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ABSTRACT

As the world’s population is aging, it becomes more relevant to understand its mechanisms. Aging is
defined as a time-dependent functional decline. When aging affects the immune system specifically, it is
referred to as immunosenescence, a process of progressive decline caused by age-related changes to
both the innate and adaptive immunity and their balance. Ultimately, it causes a less efficient immune
response to infection or vaccine responses, among others. Some of its characteristics include: a shift
towards innate and myeloid responses at the expense of the adaptive responses, or the accumulation of
CD27res CD28"e¢ late differentiated T cells, which arise from repeated antigen-restricted proliferation.
Related to that, studies described an Immune Risk Phenotype (IRP) that predicted mortality in aged
patients. It was defined by positive CMV serology and at least one of the following: CD4/CD8 ratio <1,
CD8* T cells >600 cells/uL or CD28"9 T cells >300 cells/uL. Since respiratory infections, mainly
pneumonia, are one of the main burdens of disease in older people, we aimed to understand the impact

of immunosenescence in patients with respiratory infections.

Common variable immunodeficiency (CVID) is the most prevalent symptomatic inborn error of
immunity (IEl) and it is characterized by their humoral defect, with hypogammaglobulinemia, failed vaccine
responses and recurrent respiratory infections. Therefore, they share many clinical characteristics to
immunosenescent patients so we aimed to study them as a model for patients at risk ok respiratory

infections. To that end, in this thesis we performed our studies in two parts.

In Part I, 162 patients older than 65 years-old hospitalized for community-acquired pneumonia (CAP)
at the Hospital de la Santa Creu i Sant Pau between May 2019 and July 2021 were included prospectively.
Blood count, lymphogram, immunoglobulins, complement factors, T helper distribution profiles, T cell
differentiation phenotype and IRP were collected at two time-points: during CAP (T0), and at a 1-2 months
follow-up (T1). Then, we followed-up their 2-year survival and compared the immune characteristics of
survivors vs non survivors. A gendered stratified sub-analysis was also performed. We found that at TO,
non-survivors presented higher neutrophil and lower lymphocyte percentages, with reduced T and B cell
counts but comparable NK cells, consistent with the innate shift described in immunosenescence.
Monocytopenia emerged as a particularly high-risk factor, while the neutrophil-to-lymphocyte ratio (NLR)
was not informative at this timepoint. At T1, survivors recovered normal neutrophil counts and increased
CD8* T and NK cell counts, whereas non-survivors failed to do so, confirming impaired immunoresilience;
NLR became informative only at T1. The CD4* and CD8* compartments showed fundamentally different
differentiation states. At both time-points, CD4* T cells were predominantly early differentiated, while CD8*
T cells showed comparable proportions of early and late phenotypes. The absolute number of early
differentiated T cells was the strongest predictor of 2-year all-cause mortality: proposed cut-offs were 532
cells/pL (total early T cells) or 416 cells/uL (early CD4* T cells) at TO; and 666 cells/uL (total early T cells)
or 523 cells/uL (early CD4* T cells) at T1. Sex-stratified analysis was essential, as survivor women and

non-survivor men drove the majority of differences across lymphocyte populations. Finally, the IRP was
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not useful in this context, as lymphopenia in higher-risk patients prevented them from meeting cell-count

criteria, thus reducing sensitivity precisely in those who needed it most.

In Part Il, CVID patients were studied as a potential model for aged patients at risk of respiratory
infections. First, 13 long-known patients with CVID were included for the creation of a clinical score and
9 new-diagnosis patients from 2022-2025 were included as a confirmation cohort. T, B and NK cells, B
cell subpopulations and several T cell subset: memory T cell, T-helper subsets, Treg, activated T cells;
differentiated T cell subsets were analyzed. We developed a clinical scoring system based on the
presence or absence of: bronchiectasis, unusual infections, cytopenias, Imyphadenopathy,
splenomegaly, porto-sinusoidal vascular disease, inflammatory bowel disease, interstitial lung disease
and hematological or solid organ malignancy. A virtual panel for IEI over in-house clinical exome was
performed to rule-out other IEI. The developed clinical scoring system discriminated complicated CVID at
a threshold of 9 points. In the derivation cohort, complicated CVID showed a specific reduction in late-
differentiated CD4* T cells compared to non-complicated CVID, suggesting a more prevalent
immunosenescent state in the non-complicated group. The CD4* and CD8* differentiation pattern was
comparable to that observed in the CAP cohort, with CD4* cells predominantly early differentiated and
CD8* cells showing a balanced early/late distribution. The IRP did not discriminate between complicated
and non-complicated CVID. Non-complicated patients showed a less activated T cell profile, with higher
ThO and lower HLA-DR*CD38* CD8* T cell percentages. Naive and effector memory T cell subsets,
activated T cell subsets, and naive and non-switched memory B cell subsets correlated independently
with the clinical score. Unsupervised clustering identified two CVID clusters defined by the percentage of:
NK cells, T helper subsets, Teff/Treg ratio, naive and intermediate CD4* T cells, and CD21"°¥ and
transitional B cells. Cluster 1 showed a pro-inflammatory phenotype consistent with LOCID findings, but
clustering failed to identify complicated CVID driven by immune dysregulation mutations, potentially
placing these patients alongside a premature senescent-phenotype subgroup. No specific molecular

defect underlying both CVID and an increased immunosenescent phenotype was identified in our cohort.

Taken together, these findings highlight the early differentiated T cell subset as a clinically actionable
marker of immune competence across two distinct but physiologically related conditions, and highlight the
value of immunophenotyping as a practical tool in the management of both elderly patients with infection
and patients with CVID.
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RESUMEN

A medida que la poblacion mundial envejece, se va haciendo esencial comprender los mecanismos
subyacentes a este proceso. El envejecimiento se define como un deterioro funcional progresivo a lo
largo del tiempo. Cuando éste afecta especificamente al sistema inmunitario, se denomina
inmunosenescencia, un proceso de deterioro causado por la edad que afecta tanto a la inmunidad innata
como a la adaptativa y a su equilibrio. Poco a poco esto conduce a una respuesta inmune menos eficaz
ante las infecciones o las vacunas, entre otros. Algunas de las caracteristicas de la inmunosenescencia
incluyen: un sesgo hacia una respuesta innata o mieloide en detrimento de la respuesta adaptativa, o la
acumulacion de linfocitos T tardiamente diferenciados CD27"¢9 CD28"¢9 por la proliferacion repetida por
reexposicion a un mismo antigeno. De hecho, varios estudios han descrito un inmunofenotipo de riesgo
(IFR) que predice la mortalidad en pacientes de edad avanzada. Se definié como: seropositividad a CMV
y al menos uno de los siguientes criterios: ratio CD4/CD8 < 1, linfocitos T CD8* > 600 células/uL o
linfocitos T CD28"9 > 300 células/pL. Dado que las infecciones respiratorias, principalmente la neumonia,
constituyen una de las principales causas de morbi-mortalidad en las personas mayores, nuestro objetivo

fue comprender el impacto de la inmunosenescencia en estos pacientes.

En consonancia, la inmunodeficiencia comun variable (IDCV) es el error innato de la inmunidad (Ell)
sintomatico mas prevalente y se caracteriza por su defecto humoral, con hipogammaglobulinemia,
ausencia de respuesta vacunal e infecciones respiratorias recurrentes. Es decir, comparte varias
caracteristicas clinicas con los pacientes inmunosenescentes, por lo que nos propusimos estudiarla
como modelo de pacientes con riesgo de infecciones respiratorias. Con este fin, en la presente tesis

realizamos nuestros estudios en dos partes.

En la Parte | se incluyeron prospectivamente 162 pacientes mayores de 65 afos hospitalizados por
neumonia adquirida en la comunidad (NAC) en el Hospital de la Santa Creu i Sant Pau entre mayo de
2019 vy julio de 2021. Se recogieron: hemograma, linfograma, inmunoglobulinas, factores de
complemento, perfiles de linfocitos T-helper, fenotipo de diferenciacion de linfocitos T e IFR en dos
momentos: durante la NAC (T0) y en una visita de seguimiento 1-2 meses posterior (T1). Después, se
realizé un seguimiento de su supervivencia a 2 afios y se compararon las caracteristicas inmunolégicas
de supervivientes y no supervivientes. También se llevd a cabo un subanalisis estratificado por sexo.
Observamos que en TO, los no supervivientes presentaban porcentajes mas elevados de neutréfilos y
mas bajos de linfocitos, con disminucién de linfocitos T y B pero células NK comparables, hallazgos
compatibles con el sesgo hacia la inmunidad innata descrito en la inmunosenescencia. La monocitopenia
mostré ser un factor de riesgo especialmente elevado, mientras que el cociente neutréfilo-linfocito (CNL)
no aportaba informacion en TO. En T1, los supervivientes volvieron a recuentos normales de neutrdéfilos
y aumentaron su numero de linfocitos T CD8* y NK, mientras que los no supervivientes no lo lograron, lo
que confirmd una inmunorresiliencia deteriorada; el CNL Unicamente mostré utilidad en T1. Los
compartimentos de CD4* y CD8* mostraron estados de diferenciacion fundamentalmente distintos. En
ambos momentos, los linfocitos T CD4* eran predominantemente tempranos, mientras que los linfocitos
T CD8* mostraron proporciones comparables de fenotipos tempranos y tardios. El nUmero absoluto de

linfocitos T tempranamente diferenciados fue el predictor mas potente de mortalidad por cualquier causa
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a 2 anos: se propusieron puntos de corte de 532 células/pL (linfocitos T tempranos totales) o 416
células/uL (linfocitos T CD4* tempranos) en TO; y 666 células/pL (linfocitos T tempranos totales) o 523
células/uL (CD4+ T tempranos) en T1. El analisis estratificado por sexo resulté esencial, ya que las
mujeres supervivientes y los hombres no supervivientes explicaban la mayor parte de las diferencias
observadas en las poblaciones linfocitarias. Por ultimo, el IFR no resulté util en este contexto, dado que
la linfopenia presente en los pacientes de mayor riesgo les impedia cumplir los criterios de contaje celular,

reduciendo asi la sensibilidad precisamente en quienes mas la necesitaban.

En la Parte Il, los pacientes con IDCV fueron estudiados como posible modelo de pacientes de edad
avanzada con riesgo de infecciones respiratorias. En primer lugar, se incluyeron 13 pacientes con IDCV
de larga evolucion para la creacion de una escala clinica, y 9 pacientes diagnosticados entre 2022 y 2025
se incluyeron como cohorte de confirmacion. Se analizaron linfocitos T, B y NK, subpoblaciones de
linfocitos B y diversos subconjuntos de linfocitos T: linfocitos T de memoria, subpoblaciones T-helper,
Treg, linfocitos T activados vy linfocitos T diferenciados. Se desarrollé un sistema de puntuacién clinica
basado en la presencia o ausencia de: bronquiectasias, infecciones atipicas, citopenias, adenopatias,
esplenomegalia, enfermedad vascular porto-sinusoidal, enfermedad inflamatoria intestinal, enfermedad
pulmonar intersticial y neoplasias hematolégicas o de érgano sélido. Se realizé un panel virtual para Ell
sobre exoma clinico casero para descartar otros Ell. El sistema de puntuacion clinica desarrollado
discriminé la IDCV complicada con un umbral de 9 puntos. En la cohorte de derivacién, la IDCV
complicada mostré una reduccién especifica de los linfocitos T CD4* tardiamente diferenciados en
comparacion con la IDCV no complicada, lo que sugiere un estado inmunosenescente mas prevalente
en el grupo no complicado. El patron de diferenciacion CD4* y CD8* fue comparable al observado en la
cohorte de NAC, con linfocitos T CD4* predominantemente tempranos y linfocitos T CD8* con una
distribuciéon equiparable de tempranos y tardios. El IFR no discriminé entre IDCV complicada y no
complicada. Los pacientes con IDCV no complicada mostraron menor activacién de linfocito T, con mayor
porcentaje de ThO y menor porcentaje de células T CD8* HLA-DR* CD38". Los linfocitos T naive y de
memoria efectora, los linfocitos T activados y los linfocitos B naive y de memoria sin cambio de clase se
correlacionaron de forma independiente con la puntuacién clinica. El analisis de clusterizacion no
supervisado identificé dos grupos de IDCV definidos por el porcentaje de: células NK, subpoblaciones T-
helper, cociente Teff/Treg, linfocitos T CD4* naive e intermedios, y células B CD21'°% y transicionales. El
cluster 1 mostré un fenotipo proinflamatorio compatible con LOCID, pero la clusterizacién no logré
identificar la IDCV complicada causada por mutaciones de disregulacién inmune, situando a estos
pacientes junto al subgrupo que potencialmente presentaba un fenotipo de senescencia prematura. No
se identific6 ningun defecto molecular especifico causante tanto de IDCV como de un fenotipo

inmunosenescente en nuestra cohorte.

En conjunto, estos hallazgos destacan el papel de los linfocitos T tempranamente diferenciados como
un marcador de inmunocompetencia clinicamente Uutii en dos entidades distintas pero
fisiopatolégicamente relacionadas, y resaltan el valor del inmunofenotipado como herramienta practica

en el manejo tanto de pacientes de edad avanzada con infecciones como de pacientes con IDCV.
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RESUM

A mesura que la poblacié mundial envelleix, comprendre'n els mecanismes esdevé cada vegada més
rellevant. L'envelliment es defineix com un deteriorament funcional dependent del temps. Quan afecta
especificament al sistema immunitari, en diem immunosenescéncia: un procés de declivi progressiu
causat per canvis relacionats amb I'edat que afecten tant a la immunitat innata com a l'adaptativa i a
I'equilibri entre totes dues. En darrer terme, provoca una resposta immunitaria menys eficient enfront
infeccions o vacunes, entre d'altres aspectes. Algunes de les caracteristiques de la immunosenescéncia
inclouen un biaix cap a una resposta innata i mieloide a expenses de la resposta adaptativa, o també
I'acumulacié de limfocits T tardanament diferenciats CD27"e¢ CD28"9, que sorgeixen d'una proliferacié
per la reexposicio enfront un mateix antigen de forma repetida. En relacié amb aixo, diversos estudis van
descriure un immunofenotip de risc (IFR) que predia la mortalitat en pacients d'edat avangada. Aquest
fenotip es definia per serologia positiva per a CMV i almenys un dels criteris seguents: quocient
CD4/CD8<1, limfocits T CD8* >600 cel-lules/uL o limfocits T CD28"9 >300 cél-lules/pL. Donat que les
infeccions respiratories, principalment la pneumonia, constitueixen una de les principals causes de morbi-
mortalitat en les persones grans, ens vam proposar comprendre I'impacte de la immunosenescéncia en

pacients amb infeccions respiratories.

La immunodeficiéncia comuna variable (IDCV) és I'error innat de la immunitat (Ell) simptomatic més
prevalent i es caracteritza pel seu defecte humoral, amb hipogammaglobulinémia, resposta vacunal
absent i infeccions respiratories recurrents. Per tant, comparteix diverses caracteristiques cliniques amb
els pacients immunosenescents, i per aixd ens vam proposar estudiar-la com a model de pacients amb
risc d'infeccions respiratories. Amb aquesta finalitat, en la present tesi vam realitzar els nostres estudis

en dues parts.

A la Part I, es van incloure prospectivament 162 pacients majors de 65 anys hospitalitzats per
pneumonia adquirida a la comunitat (PAC) a I'Hospital de la Santa Creu i Sant Pau entre el maig del 2019
i el juliol del 2021. Es van recollir: hemograma, limfograma, immunoglobulines, factors de complement,
perfils de limfocits T-helper, fenotip de diferenciacié de limfocits T i IFR en dos moments: durant la PAC
(TO) i en una visita de seguiment a 1-2 mesos després (T1). Posteriorment, es va realitzar un seguiment
de la seva supervivéncia a 2 anys i es van comparar les caracteristiques immunoldgiques de supervivents
i no supervivents. També es va dur a terme una subanalisi estratificada per sexe. Vam observar que en
TO, els no supervivents presentaven percentatges més elevats de neutrofils i més baixos de limfocits,
amb nombre reduit de limfocits T i B pero cél-lules NK comparables, resultats compatibles amb el biaix
cap a la immunitat innata descrit en la immunosenescéncia. La monocitopenia va mostrar ser un factor
de risc especialment important, mentre que el quocient neutrofil-limfocit (QNL) no va resultar
discriminatori en aquest moment. En T1, els supervivents van tornar a valors normals de neutrofils i van
augmentar el nombre de limfocits T CD8* i NK, mentre que els no supervivents no ho van aconseguir,
confirmant una immunoresiliéncia deteriorada; el QNL Unicament va resultar Gtil en T1. Els compartiments
T CD4* i CD8* van mostrar estats de diferenciacié fonamentalment diferents. En tots dos moments, els
limfocits T CD4* eren predominantment primerencs, mentre que els limfocits T CD8* mostraven

proporcions comparables de fenotips primerencs i tardans. El nombre absolut de limfocits T primerencs
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va ser el predictor més potent de mortalitat per qualsevol causa a 2 anys: es van proposar punts de tall
de 532 cél-lules/uL (limfocits T primerencs totals) o 416 cél-lules/uL (limfocits T CD4* primerencs) en TO;
i 666 cél-lules/pL (limfocits T primerencs totals) o 523 cél-lules/uL (limfocits T CD4* primerencs) en T1.
L'analisi estratificada per sexe va resultar essencial, ja que les dones supervivents i els homes no
supervivents explicaven la major part de les diferéncies observades en les poblacions limfocitaries.
Finalment, I'IFR no va resultar util en aquest context, donat que la limfopénia present en els pacients de
major risc els impedia complir els criteris de recompte cel-lular, reduint aixi la sensibilitat precisament en

aquells que més la necessitaven.

A la Part Il, els pacients amb IDCV van ser estudiats com a possible model de pacients d'edat
avancada amb risc d'infeccions respiratories. En primer lloc, es van incloure 13 pacients amb IDCV de
llarga evolucio per a la creacié d'una escala clinica, i 9 pacients diagnosticats entre el 2022 i el 2025 es
van incloure com a cohort de confirmacié. Es van analitzar limfocits T, B i NK, subpoblacions de limfocits
B i diversos subconjunts de limfocits T: limfocits T de memoria, subpoblacions T-helper, Treg, limfocits T
activats i limfocits T diferenciats. Es va desenvolupar un sistema de puntuacié clinica basat en la
preséncia o abséncia de: bronquiéctasis, infeccions atipiques, citopénies, adenopaties, esplenomegalia,
malaltia vascular porto-sinusoidal, malaltia inflamatoria intestinal, malaltia pulmonar intersticial i
neoplasies hematoldgiques o d'érgan solid. Es va realitzar un panell virtual per a Ell sobre exoma clinic
intern per a descartar altres Ell. El sistema de puntuacié clinica desenvolupat va discriminar la IDCV
complicada amb un llindar de 9 punts. En la cohort de derivacid, la IDCV complicada va mostrar una
reduccié especifica dels limfocits T CD4* tardans en comparacié amb la IDCV no complicada, la qual
cosa suggereix un estat immunosenescent més prevalent en el grup no complicat. El patré de
diferenciacio dels limfocits CD4* i CD8* va ser comparable a I'observat en la cohort de PAC, amb limfocits
T CD4* predominantment primerencs i limfocits T CD8* amb una distribucié equilibrada entre fenotips
primerencs i tardans. L'IFR no va discriminar entre IDCV complicada i no complicada. Els pacients no
complicats van mostrar un perfil amb menys activacié de limfocits T, amb percentatges més elevats de
ThO i més baixos de limfocits T CD8* HLA-DR*CD38*. Els limfocits T naive i de memoria efectora, els
limfocits T activats i els limfocits B naive i de memoria sense canvi de classe es van correlacionar de
manera independent amb la puntuacio clinica. L'analisi de clusteritzacioé no supervisat va identificar dos
grups d'IDCV definits pel percentatge de: cél-lules NK, subpoblacions de limfocits T-helper, quocient
Teff/Treg, limfocits T CD4* naive i intermedis, i limfocits B CD21'*v i transicionals. El cluster 1 va mostrar
un fenotip proinflamatori compatible amb troballes descrites en LOCID. No obstant, la clusteritzacié no
va aconseguir identificar la IDCV complicada causada per mutacions de disregulacié immunitaria, situant
aquests pacients en el mateix cluster que el potencial subgrup amb fenotip de senescéncia prematura.
No es va identificar cap defecte molecular especific causant de la IDCV com de un fenotip

immunosenescent prematur en la nostra cohort.

En conjunt, els nostres resultats destaquen els limfocits T primerencs com un marcador de
competéncia immunitaria clinicament aplicable en dues entitats diferents pero fisipatologicament
relacionades, i subratllen el valor de I'immunofenotip com a eina practica en el maneig tant de pacients
d'edat avangada amb infeccié com de pacients amb IDCV.
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1. INTRODUCTION

The world’s population is aging. As the United Nations reports in their 2024 Revision of World
Population Prospects, by 2080, people aged 65 or older will outnumber children under 18; by the mid
2030's they're expected to reach 265 million people aged 65 or older!. This demographic shift carries
substantial implications for morbidity and for healthcare systems. Therefore, it is relevant to understand

the underlying biological mechanisms associated with aging.

Aging is defined as a time-dependent functional decline that leads to a progressive loss of
physiological integrity and increased vulnerability to human pathologies23. Hallmarks of aging must occur
during normal aging, and its experimental reversal should delay it and promote a longer healthspan.
Research has identified twelve hallmarks of aging that serve as common denominators across
mammalian species: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
disabled macroautophagy, deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion, altered intercellular communication, chronic inflammation and dysbiosis. These

hallmarks are functionally grouped into:

e Primary hallmarks: the initiating causes of damage. They're comprised by genomic instability,
telomere attrition, epigenetic alterations, loss of proteostasis and disabled macroautophagy.

e Antagonistic hallmarks: the compensatory responses that become deleterious when chronic.
They include deregulated nutrient-sensing, mitochondrial dysfunction and cellular
senescence.

e Integrative hallmarks: the end results ultimately responsible for the aging phenotype, which
are stem cell exhaustion, altered intercellular communication, chronic inflammation and

dysbiosis.

These hallmarks are interdependent and influence each other and yet, age-related human diseases
are statistically more likely to co-occur and share genomic characteristics when they are causally linked
to the same hallmark, rather than to different hallmarks®. Then, it is relevant to understand that aging is a

complex process that has to be conceived as a whole.

Cellular senescence, specifically, is a key tumor-suppressive mechanism characterized by irreversible
cell-cycle arrest, macromolecular damage, deregulated metabolism and a secretory phenotypeb. It can
be elicited by acute or chronic damage and is a major contributor to age-related changes across tissues
as an antagonistic hallmark of aging?2. Although, in humans, it mainly affects fibroblasts, endothelial cells,
and immune cells, all cell types can undergo senescence during aging. The accumulation of senescent

cells in the same tissue contributes to a loss of its functionality and integrity.



a
2t 00

Oc, \
dysfuho"l_dria, Dereg‘_’se“s
Nction nutrie®

Figure 1. The hallmarks of aging. Reference: Lopez-Otin et al 20233.

1.2.The immune system

As every other tissue, the immune system ages too. The immune system is a highly coordinated
network of organs, cells, and soluble molecules that protects the body against infections, eliminates
damaged or abnormal cells, and contributes to tissue repair and homeostasis®. To achieve these
functions, it must distinguish between self and non-self while maintaining tolerance to harmless antigens
and the body's own tissues. Dysregulation of this balance can result in immunodeficiency, autoimmunity,

allergy, or chronic inflammation®.

1.2.1. Theorgans

The immune system is organized into specialized primary and secondary lymphoid organs. Primary
lymphoid organs are responsible for the development and maturation of lymphocytes and include the
bone marrow, where all blood cells originate and B cells mature, and the thymus, where T cells undergo
selection and maturation. Secondary lymphoid organs, including the lymph nodes, spleen, and mucosa-
associated lymphoid tissues (MALT) such as the tonsils and Peyer's patches, provide sites where immune
cells encounter antigens and initiate adaptive immune responses. These organs are interconnected by

the blood and lymphatic circulation, allowing efficient surveillance of pathogens throughout the body ©.

1.2.2. Cellular and soluble components

The immune response can be broadly divided into cellular and humoral components. The cellular
components include neutrophils, macrophages, natural killer (NK) cells, and lymphocytes, which

recognize and eliminate pathogens or infected cells. Humoral immunity is mediated by soluble factors
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circulating in body fluids, antibodies produced by B lymphocytes and proteins of the complement system.
These molecules facilitate pathogen neutralization, opsonization, and clearance, often acting in close
cooperation with immune cells. Cytokines are also small soluble proteins that act as the primary
communication signals of the immune system. Their secretion is dynamic and depends on the type of
immune response that is triggered. They contribute to the initiation and amplification of the response
because they allow immune cells that are physically distant from one another to exchange information
thereby coordinating their activation, proliferation, differentiation, and migration. This ensures an effective
and regulated immune response. In addition to mediating communication between immune cells,
cytokines also facilitate interactions between the immune system and other tissues, including endothelial,
epithelial, stromal, and parenchymal cells, linking immune responses to tissue homeostasis, repair, and

inflammation®.

1.2.3. The innate and the adaptive immune system

From a functional perspective, the immune system can be understood as two big categories: the innate
and the adaptive immunity. Innate immunity provides a rapid, non-specific first line of defense through
physical barriers, phagocytic cells, NK cells, and inflammatory mediators. In contrast, adaptive immunity
is slower to develop but is highly specific and capable of generating immunological memory. Adaptive
responses are mediated by B and T lymphocytes, allowing a more efficient response upon re-exposure

to the same pathogen®.

T lymphocytes play a central role in adaptive immunity. Each T cell expresses a unique T-cell receptor
(TCR) capable of recognizing specific peptide antigens presented by major histocompatibility complex
(MHC, or HLA in humans) molecules. Following antigen encounter, T cells undergo differentiation into
distinct maturation stages that can be identified by their phenotype and function. Naive T cells (CCR7*
CD45RA") have not yet encountered their cognate antigen and circulate between blood and secondary
lymphoid organs’-°. Antigen presentation by professional antigen-presenting cells activates naive T cells,
leading to their clonal expansion and differentiation into specialized subsets. CD4* T-helper cells
coordinate immune responses through cytokine secretion, while CD8* cytotoxic T cells directly eliminate
infected or malignant cells. Upon activation, some cells differentiate into central memory T cells (CCR7*
CD45RA"e9) (CM), which retain high proliferative capacity and preferentially home to lymphoid tissues,
providing long-term immunological memory. Others become effector memory T cells (CCR7"e9
CD45RA"9)(EM), which migrate to peripheral tissues and can rapidly exert effector functions upon
antigen re-encounter. The most differentiated subset, terminally differentiated effector memory cells re-
expressing CD45RA (CCR7ms CD45RA*) (TEMRA), displays immediate cytotoxic potential, reduced
proliferative capacity, and is often expanded during chronic infections, aging, and persistent antigenic

stimulation”-1°.

A specialized subset of CD4* T lymphocytes are regulatory T cells (Tregs), which play a central role
in maintaining immune homeostasis and self-tolerance. Their function is to suppress excessive immune
responses through direct cell-cell interactions and the production of inhibitory cytokines such as IL-10 and
TGF-p". By limiting the activation and proliferation of effector T cells, Tregs prevent autoimmunity and

control tissue damage during inflammation. They are characterized by the expression of the transcription
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factor FOXP3, and surface markers CD25* CD127'owineg 12 Alterations in Treg number or function have

been implicated in aging, autoimmunity, and primary immunodeficiencies'3-15,

B cells also undergo differentiation into distinct subsets that contribute to humoral immunity. Naive B
cells (IgD* CD27"9) are mature lymphocytes that have not yet encountered their specific antigen and
continuously recirculate through secondary lymphoid organs. Following antigen recognition and
activation, they can differentiate into antibody-secreting plasma cells and memory B cells, which can be
divided into non-switched memory B cells (IgD* CD27*) and switched memory B cells (IgD"e9 CD27*).
Memory B cells persist long-term after antigen exposure and can rapidly reactivate upon re-encounter
with the same antigen, generating a faster and more effective antibody response’®17. This immunological

memory constitutes the basis for long-lasting protection after infection or vaccination'6-18,

When aging affects the immune system specifically, it is referred to as immunosenescence. As defined
by Pawelec et al: “Immunosenescence is the impairment in immunity as a result of age-associated
changes in function in a variety of cells: it is a phenomenon of decreased function, involving changes to
both innate and adaptive immunity and a dysbalance between the two arms” '°. Franceschi et al. add that
immunesenescence is accompanied by “inflamm-aging”, a "low-grade chronic inflammation that consists
of raised serum levels of pro-inflammatory cytokines (TNF-a, IL-6, IL-1B) in older adults”02', This
inflammaging relates to the secretory phenotype of senescent cells and has also been identified as
“SASP” Senescent Associated Secretory Phenotype 5. The accumulated alterations can derive in a less
efficient immune response to infection, but also to cancer and reduced vaccine responses 2224, Beyond
its impact on host defense, immunosenescence acts as a driver for the senescence of solid organs by
two main mechanisms. First, chronic SASP causes direct tissues damage. Second, the impaired immune

system function results in a significant decline of the immune surveillance of tissues?525,

Immunosenescence, therefore, is the result of a gradual process that occurs throughout life and
involves all components and cells of the immune system, and its study may help us understand or predict

overall health. The first of these processes to appear is thymic involution.

1.3.1. Thymic involution

Thymic involution is one of the better-known processes the immune system undergoes with aging. In
fact, at adolescence the thymic T-cell output is already half the rate at birth 27. Although thymic involution’s
primary cause was originally thought to result from the decreased capacity of T-cell progenitors to home
and develop in the thymus, growing evidence support that age-dependent deterioration of the thymic
epithelial cells (TECs) also plays an important part, as well as fibroblast compensation and accumulation
of proinflammatory mature T cells 22-30, Nonetheless, T cell numbers in healthy adults’ peripheral blood
are maintained thanks to homeostatic proliferation, an autonomous antigen-independent proliferation of
naive T cells. This process had already been observed in moderately lymphopenic patients that suffered
thymectomy or y-ray irradiation 283!, Homeostatic proliferation highly depends on the cytokines in the
microenvironment but is different from antigen-derived proliferation since it is largely non-clonal and

slow?8,



The progress of thymic involution and homeostatic proliferation may also increase the potential risk for
the breakdown of self-tolerance and the development of autoimmunity 828 since they may cause a biased

increase in the T-cell population bearing higher intrinsic affinity to self-HLA molecules 2832,

In thymectomized mice, naive CD8* T cells with an elevated homeostatic proliferation have an
increased capacity for TCR-mediated Interferon (IFN)y and tumor necrosis factor (TNF)a production, as
shown by Kato et al. This was attributed to an increase in CXCR3* cells in the naive CD8* T cell population
and it lead to a predisposition to become Tc1 cytotoxic / inflammatory T cells 33. On the contrary, naive
CD4* T cells that endure persistent homeostatic proliferation become progressively dysfunctional after
extensive cell divisions. It results in a reduced capacity to proliferate and differentiate even via optimal
TCR signaling but also with an enhanced pro-inflammatory cytokine secretion 34. This process is
reminiscent of “inflammaging” and made the dysfunctional CD4* earn the name of “senescence-

associated T cells (SA-T) 28,

However, thymic involution assessment has long been considered either highly invasive or inaccurate
for routine clinical practice. Only very recently a study by Bernatz et al used machine learning to assess
thymic involution by fatty degeneration in CT scans 3. Therefore, multiple groups have focused on

identifying peripheral immune biomarkers of biological aging.

1.3.2. Late differentiated T cells

Antigen-derived proliferation also appears to have an impact on aging. First, it is important to
remember that the activation of T cells depends on the interaction of the TCR with a peptide bound to an
HLA molecule. However, for this interaction to be effective, it needs the co-stimulating signal of CD28
interaction with CD80/86 3. An effective activation leads to antigen-restricted clonal proliferation and, in
CD8* T cells, differentiation into cytotoxic or memory CD8* T cells. With reestimulation by the same
antigen the cycle repeats, but, with each stimulation/proliferation round, CD28 expression is progressively
and irreversibly down-regulated on the surface of CD8* T cells, eventually leading to the accumulation of
highly antigen-experienced CD8* CD28r¢ T cells with critically shortened telomeres 3637, Thus, CD8*
CD28res T cells are defined as antigen-specific, highly oligoclonally expanded, terminally differentiated
lymphocytes. This population only proliferate under specific conditions so they cannot be considered truly

senescent but “exhausted” 36:38,

Second, CD27 is another costimulatory receptor that belongs to the tumor necrosis factor receptor
superfamily (TNFRSF). It is constitutively expressed by several T-cell subsets, including naive CD4* and
CD8* af T cells and regulatory T cells (Tregs), suggesting a role during the early stages of T-cell priming.
However, its expression has also been shown to be progressively modulated during T-cell differentiation,

with terminally differentiated effector populations showing reduced expression 3940,

Therefore, it has been shown that with the combination of CD27 and CD28 expression, the CD28me9 T
cell population could be divided into more specific subpopulations, defining a pathway of T cell
differentiation 3638 : CD27* CD28" early differentiated, and
CD28"9 CD27"*9 late differentiated.



The late differentiated subset is apoptosis-resistant and it accumulates with time. As a result, it is this
particular subgroup of CD28m¢ T cells, rather than all of them, that behave as senescent T cells*'42.
Consequently, in chronic viral infections, such as CMV or EBV but also HIV, where the T cells undergo
many cycles of stimulation and proliferation as the ones described, the number of CD8+*CD28"9 T cells
are increased34344 (Figure 2). And yet, the total number of peripheral T cells is maintained, both by
homeostatic proliferation and through regulated thymic feedback mechanism 3644, So, this accumulated
CD8* CD28"s T cells end up taking up space from naive T cells, effectively reducing the person’s TCR
repertoire and worsening immunocompetence 3644, Therefore, they result in reduced overall immune

response to novel pathogens, tumor cells and vaccines 4549,

Progressive differentiation under chronic antigen stimulation
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Figure 2. T cell differentiation states. Figure made with ChatGPT (GPT-5.5) by the author, based on Strioga et al 3¢.

1.3.3. Immune Risk Phenotype

Some of the earliest studies that tried to identify peripheral immune biomarkers of biological aging
were performed by Wikby et al. through the 90’s and early 2000’s in Sweden. The Swedish OCTO, NONA
and the later HEXA longitudinal studies considered different aspects of frailty focusing in octo, nona and
sexagenarians. From their studies, they defined an Immune Risk Phenotype (IRP) that predicted
increased 2-to-4-year mortality. IRP was characterized by high levels of CD8* T cells, low levels of CD4*
T cells, a ratio of CD4/CD8<1 as a result, and poor proliferation responses 454650, Further characterization
of the IRP linked this phenotype to the accumulation of CD8* CD28"9 T cells and to persistent viral
infections, particularly by CMV 47. Thus, in clinical settings, the IRP has been operationally defined as
positive CMV serology plus at least one of the following: CD4/CD8 ratio <1, CD8* T cells >600 cells/uL or
CD28me9 T cells >300 cells/uL 463!, The specific subpopulation of CD8*CD28"s T cells links to the late
differentiated T lymphocyte phenotype.

1.3.4. T-helper changes

Although, more pronounced in CD8* T cells, the loss of CD28 described above has also been observed
in CD4* T cells. However, CD4* CD28"9 T cells accumulate at a much slower rate, are less frequent in

peripheral blood 3644 and have been overall less studied. Other age-related changes have also been



reported within the CD4* T cell population, mainly involving shifts in the T-helper (Th) subset distribution.
To frame these changes, Th subsets will first be briefly described. Although strictly defined by their
cytokine secretory profile, the work of Federica Sallusto and colleagues have enabled their indirect
identification by the expression of the surface cytokine receptors CXCR3, CCR4, CCR6 and CCR10 %2~
55(Figure 3).

e Undifferentiated Th cells have been considered Th0. They are naive CD4* T cells that have
yet to be stimulated and have not shown a secretory cytokine profile nor specific surface
markers usually related to other subsets %.

e The Th1 subset is critical for the clearance of intracellular pathogens. Their differentiation is
triggered by IL-12 and IFNy through the induction of transcription factor T-bet. They are
characterized by the production of IFNy and by the expression of the surface cytokine receptor
CXCRS, which is crucial for the recruitment of Th1 cells in the inflamed tissue and also
expressed in CD8* T cells %557,

e The Th2 subset is important for the elimination of helmintic parasites and is highly involved in
atopia and allergy. Their differentiation is triggered by IL-4 through the transcription factor
GATAS3. They are characterized by the production of IL-4 as well as the expression of the
surface cytokine receptor CCR4, which is also expressed in the thymus and the spleen so it
may be related to the process of T-cell education and differentiation in the thymus %7.

e Th17 cells are strong inducers of local tissue inflammation and seem to be critical in the
response against infection but also in autoimmunity. Their differentiation is triggered by IL-6,
low levels of TGF-B and IL-23, through the induction of the transcription factor RORyT %7. They
are characterized by the production of IL-17 and they can be identified by the expression of
the surface cytokine receptor CCR6 and CCR4 58,

e There seems to be an intermediate Th1/Th17 hybrid subset. It is induced by IL-12 and IFNy,
and it expresses T-bet as well as RORyT, IL-23R and surface markers CXCR3 and CCRG. It
also produces IFNy %8, Since Th17 are a highly plastic subset it has been suggested that, in
humans, a developmental or functional relationship between Th17 and Th1 may exist 3458,

e Although less explored, an intermediate Th1/Th2 subset has also been described. They have
been named “non-classical Th2” and they are characterized by dual expression of surface
markers CXCR3 and CCR4, as well as the production of both IFNy and IL-4 5°.

e Other minor Th subsets, such as Th9 or Th22, have been described. However, they are mainly

found in tissues and seem to be poorly represented in peripheral blood 57:58.60,

T-helper subsets are fairly stable but they retain some plasticity that allows them to transition between
phenotypes. The Th1/17 subset described may be an example, as well as the T cells co-expressing Th1
and Th2 surface cytokines and co-secretion of IFNy and IL-4, especially early after the initial stimulation

of naive T cells ©1.

So, aging is associated with shifts from Th1 to Th2 cytokine profiles in response to immune stimulation
2262 However, the number of circulating Th1 and Th2 seem to be maintained while the Th17 population

diminished 263, The changes in the Th17 population are controversial since two other groups reported



that Th17 responses were increased in the elderly 2164 At the same time, Th17 cells have also been

associated with Treg balance and inflammaging 2265
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1.3.5. B-cell and humoral function

Not only T cells are affected by age. Global lymphocytic decrease in peripheral blood has been
reported in relation to a progressive decline in regenerative capacity of hematopoietic stem cells and a
shift toward myeloid-biased differentiation 22. Thus, B cells and the humoral immune function are also
affected. Multiple studies show that, with age, there is a decrease in the number and percentage of
circulating B cells 23. Not only that, but this reduction is also accompanied by a loss of naive B-cells and
an increase in memory cells with age 22, as well as a diminished BCR repertoire. This decline is further
exacerbated by a continuous decrease in peripheral maintenance factors essential for naive cell survival,
such as B cell activating factor (BAFF) and APRIL, which correlate with reduced B cell longevity in older
adults 6. As a result, there is an impaired response to novel antigens decreased antibody responses, a
reduced production of high-affinity antibodies and a shift toward the production of low-affinity IgM and
self-recognizing (autoreactive) antibodies 222367, |n fact, impaired B-cell homeostatic regulation, together
with their interactions with senescence-associated T cells within germinal centers, contributes to the
systemic pro-inflammatory state (inflamm-aging) and the heightened risk of autoimmunity observed in
older individuals 7. Furthermore, while memory B cell frequencies may appear stable, there is a distinct
defect in their ability to differentiate into antibody-secreting plasma cells . This is reflected in poor
response to vaccination apparent in elderly people 23496768 Notably, however, memory cells produced

early in life remain normal 22,

1.3.6. Innate system

As described before, due to progressive decline of bone-marrow hematopoietic stem cells, aging
seems to favor the production of myeloid cells in peripheral blood 244889 Thus, the number of

macrophages, dendritic cells (DCs) and neutrophils but also of NK cells, increases 2'-23.

The degree of such myeloid/lymphoid dysbalance has been reflected on the neutrophil-to-lymphocyte
ratio (NLR). This ratio has been explored as non-specific prognostic factor across many settings, including

sepsis and cancer 7073,

While the number of myeloid cells increases, their function paradoxically declines 2'-23. For example,
TLR functionality is reduced: TLR1 responses are significantly impaired when measured in older
individuals as compared to younger adults; and TLR4 expression, essential for the response to
Streptococcus pneumoniae, has also been described to be diminished among the elderly and during
infection 2274, Moreover, macrophages have shown a reduced ability to secrete TNF and a reduced

phagocytic activity, neutrophils migrate less and DCs have impaired antigenic presentation 22.23.68,

We established that aging and immunosenescence could cause a worse response to infection and
new pathogens. This reality was starkly illustrated by the COVID-19 pandemic, where elderly individuals

were disproportionately affected by severe respiratory disease and mortality 7>76. But even before it, the



World Health Organization registered that in 2000-2016, lower respiratory infections - mainly pneumonia

- have been one of the leading causes of mortality worldwide in adults of 60 years or older 23:66.77,

Pneumonia is an infection of pulmonary parenchyma and the most severe form of respiratory infection.
It is typically classified as: community acquired (CAP), hospital acquired (HAP), ventilator-associated
(VAP) and health care—associated pneumonia (HCAP) 78. CAP is the most frequent among them. In Spain
in 2023, 5.0 cases of pneumonia per 1,000 inhabitants were recorded excluding COVID19 cases, (men:
4.9 and women: 5.0%), with the highest incidence in children and the elderly, even reaching over 1% in
elders >80 years-old”. Although there are many potential etiological pathogens for pneumonia, most
cases of CAP are produced only by a few of them. Those are usually classified as “typical” (Streptococcus
pneumonia, Haemophilus influenzae, Staphylococcus aureus, Klebsiella pneumoniae and Pseudomonas
aeruginosa) and “atypical’ (Mycoplasma pneumoniae, Chlamydia pneumoniae, Legionella species and
respiratory viruses such as influenza viruses, SARS-CoV-2, adenoviruses, human metapneumovirus, and

respiratory syncytial viruses) 78.

The clinical presentation of CAP may include: fatigue, confusion, headache, myalgia, arthralgia, fever,
tachycardia, chills, sweats, cough either productive or nonproductive, shortness of breath (dyspnea), or
pleuritic chest pain. Up to 20% of patients may have gastrointestinal symptoms such as nausea, vomiting,

and/or diarrhea 78.

The diagnosis of CAP is based on clinical history, physical examination with abnormal auscultation
and opacities or other alterations in the chest radiography. The etiologic diagnosis includes Gram’s stain,
culture of the sputum and urinary antigen tests. The studies may be broadened, if needed, with serology
or PCR tests for the suspected pathogens. Although clinical, epidemiologic and risk factors may suggest
certain pathogens, unfortunately, the pathogen at fault in a case of CAP is difficult to establish with
certainty; in more than one-half of cases, a specific etiology is never determined 78. Since the COVID-19
pandemic, greater emphasis has been made to establish an accurate etiological diagnosis, expanding

everyday screening to viral pathogens, often with bedside tests 8081,

The susceptibility of elderly people to pneumonia is likely multifaceted. It may involve an impaired
mucosal barrier, reduced mucociliary clearance, and blunted airway immune and inflammatory responses
on exposure to potentially pathogenic microorganisms 2282, On the immunological aspect, lymphopenic
pneumonia has been linked to higher mortality 8384, Many of these alterations are part of the development
of frailty. Frailty is the “geriatric state associated with increased vulnerability to internal and external
stressors resulting from a significant loss of physiological reserve” 7. Many pathophysiological factors
underlie the frailty syndrome, including some of the defined hallmarks of aging such as dysregulation of
inflammatory processes, oxidative stress, mitochondrial dysfunction and cellular senescence 57:8,
However, it is a holistic syndrome also influenced by several other factors, including sociodemographic
characteristics, psychological conditions, sedentariness, comorbidities and nutritional status 678, In fact,
low intake of certain micronutrients such as vitamin B6, B12, folate, or zinc is associated with a higher

risk of developing frailty 6787,
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1.5.1. Description and Epidemiological Context

Common Variable Immunodeficiency (CVID) is an inborn error of immunity (IEl). It has an estimated
prevalence of 1:10,000 and 1:50,000 worldwide, making it the most frequent clinically relevant IEI 8. While
it can manifest at any age, it typically manifests in adulthood between the second and fourth decades of
life 8. It is characterized by significant hypogammaglobulinemia, and a profound failure in specific
antibody production following vaccination or natural infection, and, as the name states, it shows with many

variable clinical presentations.

1.5.2. Diagnosis

In contrast with the majority of IEl, where a monogenic defect defines the diagnosis, only 20-30% of
patients with CVID reach a definitive molecular and genetic diagnosis, and it is thought to be caused by
polygenic defects °0-92, Thus, the diagnosis is met by clinical criteria. Clinical criteria for a probable
diagnosis of Common Variable Immunodeficiency, as defined by the European Society for

Immunodeficiencies (ESID) are %:

At least one of the following:
e increased susceptibility to infection
e autoimmune manifestations
e granulomatous disease
e unexplained polyclonal lymphoproliferation

o affected family member with antibody deficiency

AND marked decrease of IgG and marked decrease of IgA with or without low IgM

levels (measured at least twice; < 2SD of the normal levels for their age);

AND at least one of the following:
e poor antibody response to vaccines (and/or absent isohemagglutinins);
i.e., absence of protective levels despite vaccination where defined

e low switched memory B cells (<70% of age-related normal value)

AND secondary causes of hypogammaglobulinemia have been excluded (e.g.,

infection, protein loss, medication, malignancy)

Table 1. Clinical criteria for a probable diagnosis of Common Variable Immunodeficiency, as defined by the European
Society for Inmunodeficiencies (ESID)%.

While useful for clinical practice, those criteria are still broad enough to make the CVID diagnosis an
umbrella term under which probably encompasses many different molecular defects. This is underscored

by the heterogeneity of the clinical evolution and complications of these patients.

1.5.3. Clinical Manifestations

As the “variable” part of the name reflects, clinical presentation is highly heterogeneous and is

represented in Figure 4.
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Figure 4. Clinical manifestations of Common Variable Inmunodeficiency. Patients present typically with infections but
up to 70% of them also present some form of non-infectious complication. Figure based on: Baumann et al %,

Patients present typically with recurrent infections, the most common being respiratory infections
manifesting as sinusitis, bronchitis, pneumonia and, ultimately, chronic bronchiectasis 8889959 The most
common pathogens include bacteria such as Streptococcus pneumoniae and Haemophilus influenza
91,9497 The second most common target is the gastrointestinal tract in the form of gastritis or enteritis. In

this case the pathogens involved are more diverse, including bacteria like Helicobacter pylori, parasites
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such as Giardia enteritis or virus like norovirus. Over 90% of patients suffer from upper and lower

respiratory tract infections and/or gastrointestinal infections 8994,

However, the clinical spectrum is expanded by the non-infectious complications. Approximately 70%
of CVID patients exhibit symptoms of immune dysregulation, including autoimmunity, lymphoid
hyperplasia, and malignancy. These patients generally have poorer prognosis and require more intensive,
often invasive, management compared to those with an "infection-only" phenotype, who typically respond

well to immunoglobulin replacement therapy (IRT) 88.89.94,

Autoimmunity can be found in 20-30% of patients, of which the most frequent manifestations are
autoimmune cytopenias, such as immune thrombocytopenia (ITP) and Evans syndrome. Autoimmunity
can even be the presenting feature of CVID, sometimes occurring before the development of

hypogammaglobulinemia 8.

Lymphoid proliferation in the form of lymphadenopathy or splenomegaly are also common findings
within CVID patients, present in 20%. Although generally avoided, some patients might even need

splenectomy due to uncontrolled cytopenias, hypersplenism or to rule-out splenic lymphoma 88.96.98,

Granulomatous disease has been described to affect up to 9.3% of patients in some cohorts, although
it is suspected to be underdiagnosed given that is a histologic finding and patients do not undergo routine
biopsies. It typically consists of well-formed non-caseating granulomas and can sometimes be mistaken
by sarcoidosis, delaying the diagnosis of CVID 88, Its lung presentation is granulomatous lymphocytic
interstitial lung disease (GLILD) and is one of the most severe forms of granulomatous disease 88.:99-101_ |t
is characterized by profound pulmonary infiltration of T and B cells, occurs in approximately one-third of
CVID patients with lung complications and significantly shortens survival. Research has highlighted the
role of the IFNy:STAT1:BAFF axis in driving pulmonary B-cell hyperplasia, and indeed B-cell depletive

therapies like Rituximab are being used effectively in managing these complications 95102103,

Up to 30% of patients may show chronic lung disease, including the aforementioned bronchiectasis
and GLILD but also lymphoid interstitial pneumonia or other interstitial lung disease (ILD) with ground

glass opacities, pulmonary nodules or mediastinal lymphadenopathy 88104,

Similarly, patients may show many non-infectious complications of the gastrointestinal tract that may
include: autoimmune gastritis or enteropathy, inflammatory bowel disease, nodular lymphoid hyperplasia
of the intestine, or malabsorption syndromes 896105 Not only that, but at least 10% of patients present
with liver involvement in the form of granulomas, autoimmune hepatitis, fibrosis, and porto-sinusoidal
vascular disorder (PSVD), the latter usually associated with the histological finding of regenerative nodular
hyperplasia (RNH) 8896.106-108  Fyrthermore, CVID patients have a heightened risk of gastric
adenocarcinoma that also occurs at a significantly younger age (median 43 years) compared to non-CVID
patients (median 75 years). Pathogenesis is closely linked to Helicobacter pylori infection and the

dysfunctional immune microenvironment in the gastric mucosa 1%.

CVID patients face a 10 to 47-fold increased risk of malignancy compared to the general population

and is reported to present in 10-15% of patients 8896.109 | ymphoma is been reported to affect around 6-
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8% of patients, depending on the cohort 8.9.110.111 Most cases are non-Hodgkin lymphoma, followed by
Hodgkin lymphoma. Solid-organ cancers are also prevalent overall, but without a specific preference for

any of them, which probably reflects a defect of immunovigilance more than a specific solid-organ defect

88,96,109,111

1.5.4. Etiology and the Genetic Landscape

The pathogenesis of CVID is rooted in defective B-cell differentiation, specifically the inability of B cells
to mature into memory B cells and immunoglobulin-secreting plasma cells. While the defining trait is
humoral deficiency and B cell altered phenotype, it is increasingly recognized that many patients also
harbor significant defects in the T cell compartment and innate immunity, contributing to the complex

clinical landscape 89.96.112,113,

Although most patients never reach a definitive molecular diagnosis, more than 60 monogenic causes
have been identified to date 929698114115 The identified mutations are found in genes codifying for proteins

essential for:

e B-cell maturation and costimulation: CD19, CD20, CD21, and CD81 929,

e TNFSF receptors and ligands: TACI (TNFRSF13B), where monoallelic or biallelic mutations
are found in 5-10% of patients, and BAFF-R (TNFRSF13C) 9295,

e Signaling and metabolic regulators: PI3K (leading to APDS), NF-kB1, and NF-kB2 92.96.98,

In some patients presenting with CVID, the identification of genetic and molecular defects led to a
reclassification of their disease. This occurred, for example, with defects related to dysregulation
pathways and Treg cells, such as LRBA deficiency, CTLA4 haploinsufficiency or STAT3 gain-of-function

defects 9296116 The wide spectrum of genetic diseases is illustrated in Figure 5.
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Figure 5. Genes in which defects have been described in Common Variable Immunodeficiency patients. From:
Cunningham-Rundles et al .
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1.5.5. Immunophenotyping and Patient Stratification

Given the heterogeneity and complexity of CVID, the major clinical challenge that arises is predicting
the prognosis of patients. Since clinical features are either too generic or too heterogeneous and genetic
findings are limited, several classification schemes have been developed based on B-cell and T-cell

phenotypes:

Approximately 75% of CVID patients exhibit a profound loss of class-switched memory B cells (CD19*
CD27* IgD~). Reduced numbers of non-switched memory B cells (CD19* CD27* IgD*) are also frequently
observed %6117, A significant subset of patients shows an expansion of CD21'°v B cells (CD19* CD38low
CD21'ow), These cells are considered pre-activated, partially autoreactive, and prone to homing into
peripheral tissues. An expansion of CD21' B cells is strongly associated with autoimmunity,
splenomegaly, and GLILD 8%117.118  Furthermore, increased frequencies of transitional B cells (CD19*

CD24high CD38MNig") have been noted, regardless of whether the patient presented with autoimmunity 8.

Changes in the T cell compartment have also been described. First, patients with immune
dysregulation often show an extreme depletion of naive CD4* T cells (often below 10%) with
predominance of CCR7"¢¢ effector-memory T cells, and reduced percentages of Tregs (CD4* CD25*
CD127'%%). The remaining Tregs may also show reduced suppressive capacity 9109119120 Moreover,

many patients exhibit a skewing toward a Th1 profile, characterized by increased IFNy production 5.117.118,

Thus, schemes like Freiburg, Paris, and EUROCIass relied on the quantification of switched memory
B cells and CD21'v B cells to classify patients '2-'23, while the loss of naive T cells have sparked debate

over whether these patients should be reclassified as late-onset combined immunodeficiency (LOCID)
124

1.5.6. Treatment options

The cornerstone of treatment for CVID is immunoglobulin replacement therapy, which effectively
compensates for their humoral deficiency and reduces the frequency and severity of infections 125126,
Additional management may include antimicrobial prophylaxis and specific treatment of the multiple non-
infectious complications 100103127 Although, as established, the majority of patients never reach a
definitive molecular diagnosis, it is clinically relevant to still try to identify them since some of these patients
may benefit from precision medicine approaches. That is, there are some targeted therapies directed at
specific dysregulated pathways, such as CTLA4-lg (Abatacept) for CTLA4 or LRBA deficiencies, PI3Kd
inhibitors for activated PI3K& syndrome, or JAK inhibitors for disorders involving aberrant JAK-STAT
signaling '28-133, Therefore, a molecular diagnosis can have significant therapeutic implications beyond

conventional immunoglobulin replacement therapy and should always be pursued.
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2. HYPOTHESIS AND OBJECTIVES

First, we hypothesized that the immune risk phenotype (IRP) would be a useful marker to predict
prognosis in aged patients with community acquired pneumonia (CAP) and that the accumulated late
differentiated CD27"e9 CD28"¢9 T cells would accurately identify patients with worse prognosis after CAP,

defined as higher all-cause mortality during subsequent follow-up.

Second, we hypothesized that patients with a non-complicated course of common variable
immunodeficiency (CVID) actually exhibited a process comparable to immunosenescence, but at an
earlier stage, and that they would have particularly high levels of late differentiated CD27"e9 CD28m9 T
cells as a sign of this process. We also hypothesized that patients with complicated CVID, accompanied
by numerous manifestations of dysregulation, would exhibit a distinctive lymphocytic phenotype which

could be used for screening and risk stratification.

To prove these hypotheses, we set the following objectives:

Part I:

Our main objective was identifying senescent-related biomarkers that predicted prognosis in patients

with CAP. In order to do that, we set the following secondary objectives:

1. To correlate immunoglobulins, complement factors, leukocyte subpopulations and
lymphocytic subpopulations of aged patients with CAP to the patients' outcome.

2. To describe the differentiated state of the T cells of aged patients with CAP based on their
expression of CD27 and CD28, and to describe these cell subpopulations stratified by sex.
To analyze the association of the T cell differentiation states with final 2-year all cause survival.
To identify whether the late differentiated T cell phenotype is a useful biomarker to predict
patients’ long-term survival after CAP.
To analyze the T-helper phenotype in aged patients with CAP and test their predictive value.

To test the predictive value of the IRP in aged patients with CAP.

Part II:

We also aimed to see if the immunosenescent phenotype of CVID patients was similar to that of CAP

patients. For this, we set the following secondary objectives:

1. To differentiate complicated from non-complicated CVID.
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To describe and compare the immunosenescent state of T lymphocytes by the expression of
CD27 and CD28 and the IRP in CVID patients, and their similarities to the CAP cohort.

To describe and compare the T-helper phenotype in complicated vs non-complicated CVID.
To identify a lymphocytic phenotype to discriminate complicated from non-complicated CVID.
To identify if the CVID patients with a molecular diagnosis had a particular immunosenescent

state that might suggest a potential role for that molecular pathway in healthy aging in general.
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3. MATERIALS AND METHODS

3.1.1. Study design

A prospective observational cohort, single-center study was conducted at the Hospital de la Santa
Creu i Sant Pau, a tertiary university hospital in Barcelona, Spain. Patients older than 65 years old
hospitalized for pneumonia between May 2019 and July 2021 were invited to participate; 162 patients
were finally included. Pneumonia cases were defined by presence of an infiltrate in the chest radiography
and one or more of the following symptoms: fever, shivering, cough, expectoration or malaise. The
exclusion criteria were: patients moved from another hospital, patients that were HIV positive, patients
who had neutropenia (<1000/mL) or chronic lymphocytic leukemia, transplanted patients, patients who

were in end-of-life situation, COVID19 cases and those who didn’t sign the consent form.

This study was approved by the hospital ethics committee of the Hospital Sant Pau and was part of a
project of the Instituto de Salud Carlos Il (P118/00684, ClinicalTrials.gov; No.: NCT0462799). All study-
related procedures were performed in accordance with the 1964 Helsinki declaration and its later

amendments.

We aimed to study the patients at two consecutive time points: within 3 - 5 days after admission (during
CAP: T0) and 1-2 months after admission (at follow-up: T1). However, recruitment and sample processing
were impacted by the COVID-19 pandemic so, the final sample was comprised of 114 specimens obtained
at TO and 94 samples that were obtained at T1. Of note, 18 patients (15.8%) died between TO and T1,
and only 46 patients were assessed at both TO and T1. Therefore, each time point was analyzed
independently, and longitudinal dynamics between TO and T1 were examined exclusively in the 46
patients with paired data. The main outcome was all-cause mortality at 2 years after the CAP episode.
Mortality data were obtained from review of medical records and/or telephonic contact. Time to death was
defined as the interval between the date of pneumonia diagnosis and the date of death. Patients who
were alive were censored at 2 years. The outcome of all patients was successfully determined, with no

losses.

The following blood analytical studies were performed to samples retrieved at both time points:
¢ Hematimetry: leukocytes, neutrophils, monocytes and lymphocytes count.
e Microbiology: Cytomegalovirus serology.
e Immunological study: immunoglobulin IgG, IgA, IgM and IgE, study of complement including C3,
C4 and functionality with CH50 and cytokines (IL-2, IL-4, IL-6, IL-10, IL-17A, TNF and IFNy).
Lymphocytic subpopulations (T, B, NK), T-helper subpopulations (ThO, Th1, Th1/Th2, Th2, Th17,
Th1/Th17) and differentiated T cell subpopulations (early, intermediate and late differentiated).

3.1.2. Serum analysis

The following analyses studies were performed in serum from centrifuged peripheral venous blood

recollected in 10 ml silica-coated tubes (BD Vacutainer, Plymouth):
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e Immunoglobulin quantification of IgG, IgA and IgM by nephelometry (IMMAGE 800, Beckman
Coulter)

e IgE quantification by fluoroenzimlmmunoassay (Phadia ImmunoCAP 250, ThermoScientific)

e Complement functionality by CH50 test by turbidimetry (CH50 Optilite reagent NK095.0PT,
Binding Site)

e (C3 and C4 quantification by nephelometry (IMMAGE 800, Beckman Coulter)

e Cytokine analysis performed by Cytometric Bead Array (CBA) (Human Th1/Th2/Th17 CBA Kit,
Becton Dickinson). It was run in a FACSLyric cytometer (Becton Dickinson) and analyzed with
FCAP Array Software v3.0 (Becton Dickinson). The kit included IL-2, IL-4, IL-6, IL-10, IL-17A,
TNF and IFNy.

3.1.3. Flow cytometry analysis
Phenotypic analyses of the lymphocytic populations were performed by flow cytometry from peripheral
venous blood recollected in 7 ml EDTA-coated tubes (BD Vacutainer, Plymouth). For these analyses,
different mixtures of antibodies at optimal concentrations were prepared in four different tubes and mixed
with 100 pL of whole blood. All the samples were acquired in a Navios (Beckman Coulter) cytometer and
analyzed with the software Kaluza (Beckman Coulter). The analyzed populations were defined as
described in Table 2.

For the lymphocytic subpopulations study, pre-made commercial mixtures were used in two tubes:
e First tube: CD45-FITC, CD3-PC5, CD4-RD1 and CD8-ECD (Beckman Coulter, 4 uL)
e Second tube: CD45-FITC, CD56-RD1, CD19-ECD, CD3-PC5 (Beckman Coulter, 4 L)

These mixtures were incubated for 10 min, lysed and fixed automatically with TQPrep (Beckman

Coulter) and run through the cytometer.

For the differentiated T cell and T-helper populations study, the blood was incubated for 15 min with
their respective antibodies’s mixture as indicated below. Then, samples were lysed by incubation for 20
min with 2 ml of Red blood cell lysis solution (Miltenyi Biotec) before being centrifuged at 1800 rpm for 10
min. The supernatants were discarded by decantation and 2 ml of PBS were added. Then, the
centrifugation and the decantation were repeated. Finally, the samples were resuspended in 500 uL of

PBS before being run through the cytometer.

For the differentiated T cell populations study the sample was stained with:
e CD3-PC5 (Beckman Coulter, 2 pL): clone UCHT1

e CD4-PC7 (Beckman Coulter, 2 pL): clone SFCI12T4D11

e CD28-FITC (Sysmex, 7 pL), clone CD28.2

e CD27-PE (BD Pharmigen, 4 yL): clone M-T271

And for the T Helper populations study the sample was stained with:
e CDA4-FITC (Miltenyi, 2.5 pL): clone REA623
e CCR4-APC (Miltenyi, 2.5 pL): clone REA279
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e CCRG6-PEVio615 (Miltenyi, 2.5 uL): clone REA190

e CCR10-PE (Miltenyi, 2.5 uL): clone REA326

e CxCR3-PEVio770 (Miltenyi, 2.5 uL): clone REA232

Cell populations Immunophenotype
T cells CD45* CD3*
First tube T CD4*cells CD45* CD3* CD4*
Lymphocytic
. T CD8*cells CD45* CD3* CD8*
populations
B cells CD45* CD3"¢ CD19*
Second tube
NK cells CD45* CD3"d CD56*
Th1 cells CD4* CCR4"9 CXCR3* CCR10"9 CCR6"d
Th1/Th2 cells CD4* CCR4* CXCR3high
Th2 cells CD4* CCR4* CXCR3"9 CCR10"9 CCR6"*9
S Th1/Th17 cells CD4* CCR4"9 CXCR3* CCR10"9 CCR6*
-helper
P Th17 cells CD4* CCR4* CXCR3"d CCR10"9 CCR6*
Th9 cells CD4* CCR4"e3 CCR6*
Th22 cells CD4* CCR4* CXCR3"9 CCR10* CCR6*
ThO cells CD4* CCR4"8 CXCR3"ed

Differentiated
T cells

Early diff. T cells

CD3* CD27* CD28*

Intermediate diff. T cells

CD3* CD27* CD28"e9

Late diff. T cells

CD3* CD27"*s CD28"8

Early diff. T CD4"cells

CD3* CD4* CD27* CD28*

Intermediate diff. T CD4*cells

CD3* CD4* CD27* CD28"e9

Late diff. T CD4*cells

CD3* CD4* CD27"e8 CD28"e9

Early diff. T CD8"cells

CD3* CD4"es CD27* CD28*

Intermediate diff. T CD8*cells

CD3* CD4"es CD27* CD28"°¢

Late diff. T CD8*cells

CD3* CD4"es CD27"°9 CD28"e8

Table 2. Analyzed populations in the flow-cytometry assays. Lymphocytic subpopulations, T-helper and T

differentiated studies “Diff.”=differentiated

A representative model of the gating strategy by Kaluza for differentiated T cells and T-helper

populations are shown in Figure 6 and in Figure 7, respectively.
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Figure 6. Gating strategy for the stages of differentiation of T lymphocyte populations. Lymphocytes were gated using
forward scatter versus side scatter based on size and granularity. Afterwards, T cells were selected using CD3
positivity. Extended lymphocyte differentiated phenotype subpopulations were assessed with different panels
according to CD28 and CD27 expression as described Table 2.
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Figure 7. Designed gating protocol for the T-helper analysis. Lymphocytes were gated using forward scatter versus
side scatter based on size and granularity. Afterwards, T-helper cells were selected using CD4 positivity. Extended
lymphocyte subpopulations were assessed with different panels as described in Table 2.

3.1.4. Immune Risk Phenotype (IRP)

The immune risk phenotype analyzed included the following markers: positive serology for CMV,
CD4/CD8 ratio <1, CD8* >600/uL and CD28"9 >300/pL.
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3.1.5. Data analysis and statistics

The software used to carry out statistical analysis were RStudio for Windows, version 2026.01.2+418

and GraphPad Prism version 5.03.

Parametric continuous variables included immunoglobulin, complement values and age. They were
expressed as means and standard deviation (SD). Comparisons between two independent groups,
stratified by survival status or sex, were performed using t-test. Group analysis for the combined sex-
survival stratified analysis was analyzed by ANOVA test followed by a Bonferroni post hoc multiple

comparisons correction.

Non-parametric continuous variables included hemogram, lymphocyte subpopulations and cytokine
values. They were expressed as median and interquartile range (IQR). Comparisons between two
independent groups, stratified by survival status or sex, were performed using the Mann—Whitney U test.
Group comparisons for the combined sex-survival stratified analysis was performed by Kruskal-Wallis test
followed by Dunn’s post hoc multiple comparisons correction. Variable comparisons within the same
group were compared with Friedman test. Differences between paired TO and T1 samples from the

described 46 patients were assessed using the Wilcoxon signed-rank test.

Categorical variables included sex, survival status, IRP and presence of neutrophilia, monocytopenia
and/or lymphopenia. They were expressed as percentages relative to the pertinent sample and were
compared with chi-square tests and Fisher's exact test when necessary. Paired analysis of IRP was

analyzed with McNemar test.

Survival curves were estimated and represented with the Kaplan-Meier method and compared with

log-rank test.

Univariate Cox proportional hazards models were adjusted for T-cell subpopulations by comparing 2-
year (730 days) survival. Discrimination ability was estimated using the concordance index. Receiver
operating characteristic (ROC) univariate curves were performed to explore potential predictors of survival
and to obtain cut-off values to categorize the continuous variables. Areas under the curve (AUC) were

calculated with 95% confidence intervals (Cl).

Unsupervised clustering analysis of T-helper subpopulations was performed using the K-means
algorithm. To determine the optimal number of clusters, models with k ranging from 2 to 9 were evaluated
using both the elbow method (based on within-cluster inertia) and the silhouette coefficient. The final
number of clusters was selected according to the best balance between intra-cluster cohesion and inter-
cluster separation. Cluster visualization was subsequently performed using principal component analysis

(PCA) by projecting the data into two dimensions.

Throughout all tests, P<0.05 values were considered significant.
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3.2.1. Study design

In the first phase, between the years 2021-2022, 13 patients with an established or suspected
diagnosis of Common Variable Immunodeficiency (CVID) who were already under regular follow-up at
the Immunology Department at Hospital de la Santa Creu i Sant Pau, comprised the derivation cohort.
CVID was defined as IgG hypogammaglobulinemia in an adult patient with recurrent infections in which
other possible causes of hypogammaglobulinemia had been excluded. In the second phase (2022—-2025),
a validation cohort was prospectively recruited, consisting of 10 patients newly referred to the clinic and
diagnosed with CVID during this period. The same studies and criteria were applied to the confirmation
cohort. Clinical and laboratory parameters were systematically collected as part of routine clinical care.

The systematic follow-up of these patients included:

e referral to Pneumology Department with a High-resolution thoracic CT-scan and spirometry

o referral to Digestive Pathology Department with an abdominal sonogram and hepatic
elastography

e genetic testing with a virtual panel for inborn errors of immunity (IEl) over in-house clinical

exome to rule-out other possibly existing IEI.

For the analysis of both cohorts, demographic data and age at diagnosis were recorded. Clinical
variables included the presence or absence of the following common complications described in CVID
patients: bronchiectasis, rare infections, cytopenia, lymphadenopathy, splenomegaly, hepatopathy and/or
portal hypertension, inflammatory bowel disease, interstitial lung disease, hematological malignancy or

solid organ malignancy.

Laboratory variables included: complete cell blood count and lymphocyte phenotyping. Specifically:

e Hemogram: hemoglobinemia, erythrocytes, platelets, leukocytes, neutrophils, monocytes and
lymphocytes count,

e Lymphocytic subpopulations: T, B and NK cells,

o Differentiated T cell profile with early, intermediate and late differentiated T cells,

« T-helper subpopulations (Th1, Th2, Th17, Th1-2, Th1-17),

o T cell memory subpopulations with naive, central memory, effector-memory and TEMRA T cells,

e Treg cells,

e Activated HLA-DR* CD38" T cells,

¢ B cell subpopulations that included: naive, non-switched, and switched memory B cells, CD21low

B cell and transitional B cells.

3.2.2. Flow cytometry analysis

Phenotypic analyses of the lymphocytic populations were performed by flow cytometry from peripheral
venous blood recollected in 7 ml EDTA-coated tubes (BD Vacutainer, Plymouth). For these analyses,

different mixtures of antibodies at optimal concentrations were prepared and mixed with whole blood,
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except for the B cell subpopulations where pre-washed whole blood was stained. All the samples were

acquired in a BD FACSLyric (Becton Dickinson) cytometer.

Lymphocytic subpopulations, differentiated T cell and T-helper populations were defined as described

previously in Table 2. The rest of the analyzed subpopulations were defined as described in Table 3.

For the T, B, NK lymphocytic subpopulations study, samples were prepared automatically in a BD
FACSDuet™ Sample Preparation System (Beckton Dickinson). In it, 50 pyL of whole blood was stained
with 20 pL of the pre-made commercial mixture BD Multitest 6-Color TBNK (Ref. 644611, Beckton
Dickinson), which is comprised of the following antibodies: CD45-PerCP-Cy5.5/CD3-FITC/CD4-PE-
Cy7/CD8-APC-Cy7/CD19-APC/CD16 and CD56 -PE. Then samples were incubated for 15 min and lysed
by incubation for 20 min with 450 yL of BD FACS™ Lysing Solution lysis solution (Beckton Dickinson)
before being run by the cytometer. These samples were analyzed with the software BD FACSuit Clinical

(Becton Dickinson).

For the other T cell phenotype studies, 100 uL of whole blood were manually stained with the according
antibody mixture. Then, samples were incubated for 15-20 min and automatically lysed and washed in a
Lyse Wash Assistant (LWA) (Becton Dickinson) before being run through the cytometer. The solutions
used by the LWA were: BD FACS™ Lysing Solution (Ref. 349202, BD) and BD® CellWASH (Ref. 349524,

BD). Samples were analyzed with the software BD FACSuite (Becton Dickinson).

The differentiated and memory T cell populations were stained and analyzed in the same tube. The

following mixture of antibodies was used:

e CD3-PerCP-Cy5.5 (Ref. 560835, BD,1 uL): clone UCHT
e CD4-V500-C (Ref. 647455, BD, 2 uL): clone SK3

e CD8-APC-H7 (Ref 561423, BD, 2 uL): clone SK1

e CCR7-BV605 (Ref 563711, BD, 1.5 uL): clone 3D12

e CD45 RA-PE (Ref 555489, BD, 3 pL): clone HI100

e CD28-BV421 (Ref 562613, BD, 2 uL): clone CD28.2

e CD27-APC (Ref. 561400, BD, 2 pL): clone M-T271

For the T-helper populations study, the sample was stained with:
e (CD4-V500-C (Ref. 647455, BD, 1.5 pL): clone SK3
e CCR4-Alexa Fluor647 (Ref. 557863, BD, 1.5 pL): clone 1G1
e CXCR3-PE-Cy7.7 (Ref. 560831, BD, 1.5 pL): clone 1C6
e CCR6-BV421 (Ref. 562515 BD, 1.5 uL): clone 11A9
e CCR10-BB515 (Ref. 564769 BD, 1.5 uL): clone 1B5

For the Treg cells, the sample was stained with:

e (CD4-V500-C (Ref. 647455, BD, 2 uL): clone SK3
e (CD127-PE-Cy7 (Ref. 560822, BD, 2 pL): clone HIL-7R-M21
o CDA45RO- FITC (Ref. PN IM1247U, Beckman Coulter, 5 pL): clone UCHL1
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o CD25-PE (Ref. A07774, Beckman Coulter, 5 yL): clone B1.49.9
And for the activated T cell analysis, the sample was stained with:

e CD3-PerCP-Cy5.5 (Ref. 560835, BD,1 pL): clone UCHT
e CD4- APC (Ref. 551980, BD, 0.5 pyL): clone L200

e CD38-PE (Ref. 567131, BD, 2 uL): clone HB7

e HLA-DR-FITC (Ref. 347401, BD 2 pL): clone L243

For the B cell subpopulations, 200 uL of whole blood was pre-washed with the automated system
LWA. Then, 200 pL of washed blood was stained manually, incubated for 15-20 min and lysed and
washed with LWA before running it through the cytometer. The sample was stained with the following

mixture of antibodies

e CD45-APC H7 (Ref. 560178, BD, 1 pyL): clone 2D1

¢ CD19-BV510 (Ref. 562947, BD, 2 pL): clone SJ25C1

e CD27-APC (Ref. 561400, BD, 2 uL): clone M-T271

e IgD-PE (Ref. 555779, BD Pharmigen, 5 pL): clone 1A6-2

e IgM-V450 (Ref. 561286, BD,1 pL): clone G20-127

e CD21-FITC (Ref. 11-0219-42, eBioscience, 2 uL): clone HB5
e (CD24-PC5 (Ref. 561647, BD,2 pL): clone ML5

e CD38-PE-Cy7 (Ref. 560677, BD 1.5 pL): clone HIT2

A representative model of the gating strategy by BD FACSuite for differentiated and memory T cell
populations, T-helper populations study, Treg cells, activated T cell analysis and B cell subpopulations

are shown in Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12, respectively.

Cell populations Immunophenotype

Naive T cell CD3* CCR7* CD45RA*
Central Memory T cell CD3* CCR7* CD45RAMeg
Effector Memory T cell CD3* CCR7nes CD45RA"e9
TEMRA CD3* CCR7mes CD45RA"
CD4* Naive T cell CD3* CD4* CCR7* CD45RA*

CD4* Central Memory T cell | CD3* CD4* CCR7* CD45RA"e9
CD4* Effector Memory T cell | CD3* CD4* CCR7m¢9 CD45RA"9
CD4* TEMRA CD3* CD4* CCR7m9 CD45RA*
CD8* Naive T cell CD3* CD8* CCR7* CD45RA*
CD8* Central Memory T cell | CD3* CD8* CCR7* CD45RAMeg
CD8* Effector Memory T cell | CD3* CD8* CCR7"¢9 CD45RA"9

Memory T cells

CD8* TEMRA CD3* CD8* CCR7"ed CD45RA*

Regulatory T cell (Treg) CD4* CD45R0* CD25* CD127neg
T reg/Teff cells

Effector T cell (Teff) CD4* CD45R0* CD25m9 CD127+
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Activated T cells

Activated CD4* T cell

CD3* CD4* CD38* HLA-DR*

Activated CD8* T cell

CD3* CD8* CD38* HLA-DR*

Naive B cell

CD45* CD19* IgD* CD27nes

Marginal zone B cell

CD45* CD19* IgD* CD27*

CD45* CD19* IgD* IgM*/low CD27+*
CD45* CD19* IgDnes |gMnes CD27+*
CD45* CD19* IgD* IgM*/low CD24high CD27"e9

Non-switched memory B cell

Switched memory B cell
B cell

subpopulations

Transitional B cells

CD38hign
Plasmablasts CD45* CD19* IgDreg IgMnes CD27"ish CD38high
CD19'w B cell CD45* CD19'ew CD27+*
CD21'ow B cell CD45* CD19* CD21'w CD38"eg

Table 3. Analyzed populations in the extended phenotype flow-cytometry assays.
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Figure 8. Designed gating protocol for the differentiated and memory T cell analysis. Lymphocytes were gated using
forward scatter versus side scatter based on size and granularity after singlet gating over all events. Afterwards, T
cells were selected using CD3 positivity. Extended lymphocyte subpopulations were assessed as described in Table
3.
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Figure 9. Designed gating protocol for the T-helper analysis. Lymphocytes were gated using forward scatter versus
side scatter based on size and granularity. Afterwards, T-helper cells were selected using CD4 positivity. Extended
lymphocyte subpopulations were assessed as described in Table 2.
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Figure 10. Designed gating protocol for the Tregs and Teffs cells analysis. Lymphocytes were gated using forward
Scatter versus side scatter based on size and granularity. Afterwards, CD4* T cells were selected using CD4 positivity.
Treg and Teff were assessed as described in Table 3. Tregs=regulator T cells, Teffs=effector T cells.
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Figure 11. Designed gating protocol for the activated T cell analysis. Lymphocytes were gated using forward scatter
versus side scatter based on size and granularity after singlet gating over all events. Extended lymphocyte
subpopulations were assessed as described in Table 3.
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Figure 12. Designed gating protocol for the B cell subpopulations analysis. Lymphocytes were gated using CD45
versus side scatter after singlet gating over all events. Afterwards, B cells were selected using CD19 positivity.
Extended lymphocyte subpopulations were assessed as described in Table 3.
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3.2.3. Data analysis and statistics

The software used to carry out statistical analysis were also RStudio for Windows, version
2026.01.2+418 and GraphPad Prism version 5.03.

Parametric continuous variables were expressed as means and standard deviation (SD) and
compared using t-test for 2-group comparisons such as the cohorts comparison, severe vs non-severe

CVID or the two-cluster comparison.

Non-parametric continuous variables included most of the lymphocytic phenotype variables. They
were expressed as median and interquartile range (IQR). Comparison between groups was performed
with U-Mann Whitney test. Variable comparisons within the same group were compared with Friedman

test. Distribution comparisons were performed with Lavene test.

Lymphocytic phenotype variables and clinical score were correlated using Spearman's rank

correlation.

Receiver operating characteristic (ROC) univariate curves were performed to obtain cut-off values to

the clinical score. Areas under the curve (AUC) were calculated with 95% confidence intervals (CI).

Unsupervised clustering analysis of the lymphocyte phenotype was performed using the K-means
algorithm. To determine the optimal number of clusters, models with k ranging from 2 to 10 were evaluated
using both the elbow method (based on within-cluster inertia) and the silhouette coefficient. As neither
approach identified a clear optimal value of k, a two-cluster solution was selected to facilitate comparison
with the binary clinical severity classification. Cluster visualization was subsequently performed using

principal component analysis (PCA) by projecting the data into two dimensions.

Categorical variables included sex, severity status based on our clinical score and phenotypic cluster.
They were expressed as percentages relative to the pertinent sample and compared with chi-square tests

and Fisher’s exact test when necessary.

Throughout all tests, P<0.05 values were considered significant.
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Percent survival

Percent survival

4. RESULTS

PART | - CAP in aged people

4.1.1. Demographics

During CAP (TO0), 114 patients were included: 42 (36.8%) women and 72 (63.2%) men. Of those, 55
(48.2%) died during the 2-year follow-up, of which 16 (29.1%) were women and 39 (70.9%) were men.
Although there was a tendency, no statistically significant differences were found between the 2-year
mortality among men (54.2%) vs women (38.1%) (Log-rang test 0.09, Fisher's exact test p=0.12) (Figure
13A,B). Of note, 20 (17.6%) people died before 60 days, of whom 15 (75.0%) were men and 5 (25.0%)
were women, finding no differences in mortality between the sexes. Mean age was 80.9 8.1 years-old

for the overall cohort; 80.1 £7.9 y.o. for men and 82.2 +8.4 y.o. for women.

At follow-up (T1), 94 patients were included: 41 (43.6%) women and 53 (56.4%) men. Of those, 29
(30.9%) died during the 2-year follow-up, of which 8 (27.6%) were women and 21 (72.4%) were men. This
time-point reached statistical significance difference between the mortality among men (39.6%) vs women
(19.5%) (Log-rang test p<0.05, Fisher's exact test p<0.05) (Figure 5.1C,D). Mean age was 78.9 + 8.2

years-old for the overall cohort; 77.5 £ 8.0 y.o. for men and 80.7 + 8.2 y.o. for women.
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Figure 13. Sex stratified analysis of survival. TO: men (64%) vs women (38%). Log-rang test p=0.09 (A); Fisher's
exact test p=0.12 (B). T1: men (39.6%) and women (19.5%). Log-rang test p<0.05 (C), Fisher's exact test p<0.05 (D)
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The 46 paired samples were representative of the overall cohort at both time points, as they showed

no significant differences to the full TO and T1 cohorts.

4.1.2. Immunoglobulin and complement

A T0, IgG and IgE were the only immunoglobulin isotypes that showed differences between 2-year
survivors and non-survivors. Survivors showed lower levels of IgG (1030 mg/dL £372) and higher levels
of IgE (85.7 Ul/mL [32.4 - 227.0]) than non-survivors (IgG: 1194 mg/dL +£376; IgE: 37.3 Ul/mL [12.0 -
185.0]) (p<0.05). IgA and IgM showed no differences between survivors and non survivors. No differences
were found in any of the immunoglobulin levels between sexes either. There were no significant
differences in the functionality of the complement cascade as shown by the CH50 activity (p=0.1844) nor
the complement factor C4. However, survivors had significantly more C3 than non-survivors (120.3 mg/dL
132.4 vs 97.3 mg/dL £33.7, p<0.001). The sex-stratified analysis showed that, specifically, survivor
women had more C3 than non-survivor men (128.6 mg/dL +41.0 vs 94.6 mg/dL +34.8, ANOVA p <0.001)
(Supplementary Table 1).

However, no differences were observed at T1 between survivors and nor survivors, nor between
sexes. The paired cohort revealed that both survivors and non-survivors showed an increase of 1gG
(survivors p<0.01, non-survivors p<0.05) and decrease of IgE (survivors p<0.01, non-survivors p<0.05)
between TO and T1. Survivors also increased the number of IgM (p<0.01) but no other significant changes

among the other immunoglobulins nor complement factors (Supplementary Table 1).

Overall, humoral immunity showed subtle differences between survivors and non-survivors at TO and,
notably, by T1 these differences had resolved. Furthermore, the paired analysis showed that both groups
exhibited a convergent dynamic characterized by rising IgG and falling IgE levels, possibly reflecting a

resolved consumption of 1gG.

4.1.3. Leukocyte subpopulations

4.1.3.1. During CAP (T0)

No differences were found between survivors and non-survivors in the total number of leukocytes.

However, significant differences emerged when individual leukocyte subpopulations were examined.

There were no significant differences in the absolute count of neutrophils (p=0.94) nor monocytes
(p=0.31) (Figure 14A), so the proportion of patients with values outside of the normal reference range
values were analyzed. As expected during an infectious episode, neutrophilia (defined as >7000
neutrophils/pL) was found in 50.9% of patients, with no significant differences between survivors (45.8%)
and non-survivors (56.4%, p=0.27). However, monocytopenia (defined as <300 monocytes/uL) was
significantly more frequently observed among non-survivors (14.5% vs 1.7%, p<0.05). In fact, patients
with monocytopenia had nearly 10-fold higher odds of dying within 2 years (OR 9.87,95% CI[1.19 - 81.8],
p=0.014). (Figure 14B).

Lymphocytes did show differences between the groups: survivors had higher absolute lymphocyte
counts than non-survivors (1490 cells/pL [1020 - 2040] vs 970 cells/pL [540 - 1520] p=0.0003) (Figure

14A). As a result, there also were significant differences in the leukocyte distribution. Survivors had a
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lower proportion of neutrophils (71.2% [61.3 - 82.6] vs 77.0 [69.2 - 85.7], p <0.05) in favor of a higher
proportion of lymphocytes (16.7% [7.3 - 24.8] vs 11.4% [5.6 - 16.1], p<0.05) (Figure 14C). Similar to
monocytopenia, lymphopenia (defined as <1000 lymphocytes/uL), was also significantly more frequently
observed among non-survivors (50.9% vs 23.7%, p<0.01) (Figure 14D). So, patients with lymphopenia
had higher odds of dying within 2 years (OR 3.33, 95% CI [1.50 - 7.42], p<0.01).

Despite these results, there were no differences in the neutrophil-to-lymphocyte ratio (NLR) between
survivors (5.93 [3.01 - 13.73]) and non-survivors (5.66 [2.96 - 10.44], p=0.96).
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Figure 14. Blood cell count in the TO cohort (A) and leukocyte distribution (C). Grey bands indicate reference ranges
for healthy individuals. Proportion of monocytopenia (<300 cells/uL) (B) and lymphopenia (D).*p<0.05, **p<0.01,
***n<0.001, ns=non-significant.

Also, ROC curve analyses showed an area under the curve (AUC) of 0.67 for lymphocytes during CAP.
We could also establish an optimal cut-off: <1150 lymphocytes/uL during CAP predicted 2-year mortality

with 63.64% sensitivity and 72.88% specificity (Figure 15).
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Sex-stratified analysis showed that men had significantly lower number of lymphocytes than women
overall (1135 cells/uL [673 - 1603] vs 1430 cells/uL [920 - 2275], p<0.05). This difference was most
pronounced when comparing non-survivor men with survivor women (940 [505 — 1435] vs 1530 [1295 —
2398], p<0.001) (Figure 16A). No more differences were found in other leukocytes when both gender and
survival were considered (Supplementary Table 2). These differences translated into a significantly NLR
in men compared to women (7.04 [4.60 - 14.71] vs 3.53 [2.26 - 10.12], p<0.01), and particularly in non-
survivor men over surviving women (7.81 [4.93 - 15.92] vs 3.06 [2.02 - 7.06], p<0.01), despite the absence
of differences between survivors vs non-survivors as a whole. Taken together, these findings suggest that

biological sex was a significant modulating factor in the leukocyte response in our cohort.
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Figure 16. Sex-stratified analysis from TO cohort of lymphocytes (A) and neutrophil-to-lymphocyte ratio (NLR) (B).
*p<0.05, ***p<0.001, ns=non-significant.

4.1.3.2. At 1-2 months follow-up (T1)

At T1 the leukocyte profile differed from that at TO. Survivors showed lower total leukocytes than non-
survivors (6850 cells/uL [5835 - 8510] vs 7990 cells/uL [6220 - 10800], p<0.05), mainly driven by
neutrophils (4160 [3095 - 5610] vs 5550 [4510 - 8190], p<0.01) (Figure 13A). In fact, neutrophilia was still
present in 31.0% of non-survivors compared to 9.2% of survivors (p<0.05). So, neutrophilia at T1 caused

a 4.35 OR for 2-year death. Monocytes showed no significant differences at this time-point.

On the contrary, survivors maintained higher lymphocytes than non-survivors at T1 (1690 cells/uL [1350
- 2125] vs 1340 cells/uL [880 - 1595], p<0.001), consistent with the results observed at the TO cohort
(Figure 13A). Lymphopenia was present in 34.5% of non-survivors vs 4.6% of survivors (p<0.001),
showing a 10.88 OR for 2-year death.

These differences also reflected on the leukocyte distribution, where survivors showed much lower
proportion of neutrophils (61.2% [54.5 — 68.8] vs 72.5% [65.9 — 79.1] vs p<0.0001) and higher proportion
of lymphocytes (25.7% [20.8 - 31.6] vs 16.31% [12.3 — 20.6], p<0.0001) compared to survivors (Figure
17B). This resulted on a significantly lower NLR (survivors: 2.48 [1.81 - 3.37], non-survivors: 4.69 [3.14 -
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6.54], p<0.0001). These results are consistent with the existing literature, in which NLR has been explored

as an non-specific prognostic factor across many settings, including sepsis and cancer?3.134.135,
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Figure 17. Blood cell counts from T1 cohort (A) and percentage of leukocytes (B). The grey bands indicate reference
ranges for healthy individuals. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=non-significant.

Isolated sex stratification showed that men continued to have less lymphocytes than women by absolute

counts (men: 1480 cells/uL [1050 - 1880] vs women: 1670 cells/uL [1350 - 2170], p<0.05) (Figure 18A).

When survival was incorporated into the stratification, non-survivor men emerged as the subgroup driving

most of the observed differences in both neutrophil and lymphocyte counts and proportion compared to
all survivors (Figure 18A,B, Supplementary Table 3).

So, sex remained a significant factor in neutrophils and lymphocytes dynamics, where non-survivor men

were the most distinct group.
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Figure 18. Sex and sex-survival stratified analysis of total lymphocytes (A) and neutrophils (B) from T1 cohort.

*p<0.05, **p<0.01, ns=non-significant.
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4.1.3.3. Paired analysis

Paired analysis showed that, as expected, patients’ neutrophils descended overall (TO: 7320 cells/pL
[5020 — 9448] vs T1: 4860 cells/uL [4123 — 6868], p<0.05). That was consistent in the survival-stratified
analysis, with survivors going from 5875 cells/uL [4635 — 8853] at TO to 4450 cells/uL [4008 — 6370] at
T1 (p<0.05) and non-survivors from 7890 cells/uL [7108 — 9478] to 6025 cells/uL [4558 — 8335] (p<0.05)
(Supplementary Table 4). Sex-stratified-analysis showed that men’s dynamics were also consistent with
these results as they went from 8065 cells/uL [6460 — 10333] at TO to 5200 cells/uL [4253 - 7180] at T1
(p<0.01). However, women overall did not show such neutrophil descent: they went from 5465 cells/uL
[4635 — 7600] at TO, to 4585 cells/uL [3963 - 6743] at T1 (p=0.12) (Figure 19). However, neither
lymphocytes nor monocytes showed significant changes in absolute counts between TO and T1

(Supplementary Table 4). Thus, neutrophils dynamics seemed to be faster between time-points in men.
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Figure 19. Paired neutrophil absolute counts of survivors and non-survivors (A) and men and women (B).

4.1.4. Lymphocytic subpopulations

Although neutrophils had faster dynamics, survivors had more total lymphocytes than non-survivors at

both time points so we explored lymphocytic subpopulations.

At TO, survivors had more T cells (p<0.001), CD4* T cells (p<0.001), CD8* T cells (p<0.05), and B cells
(p<0.001), but there were no differences in the number of NK cells. In contrast, no differences were found
in the percentage of either T, CD4*, CD8*, nor B cells, but survivors had a lower proportion of NK cells

within their lymphocytes (8.6% [6.1 - 13.9] vs 14.0% [8.9 - 21.5], p<0.01) (Figure 20, Table 4).
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Figure 20. Lymphocyte subsets in the TO cohort, by cell counts (A), and by percentage (B). Grey bands indicate

reference ranges for healthy individuals. *p<0.05, ***p<0.001, ns=non-significant.

Sex-stratified analysis showed that men had significantly lower absolute counts of T cells (p<0.05),
CD4* T cells (p<0.05) and CD8* T cells (p<0.01). They also showed a tendency towards lower B cells
(p=0.07), while NK cells were comparable between sexes (p=0.98). When considering survival
stratification, the main differences were found between survivor women and non-survivor men; the former
had more T cells (p<0.001), CD4* T cells (p<0.001), CD8* T cells (p<0.01), and B cells (p<0.001).
Regarding lymphocyte distribution, differences were restricted to the percentage of CD8* T cells and NK
cells: non-survivor men had higher percentage of NK cells than survivor women (p<0.05), as well as they

had lower percentage of CD8* T cells than, in this case, non-survivor women (p<0.05) (Figure 21, Table
4).
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Figure 21. Sex and survival stratified subanalysis of the lymphocyte subsets in the TO cohort. Grey bands indicate
reference ranges for healthy individuals. *p<0.05, **<0.01, ***p<0.001, ns=non-significant.
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° [64,4-80,4] [67,7-80,1] [68,3-8L9] [680-80,7] [69- 81] [56,6-79,9] [685-79,6] @ [63,5-79,9]

Teells (/ul) 774 1104 . 1104 1269 1142 560 739 711 e
H [420-1182] | [599- 1772] [697-1284] = [892-1791] [727- 1512] [351-972]  [486-1299] | [347- 1003]
I 45,1 47,0 , 45,2 50,3 48,1 45,1 38,9 42,9 ,

cells [37,0-57,7] [36,6-55,6] (357-57,3]  [43,4-581] [38,5-58,0] [37,3-582] [31,7-485] | [36,4-55/1]
D Teells [/ 469 666 . 583 824 723 415 431 415 e
261-777]  [340- 1047 389- 898 539- 1208 414 - 1049 216- 681 311- 660 245 - 664
cellst/u) 1 ¢ 1 ] [ | |t 1| 1 B ]
e 21,6 233 i, 21,9 20,9 21,3 20,9 28,6 235 .
celis [16,3-28,8] [188-30,2] [181-30,8] [17,7-26,6] [18,0- 28,2] [12,4-23,8] [234-364] | [17,4-30,7]
8" Teells /) 208 362 » 336 392 362 183 307 189 .
cells UM [134-417]  [196- 585] [155-496]  [221-585] [164 - 535] [82-301]  [167-643] | [120-421]
B colls % 83 10,8 , 8,6 13,8 11,2 7,8 83 7,9 ,
° [47-148] [41-17,6] [50-145  [59-20,7] [5,0-16,2] [41-150] [36-1L5 | [3,7-14,3]
87 119 119 187,8 140 77 55 68
Bcell L 0,074 ! ok
cells {/ul) [46-187]  [61-269] [56-259]  [97-388] [69-273] [34-148]  [30-173] | [34-151]
NK cells % 18,7 e . 11,1 7,0 56 14,0 13,0 14,0 .
° (84-184] [56-157] (72-17,3]  [50-10,5] [6,0-13,9] [9,0-2L,5]  [7,5-2L,4] | [89-2L5]
MK cells (/) 138 118 . 145 118 129 109 118 110 N,
K (74-193]  [74-226] [90- 200] [86- 197] [90- 194] [59- 182] (60- 257] [59- 204]

Table 4. Lymphocytic subpopulations of men, women, survivors and non-survivors at T0. *p<0.05, **<0.01,

*kk,

p<0.001, ns=non-significant.

Consistently, at T1 survivors had more total T cells (p<0.001), particularly more CD4* T cells (p<0.001)

but CD8* T cells (p=0.06) as well as B cells (p=0.05) failed to reach statistical significance. The sex-
stratified analysis showed that specifically women had more CD4* T cells (p<0.05) than men, and even
more B cells (p<0.001), but there were no differences in the number of CD8* T cells (p=0.39) nor NK cells
(p=0.25). When both sex and survival were considered, non-survivor men drove most of the differences,
with less T cells than both survivor men (p<0.01) and women (p<0.01), specifically less CD4* T cells

(survivor men p<0.05, survivor women p<0.001), and also less B cells than survivor women (p<0.01).

Thus, at T1 the dynamics were similar to those at TO but CD4* T cells and B cells were the most
relevant subpopulations at this time-point, while CD8* T cells lost the strength of the differences among

groups found at TO and NK cells became also comparable by percentage.

Paired analysis showed that, overall, both in absolute counts and by percentages, CD4* T cells did
not change between time-points (p=0.89), while CD8* T cells increased (p<0.05), as well as NK cells
(p<0.01) but B cells decreased (p<0.01) (Figure 22A). Survival stratification showed that these dynamics
were driven by survivors, while non-survivors showed comparable numbers of all lymphocytic
subpopulations except a decrease in the percentage of B cells (p<0.05) (Figure 22B). Interestingly, sex
stratification showed that men drive the differences in T and NK cells but they did not show significant B
cell decrease (178 [96 — 344] vs 140 [90 — 199], p=0.12), while it was women who showed a significant B
cell decrease between TO and T1 (106 [53 — 150] vs 74 [40 — 136], p<0.01) (Figure 22C).
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Figure 22. Paired analysis of lymphocytic subpopulations in total (A), by survival (B) and by sex stratification (C).



4.1.5. Differentiated T cell subpopulations

We analyzed the 3 populations relating to CD28 and CD27 expression as described in the bibliography
36.48: Early differentiated CD27* CD28* (early), intermediate differentiated CD27* CD28"9 (intermediate)
and Late differentiated CD27"¢9 CD28"°9 (late). We aimed to describe the differentiated T cell phenotype
of aging patients during CAP (T0) and at follow-up (T1) and we found significant differences in the absolute

counts of the subpopulations between the groups.

Initial analysis showed that total early were higher than intermediate and late both at TO (p<0.0001)
and T1 (p<0.0001). Likewise, late were higher than intermediate also at both time-points (p<0.0001). No
significant differences were observed in any subpopulation between the TO and the T1 cohorts (Figure
23). Paired analysis confirmed the absence of significant dynamics between time-points; however, a trend
towards an increase in late (p=0.06) and intermediate (p=0.05) was noted. Still, wide ranges and

considerable heterogeneity within subpopulations were shown, which granted further examination.
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Figure 23. Early differentiated (EaT) (CD27* CD28"), intermediate (InT) (CD28* CD27"¢9), and late T cells (LaT)
(CD28"9 CD27 "9) at TO (green) and at T1 (pink) in percentage over total T cells (A) and by cells/uL (B). *** <0.0001.

4.1.5.1. CD4* vs CD8* T cells
First, we decided to analyze CD4* and CD8* T cells separately. CD4* and CD8* T cells showed distinct

distributions across their respective differentiated subpopulations, which remained comparable between
time points. On the one hand, CD4* T cells were mostly early (TO: 79.2% [66.0 - 85.6]; T1: 9.8% [7.3 -
15.2]) with lower intermediate (T0: 9.8% [2.6-15.2]; T1: 11.4% [7.6 - 15.7]) and late (T0: 6.8% [1.9 - 14.2];
T1:5.5% [0.8 - 15.0]). On the other hand, CD8* T cells had a similar proportion of early (T0: 34.2% [19.2
-47.4]; T1: 35.7% [23.1 - 48.1]) and late (TO: 47.3% [31.3 - 61.9]; T1: 42.8% [24.0 - 59.0]) (Figure 24A).
This also resulted in higher absolute counts of CD4* early than CD8* early (p<0.0001 at TO and T1),
higher CD4* intermediate than CD8* intermediate (p<0.0001 at TO and T1) and lower CD4* late than
CD8" late (p<0.0001 at TO and T1) (Figure 24B). Comparison of TO and T1 cohorts only revealed higher
absolute counts of early CD4* T cells at T1 compared to TO (Figure 24B). No other differences were found

of each subpopulation between time-points.
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Figure 24. CD4* and CD8" early (CD27* CD28*) and late T cells (CD28"9 CD27"°9) at TO (green) and at T1 (pink) in
percentage over total CD4* or CD8* T cells (A) and in cells/uL (B).

Contrary to what was expected after comparing TO and T1, paired analysis failed to show a significant

increase in early CD4* T cells in absolute counts (p>1.0). However, it showed a significant increase in
intermediate (11 cells/uL [8 — 19] vs 19 cells/pL [12 — 33], p<0.05) and late (140 cells/uL [71 — 283] vs
205 cells/uL [123 — 334], p<0.01) CD8* T cells that was not apparent comparing the TO and T1 cohorts.
These results may reflect the fact that TO and T1 cohorts were fundamentally different due to the loss of
the patients that died before 60 days (Figure 25).
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Figure 25. Paired analysis of absolute counts of early, intermediate and late CD4* T cells and CD8* T cells.
Int=Intermediate, LaT=Late. *p<0.05, **p<0.01.

4.1.5.2. Gendered subanalysis

Since life expectancy is significantly different between men and women, a further gendered subanalysis

was performed to describe men’s and women’s phenotypes independently'36. At TO, the only percentage
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difference was in the intermediate CD8* T cells, of which men had more than women (

T1 Surv Non surv
) Men Women
(Median p Men Women Total Men Women Total p
[IQR]) n=>53 n=41 n=32 n=33 n=65 n=21 n=8 n=29
62.6 60.0 64.4 61.3 62.2 62.3 57.9 60.0
Early Tcells % (48.7-72.9] [(48.4-71.4] *7%0 |(47.4-73.9] [48.4-71.4] [48.0-73.4)|[52.6-69.2] [48.0-63.2] [50.5-68.1]| */O%°
9.9 8.3 9.1 8.3 8.8 10.4 7.7 10.2
IntT cells % 0.0597 0.1280
nticets [7.5-13.9] [5.6-10.1] [7.3-12.5] [5.8-10.1] | [6.6-12.0] | [7.7-15.0] [5.3-10.1] | [5.7-14.9]
19.1 22.7 16.9 215 19.6 21.0 26.1 22.2
Late T cells % 0.5752 0.8050
0 [9.8-32.3] [14.7-30.4] [9.7-32.4] [14.0-28.7] [11.3-31.8]| [9.8-30.5] [16.3-33.4] [14.8-31.0]
Cous Earty T colls o 78.9 765 | e 824 78.3 81.2 78.4 75.2 778 | aero
y ° |ie5.3-88.4] [60.8-87.0] - [68.0-89.6] [60.8-87.7] [65.0-89.3]|[65.3-83.0] [70.4-80.8] [65.3-81.0]| "
125 10.3 9.6 10.0 9.8 14.2 12.4 13.7
CD4+ Int T cells % 0.1145 0.1220
° [8.1-17.4] [7.5-13.7] [7.9-15.0] [7.3-13.5] | [7.5-14.3] |[11.5-18.7] [8.3-13.9]  [8.7-17.7]
2.7 6.4 1.9 6.4 5.5 3.1 6.4 5.1
CD4+ Late T cells % 0.1036 0.3980
[0.4-12.2] [3.2-17.5] [0.6-13.2] [3.2-17.5] | [0.8-16.4] | [0.4-12.2] [4.1-11.9] | [1.0-12.2]
35.1 36.2 33.8 36.2 34.8 36.3 30.0 36.3
CD8+ EarlyT cells % 0.3683 0.7150
g °  |125.8-50.3] [21.2-41.6] [24.2-58.3] [22.2-42.8] [22.2-51.8]([30.4-44.1] [20.6-40.2] [23.5-41.2]
5.8 3.4 6.0 3.9 5.0 4.0 3.1 3.9
CD8+ IntT cells % 0.0163 0.0934
° [31-9.2] [2.6-5.8] [4.0-9.2] [2.6-5.8] | [2.8-7.4] | [3.0-8.2] [2.3-5.8] | [2.7-7.2]
40.6 44.9 41.9 44.1 43.4 39.3 53.7 40.6
CD8+ Late T cells % 0.2196 0.5460
°  |[19.1-50.1] [32.9-58.1] [18.4-60.8] [31.8-57.4] [23.1-58.1]|[30.2-46.3] [39.6-62.1] [34.9-50.0]
712 601 759 748 755 466 602 565
Early T cells/uL 0.2998 0.0027
aryteels/u [466-928] [566-943] [604-975] [587-957] | [592-967] | [318-712] [565-681] | [381-712]
IntT cells /uL 114 108 o7ags | 17 106 114 101 103 1011 63920
[66-150]  [68-155] [86-174] [68-156] @ [71-160] | [53-131] [82-112] @ [53-129]
Late T colls /oL 189 273 | oerr | 205 274 239 135 259 182 |0
[109-372] [152-393] | - [135-415] [161-393] | [142-407] | [96-303] [149-417] | [108-303] |
494 559 572 585 582 366 478 390
CD4+ Early T cells /uL 0.1028 0.0022
v U | [366-689] [434-768] [426-721] [448-790] [436-785] | [255-575] [379-550]  [270-575]
81 81 86 85 85 75 75 75
CD4+IntT cells /uL 0.6583 0.4440
ntieets/u [47-113]  [56-117] [55-114] [56-124] | [55-118] | [43-109] [61-81] | [45-95]
13 54 13 57 38 13 41 29
CD4+Late T cells /ul 0.0109 0.0766
[3-87]  [22-119] [5-90] [22-124] [8-119] | [2-58]  [21-84] = [3-80]
CD8+ Early T cells/uL 139 122 0.9271 146 187 144 105 119 106 0.1400
y [67-215] [87-192] | = [106-252] [86-192] | [97-248] | [62-159] [89-135] | [63-155] |
22 15 25 15 20 16 16 16
CD8+IntT cells /uL 0.1273 0.0569
! [11-33]  [10-25] [15-45]  [10-25] @ [11-34] | [9-24]  [12-22] @ [9-24]
133 188 148 188 173 129 202 133
CD8+ Late T cells /uL 0.1518 0.3970
ateTeets/UL 1 160-252]  [95-294] [62-271]  [88-294] | [86-294] | [54-211] [129-359] | [72-256]

Supplementary Table 9). However, in total cell-counts, women had more late T cells than men, either
total (women: 202 cells/pL [111 — 388], men: 122 cells/uL [56 — 351], p<0.05), CD4*(women: 49 cells/uL
[16 — 93], men: 32 cells/uL [5 — 70], p<0.05) or CD8*(women: 139 cells/uL [78 — 259, men: 90 cells/uL [37
— 214], p<0.05) (Figure 26A-F).

Similarly, at T1, the only percentage difference found was also on intermediate CD8* T cells, of which
men had more than women (Supplementary Table 9). However, in cell-count values, at this time-point
women only had more late CD4* T cells compared to men (women: 54 cells/pL [22 — 119], men: 13 cells/pL
[3 — 87], p<0.05). Contrary to what we found at TO, late CD8* T cells were not different (Figure 26A-F).

42



® Women

10000 O Men & Women
. 1004 O Men
5 I o s of
1000 . d:g . A % 8o §2 g % o
. :
-=I % E; :; 60 J ﬁ E L) u]
o ‘e i - 1 o 38 O
5 1007 . O e, gﬁ B o* O & od
° ~ o a0{ 33 o ~ &
« O 05 L 4 E|:| . o?
10 o ee EH o OO 2% d
o 204 % o &3
[u] [u] !;
' ! G L] L)
A ) Early Late o Early Late ! B Early Late Early Late
TO T1 TO T
CD4 cD4
& Women
10000 O Men 100+ ® Women
| [ ) O Men
‘ i & 0
L ]
* 804 n] i
1000 é.’ ;> — == -
4 & E e . s
S 60+ ~ EE
2 1004 ¢ O ! = “ .
3 N o
3] Y O 3 d a0d o r; 1) s L ]
i P *
10 *e = )
[ ] E 20+
[ ]
..
1 T T = 0 ¥
c Early Early Late D Early Late Early Late
TO T1 T0 T1
& Women
CcD8 & Women O Men
100-
10000, O Men
. o e o
— 80+ Og
1000 ot . ¢ 0 e
% * . % L S % Y
g o o & ﬁ ® 1 604 P - o :
3 a5 i R ’ b
2 1004 == it 2 i 9k
E T T EaR . st HE A B
A « . -~ H % @H o
104 * . o 20] #® it °s mp
ot 1 s el
L)
o ... A HEE ... @
1 v Y 04— T
Early Late Early Late E Early Early Late
TO T1 TO T

Figure 26. Sex-stratified analysis of early (CD27* CD28*) and late T cells (CD28"9 CD27"9) at TO and T1, in cells/uL
for total CD3* T cells (A), CD4* T cells (C), CD8* T cells (E) and percentage over total CD3* T cells (B), CD4* T cells
(D) and CD8* T cells (F).

Paired analysis showed that men increased significantly the number and percentage of intermediate
T cells between time-points (TO: 66 cells/uL [45 — 97] (8.3% [6.2 — 11.4]); T1: 126 cells/uL [96 — 151]
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(10.3% [7.7 — 13.8]), p<0.05), driven by the increase of intermediate CD4* T cells (TO: 55 cells/uL [29 —
83](9.8% [6.8 — 14.4]); T1: 93 cells/uL [61 —119] (13.5% [9.5 — 17.6]), p<0.05). There were no differences
in the percentage of CD8* subsets. However, the described increase in CD8* T cell count was reflected
in an increase in all the differentiated subsets (p<0.05), although this increase was more pronounced in
the intermediate subset (TO: 10 cells/pL [8 — 15], T1: 24 cells/uL [12 — 33], p<0.01). Women showed no

differences between time-points, similarly to the absent differences in overall CD4* and CD8* T cells.

4.1.5.3. Survival stratification

At TO, survival stratification showed no differences in the percentage of any of the different subsets
but there were significant differences in the cell-count subsets. We described above how survivors had
more T cells in general but, interestingly, this difference was driven specifically early T cells, in total T
cells (survivors: 616 cells/uL [390 — 1026], non-survivors: 333 cells/uL [208 — 555], p<0.001), but also by
early CD4* T cells (survivors: 541 cells/uL [274 — 829], non-survivors: 260 cells/uL [170 — 431], p<0.001),
and CD8* T cells (survivors: 111 cells/uL [66 — 171], non-survivors: 58 cells/uL [26 — 117], p<0.01).
Furthermore, survivors also had more intermediate CD4* T cells (survivors: 64 cells/uL [36 — 103], non-
survivors: 50 cells/uL [22 — 86], p<0.05) but there were no differences in the number of late T cells (

Figure 27).
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At T1, non-survivors showed a higher percentage of intermediate CD4* T cells (survivors: 8.9% [6.9 —
14.2], non-survivors: 11.0% [8.2 — 15.7], p<0.05), similar to what we found in men. Moreover, survivors
still showed higher cell-counts of total (survivors: 755 cells/puL [592 — 967], non-survivors: 565 cells/uL
[381 — 712], p<0.001), CD4* (survivors: 582 cells/pL [436 — 785], non-survivors: 390 cells/uL [270 — 575],
p<0.001) and CD8* (survivors: 144 cells/pL [97 — 249], non-survivors: 106 cells/pL [63 — 156], p<0.05)
early T cells (Figure 28).
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Contrary to expected, paired analysis showed that it was survivors who increased the percentage of
intermediate CD4* T cells (TO: 7.8% [6.0 — 11.5], T1: 9.8% [7.5 — 13.9], p<0.05), while non-survivors
showed no difference here (TO: 12.8% [9.5 — 18.1], T1: 14.0% [11.8 — 17.6], p=0.64). This contradictory
result to what was found at the previous cohorts highlights again that the TO and T1 cohorts could be
fundamentally different due to the deceased patients between time-points. There were no other
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differences in the percentage distribution of the differentiated populations
T1 Surv Non surv
) Men Women
(Median p Men Women Total Men Women Total p
[IQR]) n=53 n=41 n=32 n=33 n=65 n=21 n=8 n=29
62.6 60.0 64.4 61.3 62.2 62.3 57.9 60.0
Early T cells % 0.6750 0.7020
Y ° [48.7-72.9] [48.4-71.4] [47.4-73.9] [48.4-71.4]|[48.0-73.4]|[52.6-69.2] [48.0-63.2] [50.5-68.1]
9.9 8.3 9.1 8.3 8.8 10.4 7.7 10.2
IntT cells % 0.0597 0.1280
[7.5-13.9] [5.6-10.1] [7.3-12.5] [5.8-10.1] | [6.6-12.0] | [7.7-15.0] [5.3-10.1] | [5.7-14.9]
IO 19.1 22.7 o 16.9 21.5 19.6 21.0 26.1 22.2 e
’ [9.8-32.3] [14.7-30.4] [9.7-32.4] [14.0-28.7] [11.3-31.8]| [9.8-30.5] [16.3-33.4]|[14.8-31.0]|
78.9 76.5 82.4 78.3 81.2 78.4 75.2 77.8
CD4+ Early T cells % 0.5023 0.4510
ry °  |[65.3-88.4] [60.8-87.0] [68.0-89.6] [60.8-87.7]|[65.0-89.3]|[65.3-83.0] [70.4-80.8]|[65.3-81.0]
12.5 10.3 9.6 10.0 9.8 14.2 12.4 13.7
CD4+ Int T cells % 0.1145 0.1220
niteets [8.1-17.4] [7.5-13.7] [7.9-15.0] [7.3-13.5] | [7.5-14.3] |[11.5-18.7] [8.3-13.9] | [8.7-17.7]
2.7 6.4 1.9 6.4 5.5 3.1 6.4 5.1
CD4+ Late Tcells % 0.1036 0.3980
[0.4-12.2] [3.2-17.5] [0.6-13.2] [3.2-17.5] | [0.8-16.4] | [0.4-12.2] [4.1-11.9] | [1.0-12.2]
35.1 36.2 33.8 36.2 34.8 36.3 30.0 36.3
CD8+ Early T cells % 0.3683 0.7150
v °  |[25.8-50.3] [21.2-41.6] [24.2-58.3] [22.2-42.8] [22.2-51.8]|[30.4-44.1] [20.6-40.2]|[23.5-41.2]
5.8 3.4 6.0 3.9 5.0 4.0 3.1 3.9
CD8+ Int T cells % 0.0163 0.0934
nthcetss [3.1-9.2] [2.6-5.8] [4.0-92] [2.6-58] | [2.8-7.4] | [3.0-8.2] [2.3-5.8] | [2.7-7.2]
40.6 44.9 41.9 44.1 43.4 39.3 53.7 40.6
CD8+ Late Tcells % 0.2196 0.5460
° |[19.1-59.1] [32.9-58.1] [18.4-60.8] [31.8-57.4]|[23.1-58.1]|[30.2-46.3] [39.6-62.1] [34.9-59.0]
712 691 759 748 755 466 602 565
Early T cells/uL 0.2998 0.0027
[466-928] [566-943] [604-975] [587-957] | [592-967] | [318-712] [565-681] | [381-712]
114 106 117 106 114 101 103 101
IntT cells /uL 0.7488 0.3920
[66-150] [68-155] [86-174] [68-156] @ [71-160] | [53-131] [82-112] @ [53-129]
189 273 205 274 239 135 259 182
Late T cells /uL 0.0877 0.2430
! [109-372] [152-393] [135-415] [161-393] | [142-407] | [96-303] [149-417] | [108-303]
494 559 572 585 582 366 478 390
CD4+ Early T cells /uL 0.1028 0.0022
g [366-689] [434-768] [426-721] [448-790] A [436-785] | [255-575] [379-550] @ [270-575]
81 81 86 85 85 75 75 75
CD4+ Int T cells /uL 0.6583 0.4440
[47-113]  [56-117] [65-114] [56-124] | [55-118] | [43-109] [61-81] [45-95]
13 54 13 57 38 13 41 29
CD4+ Late Tcells /uL 0.0109 0.0766
[3-87] [22-119] [5-90] [22-124] | [8-119] [2-58] [21-84] [3-80]
139 122 146 137 144 105 119 106
CD8+ Early T cells/uL 0.9271 0.1400
v ! [67-215] [87-192] [106-252] [86-192] | [97-248] | [62-159] [89-135] | [63-155]
22 15 25 15 20 16 16 16
CD8+ Int T cells /uL 0.1273 0.0569
[11-33] [10-25] [15-45] [10-25] [11-34] [9-24] [12-22] [9-24]
133 188 148 188 173 129 202 133
CD8+ Late T cells /uL 0.1518 0.3970
[60-252]  [95-294] [62-271] [88-294] | [86-294] | [54-211] [129-359] | [72-256]

Supplementary Table 9 and Supplementary Table 9).

In the cell-count values, survivors showed an increase in the number of total late populations (T0: 206
cells/pL [106 — 357], T1: 371 cells/uL [187 — 468], p<0.05). It was mainly driven by CD8* T cells (T0: 140
cells/pL [77 — 271], T1: 239 cells/uL [136 — 321], p<0.01), while CD4* T cells barely reached significance
(TO: 44 cells/uL [17 — 87], T1: 68 cells/uL [10 — 128], p=0.05). However, non-survivors didn't show any

significant difference between time-points

(Figure 29).

10000

cells/uL

1000

100

10

46

Late differentiated

CD3 Tcells CD4Tcells

CD8 T cells



Figure 29. Survival-stratified analysis of paired data of late T cell subpopulations. Green=survivors; red=non-
survivors. *p<0.05 **<0.01, ns=non-significant.

4.1.5.4. Sex-survival stratification
Consistent with the previous results, when we stratified the data by both sex and survival we observed
that survivor women showed the most significant differences, mostly when compared to non-survivor men.
By percentages, at TO they had less late T cells (18.1% [9.6 — 25.7]) than non-survivor women (32.3%
[20.4 — 52.7], p<0.05), but specifically less CD8* late T cells (38.9% [29.5 — 56.1]) than both non-survivor
women (61.1% [45.4 — 72.1]) and non-survivor men (40.9% [31.0 — 61.5]) (p<0.05 for all mentioned

comparisons). Of note, >50% of the CD8* T cells of non-survivor women showed an late phenotype.

By cell-count values, survivor women had more early than non-survivor men, in total T cell counts
(survivor women: (756 cells/uL [466 — 1313]), non-survivor men: 304 cells/uL [196 — 577], p<0.01) but
also in CD4* T cells (survivor women: 634 cells/pL [318 — 1026], non-survivor men: 241 cells/pL [160 —
473], p<0.01) and CD8* T cells (survivor women: 113 cells/uL [68 — 167], non-survivor men: 58 cells/pL
[24 — 110], p<0.05). They also had more intermediate T cells than non-survivor men (survivor women:
103 cells/pL [55 — 171], non-survivor men: 60 cells/uL [26 — 110]), driven by CD4* T cells (survivor women:
83 cells/uL [45 — 131], non-survivor men: 50 cells/uL [18 — 86]) (p<0.05 for both). Interestingly, they also
had more CD8* late T cells than no-survivor men (survivor women: 130 cells/uL [78 — 189], non-survivor
men: 76 cells/uL [30 — 127], p<0.05). Thus, the lymphopenia found in non-survivor men described before

was affecting almost all subsets.

At T1, non-survivor men showed all the significant differences, as they had less early (466 [318 — 712])
and specifically less CD4* early T cells (366 cells/uL [255 — 575]) than both men (early T: 759 cells/uL
[604 — 975], p<0.01; early CD4* T: 572 cells/uL [426 — 721], p<0.05) and women survivors (early T: 748
cells/pL [587 — 9571, early CD4* T: 585 cells/uL [448 — 790], p<0.01 for both).

Therefore, non-survivor men were the most different group at both times. But, while at TO the
differences were found compared to survivor women and were driven by their profound lymphopenia, at
T1 the difference was specifically limited to the number early T cells and was found compared to all
survivors. Furthermore, the only difference between survivor and non-survivor women was the percentage
of late T cells at TO.

4.1.5.5. Differentiated T cell subpopulations’ predictive value
We tested the predictive value of the differentiated T-cell phenotype by evaluating the association
between these subpopulations and 2-year survival using univariate Cox proportional hazards models.
Predictive performance was compared using the concordance index (Cl). It showed that absolute number
of early, either total, CD4* or CD8"* T cells, had a protective effect with a Cl of 0.65 for all three populations
at TO, and 0.70 for total and CD4* early T cells at T1 (Figure 30).
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Figure 30. Univariate Cox regression and concordance index (C-index) for early differentiated (early) (CD27* CD28")
and late (lat) T cells (CD28"9 CD27"9) at TO (A) and T1 (B).
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and total early) and at T1 (0.73 AUC for CD4* and total early).
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Figure 31. ROC curves for predicting 2-year mortality by early T subpopulations. CD8* T cells at TO (A) and T1 (B),
CD4* T cells at TO (C) and at T1 (D), and total early T cells at TO (E) and T1 (F).

Optimal cut-off points were also established. At TO, a high-sensitivity cut-off of 532 cells/uL for total

yielded 74.6% sensitivity and 62.7% specificity (likelihood ratio: 2.00), while a high-specificity cut-off point
of 338 cells/pL yielded 50.9% sensitivity and 79.7% specificity (likelihood ratio: 2.50). For CD4* early, the
high-sensitivity cut-off was established at 416, yielding 74.6% sensitivity and 59.3% specificity (likelihood
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ratio: 1.83), while the high-specificity cut-off was established at 262, yielding 50.9% sensitivity and 76.3%
specificity (likelihood ratio: 2.15).

At T1, a high-sensitivity cut-off for total early was established at 666 cells/pL yielding 72.4% sensitivity
and 64.63% specificity (likelihood ratio: 2.05). For CD4* early a high-sensitivity cut-off of 523/uL yielded
72.4% sensitivity and 58.5% specificity (likelihood ratio: 1.74), while a high-specificity cut-off point of 435
cells/pL yielded 58.6% sensitivity and 75.4% specificity (likelihood ratio: 2.38).

4.1.6. Immune Risk Phenotype Markers

The IRP marker is defined in the bibliography as CMV seropositivity plus one of the following cell-
count criteria: CD4/CD8 ratio <1, CD8* T cells >600 cells/uL or CD28"¢9 T cells >300 cells/uL 4651, Thus,
it integrates some of the populations analyzed previously and we wanted to explore its predictive capacity

in our cohort.

At TO, 40 (35.1%) of the patients met the IRP criteria, while 74 (64.9%) didn’t. Of those, 22 (29.3%)
patients didn’'t meet it due to CMV seronegativity. Of interest, 9 (40.9%) out of these patients still would
have met the cell-count criteria for IRP. On the contrary, out of the 92 (80.7%) seropositive patients, 52
(56.5%) did not meet the cell-count criteria. Neither survival nor sex-stratification showed significant
differences in the percentage of patients with IRP (Figure 32A). Out of the 40 patients with IRP, 39 (97.5%)
met the CD28M¢9 T cells criterion, and only 1 depended on the inverted CD4/CD8 ratio to have IRP. The
inversed CD4/CD8 ratio was found in 9 (22.5%) of patients, and the CD8* T cells criterion was found in
14 (35.0%) of patients. Furthermore, 21 (52.5%) patients met only 1 cell-count criterion, 16 (40.0%) met
2 cell-count criteria and 3 (7.5%) patients met the 3 cell-count criteria. Thus, the CD28"9 T cells criterion,
which is the only one that could correlate to the differentiated phenotype of our patients, was the most

sensitive out of all the three IRP cell-count criteria.

At T1, 49 (52.1%) patients met the IRP criteria, while 45 (47.9%) didn’t. Of those, 16 (35.6%) patients
didn’t meet it due to CMV seronegativity. Notably, in this case, no seronegative patients would have met
the cell-count criteria for IRP. On the contrary, out of the 77 (81.9%) seropositive patients, 29 (37.7%) did
not meet the cell-count criteria. Again, neither survival nor sex-stratification showed significant differences
in the percentage of patients with IRP (Figure 32B). Out of the 49 patients with IRP, 47 (95.9%) met the
CD28res T cells criterion, while the remaining 2 patients met the IRP based on the other two criteria
individually. The inversed CD4/CD8 ratio was found in 12 (24.5%) of patients, and the CD8* T cells
criterion was found in 20 (40.8%) of patients. Furthermore, 27 (55.1%) patients met only 1 cell-count
criterion, 14 (28.6%) met 2 cell-count criteria and 8 (16.3%) patients met the 3 cell-count criteria. Thus,

again the CD289 T cells criterion was the most sensitive out of all the IRP cell-count criteria.
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Figure 32. Kaplan-Meier survival curves by immune-risk phenotype (IRP) positivity at TO (A) and T1 (B). No
differences were found between patients with or without IRP at neither time-point.

4.1.6.1. Paired IRP

Paired analysis of IRP showed that 14 (30.4%) patients changed their IRP status from TO to T1: 10
(21.7%) patients acquired the IRP while 4 (8.7%) patients lost the IRP. However, 32 (69.6%) patients
remained with the same IRP status: 15 (32.6%) patients kept the IRP while 17 (37.0%) patients still did
not meet the IRP criteria. The proportion of patients with each scenario was not significantly different
(p=0.18). All the patients that acquired the IRP at T1 was because they met the CD28"9 T cells criterion,
and inversely, all the patients that lost the IRP at T1 was because they stopped meeting the CD28"e9 T

cells criterion.

Out of the cell-count criteria and regardless of CMV seropositivity status, 22 (47.8%) patients initially
met at least 1 IRP cell-count criteria and 24 (52.2%) patients did not meet any criteria at TO. Out of the
latter 24, at T1, 14 (58.3%) patients stayed without reaching any criteria, 9 (37.5%) patients acquired 1
criteria and 1 (4.2%) patient acquired 2 criteria. Out of the 22 patients who reached at least 1 criteria at
TO, 8 (36.4%) patients met less criteria, 6 (27.3%) patients stayed the same, and 8 (36.4%) patients
acquired one more criteria. All the changes are described in Table 5. So, overall, 20 (43.5%) patients kept

meeting the same number of IRP criteria, 8 (17.4%) got better and 18 (39.1%) got worse.

T
0 1 2 3
TO
0 14 (30.4%) | 9(19.6%) | 1(2.2%) 0
1 6 (13.0%) | 2(4.3%) | 5(10.9%) 0
2 1(2.2%) 1(22%) | 3(6.5%) 3 (6.5%)
3 0 0 0 1(2.2%)

Table 5. IRP cell-count criteria on the paired cohort. Patients met 0, 1, 2 or 3 criteria at TO (column) or T1 (row).
Expressed as n(%), percentage relative to the overall paired cohort (n=46).
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4.1.7. T-helper phenotype

Analysis of the T-helper cell panel revealed no significant differences in the proportional distribution of
any of the subpopulations examined. We therefore adopted an alternative approach. It is well reported
that different pathogens elicit specific T-helper differentiation profiles. In other words, T-helper
differentiation is defined in response to the specific pathogen and the cytokine environment that it may
trigger. For example, viral or intracellular bacteria elicit Th1 differentiation driven by IFNy, while parasites
drive a Th2 differentiation through IL-4 or fungal infections need a Th17 profile 5355, Thus, the T-helper
profile and cytokine levels in an immunocompetent individual should reflect the causative pathogen in an

infection.

However, in everyday clinical practice, the etiology of community acquired pneumonia (CAP) remains
unidentified in up to 70% of cases '¥7. Among the cases with confirmed etiology, approximately 60% are
attributable to Streptococcus pneumoniae, whereas the remaining cases are caused by other bacterial
species, viruses, or, less frequently, fungal pathogens. In our sample, 77.2% of the cases were of
unknown etiology, and among those with confirmed etiology, Streptococcus pneumoniae was the most
frequent, consistent with the literature 2137, Interestingly, the second most common etiology among our

confirmed cases was Gram-negative bacteria (Table 6).

Pathogen n %
Unknown 125 77.2
16 9.88
GNB 15 9.26
4 247
2 1.23

Table 6. Microbiological etiology of community acquired pneumonia in our cohort.

So, we aimed to discriminate different T-helper profiles to infer distinct microbiological etiology. Using
k-means clustering, we distinguished 5 clusters of T-helper profiles among the patients suffering CAP,
described in Table 7.
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K-means clustering of Th subsets (k=5)
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5 23 52,3 (+6,61) 13,39 (+4,97) 15,87 (£6,28) 1,6 (+2,02) 2,54 (+1,66)

Table 7. K-means clustering of patients with CAP based on T-helper profiles (A) and their mean values for each
variable (B).

Cluster 1 showed a strong proinflammatory Th1 profile, cluster 2 showed a Th2 skewed phenotype,
cluster 3 had a more balanced profile between ThO and Th1, cluster 4 had a higher representation of
Th17 and the intermediate Th1-Th17 phenotype than the other clusters, while cluster 5 was mainly

undifferentiated, with >50% of T-helper lymphocytes being ThO.

There were no significant differences in 2-year survival between the clusters, suggesting survival was
not truly affected by microbiological agent (Figure 33). Not enough patients had a known etiology to

correlate them with each cluster significantly.
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Figure 33. Kaplan-Meier survival curves for the 5 clusters of patients with CAP based on their T-helper profiles (95%
Cl shown as dotted line). No significant differences were found between the clusters’ survival curves.

Even so, there were differences in the T cell differentiation profile showed between clusters
(Supplementary Table 5). Cluster 1 was characterized by the lowest proportion of early differentiated T
cells, both total and CD4*, and the highest proportion of late T cells, consistent with its low ThO and high
Th1 proinflammatory profile. In contrast, clusters 2 and 5 showed the opposite pattern, with the highest
frequencies of early differentiated total and CD4* T cells and the lowest proportions of late T cells. Clusters

3 and 4 showed intermediate profiles, with cluster 4 notable for higher intermediate T cells.

4.1.8. Serum cytokines

Serum cytokines representative of distinct T-helper function were measured by CBA assay in 95
patients from the TO cohort. The assay included interleukin (IL-)2, IL-4, IL-6, IL-10, IL-17A, Tumor
Necrosis Factor (TNF) and interferon-y (IFNy), Overall, cytokine levels were very low across the cohort.
We compared the cytokine levels of each cluster defined previously by the T-helper profile and only IL-4
showed any significant difference. Specifically, cluster 1 showed significantly higher levels of IL-4 than

cluster 4 (p<0.05) (Figure 34, Supplementary Table 6).

Given the little differences, and contrary to expected, the cytokine profile of each cluster did not match
each cluster’s T-helper composition. For example, cluster 1 and 3, with predominant Th1 composition,
were expected to show a predominance of IFNy and IL-2; while cluster 4, which had the highest Th17
and Th1-17 composition of all the clusters, was expected to have the highest presence of IL-17A.

However, none of the expected differences were found (Table 7, Supplementary Table 6).
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Figure 34. Cytokines of each of the 5 clusters defined by T-helper profiles. Only significant finding was in IL-4 between
cluster 1 and 4 (p<0.05). * = p<0.05.
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Accordingly, no differences were found in serum cytokine levels between survivors and non-survivors
(Supplementary Table 7). However, sex-stratified analysis showed that women had higher IL-4 (p<0.05)
and lower IL-17A (p<0.01) than men during CAP. Specifically, these differences were driven by non-
survivor women, who exhibited higher IL-4 and lower IL-17A levels compared to both survivor and non-
survivor men (p<0.05).
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The clinical presentation of immunosenescence shares many clinical characteristics with common
variable immunodeficiency (CVID). Therefore, we decided to study our patients with CVID as a potential
model for patients at high risk of respiratory infections. We wanted to know if the immunodeficiency was

comparable to immunosenescence. Thus, we studied 22 patients in two cohorts.

4.2.1. Demographics

The derivation cohort included 13 patients, of which 7 (53.8%) were women and 6 (46.2%) were men,
with a mean age of 51.8 years, ranging from 30 to 82 years old. The confirmation cohort was comprised
of 9 patients of which 7 (88.9%) were women and 2 (22.2%) were men, with a mean age of 55.1 years,
ranging from 28 to 79 years old. There were no age differences between the cohorts nor the sex. Although,
the confirmation cohort had a higher proportion of women than the derivation cohort, this difference did

not reach statistical significance (p=0.38) due to the sample size (Figure 35).

100~ o
m Derivation cohort Men
80- [ | - # Derivation cohort Women
L O Confirmation cohort Men
0 60+ ‘ © Confirmation cohort Women
]
o gl
> 40
- 4
204
u 1 1 1 1

Figure 35. Ages of men and women from the derivation and the confirmation cohorts.

4.2.2. Clinical characteristics

CVID patients are clinically heterogeneous, and we hypothesized that patients with complicated CVID,
defined as presenting with many non-infectious complications, were different from those who might

present as immunosenescent patients. So, we needed to categorize the patients clinically.

The most prevalent clinical finding in the derivation cohort was bronchiectasis, present in 12 patients
(92.3%), followed by lymphopenia (61.5%) and splenomegaly (38.5%). Liver disease, in the form of porto-
sinusoidal vascular disease (PSVD), interstitial lung disease (ILD), lymphadenopathy, thrombocytopenia,
and unusual infections were each found in approximately 30% of patients. Less frequent findings included
anemia (15.4%), solid neoplasia (15.4%), inflammatory bowel disease (IBD) (15.4%), neutropenia (7.7%),

monocytopenia (7.7%), and lymphoma (7.7%) (Table 8).

These findings were largely consistent in the second cohort. Bronchiectasis remained the most
common manifestation (100%). Lymphopenia was present in 55,6% of patients, as well as splenomegaly

and ILD, a higher proportion than in the derivation cohort. Notably, monocytopenia showed a higher
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frequency in the confirmation cohort (44.4%) compared to the derivation cohort (7.7%), whereas unusual

infections and neutropenia were absent in the confirmation cohort (Table 8). However, none of these

differences were statistically significant.

Regarding sex distribution, no striking differences were observed between men and women within
either cohort, although some findings such as lymphopenia and splenomegaly showed numerically higher

frequencies in men in the derivation cohort (Table 8).

Derivation cohort Confirmation cohort
Total Men Women Total Men Women

Bronchiectasis 12 92.3% 6 100.0% 6 85.7% 10 100.0% 2 100.0% 8 100.0%
Lymphopenia 8 61.5% 5 83.3% 3 42.9% 5 50.0% 1 50.0% 4 50.0%
Splenomegaly 5 38.5% 3 50.0% 2 28.6% 5 50.0% 2 100.0% 3 37.5%
PSVD 5 38.5% 2 33.3% 3 42.9% 3 30.0% 1 50.0% 2 25.0%

4 30.8% 2 33.3% 2 28.6% 5 50.0% 2 100.0% 3 37.5%
Lymphadenopathy 4 30.8% 2 33.3% 2 28.6% 3 30.0% 2 100.0% 1 12.5%
Trombocitopenia 4 30.8% 2 33.3% 2 28.6% 2 20.0% 1 50.0% 1 12.5%
Unusual infections 4 30.8% 2 33.3% 2 28.6% 0 0.0% 0 0.0% 0 0.0%
Solid neoplasia 2 15.4% 2 33.3% 0 0.0% 2 20.0% 1 50.0% 1 12.5%

2 15.4% 2 33.3% 0 0.0% 1 10.0% 1 50.0% 0 0.0%
Anemia 2 15.4% 1 16.7% 1 14.3% 2 20.0% 0 0.0% 2 25.0%
Monocytopenia 1 7.7% 0 0.0% 1 14.3% 3 30.0% 1 50.0% 2 25.0%
Lymphoma 1 7.7% 1 16.7% 0 0.0% 0 0.0% 0 0.0% 0 0.0%
Neutropenia 1 7.7% 0 0.0% 1 14.3% 0 0.0% 0 0.0% 0 0.0%

Table 8. Heatmap of the prevalence of the clinical characteristics of both derivation cohort and confirmation cohorts,
and stratified by sex. PSVD: Porto-sinusoidal vascular disease. ILD: interstitial lung disease. IBD: inflammatory bowel

disease.

A clinical scoring system was developed in which each evaluated item contributed 1 point, with an
additional point assigned to features indicative of immune dysregulation: lymphadenopathy,
splenomegaly, PSVD, IBD, ILD, lymphoma, and solid neoplasia; yielding a maximum possible score of
21 points. The mean score was 6 points in the derivation cohort and 6.89 for the confirmation cohort. The
interquartilic range (IQR) of derivation cohort was 2-9 and IQR of confirmation cohort was 4-7 (Figure

36Figure 1).

Score

— Figure 36. Clinical score in our
Y derivation and confirmation cohorts. No

0 differences were found between
Derivation Confirmation COhOf'tS.
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We used Q3 of the clinical score of the derivation cohort (9 points) to establish a preliminary severity
cut-off point. Thus, initially patients with a score <9 points were classified as non-complicated CVID, while
patients with 29 points were classified as complicated CVID. This cut-off was also clinically coherent.
Therefore, in the derivation cohort, 6 (46.1%) patients were preliminarily classified as complicated CVID

while in the confirmation cohort 2 (20.0%) patients were classified as such.

In the derivation cohort, the comparison between preliminary complicated CVID and non-complicated
CVID showed some significant differences. The complicated CVID cohort had more splenomegaly (5
(83.3%) vs 0, p<0.01), more ILD (4 (66.7%) vs 0, p<0.05) and more lymphadenopathy (4 (66.7%) vs O,
p<0.05). Furthermore, the mean age of complicated CVID in this cohort was 40.8 7.6, while the non-
complicated group had a mean age of 61.1 £19.2. In the confirmation cohort, since there were only 2
patients initially classified as complicated no findings reached statistical significance. In this cohort the
mean age of complicated CVID was 46.5 £26.2 while the mean age of non-complicated CVID was 57.6
1£18.2. All the results are described in Table 9.

Derivation cohort Confirmation cohort

Non-complicated CVID | Complicated CVID p Non-complicated CVID| Complicated CVID p
Bronchiectasis 6 85,7% 6 100,0% ns 7 100,0% 2 100,0% ns
Lymphopenia 3 42,9% 5 83,3% ns 4 57,1% 1 50,0% ns
Splenomegaly 0 0,0% 5 83,3% *x 3 42,9% 2 100,0% ns
PSVD 1 14,3% 4 66,7% ns 2 28,6% 1 50,0% ns
ILD 0 0,0% 4 66,7% & 3 42,9% 2 100,0% ns
Lymphadenopathy 0 0,0% 4 66,7% * 1 14,3% 2 100,0% 0,08
Trombocitopenia 1 14,3% 3 50,0% ns 1 14,3% 1 50,0% ns
Unusual infections 1 14,3% 3 50,0% ns 0 0,0% 0 0,0% ns
Solid neoplasia 0 0,0% 2 33,3% ns 1 14,3% 1 50,0% ns
1BD 0 0,0% 2 33,3% ns 0 0,0% 1 50,0% ns
Anemia 0 0,0% 2 33,3% ns 2 28,6% 0 0,0% ns
Monocytopenia 0 0,0% 1 16,7% ns 2 28,6% 1 50,0% ns
Lymphoma 0 0,0% 1 16,7% ns 0 0,0% 0 0,0% ns
Neutropenia 0 0,0% 1 16,7% ns 0 0,0% 0 0,0% ns

Table 9. Heatmap of the prevalence of the clinical characteristics of complicated (29) and non-complicated (<9) CVID
in the derivation and confirmation cohorts. PSVD: Porto-sinusoidal vascular disease. ILD: interstitial lung disease.
IBD: inflammatory bowel disease. CVID: common variable immunodeficiency. *<0.05, **<0.01. ns=non-significant.

4.2.3. Differentiated phenotype

We were interested in learning if the differentiated phenotype of CVID patients was similar to those
general aged patients who also had respiratory infections but did not have an inborn error of immunity.
As described in the CAP cohorts, in the CVID cohorts CD4* T cells were mostly early (derivation cohort:
80.45% [76.1 — 88.67]; confirmation cohort: 92.69% [73.84 — 93.49]) while CD8* T cells had comparable
early and late T cells (Derivation cohort: early 44.35% [34.57 — 67.57], late 36.81% [22.08 — 40.68],
p=0.82; Confirmation cohort: early 50.59 [42.41 — 71.5]. Late: 34.65 [19.09 — 47.66], p=0.75). There were
no differences across the two cohorts, supporting the validity of the confirmation cohort as representative

of the derivation cohort.

Contrary to expected, the severity stratification showed little differences between the non-complicated

and the complicated patients. Interestingly, the only significant finding was that, in the derivation cohort,
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complicated CVID had less number (0.11 cells/uL [0 — 3.1]) and percentage (0.03% [0 — 0.36]) of late
CD4* T cells than non-complicated CVID (14.4 cells/uL [6.8 — 62.8], p<0.05; 1.6% [1.4 — 10.4], p<0.05).

In the confirmation cohort there were no differences between complicated and non-complicated
patients in the differentiated phenotype. Notably, the dispersion of late CD4* T cells values seemed to be
different between the groups. The patients classified as non-complicated CVID seemed to show a high
dispersion (0.17% [0.05 — 5.1], 1.03 cells/uL [0.29 — 21.39]), while the 2 complicated CVID patients of the
confirmation cohort were similar in their values (0.6% [0.31 — 0.88], 1.12 cells/pL [0.65 — 1.59]). However,
the n was insufficient to show statistical significance (Lavene test: p=0.52 for percentage values, p=0.70

for absolute counts).

4.2.4. Immune Risk Phenotype

We also evaluated the IRP of our patients with CVID. In the derivation cohort, 10 (76,9%) patients had
positive serology for CMV, and 4 (30,8%) met the criteria for IRP. Those 4 patients were:

e 30 years-old woman who met all the cell-count criteria and had a clinical score of 9.
e 82 years-old men who met only the CD28"¢9>300 cells/uL criteria and had a clinical score of 1
e 2 men of 45 and 48 years-old that met the inversed CD4/CD8 ratio criteria and had a clinical

score of 9 and 10, respectively.

In the derivation cohort 8 (88.8%) patients had positive serology for CMV and 2 (22.2%) met the IRP

criteria. Here, we had:

e 66 years-old woman who met all the cell-count criteria and had a clinical score of 3.

e 79 years-old woman who met only the inversed ratio criteria and had a clinical score of 5.

Thus, contrary to what we found in the CAP cohort, the CD28"¢9 criteria was not so predominant and

instead the inversed CD4/CD8 ratio was more determinant to meet the IRP criteria.

4.2.5. T-helper phenotype

In the CVID patients, the T-helper phenotype was explored in a stable situation, not within an infectious
episode. Thus, we expected the results to differ from those of the patients with CAP. No statistically
significant differences were observed between the derivation and confirmation cohorts for any of the T-
helper subset percentages analyzed, confirming the comparability of both groups. The median and IQR

of the distribution of T-helper populations are described in Table 10.

Median [IQR] Derivation cohort Confirmation cohort p

Th0% 20.87 [11.72 - 40.91] 37.73 [8.86 — 40.51] 0.84
Thl % 21.02 [16.45 —32.38] 21.06 [18.42 — 21.99] 0.65
Th1-2 % 14.11 [8.62 — 24.24] 12.36 [9.2 —19.99] 0.90
Th2 % 2.54 [1.07 - 4.69] 5.21[2.64 —5.93] 0.14
Th17 % 3.61[0.94-5.29] 5.82 [5.06 — 7.84] 0.19
Th1-17 % 11.74 [7.82 - 20.31] 12.03 [9.93 - 17.24] 0.83

Table 10. T-helper subpopulations distribution within the derivation and confirmation cohorts. No differences were

found between the cohorts.
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The severity stratification showed that in the derivation cohort, non-complicated CVID had significantly
higher percentage of ThO (40.91% [33.3 — 45.34]) compared to complicated CVID (10.71% [7.26 — 13.09],
p<0.01), which evidenced a more differentiated phenotype within the complicated patients. Within the
confirmation cohort there was a trend towards a replication of this pattern in ThO:, non-complicated CVID
had 40.16% [32.39 — 42.06], while complicated CVID had 8.58% [8.44 — 8.72], p=0.07). However, it did

not reach statistical significance, probably driven by the few complicated patients in this cohort.

With these results, we aimed to broaden the phenotypic analysis of these patients, including their B

cell phenotype.

4.2.6. Individual variable correlation to clinical score

Preliminary observations already suggested potential associations between several immunological
variables and the clinical score. So, a correlogram analysis was performed with the derivation cohort to
systematically identify the variables that independently correlated with the score. This revealed significant

correlations with a broad set of T and B cell subpopulations.

Within the T cell compartment, lymphopenia impacted most of the significant absolute-counts variable
correlation (Figure 37A). By panel: we found no statistically significant correlation between any of the
differentiated T cell phenotype subsets and the clinical score, but memory T cell differentiation subsets
did show significant correlations. When analyzed based only on CD45RA expression, all of CD4*
subpopulations showed significant correlations percentage-wise: memory CD45RA™9 T cells had a
positive correlation to the score (r=0.75 (p<0.001), while naive CD45RA* T cells had the inverse
correlation (r=-0.76 (p<0.01)). For CD8* T cells, only memory CD45RA"9 CD8* T cells showed significant
correlation (r=0.58 (p<0.05)), while naive CD45RA* CD8* T cells showed a trend but didn't reach statistical
significance (r=-0.51 (p=0.07)). However, in absolute counts, only the number of CD4* CD45RA* T cells

retained a significant inverse correlation (r=-0.81, p<0.001).

Further subclassification by CCR7 and CD45RA expression was analyzed. This showed that the
correlations were driven particularly by CD4* naive and effector memory (EM) T cells which were
significantly correlated to the score (naive: r= -0.84, p<0.001; EM: r=0.69, p<0.001), but not central
memory (CM) (r=0.13, p=0.66) nor TEMRA (r=-0.16, p=0.61). Surprisingly, no CD8* T cell memory subset
reached statistical significance, although the percentage of EM had a slight trend (r=0.50, p=0.08).

T-helper subsets showed little independent correlations. By percentage, only ThO showed a strong
negative correlation (-0.72, p<0.01). This was consistent with the previous results, as ThO which
corresponds with the naive subset. By absolute counts, ThO still showed a robust negative correlation (r=
-0.78, p<0.01), but, so did the number of Th2 (r= -0.68, p<0.05) and Th17 (r= -0.56, p<0.05).

In the T cell activated panel by HLA-DR and CD38 expression, only CD8* T cell activation states
showed strong but opposite correlations with the score: activated CD8* T cells correlated positively
(Spearman's r=0.62, p<0.01), while non-activated CD8* T cells correlated inversely (r=-0.67, p<0.05).

However, Treg also showed robust correlations. In this case, the absolute number of Treg showed a
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negative correlation of -0.72 (p<0.01), while, surprisingly, the absolute number of effector T cells did not
(p=0.84).

Therefore, the low naive T cells, particularly CD4* T cells, and Treg cells, as well as a differentiated T-
helper phenotype and activated CD8* T cells were the T cell related variables that could independently

correlate with the clinical score.

Within the B cell compartment, the percentage of naive B cells (r=0.66, p<0.05) and non-switched
memory B cells (r= -0.57, p<0.05) correlated significantly, though inversely, with the clinical score.
CD21'°w B cells showed a trend but did not reach statistical significance in our cohort (r=0.48, p=0.09). In
absolute counts, non-switched memory and marginal-zone B cells showed significant negative correlation
(non-switched memory r=-0.73, p<0.01; marginal-zone r= -0.60 p<0.05). These findings were consistent
with the bibliography. Although it failed to confirm the strength of the correlation between expanded
CD21'>w B cell populations and the score, this B cell subset has been specifically linked to autoimmunity

and might need to be correlated specifically to those items of the score3.123,
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Figure 37. Spearman's correlation of the cell phenotype cell count (A) and percentual (B) variables with the clinical
score. *p<0.05.

4.2.1. Phenotype clustering — Derivation cohort

Individual variable associations are highly informative but they offer a limited perspective. To explore
the combined contribution of multiple variables without introducing prior bias, an unsupervised k-means
clustering analysis was performed with the derivation cohort. The variables included the total number of
lymphocytes and the percentage values of: T, CD4* T, CD8* T, B and NK cells, differentiated T cell
phenotype, T-helper subsets, T cell memory subpopulations, Treg cells, effector T cells and the ratio
Teff/Treg, HLA-DR CD38 T cell phenotype subpopulations and B cell subpopulations including naive,
non-switched, and switched memory B cells, marginal zone, CD21'*% B cell CD19'" and transitional B
cells. As there was no clear optimal value of k with the elbow method, a two-cluster solution was selected
to facilitate comparison with the binary clinical severity classification. Therefore, of the confirmation cohort,
4 (30,8%) patients were assigned to cluster 1, while 9 (69,2%) patients were assigned to cluster 2 (Figure

38). The mean of each variable included by cluster is described in Supplementary Table 10.
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Figure 38. Principal component analysis ]
(PCA) showing the distribution of patients
according to the k-means clustering
solution. Shaded ellipses represent the 95%
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We found the following significant differences between the clusters. Cluster 1 had, compared to cluster
2: less NK cells (p<0.05); less CD8* HLA-DR"9 CD38"¢ (p<0.01) and more CD8* HLA-DR* CD38*
(p<0.01); less ThO (p<0.01), Th2 (p<0.01) and Th17 (p<0.05) but more Th1/Th17 (p<0.01); less Treg
(p<0.05) and higher Teff/Treg ratio (p<0.05); less total naive T cells (p<0.05) and CD4* naive T cells
(p<0.05) but more CD4* intermediate T cells (p<0.01); more CD21"°* B cells (p<0.01) and more
transitional B cells (p<0.05). As said above, all of these variables were percentage values. Therefore,
cluster 1 showed an overall differentiated activated profile with populations associated with autoimmunity
and proliferation such as CD21'°¥ B and transitional B cells. The means of all variables for each cluster

are described in Supplementary Table 10.

Fisher test showed significant association between cluster phenotype and the severity assessment
with the first cut-off point of 9 (p<0.05). Still, a ROC curve analysis was performed to accurately identify
the optimal cut-off, using cluster membership as the binary outcome and the score as the continuous
predictor. The AUC was 0.917 and the optimal cut-off value was 6.5 with a 100% sensitivity and 77.8%
specificity (Figure 39). This cut-off was similar to the mean score value of both cohorts and was also

clinically coherent.
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Thus, patients with a score <6 points were still classified as non-complicated CVID, while patients with
27 points were reclassified as complicated CVID. As a result, in the derivation cohort, 6 (46.1%) patients

were classified as complicated CVID.

4.2.2. Confirmation cohort

With the new defined cut-off, in the confirmation cohort 4 (44.4%) patients were then classified as
complicated CVID. So, the patients of the confirmation cohort were assigned to the predefined
phenotypical clusters based on their Euclidean distance. In this cohort, 1 patient was assigned to cluster
1 while 8 patients were assigned to cluster 2 (Figure 40). The n was too low to obtain a significant Fisher’s
exact test (p=0.44), but the patient assigned to cluster 1 had a score of 10. However, as shown in Figure
40, 6 (66.6%) out of the 9 patients of this cohort were situated in an intermediate gray area space between
the clusters. In fact, 2 patients with a score of 7 and one patient with a score of 13 were assigned to
cluster 2. Thus, phenotypic classification showed 25% sensitivity and 100% specificity for distinguishing
complicated from non-complicated CVID in the confirmation cohort when considering the 6 point cut-off,
but 50% sensitivity and 100% specificity when considering the 9 point cut-off. Interestingly, the patient
assigned to cluster 2 despite a high clinical score of 13, was the oldest within all patients with complicated-
CVID phenotype, as he was 68 years-old while the mean age of patients with a clinical score >6.5 was
45.6 £13.6. He was also one of the few with an identified molecular diagnosis that eventually reclassified
him as an LRBA deficiency instead of a CVID. When further analyzing what variables pushed in his
classification, the low percentage of intermediate CD4* T cells (5.24%) and activated HLA-DR* CD38* T
cells (5.98%) but high non-activated HLA-DR"9 CD38m9 T cells (78.39%) contributed positively to his
pertaining to cluster 2. Inversely, his low percentage of ThO (8.30%) was his most different variable

compared to the cluster 2's centroid.
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Figure 40. Principal component analysis
(PCA) showing the distribution of
patients according to the k-means
clustering solution. Shaded ellipses

represent the 95% confidence region for =0 2 D‘mﬂﬂm%) 28 50
each cluster.
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Thus, although the clustering generated with the derivation cohort was highly suggestive, the confirmation

cohort showed shortcomings in the direct application of the initial phenotypic criteria.

4.2.3. Genetic background

All patients from both cohorts had genetic testing by Next Generation Sequencing with a virtual panel
over in-house clinical exome. Moreover, 5 patients had genome sequencing due to a severe phenotype
but inconclusive findings in the virtual panel. One patient from the confirmation cohort was transferred to
our center already with a found mutation that could explain her phenotype. Consistent with the literature,
in our cohort 7 (31.8%) of overall patients reached a definitive molecular diagnosis, 5 (38.5%) patients

from the derivation cohort and 2 (22.2%) from the confirmation cohort, including the external finding.
Of those with found molecular diagnosis we identified:
Derivation cohort:

o CTLA4 haploinsuficiency: NM_005214.5: ¢.308G>T, p.C103F, heterozygous. Missense non-
reported mutation. It affected an aminoacid in which another pathogenic missense variant had
been reported. Functional testing of CTLA4/CD80-GFP transendocytosis test by flow cytometry
was performed by the Immunology laboratory at Hospital Clinic (Barcelona) and confirmed a
>50% reduction of CTLA4-CD80 co-expression compared to healthy control. Patient received
several treatment strategies with only partial response. This patient had a clinical score of 9 but
was classified within the phenotypic cluster 2. Reclassified as dysregulation IDP.

e CD3G insufficiency: NM_000073.3: c.473A>G, p.Q158R, heterozygous. Missense non-
reported mutation with compatible alterations shown by functional testing. The patient showed
lower intracellular expression of CD3-y compared to controls (functional testing in collaboration
with the research group of “Inmunobiologia linfocitaria”, Universidad Complutense de Madrid
(Madrid)). This patient had a clinical score of 1 and was classified within the phenotypic cluster
2. Reclassified as combined IDP.

e EZR deficiency: NM_001111077.2: ¢.385G>A, p.A129T. Missense mutation in a gene not
previously associated with pathology. Our group published this case in collaboration with the
research group of the Laboratory of Immunogenetics of Human Diseases, IdiPAZ Institute for
Health Research (Madrid), in 202338, This patient had a clinical score of 2 and was classified
within the phenotypic cluster 1. Reclassified as combined IDP.

e [FIH1 dominant negative variant. NM_022168.4: ¢.855 874+1del, p.G285 S291del,
heterozygous. Non-reported mutation with compatible functional testing (functional testing in
collaboration with Universidad CEU San Pablo (Madrid)). This patient had a clinical score of 9
and was classified within the phenotypic cluster 1.

o |KBKB:NM_001556.3:¢c.194T>C , p.M65T, heterozygous. Missense mutation recently reported
as pathogenic due to a gain-of-function mechanism?®. This patient had a clinical score of 10

but was classified within the phenotypic cluster 2. Reclassified as combined IDP.
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Confirmation cohort:

e TACI (TNFRSF13B): NM_012352.2: c.542C>A, p.A181E, heterozygous. Missense variant
previously reported as CVID-causative. This case was evaluated and diagnosed in Turkey
before the patient was transferred to our hospital. The pathogenic role of TACI remains
controversial, and many authors interpret its variants as susceptibility factors rather than direct
disease-causing defects'40.141, This patient had a clinical score of 5 and was classified within
the phenotypic cluster 2.

e [ RBA deficiency: NM_001364905.1: ¢.8362dupA, p.R2789Kfs*22, homozygous. (manuscript in
progress). Non-reported frameshift mutation with compatible functional testing. A CTLA4/CD80-
GFP transendocytosis test by flow cytometry was performed by the Immunology laboratory at
Hospital Clinic (Barcelona). It showed >50% of CTLA4-CD80 co-expression compared to
healthy control. The patient was treated successfully with abatacept. This patient had a clinical

score of 13 but was classified within the phenotypic cluster 2. Reclassified as dysregulation IDP.
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5. DISCUSSION

Aging has proved to affect the immune system in many ways incurring into a state that has been called
immunosenescence '°. The longitudinal studies from Wikby et al with elderly people defined an Immune
Risk Phenotype (IRP), which predicted mortality using immune characteristics as criteria 4>47. In 2011,
Plonquet et al related the IRP to a higher risk of developing infection5'. However, the prediction value of
IRP is limited and, to the best of our knowledge, it had not been used to predict outcome of an acute

infection such as community acquired pneumonia.

Thus, this work aimed to study more thoroughly the immunological phenotype of patients that
presented with respiratory infections, looking specifically at senescent phenotypes. We aimed to identify
characteristics of their immune phenotype that would predict a better risk stratification of these patients

and eventually result in a more individualized care.

To reach our goal, we first studied aged patients with CAP both during the pneumonia and 1-2 months

after, and followed them clinically for two years.

5.1.1. Humoral immune system

Hypogammaglobulinemia is certainly a potential infectious risk, as is well known in humoral
immunodeficiencies such as CVID. Méndez et al described that, particularly during CAP, low I1gG2 levels
predicted higher 30-day mortality83. However, in our cohort we found that non-survivors had significantly
higher total IgG than 2-year survivors. Our finding is coherent with the study of Alagna et al, where they
found that higher IgG levels in patients with sepsis predicted higher 90-day mortality2. In their study they
interpreted this elevated IgG as a marker of higher immune dysregulation and hyperinflammation. This
reasoning in our cohort, however, contradicts the lower level of C3 that we found in non-survivors
compared to survivors, which could both indicate a higher inflammation or higher C3 consumption in
survivors'#3. So, our findings keep contributing to the controversy of the predicting value of IgG levels
measured during infection. The contradictions in the literature likely reflect the possibility that, in response
to an infection, either immunoparesis or hyperinflammation may occur. The accurate identification of such
scenarios is relevant and broadly discussed in the literature'44.145, Chaturvedi et al, for example, proposed
the analysis of T-cell activated phenotype to distinguish these two circumstances™8. So, within these
possible scenarios, 1gG levels do not appear to be an independent variable to analyze on their own, but

rather part of a more complex picture in which their distinction should be carefully evaluated.

5.1.2. Myeloid — lymphoid axis

It has been described that, with age, hematopoietic stem cells shift their output favoring myeloid
lineage while declining in their lymphoid lineage?*147. This is one of the factors contributing to the known
reduced TCR and BCR repertoire diversity, which contributes to overall immunosenescence 48150, |n our

CAP cohort, during infection, approximately 50% of the patients in both survivors and non-survivors had
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neutrophilia, which was expected in an infectious event. However, at follow-up, non-survivors remained
with higher neutrophil counts while survivors normalized their levels. This could be caused by two possible
scenarios. On the one hand, it may indicate a persistence of infection. This could be caused either by
failure to resolve the recent pneumonia or reinfection. These patients are at high risk of respiratory
reinfection by bronchoaspiration due to dysphagia, which is common among fragile patients''152,
However, it could also indicate failure to recover immune homeostasis. The ability of recovery after an

immune stressor is a phenomenon recognized as immune resilience, which also worsens with age 3.

Interestingly, monocytopenia, although infrequent, was almost exclusive to non-survivors, granting it
almost x10 odds ratio for two-year mortality. This is consistent with the existing literature, where some
studies have also identified monocytopenia as a risk factor in infections, such as Listeria or COVID-19,

and sepsis'®4-157,

However, the main difference between survivors and non-survivors was found in lymphocytes. Non-
survivors showed lower levels of overall lymphocytes. This had been described as a risk factor specifically
in CAP by Bermejo-Martin et al in 201784, denominating it as L-CAP. What was new is that this lower
lymphocyte counts were still present at follow-up. This, together with the normalization of neutrophils in
survivors, granted a higher neutrophil-to-lymphocyte ratio (NLR) in non-survivors compared to survivors.
Elevated NLR has been described as a risk predictor in many circumstances including during sepsis,
SARS-CoV2 infection, and cancer 7273134158159 |n our cohort, no differences in the NLR were observed
during infection, but the elevated NLR was present at follow-up. NLR may be acting as an indirect
biomarker for the myeloid-lymphoid imbalance associated with immunosenescence. However, during
infection, it may lose its sensitivity due to the expected neutrophil increase in response to infection in

immunocompetent patients.

Of note, gender stratification showed that most significant differences were found between survivor
women and non-survivor men. This is coherent with the well-known fact that women overall have longer
life-spans. However, non-survivor women had comparable counts to that of non-survivor men. Coherently,
in 2023 Ahuja et al published a report on immune resilience and how it promoted favorable health
outcomes including resistance to infection. In that article they showed that immune resilience was more
common among women while non-optimal immune resilience was more common, albeit not exclusive,
among men'33, Our results consistently support their report and underscore the need to conduct studies

stratified by sex, including in the context of the immune system.

5.1.3. Lymphocyte subpopulations

We also analyzed lymphocyte subpopulations and found that, during pneumonia, non-survivors had
lower levels of T, CD4* and CD8* and B cells, while NK cells remained comparable between groups. By
percentages, it led to higher NK cell percentage over total lymphocytes. This results are consistent with
the fact that immunosenescence favors the innate immune system over the adaptive system?*8.160,
Interestingly, at follow-up, CD4* T cells continued to be different for survivors and non-survivors but CD8*
T cells lost the statistical difference that they had at follow-up. We initially thought that that could indicate

that CD8* T cell counts may be more dynamic in response to an infection, rising during it but declining
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fast after resolution. However, paired analysis showed that CD8* T cells as well as NK cells actually
increase for both survivor and non-survivors, but the increase was specifically seen in men. Sex
differences have been described in the immune response, particularly, testosterone seems to potentiate
IFNy response in NK cells'®'. Thus, we may speculate a hormonal mechanism driving these differences
but further studies should be performed to specifically assess these variables. On the other hand, the
literature reports stronger antibody responses in women'62. Our findings support this, given that the
gendered analysis showed the first difference between survivor and non-survivor women with the number
of B cells. Survivor women had higher number of B cells that decreased after CAP, but non-survivor
women had lower B cell counts that stayed equally low after CAP. B cell responses are responsible for
antibody production, and humoral or vaccine responses are reportedly impaired in
immunosenescence*®-%8. Therefore, our results may indicate that the one defining immunosenescence
failure in women would specifically the B cell failure. However, this finding should be further studied for

example with specific vaccination responses.

5.1.4. The differentiated phenotype and the IRP

We further studied the T cell senescent state further with their differentiation phenotype. It is relevant
to notice the difference between exhaustion and true senescence. Exhaustion refers to a state where the
cell needs a strong stimulus to replicate and, in the literature, it is usually identified in T cells with PD1 or
CD28e9 as markers of T cell exhaustion36:37.163.164 However, some studies already related CD28"9 to
true senescent cells by the correlation with another senescent marker CD57+ 36.37.163.164  Moreover,
Plunkett et al defined a further state of exhaustion with the combined loss of CD27 and CD28. These cells
were the later stage of differentiation and behaved effectively as senescent cells, and this has been also
analyzed in HIV patients by Banica et al3¢40.185_|n our study, we identified these late-differentiated T cells
as true exhausted and as markers of T cell senescence. Furthermore, we described the phenotype in
CD4* and CD8* T cells during an acute infectious event. Our results support what has been reported in
the literature, where there are few late CD4* T cells but CD8* T cells show comparable numbers of early
and late T cells. Of note, at follow-up survivors were the ones that increased the number of late CD8* T
cells, and the percentage of intermediate CD4* T cells, while non-survivors showed no differences. This
suggested that, following an infectious event, a detectable immune alteration persisted for at least 1-2
months post-pneumonia, akin to an immunological "scar." This is consistent with the well-described
phenomenon in which each cycle of proliferation in response to an antigenic stimulus leads to the
accumulation of late cells3®. Yet, it was the survivors who showed an increase in these cells, which
suggested that the capacity to generate and retain this immunological memory may itself be a marker of
immune resilience, and be a more favorable outcome than the inability to mount and sustain such a

response in the first place.

In a similar line, the absolute number of early differentiated T cells emerged as the strongest predictor
of mortality, outperforming the late T cell subset that we had initially hypothesized to be most informative
and contrary to what has been reported. This predictive value was observed for total T cells, CD4*, and
CD8* subsets during CAP. However, at follow-up, only total T cells and CD4* early differentiated cells

retained statistical significance, while the CD8* cells lost predictive power. This pattern suggests that what
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best reflected immunocompetence in our cohort was not the burden of late cells during infection, but
rather the proliferative capacity to generate new early differentiated T cells. In other words, it was the
preserved ability to mount and renew an effective T cell response that best reflected a less senescent
immune system, rather than the accumulation of late cells. We already observed that early differentiated

T cells predicted 2-month and 1-year mortality and published our findings in 2022166,

Still, the absence of significant differences in late T cell counts between survivors and non-survivors
in our cohort contradicts existing literature like what was described in the studies of Wikby et al 1¢7. We
propose two possible explanations. First, the previous studies were performed in stable patients and not
during an acute episode. The measurement of this subset during an acute episode might vary and
increase the numbers in peripheral blood, which, coupled with the non-survivors overall lymphopenia,
might have distorted the potential differences between these two groups of patients. Second, all of our
cohort may be relatively homogeneous with respect to baseline late T cells, as all patients had, by
definition, developed CAP. A comparison with healthy age-matched controls would likely be needed to
reveal differences in late T cell burden that might be masked within a population already selected for this

degree of susceptibility to infection.

These same reasons might be causing the inability of the IRP to accurately discriminate the prognosis
of our patients. The IRP relies in T cell counts and CD28"9 T cells. In our cohort, 97.5% of the patients
that met the IRP during CAP, met it due to, at least, the CD28"¢9 T cells criterion. However, as we
stablished, lymphopenia and specifically early T cell lymphopenia (that is, necessarily CD28* T cells)
proved to be more decisive in our cohort. Thus, by definition, patients who were more at risk due to severe
early T cell lymphopenia could not reach the necessary T cell count criteria to be classified as IRP.
Specifically, non-survivor men showed the lowest numbers of overall T cells, which made them the least
possible to reach the criteria despite being the group with the highest mortality risk. It is specially relevant
since, all but one patient that met IRP criteria met at least the CD28"¢9 >300/pL cell-count criterion. In the
same line, at follow-up, we saw a higher proportion of IRP, and all of the patients that acquired IRP were

due to the CD28"e9 criterion.

Interestingly, it was only when we stratified the data by both sex and survival that we observed
differences in late T cells. Particularly, non-survivor women had higher percentage of total late T cells and
particularly higher percentage and number of CD8* late T cells than both non-survivor men and survivor
women. Thus, it seemed that, while in men the main risk marker was lymphopenia, in women, a
combination of lymphopenia and higher late T cells might be a better indicator. Still, in all groups the
number of early T cells was the better predictor. Our results show a complex picture where
immunesenescence is sex-dependent and should be taken into account. A very recent paper showed
sex-specific dynamics of immunosenescence that supports our finding that is women in particular who
have an expansion of cytotoxic CD8* effector memory T cell subsets, which would coincide with the late

CD8* T cell populations8,

We need to keep in mind that technical limitations didn't allow us to stain for both CD4* and CD8.
Instead, we assumed that all CD4"°9 T cells were CD8*, when in reality other T cell subpopulations such

as MAIT or yoT cells would be included. Still, these cells usually represent a minority of T cells, while
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CD8* T cells constitute the largest subpopulation within the CD4ne9 subgroup; therefore, the results should

be sufficiently representative of true CD8* T cells.

5.1.5. Etiology and specific immune response

A legitimate question would be whether these T cell differentiated phenotype changes were influenced
by the etiology of CAP. The literature indicates that, among cases in which a causative organism is
identified, Streptococcus pneumoniae accounts for the majority. However, in routine clinical practice an
etiological diagnosis is reached in only a minority of cases'. In our cohort, no etiological diagnosis was
achieved in >70% of patients, and among those with an identified pathogen, Streptococcus pneumoniae

and gram-negative bacteria were equally represented.

To infer etiology indirectly, we used the T helper differentiation profile, since polarization toward Th1,
Th2, or Th17 is broadly associated with intracellular pathogens, parasites, and extracellular bacteria or
fungi, respectively. This approach allowed us to define five patient subgroups based on their T-helper
phenotype. However, we were unable to relate these subgroups to etiology in the small number of patients
with a confirmed microbiological diagnosis. Furthermore, since we did not observe differences in the
proportion of early differentiated or late T cells across these subgroups, we may assume that the late

phenotype is independent of CAP etiology.

This independence represents a practical strength of our findings, as it supports the direct applicability
of the differentiated phenotype to real-world clinical practice, where etiology is frequently unknown at the
time of assessment. Nonetheless, we acknowledge that etiology-stratified analysis would be the ideal
approach to formally test this assumption. This is illustrated by a prior study comparing T, CD4*, CD8*,
B, and NK cell populations between CAP and COVID-19, which did identify significant differences

between these etiologically distinct groups6°.

On the other hand, it is noteworthy that we did not find a cytokine profile consistent with the T helper
subgroup classification. This is likely explained, at least in part, by the limited sensitivity of the method
used, given that most patients presented very low concentrations across all cytokines measured.
Nonetheless, a subset of patients did present more notable cytokine levels, although not enough patients

nor in a distribution that differentiated significantly between the T-helper clusters.

The only significant difference identified was higher IL-4 in cluster 1 compared to cluster 3. This finding
is counterintuitive, as cluster 1, despite comprising only 7 patients, was characterized by the highest Th1
and lowest Th2 proportions, the opposite of what would be expected if elevated IL-4 reflected genuine
Th2 polarization. One possible explanation is that the elevated Th1 phenotype blocked a potential Th2
polarization despite high IL-4. In fact, it has been described that the net functional effect of cytokines
depends on their relative ratios rather than absolute concentrations, and since IL-4 is known to decline
with age, it is possible that this group simply had comparatively higher IL-4 while other cytokines related
to the Th1 were proportionally even more elevated, though still not significantly compared to the other
clusters'7%171 Given the very small sample size in this subgroup, this finding should be interpreted with

caution.
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5.1.6. Immune exhaustion vs immune resilience

So, we hypothesized that a more late differentiated immune phenotype would predict all-cause
mortality, reflecting a broader frailty in which the immune system plays not merely a correlative but a
causal role. Indeed, little after we started this study, it was established in the literature that an aged
immune system contributed causally to the senescence of solid organs, extending the consequences of

immunosenescence beyond the immune compartment itself25.

However, the fact that our assessment was performed during and shortly after an acute infectious
event appears to have revealed a different perspective. Rather than capturing the cumulative burden of
immunosenescence, our analysis seems to have reflected the reserve of immunoresilience that patients
still retained, or not, at the time of the challenge. This context-dependency is relevant in itself: it suggests
that the late T cell phenotype during infection may better reflect functional immunocompetence under
stress rather than reflect a static measure of biological aging, as had been previously used in literature.
Therefore, both situations, while related, are not equivalent. In fact, a published paper in 2023 by Ahuja
et al supports this approach, identifying immune resilience despite inflammatory stress, as one relevant

factor to promote longevity and resistance to infection 13,

One limitation of the CAP study was that we could not have samples taken before CAP. This option
would have been challenging to carry out in a hospital setting, which by definition does not typically have
access to a healthy population. Then again, patients with CVID share many clinical characteristics with
immunosenescence. First, they have an increased risk of infections, which most of them are respiratory
infections®”172, Second, the defining characteristic of their humoral defect is impaired response to
vaccines, which is well described in the elderly too*?68, Third, up to 70% have non-infectious complications
which include autoimmunity and immune dysregulation accompanied with a proinflammatory Th1
phenotype, which could be akin to inflammaging8817. Therefore, we decided to study them as a potential
natural model for immunosenescence and assess whether they could serve as a model for patients with

pneumonia.

5.2.1. Clinical phenotype

CVID patients are highly clinically heterogeneous so we also aimed to identify which patients had a
phenotype that could model immunosenescence, and which patients might have a more complex primary
immune defect. The high prevalence of bronchiectasis reflected the toll of recurrent respiratory infections
in these patients. Next, the symptoms of splenomegaly, PSVD, lymphadenopathy and ILD, which was
mostly GLILD, reflected phenotypes more associated with lymphoproliferation. These characteristics have
been reported to relate to worse outcomes and would be distinctive to a senescent phenotype8889.99.173,
In our score, lymphoproliferative symptoms scored 2 points to reflect the severity of these clinical findings,

thus, senescent-like patients had to have a lower score.
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5.2.2. Differentiated T cells and IRP

The differentiated phenotype showed dynamics similar to those found in patients with CAP, in that the
CD4* population consisted mainly of early T cells, while the CD8* population had comparable levels of
early and late. It is noteworthy that the only significant difference observed in the severity stratification
was that non-complicated CVID had a higher percentage of late CD4* T cells while, at the same time, the
mean age of non-complicated CVID was also higher. This result supports the idea that, while complicated
CVID might be a complex disease often characterized by lymphopenia and profound immune
dysregulation, non-complicated CVID resembled our aged patients and might reflect a prematurely aged

immune system.

In our CVID cohorts, the IRP did not discriminate between complicated and non-complicated CVID.
Furthermore, contrary to what we found in the CAP cohorts, the CD28"¢9 T cells criterion was not the most
relevant among the patients that had the IRP. In the CVID cohort, the inversed CD4/CDS8 ratio criterion
defined as much positives as the CD28"¢9 criterion. These results, highlight another limitation of the IRP.
While it might be useful to screen general elderly population, younger patients with complex immune
defects show different immune characteristics, including lymphopenia, that interfere with the capacity to
meet the IRP criteria. At the same time, these patients may have false negative serologies to CMV due

to their humoral defect, also interfering with the capacity to meet the IRP.

5.2.3. Expanded lymphocytic phenotype complicated CVID vs LOCID

Given the limitations in the IRP and the differentiated phenotype, we aimed to expand the lymphocytic
phenotyping in these patients. We hypothesized that expanded phenotyping would allow us to distinguish
between patients with complicated CVID from those with non-complicated CVID. Several phenotypic
characteristics have been related to non-infectious complications in CVID patients. For example, higher
CD21'ov B cells, as well as increased Th1 or Th17 have been associated to autoimmunity 7123, Similarly,
the loss of naive T cells has been related to more dysregulated phenotypes'”4. Multiple groups have
looked at multiple of the mentioned phenotypical characteristics independently or by T cell or B cell
phenotype. But, to the best of our knowledge, few12!.123.175-177 groups had included both expanded B cell
and T cell phenotype analysis, including activated T cell markers defined with HLA-DR and CD38
expression. Still, the existing evidence increasingly suggests that complicated CVID is characterized by
a profound T cell defect, pointing to what may be better understood as a late-onset combined

immunodeficiency (LOCID) rather than a purely humoral disorder'24.

In line with that, the phenotypical variables that correlated with the clinical score suggested that a more
for naive, undifferentiated, non-activated CD8* T cells correlated with a milder clinical phenotype, while
the loss of naive T cells, and a highly activated CD8* T cell phenotype correlated with a more sever clinical
picture. CD21'w B cells did not significantly correlate to the score. However, these subpopulations have
been more related to autoimmune manifestations, while our clinical score is heavily influenced by
proliferative phenomena, which may interfere with a clear correlation'3.123, A specific correlation of CD21'ow
B cells and autoimmune manifestations might have shown different results. However, the score did reveal

that a higher percentage of naive B cells correlated to a higher score, while a higher percentage of non-
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switched memory B cells correlated negatively to the score. These results suggest that, although all
patients have a B cell maturation defect, and therefore have very low or no switched memory B cells, the

more premature the B cell arrest, the worse the clinical phenotype.

To avoid introducing biases, an unsupervised clustering of the phenotypic variables was performed in
our CVID derivation cohort and correlated it to the clinical stratification of complicated vs non-complicated
CVID. The variables that mainly distinguished the clusters were NK cells, activated CD8* T cells, T-helper
differentiation, higher Teff/Treg ratio, loss of naive T cells, mainly CD4*, but more CD4* intermediate T
cells (p<0.01); and CD21'°w B cells (p<0.01) and more transitional B cells (p<0.05). The clusters
successfully distinguished complicated from non-complicated CVID in the derivation cohort, and ROC
curves suggested that lowering the clinical score cut-off point was more optimal to distinguish both groups.
However, when applying the same clusterisation criteria and lowering the cut-off, the correlation between
cluster assignation and clinical classification was worse for the confirmation cohort than the original
preliminary cut-off of 9 points. On the one hand, patients from the derivation cohort were quite polarized
in their clinical score, with no patients with intermediate values, contrary to what we found in the
confirmation cohort. Furthermore, clusterisation assigned the patients with 7 points to cluster 2, which we
had previously associated to non-complicated CVID. Thus, suggesting that our original cut-off was better

than the one defined by ROC curve.

5.2.4. The complexity of CVID phenotypes

It is also of interest to notice that, in the confirmation cohort, the most conflicting patient was the one
with a clinical score of 13 but that was classified in cluster 2. We propose two possible explanations. First,
this patient was also the oldest among the complicated-CVID and in him, one of the variables that most
contributed to his assignation to cluster 2 was the percentage of intermediate CD4* T cells. Therefore, we
postulate that in this patient two processes are coexisting: his inborn error of immunity and
immunosenescence, and in his case, a start of immunosenescent phenotype. Second, he is one of the 3
patients that reached a molecular diagnosis that reclassified them to a dysregulated CVID. All 3 of those,
with mutations in LRBA, CTLA4 and IKBKB, were classified in cluster 2 despite having scores of 13, 9
and 10. Therefore, it could also be that our cluster is effectively separating true complicated CVID (or
LOCID) from Dysregulation IEI and non-complicated CVID. However, this also might explain why some
differences in the late differentiated phenotype might be diluted within cluster 2. Still, cluster 2 showed
higher intermediate T cells. Furthermore, the patient with the highest late T cells was classified in cluster
2. This patient was a 82 year-old patient with a clinical score of 1 that had 41.6% late CD4* T cells and
40.7% late CD8* T cells. Exceptionally, he had higher percentage of late CD4* T cells than CD8*, showing

the most senescent state of this cohort, and supporting the senescence burden in cluster 2.

Finally, in our CVID cohort, the molecular diagnosis was reached in 31.8% (n=7) of all patients, a
percentage comparable to what has been reported in larger series%:113.178.179  Of those, only one was
assigned in cluster 1. Of note, only 2 mutations had been previously described and another was affecting
an amino acid that had been reported to have other pathogenic mutation at the same site, while the other
4 were reached through extensive functional testing in collaboration with multiple centers. We must
emphasize that these are ultra-rare diseases in which we will rarely encounter a previously reported
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genetic defect:180.181 Thus, an active collective effort must be made to pursue the molecular defects in
these patients while, in the meantime, other characteristics such as lymphocytic phenotype should help
us stratify the risk and help guide clinical decisions. On the other hand, identifying molecular diseases
that predispose to IEI with worse immunosenescence, will also contribute to shed light to the molecular
pathways involved in pathogenic and healthy aging.
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6. Conclusions

The conclusions for part | were:

1. During CAP (TO0), higher neutrophil and lower lymphocyte percentages were found in non-
survivor patients. Also, non-survivors had fewer T and B cells counts than survivors but
comparable NK cells, consistent with the shift towards the myeloid and innate immune system
described in immunosenescence. Moreover, monocytopenia presented a very high-risk factor
for 2-year all-cause mortality. However, neutrophil-to-lymphocyte ratio (NLR) was not useful
at TO while immunoglobulin and complement values showed contradicting results and should
not be interpreted on their own to predict 2-year survival in patients with CAP.

2. Atthe 1-2 months follow-up (T1), survivors returned to normal neutrophil counts and increased
their CD8* T cell and NK cell counts, while non-survivors failed to do so, confirming a shift
towards the innate immune system in these patients and consistent with a worse immune-
resilience. Consequently, NLR became useful at T1.

3. CD4* T cell and CD8* T cell were fundamentally different in their differentiation states. CD4*
T cells were composed of mainly early T cells while CD8* T cells had comparable percentages
of early and late T cells; both at TO and T1.

4. Totalearly T cells and CD4* early T cells were the best predictors for 2-year all-cause mortality,
both at TO and T1. For TO, we proposed a cut-off of 532 cells/uL total early T cells or 416
cells/pL early CD4* T cells. For T1, we propose a cut-off of 666 cells/uL early total T cells or
523 cells/uL early CD4* T cells.

5. Sex stratified analysis was essential. Survivor women and non-survivor men were the most
different groups and drove most of the found differences in all lymphocytic populations.

6. The T-helper phenotype didn’t show an influence of the microbial etiology of CAP, as inferred
by their differentiation.

7. The IRP was not useful in regards to an acute infectious event. Lymphopenia in higher-risk
patients prevented them from reaching any of the cell-count criteria at TO and T1, thus, the
IRP lost sensitivity with the patients that had higher risk. Among those who met the criteria,
the CD28"9>300 cells/uL criterion was the most prevalent, confirming the relevance of the

differentiated phenotype.

The conclusions for part Il were:

1. We have developed a clinical score based on infectious and non-infectious complications of
CVID that successfully discriminated complicated CVID at a threshold of 9 points.

2. Non-complicated CVID had higher number and percentage of late-differentiated CD4* T cells
than complicated CVID, suggesting that an immunosenescent state might be more prevalent

in this group.
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10.

The proportion of CD4* and CD8" differentiation phenotypes were comparable to those of
patients with CAP, in that CD4* were mainly early, and CD8* were comparable early and late.
The IRP was not useful to discriminate patients with complicated vs non-complicated CVID.
Non-complicated CVID patients had a less activated T cell profile, with higher percentage of
ThO cells and lower percentage of activated CD8* T cells by HLA-DR and CD38.

Naive and effector memory T cell subsets, activated T cell subsets and naive and non-
switched memory B cell subsets correlated independently with our clinical score.

The variables that, combined, distinguished 2 clusters of CVID were the percentage of: NK
cells, T-helper ThO, Th2 and Th17, Th1-17, Treg, Teff/Treg ratio, total and CD4* naive T cells,
CD4* intermediate differentiated T cells, CD21'*¥ B cells and transitional B cells.

Independent clustering accomplished distinguishing complicated CVID compatible with
LOCID findings, but failed to identify complicated CVID caused by dysregulation mutations,
potentially mixing these later patients with more truly premature senescent-phenotype CVID.
Thus, cluster 1 showed a pro-inflammatory phenotype while cluster 2 showed some
immunosenescence characteristics.

We found no specific molecular defect that caused CVID and increased immunosenescent

phenotype in our cohort.
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8. Annex
S N
TO Men Women v onsurv
(%SD) p Men Women Total Men Women Total p
. n=72 n=42 n=33 n=26 n=59 n=39 n=16 n=>55
1141.47+ 1052.86+ 1022.39+ 1039.38+ | 1029.88+ | 1242.23+ 1074.75+ & 1193.51=
16G (me/dL) 374.86 389.64 0.1403 336.64 419.5 372.09 379.97 347.62 375.58 0.0393
376.16 + 352.89+ 354.21+ 344.78 = 350.05+ 394.72+ 366.06 + 386.39+
IgA (mg/dL) 0.3237 0.602
212.66 216.68 191.11 213.97 199.77 230.15 227.44 227.63
106.97 + 183.89+ 96.4+ 143.9+ 117.33% 115.92 248.89 = 154.6 +
1gM (mg/dL) 77.11 321.93 0.1824 64.64 182.44 131.22 86.09 469.6 264.93 0.375
230.51+ 218.94 = 252.6+ 181.85+ 221.42 211.82+ 279.2 % 231.43+
ISE Ul/mL 0.1882 0.034
314.91 646.57 332.48 281.81 310.6 302.37 1002.03 586.68
60.11+ 65.49 £ 65.64 = 63.32+ 64.58 = 55.72+ 69.01+ 59.58 +
CH50 Ul/mL 0.2317 0.0881
17.99 22.46 17.48 21.3 19.17 17.38 24.52 20.41
103.4 = 119.17+ 113.77 128.62 120.31+ 94.62 103.83+
C3 (mg/dL) 31.03 39.04 0.0368 22.17 41.04 32.44 34.81 30.85 97.3+33.69| 0.0017
24.47 £ 25.13% 25.21+ 26.32+ 25.7 23.85% 23.2+ 23.66 £
4 (mg/dL .832 7
C4(mg/dL) 8.81 10.06 0.8325 7.69 10.64 9.04 9.71 9.04 9.44 0.783
S N
T1 Men Women v onsurv
(%SD) p Men Women Total Men Women Total p
n=>53 n=41 n=32 n=33 n=65 n=21 n=8 n=29
1293.36+ 1155.85% 1107.09 = 1174.7 £ 1141.42+ | 1577.19+ 1078.12+ & 1439.52+
16G (me/dL) 687.57 384.82 0.3889 325.93 393.57 360.64 961.46 359.91 862.67 0.0363
354.25+ 349.41+ 342.34 348.9+ 345.67 = 372.38% 351.5% 366.62 =
IgA (mg/dL) 0.1884 0.421
175.37 294.88 168.25 287.63 234.71 188.45 344.49 234.79
131.48+ 135.31+ 138.43 £ 138.49+ 138.46 120.9+ 122.16 121.25+
1gM (mg/dL 0.8132 0.946
gM (me/aL) 123.92 163.65 146.59 174.7 160.21 80.13 115.18 88.9
140.71+ 110.11+ 144,71+ 132.54 138.53 % 134.62 17.6+ 102.34
IgE UI/mL 0.4212 0.0814
207.21 182.01 212.41 196.56 203 204.05 23.06 180.85
66.35+ 72.51+ 70.34 70.52 + 70.44 60.45+ 80.7 66.04 £
CH50 Ul/mL 0.1373 0.0404
m 17.54 18.44 18.18 18.74 18.32 15.08 15.59 17.55
C3 (mg/dL) 103.35+ 108.97 = 0.2387 107.36+ 107.96 £ 107.66 £ 97.23% 113.16+ 101.62+ 0.243
g 18.89 22.46 ’ 18.83 23.06 20.93 17.69 20.64 19.56 ’
23.9% 24.8 23.88+ 23.65+ 23.76 23.94+ 29.53+% 25.48 £
C4 (mg/dL) 0.6148 0.29
7.48 6.58 7.18 5.88 6.51 8.08 7.59 8.22

Supplementary Table 1. Immunoglobulin and complement values from TO and T1 by survival and sex stratification,
expressed as mean and standard deviation. Significant p values are highlighted in green.

T0 Surv Non surv
. Men Women
(Median p Men Women Total Men Women Total p
[IQR]) n=72 n=42 n=33 n=26 n=59 n=39 n=16 n=55

Leukocytes 9775[7592.5 8985[7190- 013735 10320 8845 9230 9610 10880 9750 0.2680
x10%/L -12487.5] 11480] ’ [7930-14900] [7190-9738] [7565 - [7060-11760] [7668-12178] [7085-11885] '
Neutrophils % 77[70-85] 69[61-82] | 0.0105 | 77[66-83] 62[60-76] | 71[61-82] 78[73-86] 72[66-82] 77[70-85] 0.0228
Monocytes % 8[5-9] 8[6-11] | 0.2251 8[6-10] 7[6-10] 8[6-10] 7[4-9] 9[7-11] 8[4-10] 0.2210
Lymphocytes % | 11[6-16] 19[9-27] | 0.0034 12[7-19] 23[14-28] 17[8-25] 11[5-14] 13[8-21] 11[6-16] 0.0038
Neutrophils 7660[5165- 5750[4545- 0.1031 8390 5250 6300 7330 7250 7330 0.1760
x10%/L 9887.5] 8912.5] ’ [5220-11280] [4440-7565] [4720- [5065-8840] [5640-9480] @ [5180-8935] '
Monocytes 750[450-  715[560- 1 810 645 720 680 835 760 0.0742
x10%/L 957.5] 927.5] [600-1160] [560-827.5]| [575-965] [355-880] [542.5- [400-920] '
Lymphocytes 1135[677.5 1430[940- GG 1370 1530 1490 940 1000 970 00008
x10%/L -1587.5] 2227.5] ) [850-1760] [1295-2398] [1075-2020]| [505-1435] [783-1608] [555-1515] )

Supplementary Table 2. Leukocyte values from TO by survival and sex stratification, expressed as median and
interquartile range (IQR). Significant p values are highlighted in green.
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T1 Surv Non surv
. Men Women
(Median p Men Women Total Men Women Total p
[IQR]) n=53 n=41 n=32 n=33 n=65 n=21 n=8 n=29
Leukocytes 7250 7210 0.7059 6645 6930 6850 7990 7840 7990 0.0984
x10%/L [5860-8730] [6000-9520] [5728-7988] [6160-9420] [5890-8340] |[6720-10500] [5645-10598] [6590-10500] [
Neutrophils % | 65[58-74] 65[58-68] | 0.2465 | 61[53-69] 63[57-67] | 61[55-69] | 73[70-78] 67[66-71] 72[66-78] | 0.0001
Monocytes % 9[7-10] 8[7-10] | 0.4234 9[7-11] 8[8-9] 8[7-10] 9[7-10] 10[7-11] 9[7-10] 0.4620
Lymphocytes % | 21[14-30] 23[20-29] | 0.1094 26[20-32] 24[21-29] | 25[21-31] 14[12-18] 20[17-23] 16[12-20] <0.0001
Neutrophils 4580 4620 0.8908 4150 4470 4160 5550 5305 5550 0.0091
x10%/L [3720-6400] [3730-6220] [2733-5335] [3730-6010] [3150-5520] | [4580-7900] [3753-7175] | [4540-7900] ’
Monocytes 660 590 0.7545 645 570 590 700 765 720 0.4110
x10%/L [470-820] [510-800] ’ [460-775] [500-720] | [480-760] [500-840] [560-895] [550-860] '
Lymphocytes 1480 1670 0.0284 1665 1800 1690 1070 1430 1340 0.0020
x10%/L [1070-1880] [1350-2160] [1330-2025] [1370-2160] [1350-2090] | [840-1490] [1347-1775] [910-1570] )

Supplementary Table 3. Leukocytes values from T1 by survival and sex stratification, expressed as median and

interquartile range (IQR). Significant p values are highlighted in green.

Survivors Non-survivors
(n=28) (n=18)
Median
T0 T1 p T0 T1 p
[1QR]
Leukocytes 9140 7450 11500 8745
5 & 0.0071 0.0539
x10°/L [7468-10813] [6398-8928] [9063-11970] [6765-10950]
Neutrophils % 71[61-77] 64[58-70] | 0.1256 | 77[72-81] 73[64-79] | 0.0432
Monocytes % 8[7-10] 8[7-10] 0.3386 8[5-8] 9[7-10] 0.0268
Lymphocytes % 19[8-28] 24[20-30] | 0.0662 12[9-15] 14[12-18] | 0.0814
Neutrophils 5875 4450 7890 6025
5 & 0.0118 0.0468
x10°/L [4635-8853] [4008-6370] [7108-9478] [4558-8335]
Monocytes 800 600 775 710
5 n 0.0962 0.7938
x10°/L [600-985] [543 -855] [568 -890] [5673-878]
Lymphocytes 1625 1830 1125 1325
y E A 0.2844 0.9133
x10°/L [1103-2293] [1415-2160] [918-1525] [980-1750]
Women
(n=20)
Median
T0 T1 T0 T1
[1QR] P P
Leukocytes 10470 7700 8985 7665
5 4 0.0031 0.1327
x10°/L [8640-11978] [6623-9505] [7418-11195] [6713-9990]
Neutrophils % 77[74-80] 71[60-75] | 0.0008 | 62[60-71] 66[58-70] | 0.9854
Monocytes % 8[6-9] 9[8-11] 0.0010 8[7-11] 8[7-9] 0.6477
Lymphocytes % 11[7-15] 17[14-26] | 0.0029 | 24[18-28] 23[21-28] | 0.6477
Neutrophils 8065 4860 5465 4995
g . 0.0014 0.3300
x10°/L [6460-10333] [4315-6808] [4635-7600] [4008-6910]
Monocytes 775 725 815 580
0.8086 0.0420
x10%/L [555-900] [565-890] [630-935] [5658 -668]
Lymphocytes 1110 1440 2040 1985
’ ’2 4 0.0619 0.6813
x10°/L [805-1555] [1100-1810] [1505-2453] [1435-2165]

Supplementary Table 4. Paired analysis of leukocytes by survival and sex stratification, expressed as median and
interquartile range (IQR). Significant p values are highlighted in green.
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Cluster 1 Cluster2 Cluster 3 Cluster 4 p
Early T cells % 38.5[21.7-42.9] 69.4[54.1-77.1] 64.9[49.2-73] 52.5[43.2-64.6] 68.7[59-78.5] 0.0005
IntT cells % 7.3[5.8-12.5] 7[6-10.4] 8.4[6.9-10.5] 10.4[8.1-14.3] 6.6[5.4-8.7] 0.0120
Late T cells % 48.5[40.2-66.9] 16.2[8.2-28.8] 21.3[14.9-33.3] 27.4[14.8-37.7] 14.6[12-20.1] 0.0012
cD4" Early T cells % 53.3[34.3-63.6] 83.1[78.2-86.2] 79.9[68.3-85.4] 71.7[60.2-75.6] 84.8[75.9-88.4] 0.0001
CD4" Int T cells % 13.3[9.2-16.3] 9.2[7.6-12.1] 8.7[7.4-13.6] 14.9[10.9-17.6] 6.9[5.4-9.9] 0.0005
CD4" Late Tcells % 26.6[18.6-52.4] 2.3[0.5-9.1] 7.2[2.9-16] 9.3[7.6-18.4] 3.8[2-5.2] <0.0001
CD8" Early T cells % 18.4[11.7-30] 42.1[21.2-55.6] 32[17.9-46.7] 35.4[19.2-43.9] 34.2[22.2-46.4] 0.1410
CD8" IntT cells % 4.2[3.2-7.5] 4.2[3.1-8.2] 4.8[3.1-7] 4.7[3.2-7.7] 4.4[3.3-6.2] 0.9920
CD8" Late Tcells % 68.8[53-73] 38.1[22.4-60.2] 49.5[36.2-62.8] 48.1[25-60.5] 44.5[33.7-59.6] 0.0875

Supplementary Table 5. T differentiated cell values by T-helper clusters.

n IL2 iL4 IL6 ILI0 TNF IFNg IL17A

Cluster 1 7 1.26 429 177 077 069 -021 -0.39

X (IQR) (1.32) (1.8) (5.41) (0.9) (0.97) (1.33) (1.38)
Cluster 2 -044 04 1.26 -0.21 0.14 -0.08 0.08

. 24

X (IQR) (1.11) (1.84) (6.36) (2.03) (1.46) (1.14) (1.3)
Cluster 3 0.08 0.07 193 0.17 -023 0.13 -0.2

. 27

X (IQR) (2.02) (2.66) (4.8) (1.94) (1.23) (1.91) (1.6)
Cluster4 20 -0.35 -0.33 104 -065 -04 -038 11

X (IQR) (1.65) (1.46) (5.45) (0.79) (1.41) (1.47) (2.34)
Cluster5 -0.29 0.08 198 044 0.69 -0.37 0.05

. 17

X (IQR) (1.89) (2.81) (7.49) (0.97) (2.6) (1.25) (2.15)
Kruskal-Wallis (p) ns * ns ns ns ns ns

Supplementary Table 6. Cytokine median and interquartilic range of each of the 5 clusters defined by T-helper
profiles.. *p<0.05, ns=non-significant

Surv Non surv
Men Women
P Men Women Total Men Women Total
n=63 n=32 n=29 n=18 n=47 n=34 n=14 n=43 P
L2 -0,3148 0,2194 ns -0,3148 -0,2475 -0,3148 -0,319 0,3699 0,0644 ns
[-0,76-0,97] [-0,69-1,62] [-0,86 - 0,54] [-0,93-1,39] [-0,83-0,65] [-0,74-1,21] [0,01-7,84] [-0,68-1,74]
-4 0,0107 0,989 0,0319 0,0107 -0,0136 0,0107 -0,04435 2,861 0,5461 "
[-0,90-1,71] [-0,20-4,23] [-0,82-1,77] [-0,36- 2,17] [-0,67 - 1,84] [-0,93 - 1,90] [0,79 - 13,66] [-0,39-1,18]
L6 1,766 2,042 ns 1,929 0,934 1,536 1,385 4,166 2,19 ns
[0,32-6,43] [-0,17-6,20] [0,26- 5,54] [-0,62-3,72] [-0,33-4,48] [0,31-6,79] [0,97 - 14,18] [0,42-7,04]
110 -0,1067 -0,2751 ns 0,1117 -0,6855 -0,3101 -0,1915 0,3033 -0,1124 ns
[-0,76-0,88] [-1,11-0,98] [-0,68-0,64] [-1,20- 0,64] [-0,93-0,61] [-0,81-1,08] [-0,95-1,73] [-0,83-1,35]
TNE 0,1488 -0,161 ns 0,2953 -0,4429 -0,0454 0,106 0,1295 0,106 ns
[-0,75-0,97] [-0,73-0,93] [-0,62-0,75] [-0,82-0,73] [-0,68 - 0,69] [-0,92-1,67] [-0,36- 1,62] [-0,78 - 1,60]
IEN -0,1546 -0,2618 ns -0,2075 -0,334 -0,2075 -0,0772 -0,1638 -0,1037 ns
[-0,62-1,16] [-0,75-0,67] [-0,84-0,70] [-0,99-0,76] [-0,94-0,67] [-0,55-1,54] [-0,43-0,69] [-0,53-1,10]
IL17A 0,4281 -0,5578 0,004 0,1131 -0,5258 0,0491 0,5755 -0,6341 0,4983 "
[-0,33-1,75] [-0,91-0,74] ’ [-0,27 - 1,90] [-0,90- 0,43] [-0,77 - 1,44] [-0,44 - 1,76] [-0,96 - 0,97] [-0,77 - 1,57]

Supplementary Table 7. Cytokine levels of men, women, survivors and non-survivors. *p<0.05, **<0.01, ***p<0.001,
ns=non-significant
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T0 Surv Non surv
. Men Women
(Median p Men Women Total Men Women Total p
[IQR]) n=72 n=42 n=233 n=26 n=>59 n=39 n=16 n=55
61.0 64.9 61.9 68.1 67.9 60.4 48.4 59.7
Early T cells % 0.4451 0.1280
A [47.5-75.0] [43.4-72.6] [44.0-78.4] [51.3-74.3] [45.5-76.7]|[51.8-71.6] [35.5-66.2] [43.9-70.9]
IntT cells % 84 79 0.7026 8.1 73 73 8.9 8.2 8.4 0.5630
[6.1-11.8] [6.7-10.7] [6.4-9.8] [5.2-11.9] | [6.2-10.6] | [6.0-13.4] [7.5-9.7] | [6.3-12.0]
Late T cells % 20.1 21.3 0.461 18.8 18.1 18.8 22.4 32.3 23.0 0.0286
’ [10.8-33.9] [14.7-33.8]| [11.2-40.5] [9.6-25.7] [10.0-34.0]|[10.6-31.5] [20.4-52.7] [14.4-33.8]|
79.8 78.1 82.4 80.7 81.5 78.7 68.2 76.6
CD4+ Early T cells % 0.4956 0.3540
y ° [67.8-85.9] [60.1-85.5] [70.4-86.9] [64.0-87.5]|[65.9-87.2]|[67.5-84.7] [59.3-82.9]|[66.3-84.5]
9.4 10.6 8.9 9.2 8.9 9.7 11.3 11.0
CD4+ Int T cells % 0.7223 0.3300
> [7.1-15.5] [8.1-14.7] [7.4-11.9] [6.0-15.5] [6.9-14.2] | [6.9-17.2] [9.2-13.3] [8.2-15.7]
CD4+ Late Tcells % 71 6.7 0.1711 8.1 6.1 6.8 51 16.2 72 0.0581
[1.5-12.2] [3.4-17.3] [2.0-10.9] [1.9-12.1] | [1.9-12.1] | [1.0-12.4] [5.7-25.7] | [2.9-17.1]
CD8+ Early T cells % 35.4 32.0 0.4468 36.4 37.9 36.4 35.0 21.3 29.0 0.4160
v ° [19.2-48.1] [20.3-43.8] [17.9-48.9] [22.9-48.6] [20.5-48.9]|[19.7-46.7] [13.0-41.3] [19.1-44.1]
4.6 3.8 4.6 3.6 4.4 4.6 4.0 4.4
CD8+IntTcells % 0.0471 0.2160
° [3.4-8.2] [2.7-5.5] [3.4-6.2] [2.5-6.2] | [3.1-6.5] | [3.4-8.5] [3.1-5.4] | [3.3-8.1]
47.3 47.7 51.0 38.9 44.5 40.9 61.1 51.9
CD8+ Late Tcells % 0.4882 0.0210
0 [29.4-61.7] [36.8-61.8] [26.8-64.9] [29.5-56.1] [28.0-61.1]|[31.0-61.5] [45.4-72.1] [33.7-62.5]
422 577 569 756 616 304 372 333
Early T cells/uL 0.1069 0.0005
ary T eetsiu [239-680] [288-928] [348-896] [466-1313]|[390-1026]| [196-577] [240-513] | [208-555]
67 80 76 103 82 60 64 62
IntT cells /uL 0.0982 0.1180
[36-104] [51-142] [38-101] [65-171] @ [47-124] | [26-110] [45-100] @ [33-110]
122 202 203 188 189 116 234 123
Late T cells /uL 0.0461 0.0445
[56-351] [111-388] [93-376] [119-248] | [94-354] | [46-192] [108-529] | [65-349]
336 440 421 634 541 241 272 260
CD4+ Early T cells /uL 0.1274 0.0012
U/ . [188-574] [253-784] [252-712] [317-1026] [274-829] | [160-473] [205-400] [170-431]
CD4+ IntT cells /uL S0 64 0.0785 &0 8 64 50 51 50 0.0766
[27-81] [38-113] [30-75] [45-131] | [36-103] [18-86] [33-71] [22-86]
32 49 38 46 46 21 65 31
CD4+ Late T cells /uL 0.0352 0.0486
[5-70] [16-93] [10-88] [16-80] [10-83] [2-51] [16-126] [10-76]
76 101 94 113 111 58 59 58
CD8+ Early T cells/uL 0.1702 0.0094
y ! [31-143] [48-151] [61-173] [68-167] | [56-171] | [23-110] [35-137] | [25-117]
10 13 12 12 12 10 15 11
CD8+IntT cells /uL 0.3368 0.3800
" . [7-20] [9-24] [8-24] [7-23] [8-24] [5-16] [9-23] [6-19]
90 139 135 129 132 76 169 100
CD8+ Late T cells /uL 0.0254 0.0343
[37-214] [78-258] [65-289] [78-189] | [65-265] | [30-127] [86-411] | [37-180]

Supplementary Table 8. Sex-stratified analysis of differentiated T cell subpopulations at TO.
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T1 Men Women Surv Non surv
(Median p Men Women Total Men Women Total p
[IQR]) n=53 n=41 n=32 n=33 n=65 n=21 n=8 n=29
62.6 60.0 64.4 61.3 62.2 62.3 57.9 60.0
Early T cells % 0.6750 0.7020
A [48.7-72.9] [48.4-71.4] [47.4-73.9] [48.4-71.4] [48.0-73.4]|[52.6-69.2] [48.0-63.2] [50.5-68.1]
9.9 8.3 9.1 8.3 8.8 10.4 7.7 10.2
IntT cells % 0.0597 0.1280
[7.5-13.9] [5.6-10.1] [7.3-12.5] [5.8-10.1] | [6.6-12.0] | [7.7-15.0] [5.3-10.1] | [5.7-14.9]
19.1 22.7 16.9 21.5 19.6 21.0 26.1 22.2
Late T cells % 0.5752 0.8050
’ [9.8-32.3] [14.7-30.4] [9.7-32.4] [14.0-28.7]|[11.3-31.8]| [9.8-30.5] [16.3-33.4] [14.8-31.0]
78.9 76.5 82.4 78.3 81.2 78.4 75.2 77.8
CD4+ Early T cells % 0.5023 0.4510
y °  |(65.3-88.4] [60.8-87.0] [68.0-89.6] [60.8-87.7] [65.0-89.3]|[65.3-83.0] [70.4-80.8]|[65.3-81.0]
12.5 10.3 9.6 10.0 9.8 14.2 12.4 13.7
CD4+ IntT cells % 0.1145 0.1220
° [8.1-17.4] [7.5-13.7] [7.9-15.0] [7.3-13.5] | [7.5-14.3] |[11.5-18.7] [8.3-13.9] | [8.7-17.7]
2.7 6.4 1.9 6.4 5.5 3.1 6.4 5.1
CD4+ Late T cells % 0.1036 0.3980
[0.4-12.2] [3.2-17.5] [0.6-13.2] [3.2-17.5] | [0.8-16.4] | [0.4-12.2] [4.1-11.9] | [1.0-12.2]
D8+ Early T cells % 35.1 36.2 0.3683 33.8 36.2 34.8 36.3 30.0 36.3 0.7150
[25.8-50.3] [21.2-41.6] [24.2-58.3] [22.2-42.8]|[22.2-51.8]|[30.4-44.1] [20.6-40.2] [23.5-41.2]
5.8 3.4 6.0 3.9 5.0 4.0 3.1 3.9
CD8+IntT cells % 0.0163 0.0934
° [3.1-9.2] [2.6-5.8] [4.0-9.2] [2.6-5.8] | [2.8-7.4] | [3.0-8.2] [2.3-5.8] | [2.7-7.2]
40.6 44.9 41.9 44.1 43.4 39.3 53.7 40.6
CD8+ Late T cells % 0.2196 0.5460
° |[19.1-59.1] [32.9-58.1] [18.4-60.8] [31.8-57.4] [23.1-58.1]|[30.2-46.3] [39.6-62.1] [34.9-59.0]
712 691 759 748 755 466 602 565
Early T cells/uL 0.2998 0.0027
ary T eetsiu [466-928] [566-943] [604-975] [587-957] | [592-967] | [318-712] [565-681] | [381-712]
114 106 117 106 114 101 103 101
IntT cells /uL 0.7488 0.3920
[66-150] [68-155] [86-174] [68-156] | [71-160] | [53-131] [82-112] @ [53-129]
Late T cells /ul 189 273 0.0877 205 274 239 135 259 182 0.2430
[109-372] [152-393] | [135-415] [161-393] | [142-407] | [96-303] [149-417] | [108-303] |
494 559 572 585 582 366 478 390
CD4+ Early T cells /uL 0.1028 0.0022
U/ U= [ [366-689] [434-768] [426-721] [448-790] | [436-785] | [2565-575] [379-550] | [270-575]
CD4+ IntT cells /uL 81 81 0.6583 8 8 8 s & & 0.4440
[47-113] [56-117] [65-114] [56-124] | [55-118] | [43-109] [61-81] [45-95]
13 54 13 57 38 13 41 29
CD4+ Late T cells /uL 0.0109 0.0766
[3-87] [22-119] [5-90] [22-124] | [8-119] [2-58] [21-84] [3-80]
139 122 146 137 144 105 119 106
CD8+ Early T cells/uL 0.9271 0.1400
[67-215] [87-192] [106-252] [86-192] | [97-248] | [62-159] [89-135] | [63-155]
22 15 25 15 20 16 16 16
CD8+ IntTcells /uL 0.1273 0.0569
" . [11-33]  [10-25] [15-45]  [10-25] | [11-34] [9-24] [12-22] [9-24]
133 188 148 188 173 129 202 133
CD8+ Late T cells /uL 0.1518 0.3970
[60-252] [95-294] [62-271] [88-294] | [86-294] | [54-211] [129-359] | [72-256]

Supplementary Table 9. Sex-stratified analysis of differentiated T cell subpopulations at T1.
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Cluster1 Cluster 2 p

Lymphocytes (cells/ulL) 3444.2 1257 0.7105
Tcells% 83.69 69.88 0.0755
TCD4cells % 53.02 40.64 0.3301
TCD8cells % 28.12 25.52 0.9399
B cells % 10.71 10.48 0.9399
NK cells % 5.31 19.02 0.0336
CD4 DR- CD38+ % 24.45 31.86 0.7105
CD4 DR- CD38- % 46.63 57.98 0.7105
CD8 DR+ CD38- % 17.9 12.88 0.5035
CD8 DR+ CD38+ % 24.01 4.57 0.0056
CD8 DR- CD38+ % 19.96 14.7 0.5035
CD8 DR- CD38- % 38.13 66.74 0.0056
CD4T effector % 84.53 75.93 0.414
CDATreg% 1.5 6.04 0.0336
Ratio Teff/Treg 136.06 17.32 0.0336
CD3 early diff % 56.55 67.33 0.6042
CDg3inter diff % 16.1 10.52 0.1063
CD3 terminally diff % 20.83 19.43 0.8252
CD4 early diff % 74.79 83.01 0.0503
CD4 inter diff % 24.44 9.55 0.0028
CDA4 terminally diff % 0.74 7.42 0.5035
CD8 early diff % 40.87 53.11 0.414
CD8 inter diff % 2.9 9.57 0.1483
CD8 terminally diff % 38.6 30.4 0.6042
CD3T naive % 7.01 25.17 0.0196
CD3centralmem % 22.64 23.45 0.8252
CD3Teffmem % 42.75 23.86 0.2601
CD3TEMRA % 27.6 26.74 1

CDAT naive % 6.85 29.9 0.0336
CD4 centralmem % 41.51 314 0.3301
CDATeff mem % 47.49 30.61 0.1986
CD4 TEMRA % 4.15 8.08 0.8252
CD8T naive % 18.55 21.97 0.6881
CD8 centralmem % 4.89 9.23 0.5035
CD8Teffmem % 20.49 17.31 0.414
CD8 TEMRA % 56.07 51.49 0.7105
Th0 % 8.07 33.07 0.0028
Thl % 43.14 21.8 0.0755
Th1-2% 16.4 15.14 0.8252
Th2 % 0.66 3.94 0.0028
Th17 % 1.25 8.73 0.0112
Th1-17 % 25.53 11.37 0.0336
Th9 % 22.51 18.03 0.6042
Th22 % 0.71 2.85 0.1483
B naive % 79.99 56.48 0.0755
B class non switched % 9.17 19.7 0.2601
B class switched % 1.7 4.84 0.6741
B marginalzone % 14.93 22.4 0.7105
BlgD CD27 % 2.85 7.31 0.5035
BCD19"*" % 1.22 1 0.7105
BCD21"" % 50.37 13.36 0.0028
B plasmablasts % 0.28 0.36 0.8196
B transicionales % 13.61 3.05 0.0336

Supplementary Table 10. Mean and U-Mann Whitney test for each variable included in CVID derivation cohort
clustering.
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