"restricted"by"common"HLAs(158)." "The"

predictability" of" viral" mutation" pathways" based" on" the" host" immune" selection"

pressure"provides"the"opportunity"to"determine"regions"of"the"virus"that"are"highly"

targeted.""

"

One"of"the"major"consequences"of"escape"mutation"is"the"loss"of"fitness"incurred"by"

the" virus." Although" the" emergence" of" escape"mutations" allow" the" virus" to" survive"

under" host" CTL" responses," many" escape" mutations" result" in" a" weakened" and"

replication" incompetent" virus" (158)." Therefore," the" consequences" of" viral" escape"

mutations" could" be" different." Viral" fitness" cost" associated"with" immune" escape" is"

evidenced"by"several"documented"observations."First,"in#vivo"studies"have"revealed"

that"when"a"mutant"virus"is"transmitted"to"a"new"host"that"lacks"the"restricting"HLA"

allele"in"the"original"host,"the"virus"reverts"back"to"its"wildtype"form,"indicating"the"

wildtype" is" likely" the"more" fit"version"of" the"virus"and" is" thus"preferable(140,173K

177)." For" example," CTL" responses" during" the" acute" phase" of" infection" in"

B*57/B*5801"individuals"select"for"an"escape"mutation"within"the"TW10"epitope"of"

gag,"which"reverts" to"wildtype"upon" transmission" to"B*57/B*580:1"negative"hosts"
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(176)." Second" line" of" evidence" for" fitness" loss," is" reduced" replication" capacity" in"

virus"harboring"escape"mutation"compared"to"a"wildtype"virus"(158).""In"HLAKB57*"

individuals,"while" the"T242N"escape"mutation" in"TW10"epitope"results" in"reduced"

peptideKHLA" binding" and" ultimately" escape" from" host" CTL," the"mutant" virus" also"

loses" its" replication" capacity" measured" by" in# vitro" assays(178)." In" another" study"

when"major"gag"escape"mutations,"restricted"by"protective"HLA"B*27"and"B*57"were"

engineered" into" the" NL4K3" HIVK1" reference" strain," the" replication" capacity" of" the"

virus" was" reduced" in# vitro# (142)." Finally," emergence" of" compensatory" mutations"

that" help" to" restore" viral" fitness" also" showed" that"HLAKassociated"polymorphisms"

confer"a"substantial"replicative"cost(179)."In"B*27+"individuals"the"common"R264K"

mutation"in"the"KK10"gag"epitope"results"in"reduced"viral"replication"measured"by"

in" vitro" assays(140)." However," this" mutation" is" often" accompanied" by" the" S173A"

substitution" that" takes" place" upstream" of" the" KK10" epitope" and" in" NL4K3" strains"

restores"viral"replication"to"that"of"the"original"wildtype"virus(140).""

"

Fitness" cost" associated" with" escape" mutation" is" further" evidenced" by" several"

biological"disadvantages" for" the"virus"and"clinical"advantages" for" the" infected"host"

(145).""Mutations"that"undermine"host"immunity"may"result"in"weakened"virus"with"

lower"replication"capacity."The"clinical"implications"of"a"less"fit"virus"is"illustrated"by"

reduced"viral" load(178)"and"higher"CD4"counts" in"the"infected"host(180)."Reduced"

pVL" associated"with" escape"mutant" sequences" has" been" shown" in" both" early" and"

chronic" infection(181K183)." Additionally," transmission" of" virus" that" harbours" CTL"

escape"mutations" are" overall" less" likely" than" those" without(184)." In" cases" where"
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mutant"virus" is" transmitted" to"an"HLAKmismatched" individual"plasma"viral" load" is"

lower" in" the" recipient" host" (185,186)." In" EC" individuals," the" selected" escape"

mutations" result" in" diminished" viral" protein" function" as" demonstrated" by" in#vitro#

studies(187)" ." Furthermore," protective" HLA" class" I" select" for" mutations" that" are"

associated" with" a" higher" fitness" cost" than" nonKprotective" alleles(142,188)." These"

findings"demonstrate"the"role"of"HLAKrestricted"CTL"responses"that"select"for"escape"

mutants" and" viral" mechanisms" that" restore" overall" fitness." A" comprehensive"

understanding"of"escape"mutations"in"HIVK1,"their"fitness"cost"and"impact"on"disease"

progression"is"critical"in"informing"therapeutic"strategies."

"

1.6+HIV@1+NEF+PROTEIN+"

1.6.1+HIV@1+Nef+Protein+Structure+and+Function+

Negative" Effector" (Nef)" protein" is" an" accessary" protein" of" HIVK1" that" is"

approximately"between"200K220"amino"acids" long,"with"206"as" the"most" common"

length(189)." The" HIVK1" Nef" protein" is" Myristoylated," meaning" that" it" contains" a"

myristoly"fatty"acid"group"attached"to"its"NK"terminus,"allowing"Nef"to"interact"with"

host"cell"signaling"pathways."Nef"consists"of"a"variable"domain,"amino"acids"1K65,"an"

internal" conserved" domain," amino" acids" 70K200" and" is" flanked" by" an"NKterminus,"

amino"acids"2K61"and"the"CarboxyKterminus,"amino"acids"201K206(189).""

"

Nef"is"a"polyfunctional"accessory"protein"of"HIV"that"through"its"different"functions"

contributes"to"HIV’s"infectivity"and"virulence."Nef"is"vital"for"increased"pathogencity"
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of"HIV"and"its"role"in"clinical"outcomes"have"been"previously"reported(190K192)."A"

wellKdocumented" case"which" took"place" prior" to" donor" screening" guidelines"were"

strictly" implemented," is" described" in" the" Sydney"Blood"Bank"Cohort" (SBBC)" study"

(193,194)." A" group" of" six" patients" received" blood" from" an" asymptomatic" HIVK1"

infected"donor;"some"of"these"patients"showed"very"slow"progression"to"AIDS"while"

others"remained"asymptomatic"with"normal"CD4"counts"and"undetectable"viral"load"

levels"for"over"two"decades."Viral"sequencing"analysis"revealed"that"the"virus"from"

the"donor"and"the"recipients" lacked"nef#and"nef/LTR#region."This"was"the" first"case"

that"showed"HIVK1"Nef"plays"an"important"role"in"viral"pathogenesis"and"its"absence"

will"result"in"favorable"clinical"conditions."Another"example"was"seen"in"a"group"of"

Elite" Controllers(195);" Nef" clones" isolated" from" these" patients"were" inefficient" in"

CD4"and"MHC"downregulation"and"in"their"overall" infectivity"abilities"compared"to"

Nef" isolates" from" those" of" rapid" progressors(196)." NefKdeficient" or" NefKinefficient"

virus" is" therefore," less" capable" of" infection" and" overall" contribution" to" disease"

progression." These" findings" were" further" corroborated" when" rhesus" macaque"

monkeys" infected"with" attenuated" SIVmac239" virus," lacking" the"nef#gene," showed"

decreased"levels"of"plasma"viral"load"and"slow"disease"progression"(197).""

+

1.6.2+Major+Functions+of+Nef+as+a+Virulence+factor+of+HIV@1+

Nef’s" ability" to" enhance" viral" pathogenicity" and" replication" is" accomplished" by" a"

number"of"functions"it"carries"out"early"on"during"the"viral"life"cycle"and"throughout"

chronic" infection." These" include" downregulation" of" host" CD4" and" HLA" molecules"
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from"the"surface"and"interfering"with"cell"signaling"pathways."Below"each"are"briefly"

described.""

!

CD4!downregulation++

The" heterotetrameric" clathrinKassociated" adaptor" protein" 2" (APK2)," is" responsible"

for" the" internalization" and" transport" of" material" into" the" host" cell" through"

endocytosis."HIVK1’s"Nef"can"hijack"this"host"cellular"function"by"binding"to"the"APK2"

protein" in" the" cytoplasm" and" forming" clathrineKcoated" pits" that" eventually"

internalize" and" removes" CD4" receptor" from" the" cell" surface(195)." " CD4" receptors"

bind" to" Env" protein" of" the" virus" initiating" viral" life" cycle." However," during" early"

infection"this"binding"can"result"in"ineffective"budding"and"release"of"nonKinfectious"

(not" fully" assembled)"virions."Nef’s" removal"of"CD4" from" the" cell" surface"prevents"

this"from"happening,"therefore,"allowing"for"the"formation"of"fully"assembled"virions"

that"can"be"released"at"a"later"time(198,199).""NefKinduced"down"regulation"of"CD4"

also"contributes"to"reduced"immunity"as"CD4+"T"cells"play"a"central"role"in"cellular"

immunity(200)."""

"!

MHC!down3regulation+

One" of" the" major" ways" Nef" contributes" to" host" immune" evasion" is" through" the"

downregulation"of"MHC"molecules"from"the"surface"of"the"infected"cells"(195,201)."

The"mechanism"involves"the"interaction"of"Nef"protein"and"APK1"and"their"binding"to"

the"cytoplasmic" tail"of"MHC"in" the"transKGolgi"network"(TGN)"of" the"cell(202,203)."

This" interaction"disrupts" the"normal"pathway"of"MHC" from"the"nucleus" to" the"cell"
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surface"via" the"TGN."With" reduced"expression"of" surface"MHC," fewer"CD8+"T"cells"

are"engaged"and"thus"the"infected"cells"evade"the"host"immune"response.""

!

Activation!of!cell!signaling!pathways!

Another" function"of"Nef" is" to" reduce" the"motility" and"migration"of" infected"CD4"T"

lymphocytes." This" localizes" the" infection" in" an" environment" that" is" rich" in" HIVK1"

target"cells"such"as"other"nearby"CD4+"T"lymphocytes,"DC"and"macrophages"and"also"

enhances" host" immune" evasion(195)." Reduced" motility" of" infected" host" cell" is"

accomplished" by" the" ability" of" the"Nef" protein" to" interact"with" host" cell" signaling"

pathways." Nef" interacts" with" various" kinases" within" CD4" T" cells" such" as" P21"

activated" kinase" (Pak2)" family." NefKmediated" Pack2" activation" results" in" the"

degranulation" of" cofilin," a" host" cell" protein" involved" in" cellular" organization" and"

motility(204)." In" this" way" Nef" utilizes" yet" another" cellular" mechanism" to" the"

advantage" of" the" virus." In"HIVK1" infection"CD4"T" cell" activation" is" associated"with"

disease"progression(205,206)." Therefore," the" deleterious" effects" of"Nef" interfering"

with" cellular" signaling" pathways" that" result" in" CD4" T" cell" activation" have"

implications"for"clinical"outcomes."""

+

1.6.3+Nef+immunogenicity+

The"immunogenicity"of"Nef"protein"has"been"studied"in"both"human"and"NHP"

models"where"Nef"specific"immune"responses"have"been"shown"to"mediate"effective"

immune"control"of"infection(190)."Nef"is"among"the"first"proteins"to"be"generated"

during"the"HIVK1"life"cycle,"due"to"its"crucial"role"in"increasing"the"infectivity"of"the"
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virus"from"the"outset,"and"is"the"most"immunogenic"among"all"other"HIVK1"accessory"

proteins(207)."Nef"is"the"most"targeted"protein"in"acute"infection"and"accounts"for"

50K90%"of"CD8"T"cell"responses"during"the"acute"phase."During"the"chronic"phase,"

Nef"is"responsible"for"the"highest"magnitude"of"IFNKγ"responses"compared"to"other"

viral"proteins(190)."Some"studies"have"even"shown"that"the"sequence"variability"of"

Nef"is"likely"driven"by"HLA"Class"I"selection"pressure(143)."In"fact,"HLA"selected"

mutations"in"Nef"have"been"associated"with"viremia"suppression."For"example,"in"

HLAKB*57"and"KB*58:01"LTNP"individuals,"selection"of"HW9"(HTQGYFPDW)"epitope"

in"Nef"was"associated"with"sustained"and"frequent"CD8+"T"cell"responses(196)."In"

SIV"models"Nef"specific"CD8+"T"cell"responses"were"associated"with"disease"control."

Elite"viremia"control"was"observed"in"MamuKB*08+"rhesus"macaques"targeting"Nef""

RL10"epitope"(RRHRILDIYL)"(208)""and"in"cynomolgus"monkeys"whose"CD8+"T"cells"

targeted"epitopes"in"the"carboxy"terminus"of"Nef"(209)."In"a"large"cohort"study"CD8+"

T"cell"responses"to"specific"Nef"regions"were"associated"with"lower"viral"set"

point(190)."These"studies"showed"that"targeting"specific"regions"of"Nef"could"

contribute"to"disease"control"and"the"potential"of"Nef"epitopes"as"a"TKcell"vaccine"

candidate.""

+

1.7+Project+Rationale,+Hypothesis+and+Objectives+++

1.7.1+Rational+and+Gaps+in+Knowledge:+

Development" of" an" effective" vaccine" against" Human" Immunodeficiency" VirusK1"

remains"one"of"the"grand"challenges"in"global"health"despite"three"decades"of"study"
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and" research." The" major" obstacles" are" the" insufficient" understanding" of" the"

protective" immunity" of" the" host" in" response" to" HIVK1" infection" and" the" rapid"

mutation"and"diversity"of"the"virus."Since"HIVK1"depends"on"the"host"to"survive"and"

the" effect" of" host" immune" response" is" imprinted" in" the" sequence" of" the" virus,"

characterization"of"the"interactions"between"virus"and"the"host"immune"system"can"

provide"clues"to"which"immunogens"should"be"included"in"an"effective"HIV"vaccine"

candidate." " Several" studies" have" shown" that" Human" Leukocyte" Antigen" restricted"

Cytotoxic" T" Lymphocyte" responses" play" a" major" role" for" immune" control" of" HIV"

infection(113)"(210)"(162)."HIVK1"mutates"to"escape"CTL"recognition"and"to"survive"

under"host"immune"pressure."Mutations"that"allow"the"virus"to"survive"overtime"are"

referred"to"as"positively"selected"mutations"(PSMs)(157,211)."However,"the"effects"

of" PSMs" are" not" always" equal;" while" they" allow" the" virus" to" survive," there" is"

sometimes" a" fitness" cost" associated"with"mutations(142,178,212,213)." Identifying"

and" characterizing" these" mutations" can" help" select" immunogens" for" candidate"

vaccines." Since" the" PSMs" reflect" viral" escape" from" host" immune" responses" in" the"

context" of" HLA" class" I" restricted" CD8+" T" cells," correlating" PSMs" in" HIVK1" with"

specific"host"HLA"alleles"and"disease"progression"status"is"a"promising""approach"to"

identify"best"immunogens"to"be"included"in"a"candidate"HIV"vaccine.""

"

HIVK1" Nef" plays" an" important" role" in" the" pathogenesis" of" the" virus(192,214)."

Recently" some" studies" have" identified" certain" regions" of" Nef" that" may" were"

associated" with" protective" clinical" outcomes," such" as" decreased"

VL(143,190,196,215,216)." However," in" majority" of" these" studies" treatment" naïve"
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samples" are" limited" to" one" time" point" since" in" most" developed" countries" ART"

treatment"is"initiated"immediately"after"a"patient"is"diagnosed"HIVKpositive,"making"

it" challenging" to" determine" hostKdriven" mutational" patterns" overtime." " More"

importantly," these" studies" also" lack" patient" disease" progression" data," such" as"

longitudinal"CD4"counts"before"the"initiation"of"ART."Therefore,"it"is"not"possible"to"

determine"if"HLA"driven"PSMs"are"correlated"with"disease"outcome.""This"is"a"major"

knowledge"gap:"to"determine"the"clinical"consequences"of"HIVK1"Nef"PSMs"in"disease"

outcome"and"ultimately"to"define"best" immunogens"in"Nef"that"may"be"included"in"

an"effective"HIVK1"vaccine.""

+

1.7.2+Hypothesis+and+Objective:"

This+thesis+has+four+major+hypotheses:+

1.! The"population"frequency"of"PSMs"in"HIVK1"Nef""from"subtypes"A1,"B,"C"and"D"

remain"stable"overtime"and"PSMs"in"HIVK1"Nef"motifs"are"consistent"among"

subtypes"A1,"B,"C"and"D"since"functional"motifs"represent"conserved"regions"

of"the"virus.""

2.! HIVK1"Nef"CD8+"T" cell" epitopes" contain"positive" selected"mutations" (PSMs)"

that" differentially" influence" disease" progression." These" epitopes" can" be"

identified"using"correlation"with"host"HLA"class"I"alleles.""

3.! HLA"class"I"restricted"CD8+"T"cell"epitopes"containing"PSMs"will"elicit"CD8+"T"

cell"responses"that"can"be"measured"by"ELISPOT"assay.""
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4.! CD8+" T" cell" populations" specific" to" epitopes" that" contain" PSMs" associated"

with"differential"CD4"decline"will" differ" in" their"proliferation," expression"of"

antiviral"intracellular"cytokines"and"exhaustion"characteristics.""

" "

Hypotheses+will+be+tested+by+the+following+Objectives:+

1.! To+identify+and+compare+PSMs+in+four+major+M+group+subtypes,+A1,+B,+C+

and+D+and+analyze+their+mutational+pattern+overtime+(Chapter+3)+

HIVK1"Nef"sequences"from"four"major"M"group"subtypes"(A1,"B,"C"and"D)"will"

be"obtained"from"Los"Alamos"National"HIV"Laboratory"Database"and"PSMs"in"

Nef" will" be" identified" by" a" bioinformatics" approach" called" quasi" analysis"

selection"mapping"program."

"

2.! To+ amplify+ and+ sequence+ HIV@1+ Nef+ and+ identify+ PSMs+ in+ Nef+ using+

bioinformatic+analysis+(Chapter+4)+

HIVK1"nef"gene"will"be"amplified"from"508"HIVK1"infected,"antiretroviral"drug"

naïve"women"using"a"nested"PCR"approach"(Section"2.7.1)."The"amplified"nef"

will"be"sequenced"using"the"454"pyrosequencing"technology."PSMs"in"HIVK1"

Nef"will"be"identified"by"quasi"analysis."

"

3.! To+ correlate+ PSMs+ with+ disease+ outcome+ and+ HLA+ class+ I+ alleles+

(Chapter+4)+

PSMs"will" be" correlated"with"HLA" class" I" alleles" and" CD4+"T" cell" counts." A"

database"consisting"of"all"the"Nef"PSMs"will"be"established"and"merged"with"a"
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database" of" host"HLA" class" I" alleles" of" all" study" participants." Fisher’s" exact"

test"will" be"used" to" correlate"PSMs" in"Nef"with"HLA" class" I" alleles;"KaplanK

Meier" survival" analysis" will" be" used" to" determine" PSMs" associated" with"

different"rates"of"CD4"decline."

"

4.! To+confirm+epitopes+containing+PSMs+that+correlate+differentially+with+

CD4+decline+(Chapter+5)++

IFNK!"ELISPOT"assays"with"peptides"overlapping"the"identified"PSMs"will"be"

used" to" confirm" potential" HLAKrestricted" CD8+" T" cell" epitopes" identified"

through" correlation" analysis." For" PSMs" that" significantly" correlate" with"

specific"HLA"alleles,"9mer"peptides"will"be"synthesized."These"epitopes"will"

contain"the"identified"PSMs"and"consensus"amino"acids"at"anchor"positions"2,"

8"or"9"and"middle"position"5,"which"have"been"shown"to"impact"peptideKHLA"

binding."

"

5.! To+ characterize+ immunological+ signature+ of+ CD8++ T+ cell+ responses+

induced+ by+ epitopes+ containing+ beneficial+ or+ detrimental+ PSMs+

(Chapter+6)"

Tetramers" containing" peptides" with" PSM" or" consensus" amino" acids," from"

beneficial" and" detrimental" categories"will" be" obtained" (NIH"Tetramer" Core"

Facility)." The" tetramer" positive" cells" will" be" stained" using" surface" and"

intracellular" CD8+" T" cell" marker" panels." Flow" cytometry" analysis" will" be"

performed" using"multicolor" BD" LSR" II" flow" cytometer" to" assess" frequency,"



"39"

proliferation," expression" of" antiviral" intracellular" cytokines" and" exhaustion"

characteristics"of"tetramerKspecific"CD8+"T"cells."""
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2.+General+Materials+and+Methods+

2.1+Study+Ethics+

All"patients"enrolled"in"the"study"provided"informed"consent."The"Ethics"Committee"

of" the"University"of"Manitoba"and" the"Ethics"and"Research"Committee"of"Kenyatta"

National"Hospital"approved"this"study!

+

2.2+Study+Cohort+and+Participants++

Samples"used"in"this"study"were"from"the"Majengo"(ML)"female"sexKworker"cohort,"

from"Pumwani"district"of"Nairobi,"Kenya."The"cohort"was"established"in"1985,"

through"collaboration"between"the"University"of"Manitoba"and"University"of"Nairobi.""

Since"its"establishment,"approximately"4,000"individuals"have"been"enrolled,"with"

close"to"600"participants"in"active"followKup."At"biannual"resurveys,"serology"and"

PCR"tests"are"used"to"determine"the"HIVK1"status"of"enrollees."From"each"

participant,"21"ml"of"heparinized"blood"was"collected"for"immunological"assays,"and"

7ml"additional"of"blood"in"ethylenediamine""tetraacetic"acid"(EDTA)"was"collected"to"

determine"CD4"count"and"viral"load."Study"participants"also"completed"a"behavioral"

questionnaire,"were"screened"for"STIs"and"received"medical"treatment,"including"

ARV"after"2003"for"HIV+"participants"with"CD4"counts"below"250/mm3,"counseling"

and"free"condoms.""

The"members"of"the"study"cohort"are"divided"into"four"major"epidemiological"

categories"based"on"participants’"clinical"features:"

HIV#infected:"participants"who"were"tested"HIV"positive"(PCR"and"serology)"at"

enrolment."



"41"

HIV/seroconvertors:" participants" who" were" negative" at" enrollment" but"

seroconverted"at"later"follow"up""

HIV#Exposed"SeroKnegative"(HESNs):#participants"who"remained"HIVKnegative"for"≥7"

years"despite"high"risk"of"exposure"to"HIV"due"to"commercial"sexKwork."

HIV/susceptible:#participants"who"were"HIVKnegative"at"enrolment,"but"have"not"

been"followed"up"long"enough"to"meet"the"time"requirement"for"HESN."#

For"this"study,"the"samples"used"were"either"from"HIVKinfected"or"seroconverted"

participants."""

To"optimize"experimental"conditions"samples"from"local"donors"(Winnipeg,"

Manitoba)"were"also"obtained."The"Ethics"Committee"at"the"University"of"Manitoba"

has"approved"the"local"donor"program."

+

2.3+HIV@1+Testing+

HIVK1" testing" in" the"Majengo" cohort" consisted"of" two" tests;"The" first" test,"was" the"

Recombigen" enzymeKlinked" immunosorbent" assay" (ELISA)" (Trinity" Biotech,"

Ireland)," samples"are" tested" for"HIV"Antibodies" (Ab)"at" the"Pumwani" clinic." If" this"

test"is"positive,"i.e."HIV"Ab"detected,"then"a"second"test,"Detect"HIV1/2"Immunoassay"

(Adaltis" Inc.)"was" used" to" confirm"positive" results" in" the" lab."Only" samples" tested"

positive"for"both"tests"were"considered"HIVKpositive."

+

2.4+CD4+T+Cell+Count+

To"measure"CD4+"T"cells"for"each"cohort"participant,"whole"blood"collected"in"EDTA"

tubes,"were"analyzed"using"Tritest"reagent"CD3/CD4/CD8"(BD"Bioscience)"by" flow"
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cytometry" assay." Absolute" CD4+" T" cell" counts"were" calculated" by"multiplying" the"

lymphocyte"counts"to"the"percentage"of"CD4+"T"cells.""

+

2.5+HLA+Class+I+typing++

DNA"was" isolated" from"blood"using" the"QIA"Amp"DNA"mini"Kit"and"QIA"EZ1Blood"

Robot"(QIAgen"Inc,"Mississauga,"ON,"Canada)"and"used"to"type"the"HLA"Class"I"allele"

for" each" participant." " HLA"A," B," and" C" genes"were" amplified" by" PCR"with" specific"

primers(217K219)." After" purification" the" PCR" products" were" sequenced" using"

BigDye" cycle" sequencing" kit" (Applied" Biosystems," Foster" City," CA)" with" specific"

primers." " Each" sequence" was" then" analyzed" with" AB13100" or" ABI3130xl" Prism"

Genetic" Analyzer." Ambiguous" combinations" were" resolved" with" allele" specific"

primers." To" assign" HLAKA," HLAKB" and" HLAKC," a" taxonomyKbased" sequencing"

software,"called"CodonExpressTM"was"used(220,221)."The"peptide"binding"region"of"

HLA"molecule"are"encoded"by"exon"2"and"3"of"the"HLA"chromosome,"therefore,"only"

these" regions"were"analyzed."Alleles"were" typed" to"4Kdigit" resolution."This" type"of"

resolution" was" also" used" for" the" assignment" of" homozygotes" for" a" specific"

allele(222).""

+

2.6+Sample+Preparation+

2.6.1+Isolation+of+Peripheral+Blood+Mononuclear+Cells+(PBMCs)+from+

Blood+
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Isolation"of"PBMCs"from"whole"blood,"was"done"using"the"FicollKHypaque"density"

gradient"isolation"technique."In"summary,"whole"blood"was"first"centrifuged"at"1200"

rpm"for"10"minutes"to"separate"plasma"from"other"blood"components."The"

remaining"part"of"the"blood"was"diluted"1:1"with"2%FBSKPBS"solution"(Life"

Technologies,"Cat."No.12483020),"and"carefully"layered"over"approximately"10"ml"of"

Ficoll"(Cedarlane,"Cat."No."1114547)."This"layered"mixture"was"then"centrifuged"at"

1400"rpm"for"25"minutes,"with"the"centrifuge’s"break"completely"off"to"avoid"mixing"

of"the"layers."The"PBMC"layer"was"carefully"collected,"then"washed"with"2%FBSKPBS"

by"centrifugation"at"1600"rpm"for"10"minutes."Cells"were"resuspended"in"10ml"of"

R10"culture"media"and"counted"using"hemocytometer,"and"the"Trypan"blue"

exclusion"dye"(ThermoFisher)"used"to"determine"cellular"viability."The"purified"

PBMCs"were"aliquoted"at"1.0"x107"cells/ml"in"freezing"medium"(8%DMSO"and"92%"

FBS)"for"longKterm"storage"in"cryovial"tubes"and"store"in"liquid"nitrogen"tank"(LN2)"

tank"or"K80°C"following"the"standard"protocol.""

+

2.6.2+Thawing+and+Resting+Cryopreserved+PBMCs+

FreezeKthawedKrested" PBMC" samples" were" used" in" ELISPOT" and" flow" cytometry"

assays."."In"brief,"cryovials"containing"frozen"PBMCs,"were"placed"in"37°C"water"bath"

until" the" content" had"mostly" thawed." Then," RK10"media" at" 37°C"was" added" dropK

wise"slowly"to"the"PBMC"suspension"in"thawed"freezing"media,"to"prevent"cell"death"

due"to"osmotic"pressure."Fully"thawed"PBMCs"were"mixed"with10"ml"of"RK10"media"

and" centrifuged" at" 1600" rpm" for" 10" minutes." The" wash" and" centrifugation" steps"

were" repeated" to" ensure" removal" of" any" remaining" dimethyl" sulfoxide" (DMSOs)."



"44"

Finally,"cells"were"allowed"to"equilibrate"at"37°C,"5%"CO2"overnight"(6K12"hours),"in"

plastic"round"bottom"loose"cap"tubes(VWR)."

+

2.7+Viral+Amplification+and+Sequencing++

2.7.1+HIV@1+Full@length+genome+amplification++

Genomic" DNA" extracted" from" PBMCs," buffy" coat" and" whole" blood" using" QIAamp"

DNA"Mini"Kit" (Qiagen" Inc,"Mississauga"Ontario)"was"used" for" amplification"of"HIV"

proviral" DNA." " To" amplify" HIVK1" provirus," published" primers"MSF12b" and" ofm19"

(HXB2" locations" 623K649" and" 9632K9604" respectively)" were" used" to" generate" an"

amplicon"approximately"9"kb."The"Roche"Expand"Long"Range"PCR"kit"was"used"for"

the" primary" PCR." The" optimized" conditions" were" as" follow:" two" minute" initial"

denaturation"cycle"at"94°C,"followed"by"25"amplifications"cycles"that"consisted"of"10"

seconds" of" further" denaturation" at" 94°C" (10x)," 30" seconds" of" primer" annealing" at"

60°C","8"minutes"of"DNA"elongation"at"68°C."An"additional"25"extension"cycles"that"

consisted" of" 15" second" denaturation" at" 94°C," 8" minutes" plus" 20" sec/cycle" of"

elongation" and" final" 7"minute" elongation" at" 68°C" concluded" the" amplification" and"

finally"the"reaction"was"cooled"to"4°C.""

To"amplify"the"gag,"pol#and"env"amplicons,"the"Roche"Expand"High"Fidelity"PCR"kit"

was"used"with"forward"and"reverse"primers"listed"in"Table"2.1.""A"2"kb"gag#amplicon"

was"generated"using"forward"primerK"alnf1"and"reverse"primer"KGagRT."We"used"the"

following"optimized"PCR"amplification"conditions:" "two"minute"initial"denaturation"

cycle" at" 94°C" to" activate" Taq" polymerase," followed" by" 10" amplifications" cycles"
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consisting"of""a"10"second"denaturation"at"94°C,"30"second"primer"annealing"at"62°C""

and" a" 3" minute" DNA" elongation" at" 72°C." Additionally," 25" extension" cycles" that"

consisted" of" 15" seconds" denaturation" at" 94°C," 30" seconds" of" annealing" at" 60°C," 2"

minutes"and"10"seconds/cycle"of"elongation"at"72°C"and"a"final"7"minute"elongation"

at"68°C"concluded"the"amplification."The"reaction"was"concluded"by"cooling"to"4°C.""

To"amplify"the"second"amplicon,"pol,"which"is"approximately"3.7"kb,"forward"primer"

alpf1"and"reverse"primer"alpr1"were"used."The" following"conditions"were"applied:"

two"minute" initial" denaturation" at" 94°C," followed"by"10" amplifications" cycles" that"

consisted" of" 10" seconds" of" further" denaturation" at" 94°C," 30" seconds" of" primer"

annealing"at"59°C,"8"minutes"of"DNA"elongation"at"68°C."An"additional"25"extension"

cycles"that"consisted"of"15"second"denaturation"at"94°C,"30"seconds"of"annealing"at"

57°C," 3"minutes" and" 10" seconds/cycle" of" elongation" at" 68°C" and" a" final" 7"minute"

elongation" at" 68°C" concluded" the" amplification." The" reaction" was" concluded" by"

cooling"to"4°C.""

Finally,"3.6"kb"env"was"amplified"using"forward"primer"Envpcrf"and"reverse"primer"

env" reverse." The" env" amplification" reaction" was" as" follows:" a" two" minute" initial"

denaturation"cycle"at"94°C,"followed"by"10"amplifications"cycles"that"consisted"of,"an"

additional10"second"denaturation"at"94°C,"a"30"second"primer"annealing"at"60°C,"8"

minute"DNA"elongation"at"68°C"and"25"extension"cycles"of"15"second"denaturation"

at"94°C,"30"seconds"annealing"at"60°C,"3"minutes"and"10"seconds/cycle"of"elongation"

at" 68°C" and" a" final" 7"minute" elongation" at" 68°C" concluded" the" amplification." The"

reaction"was"concluded"by"cooling"to"4°C."
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"

"
Table+2.1"primers"used"for"the"amplification"of"HIV"provirus,"gag,"pol"and"env#amplicon."

Gene+product+ Primer+name+ Primer&sequence&

full"genome,"forward" msF12B" 5'-AAATCTCTAGCAGTGGCGCCCGAACAG-3' 

full"genome,"reverese" ofm19" 5'-GCACTCAAGGCAAGCTTTATTGAGGCTTA-3' 

gag,"forward" alnf1" 5'-GCCCGAACAGGGACYYGAAAGCGAAAG-3' 

gag,"reverse" GagRT" 5'-CCATTGTTTAACCTTTGGGCCATCCA-3' 

pol,"forward" alpf1" 5'-TAGGACCTACACCTGTCAACATAATTG-3' 

pol,"reverse" alpr1" 5'-TCATTGCCACTGTCTTCTGCTCTTTC-3' 

env,"forwrad" Envpcrf"" 5'-GGCTTAGGCATCTCCTATGGCAGGAAGAAG-3' 

env,"reverse" env#reverse"# 5'-GGCAAGCTTTATTGAGGCTTAAGCAGTG-3' 
"
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2.7.2+Purification+of+PCR+products+

Purification"of"amplified"PCR"products"was"done"using"the"Quantum"Prep"Freeze"‘N"

Squeeze"DNA"Gel" Extraction" Spin" Column" (BioKRad," Cat." No." 432K6166)" technique"

(223)." First," the" PCR" products" were" separated" using" agarose" gel" electrophoresis"

with" 1%"agrose" gel" stained"with" SYBRTM"Green" I" dye." The" bands" of" interest"were"

then"excised"and" trimmed"using"sterile" razor"blades."Gel" slices"were"placed" inside"

filter"cups"of"the"Quantum"Prep"Spin"Columns"and"stored"at"K20OC"for"5K10"minutes."

The"columns"were"then"spun"at"13,000"x"g"for"3"minutes"at"room"temperature"and"

purified"DNA"was"collected."Ethanol"precipitation"method"was"used"to"further"purify"

DNA," which" was" then" stored" in" 30K50" µl" of" 10mM" Tris" Buffer" pH" 8.5" for"

pyrosequencing.""

+

2.7.3+454+Pyrosequencing+

All"library"preparation,"emulsion"PCR"and"sequencing"kits"were"purchased"from"

Roche"Life"Sciences.""

The"following"kits"were"used:"

•! GS"Rapid"Library"Rgt/Adaptors"Kit"(Cat."No."5619203001)"

•! GS"Rapid"Library"MID"Adaptors"Kit"(Cat."No."5619211001)"

•! GS"Titanium"MV"emPCR"Kit"(LibKL)"v2"(Cat."No."5618436001)"

•! GS"Titanium"emPCR"Breaking"Kits"LV/MV"12pc"(Cat."No."5233658001) 

•! GS"Titanium"Sequencing"Kit"XLR70"(Cat."No."5233526001)"

•! GS"Titanium"PicoTiterPlate"Kit"70x75"(Cat."No."5233682001)"

•! GS"Titanium"Control"Bead"Kit"(Cat."No."596643001)"
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Equipment"used:"

•! Genome"Sequencer"FLX""(GS"FLX),"454"Life"Sciences""

2.7.3.1!Library!Preparation!

One"microgram"of" the"purified"DNA"product"obtained" following"gag,"pol," env"PCR,"

was" dissolved" in" 100" μl" TrisKEDTA" buffer" (10" mM" TrisKHCl," pH7.5K8.0;" 0.1" mM"

EDTA)" and"used" for"DNA" fragmentation"by" the"nebulization"method."This" created"

shorter" doubleKstranded" DNA" fragments" of" approximately" 400" to" 600" bp" long"

according" to" doubleKhelix" DNA" ladder." Nebulized" DNA" samples" were" purified" on"

column"using"MinElute"PCR"purification"kit" (Qiagen)." Fragmented"DNA"ends"were"

then"repaired"by"ligation"using"the"DNA"End"Repair"mix"(2.5"µl"RL"10x"PNK"Buffer,"

2.5" µl" RL" ATP," 1" µl" RL" dNTP," 1" µl" RL" T4" Polymerase," 1" µl" RL" PNK," 1" µl" RL" Taq"

Polymerase)," followed"by" the"addition"of" adaptors" to"bind" to"each" fragment."Next,"

the"repaired"DNAKadaptor"complexes"were"added"to"AMPure"beads" for"removal"of"

small" fragments" of" DNA." Double" stranded" DNA" was" denatured" to" form" single"

stranded"DNA"to"be"used"in"emulsion"PCR.""

!

2.7.3.2!Emulsion!PCR!

The"single"stranded"adaptor"carrying"DNA" fragments,"were"added" to"DNA"capture"

beads" and" PCR" reaction" reagents" in" a" water" mixture" followed" by" mixing" with"

emulsion" oil" (a" synthetic" oil)." This" created" droplets" around" each" bead" carrying" a"

DNA" library" (“microKreactor”)" in" the" water" mixture;" each" DNA" fragment" can" be"

amplified" using" PCR" to" approximately" 1.0" x" 107"identical" copies" of" DNA." After" the"

completion"of"the"PCR"step,"capture"beads"were"cleaned"from"the"emulsion"oil."First"
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oil"was"collected"from"each"well"using"a"syringe"followed"by"a"wash"step"with"100μl"

of" isopropanol" and" discarding" of" oil" through" emPCR" filters" (GS" Titanium," Roche).""

Next,"the"filter"was"removed"from"syringe"and"bead"suspension"was"dispensed"into"a"

1.7" ml" collection" tube," which" was" spun" for" 10" seconds" using" a" bench" top" mini"

centrifuge."Supernatant"was"discarded"and"with"filter"attached"to"syringe"Enhancing"

Fluid"XT" (GS"Titatnium,"Roche)"was"drawn"up" to"0.5"ml." Filter"was" then" removed"

and" bead" suspension"was" collected" in" the" same" 1.7"ml" collection" tube." Beads" not"

attached" to" DNA"were" eliminated" using" enrichment" beads" and" centrifugation" and"

wash"steps."""For"annealing"sequence"primers"to"DNA,"48"µl"of"primers"were"added"

to" the"mixture" followed"by"placing"collection" tube"at"65OC" for"5"minutes"and" then"

cooled" on" ice" for" 2"minutes." Annealing" buffer"was" added" at" 500"µl," followed"by" a"

vortex"and" spinKrotateKspin" step"and" supernatant"was"discarded."Finally"100"µl" of"

annealing" buffer" was" added" to" the" pellet" and" vortexed." Bead" enrichment" was"

calculated" as" percent" of" number" of" enriched" beads" recovered" by" total" input" bead"

(19.2x106")."Beads"were"stored"at"2K8"OC"and"sequenced"within"2"weeks."""

!

2.7.3.3!Sequencing!+

Capture"beads"with"amplified"DNA" from"the"emulsion"PCR"step,"were" loaded"unto"

the"picoKtitre"plate"of" the"sequencer"FLX,"which"contains"1.6"x106"wells."The"small"

wells"size"(approximately"44"μm),"enabled"the"loading"of"one"bead"per"well."Enzyme"

beads"necessary"for"light"conversion"and"detection,"were"then"added"to"the"mixture."

Single" nucleotides" A" (Adenine)," C" (Cytosine)," G" (Guanine)" and" T" (Thymine),"were"

then" washed" over" the" picoKtitre" plate" sequentially" 4" times," 1" per" nucleotide,"
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allowing"for"the"formation"of"the"second"template"of"DNA." "Each"chemical"reaction"

between"a"nucleotide"and"the"DNA"template"strand"was"converted"to"a"light"signal"

owing"to" luciferase"enzyme"activity."The" light"generated"was" then"captured"by"the"

chargeKcoupled" device" (CCD)" camera" on" the" Genome" Sequencer" FLX." The" signal"

detected" was" proportional" to" the" number" of" complementary" nucleotides"

incorporated."The"intensity"of"the"signal"was"proportionally"stronger"when"more"of"

the" same" nucleotide" was" incorporated" consecutively" on" the" singleKstranded" DNA"

fragment."For"each"run"the"sequencing"software"of"the"instrument"generates"signals"

that"can"further"be"analyzed."

+

2.8.+Bioinformatics+Analyses+

2.8.1.!Generation!of!Consensus!Sequence!

Pyrosequencing"of"HIV"fullKgenomes"was"performed"at"the"Genomic"Core"of"National"

Microbiology"Laboratory"(NML)"using"Roche"GS"FLX"by"standard"protocol."The"raw"

HIV"sequence"readKouts"obtained"by"pyrosequencing,"were"first"decoded"by"sample"

IDs"then"classified"into"the"corresponding"sample"groups."""InKhouse"quality"control"

(QC)"was"then"conducted"on"the"labeled"sequence"reads"to"filter"out"the"poorKquality"

reads"either"in"short"length"(less"than"100"bps)"or"with"low"average"quality"scores"

(less"than"20)."The"sequence"readKouts,"which"passed"this"QC"step,"were"mapped"to"

the"HXB.2."reference"sequence"using"BLASTN"(BioPerl"Toolkit)."Only"sequence"reads"

with"calculated"average"identities"(proportion"of"aligned"read"length"to"total"length"

of"read)">"65%"and"percent"identities"(the"similarity"between"a"sequence"read"and"a"

reference" sequence)" >" 75%" were" remained" in" “pileup”" alignment" for" generating"
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consensus" sequence." The" nucleotides" of" consensus" sequences" were" resolved" one"

base" at" a" time" based" on" the" most" abundant" nucleotide(s)" that" appeared" at" each"

column."IUPAC"DNA"codes"were"finally"assigned"to"the"nucleotides."Insertions"were"

reported" if" their" abundance"was">"50%" of" the" coverage" of" the" preceding" position"

and"deletions"were"reported"as"dashes"(K).""

+

2.8.2.+Subtype+Classification"

The" qualified" sequence" reads" from" each" study" participant," were" blasted" to" HIV"

subtypes" A1," A2," B," C," D," and" G" sequences" which" correspond" to" nine" HIVKgene"

references"(Env,#Gag,#Nef,#Pol,#Vif,#Vpr,#Vpu,#Rev,#Tat)" from"Los"Alamos"National"HIV"

Laboratory" (LANL)" database" as" described" in" consensus" sequence" generation."

Average" percent" identities"from" each" “pileup”" alignments" were" compared" to"

determine" the"best"matching"clade" reference"per"gene." Subtypes"were"assigned" to"

genes"based"on"the"highest"percent"identity.""

+

2.8.3+Identification+of+PSMs+using+Quasi+Analysis++

Positively"selected"mutations"(PSMs)"were"identified"using"a"selection"mapping"

program"called,"Quasi,"which"calculates"the"overabundance"of"nonKsynonymous"

(replacement)"mutations"compared"to"synonymous"(silent)"mutations"at"every"

cordon"(129)."Positive"selected"(PS)"sites"were"recorded"along"the"consensus"

sequences."The"frequency"of"PS"sites"in"each"subgroup"was"calculated"as"the"

percentage"of"the"number"of"PS"sites"out"of"the"total"number"of"amino"acids"of"the"

consensus"sequence."



"52"

For" a" set" of" viral" nucleotide" sequences," we" determine" the" variants" that" confer"

selective"advantage"by"measuring"the"empirical"replacement"to"silent"mutation"ratio"

(R:S)" of" each" possible" amino" acid" replacement" and" then" comparing" this" observed"

ratio" to" that"which"would"be"expected" if"mutation"were"unselected."An"R:S" that" is"

found"to"be"higher"than"expected"indicates"that"the"replacement"mutation"tested"is"

positively" selected," while" a" lowerKthanKexpected" observed" R:S" indicates" that" the"

tested"replacement"mutation"is"negatively"selected."

+

2.9+Enzyme@Linked+ImmunoSpot+(ELISPOT)+

NinetyKsix" well" nitrocellulose" plates" were" coated" with" antiKIFNKγ" monoclonal"

antibody"(mAb;"Mabtech,"Nacka"Strand,"Sweden)"and"left"overnight"at"4°"C"followed"

by" blocking" the" reaction" using" R10" media." Peptides" were" diluted" to" a" final"

concentration" of" 10" μg/ml" in" R10" media" and" used" to" stimulate" 1.0" x105" patient"

PBMCs" resuspended" in" RPMI" media" (Life" Technologies," Cat." No." 11875119)." The"

peptideKPBMC" mixture" was" immediately" transferred" into" preKcoated" ELISPOT"

plates,"and"PBMCs"were"stimulated"overnight"in"duplicates"at"37°C"and"5%"CO2"for"

between"12K16"hours,"with"either"phytohemagglutinin"(PHA)"or"media"as"positive"

and" negative" controls," respectively." Plates" were" washed" using" commercially"

available" wash" buffer" and," biotinylated" antiKIFNKγ" mAb" added" to" each" plate,"

followed"by"a"2"hour"incubation"at"room"temperature."Next,"streptavidinKconjugated"

alkaline"phosphatase"was"added"to"each"well"of"the"plate"and"incubated"for"1"hour"at"

room" temperature." Detection" was" done" using" alkalineKphosphatase" substrate" kit"

(BioKRad," Cat." No." 1721063)." An" ELISPOT"Reader" (Autoimmun"Diagnostika" GmbH"
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AID" iSpot)" was" used" to" read" the" plates" by" counting" spotKforming" units" (SFU).""

Positive"responses"were"determined"as"those"with"at"least"50"SFUs/million"PBMCs"

after"background"subtraction"and"a"successful"positive"control"reaction"for"the"same"

patient."

+

2.10+Flow+Cytometry++

Surface"and"intracellular"markers"of"CD8+"T"cells"were"detected"using"

antibodies"listed"in"Table"2.2"and"Table"2.3.""
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Table+2.2.+Flowy"cytometry"panel"of"surface"markers"of"CD8+"T"cells""
Fluorochrome+ CD8++T+cell+Marker+ Volume+used+(μl)+ Manufacturer+ Cat.+No.++
AmCyan"(Fixable"Far"Red)" Live/Dead" 6.25% ThermoFisher" L23102"
APCKH7" CD3" 2% BD"Bioscience" 560176"
BV605" CD4" 1% Biolengend" 300556"
BV650" CD8" 1% Biolengend" 301042"
BV786" Ki67" 5" BD"Bioscience" 563756"
PeCy7" CCR7" 3% BD"Bioscience" 557648"
BB515" CD45RA" 3% BD"Bioscience" 564552"
BV421" PDK1" 1% Biolengend" 329920"
BV510" TIM3" 1% Biolengend" 345030"
PE" CD160" 1% BD"Bioscience" 562118"

APC" Tetramers" 0.125"μg/ml" NIH" KK"
"

Table+2.3.+Flow"cytometry"anel"of"intracellular"(ICS)"markers"of"CD8+"T"cells""

Fluorochrome+ CD8++T+cell+Marker+ Volume+used+(ul)+ Manufacturer+ Cat.+No.++
PEKCF594"(Fixable"Aqua)" Live/Dead" 1" ThermoFisher" L34957"
APCKH7" CD3" 2% BD"Bioscience" 560176"
BV605" CD4" 1% Biolengend" 300556"
BV650" CD8" 1% Biolengend" 301042"
BV421" IFNγ" 1% Biolengend" 502532"
Alexa700" TNFα" 2% BD"Bioscience" 557996"
PE" ILK2" 15% BD"Bioscience" 559334"
pe"daz" GMKCSF" 1% BD"Bioscience" 562857"
BV786" CD107a" 2" BD"Bioscience" 563869"
APC" Tetramers" "0.125"μg/ml" NIH"" KK"
"
"
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2.10.1+Titrations+

To"conduct"accurate"flow"cytometry"analysis"all"antibody"and"tetramers"conjugated"

with"a"fluorochrome"(see"Table"2.2"and"2.3)"were"titrated"at"varying"volume"(for"

Abs)"and"concentration"(for"tetramers)."A"brief"description"is"provided"below:"

#

Antibody!Titration!

Each" Ab" was" titrated" at" several" varying" volumes," including" the" manufacturer’s"

recommendations." PBMCs" were" isolated" from" local" blood" donor" and" used" for"

surface" marker" and" intracellular" staining" with" respective" antibodies" of" different"

volumes."We"used"a"staining" index"calculation;"MFI"of"AbKnegative"population"was"

subtracted" from" MFI" of" AbKpositive" population" and" divided" by" two" times" the"

standard"deviation"of"MFI"of" the"AbKnegative"populations" to"determine" indices" for"

each"experimental"volume"and"for"comparison(224).""

!

Tetramer!Titrations!

TwoKfold" dilutions" ranging" from" 15" ug/ml" and" 1.875" ug/ml" (manufacturer’s"

recommendation)" of" tetramer" were" used" to" determine" optimal" tetramer"

concentration" that" resulted" in" high" fluorescent" intensity" with" low" background"

staining." " PBMCs" from" specific" local" donors" with" HLA" alleles" known" to" restrict"

epitope"of" interest"were"used" for" tetramer"staining"protocol." "We"determined" that"

the"best"concentration"of"tetramer"was"0.125"ug/ml"for"IT9KN,"KY9KI"and"KY9KV"and"

0.5" ug/ml" for" IT9KH;" these" were" used" as" final" concentration" for" respective"
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tetramersKstaining" protocols." (Note:" tetramer" and"peptide" names" are" described" in"

chapter"5,"Figure"5.1)"

+

2.10.2+Fluorescent+Minus+One+

Flourescent" Minus" One" (FMO)" is" a" technique" used" to" determine" the" best" gating"

strategy"for"a"specific"flurochrome"where"multiple"markers"are"examined"through"a"

flow"cytometry"panel"(e.g."Table"2.2"&"2.3),"and"fluorescent"spillovers"between"some"

flurochromes" are" inevitable." In" brief," several" experimental" conditions" each"

containing"all"antibodies"in"a"panel,"except"for"one,"were"carried"out."Two"additional"

experimental" tubes," one" with" all" antibodies" and" another" one" without" any" of" the"

antibodies"were" also" included" in" the" experimental" conditions." Through" individual"

exclusion"of"one"antibody"per"each"tube,"all" fluorescent"spillovers"into"all"channels"

were"taken"into"account."

+

2.10.3+Compensation+Controls+

In" flow" cytometry" the" compensation" technique" is" essential" when" using" multiple"

fluorochromes."Its"purpose"is"to"take"into"account"and"remove"fluorescent"spillover"

from" multiple" markers" that" usually" occurs" as" a" result" of" overlap" between" each"

marker’s" emission" spectra." This" is" accomplished" with" the" use" of" commercially"

available" compensation" beads" (BD" Biosciences)." Flow" data" acquisition" was" done"

using"BD"FACSDIVA"software"(BD"bioscience).""

A"drop"of"either"the"positive"and"negative"control"CompBeads"(BD"bioscience),"was"

added"to"FACS"Tube"(BD"bioscience)"already"containing"300"μl"of"PBS" ,"which"was"
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mixed"by"vortexing."AntiKmouse"and"antiKrat"CompBeads"were"used"for"mouseKantiK

human"and"ratKantiKhuman"antibodies."Then,"1"μl"of"fluorescently"labelled"antibody"

was" added" to" the" appropriate" tube" containing" 300" μl" of" the" diluted" CompBeads,"

which" was" incubated" for" approximately" 20" minutes" at" room" temperature" in" the"

dark.""

The" ArC™" Amine" Reactive" Compensation" Bead" Kit" (Thermofisher)" was" used" for"

preparing" compensation" controls" for" LIVE/DEAD" aqua" " and" vivid" red" dye"

(ThermoFisher)." Here," 1" drop" of" arc" beads" and" 1" μl" of" antibody" (aqua" or" red"

LIVE/DEAD)"were"incubated"for"30"minutes"at"room"temperature,"then"washed"with"

2"ml" FACS"wash" before" centrifugation" at" 300" xg" for" 5"minutes." Beads" were" then"

washed"with"300"μl"of"FACS"wash"and"negative"control"beads"were"added.""

+

2.10.4+Flow+Cytometry:+Surface+Marker+Staining+

Approximately" 5.0x105"PBMCs" per" study" participant" sample," was" used" in" surface"

staining" for" flow" cytometry" analysis." PBMCs"were" aliquoted" into" FACS" tubes" (BD"

Bioscience),"and"washed"using"FACS"Wash"media."Next"40"μl"of"tetramer"was"added"

at" final" concentration" of" 0.125" μg/ml" to" each" tube," followed" by" 30" minutes" of"

incubation" in" 4°C" in" dark" to" protect" the" photosensitive" APC" flourochrome" on"

tetramers." " Next" surface" antibody" cocktail" (Table" 2.2.)" was" added" with" the" final"

volume"of"50"μl."Cells"were"then"incubated"for"30"minutes"at"4°C"in"dark."Next,"cells"

were"washed"using"2"ml"FACS"wash"and"centrifuged"at"1600"rpm" for"10"minutes."

The" supernatant"was" discarded" and" the" pellets"were" immediately" processed"with"

the"KiK67"staining"protocol"(described"below)."!
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+

2.10.5+Flow+Cytometry:+Intracellular+Marker+Staining+

PMBCs"were" thawed"and"rested"overnight"at"37°C"(Section"2.6.2)."The"rested"cells"

were" washed" with" 2" ml" FACS" wash" media," centrifuged" at" 1600" rmp" for" 10" min."

Supernatant" was" discarded" and" the" pellets" were" resuspended" in" R10" media."

Approximately" 1.0x106" PBMCs" were" aliquoted" into" sterile" FACS" tubes." 40" μl" of"

tetramers"were"added"to"appropriate"tubes"and"cells"were"incubated"for"30"min"at"

4°C" in"dark."The" tetramerKstaining"step"must"be"done"prior" to"cell" stimulation" (by"

peptide"or"mitogen)" since"TCRs"on" the"surface"of"CD8+"T"cells"are"downregulated"

with"stimulation(225)."Therefore,"a"preKstimulation"tetramer"staining"ensures" that"

TCRs" can" bind" to" peptides" presented" by" the" tetramer" complex" prior" to"

downregulation."After"the"tetramer"staining"step,"a"preKtitrated"amount"(2"μl)"of"the"

CD107a"antibody"was"added"to"tubes"and"cells"were"incubated"for"20K30"minutes"at"

4°C" protected" from" light." CD107a" is" a" marker" of" degranulation" that" appears"

transiently" on" T" cell" surface" and" therefore," it" needs" to" be" stained" for" prior" to"

intracellular"staining(226).""

Following" tetramer" and" CD107a" staining" steps" cells" were" stimulated" with" the"

appropriate" peptides" at" the" final" concentration" of" 5μg/ml." For" positive" control"

stimulation,"a"combined"mixture"of"phorbol"12Kmyristate"13Kacetate"(PMA,"Sigma)"

and" ionomycin" (Sigma)," at" final" concentration" of" 25ng/ml" and" 500" ng/ml"

respectively," were" used." To" enhance" stimulation" the" coKstimulatory" reagent,"

CD28/CD49d" (BD"FastImmune),"was" added" to" all" stimulation" conditions" and" cells"

were" incubated" for" 1" hour" at" 37°C(227)." When" cells" are" stimulated" with" either"
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peptide" or" a" mitogen" (e.g." PMA/Ionomycin)," the" intracellular" protein" transport"

process" needs" to" be" blocked" in" order" for" cytokines" and" other" proteins" to" be"

accumulated" in" the" Golgi" complex;" this" increased" level" of" cytokines" allows" for" an"

enhanced" detection" with" flow" cytometry(227)." To" achieve" this," 1" μl" of" protein"

transport" inhibitors" Golgi" Plug" (brefeldin" A," BD" Biosciences)" and" Golgi" Stop"

(monesin," BD" Biosciences)" were" added" to" all" stimulation" tubes." Next" cells" were"

incubated"for"an"additional"6"hours"at"at"37°C"and"protected"from"light."

At"the"end"of"the"6Khour"stimulation," the"surface"staining"protocol"(Section"2.10.4)"

was" carried"out"without" fixing"with"PFA." Instead,"250"μl"of"Cytofix/Cytoperm" (BD"

Biosciences)" solution"was"added" to" all" tubes" for" cells" to"become"permeabilized" so"

that" intracellular" antigens" can" be" stained" with" their" respective" fluorochromeK

conjugated" antiKcytokine" antibodies." Cells" were" then" incubated" for" 20"minutes" at"

4°C" in" dark," followed" by" a" wash" step" with" 1" ml" BD" PermWash" buffer" and"

centrifugation"at"1600"rpm"for"10"min."To"the"supernatant,"50"μl"of"antibody"cocktail"

of" intracellular"markers" " (Table"2.3)"was"added"and"cell"were" incubated" for"30K40"

minutes" at" 4°C" in" dark." Cells" were" washed" with" 1" ml" PermWash" buffer" and"

centrifuged"at"1600" rpm" for"10"minutes"and"were" resuspended" in"300"μl"of"FACS"

wash."Tubes"were"then"read"on"BD"LSR"II"flow"cytometer."

2.10.6.+Flow+Cytometry:+Intracellular+Staining+of+Ki67+

The"intracellular"staining"of"Ki67"is"carried"out"after"the"PBMCs"were"stained"with"

all"surface"markers.""The"procedure"is"as"follows:"after"the"completion"of"surface"

marker"staining"(Section"2.10.4)"PBMCS"were"washed"and"centrifuged"at"1600"rpm"
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for"10"minutes"and"1"ml"of"transcription"factor"Fix/Perm"buffer"(BD"Bioscience"TF"

Fix/Perm)"was"added"to"the"pellet"while"vortexing"gently."Cells"were"then"incubated"

at"4°C"for"40K50"minutes,"followed"by"two"wash"steps"with"1ml"(first"wash)"and"then"

2"mls"of"TF"Perm/Wash"buffer"(BD"Bioscience),"and"centrifugation"at"350"xg"at"2K

84°C"for"6"minutes.""A"preKtitrated"amount"of"KiK67"(5"μl),"in"a"total"volume"of"100"μl"

with"TF"Perm/Wash"buffer"was"used"to"stain"cells."PBMCs"were"incubated"for"50"

minutes"in"dark"at"4°C."Following"several"wash"and"centrifugation"steps,"281"μl"of"

FACS"wash"buffer"and"19"μl"of"16%"paraformaldehyde"(PFA)"were"added"to"cells"to"

fix"and"prepare"cells"prepare"cells"to"be"analyzed"on"BD"LSR"II"flow"cytometer."

!

2.11.+General+Reagents++

The"following"solutions"were"made"inKhouse"for"cell"preparation"(PBMC"

isolation"and"cryopreserving)"and"flow"cytometry."For"all"other"techniques,"

reagents"and"solutions"were"purchased"from"manufacture"(listed"throghout).""""

•! FBS"(Gibco,"Invitrogen)"

o! heat"inactivated"at"56°C"for"1"hour""

•! Freezing"Media"

o! 10%"dimethyl"sulfoxide"(DMSO,"tissue"culture"grade,"Sigma)"and"90%"

heatKinactivated"FBS"

•! PhosphateKbuffered"saline"(PBS)"(Gibco,"Invitrogen)"

o! 48.5g"PBS"powder,"137.93mM"NaCl,"2.67mM"KCl,"8.1mM"Na2HPO4,"

1.47mM"KH2PO4"(Gibco,"Invitrogen),"dissolved"in"1L"of"ddH20.""

•! FluorescenceKactivated"cell"sorting"wash"(FACS"wash)"
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o! "PBS"supplemented"with"2%"FBS"(Gibco,"Invitrogen)"

•! 16%"Paraformaldehyde"(PFA)"

o! 48ml"ddH20,"2ml"5M"NaCl,"5g"PFA"(Electron"Microscopy"Sciences)."H"

o! heated"for"1"minute"and"20ul"of"10N"NaOH""

•! R10"Cell"culture"media"(R10)""

o! Roswell"Park"Memorial"Institute"(RPMI)"1640"media"(HyClone,"

Thermo"Scientific)"supplemented"with"10%"heat"inactivated"FBS"and"

1%"Penicillin/Streptomycin"(Gibco,"Invitrogen)""

•! Perm"wash"

o! 1x"of"the"stock"buffer"prepared"in"ddH2O.
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3.+Identification+and+Characterization+of+PSMs+in+Nef+of+Four+HIV@1+

Major+Subtypes+from+Los+Alamos+National+Laboratory++

3.1+Rationale:+

As" a" member" of" the" Retroviridae" family," HIVK1" is" highly" diverse." Group"M" is" the"

major"HIVK1"group"and"is"responsible"for"the"current"global"pandemic."The"M"group"

is" classified" into" 9" subtypes" based" on" phylogenetic" differences(5)." It" is" estimated"

that" the" Env" amino" acid" sequence" of" the" virus" is" nearly" 35%"different" among" the"

major" subtypes" and" 20%" different"within" a" subtype" (22)." Subtype" variability" can"

impact" HIVK1" transmission(24)," drug" resistance" patterns(32)" and" disease"

progression(28,29)." HIVK1" diversity" has" widely" been" viewed" as" one" of" the" major"

challenges" in" the" development" of" an" effective" vaccine" (23,145,228)." However,"

identification" of" sites" of" positively" selected" mutations" (PSM)" can" help" predict"

mutational" patterns" that" point" out" to" immunologically" significant" regions" of" the"

virus.""

"

HIVK1"depends"on"the"host"to"survive"and"replicate."The"host"HLA"class"I"restricted"

CD8+"T"cell"responses"shape"viral"diversity"and"evolution."Previous"studies"showed"

that"HIVK1" escape" pathways" are" predictable" based" on" the"HLA" profile" of" the" host"

population"(229).+PSMs"are"amino"acid"substitutions"that"arise"as"a"result"of"immune"

selection" pressure" and" allow" the" virus" to" evade" host" immune"

responses(129,230,231)." Identifying" these" PSMs" and" analyzing" their" change" over"

time" at" population" level" can"provide" important" insights" on"HIVK1" evolution"under"

host" immune" selection" pressure." A" useful" approach" for" the" identification" and"
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characterization" of" PSMs" is" by" defining" the" ratio" of" observed" nonsynonymous"

(nucleotide" changes" that" result" in" amino" acid" replacement)" and" synonymous"

(nucleotide"changes" that"do"not"alter"amino"acids)"mutations"at" individual"codons"

across" the" viral" genome(232)." The"dN/dS"ratio" (also" called" R:S" for" replacement" vs."

silent"mutation)"determines"the"direction"of"viral"evolution."When"dN/dS"is"equal"to"

1," amino" acid" changes" are" neither" selected" for" or" against," therefore," indicating"

“neutral”" selection."A"dN/dS"<1"means" that" amino" acid" changes"may"be"deleterious"

and"therefore,"are"selected"against;"this"is"called"“negative"selection”."Finally,"when"

dN/dS">#1,"amino"changes"are"favourable"since"they"may"increase"viral"fitness."This"is"

referred" to"as" “positive"selection”" (233)." It"has"previously"been"shown"that"strong"

CTL"responses"contribute"to"the"emergence"of"PSMs"in"HIVK1"Nef"epitope"encoding"

regions(234),"therefore,"providing"evidence"that"immune"selection"pressure"shapes"

the"overall"evolution"of"the"virus."What"remains"unclear"is"to"what"extent"do"PSMs"

within"Nef"change"overtime"and"how"do"Nef"PSMs"vary"between"major"subtypes"of"

HIVK1." Previous" studies" analyzing" PSMs" of" Env" and" Gag" proteins" of" HIVK1" have"

shown"that"frequency"of"PSMs"in"a"subtype"tends"to"stabilize"overtime"despite"initial"

increase"over"several"time"periods(230,235).+In"this"study"PSMs"in"Nef"of"major"HIVK

1"subtypes"and"their"changes"over"time"were"analyzed.""

+

3.2+Hypothesis+

1)"The"frequency"of"PSMs"in"HIVK1"Nef"from"subtypes"A1,"B,"C"and"D"remain"stable"

overtime""
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2)"PSMs"in"HIVK1"Nef"motifs"will"be"consistent"among"subtypes"A1,"B,"C"and"D"since"

functional"motifs"represent"conserved"regions"of"the"virus.""

+

3.3+Objectives+

To"identify"and"characterize"PSMs"in"Nef"sequences"of"four"major"subtypes"of"HIVK1"

M"group,"A1,"B,"C"and"D"

"+

3.4+Methods+

3.4.1+HIV@1+Nef+sequences""

The" HIV" Nef" sequences" were" downloaded" from" the" HIV" Database" of" Los" Alamos"

National" Laboratory" (LANL)" (http://www.hiv.lanl.gov/content/index)." A" total" of"

4011"sequences"from"clades"A1,"B,"C"and"D"were"examined."The"sequences"of"each"

clade"were"divided"into"three"time"periods"(prior"to"1995,"1995K1999,"after"2000)."

Table" 3.1" shows" the" number" of" HIVK1" Nef" sequences" extracted" from" LANL" and"

analyzed" in" this" study," sorted" by" year" and" subtypes." Any" duplicate" sequences" or"

those" without" labels" of" year" or" clade" were" removed" from" the" analysis." " The" Nef"

sequences" of" each" subgroup" were" aligned" using" ClustalW," followed" by" manual"

editing"and"converted"to"codon"format"using"MEGA"5.0"(http://megasoftware.net/)."

All" Sequences" were" aligned" according" to" the" HXB2CG," a" subtype" B" HIVK1" isolate"

commonly"used"as"reference"strain"for"numbering"HIVK1"sequences(22)."PSMs"were"

identified"using"Quasi"analysis"(details"described"in"section"2.8.2)."

+

3.4.2.+Construction+of+Phylogenetic+Tree:+
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The evolutionary history tree was constructed using the Maximum Likelihood method in 

the MEGA 5.0 software(236). All positions containing gaps and missing data in the 

aligned sequences were eliminated for tree construction. 

+

3.4.3.+Statistical+Analysis:""

TwoKtailed"contingency"Fisher’s"exact"tKtest"was"conducted"in"GraphPad"Prism"v7.0a"

(GraphPad" Software," La" Jolla," CA)" to" determine" association" between" PSM"

frequencies" and" regions" of" Nef" within" each" subtype." " pKvalues" of" <0.05" were"

considered"significant."

+

3.5+Results+

3.5.1+Distribution+and+nature+of+PSMs+across+4+major+HIV@1+subtypes+

PSMs"were"predicted"using"Quasi"analysis"and"mapped"on"the"consensus"sequence"

for" each" subtype" (Figure" 3.1)." Quasi" calculates" the" ratio" of" replacement" to" silent"

mutations"(dN/dS)"to"define"positively"selected"amino"acids."An"observed"dN/dS"ratio"

that" is" greater" than" the" expected" 1" is" considered" positively" selected." Nef" variable"

domain"spans"from"amino"acid"1K65"and"the"conserved"core"domain"is"from"amino"

acid" 66K206." In" order" to" determine" whether" PSMs" occur" more" frequently" in" one"

region"compared"to"the"other,"the"frequency"of"PSMs"within"each"was"calculated"as"

the"percentage"of"the"number"of"PSMs"out"of"the"total"amino"acids"in"each"region"(65"

in" anchor" and" 141" in" core" domain)." " For" subtype" A1" and" C" there" was" a" higher"

proportion" of" PSMs" within" the" variable" anchor" domain," although" the" differences"

between"PSMs"for"anchor"and"core"domain"were"not"significant"for"either"subtype"(p"
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=" 0.1391" and" 0.3697," Fisher’s" exact" test," respectively)." For" subtype" B" and" D" the"

frequency" of" PSMs" between" anchor" and" core" domains" were" similar" with" no"

significant"differences" (Figure"3.2)."Functional" constraints" in" the"conserved"region"

of" Nef" are" likely" the" reason" for" fewer" PSMs." Among" the" subtypes" analyzed," some"

regions"of"Nef"conserved#core"domain"are"completely" free"of"PSMs."The"conserved"

hydrophobic" pocket" residues" F90" and" W113" remain" free" of" PSMs" in" all" four"

subtypes" examined" (Figure" 3.1)." In" the" typically" conserved" proline" rich" motif"

PxxPxR"(a.a."72K77)"of"Nef"(189,237K240)"a"PSM"was"observed"in"subtypes"B"and"C"

with"a"lys!val"substitution."However,"there"were"no"PSMs"in"this"region"of"subtype"

A"and"D"(Figure"3.1)."HLA"class"I"allele"variations"of"infected"host"population"could"

be"accounted"for"the"PSM"patterns"among"different"subtypes.""

"

Table"3.2"shows"the" location"of"PSMs"that"take"place"within"Nef’s"major"functional"

motifs.""Mutational"patterns"appear"similar"among"motifs"of"four"different"subtypes."

For" example" in" all" subtypes" DDPxxE(174K179)," involved" in" cell" signaling," contains" at"

least"one"PSM."Cell"trafficking"motif"DL(111K112)"does"not"have"any"PSM"in"any"of"the"

four"subtypes."For"all"other"motifs"PSMs"were"observed" in"at" least" two"of" the" four"

subtypes."This" indicates" the" similarity"of"PSM"patterns"across" clades."Additionally,"

conserved" and" nonKconserved" substitutions" were" assessed" based" on" the" shared"

chemical" and" physical" features" of" individual" amino" acids(241)," such" as" size,"

hydrophobic/hydrophilic"properties"and"amino"acid"charge."If"the"substituting"and"

consensus" amino" acids" shared" any" of" these" characteristics" that" substitution" was"

considered"conserved."For"all"four"major"subtypes"the"number"of"conserved"amino"
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acid" substitutions" in" Nef" were" higher" than" nonKconserved" substitutions" ranging"

from"54K59%"compared"to"41K46%"(Table"3.2).""
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"
+

+

Table+3.1."Summary"of"number"of"HIVK1"Nef"sequences"analyzed"in"the"study,"sorted"by"year"and"
subtype.""
"
Period' A1' B' C' D'

before'1995' 18' 776' 16' 16'
199541999' 27' 605' 157' 41'
after'2000' 116' 1709' 472' 58'
Total' 161' 3090' 645' 115'
"
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#

+
Figure+3.1.+A+map+of+positively+selected+mutations+across+HIV@1+Nef+generated+by+QUASI+
for+clades+A1,+B,+C,+and+D+sequences.+The"consensus"sequence"is"shown"as"a"single"line"of"
residues,"in"increments"of"50,"with"positively"selected"amino"acids"underneath"the"consensus"at"
each"site"in"uppercase"letters"(lowercase"letters"indicate"mutations"where"the"neutral"drift"
hypothesis"is"not"ruled"out).""Numbering"of"amino"acid"positions"in"subtype"sequence"is"relative"
to"Nef"HXB2CG"strain."Dots"(“.”)"indicate"deletions"relative"to"HXB2CG"sequences."Purple"shaded"
area,"variable"anchor"region"(a.a."1K65),"green"shaded"area,"conserved"core"domain"(66K206).""
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"

+
Figure+3.2."Comparison+of+PSM+frequencies+for+the+variable+anchor+domain+and+the+
conserved+core+domain+of+Nef+in+subtypes+A1,+B,+C+and+D."Frequencies"were"calculated"as"the"
percentage"of"the"number"of"PSMs"out"of"the"total"amino"acids"in"each"region"(65"in"anchore"and"
141"in"core"domain)."There"is"no"significant"difference"between"the"frequencies"of"PSMs"in"the"
two"domains"of"Nef"in"any"of"the"subtypes"(Fisher’s"exact"test)."
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"

Table+3.2."Summary"of"PSMs"within"functional"motifs"of"HIVK1"Nef"in"clades"A1,"B,"C"and"D.""
""

Region+in+Nef+ Clade+A1+ Clade+B+ Clade+C+ Clade+D+
Protein+Modification+ + " " "

MGxxxS(1K6)" +" K" +" K"

CAWLEA(55K60)" +" +" +" K"
Signaling+ ++ "" "" ""

PxxPxR(72K77)" K" +" +" K"

DDPxxE(174K179)" +" +" +" +"

Trafficking+ "" "" "" ""

WL(57K58)" +" +" K" K"

DL(111K12)" K" K" K" K"

EEEE(62K65)" +" K" K" +"

FPD(121K123)" K" +" K" K"

EE(154155)" +" +" K" K"

ExxxLL(160K165)" K" +" +" +"

DD(174K175)" K" +" K" +"
#
Numbers#within#brackets#indicate#the#position#of#motif#in#Nef#
“+”#indicates#presence#of#PSM;#“/”#indicates#no#PSM#
Table#was#adapted#from:#Geyer#et#al.#Structure/function#relationships#in#HIV/1#Nef.#(2001),#2(7),#
580–585.""
"



" 72"

"

Table+3.3.+Proportion"of"conserved"and"nonKconserved"amino"acid"substitutions"in"HIVK
1"Nef"clade"A1,"B,"C"and"D.""Conserved"and"nonKconserved"substitutions"were"based"on"
similarities"or"differences"in"amino"acid"size,"charge,""and"hydrophobicity"or"
hydrophilicity.""

Subtype+ Total+#+of+PSMs+
#+of+Conserved+
mutation+(%)++

#+of+non@conserved+
mutations+(%)+

A1" 34" 20"(59)" 14"(41)"

B" 50" 27"(54)" 23"(46)"

C" 40" 22"(55)" 18"(45)"

D" 35" 20"(57)" 15"(43)"
"
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3.5.2+Changes+in+frequency+of+PSMs+overtime+

To" determine" whether" there" is" a" relationship" between" subtype" and" PSM"

frequencies,"the"percentage"of"the"number"of"mutation"sites"out"of"the"total"number"

of" amino" acids" (206)" in" the" consensus" sequence" of" Nef" for" each" subtype" was"

calculated."The"PSM"frequencies"ranged"from"20.1"%,"for"subtype"A1,"and"35%""for"

subtype"B"(Figure"3.3A)."While"subtypes"A1,"C"and"D"have"similar"PSM"frequencies,"

subtype"B" represents" the"highest"PSM" frequency" in"Nef."There"was"no"association"

between" subtypes" and" PSM" frequencies" (twoKtailed" Fisher’s" exact" test)." PSM"

frequencies" at" different" time"periods" (pre"1995," 1995K1999" and" after" 2000)"were"

calculated"for"each"subtype.""Frequency"of"PSMs"increased"overtime"for"subtypes"A1,"

C" and"D,"whereas" in" subtype"B" it" remains" constant" (Figure"3.3"B)."This"difference"

may" be" due" to" the" larger" sample" size" of" subtype" B" sequences" compared" to" other"

subtypes."
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A+

"
"

B+
"

+
+
Figure+3.3.+Subtype+specific+PSM+frequencies+of+HIV@1+Nef+A)+Frequencies"of"PSMs"in"
HIVK1"Nef"sequences"from"subtypes"A1,"B,"C,"and"D"using"consensus"sequences"of"all"time"
points."Frequencies"were"measured"as"the"percentage"of"the"number"of"PSMs"out"of"the"total"
number"of"amino"acids"for"each"subtype.+B)+Frequencies"of"PSMs"over"three"time"periods"
for"each"subtype"are"shown."An"overall"increase"in"PSM"frequencies"for"the"entire"Nef"
sequence"was"observed"over"time"for"all"subtypes"except"for"subtype"B."



" 75"

3.5.3+Nef+amino+acid+changes+and+mutational+patterns+over+time"

To"examine"Nef"amino"acid"changes"of"the"consensus"sequence"overtime"among"the"

four"major" subtypes," sequences"were" compared" from" three"different" time"periods"

with"those"of"ancestral"and"subtype"consensus"sequences"obtained"from"Los"Alamos"

Database" (Figure" 3.4)." The" differences" between" three" time" periods" and" Nef"

consensus" or" ancestral" sequences" are" represented" by" closely" related" amino" acids,"

most" likely" to" preserve" the" specific" function" of" Nef"within" a" specific" domain." The"

nonKcore" region" of"Nef" (residues" 1K65)" contains" the" highest" number" of" variability"

among"each"time"point."This"is"particularly"true"for"subtypes"A1"and"B"(Figure"3.4"AK

B),"whereas"for"subtypes"C"and"D"this"appears"to"be"more"dispersed"across"the"Nef"

protein"(Figure"3.4"CKD)."

"

Because" host" HLA" class" I" restricted" CD8+" T" cell" responses" and" viral" functional"

constraint"are"two"major"factors"shaping"viral"evolution,"we"expect"that"CD8+"T"cell"

responses" restricted" by" the" same"HLA" class" I" alleles"would" have" similar" effect" on"

PSMs"of"same"functional"motifs"of"Nef"in"different"HIVK1"subtypes."At"these"sites"HIV"

subtypes"may"become"more" similar" to" each"other." "To" test" this,"we" selected" three"

major"functional"Nef"motifs"that"contained"PSMs"in"three"or"all"subtypes"(Table"2)."

These"include:"CAWLEA"(protein"modification),"DDPxxE"(cell"signaling),"and"ExxxLL"

(cell"trafficking)."We"conducted"phylogentic"analysis"to"determine"the"relationships"

between" the" sequences" containing" PSMs" and" the" consensus" of" each" time" period.""

Maximum" Likelihood" trees" were" constructed" using" MEGA" 5" software" and" the"

distances" between" sequences" were" examined." Three" types" of" phylogenetic"
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relationships"were"observed."In"the"first"type,"two"PSM"containing"sequences"from"

the"same"subtype"group"and" from"two"different" time"periods"cluster" together,"but"

are"separated"from"other"sequences"within"the"same"subtype.""The"PSM"containing"

sequences,"DDEEKE"(A1*,"T1)"and"DDEEKE"(A1*,"T3)"are"clustered"together"on"one"

branch"of"the"phylogenetic"tree,"and"are"separated"from"other"A1"sequences"(Figure"

3.5B)." "A"similar"pattern"is"seen"in"subtype"C,"PSM"containing"EDNCLL"motifs"from"

1995K1999"and"2000"time"periods"(EDNCLL"C*T2"and"T*3),"which"are"also"clustered"

together" (Figure" 3.5C)." A" second" type" of" phylogenetic" relationship" shows" that"

sequences"containing"PSMs"cluster"with"sequences"of"other"subtypes."An"example"of"

this" is"observed" in"subtype"B,"PSM"containing"EDPEKE"(B*."T1),"which"appears"on"

the"same"branch"as"subtype"D,"EDPEKE"(D*."T3)(Figure"3.5B)."Finally,"the"third"type"

of"divergence"is"when"PSM"sequences"cluster"together"with"consensus"sequence"of"

the"same"subtype"but"different"time"period."For"example,"subtype"C,"PSM"containing"

CAWLQA" (C*." T2)" sequence" appears" together" on" the" same" branch" of" the"

evolutionary"tree"as"subtype"C"consensus"sequence"CAWLQA"(C."T3)"(Figure"3.5A)."

These"patterns"indicate"that"emergence"of"PSMs"in"subtypes"can"drive"the"evolution"

of" the" virus" towards" closely" related" sequences" at" both" interK" and" intraK" subtype"

levels."
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'
A)'SUBTYPE'A1'NEF'
'
PERIOD/'' ' ' NEF'SEQUENCE' ' ' ' HXB2CG'#'
Seq.'Origin'
 
Nef HXB2. MGGKWSKSSV IGWPTVRERM RRAEPAADRV GAASRDLEKH GAITSSNTAA 50  
Cons. A1 MGGKWSKSSI VGWPEVRERM RRTPPAATGV GAVSQDLDKH GAVTSSNI..   
Anc.  A1 MGGKWSKSSI VGWPEVRERM RRTPPAAKGV GAVSQDLDKH GAVTSSNTAA     
Pre-1995 MGGKWSKSSI VGWPEVRERM RRAPPAARGV GAVSQDLDKH GAVTSSNI.. 
                                            :EQTRPTAAEGQAPTAAK (R28 & G29)     
1995-99  MGGKWSKSSI VGWPEVRERM RQT.PAPPGV GAVSQDLDKH GAVTSSNI.. 
                                            :HPTPAAT (P28 & G29) 
POST 2000 MGGKWSKSSI VGWPEVRERI RRAAPAATGV GAVSQDLDKH GAVTSSNV.. 
                                       :P (A23 & A24) 
                                      :PPAAT (T28 & G29) 
 
Nef HXB2.  TNAACAWLEA QEEEEVGFPV TPQVPLRPMT YKAAVDLSHF LKEKGGLEGL 100  
Cons. A1 NHPSCVWLEA QEEEEVGFPV RPQVPLRPMT YKGALDLSHF LKEKGGLDGL 
Anc.  A1 NNPGCAWLEA QEEEEVGFPV RPQVPLRPMT YKGAFDLSHF LKEKGGLDGL 
Pre-1995 NHPSCAWLEA QEEEEVGFPV RPQVPLRPMT YKGAVDLSHF LKEKGGLDGL       
1995-99  NHPSCVWLEA QEEEEVGFPV RPQVPLRPMT YKGALDLSHF LKEKGGLDGL     
POST 2000 NHPSCAWLEA QEEEEVGFPV RPQVPLRPMT YKGALDLSHF LKEKGGLDGL   
 
Nef HXB2.  IHSQRRQDIL DLWIYHTQGY FPDWQNYTPG PGVRYPLTFG WCYKLVPVEP 150  
Cons. A1  IYSRKRQEIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVDP    
Anc.  A1  IYSKKRQEIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVDP 
Pre-1995  IYSRKRQEIL DLWVYHTQGY FPDWQNYTPG PGTRFPLTFG WCFKLVPVDP   
1995-99  IYSRKRQEIL DLWVYNTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVDP 
POST 2000  IYSRKRQEIL DLWVYHTQGY FPDWQNYTPG PGIRFPLTFG WCFKLVPVDP 
 
Nef HXB2. DKIEEANKGE NTSLLHPVSL HGMDDPEREV LEWRFDSRLA FHHVARELHP 200  
Cons. A1 DEVEKATEGE NNSLLHPICQ HGMDDEEREV LKWKFDSRLA LKHRAQELHP 
Anc.  A1 AEVEEATEGE NNSLLHPICQ HGMDDEEREV LMWKFDSRLA LKHRARELHP  
Pre-1995  DEVEKATEGE NNSLLHPICQ HGMDDEEKET LMWKFDSRLA LKHRA-ELHP       
1995-99  DEVEKATEGE NNSLLHPICQ HGMDDEERET LMWKFDSRLA LKHRARELHP   
POST 2000 DEVEKATEGE NNSLLHPICQ HGMDDEEREV LMWKFDSRLA LKHRARELHP   
 
Nef HXB2. EYFKNC        206 
Cons. A1  EYFKNC 
Anc.  A1 EYFKNC 
Pre-1995 EYFKNC 
1995-99  EFYKDC   
POST 2000 EYFKNC 
 

"
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B) SUBTYPE B NEF 
 
PERIOD/'' ' ' NEF'SEQUENCE' ' ' ' HXB2CG'#'
Seq.'Origin'
 
Nef HXB2. MGGKWSKSSV IGWPTVRERM RRAEPAADRV GAASRDLEKH GAITSSNTAA 50   
Cons. B  MGGKWSKRSV VGWPTVRERM RRAEPAADGV GAVSRDLEKH GAITSSNTAA   
Anc.  B  MGGKWSKSSM GGWPAVRERM KRAEPAADGV GAVSRDLEKH GAITSSNTAA       
Pre-1995 MGGKWSKRSV VGWPTVRERM RRAEPAAEGV GAVSRDLEKH GAITSSNTAA 
                                            :RGTATRTEPAADGVTD (E28 & G29)    
1995-99  MGGKWSKSSV VGWPTVRERM RRAEPAATGV GAVSRDLEKH GAITSSNTAT 
                                            :RRRTRSRAAANNLGEPAAD (T28 & G29)   
POST 2000 MGGKWSKRSV AGWPAVRERM RRTEPAARGV GAVSRDLEKH GAITSSNTAA 
                                            :RRRDKRREPPAAAGMEPAAE (R28 & G29) 
    
Nef HXB2. TNAACAWLEA QEEEEVGFPV TPQVPLRPMT YKAAVDLSHF LKEKGGLEGL 100 
Cons. B  NNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKGALDLSHF LKEKGGLEGL     
Anc.  B  TNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKAALDLSHF LKEKGGLEGL       
Pre-1995 NNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKAALDLSHF LKEKGGLEGL      
1995-99  NNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKAALDLSHF LKEKGGLEGL 
POST 2000 NNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKGALDLSHF LKEKGGLEGL 
 
 
Nef HXB2. IHSQRRQDIL DLWIYHTQGY FPDWQNYTPG PGVRYPLTFG WCYKLVPVEP 150  
Cons. B  IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP   
Anc.  B  IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP       
Pre-1995 IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP    
1995-99  IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP   
POST 2000 IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP 
 
Nef HXB2. DKIEEANKGE NTSLLHPVSL HGMDDPEREV LEWRFDSRLA FHHVARELHP 200 
Cons. B  EKVEEANEGE NNSLLHPMSL HGMDDPEREV LVWKFDSRLA FHHMARELHP     
Anc.  B  EKVEEATEGE NNSLLHPMCQ HGMDDPEKEV LVWKFDSRLA FHHMARELHP       
Pre-1995 EKVEEANEGE NNSLLHPMSL HGMDDPEREV LVWKFDSRLA FHHMARELHP      
1995-99  EKVEEANEGE NNCLLHPMSQ HGMDDPEKEV LVWKFDSRLA FHHMARELHP   
POST 2000 EKVEEANEGE NNCLLHPMSQ HGMDDPEREV LVWKFDSRLA FHHVAREIHP   
 
Nef HXB2. EYFKNC        206   
Cons. B  EYYKDC   
Anc.  B  EYYKDC     
Pre-1995 EYYKDC    
1995-99  EYYKDC 
POST 2000 EYYKDC  
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C) SUBTYPE C NEF 
 
PERIOD/'' ' ' NEF'SEQUENCE' ' ' ' HXB2CG'#'
Seq.'Origin'
 
Nef HXB2. MGGKWSKSSV IGWPTVRERM RRAEPAADRV GAASRDLEKH GAITSSNTAA 50   
Cons. C  MGGKWSKRSV VGWPTVRERM RRAEPAADGV GAVSRDLEKH GAITSSNTAA   
Anc.  C  MGGKWSKSSM GGWPAVRERM KRAEPAADGV GAVSRDLEKH GAITSSNTAA       
Pre-1995 MGGKWSKRSV VGWPTVRERM RRAEPAAEGV GAVSRDLEKH GAITSSNTAA 
                                            :RGTATRTEPAADGVTD (E28 & G29)    
1995-99  MGGKWSKSSV VGWPTVRERM RRAEPAATGV GAVSRDLEKH GAITSSNTAT 
                                            :RRRTRSRAAANNLGEPAAD (T28 & G29)   
POST 2000 MGGKWSKRSV AGWPAVRERM RRTEPAARGV GAVSRDLEKH GAITSSNTAA 
                                            :RRRDKRREPPAAAGMEPAAE (R28 & G29) 
    
Nef HXB2. TNAACAWLEA QEEEEVGFPV TPQVPLRPMT YKAAVDLSHF LKEKGGLEGL 100 
Cons. C  NNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKGALDLSHF LKEKGGLEGL     
Anc.  C  TNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKAALDLSHF LKEKGGLEGL       
Pre-1995 NNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKAALDLSHF LKEKGGLEGL      
1995-99  NNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKAALDLSHF LKEKGGLEGL 
POST 2000 NNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKGALDLSHF LKEKGGLEGL 
 
 
Nef HXB2. IHSQRRQDIL DLWIYHTQGY FPDWQNYTPG PGVRYPLTFG WCYKLVPVEP 150  
Cons. C  IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP   
Anc.  C  IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP       
Pre-1995 IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP    
1995-99  IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP   
POST 2000 IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP 
 
Nef HXB2. DKIEEANKGE NTSLLHPVSL HGMDDPEREV LEWRFDSRLA FHHVARELHP 200 
Cons. C  EKVEEANEGE NNSLLHPMSL HGMDDPEREV LVWKFDSRLA FHHMARELHP     
Anc.  C  EKVEEATEGE NNSLLHPMCQ HGMDDPEKEV LVWKFDSRLA FHHMARELHP       
Pre-1995 EKVEEANEGE NNSLLHPMSL HGMDDPEREV LVWKFDSRLA FHHMARELHP      
1995-99  EKVEEANEGE NNCLLHPMSQ HGMDDPEKEV LVWKFDSRLA FHHMARELHP   
POST 2000 EKVEEANEGE NNCLLHPMSQ HGMDDPEREV LVWKFDSRLA FHHVAREIHP   
 
Nef HXB2. EYFKNC        206   
Cons. C  EYYKDC   
Anc.  C  EYYKDC     
Pre-1995 EYYKDC    
1995-99  EYYKDC 
POST 2000 EYYKDC  
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D) SUBTYPE D NEF 
 
PERIOD/'' ' ' NEF'SEQUENCE' ' ' ' HXB2CG'#'
Seq.'Origin'
 
Nef HXB2. MGGKWSKSSV IGWPTVRERM RRAEPAADRV GAASRDLEKH GAITSSNTAA 50   
Cons. D  MGGKWSKSSI VGWPAIRERI RRTEPAADGV GAVSRDLEKH GAITSSNTAA   
Anc.  B* MGGKWSKSSM GGWPAVRERM KRAEPAADGV GAVSRDLEKH GAITSSNTAA       
Pre-1995 MGGKWSKSSI VGWPAIRERI RRTDAAAAGV GAVSRDLEKH GAITSSNTAS 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++:PRERRRPDPAADG (D24 & A25)      
1995-99  MGGKWSKSSI VGWPAIRERI RRTDAAAEGV GAVSRDLEKH GAITSSNTAH 
                                        :PARTEPAAEGVR (D24 & A25) 
POST 2000 MGGKWSKSSI VGWPAIRERI RRTDPAAEGV GAASRDLEKH GAITSSNTAH 
                                        :PAAERARIRSTAAEGE (D24 &P25) 
    
Nef HXB2. TNAACAWLEA QEEEEVGFPV TPQVPLRPMT YKAAVDLSHF LKEKGGLEGL 100 
Cons. D  TNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKAALDLSHF LKEKGGLEGL    
                            :E (E63 & E64)   
Anc.  B* TNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKAALDLSHF LKEKGGLEGL       
Pre-1995 TNADCAWLEA QEEEEVGFPV RPQVPLRPMT YKAAVDLSHF LKEKGGLEGL 
                            :S (E63 & E64)      
1995-99  TNPDCAWLEA QEEEEVGFPV RPQVPLRPMT YKGAVDLSHF LKEKGGLEGL 
                            :D (E63 & E64) 
POST 2000 TNPDCAWLEA QEEEEVGFPV RPQVPLRPMT YKAAVDLSHF LKEKGGLEGL 
                            :E (E63 & E64)   
 
 
Nef HXB2. IHSQRRQDIL DLWIYHTQGY FPDWQNYTPG PGVRYPLTFG WCYKLVPVEP 150 
Cons. D  VWSQKRQEIL DLWVYNTQGF FPDWQNYTPG PGIRYPLTFG WCFELVPVDP     
Anc.  B* IYSQKRQDIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFKLVPVEP     
Pre-1995 IWSKKRQEIL DLWVYNTQGF FPDWQNYTPG PGIRYPLTFG WCFELVPVDP      
1995-99  IWSQKRQEIL DLWVYHTQGY FPDWQNYTPG PGIRYPLTFG WCFELVPVDP   
POST 2000 IWSQKRQDIL DLWVYHTQGF FPDWQNYTPG PGIRYPLTFG WCFELVPVDP    
   
Nef HXB2. DKIEEANKGE NTSLLHPVSL HGMDDPEREV LEWRFDSRLA FHHVARELHP 200 
Cons. D  EEVEEATEGE NNCLLHPMCQ HGMEDPEREV LMWRFNSRLA FEHKARVLHP   
Anc.  B* EKVEEATEGE NNSLLHPMCQ HGMDDPEKEV LVWKFDSRLA FHHMARELHP     
Pre-1995 QEVEEATEGE NNCLLHPMCQ HGMEDPERQV LKWRFNSRLA FEHKARELHP    
1995-99  KEVEEDTEGE NNCLLHPMCQ HGMEDPEREV LKWRFNSRLA FEHKARVMHP 
POST 2000 EEVEEDTEGE NNCLLHPMCQ HGMEDPEREV LKWRFNSRLA FEHKARMLHP 
 
NEF HXB2. EFYKDC        206 
Cons. D  EYFKNC   
Anc.  B* EYYKDC     
Pre-1995 EFYKDC    
1995-99  EFYKDC 
POST 2000 EFYKDC 
 
+
+
Figure+3.4"Map+of+consensus+sequence+of+HIV@1+Nef+protein+from+three+different+time+points+compared+to+
clade+ ancestral+ sequences.+ Subtypes" A1," B," C" and" D" (AKD)." Numbering" of" amino" acid" positions" in" subtype"
sequences"is"relative"to"Nef"HXB2CG."Insertions"are"shown"using"“:”"directly"under" the"amino"acid"after"which"
insertion" occurs" followed" by" the" insertion" sequence" and" the" amino" acids" before" and" after" the" sequences" in"
brackets."Residues"that"change"between"time"periods"are"shown"in"red."*For"subtype"D,"no"ancestral"sequences"
are" available" on" LANL;" instead" ancestral" subtype" B" sequence" was" used" since" these" two" subtypes" are" most"
closely"related"to"each"other"compared"to"other"subtypes(242).""Ancestral"sequences"obtained"are"based"on"the"
Complete"Genome"MKgroup"Ancestral"sequence"and"phylogenetic"trees"provided"in"LANL."



" 81"

"

A+



" 82"

"

B+



" 83"

C+

Figure+3.5.+Evolutionary+tree+of+HIV@1+Nef+comparing+sequences+of+three+
functional+motifs+CAWLEA+(A),+DDPxxE+(B)+and+ExxxLL+(C)."Trees"were"
constructed"using"the"Maximum"Likelihood""method"in"MEGA5(243)."Subtype"A"is"
shown"in"blue,"B"in"green,"C"in"red"and"D"in"pink."Each"sequence"is"followed"by"
subtype"and"time"point"(T1:"preK1995,"T2:"1995K1999"and"T3:"post"2000)"inside"
brackets."The"asterisk"sign,"“*”,"indicates"the"sequence"contains"PSM,"which"are"shown"
in"black"letters."The"tree"with"the"highest"log"likelihood"(K82.2210,"K125.5229"and"K
67.1081"for"A,"B"and"C,"respectively)"are"shown."The"tree"is"drawn"to"scale,"with"
branch"lengths"measured"in"the"number"of"substitutions"per"site." "
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3.6+Discussion+

In"this"study,"quasi"analysis"was"used"to"identify"PSMs"in"HIVK1"Nef"in"four"major"M"group"

subtypes,"A1,"B,"C"and"D"(Figure"3.1)."QUASI"is"an"effective"selection"mapping"algorithm"

that"identifies"the"ratio"of"replacement"and"silent"mutations"(dN/dS)"at"every"codon"(129)."

Several"other"methods"are"used"to"infer"selective"advantage"of"viral"mutation,"by"

determining"the"overabundance"of"replacement"mutations"compared"to"silent"mutations"at"

the"protein"level."However,"the"disadvantage"of"these"methods"is"failing"to"accurately"

identify"which"replacement"mutations"are"positively"selected"at"individual"codons.""

Additionally,"combining"all"mutations"together"at"the"protein"level"may"mask"positively"

selected"mutations"within"background"or"negatively"selected"mutations."Therefore,"QUASI"

overcomes"these"disadvantages"through"its"per"codon"analysis."The"QUASI"program"is"also"

capable"of"identification"of"PSMs"in"large"number"of"sequences,"unlike"other"software"

programs(129).""""

"

The"data"from"this"study"showed"that"Nef"contains"mutations"in"both"the"variable"and"

conserved"regions"(Figure"3.2)."Although"the"distribution"of"PSMs"in"both"regions"was"

similar,"many"key"motifs"of"Nef"within"the"conserved"region"did"not"have"any"PSMs."This"is"

consistent"with"previous"findings"that"conserved"regions"of"Nef"are"important"for"viral"

survival"and"functions"and"thus"fewer"PSMs"were"observed"(240,244)."Mutations"within"

the"conserved"regions"of"Nef"can"affect"its"function"and"diminish"viral"replication"

capacity(245)."The"functional"significance"of"proline"rich"domain"(PxxPxR),"hydrophobic"

residues"F90,"W113"and"LL"(a.a."164K165)"region,"several"motifs"in"which"no"or"very"few"

PSMs"were"observed,"have"been"described"in"previous"studies"(246)."The"proline"rich"
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domain"is"particularly"crucial"for"Nef’s"interference"with"cell"signaling"pathways,"leading"to"

reduced"surface"expression"of"CD4"and"HLA"class"I"molecules,"two"of"Nef’s"major"functions"

that"ultimately"contribute"to"evasion"from"host"immune"responses(207,247)"."The"

observed"substitutions"in"PxxPxR"(a.a."72K77)"motif"in"subtypes"B"and"C"may"have"

implications"for"functions"and"interaction"with"signaling"proteins.""In"a"study"it"was"

demonstrated"that"among"HLA"B*35:01"patients"an"arginine"to"threonine"substitution"in"

PxxPxR"was"linked"with"impaired"downKregulation"of"CCR5"from"cell"surface"(245)."In"SIV"

models"of"infection,"mutations"in"this"Nef"motif"were"linked"to"impaired"activation"of"Pak2"

signaling"molecule,"resulting"in"altered"T"cell"activation(192,197,239,240)."Therefore,"

regions"of"Nef"that"play"a"functional"significance"may"remain"free"of"PSM"to"preserve"key"

functions."These"results"are"also"consistent"with"our"previous"findings"where"we"identified"

PSMs"in"the"Env"protein"of"HIVK1(230)."There,"it"was"also"shown"that"evolutionary"

conserved"regions"of"Env,"which"are"critical"for"the"survival"of"the"virus,"had"fewer"PSMs"or"

were"completely"free"of"them."The"overall"variable"distribution"of"PSMs"across"Nef"

indicates"that"some"regions"are"under"greater"selection"pressure"compared"to"others"and"

functional"constraints"may"not"accommodate"PSMs"if"costly"to"survival."

"

In"this"study,"the"frequencies"of"PSMs"in"Nef"over"three"consecutive"time"periods"in"the"four"

major"subtypes"were"examined."Our"data"showed"that"the"frequencies"of"PSMs"in"HIVK1"Nef"

increase"over"time"in"subtypes"A1,"C"and"D"but"not"in"subtype"B."The"pattern"observed"in"

subtypes"A1,"C"and"D"may"be"due"to"a"small"pool"of"sequences"available"for"the"final"

analysis"(A1,161;"C,"647;"and"D,"115),"which"likely"does"not"cover"the"HLA"genetic"diversity"

of"the"infected"host"population.""Given"the"evidence"from"numerous"studies"which"have"
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shown"that"polymorphisms"in"HIVK1"are"associated"with"specific"host"HLA"class"I"alleles"

(98,135,167,171,190,229),"we"speculate"that""the"observed"consistent"PSM"frequencies"in"

subtype"B"is"due"to"a"large"sample"size"of"sequences"which"better"represent"HIV’s"

adaptation"overtime"to"the"HLAKrestricted"immune"responses"at"the"population"level."In"

fact"a"study"of"RT"polymorphisms"showed"that"viral"sequences"of"a"large"cohort"of"HLAK

typed"individuals"could"reveal"escape"mutations"reliably(167)"allowing"to"identify"selection"

pressure"at"the"population"level"based"on"the"HLA"footprint"(159).""Therefore,"we"would"

expect"a"similar"pattern"as"subtype"B"in"the"PSM"frequencies"overtime"for"the"other"three"

subtypes"if"a"larger"number"of"sequences"were"analyzed."

"

It"was"observed"that"for"all"subtypes,"the"amino"acid"variations"that"exist"between"time"

points"are"closely"related"either"by"amino"acid"size,"function"and"or"structure,"most"likely"to"

preserve"the"functions"of"Nef"within"a"specific"domain"(Figure"3.4)."For"each"subtype"the"

changes"that"occur"within"the"three"time"points"represent"a"dynamic"that"exists"between"

consensus"and"the"ancestral"sequence,"where"a"group"of"amino"acids"with"similar"

properties"tend"to"replace"one"another"in"each"time"periods."In"some"cases,"the"

substitutions"are"amino"acids"that"revert"to"the"ancestral"sequence,"further"showing"the"

tendency"to"preserve"function"by"replacement"with"a"closely"related"amino"acid."An"

example"of"this"is"shown"in"the"case"of"subtype"A1,"where"alanine"(a.a."56)"is"the"dominant"

residue"in"sequences"before"1995,"changes"to"valine"in"1995K2000"sequences"and"then"

reverts"to"alanine"in"the"latest"reported"sequences."Alanine"is"also"the"dominant"amino"acid"

in"the"ancestral"sequence"at"this"residue."Therefore,"the"observations"of"this"study"seem"to"

suggest"that"HIVK1"Nef"amino"acid"changes"reflect"a"preference"for"the"ancestral"sequence"
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and"minimum"deviation"between"closely"related"amino"acids."This"demonstrates"that"

despite"HIVK1"diversity"changes"are"limited"by"the"function"and"fitness"of"virus."

"

Since"HIV"depends"on"the"host"to"survive,"its"genetic"variation"largely"depends"on"the"host"

immune"selection"pressure,"which"ultimately"determines"the"evolutionary"pathways"of"the"

virus."Host" immune"responses"such"as"cytotoxic"CD8+"T"cells"select" for"escape"mutations"

within" the" viral" sequence" but" in" order" for" the" virus" to" survive" it" can" only" accommodate"

amino" acid" replacement" mutations" that" lead" to" minimal" fitness" cost" and" loss" of"

function(178,179,212)."We" speculated" that"within" each" subtype,"PSMs" from"various" time"

points"result" in"similar"sequences"since"the"HLA"allele"frequencies"at"the"population"level"

remain"constant"overtime"(248)."The"evolutionary"analysis"of"our"study"indicates"that"PSM"

containing" sequences" tend" to" cluster" together" when" examining" three" of" the" major" Nef"

motifs:" CAWLEA(55K60)," ExxxLL(160K165)" and" DDPxxE(174K179)" (Figure" 3.5AKC)." In" some" cases,"

PSM" sequences" of" multiple" subtypes" appear" closer" to" each" other" than" they" do" to" the"

consensus" sequences" of" the" same" subtype" (e.g." CVWVEA"A1*T1," B*T3" and"D*"T3," Figure"

3.5A)." These" inter" and" intraKsubtype" similarities" of" PSM" sequences" observed" in" Nef"

demonstrate"that"host"immune"selection"pressure"restricted"by"the"same"HLA"class"I"alleles"

(in" different" populations)" force" the" virus" to" mutate" to" more" closely" related" sequences."

Because"HIV"depends"on"the"host"to"survive,"the"constant"host"immune"selection"pressures"

shape"and"restrict"viral"diversity"and"evolution.""

"

In" addition" to" CD8+" T" cells," multiple" other" host" factors" play" a" role" in" selecting" viral"

mutations" that" drive" the" evolution" of" the" virus." Natural" killer" (NK)" cells," AntibodyK
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dependent" cellular" cytotoxicity" (ADCC)" and" cytotoxic" CD4+" T" cells" all" exert" immune"

selection"pressure"on"the"virus(249),"which"may"also"contribute"to"the"emergence"of"PSMs."

While"CAWLEA(55K60)"and"DDPxxE(174K179)"are"restricted"by"several"HLA"alleles" in"different"

populations(250K254)," ExxxLL(160K165)" appears" to" not" be" targeted" by" any" HLA" groups," as"

reported"in"LANL."However,"this"motif"is"targeted"by"monoclonal"antibodies"(mAbs)"(255)"

that"may"be"responsible"for"the"observed"PSMs"in"this"region"in"subtypes"B,"C"and"D"(Table"

3.2)."The"flanking"region"of"this"motif"is"targeted"by"HLA"class"II"DRB1*0101,"DRB1*0401,"

DRB1*0701,"DRB1*1101,"DRB1*1302,"DRB1*1501,"DRB5*0101"(256,257)"and"HLA"class"I"

B*35" and" B*54:01" (258,259)." However," the" fact" that" HLA" Class" I" and" II" alleles" do" not"

recognize" the"major" component" of" this"motif"may"be" the" result" of" its" 3D"position"within"

Nef’s" protein" structure." ExxxLL(160K165)" lies" within" the" antiKparallel" betaKsheet" conserved"

core" domain" of"Nef,(260),"which"may" partially" determine"whether" it" could" be" processed"

and"presented"to"HLA"class"I"molecules"as"an"epitope"(261)."

"

In"summary,"Quasi"analysis"was"used"to"map"and"determine"PSMs"in"HIVK1"Nef"sequences"

from"four"major"global"subtypes,"A1,"B,"C"and"D"obtained"from"LANL."We"have"found"that"

both"conserved"and"variable"regions"of"Nef"contain"PSMs,"however"certain"sites"within"the"

conserved"region,"such"as" the"proline"rich"domain,"which"play"a"crucial"role" in"major"Nef"

function,"remain"free"of"PSMs"in"various"subtypes."This"study"showed"that"PSMs"in"Nef" is"

relatively"stable"when"a"large"viral"population"is"analyzed,"such"as"subtype"B,"perhaps"due"

to" stability" of" HLA" allele" frequencies" of" the" host" population." However," the" number" of"

sequences"obtained"from"LANL"for"subtypes"A1,"C"and"D"were"quite"small"and"limited"our"

analysis."Obviously," further"analysis" is"needed" to"determine" the" frequencies"of"mutations"
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within"these"subtypes"and"to"accurately"determine"changes"over"time."We"have"also"shown"

that"PSMs," likely"driven"by"HLA"class" I" restricted"CD8"T"cell" responses," in"Nef"drivee" the"

evolving" virus" of" different" subtypes" to" be"more" similar." " Therefore," the global trend in viral 

mutation and host population genetic factors need to be considered and evaluated for the 

development of an"effective"HIVK1"vaccine strategy."

+

3.7+Limitations+and+opportunities+ 

Although"HIVK1"Nef"sequences"on"LANL"public"database"are"numerous,"host"genetic"factors,"

such"as"HLA"alleles"of"patients"from"whom"sequences"are"obtained,"are"not"provided."

Therefore,"one"disadvantage"of"this"study"is"that"the"association"of"PSMs"identified"using"

Quasi"and"specific"HLA"alleles"could"not"be"validated."Additionally,"the"number"of"

observations"for"subtype"B"and"C"were"substantially"larger"than"those"of"subtypes"A1"and"

D,"which"could"skew"the"results"of"the"study."A"larger"number"of"sequences"will"likely"show"

a"more"realistic"representation"of"PSM"changes"overtime"at"the"population"level,"therefore,"

for"subtypes"with"low"sequence"availabilities,"future"comprehensive"evolutionary"analyses"

are"needed"to"draw"better"conclusions."Nonetheless,"the"identification"of"regions"of"the"

virus"that"experience"selective"pressure"and"undergo"PSM,"is"important"in"understanding"

the"interactions"between"the"host"and"the"virus"that"can"help"in"defining"therapeutic"

strategies.""
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4.+ Positively+ Selected+ Mutations+ in+ Subtype+ A1+ HIV@1+ Nef+ Protein+ in+ a+

Kenyan+Population+

+

4.1+Rationale++

HIVK1"rapidly"adapts"to"the"host"immune"selective"pressure"by"undergoing"mutations"that"

may"result"in"immune"evasion(140,153,262,263).""While"some"mutations"allow"the"virus"to"

escape" CTL" activity," other" escape" mutations" are" associated" with" viral" fitness"

cost(113,142,178,212)." HLAKrestricted" CTL" responses" are" a" crucial" aspect" of" cellular"

immunity" against" HIVK1" during" both" acute" and" chronic" phase" of" the" infection"

(141,149,264)."Several"CTL"targets"of"HIVK1,"that"are"associated"with"reduced"viral"fitness"

and" overall" immune" control" have" previously" been" described(113,265,266)." Multiple"

studies"have"identified"HLAKassociated"polymorphisms"(HLAKAP)"in"different"HIVK1"genes"

within"several"distinct"populations"around"the"world"(143,180,267,268)"."However,"HIVK1"

Nef"escape"mutations"in"subtype"A1"from"a"treatmentKnaïve"large"cohort"population,"with"

longKterm" CD4" count" profiles" have" not" yet" been" characterized." In" this" study" PSMs" in"

subtype"A1"HIVK1"Nef"sequences"are"identified"and"correlated"with"HLA"class"I"alleles"and"

longitudinal" CD4" counts" in" a" Kenyan" female" sexKworker" population." Association" of" PSM"

with"disease"progression"data"and"host"HLA"profiles"can"help"identify"protective"and"nonK

protective"immune"targets"within"Nef."

+

4.2+Hypothesis+
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HIVK1" Nef" contains" immunologically" relevant" T" cell" epitopes" with" mutations" that" are"

beneficial"and"detrimental"for"the"host."These"epitopes"can"be"identified"and"characterized"

through"analysis"of"the"interactions"between"host"and"virus."+

+

4.3+Objective+

To" characterize" PSMs" in" HIVK1" Nef" protein" using" Quasi" analysis" and" to" determine" their"

association"with"clinical"outcomes"of"disease"(CD4"count)"and"patient"HLA"class"I"profile+

+

4.4+Methods+

4.4.1+Study+cohort+

Genomic" DNA" samples" of" 508" HIVK1" positive" ARTKnaïve" female" sexKworkers" from" the"

Nairobi"Majengo"cohort,"obtained"between"1980K2003,"were"used" for"amplification"using"

PCR" (detailed" description" in" section" 2.7.1)." By" sequencing" virus" from" treatmentKnaÏve"

patients,"possible"drug"driven"mutations"were"avoided.""CD4"counts"were"determined"using"

Becton"Dickinson"Tritest"reagent"for"all"women"in"the"cohort"since"1990"and"tracked"on"a"

biannual"basis"(section"2.4)."

+

4.4.2+Statistical+Analysis+

HLA!class!I!association!with!Nef!PSMs/#Fisher’s"exact"test"was"used"to"analyze"the"number"

of"patients"with"and"without"each"HLA"allele"and"the"amino"acid"sequence"with"and"without"

each"PSM."p/"value"of"<0.05"was"considered"significant."Statistical"analyses"were"conducted"

in"SPSS"version"13.0."For"the"multiple"comparisons"of"PSM"and"alleles,"the"classic"oneKstage"

method"of"False"Discovery"Rate"(FDR)"was"used.""
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#

CD4! count! decline! and!association!with!Nef! PSMs/" For" each" PSM" individually," KaplanK

Meier" survival" analysis"was" conducted" to" determine" the" probability" of" CD4" count" above"

200"cells/mm3"of"blood"over"the"number"of"days"patients"status"was"HIV+."#p/values"<0.05"

were" considered" statistically" significant." Statistical" analyses" were" conducted" in" SPSS"

version"13.0."

"

PSM!frequency!comparison3!TwoKtailed"contingency"Fisher’s"exact"tKtest"was"conducted"in"

GraphPad" Prism" v7.0a" (GraphPad" Software," La" Jolla," CA)" and" pKvalues" of" <0.05" was"

considered"significant."

+

4.5+Results+

4.5.1+Location+and+Distribution+of+PSMs+in+HIV@1+Nef+Protein+

In" the" previous" chapter," Nef" PSMs" of" subtype" A1" from" the" LANL" public" database" were"

identified."However,"sequences"extracted"from"LANL"may"be"from"patients"receiving"ART,"

making"it"difficult"to"conclude"whether"PSMs"are"indeed"driven"by"host"immune"selection"

pressure." In" this" chapter," we" only" used" HIV+" treatment" naïve" samples" to" accurately"

determine"PSMs" across" the"Nef" protein" that" could"be" selected"by"HLAKrestricted"CD8+"T"

cells."Of"the"508"HIV+"treatment"naïve"samples"amplified,"326"belonged"to"subtype"A1"and"

PSMs" were" predicted" using" Quasi" analysis" (129)." PSM" sites" were" mapped" on" the" Nef"

consensus" sequence" (Figure" 4.1)." " There" were" a" total" of" 48" amino" acid" substitutions"

identified" in" Nef" in" comparison" to" 43" identified" for" subtype" A1" from" LANL" sequences."

Overall," PSMs" were" not" uniformly" distributed," with" the" variable" anchor" region" of" Nef,"
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residues" 1K65," displaying" a" higher" frequency" of" PSMs" than" the" conserved" core" region,"

although"the"difference"was"not"significant"(Fisher’s"exact"test)"(Figure"4.2)."""

As"with"LANL"subtype"A1"sequences,"analysis"of"Nef"amplified"from"Kenyan"samples"also"

showed"that"some"regions"of"the"core"domain"(amino"acids"66K206)"are"completely"free"of"

PSMs" (Table"4.1)."For"example," the"proline" rich"motif,"PxxPxR,"did"not"have"any"PSMS" in"

subtype" A1" Nef" sequences" of" the" study" cohort," similar" to" the" sequences" obtained" from"

LANL" (Table" 3.2)." Table" 4.1" shows" all" major" Nef" functional" motifs" and" the" presence" or"

absence" of" PSMs" within" each," with" 50%" (6/12)" of" motifs" containing" PSMs." The" varying"

distribution" of" PSMs" across" Nef" sequence" suggest" that" selection" pressure" is" different" at"

each"region,"which"can"be"attributed"to"the"function"of"each"motif"or"differential"recognition"

by"host"HLA.""
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+

+

+

+

SUBTYPE+A1+KENYAN+NEF+SEQUENCE+ + + + + + + HXB2CG+#+
 
 
MGGKWSKSSI VGWPEVRERM RRA.PAAAGV GAVSQDLDKH GAVTSSNI..  50 
  S      K      I      PT  SP    RE     A Y R I    V   
 
NHPSCVWLEA QEEEEVGFPV RPQVPLRPMT YKGAFDLSHF LKEKGGLDGL  100   
 N   A       D   S    k          F A               ER       
 
IYSRKRQEIL DLWVYHTQGY FPDWQNYTPG PGTRYPLTFG WCFKLVPVDP  150 
V  K            N              R  EIF            E   Q 
 
DEVEKATEGE NNSLLHPICQ HGMDDEEREV LKWKFDSRLA LKHRAQELHP  200 
E    DN R    C    M    R     K    M R   H    R I R M  
                                        S        
EFYKDC            206 
 Y  N  
"
+
Figure+4.1."Map+of+PSMs+ in+Nef+protein+of+HIV@1+ identified+by+Quasi!analysis+ from+326+Kenyan+
subtype+A1+sequences."The"consensus"sequence"is"shown"as"a"single"line"of"residues,"in"increments"of"
50,"with"positively"selected"amino"acids"underneath"the"consensus"at"each"site." "Numbering"of"amino"
acid"positions"in"the"consensus"sequences"is"relative"to"Nef"HXB2CG"strain."Dots"(“.”)"indicate"deletions"
relative" to" HXB2CG" sequences." PSMs" were" identified" for" 48" residues." R188" can" be" replaced" by" two"
PSMs:"R188H"or"R188S."All"other"amino"acids"had"one"PSM"replacement.""
 
+
"
"
"
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+

+

+

+

+

+

+

+

+

+

+
+
Figure+4.2.+Comparison+of+the+percent+frequency+of+PSMs+within+the+variable+
region+(residue+1@65)+and+the+conserved+core+region+(66@206)+of+subtype+A1+HIV@1+
Nef+protein+from+a+Kenyan+cohort."+Frequencies"were"calculated"as"the"percentage"of"
the"number"of"PSMs"out"of"the"total"amino"acids"in"each"region"(65"in"anchor"and"141"in"
core"domain)."There"is"no"significant"difference"in"the"frequency"of"PSMs"in"the"two"
domains"of"Nef"(p="0.5950"Fisher’s"exact"test).+
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""

Table+4.1.+Characteristics"of"PSMs"in"wellKdefined"functional"motifs"of"HIVK1"Nef"of"subtype"A1"
sequences"from"treatment"naïve"HIV+"female"sex"worker"cohort"in"Nairobi,"Kenya.#
#

Nef+Functional+Motifs+ Subtype+A1+PSMs+ PSM+position+
(HXB2CG)+

amino+acid+
substitution+

Protein"Modification"
" " "

MGxxxS(1K6)" Yes" 3" GK>S"
CAWLEA(55K60)" Yes" 56" VK>A"

Cell"Signalling"
" "

"PxxPxR(72K77)" KKK"(conserved)" KKK" KKK"
RR(112)" KKK(conserved)" KKK" KKK"

DDPxxE(174K179)" Yes" 178" RK>K"
Cell"Trafficking"

" "
"WL(57K58)" KKK"(conserved)" KKK" KKK"

LL(111K112)" KKK"(conserved)" KKK" KKK"
EEEE(62K65)" Yes" 63" EK>D"

FPD(121K123)" KKK"(conserved)" KKK" KKK"
EE(154K155)" KKK"(conserved)" KKK" KKK"

ExxxLL(160K165)" Yes" 163" SK>C"
DD(174K175)" KKK"(conserved)" KKK"" "KKK"

#
Numbers#within#brackets#indicate#the#position#of#motif#in#Nef#
Table#was#adapted#from:#Geyer#et#al.#Structure/function#relationships#in#HIV/1#Nef.#(2001),#2(7),#580–
585"
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4.5.2+Effect+of+PSMs+on+the+rate+of+CD4+decline++

CD4"T"cell"count"is"an"important"indicator"of"disease"state"in"HIVK1"infection."In"an"

uninfected"individual"the"normal"CD4"count"is"approximately"500K1600"cell"per"μl"of"

blood(47)."A"person"infected"with"HIVK1"not"receiving"treatment"will"gradually"lose"

healthy"CD4"T"cells"as"they"become"infected"with"the"virus;"CD4"T"cell"counts"below"

200" is" indicative" of" disease" state," AIDS(47,269)."We" hypothesized" that" PSMs" and"

consensus" amino" acids" in" Nef" will" associate" differently" with" the" rate" of" disease"

progression."To"test"this,"KaplanKMeier"survival"analysis"was"used"to"compare"CD4"

decline"over"time"for"PSMs"and"consensus"amino"acids"for"all"48"sites"where"a"PSM"

was" identified," in" patients" whose" nef" gene" was" sequenced" (Figure" 4.3;" only"

significant" associations" are" shown)." Two" distinct" types" of" correlations" between"

PSMs"and"disease"progression" rates"were"observed;"3"PSMs"were" associated"with"

faster"CD4"decline"in"comparison"to"the"consensus"amino"acid"(E63D"p"="0.028,"log"

rank=" 4.799;" I101V" p=" 0.003," log" rank=8.667" and" I168M" p=and" 0.042," log"

rank=4.150)"(Figure"4.3"AKC)"and"2"PSMs"were"associated"with"slower"CD4"decline"

overtime" compared" to" the" consensus" amino" acid" (H116N" p=" 0.00011," log"

rank=14.891"and"K182M"p=0.03,"log"rank=4.753)"(Figure"4.3"DKE).""""
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!!!!!!!!!!!!!!!!!!!!!!!A!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!B!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!C!

!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!D!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!E!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! !
!! ! ! ! ! ! ! !

Figure! 4.3.! Kaplan5Meier! survival! analysis! of! the! rate! of! CD4+! T! cell! decline! with! PSMs.! CD4! decline! was! determined!
chronologically!from!the!time!of!enrollment!as!the!probablity!of!counts!remaining!above!or!equal!to!200!cell/mm3.!E63D,!I101V,!
I168M!are!correlated!with!faster!disease!progression!(detrimental!epitopes)!(ALC),!and!H116N!and!K182M!are!correlated!with!
slower!disease!progression!(beneficial!epitopes)!(D!and!E).!Solid!lines!are!PSM!and!dotted!lines!are!consensus!amino!acids.!!
!
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4.5.3!HLA( Class( I( correlation( in( the( Pumwani( Sex<worker( cohort(with(HIV<1(

Nef(PSMs(!

We!used!Fisher’s!Exact!test!to!determine!the!correlation!between!the!five!PSMs,!that!

were! associated!with! faster! or! slower! CD4! decline,! and! all! the! HLA! alleles! of! the!

patients! in! the! Pumwani! sexEworker! cohort.! E63D! PSM! is! correlated!with! Class! I!

alleles! A*2301! and! B*3501! (p=!0.002! and! 0.003,! respectively),! I101V! correlates!

with!HLAEA*0201!and!HLAEB*5802! (p=!0.028!and!0.048,! respectively)! and! I168M!

correlated!with!HLAEA*2301,!B*0702,!B*5101!and!C*1601!(p=!0.002,!0.006,!0.037!

and!0.045,!respectively).!Of!the!PSMs!that!were!associated!with!slow!CD!4!decline,!

H116N!correlated!with!HLAEA*0201,!A*3002,!B*5703!and!C*0201!(p=!0.021,!0.026,!

0.00038! and! 0.011,! respectively)! and! K182M!was! correlated! with! HLAEA*34! and!

C*0602! (p! =! 0.026! and! 0.037,! respectively)! (Table! 4.2).! For! the! correction! of!

multiple! comparisons! a! classic! FDR! test! was! used! to! confirm! pEvalues.!
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!

Table!4.2.!Correlation!of!HLA!class!I!alleles!with!PSMs!in!HIV:1!Subtype!A1!Nef.!The!classic!one:stage!FDR!method!was!used!for!
the!multiple!comparisons!of!HLA!alleles!with!PSMs.!

Nef$PSM$
Association$with$CD4$decline$

(compared$with$consensus$a.a.)$
HLA$class$I$allele$

$$
Fisher's$Exact$test$pEvalue$

$
FDR$corrected$q#value$

E63D$ Faster' A*2301'' 0.002' 0.009'
$ ' B*350101' 0.003' 0.011'

$ '
' ' '

I101V$ Faster' A*0201' 0.028' 0.039'

$ '
B*5801' 0.048' 0.048'

$ ' ' '
'

I168M$ Faster' A*2301' 0.002' 0.009'

$ '
B*070201' 0.006' 0.017'

$ '
B*510101' 0.037' 0.043'

$ '
Cw*160101' 0.045' 0.048'

$ ' ' '
'

H116N$ Slower' A*0201' 0.021' 0.039'

$ '
A*3002' 0.026' 0.039'

$ '
B*570301' 0.00038' 0.005'

$ '
Cw*0210' 0.011' 0.026'

$ ' ' '
'

K182M$ Slower' A*34' 0.026' 0.039'

' '
Cw*0602' 0.037' 0.043'

!
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4.6$Discussion!

Early!in#vitro(studies!of!CTL4specific!escape!mutations!in!HIV41!suggest!that!alterations!in!

Nef!are!generally!not!favorable!and!mainly!constrained(215),!arguing!that!Nef’s!two!most!

vital!functions,!MHC!and!CD4!downregulation!from!cell!surface,!are!essential!in!protecting!

the! newly! infected! cell! from! the! host! immune! response(270).! Other! studies! have! shown!

that! Nef! is! a! heavily! targeted! region! of! the! virus! and! that! mutations! in! Nef! arise! very!

rapidly! in! the! early! phase! of! the! infection(229).! Using! Quasi! analysis,! we! have!

demonstrated!that!PSMs!in!the!Nef!protein!of!subtype!A1!HIV41!from!a!cohort!of!women!in!

Nairobi,!Kenya,!are!highly!frequent!(Figure!4.1).!We!have!also!shown!in!this!study!that!Nef!

contains! PSMs! in! both! the! variable! (anchor)! and! the! conserved! (core! domain)! region!

(Figure!4.1!and!4.2).!We!have!demonstrated!that!several!PSMs!in!Nef!occur!in!the!central!

region! (a.a.! 664148)! and! carboxyl! terminal! region! of! Nef! (a.a.! 1824206),! which! have!

previously!been!reported!as!targets!for!CTL!responses(2714273).!Overall,!we!show!that!the!

PSMs!in!Nef!can!occur!in!both!conserved!and!variable!region!of!the!protein.!Therefore,!our!

findings! that! the! Nef! protein! accommodates! amino! acid! substitutions! at! multiple! sites!

contradicts!with!early! studies! that!argue!Nef!mutations!are!constrained(215).! !There!are!

likely! several! reasons! for! this.! First,!Nef!has!been! shown! to!be! targeted!by!multiple!HLA!

class! I! alleles(229);! therefore,! it! is!possible! that! the!many!observed!mutations!are! in! the!

flanking! regions! of! targeted! epitopes.! One! study! for! example! showed! that! three! specific!

PSMs! ! (R69K,!A81G,!and!H87R)$occur! in! the! flanking!region!of!a!HLA4B35!epitope! in!Nef!

(274),!which!houses! the! functionally! significant!PxxPxR!domain!necessary! for!viral!entry!

and! cell! signaling! pathways.! Any! changes! to! this! motif! could! potentially! limit! the! virus!

replication! capacity! or! fitness.! Therefore,! HLA4restricted! CTL! mutations! in! the! flanking!
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regions! of! the! B35! epitope! (eg.! R69K! and! A81G),! instead! of! those! within! it,! can! help!

maintain!Nef!function(274).!!

!

Another! explanation! for! the! high! number! of! PSMs! present! in! Nef! is! the! emergence! of!

secondary! mutations! that! compensate! for! the! loss! of! fitness! in! another! region! of! Nef!

(180,275,276).!We!also!speculate!that!PSMs!within!Nef,!although!frequent!(48/206!amino!

acids,!Figure!4.1),!may!not!all!result!in!functional!consequences!for!the!virus,!due!to!similar!

chemical! and! physical! properties! between! the! consensus! and! PSM! amino! acids,! because!

new! variants! that! cannot! support! viral! function! are! unlikely! to! survive(178,277).!

Longitudinal!studies!have!revealed!that!mutations!in!Nef!are!accumulated!early!on!during!

the!acute!phase!of!the!infection(278).!Nef!is!the!first!protein!to!be!expressed!in!the!viral!life!

cycle!and!is!immediately!targeted!by!CD8+!T!cells!(279).!Therefore,!we!speculate!that!the!

high!number!of!PSMs!observed!in!Nef!may!be!the!result!of!accumulated!mutations!overtime!

in! the! study! enrollees.! PSMs! are! likely! to! arise! as! a! result! of! HLA4restricted! CTL!

responses(279).! This! is! supported! by! findings! from! other! groups! that! have! shown! Nef,!

compared! to! all! other! regulatory!proteins!of!HIV,! has! the!highest!number!of!HLA4Class! I!

associated!polymorphisms,!in!one!case!up!to!40%!(229).!

!

In! this! study,! we! have! also! examined! the! association! between! PSMs! in! HIV41! Nef! and!

disease! progression! in! the! infected! hosts.! Studies! of! CTL4driven! mutations! in! HIV! have!

analyzed! the! effects! of! mutations! in! the! major! genes! of! the! virus,! mainly! Gag! and!

Pol(178,2804282).!While!some!studies!have!also!surveyed!the! impact!of!mutations! in!Nef!
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protein,! they! did! not! include! long4term! treatment4naïve! patient! samples! (190)or! have!

included!recombinant!Nef!sequences(280)!.!Having!326!subtype!A1!Nef!!sequences!from!an!

ARV!naïve!Kenyan!population!of!a!FSW!cohort!and!their! longitudinal!CD4!count!data,!we!

were!able!to!analyze!the!associations!of!all!the!identified!PSMs!in!Nef!with!rates!of!disease!

progression! (Figure! 4.3! shows! significant! Kaplan4Meier! estimates).! We! show! that! PSMs!

have! different! impact! on! patient! clinical! outcomes.! Some! are! associated!with! faster! CD4!

decline!in!comparison!to!their!consensus!counterpart!(E63D,!I101V,!I168M),!while!others!

are! associated! with! slower! CD4! decline! (H116N! and! K182M).! ! Therefore,! PSMs! can! be!

categorized!into!“detrimental”!and!“beneficial”!groups!according!to!their!associated!clinical!

outcomes! manifested! in! the! host.! It! may! at! first! seem! counterintuitive! that! “beneficial”!

mutations! are! positively! selected! and! it! raises! the! following! question:! how! can! such!

mutations!associate!with!slower!CD4!decline,!presumably!through!limiting!viral!fitness,!be!

positively!selected!for!when!there!is!a!negative!consequence!for!the!virus!itself?!To!answer!

this!question,!it!is!worthwhile!to!review!features!of!viral!evolution!that!select!for!the!best!

fit!virus!under!host!immune!selection!pressures.!HIV41!depends!on!the!host!to!survive,!and!

much!of!its!evolution!depends!on!the!components!of!host!immunity!such!as!antibodies,!NK!

cells!and!CTLs!(165,249).!Under!these!pressures!there!are!two!possible!outcomes!for!the!

virus!at!the!population!level.!First,!in!individuals!without!CTL!selection!pressure!restricted!

by! a! specific! HLA! class! I! allele,! the! virus! may! remain! unchanged(164,176),! where! the!

consensus! amino! acid! represents! the! majority! in! the! viral! population! .! Second,! in!

individuals!with!specific!HLA!class!I!alleles,!CTL!responses!kill!CD4!T!cells!infected!by!the!

wildtype!virus,!while!cells! infected!by!a!mutant!virus!will!survive!because!they!cannot!be!

recognized! by! patient! HLA! class! I! alleles.! This! process! selects! for! the!most! fit! virus! (i.e.!
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positively! selected)! under! hostile! host! immune! conditions.!With! host! selection! pressure,!

only! the! PSM! containing! virus! can! survive,! although! it! might! be! less! fit! than! the! virus!

carrying!consensus!amino!acid! (in!patients!without!specific!HLA!alleles),! thus!potentially!

leading!to!slower!disease!progression.! !Therefore,!positive!selection!refers! to! the!process!

where! the! fittest! virus! under! host! immune! pressures! is! selected! due! to! having! a! better!

chance!at!survival.!Our!data!shows!that!some!Nef!PSMs!were!associated!with!slower!CD4!

decline! compared! to! the! consensus! amino! acids! at! the! cohort! population! level.! This!

demonstrates!that!in!those!individuals!infected!by!PSM!containing!virus,!CD4!count!decline!

was!slower!than!individuals!carrying!viruses!without!PSMs!(i.e.!infected!instead!with!virus!

that! carries! the! consensus! amino! acid).! Other! Nef! PSMs! are! associated! with! faster! CD4!

decline! in! comparison! to! the! consensus!amino!acids.! In! this! scenario,! the!PSM4harboring!

viral!population!possibly!has!a!reproductive!advantage!over!the!consensus!virus.!

!

As! shown! by! the! data! in! this! study,! the! impact! of! PSMs! that! arise! within! the! virus! are!

varied.!Traditionally!mutations!were!known!to!benefit!the!virus!by!helping!it!to!evade!the!

host!immune!response,!thereby!allowing!the!virus!to!replicate!efficiently!and!maintain!high!

levels!of!VL(283).!However,!mutations!that!arise!in!the!virus!as!a!result!of!HLA4restricted!

CTL!pressure!may!also! lead! to!a! lesser! functionally! fit! virus,!and! thus! indirectly! result! in!

higher!CD4!counts!and!lower!VL(113,140,178,185,186).!We!have!shown!that!some!PSMs!in!

Nef! are! associated! with! detrimental! clinical! outcomes,! presumably! via! a! functionally! fit!

virus,!while!others!are!associated!with!slower!disease!progression,! likely!as! the! result!of!

viral! fitness!cost.! !Viral! fitness!and!disease!progressions!associated!with!HIV41!mutations!

have! been! examined! in! a! handful! of! recent! studies! (144,190,280).!While!HLA! associated!
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mutations!in!Gag!have!been!shown!to!alter!replication!capacity!of!the!virus!(113,284,285)!

one!study!showed!that!in!recombinant!HIV!NL443!virus,!containing!Gag4protease!targets!of!

HLA4B*52!and!B*67!alleles!from!a!Japanese!population,!there!was!no!association!between!

replication!capacity!and!pVL(144).!This!aligns!with!the!findings!from!our!study!that!some!

mutations!may!not!have!a!significant!fitness!cost!to!the!virus,!as!they!are!associated!with!

faster!CD4!decline! in!the! infected!host!(E63D,! I101V,! I168M).!Another!study!showed!that!

the!proportion!of!HLA4restricted!escape!mutations! in!Pol!was!negatively! correlated!with!

pVL!while!the!same!was!not!true!in!the!case!of!Gag(171).!Data!from!a!study!of!subtype!C!

Nef!sequences!from!a!large!South!African!cohort!has!shown!that!HLA4B!Nef!polymorphisms!

are!associated!with!fitness!cost!to!the!virus!and!HLA4B!alleles!that!drive!selection!mutation!

in!Nef!are!correlated!with!lower!viral!loads(190).!!Studies!of!HLA4associated!HIV!mutations!

with!clinical!outcomes!have!demonstrated! the! link!between!proportion!of!mutations!and!

disease!progression(280).!One!study!showed!that!several!HLA4associated!mutations!in!Gag!

and!Pol!from!subtype!A/E!infected!patients!were!correlated!with!high!pVL!and!others!were!

associated!with!low!CD4!T!cell!counts,!both!of!which!are!unfavorable!clinical!outcomes!for!

the! infected! hosts(280).! In! the! same! study! no! correlations!were! reported! between!HLA4

associated!polymorphisms!in!Nef!and!CD4!T!cell!count!and!pVL.!These!studies!highlight!the!

differential! consequences! of! viral! mutations! and! our! findings! corroborate! with! them! in!

demonstrating!that!not!all!PSMs!equally!impact!disease!progression.!We!showed!that!some!

PSMs!in!HIV41!Nef!are!associated!with!rapid!CD4!decline,!while!other!are!associated!with!

slower!CD4!decline.!Thus,!our!study!extends!on!the!findings!of!previous!work,!which!have!

examined!the!impact!of!viral!mutations!on!disease!progression!and!overall!viral!fitness.!!

!



! 106!

In!this!chapter,!we!identified!PSMs!using!quasi!analysis!of!subtype!A1!Nef!sequences!from!a!

cohort! of! commercial! FSW! in! Nairobi,! Kenya.! We! showed! that! PSMs! within! Nef! were!

associated! differentially!with! disease! progression.! Given! that! the!Nef! protein! of!HIV41! is!

heavily! targeted!by!multiple!HLA!Class! I! alleles(229),!we!correlated!major!HLA!alleles! in!

this!cohort!with!the!identified!PSMs!(Table!4.2).!Our!data!showed!that!in!some!cases!more!

than!one!allele! is!associated!with!a!PSM,! indicating!that!mutations!are! likely!the!result!of!

multiple!HLA! class! I! alleles! targeting!Nef! epitopes.!Additionally,! some!HLA! class! I! alleles!

can!be!correlated!with!PSMs! that!are!associated!with!different!disease!progression!rates.!

For!example,!HLA4A*02:01!restricted!CD8+!T!cells!appear!to!drive!the!selection!for!H116N!

that! is! associated! with! slower! CD4! decline,! while! also! selecting! for! I101V,! which! is!

associated! with! faster! CD4! decline.! ! This! finding! has! implications! for! choosing! the! best!

immunogen! for! a! vaccine.! HLA4A*02:01! expressing! individuals! could! drive! two! types! of!

PSMs! with! opposing! outcomes,! which! can! ultimately! cancel! out! their! respective! effects.!

Therefore,!to!design!an!effective!T!cell!based!vaccine,!it!is!critical!to!identify!specific!amino!

acid! targets! of! host! immune! selection! pressure! and! determine! their! association! with!

clinical!outcomes,!to!avoid!potential!opposing!effects!(252,286,287).!

!

In!conclusion,!our!study!shows!that!PSMs!in!HIV41!Nef!are!not!equal!in!their!impact!on!host!

disease! progression.! Understanding! the! characteristics! Nef! PSMs! and! their! associated!

clinical!outcomes!may!help!to!optimize! immunogens!for!effective!HIV!vaccine!candidates.!

CD8+!T!cells!that!target!regions!of!Nef!associated!with!better!outcomes!may!play!a!role!in!

viral!suppression!and!contribute!to!the!enhanced!immunity!against!the!virus.!Therefore,!it!
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is! worthwhile! to! investigate! the! characteristics! of! such! CD8+! T! cells,! which! will! be! the!

theme!of!the!later!part!of!this!study.!

!

4.7$Limitations$and$Opportunities$$$

While!Nef!gene!was!amplified!from!more!than!500!HIV4positive!study!participants,!nearly!

one4third!of!sequences!belonged!to!subtypes!C,!D!and!B!(data!not!shown).!Only!326!were!

subtype!A1.! Correlating! a! larger! samples! size! of! viral! sequences!with! cohort!HLA! alleles!

could! help! identify! associations!with! alleles! that! are! present! at! lower! frequencies! in! the!

population.!Additionally,!PSMs!can!be!correlated!with!VL!data!to!help!draw!insights!about!

any!possible!links!with!viral!suppression.!However,!since!many!samples!used!in!this!study!

were! from! archived! specimen! collected! as! far! back! as! early! 1980s,! the! poor! storage!

conditions!do!not!allow!for!accurate!viral!load!assays.!!Host!clinical!parameters,!consisting!

of! both! CD4! count! and! pVL,! are! most! informative! and! we! suspect! that! pVL! data! could!

provide! additional! information! to! the! disease! progression! data! associated! with! PSMs.!
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5.$$Confirmation$and$characterization$of$HIV>1$Nef$epitopes$containing$

PSMs$that$correlate$with$different$disease$outcome$

5.1$Rationale$

In! the! previous! chapter! PSMs! in! HIV41! subtype! A1! Nef! sequence! were! identified! using!

Quasi!analysis.!Of!forty4eight!PSMs!identified!in!HIV41!Nef!three!were!associated!with!faster!

CD4! decline! and! two! were! associated! with! slower! CD4! decline.! ! HLA! class! I! restricted!

cytotoxic!T! cells!play!an! important! role! in!driving!HIV41!mutations,!which!has!been!well!

documented!in!many!studies(140,276,288).!Mutations!can!accumulate!within!and!outside!

peptide! sequences! of! approximately! 9! amino! acids! (9mer)! to! avoid! recognition! by!HLA4

restricted!CD8+!T!cells!(274).!!Studies!have!shown!that!within!9mer!HLA!class!I!restricted!

CD8+!T!cell!epitopes,!escape!mutations!often!occur! in!HLA4peptide!anchor!positions!2,!8,!

and!9(151,288),!and!sometimes!in!the!middle!position!of!the!9mer!peptide!(e.g.!position!5)!

(138).!These!mutations! can! result! in!diminished! recognition!by!HLA4restricted!CTLs! and!

reduced!TCR!binding(151,289).!!In!the!previous!chapter!the!HLA!Class!I!alleles!associated!

with! PSMs! in! HIV41! Nef! were! identified! (Table! 4.2).! To! confirm! whether! the! identified!

mutations!are!within!peptides!targeted!by!the!specific!HLA!class!I!alleles,!the!ability!of!such!

peptides! in!generating!CD8+!T!cell! responses!must!be! tested.! Immune!assays! that!detect!

peptide4specific! CD8+! T! cells! in! response! to! stimulation! are! useful! for! this! purpose.! For!

example,! enzyme4linked! immunosorbent! spot! (ELISPOT)! assay! can! be! used! for! direct! ex(

vivo!quantification!of!CD8+!T!cell!cytokines!(e.g.!IFN4γ)!in!PBMCs(290).!In!this!chapter,!the!

results!of!ELISPOT!assay!used! to!confirm!the!PSMs!within!HLA!Class! I! restricted!CD8+!T!

cell!epitopes!are!shown.!!
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Data!from!previous!studies!suggest!that!emergence!of!new!mutants!result!in!weakened!CTL!

responses(105,274,291).! However,! studies! have! also! shown! that! new! CD8+! T! cells! can!

arise! concomitant!with!new!virus!variants!despite!ongoing!viral! evolution! (113,135,2914

298).!It!is!therefore,!important!to!confirm!whether!HLA!class!I!restricted!CD8+!T!cells!can!

recognize! epitope! variants! with! PSMs.! Identification! and! characterization! of! these! HLA!

Class!I!restricted!CD8+!T!cell!epitopes!in!HIV41!Nef!can!provide!insights!about!vulnerable!

regions!of!the!virus!that!may!be!important!for!vaccine!design.!!

$

5.2$Hypothesis$

Major&Hypothesis&

HLA!class!I!restricted!CD8+!T!cell!epitopes!containing!the!identified!PSMs!will!elicit!CD8+!T!

cell!responses!that!can!be!measured!by!ELISPOT!assay.!!

Sub&Hypothesis&

The!frequency!of!IFN-γ-producing HLA Class I restricted CD8+ T cells stimulated by 

epitopes harbouring PSM or subtype!A1!consensus!amino!acids!is!similar.!!

!

5.3$Objective$

To!confirm!the!HLA!class!I!restricted!CD8+!T!cell!epitopes!in!Nef,!containing!consensus!or!

PSM!amino!acids,!using!IFN4γ!ELISPOT!assay.!!

$

5.4.$Methods$

5.4.1.$Study$Cohort$
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The! study! participants! consisted! of! 168! patients! enrolled! in! the! Pumwani! female! sex4

worker! cohort! who! were! typed! for! HLA! class! I! genes! and! whose! HLA! Class! I! alleles!

correlated!with!PSMs!(Table!4.2).!!!

$

5.4.2.$IFN>γ$ELISPOT$Assay$and$Peptide$design$

IFN4γ! ELISPOT! assay! was! performed! using! fresh! patients’! PBMCs! according! to!

methodology! described! in! section! 2.9,! page! 51.! Briefly,! in! pre4anti4IFN4γ! monoclonal!

antibody4coated!plates,!PBMCs!were!stimulated!overnight!with!synthesized!9mer!peptides!

(Sigma4Aldrich,!Custom!Peptide!Library!|!PEPscreen®)!containing!specific!PSM!or!subtype!

A1! consensus! amino! acids! in! anchor! positions! 2,! 5,! 8! or! 9! (Figure! 5.1! and! Table! 5.1).!!

Biotinylated anti-IFN-γ mAb and streptavidin-conjugated alkaline phosphatase were 

added sequentially for the detection of IFN- γ. After wash steps and color reaction of 15-

20 minutes with alkaline-phosphatase substrate kit, IFN-γ-producing cells were detected 

as dark spots counted by ELISPOT reader. Values !50 SFUs/million PBMCs, after 

subtracting negative control for each reaction were considered as positive responses.  !

$

5.4.3$Statistical$analysis!

Mann! Whitney! non4parametric! tests! and! non4parametric! multiple! comparison! Kruskal4

Wallis!tests!were!performed!using!GraphPad!Prism!v7.0a!(GraphPad!Software,!La!Jolla,!CA)!

and!p!values!<0.05!were!considered!statistically!significant.!
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$
Figure$5.1.$Schematic$diagram$of$Nef$peptide$design$strategy$with$PSM$or$
subtype$A1$consensus$amino$acids$at$anchor$positions$2,$8,$9$and$middle$
position$5.$Peptides!names!contain!the!first!and!last!amino!acids!of!the!9mer,!
followed!by!9!indicating!the!peptide!length,!“4“,!and!amino!acid!of!interest,!its!
position!within!the!9mer!and!whether!PSM!or!consensus!within!brackets.!!!
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!

Table$5.1.$Sequences!and!names!of!all!
Nef!peptides!used!in!ELISPOT!assay!
with!PSMs!located!at!anchor!positions!2,!
8,!9!and!middle!position!5.!
!
!

PSM$
$

Peptide$
Name$

Peptide$
Sequence$

E63D! EV9-D(2s) EDEEVGFPV 

 
EV9-E(2c) EEEEVGFPV 

 
VE9-D(8s) VWLEAQEDE 

 
VE9-E(8c) VWLEAQEEE 

 
CD9-D(9s) CVWLEAQED 

 
CE9-E(9c) CVWLEAQEE 

 
EG9-D(5s) EAQEDEEVG 

 
EG9-E(5c) EAQEEEEVG 

I101V! LE9-V(2s) LVYSRKPQE 

 
LE9-I(2c) LIYSRKPQE 

 
KY9-V(8s) KGGLDGLVY 

 
KY9-I(8c) KGGLDGLIY 

 
EV9-V(9s) EKGGLDGLV 

 
EI9-I(9c) EKGGLDGLI 

 
LK9-V(5s) LDGLVYSRK 

 
LK9-I(5c) LDGLIYSRK 

I168M! PD9-M(2s) PMCQHGMDD 

 
PD9-I(2c) PICQHGMDD 

 
NC9-M(8s) NNSLLHPMC 

 
NC9-I(8c) NNSLLHPIC 

 
EM9-M(9s) ENNSLLHPM 

 
EI9-I(9c) ENNSLLHPI 

 
LG9-M(5s) LLHPMCQHG 

 
LG9-I(5c) LLHPICQHG 

H116N! YD9-N(2s) YNTQGYFPD 

 
YD9-H(2c) YHTQGYFPD 

 
IT9-N(8s) ILDLWVYNT 

 
IT9-H(8c) ILDLWVYHT 

 
EN9-N(9s) EILDLWVYN 

 
EH9-H(9c) EILDLWVYH 

 
LY9-N(5s) LWVYNTQGY 

 
LY9-H(5c) LWVYHTQGY 

K182M! LL9-M(2s) LMWKFDSRL 

 
LL9-K(2c) LKWKFDSRL 

 
DW9-M(8s) DEEREVLMW 

 
DW9-K(8c) DEEREVLKW 

 
DM9-M(9s) DDEEREVLM 

 
DK9-K(9c) DDEEREVLK 

 
RD9-M(5s) REVLMWKFD 

 
RD9-K(5c) REVLKWKFD 

!! !! !!
!
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5.5$Results$

5.5.1.$Multiple$HIV>1$Nef$Epitopes$containing$PSMs$associated$with$differential$

rates$of$disease$progression$confirmed$by$ELISPOT$assay$$

In!the!previous!chapter,!it!was!shown!that!three!PSMs!were!associated!with!faster!

CD4!decline!compared!to!the!consensus!amino!acids,!and!two!were!associated!with!

slower!CD4!decline!(Figure!4.3).!Additionally,!each!of!these!PSMs!were!correlated!

with!multiple!HLA!Class!I!alleles!common!in!Kenya!(Table!4.2!and!5.2).!!To!confirm!

that!these!alleles!can!present!the!9mer!peptides!with!the!identified!PSMs!to!CD8+!T!

cells,!IFN4γ!ELISPOT!assay!was!used.!For!each!of!the!five!PSMs!and!their!consensus!

counterpart!(E63D,!I101V,!H116N,!I168M!and!K182M),!9mer!peptides!were!

synthesized!with!the!PSM!or!consensus!amino!acids!placed!in!positions!2,!5,!8!and!9!

(Figure!5.1!and!Table!5.1).!PBMCs!from!patients!with!specific!HLA!class!I!alleles!that!

correlated!with!each!of!the!PSMs!were!stimulated!with!corresponding!peptides!and!

the!frequency!of!IFN4γ!producing!CD8+!T!cells!were!measured.!Table!5.2!shows!the!

detailed!results!of!all!40!peptides!tested!and!lists!the!results!for!each!responding!

patient.!IFN4γ!ELISPOT!responses!were!detected!to!peptides!containing!PSMs!and!

consensus!amino!acid!(Table!5.2).!For!example,!IFN4γ!responses!to!peptides!

VWLEAQEDE!(VE94D(8s))!and!VWLEAQEEE!(VE94E(8c))!were!detected!in!PBMCs!of!

at!least!one!A*23:01+!patient.!In!this!case,!it!appears!that!there!are!CD8+!T!cells!that!

can!recognize!both!peptide!variants.!!Therefore,!peptide4HLA!binding!was!not!

compromised!by!the!amino!acid!variation!introduced!by!the!PSM.!However,!no!IFN4

γ!responses!were!detected!to!peptide!EDEEVGFPV!containing!the!same!PSM!at!

anchor!position!2!(EV94D(2s))!in!PBMCs!of!any!of!the!seven!A*2301+!patients!
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tested.!Whereas,!IFN4γ!responses!to!peptide!EEEVGFPV!(EV94E(2c))!containing!the!

consensus!amino!acid!“E”!were!detected!in!at!least!one!A*23:01+!patient.!This!likely!

indicates!that!the!PSM!amino!acid!“D”!interferes!with!peptide4HLA!binding.!!

!

Positive!IFN4γ!ELISPOT!responses!(≥50!SFU/million!PBMCs!after!background!

subtraction)!to!27!out!of!40!peptides!tested!were!detected!in!patient!PBMCs!(Table!

5.3).!!Figure!5.2!shows!a!map!of!subtype!A1!Nef!protein!with!all!confirmed!epitopes.!

Out!of!eight!peptides!tested!for!each!PSM/consensus!group!of!peptides!(Table!5.1),!

by!stimulating!PBMCs!of!patients!whose!HLA!class!I!alleles!correlated!with!PSMs!

(Table!4.2),!ELISPOT!assay!confirmed!six!E63D!peptides!(CVWLEAQED,!

CVWLEAQEE,!VWLEAQEDE,!VWLEAQEEE,!EAQEEEEVG,!EEEEVGFPV),!eight!I101V!

peptides!(EKGGLDGLV,!EKGGLDGLI,!KGGLDGLVY,!KGGLDGLIY,!LDGLVYSRK,!

LDGLIYSRK,!LVYSRKPQE,!LIYSRKPQE),!eight!H116N!peptides!(EILDLWVYN,!

EILDLWVYH,!ILDLWVYNT,!ILDLWVYHT,!LWVYNTQGY,!LWVYHTQGY,!YNTQGYFPD!

YHTQGYFPD)!and!five!K182M!peptides!(DDEEREVLK,!DEEREVLMW,!DEEREVLKW,!

REVLMWKFD,!LMWKFDSRL).!None!of!the!eight!I168M!peptides!were!confirmed!by!

ELISPOT!assay!in!PBMCs!of!patients!with!A*2301,!B*07:02,!B*58:01!or!Cw*16:01!

alleles.!The!“unrecognizability”!of!I168M!peptides,!at!least!by!these!HLA!molecules,!

may!be!due!to!functional!role!of!this!region!of!Nef!in!viral!pathogenesis!and!the!need!

to!remain!conserved!in!order!to!preserve!function.!The!confirmation!of!other!

peptides!tested!by!ELISPOT!in!this!study!shows!that!they!are!indeed!targets!of!CD8+!

T!cells!restricted!by!HLA!alleles!that!were!statistically!correlated!with!PSMs!(Table!

4.2).!This!confirms!our!hypothesis!that!peptides!containing!PSMs!identified!through!
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bioinformatics!analyses!can!be!confirmed!as!T!cell!epitopes!by!ELISPOT.!Therefore,!

CD8+!T!cell!functional!profiles!specific!to!these!epitopes!can!be!assessed!using!other!

immune!assays.!Table!5.3!depicts!the!detailed!results!of!these!27!confirmed!

epitopes!with!results!for!each!responding!patient.!!!

!

We!also!used!dose4dependent!ELISPOT!assay!to!further!confirm!a!subset!of!peptides!

for!which!archived!PBMCs!from!patients!with!specific!HLA!alleles!were!available.!

Two!HLA!A*02:01!epitopes,!ILDLWVYHT!and!ILDLWVYNT,!and!two!HLA!B*58:01!

epitopes,!KGGLDGLIY!and!KGGLDGLVY,!were!tested!with!two4fold!dilutions!at!

various!concentrations!(10!ug/ml4!0.625!ug/ml)!in!PBMCs!of!10!patients!for!each.!

The!results!showed!that!for!both!HLA4peptide!groups!the!frequency!of!IFN4γ+CD8+!

T!cells!were!decreased!with!reduction!in!peptide!concentrations!(Figure!5.3).!

Therefore,!despite!a!low!number!of!patients!tested!using!fresh!PBMCs!(4!A*02:01!

and!6!B*58:01!patients,!Table!5.2),!does4dependent!ELISPOT!results!for!these!four!

HLA4A*02:01!and!B*58:01!peptides,!confirm!their!binding!with!the!respective!HLA!

molecules!and!validate!them!as!true!CD8+!T!cell!epitopes.!
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!

                                                      CVWLEAQED 
                                                      CVWLEAQEE 
                                                       VWLEAQEDE 
                                                       VWLEAQEEE 
                                                          EAQEEEEVG 
                                                             EEEEVGFPV 
MGGKWSKSSIVGWPEVRERMRRA.PAAAGVGAVSQDLDKHGAVTSSNI..NHPSCVWLEAQEEEEVGFPV
  
                      EKGGLDGLV      EILDLWVYN 
                      EKGGLDGLI      EILDLWVYH 
                       KGGLDGLVY      ILDLWVYNT 
                       KGGLDGLIY      ILDLWVYHT 
                          LDGLVYSRK      LWVYNTQGY 
                          LDGLIYSRK      LWVYHTQGY 
                             LVYSRKPQE      YNTQGYFPD 
                             LIYSRKPQE      YHTQGYFPD 
RPQVPLRPMTYKGAFDLSHFLKEKGGLDGLIYSRKRQEILDLWVYHTQGYFPDWQNYTPGPGTRYPLTFG
  
 
                                 DDEEREVLK 
                                  DEEREVLMW 
                                  DEEREVLKW 
                                     REVLMWKFD 
                                        LMWKFDSRL  
WCFKLVPVDPDEVEKATEGENNSLLHPICQHGMDDEEREVLKWKFDSRLALKHRAQELHPEFYKDC 
 
$

Figure$5.2.$!Map$of$HIV>1$subtype$A1$Nef$amino$acids$with$epitopes$confirmed$using$ELISPOT$

assay.!Peptide!sequences!are!shown!above!the!consensus!sequence!and!labeled!accordingly!(note:!!

the!8!peptides!tested!for!I168M,!shown!in!the!consensus!map!of!Nef!in!red,!did!not!result!in!positive!

IFN4γ!responses!and!therefore,!were!not!confirmed!as!true!epitopes).!!

 
!

E63D!peptides!

I101V!peptides! H116N!peptides!

K182M!peptides!
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!

$
$

$
Peptide$ $Epitope$

#$of$
Patients$

#$of$
patients$

Response$
to$ Mean$

Allele$ PSM$ Code*$$ Sequence$ $$$$tested$ $responded$ Both$s/c$ SFU/106*$

A*23:01! E63D! EV9-D(2s) EDEEVGFPV 8! 0! No! 4!

! !
EV9-E(2c) EEEEVGFPV 8! 1! No! 100.00!

! !
VE9-D(8s) VWLEAQEDE 8! 2! Yes! 72.50!

! !
VE9-E(8c) VWLEAQEEE 8! 1! Yes! 50.00!

! !
CD9-D(9s) CVWLEAQED 8! 3! Yes! 73.33!

! !
CE9-E(9c) CVWLEAQEE 8! 1! Yes! 115.00!

! !
EG9-D(5s) EAQEDEEVG 8! 0! No! 4!

! !
EG9-E(5c) EAQEEEEVG 8! 1! No! 85.00!

B*35:01!
!

EV9-D(2s) EDEEVGFPV 2! 0! 4!! 4!

! !
EV9-E(2c) EEEEVGFPV 2! 0! 4! 4!

! !
VE9-D(8s) VWLEAQEDE 2! 0! 4! 4!

! !
VE9-E(8c) VWLEAQEEE 2! 0! 4! 4!

! !
CD9-D(9s) CVWLEAQED 2! 0! 4! 4!

! !
CE9-E(9c) CVWLEAQEE 2! 0! 4! 4!

! !
EG9-D(5s) EAQEDEEVG 2! 0! 4! 4!

!!
!

EG9-E(5c) EAQEEEEVG 2! 0! !4! 4!
A*02:01! I101V! LE9-V(2s) LVYSRKPQE 6! 1! Yes! 110!

! !
LE9-I(2c) LIYSRKPQE 6! 1! Yes! 125!

! !
KY9-V(8s) KGGLDGLVY 6! 1! Yes! 125!

! !
KY9-I(8c) KGGLDGLIY 6! 1! Yes! 80!

! !
EV9-V(9s) EKGGLDGLV 6! 1! Yes! 75!

! !
EI9-I(9c) EKGGLDGLI 6! 1! Yes! 75!

! !
LK9-V(5s) LDGLVYSRK 6! 1! Yes! 135!

!!
!

LK9-I(5c) LDGLIYSRK 6! 1! Yes! 50!
B*58:01!

!
LE9-V(2s) LVYSRKPQE 6! 0! 4! 4!

! !
LE9-I(2c) LIYSRKPQE 6! 0! 4! 4!

! !
KY9-V(8s) KGGLDGLVY 6! 2! Yes! 375!

! !
KY9-I(8c) KGGLDGLIY 6! 1! Yes! 700!

! !
EV9-V(9s) EKGGLDGLV 6! 0! No! 4!

! !
EI9-I(9c) EKGGLDGLI 6! 1! No! 75!

! !
LK9-V(5s) LDGLVYSRK 6! 0! No! 50!

!!
!

LK9-I(5c) LDGLIYSRK 6! 1! No! 75!
A*23:01! I168M! PD9-M(2s) PMCQHGMDD 4! 0! 4! 4!

! !
PD9-I(2c) PICQHGMDD 4! 0! 4! 4!

! !
NC9-M(8s) NNSLLHPMC 4! 0! 4! 4!

! !
NC9-I(8c) NNSLLHPIC 4! 0! 4! 4!

Table$5.2.$Summary!of!ELISPOT!data!for!all!40!HIV41!Nef!peptides!containing!PSMs!or!consensus!
amino!acids!tested!in!PBMCs!from!patients!whose!HLA!alleles!were!correlated!with!a!specific!PSM.$
$
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! !
EM9-M(9s) ENNSLLHPM 4! 0! 4! 4!

! !
EI9-I(9c) ENNSLLHPI 4! 0! 4! 4!

! !
LG9-M(5s) LLHPMCQHG 4! 0! 4! 4!

!!
!

LG9-I(5c) LLHPICQHG 4! 0! !4! 4!
B*07:02!

!
PD9-M(2s) PMCQHGMDD 0! 0! 4! 4!

! !
PD9-I(2c) PICQHGMDD 0! 0! 4! 4!

! !
NC9-M(8s) NNSLLHPMC 0! 0! 4! 4!

! !
NC9-I(8c) NNSLLHPIC 0! 0! 4! 4!

! !
EM9-M(9s) ENNSLLHPM 0! 0! 4! 4!

! !
EI9-I(9c) ENNSLLHPI 0! 0! 4! 4!

! !
LG9-M(5s) LLHPMCQHG 0! 0! 4! 4!

!!
!

LG9-I(5c) LLHPICQHG 0! 0! !4! 4!
B*58:01!

!
PD9-M(2s) PMCQHGMDD 2! 0! 4! 4!

! !
PD9-I(2c) PICQHGMDD 2! 0! 4! 4!

! !
NC9-M(8s) NNSLLHPMC 2! 0! 4! 4!

! !
NC9-I(8c) NNSLLHPIC 2! 0! 4! 4!

! !
EM9-M(9s) ENNSLLHPM 2! 0! 4! 4!

! !
EI9-I(9c) ENNSLLHPI 2! 0! 4! 4!

! !
LG9-M(5s) LLHPMCQHG 2! 0! 4! 4!

!!
!

LG9-I(5c) LLHPICQHG 2! 0! !4! 4!
Cw*16:01! PD9-M(2s) PMCQHGMDD 2! 0! 4! 4!

! !
PD9-I(2c) PICQHGMDD 2! 0! 4! 4!

! !
NC9-M(8s) NNSLLHPMC 2! 0! 4! 4!

! !
NC9-I(8c) NNSLLHPIC 2! 0! 4! 4!

! !
EM9-M(9s) ENNSLLHPM 2! 0! 4! 4!

! !
EI9-I(9c) ENNSLLHPI 2! 0! 4! 4!

! !
LG9-M(5s) LLHPMCQHG 2! 0! 4! 4!

!!
!

LG9-I(5c) LLHPICQHG 2! 0! !4! 4!
A*02:01! H116N! YD9-N(2s) YNTQGYFPD 4! 1! Yes! 85!

! !
YD9-H(2c) YHTQGYFPD 4! 1! Yes! 75!

! !
IT9-N(8s) ILDLWVYNT 4! 1! Yes! 110!

! !
IT9-H(8c) ILDLWVYHT 4! 2! Yes! 87.50!

! !
EN9-N(9s) EILDLWVYN 4! 1! Yes! 55.00!

! !
EH9-H(9c) EILDLWVYH 4! 2! Yes! 75.00!

! !
LY9-N(5s) LWVYNTQGY 4! 2! Yes! 80.00!

!!
!

LY9-H(5c) LWVYHTQGY 4! 1! Yes! 55.00!
A*30:02!

!
YD9-N(2s) YNTQGYFPD 2! 0! 4! 4!

! !
YD9-H(2c) YHTQGYFPD 2! 0! 4! 4!

! !
IT9-N(8s) ILDLWVYNT 2! 1! No! 65.00!

! !
IT9-H(8c) ILDLWVYHT 2! 0! No! 4!

! !
EN9-N(9s) EILDLWVYN 2! 0! 4! 4!

! !
EH9-H(9c) EILDLWVYH 2! 0! 4! 4!
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! !
LY9-N(5s) LWVYNTQGY 2! 0! No! 4!

!!
!

LY9-H(5c) LWVYHTQGY 2! 1! No! 60.00!
B*57:03!

!
YD9-N(2s) YNTQGYFPD 3! 0! 4! 4!

! !
YD9-H(2c) YHTQGYFPD 3! 0! 4! 4!

! !
IT9-N(8s) ILDLWVYNT 3! 1! Yes! 175.00!

! !
IT9-H(8c) ILDLWVYHT 3! 1! Yes! 90.00!

! !
EN9-N(9s) EILDLWVYN 3! 0! No! 4!

! !
EH9-H(9c) EILDLWVYH 3! 1! No! 70.00!

! !
LY9-N(5s) LWVYNTQGY 3! 1! No! 115.00!

!!
!

LY9-H(5c) LWVYHTQGY 3! 0! No! 4!
Cw*02:10! YD9-N(2s) YNTQGYFPD 2! 0! 4! 4!

! !
YD9-H(2c) YHTQGYFPD 2! 0! 4! 4!

! !
IT9-N(8s) ILDLWVYNT 2! 0! 4! 4!

! !
IT9-H(8c) ILDLWVYHT 2! 0! 4! 4!

! !
EN9-N(9s) EILDLWVYN 2! 1! No! 60.00!

! !
EH9-H(9c) EILDLWVYH 2! 0! No! 4!

! !
LY9-N(5s) LWVYNTQGY 2! 0! 4! 4!

!!
!

LY9-H(5c) LWVYHTQGY 2! 0! !4! 4!
A*34! K182M! LL9-M(2s) LMWKFDSRL 1! 0! 4! 4!

! !
LL9-K(2c) LKWKFDSRL 1! 0! 4! 4!

! !
DW9-M(8s) DEEREVLMW 1! 0! 4! 4!

! !
DW9-K(8c) DEEREVLKW 1! 0! 4! 4!

! !
DM9-M(9s) DDEEREVLM 1! 0! 4! 4!

! !
DK9-K(9c) DDEEREVLK 1! 0! 4! 4!

! !
RD9-M(5s) REVLMWKFD 1! 0! 4! 4!

! !
RD9-K(5c) REVLKWKFD 1! 0! 4! 4!

Cw*16:01! LL9-M(2s) LMWKFDSRL 9! 1! No!! 50.00!

! !
LL9-K(2c) LKWKFDSRL 9! 0! No! 4!

! !
DW9-M(8s) DEEREVLMW 9! 1! Yes! 50.00!

! !
DW9-K(8c) DEEREVLKW 9! 1! Yes! 55.00!

! !
DM9-M(9s) DDEEREVLM 9! 0! 4! 4!

! !
DK9-K(9c) DDEEREVLK 9! 0! 4! 4!

! !
RD9-M(5s) REVLMWKFD 9! 1! No! 70.00!

!!
!

RD9-K(5c) REVLKWKFD 9! 0! !No! 4!
!
*Mean(SFU/106(is(the(mean(of(number(of(IFN"#producing(CD8+(T(cells(per(million(of(
PBMCs(of(all(patients(who(have(responded(to(a(given(peptide
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Table&5.3.!Summary!of!ELISPOT!results!for!27!confirmed!peptides!of!HIV?1!Nef!containing!PSM!or!consensus!amino!acids!correlated!with!
various!HLA!class!I!alleles.!Peptides!for!which!no!values!are!listed!did!not!meet!the!!50!SFU/106!cells!threshold.!

PSM& Allele& ML&
I.D.*& Frequency&of&IFNg+&&&CD8+&T&cells&(SFU/106&cells)&

E63D& !! !! EV9KD(2s)& EV9KE(2c)& VE9KD(8s)& VE9KE(8c)& CD9KD(9s)& CE9KE(9c)& EG9KD(5s)& EG9KE(5c)&

&

A*!23:01! 612!

! !

55! 50! 70! 115!

!

85!

! !
1490!

!
100! 90!

!
100!

! ! !!! !! 3268! !! !! !! !! 50! !! !! !!

I101V&
& !

LE9KV(2s)& LE9KI(2c)& KY9KV(8s)& KY9KI(8c)& EV9KV(9s)& EI9KI(9c)& LK9KV(5s)& LK9KI(5c)&

&
A*!02:01! 3277! 110! 125! 125! 80! 75! 75! 135! 50!

!

B*!58:01! 3156!

! ! ! ! ! ! !

75!

! !
1947!

! ! ! ! !
50!

! !

! !
915!

! !
685! 700!

! ! ! !

! !

2493! !! !! 60! !! !! !! !! !!

H116N& && && YD9KN(2s)& YD9KH(2c)& IT9KN(8s)& IT9KH(8c)& EN9KN(9s)& EH9KH(9c)& LY9KN(5s)& LY9KH(5c)&

&
A*!02:01! 2877!

! ! !
60! 55! 50! 70!

!

! !
3277! 85! 75! 110! 115!

!
95! 90! 50!

! !
2049! 75! 95! 130! 60! 85! 95! 95! 70!

! !
59!

! !
445! 315!

! ! ! !

!
A*!3002! 2257!

! !
65!

! ! ! ! !

!
B*!57:03! 3009!

! !
175! 90!

!
70! 115!

!

!

C*!02:01! 3268! !! !! !! !! !! !! !! !!

K182M& && && LL9KM(2s)& LL9KK(2c)& DW9KM(8s)& DW9KK(8c)& DM9KM(9s)& DK9KK(9c)& RD9KM(5s)& RD9KK(5c)&

&
C*!06:02! 2680!

! ! ! ! ! !
70!

!

! !
3434! 50!

!
55! 50!

! !
50!

!

! !
1665!

! ! ! ! !
50!

! !!! !! 1778! !! !! !! !! !! 60! !! !!

!!
*”ML%I.D.”%is%Majengo%cohort%member%identifier%%
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! !
!

! !
Figure&5.3.&ELISPOT&results&for&doseKdependent&assay&with&peptide&concentration&using&twoKfold&dilution&(10&ug/mlK&0.625&ug/ml),&for&two&
HLA&A*02:01&epitopes:&ILDLWVYHT&and&ILDLWVYNT,&and&for&two&HLA&B*58:01&epitopes:&KGGLDGLIY&and&KGGLDGLVY!!

&
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5.5.2$Similar$IFNγ$ELISPOT$responses$to$peptides$containing$PSMs$associated$

with$slow$or$fast$CD4$T$cell$decline$!

ELOISPOT!assays!were!conducted!to!determine!whether!there!is!a!difference!in!the!

frequency!of!IFNγ+!CD8+!T!cells!when!stimulated!by!peptides!that!contain!PSMs!or!

consensus!amino!acids.!Among!the!detectable!responses!there!were!no!differences!

in!frequency!of!IFNγ+!CD8+!T!cells!when!PBMCs!were!stimulated!by!peptides!that!

contained!PSM!or! consensus! amino!acid,! irrespective!of! association!with!different!

CD4! decline! outcomes! (p! =! 0.2979! MannSWhitney! test,! Figure! 5.4! A).! When!

comparing! the! frequency! of! IFNγ+! CD8+!T! cells! in! PBMCs! stimulated! by! peptides!

containing!amino!acids!associated!with!slower!or!faster!CD4!decline,!there!were!no!

significant! differences! (p=! 0.4660! MannSWhitney! test,! Figure! 5.4! B).! This! was!

irrespective!of!amino!acid!of! interest!being!a! consensus!or!PSM.!The!difference! in!

the!proportion!of!CD8+!T!cells!that!express!IFNγ!in!PBMCs!when!elicited!by!peptides!

encompassing! consensus! or! selected! amino! acid! at! various! anchor! positions! was!

also!assessed!to!determine!if!amino!acid!position!plays!a!role!(Figure!5.5).!Although,!

peptides!with!PSM!or!consensus!amino!acid!placed!in!anchor!positions!8!and!9!were!

more!frequently!recognized!by!host!HLA!(20!and!17!responses,!respectively),!there!

was! no! significant! difference! in! the! frequency! of! IFNγSproducing! CD8+! T! cells!

among! the! groups! (nonparametric!multiple! comparison! KruskalSWallis! test).! This!

included!peptides!with!both!consensus!and!PSM,!regardless!of!association!with!CD4!

decline.! Finally,!when! separating! these! responses!based!on!peptide! categories,! i.e.!

those!with!beneficial!or!detrimental!amino!acids,!there!were!also!no!differences!in!

the!number!of!IFNγ!producing!CD8+!T!cells!(MannSWhitney!test,!Figure!5.6!ASD).!In!
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summary,!these!results!support!the!hypothesis!that!there!are!no!differences!in!the!

frequency! of! IFNγ+! CD8+! T! cells! when! PBMCs! are! stimulated! with! epitopes!

containing!PSM!or!consensus!amino!acid.!
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!
!
$

Figure$5.4.$The$frequencies$of$IFNγ$producing$CD8+$T$cells$in$PBMCs$after$stimulation$with$

peptides$containing$PSMs$associated$with$different$clinical$outcomes$of$disease.!(A)!shows!
the! comparison! between! all! peptides! containing! consensus! or! selected! (PSM)! amino! acids.! (B)!

comparison!of! the! frequencies!of! IFNγ!producing!CD8+!T! cells! in!PBMCs!after! stimulation!with!
peptides! containing!PSMs!associated!with!beneficial!disease!outcome! (slower!CD4!decline)!and!

peptides!with!amino!acids!associated!with!detrimental!disease!outcomes!(faster!CD4!decline).!
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!
$

Figure$5.5.$The$frequencies$of$IFNγ$producing$CD8+$T$cells$in$PBMCs$after$stimulation$with$

peptides$with$PSMs$placed$at$various$positions$along$the$9mer$peptide.!
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Figure$5.6.$The$frequencies$of$IFNγ$producing$CD8+$T$cells$in$PBMCs$after$stimulation$with$

peptides$containing$amino$acids$associated$with$beneficial$(“Ben”)$and$detrimental$(“Det”)$

outcomes$when$PSMs$were$in$9mer$positions$2,$5,$8$and$9$(ASD$respectively).
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5.6$Discussion$

Selective!pressure!on!HIVS1!exerted!by!HLA!class!I!restricted!CD8+!T!cells!has!been!

illustrated!in!detail!in!multiple!studies(134,140,143,145,158,295,299).!To!validate!

the!observed!HLA!associations,!previously!described!in!chapter!4!(Table!4.2),!with!

specific!Nef!PSMs,!INFSγ!ELISPOT!assays!were!conducted!using!overlapping!

peptides!of!the!targeted!epitopes!to!stimulated!PBMCs!of!patients!with!specific!HLA!

class!I!alleles.!The!9Smer!peptides!with!either!the!consensus!or!selected!amino!acid!

at!anchor!positions!2,!8!and!9!and!middle!position!5!were!synthesized!and!used!to!

stimulate!patient!PBMCs.!!Amino!acid!substitutions!at!these!positions!have!been!

shown!to!play!a!role!in!peptideSHLA!binding,(145)!therefore,!we!were!interested!to!

investigate!if!position!could!play!a!role!in!epitope!confirmation.!!Of!the!40!

overlapping!peptides!tested,!27!were!confirmed!with!positive!IFNS!γ!ELISPOT!

response.!!Although!the!number!of!respondents!for!several!peptides!were!low!

(Table!5.2!and!Table!5.3),!two!sets!of!peptides!(A*02:01!epitopes!ILDLWVYHT,!

ILDLWVYNT!and!!B*58:01!epitopes!KGGLDGLIY,!KGGLDGLVY)!were!further!tested!

using!doseSdependent!ELISPOT!assay!in!PBMCs!from!two!groups!of!HLA!specific!

patients!(10!of!each!of!A*02:01!and!B*58:01).!The!data!from!this!analysis!shows!

effective!peptideSHLA!binding!at!various!concentrations!(Figure!5.3),!which!

validates!each!peptide!as!an!HLA!targeted!epitope.!Indeed,!one!of!the!challenges!of!

conducting!ELISPOT!with!fresh!PBMC!samples!was!the!low!number!of!patients!with!

specific!HLA!alleles!from!whom!samples!were!obtained.!However,!we!believe!that!

through!doseSdependent!ELISPOT!analysis!using!archived!frozen!PBMCs!we!have!

confidently!proven!predicted!epitopes!as!true!epitopes.!!
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!

Our! data! showed! that! there! is! no! significant! difference! between! the! frequency! of!

IFNSγ!producing!CD8+!T!cells!in!response!to!stimulation!by!peptide!with!consensus!

or! PSM! amino! acids! (Figure! 5.4).! Previous! studies! have! shown! that! CTL! activity!

tends! to! diminish! in! response! to! new! mutant! virus,! demonstrating! that! viral!

mutations! leads! to! escape! from! CD8+! T! cells! (146,291,293).! However,! numerous!

studies! have! also! indicated! that! CD8+! T! cells! adapt! to! the! emerging! new! viral!

variants!despite!ongoing!viral!evolution,!through!the!generation!of!de!novo!CD8+!T!

cell!population!specific!to!the!mutant!epitopes(113,135,291S296).!Our!results!are!in!

agreement!with! reports! that! CD8+!T! cell! responses! generated! towards! consensus!

and!PSM!epitopes!can!be!equal,!as!measured!by!IFNSγ!producing!CD8+T!cells(293).!

CD8+!T!cell! adaptation! to!ongoing!evolution!of!Nef!has!been!described!previously!

(135).! One! study! examining! viral! escape! mutations! in! HIVS1! clones,! obtained!

longitudinally!from!a!single!patient,!showed!that!mutations!in!Nef!are!recognized!to!

the!same!extent!as!the!wild!type!strain!and!Nef!mutations!did!not!result!in!reduced!

CD8+!T! cell! reactivity!when! compared! to!Gag,! Pol! and! accessory! proteins! of!HIVS

1(291).!Additionally,! even!Nef!mutant! epitopes! that! result! in!minimal!CD8+!T! cell!

reactivity,!such!as!the!Y120F!epitope!still!had!comparable!responses!similar!to!their!

wild! type! counterpart(136).! The! emergence! of! novel! CD8+! T! cell! populations!

specific!to!escape!mutant!epitopes!in!other!HIVS1!proteins!have!also!been!described!

previously.! ! In!HLASA*11,!HLASB*57!and!HLASB*27! individuals,! the! frequencies!of!

mutant! epitopeSspecific! and! wild! type! epitopeSspecific! CD8+! T! cells! were! similar!

(113,166,300).!!
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!

Overall,! the! findings! of! our! study! agree! with! several! previous! reports! that! first,!

escape!mutations!do!not!necessarily!lead!to!loss!of!CTL!responses,!and!second,!PSMS

specific!CD8+!T!cell! frequencies!are!comparable!to!CD8+!T!cells!against!consensus!

epitope.!Although!initially!viral!mutation!leads!to!lower!and!weaker!CTL!responses!

this! is! likely! a! feature! of! the! acute! phase! of! the! infection! when! the! CD8+! T! cell!

targeting!of!viral!sequences!is!at!its!peak(301).!As!the!viral!variants!begin!to!emerge!

novel!CD8+!T! cells! that! target!mutant!epitopes! rise! immediately! (291),! likely!as! a!

result!of!recruitment!of!new!TCR!clonotypes,!which!are!also!capable!of!recognizing!

the! mutant! viral! sequences(293).! Therefore,! a! new! clone! of! CD8+! T! cells! can!

recognize!the!mutant!epitope,!leading!to!equal!levels!of!CTL!reactivity!as!previously!

to!wildtype!epitope!(302)!(303).!

!

There!are!also!opposing!views!to!the!findings!of!our!study.!For!example,!it!has!been!

shown!that!SIV!escape!variants!lead!to!poor!epitope!recognition!by!CD8+!T!cells!in!

naïve! but! immunocompetent! macaques(153).! The! study! showed! that! CTL! escape!

mutants! did! not! generate! CD8+! T! cell! responses! since! the! mutations! were! in!

positions! that!were!crucial! for!TCR!binding.! ! In! this!study,! I! found!that!position!of!

PSMs!in!the!HLASspecific!epitopes!did!not!affect!CD8+!T!cell!recognition!of!peptides!

that!associated!differentially!with!CD4!decline!(Figure!5.5).!It!can!be!speculated!that!

similar! recognition! of!HLA/TCR!of! different! epitopes! is! due! to! similarities! of! PSM!

and!consensus!amino!acids.!!

!
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My! study! also! showed! that! there!was! no! significant! difference! in! the! numbers! of!

IFNSγ!producing!CD8+!T! cells! after! being! stimulated!by!peptides! containing!PSMs!

associated!with!slow!or!fast!CD4!decline!(Figure!5.4!B,!Figure!5.6).!One!explanation!

could! be! that! patient! HLA! alleles! are! able! to! recognize! both! epitopes! containing!

consensus!and!PSMs.!Multiple! studies!have! shown! that! escape!mutations!may!not!

affect! peptideSHLA! binding! and! TCR! presentation(113,300,304).! The! observation!

that! both! epitopes! are! recognized! equally! by! HLASrestricted! CD8+! T! cells! is! an!

indication! that! to! escape,! the! virus! is! not! able! to! deviate! from!one! or! two! closely!

related!amino!acids,!perhaps!due!to! the! importance!of!maintaining!the! function!of!

certain!motifs.!This!was!demonstrated!in!a!study!which!analyzed!CTL!responses!to!

mutant!epitopes!in!p1!spacer!protein!of!HIVS1!Gag!(305).!!The!HLASB*13:02!driven!

K4R! mutation! in! p1! spacer! epitopes! did! not! impact! CD8+! T! cell! responses.! The!

physical!and!chemical!properties!of!lysine!and!arginine,!such!as!positive!charge!and!

hydrophilic! characteristics! of! both! amino!acids!were! thought! to!play! a! role! in! the!

consistent!CD8+!T!cell!outcomes(305).!It!is!likely!that!to!maintain!the!function!of!Nef!

or!viability!of!the!virus!few!options!are!available!for!virus!to!escape!host!HLA!class!I!

restricted!CD8+!T!cell!responses.!!

!

In! this! study,! it!was! also! observed! that! none! of! the! 8! variants! of! I168M!peptides!

could! elicit! IFN!! CD8+! T! cells,! and! therefore,! they! were! not! confirmed! as! true!

epitopes!(Figure!5.2).!We!speculate!that!the!specific!motifs!in!this!region!of!Nef!play!

an!important!functional!role!and!I168M!peptide!variants!manage!to!escape!binding!

to!HLA!or!TCR!to!avoid!CD8+!T!cell!responses!that!would!otherwise!interfere!with!
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viral! function.! In! fact,! I168M! lies! near! the! ExxxLL! domain! of! Nef,! which! is! an!

important! viral! motif! involved! in! cell! trafficking! pathways(306,307).! Therefore,!

consensus!and!selected!amino!acids!both!appear!to!evade!CD8+!TScell!responses!to!

preserve!viral!function.!Viral!fitness!assays!could!also!determine!whether!the!I168M!

PSM!can!compensate!for!other!mutations!in!Nef.!Further!T!cell!assays,!such!as!flow!

cytometry! could! better! characterize! CD8+! T! cell! responses! to! I168M! containing!

peptides.!

!

Overall,! this! study! has! shown! the! validation! of! 27! out! of! 40! HLASrestricted! CTL!

epitopes!of!HIVS1!Nef!that!contained!consensus!or!PSMs!at!various!anchor!positions.!!

The! frequency! of! CD8+! T! cells! that! recognized! epitopes! with! PSM! or! consensus!

amino! acids! associated! with! different! rates! of! CD4! decline! were! similar.! This!

indicates!that!viral!mutation!is!limited!to!amino!acids!that!are!closely!related!to!the!

consensus! sequence! to!maintain! the! fitness! and! function!of! virus.! In! addition,! our!

study!extends!on! the!current!knowledge! that!de!novo!CTL!reactivity!appears!with!

emerging! viral! variants.! The! findings! from! this! study! help! design! an! effective!

candidate!vaccine,!which!likely!needs!to!include!both!consensus!and!PSM!epitopes!

to!generate!the!optimal!CD8+!T!cell!responses.!

!

5.7$Limitations$and$Opportunities$

Although!ELISPOT!assay!is!very!sensitive!in!the!detection!of!CD8+!T!cells!upon!

stimulation!with!peptides,!it!only!measures!IFNS!!producing!CD8+!T!cells.!Other!

cytokines!such!as!ILS2,!TNF"!and!MIP1#!are!also!secreted!from!CD8+!T!cells!when!
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they!are!stimulated!in!response!to!a!peptide,!which!can!be!measured!by!two!colour!

ELISPOT!assays!(e.g.!ILS2!and!IFN!!detecting!ELISPOT).!We!were!only!able!to!carry!

out!one!colour!ELISPOT!assay!in!this!study,!and!it!is!likely!that!peptides!that!did!not!

result!in!the!induction!of!IFN!+CD8+!T!cells,!could!elicit!CTLs!that!express!other!

cytokines.!Therefore,!we!may!have!missed!peptides!that!could!be!considered!true!

CD8+!T!cell!epitopes.!In!the!future,!other!CD8+!T!cell!parameters!could!be!detected!

using!twoScolour!ELISPOT!assays!or!by!flow!cytometry.!Another!setback!of!our!

study!is!that!for!most!peptides!that!correlated!with!specific!HLA!class!I!alleles,!

PBMCs!from!only!few!patients!with!that!allele!were!available.!A!larger!sample!size!

will!help!to!better!confirm!epitopes!in!multiple!patients!with!the!same!HLA!allele.!

Additionally,!among!those!tested!the!number!of!patients!who!responded!to!a!given!

epitope!were!small,!ranging!from!1!out!of!9!to!3!out!of!8!(K182M!and!E63D!epitopes!

respectively).!!Therefore,!the!statistical!power!of!this!study!can!be!improved!with!

further!T!cell!assays!with!a!larger!sample!size.!



! 133!

6.$Characterization$of$CD8+$T$cell$populations$targeting$two$

A*02:01$restricted$and$two$B*58:01$restricted$HIVS1$Nef$epitopes$!

6.1$Rationale$

CD8+! T! cells! play! an! important! role! in! viral! control! and! several! of! their!

characteristics! are! associated! with! protective! outcomes(288).! These! include!

frequency! of! antigenSspecific! CD8+! T! cells,! proliferation! capacity(308,309),!

polyfunctionality!(310),!effector!memory(105,311),!efficient!killing!of!infected!CD4+!

T! cells(287)! and! the! absence! of! exhaustion(312).! It! has! been! shown! that!

proliferation!of!CD8+!T!cells!was!correlated!with!decreased!viral!load!and!increased!

CD4+!T!cell!count(313).!Conversely,!the!expression!of!exhaustion!markers!on!HIVS

specific!CD8+!T!cells!was!correlated!with!disease!progression(312,314).!It!has!been!

shown! that! HIVS1Sspecific! CD8+! T! cells! with! higher! expressions! of! PDS1! were!

correlated! with! impaired! CTL! responses,! lower! CD4! count! and! higher! viral!

load(315).!Additionally,! elite! controllers!were! shown! to!have! lower! levels!of!PDS1!

expression! compared! to! typical! disease! progressors! (316).! These! studies! provide!

evidence! that! the! quality! of! CD8+! T! cells! is! an! important! contributor! to! effective!

viral!control.!!

A!question!that!still!remains!is!what!are!specific!targets!of!CD8+!T!cells!and!which!

epitopes!in!HIVS1!are!best!associated!with!protective!outcomes.!Many!studies!have!

shown! that! targeting! HIVS1! Gag! epitopes! is! correlated! with! viral!

control(180,317,318)! and! in! the! recent! years! NefSspecific! CD8+! T! cell! responses!

correlated!with!protective!outcome!(low!viral!load)!have!also!been!defined(190).!!In!
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addition! to! evidence!which! shows! that! viral! replication! is!mediated! through! CTL!

targeting!of!specific!epitopes,!in#silico#analyses!have!indicated!that!viral!control!may!

be! the! result! of! mutations! within! epitopes! that! change! stability! of! protein!

structure(319).! Therefore,!mutations!within! CTL! epitopes! can! have! an! impact! on!

viral!control.!We!have!identified!several!PSMs!in!Nef!that!are!associated!with!either!

slower! or! faster! CD4! decline! compared! to! their! consensus! counterpart.!

Characterization!of!CD8+!T!cell!populations!restricted!by!epitopes!containing!PSM!

or! consensus! amino! acids! can! help! in! defining! protective! immune! targets! that!

contribute! to!HIVS1!control.! In! this!study,!we!examined!the!expression!of!antiviral!

intracellular! cytokines,! proliferation! and! exhaustion! characteristics! of! the! CD8+!T!

cell!populations!restricted!by!two!A*02:01!epitopes!(ILDLWVYHT!and!ILDLWVYNT)!

and!two!B*58:01!epitopes!(KGGLDGLIY!and!KGGLDGLVY)!(refer!to!section!6.4.2.!for!

epitope!selection!and!tetramer!design).!!

6.2! Hypothesis$

CD8+! T! cell! populations! restricted! by! epitopes! containing! PSMs! associated! with!

differential!CD4!decline!are!different!in!their!proliferation,! ,!expression!of!antiviral!

intracellular!cytokines!and!exhaustion!characteristics.!!

$

6.3! $Objective$

•! To!determine!and!compare!frequencies!of!CD8+!T!cell!populations!targeting!

peptides! that! contain!PSMs!associated!with! faster!or! slower!CD4!decline! in!

HLASA*02:01+!and!HLASB*58:01+!Kenyan!sex!workers!
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•! To! determine! and! compare! proliferation! and! frequency! of! antiviral!

intracellular!cytokine!expressing!CD8+!T!cell!populations!targeting!peptides!

that! contain! PSMs! associated! with! faster! or! slower! CD4! decline! in! HLAS

A*02:01+!and!HLASB*58:01+!Kenyan!sex!workers!!

•! To! determine! and! compare! exhaustion! characteristics! of! CD8+! T! cell!

populations! targeting! peptides! that! contain! PSMs! associated!with! faster! or!

slower!CD4!decline!in!HLASA*02:01+!and!HLASB*58:01+!Kenyan!sex!workers$

$

6.4$Methods$

6.4.1$Study$Population$

Samples!used!in!this!study!were!cryopreserved!PBMCs!obtained!from!11!A*02:01!

positive!and!10!B*58:01!positive!HIVS1!infected!patients!from!the!Pumwani!sexS

worker!cohort,!Nairobi!Kenya.!The!selection!criterion!was!to!include!patients!that!

expressed!one!of!the!above!HLA!alleles.!!

$

6.4.2$Tetramer$selection$strategy$and$design$!

Tetramers!are!peptideSHLA!complexes!that!allow!for!direct!ex#vivo!characterization!

of!antigenSspecific!CD8+!T!cell!and!have!commonly!been!used!to!characterize!HIVS1!

specific!CD8+!T!cell!profiles(320).!In!chapter!5,!HLA!class!I!restricted!CD8+!T!cell!

Nef!epitopes!containing!PSM!or!consensus!amino!acids!associated!with!differential!

CD4!decline!were!validated!using!ELISPOT!assay!(refer!to!Table!5.3!for!summary!of!

all!epitopes!confirmed).!To!design!tetramers!for!flow!cytometry!experiments!two!

peptides!that!generated!the!highest!frequency!of!IFNS!!producing!CD8+!T!cells,!
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measured!by!ELISPOT!assays,!from!each!of!the!CD4!decline!categories!(beneficial!

and!detrimental)!were!selected.!From!the!“detrimental”!category,!I101V!peptides,!

KY9SI!(KGGLDGLIY)!and!KY9SV!(KGGLDGLVY),!restricted!by!B*58:01!were!selected!

since!they!resulted!in!the!highest!frequency!of!IFNS!!producing!CD8+!T!cells!in!

PBMCs!(ML0915,!700!and!685!SFU/106!PBMCs,!respectively!Table!5.3).!!From!the!

“beneficial”!category,!the!two!peptides!that!generated!the!highest!frequency!of!IFNS!!

producing!CD8+!T!cells!in!PBMCs!were!the!H116N!peptides,!IT9SH!(ILDLWVYHT)!

and!IT9SN!(ILDLWVYNT)!of!A*02:01patients!(315!and!445!SFU/106!PBMCs!in!ML!

0059,!respectively)!(Table!5.3).!

!

The!selected!peptides!were!further!tested!by!doesSdependent!ELISPOT!assays!to!

confirm!binding!with!their!respective!alleles!at!varying!peptide!concentrations!(2S

fold!dilution!ranging!0.625!S10!µg/ml).!Both!peptide!groups!demonstrated!binding!

ability!with!HLA!alleles!at!different!concentrations!(See!chapter!5,!Figure!5.2!for!

doseSdependent!ELISPOT!responses).!This!served!as!evidence!of!peptideSHLA!

binding,!a!criterion!required!by!the!National!Institute!of!Health!(NIH)!Tetramer!Core!

Facility,!for!design!and!synthesis!of!tetramers.!All!tetramers!were!provided!by!the!

Tetramer!Core!Facility!of!NIH!in!lyophilized!format!and!were!diluted!to!the!desired!

concentration!in!DMSO!(section!2.10.1).!

$

6.4.3$Background$subtraction$for$peptide$stimulations$$

To! calculate! the! frequency!of! tetramerSspecific!CD8+!T! cells,! background! levels! of!

unstimulated! tetramerSstained! negative! controls! were! first! subtracted! from!



! 137!

tetramerSpositive! cells.! If! tetramer! staining! was! twice! the! background! level! and!

>0.01%!of!the!total!CD8+!T!cells,!the!response!was!considered!positive.!To!calculate!

cytokine! responses,! background! levels! were! first! determined! using! unstimulated!

tetramer! stained! negative! controls.! If! the! frequency! of! tetramerSpositive! CD8+! T!

cells!was!twice!the!background,!the!response!was!considered!to!be!positive!for!the!

specific!marker.!!

$

6.4.4$Statistical$Analysis$$

Statistical! analysis! included! MannSWhitney! test! for! comparison! of! cytokines! and!

frequency!of! tetramerSspecific!CD8+!T!cells.!All! tests!were!conducted! in!GraphPad!

Prism!v7.0a!(GraphPad!Software,!La!Jolla,!CA)!and!p!value!of!<0.05!was!considered!

significant.!
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6.5! Results$$

6.5.1$Ex!vivo!quantification$of$tetramerSspecific$CD8+$T$cell$populations$

To! determine!whether! CD8+!T! cells! from! study! participants! can! recognize!HLA!A*02:01!

and!HLA!B*58:01!epitopes,!the!frequency!of!surface!expression!of!tetramerSpositive!CD8+!

T!cells!were!measured.! !First,!PBMCs!from!11!HLA!A*02:01!and!10!HLA!B*58:01!patients!

were! stained! with! IT9SH! and! IT9SN! (ILDLWVYHT,! ILDLWVYNT)! and! KY9SI! and! KY9SV!

(KGGLDGLIY,!KGGLDGLVY)!tetramers,!respectively.!Then!using!flow!cytometry,!the!direct!

ex#vivo! surface!quantification!of! tetramerSpositive!CD8+!T!cells!were!measured!through!a!

series! of! gating! strategies! depicted! in! Figure!6.1.! Table! 6.1! summarizes! the! frequency!of!

tetramerSpositive!CD8+!T!cells!reported!as!percentage!of!total!CD8+!T.!If!tetramer!staining!

was! twice! the! background! level! and! >0.01%!of! the! total! CD8+!T! cells,! the! response!was!

considered!positive.!The!frequency!of!A*02:01!tetramer!specific!CD8+!T!cells!ranged!from!

0.292%!(tetramer!IT9SH,!ML!2280)!to!25.689%!(tetramer!IT9SN,!ML!1847).!The!frequency!

of!B*58:01!tetramer!specific!CD8+!T!cells!ranged!from!0.133%!(tetramer!KY9SV,!ML!1802)!

to!3.684%!(tetramer!KY9SV,!ML!2194).!PBMCs!from!all!individuals!in!this!study!were!able!

to!recognize!peptides!selected!for!further!characterization!by!flow!cytometry.!Since!these!

peptide! variants! are! recognizable! by! CD8+! T! cells! from! HLA! A*02:01! and! HLA! B*58:01!

patients,! they! can!be! further! characterized!by! flow!cytometry!analysis,!which!will!be! the!

focus! of! the! remainder! of! this! chapter.!
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!

!

$

Figure$6.1.$Representative$gating$strategy$and$screening$for$ex!vivo!tetramer$

staining$of$CD8+$T$cells$in$PBMCs$from$HLA$A*02:01$and$HLA$B*58:01$

patients!(example!provided!is!from!ML1425,!HLA!A*02:01!positive!patient)$A)!

Singlets!are!selected!by!gating!on!FSCSH!vs!FSCSA!with!equal!size!B)!Lymphocyte!

population!of!cells!are!selected!on!SSCSA!vs.!FSCSA!from!singlets!C)!live!cells!are!

gated!on!D)!CD3+!T!cells!are!gated!on!from!the!live!cell!population!E)!CD8+!T!cell!

are!gated!on!from!the!CD3+!T!cell!population.!F)!Tetramer+!cells!are!gated!on!from!

the!CD8+!T!cell!population!(Numbers#shown#in#top#corners,#A6C,#or#within#boxes,#D6

F,#represent#frequency#of#the#specific#cell#population#that#is#gated#on#as#the#

percentage#of#the#total#cells#in#each#plot).!!

!
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!

!

!

Table$6.1:!Frequency$of$tetramer$positive$CD8+$T$cells$reported$as$percentage$of$

total$CD8+$T$cells.!!BPMCs!from!all!11!HLA!A*02:01!and!10!HLA!B*58:01!patients!were!

stained!with!respective!tetramers!either!containing!consensus!or!PSM!peptides.!The!

frequency!of!all!tetramer!specific!CD8+!T!cells!were!>0.01%!of!total!CD8+!T!cells.!

!! Patient$ID$

$

Tetramers$$$$$$$$$dadfkkdfalksdflak$

HLA$A*02:01$patients$ $$ ILDLWVYHT$ ILDLWVYNT$

!

1424! 0.682! 5.651!

!
1592! 1.150! 6.569!

!
1847! 4.827! 25.689!

!

1852! 1.222! 3.119!

!
1917! 1.841! 20.911!

!

2280! 0.292! 4.282!

!
2414! 2.228! 4.838!

!

2503! 0.902! 6.969!

!
2619! 5.661! 17.566!

!

2726! 6.365! 1.733!

!

3004! 1.175! 4.707!

!

Average$$ 2.395$ 9.276$

HLA$B*58:01$patients$ !! KGGLDGLIY$ KGGLDGLVY$

!

915! 0.148! 0.200!

!
1592! 0.984! 0.539!

!

1597! 0.773! 0.426!

!
1802! 0.363! 0.133!

!

1852! 1.074! 0.592!

!

2014! 1.390! 0.486!

!

2194! 2.165! 3.684!

!
2244! 1.990! 1.225!

!
2321! 3.025! 1.326!

!

2620! 0.307! 0.255!

!! Average$$ 1.222$ 0.887$

!

!
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6.5.2$The$frequency$of$tetramerSspecific$CD8+$T$cell$populations$post$antigen$

stimulation$

To! assess! the! cellular! responsiveness! of! CD8+! T! cells! in! A*02:01! and! B*58:01! patients,!

PBMCs! were! first! stained! with! tetramers,! then! stimulated! by! peptides.! ! PBMCs! from!

A*02:01+!patients!were!stimulated!with!IT9SH!and!IT9SN!(ILDLWVYHT!and!ILDLWVYNT)!

peptides,! and! PBMCs! of! B*58:01+! patients! were! stimulated! with! KY9SI! and! KY9SV!

(KGGLDGLIY! and! KGGLDGLVY)! peptides.! After! 6! hours! of! stimulation,! the! frequency! of!

tetramerSspecific! CD8+! T! cells!were!measured! by! flow! cytometry! (Figure! 6.2! shows! the!

representative! gating! strategy! for! the! detection! of! tetramerSpositive! CD8+! T! cells.).! In!

A*02:01+!patients,!stimulation!of!PBMCs!with!ILDLWVYNT,!resulted!in!higher!frequency!of!

tetramerSspecific! CD8+! T! cells! compared! to! stimulation! with! ILDLWVYHT! (p<! 0.0001,!

MannSWhitney)!(Figure!6.3!A).!The!higher!frequency!of!ILDLWVYNTSspecific!CD8+!T!cells!

compared!to!ILDLWVYHTSspecific!cells!may!indicate!that!a! larger!proportion!of!CTLs!can!

kill!cells!that!are!infected!with!viruses!harboring!ILDLWVYNT!sequences.!!Interestingly,!the!

PSM!“asparagine!(N)”!at!this!position,!was!associated!with!slower!CD4!decline!compared!to!

the!consensus!“histidine!(H)”!(Figure!4.3).!!However,!there!was!no!significant!difference!in!

the!frequency!of!antigenSspecific!CD8+!T!cells! in!PBMCs!stimulated!with!the!two!B*58:01!

specific!peptides,!KGGLDGLIY!and!KGGLDGLVY!(p=0.6445,!MannSWhitney)(Figure!6.3!B).!!

In!this!case,!the!KGGLDGLVY!epitopes!contains!the!PSM!“valine!(V)”,!which!was!associated!

with! faster!CD4!decline!(Figure!4.3),!but! the!proportion!of! tetramerSspecific!CD8+!T!cells!

was!not!affected.!

Figure!6.4!shows!the!comparison!of!CD4!counts!of!HLASA*02:01!and!B*58:01!patients!at!

the!time!of!sample!collection.!There!is!no!significant!difference!between!the!two!patient!
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groups!with!respect!to!their!CD4!counts,!which!indicates!that!this!is!not!a!factor!for!the!

differences!observed!between!the!two!patient!groups.!
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!

Figure$6.2.$Representative$gating$strategy$for$characterization$of$CD8+$T$cells$in$PBMCs$

from$A*02:01$and$B*58:01$patients!(example!provided!is!from!ML1425,!A*02:01!positive!

patient).!A)!Singlets!are!selected!by!gating!on!FSCSH!vs!FSCSA!with!equal!size,!B)!Lymphocyte!

population!of!cells!are!selected!on!SSCSA!vs.!FSCSA!from!singlets,!C)!liveSCD3+!T!cells!are!

selected!from!lymphocytes,!D)!CD8+!T!cells!are!gated!on!from!live!CD3+!T!cell!population,!E)!

Tetramer+!cells!are!selected!from!CD8+!T!cells!and!FSG)!shows!the!gating!strategy!for!

tetramer+!CD8+!T!cells!for!CD107a,!GMSCSF,!TNF"!and!ILS2!gated!against!IFN!,!respectively.!

(Numbers#shown#in#top#corners,#A6D,#or#within#boxes,#E6F,#represent#frequency#of#the#specific#cell#

population#that#is#gated#on#as#the#percentage#of#the#total#cells#in#each#plot)!!

!
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A$ $ $ $ $ $ $ B$

!
$

Figure$ 6.3.$ Frequency$ of$ antigenSspecific$ CD8+$ T$ cells$ in$ PBMCs$ from$ A*02:01$ patients$ and$

B*58:01$patients$ (A! and!B,! respectively).! ! A*02:01! epitope,! IT9SN! (ILDLWVYNT)! is!more! frequently!

recognized! by! CD8+! T! cells! than! IT9SH! (ILDLWVYHT)! (p<0.0001,! MannSWhitney).! There! was! no!

difference!in!the!frequency!of!antigenSspecific!CD8+!T!cells!in!PBMCs!stimulated!with!B*58:01!peptides,!

KY9SI!(KGGLDGLIY)!and!KY9SV!(KGGLDGLVY).!
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$

!
!

!
Figure$ 6.4.$ Comparison$ of$ absolute$ CD4$ counts$ in$ A*02:01$ and$ B*58:01$ patients.$CD4! data!

represent! the!counts!at! the!time!of!specimen!collection.!Data! from!four!A*02:01!and!one!B*58:01!

patients!were!missing.!!

!
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6.5.3.$Expression$of$intracellular$markers$by$CD8+$T$cells$post$antigen$stimulation$!

To! determine! the! antiviral! properties! of! CD8+! T! cells! after! stimulation! with! peptides!

containing! PSMs! or! consensus! amino! acids! associated! with! different! rates! of! disease!

progression,! PBMCs! were! stimulated! by! peptide! variants! (ILDLWVYHT/! ILDLWVYNT! in!

A*02:01!patients!and!KGGLDGLIY/!KGGLDGLVY!in!B*58:01!patients)!for!6!hours,!followed!

by!measuring!the!frequency!of!cytokine!secreting!total!CD8+!T!cells!using!flow!cytometry.!

In!HLA!A*02:01!patients,! there!was!no!significant!difference! in! the! frequency!of!cytokine!

producing!CD8+!T!cells!when!stimulated!by!IT9S!H,!associated!with!faster!CD4!decline,!or!

IT9SN,!associated!with!slower!CD4!decline!(Figure!6.5).!!Likewise,!among!B*58:01!patients,!

we!found!no!significant!difference!in!the!frequencies!of!CD8+!T!cells!that!produce!antiviral!

cytokines,!when!PBMCs!were!stimulated!by!KY9SV,!associated!with!faster!CD4!decline!and!

KY9SI,!associated!with!slow!CD4!decline!(Figure!6.6).!Therefore,!these!results!showed!that!

total!CD8+!T!cells!stimulated!by!different!peptide!variants,!associated!with!distinct!disease!

progression!rates,!have!similar!cytokine!producing!profiles,!when!considering!CD107a,!GMS

CSF,! IFNSγ,! ILS2! and! TNFα.! Overall,! the! frequencies! of! CD8+! T! cells! expressing! different!

cytokines!were!low.!Because!stimulation!with!PMA/Ionomycin!induced!high!frequencies!of!

TNFα!and!IL2!producing!CD8+!T!cells!(data!not!shown),!the!low!expression!observed!with!

peptide!stimulations!may!be!peptide!specific.!!
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!

!
Figure$6.5.$Frequency$of$total$CD8+$T$cells$expressing$effector$intracellular$cytokines$in$response$

to$stimulation$by$A*02:01$peptide$variants:!IT9SH!(ILDLWVYHT),!associated!with!faster!CD4!decline,!

and!IT9SN!(ILDLWVYNT),!associated!with!slower!CD4!decline.!!

!
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!

!
Figure$6.6.$Frequency$of$total$CD8+$T$cells$expressing$effector$intracellular$cytokines$in$response$

to$stimulation$by$B*58:01$peptide$variants:$KY9SI!(KGGLDGLIY),!associated!with!slower!CD4!decline!

and!KY9SV!(KGGLDGLVY),!associated!with!faster!CD4!decline.!!!

!
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6.5.4.$Expression$of$intracellular$markers$by$tetramerSspecific$CD8+$T$cells$post$

antigen$stimulation$!

To!determine!differences!in!the!characteristics!of!tetramerSspecific!CD8+!T!cells!stimulated!

by! peptides! that! contain! amino! acids! associated! with! faster! or! slower! CD4! decline,! the!

frequency!of!CD8+!T! cells! that!produce!antiviral! intracellular! cytokines,! such!as!CD107a,!

IFNSγ,!ILS2!and!TNFα!were!measured!and!compared!in!each!group.!PBMCs!were!stimulated!

by! peptide! variants! (ILDLWVYHT/! ILDLWVYNT! in! A*02:01! patients! and! KGGLDGLIY/!

KGGLDGLVY! in! B*58:01! patients)! for! 6! hours,! and! cytokine! producing! tetramerSspecific!

CD8+!T!cells!were!assessed!by!intracellular!cytokine!staining!using!flow!cytometry.!Figure!

6.2! FSG! shows! a! representative! gating! strategy! for! each! intracellular! cytokine.! The!

frequencies! of! tetramerSspecific!CD8+!T! cells! expressing!different! cytokines! after!peptide!

stimulations!are!shown!in!Figure!6.7!and!Figure!6.8.!!There!were!no!significant!differences!

in!the!frequencies!of!CD8+!T!cells!expressing!CD107a,!TNFα,!and!ILS2!after!stimulation!with!

peptide!variants,! IT9SH!and! IT9SN! (ILDLWVYHT/! ILDLWVYNT)! restricted!by!A*02:01.! !A!

higher! frequency! of! IFNγ! expressing! CD8+! T! cells! were! observed! when! PBMCs! were!

stimulated! with! the! IT9SH! peptide,! which! contains! amino! acid! associated! with! fast! CD4!

decline,! compared! to! stimulation!with! IT9SN!peptide,! associated!with! slower!decline! (p=!

0.0045,!MannSWhitney!test)!(Figure!6.7B).!!Similarly,!stimulation!of!PBMCs!from!B*58:01+!

patients!with! KY9SI! and! KY9SV! peptides,!with! consensus! or! PSM! amino! acids! associated!

with!different!CD4!decline!rates,!did!not!result!in!significant!difference!in!the!frequency!of!

antigenSspecific!CD8+!T!cells!expressing!intracellular!markers!(Figure!6.8!ASD).$!

!
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With! low! frequencies! of! IL2Sexpressing! tetramerSspecific! CD8+!T! cells! (Figures! 6.7C! and!

6.8C),! we! also! used! Ki67,! a! nuclear! protein,! which! is! used! indirectly! as! a! marker! of!

proliferation(321),! to! determine! if! tetramerSspecific! CD8+! T! cells! proliferate! differently,!

when! stimulated! by! peptides! harbouring! consensus! or! PSM! amino! acids! associated!with!

differential!CD4!decline.!Ki67!is!present!during!the!active!phase!of!the!cell!cycle!but!it!is!not!

detected!when!cells!are!at!their!resting!stage(322).!Therefore,!recently!they!have!been!used!

as!a!surrogate!marker! for!proliferation! to!differentiate!dividing!and!nonSdividing!CD8+!T!

cells(323,324).! In! both! A*02:01! or! B*58:01! patient! groups,! we! found! no! significant!

differences! in! the! frequency! of! tetramerSpositive! CD8+! T! cells! that! express! Ki67,! when!

comparing! ex6vivo! expression! by! tetramer! groups! that! associate! differently! with! CD4!

decline!(Figure!6.9!ASB).!This!indicates!that!CD8+!T!cells!that!recognize!Nef!tetramers,!with!

mutations! associated! with! different! rates! of! CD4! decline,! are! not! different! in! their!

proliferation! ability.! Overall,! these! results! do! not! agree! with! the! study! hypothesis! that!

peptides! associated!with! beneficial! clinical! outcomes! induce!higher! frequency! of! CD8+!T!

cells!that!express!antiviral!and!proliferation!markers.!
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Figure$6.7.$Frequency$of$tetramerSspecific$CD8+$T$cells$expressing$effector$intracellular$

cytokines:$CD107a!(A),!IFNγ!(B),!ILS2!(C)!and!TNFα!(D)!in!A*02:01!PBMCs!after!stimulation!by!IT9SH!

(ILDLWVYHT),!associated!with!faster!CD4!decline,!and!IT9SN!(ILDLWVYNT),!associated!with!slower!

CD4!decline.$

!
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Figure$6.8.$Frequency$of$tetramerSspecific$CD8+$T$cells$expressing$effector$intracellular$

cytokines:$CD107a!(A),!IFNγ!(B),!ILS2!(C)!and!TNFα!(D)!in!B*58:01!PBMCs!after!stimulation!by!peptide!

variants,!KY9SI!(KGGLDGLIY),!associated!with!slower!CD4!decline!and!KY9SV!(KGGLDGLVY),!associated!

with!faster!CD4!decline.!!!

!
!
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Figure$ 6.9.$ Frequency$ of$ Ki67+$ tetramerSspecific$ CD8+$ T$ cells$ in$ A*02:01$ and$ B*58:01$

patients.!!PBMCs!were!stained!with!tetramers!followed!by!staining!with!Ki67!marker.!There!was!no!

significant! difference! in! the! frequency! of! Ki67+! CD8+! T! cells! specific! to! IT9SH! (ILDLWVYHT),!

associated!with!faster!CD4!decline,!and!IT9SN!(ILDLWVYNT),!associated!with!slower!CD4!decline!(A)!

or!to!KY9SI!(KGGLDGLIY),!associated!with!slower!CD4!decline!and!KY9SV!(KGGLDGLVY),!associated!

with!faster!CD4!decline!(B).!!!

!
!

!
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6.5.5.$ExSvivo$expression$of$exhaustion$markers$by$tetramerSspecific$CD8+$T$cells$

Surface!expression!of!inhibitory!molecules!such!as!CD160,!PDS1!and!Tim3!has!been!shown!

to!define!virusSspecific!CD8+!TScell!exhaustion!and!immune!dysfunction!in!HIV!infection!

(312).!Since!peptides!with!consensus!or!PSM!amino!acids!were!found!to!associate!

differently!with!CD4!decline!rates,!we!wanted!to!determine!whether!CD8+!T!cell!

exhaustion,!a!feature!of!rapid!disease!progression!(325),!was!epitopeSspecific.!To!do!this,!

the!frequencies!of!CD8+!T!cells!that!express!CD160,!PDS1!and!Tim3!were!measured!and!

compared!between!IT9SH!and!IT9SNSspecific!CD8+!T!cells!in!PBMCs!of!A*02:01!patients,!

and!between!KY9SI!and!KY9SVSspecific!CD8+!T!cells!in!PBMCs!of!B*58:01!patients.!Our!data!

shows!that!there!are!no!significant!differences!in!the!frequency!of!tetramerSpositive!CD8+!

T!cells!that!express!CD160,!PDS1!and!Tim3,!when!comparing!ex#vivo!expression!by!tetramer!

groups!that!associate!differently!with!CD4!decline,!in!neither!A*02:01!or!B*58:01!patient!

groups!(Figure!6.11!ASB).!Therefore,!epitopes!with!consensus!or!PSM!amino!acids!that!

associated!with!faster!CD4!decline,!do!not!seem!to!be!recognized!more!frequently!by!

exhausted!CD8+!T!cells!compared!to!those!associated!with!slower!CD4!decline.!!Figure!6.10!

shows!the!gating!strategy!for!the!tetramerSspecific!CD8+!T!cells!with!various!surface!

exhaustion!markers.!!
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!
!
!
Figure$6.10.$Representative$gating$ strategy$ for$ characterization$of$ tetramerS

specific$CD8+$T$cells$ that$express$surface$exhaustion$markers$A)! Singlets! are!
selected!by!gating!on!FSCSH!vs!FSCSA!with!equal!size!B)!Lymphocyte!population!of!
cells!are!selected!on!SSCSA!vs.!FSCSA!from!singlets!C)!live!CD3+!T!cells!are!gated!D)!

CD3+CD4S!T!cells!are!gated!on!from!the!live!lymphocyte!population!E)!CD8+!T!cell!
are! gated! on! from! the! CD3+CD4S! T! cell! population! F)! tetramer+! CD8+! T! cell! are!
selected! GSI)! PD1,! CD160! and! Tim3! are! gated! within! the! tetramer+CD8+! T! cell!

population.! (Numbers# shown# in# top# corners,# A6C,# or# within# boxes,# D6I,# represent#
frequency#of#the#specific#cell#population#that#is#gated#on#as#the#percentage#of#the#total#
cells#in#each#plot)!!
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A) HLASA*02:01!tetramers!

!
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!

B) HLASB*58:01!tetramers!
!

!
!
Figure$6.11.$Frequency$of$tetramerSspecific$CD8+$T$cells$in$A*02:01$and$B*58:01$patients$that$express$

exhaustion$markers,$CD160,$PDS1$and$Tim$3.!Cells!were!stained!with!tetramers!followed!by!staining!with!

surface!markers.!For!each!parameter!tested,!there!were!no!significant!differences!in!the!frequency!of!CD8+!T!

cells!specific!to!IT9SH!(ILDLWVYHT),!associated!with!faster!CD4!decline,!and!IT9SN!(ILDLWVYNT),!associated!

with! slower! CD4! decline! (A)! or! to! KY9SI! (KGGLDGLIY),! associated! with! slower! CD4! decline! and! KY9SV!

(KGGLDGLVY),!associated!with!faster!CD4!decline!(B)!(MannSWhitney!test).!Error#bars#are#displayed#as#SEM!
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6.5.6$ExSvivo$memory$phenotyping$of$tetramerSspecific$CD8+$T$cells$in$A*02:01$and$

B*58:01$patients$

Memory!phenotype!of!CD8+!T!cells!can!be!defined!using!surface!markers!such!as!CCR7!and!

CD45RA.!These!phenotypes!include!naïve!(N),!central!memory!(TCM),!effector!memory!

(TEM)!and!terminally!differentiated!effector!memory!(TEMRA).!!The!various!stages!of!CD8+!T!

cell!differentiation!may!indicate!their!effector!function!or!lack!thereof(326S328).!Mature!

and!differentiated!CD8+!T!cells!such!as!TEM!and!TEMRA!with!effector!function!have!been!

shown!to!play!a!role!in!viremia!control!and!reduced!viral!set!point(329,330),!whereas!less!

differentiated!cells!like!naïve!and!TCM!have!slower!effector!activity.!!Since!peptides!with!

consensus!or!PSM!amino!acids!were!found!to!associate!differently!with!CD4!decline,!

surface!memory!phenotyping!of!CD8+!T!cells!were!characterized!to!determine!if!CD8+!T!

cell!differentiation!was!epitopeSspecific.!To!do!this,!CCR7!and!CD45RA!surface!markers!

were!used!to!characterize!the!memory!phenotype!and!subset!of!CD8+!T!cells!specific!for!

A*02:01!and!B*58:01!tetramers,!harboring!consensus!or!PSM!amino!acids!associated!with!

varying!CD4!decline!rates.!Figures!6.12!and!6.13!summarize!the!results!for!this!analysis.!All!

four!phenotypes!were!observed!in!IT9SH!(associated!with!faster!CD4!decline)!and!IT9SN!

(associated!with!slower!CD4!decline)Sspecific!CD8+!T!cells!of!A*02:01!patients.!!For!both!

tetramers!a!greater!proportion!of!CD8+!T!cells!belonged!to!TEM!category!(CCR7SCD45RAS;!

50.6%,!IT9SH!and!59%,!IT9SN),!followed!by!TEMRA!cells!(CCR7SCD45RA+;!24.1%,!IT9SH!and!

27.6%,!IT9SN),!naïve!(CCR7+CD45RA+;!20.4%,!IT9SH!and!9.9%,!IT9SN)!and!TCM!

(CCR7+CD45RAS;!4.9%,!IT9SH!and!3.2%,!IT9SN)!(Figure!6.12).!There!was!a!higher!

frequency!of!naïve!CD8+!T!cells!specific!for!IT9SH!compared!to!those!specific!for!IT9SN!(p=!

0.0233,!KolmogorovSSmirnov!test).!The!lower!frequency!of!naïve!IT9SNSspecific!CD8+!T!
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cells!concomitant!with!higher!frequency!of!TEMSand!TEMRASIT9SN!cells,!although!not!

statistically!significant!(Figure!6.12),!may!support!slow!disease!progression!associated!

with!this!epitope.!Figure!6.13!summarizes!the!memory!phenotype!results!for!B*58:01!

tetramerSspecific!CD8+!T!cells.!Like!A*02:01!restricted!CD8+!T!cells,!all!four!memory!

phenotypes!were!observed!in!B*58:01!cells.!However,!majority!of!cells!were!naïve!

(CCR7+CD45RA+;!40.8%,!KY9SI!and!47.2%,!KY9SV).!There!was!a!higher!proportion!of!TEM!

cells!(CCR7SCD45RAS)!specific!for!KY9SI!(29.7%)!compared!to!KY9SV!(17.2%),!although!this!

difference!was!not!significant!(p=!0.7591,!KolmogorovSSmirnov!test).!The!remaining!

phenotypes!included!TEMRA!(23.5%,!KY9SI!and!25.8%,!KY9SV)!followed!by!TCM!(6.0%,!KY9SI!

and!9.7%,!KY9SV).!
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!
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Figure$6.12.$$Expression$of$four$memory$phenotypic$categories$on$tetramerSspecific$CD8+$

T$ cells$ of$ A*02:01$ patients.$! Cells! were! stained! with! tetramers,! followed! by! staining! with!

surface!markers.! Comparison! of!!! IT9SH! and! IT9SN! specific! CD8+! T! cells! in! PBMCs! of! A*02:01!

patients!!!did!not!reveal!any!significant!difference!except!in!the!proportion!of!naïve!CD8+!T!cells!

which!were! higher! in! the! group! specific! for! IT9SH! tetramer! (p=! 0.0233,! KolmogorovSSmirnov!

test).!*!pSvalue!<!0.05.!

!
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!
Figure$6.13.$$Expression$of$four$memory$phenotypic$categories$on$tetramer$specific$CD8+$T$

cells$of$B*58:01$patients.! !Cells!were!stained!with!tetramers,!followed!by!staining!with!surface!

markers.!Comparison!of!KY9SI!and!KY9SV!specific!CD8+!T!cells!in!PBMCs!of!B*58:01!patients!!!did!

not!reveal!any!significant!difference.!!

!
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6.6$Discussion:$

In! this! study,!we!examined!and!compared! the! frequency!of!antigenSspecific!CD8+!T!cells,!

their! antiviral! intracellular! cytokines! and! proliferation! characteristics! when! stimulated!

with! two!A*02:01Sspecific!or!B*58:01Sspecific!peptide!variants! containing!consensus!and!

PSM! amino! acids! of! Nef! associated! with! different! rates! of! CD4! decline.! !We! observed! a!

significant! difference! between! the! frequencies! of! CD8+! T! cells! stimulated!with! A*02:01S

specific!peptides,! ILDLWVYHT(IT9SH)!and!ILDLWVYNT!(IT9SN),!with!higher!frequency!of!

CD8+!T!cells!recognizing!the!PSM!containing!epitope!(ILDLWVYNT).!We!showed!previously!

that! in! this! epitope,! ILDLWVYNT,! amino!acid! asparagine!was! a!PSM! that! correlated!with!

slower! CD4! T! cell! decline.! The! higher! frequency! CD8+! T! cell! recognition! of! this! epitope!

(ILDLWVYNT)! compared! to! the! consensus! (ILDLWVYHT)!may! explain! the! better! clinical!

outcome!associated!with! this!PSM.! It! is! possible! that!more!CD8+!T! cells! recognizing! this!

epitope! may! lead! to! more! CTL! killing! of! infected! cells.! Polymorphisms! in! Nef! that! are!

associated! with! better! disease! outcomes! for! the! infected! host! have! previously! been!

reported.!!A!study!of!a!cohort!of!South!African!Clade!C!infected!individuals!showed!that!Nef!

mutations!targeted!by!HLASB!alleles!were!associated!with!greater!fitness!cost!to!the!virus!

and! lower! viral! setSpoint(190).! Several! other! studies! have! demonstrated! that! targeting!

specific! regions! of! the! virus! including! Nef! may! contribute! to! viremia!

suppression(196,277,288,331).! Additionally,! protection! may! be! linked! to! the! number! of!

CD8+!T!cell!responses!restricted!by!certain!HLA!alleles!and!that!frequency!of!virusSspecific!

CD8+!T!cell!responses!may!play!a!role!in!determining!disease!progression(332).!Therefore,!

the! immunological! benefits! of! targeting! ILDLWVYNT,! i.e.! robust! recognition! by! a! higher!
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number!of!CD8+!T!cells,!could!be!one!of!the!factors!contributing!to!the!PSM!in!this!epitope!

being!associated!with!favorable!clinical!outcomes.!!

!

Unlike!A*02:01!Nef!epitopes,!no!difference!was!observed!in!the!frequencies!of!CD8+!T!cells!

recognizing! the! two! B*58:01! epitopes,! KGGLDGLIY! (consensus)! and! the! KGGLDGLVY!

(PSM).!In!this!case!the!PSM!valine!is!associated!with!faster!CD4!decline!than!the!consensus,!

isoleucine.!The! lack!of!difference! in! the! frequencies!of! epitopeSspecific!CD8+!T! cells!may!

indicate! that!HLASpeptide!binding!and!subsequent!presentation! to!TCR! is!not!affected!by!

the! PSM! in! KGGLDGLVY! epitope.! Since! there! is! no! significant! difference! between! the!

frequencies!of!CD8+!T!cells!that!target!these!two!B*58:01!epitopes,!the!I101V!mutation!in!

KGGLDGLVY!epitope!could!represents!a!“true”!viral!escape!that!leads!to!rapid!CD4!decline!

and!poor!clinical!outcomes.!

!

We! also! investigated! the! frequency! of! tetramerSspecific! CD8+! T! cell! populations! that!

expressed!intracellular!cytokines,!CD107a,!GMSCSF,!IFNSγ,!ILS2!and!TNFα,!after!stimulation!

with! A*02:01! and! B*58:01! specific! peptides! that! associated! differently! with! disease!

progression.! We! found! that! among! both! A*02:01! and! B*58:01! groups,! the! frequency! of!

epitopeSspecific!CD8+!T!cells! that!expressed! intracellular!cytokines!were!not!significantly!

different!despite! stimulation!with!peptides! associated!with! slower!or! faster!CD4!decline.!!

Although,! in! PBMCs! from! A*02:01! patients! the! frequency! of! IFNSγ+! CD8+! T! cells! that!

targeted! ILDLWVYHT!(consensus!epitope!associated!with! faster!CD4!decline)!was!higher!

than!those!targeting!ILDLWVYNT!(PSM!epitope!association!with!slower!CD4!decline).!IFNSγ!

plays!an!important!role!in!CTL!antiviral!activities!and!contributes!to!the!differentiation!of!
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memory!CD8+!T!cells(333).!The!high!frequency!of!IFNSγ+!CD8+!T!cells!that!are!specific!to!

ILDLWVYHT,!associated!with!poor!clinical!outcomes,!may!be!surprising.!However,!despite!

this!difference!higher!killing!of!infected!cells!may!be!mediated!by!a!larger!pool!of!tetramerS

specific!CD8+!T!cells,!which!was!not!observed!against!this!epitope.!Therefore,!we!postulate!

that!even!with!higher!levels!of!IFNSγ+!CD8+!T!cells,!CTL!killing!may!not!be!effective!due!to!a!

lower!frequency!of!CD8+!T!cells!that!target!ILDLWVYHT.!Overall,!there!was!no!significant!

difference! in! the! frequency! of! intracellular! cytokine+! tetramerSspecific! CD8+!T! cells! that!

targeted!epitopes!containing!amino!acids!associated!with!slow!CD4!decline!(ILDLWVYNT!

and!KGGLDGLIY)!or!with!rapid!CD4!decline! (ILDLWVYHT!and!KGGLDGLVY)! in!PBMCs!of!

A*02:01! and! B*58:01! patients.! This! contradicts! with! our! hypothesis! that! a! higher!

proportion! of! CD8+! T! cells! that! produce! antiviral! intracellular! cytokines! target! epitopes!

associated!with!slower!disease!progression.!Therefore,!the!slower!CD4!decline!associated!

with! the! PSM! in! ILDLWVYNT! can! be! attributed! to! higher! frequency! of! CD8+!T! cells! that!

recognize! this! epitope! and! not! to! effector! cytokines! of! CD8+! T! cells! targeting! it.! The!

observed!pattern!of!higher!proportion!(although!not!significant)!of!TEM!!and!TEMRA!CD8+!T!

cells! in! !A*02:01+!patients!that!recognize!this!epitope!may!also!be! !related!to!better!viral!

control!and!the!observed!slow!disease!progression.!More!detailed!memory!phenotyping!of!

tetramerSspecific!CD8+!T!cells!that!take!into!account!the!expression!of!other!markers,!such!

as!CD27,!CD28!and!CD62L!are!needed!to!better!determine!this!relationship.!

!

CD8! T! cell! polyfunctionality,! the! ability! to! produce! several! cytokines! in! response! to!

stimulation! by! an! antigen,! has! been! defined! as! a! protective! feature! of! these!

cells(103,300,334).!In!HIVS1!infection!CD8!T!cell!polyfunctionality!has!been!shown!to!play!a!
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role!in!viremia!control!in!LTNPs(335).!Further,!slow!progression!to!AIDS!is!associated!with!

polyfunctional! profile! in! CD8! T! cells(336).! In! another! study,! polyfunctional! GagSspecific!

responses! were! associated! with! low! viral! load,! whereas! oligofunctional! responses! were!

associated!with!poor!viral!control!(337).!In!our!study!majority!of!tetramerSspecific!CD8+!T!

cells!were! oligofunctional! for! both!PSM!and! consensus! epitopes! of!A*02:01! and!B*58:01!

and!there!was!no!significant!difference!in!the!polyfunctionality!of!CD8+!T!cells!specific!to!

epitopes!associated!with!differential!CD4!decline!(data!not!shown.)!

!

The! lack! of! difference! in! cytokine! production! between! consensus! and! PSM! epitopes! has!

recently! been! demonstrated! in! another! study.! Stimulation! by! two! HIVS1! Gag! epitopes,!

APPEESFRS! (AS9)! and!APPEESFRF! (AF9),! containing! consensus! and! variant! amino! acids!

respectively,!targeted!by!B*35:01!allele,!resulted!in!similar!frequencies!of!functional!CD8+!

T!cells(338).!!It!can!be!speculated!that!the!strength!of!binding!between!the!two!stimulating!

epitopes! and! the! HLA! allele! is! not! unique! to! each! peptide,! therefore,! leading! to! similar!

CD8+!T!cell!characteristics.! In!fact,! in!the!same!study,!docking!stimulation!assays!showed!

that! HLASpeptide! binding! energies! for! the! consensus! and! variant! Gag! epitopes! were!

similar.!Therefore,! regardless!of!amino!acid!substitution,!peptide!presentation!to!TCR!via!

the!MCH!molecule!does!not!seem!to!be!affected,!resulting!in!the!subsequent!parallel!CD8+!T!

cell! profiles.! This! is! consistent! with! the! observation! of! our! study,! that! there! were! no!

significant! differences! in! the! frequency! of! tetramerSspecific! CD8+! T! cells! expressing!

intracellular! cytokines! in! response! to! stimulation! with! different! peptides.! Although! the!

data! from! our! analysis! does! not! support! our! hypothesis! that! stimulation! with! epitopes!

correlated!with!slow!CD4!decline,!result!in!higher!frequency!of!functional!CD8+!T!cell,!we!



! 165!

speculate!that!the!similar!amino!acid!properties!between!the!consensus!and!PSM!epitopes!

result!in!recognition!by!TCR!of!CD8+!T!cells!that!have!similar!antiviral!properties.!!

!

In! general,! we! observed! low! frequency! of! tetramerSspecific! CD8+! T! cells! that! expressed!

intracellular!cytokines!when!PBMCs!were!stimulated!with!Nef!specific!peptides.!!There!may!

be! several! reasons! for! this! observation.! First,! hypoSresponsiveness! of! CD8+! T! cells,! also!

known!as!anergy,!may!be!a!factor!in!low!CD8+!T!cell!cytokine!production(105,339).!Anergy!

is! often! accompanied! by! low! ILS2! production! and! incomplete! activation! of! CD8+! T!

cells(339).! The! low! frequencies! of! ILS2! producing! tetramerSspecific! CD8+! T! cells!

demonstrated! by! our! data! suggest! that! these! cells! may! in! fact! be! unresponsive! to!

stimulation! by! Nef! peptides.! ! Second,! low! frequency! of! CD8+! T! cells! that! express!

intracellular!cytokines,!may!be!due!to!the!inability!of!Nef!peptides!to!induce!such!responses!

since! stimulation! by! PMA/ionomycin! resulted! in! measurable! expression! of! cytokines.!

Better!optimization!techniques!will!be!needed!to!further!investigate!these!factors.!

$

The! lack!of! difference! in! the! exhaustion! and! functional! characteristics! between!A*02:01S

IT9SN!specific!and!A*02:01SIT9H!specific!CD8+!T!cells,!and!between!B*58:01SKY9SI!specific!

and!B*58:01SKY9SV!specific!CD8+!T!cells,!may!be!due!to!differences! in!virological! factors.!

The! immune!pressure!exerted!by!the!HLA!class!I!restricted!CD8+!T!cells!and!viral! fitness!

are! two! important! factors! when! assessing! PSMs! associated! with! differential! disease!

progression.! !The!slower!disease!progression!observed!in!association!with!amino!acids!of!

certain! epitopes! in! our! study! (IT9SN! and! KY9SI)! is! likely! due! to! a! weakened! or! fitnessS
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compromised!virus!and!cellular! immunity!may!not!be! the!only! factor! in!determining! the!

observed! clinical! outcome! differences.! A! functionally! unfit! virus! has! a! lower! replication!

capacity,!infecting!fewer!target!cells!and!therefore,!resulting!in!more!favorable!outcomes!to!

the!host,!one!of!which!might!be!slower!CD4!decline.!!

$

6.7$Limitations$and$Opportunities$$

One major limitation of this study was the small number of patients for each HLA allele group.  

The tetramer-specific CD8+ T cell populations could be better characterized with a larger sample 

size and more optimized procedures.  

The data from this study showed that A*02:01-IT9-N specific CD8 T cells are more frequent 

than A*02:01-IT9H specific CD8 T cells. However, the frequency of B*58:01-KY9-I and 

B*58:01-KY9-V restricted CD8+ T cells were not significantly different. There is no difference 

in the other functional characteristics between A*02:01-IT9-N specific and A*02:01-IT9H 

specific CD8 T cell populations, and between B*58:01-KY9-I specific and B*58:01-KY9-V 

specific CD8+ T cells. Thus, the differential CD4 decline cannot be explained by CD8+ T cell 

killing. Because both host and viral factors influence disease progression it is possible that the 

virus carrying PSM (IT9-N) or consensus (KY9-I) associated with slower CD4 decline is less fit 

than the virus with IT9H or KY9-V. This can be tested using viral replication fitness assays 

(178,212). 
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7.$Final$Discussion$$

7.1$Major$Findings$of$the$thesis$

This!study!investigated!HIVS1!and!host!interactions!by!a)!identifying!PSMs!through!analysis!

of! HIVS1!Nef! sequences! from! Los! Alamos!National! Laboratory! public! database! and! from!

326!subtype!A1!HIVS1!Nef!sequences!from!treatment!naïve!patients!of!a!female!sexSworker!

cohort! in!Nairobi,!Kenya,!b)! correlating! the! identified!PSMs!with!patient!CD4!profile!and!

HLA! class! I! and! c)! characterizing! the! antigenSspecific! CD8+! T! cell! responses! to! selected!

PSMs! associated!with! different! rates! of! CD4! decline.! The!major! findings! of! this! research!

work!are!listed!below:!

!

•! Among!major!subtypes!of!HIVS1!the!mutational!patterns!are!consistent!within!major!

functional!motifs!of!HIVS1!Nef!and!substitutions!at!each!residue!are!limited!to!one!or!

two!closely!related!amino!acids!that!share!similar!chemical!or!physical!properties.!

The!change!of!PSMs!in!each!subtype!over!time!displays!a!shift!back!and!forth!

between!a!limited!numbers!of!amino!acids!that!sometimes!represent!the!ancestral!

sequences.!$

•! HIVS1!Nef!protein!contains!PSMs!in!both!the!variable!and!the!conserved!regions,!

which!have!CD8!T!cell!epitopes!restricted!by!several!HLA!class!I!alleles.!$

•! Several!PSMs!in!Nef!were!associated!with!different!rates!of!disease!progression.!

Three!PSMs!were!associated!with!faster!CD4!decline!(E63D,!I101V,!I168M)!and!2!

PSMs!were!associated!with!slower!CD4!decline!(H116N!and!K182M).!$

•! Each!PSM!was!correlated!with!at!least!one!HLA!class!I!allele!common!in!the!Kenyan!

population.! HLA! alleles! associated!with! protective! outcome(300,304)! restrict!Nef!
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epitopes!containing!PSMs!associated!with!slower!disease!progression!(e.g.!B*57:03!

and! H116N).! HLA! A*02:01,! the! Class! I! allele! with! the! highest! prevalence! in!

Kenya(222),!restricts!epitopes!containing!PSMs!associated!with!slower!CD4!decline,!

and!epitopes!containing!PSMs!associated!with!faster!CD4!decline.$

•! There!was!no!difference!between! the! frequency!of! IFNγ+!CD8+!T!cells!stimulated!

with! peptides! containing! consensus! or! PSM! amino! acids,! irrespective! of! anchor!

position!and!differential!associations!with!CD4!count!decline.$

•! CD8+! T! cells! restricted! by! A*02:01SILDLWVYNT! (with! PSM! N! associated! with!

slower! CD4! decline)! are! significantly! more! frequent! than! those! restricted! by!

A*02:01SILDLWVYHT! (with! consensus! H! associated! with! faster! CD4! decline).!!

There! is!no! significant!difference! in! the! frequency!of!CD8+!T! cells! that! target! the!

two! B*58:01! epitope! variants,! even! though! one! of! these! epitopes! contains! PSM!

associated!with!faster!CD4!decline.!$

•! There!is!no!difference!in!the!frequency!of!epitopeSspecific!CD8+!T!cells!with!respect!

to! antiviral! intracellular! cytokines,! proliferation,! and! exhaustion! characteristics!

when!comparing!epitopes!containing!PSM!or!consensus!amino!acids!that!associate!

differently!with!CD4!decline!rates.!

!

Taken!together,!these!findings!demonstrated!that:!a)!host!HLA!restricted!CD8+!T!cell!

responses!and!viral!functional!constraints!shape!and!limit!HIV!evolution;!b)!PSMs!driven!by!

HLA!class!I!restricted!CD8+!T!cell!responses!with!similar!functionality!can!be!associated!

with!different!disease!outcomes;!c)!CD8+!T!cells!restricted!by!the!same!HLA!class!I!allele!

can!drive!PSMs!with!opposite!effect!on!disease!progression.!These!findings!extend!the!
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understandings!of!HIVS1!and!host!interactions!and!viral!evolution!in!the!context!of!host!

immunity!and!can!contribute!to!the!design!of!therapeutic!strategy!against!HIVS1.!!

!

7.2$Implications$for$rational$design$of$an$effective$vaccine$$

Traditional!vaccine!approaches!including!those!using!whole!pathogens,!liveSattenuated!or!

inactivated!full!pathogens!have!been!successful!in!preventing!infection!from!viruses!such!

as!polio,!measles,!and!mumps!(60,340).!However,!these!approaches!cannot!be!used!for!

vaccines!against!HIVS1!due!to!safety!reasons(60,341).!Current!HIV!candidate!vaccines!

tested!have!been!designed!to!evoke!strong!and!broad!cellular!immune!responses!(342)!

and/or!neutralizing!antibodies!to!block!or!abort!infection!(68,343,344).!However,!studies!

have!shown!that!the!generated!strong!and!broad!spectrum!cellular!immune!responses!had!

no!effect!in!preventing!HIV!infection!in!clinical!trials(63,345)!and!neutralizing!antibodies!

were!not!the!correlate!of!protection!of!the!RV144!clinical!trial!which!presented!modest!

efficacy(346S348).! 

!

Studies!have!shown!that!viral!mutations!driven!by!CD8+!T!cell!responses!restricted!by!HLA!

class! I!alleles!can!have!an! impact!on!viral! fitness(142,178,179,212,349),!and!reduce!viral!

replication! capacity(140,144,298),! resulting! in! slow! disease! progression.! Viral! epitopes!

that! are! associated! with! protective! cellular! immunity! have! been!

identified(150,190,252,335,350).! Therefore,! the! identification! of! regions! of! virus! that!

contain!PSMs!associated!with!reduced!viral!fitness!and!better!disease!outcome!can!provide!

insights!for!vaccine!design.!Because!HIVS1!depends!on!the!host!to!survive,!analysis!of!hostS

viral! interactions! can! help! develop! such! strategies.!With! advances! in! bioinformatics! and!
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next!generation!sequencing!technology,!it!is!now!possible!to!analyze!a!large!number!of!viral!

sequences! that! represent! the! impact! of! hostSviral! interactions! and! regions! of! the! virus!

associated!with!favorable!disease!outcomes.!!!

! !

The!major!findings!of!this!study!can!be!used!to!rationally!design!a!potentially!effective!HIVS

1!vaccine.!!How!can!this!be!done?!An!effective!T!cell!based!HIVS1!vaccine!should!be!able!to!

elicit! T! cell! responses! that! destroy! infected! cells! and!drive! viral!mutations! that! result! in!

reduced!viral!fitness.!!The!vaccine!elicited!CD8+!T!cell!responses!should!drive!the!virus!to!

mutate! to! PSMs! that! are! associated! with! slower! CD4! decline! (beneficial! to! host),! while!

avoiding!PSMs!that!are!associated!with!faster!CD4!decline!(detrimental!to!host).!Figure!7.1!

shows! a! simplified! strategy! of! selecting! the! best! immunogens! based! on! the! identified!

association!of!consensus!or!PSM!amino!acids!with!CD4!decline!profile.!For!example,!in!HIVS

1!Nef,!we! identified!H116N! and!K182M! as! the!PSMs!associated!with!slower!CD4!decline.!

Based! on! this! finding,! an! effective! vaccine! should! include! epitopes! that! contain! the!

consensus!amino!acids!H!and!K!as!immunogens!to!elicit!CD8+!T!cell!responses!that!drive!

viral!mutations! towards!PSM! amino!acids!N! and!M.!On! the!other!hand,!E63D,! I101V! and!

I168M!were!associated!with!faster!CD4!decline.!In!this!case!the!vaccine!immunogen!should!

incorporate!the!PSM!amino!acids!D,!V!and!M!to!elicit!CD8+!T!cell!responses!that!drive!viral!

mutations!towards!the!consensus!amino!acids,!E,!I!and!K,!respectively.! !Because!our!study!

showed!that!PSMs!tend!to!not!deviate! from!few!amino!acid!substitutions!(Figure!3.4!and!

3.5),! the! immune!driven! selection!of! the! viral!mutations! to! the! specific! amino! acids! (e.g.!

selecting!N!at!position!116!when!the!immunogen!is!H!or!selecting!I!at!position!101!when!

the!immunogen!is!V)!can!be!expected!based!on!the!host!HLA!class!I!type.!!
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!

!
Figure$7.1.$A$schematic$example$of$using$optimal$immunogens$to$design$a$therapeutic$HIVS1$

vaccine$based$on$association$of$consensus$and$PSM$amino$acids$with$disease$progression$and$

HLASrestricted$CTL$recognition$frequencies$(A).!This!model!allows!for!design!of!a!vaccine!that!can!

generate!immune!responses!to!drive!mutations!to!the!disadvantage!of!the!virus!(B).!The!most!ideal!

immunogen!drives!mutation!to!epitope!associated!with!slow!disease!progression!and!high!frequency!of!

CTL!recognition.!Note:!immunogen!can!consist!of!epitope!with!either!consensus!(ILDLWVYHT)$or!PSM!

(KGGLDGLVY)!amino!acid.!

!
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Our! study! showed! that!A*02:01! epitope,! ILDLWVYNT! containing! the!PSM! “N”! associated!

with!slower!CD4!decline,!was!also!targeted!by!a!higher!frequency!of!CD8+!T!cells!compared!

to! the!epitope! ILDLWVYHT!containing! the!consensus!amino!acid! “H”.! !Therefore,!vaccine!

immunogen! consisting! of! ILDLWVYHT! epitope!may! generate! CD8+!T! cell! responses! that!

drive!viral!mutation! to! ILDLWVYNT.! !The!higher! frequency!of!CD8+!T! cells! targeting! the!

mutant!ILDLWVYNT!could!mediate!killing!of!more!infected!cells.!!

!

Our!study!also!showed!that!PSMs!associated!with!differential!rates!of!disease!progression!

(E63D,!I101V,!H116N,!I168M!and!K182M)!were!all!located!within!the!conserved!region!of!

the! Nef! protein.! The! inclusion! of! conserved! regions! of! HIV! as! vaccine! immunogen! is! an!

attractive!approach!because!it!is!based!on!the!assumption!that!viral!mutations!within!such!

regions!will! likely! result! in! fitness! cost! for! the!virus.!Multiple! studies! in! the! recent!years!

have!evaluated!the!conservedSelement!vaccine!strategy(351S353).!!It!has!been!shown!that!

vaccines! that! target! conserved! epitopes! resulted! in! high! levels! of! effector! T! cells! and!

functional!HIVS1Sspecific!CD8+!T!cells!that!inhibited!HIVS1!replication!(354).!Another!study!

involving! untreated! Clade! B! infected! individuals,! showed!HIVS1Sspecific! T! cell! responses!

that! targeted!conserved!regions!of!Gag!protein!were!associated!with! lower! levels!of!viral!

load!(252).!In#silico!analyses!have!identified!regions!of!the!virus!where!a!mutation!is!likely!

to!result!in!protein!instability,!and!it!was!shown!that!protective!epitopes!lied!within!these!

region(319).! ! Our! study! has! demonstrated! that! major! PSMs! associated! with! significant!

clinical!outcomes! (both!beneficial!and!detrimental)!are!within! the!structurally! conserved!

region!of!Nef.! !The!results!of!our!study!extend! the!existing!knowledge!on! the!conservedS

element!vaccine!strategy!by!demonstrating!that!even!within!the!conserved!regions!of!Nef,!
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immunogens!need!to!be!optimized!to!drive!viral!mutations!to!the!disadvantage!of!the!virus!

(Fig.!7.1).!!

!

Similarly,! our! approach! of! immunogen! optimization! based! on! PSM! identification! and!

characterization! can! be! applied! to! improve! mosaic! vaccine! design! (355),! where! a!

polyvalent!immunogen!that!contains!several!major!variations!from!different!strains!of!the!

virus,!as!well!as!multiple!proteins!of!HIVS1!are!combined!to!form!an!immunogen!(356S358).!

Based!on!the!findings!of!this!study,!I!propose!that!a!vaccine!containing!protective!epitopes!

of!Nef!as!immunogen!could!be!effective.!!Additionally,!epitope!variants!(PSM!or!consensus)!

from!other!HIVS1!proteins!and!other!subtypes!could!be!taken!into!consideration!to!improve!

this!type!of!vaccine!immunogen!design!(Section!7.3).!!

!

7.3$Future$Directions$

The!proposed!mechanisms!above!based!on!the!major!findings!of!this!study!can!be!

expanded!by!future!studies:!!

•! HIVS1!Nef!sequences!were!obtained!by!amplifying!full!HIVS1!genome.!We!postulate!

that!PSMs!correlated!with!different!disease!progression!and!viral!suppression!also!

exist! in! HIVS1! major! genes,! gag,! pol,! and! env! and! in! other! accessory! proteins.!

Identification! of! all! possible! protective! and! nonSprotective! epitopes! within! HIVS1!

can!contribute! to! the!selection!of! the!most!effective! immunogens!of!a!T!cell!based!

vaccine.!

•! HLASassociated! PSMs! in! other! HIVS1! clades! prevalent! in! the! Kenyan! population!

need! to! be! evaluated.! Within! Kenya! Clade! A1! virus! is! the! most! prevalent!
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subtypes(359).!In!this!study!nearly!82%!of!Nef!sequences!were!Clade!A1,!followed!

by! 10%! Clade! D,! 7%! Clade! C! and! 1%! Clade! B.! Evaluation! of! HLASassociated!

polymorphisms!across!multiple!clades!of!HIVS1!can!better! inform!a!global!vaccine!

strategy.!

•! Compensatory! mutations! in! HIVS1! Nef! that! contribute! to! viral! fitness! need! to! be!

identified!and!correlated!with!clinical!outcomes!such!as!CD4!count!and!VL,!to!better!

understand!viral!dynamics!that!define!mutational!patterns.!

•! Viral! fitness! assays! need! to! be! conducted! to! assess! the! impact! of! PSMs! on! the!

replication!capacity!of!virus!and!overall!viral!fitness.!!

•! In!this!study!the!identification!of!protective!and!nonSprotective!epitopes!was!limited!

by!having!no!reliable!viral!load!counts.!Any!future!study!would!benefit!from!VL!data!

to! fully! correlate! PSMs! with! viral! suppression,! which! could! supplement! disease!

progression!associations.!!

•! In! this! study! we! mapped! the! consensus! sequence! of! HIVS1! Nef! and! PSMs! were!

identified!by!Quasi!analysis.!These!were!based!on!the!ratio!of!nonsynonymous!and!

synonymous!mutations!detected!among!the!study!population,!from!326!subtype!A1!

sequences.! PSMs! at! the! individual! patient! level! also! need! to! be! identified! to!

determine!alternate!amino!acid!replacement!mutations!that!may!not!be!detected!at!

the! population! level.! 454! pyrosequencing! technology! allows! for! this! since! a! high!

coverage!of!HIVS1!full!genome!sequences!can!be!obtained.!!

!

7.4$Concluding$Remarks$
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This!study!identified!immunologically!relevant!CD8+!T!cell!epitopes!of!HIVS1!Nef!protein!by!

analyzing! sequences! from! a! population! of! 326! subtype! A1,! ARV! naïve! HIV+! Kenyan! sex!

workers.!PSMs!under!host!immune!selection!pressures!were!identified!by!correlation!with!

patient!HLA!class! I!alleles!and!classified!with!CD4!T!cell!count!profiles.!Three!PSMs!were!

associated!with!faster!CD4!decline!and!two!were!associated!with!slower!CD4!decline.!HLA!

class! I! epitopes! containing! these! PSMs! were! validated! and! epitopeSspecific! CD8+! T! cell!

responses! were! examined.! We! showed! that! while! HLA! class! I! restricted! CD8+! T! cells!

targeting! epitopes! containing! beneficial! or! detrimental! amino! acids! are! similar! in!

proliferation,!polyfunctionality!and!exhaustion!properties,!epitopes!associated!with!slower!

disease!progression!were! targeted!by!a!higher! frequency!of!CD8+!T!cells.! !Our! study!not!

only!identified!the!immunologically!relevant!CD8+!T!cell!epitopes!in!HIVS1!Nef!protein,!but!

also! established! a!method! to! evaluate! immunogens! to! be! included! for! an! effective!T! cell!

based!vaccine!for!HIVS1!and!improve!other!candidate!HIV!vaccines.!!!
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9.$Appendices$$

9.1$Abbreviations$$

Ab:!antibody!

ADCC:!antibodySdependent!cellular!cytotoxity!

AIDS:!Acquired!Immune!Deficiency!Syndrome!!

APS2:!Adaptor!protein!2!

APCs:!Antigen!presenting!cells�!

ART:!Antiretroviral!therapy�!

ARV:!Antiretroviral!!

bNab:!Broadly!neutralizing!antibody!

CCR5:!chemokine!coSreceptor!5!

CD:!cluster!differentiation!

CMV:!Cytomegalovirus!

CRF:!circulating!recombinant!form!

CSWs:!Commercial!sex!workers!!

CTL:!Cytotoxic!lympohcytes!

DCs:!Dendritic!cells�!

DMSO:!Dimethyl!sulfoxide�!

EC:!Elite!controller!

EDTA:!Ethylenediamine!tetraacetic!acid��!

ELISA:!EnzymeSlinked!immunosorbent!assay!

ELISPOT:!Enzyme!Linked!ImmunoSpot!
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Env:!Envelope!

FACS:!Fluorescent!activated!cell!sorting!!

FBS:!fetal!bovine!serum!

Gag:!GroupSspecific!antigen!

GALT:!Gut!associated!lymph!tissue�!

GI:!Gastrointestinal!

GMSCSF:!Granulocyte!macrophage!costimulatory!factor!

GWAS:!Genome!wide!association!study!!

HESN:#HIV!Exposed!SeroSnegative!

HIVS1:!Human!Immunodeficiency!VirusS1!!

HLA:!Human!leukocyte!antigen�!

HSV:!Herpes!Simplex!Virus!

ICS:!Intracellular!cytokine!staining!!

IDUs:!Injection!drug!users�!

IFNγ:!Interferon!gamma�!

Ig:!Immunoglobulin!

IL:!Interleukin!�!

KIR:!Killer!immunoglobulinSlike!receptors!

LAG:!LymphocyteSactivation!gene!3!

LANL:!Los!Alamos!National!Library!

LPS:!Lipopolysaccharides!

LTNP:!LongSterm!nonSprogressor�!
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MHC:!Major!histocompatibility!complex�!

MIP1:!Macrophage!inflammatory!protein!!!

MSM:!Men!who!have!sex!with!men�!

MTCT:!Mother!to!child!transmission�!

Nef:!Negative!effector!!

NIH:!National!Institute!of!Health!

NK!cells:!Natural!killer!cells�!

NNRTI:!NonS!nucleotide!reverse!transcriptase!inhibitors�!

NRTI:!Nucleotide!reverse!transcriptase!inhibitors!

Pak2:!P21!activated!kinase!

PAMP:!PathogenSassociated!molecular!patterns!

PBMC:!Peripheral!blood!mononuclear!cells!!

PBS:!Phosphate!buffered!saline�!

PDS1:!Programmed!death!1�!

PEP:!post!exposure!prophylaxis!

PEPFAR:!Presidents!Emergency!Preparedness!for!AIDS!Relief!!

PFA:!paraformaldehyde!

PHA:!Phytohemagglutanin�!

PMA:!Phorbol!12Smyristate!13Sacetate�!

PMTCT:!Prevention!of!mother!to!child!transmission!

Pol:!Polymerase!

PrEP:!PreSexposure!prophylaxis!
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PRR:!Pattern!Recognition!Receptors!

PSM:!Positively!selected!mutations!

pVL:!Plasma!viral!load!

RP:!Rapid!progressor�!

RPMI:!Roswell!Park!Memorial!Institute!

RT:!Reverse!transcriptase�!

SBBC:!Sydney!Blood!Bank!Cohort!

SFU:!spot!forming!units!

SIV:!Simian!Immunodeficiency!Virus�!

STIs:!Sexually!transmitted!infections�!

TGN:!Trans!golgi!network!

Th17:!TShelperS17!

Tim3:!TScell!immunoglobulin!and!mucinSdomain!containingS3!

TLR:!TollSlike!receptor!!

TNF:!Tumour!necrosis!factor�!

URF:!Unique!recombinant!form!

VL:!Viral!load!

VMMC:!Voluntary!male!medical!circumcision!

WHO:!World!Health!Organization!


