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Abans de començar a parlar de tota la gent que ha format part d’aquesta etapa i a 
la qual li estic immensament agraïda per haver-me acompanyat tant i tan bé durant aquest 
procés, volia explicar breument el significat de la portada. Després de viure l’experiència 
d’escriure un llibre (check!), em semblava força important triar una portada que estigués a 
l’alçada del que ha suposat fer aquesta tesis doctoral i volia donar-li un significat tant científic, 
relacionat amb el tema de la tesis en si, com personal, intentant plasmar en una imatge tot 
el que han significat per mi aquests 6 anys de tesis. La part científica va relacionada amb 
una de les tècniques que més he utilitzat durant aquests quasi 6 anys, el FACS, ja que he 
hagut d’utilitzar molts colors per poder sortejar tota la ristra de poblacions que he arribat a 
sortejar de la sang, que no han sigut poques! Hi ha gent que m’ha dit que sembla un t-SNE 
plot, altres una cèl·lula, un tumor heterogeni amb T cells que se li aproximen… això ja és lliure 
a la imaginació de cadascú! I per altra banda, l’explosió de colors també té el seu significat 
emocional ja que representa tots els sentiments i totes les emocions viscudes durant aquests 
quasi 6 anys, que ha sigut ben bé una bona muntanya russa! Aprofito per començar amb el 
primer agraïment, a l’Alba, amiga de la Pepi i creadora d’aquesta fantàstica portada, no me la 
podia haver imaginat millor. 

Si miro enrere, moltes coses han passat al llarg d’aquests quasi 6 anys… sembla mentida 
com ha canviat tot des de que vaig començar fins ara. Recordo perfectament quan estava fent 
la meva última estància de màster a Lausanne i vaig voler contactar l’Alena, que feia poc que 
havia obert el seu grup a Barcelona. El meu supervisor, el Pedro Romero, em va dir que era 
una idea fantàstica, que l’Alena era una crack i era el millor lloc al que podia anar si volia tornar 
a Barcelona. I recordo estar a Suïssa, després d’haver aconseguit una TC amb l’Alena, llegint els 
seus articles de TMGs... i no entendre RES i pensar: “doncs vaya a l’entrevista, anem fotuts!” 
Però després tot va ser molt fluït i fàcil. Tot i que la incertesa es va allargar més del que esperava 
perquè depenia d’un postDoc d’Argentina per poder entrar o no, finalment vaig aconseguir 
entrar com a PhD, i és el que m’ha permès arribar fins aquí. Per això, volia començar per 
donar-te les gràcies a tu, Alena, per donar-me aquesta gran oportunitat. Recordo amb especial 
carinyo i tendresa el meu inici, quan tu mateixa entraves amb mi a cultius i m’ensenyaves els 
protocols com el de fer dendrítiques. Gràcies a tu el meu primer dia a cultius de la 4ta planta 
està fotografiat! També recordo quan vas venir amb mi al primer sort al PRBB que ens vam 
equivocar d’hora perquè no ens vam entendre i jo no tenia la confiança per dir-te: “Alena, 
hauríem d’anar tirant...!”. I les birres i sopars que fèiem freqüentment al sortir del lab sempre 
acompanyats dels nostres germans MALucos, quina gran època. Gràcies i mil gràcies per tot 
el que m’has ensenyat, he après moltíssim, no només de ciència, sinó també a ser crítica, a 
debatre, a resoldre problemes, a fer presentacions tenint clar el missatge que es vol donar en 
cada moment... I gràcies també per la confiança i la proximitat, per escoltar-me i entendre’m 
quan he passat per algun “entrebanc” personal o quan no he estat del tot bé al lab. Tot i que 



les coses han evolucionat i han anat canviant perquè així havia de ser, jo m’emporto tot això i 
estic molt contenta d’haver-ho pogut viure d’aquesta manera. T’admiro molt. 

Quan encara estava en el procés de selecció que no sabia si sí o si no, yo, poniendo 
toda la carne en el asador, vaig anar al laboratori per Setmana Santa a conèixer el lab. El que 
no sabia és que aquell dia també coneixeria a dues persones que acabarien sent dos dels 
més grans descobriments fets durant aquest temps i que es convertirien en dues persones 
indispensables a la meva vida. El lab en aquell moment estava format per l’Àlex, el tècnic 
i lab manager, i la Maria, que en aquell moment també feia de tècnic però la idea era que 
comencés a fer el PhD quan tot estigués una mica més assentat. Recordo la Maria apareixent 
per allà, coixa, que havia anat a esquiar i s’havia fet mal al genoll. Aquell dia ja corria, no seria 
cap novetat després. El mateix dia que jo vaig anar a conèixer el lab hi havia un altre noi, un tal 
Carlos, que s’entrevistava per començar com a PostDoc. Recordo que en aquell moment vaig 
pensar que no encaixaríem gaire. Segurament també mirat des del prisma que jo veia que ell 
sabia molt i jo no sabia res xD. I no podia estar més equivocada. Perquè el Carlos, alias Chals o 
Charlio, és un dels dos grans descobriments d’aquell dia. Charlio, amigo del alma, creo que me 
va a ser imposible darte las gracias lo suficiente solo escribiendo unas frases aquí. Gracias por 
tu presencia, por estar siempre cerca, por tus palabras de ánimos (“Venga Andreita, que ya lo 
tienes!”), por tu apoyo incondicional y por siempre creer en mí. Gracias por ayudarme tanto 
a lo largo de todos estos años, hasta el último momento corrigiendo la discusión conmigo el 
domingo antes de depositar. Te aseguro que hubiera sido mucho más difícil si no hubieras 
formado parte de toda esta etapa. Todo lo que pueda escribir aquí estoy segura que ya lo 
sabes, con lo moñas que soy seguro que ya te lo he repetido muchísimas veces. Estoy feliz de 
haber podido compartir esto contigo, te has convertido en una persona muy muy importante 
para mí y aunque quizás ahora es más difícil estar conectados día a día y es más difícil vernos, 
sé que estás ahí y te siento siempre cerca. Te quiero amigo. 

I si el Charlio és una d’aquestes dues persones, ara tocarà parlar de l’altre. I òbviament 
és aquella noieta coixa amb una melena rizada despampanante, la Maria, també coneguda 
com a Meri, Meripein, Pepi, Pepinillo o Pepinillo picante si ha tingut un mal dia i no està de 
bon humor. Recordo que en els super inicis va ser ella la que li va escriure un e-mail a l’Alena 
dient-li que m’avisessin per inscriure’m a un congrés i allà va ser quan ens vam començar 
a enviar els primers e-mails tímids de compis de PhD. En aquell moment no sabíem tot el 
que teníem per davant Pepi, totes les històries i aventures, moments de felicitat, moments 
de tristesa i experiències que compartiríem, tant dins com fora del lab. Les tardes eternes 
processant sangs, les dos setmanes nadalenques ensenyant a la Jennifer (pa nah!), els 
screenings compartits dels Golden patients, l’screening fallit de 12 plaques amb la potencial 
peli + palomitas... No sé si en el meu primer positiu amb el pacient GOI-01 i les poblacions 
CD8+ estaves més emocionada tu o jo jaja. I totes les birres, sopars, noches en mi casita 
hablando hasta las mil, barbacoes, paelles, Altafulla, días de playita con la motico hasta 
Castelldefels. És realment impossible imaginar-me fent el Doctorat si tu no haguéssis estat al 



meu costat, agafant-me de la maneta dia a dia i ajudant-me a tirar. No podria demanar una 
mejor compañera de viaje. I jo també sé que tu ho saps i, a més, sé que penses el mateix de 
mi. Ah! I per a que entengueu lo fons que han calat aquests anys... a dia d’avui, si crides Pepi, 
ella es gira!!!!!! Pepi, te quiero en mi equipo, ahora y siempre. T’estimo i et trobo a faltar. 

Y ya que he empezado, voy a continuar con el equipito PhDs. Un any més tard que 
jo entrés va venir la petita Anna, l’Annita, también conocida com el carrito de Fontana o el 
torito de la 4ta. Al principi les PhDs mayores vam patir moooolt per perdre-la entre cafès i 
cafès i pel desterrament que va patir a l’arribar. Però poc a poc es va acabar convertint en 
una altra personeta molt molt important durant aquesta etapa. L’Anni també forma part de 
l’equip de runners, com la Pepi, sempre corrent d’aquí per allà. Però també sempre sempre 
sempre disposada a ajudar, en lo que le pongas, ni que sigui congelar REPs eterns amb noms 
infumables (GOI-01, CD8+ PD-1-CD39+ 4-1BB+ vs. KIAA1524 R1d14 ...). Crec que el fet que 
tant tu com jo haguem passat per una etapa difícil molt similar (bàsicament lo mateix però 
time-ponts pre i post-pandèmia) també va fer que poc a poc ens anéssim unint cada vegada 
més i t’acabessis convertint també en una peça clau d’aquesta etapa. Gràcies Anni, per ser 
sempre un suport, per estar sempre disposada a acompanyar-me a fer un piti si necessitava 
parlar, desfogar-me, plorar, o lo que fuera. Per sempre creure en mi (“Yo voy a ser la amiga 
de la que publicó un Nature!”), per totes les birres, confessions i pel super viatge a Canadà 
que vam disfrutar com dos enanas. Crec que era una prova de foc passar 14 dies juntes, soles, 
fora de casa i amb una diferència horària tan gran y creo que la superamos con sobresaliente! 
Recordo amb molt de carinyo i amor les nostres converses profundes a Vancouver amb un 
cafè davant del mar... Tots aquests records els tindrem per sempre. Ah, i gràcies per sempre 
esperar-me pacientment a Fontana cada matí quan arribo tard a la nostra quedada. Encara 
ens queden moltes històries més per compartir i no et preocupis que, estigui on estigui, 
t’ajudaré amb tot el que necessitis i més en l’escriptura de la teva tesis, el disseny, les figures, 
y lo que haga falta. Creu-me, et quedarà una tesis espectacular perquè ets molt crack, una 
màquina, lo únic que et falta és creure-t’ho una mica més! Però ho passarem juntes, tus PhDs 
mayores estaran cerca. 

Y finalmente llegamos a la PhD pequeña, la petita Jud, también conocida como 
Juditinha. Esta no solo forma parte del equipo runner, sinó que lo preside!! Que no os engañe, 
es un terremoto andante. La Judi és la força personificada, pot amb tot el que es proposi i 
més. I jo crec que lo únic que et falta a tu també és creure-t’ho una mica més. El dia que et 
paris a mirar enrere i a ser realment conscient de tot el que has tirat endavant pràcticament tu 
sola... veuràs lo molt que vals i en la gran científica que poc a poc t’has anat convertint. Crec 
que especialment l’Anni, tu i jo som persones molt auto-castigadores. És una llàstima que no 
et puguis veure per un segonet amb els meus ulls, perquè realment admiro la teva resiliència, 
la teva empenta per tirar endavant i aixecar un projecte tan complicat des de zero i la teva 
motivació per la ciència. Ah! I la teva energia matutina, tant de bo tingués una mica més d’això 
jo també. No et preocupis que no tinc CAP DUBTE que al congrés de Mainz ho petaràs, i allà 



estarem l’Anni i jo per aixecar-nos i aplaudir en quan acabis. I també t’ajudaré amb el que 
necessitis amb l’escriptura de la tesis, ni ho dubtis. Per molt que potser no estigui físicament, 
no us lliurareu de mi tan fàcilment! Vull concloure aquesta part donant-vos unes gràcies molt 
molt sinceres i de cor a les tres, crec que l’equipito Denia Felicidad ha sigut indispensable en 
molts moments per poder tirar endavant i arribar on estem ara gràcies a tenir-nos les unes a 
les altres. Sou unes cracks. 

Ara vull parlar en concret d’una altra persona molt especial, la meva tocaya, la meva 
partner in crime que ha tingut un paper fonamental en aquesta tesis i ha fet que tot això 
fos possible. La Imma, també coneguda com a Immiluki. Ella també té un dorsal en l’equip 
de runners, no us penseu pas que es queda fora. Tot i que ella fa més maratons, BST, VHIO, 
PRBB, BST, Clínic, VHIO... La Immi va entrar al lab pensant-se que seria tècnic, tindria una vida 
tranquila i feliç. Ja se li va complicar tot bastant quan la van posar a càrrec dels jaleitos amb 
el BST però no sabia que encara li venia lo pitjor: ajudar-me en el projecte per a que tot tirés 
més ràpid per arribar al deadline de la beca. Això sí que va ser una bogeria. Co-cultius de 10 
plaques amb 36 poblacions a mig agost, “venga yo pongo PBS y tu vas picando”, “I: placa 1 
ja està al FACS, ara preparo la 2 i la 3; A: vale, jo mentrestant revelo”. Infinites gràcies per tot 
el que has aportat en aquest temps, la teva ajuda ha sigut indispensable per arribar on estic 
ara. Gràcies per la teva calma, m’ha anat molt bé en molts moments. Per tots els gifs que ens 
hem arribat a enviar per whatsapp, em donaven la vida en molts moments. Gràcies per la 
teva paciència ETERNA quan cada dos per tres (no descarto seguir-te preguntant en un futur) 
et preguntava pels resultats de MotriColor, els minigenes testats, les reactivitats. Et mereixes 
un monument. Ha sigut un gran plaer treballar amb tu codo con codo i estic feliç que vagis a 
ser tu la persona que continui el meu projecte, no podria estar en millors mans. I igual que ho 
crec de la Jud i l’Anni, només et falta creure una mica més en tu per arribar allà on vulguis. Tu 
també ets molt crack i has après un montón des de que vas arribar fins al dia d’avui. I sé que 
encara et queda una etapa molt xula per començar i disfrutar que aviat arribarà. Però bueno 
ja saps... el río, el puente... pues eso. 

Al lab hi ha altres membres que són essencials per a que el laboratori funcioni i els 
quals també han tingut un paper molt important en aquesta història. L’Albert, també conegut 
com “Alber”, un personajillo como no los hay, amb les seves rutinetes i les seves maneres de 
fer. L’Alber té una gran facilitat per captar quan una persona del lab necessita ajuda i allà està 
ell, sempre disposat a ajudar o simplement per fer companyia. No oblidaré mai el dia del 
dipòsit de la meva tesis que tots estaven fent birres al Julio i tu et vas quedar amb mi ajudant-
me amb tot el papeleo de la Universitat quan jo ja no veia res, ajudant-me a pujar tots els 
documents i revisar-los tots. Només tu vas estar present en el moment de clicar el botó “send” 
i això no ho oblidaré mai. Gràcies per la teva paciència, estic segura que per una persona tan 
ordenada com tu no ha sigut fàcil tenir-me a mi a l’escriptori del costat. Gràcies per ajudar-
nos sempre amb el nitrogen (“Això per quan ho necessites?”; “Per quan abans millor...”). Sóc 
la primera que et maleeixo cada vegada que te’n vas de vacances però això també demostra 



lo molt important que ets. Tu també vas tenir un paper indispensable al principi d’aquest 
projecte processant les leucafèresis amb mi. Així que moltes gràcies per estar al meu costat 
des del ben principi fins al ben final d’aquesta història. Una altra peça extremadament clau 
en aquest laboratori és la Noe. La Noe és una màquina en tots els sentits, no conec a persona 
més eficient al planeta terra que ella. Jo seria incapaç de portar tot el que porta ella però Noe, 
por favor, frena un poco y recuerda que comer, se come cada dia!!!! Gracias por tu paciencia 
infinita, sé que soy tu hija tonta número uno, que ya te debes haber puesto en automático 
mandarme 3-4 reminders cada vez que tengo que hacer algo... prometo que en mi etapa 
postDoc voy a trabajar en eso. Gracias por tu calma (aunque a veces creo que es lo que vemos 
pero no lo que llevas dentro), eres el engranaje más importante para que este laboratorio siga 
funcionando. Ara parlem també del team postDocs. La PostDoc més antiga, la Jari. Jari quan 
penso en tu només em venen un munt de colors alegres. Sempre he pensat que ets la persona 
que millor combina tota la quantitat de colors amb que vesteixes, la teva jaqueta blava, la 
teva motxilla groga, les teves botes liles. I haig de dir-te que em vaig quedar impressionada 
quan vaig conèixer casa teva, perquè és exactament un reflex del que tu ets. I em va flipar. Tu 
també ets un dels pilars de la calma i la paciència del lab, l’experiència que dóna una mica de 
serenitat en els moments d’embogiment del sector PhD. Ha sigut genial compartir aquesta 
etapa amb tu també, ja tinc ganes de que tornis! Després tenim els dos PostDocs, el Pierre i 
l’Endika, que per fi han aportat una mica de testosterona a l’equip (a part de l’Alber, que estaba 
solo en eso). Merci beacoup/eskerrik asko por leeros pacientemente esta tesis eterna y darme 
los últimos comentarios, os lo agradezco un montón. Al Ricky, former postDoc, which was the 
wise of the molecular biology. Y finalmente gracias a Ricardo, también miembro honorífico del 
iTAG lab. Gracias por todos tus consejos, por los análisis y todo el tiempo invertido tanto en 
esta tesis como en el paper. Aunque al final ha habido algun gráfico que se ha quedado en la 
discusión, tu visión me ha sido muy útil para escribir la tesis. Muchas gracias. I no m’oblido de 
tots els master students (Helenita, Carla, Roc, Maria F., Carla, Alisha), que han anat passant i 
que d’una manera o una altra han deixat petjadeta. Overall, ha sigut i és un plaer formar part 
d’aquest equip humà tan genial que ha fet que aquesta etapa, que és como un programa de 
Gran Hermano, fos molt més divertida. Os porto a tots al cor (L). 

Pero como ya he comentado antes, nosotros siempre hemos ido cogidos de la manita 
bien cerquita de nuestros vecinitos y hermanitos, los MALucos. Y esque todos vosotros 
también habéis sido una pieza clave durante todos estos años. Primero de todo, quería darte 
las gracias María, por ser también una persona tan cercana con la que he podido hablar de 
todo cuando lo necesitaba. Tu me cazabas por el pasillo y veías cuando algo no iba bien... te lo 
agradezco. Ha sido un placer compartir todas las cervezas, cenas y fiestas. Y también tener una 
colaboración en conjunto, ha sido muy guay trabajar contigo. Y de aquí me voy a la pequeña 
Olguita, con la que también he podido trabajar mano a mano. Ha sido un placer compartir el 
proyecto PD-L2 contigo, también formas parte de las persones más eficientes que conozco. 
Gracias Olgui, por también siempre tener un momento para compartir penas y alegrías, algun 



que otro cafè y muchas historietes. Espero verte pronto. De la primera horneada de MALucos 
también tenemos a Elena, a Emanuela y a Iñaki. Elena, la PostDoc, la que siempre se enteraba 
de todo, hasta cuando ya no estaba en el VHIO! Aunque ahora ya hace unos años que te fuiste, 
estoy muy contenta de haber compartido la primera etapa de la tesis contigo. Siempre has 
aportado energia y buen rollo! Y Emanuela, que des de que aprendió castellano, creo que tiene 
un vocabulario más rico que el mío y todo. Una de las cosas que ha caracterizado estos años 
han sido tus frases celebres y tu tono de voz basal que hacía que siempre te oyeramos des de 
nuestro pasillo. Te echamos de menos! Y finalmente, Iñaki, el primer PhD del equipo niTAG-
MAL y también conocido como el jefe del turno de noche. Cuando Iñaki entraba a cultivos... 
estabas jodido y se te había hecho muy tarde. Te confesaré que en tu etapa final sufrí un 
poquito por ti y por tu integridad. Pero como ya sabía, eres un crack y superaste la etapa con 
éxito. Me pareces un pozo sin fondo de sabiduría y has sido un gran descubrimiento. Gracias 
también por todas las charlas y momentos en cultivos, pasillo, por tu baile de Peter la Anguila, 
las fiestas y la facilidad de liarte, se agradece gente espontánea que no puede decir que no 
a una fiesta! Tenemos pendiente una visitilla a Cambridge, no os penséis que no vendremos 
a veros! Y después de esta primera horneada, llegaron Marta, Lluís y las dos nuevas PhDs, 
Marion y Alba. La Marta, que aportava dolçor i calma. I el Lluís que també aporta tranquil·litat, 
cordura i pau. A mi parlar amb tu Lluís, sempre em dona calma, em fas veure les coses amb 
molta més serenitat del que jo sóc capaç. La Marion, també una persona amb les coses molt 
clares, molt organitzada i eficient. Te confieso que te he cogido los markers muchas veces 
cuando trabajaba en la poyata frente a la tuya pero que siempre ponia mucha consciencia 
en devolverlos para que no se notara. Espero haberlo conseguido! Ha sido muy guay trabajar 
en ese lado estando vosotros al otro lado, siempre había alguna historieta que escuchar! I 
finalment la petita Albi, esta sí que és la dolçor i la tendresa en persona. Albi, tu també has sigut 
un dels grans descobriments d’aquesta etapa, ets de les persones més generoses i cuidadores 
que conec. Gràcies per estar sempre tan a prop, per totes les rosquilletes i els post-its que 
m’has anat deixant durant el període d’escriptura. Per preocupar-te per tot allò que a mi em 
preocupava, per sempre enrecordar-te de preguntar-me qualsevol cosa que sabies que havia 
de fer que era important. Gràcies per la constància, per acceptar totes les meves limitacions 
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Adoptive cell transfer (ACT) of tumor-infiltrating lymphocytes (TILs) can medi-

ate tumor regression in patients with metastatic melanoma. Retrospective studies of TIL 

products from responders and non-responders have shown that successful TIL-ACT is 

associated with an expansion of T cells targeting neoantigens, which are derived from 

tumor-specific non-synonymous somatic mutations (NSMs) and present exquisite tumor 

specificity. In addition, ACT with TIL products enriched for neoantigen recognition has 

demonstrated antitumor activity in selected patients with epithelial tumors other than 

melanoma, which has fueled the interest in personalized T-cell therapies targeting neo-

antigens. The identification and isolation of neoantigen-specific TILs has been possible 

due to advances in next-generation sequencing that enabled the rapid assessment of the 

tumor mutational landscape and the development of high-throughput personalized im-

munological screenings. However, the need of a tumor biopsy to both identify candidate 

neoantigens and reactive T cells limits the broad applicability of personalized T-cell ther-

apies targeting neoantigens and can underestimate tumor heterogeneity in the advanced 

metastatic setting. Previous reports have shown that neoantigen-specific T cells can be 

enriched from peripheral blood by selecting programmed death receptor-1 (PD-1)-ex-

pressing lymphocytes in circulation. However, the frequency of neoantigen-specific T 

cells identified based on PD-1 expression remains very low and a tumor biopsy is still re-

quired to identify candidate NSMs.

In this thesis, we explored the use of peripheral blood as an alternative minimal-

ly-invasive source to identify tumor NSMs and isolate neoantigen-specific or tumor-reac-

tive T lymphocytes in patients with metastatic breast, gynecological, colorectal and head 

and neck cancer or chordoma. We performed whole-exome sequencing (WES) of cell-free 

DNA (cfDNA) to identify tumor NSMs and compared these to those identified in DNA ex-

tracted from tumor biopsies (TuBx DNA). In parallel, we evaluated whether the selection 

of peripheral blood lymphocytes (PBLs) expressing a combination of cell-surface recep-

tors, rather than the expression of PD-1 alone, could further enhance the frequency of neo-

antigen-specific T cells and T-cell receptors (TCR) detected or the number of neoantigens 

recognized. 

To identify circulating tumor antigen-specific T cells, we sorted CD8+ and CD4+ PBLs 

of ten patients with different types of epithelial cancers based on the expression of PD-1 

into PD-1hi, PD-1dim and PD-1-, and in combination with the cell-surface receptors CD27, 
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CD38, CD39, HLA-DR and 4-1BB, obtaining up to 35 CD8+ and 35 CD4+ T-cell populations 

for some of the patients studied. In parallel, we also expanded TILs from tumor biopsies 

and compared the reactivities detected in the two T-cell sources. Ex vivo expanded PBL 

subsets and TILs were screened using a personalized high-throughput screening strategy, 

which enabled the detection of T cells targeting neoantigens identified by WES from 

TuBx DNA and cfDNA as well as T cells recognizing cancer germline antigens. Using this 

approach, we detected tumor antigen-specific T cells in eight out of 10 patients analyzed. 

Both CD8+ and CD4+ tumor antigen-reactive T cells were preferentially enriched in T-cell 

subsets expressing high levels of PD-1, either alone or in combination with other cell-

surface markers, being PD-1hiCD39+ the combination of markers that more consistently 

identified CD4+ and CD8+ tumor reactivities. More importantly, the frequency of tumor 

antigen-specific T lymphocytes contained in the CD8+ PD-1hiCD39+ population was 

consistently higher than in any other CD8+ population sorted. This was not observed 

in CD4+ PBLs since the frequency of neoantigen-specific T cells was highly variable 

among PBL populations and none of them consistently displayed higher frequencies of 

neoantigen-reactive lymphocytes. The selection and expansion of CD8+ PD-1hiCD39+ PBLs 

outperformed the classical non-specific TIL expansion in high-dose interleukin-2 (IL-2) 

at identifying anti-tumor CD8+ T-cell responses. In contrast, despite the total number of 

CD4+ reactivities detected considering all populations screened from blood was higher 

than in TILs, the CD4+ PD-1hiCD39+ T-cell subpopulation identified fewer reactivities than 

unselected TILs. When comparing tumor and cfDNA, the overlap between NSMs identified 

in tumor and cfDNA varied notably between patients, with two out of six patients 

displaying no overlap between TuBx DNA and cfDNA WES. Moreover, WES of cfDNA 

from six patients preferentially identified clonal somatic mutations in tumor biopsies and 

enabled the identification of eight of 13 neoantigens in patients displaying some degree of 

overlap between tumor and cell-free NSMs. Our results underscore peripheral blood as an 

alternative source to identify cancer-specific neoantigens and CD8+ and CD4+ neoantigen-

specific T lymphocytes and TCRs, with important implications for exploiting personalized 

T-cell responses in advanced cancer patients. 
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La teràpia adoptiva amb cèl·lules T infiltrants de tumor (TILs) ha demostrat 

capacitat de mediar regressió de lesions tumorals en pacients amb melanoma metastàtic. 

Estudis retrospectius dels productes cel·lulars utilitzats per tractar pacients que van 

respondre o no a la teràpia han demostrat que la resposta a la teràpia adoptiva amb 

TILs va associada a una major expansió de cèl·lules T amb capacitat de reconèixer 

neoantígens, els quals són pèptids que deriven de mutacions somàtiques no sinònimes 

(NSMs) específiques del tumor. A més, la teràpia adoptiva amb productes enriquits amb 

TILs específics contra neoantígens ha demostrat activitat antitumoral en pacients amb 

diferents tipus de tumors epitelials el que ha promogut l’interès en el desenvolupament 

de teràpies personalitzades amb limfòcits T reactius contra neoantígens. La identificació i 

aïllament de limfòcits T reactius contra neoantígens ha sigut possible gràcies als avenços 

en les tècniques de seqüenciació el que ha permès una ràpida avaluació del repertori 

mutacional del tumor així com el desenvolupament d’assajos personalitzats per testar 

el seu reconeixement. Tot i això, la necessitat d’accedir a una biòpsia tumoral tant per 

identificar els neoantígens candidats com per aïllar els limfòcits T ha limitat l’aplicabilitat 

de les teràpies personalitzades basades en cèl·lules T i a més a més, pot subestimar la 

heterogeneïtat tumoral en tumors metastàtics. Estudis previs han demostrat que els 

limfòcits T reactius contra neoantígens es poden identificar en sang perifèrica a través de 

la selecció de cèl·lules T amb expressió del receptor de mort programada tipus 1 (PD-1). 

Tanmateix, la freqüència de cèl·lules T reactives contra neoantígens després de seleccionar 

els limfòcits T que expressen PD-1 és molt baixa. A més, segueix sent necessària l'obtenció 

d'una biòpsia tumoral per tal de poder identificar les mutacions no sinònimes del tumor. 

En aquesta tesi doctoral hem explorat com a teràpia mínimament invasiva l’ús 

de sang perifèrica per identificar les NSMs del tumor i per aïllar els limfòcits T específics 

contra neoantígens o contra altres antígens tumorals en pacients amb càncer de mama, 

ginecològic, colorectal, de cap i coll o cordoma, tots en estat metastàtic. Per això, hem 

seqüenciat l’ADN circulant aïllat de la sang per tal d’identificar mutacions que puguin 

provenir del tumor i les hem comparat amb aquelles identificades en l’ADN extret de 

biòpsies tumorals dels mateixos pacients. Paral·lelament, hem seleccionat limfòcits de la 

sang perifèrica en base a l’expressió simultània de diversos receptors de superfície amb 

l’objectiu de veure si la co-expressió de receptors pot millorar la freqüència de cèl·lules T 

específiques contra neoantígens o bé incrementar el repertori de receptors de cèl·lules T 

(TCRs) reconeixent un mateix neoantigen comparat amb l’expressió exclusiva de PD-1. 



28

Per tal d’identificar cèl·lules T reactives contra neoantígens en la sang perifèrica, 

vam separar per citometria de flux limfòcits CD8 i CD4 de deu pacients amb diferents 

tipus de tumors epitelials en base al nivell d’expressió de PD-1 en els grups: PD-1hi, PD-

1dim, PD-1- i en combinació amb altres receptors de superfície com CD27, CD39, CD38, 

HLA-DR i 4-1BB, obtenint fins a 35 poblacions diferents tant pels limfòcits CD8 com pels 

CD4 per alguns dels pacients inclosos en l’estudi. Paral·lelament, també vam expandir 

els TILs de les biòpsies tumorals d’aquests pacients i vam comparar els neoantígens o 

antígens tumorals reconeguts per aquestes dues fonts de limfòcits T. Les cèl·lules T de 

sang perifèrica o infiltrants de tumor es van expandir ex vivo i es van testar en assajos 

funcionals personalitzats el que ens va permetre detectar cèl·lules T amb capacitat de 

reconèixer neoantígens identificats per seqüenciació de l’exoma tant de l’ADN extret 

de biòpsies tumorals com de l’ADN circulant i antígens tumorals de línia germinal 

expressats en la biòpsia tumoral. Utilitzant aquesta aproximació, es van detectar cèl·lules 

T reactives contra neoantígens en vuit dels deu pacients estudiats. En la majoria dels 

casos, els limfòcits CD8 i CD4 reactius es van identificar en poblacions que expressaven 

alts nivells de PD-1 (PD-1hi), sol o en combinació amb altres marcadors, sent PD-1hiCD39+ 

la combinació que identificava limfòcits T reactius contra antígens tumorals de manera 

més consistent. A més, en els limfòcits CD8+, la població PD-1hiCD39+ sempre contenia la 

freqüència més elevada de limfòcits reactius en el cas que aquests s’haguessin identificat 

en diferents poblacions separades de la sang. Aquesta darrera observació no aplica pels 

limfòcits CD4+ ja que en aquest cas cap de les poblacions contenia la freqüència més alta 

de limfòcits T reactius contra neoantígens de manera consistent. La selecció i expansió de 

limfòcits CD8+ PD-1hiCD39+ de la sang perifèrica va permetre capturar un major nombre 

de reactivitats contra antígens tumorals que l’establert sistema d’expansió inespecífica 

de TILs en presència d’altes dosis d’interleuquina-2 (IL-2). Per altra banda, tot i que el 

nombre total de reactivitats identificades en les poblacions de limfòcits CD4+ aïllades 

de la sang perifèrica és superior a les identificades en els TILs, la combinació CD4+ PD-

1hiCD39+ identifica menys reactivitats que les detectades en els TILs. Pel que fa a les NSMs 

identificades en l’ADN tumoral i en l’ADN circulant, vam observar que el nombre de 

mutacions compartides entre les dues fonts d’ADN era altament variable, essent nul en 

dos dels sis pacients estudiats. 

La seqüenciació d’exoma de l’ADN circulant dels sis pacients va identificar 

preferencialment mutacions somàtiques clonals en les biòpsies tumorals. També va 
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permetre la identificació de vuit dels 13 neoantígens detectats en pacients que mostraven 

un cert grau de solapament entre les NSMs detectades en l’ADN extret de la biòpsia tumoral 

i l’ADN circulant. En resum, els nostres resultats demostren que l'ús exclusiu de sang 

perifèrica permet detectar neoantígens i els limfòcits CD4+ i CD8+  capaços de reconèixer 

aquest tipus d'antígens tumorals el que té implicacions importants pel desenvolupament 

de teràpies cel·lulars personalitzades en pacients amb tumors avançats. 





Introduction
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1.	 Cancer and the T-cell immune response

Tumorigenesis is a multi-step process that can occur in most normal tissues. It 

is characterized by the progressive accumulation of genetic and epigenetic alterations 

that drive the gradual transformation of normal cells into malignant cells. Many types of 

cancer are diagnosed in the human population with an age-dependent incidence. 

In the human body, which has more than 1014 cells, billions of cells experience 

mutations every day, which can disrupt their normal behavior. If a mutation confers a 

selective advantage to one particular cell, this cell will grow and divide slightly more 

vigorously and survive more readily than its neighbors subsequently becoming a founder 

of a malignant clone (1). Although this cell likely represents the origin of cancer, its progeny 

needs to acquire many additional mutations and epigenetic changes to finally drive tumor 

development and progression, a succession of events that can last many years. 

In 2000, the hallmarks of cancer were proposed as a set of functional capabilities 

acquired by human normal cells during the process of malignant transformation 

that appeared to be critical for the onset of malignant tumors (2). Although only six  

Figure 1. Current validated Hallmarks of Cancer. The eight core hallmarks of cancer and two  
enabling factors. Image adapted from Hanahan, 2022. Image created with BioRender.com.
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distinct hallmarks of cancer were proposed at that point, the increased knowledge on the 

complexity of cancer pathogenesis over the years has expanded the number of recognized 

capabilities and enabling characteristics known to dictate malignant growth. In 2011, 

Hanahan and Weinberg introduced genome instability and tumor-promoting 

inflammation as enabling characteristics and the deregulation of cellular metabolism and 

the evasion of the immune system as emerging hallmark capabilities that have finally 

been postulated as core hallmarks of cancer 11 years later (3,4) (Figure 1). 

The concept that the immune system plays a crucial role in preventing neoplastic 

cells from developing into tumors was proposed more than one century ago (5). This 

theory was further supported by Lewis Thomas in 1959 that suggested that the immune 

system could sense and eliminate neoplastic cells through the recognition of something 

foreign displayed at their surfaces that indicated their alien nature (6). Some years later, 

Burnet also claimed that tumor cell antigens induced an immunological reaction against 

cancer and formulated the concept of immune surveillance (7). 

The concept of cancer immunosurveillance proposes that cells and tissues are 

constantly monitored by the immune system and that such immune surveillance is 

responsible for recognizing and eradicating most of the arising tumors. Although 

many experiments were pursued to validate this hypothesis, there was initially certain 

skepticism towards this concept because of a study with immunodeficient athymic 

nude mice that did not develop a significantly higher number of spontaneous tumors 

than control mice (8). Nevertheless, the demonstration that the lack of interferon-γ 

(IFN-γ) or perforin, two key immunologic molecules, enhanced the susceptibility to both 

chemically-induced and spontaneous tumors evidenced that components of the immune 

system were involved in controlling primary tumor development and further supported 

the immunosurveillance theory (9–11). The definitive evidence supporting the existence 

of a cancer immunosurveillance process and that showed it depends on lymphocytes was 

derived from experiments using mice in which the recombinase activating gene-2 (RAG-2) 

was selectively inactivated (12). Since this recombinase is involved in the repair of double-

stranded DNA breaks and is exclusively expressed in the lymphoid compartment, RAG-

2-deficient mice could not rearrange lymphocyte antigen receptors and subsequently 

lack T, B and natural killer (NK) T cells. The results of this study unequivocally showed 

that lymphocytes protect the host against the development of tumors, as RAG-2-deficient 
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mice developed chemically induced tumors more rapidly and in a greater frequency than 

genetically matched wild-type controls. 

In addition to mice studies, epidemiologic studies of immunosuppressed transplant 

patients and of individuals with immunodeficient conditions showed a significantly 

higher risk for developing cancer, many of them of viral origin (13–17). This demonstrated 

the existence of cancer immunosurveillance in humans and further supported its key role 

in controlling tumor growth. 

Nevertheless, why tumors were able to arise in healthy individuals despite 

immunosurveillance was still an unanswered question. Multiple studies demonstrated that 

tumors derived from mice having a certain immunodeficiency were more immunogenic 

than those arising in immunocompetent mice (12,18–21). Based on these findings, the 

immune system was postulated to not only protect the host from cancer disease but also 

to shape newly arising tumors, which led to the concept of cancer immunoediting (14). 

Cancer immunoediting was proposed as a framework to integrate the dynamic 

process by which the immune system controls and sculpts cancer and has been divided 

into three phases (14) (Figure 2). It all starts with the elimination phase, in which the 

immune system can successfully eradicate the nascent tumor. If this is the case, it 

Figure 2. The cancer immunoediting process. Cancer immunoediting is a framework that integrates 
the dynamic process by which the immune system controls cancer. It consists in three phases. The first 
phase is elimination, in which the immune system acts and successfully destroys the emerging tumor. 
The second phase is equilibrium, in which the immune system can restrain tumor growth, but the tu-
mor is not fully eliminated. Further immunologic sculpting of the tumor (resistant tumor clones) and 
establishment of a suppressive microenvironment leads to the escape phase, in which cancer becomes 
a clinically apparent disease and spreads to other organs forming metastatic tumor lesions. Image 
adapted from Gubin & Vesely, 2022. Image created with BioRender.com.
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represents the complete editing process without going through the subsequent phases. If, 

however, the immune system fails to eliminate all cancer cells, the surviving cells and the 

immune system enter the equilibrium phase, in which the immune system can restrain 

the growth but not fully eliminate the tumor. Finally, surviving tumor cells that can no 

longer be targeted by the immune system due to acquired insensitivity to immunologic 

detection enter the escape phase, in which they accumulate genetic/epigenetic changes 

that confer them the potential to grow in an uncontrolled manner, subsequently forming 

clinically detectable tumors (13,14). The concept of cancer immunoediting has been 

widely accepted and it is currently thought to also occur during immunotherapy in human 

patients with cancer (22). 

1.1.	 Antigen recognition by T cells
Conventional T lymphocytes recognize peptides bound to the major 

histocompatibility complex (MHC), also known as human leukocyte antigens (HLA), on 

the surface of target cells through their T-cell receptors (TCRs) (23). The peptide sequences 

that are recognized are called “epitopes”, while their parent proteins are referred to as 

“antigens”. In the context of cancer, these proteins are also known as tumor antigens. 

T cells fall into two major classes that are distinguished by the expression of the 

cluster of differentiation (CD) markers CD8 and CD4. These two types of T cells exert 

different effector functions and recognize cognate epitopes in a different manner (1). 

On one hand, CD8+ T cells recognize short peptides, typically eight to ten amino acids in 

length, that are derived from cytoplasmic proteins partially digested via proteasome and 

presented on the cell-surface of HLA-I molecules (Figure 3, left). On the other hand, CD4+ 

T cells recognize longer peptides, which typically are 12-20 amino acids long, that derive 

from extracellular proteins previously endocytosed and delivered to endosomes and that 

are loaded and presented on the cell-surface on HLA-II molecules (Figure 3, right). 

HLA-I and HLA-II molecules have distinct structures and are differentially 

expressed among different cell types, also reflecting the distinct effector functions of the 

T cells that recognize them. Almost all our nucleated cells express HLA-I constitutively, 

which present peptides to CD8+ effector T cells that are specialized in killing any cell 

that they specifically recognize. In contrast, HLA-II expression is mainly expressed by 

antigen-presenting cells (APCs) although endothelial cells and some epithelial cells may 



37

In
tr

od
uc

tio
n

also express HLA-II under inflammatory stimuli. Tumor cells or other cell types can also 

express it upon stress or inflammation (24). In this case, peptides bound to MHC-II are 

presented to CD4+ T cells whose main function is to activate other immune cells and 

help amplifying a potent immune response. The distinction between antigen-processing 

pathways for loading peptides on HLA-I and HLA-II molecules is not absolute and certain 

subsets of professional APCs, mainly dendritic cells (DCs), can present peptides derived 

from the phagocytosis of infected or malignant cells in the context of HLA-I, a process also 

known as cross-presentation. 

T-cell-mediated immune responses are antigen specific. Thus, in order to protect 

the host from any infection or malignancy, a wide variety of TCRs recognizing distinct 

antigens need to be generated. During T-cell development, an extraordinarily high 

diversity (in the order of 1012 to 1015) of TCRs are randomly generated in the thymus by 

somatic recombination of TCR genes, which are capable of recognizing virtually any 

pathogen but also self-antigens (25). Because of this, T cells need to undergo a process 

called central tolerance in which a broad representation of the self-proteins expressed 

in the body are potentially presented to immature T cells, which die by apoptosis upon 

strong TCR signaling. This leads to the elimination of a large proportion of self-reactive 

T-cell clones, which reduces the possibilities of T cells mounting an immune response 

upon recognition of host’s own molecules and cells (26). 

Figure 3. Antigen recognition by CD8+ and CD4+ T lymphocytes. CD8+ and CD4+ T cells recognize 
peptides bound to HLA molecules on the surface of target cells through their TCRs. On one hand, 
CD8+ T cells recognize short peptides that are derived from cytoplasmic proteins partially digested via  
proteasome and presented on HLA-I molecules. On the other hand, CD4+ T cells recognize longer  
peptides derived from extracellular proteins previously endocytosed that are loaded and presented on 
HLA-II molecules. Endoplasmic reticulum (ER). Image adapted from “MHC class I and II Pathways” by  
BioRender.com (2020).
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Nevertheless, some self-reactive T cells escape and migrate to the periphery, because 

 certain self-antigens are not expressed in the thymus and also because the threshold of 

affinity determining negative selection is variable and not totally forbidding. Because of 

this, peripheral tolerance mechanisms exist, which are also crucial to control tolerance 

of lymphocytes that first encounter their self-antigen outside the thymus. Despite this 

strict control during T-cell development, spontaneous T-cell responses recognizing self-

proteins can be detected in certain autoimmune pathologies and in cancer patients, 

indicating that a fraction of T cells recognizing normal self-antigens escape the process of 

immunological tolerance.

In addition to conventional T lymphocytes, also known as αβ T cells based on their 

TCR composition, other types of lymphocytes can also mediate anti-tumor responses. This 

includes NK cells and a small population of T cells, known as γδ T lymphocytes, which can 

have anti-tumor activity that is via non-conventional HLA antigen presentation (27,28). 

Although they also participate in mounting an effective anti-tumor immune response, we 

will not develop their role further as it is not within the scope of this thesis. 

1.2.	 Tumor antigens
Tumor antigens are defined as proteins expressed by tumor cells that are presented 

on HLA-I and HLA-II molecules and that can trigger a T-cell response. Since T cells 

recognizing tumor antigens can mediate tumor regression and are at the core of cancer 

immunotherapies, identifying tumor antigens and the T cells targeting them is of great 

interest in the field. 

Although the involvement of the immune system in tumor rejection was 

demonstrated more than 50 years ago, it was not until 1989 that the molecular nature 

of some of the antigens expressed by tumors and recognized by cytotoxic T lymphocytes 

was discovered. In this pioneering study, Lurquin et al. identified a peptide that differed 

from the wild-type protein by a single-point mutation, which made it susceptible to T-cell 

recognition (29). Although this antigen was identified in mouse P815 tumor cells, the first 

human tumor antigen recognized by naturally occurring T cells was detected only two 

years later (30). Since then, many studies have been focused on their identification to 

exploit them therapeutically. 

Tumor antigens have been classically categorized into two main groups based on
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Figure 4. Classification of human tumor antigens. Expression and HLA-I presentation in tumor 
(top) and normal cells (bottom) of antigens with low or high-tumoral specificity are depicted from left 
to right, respectively. Antigens with low tumoral specificity include antigens overexpressed in tumor 
cells compared to normal cells and antigens derived from proteins involved in the differentiation of 
the specific tissue from which each tumor originates. Antigens with high tumoral specificity include 
antigens derived from tumor-specific mutations, viral proteins and cancer germline antigens. The  
latter are exclusively expressed in germline cells and tumor cells as a result of gene demethylation, but 
are not presented on the cell surface of germline cells due to the lack of HLA-I molecules. Adapted from 
Coulie et al., 2014. Image created with BioRender.com.

their tumoral specificity (Figure 4): 1) antigens of low tumoral specificity, also known as 

tumor-associated antigens, which are mainly characterized by also being expressed, albeit 

at lower levels, in normal cells and 2) antigens of high tumoral specificity, also known as 

tumor-specific antigens, whose expression is restricted to tumor cells (31). 

1.2.1.	 Antigens with low tumoral specificity
This group includes antigens encoded by non-mutated self-genes that are 

overexpressed in tumors but can also be expressed by normal cells. More specifically, 

it comprises differentiation antigens and antigens derived from proteins that are 

overexpressed in the tumor.

Differentiation antigens are expressed in tumor cells and in the differentiated 

normal tissue from which the tumor originated (Figure 4). In the literature, naturally 

occurring T cells recognizing differentiation antigens have been well documented in 



40

patients with melanoma, which frequently target antigens derived from the proteins 

Tyrosinase (32), Melanoma antigen recognized by T-cells 1 (MART-1) (33) and gp100 (34). 

In addition, the prostate also expresses differentiation antigens such as prostate-specific 

antigen (PSA) and prostatic acid phosphatase (PAP), which are absent from other healthy 

tissues and spontaneous T-cell responses against them have also been described (35,36).

Overexpressed antigens are derived from normal genes that are constitutively 

expressed in multiple healthy tissues but have a higher level of expression in the tumor 

(Figure 4). T-cell responses against overexpressed antigens have been described in 

different tumor types. For instance, T cells recognizing the oncogene ERBB2 (also known 

as HER2), which is overexpressed in many epithelial tumors including ovarian and breast 

carcinomas, or the transcription factor Wilms’ tumor protein (WT1), which is more highly 

expressed in leukemic cells than in normal cells, have been identified (37,38).

The fact that tumor antigen-specific T cells targeting these low tumor-specific 

antigens have been described indicates that central tolerance is not complete. However, 

only low-affinity TCRs are expected to be found since high-affinity TCRs against normal 

cellular proteins are usually eliminated during negative selection in the thymus.  

1.2.2.	 Antigens with high tumoral specificity
This group comprises antigens that are not expressed by normal cells, which can be 

derived from mutations, viral proteins and cancer germline antigens.

Mutations accumulate during the process of carcinogenesis and can encode 

for mutated proteins, also known as neoantigens. These antigens emerge as a result of 

genomic alterations that are not present in the germline DNA and are therefore unique 

to malignant cells. In the exome, these alterations can be derived from multiple types of 

alterations including single nucleotide variants (SNVs), nucleotide insertions or deletions 

(indels) and gene fusions that generate new antigenic peptides by changing one amino 

acid, altering the phase of the reading frame, extending the coding sequence beyond the 

normal stop codon or by generating new DNA arrangements. 

Neoantigens have also the advantage of being non-self antigens and thus, are more 

immunogenic. This is because T cells targeting them are not subjected to central tolerance 

and therefore are more frequently detected in periphery, since TCRs targeting them have 

not been depleted. 
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However, their variable expression within tumors and between primary lesions and 

metastasis in the same patient represents a daunting challenge for therapeutic strategies 

that aim at targeting them. Moreover, the majority of neoantigens arise from passenger 

mutations and are typically private for each patient (39). Only a small fraction of such 

antigens are shared across patients, also known as public neoantigens. These neoantigens 

are frequently localized in specific positions of oncogenic driver genes known as hotspot 

driver mutations (40). 

A subset of cancers arises as a result of viral infection that can result in the expression 

of viral proteins that drive the oncogenic transformation (Figure 4). These oncogenic 

virus-derived antigens are not patient-specific and are shared by tumors of the same 

type. For instance, human papillomavirus (HPV) is associated with a subset of head and 

neck (H&N), cervical, penile and anal cancers that express oncoproteins (e.g. E6 and E7) 

 that can be recognized by patients’ T cells (41). This has also been shown for other virus-

driven solid cancers, including Merkel cell carcinomas resulting from polyomavirus 

infection (42) and nasopharyngeal carcinomas that result from an Epstein-Barr virus 

(EBV) infection (43).  

Lastly, cancer germline antigens are derived from non-mutated self-genes 

that are expressed during fetal development. These genes are epigenetically silenced  

in most normal adult tissues. Although they are expressed on germ cells and placental 

trophoblast,  these cells do not express HLA class I and II molecules. Therefore, 

the presentation of cancer germline antigens on the cell surface of normal adult  

cells is generally lacking (Figure 4). As a result of DNA demethylation, cancer germline 

antigens can be re-expressed in multiple tumor types and naturally occurring T cells 

targeting them have been frequently observed in a variety of cancers (30,44). 

1.3.	 Cancer immunity cycle
To develop an anti-cancer immune response that leads to effective killing of 

tumor cells, a series of stepwise events must be initiated and consecutively followed until 

complete tumor rejection. This process has been designated as the cancer immunity cycle 

(Figure 5) (45).
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Figure 5. Cancer immunity cycle. (1) The first step comprises the release of tumor antigens that are 
captured by DCs and subsequently processed and cross-presented on HLA-I. (2) Next, these APCs  
migrate to lymph nodes where they interact with naïve CD8+ T cells resulting in the priming and  
activation of effector T cells that recognize tumor-specific antigens. The stimulated T cells  
proliferate and differentiate into effector CD8+ T cells, leave the lymph nodes and migrate to the tumor. 
(2) Activated effector T cells specifically recognize and kill tumor cells that are presenting their cognate 
antigen on HLA-I. This leads to the release of additional tumor antigens that increase the breadth and 
depth of the response in subsequent rounds of the cycle. Adapted from Chen & Mellman, 2013. Image 
created with BioRender.com. 

The first step of the cycle comprises the release of tumor antigens expressed by 

tumor cells that are captured, processed and presented on HLA molecules by DCs. 

Thereafter, these APCs migrate to lymph nodes where they interact with naïve T cells 

resulting in the priming and activation of effector T cells that respond to tumor-specific 

antigens. At this point of the cancer immunity cycle, it is essential that DCs that have 

internalized tumor antigens cross-present such peptides on HLA-I molecules to prime 

naïve CD8+ T cells (46). Moreover, for efficient priming of such T cells, the presentation 

of tumor antigens must be accompanied by co-stimulatory signals. Otherwise, naïve 

CD8+ T cells may be tolerized instead of activated (47). Therefore, some subsets of DCs, 

which have the capability to cross-present and that express co-stimulatory molecules, 

play a key role in this step of the cycle. The activated effector CD8+ T cells subsequently 

migrate to the tumor bed where, after specifically recognizing their cognate antigen, will 

mediate tumor cell killing. Additional tumor antigens will be released as a consequence of 

tumor cell death, a process generally known as antigen spreading, which may lead to the 
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expansion of the immune response by gaining breadth and depth in subsequent rounds 

of the cycle. 

In cancer patients, this cycle is not functioning optimally, which leads to the 

formation of tumors. Each step of this cycle can be subjected to immune-modulatory 

mechanisms that facilitate the escape of tumor cells from immune pressure. This includes 

environmental factors that influence the efficacy of T-cell priming, infiltration and 

effector function. In addition to the production of soluble factors that modulate the tumor 

microenvironment and the downregulation of components of the antigen-presenting 

machinery by tumor cells to evade T-cell recognition, the local expression of inhibitory 

molecules also reduces T-cell function. Moreover, immune cells with immunosuppressive 

functions, including regulatory T cells and myeloid derived suppressor cells (MDSCs), are 

also recruited to the tumor site where they inhibit the action of effector T cells both by 

direct contact or by the production of soluble factors (48). 

Together, these signals and immunosuppressive cells shape the states of 

intratumoral T cells, leading to the diverse spectrum of phenotypes and functionalities 

that can be observed at the tumor site and that determines the efficacy of anti-tumor 

T-cell responses. 

1.4.	 T-cell activation and exhaustion
Upon recognition of their cognate antigen, T cells clonally expand and upregulate 

an array of co-stimulatory and co-inhibitory molecules that can either promote or 

inhibit T-cell activation and effector functions. In a setting of an acute infection, T cells 

downregulate the activation program of effector cells upon antigen clearance, which 

includes the downregulation of co-stimulatory/co-inhibitory molecules and only a small 

proportion of T cells survive and persist in the form of memory T cells. These T cells can 

persist overtime without the presence of the antigen and can rapidly and effectively mount 

a T-cell response upon re-infection (49,50). 

In contrast, in the context of chronic infection and cancer, persistent exposure 

to antigens induces progressive changes in tumor antigen-specific T cells leading to 

a dysfunctional state. This state, also known as T-cell exhaustion, is characterized by 

the progressive and hierarchical loss of effector functions and proliferative capacity, 

the upregulation and sustained expression of co-inhibitory receptors and changes in 
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epigenetic, transcriptional and metabolic programs, which differ from those observed 

in effector and memory T cells (51). Moreover, dysfunctional T cells lose the homeostatic 

capacity to persist in an antigen-independent manner as memory T cells do. 

T-cell exhaustion was first described in the context of chronic viral infections in 

lymphocytic choriomeningitis virus (LCMV)-infected mice (52,53). In these studies, 

virus-specific CD8+ T cells showed a dysfunctional state and were not able to efficiently 

mediate viral pathogen clearance. Shortly after, a similar dysfunctional state was 

described in humans with chronic infections as human immunodeficiency virus (HIV) 

(54,55) and in cancer (56,57). In both mice and humans, intratumoral T cells frequently 

display characteristics associated with T-cell dysfunction. More importantly, this T-cell 

phenotype has been widely associated with tumor specificity (58,59), which underlines 

the relevance of dysfunctional T cells in anti-tumor immunity.  

Although the precise definition of T-cell exhaustion is still under debate (60), 

this dysfunctional T-cell state is commonly understood as a progressive and stepwise 

process that can culminate in the physical deletion of antigen-specific T cells (Figure 6). 

Thus, T-cell dysfunction is not a binary but rather a gradual state that englobes T-cell 

populations with a remarkable phenotypic and functional diversity. Various combinations 

and levels of inhibitory and co-stimulatory receptors such as programmed cell death-1 

(PD-1), T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), Cytotoxic 

T-lymphocyte antigen 4 (CTLA-4), Lymphocyte-activation gene 3 (LAG-3), ectonucleoside 

triphosphate diphosphohydrolase 1 (CD39) and 4-1BB (also known as CD137) have been 

observed in intratumoral T cells displaying characteristics of dysfunction. Moreover, 

whilst IL-2 production is one of the first effector functions that is lost followed by tumor 

necrosis factor-α (TNF-α), the ability to produce IFN-γ is only impaired in most terminal 

stages of exhaustion (57,61). In the same line, recent single-cell transcriptome analysis 

of intratumoral T cells have distinguished between two T-cell populations with distinct 

transcriptional signatures but both bearing hallmarks of exhaustion, further supporting 

T-cell exhaustion as a gradual state (58,62) (Figure 6). This detailed characterization of 

single-cell transcriptomes led to the distinction between a less exhausted T-cell subset 

that maintained the ability to proliferate, also called progenitor or stem-like exhausted 

population and a highly exhausted population also called terminally-exhausted. Whilst 

progenitor exhausted T cells express high levels of co-stimulatory and low levels of co- 
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Figure 6. T-cell exhaustion is a progressive and stepwise process. Activated T cells that are per-
sistently exposed to their cognate antigen can differentiate along a wide range of exhaustion states 
associated with different transcriptional and epigenetic programs and with the progressive loss of pro-
liferative and functional capacity. These differential exhausted states span from progenitor-exhausted 
T cells to terminally-exhausted T cells that can ultimately undergo apoptosis due to overstimulation. 
Adapted from Chow et al., 2022. Image created with BioRender.com

inhibitory receptors, terminally-exhausted T cells expressed high levels of multiple co-

inhibitory receptors (e.g. PD-1, CD39, TIM-3) and produce granzyme molecules. These 

two populations also differ in their transcriptional program. More specifically, progenitor 

exhausted T cells express high levels of the transcription factor TCF-1 whereas terminally-

exhausted T cells mainly express TOX, a transcription factor known to activate exhaustion 

programs (Figure 6). Of note, the progenitor exhausted T-cell population has been 

demonstrated to be particularly important for a durable response to immune checkpoint 

blockade (ICB) therapy (62,63). These findings together with the clinical success of ICB 

treatment support that T-cell exhaustion is not an irreversible terminal differentiation 

state. Rather, exhausted T cells, or at least a subset of them, can be reinvigorated by 

releasing the breaks that restrain their effector functions enabling to mediate anti-tumor 

immune responses. 

1.4.1.	 Co-stimulatory, co-inhibitory, activation and exhaustion 
markers associated with TCR-triggered T-cell activation
Analyses of T cells from chronic infection and cancer have proven that the 

dysfunctional T-cell phenotype, characterized by an increased expression of co-
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stimulatory and co-inhibitory molecules, is mainly observed in virus-specific or tumor-

reactive T cells. Although the expression of many co-stimulatory and co-inhibitory 

receptors has been described to identify such virus- or tumor antigen-specific T cells, this 

section will be exclusively focused on describing those cell-surface receptors that have 

been further investigated in this thesis (Figure 7). 

Given the parallelism between chronic viral infections and cancer, several markers 

expressed on antigen-specific activated T cells initially identified in the context of chronic 

infection have subsequently been demonstrated to be also expressed by tumor-reactive T 

lymphocytes. 

One of such markers is PD-1, which is a co-inhibitory receptor that is expressed 

upon T-cell activation to prevent hyperactivation and autoimmunity by modulating 

T-cell responses. PD-1 exerts its suppressive functions upon engagement to its ligands, 

programmed death-ligand 1 and 2 (PD-L1 and PD-L2), inhibiting the activation of naïve 

and the effector T cells in multiple ways. PD-1 signals can decrease T-cell proliferation, 

IL-2 production and Bcl-xL expression. Moreover, it can inhibit master regulators of T-cell 

differentiation such as GATA-3, T-bet and Eomes subsequently controlling cell fate. PD-1 

can also limit effector cell functions of committed effector CD4+ and CD8+ T cells, by 

reducing cytokine production and cytotoxic capacity (64). 

Two other markers initially identified in the context of viral infection are the 

T-cell activation markers CD38 and HLA-DR. CD38 is an ectoenzyme that regulates the 

Figure 7. Activation and exhaustion markers associated with antigen-specific T lymphocytes. 
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production of NAD+ and is naturally expressed by multiple immune cell types including 

DCs, macrophages, neutrophils, B and T lymphocytes and very distinctly in plasma cells. 

HLA-DR is involved in class II antigen presentation and is typically expressed by APCs, 

although its expression can be upregulated in other cell types upon stimulation. The 

expression of both CD38 and HLA-DR has been shown to identify human effector viral-

specific CD8+ T cells induced by vaccination (65).  

CD27 is a co-stimulatory molecule of the TNF receptor family that is expressed in 

the lymphoid lineage, including NK, B and T cells and DCs. Upon binding to its ligand, 

CD70, CD27 signaling can lower the threshold of the TCR response to low-affinity 

antigens while enhancing proliferation and survival and promoting T-cell differentiation 

(66). Although CD27 expression has not been described to specifically identify virus- or 

tumor antigen-specific T lymphocytes, the engagement of CD27:CD70 has been shown 

to be essential for the efficient priming of CD8+ T cells and effective anti-tumor immune 

responses in murine models (67–69). 

Another member of the TNF receptor family is 4-1BB, also known as CD137, which 

is an inducible co-stimulatory receptor transiently expressed on recently activated T cells 

and NK cells. Upon 4-1BB expression and engagement with its ligand, 4-1BBL, it promotes 

T-cell proliferation and survival and enhances cytokine secretion and T-cell effector 

functions. 

Lastly, another cell-surface receptor whose expression on T cells has been linked to 

T-cell dysfunction is CD39. CD39 is an ectonucleotidase that catalyzes the conversion of ATP 

to AMP, which is subsequently converted to adenosine by another ectonucleotidase, CD73. 

Given that adenosine has been widely described as an immunosuppressive metabolite, 

the activity of CD39 together with CD73 can shift ATP-driven pro-inflammatory immune 

cell activity towards an anti-inflammatory state, inhibiting T-cell effector functions (70).

CD39 is expressed by various immune cells, including macrophages, neutrophils and T 

cells, especially CD4+ regulatory T cells (71). CD39 was described for the first time as a 

marker of T-cell exhaustion in chronic infection (72). In recent years, CD39 expression 

in CD8+ T cells has also been associated with a terminally-exhausted signature and with 

tumor antigen specificity, enabling the distinction of tumor-reactive T cells from other 

Schematic overview of co-stimulatory, co-inhibitory and activation markers expressed on T lympho-
cytes and their ligands on APCs or tumor cells. Image created with BioRender.com.
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tumor-infiltrating bystander T cells (58, 73-75).

The fact that a fraction of tumor-infiltratin lymphocytes (TILs) commonly 

displays an exhausted phenotype that has been broadly associated with tumor specificity 

prompted the development of a wide range of immunotherapeutic strategies. These 

strategies aim at either reinvigorating the effector functions of those naturally occurring 

tumor-specific T cells or generating novel T-cell responses that could mediate anti-tumor 

immune responses. 

2.	Cancer immunotherapies

Cancer immunotherapy has revolutionized the field of oncology and is now 

achieving unprecedented bench-to-bedside clinical success. This area of immunological 

research has been highly active for the past 50 years and different modalities of cancer 

immunotherapies attempting to mobilize the immune system to recognize and kill cancer 

cells have been developed (Figure 8). In most of these immunotherapeutic strategies, T 

lymphocytes and their capacity for antigen-directed cytotoxicity have become the central 

focus for engaging the immune system in the fight against cancer. Thus, immunotherapies 

can be divided into two groups depending on if they aim to reinvigorate the naturally 

occurring anti-tumor immune response (i.e. interleukin-2 (IL-2), immune checkpoint 

inhibitors and co-stimulatory agonists, bi-specific antibodies or adoptive cell transfer 

(ACT) with TILs) or to generate de novo T-cell responses (i.e. ACT with chimeric antigen 

receptor (CAR) T cells, TCR-engineered T cells and vaccines).

2.1.	 IL-2
The systemic administration of IL-2 was the first effective immunotherapy applied 

in clinical trials and provided evidence that manipulation of the human immune system 

could reproducibly lead to durable tumor regressions (76).

This cytokine was identified in 1976 as a T-cell growth factor produced by 

lymphocytes cultured in media containing phytohemagglutinin (PHA) that, when 

continuously supplied, could sustain the growth of T lymphocytes in vitro (77). A decade 

later, the first proof-of-concept study with recombinant human IL-2 was performed and 

demonstrated that the administration of high doses of this cytokine mediated tumor 

regression in patients with solid tumors, including melanoma and renal cell carcinoma 
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(78). In this pioneering study, 11 objective responses were observed out of the total 25 

patients treated. Although early toxicities of high-dose IL-2 were notorious, they were  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Cancer immunotherapies. Schematic overview of different modalities of cancer immuno-
therapies that have been developed attempting to mobilize the immune system to kill cancer cells. 
Most of these strategies are focused on T lymphocytes and their ability of antigen-directed cytotoxicity 
and can either aim at reinvigorating naturally occurring tumor-reactive T cells or generating de novo 
T-cell responses. Image created with BioRender.com.  

generally reversible. These encouraging results led to an explosion of studies utilizing IL-2  

in metastatic cancer patients (79,80). However, only rare responses were observed in 

patients with other tumor types. High-dose IL-2 was approved by The US Food and Drug 

Administration (FDA) for the treatment of metastatic renal cell carcinoma and metastatic 

melanoma in 1992 and 1998, respectively (76). 

2.2.	 Immune checkpoint inhibitors and co-stimulatory agonists
Upon TCR engagement, T cells become activated, proliferate and start expressing 

inhibitory molecules to attenuate T-cell activation and prevent an unduly prolonged 

T-cell response that could potentially damage normal cells. As explained in section 1.4, 

the persistent exposure to antigens induces the continuous expression of these inhibitory 

molecules leading T cells into a dysfunctional state (51,81). These inhibitory molecules 

and the pathways involved are known as immune checkpoint receptors and are the main 
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targets of ICB therapies. 

Immune checkpoint inhibitors are designed to interrupt inhibitory signals of 

T-cell activation to reinvigorate the anti-tumor immune response. Since many immune 

checkpoints are initiated by ligand-receptor interaction, they can be blocked by 

antibodies or modulated by recombinant forms of ligands or receptors. The first blocking 

antibody that demonstrated a survival benefit for patients with metastatic melanoma 

was Ipilimumab, a blocking antibody directed against the inhibitory receptor CTLA-4 

(82). This blocking antibody was the first immune checkpoint inhibitor approved by the 

FDA in 2011 for the treatment of advanced melanoma patients. Subsequently, antibodies 

blocking the immune checkpoint PD-1 and its major ligand PD-L1 showed great promise 

in treating many diverse cancer types (83). 

Despite the promising results observed in the clinic, most patients do not show long-

lasting responses and several tumor types are refractory to this type of immunotherapy. 

Thus, a better understanding of the mechanism of action of PD-1 and CTLA-4 blockade 

would be important to explain the differences observed between patients regarding 

treatment efficacy (84). 

So far, CTLA-4 and PD-1 are the two immune checkpoints most widely exploited 

therapeutically (85). These have led to a new array of treatment options available for 

patients with metastatic tumors. There are currently nine FDA-approved checkpoint 

inhibitors, covering more than 50 cancer indications (83). Although remarkable progress 

has been achieved with immune checkpoint inhibitor monotherapies, especially in 

melanoma, improving its efficacy across tumor types is an urgent clinical need. Since a 

primary resistance mechanism is the compensatory upregulation of additional immune 

checkpoint molecules, several strategies combining targeting of inhibitory (such as LAG-

3, TIM-3, TIGIT, VISTA) and activation molecules (such as ICOS, OX40, GITR, 4-1BB, CD40) 

are currently being tested in clinical trials, some of them showing promising results (86). 

Moreover, the combination of anti-LAG-3 and anti-PD-1-blocking antibodies, relatlimab 

and nivolumab, has recently received the FDA approval for the treatment of adult and 

pediatric patients with unresectable or metastatic melanoma (87).

Nevertheless, there is still much to be learnt about how co-stimulatory and 

inhibitory molecules modulate T-cell activation, which would be critical for the 

development of novel approaches and continued improvement of immunotherapeutic 
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strategies. 

2.3.	 Bi-specific antibodies
Bi-specific antibodies represent another immunotherapeutic strategy that aims 

at re-directing immune cells to the tumor (Figure 8). These are antibodies that are 

engineered to simultaneously bind to two different antigens, one typically expressed 

on tumor cells and the other on immune cells with the aim of bringing tumor cells and 

immune cells to close proximity to facilitate tumor cell killing. Thus far, the type of 

bi-specific antibodies that has dominated the cancer immunotherapy field are T-cell 

engaging bi-specific antibodies (T-biAbs), focused on activating T cells. The majority of 

T-biAbs use an anti-CD3 antibody fragment as a T-cell engaging arm, which triggers the 

activation of the signaling cascade of the TCR complex and mediates the formation of an 

immunologic synapse thereby promoting tumor cell lysis. This represents an advantage 

over immune checkpoint inhibitors since it circumvents the HLA restriction of the TCR to 

overcome immune escape.

The original concept of an antibody with two different antigen-binding sites was 

described over 60 years ago (88). However, it was not until 2014 that the first bi-specific 

antibody, which binds to CD3 and CD19, Blinatumomab, received FDA approval for the 

treatment of Philadelphia chromosome-negative relapsed or refractory B-cell precursor 

acute lymphoblastic leukemia (R/R ALL). The approval was supported by data from a 

clinical study in which 43% of patients treated showed complete regression (89). 

Although the first bi-specific antibodies to reach patients have demonstrated 

clinical efficacy in the treatment of hematologic malignancies, the responses observed 

in solid tumors are scarce and no bi-specific antibodies have been approved for the 

treatment of this type of tumors so far. Novel bi-specific antibodies targeting two 

molecules expressed on the same cell are being investigated. This is the case of a bi-

specific antibody that binds to PD-1 and the IL-2 receptor (IL-2R) on the same cell, which 

allowed the specific delivery of enhanced IL-2R agonism to PD-1+ antigen-experienced T 

cells (90). The use of this bi-specific antibody led to the expansion of a highly proliferative 

and cytotoxic CD8+ T-cell population that was associated with more potent anti-viral and 

anti-tumor responses. Moreover, it was recently shown to mediate tumor regression in a 

mouse model of pancreatic neuroendocrine cancer, a type of tumor that is resistant to ICB 
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treatment and other immunotherapies (90,91). 

2.4.	 Vaccines
The large experience in producing preventive vaccines for pathogens has been used 

to develop therapeutic anti-tumor vaccines to treat cancer patients. Cancer vaccines aim 

to induce and amplify anti-tumor T-cell responses through active immunization of cancer 

patients to treat growing tumors. More specifically, they aim at boosting pre-existing 

CD8+ and CD4+ T-cell responses and also to activate and prime naïve T cells through the 

effective presentation of tumor antigens by APCs (92).  

Early therapeutic vaccines for treating tumors were focused on the delivery of 

antigens that are aberrantly but not exclusively expressed by tumor cells and many clinical 

trials had been carried out targeting melanoma-differentiation antigens such as MART-1, 

gp100 or tyrosinase, cancer germline antigens such as NY-ESO-1, MAGE-A1 or MAGE-A3 

or overexpressed antigens such as Her2/neu or PSA (93–96). In 2012, the first autologous 

therapeutic cancer vaccine was approved for the treatment of metastatic prostate cancer 

(97). This vaccine consisted in delivering autologous APCs previously incubated with a 

fusion protein of granulocyte-macrophage colony-stimulating factor (GM-CSF) and PAP, 

which ensures the presentation of PAP peptides by stimulated APCs. However, apart 

from this autologous therapeutic vaccine, the use of vaccines delivering antigens with 

low tumoral specificity has been largely unsuccessful in mediating clinically effective 

anti-tumor responses, probably owing to T cells being subjected to central or peripheral 

tolerance (95,98). 

Advances in next-generation sequencing technologies provided the opportunity 

to systemically identify tumor-specific mutations encoding for potential neoantigens in 

individual patients in a timely and cost-effective manner. This led to the development of 

personalized therapeutic cancer vaccines that are tailored to the tumors of each patient to 

be treated. However, results from clinical trials treating cancer patients with such vaccines, 

either alone or in combination with immune checkpoint inhibitors, showed variable 

clinical effectiveness (99–101). Despite their limited efficacy observed so far, therapeutic 

vaccines are being actively explored in clinical trials, either alone or in combination with 

immune checkpoint inhibitors, using various adjuvants and delivery approaches (102). 
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2.5.	 Adoptive T-cell transfer
ACT is a type of immunotherapy that consists in the isolation and ex vivo expansion 

of T lymphocytes up to high numbers that are subsequently infused back into the patient 

(Figure 8 and 9). Thus, the efficacy of this therapy relies on the ability of the infused T-cell 

product to recognize and kill cancer cells. This therapy has several advantages over other 

immunotherapeutic strategies. For instance, ex vivo expansion of T cells allows such cells 

to be released from the immunosuppressive tumor microenvironment, which can hamper 

T-cell activation and proliferation. Moreover, this immunotherapy enables conditioning 

of the patient prior to cell transfer, thus providing a favorable microenvironment that 

better supports the anti-tumor activity of the transferred T cells. An example of this is 

the lymphodepleting preparative regimen that is typically administered before ACT, 

which eliminates endogenous T regulatory cells as well as endogenous lymphocytes that 

compete with the transferred cells for growth-promoting cytokines. Moreover, IL-2 can 

also be given following cell transfer to further support the growth and survival of the T 

cells infused. Nevertheless, the fact that ACT is a highly personalized treatment hinders 

its wide applicability since T-cell products with autologous T cells have to be prepared 

for each individual patient and this can only be done in a few specialized centers. This 

difficulty is currently being addressed by the use of allogeneic T-cell products or the 

generation of genetically modified peripheral blood lymphocytes (PBLs) that can be used 

as a universal donor for all patients.

3.	ACT of TILs

The first evidence that ACT using TILs expanded in IL-2 could mediate a therapeutic 

effect against established tumors was provided by studies in murine tumor models (103–

105). These findings were rapidly translated to humans and it was in 1986 when human 

TILs obtained from resected melanomas were shown to contain cells capable of recognizing 

autologous tumors in vitro. This represented an important step in the development of 

ACT to treat human cancers (106). In 1988, a clinical trial with ACT of ex vivo expanded 

autologous TILs with IL-2 showed that 11 of 20 patients with metastatic melanoma 

experienced an objective response. This was the first demonstration that autologous 

TILs could mediate the regression of large established tumors in patients with metastatic 

melanoma (107). Since then, ACT with autologous TILs has been used to treat many 

patients with this type of tumor and, more importantly, its use has also been extended 
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to patients with other epithelial cancers (108). Nevertheless, although 50% of metastatic 

melanoma patients responded to the treatment, objective responses in patients with other 

tumor types have been limited. These differences in therapy response between patients 

and cancer types lead researchers to study the specificity of TILs and how these T cells can 

mediate tumor regression. Indeed, retrospective studies of TIL products from responders 

and non-responders showed that successful TIL-ACT was associated with an expansion 

of T cells targeting differentiation and cancer germline antigens and more frequently, 

neoantigens (109–111). These retrospective studies suggest that selection and enrichment 

of T cells for tumor recognition prior to ACT may be critical for its success. Although 

TILs with high anti-tumor reactivity are frequently expanded from melanoma, T cells 

recognizing neoantigens can also be found in patients with other epithelial tumors, albeit 

probably at lower frequencies (39,112–116). Moreover, ACT with TIL products enriched for 

neoantigen recognition demonstrated anti-tumor activity leading to complete responses 

in selected patients with epithelial tumors other than melanoma (112,113,117). Overall, 

the clinical experience with this personalized T-cell therapy constitutes a solid proof of 

principle that it can mediate durable tumor regressions in metastatic melanoma and in 

selected patients with other epithelial tumors when the T-cell product is enriched with T 

cells capable of recognizing the tumor. 

3.5.1.	 ACT of TCR-engineered T cells
While TIL therapy remains an important ACT modality, other strategies that aim 

at redirecting T cells against tumor cells have gained attention. One of these strategies is 

ACT with TCR-engineered T cells which consists in generating an infusion product with 

autologous T cells that have been genetically modified to express a specific TCR capable 

of recognizing the tumor (Figure 9). This therapy typically uses off-the-shelf TCRs whose 

specificity has been previously characterized. Moreover, to make this therapy widely 

applicable, most of the used TCRs are restricted to very frequent HLA alleles within the 

Caucasian population including HLA-A*01 or HLA-A*02. Because of this, only patients 

carrying these HLA alleles and whose tumors express the tumoral antigen targeted by the 

selected TCR would be eligible for this treatment. 

In 2006, the first evidence that ACT with TCR-engineered T cells recognizing the 

melanoma-associated antigen MART-1 could mediate tumor regression in melanoma 

patients was reported (118). In this clinical trial, limited efficacy of TCR-engineered T 
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cells was observed since only four of 31 patients treated experienced objective responses 

without apparent toxicities, which was attributed to the moderate ability of the TCR to 

recognize low amounts of antigen. This led to a second study using high-affinity TCRs 

generated by immunizing mice that target MART-1 and gp100 melanoma-associated 

antigens (119). Although better objective responses were observed in both cases, patients 

also experienced severe toxicities in the retina and in the middle and inner ear associated 

with the destruction of melanocytes present in these organs.

ACT with TCR-engineered T cells targeting cancer germline antigens have also 

been used in the clinic and have mediated objective responses in distinct epithelial tumors 

(120,121). Nevertheless, these responses sometimes were associated with significant 

off-tumor and off-target toxicities that led to patients’ death. This was the case of two 

clinical trials using genetically modified T cells with two distinct affinity-enhanced TCRs 

targeting the cancer germline antigen MAGE A3 that resulted in severe cardiovascular 

and brain toxicities due to the cross-recognition of highly homologous peptides that were 

expressed by normal cells (121, 122). 

Similar complications have been observed when using TCRs targeting overexpressed 

antigens. For instance, T cells genetically modified to recognize the overexpressed protein 

carcinoembryonic antigen (CEA) resulted in objective tumor regression in one of three 

metastatic colorectal cancer (CRC) patients but all of them suffered from severe transient 

inflammatory colitis (123). 

The clinical data related to the use of TCR-engineered T cells targeting tumor 

antigens whose expression is not restricted to tumor cells indicate that neoantigens are 

clearly more attractive therapeutic targets for developing TCR-based therapies. However, 

the fact that most neoantigens are private to each patient has hampered the development 

of such therapies and efforts have been focused at detecting TCRs targeting public 

neoantigens. Several reports have described TCRs specific against epitopes derived from 

hotspot driver genes such as KRAS, p53 and PIK3CA (113,124). Moreover, two recent reports 

showed that two TCRs targeting KRASp.G12D and one targeting p53p.R175H mediated objective 

tumor regression in a patient with pancreatic ductal adenocarcinoma and a patient with 

breast cancer, respectively (125,126). 

A novel clinical-grade approach has been recently described that is based on 

CRISPR-Cas9 non-viral precision genome-editing to simultaneously knockout the two 
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endogenous TCR genes (i.e. TRAC and TRBC) and insert into the TRAC locus two chains of 

a neoantigen-specific TCR isolated from circulating T cells of the same patient (127). This 

strategy was used in the first-in-human phase I clinical trial (NCT03970382) with patient-

specific TCRs and 16 patients with different refractory solid cancers received up to three 

different neoantigen-specific TCR transgenic cell products. Although stable disease was 

the best response on the therapy, this study demonstrated the feasibility of isolating and 

cloning multiple TCR that recognize different neoantigens across multiple HLA alleles.

Overall, the use of TCR-engineered T cells is a promising strategy that has 

significantly expanded the range of tumors that can be treated by ACT including less 

immunogenic tumors such as pancreatic cancer (125). Nowadays, multiple TCRs that 

have shown promising clinical activity in patients with solid cancers are currently being 

tested in the clinic. Nonetheless, all clinical data collected so far emphasizes the critical 

 

Figure 9. ACT of TILs or genetically-engineered T cells. Autologous lymphocytes are expanded up 
to high numbers and infused back into patients in the presence of IL-2 and after lymphodepleting che-
motherapy. Two main modalities of ACT are currently used: (1) ACT with TILs that consists of the ex 
vivo expansion of TILs isolated from tumor biopsies or tumor resections (right). The tumor tissue is cut 
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importance of assessing potential TCR off-tumor toxicities prior to clinical development, 

both on-target or off-target due to cross‐reactivity, especially when using affinity‐

enhanced TCRs.

3.5.2.	 ACT of CAR-engineered T cells
Another strategy to redirect T lymphocytes to recognize and eliminate tumor cells 

expressing a specific target antigen is ACT of T cells genetically modified to express a CAR 

(Figure 9). CARs are synthetic receptors that exploit the antigen specificity of the antigen-

binding domains of monoclonal antibodies and combine it to the intracellular T-cell 

activation domains to trigger cytotoxic machinery and kill target cells (128). Therefore, 

CAR-transduced T (CAR-T) cells recognize natively folded proteins at the cell-surface 

of cancer cells independently of HLA molecules, thus overcoming clinical limitations 

imposed by the HLA restriction (129). 

In 2010, the administration of T cells genetically engineered to express a CAR 

targeting CD19 to a patient with lymphoma was reported for the first time and showed 

remarkable long-lasting tumor regression (130). Subsequent studies using anti-CD19 

CAR-T cells in B-cell lymphomas and leukemias showed impressive tumor regressions 

and resulted in the approval of this therapy by the FDA in 2017 (131–133). Despite the 

unprecedented success of anti CD19 CAR-T cell therapy in treating B-cell lymphomas 

and leukemias, clinical efficacy of CAR-T cells for the treatment of solid malignancies has 

been scarce (134). The lack of response in this type of tumors can be explained by several 

shortcomings of CAR-T-cell therapies that still need to be addressed, which include the 

limited persistence of CAR-T cells in circulation, their inefficient trafficking, their poor 

ability to infiltrate into the tumor and their susceptibility to the immunosuppressive 

microenvironment. 

4.	Identification of tumor-reactive T cells for the treatment of 
cancer

In order to generate infusion products for ACT with naturally occurring or TCR-

into fragments and cultured in T-cell media containing high doses of IL-2 to promote the outgrowth 
of TILs. (2) ACT with genetically engineered T cells (left), which consists of the isolation of autologous 
PBLs that are subsequently transduced with viral vectors encoding the receptors of interest (TCR or 
CAR) targeting specific tumor antigens. Image created with BioRender.com.



58

engineered T cells capable of recognizing and killing cancer cells, tumor-reactive T cells 

need to be previously identified from an endogenous T-cell source. Tumor-reactive and 

neoantigen-specific T cells are commonly found in patients with distinct solid tumors 

(39,135,136). In principle, any tissue or fluid from which T cells can be isolated and/or 

expanded can potentially contain such tumor-reactive T cells. However, their identification 

and isolation can be hindered by distinct factors including the lack of sampling material 

or their low frequency, which would in turn limit the development of personalized T-cell 

therapies. Because of this, multiple sources to isolate effector T cells as well as strategies 

to improve their comprehensive identification have been explored. 

4.1.	 Sources of effector T-cell populations

4.1.1.	  TILs and other tumor-associated populations
Infiltration of human tumors by T cells is generally interpreted as a sign of tumor 

recognition. This is because the magnitude and composition of the intratumoral T-cell 

infiltrate have shown a clear correlation with clinical prognosis in multiple tumor types 

(137). Moreover, the TCR repertoire of TILs is typically more oligoclonal, probably as 

a result of local antigen-specific clonal expansion (138,139). Based on this, TILs are the 

preferred source to detect tumor-reactive T cells. 

The first documented evidence that lymphocytes infiltrate the tumor dates to 1922. 

In that study, the post-operative survival rate was evaluated in 293 patients with distinct 

epithelial tumors and demonstrated that TILs were found in the tumors of patients who 

survived longer (140). Thereafter, thanks to the optimization of TIL culture conditions in 

the late 1980s, it has become possible to expand the relatively low numbers of T cells that 

can be naturally found infiltrating human tumors and to characterize their capacity to 

recognize the tumor (141).

 Multiple studies have demonstrated the presence of T cells with tumor recognition 

potential at the tumor site (39,136,142). Nevertheless, several studies have also proven 

the presence of bystander cancer-unrelated T cells in the pool of TILs (74,143). Thus, the 

frequency of TILs capable of recognizing the tumor can be variable between patients and 

tumor types. Additional limitations for the isolation and expansion of tumor-reactive 

TILs include the variable success rate of TIL expansion from tumor biopsies and their 

heterogeneity even when expanded from contiguous tumor fragments. Moreover, their 
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isolation depends on the availability of tumor biopsies or resected tumoral tissue, which 

are not always available.  Because of this, other T-cell sources have also been investigated 

with the aim of finding other natural sources of T cells capable of recognizing the tumor.  

Fluids directly associated with particular solid tumors have been also used as 

sources for the expansion of tumor-associated lymphocytes (TALs). This is the case of 

pleural effusions from mesotheliomas (144,145) or urine in bladder cancer, where the TCR 

repertoire of urine-derived lymphocytes accurately maps that of T cells isolated from the 

primary tumor. Another example is ascites from ovarian cancer. In a study comparing 

the TCR repertoire derived from a series of primary cancers and ascites from 12 ovarian 

cancer patients, clonally expanded T cells were found in the ascites (146). However, 

only few TCR clonotypes coincided with those in the tumor, suggesting that the tumor-

reactive T-cell population present in the primary tumor might be underrepresented in 

ascites. Nevertheless, the potential of using T cells from ascites to detect tumor-reactive 

T cells was demonstrated in another study where a neoantigen-specific T-cell clone was 

identified in the ascites of one patient with high-grade serous ovarian cancer at the time 

of recurrence but not in the primary tumor or in primary ascites (147). Cerebrospinal fluid 

(CSF) is another fluid that has been explored and demonstrated to contain T lymphocytes, 

as observed in a patient with diffuse intrinsic pontine glioma after DC vaccination (148). 

More recently, another study also showed that in patients with brain metastases, TCR 

clonotypes could be detected in CSF which matched those detected in metastatic brain 

lesions (149). All these studies have proven the potential of TALs as a source to detect T 

cells capable of recognizing the tumor.

4.1.2.	 Peripheral blood lymphocytes
Peripheral blood mononuclear cells (PBMCs) derived from blood samples are 

the most attractive non-invasive T-cell source to identify and isolate T cells capable of 

recognizing the tumor. 

The first evidence of the existence of circulating tumor-reactive T cells was 

reported in 1987. In this study, mixed lymphocyte tumor cultures (MLTCs) were generated 

by successive rounds of stimulation of PBMCs with irradiated autologous tumor cell 

lines. These MLTCs were used as effector cells to evaluate tumor recognition and tumor-

reactive MLTC clones were obtained (150). Nonetheless, multiple rounds of stimulation 
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were required to generate MLTC populations. The first study in which circulating T cells 

recognizing neoantigens were detected from unmanipulated PBMCs was in 2013 thanks 

to the improvement of HLA multimers technology (151). In this case, neoantigen-reactive 

T cells reactive against a neoantigen restricted to HLA-A*03:01 were detected in the 

circulation of a melanoma patient. Subsequent studies have further proven the existence 

of neoantigen-specific T cells in the peripheral blood of patients with distinct epithelial 

tumors evidencing that peripheral blood is a minimally-invasive T-cell source to isolate 

tumor-reactive T lymphocytes (58,152–156). More importantly, tumor antigen-specific 

T lymphocytes isolated from peripheral blood have been used in clinical trials to treat 

patients with metastatic melanoma (157–159). 

4.2.	 Strategies for enrichment of tumor-antigen reactive T cells
Tumor-reactive T cells are frequently identified in cancer patients and have been 

proven to exist in distinct T-cell reservoirs. Nonetheless, studies have demonstrated that such 

T cells are present at relatively low frequencies in fresh tumor single-cell suspensions and 

are even more infrequent in other T-cell sources such as peripheral blood (151,154,160,161). 

Because of this, multiple enrichment strategies have been developed to increase the odds 

of detecting tumor-reactive T cells that otherwise would have been missed due to the 

limited sensitivity of the techniques in use. These strategies are: peptide-HLA (pHLA) 

multimers, in vitro sensitization (IVS) and surface marker-based isolation (Figure 10).

 
 

Figure 10. Enrichment strategies to identify neoantigen-specific or tumor-reactive T  
lymphocytes. Three enrichment strategies can be used to enrich for infrequent neoantigen-specific or 
tumor-reactive PBLs. One strategy uses pHLA-multimers that can be used to FACS neoantigen-specific 
T cells with known specificity (left). Another strategy is in vitro sensitization, which consists in the 
stimulation and expansion of T cells with antigens of interest either to generate de novo T-cell respons-
es from the naïve compartment or to increase the frequency of infrequent naturally occurring T-cell 
reactivities (middle). Last, T-cell subsets from peripheral blood can be FACS based on the expression of 
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4.2.1.	  Multimers
One strategy to enrich for tumor-reactive T cells consists in the use of pHLA 

multimers, which can identify and be used for the isolation of tumor-reactive T cells with 

known specificity (Figure 10, left). This strategy relies on the detection of the interaction 

between the TCR and its cognate pHLA complex. Thus, pure antigen-specific T-cell 

populations can be isolated by staining with fluorescently-labeled pHLA multimers. 

The first pHLA multimer was generated with HLA-A2 molecules loaded with 

HIV-derived or influenza A-derived peptides in 1996 (162). Since then, multiple tumor 

antigen-specific T-cell populations form either PBMCs or fresh tumor digests have been 

detected in patients with solid tumors and hematologic malignancies using this approach 

(160,163–165). 

Although initially pHLA multimers had to be generated individually and the 

detection of T-cell populations with different antigen specificities in one sample was 

limited to the number of fluorochromes available, advances in multimer technologies have 

facilitated high-throughput production and testing of large libraries of pHLA complexes. 

Whilst the development of UV-exchangeable HLA ligands represented an important 

advance for the generation of large libraries of pHLA multimers by simple manipulations 

(166,167), fluorochrome-based combinatorial encoding increased the number of T-cell 

specificities that could be interrogated by flow cytometry in one sample (161,168). Other 

studies have developed similar strategies aiming at discovering tumor antigens and the 

T cells recognizing them in a high-throughput manner (169–172). For instance, a novel 

technology based on pHLA multimers labeled with individual DNA barcodes enabled to 

screen more than 1000 antigen specificities in a single sample and led to the detection of 

antigen-specific T cells from patients with melanoma and non-small cell lung carcinoma 

(NSCLC) against tumor-associated antigens and neoantigens (171). This technology has 

enabled the interrogation of large pHLA multimer libraries and has successfully identified 

neoantigen-specific T-cell populations in TILs and PBLs in patients with distinct epithelial 

cancers (156,173).

Despite all technological advances, pHLA multimers have been mainly applied for 

the detection and analysis of CD8+ T-cell responses since technical challenges related to 

surface markers associated with tumor recognition to enrich for neoantigen-specific or tumor-reactive 
T lymphocytes (right). Image created with BioRender.com.
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the production of pHLA-II multimers have been encountered (174,175). Very recently, a 

novel HLA-sDM-based peptide exchange methodology has been developed to generate 

large panels of peptides-HLA-II complexes. This method functions as a universal exchange 

catalyst that can load antigenic peptides onto any natural HLA-II alleles. By using this 

platform, the authors were able to detect de novo neoantigen-specific CD4+ T-cell 

responses in metastatic cancer patients after vaccination (176). Multimer technology 

with nonclassical HLA molecules has also been investigated (177–179). A recent study 

described the development of a method that allowed the high-throughput production of 

thermal-exchangeable pHLA multimers with the unconventional HLA-E molecule, which 

would subsequently enable the detection of T cells and NK cells that mediate anti-tumor 

responses by the recognition of HLA-E-restricted peptides (180).

4.2.2.	 In vitro sensitization
Another frequently used approach to enrich for tumor-reactive T lymphocytes 

is in vitro sensitization (IVS), which consists in the stimulation and expansion of T cells 

with the antigens of interest to either generate de novo T-cell responses from the naïve 

T-cell compartment or to increase the frequency of T cells that have previously seen their 

cognate antigen but are undetectable due to their low frequency (40,154,181,182) (Figure 

10, middle). Although distinct IVS protocols have been described in the literature, all rely 

on the same principle. PBMCs or TILs are co-cultured during seven to 14 days, with or 

without irradiated feeders, with autologous APCs and pools of peptides encoding for 

candidate tumor antigens in the presence of cytokine cocktails, usually containing IL-2, 

IL-7, IL-15 and IL-21. After the first round of stimulation, T cells can either be screened for 

tumor antigen recognition or re-stimulated using the same approach. Multiple rounds of 

stimulation are frequently used to increase the odds of detecting very infrequent T-cell 

reactivities. Several modified versions have been used and all have proven to be useful 

for the enrichment of tumor antigen-specific T cells (154,183–185). For instance, if the 

autologous tumor cell line is available, it can be used instead of APCs for stimulation. 

Moreover, the candidate tumor antigens can be introduced in APCs in DNA or RNA format, 

instead of using pools of synthetic peptides. To get a purified population of tumor antigen-

reactive T cells, IVS strategies can be combined with flow cytometry-based sorting of T 

cells expressing the activation markers 4-1BB, also known as CD137, or OX40, also known 

as CD134, after the screening for tumor antigen recognition (154) or directly by generating 
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a pHLA multimer with the peptide of interest and use it for sorting (186,187). 

Since this approach can also generate de novo T-cell responses by priming and 

activating naïve T cells, several recent studies have used PBMCs from healthy donors to 

identify tumor antigen-specific T cells and TCRs, with a particular interest in detecting 

TCRs recognizing public neoantigens derived from recurrently mutated driver genes in 

patients with cancer (124,182,188,189).

4.2.3.	 Biomarker-based isolation
The biomarker-based isolation of T cells is the other enrichment strategy widely 

used to identify and isolate tumor antigen-specific T cells. This strategy exploits the 

differential phenotype observed on T cells upon recognition of their target characterized 

by the upregulation of co-stimulatory and co-inhibitory molecules, as described in section 

1.4 (Figure 10, right). 

To date, most of the cell-surface markers demonstrated to enrich tumor- or 

neoantigen-reactive T cells have been described in CD8+ TILs from patients with different 

epithelial tumors. This includes PD-1, TIM-3 and LAG-3 in melanoma (138,190), high 

levels of PD-1 or the co-expression of CD39 and CD103 in NSCLC (73,191), co-expression 

of PD-1hi and CD39 in endometrial cancer (192) and CD39 in lung cancer and CRC (74). 

A different approach isolates T cells based on 4-1BB expression after co-culture with 

autologous tumor cells, which also enriches tumor-reactive T lymphocytes (193,194). 

Nonetheless, three recent reports also identified certain receptors whose expression led 

to the selection of CD4+ TILs capable of recognizing the tumor. More in detail, CD4+ TILs 

expressing CD39 in HPV-induced squamous cell carcinomas or co-expressing PD-1 and 

ICOS in head and neck (H&N) and CRC led to the identification of a T-cell subset with 

enriched tumor recognition capacity (195,196). The expression of high levels of PD-1 also 

led to the detection of CD4+ tumor-reactive TILs in endometrial cancer patients, which 

was irrespective of CD39 expression (192). 

Although this strategy has been mainly used to enrich tumor-reactive T cells from 

TILs, some studies have also demonstrated its feasibility to enrich for T lymphocytes 

targeting neoantigens from peripheral blood. More in detail, PD-1 expression has been 

proven to guide the selection of CD8+ and CD4+ neoantigen-specific PBLs in patients 

with melanoma and gastrointestinal cancers (152,153). In another study, isolation of 
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CD62L+CD45RO+ memory T cells also enabled the identification of circulating neoantigen-

specific T cells (154). 

Although these surface receptors can identify neoantigen-specific or tumor-

reactive T cells from circulation, the frequency of such T cells remains very low. Therefore, 

the selection of T cells expressing a combination of cell-surface receptors could further 

enhance the frequency of neoantigen-specific T cells. Thus, other markers previously 

described to be differentially expressed by effector T cells in chronic infection or in cancer 

could be investigated to improve the selection of PBLs capable of recognizing the tumor. 

One possibility could be to explore markers already described to enrich for neoantigen-

specific or tumor-reactive T cells from tumor biopsies. In addition, other markers including 

CD38, HLA-DR and CD27 were shown to be expressed by proliferating CD8+PD-1+ T cells 

responding to anti-PD-1 therapy in patients with NSCLC (197), indicating that they 

could also be good candidates to improve the enrichment of tumor-reactive T cells from 

circulation. 

5.	Liquid biopsy: a new minimally-invasive diagnostic and 
monitoring tool for cancer

The gold-standard method for tumor profiling relies on sequencing of tumor 

samples. Nevertheless, this approach presents several limitations including the difficulty 

in acquiring tumor samples of the required size and quality, often limited by tumor 

accessibility and the clinical risk associated with invasive surgeries. Moreover, in patients 

with advanced metastatic tumors, tumor biopsies of a single lesion may not capture the 

genomic landscape of a patient’s entire tumor burden thereby requiring multiple biopsies 

to obtain a comprehensive tumor profile.  

Over the past decade, liquid biopsy has progressively emerged as a minimally-

invasive surrogate for accessing the tumor genome and is slowly replacing invasive 

techniques for tumor diagnosis and monitoring. This technique overcomes several of 

the limitations associated with tumor resections and biopsies and offers an important 

advantage that is the ease of repeated sampling throughout treatment to monitor the 

tumor evolution in real-time. 

Liquid biopsy consists of isolating tumor-derived components present in the body 

fluids of cancer patients and provide crucial genomic, epigenetic, transcriptomic and 
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proteomic information about primary tumors and metastatic lesions (198). Multiple body 

fluids such as saliva, pleural effusions, urine and CSF have been shown to contain tumor-

derived materials and therefore can be used to profile the tumor (199–205) (Figure 11). 

Nevertheless, given that each of these body fluids is exclusively in contact with specific 

organs, they will only contain tumor-derived components from lesions arising in such 

organs. In contrast, peripheral blood represents a potential source of tumor-derived 

components from any given tumor lesion. Because of this and due to its easy accessibility, 

blood is the principal body fluid used and studied in the field of liquid biopsies (Figure 11) 

(206). 

Multiple tumor-derived components can be obtained from liquid biopsies, which 

can provide longitudinal information and data from both primary and metastasized 

tumors. These include circulating tumor cells (CTCs), tumor-derived extracellular vesicles 

(EVs), tumor-educated platelets (TEPs), tumor metabolites, circulating cell-free RNA 

(ctRNA) composed of small RNAs and microRNAs and circulating tumor DNA (ctDNA) 

(Figure 11), the latter being the most widely used in the clinic and the one that has been 

investigated in this thesis.  

Figure 11. Liquid biopsies as a minimally-invasive surrogate to access the tumor. Liquid biopsies 
are used to isolate tumor-derived components present in the body fluids of cancer patients that can 
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5.1.	 Circulating tumor DNA 
In healthy individuals, cell-free DNA (cfDNA) is released into the circulation 

by normal cells, mostly originating from hematopoietic cells (207,208). However, in 

certain physiological or pathological conditions, such as exercise, pregnancy, organ 

transplantation and cancer, the tissues related to the specific condition could release 

additional DNA into peripheral blood (209,210). In cancer patients, higher levels of cfDNA 

have been observed compared to healthy individuals (211–213).  

Tumor cells release ctDNA to the pool of cfDNA following apoptosis, necrosis or by 

active secretion (214). These single- or double-stranded DNA fragments present in plasma 

and serum are typically around 140-170 base pairs (bp) in length and have a half-life in 

the circulation that ranges from 16 minutes to 2.5 hours (215). ctDNA harbor many cancer-

associated molecular signatures including somatic mutations, copy number alterations 

(CNAs) and methylation patterns (216,217). Multiple studies have demonstrated high 

concordance of somatic genomic alterations between cfDNA and matched tumor tissue 

in distinct types of epithelial tumors (218–222). Thus, ctDNA has been spotlighted as an 

attractive liquid biomarker that could be used for multiple clinical applications due to its 

easy accessibility, its capacity to recapitulate tumor lesions present in different tissues and 

its ability to represent the tumor genetic profile in real-time.  

5.1.1.	 Tumor fraction in cfDNA
The contribution of tumor-derived DNA to cfDNA is also known as tumor fraction 

and has been shown to vary widely among cancer patients and among tumor types 

representing from 0.01-90% of the total cfDNA (223,224). Several biological factors have 

been shown to affect the amount of ctDNA shed into the circulation, including the location, 

size and vascularization of the tumor (212,225–227). Another factor that influences the 

levels of tumor fraction is the tumor stage as it has been found that higher levels of tumor 

fraction are more frequently detected in patients with advanced stage tumors (228,229). 

provide crucial information of primary and metastatic tumor lesions. Body fluids that are in contact 
with certain organs, which include CSF, saliva, pleural effusions and urine, can contain tumor-derived 
material from tumors derived from such organs. Peripheral blood is the only body fluid that can con-
tain tumor-derived components from any tumor since it is in contact with all the organs of the human 
body. Several tumor-derived components can be detected in such body fluids, which include circulat-
ing tumor cells (CTCs), circulating tumor RNA (ctRNA), tumor-educated platelets (TEPs), extracellular 
vesicles (EVs) and circulating tumor DNA (ctDNA). Nevertheless, not all of them are detected in liquid 
biopsies from all the body fluids mentioned. Image created with BioRender.com.
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Additionally, the source used to extract cfDNA also affects tumor fraction. This is because, 

although cfDNA can potentially be extracted from both serum and plasma, the latter 

represents a more suitable source for its extraction and analysis, as it contains lower levels 

of non-malignant DNA thereby yielding higher concentrations of ctDNA (230). In addition 

to biological factors, technical practices used to collect, store, extract and process cfDNA 

can also have an impact on the levels of tumor fraction (214). This was demonstrated in a 

study where the rate of detection of somatic mutations in cfDNA was decreased when the 

time between blood withdrawal and cfDNA extraction was more than four hours. 

Overall, all these factors can affect the levels of tumor fraction that in turn have 

an impact on the representation and detectability of genetic alterations of the tumor in 

cfDNA. Because of this, determining the tumor fraction is crucial for the use of cfDNA in 

the clinic and can inform which is the most appropriate analysis method to be used in 

each case. 

5.1.2.	 Methods for the detection of somatic genetic alterations
The levels of ctDNA in the circulation of cancer patients might be as low as 0.01% 

of total cfDNA which poses challenges in its detection. Over the last decade, methods 

to detect ctDNA have evolved from targeting individual mutations using polymerase 

chain reaction (PCR) (Figure 12) to using gene panels targeting dozens to hundreds of 

mutations. Additionally, whole-exome sequencing (WES) or whole-genome sequencing 

(WGS) analysis of cfDNA have also been used to identify genetic alterations across the 

entire exome and genome, respectively. Overall, all the strategies used to analyze ctDNA 

can be categorized into two groups: targeted and untargeted approaches. 

Targeted approaches for ctDNA analysis are used to specifically detect a single or 

few tumor-specific mutations known to exist in the primary tumor. This includes PCR-

based strategies such as quantitative PCR (qPCR) and digital PCR methods such as droplet 

digital PCR (ddPCR) and BEAMing (beads, emulsions, amplification and magnetics) and 

several sequencing-based methods, which have progressively improved the sensitivity of 

sequencing, including Safe-sequencing, cancer personalized profiling by deep sequencing 

(CAPP-Seq) and tagged-amplicon deep sequencing (TAmSeq). These strategies are 

commonly used in the clinic to identify specific genomic alterations in multiple tumor types, 

which can guide the selection of targeted therapies or can identify resistant mechanisms 
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after treatment. Genes that are frequently explored include epidermal growth factor 

receptor (EGFR) mutations in NSCLC, BRAF mutations in melanoma, KRAS mutations 

in CRC and HER2 amplification and PIK3CA mutations in breast cancer, among others 

(231–237). Targeted strategies can be extremely sensitive, as mutations can be detected 

at an allele frequency of down to 0.01% with high specificity (Figure 12). Nevertheless, 

these strategies cannot be used as discovery tools to identify new aberrations and require 

preconceived panels of genes whose mutational status has been previously assessed in 

the tumor. 

Untargeted approaches are the second type of strategies used to investigate ctDNA 

and aim at an exome- or genome-wide analysis for copy number alterations (CNAs) 

or point mutations by either WES or WGS, respectively. These strategies are used as 

discovery tools since they can identify alterations that have not been previously detected 

in the primary tumor. Nevertheless, they have lower sensitivity and therefore require high 

concentrations of ctDNA to reliably identify tumor-specific genomic alterations (Figure 

12). For this reason, the use of untargeted strategies is still challenging to confidently 

detect tumor variants, especially those that are at low frequencies in the circulation. In 

a recent study, Li et al., developed cfSNV, a method that sensitively detects SNVs with 

variant allele frequencies (VAF) lower than 5%, which represents an improvement for the 

detection of infrequent variants in cfDNA of cancer patients (238,239).

Figure 12. Analysis of ctDNA. cfDNA can be extracted from plasma. In cancer patients, a fraction of 
cfDNA is tumor-derived and it is also known as ctDNA. After cfDNA extraction from plasma, cfDNA 
can be analyzed using a variety of sequencing techniques that are based on PCR of next-generation 
sequencing. These techniques have different levels of sensitivity for the detection of NSMs. Adapted 
from Cabel et al., 2018. Image created with BioRender.com.
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5.1.3.	 Clinical applications of cfDNA
The possibility to analyze tumor-derived DNA by simply withdrawing blood 

without the need for an invasive tumor biopsy constitutes a critical advance with 

potentially transformative clinical applications, especially for those types of epithelial 

tumors that cannot easily be resected or biopsied, including lung, pancreatic, some H&N 

and brain tumors. Thus, cfDNA is gaining attention for its usage in multiple clinical 

applications (Figure 13).

ctDNA analysis can be used for early-diagnosis of tumors (Figure 13). A variety of 

tumor-specific genetic and epigenetic alterations are being investigated as possible early 

detection biomarkers from ctDNA, which can be assessed by using targeted strategies. The 

first ctDNA-based primary screening test designed was a qPCR assay directed to specific 

DNA sequences of Epstein Barr virus (EBV), which commonly drives the formation of 

several tumor types including gastric and H&N cancer. In this study, the use of EBV qPCR 

assay as a primary screening test in otherwise healthy adult individuals demonstrated 

high sensitivity and specificity for the detection of early-stage nasopharyngeal cancer and 

had a tremendous impact in progression-free survival rates after diagnosis (97%), which 

far exceeded historical controls for this disease (70%) (240). The use of cfDNA for early 

diagnosis faces several challenges including the inability to detect tumor mutations in 

early-stage patients with low cfDNA levels, the misclassification of patients due to the 

detection of mutations that can also be associated with non- or pre-malignant stages or 

the difficulty in determining the origin of the tumor-derived cfDNA. Although further 

research is needed, numerous studies demonstrated that cfDNA can detect tumor-derived 

mutations in early-stage disease and, importantly, before the development of symptoms, 

which support the potential use of cfDNA for the early detection and diagnosis of cancer 

(228,240–242).

Tumor molecular profiling using cfDNA can guide treatment selection through the 

identification of actionable gene targets (Figure 13). This ability of cfDNA is of great 

importance especially in those cases where tumor biopsies did not capture enough  

tumor material for sequencing, which can occur in 20 to 25% of needle biopsies (243,244). 

There is still much progress to be made to prove that cfDNA can be utilized for this  

purpose with confidence. Nonetheless, an FDA-approved application for cfDNA  

in routine clinical practice, the cobas EGFR Mutation Test v2, supports cfDNA  
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Figure 13. Clinical applications of ctDNA during the course of cancer disease. Schematic overview 
of a cancer patient that initially responds to surgery or other initial treatment but then has a relapse 
and receives other lines of treatment. All possible clinical applications of ctDNA in cancer manage-
ment along the course of the disease are depicted. Adapted from Wan et al., 2017. Image created with 
BioRender.com.

 

 

 

 

as a marker for cancer management. More in detail, this assay using cfDNA is designed to 

identify lung cancer patients that would benefit from EGFR tyrosine kinase inhibitors 

(TKIs) as initial therapy (245,246). 

Since blood withdrawal is a simple procedure that can easily be used for repeated 

and serial testing after one or more lines of therapy, cfDNA also has an important role 

in tracking response to therapy, monitoring acquired drug resistance and detecting 

minimal residual disease (MRD) (Figure 13). ctDNA levels have also arisen as a biomarker 

of response to therapy since they correlate with changes in tumor burden and treatment 

response. Numerous studies that evaluated patients along treatment have shown that 

ctDNA levels drop drastically upon response to therapy in various cancers including CRC, 

ovarian, breast, NSCLC, melanoma and brain tumors (247–253). Similarly, an increase in 

ctDNA levels is frequently observed in progressors, which can even precede radiographic 

progression and correlate with poor survival rates (248,254,255). 

Analysis of cfDNA represents an effective tool to identify emergent genetic 

alterations driving acquired resistance to therapy (Figure 13). Since resistance to treatment 

is often led by multiple resistant subclones that might co-exist in the same lesion or in 
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different metastatic lesions, cfDNA has demonstrated to outperform single-lesion tumor 

biopsies that underestimate tumor molecular heterogeneity in the detection of acquired 

resistant mechanisms (256–258). The ability of cfDNA to identify resistance alterations 

has been described in patients with several epithelial tumors including lung, breast and 

CRC (259,260).

Finally, cfDNA analysis has a great potential in detecting MRD after surgical 

resection. This can be determined by the presence of ctDNA in the plasma of patients after 

surgery. In a study in CRC patients, measurable ctDNA levels after 1-2 months of surgery 

accurately identified patients with later tumor recurrence (261). MRD can also be assessed 

by the post-operative detection of tumor-specific mutations in cfDNA, as observed in 

several studies in breast, lung, pancreatic and CRC patients (262–264).  

Overall, cfDNA analysis has emerged as a novel technology that can potentially 

be used in multiple clinical applications. Nevertheless, a careful understanding of 

the advantages and limitations is essential for the effective clinical integration of this 

technology. 





Hypothesis and Objectives





75

H
yp

ot
he

si
s 

an
d 

ob
je

ct
iv

es

Identification of neoantigens targeted by lymphocytes is central to cancer 

immunotherapy strategies that take advantage of the spontaneous immune response to 

tumors. 

The requirement of a tumor biopsy to identify candidate neoantigens and 

neoantigen-reactive T cells limits the scope of these personalized T-cell therapies. 

Moreover, the exclusive use of a single tumor biopsy to identify tumor somatic mutations 

can underestimate tumor heterogeneity in the metastatic setting, which may hamper 

treatment efficacy.

We hypothesize that:

1.	 Neoantigen-targeted T-cell therapies can be developed exclusively using 

peripheral blood, making these therapies more broadly applicable.

2.	 Tumor somatic mutations can be detected by performing WES of cfDNA 

isolated from plasma and may capture the mutational landscape of metastatic 

tumors.

3.	 T cells targeting neoantigens can be identified, isolated and expanded from 

peripheral blood and co-expression of two or more exhaustion/activation 

markers may better define and enhance the detection of circulating neoantigen-

reactive T cells. 

The overall objective of this thesis is: 

To develop T-cell therapies exclusively using the peripheral blood of patients with 

metastatic epithelial tumors. We aim to mine the WES data of cfDNA to detect tumor 

somatic mutations and neoantigens and to identify and isolate circulating T lymphocytes 

and TCRs targeting them. 

The specific objectives are the following:

1.	 Identify tumor-specific somatic mutations by performing WES of cfDNA 

extracted from plasma.

2.	 Compare the phenotypic profile of circulating T lymphocytes in healthy 

individuals compared to metastatic cancer patients.

3.	 Improve the detection of circulating neoantigen-specific CD8+ and CD4+ 

lymphocytes and TCRs beyond what was previously reported by exploring the 
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co-expression of cell-surface receptors associated with activation/exhaustion 

and refining the phenotypic signature of neoantigen-targeted T-cell responses 

in peripheral blood. 

4.	 Characterize and compare the specificity and diversity of the neoantigen-

specific responses derived from circulating CD8+ and CD4+ T lymphocytes and 

TILs. 

5.	 Evaluate the ability of WES of cfDNA to identify neoantigens and compare 

them to those identified in tumor biopsies. 

6.	 Determine which factors influence the efficiency of the methods applied to 

identify tumor somatic mutations and neoantigens in cfDNA.



Materials and methods
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Patient samples 
This study included patients with advanced metastatic epithelial cancers treated at Vall 

d’Hebrón Hospital or Hospital Universitari Bellvitge. 

Patient Cancer type Age/sex Phenotypic
analysis

Cell sorting and 
T-cell screening

VHIO-08 H&Na 61/M Yes -

VHIO-09 H&N 55/M Yes -

VHIO-29 Melanoma 76/F Yes -

VHIO-35 Penile squamous cell carcinoma 83/M Yes -
VHIO-38 Hepatocellular carcinoma 44/M Yes -
VHIO-59 Merkell cell carcinoma 77/M Yes -
VHIO-75 Testicular germ cell tumor 36/M Yes -
VHIO-84 Melanoma 75/F Yes -

VHIO-89 CRCb 61/F Yes -

VHIO-90 CRC 63/M Yes -

VHIO-91 CRC 76/M Yes -

VHIO-92 CRC 66/M Yes -

VHIO-93 CRC 73/M Yes -

VHIO-100 CRC 44/M Yes -

VHIO-106 Stomach adenocarcinoma 63/M Yes -
CRC MSI-01 CRC 68/M Yes -
CRC MSI-04 CRC 35/M Yes -

CRC MSI-08 CRC 61/F Yes -

CRC MSI-11 CRC 77/M Yes -

CRC MSI-12 CRC 43/M Yes -

GOI-01 Breast 46/F - Yes

GOI-02 Breast 68/F - Yes

GOI-03 H&N 57/M - Yes

GOI-04 H&N 37/M - Yes

GOI-05 CRC 72/F Yes Yes

GOI-06 CRC 67/F Yes Yes

GOI-07 Ovarian 54/F - Yes

GOI-08 CRC 70/M - Yes

GOI-09 Chordoma 70/M Yes Yes

GOI-10 Chordoma 70/M Yes Yes

Table 1. Patients’ characteristics and analysis in which they were involved

aHead and neck. bColorectal
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Patients were chosen on the basis of the availability of pre-treatment peripheral blood 

samples. Written informed consent was obtained from all patients before enrollment. Most 

patients received a wide range of prior therapies, but all were immunotherapy naïve. The 

hospital Institutional Review Board approved the study in accordance with the principles 

of Good Clinical Practice, the Declaration of Helsinki (protocol PR(AG)482/2017) and other 

applicable local regulations. A summary of clinical details and the protocols carried out with 

their tissue and blood samples is given in Table 1. 

Establishment of patient-derived tumor cell line (TCL)
A small fragment (2-4 mm3) of a tumor biopsy or surgically resected tumor was cultured 

in RPMI 1640 plus (Lonza) containing 10% FBS Hyclone (GE Healthcare), 100 U/mL penicillin 

(Lonza), 100 μg/mL streptomycin (Lonza) and 25 mM HEPES (Thermo Fisher Scientific) at 

37°C in 5% CO2. The medium was replaced once every month until the TCL was established 

and then further expanded in media containing RPMI 1640 plus (Lonza), 20% FBS (Gibco), 100 

U/mL penicillin (Lonza), 100 μg/mL streptomycin (Lonza) and 25 mM HEPES (Thermo Fisher 

Scientific) or cryopreserved until used. Established TCLs were regularly tested for mycoplasma 

and were authenticated based on the identification of patient-specific somatic mutations and 

HLA typing. 

TIL expansion
Small tumor fragments (2-4 mm3) were cultured in individual wells of a 24-well plate 

in T-cell medium consisting of RPMI 1640 plus (Lonza) supplemented with 10% human AB 

serum (Banc de Sang i Teixits, Barcelona, Spain), 100 U/mL penicillin (Lonza), 100 µg/mL 

streptomycin (Lonza), 2 mM L-Glutamine (Lonza), 25 mM HEPES (Thermo Fisher Scientific) 

and 6x106 IU IL-2 (Proleukin) at 37°C and 5% CO2. Fresh media containing IL-2 was added on 

day 5 and media was changed or TIL were split when confluent every other day after that. T 

cells were expanded independently for 15-30 days and cryopreserved until use.

PBMCs isolation
PBMCs were obtained using a Ficol density gradient (Lymphoprep, Stem cell) from 

pheresis or whole blood and cryopreserved for cell sorting, DNA extraction for WES and to 

expand B cells ex vivo. 

Flow cytometry analysis and fluorescence-activated cell sorting 
(FACS)

To phenotype CD4+ and CD8+ T lymphocytes from peripheral blood by flow cytometry,  
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an extracellular panel of human-specific antibodies was designed (Table 2). Briefly, PBMCs 

were thawed and rested overnight in the absence of cytokines. Cells were stained with LIVE/

DEAD™ Fixable Yellow (ThermoFischer) for 30 minutes and washed in PBS (Biowest) before 

staining with surface marker antibodies.

Target Conjugate Clone Application Supplier Catalog
number

CD3 Pe-Cy7 SK7 Phenotyping BD Biosciences 557851
CD8 APC-H7 SK1 Phenotyping BD Biosciences 560176
CD4 BV510 SK3 Phenotyping BioLegend 344534
PD-1 PE EH12.2H7 Phenotyping BioLegend 329906

CD28 Pe-Cy5 CD28.2 Phenotyping BioLegend 302910
CD27 FITC BV650 Phenotyping BioLegend 302828
CD38 APC HIT2 Phenotyping BioLegend 303510
CD39 FITC A1 Phenotyping Thermo Fisher 11-0399-42

HLA-DR BV605 L243 Phenotyping BioLegend 307640
LAG 3 AF488 11C3C65 Phenotyping BioLegend 369326
ICOS BV785 C398.4A Phenotyping BioLegend 313534
CD3 APC-H7 SK7 FACS BD Biosciences 560176
CD3 Pe-Cy7 SK7 FACS BD Biosciences 557851
CD8 Pe-Cy7 RPA-T8 FACS BD Biosciences 557746
CD8 APC-H7 SK1 FACS BD Biosciences 560176
CD4 BV510 SK3 FACS BioLegend 344534
CD4 AF700 SK3 FACS BioLegend 344622
PD-1 PE EH12.2H7 FACS BioLegend 329906

PD-1 PE/Dazzle
594 EH12.2H7 FACS BioLegend 329939

CD27 FITC O323 FACS BioLegend 302806
CD39 FITC A1 FACS Thermo Fisher 11-0399-42
CD39 BV421 A1 FACS BioLegend 328214
CD38 APC HIT2 FACS BioLegend 303510
4-1BB PE 4B4-1 FACS Miltenyi Biotec 130-093-475

HLA-DR BV605 L243 FACS BioLegend 307640
CD3 APC-H7 SK7 co-culture BD Biosciences 560176
CD8 Pe-Cy7 SK1 co-culture BD Biosciences 557746
CD4 PE RPA-T4 co-culture BD Biosciences 555347

4-1BB APC 4B4-1 co-culture BioLegend 550890
OX40 FITC ACT35 co-culture BD Biosciences 555837

moTCR β FITC H57-597 co-culture Invitrogen 11-5961_85

Table 2. List of antibodies used and their applications
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To isolate CD8+ and CD4+ subpopulations based on the expression of PD-1, CD27, CD38, 

CD39, HLA-DR and 4-1BB from peripheral blood by FACS, PBMCs were thawed and rested 

overnight without cytokines but in the presence of DNAse (Pulmozyme, Roche). Following 

CD8+ or CD4+ enrichment using CD8 or CD4 microbeads (Miltenyi Biotec), respectively, 

the Fc receptor was blocked (Miltenyi Biotec) and cells were washed and stained with the 

corresponding antibody mix (Table 2) for 30 minutes at 4°C. Single stain controls for each 

marker and fluorescence minus one controls for PD-1, CD27, CD38, CD39, HLA-DR and 4-1BB 

were also included. Cells were isolated using the BD FACS Aria™. FACS-sorted cell populations 

were expanded using a rapid expansion protocol (REP) explained below.

Rapid Expansion Protocol (REP)
To expand T cells ex vivo we used a REP that lasts 14 days. T cells are cultured in T25 

flasks in T-cell medium containing 30 ng/mL anti-CD3 (OKT3, Miltenyi), 3x103 IU/mL IL-2 

(Proleukin) and irradiated PBMCs pooled from at least 3 allogeneic donors. After day 6, half of 

the medium was replaced with fresh T-cell medium containing IL-2 every other day. Cells were 

split when confluent, harvested on day 14 and used in co-culture analysis or cryopreserved 

until further use.

DNA and RNA extraction 
DNA was extracted from leukocytes (germline DNA) or from a cell pellet of patient-

derived TCL using the Allprep DNA/RNA mini kit (Qiagen, Germany). CfDNA was extracted 

from plasma samples using the QIAamp Circulating Nucleic Acid kit (Qiagen) according to 

the manufacturer’s instructions. Genomic DNA and total RNA were purified from 10-μm OCT 

sections using DNeasy Blood and Tissue kit (Qiagen). In all cases, the extraction was performed 

according to the manufacturer’s instructions. The DNA and RNA amounts were quantified 

with a Qubit™ Fluorometer (Thermofisher, USA) or with Nanodrop, respectively and reported 

in total nanograms (ng). The 4200 TapeStation (Agilent, USA) was used to assess the quality 

and fragment size distribution of the pre-processed and post-processed DNA samples and 

libraries.

Exome sequencing and RNA sequencing 
Sequencing libraries of cfDNA plasma samples were prepared using the SMARTer 

ThruPLEX Plasma-seq Kit (Takara).  Barcode indexes were added to samples during seven 

PCR cycles of template preparation and 550 ng of each library was captured using the 

SureSelectXT Target Enrichment System (Agilent SureSelect V6). xGen Blocking Oligos (IDT, 

Iowa, USA) were used following the Takara compatibility manual. Captured targets were 

subsequently enriched by 11 cycles of PCR with KAPA HiFi HotStart (Kapa Biosystems), with 
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a Tann of 60° and the following primers, which target generic ends of Illumina adapters: 

AATGATACGGCGACCACCGAGAT and CAAGCAGAAGACGGCATACGAGAT. Sequencing was 

carried out in the Illumina NovaSeq 6000 platform at Macrogen. 

Genomic tumor and normal DNA WES library construction were performed by exome 

capture of approximately 20,000 exome sequences of coding genes using SureSelect human 

All exon V6 kit (Agilent Technologies) and paired-end sequencing was performed on a HiSeq 

sequencer (Illumina) at Macrogen. The average sequencing depth ranged from 150-300X for 

each of the individual libraries generated. 

Alignments of WES to the reference human genome build hg19 were done using 

NovoAlign MPI from Novocraft (http://www.novocraft.com/). Duplicates were marked 

using Picard’s MarkDuplicates tool (picard/releases/tag/1.127). Indels realignment and base 

recalibration were performed according to Genome Analysis Toolkit (GATK) best practices 

(https://www.broadinstitute.org/gatk/). SAMtools was used to create tumor and normal 

pileup files. 

An mRNA sequencing library was also prepared from tumor biopsy of patients GOI-

05, -06 and -07 and patient-derived TCL of patient GOI-07 using TruSeq RNA library prep 

kit. RNA alignment was performed using STAR. Duplicates were marked using Picard’s Mark 

Duplicate tools. Transcripts per million (TPM) normalization was applied to the raw gene 

counts obtained from feature counts and used to evaluate gene expression. 

Bionformatics analysis to call and filter mutations varied slightly over the execution of 

the project for pipeline optimization (Table 3). For the analysis of WES data of patients GOI-

01, -02, -03, -04, -07, -08, -09 -10, four independent mutation callers (Varscan, SomaticSniper, 

Mutect and Strelka) were applied to call somatic NSMs according to the following criteria: 

minimum coverage of 10 reads, minimum four variant reads, greater than 3% VAF and 5X the 

VAF in normal DNA or having a 0% of VAF in normal DNA and called by two or more callers 

for SNVs or one for indels and annotated as coding mutation in two of the three annotation 

data sets (RefGene, University of California, Santa Cruz, Ensembl). While WES data of patients 

GOI-01, -02, -03 and -04 was analyzed with the first version of the pipeline (v1), an updated 

version (v2) was used for WES analysis of patients GOI-07, -08, -09 and -10 (Table 3).

 



84

Patient Cancer type Source of DNA used to
detect NSMs

Pipeline used to
detect NSMs and 

generate
TMGs/PPs

Pipeline used for
clonality analysis

GOI-01 Breast TuBx DNA and cfDNA Pipeline v1 Pipeline v1

GOI-02 Breast TuBx DNA and cfDNA Pipeline v1 Pipeline v1

GOI-03 H&N TuBx DNA and cfDNA Pipeline v1 Pipeline v1

GOI-04 H&N TuBx DNA and cfDNA Pipeline v1 Pipeline v1

GOI-05 CRC TuBx DNA and cfDNA Pipeline v3 Pipeline v1

GOI-06 CRC TuBx DNA Pipeline v3 -

GOI-07 Ovarian TuBx DNA Pipeline v2 -

GOI-08 CRC TuBx DNA and cfDNA Pipeline v2 Pipeline v1

GOI-09 Chordoma TuBx DNA Pipeline v2 -

GOI-10 Chordoma TuBx DNA Pipeline v2 -

Table 3. Source of DNA used to detect NSMs and the version of the pipeline used for WES and 
clonality analysis

A modified version of the pipeline (v3) was used for the analysis of WES data of patients 

GOI-05 and -06. In this case, the filters applied to identify NSMs were: minimum coverage of 

10 reads, minimum four variant reads, greater than 7% tumor VAF. Only SNVs were considered 

in this analysis, which had to be called for at least two callers. Moreover, RNA sequencing was 

used to exclude those variants that were not expressed in the tumor. 

Prioritization of NSMs for immunological screenings
In patients GOI-01, -02, -03, -04, -07, -09 and -10 all NSMs detected in both DNA 

sources or only detected in TuBx DNA or cfDNA were tested in immunological screenings. In 

contrast, in patients GOI-05, -06 and -08 which harbored over 300 NSMs, mutations were 

prioritized based on HLA binding prediction. Two different HLA prediction algorithms were 

used: NetMHCCons prediction tool was used for patients GOI-05 and -06 and NetMHCpan 

version 4.1 was used for patient GOI-08. For patient GOI-05, NSMs exclusively detected in 

cfDNA were not tested in immunological screenings. 
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Determination of allele-specific copy number analysis and 
mutation clustering

In order to enable comparison of clonality among mutations identified in patients GOI-

01, -02, -03, -04, -05 and -08, patient data was reanalyzed using v1 of the pipeline and used 

to perform copy number and clonality (Table 3). The segmented copy number, cellularity and 

ploidy were determined using Sequenza version 2.1.2 with normal sample as references and 

hg19 coordinates. The cancer cell fraction (CCF) of each mutation was estimated by integration 

of the local copy number, tumor purity (obtained from Sequenza) and VAF. The mutations were 

classified as either clonal or subclonal based on the confidence interval of the CCF. Mutations 

were defined as clonal if the 95% confidence interval overlapped 1 and subclonal otherwise. 

All mutations with read depth greater than 4 and VAF greater than 7% were clustered using 

PyClone version 1.3.0 Dirichlet process clustering. PyClone allows clustering to simply group 

clonal and subclonal mutations based on their CCF estimates. PyClone was run using 50.000 

iterations and a burn-in of 1000.

Ultra low-pass whole-genome sequencing (ULP-WGS) and 
analysis of cfDNA tumor fraction using ichorCNA

An ULP-WGS from cfDNA libraries was carried out to assess the presence of detectable 

ctDNA. Constructed libraries were sequenced using 150 bp paired-end run over 1x lane on 

a NovaSeq6000 (Illumina). Thereafter, ichorCNA was used for the analysis as previously 

described (222).

Generation of autologous APCs
Autologous B cells were isolated from cryopreserved PBMCs by positive selection 

using CD19+ microbeads (Miltenyi Biotec) and expanded through CD40-CD40L stimulation 

by culturing cells for 4-5 days with irradiated NIH3T3 feeder cells constitutively expressing 

CD40L at 37°C in 5% CO2 in B-cell medium (Iscove’s IMDM media (Gibco) containing 10% 

human AB serum (Biowest), 100 U/mL Penicillin and 100 μg/mL streptomycin (Lonza), 2 mM 

L-Glutamine (Lonza) and supplemented with 200 U/mL IL-4 (Peprotech). Cultures underwent 

up to three consecutive rounds of stimulation and expansion. At day 5-6, B cells were used in 

co-culture experiments or cryopreserved until use. When used after cryopreservation, B cells 

were thawed in B-cell medium containing DNAse (Pulmozyme, Roche) 20h before use in co-

culture assays. 

Alternatively, CD4+ T cells were isolated from PBMCs by positive selection using CD4+ 

microbeads (Miltenyi Biotec) or FACS and subsequently expanded through a REP as explained 

above.
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Tandem minigenes (TMGs) construction, cloning, in vitro 
transcription of RNA and electroporation

TMGs were constructed following two different strategies. For patients GOI-01, -02, 

-03, -04, -07, -08, -09 and -10, TMGs were constructed as previously described (265). Briefly, 

for each nonsynonymous variant identified by WES, we constructed a “minigene”, consisting 

of the mutant amino acid flanked by 12 amino acids of the wild-type protein sequence. Up to 

24 minigenes were concatenated to generate a TMG construct. TMG constructs were codon 

optimized and subcloned into pcDNA3.1 using HindIII and BamHI (New England Biolabs). 

The HLA sequences of interest were also cloned into pcDNA3.1 using BamHI and 

EcoRI containing a Kozak motif upstream of the start codon. HLA-I sequences were obtained 

from IPD-IMGT/HLA data base and were codon optimized. All TMGs and HLA-I sequence 

oligonucleotides were supplied by GenScript Biotech (Rijswijk, Netherlands).

One microgram of linearized (NotI; New England Biolabs) TMG plasmid RNA was used 

as a template to generate in vitro transcribed TMG RNA using the HiScribe T7 ARCA mRNA Kit 

(with tailing) (New England Biolabs) as instructed by the manufacturer. RNA was precipitated 

using LiCl2 and RNA concentration was measured using a NanoDrop spectrophotometer. RNA 

was resuspended at 1 µg/mL and stored at -80ºC until use.  

For patients GOI-05 and -06, we constructed minigenes for each nonsynonymous 

variant by placing the mutant amino acid in the middle and flanked by 12 amino acids of the 

wild-type protein sequence on each side. We concatenated up to 21 minigenes and the linear 

sequences of each TMG were supplied by Twist Bioscience, CA, USA. Each TMG sequence had 

a T7 promoter followed by β-globin 5’UTR and a kozak sequence upstream of the start codon 

and a stop codon followed by 3’ β-globin and a unique site of restriction of the BsrD1 restriction 

enzyme in the 3’ end. 

For these patients, deconvolution experiments to identify the reactive minigene from a 

TMG were also performed with DNA fragments encoding for each minigene separately. In this 

case, each minigene had a T7 promoter followed by β-globin 5’UTR, a kozak sequence and a 

ubiquitin site upstream of the minigene sequence and a stop codon and the β-globin 3’ UTR 

with the restriction site of the BsrD1 restriction enzyme in the 3’ end. 

In this case, 200 ng of each construct was used as a template to generate in vitro 

transcribed TMG RNA using the HiScribe T7 ARCA mRNA Kit (with tailing) (New England 

Biolabs) as instructed by the manufacturer. RNA was precipitated using LiCl2 and RNA 

concentration was measured using a NanoDrop spectrophotometer. RNA was resuspended at 

1 µg/mL and stored at -80ºC until use.  
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Peptide synthesis and peptide pulsing
The amino acid sequences of 25-mer peptides, each including one NSMs detected by 

WES were purchased from JPT Peptide Technologies (Berlin, Germany) at crude grade and 

used for the initial in vitro screening of T cells. To validate the reactivities observed in the initial 

screen, we used high-performance liquid chromatography (HPLC)-purified mutant peptides 

and their wild-type counterparts purchased from JPT Peptide Technologies or Thermo fisher 

Scientific (Massachusetts, USA). Autologous APCs (B cells or CD4+ T cells) were harvested, 

washed and resuspended at 2x106 to 5x106 cells/mL in their corresponding media with 5 µg/mL 

or 1 µg/mL for long peptides (13-mer to 25-mer) and minimal epitopes, respectively. Peptide 

pools were used a final concentration of 5 µg/mL per peptide. Long peptides were pulsed 

overnight while minimal epitopes were only pulsed for 2h. After pulsing, APCs were washed 

with PBS, resuspended in T-cell medium and immediately used in co-culture assays. 

HLA identification and minimal epitope pulsing 
HLA haplotypes were inferred from the WES data using the PHLAT algorithm(266). To 

predict candidate minimal epitopes capable of binding to their autologous HLA-I alleles we 

used NetMHCpan version 4.1 (267). 

Co-culture assays: IFN-γ enzyme-linked immunospot (ELISPOT) 
assays and detection of activation marker 4-1BB using flow 
cytometry 

T cells were thawed into T-cell medium supplemented with 3x103 IU IL-2 (Proleukin) 

and DNAse (Pulmozyme, Roche) three to four days before co-incubation with target cells.  All 

co-cultures were performed in the absence of exogenously added cytokines. After 20h of co-

culture, cells were stained with an extracellular panel of human-specific antibodies (Table 

2) for 30 minutes at 4°C, washed with staining buffer containing PI (1:1000) and acquired 

in BD FACSCanto™ or BD FACSLyric™.  In parallel, IFN-γ secretion was detected using 

IFN-γ capture and detection antibodies (MABtech technologies) assessed by ELISPOT assay 

following manufacturer instructions. ELISPOT plates were analyzed and counted in ELISPOT 

reader. For all the assays, plate-bound OKT3 (1 µg/mL; Biolegend) was used as a positive 

control. Media and/or autologous APCs electroporated or pulsed with irrelevant TMG or 

peptides, respectively, were used as negative controls.

For the detection of T-cell responses, from 2x104 to 7.5x104 ex vivo expanded TILs, sorted 

PBLs or enriched populations of tumor-reactive lymphocytes were co-cultured with either 

1.5x105 to 2x105 peptide-pulsed or 3x105-4x105 electroporated autologous APCs (either B cells, 

or CD4⁺ T cells). T-cell reactivities were considered positive if: 1) the number of IFN-γ spots 

were greater than 13 spots and 5 times the amount of the irrelevant control condition or 2) 
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the number of IFN-γ spots were greater than 50 spots and twice the amount of the irrelevant 

control condition. Additionally, reactivities had to be observed in at least two independent 

experiments. Crude peptide preparations were used for screening and the reactivities were 

further confirmed with HPLC-grade peptides. All experiments were performed at least twice. 

Enrichment of tumor-reactive and antigen-specific T lymphocytes
To enrich for tumor-reactive and antigen-specific T cells, either expanded TILs or CD8+ 

and CD4+ PBLs were co-cultured with an autologous TCL or with autologous APCs either 

electroporated with TMGs or pulsed with mutated peptides for 20h. CD3+CD8+ or CD3+CD4+ 

cells expressing 4-1BB or OX40 were sorted in BD FACS Aria™ and expanded using a REP as 

previously specified. The same antibodies used for co-cultures (Table 2) were scaled up and 

used for sorting 4-1BB⁺ or OX40+ T cells.

HLA-I restriction
To determine the HLA restriction element of the peptides recognized, COS-7 cells were 

co-transfected with plasmids encoding the individual HLA molecules and plasmids encoding 

for TMGs using Lipofectamine 2000 (Life Technologies). After resting overnight, cells were 

harvested, washed and used as targets in co-culture assays.

TCR sequencing and PBL transduction
The TCR locus was sequenced by multiplex single-cell RNA sequencing of enriched 

antigen-specific T-cell populations. The samples were multiplexed using TotalSeq™ barcodes. 

Sequencing was carried out in an Illumina NS6000 with an S1 flowcell and v1 chemistry. For 

mapping, quantification and clonotype definitions we used cell ranger multi software (version 

6.1.1 with vdj_GRCh38_alts_ensembl-5.0.0 as reference). Demultiplexing and subsequent 

analysis was done in R using the packages Seurat (version 4.0.3) and scRepertoire (version 

1.3.5); Seurat::HTODemux was run using default parameters to obtain singlets. 

TRA V-J-encoding sequences and TRB V-D-J-encoding sequences were combined 

to sequences encoding the mouse constant TRA and TRB chains, respectively (268). Mouse 

constant regions were modified, as previously described (269,270). The full-length TRB and 

TRA chains were cloned separated by a furin SGSG P2A linker, into pMSGV1 retroviral vector 

(GenScript). The use of the modified mouse TCR constant regions promotes pairing of the 

introduced TCR and also facilitates the identification of positively transduced human T cells 

by flow cytometry using an antibody specific for the mouse TCR-β chain.

To generate transient retroviral-rich supernatants, the retroviral vector MSGV1 

encoding the antigen-specific TCR and the plasmid encoding for the envelope (RD114) were co-
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transfected into the retroviral packaging cell line 293GP cells, which had been plated the day 

prior to transfection, using Lipofectamine 2000 (Life Technologies). Retroviral supernatants 

were harvested at 24 and 48 hours after transfection, centrifuged to discard cell debris and 

diluted 1:1 with DMEM medium (Gibco) and then centrifuged onto retronectin-coated (10 µg/

mL, Takara), non-tissue culture-treated 24-well plates at 2000 g for 2h at 32ºC.  Donor PBMCs, 

which had been activated in T-cell medium supplemented with 50 ng/mL anti-CD3 and 300 

IU/mL IL-2 during 3 days before retroviral transduction, were harvested, added onto the 

plates containing the retrovirus and centrifuged for 10 minutes at 300g. Activated T cells were 

transduced overnight, removed from retronectin-coated plates and further cultured in T-cell 

medium containing IL-2. Cells were typically assayed 10-14 days post-retroviral transduction. 

Media for cell culture and other reagents
T-cell medium comprised a 1:1 mix of RPMI 1640 with L-glutamine (Lonza) and AIM-V 

(Thermo Fisher Scientific) supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, 

12.5 mM HEPES (Thermo Fisher Scientific) and 5% human serum (prepared in-house) without 

cytokines. T-cell medium was supplemented with IL-2 as specified in each section. Staining 

buffer contained PBS supplemented with 0.5% FBS and 2 mM EDTA (Sigma-Aldrich). B-cell 

medium comprised IMDM (Quality Biological Inc.) supplemented with 10% human AB serum 

(processed in-house), 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine and 

200 U/mL IL-4. IFN-γ was purchased from PeproTech.

Correlation and statistical analyses
Correlation analyses were performed by the non-parametric Spearman rank-order 

correlation test. To evaluate statistical significance, Shapiro-Wilk normality test was performed 

and depending on the data distribution, either one-way ANOVA, parametric Tukey's or non-

parametric Kruskal-Wallis, Mann-Whitney or Dunn's multiple comparisons test were used, 

as indicated. Significance was set at p≤0.05. All analyses were performed with GraphPad 

PRISM 8 software and R version 4.2.2 using tableOne package (The R Foundation for Statistical 

Computing, Vienna, Austria). 

Data analysis and visualization
All flow cytometry data were analyzed with FlowJo software v7.6.5 and v10 (Tree Star). 

Data were represented with GraphPad PRISM 8 software and SPICE software, NIH, Bethesda, 

USA.





Results
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1.	 Design of a minimally-invasive strategy to identify and 
isolate neoantigen-specific T cells exclusively using peripheral 
blood

The main goal of this thesis was to investigate the feasibility and reproducibility 

of identifying neoantigen-reactive T cells exclusively using peripheral blood. 

Simultaneously, we also wanted to understand the advantages and limitations of such an 

approach compared to the standard, which relies on candidate neoantigen identification 

from tumor DNA and ex vivo expansion of TILs to detect neoantigen-reactive T cells.   

To this end, we conceived the strategy depicted in Figure 14 which consisted in: (1) the 

identification of tumor NSMs by performing WES of cfDNA and comparison to the 

standard source, TuBx DNA, (2) the biomarker-guided isolation of circulating T-cell 

populations as well as obtention of ex vivo expanded TILs and (3) subsequent screening 

of the T-cell populations for neoantigen recognition. 

Figure 14. Schematic representation of the personalized strategy used to identify and isolate neo-
antigen-specific T lymphocytes from peripheral blood of patients with epithelial cancers. Tu-
mor biopsies and leukapheresis or blood samples were obtained from each cancer patient included in 
the study. Tumor biopsies were used to isolate TuBx DNA and to expand TILs. Either leukapheresis or 
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All cancer patients included in the study had metastatic solid tumors that 

progressed on chemotherapy and/or radiotherapy but were immunotherapy naïve. 

From each patient included (n=10), we received a tumor biopsy that was used to 

isolate TuBx DNA and to ex vivo culture and expand TILs. We also received either 

a leukapheresis or a peripheral blood sample that was used to isolate PBMCs and 

extract normal DNA. In addition, for six of ten patients, a plasma sample was 

collected from which cfDNA was extracted. This enabled us to study and compare 

candidate neoantigen identification in cfDNA and TuBx DNA in a total of six patients.  

Moreover, we explored the detection of neoantigen-reactive PBLs and TILs in all ten 

patients.

To detect putative neoantigens, we performed WES of cfDNA and of 

TuBx DNA and compared to matched DNA from non-malignant PBMCs to  

identify putative tumor NSMs (Figure 14.1). Thereafter, minigenes encoding for the 

NSMs detected were synthesized. Briefly, each 25-mer minigene encoded for one NSM 

identified by WES flanked by 12 amino acids of the wild-type sequence on each side. 

Up to 25 minigenes were concatenated to generate each TMG and multiple TMGs were 

designed and constructed to encode for all or a selection of NSMs identified. Additionally,  

25-mer peptides were synthesized and grouped into PPs matching the composition 

of the TMGs (i.e. PP-1 contained the same 25-mers as those encoded by TMG1).  

In some cases, we also generated a minimal epitope pool (MEP) composed of the top 30 

best peptides predicted to bind to the patient HLA alleles based on NetMHCPan4.0. 

In parallel, we expanded TIL lines from independent tumor fragments derived 

blood samples were used to isolate PBMCs and extract genomic DNA. Plasma samples were collected 
for a fraction of patients and were used for cfDNA extraction. (1) To identify tumor NSMs, WES of TuBx 
DNA, cfDNA and normal DNA was performed. In the cases where we were able to isolate RNA from tu-
mor biopsies, we also performed RNA sequencing. Somatic mutations detected in TuBx DNA, cfDNA or 
in both DNA sources were used to design and generate TMGs. Synthetic peptides were purchased and 
pooled together to generate PPs. (2a) Tumor biopsies were cut in tumor fragments and cultured sepa-
rately in high dose IL-2 to expand TILs. (2b) In parallel, CD8+ and CD4+ T-cell populations were isolat-
ed from circulation based on the differential expression of PD-1 alone or in combination with selected 
cell-surface markers including CD27, CD38, CD39, HLA-DR and 4-1BB by FACS (PD-1-, PD-1dim, PD-1hi, 
PD-1-marker X-, PD-1-marker X+, PD-1dimmarker X-, PD-1dimmarker X+, PD-1himarker X-, PD-1himarker X+). 
T cells were ex vivo expanded for 14 days using REP. (3) The sorted subpopulations and TILs were test-
ed for neoantigen recognition via a co-culture with autologous B cells electroporated or pulsed with 
TMGs and PPs, respectively. Tumor recognition was assessed 20h later by measuring the upregulation 
of the activation markers 4-1BB or OX40 on CD8+ or CD4+ T cells by flow cytometry, and by measuring 
IFN-g production using an IFN-g ELISPOT assay.
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from one tumor biopsy (Figure 14.2a) and we sorted circulating T lymphocytes 

from peripheral blood based on the differential expression of selected biomarkers 

and expanded them in vitro using a REP (Figure 14.2b). To test whether the sorted 

circulating T-cell populations or ex vivo expanded TILs were capable of recognizing 

neoantigens, autologous ex vivo expanded B cells expressing the patient-specific HLA-I 

and HLA-II molecules, were used as target cells. B cells were either electroporated 

with TMGs or pulsed with PPs or MEP. Thereafter, these autologous B cells 

potentially presenting neoantigens were co-cultured with circulating T-cell subsets  

or expanded TILs to evaluate neoantigen recognition (Figure 14.3). T-cell responses were 

assessed by measuring the secretion of IFN-γ and the upregulation of activation cell-

surface markers by flow cytometry (i.e. 4-1BB for CD8+ and 4-1BB or OX40 for CD4+ T cells).  

Whilst IFN-γ ELISPOT is a highly sensitive technique capable of detecting very 

infrequent T-cell responses, flow cytometric analysis measures activation regardless of 

the specific cytokine released and can distinguish between CD8+ or CD4+ reactivities. 

 Thus, both readouts were used to better characterize the T-cell responses.

2.	WES of cfDNA identifies putative tumor NSMs in patients 
with epithelial cancers

We first evaluated the potential of cfDNA as a source to identify putative tumor 

NSMs. To this end, we extracted cfDNA from plasma samples of six cancer patients with 

distinct epithelial tumors, including breast and H&N cancer and CRC (Table 4). 

Patient Cancer type Concentration
(ng/ml)

Number of
NSMs in

cfDNA only
(%)

Number of
NSMs in

TuBx only (%)

Number of
NSMs in TuBx
and cfDNA (%)

GOI-01 Breast 14.04 87 (46.28%) 31 (16.49%) 70 (37.23%)

GOI-02 Breast 6 86 (43.22%) 111 (55.78%) 2 (1.01%)

GOI-03 H&N 11.8 55 (23.81%) 176 (76.19%) 0 (0%)

GOI-04 H&N 18.8 73 (70.19%) 16 (15.38%) 15 (14.42%)

GOI-05 CRC 10.2 535 (20.60%) 721 (27.76%) 1341 (51.64%)

GOI-08 CRC 6.2 144 (37.99%) 130 (34.30%) 105 (27.70%)

Table 4. Number of NSMs detected by WES of distinct sources of DNA 
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The amount of cfDNA extracted from plasma varied among patients, ranging from 

6 to 18.8 ng/mL. We next performed WES of matched cfDNA and TuBx DNA and compared 

the NSMs identified in the two DNA sources. WES of cfDNA identified a variable number 

of somatic NSMs in all evaluated patients, ranging from 55 to 1876 and representing 

from 23.81% to up to 84.61% of the total NSMs identified in each patient (Figure 15; Table 

4). Importantly, all patients except for GOI-03 contained mutations that were shared 

between cfDNA and TuBx DNA, validating that at least a fraction of the NSMs detected in 

cfDNA derived from tumor. The frequency of shared NSMs between cfDNA and TuBx DNA 

was highly variable and differed from 0% to 51.64% of the total NSMs identified (Figure 15; 

Table 4). Of note, in some patients we detected more somatic mutations in cfDNA than in 

TuBx DNA. Although this could be indicative of sequencing artifacts, which has previously 

been reported (271,272), it is also compatible with our hypothesis that WES of cfDNA 

could potentially capture tumor heterogeneity, detecting somatic mutations expressed 

either in other regions of the same tumor or in other tumor lesions. Overall, these results 

suggest that cfDNA is a viable source to identify putative neoantigens and the number of 

mutations is highly variable from patient to patient. 
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Figure 15. Frequency of NSMs detected in the distinct sources of tumor DNA in the six epithelial 
cancer patients studied. Three categories of mutations were defined: 1) NSMs shared: those identified 
both in TuBx and cfDNA, 2) NSMs TuBx: those uniquely identified in TuBx DNA and 3) NSMs cfDNA: 
those uniquely identified in cfDNA. (A) Frequency of NSMs shared, only detected in cfDNA or only 
detected in TuBx DNA in each of the six patients analyzed. The absolute number of mutations of each 
category is depicted in the bars. (B) Venn diagram showing the absolute number of NSMs detected 
only in cfDNA, only in TuBx or shared between the two DNA sources. The number of NSMs from each 
category is the sum of the NSMs detected in each of the patients analyzed. 
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2.1.	 Generation of TMGs and PPs of candidate neoantigens for 
immunological screenings

As explained in section 1, we wanted to evaluate the ability of sorted circulating 

T cells and expanded TILs to recognize neoantigens. To this end, we used WES from 

TuBx DNA and, when available, cfDNA to identify tumor-specific NSMs and subsequent 

candidate neoantigens of the ten patients included in the study. 

The total number of candidate neoantigens varied widely among patients and 

tumor types, ranging from 27 to 1068 NSMs (Table 5). Using the aforementioned TMG 

and PP strategy, we were able to interrogate all candidate neoantigens in seven out of 

ten patients studied but not in the three CRC patients (i.e. GOI-05, GOI-06 and GOI-08), 

which harbored over 300 mutations (Table 5). This is due to TMG and PP screening cost 

and sample limitations. For these patients with such high mutational load, 205, 182 and 

254 candidate neoantigens, respectively, were prioritized based on binding affinity to the 

corresponding HLA alleles and were included in TMGs and PPs. 

In patient GOI-07 in which WES of TuBx DNA only detected 27 NSMs, cancer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Patient Tumor 
type

Total 
somatic  

NSMs

Candidate
neoantigens
evaluateda

Number of candidate 
neoantigens in Cancer

Germline
antigens
testedb

Minigenes
/25-mers
included

in
TMGs/PPs

TMG
and 
PP

generated
cfDNA

only
TuBx
only

TuBx&
cfDNA

TCL 
only

GOI-01 Breast 154 133 33 28 72 n.e. - 16-17 8

GOI-02 Breast 157 118 31 86 1 n.e. - 14-15 8

GOI-03 H&N 192 191 24 167 0 n.e. - 16-21 10

GOI-04 H&N 62 64 33 15 16 n.e. - 13-20 4

GOI-05 CRC 1068 226 0 130 96 n.e. - 16-21 11

GOI-06 CRC 1302 182 n.e. 182 n.e. n.e. - 2-21 11

GOI-07 Ovarian 27 23 n.e. 20 n.e. 3 16 11-12 2

GOI-08 CRC 381 255 60 51 144 n.e. - 10-25 12

GOI-09 Chordoma 44 50 n.e. 50 n.e. n.e. - 16-17 3

GOI-10 Chordoma 71 77 n.e. 77 n.e. n.e. - 12-22 4

aEpitopes were selected for screening as explained in detail in Methods. bCancer germline antigens were selected
based on their gene transcript expression level (>30% gene percentile) assessed by RNA sequencing. n.e. not evaluated

Table 5. Information of somatic NSMs detected, candidate neoantigens or cancer germline antigens
evaluated, and the reagents generated to screen for T-cell recognition in all cancer patients studied
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 germline antigens were also included in the T-cell screening to increase the probabilities 

of detecting T-cell responses against tumor antigens. In total, 16 cancer germline antigens 

were selected based on their gene transcript expression level (i.e. >30% gene percentile) 

as assessed by tumor RNA sequencing (Appendix Table 1). The autologous TCL of patient 

GOI-07 was also derived in our laboratory and was subsequently included in the screening 

to evaluate the tumor reactivity of circulating T-cell subsets and expanded TILs. 

3.	Phenotypic characterization of PBLs from cancer patients 
and healthy donors

As mentioned in the introduction, the persistent exposure of T cells to their cognate 

antigen during chronic infection and cancer induces, among many other pathways, the 

continuous co-expression of co-stimulatory and co-inhibitory receptors leading T cells 

into a dysfunctional state (51). This differential expression of certain biomarkers has been 

explored to identify neoantigen-specific or tumor-reactive TILs. Phenotypic studies of 

TIL infiltrating different cancer types have shown that CD8+ T cells frequently display 

co-expression of multiple biomarkers associated with activation/exhaustion and some of 

them have been demonstrated to be preferentially expressed by neoantigen-specific TILs 

(73,74,138,191,192,195,196). Although there are also reports of biomarkers, such as PD-1 

expression or T-cell effector memory markers, that can be used to enrich for circulating 

neoantigen-specific T cells (153,154,273), their frequency following biomarker selection is 

still low. Thus, we reasoned that by combining the expression of multiple biomarkers we 

could improve the selection efficiency of circulating neoantigen-specific T cells. 

3.1.	 T cells expressing high levels of PD-1 co-express cell-surface 
receptors associated with activation and/or exhaustion 

We wanted to explore and better define what cell-surface receptors could better 

distinguish circulating tumor- and neoantigen-reactive T cells from irrelevant cells. 

For this, we phenotypically characterized circulating T lymphocytes from a cohort of 

24 patients with different epithelial tumors that had received on average 1.6 lines of 

treatment but were immunotherapy naïve and compared them with circulating CD8+ and 

CD4+ T cells from healthy individuals. We reasoned that cell-surface markers that were 

preferentially co-expressed in cancer patients could be good candidates to further explore 

their ability to enrich for tumor reactivity.  
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We previously reported PD-1 as a biomarker that could guide the enrichment of 

circulating T cells capable of recognizing neoantigens (152,153). Because of this, we 

stratified CD4+ and CD8+ T cells into three populations based on PD-1 expression levels: 

cells lacking PD-1 expression (PD-1-) and cells expressing intermediate (PD-1dim) or high 

(PD-1hi) levels of PD-1 (defined as the top 2% of PD-1-expressing cells). The frequency 

of CD8+ and CD4+ T cells expressing PD-1hi in cancer patients and healthy donors only 

represented a minor fraction of the total pool of CD8+ and CD4+ T cells ranging from 

0.27%-1.36%±0.26 and from 0.37-1.48%±0.27, respectively (Figure 16A). 
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Figure 16. Phenotypic characterization of circulating T cells in cancer patients. CD8+ and CD4+ 
PBLs were stratified in three populations based on PD-1 expression into PD-1-, PD-1dim and PD-1hi. (A) 
Box plot showing the mean ± SD of the frequency of CD8+ and CD4+ T cells of cancer patients (P) and 
healthy donors (H) expressing high (PD-1hi) or intermediate (PD-1dim) levels of PD-1 or not expressing 
PD-1 (PD-1-). (B) Frequency of CD8+ (top) and CD4+ (bottom) T cells expressing the selected cell-surface 
 markers CD27, CD38, CD39, HLA-DR, LAG-3 and ICOS within the three PD-1-expressing populations. 
Statistical significance was analyzed by unpaired non-parametric Dunn’s multiple comparisons test. 
*p<0.05, **p<0.001, ***p<0.0001; ns, not significant. 

 

 

 

 



100

Next, we measured the cell-surface expression of biomarkers known to be associated with 

T-cell activation/exhaustion in the context of chronic infection and cancer including co-

stimulatory (CD27 and ICOS) and co-inhibitory (LAG-3) receptors, markers of activation 

(CD38 and HLA-DR) and the ectoenzyme involved in adenosine production (CD39) within 

the PD-1-, PD-1dim and PD-1hi T-cell populations.

In cancer patients, the expression of the selected biomarkers was significantly 

higher in CD8+ and CD4+ PD-1hi T-cell subsets compared to PD-1dim and PD-1-, except 

for CD27 in CD4+ T cells in which the highest expression was observed in the PD-1- 

population (Figure 16B). We also determined the co-expression pattern of four of the 

biomarkers studied (i.e. CD27, CD38, CD39 and HLA-DR) within the three populations 

stratified based on PD-1 expression by performing Boolean gating analysis. While the 

cumulative frequency of T cells co-expressing three or four markers accounted for 

27.54% and 16.85% of CD8+ and CD4+ PD-1hi T cells, respectively, it did not exceed 4% 

of CD8+ and CD4+ PD-1dim and PD-1- T-cell populations (Figure 17; Appendix Table 2).  
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Figure 17. Co-expression profile of CD27, CD38, CD39 and HLA-DR according to PD-1 expression 
levels in CD8+ and CD4+ PBLs of cancer patients and healthy donors. Boolean analysis of co-ex-
pression were performed after stratifying CD8+ and CD4+ T cells in three populations based on PD-1 
expression levels (i.e. PD-1-/dim/hi). Boolean analysis was imported into SPICE for final data analysis and 



101

R
es

ul
ts

Thus, although CD8+ and CD4+ PD-1hi T cells represent a small fraction of all circulating 

lymphocytes, this subset accumulated higher levels of co-inhibitory/co-stimulatory 

receptors as compared to the PD-1dim and PD-1- populations and exhibited the highest 

frequency of T cells co-expressing three or four of the biomarkers studied. 

Next, we also compared the expression level and co-expression profile of the 

selected biomarkers in CD8+ and CD4+ T cells according to their PD-1 expression level 

in cancer patients and healthy individuals. As in cancer patients, CD8+ and CD4+ PD-1hi 

T-cell subsets from healthy donors also contained the highest frequency of T cells co-

expressing three or four markers compared to PD-1dim and PD-1- populations (Figure 

17). Nevertheless, when comparing the co-expression pattern of the four biomarkers 

in the CD8+ and CD4+ PD-1hi of healthy individuals and cancer patients, substantial 

differences were observed. While cumulative frequency of T cells co-expressing three 

or four markers in cancer patients accounted for 27.54% and 16.85% of CD8+ and CD4+ 

PD-1hi T cells, respectively, it only represented the 6.06% and 2.2% of CD8+ and CD4+ 

PD-1hi T cells in healthy individuals (Figure 17; Appendix Table 2). When we looked at 

the relative increase in the frequency of each population in cancer patients compared 

to healthy individuals, we observed that multiple T-cell subsets co-expressing two, 

three or four biomarkers were more represented in cancer patients (Figure 18).  

More specifically, the populations that were more significantly increased in CD8+ and 

CD4+ T cells from cancer patients were expressing CD39 and CD38. Moreover, in the case 

of CD8+ PBLs, the population co-expressing these two biomarkers together with HLA-DR 

was also significantly increased in cancer patients. 

Altogether, despite their paucity, circulating CD8+ and CD4+ PD-1hi PBLs 

populations in cancer patients showed an overall upregulation of biomarkers typically 

associated with T-cell activation and dysfunction and a unique co-expression profile that 

was clearly different from that observed in the other populations defined by the PD-1 

expression level. This profile was also different from that observed in healthy individuals.  

Thus, these results prompted us to study the neoantigen or tumor reactivity of circulating 

T-cell subsets expressing a combination of these cell-surface receptors in more detail.   

visualization. Pie charts display the frequency of the distinct subpopulations expressing 0, 1, 2, 3 and 4 
of the cell-surface markers studied. The expression of each specific cell-surface receptor is represented 
by the arcs depicted around the pie chart.
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Figure 18. The frequency of CD8+ and CD4+ T-cell populations, generally co-expressing three or 
four biomarkers, is increased in cancer patients compared to healthy individuals. Volcano plot 
showing the relative increase in the frequency of PD-1-, PD-1dim and PD-1hi in CD8+ and CD4+ lympho-
cytes displaying the co-expression patterns in cancer patients compared to healthy donors.

3.2.	 Isolation of circulating T-cell subsets based on the expression 
of activation/exhaustion biomarkers

The identification of neoantigen-specific T lymphocytes from the peripheral 

blood of cancer patients is particularly difficult because their frequency in circulation 

is relatively low (151,160). To overcome this limitation, we selected circulating T-cell 

subpopulations expressing selected biomarkers to increase the odds of detecting them.  

Based on our own experiments and the literature, the biomarkers we decided to 

pursue were CD27, CD38, CD39, HLA-DR and 4-1BB in combination with PD-1 

(138,192,273–275). The selected T-cell populations were expanded ex vivo for 14 days  

and used in immunological screenings to evaluate their reactivity to tumor antigens 

including neoantigens and, in one case, cancer germline antigens. When available, we also 

evaluated the reactivity against the autologous TCL. 

In order to isolate CD8+ and CD4+ PBLs, we used the gating strategy depicted in 

Figure 19. We set an initial gate on total lymphocytes based on their size and complexity. 
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After gating on single and live cells, we gated on CD3+ and subsequently on CD8+ and 

CD4+. Thereafter, within CD3+CD8+ and CD3+CD4+ cells, we set the gates needed for 

sorting specific populations based on the differential expression of PD-1 and the 

selected biomarkers. Hence, CD8+ and CD4+ T cells were sorted into three populations 

based on PD-1 expression levels as performed for the phenotypic analysis: cells 

lacking PD-1 expression (PD-1-) and cells expressing intermediate (PD-1dim) or high 

(PD-1hi) levels of PD-1. In this case, PD-1hi cells were defined as the top 1.5% of PD-

1-expressing cells as we wanted to be more restrictive at the time of cell sorting.  

Finally, T cells were also sorted based on PD-1 expression in combination with CD27, CD38, 

CD39, HLA-DR and 4-1BB. For some patients, we also sorted CD8+ and CD4+ T cells based 

on the expression of CD39 alone (i.e. CD39+/CD39-). In total, up to 35 CD8+ and 35 CD4+ 

T-cell subpopulations were sorted from peripheral blood and subsequently expanded 

using a REP. These T cells were then used in immunological screenings to evaluate T-cell 

responses as explained in section 1. 
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Figure 19. FACS of CD8+ and CD4+ T-cell populations from peripheral blood of cancer pa-
tients. Representative flow cytometry dot plots displaying the gating strategy used for sort-
ing CD8+ and CD4+ PBLs from cancer patients based on the expression of PD-1 (i.e. PD-1-/dim/hi), 
CD39 (CD39+/-) or the co-expression of PD-1 with CD27+/-, CD38+/-, CD39+/-, HLA-DR+/- and 4-1BB+/-.  
Following cell separation, cells were expanded for 14 days through a REP. The gates used for sorting  
lymphocytes with either unique or combined expression of markers are displayed in different colors. 
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4.	Functional screening for neoantigen recognition of an 
extensive panel of sorted circulating T-cell subsets 

To evaluate whether we could improve the enrichment of CD8+ and CD4+ 

circulating neoantigen-specific T cells by biomarker-based sorting beyond the enrichment 

obtained with PD-1 alone (152,153), we isolated an extensive number of circulating T-cell 

subpopulations following the gating strategy shown in section 3.2 and evaluated their 

ability to recognize neoantigens by immunological screenings. These analyses were 

performed with circulating T lymphocytes from three patients with metastatic tumors: 

one patient with breast cancer (i.e. GOI-01) and two patients with H&N cancer (i.e. GOI-

03 and -04). 

Table 6 summarizes the number of T-cell subsets sorted from peripheral blood, 

NSMs identified and the corresponding TMGs and PPs generated to investigate the 

reactivity to all NSMs identified for each of the patients analyzed. T-cell subsets 

and TILs were co-cultured with autologous APCs modified to express candidate 

neoantigens and T-cell responses were assessed by measuring IFN-γ release by 

ELISPOT and upregulation of the activation marker 4-1BB (for CD8+ and CD4+)  

and OX40 (for CD4+) by flow cytometry. If CD8+ or CD4+ neoantigen reactivities were 

detected, neoantigen-reactive T cells were enriched by FACS to better characterize the 

specificity of the reactive cells.

Patient Cancer
type

Biomarker-based
sorted T-cell
subsets from

leukapheresis

Total 
number of
putative

neoantigens
screenedª

Putative
neoantigens screened Number of

TMG
and PP

synthesizedcfDNA
only

TuBx
DNA
only

TuBx
DNA &
cfDNACD8+ CD4+

GOI-01 Breast 33 33 133 33 28 72 8

GOI-03 H&N 35 35 191 24 167 0 10

GOI-04 H&N 35 35 64 33 15 16 4

Table 6. Reagents generated to screen for neoantigen reactivities in selected cancer patients

aPutative NSMs were defined by: minimum coverage of 10 reads, minimum four variant reads, greater 
than 3% VAF and supported by at least one variant caller for indels or two variant callers for SNVs. 
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4.1.	 Identification of circulating neoantigen-specific T cells in a 
patient with metastatic breast cancer 

The first patient studied was GOI-01, a patient with metastatic ER+PR-HER2- breast 

cancer. We sorted 33 CD8+ and 33 CD4+ T-cell subpopulations from peripheral blood that 

were in vitro expanded and tested for neoantigen recognition (Table 6). WES of TuBx 

DNA and cfDNA identified a total of 133 NSMs. All NSMs were synthesized as minigenes 

or 25-mer peptides and concatenated to generate eight TMGs or grouped into eight PPs. 

Additionally, a MEP containing the 30 minimal epitopes with the highest binding score 

for the patient’s HLA alleles according to NetMHCPan4.0, was generated and included in 

the functional immunological screening. 

4.1.1.	 Co-expression of PD-1hi with CD27, CD39, HLA-DR or 
lacking 4-1BB expression identifies CD8+ circulating neoantigen-
specific T cells in patient GOI-01
Figure 20 shows the results of the functional screening of 33 CD8+ PBL subsets 

sorted and expanded from patient GOI-01 upon co-culture with autologous B cells 

expressing neoantigens. The upper, medium and lower panels depict the results of 

PD-1hi, PD-1dim and PD-1- T-cell populations, respectively. As previously mentioned,  

T-cell activation was measured by the secretion of IFN-γ (left panels) and the 

upregulation of 4-1BB by flow cytometry (right panels). We detected neoantigen-

specific CD8+ T cells recognizing a mutated peptide encoded by TMG1 and included in 

the MEP in distinct circulating T-cell subsets, all expressing PD-1hi either alone or co-

expressed with CD27, CD39, HLA-DR, or negative for 4-1BB expression (Figure 20, top).  

Although we observed that CD8+ PD-1dimCD39+ recognized TMG7, this reactivity 

was not reproducible and, thereby, was not considered a positive hit. Thus, no 

reactivities were observed in any of the PD-1dim nor PD-1- CD8+ PBL subsets (Figure 

20, middle and bottom). Of note, based on the upregulation of the activation 

 marker 4-1BB by flow cytometry, the frequency of neoantigen-specific T cells within each 

subpopulation varied notably (Figure 20, right). The population co-expressing PD-1hi 

and CD39 showed the greatest frequency of neoantigen-reactive lymphocytes with up to 

33.4% and 40% of CD8+ 4-1BB+ cells after co-culture with B cells electroporated with TMG1 

RNA or pulsed with the MEP, respectively. 
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Figure 20. Screening of CD8+ PBL subsets for neoantigen recognition. Autologous B cells electro-
porated with TMGs encoding for neoantigens or pulsed with a MEP were co-cultured with the 33 CD8+ 
T-cell populations sorted from peripheral blood of patient GOI-01. After 20h, T-cell responses were 
evaluated by measuring the number of IFN-g spots using IFN-g ELISPOT (left) and upregulation of 
4-1BB by flow cytometry analysis (right). Data is representative from two independent experiments.

  To identify the mutated peptide/s encoded in TMG1 recognized by CD8+ T cells, 

we performed deconvolution assays with the TMG1-reactive T-cell populations. Briefly, 

T-cell subsets containing TMG1-reactive cells were co-cultured with autologous B cells 

pulsed with individual 25-mer peptides included in TMG1/PP-1. As observed in Figure 

21, all T-cell populations containing TMG1-reactive T cells recognized the same 25-

mer (i.e. PP-1-12) encoding for the mutated peptide KIAA1524p.S57I. CD8+ PD-1hiHLA-DR+ 

also showed recognition of an additional mutated peptide encoded by TMG1/PP-1 (i.e. 

CDH24p.G59W) but this reactivity was not confirmed when testing for reactivity to the high-

performance liquid chromatography (HPLC) purified version of the mutated peptide. 
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Figure 21. CD8+ T-cell populations reactive against TMG1 and MEP recognize a neoantigen de-
rived from KIAA1524p.S57I identified by WES of TuBx DNA and cfDNA. To determine the mutation 
specifically recognized, 25-mer peptides encoding the individual NSMs contained in TMG1 were 
independently pulsed onto autologous B cells at 5 µg/mL overnight. B cells were then washed and  
co-cultured with the CD8+ T-cell subsets that previously showed reactivity against TMG1. After 20h, 
T-cell responses were evaluated by measuring IFN-γ production and upregulation of 4-1BB by flow cy-
tometry as indicated in the x axis. The specific mutated protein and amino acid change are annotated.  
Autologous B cells pulsed with an irrelevant PP and anti-CD3 were used as negative and positive  
controls, respectively. Data is representative from two independent experiments.

 

 

 

 

 

Overall, T cells expressing PD-1hi, either alone or in combination with CD27, CD39, HLA-

DR or T cells expressing PD-1hi but not 4-1BB enriched for CD8+ neoantigen-specific T cells 

from peripheral blood of patient GOI-01. 

4.1.2.	 Characterization of neoantigen-specific T-cell responses 
in CD8+ PBLs
We next characterized the neoantigen specificity of the CD8+ T-cell response 

detected in the CD8+ PD-1hiCD39+ population, containing the greatest frequency of 

neoantigen-reactive T cells and compared to the CD8+ PD-1hi population. To this end, we 

enriched for KIAA1524p.S57I-specific lymphocytes from both populations by FACS of 4-1BB
+ 

T lymphocytes after co-culture with autologous B cells pulsed with KIAA1524p.S57I 9-mer, 
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which was included in the MEP and expanded them in vitro through a REP.

We used this strategy to prevent loss of neoantigen recognition, which can 

sometimes occur after long-term culture of T cells, particularly if cells are expanded 

through a REP with non-specific stimulation. 

Figure 22 shows the 4-1BB expression before and after sorting CD8+ 4-1BB+ T cells 
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Figure 22. Enrichment and characterization of CD8+ PD-1hi and CD8+ PD-1hiCD39+ T cells reac-
tive against KIAA1524p.S57I. (A) KIAA1524p.S57I-reactive T cells detected in the PBL CD8+ PD-1hi and CD8+ 
PD-1hiCD39+ subpopulations were enriched by FACS based on 4-1BB expression after a 20h co-culture 
with B cells pulsed with KIAA1524p.S57I mutated peptide. Cells were expanded ex vivo for 14 days. Plots 
show gates used for 4-1BB+ sorting (left) and the frequency of 4-1BB expression on CD8+ T cells fol-
lowing co-culture with autologous B cells pulsed with KIAA1524p.S57I mutated peptide after expansion 
(right). Autologous B cells pulsed with the wild-type version of KIAA1524p.S57I peptide were used as neg-
ative control of T-cell activation. (B) Reactivity of enriched KIAA1524p.S57I-specific T-cell populations 
derived from PBL CD8+ PD-1hi (left) and CD8+ PD-1hiCD39+ (right) to B cells pulsed with serial dilutions 
of the wild-type (KIAA1524p.S57wt) or mutant (KIAA1524p.S57I) peptides. T-cell reactivity was evaluated by 
measuring upregulation of 4-1BB expression after 20h. (C) To determine the HLA restriction element, 
COS7 cells were co-transfected with the indicated individual HLA-I alleles and TMG1 encoding for  
KIAA1524p.S57I and were co-cultured with the enriched populations from (A). T-cell activation was as-
sessed by measuring upregulation of 4-1BB by flow cytometry. Data from (B-C) is representative from 
two independent experiments.
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upon co-culture with autologous B cells pulsed with the mutated KIAA1524p.S57I 

minimal epitope. After selection and expansion of 4-1BB-sorted cells, the frequency of  

KIAA1524p.S57I–reactive cells within CD8+ PD-1hi and CD8+ PD-1hiCD39+ T-cell populations 

increased from 0.19% and 8.95% to 98.4% and 86.9%, respectively, indicating 

successful enrichment of neoantigen-reactive T cells (Figure 22A). Importantly,  

KIAA1524p.S57I–reactive CD8+ T cells specifically recognized the mutated version of 

KIAA1524p.S57I peptide but not the wild-type counterpart (Figure 22B) and its recognition 

was restricted to HLA-B*40:01 (Figure 22C). The circulating neoantigen-reactive T cells 

were capable of detecting down to 0.1 ng/mL of peptide, supporting a high avidity for 

neoantigen recognition.

4.1.3.	 Identification of KIAA1524p.S57I -specific TCRs from CD8+ 
PD-1hi and PD-1hiCD39+ PBLs
In order to further study the diversity and magnitude of the KIAA1524p.S57I  response 

in the CD8+ PD-1hiCD39+ and CD8+PD-1hi PBLs of patient GOI-01, we aimed to evaluate the 

TCR repertoire and isolate and clone the TCRs specific for KIAA1524p.S57I in these two different 

populations. For this, we performed single-cell RNA sequencing of the neoantigen-specific 

CD8+ T-cell populations enriched by FACS. These analyses revealed multiple dominant 

TCR clonotypes in the KIAA1524p.S57I-reactive PD-1hi and PD-1hiCD39+ PBL subsets (Figure 

23A). Interestingly, only one TCR was shared between the two populations, which was 

the most frequent TCR in both of them (i.e. TRB-CDR3-CASSVTGGTAYEQYF). To evaluate 

whether the TCRs identified displayed specific recognition of KIAA1524p.S57I, we cloned the 

top four and three most dominant αβ TCR pairs detected in the KIAA1524p.S57I–enriched 

CD8+ PD-1hiCD39+ or CD8+PD-1hi PBLs, respectively, into a retroviral vector that was then 

used to transduce PBLs with each of the TCRs. Each TCR was constructed using the murine 

TRA and TRB constant region to reduce mispairing of the endogenous TCR and enabling 

us to specifically track the TCR-transduced cells using an anti-mouse TRB antibody. 

As shown in Figure 23B, all evaluated TCRs recognized the mutated KIAA1524p.S57I 

peptide, but not the wild-type counterpart. These results confirmed that all the different 

clonotypes identified were neoantigen-specific, highlighting the polyclonal nature of 

both KIAA1524p.S57I-specific CD8
+PD-1hi and CD8+PD-1hiCD39+ populations isolated from 

peripheral blood. 



110

KIAA1524p.S57I

CD8⁺ PD-1hi 4-1BB+ vs. CD8⁺ PD-1hi CD39+ 4-1BB+ vs. 

#1 CASSVTGGTAYEQYF (92.25%)
#2 CASSQVGGNTEAFF (3.87%)
#3 CASSQVGGDTEAFF (3.23%)
Others (0.65%)

#1 CASSVTGGTAYEQYF (32.66%)
#2 CASSPLRQAGDLTQYF (27.82%)
#3 CASSHDRGQPQHF (18.58%)
#4 CASSPDRGQPQHF (11.26%)
Others (9.68%)

KIAA1524p.S57I

CD8+PD-1hi/
PD-1hiCD39+

CD8+PD-1hi

CD8+

PD-1hiCD39+

1 μg/ml 9-mer
KIAA1524

0
20
40
60
80

100

0
20
40
60
80

100

WT MUT
0

20
40
60
80

100

WT MUT WT MUT
0

20
40
60
80

100

WT MUT
0

20
40
60
80

100

WT MUTWT MUT
0

20
40
60
80

100

%
4-

1B
B+

(o
f C

D3
+ m

TC
R+ )

A

B

#1 CASSVTGGTAYEQYF 

#2 CASSPLRQAGDLTQYF 
#3 CASSHDRGQPQHF 
#4 CASSPDRGQPQHF

#2 CASSQVGGNTEAFF 
#3 CASSQVGGDTEAFF 

Figure 23. Single-cell RNA sequencing of CD8+4-1BB+ neoantigen-specific lymphocytes identified 
multiple dominant TCRs reactive against KIAA1524p.S57I peptide in breast cancer patient GOI-01. 
(A) Pie charts show the frequency of the most dominant TCRs identified by single-cell RNA sequenc-
ing of neoantigen-reactive T-cell populations enriched from CD8+ PD-1hi (left) and PD1hiCD39+ (right) 
T-cell subsets. (B) Reactivity of gene-engineered PBLs with dominant KIAA1524p.S57I -specific candidate 
TCRs. Frequency of 4-1BB+ cells gated on CD3⁺mTCR⁺ after 20h co-culture with B cells pulsed with the 
mutated and wild-type minimal epitope of KIAA1524p.S57I. Sequences of the CDR3 locus of the TCR-β 
chain of each TCR are annotated. Data from (B) is representative from two independent experiments.

4.1.4.	 CD4+ PBL subsets co-expressing PD-1hi and CD39+/- 
contained neoantigen-specific T cells in patient GOI-01
We also investigated whether CD4+ T-cell subsets isolated from the 

peripheral blood of patient GOI-01 harbored neoantigen reactivities by applying 

the same strategy used to identify neoantigen-specific CD8+ T cells explained in 

section 1 and at the beginning of section 4. We observed that of the 33 PBL subsets 

isolated from GOI-01, the CD4+PD-1hi T cells expressing different levels of CD39 

(i.e. PD-1hiCD39+ and PD-1hiCD39-) contained neoantigen-reactive T cells against 

PP-2 and PP-4, respectively, as shown by the secretion of IFN-γ (Figure 24, top).  
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Figure 24. PD-1hi CD39+/- CD4+ PBL subsets contained neoantigen-specific T cells recognizing two 
distinct neoantigens in breast cancer patient GOI-01. Autologous B cells pulsed with PP encoding 
for neoantigens were co-cultured with the 33 CD4+ T-cell populations sorted from peripheral blood of 
patient GOI-01. After 20h, T-cell responses were evaluated by measuring the number of IFN-γ spots 
using IFN-γ ELISPOT assay (top) and the upregulation of 4-1BB by flow cytometry analysis (bottom). 
Data is representative from two independent experiments. 

 

 

However, the reactivities were not above the detection level when using 4-1BB  

upregulation as a read-out, at least using such small number of effector cells, suggesting 

these reactivities were rare (Figure 24, bottom). CD4+ PD-1hi T cells did not show recognition 

of any neoantigen tested. Moreover, in line with the results of CD8+ T cells, no reactivities 

were detected neither in PD-1dim nor in PD-1- CD4+ T-cell populations (Appendix Figure 1).

Next, we enriched for PP-reactive T cells. Although, according to our screening, 

expression of 4-1BB on the reactive T-cell subsets was rare, we were able to sort and 

expand 4-1BB+ T cells after co-culture with PP-pulsed autologous B cells as explained in 

section 4.1.2, possibly because we used a higher number of T cells for FACS (Figure 25A). 

Thereafter, long peptides encoding the individual mutated peptides contained in PP-2 or 

in PP-4 were independently tested to determine the specific mutated peptide recognized  

within the pool. CD4+ PD-1hiCD39+ PP-2- and CD4+ PD-1hiCD39- PP-4-enriched populations 



112

 

 

0.027 0.34

4-1BB

SS
C-

A

Irrel. PP PP-4

4-1BB
SS

C-
A

Irrel. PP PP-2

0.660

CD4+ PD-1hiCD39+ vs. CD4+ PD-1hiCD39- vs. A

0 20 40 60 80

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

PP-2

anti-CD3

25-mer
PP-2

Irrel PP

14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8
14.9

14.10
14.11
14.12
14.13
14.14
14.15

14.16/17

IFN-γ spots/2x104 cells IFN-γ spots/5x104 cells

PLXNB3p.D252Y

RPS6KL1p.K536fs

CD4+ PD-1hiCD39+ 4-1BB+ vs. PP-2 CD4+ PD-1hiCD39- 4-1BB+ vs. PP-4

0 40 80 250 >500

% OX40⁺

IFN-γ spots

250 >5000

0 10 20 50 100

1
2
3
4
5
6
7
8
9

10
11
12
13

15

Irrel PP
PP-4

anti-CD3

25-mer
PP-4

OX40⁺ (of CD3⁺CD4⁺) OX40⁺ (of CD3⁺CD4⁺)

B

Figure 25. Neoantigen-specific CD4+ T cells enriched from CD4+ PD-1hiCD39+ and PD-
1hiCD39- PBL subsets each recognized one unique neoantigen derived from  PLXNB3p.D252Y and  
RPS6KL1p.K536fs identified using WES of TuBx and cfDNA. (A) Flow cytometry plots showing the ex-
pression of 4-1BB of CD4+PD-1hiCD39+ and PD-1hiCD39- upon co-culture with autologous B cells pulsed 
with the PP-2 and PP-4, respectively and an irrelevant PP that was used as a control. Neoantigen-re-
active T cells were enriched by FACS of CD4+OX40+ T cells and were subsequently ex vivo expanded 
for 14 days. (B) Reactivity of the specified circulating enriched CD4+ T-cell populations to autologous 
B cells pulsed with individual 25-mers from PP-2 (left) and PP-4 (right), respectively. Reactivity was 
measured by IFN-γ ELISPOT assay and the upregulation of 4-1BB by flow cytometry as indicated in the 
axis. The specific mutated protein and amino acid change are noted. Autologous B cells pulsed with an 
irrelevant PP were used as a negative control. Data from (B) is representative from two independent 
experiments.

 

 

 

recognized the mutated peptides PLXNB3p.D252Y and RPS6KL1p.K536fs, respectively (Figure 

25B). This demonstrated that the CD39- and CD39+ CD4+ T-cell subsets within the PD-1hi 
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population, each contained circulating CD4+ T cells recognizing one distinct neoantigen. 

Of note, the mutated peptide recognized by CD4+ PP-4-enriched T cells arose 

from a mutation causing a frameshift, which generated a foreign peptide of 185 amino 

acids until the next stop codon. Thus, we had to generate 17 25-mers having an overlap 

of 11 amino acids between them to cover the entire mutated sequence in the screening. 

This explains the observed recognition of both peptide 14.15 and the pool of 14.16 and 

14.17 from PP-4 as they are consecutive 25-mers covering contiguous mutated regions of  

RPS6KL1p.K536fs (Figure 25B, right).

4.1.5.	 Isolation of neoantigen-specific TCRs from enriched CD4+ 
reactive T cells by single-cell TCR sequencing
To evaluate the TCR clonotypic frequency and neoantigen specificity of the enriched 

PP-2- and PP-4-reactive CD4+ T-cell populations, we obtained their TCR sequences by 

single-cell RNA sequencing of the TCR genes. In the case of CD4+ PD-1hiCD39+ T cells 

enriched for PP-2 recognition, a clear dominant TCR clonotype was detected in 98.79% 

of the T cells sequenced, followed by two other TCR clonotypes detected at a frequency 

of 0.56% and 0.32% (Figure 26A, left). A higher TCR diversity was observed in the PP-

4-enriched CD4+ PD-1hiCD39- population with at least two expanded TCR clonotypes 

detected at 52.08% and 20.94% (Figure 26A, right). To evaluate whether the enriched 

TCRs were mutation-reactive, we followed the same strategy as for CD8+ by cloning and 

transducing PBLs with the most frequent TCRs (explained in section 4.1.3). Given that 

we detected a clear dominant TCR in the PP-2-enriched population but the reactivity 

against the individual mutated peptide was very low (Figure 25B, left; Figure 26A; left), we 

reasoned that the most expanded clonotype might not be specific for the mutated peptide 

PLXNB3p.D252Y. Thus, we decided to also clone the second and the third most frequent TCR 

that only accounted for 0.56% and 0.32% of the total lymphocytes sequenced to increase 

the odds of finding the TCR of interest. In the case of PP-4-enriched CD4+ PD-1hiCD39- T 

cells, we also synthesized and cloned the two most frequent TCRs.

Upon immunological testing of the TCR-transduced cells, we identified two 

neoantigen-specific TCRs, one recognizing the mutated peptide PLXNB3p.D252Y and the 

other recognizing RPS6KL1p.K536fs (Figure 26B). In the two cases, the TCRs were mutation-

specific since TCR-transduced cells recognized the peptide containing the mutation, but 

not the wild-type counterpart. Of note, the most dominant TCRs of the two populations
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Figure 26. Single-cell TCR sequencing of neoantigen-reactive enriched CD4+ T-cell popula-
tions identified two TCRs recognizing neoantigens. (A) Pie charts show the frequency of the 
most dominant TCRs identified by single-cell TCR sequencing of neoantigen-reactive T-cell popula-
tions enriched from CD4+ PD-1hiCD39+ (left) and PD1hiCD39- (right) T-cell subsets. (B) Reactivity of 
gene-engineered PBLs with the most frequent PLXNB3p.D252Y -specific (left) and RPS6KL1p.K536fs-specific  
(right) candidate TCRs. Frequency of 4-1BB+ cells gated on CD3⁺mTCR⁺ after 20h co-culture with B 
cells pulsed with the mutated and wild-type PLXNB3p.D252Y and RPS6KL1p.K536fs peptides is plotted.  
Data from (B) is representative from two independent experiments.

 

sequenced were not neoantigen-specific.

Overall, our results showed that the selection of CD4+ T cells co-expressing high 

levels of PD-1 and CD39+/- enriched for neoantigen-reactive CD4+ T cells. Unexpectedly, we 

did not observe any neoantigen reactivity within the PD-1hi T-cell population despite both 

PD-1hiCD39+ and PD-1hiCD39- T-cell subsets contained neoantigen-reactive T cells. These 

discrepancies might be due to two reasons. First, it is plausible that although being sorted 

at the beginning, the neoantigen-specific T cells in the PD-1hi population were outgrown by 

bystander T cells during the expansion after sorting, rendering them undetectable in the 

subsequent immunological screenings. Second, it is important to consider that infrequent 

populations are more affected by random and small sampling, which can lead to the lack 

of detection of rare neoantigen reactivities existing in specific T-cell populations. 
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4.2.	 Selection of PBLs co-expressing PD-1hi and CD39 reproducibly 
enriches for CD8+ and CD4+ circulating neoantigen-reactive T cells 
in three cancer patients 

In addition to patient GOI-01, we studied two additional patients with H&N cancer 

using the same strategy to identify circulating neoantigen-specific T cells. For these two 

patients, we sorted CD8+ and CD4+ T cells based on the expression of CD39 alone (i.e. 

CD39+/CD39-) in addition to the 33 CD8+ and 33 CD4+ PBL subsets, as with GOI-01 (Table 

6). WES from cfDNA and TuBx DNA led to the identification of 191 and 64 NSMs in patients 

GOI-03 and GOI-04, respectively. All NSMs were included in TMGs and PPs and were used 

in immunological screenings to evaluate T-cell responses.

 

*n.e. non evaluated

PD
-1

-

CD
27

-

CD
27

+

CD
39

-

CD
39

+

CD
27

-

CD
27

+

PD
-1

di
m

CD
39

-

CD
39

+

CD
38

-

CD
38

+

PD
-1

hi

CD
27

-

CD
27

+

CD
38

-

CD
38

+

CD
38

-

CD
38

+

CD
39

-

CD
39

+

HL
A-

DR
-

HL
A-

DR
+

HL
A-

DR
-

HL
A-

DR
+

HL
A-

DR
-

HL
A-

DR
+

4-
1B

B-

4-
1B

B+

4-
1B

B-

4-
1B

B+

4-
1B

B-

4-
1B

B+

CD
39

-

CD
39

+

PD-1- PD-1dim PD-1hi

n.e.n.e.GOI-01
GOI-03
GOI-04

PD-1hi

PD-1hiCD27-

PD-1hiCD27+

PD-1hiCD39-

PD-1hiCD39+

GOI-01

PP
-2

 
PP

-4
 40

20
5

2.5

0

- +

PD
-1

hi

CD
27

CD
39

HL
A-

DR

4-
1B

B

CD8+ PD-1hi

- + - + - + - +

CD
38

B

- +

PD
-1

hi

CD
27

CD
39

HL
A-

DR

4-
1B

B

CD4+ PD-1hi

- + - + - + - +

CD
38

%
4-

1B
B+  in

 P
BL

Reac�vi�es
 iden�fied

0

0.5
1

2.5
5

GOI-01 GOI-03 GOI-04C

A

CD8+

CD4+

Neoan�gen 
reac�vi�es

CD8+

CD4+

Neoan�gen 
reac�vi�es

GOI-04

PP
-1

DNA source of neoan�gen: cfDNA + TuBx DNA TuBx DNA only

Figure 27. Summary of neoantigen reactivities detected in circulating CD8+ and CD4+ T-cell sub-
sets of three patients with breast or H&N cancers. (A) Heat map showing the neoantigen reactivities 
detected in the different CD8+ and CD4+ T-cell subpopulations sorted by the expression of PD-1, CD39 
or the co-expression of PD-1 with CD27, CD38, CD39, HLA-DR and 4-1BB. Screenings were carried out 
after ex vivo expansion of each population. Green and orange shaded cells indicate CD8+ and CD4+ 
neoantigen reactivities, respectively. The DNA source where neoantigens were detected is also anno-
tated. (B) Heat map showing CD4+ neoantigen reactivities identified in patient GOI-01 and -04 circu-
lating T-cell subsets. (C) Frequency of neoantigen-reactive T cells as measured by 4-1BB upregulation  
detected in each of the peripheral blood CD8+ (left) and CD4+ (right) PD-1hi T-cell subsets from the 
three patients studied. Only the frequencies of populations recognizing neoantigens are shown. Data 
from (C) is representative from two independent experiments. n.e. not evaluated.
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Similar to patient GOI-01, in patients GOI-03 and GOI-04 only CD8+ and CD4+ 

T lymphocytes expressing PD-1hi contained neoantigen-reactive T cells, as opposed to 

PD-1dim and PD-1- T-cell populations (Figure 27A; Appendix Figure 2 and 3). In addition, 

the selection of CD8+ and CD4+ T cells expressing PD-1hi did not capture several of the 

reactivities identified in smaller T-cell subsets derived from this population (Figure 27A). 

In contrast, CD8+ PBLs expressing PD-1hiCD39+ and CD4+ PBLs expressing PD-1hi CD39+/- 

captured all neoantigen reactivities identified in the three patients studied (Figure 27A-

B). We also determined the frequency of neoantigen-reactive T cells within each T-cell 

population. In all cases where the same neoantigen reactivity was detected in more than 

one T-cell population, CD8+ and CD4+ T cells co-expressing PD-1hi and CD39 displayed the 

highest frequency of neoantigen-specific T cells in two of three patients studied (Figure 

27C). 

Altogether, these results from the screening of an extensive number of T-cell 

subsets from three patients showed that the co-expression of PD-1hi and CD39 displayed 

a promising ability to enrich for circulating neoantigen-specific T cells beyond what was 

observed with PD-1hi alone. These results highlight the importance of combining two 

markers to enhance the identification of tumor-reactive T cells from peripheral blood of 

cancer patients.  

4.3.	 WES of cfDNA identified all neoantigens targeted by PBLs in 
patients harboring NSMs shared between TuBx DNA and cfDNA 
in the three patients studied

Next, we wanted to determine the DNA source where the neoantigens targeted by 

circulating T-cell populations were identified. As explained in section 2.1, for these three 

patients (i.e. GOI-01, -03 and -04) we performed WES of cfDNA in addition to TuBx DNA 

and detected NSMs that were either shared with TuBx DNA or only found in cfDNA. In 

patients GOI-01 and -04, all neoantigens targeted by CD8+ and CD4+ T-cell populations 

were detected in cfDNA but also in TuBx DNA (Figure 27A). In contrast, the neoantigen 

recognized by CD8+ T cells in patient GOI-03 was exclusively detected in TuBx DNA. Given 

that NSMs shared between the two sources of DNA were only detected in patients GOI-

01 and -04, but not in patient GOI-03, our data suggested that WES of cfDNA identified 

neoantigens preferentially in those patients having a certain overlap between TuBx DNA 

and cfDNA. 
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Overall, we were able to identify neoantigen reactivities in two of three patients by 

exclusively using peripheral blood. In patient GOI-01 and -04, we identified circulating 

neoantigen-reactive T cells targeting three and one different neoantigens, respectively, 

completely overcoming the need for a tumor biopsy. This is important since in a sizable 

proportion of cases, access to tumor tissue may not be feasible or only a small biopsy 

would be obtained, which could hinder the detection of neoantigen-specific T cells. 

5.	Validation of PD-1 and CD39 as biomarkers to identify 
neoantigen-reactive PBLs in patients with metastatic 
epithelial tumors

Based on the results obtained in section 4, we wanted to further explore the 

ability of the combined expression of PD-1 and CD39 to reproducibly detect and enrich 

for circulating neoantigen-specific PBLs. Moreover, we wanted to exploit whether this 

combination could also be used to enrich for neoantigen-specific circulating CD4+ and 

CD8+ T cells in patients with other epithelial tumors. For this purpose, seven additional 

patients with distinct epithelial tumors (i.e. breast cancer, CRC, ovarian cancer and 

chordoma) were evaluated. 

5.1.	 Peripheral blood sorted T-cell populations and detection of 
candidate neoantigens

We screened CD8+ and CD4+ PBLs sorted according to PD-1 or CD39 expression 

alone or by the co-expression of both markers for neoantigen recognition. A total of 11 CD8+ 

and 11 CD4+ T-cell subsets were obtained except for patient GOI-10, from which single 

marker CD39+/- populations could not be sorted. The number of NSMs identified by WES 

of TuBx DNA and, when available, cfDNA, ranged from 27 to 1068 (Table 5). The number 

of putative neoantigens included in each TMG/PP is shown in Table 5. As explained in 

section 1.2, for patient GOI-07 (ovarian cancer), in which only 27 NSMs were detected, 

we also screened for recognition of 16 cancer germline antigens selected on the basis of 

gene transcript expression (i.e. >30% gene percentile) as assessed by RNA sequencing 

(Appendix Table 1). In addition, for this patient, we also evaluated the recognition of the 

autologous TCL that was previously established in our laboratory. 

In total, using the personalized immunological screening detailed in section 1, 

we were able to identify circulating T cells targeting tumor antigens in eight out of ten 
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patients screened (Figure 28 and 31; Table 7; Appendix Figure 4-6). More specifically, we 

detected a total of eight and seven tumor antigens recognized by distinct CD8+ and CD4+ 

T-cell populations, respectively. 

5.2.	 Selection of CD8+ T cells expressing PD-1hiCD39+ enriches 
for neoantigen- and tumor-reactive circulating T lymphocytes

In the case of CD8+ T cells, we were able to identify CD8+ PBLs capable 

of recognizing tumor antigens in six out of ten patients studied (Figure 28A).  

CD8+ popula�ons

n.e. n.e.

n.e. n.e.

n.e.

n.e.

n.e.

n.e.

*
*

1
2

Number of 
CD8⁺ reac�vi�es

1

1

2

2

1

1

PD-1hiCD39⁺PD-1hi

CD39⁺

GOI-01
GOI-03

GOI-05
GOI-06

GOI-07

GOI-08

Total number of CD8⁺
reac�vi�es = 8

A B
PD-1hiCD39-

PD-1-CD39+

C

CD8⁺ PD-1hi

CD8⁺ 
PD-1hiCD39- CD8⁺ CD39+

4-1BB

SS
C-

A

1.10 2.10 8.09 1.33

0.19 0.046 0.23 0.14

AARSp.Q12P

Irrelevant
TMG

CD8⁺ 
PD-1hiCD39+

GOI-05

0
5

10
15
20

40
60

GO
I-0

1
GO

I-0
3

GO
I-0

5
GO

I-0
6

GO
I-0

8
GO

I-0
7

%
 4

-1
BB

+  (o
f C

D3
+ CD

8+ )

D
PD-1hi

PD-1hiCD39-

CD39+

PD-1hiCD39+

PD-1-CD39+

GO
I-0

1
GO

I-0
2

GO
I-0

3
GO

I-0
4

GO
I-0

5
GO

I-0
6

GO
I-0

8
GO

I-0
7

GO
I-0

9

Br
ea

st

H&
N

CR
C

Ch
or

do
m

a

O
va

ria
n

GO
I-1

0

PD-1-

CD39-

CD39⁺

CD39-

CD39⁺

CD39-

CD39⁺
CD39-

CD39⁺

PD-1dim

PD-1hi

PD-1-

PD-1dim

PD-1hi

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. The selection of CD8+ PBLs based on the co-expression of PD-1hi and CD39 reproduc-
ibly captures and markedly enhances the detection of neoantigen reactivities in patients with ep-
ithelial cancers. (A) Heat map displaying the number of neoantigen reactivities detected in the CD8+ 
T-cell populations isolated and expanded from peripheral blood based on PD-1 and CD39 expression  
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Importantly, seven out of eight CD8+ reactivities were detected in the CD8+ PD-1hiCD39+ 

population, being the population that most consistently detected CD8+ neoantigen-

specific or tumor-reactive T lymphocytes (Figure 28B). The unique reactivity that was 

not detected by CD8+ PBLs co-expressing PD-1hi and CD39 was identified in the CD8+ PD-

1-CD39+ T-cell subset. The fact that all except one neoantigen reactivity were identified 

in PD-1hi T-cell populations was consistent with previous studies (152,153). However, 

combining PD-1hi with CD39 expression was necessary to more reproducibly detect 

neoantigen-specific PBLs, since CD8+ T cells selected based on the expression of PD-1hi 

alone missed some. Moreover, the CD8+ PD-1hiCD39+ T-cell subset consistently contained 

the highest frequency of T lymphocytes targeting tumor antigens when the same reactivity 

was detected in multiple subpopulations (Figures 28C and D). Thus, the combination of 

PD-1hi and CD39 enriches for CD8+ neoantigen-specific and tumor-reactive T cells from 

peripheral blood to a greater extent than PD-1hi alone in patients with different epithelial 

tumors. 

5.2.1.	 CD8+ PD-1hiCD39+ PBLs from GOI-07 recognize the 
cancer germline antigen MAGE A4 and the autologous tumor
Patient GOI-07 was one of the six patients in which we detected CD8+ T cells 

capable of recognizing tumor antigens (Figure 28A). In this case, we identified CD8+ T 

cells targeting the cancer germline antigen MAGE A4 in two different T-cell subsets 

(Figure 29A). More specifically, CD8+ T cells expressing PD-1hi and those expressing 

PD-1hiCD39+, each contained T cells targeting one unique minimal epitope from 

MAGE A4 (Figure 29B). Importantly, CD8+ PD-1hiCD39+, but not CD8+ PD-1hi T cells, 

also recognized the autologous TCL pre-treated with IFN-γ (Figure 29A). To better 

characterize the specificity of CD8+ T cells recognizing MAGE A4 or the autologous TCL, 

we enriched the MAGE A4-specific lymphocytes from the CD8+ PD-1hi and CD8+ PD-

in ten patients with different epithelial cancers. (B) Donut plot depicts the number of CD8+ neoanti-
gen reactivities identified per patient and the specific circulating T-cell subpopulation where each was 
detected. (C) Representative flow cytometry plots of patient GOI-05 showing the frequency of AAR-
Sp.Q12P-reactive T cells within the different subpopulations harboring neoantigen-reactive cells upon 
co-culture with autologous B cells electroporated with a minigene encoding for AARSp.Q12P. Reactivity 
was measured by 4-1BB upregulation. Autologous B cells electroporated with an irrelevant TMG were 
used as a negative control. (D) Frequency of CD8+ T cells recognizing tumor antigens in each of the 
specific circulating subsets harboring reactivity. The sum of the percentage of 4-1BB+ cells measured 
following co-culture with each of the antigens recognized was used as a surrogate to measure the fre-
quency of tumor antigen reactive-T cells. * indicates T-cell populations were sorted and tested twice. 
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1hiCD39+ PBL subsets. Moreover, we also selected for tumor-specific T lymphocytes from 

the CD8+ PD-1hiCD39+ T-cell subset. In all cases, we followed the enrichment strategy 

explained in section 4.1.2 (Figure 29C). As shown in Figure 29D, MAGE A4-reactive T 

cells sorted from CD8+ PD-1hi and CD8+ PD-1hiCD39+ PBL subsets recognized MAGE A4. 
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Figure 29. CD8+ T cells expressing PD-1hi alone or co-expressed with CD39 recognize the cancer 
germline antigen MAGE A4 but only CD8+ PD-1hiCD39+ can recognize tumor cells. (A) Reactivity 
 of circulating CD8+ T-cell subsets sorted by PD-1 and CD39 against neoantigens, cancer germline 
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However, only those sorted from CD8+ PD-1hiCD39+ T-cell population were also able to 

recognize the autologous TCL treated with IFN-γ. 

Next, we performed single-cell TCR sequencing of the neoantigen-specific or 

tumor-reactive CD8+ enriched T-cell populations. MAGE A4-enriched T cells from PD-1hi 

and PD-1hiCD39+ T-cell populations did not share any TCR clonotype, which was consistent 

with the fact that they recognized two different epitopes from MAGE A4 (Figure 30A). 

Moreover, CD8+ PD-1hiCD39+ but not CD8+ PD-1hi T cells enriched for MAGE A4 recognition 

shared the two most frequent TCRs with the T-cell population enriched for recognition of 

the autologous tumor cell line treated with IFN-γ (Figure 30A). 

We then tested the three most frequent TCRs isolated from one of the two MAGE 

A4-enriched T-cell populations. More specifically, we selected the most frequent TCR 

detected in MAGE A4-enriched T cells from CD8+ PD-1hi PBLs and the two most frequent 

TCRs from MAGE A4-enriched T cells from CD8+ PD-1hi CD39+ PBLs, which were shared 

with the T-cell population enriched for recognition of the autologous TCL. To evaluate 

their specificity, the selected TCRs were transduced into PBLs as explained in section 2.1.3.

As observed in Figure 30B, the three tested TCRs recognized MAGE A4. However, 

only the two TCRs identified in the CD8+ PD-1hiCD39+ population, but not the one from 

CD8+ PD-1hi T-cell subset, recognized the autologous TCL treated with IFN-γ, consistent 

with previous observations. These results indicated that the selection of CD8+ T cells 

expressing PD-1hi and CD39 can enrich not only for neoantigen-specific T cells, but also for 

T cells recognizing other tumor antigens such as cancer germline antigens. Moreover, they 

can also recognize the autologous tumor. 

antigens or the autologous TCL untreated or pre-treated with IFN-γ. Reactivity was measured by the 
upregulation of 4-1BB by flow cytometry analysis after 20h co-culture with autologous B cells elec-
troporated with TMGs encoding for neoantigens and cancer germline antigens or with the autolo-
gous TCL. Autologous B cells electroporated with an irrelevant TMG were used as a negative control.  
(B) CD8+ PD-1hi (left) and PD-1hiCD39+ (right) T cells reactive against MAGE A4 were co-cultured with  
autologous B cells pulsed with individual peptides of MAGE A4 to identify the minimal epitope that was 
recognized by each MAGE A4-reactive population. (C) CD8+PD-1hi (top) and CD8+PD-1hiCD39+ (mid-
dle) T cells recognizing MAGE A4 and CD8+PD-1hiCD39+ T cells (bottom) recognizing the autologous 
TCL treated with IFN-γ  were enriched by FACS based on 4-1BB expression after 20h co-culture 
with the corresponding targets. Plots show gates used for sorting (left) and recognition of the cor-
responding target after expansion (right). Autologous B cells electroporated or pulsed with an irrel-
evant TMG or PP and an irrelevant TCL were used as a negative control to set the gates for sorting.  
(D) Frequency of sorted CD8+ T cells recognizing MAGE A4 and the autologous TCL after sorting  
based on 4-1BB expression and 14 days of expansion. Data from (A-B) and (D) is representative from 
two independent experiments.
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Figure 30. Single-cell RNA sequencing analysis revealed multiple TCRs reactive against MAGE A4 
and capable of recognizing the autologous tumor in ovarian cancer patient GOI-07. (A) Pie charts 
show the frequency of the most dominant TCRs identified by single-cell RNA sequencing of MAGE 
A4-reactive T-cell populations enriched from CD8+ PD-1hi (left) or from CD8+ PD-1hi CD39+ (middle) 
T-cell populations or of tumor-reactive T cells enriched from CD8+PD1hiCD39+ T-cell subset (right). 
(B) Flow cytometry plots show the reactivity of PBLs transduced with the three most frequent TCRs 
derived from MAGE A4-reactive T-cell populations. TCR#1 depicted in orange was isolated from the 
CD8+ PD-1hi T-cell population enriched for MAGE A4 recognition whereas TCR#1 and TCR#2 depicted 
in green were the two most frequent TCRs detected in CD8+PD-1hiCD39+ T-cell population sorted based 
on the recognition of MAGE A4 but also when sorted based on the recognition of the autologous TCL 
treated with IFN-γ. Data from (B) is representative from two independent experiments.

5.3.	 The CD4+ PD-1hiCD39+ PBL subset contains the largest 
number of CD4+ neoantigen reactivities across cancer patients

In the case of CD4+, we were able to identify seven neoantigen reactivities in five out 

of ten patients analyzed (Figure 31A). In contrast to CD8+, all CD4+ neoantigen reactivities 

were identified within T-cell populations expressing PD-1hi, either alone or in combination 

with CD39+/- (Figure 31A; Table 7). Although the CD4+ PD-1hiCD39+ T-cell population 

contained the largest number of neoantigen reactivities across patients, it missed three of 
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seven CD4+ reactivities that were detected either in the PD-1hi or PD-1hiCD39- T-cell subsets 

(Figure 31B). Moreover, when we looked at the frequency of neoantigen-specific T cells 

within each population, the proportion of relevant T cells was highly variable and none of 

the subpopulations consistently contained the highest frequency of neoantigen-specific T 

cells (Figure 31C). Therefore, although the CD4+ PD-1hiCD39+ T-cell population contained 

the largest number of neoantigen reactivities, it did not capture all. Hence, it is plausible 

that additional cell-surface receptors, others than CD39, which are more specifically 

expressed on neoantigen-reactive CD4+ T cells, could further improve their identification 

in combination with PD-1hi. 

Altogether, we captured a total of 15 CD8+ and CD4+ reactivities against tumor 

antigens including neoantigens and cancer germline antigens in the peripheral blood of ten 

patients with different epithelial tumors (Table 7). Our results show that CD8+ and CD4+ T 

cells co-expressing PD-1hi and CD39 contain the greatest number of neoantigen reactivities 
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Figure 31. Co-expression of PD-1hi and CD39 in circulating CD4+ T cells reproducibly guides the 
detection of neoantigen reactivities in patients with epithelial cancers (n=10). (A) Heat map  
displaying the number of neoantigen reactivities detected in the CD4+ T-cell populations isolat-
ed and expanded from peripheral blood based on PD-1 and CD39 expression in 10 cancer patients 
 analyzed. (B) Donut plot depicts the number of CD4+ neoantigen reactivities identified per patient 
 and the specific circulating T-cell subpopulation where each was detected. (C) Frequency of CD4+ T cells  
recognizing tumor antigens in each of the specific circulating subsets harboring reactivity. The sum of 
the percentage of 4-1BB+ cells measured following co-culture with each of the antigens recognized was 
used as a surrogate to measure the frequency of tumor antigen reactivity. n.e. not evaluated. * indicates 
T-cell populations that have been sorted twice. 
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detected. Moreover, in the case of CD8+, this population consistently contained the high-

est frequency of T cells recognizing tumor antigens. Thus, the combination of PD-1hi and 

CD39 outperforms PD-1hi alone in the identification of circulating neoantigen-specific T 

cells in patients with epithelial tumors. 

Patient 
ID

Tumor 
type

Number 
of 

somatic 
NSMs

Number 
of 

mutated 
epitopes 

evaluateda

Number of 
cancer 

germline 
antigens 

evaluatedb

PBL subset/TILs
with neoantigen 

reactivity

Mutated
protein 

recognized

Amino 
acid 

position 
and 

change

GOI-01 Breast 124 133 -

CD8+ PD-1hi

CD8+ PD-1hiCD27+

CD8+ PD-1hiCD39+

CD8+ PD-1hiHLA-DR+

CD8+ PD-1hi4-1BB-

CD4+ PD-1hiCD39+

CD4+ PD-1hiCD39-

TIL CD4+

KIAA1524
KIAA1524
KIAA1524
KIAA1524
KIAA1524
PLXNB3
RPS6KL1

n.e. (TMG2)

p.S57I
p.S57I
p.S57I
p.S57I
p.S57I

p.D252Y
p.K536fs

n.e.
GOI-02 Breast 118 118 - - - -
GOI-03 H&N 197 191 - CD8+ PD-1hiCD39+ TMTC3 p.L242F

GOI-04 H&N 65 64 -
CD4+ PD-1hiCD27+

CD4+ PD-1hiCD39+
LASP1
LASP1

p.G84S
p.G84S

GOI-05 CRC 1068 226 -

CD8+ PD-1hi

CD8+ PD-1hiCD39-

CD8+ CD39+

CD8+ PD-1hiCD39+

CD8+ PD-1hiCD39+

CD4+ PD-1hiCD39+

CD4+ PD-1hi

CD4+ PD-1hiCD39-

TIL CD4+

AARS
AARS
AARS
AARS

WDR90
WDFY3

SLC25A22
SLC25A22
SLC25A22

p.Q12P
p.Q12P
p.Q12P
p.Q12P

p.T214M
p.T3011I
p.A163T
p.A163T
p.A163T

GOI-06 CRC 1302 182 - CD8+PD-1-CD39+ TEX264 p.S40L

GOI-07 Ovarian 27 23 16
CD8+ PD-1hi

CD8+ PD-1hiCD39+

TIL CD8+

MAGE A4
MAGE A4
MAGE A4

-
-
-

GOI-08 CRC 381 255 -

CD8+ PD-1hiCD39+

TIL CD4+

CD8+ PD-1hiCD39+

CD4+ PD-1hiCD39+

TIL CD4+

GINS1
GINS1
SART1

CACNA2D
POLR3A

p.D163N
p.D163N
p.G15W

p.W233L
p.N1277K

GOI-09 Chordoma 44 50 -
CD4+ PD-1hi

TIL CD4+
CWC15
CWC15

p.Y30C
p.Y30C

GOI-10 Chordoma 71 77 - - - -

Table 7. Tumor rejection antigens targeted by CD8+ and CD4+ PBLs and TILs from patients with metastatic 
epithelial cancers

aEpitopes were selected for screening as explained in detail in Methods. bCancer germline antigens were selected
based on their gene transcript expresion (>30% gene percentile) assessed by RNA sequencing. n.e. not evaluated.
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6.	Characterization of neoantigen-specific T-cell responses 
detected in TILs and PBLs

Given that expanded TILs are the classical T-cell source commonly used to identify 

and isolate neoantigen-specific T lymphocytes, we wanted to study the T-cell responses 

detected in expanded TILs from tumor biopsies and compare them to those already 

identified in T-cell subsets isolated from peripheral blood of cancer patients. 

6.1.	 Expansion of TILs from tumor biopsies
As mentioned in section 1, we also expanded TILs from several small tumor 

fragments cultured independently in high doses of IL-2 to preserve, as much as possible, 

intratumoral heterogeneity. As summarized in Table 8, we were able to successfully 

expand TILs from at least two tumor fragments for each of the patients studied. The 

frequency of CD8+ and CD4+ TILs varied notably among tumor fragments and patients 

(Figure 32A; Table 8). Nevertheless, both CD8+ and CD4+ TILs were successfully expanded 

in the majority of patients except for GOI-05, -08 and -10, in which more than 95% of TILs 

were CD4+. 

Patient ID Tumor type
TIL fragments

expanded/seeded

TIL frequencya

CD4+ CD8+

GOI-01 Breast 6/6 74.7% 25.3%

GOI-02 Breast 4/6 33.1% 66.9%

GOI-03 H&N 2/6 48.8% 51.2%

GOI-04 H&N 5/6 31.7% 68.3%

GOI-05 CRC 5/6 95.8% 4.2%

GOI-06 CRC 2/6 50.1% 49.9%

GOI-07 Ovarian 3/6 38.9% 61.1%

GOI-08 CRC 12/12 96.4% 3.6%

GOI-09 Chordoma 13/18 47.2% 52.8%

GOI-10 Chordoma 2/6 97.5% 2.5%

Table 8. Number of TIL fragments expanded and the average frequency of CD8+ and 
CD4+ TILs from each patient 

aThe frequency of CD4+ and CD8+TILs is the average of all TIL fragments expanded
from each patient.
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6.2.	 Selection of circulating T-cell subsets identifies more 
neoantigen reactivities than the non-specific expansion of TILs in 
high dose IL-2

Although we were able to expand and screen TILs for neoantigen recognition in all 

ten patients, only six antigens were recognized by CD8+ and CD4+ TILs (Figure 32A; Table 

8). We detected five neoantigen reactivities in CD4+ TILs in four of the patients evaluated. 

In contrast, no CD8+ neoantigen-specific TILs were detected in any of the patients 

evaluated. Only CD8+ TILs targeting MAGE A4 were identified in patient GOI-07. Thus, 

the number of reactivities detected in TILs was substantially lower than those detected 

in specific T-cell subsets selected and expanded from PBLs, since only six antigens were 

recognized by CD8+ and CD4+ TILs compared to the 15 antigens recognized by CD8+ and 

CD4+ PBL subsets (Figure 32A-B). Moreover, while ten of the antigens recognized by PBL 

subsets were not recognized by TILs, the majority of the neoantigen reactivities detected 

in CD4+ TILs were captured in PBLs. In fact, only two neoantigen-specific T-cell responses 

identified in GOI-08 TILs were not captured by circulating CD4+ T-cell subsets (Figure 32C).  
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Figure 32. Isolation of specific CD8+ and CD4+ T-cell subsets from peripheral blood captures a 
greater number of neoantigen reactivities compared to unselected ex vivo expanded TILs. (A) 
Bar plots showing the number of expanded TIL fragments per patient (bottom), the average frequency 
of CD8+ and CD4+ T cells in the expanded TILs and the number of neoantigen reactivities detected 
in CD8+ and CD4+ TILs in ten patients with epithelial cancers. (B) Number of neoantigen reactivities 
detected in CD8+ and CD4+ PBL subsets in ten patients with epithelial cancers. (C) Pie charts show the 
total number of reactivities detected in the ten patients studied and the T-cell source where they were 
identified depending on if they were only identified in TILs, PBLs or were found both in TILs and PBLs. 
The reactivities that were detected in CD8+ and CD4+ PD-1hi CD39+ PBLs are depicted with a blue arch.
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Next, we more specifically looked at the reactivities detected in CD8+ and CD4+ PBL 

subsets co-expressing PD-1hi and CD39 since these were the subpopulations containing 

the greatest number of reactivities and compared to those detected in TILs. As shown 

in Figure 32C, the selection and expansion of CD8+ PD-1hiCD39+ PBLs outperformed the 

classical non-specific TIL expansion in high-dose IL-2 at identifying anti-tumor CD8+ 

T-cell responses. In contrast, despite the total number of CD4+ reactivities detected in 

blood was higher than in TILs, the CD4+ PD-1hiCD39+ T-cell subpopulation identified 

fewer reactivities than unselected TILs. These results are in line with those from section 

5.3 further indicating that, although the CD4+ PD-1hiCD39+ T-cell population identifies 

neoantigen reactivities, it still misses several CD4+ neoantigen-specific PBLs.

Altogether, these results underscore the use of peripheral blood as an alternative 

source of neoantigen-specific and tumor-reactive T cells that could make personalized 

T-cell therapies more widely applicable.

7.	WES of cfDNA identifies tumor NSMs and neoantigens 
targeted by TILs and PBLs

Since we aimed to develop a minimally-invasive strategy for the detection of 

neoantigen-specific T cells through the exclusive usage of peripheral blood, we also wanted 

to determine whether WES of cfDNA reproducibly identified neoantigens. In section 1.1, 

we already showed that WES of cfDNA was able to identify NSMs in six patients studied 

(Figure 15). Moreover, in the first three patients analyzed, cfDNA WES identified three 

and one neoantigens in patients GOI-01 and GOI-04 but it did not detect the neoantigen 

recognized by CD8+ T cells in patient GOI-03 (section 4.2 and 4.3). Hence, we wanted to 

further explore the ability of cfDNA to detect neoantigens in the remaining three patients 

from which we extracted cfDNA.

Figure 33 shows the percentage of shared NSMs, the number of neoantigens 

identified out of the candidate neoantigens tested and the source of DNA where they were 

detected. The percentage of neoantigens recognized of the total number of NSMs tested in 

all patients studied was lower than 3%, ranging from 0 to 2.9% (Figure 33A), which is in 

line with previous studies done in TILs (39). Of note, cfDNA captured eight out of 13 

neoantigens in four out of five patients harboring neoantigen reactivities and all of them 

were shared between the two sources of DNA (Figure 33A-B). The remaining  
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Figure 33. WES of cfDNA can be exploited to identify neoantigens targeted by circulating T 
cells and TILs. (A) Number of immunogenic neoantigens of the total candidate neoantigens tested 
(left) and source of DNA where the immunogenic neoantigens were identified (right). The frequency 
of shared tumor and circulating NSMs in each patient is specified on the far left. (B) Venn diagram  
showing the total number of neoantigens detected in cfDNA and TuBx DNA or only detected in TuBx 
DNA in the six patients analyzed.

 

 

 

 

 

five neoantigens were exclusively identified in TuBx DNA (Figure 33A-B). Although we did 

not include any NSMs only detected in cfDNA in the immunological screenings of patient 

GOI-05, we did not identify any neoantigen exclusively detected in this source of DNA in 

any other patient. Overall, our results demonstrate that WES of cfDNA can be used to 

identify neoantigens in cancer patients with different epithelial tumors. 

Importantly, the only patient for which cfDNA did not identify any neoantigen was 

patient GOI-03, which was also the only patient in which no overlap was observed between 

the NSMs detected in cfDNA and TuBx DNA (Figure 15 and Figure 33A). This prompted us 

to investigate what could explain the differences in the number of NSMs shared between 

TuBx and cfDNA, which could in turn influence the ability of cfDNA to detect neoantigens.

7.1.	 The tumor fraction of cfDNA does not correlate with the 
frequency of NSMs identified in cfDNA

We observed differences between cancer patients in the frequency of shared NSMs 

between cfDNA and TuBx DNA and in the number of neoantigens detected in cfDNA. 

Because of this, we carried out different analyses to investigate the factors that could 

affect the performance of cfDNA at identifying tumor NSMs and neoantigens. 

As discussed in the introduction, ctDNA might represent only a very small fraction 



129

R
es

ul
ts

of the total cfDNA. Thus, we reasoned that the differences in the overlap of NSMs between 

cfDNA and TuBx DNA could be explained by differences in the tumor fraction of cfDNA. 

To answer this question, we performed shallow WGS and used ichorCNA, an algorithm 

that predicts regions with CNA and estimates tumor content in cfDNA (222). Our results 

showed that the relative amount of tumor-derived DNA in the cfDNA, also known as 

tumor fraction, varied notably between patients ranging from 0 to 40%, irrespective of the 

tumor type. Nevertheless, we did not observe any correlation between the tumor fraction 

of cfDNA and the frequency of NSMs identified in this source of DNA (Figure 34, left) nor 

with the frequency of shared NSMs (Appendix Figure 7A). We also investigated whether 

the frequency of total NSMs identified in cfDNA could be correlated with tumor burden. 

Although there were differences in tumor burden between patients, the total tumor 

volume did not correlate either with the frequency of NSMs in cfDNA (Figure 34, right) or 

with the frequency of shared NSMs (Appendix Figure 7B). Thus, our results showed that 

the differences in the identification of NSMs and neoantigens observed in cfDNA among 

patients were not explained either by differences in tumor fraction or tumor burden. Thus, 

having certain levels of tumor fraction does not guarantee the detection of mutations that 

are shared by cfDNA and TuBx DNA. 

Of note, while it seemed obvious that having a minimum tumor fraction in 

cfDNA would be essential for the identification of NSMs in this DNA source, NSMs were 

detected in cfDNA of patient GOI-02, in which the tumor fraction of cfDNA was 1.25%. 
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Figure 34. Identification of NSMs by cfDNA WES is not correlated with cfDNA tumor fraction nor 
total tumor burden in six patients with metastatic epithelial cancers. Correlation between the 
frequency of total NSMs detected in cfDNA and the tumor fraction of cfDNA (left) or the total tumor 
burden (right) of each patient. 
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More specifically, 44.23% of the total NSMs detected were identified in cfDNA.  

Nevertheless, only 1.01% of the NSMs were shared with TuBx DNA (Figure 15). These 

observations were unexpected and prompted us to further explore the NSMs that were 

exclusively detected in cfDNA.

7.2.	 NSMs exclusively detected in cfDNA contained a higher 
proportion of indels as opposed to NSMs shared or only detected 
in TuBx DNA

Based on the unexpected findings in patient GOI-02 in which 44.23% of the total 

NSMs were detected in cfDNA but displayed barely any overlap with NSMs from TuBx 

DNA and had a tumor fraction close to 0, we wanted to further characterize the NSMs 

exclusively detected in cfDNA.

NSMs exclusively detected in cfDNA could potentially derive from other regions 

of the biopsied lesion or other tumor lesions that shed tumor DNA into the circulation.  

Despite we could not explore this hypothesis since we only obtained one single biopsy 

from each patient, the undetectable tumor fraction in the cfDNA of patient GOI-02 (Figure 

34A) suggests this assumption is flawed. Another possible explanation is that NSMs 

only detected in cfDNA are artefactual products generated during sequencing or in silico 

analysis. This could more frequently happen in patients with low levels of cfDNA tumor 

fraction in which NSMs in ctDNA would thereby be less represented.

To explore this, we characterized the type of mutations identified in each source of 

DNA. The bioinformatics pipeline used to analyze WES data can detect SNVs and indels. 

Therefore, we classified NSMs based on the type of mutation and on the DNA source where 

they were detected. 

As shown in Figure 35, NSMs only detected in cfDNA contained a higher proportion 

of indels compared to NSMs shared or only detected in TuBx DNA (Figure 35A). This 

increase in the frequency of indels among mutations uniquely identified in cfDNA was 

not only explained by the results of one patient, since a similar distribution pattern was 

observed across the six patients analyzed except for GOI-05 (Figure 35B). In contrast, in 

most of the patients, shared NSMs displayed similar frequencies of SNVs and indels to 

NSMs exclusively detected in TuBx DNA, being SNVs the main type of NSMs identified 

(Figure 35A-B). 
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Figure 35. A higher frequency of indels is observed in NSMs only detected in cfDNA compared to 
NSMs shared or only detected in TuBx DNA. (A) Frequency of SNVs and indels within the total NSMs 
only detected in cfDNA, only detected in TuBx DNA or shared between the two DNA sources in the 
six patients analyzed. (B) Heat map showing the frequency of indels and SNVs within the NSMs only  
detected in cfDNA, only detected in TuBx DNA or shared between the two DNA sources. The  
information of each patient is plotted separately. 

These results, together with the fact that no neoantigens were exclusively detected 

in cfDNA, suggested that at least a fraction of NSMs only detected in cfDNA might be 

artifacts generated during sequencing or the in silico analysis.

7.3.	 WES of cfDNA captures a higher frequency of tumor clonal 
mutations in cancer patients harboring shared NSMs between 
TuBx and cfDNA

Next, since all neoantigens identified in cfDNA of the six patients analyzed were 

shared with TuBx DNA, we wanted to determine whether there were any molecular 

features that characterize shared NSMs and differentiate them from those exclusively 

identified in TuBx DNA. As previously mentioned, a low tumor fraction in cfDNA would 

accordingly decrease the probability to detect tumor-derived NSMs in blood, especially 

when using WES for cfDNA analysis due to its low sensitivity. Hence, following what is 

frequently done in the field, we set a cutoff value of tumor fraction and only plasma 

samples in which the tumor fraction in cfDNA accounted for over >10% were included in 

this analysis (222,276). We distinguished clonal and subclonal events estimating the 

proportion of an observed somatic event out of the total tumor-derived DNA from tumor 
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Figure 36. Clonal mutations in the tumor are more frequently detected in cfDNA in cancer 
patients having a certain overlap between cfDNA and TuBx DNA. (A) Tumor clonality of NSMs 
identified in cfDNA and TuBx DNA or uniquely in TuBx DNA as determined by clust_ccf of TuBx DNA.  
Clonality of all the neoantigens identified is depicted in red. (B) Percentage of tumor clonal and  
subclonal mutations detected in TuBx and cfDNA  or only in TuBx DNA. (C) Correlation between the 
frequency of shared NSMs between cfDNA and TuBx DNA and the frequency of clonal mutations in the 
tumor. Statistical significance was analyzed using an unpaired non-parametric Mann Whitney test. 
*p<0.05, **p<0.001, ***p<0.0001; ns, not significant.

 

 

 

 

 

 

 biopsies taking into account CNA by using clust_ccf. Of note, mutations shared between 

TuBx and cfDNA were significantly more clonal than those exclusively identified in TuBx 

DNA (Figure 36A). Similarly, whilst only the 2.5% of all shared NSMs were subclonal 

mutations, they represented the 18.25% of NSMs exclusively identified in TuBx DNA 

(Figure 36B; Appendix Figure 7C). Moreover, the frequency of shared NSMs was positively 

correlated with the frequency of clonal mutations within the tumor (r2= 0.81, p= 0.0182) 

(Figure 36C).

These results indicate that tumor clonal mutations are more frequently identified 

in cfDNA than subclonal mutations. This is of great importance since all neoantigens 

identified were derived from clonal mutations (Figure 36A). Thus, cfDNA would better 

capture NSMs and neoantigens in patients with a high proportion of clonal mutations.

Altogether, our results show that cfDNA can detect tumor NSMs, preferentially 

those that are clonal in the tumor. Therefore, according to our data, in patients having 

a tumor fraction >10%, the tumor mutational landscape of a highly clonal tumor would 

be better represented in cfDNA than heterogeneous tumors. These results underscore 

cfDNA as a source of tumor DNA to identify tumor NSMs that could overcome the need of 

a tumor biopsy. Thus, performing WES of cfDNA and isolating circulating CD8+ and CD4+ 

T lymphocytes expressing PD-1hi and CD39 would enable the development of personalized 
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T-cell therapies targeting neoantigens exclusively using a liquid biopsy. This could make 

personalized T-cell therapies more widely applicable, even in patients with unresectable 

tumors or whose tumors cannot be biopsied due to their localization or the health state 

of the patient. 





Discussion





137

D
is

cu
ss

io
n

In this thesis, we aimed to mine WES from cfDNA to detect somatic NSMs and 

to identify and isolate T lymphocytes targeting neoantigens using peripheral blood of 

patients with metastatic epithelial cancer in order to develop personalized T-cell therapies 

without the need of a tumor biopsy. 

By performing cfDNA WES and leveraging the expression of cell-surface markers 

to isolate distinct T-cell subsets from peripheral blood, we were able to identify 

neoantigens recognized by circulating CD8+ or CD4+ T cells that elicited T-cell responses 

in patients with distinct histological cancer types. These results showed that the selection 

of peripheral blood CD8+ and CD4+ T lymphocytes co-expressing PD-1hi and CD39 

reproducibly captured circulating T cells targeting neoantigens and, in the case of CD8+ 

lymphocytes, this subpopulation consistently contained the highest frequency of reactive 

T cells. Moreover, isolation of circulating CD8+ and CD4+ T-cell subsets from peripheral 

blood identified a greater number of neoantigen reactivities compared to unselected TILs 

expanded in high-dose IL-2, which is the gold standard method currently used in adoptive 

cell transfer.

Hence, we provide proof of principle for a minimally-invasive strategy based on 

the use of peripheral blood to develop personalized T-cell therapies targeting neoantigens 

without the need of a tumor biopsy. This strategy could be exploited to treat patients with 

unresectable tumors that currently cannot benefit from ACT.

cfDNA WES coupled with selection and expansion of a specific 
circulating T-cell subpopulation can detect neoantigen-
specific PBLs and their target neoantigens in peripheral blood

We explored peripheral blood as an alternative source to detect cancer-specific 

neoantigens and to identify and isolate CD8+ and CD4+ neoantigen-specific T lymphocytes 

and TCRs from patients with epithelial cancers. To this end, we followed two parallel 

strategies: 1) Perform WES of cfDNA to detect tumor NSMs and 2) use a biomarker-based 

isolation method to detect circulating neoantigen-specific T cells. 

By using WES, we identified tumor NSMs in the cfDNA of the six cancer patients 

studied. Other exploratory strategies such as WGS could have been used to sequence 

cfDNA and would have covered a larger part of the genome also detecting non-canonical 

neoantigens. Nevertheless, considering the high cost of sequencing technologies together 
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with our recent work that demonstrated that non-canonical neoantigens are very 

infrequent (277), WES represented the most cost-effective technique to cover a wide 

spectrum of candidate neoantigens potentially involved in tumor clearance. Importantly, 

our results showed that cfDNA WES could be used to identify neoantigens, since it 

detected eight out of 13 neoantigens in five of the six patients studied, further supporting 

that it could be used for the development of minimally-invasive T-cell therapies. 

To identify tumor antigen-specific PBLs, we used a biomarker-based isolation 

method coupled with functional immunological screenings. This strategy allowed the 

identification of 15 T-cell reactivities against tumor antigens in the peripheral blood of 

eight of 10 patients with different epithelial tumors.  

Other strategies have been previously described to enrich for circulating 

neoantigen-specific T lymphocytes, including multimer staining and IVS (151,154,160,183). 

However, these two strategies have certain limitations that hamper the reproducible 

identification of recall T-cell responses in circulation (reviewed in Garcia-Garijo, Fajardo 

and Gros 2019) (278). For instance, although pHLA multimers enable the detection of 

infrequent neoantigen-specific PBLs, prior knowledge of the specific minimal epitope and 

HLA restriction is required for multimer generation, which is only available for a limited 

number of HLA molecules. This would represent an important limitation in our study since 

the patients analyzed have not been selected based on any specific HLA typing and their 

tumors can harbor over 300 mutations. Moreover, the detection of neoantigen-specific 

T lymphocytes by pHLA multimer staining does not necessarily determine functional 

T-cell responses (164). Therefore, functional immunological screenings following pHLA 

multimer staining would still be required. 

The fact that IVS is typically performed with pools of peptides to ensure testing 

of all candidate neoantigens may also hamper the detection of the entire neoantigen-

specific T-cell repertoire. This is because the simultaneous presentation of several 

epitopes during IVS might favor the enrichment of neoantigen-specific PBLs recognizing 

immunodominant peptides, thereby underrepresenting the neoantigen-specific T-cell 

repertoire present in the starting population. Although T lymphocytes could be stimulated 

with APCs pulsed with each individual peptide separately to solve this hurdle, this strategy 

would not be feasible to test many of our patients that harbor a high number of mutations. 

Moreover, T-cell reactivities detected through IVS can originate from the naïve rather than 
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the antigen-experienced T-cell compartment if the tumor does not express the peptide 

used for stimulation (26). Thus, T-cell responses that did not naturally occur in the tumor 

might also be detected. 

The use of our strategy enabled the identification of T-cell responses in eight of 

10 patients with different epithelial tumors, including breast, CRC, H&N, ovarian cancer 

and chordoma. Nevertheless, we are aware that the number of patients included in the 

study was limited, especially for the detection of tumor NSMs by cfDNA WES, for which 

only samples from six patients were analyzed. Thus, these analyses should be performed 

in a larger cohort of patients to further support our encouraging data from the detection 

of tumor NSMs and neoantigens by using a liquid biopsy. Similarly, we could not obtain 

apheresis in six out of 10 patients included in the study due to their frail medical status. 

Thus, in those six patients, the analyses were performed by exclusively using 10-20 mL 

of blood. Although this also underscores the strength of our method, the shortage of 

material could affect the results, especially when sorting infrequent populations from 

peripheral blood that can be affected by random sampling. Overall, while working with 

human samples makes our study highly valuable, it is challenging to obtain samples from 

big and representative cohorts of cancer patients.

A small fraction of PBLs from cancer patients express high 
levels of PD-1 and contain most of the T-cell reactivities 
detected in circulation

T-cell phenotypic studies in cancer patients have predominantly been focused on 

TILs and have revealed that a fraction of them typically display a dysfunctional phenotype 

characterized by the co-expression of multiple activation and exhaustion markers 

(73,74,138,191,192,195,196). With few exceptions, this dysfunctional phenotype has been 

associated with tumor recognition and has been exploited to enrich for T cells capable 

of recognizing the tumor. Several surface markers have been described to distinguish 

neoantigen-specific or tumor-reactive TILs within the heterogeneous TIL population in 

multiple epithelial tumors (73,74,138,192,193,195,196). All this work done in TILs provides 

valuable information about the phenotypic and functional state of tumor-reactive T cells 

in the tumor. However, we cannot assume that neoantigen-specific or tumor-reactive 

T cells existing in the circulation exhibit a similar phenotype to that observed in TILs. 

Indeed, a previous study showed that CD8+ TILs from melanoma patients displayed an 
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increased expression and co-expression of activation and exhaustion markers such as PD-

1, LAG-3, TIM-3 and 4-1BB compared to PBLs (138). Therefore, it is plausible that PBLs do 

not exhibit such a dysfunctional phenotype since they are not usually chronically exposed 

to their cognate antigen nor to the immunosuppressive microenvironment. Despite this, 

other studies have demonstrated that the selection of circulating PD-1+ T cells enriches 

for neoantigen-specific T lymphocytes in the circulation (152,153), indicating that tumor-

reactive or neoantigen-specific PBLs might express, although at lower levels or in a smaller 

fraction of the total PBLs, specific cell-surface receptors associated with persistent TCR 

stimulation.

In our analysis, the phenotypic characterization of PBLs from the extensive cohort 

of cancer patients revealed that a very small subpopulation of CD4+ and CD8+ PBLs 

displayed a dysfunctional phenotype that could resemble TILs. We observed that CD4+ 

and CD8+ PD-1hi T-cell subsets in cancer patients, but not PD-1dim or PD-1-, exhibited higher 

expression of most of markers studied, accompanied by a unique co-expression profile, 

which was characterized by the co-expression of three or four of the activation/exhaustion 

markers evaluated. The division of PD-1+ cells into subpopulations based on their 

expression levels in PBLs from cancer patients showed phenotypic differences between 

these subpopulations as previously described in TILs (191,192,279), further supporting the 

phenotypic similarities of the PD-1hi PBL subset with dysfunctional TILs. 

In addition, the co-expression profile was more evident in the PD-1hi PBLs of 

cancer patients as compared to PD-1hi, PD-1dim and PD-1- PBLs from healthy donors 

(Figure 17). Of note, a fraction of PBLs from healthy donors expressed PD-1, which would 

be unexpected if PD-1 expression would be exclusively associated with a dysfunctional 

state. Nevertheless, it is important to keep in mind that in addition to exhaustion, PD-1 is 

also associated with activation as it is transiently expressed on T cells upon recognition 

of their cognate antigen (81,280). In fact, high levels of PD-1 have been observed in the 

periphery of healthy individuals and are mainly expressed by effector-memory T cells 

(281). Nevertheless, circulating PD-1hi CD8+ PBLs from healthy donors were not enriched 

with an exhausted phenotype as they did not co-express multiple of the evaluated cell-

surface receptors, which is the case of cancer patients. Thus, although PD-1 expression has 

emerged as a hallmark of T-cell exhaustion, its expression is not necessarily associated 

with a dysfunctional phenotype as its main role is to act as a regulatory mechanism on 
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activated T cells to balance T-cell responses. 

The differences in the phenotypic profile observed between PD-1-, PD-1dim and 

PD-1hi subpopulations in cancer patients prompted us to study these markers and their 

potential to detect neoantigen-specific T cells in circulation in more detail. Functional 

immunological screenings evaluating neoantigen recognition of an extensive panel of PBL 

subsets sorted based on the differential expression of surface markers demonstrated that 

14 of 15 CD4+ and CD8+ T-cell reactivities detected in peripheral blood were contained in 

T-cell populations expressing PD-1hi. More specifically, these 14 reactivities were detected 

in populations expressing PD-1hi, either alone or co-expressed with CD27+, CD39+/-, 

HLA-DR+ or 4-1BB-. Importantly, circulating CD8+ and CD4+ neoantigen-specific PBLs 

targeting the same neoantigen were detected in multiple T-cell subsets selected based on 

the expression of different combinations of markers (Figure 21; Figure 27B; Figure 28C). 

This indicates that many receptors can be co-expressed on tumor-reactive T cells, as has 

also been observed in the aforementioned studies in TILs. Nevertheless, which marker or 

combination of markers most efficiently captures the tumor-reactive T-cell repertoire in 

patients remains unclear. Moreover, it is possible that cell-surface receptors that guide the 

identification of tumor-reactive or neoantigen-specific TILs might not be useful to identify 

their counterparts in circulation. For instance, the only neoantigen reactivity detected 

in a population sorted based on 4-1BB expression was detected in the PD-1hi4-1BB- CD8+ 

subpopulation indicating that circulating neoantigen-specific T cells did not express 

4-1BB, which is contrary to what has been described for TILs (193,275,282). Since 4-1BB 

is an early activation marker that is transiently upregulated early after T-cell activation 

(283,284), the lack of reactivities in the circulating 4-1BB-expressing T-cell subsets can be 

explained by the fact that these T cells might not have encountered their cognate antigen 

very recently, contrary to what happens with TILs. 

CD8+ and CD4+ PBLs co-expressing PD-1hi and CD39 identify 
reactivities against tumor antigens in cancer patients

Our results showed that CD8+ PBLs co-expressing PD-1hi and CD39 most 

reproducibly identified T cells recognizing tumor antigens and consistently contained 

the highest frequency of CD8+ reactive T cells (Figure 28). Both PD-1 and CD39 have been 

described as biomarkers to enrich for CD8+ tumor-reactive or neoantigen-specific T cells 
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at the tumor site (73,74,138,191,192). Moreover, PD-1 has also been demonstrated to enrich 

for neoantigen-specific PBLs and CD39 was recently shown to be preferentially expressed 

by this subset of T cells in peripheral blood (156).  We also isolated CD8+ populations based 

on the exclusive expression of PD-1 or CD39. However, these populations failed to identify 

the vast majority of reactivities against the detected tumor antigens. We cannot rule out 

the possibility that these subpopulations initially contained the neoantigen-specific T cells 

although at a lower frequency than the PD-1hiCD39+. It is possible that less dysfunctional T 

cells with a higher proliferative capacity also present in the culture outgrow neoantigen-

specific T cells during the T-cell expansion after cell sorting, rendering them undetectable. 

To avoid losing T-cell reactivities, TCR sequencing could be performed immediately after 

sorting, which would ensure the identification of neoantigen-specific TCRs if they were 

ever present in the starting population.

Although CD8+ PBLs sorted based on the expression of PD-1hi and CD39 contained the 

highest frequency of neoantigen-specific T lymphocytes, only a small fraction of the entire 

subpopulation were neoantigen-specific. Therefore, a question that remains unanswered 

is what the rest of CD8+ PD-1hiCD39+ PBLs recognize. For the three CRC patients whose 

tumors harbored over 300 mutations, CD8+ PD-1hiCD39+ T cells potentially recognize 

additional neoantigens that were not included in our screenings. Another possibility is 

that these T cells are tumor reactive but recognize nonmutant tumor antigens. This was 

observed in a study with metastatic melanoma patients in which circulating PD-1+ PBLs 

showed recognition of one or more cancer germline antigens or melanoma differentiation 

antigens (152). In the only patient in which we tested reactivity against self-antigens, 

GOI-07, we detected a reactivity against the cancer germline antigen MAGE A4. Therefore, 

broadening the spectrum of antigens tested could potentially identify more tumor-

reactive T cells within this subpopulation. Nonetheless, we cannot rule out the possibility 

that a fraction of the expanded T cells are bystanders that were sorted and outgrew the 

neoantigen-specific T lymphocytes. In our analysis, the CD8+ PD-1hi CD39+ population, 

from which we sorted the lowest number of cells (i.e. 69 cells), was the population that 

resulted in the highest frequency of neoantigen-specific T lymphocytes (40% of reactivity). 

This might indicate that, if there were bystander T cells, the frequency of these T cells was 

so low that they were not able to outgrow neoantigen-specific T cells. However, this is 

purely speculative and whether the frequency of neoantigen-specific PBLs after sorting 

and before the expansion was higher than after expansion is unknown. 
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CD4+ PBLs co-expressing PD-1hi and CD39 also detected the greatest number 

of neoantigen reactivities (Figure 31). Nevertheless, this population missed several 

reactivities, which were captured in the PD-1hi or PD-1hiCD39- subpopulations. Our 

laboratory recently reported similar observations in CD4+ TILs from endometrial cancer 

patients (192). Thus, PD-1hiCD39+ might not be the best combination of biomarkers to 

comprehensively identify CD4+ neoantigen-specific or tumor-reactive T cells neither in 

the tumor nor in peripheral blood.  Most of the work in the field of tumor-reactive or 

neoantigen-specific T cells has been focused on the CD8+ compartment. Thus, less evidence 

is available about what tumor-reactive or neoantigen-specific CD4+ T cells express in the 

tumor and in circulation. A recent study described that CD4+ TILs co-expressing CD39 

and ICOS are enriched with tumor-reactive T cells at the tumor site. Thus, other markers 

or other combinations should be explored to determine which would be the combination 

that best guides the detection of circulating CD4+ neoantigen-specific or tumor-reactive 

T cells. 

CD8+ and CD4+ sorted PBLs detected a greater number of 
neoantigen reactivities than unselected TILs expanded in 
high dose IL-2

In addition to PBLs, we also screened ex vivo expanded TILs against tumor 

antigens, as they have classically been the preferred source to obtain neoantigen-reactive 

lymphocytes. Our results showed that the selection of specific peripheral blood subsets 

identified a greater number of neoantigen reactivities than using the classical non-specific 

TIL expansion in high-dose IL-2. This was mainly observed for CD8+ TILs as we did not 

capture any neoantigen reactivity, despite being expanded from the tumor lesion (Figure 

32A). Thus, unselected TILs expanded in high dose IL-2 were less efficient at capturing 

neoantigen reactivities. Moreover, all but two neoantigen reactivities detected in TILs 

were also identified in peripheral blood. This demonstrates a high degree of similarity 

between the neoantigens targeted by T cells isolated from the circulation or from the 

tumor site, which is consistent with previous studies (152–154). 

In contrast to circulating lymphocytes that were selected from peripheral blood 

based on the expression of specific cell-surface markers, TILs were expanded from the 

tumor biopsy in the presence of high dose IL-2 but without any previous enrichment. Thus, 

the most likely explanation is that the different strategies used to expand the TILs and the 
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PBLs affected the number of neoantigen reactivities detected. It is possible that selecting 

TILs based on their phenotype would have improved the identification of neoantigen-

specific TILs as previously reported (73,74,191,192,195,196). Nevertheless, the isolation 

of tumor-reactive TILs also faces other hurdles. Although TILs capable of recognizing 

the tumor are enriched at the tumor site, their isolation from a tumor biopsy might be 

compromised by multiple factors including the limited amount of tumor material resected, 

the high heterogeneity within the tumor microenvironment and, more importantly, the 

abundance and the diversity of TILs in different tumor regions (285). Moreover, in vitro 

expansion of TILs in the presence of high dose IL-2 can significantly bias the frequency 

of antigen-specific T cells, which could potentially lead to the loss of specific reactivities, 

thereby underestimating the initial T-cell repertoire (160,286). Despite being at far lower 

frequencies in the circulation, the pool of T cells present in peripheral blood might capture 

a larger breadth of the anti-tumor response as it could, theoretically, include T cells 

recognizing neoantigens from distinct lesions and others that are trafficking from lymph 

nodes. Thus, developing efficient strategies to specifically select circulating T lymphocytes 

targeting neoantigens or capable of recognizing the tumor is crucial for the development 

of T-cell-based therapies and has the potential to outperform the detection of neoantigen-

specific TILs from a tumor biopsy. 

The selection of PBL subsets based on the expression of 
cell-surface markers might underrepresent the neoantigen-
specific TCR repertoire

Although the surface marker-based isolation strategy enabled the identification of 

neoantigen-specific PBLs in eight out of 10 patients studied, this method also has certain 

limitations that are worth mentioning. 

One potential concern of our strategy is the loss of reactivities and clonotype 

diversity that can occur during the in vitro expansion of sorted T-cell populations, which 

lasts 14 days (287). Although the sorted T-cell populations are enriched in neoantigen-

specific T cells, these are likely still mixed subpopulations that also contain bystander T 

cells. Thus, the presence of non-reactive T cells in the selected T-cell population could 

lead to the overgrowth of bystander T cells thereby diluting the reactive cells (286). This 

limitation represents a common concern in the field and has been previously reported. 

For instance, Yossef et al. developed a strategy that consisted in isolating TILs expressing 
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PD-1 and/or activation markers such as 4-1BB or OX40 followed by microwell culturing 

at a density of 3 cells/well to avoid overgrowth of non-reactive T cells (282). Using this 

strategy, the authors detected 13 new neoantigens that were missed using the standard 

TIL ex vivo expansion. Nevertheless, generating microwell cultures of 3 cells/well might be 

highly laborious and hard to handle when working with peripheral blood due to the low 

frequency of neoantigen-specific T cells in circulation. Other strategies aim at detecting 

the TCR clonotypes directly after sorting specific T-cell populations from fresh tumor 

specimens prior to in vitro T-cell expansion. For instance, Pasetto et al., performed TCRb 

deep sequencing followed by matching TRA-TRB by pairSEQ of sorted CD8+ PD-1+ T cells 

from fresh metastatic melanomas and identified up to five tumor-reactive TCRs in 11 out 

of 12 patients (139). More recently, TCRs derived from TILs have been directly identified 

from fresh tumor digests without using any pre-enrichment strategy in patients with 

different epithelial tumors (58,143). This approach enabled the interrogation of the entire 

TCR repertoire initially present in the tumor without the loss of any TCR clonotype, which 

can potentially occur in other strategies that require additional manipulation of the T-cell 

population prior to TCR sequencing. 

Another limitation of our method is that sorting CD8+ and CD4+ T cells based on 

the expression of selected cell-surface receptors can skew our results towards a particular 

combination of biomarkers leaving many others overseen. Although we included a large 

panel of circulating T-cell populations to detect neoantigen reactivities in three cancer 

patients, it is technically challenging and laborious to cover all markers and all possible 

combinations using our approach. In the last years, multiple studies have used single-

cell RNA and TCR sequencing analysis of tumor biopsies coupled with immunological 

screenings and have identified multiple tumor-reactive TCRs in TILs of different solid 

cancers, all presenting a gene signature associated with a dysfunctional phenotype 

(58,59,115,155,288). More recently, single-cell RNA sequencing analyses have also been 

coupled with CITE-seq to concomitantly assess cell-surface expression of >100 markers 

at protein level and thereby extract the highest amount of information on TIL populations 

including T-cell differentiation state, specificity and functionality. The use of this strategy 

based on single-cell RNA sequencing analysis could overcome the inherent bias in marker 

selection and the potential loss of reactive clonotypes during T-cell expansion. Moreover, 

it also allows TCR clonotype tracking along treatment to better monitor T-cell responses 

and clonal expansion after treatment with immunotherapy (58,289). Nonetheless, the 
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low prevalence of the tumor-reactive clonotypes in the blood would likely still require 

some level of enrichment prior to single-cell sequencing. In this regard, our work shows 

that selection and single-cell sequencing of PD-1 and CD39-expressing PBLs may greatly 

improve the number of neoantigen- and tumor-reactive TCRs identified.

cfDNA as an alternative source to identify candidate 
neoantigens

Analysis of cfDNA from peripheral blood for tumor molecular profiling represents a 

critical advance that offers a wide range of minimally-invasive clinical applications (206). 

Using our pipeline, we identified putative NSMs in the cfDNA of all patients analyzed and 

observed a certain degree of overlap with the NSMs identified in TuBx DNA in five of six 

patients. More importantly, WES of cfDNA successfully detected eight of 13 neoantigens 

in four of five cancer patients containing neoantigen reactivities, all of them also detected 

in TuBx DNA, further supporting their tumor-specificity. These findings demonstrate the 

feasibility and reproducibility of our approach and show that the WES sequencing depth 

used in our study (300X) provides enough sensitivity to identify tumor NSMs in cfDNA. 

Nonetheless, we cannot rule out the possibility that more neoantigens would have been 

detected if other inclusion criteria would have been used in our analysis. The criteria 

applied for selecting cfDNA variants varies considerably among studies, some selecting 

NSMs exclusively based on a minimum VAF of 1% (290,291). Considering this and the 

usual low representation of tumor-derived DNA within the total pool of cfDNA, using less 

stringent criteria to select cfDNA variants could increase the identification of neoantigens. 

Nevertheless, it would be important to find the most suitable filters to ensure selection of 

the maximum number of NSMs without including too many sequencing errors or artifacts 

generated during the generation of the WES library and in silico analysis.

Which factors could account for the differences observed 
between somatic mutations detected by WES of cfDNA and 
TuBx DNA?

In our study, the frequency of cfDNA NSMs over the total NSMs varied widely 

among patients and high levels of discordance between matched tumor and cfDNA 

samples were observed in some patients (e.g. patient GOI-03). These discordances have 

been previously reported in the literature and have been associated with biological and 
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preanalytical factors that will be further discussed in this section (292). 

The ability to detect somatic mutations in cfDNA could be explained by different 

levels of tumor fraction in cfDNA, which represents the proportion of the total cfDNA that 

derives from tumor. In a systematic review analyzing 20 studies that used WES for tumor 

molecular profiling, the number of detected SNVs was correlated with the amount of tumor 

fraction of cfDNA (293). In contrast, the differences in the identification of NSMs in cfDNA 

could not be attributed to the tumor content in cfDNA in our cohort of patients. Given 

the low sensitivity of cfDNA WES in identifying tumor-derived genetic alterations (293), 

we considered essential to set a cfDNA tumor fraction cutoff value to pre-select samples 

for WES. Previous studies have established tumor fraction levels of 10% or 25% as pre-

selection criteria for cfDNA WES analysis (222,294). Thus, we decided to exclude plasma 

samples having a tumor fraction <10% from our clonality analysis. Additional patients 

should be evaluated to confidently determine the tumor fraction cutoff value that would 

ensure the identification of tumor NSMs in cfDNA using WES. Such a cutoff could also be 

used as an inclusion criterion if finally applying this minimally-invasive T-cell therapy in 

the clinic to select patients. 

Another factor that can explain discordances between tumor NSMs detected in 

cfDNA and TuBx DNA is the presence of spatial and temporal tumor heterogeneity (Figure 

37). An example of this is a study conducted in patients with renal cell carcinoma where 

65% of somatic genomic alterations were not detectable in every region of the primary and 

metastatic lesions(295). Similarly, a study that assessed a panel of 54 genes in cfDNA and 

primary and metastatic lesions in patients with metastatic breast cancer showed that 

cfDNA not only identified 97.2% of the variants present in primary and metastatic lesions 

but also detected 13 variants that were also present in the metastatic lesion but not in the 

primary tumor (296). Based on this, it is possible that subclones that exist in the primary 

tumor evolve and expand through disease progression, leading to the divergence of tumor 

genomic landscapes. Thus, NSMs exclusively found in cfDNA could be derived from tumor 

clones that were not captured by the core biopsy of a single lesion. This is because cfDNA 

potentially captures intra- and inter-tumor heterogeneity as the tumor DNA shed from 

distinct lesions in the same individual is mixed in the circulation (297) (Figure 37). Studies 

comparing cfDNA to tumor regional sampling supported this hypothesis as they observed 

that a great number of the SNVs initially identified only in cfDNA as compared to TuBx  
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Figure 37. cfDNA can capture genomic tumor heterogeneity. During cancer progression, subclones 
that exist in the primary tumor might evolve and expand leading to the divergence of tumor genomic 
landscapes. Single tumor biopsies might not captured somatic alterations present in other regions of 
the same tumor or in other metastatic lesions. In contrast, since cfDNA can be shed from different  
tumor lesions and be mixed in the circulation, it potentially reflects intra- and inter-tumor  
heterogeneity. Image created with BioRender.com.

 

 

 

 

DNA were prospectively found in additional tumor regional biopsies (298,299). Although 

it is a potential explanation and would represent an advantage of using WES of cfDNA 

over TuBx DNA, we did not detect any reactivity against any NSM exclusively identified in 

cfDNA, which would have supported this hypothesis. 

In addition to tumor heterogeneity, we cannot exclude the possibility that NSMs 

only detected in cfDNA are an artefactual product generated by sequencing errors or even 

during in silico analysis. This represents a technical limitation that is aggravated in WES 

of cfDNA due to the low representation of ctDNA (271,292,300). Other techniques are 

currently used to detect somatic variants in cfDNA, which include PCR-based and small-

panel sequencing approaches. These techniques have higher sensitivity than WES or WGS 

but cannot be used as an exploratory tool to detect tumor NSMs, thereby only being able 

to detect mutations in a specific gene or panel of genes (271). Nonetheless, performing 

targeted sequencing and selected mutations uniquely identified through WES of cfDNA 

using conventional sequencing methods could help confirm whether these are indeed 

artifacts or real and this is pending. 

By analyzing the type of mutations that were detected in the distinct sources of 
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DNA, we noticed that the frequency of frameshift mutations within NSMs detected 

exclusively in cfDNA was higher compared to those that were detected in the two DNA 

sources or exclusively detected in TuBx DNA (Figure 35). Moreover, somatic mutations 

shared between cfDNA and TuBx DNA or only detected in TuBx DNA were mainly 

SNVs and shared a similar pattern that was different from that observed in mutations 

exclusively detected in cfDNA. The differences observed between NSMs from cfDNA or 

from TuBx DNA are probably influenced by interpretation parameters. For instance, since 

the filters applied to include frameshift mutations are more relaxed than those used for 

SNVs (i.e. SNVs need to be called by two or more variant callers, as compared to only one 

for frameshifts), it is plausible that sequencing errors that generate frameshift mutations 

at low frequency in cfDNA were considered positive events whereas errors generating 

SNVs were excluded. Thus, it is tempting to speculate that at least a fraction of frameshifts 

exclusively detected in cfDNA corresponds to artifacts related to sequencing errors or in 

silico analysis rather than to tumor heterogeneity. Fine-tuning of sequencing methods and 

more sensitive filters is warranted to dissect and distinguish heterogeneity from artifacts, 

which would be essential to confidently detect tumor NSMs by sequencing cfDNA.

In addition to variations that could be applied to the in silico analysis of WES, we 

reasoned that molecular traits of NSMs might influence their identification in cfDNA. 

One possibility is the clonal status of NSMs in the tumor. Different mutational processes 

happen during tumor evolution, leading to tumor heterogeneity and the appearance of 

tumor subclones that can subsequently lead to no or variable representation of subclonal 

populations within cfDNA. Thus, clonal mutations, which are more represented in the 

tumor, might be better captured by WES of cfDNA. A study analyzing the concordance 

between clonal and subclonal events in tumor tissue and cfDNA supported this hypothesis 

since 88% of tumor clonal mutations were confirmed to be present in cfDNA, as opposed 

to the 47% of subclonal mutations (222). Similarly, our findings showed that WES of 

cfDNA preferentially captured clonal NSMs from tumor tissues and the frequency of clonal 

mutations in the biopsied tumor positively correlated with the frequency of shared NSMs 

identified. This observation further supports the use of cfDNA to develop minimally-

invasive T-cell therapies as it would indirectly preferentially identify clonal neoantigens, 

which have been shown to be more clinically relevant (161). In line with this, all neoantigens 

detected in our cohort of patients were derived from clonal tumor NSMs, based on TuBx 

DNA WES. Overall, based on the differences observed in the frequency of shared NSMs 
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and the neoantigens identified, it would be of great interest to find a feature enabling 

the selection of patients whose cfDNA will consistently identify neoantigens. Although 

tumor clonality allows making this distinction, a tumor biopsy is needed to perform such 

analysis. Thus, increasing the number of cfDNA and matched tumor samples analyzed 

would be essential to explore other variables that could further enhance detection of the 

most clinically relevant NSMs using cfDNA WES. 

Development of T-cell products for ACT from PBLs expressing 
PD-1hiCD39+

The fact that our strategy leverages the co-expression of PD-1hi and CD39 for the 

enrichment of circulating neoantigen-specific T cells could raise some concern for the 

development of T-cell products for ACT. The expression of these two cell-surface markers 

has been widely described to be related to a dysfunctional state characterized by low 

proliferation capacity and functional impairment, which could compromise the efficacy 

of ACT therapy (71,301). T-cell intrinsic factors have been associated with ICB response 

in several murine and human studies, all of them demonstrating that a “progenitor-

exhausted” T-cell population with stemness properties such as self-renewing capacity is 

needed for ICB response (62,63,302,303). This population is characterized by the expression 

of the transcription factor TCF-1 while not expressing inhibitory markers such as TIM-3 

and CD39. Although most of the work has been done in ICB-treated cancer patients, a 

more recent study also demonstrated that melanoma cancer patients that respond to TIL-

ACT retained a CD39-CD69- stem-like T-cell population recognizing neoantigens that had 

a higher capacity of self-renewal, persistence and presented a superior antitumor response 

in vivo (304). In our work, the T-cell population from which we sorted the smallest 

number of cells was PD-1hiCD39+, especially in CD8+, from which we could only sort 69 

T cells for patient GOI-01 (Figure 38, top). The second less-represented population was 

PD-1hiCD39- followed by PD-1-CD39 (Figure 38, top). Contrary to what has been published 

for ex vivo expanded TILs, the proliferative capacity of circulating CD4+ and CD8+ T-cell 

populations expressing CD39 is not inferior to that observed in CD39- populations (Figure 

38, bottom). Notably, T-cell dysfunctionality has been described as a gradual state that 

encompass T-cell populations with a remarkable phenotypic diversity reflected by various 

combinations and levels of inhibitory and co-stimulatory markers (305). Therefore, it is 

tempting to speculate that our circulating PD-1hiCD39+ T-cell populations might not be  
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Figure 38. CD8+ and CD4+ PBL subsets sorted based on the expression of PD-1 and CD39 could be  
expanded from peripheral blood of all cancer patients studied. (A) Number of sorted circulating 
CD8+ and CD4+ T cells from peripheral blood of each individual. (B) Fold expansion of sorted CD8+ and 
CD4+ PBLs after a 14 days REP. 

 

in a terminally-exhausted state but rather in an intermediate state that still maintains 

proliferative capacity and at least some levels of IFN-g.  

To unravel whether this circulating T-cell population would be suitable for the 

development of T-cell products for ACT, a more extensive phenotypic and transcriptional 

characterization to determine their differentiation state would be needed. Moreover, 

evaluating their effector functions together with their capacity to proliferate and persist 

in vivo would also be essential before developing novel T-cell products for ACT treatment. 

Where are circulating neoantigen-specific T cells coming 
from or going to?

We have observed that co-expression of PD-1hi and CD39 reproducibly identifies 

circulating CD8+ and CD4+ neoantigen-specific T cells. Our data, together with recent 

publications, demonstrate that tumor and neoantigen-reactive T cells can frequently be 
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detected in peripheral blood of cancer patients (58,152–156,288,306). However, the origin 

and/or destination of these tumor-reactive T cells has not been studied in detail and is still 

a matter of debate.

The natural development of anti-tumor T-cell responses is a process that involves 

several steps occurring at different locations. It is thought that T cells are forced to 

migrate and traffic through peripheral blood to reach different specialized niches. Priming 

of naïve T cells generally occurs in tumor-draining lymph nodes where migratory DCs 

loaded with tumor antigens present them to T cells. Thereafter, T cells recognizing tumor 

antigens get activated, clonally expand, start differentiating towards a more effector 

phenotype and migrate to peripheral tissues (Figure 39). In principle, we might be able 

to capture circulating neoantigen-specific T cells at this point. Nevertheless, the fact 

that we identified circulating neoantigen-specific T cells based on the co-expression of 

PD-1hi and CD39, does not favor this hypothesis. Although PD-1 and CD39 are markers 

naturally expressed upon antigen-driven activation, such high levels of PD-1 co-expressed 

with CD39 would have typically been associated with chronically stimulated T cells. A 

recent study with murine models also does not support this hypothesis. In this study, they 

demonstrated that tumor-specific CD8+ T cells are initially primed in the lymph nodes 

where they maintained a stem-like phenotype, but it is not until they infiltrate the tumor 

bed that they acquire the effector program by additional co-stimulation from APCs (307). 

Nevertheless, we cannot rule out the possibility that T lymphocytes become exhausted in 

the lymph nodes as they can contain or can be replaced by tumor cells in metastatic tumors. 

Another option is that the detected circulating neoantigen-specific T cells left the tumor 

bed and reentered the circulation, possibly to migrate to other tumor-draining lymph 

nodes or to sequentially patrol multiple metastases. In a recent paper, a subset of tissue-

resident memory T cells in the skin was shown to be able to enter the circulation, where 

they remained transcriptionally representative of the skin-resident population (308). 

In cancer, using a Kaede transgenic mice developing Lewis lung carcinoma tumors, the 

authors described a tumor-experienced T-cell population that egressed the primary tumor 

and migrated to tumor-draining lymph nodes and distant metastasis (309). Although the 

specificity of the emigrant T cells was not evaluated, this study proved that T cells can 

leave the tumor niche. However, while emigrant T cells were activated and showed clear 

effector functions, T cells that persisted in the tumor expressed co-inhibitory receptors 

such as TIM-3 and PD-1, possibly because of a hampered migration capacity (310).  
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Figure 39. Neoantigen-specific and tumor-reactive T cells can be found in the circulation at 
different time points of the anti-tumor T-cell response. The development of anti-tumor T-cell 
responses is a process that involves several steps occurring at different locations. T cells need to migrate 
and traffic through peripheral blood to reach the different specialized niches, making them detectable 
in peripheral blood at different time points in the course of the response against tumor. Image created 
with BioRender.com.

Further studies are needed to unravel this conundrum and to better characterize 

circulating neoantigen-specific T cells to gain more insights into their differentiation 

status. Moreover, whether exhausted T cells detected in the blood, as opposed to the 

tumor, may also have altered motility and homing properties remains to be investigated. 

Development of a personalized minimally-invasive T-cell 
therapy to treat patients with metastatic epithelial cancers

Personalized cancer immunotherapies with T-cell products enriched with 

neoantigen-specific T cells have been used to treat patients with metastatic epithelial 

cancers. Although objective responses have only been observed in selected patients 

(112,113,116,311), this therapy demonstrated to have the potential to mediate tumor 

regression in the advanced metastatic setting. In line with this, retrospective studies of 

TIL products from responders and non-responders of melanoma patients demonstrated 

that successful TIL-ACT is associated with an expansion of T cells targeting neoantigens 

supporting the important role of these T cells in mediating antitumor responses 

(173,312,313). Nevertheless, recent data has also shown the limitations of this therapeutic 

approach as neoantigen-specific T cells were detected in the tumor and blood of patients 

not responding to anti-PD-1 treatment (306). Although the existence of tumor-reactive 

or neoantigen-specific T cells is critical for mediating anti-tumor T-cell responses, 

there is still much to be learned in how such T cells mediate tumor cell clearance upon 
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immunotherapy and whether they require other factors for efficiently exerting their 

effector functions. So far, the development of neoantigen-targeted T-cell therapies and 

monitoring of neoantigen-specific T cells in cancer patients rely on tumor biopsies to both 

identify candidate neoantigens and reactive T cells or TCRs, limiting their therapeutic 

applicability and potentially underestimating tumor heterogeneity in the advanced 

metastatic setting. 

In this thesis, we devised a strategy to simultaneously identify NSMs through 

WES and isolate neoantigen-specific CD8+ and CD4+ T cells or TCRs from cancer patients 

solely using peripheral blood (Figure 40). Our results demonstrated that the selection 

of circulating CD8+ and CD4+ T lymphocytes co-expressing PD-1hi and CD39 coupled 

with WES of cfDNA enables the identification of CD8+ and CD4+ neoantigen-reactive T 

lymphocytes in patients with distinct epithelial tumors including breast, H&N and CRC. 

Hence, we provide a minimally-invasive strategy based on the use of peripheral blood to 

develop personalized T-cell therapies targeting neoantigens without the need of a tumor 

biopsy, which could be exploited to treat patients with unresectable tumors. Although we 

have already discussed several important considerations that still need to be addressed 

before applying this strategy to the clinics, this minimally-invasive approach could be 

used to treat patients with metastatic epithelial solid tumors that nowadays cannot 

benefit from currently used ACT treatments. 
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Figure 40. Schematic representation of the proposed strategy to simultaneously identify NSMs 
through WES of cfDNA and isolate neoantigen-specific CD8+ and CD4+ T cells or TCRs from  
cancer patients solely using peripheral blood. A peripheral blood sample would be used for (1) iso-
late CD4+ and CD8+ T cells based on the co-expression of PD-1hi and CD39 and (2) isolate cfDNA to per-
form WES and identify putative NSMs, which would then be included in TMGs and PPs. (3) The sorted 
subpopulations would then be tested for neoantigen recognition via a co-culture with autologous B 
cells electroporated or pulsed with TMGs and PPs, respectively, and neoantigen-specific T cells would 
be selected based on the expression of the activation markers 4-1BB or OX40 on CD8+ or CD4+ T cells 
and expanded ex vivo to generate a T-cell product enriched with neoantigen-specific PBLs that would 
be re-infused back to the patient. Image created with BioRender.com.
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The use of WES of cfDNA combined with the isolation of CD8+ and CD4+ 

 PD-1hi CD39+ PBLs enables the development of personalized T-cell therapies targeting 

neoantigens by the exclusive use of peripheral blood in a proportion of patients with 

metastatic epithelial cancers.

1.	 WES of cfDNA identified somatic mutations that were either shared with TuBx 

DNA or exclusively detected in the peripheral blood of patients with metastatic epithelial 

tumors. 

2.	  In cancer patients, CD8+ and CD4+ PD-1hi PBLs displayed an overall upregulation of 

biomarkers typically associated with T-cell activation and dysfunction. 

3.	  CD8+ and CD4+ PD-1hi PBLs from cancer patients represent rare subpopulations 

that show a unique co-expression profile of activation/exhaustion markers resembling the 

dysfunctional phenotype typically observed in TILs.

4.	 CD8+ PBLs co-expressing PD-1hi and CD39 most reproducibly identify neoantigen-

specific T cells, exceeding the number of reactivities detected by T-cell populations 

uniquely sorted based on PD-1hi expression. Moreover, this subpopulation consistently 

contained the highest frequency of neoantigen-specific lymphocytes. 

5.	 While CD4+ PD-1hi CD39+ PBLs identified a higher number of neoantigen reactivities, 

it did not consistently result in a greater frequency of neoantigen-specific T cells and it 

missed some neoantigen reactivities. 

6.	 The selection of CD8+ PBLs expressing PD-1hi and CD39 leads to the detection of 

a greater number of T-cell reactivities targeting tumor antigens than the classical non-

specific TIL expansion in high-dose IL-2. 

7.	 Overall, WES of cfDNA identified 61.5% of all neoantigens in four of five patients 

harboring neoantigen reactivities. None of the candidate neoantigens tested exclusively 

identified in cfDNA were recognized by T cells.

8.	 The tumor fraction of cfDNA and the tumor clonality of each NSMs are two factors 

that influence the detection of tumor somatic mutations and neoantigens in cfDNA.

8.1.	 A certain level of tumor fraction in cfDNA is essential but does not guarantee 

	 the detection of mutations shared with TuBx DNA.

8.2.	 WES of cfDNA was capable of frequently detecting shared mutations, which 
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	  were predominantly clonal. This is critical since all the neoantigens identified 

	 in our study derived from clonal mutations.
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Appendix Figure 1. Screening against neoantigens of CD4+ PD-1dim and PD-1- T-cell populations 
sorted from peripheral blood of patient GOI-01. Autologous B cells pulsed with PPs encoding for 
neoantigens were co-cultured with the 33 CD4+ T-cell populations sorted from peripheral blood of  
patient GOI-01. After 20h, T-cell responses were evaluated by measuring the number of IFN-g spots 
using IFN-g ELISPOT (left) and the upregulation of 4-1BB by flow cytometry analysis (right). Data is 
representative of two independent experiments
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Appendix Figure 2. Neoantigen-specific T cells are detected in the CD8+ PD-1hi CD39+ T-cell  
population sorted from peripheral blood in patient GOI-03. (A) Autologous B cells electroporated  
with TMGs encoding for neoantigens or pulsed with MEP were co-cultured with CD8+ T-cell  
populations sorted from peripheral blood based on the expression of PD-1 or CD39 alone or different 
levels of PD-1 in combination with CD27, CD38, CD39, HLA-DR and 4-1BB in patient GOI-03. After 
20h, T-cell responses were evaluated by measuring the number of IFN-g spots using IFN-g ELISPOT. 
Only the results of the populations sorted based on PD-1hi or CD39 alone or PD-1hi in combination with 
CD27, CD38, CD39, HLA-DR and 4-1BB are shown. (B) Neoantigen-specific T cells were enriched from 
CD8+ PD-1hi CD39+ T-cell population by FACS based on 4-1BB expression after 20h co-culture with B 
cells pulsed with MEP and ex vivo expanded for 14 days. Plots show gates used for sorting. Autologous 
B cells pulsed with an irrelevant MEP were used as negative control of T-cell activation. (C) To deter-
mine the specific mutation recognized, minimal epitopes contained in the MEP were independently 
pulsed onto autologous B cells at 1 mg/mL during 2h. B cells were then washed and co-cultured with the 
MEP-reactive CD8+ PD-1hi CD39+ T cells enriched in (B). After 20h, the reactivity was measured by the 
upregulation of 4-1BB by flow cytometry as indicated in the y axis. (D) B cells were pulsed with serial 
dilutions of the wild-type (TMTC3p.L242wt) or mutant (TMTC3p.L242F) minimal epitopes and co-cultured 
with the neoantigen-reactive CD8+ PD-1hi CD39+ T-cell population enriched by FACS in (B). T-cell re-
activity was evaluated by measuring IFN-g secretion by IFN-g ELISPOT (left) and the upregulation of 
4-1BB expression (right) after 20h of co-culture. “>500” denotes greater than 500 spots. Experiments 
were performed without technical duplicates. Data from A and C-D is representative from two inde-
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HLA-DR and 4-1BB in patient GOI-04. After 20h, T-cell responses were evaluated by measuring the 
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Appendix Figure 4. Identification of CD8+ and CD4+ neoantigen-specific PBLs and TILs in CRC 
patient GOI-05. (A) Reactivity of CD8+ T-cell populations sorted from peripheral blood when co-cul-
tured with autologous B cells electroporated with TMGs encoding for NSMs identified by WES of TuBx 
DNA and cfDNA. T-cell recognition was evaluated by IFN-g ELISPOT (top) and upregulation of the 
activation marker 4-1BB by flow cytometry analysis. (B-C) IFN-g secretion measured by IFN-g ELIS-
POT and flow cytometric analysis of 4-1BB expression on CD8+ (B) TMG4-reactive and (C) TMG5-re-
active T-cell subsets following overnight co-culture with autologous B cells electroporated with  



203

A
pp

en
di

x

individual minigenes from TMG4 and TMG5. (D-E) Reactivity of (D) AARSp.Q12P-specific and (E) WDR90p.

T214M-specific T-cell populations upon co-culture with autologous B cells electroporated with mutated 
(MUT) and wild-type (WT) AARSp.Q12P and WDR90p.T214M minigenes, evaluated by (D) 4-1BB expression 
by flow cytometry analysis or (E) IFN-g secretion by IFN-g ELISPOT. (F) Reactivity of circulating CD4+ 
T-cell populations when co-cultured with autologous B cells electroporated with TMGs encoding for 
NSMs identified by WES of TuBx DNA and cfDNA, assessed by the secretion of IFN-g by IFN-g ELISPOT. 
(G-H) IFN-g secretion measured by IFN-g ELISPOT and/or flow cytometric analysis of 4-1BB expression 
on CD4+ (G) TMG7-reactive and (H) TMG8-reactive T-cell subsets following an overnight co-culture 
with autologous B cells electroporated with individual minigenes from TMG7 and TMG8, respectively. 
“>500” denotes greater than 500 spots. Experiments were performed without technical duplicates. All 
data is representative from two independent experiments.  
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peripheral blood upon 20h of co-culture with autologous B cells electroporated with TMGs encod-
ing for NSMs identified by WES of TuBx DNA. T-cell recognition was evaluated by measuring IFN-g  
secretion by IFN-g ELISPOT. (B) Reactivity of CD8+ PD-1-CD39+ T cells after a 20h co-culture with 
autologous B cells electroporated with individual minigenes from TMG5. Reactivity was measured 
by the upregulation of 4-1BB expression by flow cytometry. (C) Reactivity of CD8+ PD-1-CD39+ T  
lymphocytes upon co-culture with autologous B cells electroporated with mutated (MUT) and wild-
type (WT) TEX264p.S40L minigenes, evaluated by IFN-g ELISPOT. “>500” denotes greater than 500 
spots. Experiments were performed without technical duplicates. All data is representative from two 
independent experiments.
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Appendix Figure 6. CD8+ and CD4+ PD-1hiCD39+ PBLs and unselected TILs identified neoantigen 
reactivities in patient GOI-08. (A) Reactivity of TILs (top), CD8+ (middle) and CD4+ (bottom) PBLs 
upon 20h co-culture with autologous B cells electroporated with TMGs or pulsed with PPs encoding 
for somatic mutations identified by WES of TuBx DNA and/or cfDNA. IFN-g secretion measured by 
IFN-g ELISPOT is plotted. (B) CD8+ and CD4+ PD-1hiCD39+ PBLs and TILs were co-cultured with au-
tologous B cells either electroporated or pulsed with the respective TMGs and PPs that showed cer-
tain reactivity in (A) and CD8+ and CD4+ T cells that upregulated 4-1BB after 20h of co-culture were 
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FACS purified and expanded. Representative plots show the percentage of 4-1BB+ live CD3+CD8+ or 
CD3+CD4+ lymphocytes. (C) Reactivity of TMG- or PP-reactive CD8+ and CD4+ PBLs and TILs unse-
lected or isolated in (B) against autologous B cells pulsed with individual 25-mers from the respective 
TMG/PP. IFN-g secretion by IFN-g ELISPOT or the upregulation of 4-1BB expression by flow cytometry 
are plotted. (D-E) Reactivity of TMG- or PP-reactive CD8+ and CD4+ PBLs and TILs isolated in (B) upon 
co-culture with autologous B cells pulsed with mutated (MUT) and wild-type (WT) versions of the 
respective recognized peptides, evaluated by (D) IFN-g ELISPOT or by (E) the upregulation of 4-1BB 
expression by flow cytometry. “>500” denotes greater than 500 spots. Experiments were performed 
without technical duplicates. Data from A, C-E is representative from two independent experiments. 
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Appendix Figure 7. Correlative analysis of cfDNA and evaluation of the clonality of shared NSMs 
and NSMs only identified in TuBx DNA. (A) Correlation between tumor fraction of cfDNA and  
frequency of shared somatic NSMs between cfDNA and TuBx DNA. (B) Correlation between total  
tumor burden measured in cm3 and the frequency of shared NSMs between cfDNA and TuBx DNA.  
(C) Number of clonal and subclonal NSMs identified in both TuBx DNA and cfDNA or only identified 
in TuBx DNA. 
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Appendix Table 1. RNA levels of expression of cancer germline antigens selected 
for immunological screening in patient GOI-07

Cancer germline
antigen

Gene transcript
expression in 

TuBx

Gene transcript
expression in 

autologous TCL

Cancer germline
antigen pool 
for screening

MAGE A3 30.266 - 1

MAGE A4 98.303 99.003 8
MAGE A6 39.747 - 1

MAGE A10 33.589 - 8
MAGE C1 33.589 - 2
MAGE C2 30.266 - 4

ACRBP 55.604 41.244 3
BRDT - 37.514 7
DKKL1 59.538 62.458 5
DPPA2 36.055 32.293 5
ODF3 32.506 - 4

POTEE 32.506 48.568 6
PRAME 96.442 91.04 3
PRSS54 39.149 55.317 7
SPAG9 98.178 98.875 2
TEX14 49.375 47.153 6
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Number of markers co-expressed
in CD4+ T-cell subsets

Number of markers co-expressed
in CD8+ T-cell subsets

ID PD-1 
population 3 4 3 4

Patients

PD-1hi 14.44 2.41 16.64 10.9

PD-1dim 2.86 0.38 2.85 0.73

PD-1- 0.64 0.11 0.75 0.11

Healthy 
donors

PD-1hi 2.15 0.05 4.99 1.07

PD-1dim 0.55 0.03 0.66 0.04

PD-1- 0.18 0.01 0.25 0.02

Appendix Table 2. Co-expression of markers within PD-1-, PD-1dim and PD-1hi T-cell populations in 
cancer patients and healthy individuals
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