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Background: Patients with common variable immunodeficiency

(CVID) suffer from hypogammaglobulinemia linked to an

inadequate differentiation of long-lived humoral immunity and

an impaired germinal center (GC) response in most cases.

Objective: We sought to further characterize the transcriptome

and phenotype of T follicular helper (TFH) cells of patients with

complicated CVID (CVIDc) as key players in the GC reaction.

Methods: Sorted TFH cells from CVIDc lymph nodes and non-

CVID immunocompetent tonsils were analyzed by bulk RNA

sequencing. Altered protein expression was verified by

comparison with non-CVID tonsils and lymph nodes using

cytometry by time-of-flight analysis. Tissue localization of cells

was determined by multifluorescence imaging.

Results: Transcriptome analysis of sorted TFH cells revealed an

enrichment of cytotoxicity-associated gene sets in patients with

CVIDc. Extended immune phenotyping identified different

cytotoxic CD4 memory populations expressing T-bet, EOMES

(eomesodermin), class I–restricted T-cell–associated molecule,

perforin, and granzymes. One cluster coexpressing markers of

TFH differentiation C-X-C chemokine receptor type 5, inducible

costimulator, and programmed cell death protein 1 was

expanded in CVIDc lymph nodes. Histologic sections confirmed

the increase in Granzyme-B+EOMES+CD4 cells within GCs of

patients’ lymph nodes. Only few of these cells circulate in

peripheral blood.

Conclusions: Our study reports for the first time that the type 1

polarization in lymph nodes of patients with CVIDc is

associated with an expansion of a distinct cytotoxic CD4 TFH-

cell cluster within GCs, which is only poorly reflected in

peripheral blood. Because a detrimental role of these cells has

been implied in the context of autoimmunity and chronic

infection, further investigations are required to explore their

role in the GC failure and immune dysregulation in patients

with CVID. (J Allergy Clin Immunol 2025;■■■:■■■-■■■.)
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Common variable immunodeficiency (CVID), the most preva-

lent symptomatic human primary immunodeficiency, refers to an

antibody deficiency syndrome of heterogeneous and mostly

unknown pathogenesis. The hallmark of the disease is a reduction

in serum IgG and IgA and impaired specific antibody responses.1,2

Mutations in more than 20 genes have been associated with the

clinical presentation of CVID, currently explaining about 20% of

CVID cases.3,4 According to the heterogeneous clinical presenta-

tion, the disease is commonly divided into 2 subgroups. Patients

who suffer ‘‘only’’ from recurrent bacterial infections are classified

as CVID infection only (CVIDio), and those with a more compli-

cated disease phenotype, featuring manifestations of immune

dysregulation, are classified as CVID complicated (CVIDc). These

manifestations include noninfectious complications such as
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Abbreviations used

CRTAM: Class I–restricted T-cell–associated molecule

CTLA-4: Cytotoxic T-lymphocyte–associated antigen 4

CVID: Common variable immunodeficiency

CVIDc: Common variable immunodeficiency complicated

CVIDio: Common variable immunodeficiency infection only

CXCR3/CXCR5: C-X-C chemokine receptor type 3/5

CyTOF: Cytometry by time of flight

DEG: Differentially expressed gene

EOMES: Eomesodermin

GC: Germinal center

GZMA/B: Granzyme A/B

NK: Natural killer (cells)

NKG2A/7: Natural killer cell granule protein 2A/7

PD-1: Programmed cell death protein 1

SLO: Secondary lymphoid organ

TFH: T follicular helper

TIGIT: T-cell immunoreceptor with Ig and ITIM domains

autoimmune cytopenia, granulomatous disease, splenomegaly

and lymphadenopathy, interstitial lung disease, enteropathy, and

hepatopathy,5 which frequently contribute to a significantly

reduced quality of life and increased morbidity and mortality.6-9

The defining humoral immunodeficiency in CVID is associated

with an alteredB-cell homeostasis, which has been used for disease

classification in EUROClass.10 The severe reduction in circulating

class-switched memory B cells and plasmablasts in most patients

has suggested a defect of germinal centers (GCs) as the site of

origin for both populations. Nevertheless, many patients, espe-

cially of the CVIDc subgroup, are still able to form GCs, which

are however frequently transformed and irregularly shaped.11,12

More recent analysis of GCs of patients’ lymph nodes

demonstrated an increase in CXCR5 (C-X-C chemokine receptor

type 5)-positive follicular CD8 T cells, associated with an

exhaustion, senescence, and immunoregulatory phenotype,

which was partly reflected in peripheral blood.13,14

To date, only a few studies have investigated CD4 T cells in

secondary lymphoid tissues of patients with CVID. In the

peripheral blood of many patients with CVIDc, recent thymic

emigrants and naive CD4 T cells are reduced15,16 and the memory

CD4 compartment is shifted toward IFN-γ–producing TH1 and

circulating T follicular helper (TFH) cells.
12Memory CD4 T cells

isolated from these patients show higher expression of inhibitory

receptors including PD-1 (programmed cell death protein 1),

LAG3 (lymphocyte activation gene 3), CTLA-4 (cytotoxic

T-lymphocyte–associated antigen), and TIGIT (T-cell immunore-

ceptor with Ig and ITIM domains) but retain the capacity to

produce IFN-γ and to proliferate.17

On the basis of our findings of a type 1 polarization affecting also

lymph nodes of patients with CVIDc,12,18 we wondered whether

the type 1 polarization of TFH cells in GCs of patients with CVIDc

might be associated with an increased presence of cytotoxic TFH

cells and set out to characterize these cells by exploratory bulk

RNA sequencing from lymph nodes of patients with CVID

compared with tonsils of immunocompetent non-CVID controls.

Our analysis revealed indeed an increased cytotoxic signature

among memory CD4 T cells, which we were able to assign to a

specific cluster of cytotoxic CD4 TFH cells locating to GCs in

secondary lymphoid tissues of patients with CVIDc.

METHODS

Cohort description
All procedures performed in this study were in accordancewith

the ethical standards of the institutional and national research

committee and with the 1964 Helsinki Declaration and its later

amendments. The study was approved by local authorities

(Freiburg 251/13 and 254/19) and written informed consent was

obtained from all individual participants before inclusion in the

study. Lymph nodes (n 5 6) in patients with CVID with lymph-

adenopathy were removed for diagnostic purposes to exclude

lymphoma. Five patients belonged to the CVIDc subgroup and

1 to the CVIDio subgroup (for further details, see Table E1 in

this article’s Online Repository at www.jacionline.org). Control

biopsies were obtained from either non-CVID tonsils (n 5 7) or

lymph nodes (n 5 4) of subjects without known immunodefi-

ciency undergoing tonsillectomy or lymph node extirpation,

respectively. Tissues were included after the exclusion of lym-

phoma and other malignancies. Peripheral blood samples were

obtained from 9 patients with CVID and 7 healthy adult volun-

teers. The experimental overview is provided in Tables E2 and

E3 (in the Online Repository available at www.jacionline.org).

Isolation of mononuclear cells from peripheral

blood and from secondary lymphoid organs
PBMCs were isolated by Ficoll density centrifugation (Pan-

coll; Pan-Biotech, Aidenbach, Germany). Mononuclear cells

from lymph nodes and tonsils were isolated by mechanical

disruption as described previously.12 Cells were frozen in Iscove

modified Dulbecco medium with 10% dimethyl sulfoxide and

40% FBS in liquid nitrogen until further use.

RNA sequencing and analysis
For RNA sequencing, TFH cells were sorted from secondary

lymphoid organ (SLO) mononuclear cells on the MoFlo

Astrios (Beckman Coulter Life Sciences, Indianapolis, Ind) by

gating on CD31CD41CD45RA2CXCR5hiPD-1hi T cells (Fig 1,

A). RNAwas isolated using the RNeasy Mini or Micro Kit (QIA-

GEN GmbH, Hilden, Germany) according to the manufacturer’s

instructions. Barcoded stranded mRNA-sequencing libraries

were prepared from high-quality total RNA samples (200 ng/sam-

ple) using the TruSeq RNA Sample Preparation v2 Kit (Illumina,

Inc, San Diego, Calif). Libraries were pooled in equimolar

amounts, loaded on the Illumina sequencer NextSeq 500, and

sequenced unidirectionally, generating approximately 500

million reads per sample, each 85 bases long. Adapter- and

quality-trimming was performed with Trimmomatic v0.38 (Usa-

del Lab, RWTH Aachen University, Aachen, Germany),19 and

alignments and gene counts were obtained using STAR

v2.5.2b20 on GRCh38 genome and annotation (GRCh38.p7).

Genes that were quantified in more than 50% of the data set

were selected. Differentially expressed genes (DEGs) were

determined using the limma (v3.54.0) R (v4.2.2) package,21

including library size and Trimmed Mean of M-values (TMM)

normalizations. DEGs were defined by adjusted P values less

than .05 and are provided in Table E4 (in the Online Repository

available at www.jacionline.org).

Gene-set enrichment analysis was performed using the

clusterProfiler (v4.6.0) R package22 with the MSigDB gene-set
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repository as reference.23 Adjusted P values less than .05

(Benjamini-Hochberg method) were considered as significant.

Data are available from the Gene Expression Omnibus

(accession no. GSE274117).

Mass cytometry
Single-cell suspensions were incubated with 20 μM

lanthanum-139 (Trace Sciences)-loaded maleimido-mono-

amine-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

(DOTA) (Macrocyclics, Inc, Dallas, Tex) in PBS for 5 minutes

at room temperature for live/dead discrimination. Cells were

incubated with a mix of β2-microglobulin–based barcodes for

30 minutes at 48C to minimize batch effects24 and washed twice

with staining buffer before pooling. Cells labeled with surface an-

tibodies were incubated for 30 minutes at room temperature,

washed twice, prefixed with 1.6% paraformaldehyde, washed,

and then fixed and permeabilized using FoxP3 staining buffer

set (Thermo Fisher Scientific – eBioscience, San Diego, Calif)

to stain intracellularly for 60 minutes at room temperature. Cells

were further washed before fixation in 4% paraformaldehyde

(Electron Microscopy Sciences) solution containing 125 nM

iridium overnight at 48C.

After acquisition, CyTOF (cytometry by time of flight) files

were normalized by bead-based Nolan Lab normalizer (EQ Four

Element Calibration Beads, Standard BioTools, South San

Francisco, Calif). Flow Cytometry Standard (FCS) files were pro-

cessed by using FlowJoV10 Gaussian-derived parameters ‘‘Re-

sidual,’’ ‘‘Beads,’’ ‘‘Center,’’ ‘‘Offset,’’ ‘‘Width,’’ ‘‘Event

Length,’’ and ‘‘Iridium’’ to eliminate dead cells, debris, and

normalization beads before debarcoding. Batch effects were cor-

rected by BatchAdjust. Further data analysis by FlowSOM25 and

UniformManifold Approximation and Projection (UMAP)26was

performed using OMIQ (Dotmatics, Santa Fe, NM). For conven-

tional gating and subsampling, CD562CD192CD82CD451

CD31CD41 T cells were used. Dimensionality reduction was

performed on the remaining 39 markers. A list of all the anti-

bodies used is provided in Table E5 (in the Online Repository

available at www.jacionline.org).

Multiplex immunofluorescence imaging
Paraffin-embedded tissue sections (2 μm) were cut from 4%

buffered formaldehyde-fixed samples and stained using the

Opal Polaris 7 Kit (Akoya Biosciences, Inc, Marlborough,

Mass) with antibodies and dilutions specified in Table E6 (in

the Online Repository available at www.jacionline.org). Imaging

was performed using the PhenoCycler-Fusion microscope

(Akoya Biosciences, Inc). Regions of interest were selected and

analyzed using QuPath.27 For quantification of EOMES1 (eome-

sodermin) GZMB1 (granzyme B) CD41 T cells, 10 GCs and 10

T-cell zones were analyzed per sample (non-CVID tonsils, n5 4;

CVID lymph nodes, n 5 6).

Statistical analysis
Statistical significance was assessed with unpaired ordinary

1-wayANOVA for data sets with Gaussian distribution or with the

nonparametric test for data sets without Gaussian distribution.

Dot plots display each value reflecting their distribution.

Results were analyzed with GraphPad Prism software v9.5.0

(Dotmatics), and P values less than .05 were considered

significant.

RESULTS

The transcriptome of TFH cells shows an enrichment

of cytotoxicity-related gene sets in CVIDc
Principal-component analysis of bulk RNA-sequencing data of

sorted TFH cells (CD31CD82CD41CD45RA2CXCR5hiPD-1hi)

from lymph nodes of patients with CVIDc (n 5 4)

and tonsils from non-CVID control individuals (n 5 4)

demonstrated a distinct clustering of CVIDc and control samples

(Fig 1, A-C).

Unbiased primary analysis of all expressed transcripts revealed

2465 DEGs, with 1506 upregulated genes and 959 downregulated

genes (adjustedP <.05; Table E4). These DEGs comprised TIGIT,

transcription factors EOMES and TBX21 (T-box transcription

factor 21; encoding T-bet), and GBP5 (guanylate binding

protein 5), ISG15 (interferon-stimulated gene 15), CXCL10 (C-

X-C motif chemokine ligand 10), or IFNG (data not shown), re-

flecting markers of exhaustion, an increased interferon signature,

and TH1 bias as previously demonstrated,12 but additionally an

enrichment of gene sets related to cytotoxicity based on the

Gene Ontology Biological Processes database Fig 1, D).

The enrichedDEGs related to cytotoxicity (Fig 1,E) comprised

RUNX3 (runt-related transcription factor 3),27,28 ZEB2

(zinc finger E-box binding homeobox 2),29 and CRTAM (class

I–restricted T-cell–associated molecule) and its ligand CADM1

(cell adhesion molecule 1),30 which denotes the CD41 cytotoxic

T-lymphocyte lineage as well as KLRC1 (killer cell lectin-like re-

ceptor C1; encoding NKG2A [natural killer cell granule protein

2A]) as a regulator of cytotoxicity in natural killer (NK) and

CD8 T cells.31 XCL1 (X C-Ligand 1), a chemokine also known

as lymphotactin, is produced by T and NK cells32 as well as

SLAMF7 (signaling lymphocytic activation molecule family

member 7), which not only promotes NK-cell degranulation33

but is also described specifically in a cytotoxic CD41 T-cell pop-

ulation in IgG4-related disease.34 Consistent with these findings,

transcripts of molecules involved in the exocytosis of cytotoxic

granules in lymphocytes such as NKG735 and LYST (lysosomal

trafficking regulator)36 as well as the content of cytotoxic gran-

ules perforin (PRF1) and granzyme A and granzyme K (GZMA

and GZMK) and their release of STX7 (syntaxin 7) were among

the enriched DEGs of CVID-derived TFH cells. To confirm this

transcriptional signature on protein level and to delineate its

cellular origin, we designed a CyTOF panel to characterize

CD41 T cells in SLOs of patients with CVIDc and non-CVID

controls, including markers of their cytotoxic nature.

CyTOF analysis identifies an expanded cytotoxic

CD4 TFH-cell cluster in CVIDc lymph nodes
The in-depth CyTOF analysis was performed on 4 lymph

nodes of patients with CVIDc, 5 non-CVID tonsils, and

4 non-CVID lymph nodes using a 44-plex marker panel.

Dimensionality reduction of the subsampled CD192CD562

CD82CD451CD31CD41 T cells was accomplished by UMAP

using the remaining 38 nonlineage markers. Clustering of

high-dimensional data by self-organizing map algorithm

(FlowSOM) identified 29 unique clusters of CD4 T cells (Fig 2,
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C

D

FIG 2. Increased abundance of 1 CD41 T-cell cluster expressing cytotoxicity- and GC-associated markers in

CVIDc lymph nodes. A,UMAP projection of unsupervised CyTOF analysis of non-CVID tonsils (n5 5), CVIDc

lymph nodes (n5 4), and non-CVID lymph nodes (n5 4). Clusters of similar cells were identified using Flow-

SOM. B, Abundance of cytotoxic clusters of interest in CD41 T cells (clusters 2, 3, 4, 5, and 28) in non-CVID

tonsils (black), CVIDc lymph nodes (red), and non-CVID lymph nodes (green).Open circles represent patients

under immunosuppressive treatment. C, Heatmap of scaled expression values of markers analyzed with

mass cytometry in cytotoxic clusters of interest (clusters 2, 3, 4, 5, and 28) compared with naive cells (cluster

7). D, Expression of cytotoxic markers GZMA, EOMES, CRTAM, GZMB, NKG2A, and perforin in naive cells

(cluster 7) and clusters of interest (clusters 2, 3, 4, 5, and 28). MFI axis values are scaled by arcsinh, measured

in arbitrary units. The baseline represents thepeak expression of the respectivemolecule in non-CVIDnaive T

cells. MFI, Mean fluorescence intensitiy; UMAP, Uniform Manifold Approximation and Projection.
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A) including CD45RA1CCR71 naive cells in cluster 7 (see

Fig E1, A and B, in this article’s Online Repository at

www.jacionline.org), which served as a control for the clusters

of interest.

Focusing on cytotoxicity-associated markers GZMA, GZMB,

EOMES, CRTAM, NKG2A, and perforin, 5 cytotoxic clusters of

interest were identified, with cluster 2 and cluster 3 being

significantly enriched in CVIDc lymph nodes (Fig 2,B). Although

this increase did not associate with immunosuppressive treatment

in cluster 2, the abundance of cluster 3 was higher in the 2 patients

receiving steroid therapy. Because of the very low abundance of

clusters 4, 5, and 28 (in both CVIDc and control tissues), the

lack of difference in abundance, and the lack of markers of

TFH-cell differentiation such as ICOS (inducible costimulator),

CXCR5, and PD-1, they were not considered a relevant source

of the differential expression of cytotoxic signature (Fig 2, C).

In contrast, especially cluster 2 expressed TFH markers compara-

ble with the expression in bona fide TFH cells of cluster 1 (Fig E1,

C). Cluster 3 did not sufficiently express thesemarkers (Fig E1,C)

and, therefore, cluster 2 was considered the potential source of the

elevated cytotoxic mRNA signature in TFH cells. Cluster 2 ex-

presses additionally CXCR3 and T-bet as hallmarks of TH1 differ-

entiation (Fig 2, C). This cluster expresses very high levels of

EOMES and CRTAM comparable with the control tissue,

whereas the detectable GZMA and GZMB expression was

decreased in CVID-derived cells when compared with control

cells (Fig 2, C andD). This can be due to either loss of expression

during active degranulation or low production due to chronic

exhaustion. To distinguish the 2 potential explanations, we inves-

tigated the surface expression of CD107a as an indicator for con-

current degranulation ex vivo without additional stimulation (see

Table E7 in this article’s Online Repository at www.jacionline.

org). In both CVIDc lymph node samples that were available

for this analysis, we could demonstrate increased CD107a surface

expression on unstimulated CD4 T cells of CVIDc versus non-

CVID tissues, suggesting an ongoing degranulation activity of

these cells at the time of removal in contrast to a stage of chronic

exhaustion (Fig E1,D). Consistent with this, cluster 2 additionally

expressed elevated levels of markers associated with recent T-cell

receptor–mediated activation such as enhanced expression of

HLA-DR, CD25, and TIGIT. In the same context, we interpreted

the elevated FoxP3 expression, which still remained below the

level of cluster 13 assigned as containing regulatory T cells

(Fig E1, E).

In summary, this CyTOF analysis identified 5 distinct cytotoxic

CD41 T-cell clusters, 2 of which were more abundant in CVIDc

and cluster 2 expressing additional markers compatible with GC

homing.

Cytotoxic CD4 T cells locate within GCs of CVID

lymph nodes
To confirm an increased localization of cytotoxic CD4 T cells

within GCs of SLOs, we performed a multiplex immunofluores-

cence staining of formalin-fixed paraffin-embedded slides of

lymph nodes of patients with CVID (n 5 6, including 1 patient

with CTLA-4 haploinsufficiency and 1 patient with CVIDio) and

tonsils from non-CVID controls (n 5 4) (Fig E2, A). Follicular

and extrafollicular structures in all samples were identified using

CD20 and CD4 staining (Fig 3, A). A distinct population of

GZMB1EOMES1CD4 T cells was discerned within GC- and T-

cell zones. Quantitative analysis using the QuPath software (Fig

E2, B and C) revealed an expansion of EOMES1GZMB1CD4 T

cells in both zones including GCs of CVIDc lymph nodes

compared with non-CVID tonsils (Fig 3, B). There was no signif-

icant difference in the frequency of EOMES1GZMB1CD4 T cells

between the CTLA-4–deficient patient and genetically undefined

patients with CVIDc. Cytotoxic CD41 T cells were absent from

the single CVIDio lymph node sample. In summary, increased

amounts of cytotoxic CD41 T cells are located within GCs of

CVIDc lymph nodes.

Only few of the cytotoxic TFH-like CD4 T cells

circulate in peripheral blood from patients with

CVIDc
Because diagnostic access to SLOs from humans is limited, we

set out to search for corresponding cytotoxic CD4 T-cell

populations in peripheral blood reflecting the altered lymph

node homeostasis in affected patients.

The same 44-marker CyTOF panel used in the analysis of the

secondary lymphoid tissues was performed on peripheral blood

cells from a cohort of overlapping patients with CVIDc and

healthy donors (see Table E3). Dimensionality reduction and

clustering by FlowSOM of all samples identified 31 unique clus-

ters of CD4 T cells and revealed only partial overlap between pe-

ripheral blood and tissue-derived clusters (Fig 4, A; see also Fig

E3, A and B, in this article’s Online Repository at www.

jacionline.org). Five cytotoxic clusters were identified in this

analysis (Fig 4, A and B). Cluster 7 was exclusively present in

blood and slightly increased in abundance between patients and

controls (Fig 4, B). Because its phenotype differed strongly in re-

gard to the expression of GCmarkers from the identified cytotoxic

T-cell clusters in SLOs (Fig 4,D), we did not further investigate it.

In contrast, cytotoxic clusters 27 and 29weremainly found in sec-

ondary lymphoid tissues and nearly absent in peripheral blood of

controls, with a significant expansion in patients with CVIDc

when compared with controls (Fig 4, B). Cluster 27 resembles

the cluster 2 previously identified in Fig 2 in regard to the expres-

sion of GC markers and the cytotoxic molecules reflecting also

the reduced GZMA and GZMB expression when compared

with the control group. Interestingly, cluster 29 behaves similarly,

yet expresses sign of strong activation (Ki67 and HLA-DR), but

unlike the clusters in the SLO, it is CD45RA-positive (Fig 4, C

and D) and we suggest assigning this cluster to cytotoxic CD4

TEMRA cells as previously described,37 but the distinct phenotype

does not allow to relate it with the expanded THF cluster in the

lymph nodes of patients with CVIDc without further single-cell

RNA-based termination of its trajectory.

Thus, the analysis of peripheral blood detected an expansion of

cytotoxic CD4 T cells that are not related to the population

identified in the SLO of the same patients. Cells that cluster with

the cytotoxic cluster of the lymph node represent only a very

small proportion of the circulating CD4 T cells.

DISCUSSION
The disturbed CD4 T-cell landscape in blood of patients with

CVIDc frequently includes an expansion of circulating TFH-like

cells18,38,39 and a shift from TH2 toward TH1 cells.12,40 Circu-

lating TFH-like cells in CVIDc express more frequently

exhaustion-associated markers such as TIGIT, TOX (thymocyte
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B

FIG 3. Increased infiltration of cytotoxic CD41EOMES1GZMB1 T cells in GCs of patients with CVIDc. A,

Representative images of immunofluorescence (IF) staining for CD4 (cyan), CD20 (red), GZMB (yellow),

EOMES (magenta), and DAPI (gray) in non-CVID tonsils (left) and CVIDc lymph nodes (right). Arrowheads

indicate infiltrating CD41EOMES1GZMB1 T cells in the GC of a CVIDc lymph node. B, Percentage of

CD41EOMES1GZMB1 T cells in GC and T-cell zones within non-CVID tonsils (n5 4) and CVID lymph nodes

(n5 6). Each data point corresponds to 1 region of interest (GC or T-cell zone). Per tissue sample, 10 GCs and

10 T-cell zones were analyzed. The data points representing the CTLA-4–insufficient patient with CVIDc are

highlighted in blue. The data points of the only patient with CVIDio are displayed in gray, but these were not

considered in the statistical comparison of CVIDc vs non-CVID tissues. DAPI, 49,6-Diamidino-2-phenylindol.

For all plots, P values shown within each comparison were determined by the Mann-Whitney U test. *P <

.05; **P < .01; ***P < .001; ****P < .0001.
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selection–associated HMG-box protein), PD-1, and CTLA-4, yet

retain the capacity to produce IFN-γ and proliferate.17,41 These

changes in peripheral blood of patients with CVIDc most likely

originate from alterations in secondary and possibly tertiary

lymphoid tissues. Indeed, within ill-defined GCs of CVIDc-

derived lymph nodes, a similar shift toward TFH1 cells takes

place,12 but additional information on disturbances in TFH-cell

activation, differentiation, and fate is lacking from secondary

lymphoid tissues of patients with CVIDc.

In this study, we used bulk RNA sequencing of sorted TFH cells

from lymph nodes of patients with CVIDc and tonsils of non-

CVID immunocompetent controls to explore additional modifica-

tions contributing to the observed immunodeficiency and immune

dysregulation. The transcriptome revealed not only elevated

TBX21, IFNG, CXCL10, GBP5, and ISG15, reflecting the re-

ported TFH1 expansion, but also for the first time an increased

cytotoxic signature characterized by the increased expression of

CRTAM, GZMA, GZMK, PRF1, SLAMF7, NKG7, LYST, and

associated transcription factors EOMES, ZEB2, and RUNX3 in

CVIDc lymph nodes.27-36 Therefore, we hypothesized that the

increased cytotoxic signature derives from a specific TFH subpop-

ulation during the observed type 1 polarization in patients with

CVIDc12 because this has been reported previously during viral

infections such as cytomegalovirus, EBV, HIV,42-47 autoimmune

disorders,48-51 and malignant diseases52-56 (for a review, see the

study by Preglej and Ellmeier57). Despite some heterogeneity of

the markers between different cytotoxic CD4 T cells, no profile

currently indicates alternative function or the different clinical en-

tities driving their expansion, which seems to reflect a shared po-

tential CD4 T-cell differentiation pathway in a certain chronic

cytokine environment.57

In the attempt to identify the source of this signature, CyTOF

analysis of these CD4 T cells revealed distinct cytotoxic

populations in secondary lymphoid tissues, confirming a hetero-

geneity of cytotoxic CD4 T cells.57 Two clusters were enriched in

CVIDc lymph nodes and 1 carried a CXCR51ICOS1PD-111

TFH phenotype. This cluster was characterized by a CRTAM

expression critical for the CTL differentiation of CD4 T cells

and high expression of the transcription factors EOMES and

T-bet together driving the expression of effector molecules such

as perforin and granzymes, rendering them bona fide cytotoxic

CD4 TFH cells.57,58 Interestingly, cluster 2 characterized by

higher expression of EOMES, CRTAM, and GC-associated

markers expresses increased activation markers (HLA-DR and

slightly elevated Ki67) including elevated levels of FoxP3 and

CD25 as has been previously described in a subtype of CD4

CTLs capable of killing various autologous cells.59-61 This cluster

also resembles the previously reported phenotypes (TIGIT, TOX,

and PD-1) of circulating TFH cells.17,41

Given the slightly lower expression of CXCR5 and PD-1 when

compared with other TFH cells from SLO, we wanted to ascertain

that these cells locate into GCs. Multiplex immunofluorescence

staining visualized an increase in EOMES1GZMB1 CD4 T cells

not only in the T-cell zone but also in most GCs of the investigated

CVIDc lymph nodes. Thus, on the basis of their location, this pop-

ulation most likely corresponds to cluster 2 of our CyTOF anal-

ysis in secondary lymphoid tissues.

Different signals have been implied in the expansion of

cytotoxic CD4 T cells, including 4-1BB, IL-12 or type I and II

interferon and IL-2, and Ox4045,62,63 inducing T-bet, EOMES,

and Blimp-1 expression in these cells. Although the presence of

strong type II interferon signals in CVID lymph nodes is well es-

tablished,64 the presence of altered IL-2, 4-1BB, and OX40 sig-

nals still has to be shown. Persistent IL-12 stimulation of TFH

cells drives Zeb21 cytotoxic CD4 T cells in a Salmonella enterica

model.65 Interestingly, this was seen in the context of granuloma

formation for the control of phagosomal pathogens,65 possibly

connecting the expansion of cytotoxic CD4 T cells with the

frequent granulomatous lymphadenitis in patients with CVIDc.

In regard to function, cytotoxic CD4 T cells are reported to be

multifunctional, including the production of different cyto-

kines.46 Their cytotoxic capacity was demonstrated in patients

with HIV66,67 and in patients with solid cancers and lym-

phoma.68-70 Others found evidence for cytotoxic activity in

blood-derived but little in tonsil-derived TFH cells and yet specu-

lated that these cells may contribute to the antibody deficiency

and immune dysregulation in CTLA-4 haploinsufficiency.71 Our

preliminary ex vivo investigations of CVIDc lymph node–

derived cytotoxic CD4 cells suggest that the reduced intracellular

content of cytotoxic molecules and therefore potentially reduced

cytotoxic activity in vitromight be due to preceding active release

of these molecules by degranulation in vivo as indicated by

elevated surface expression of CD107a. This would be an alterna-

tive explanation for the observed reduction in cytotoxicmolecules

in tissue-derived cytotoxic CD4 T cells than chronic exhaustion,

which would not be associated with elevated transcript levels for

these molecules or surface expression of CD107a.72 Elevated

expression of CD107a as a marker for the fusion of lytic granules

with the plasma membrane in cytotoxic CD4 T cells has also been

described in the context of viral, autoimmune, and malignant dis-

ease.57 Therefore, the cytotoxic CD4 T cells we identified in

CVIDc lymph nodes are not only highly activated but also appear

to actively release cytotoxic granules. This interpretation would

explain the discrepancy between elevated RNA message and

reduced protein content of these molecules. Such a cytotoxic ac-

tivity might interfere with the efficient production of long-term

memory B cells in GCs as speculated during severe acute respira-

tory syndrome coronavirus 2 infection, wherein the authors sug-

gested that circulating cytotoxic CD4 TFH cells might be

involved in the observed loss of GC in lymph nodes and a subse-

quently impaired humoral immunity.73 The B-cell–promoting

function of Zeb21 age-associated CD4 T cells as identified in sys-

temic lupus erythematosus does not seem to apply for CVID-

derived secondary lymphoid tissues.29 Further investigation is

required to determine whether in CVIDc an infection-driven

expansion of cytotoxic CD4 T cells as observed in severe acute

respiratory syndrome coronavirus 2 infection contributes to a sec-

ondary failure of the GC reaction because CD4 TFH CTLs might

kill B cells, activatedMHC II–positive T cells, dendritic cells, and

macrophages.60,74,75

In the investigated patients there was no malignancy detected.

Therefore, it is tempting to speculate that recurrent T-cell

stimulation in the context of chronic, replicating (viral) in-

fections28 is a conceivable cause for the expansion of these cells

in patients with CVIDc. Autoimmunity and chronic inflammation

represent an obvious alternative trigger especially in genetically

defined CVID-like disorders such as CTLA-4 haploinsufficiency,

but might also be a consequence of the expansion of the cytotoxic

subsets in patients with CVIDc because it has been assumed for

coronavirus disease 2019–associated lung disease.76

Although this study had the unique opportunity to investigate

human secondary lymphoid tissues of patients with CVIDc and
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revealed another facet of the immune dysregulation in these

patients, there are clear limitations. We could examine only a

small group of patients, restricted to patients with CVIDc with

lymphadenopathy, necessitating the removal of a lymph node for

the exclusion of lymphoma. Although it is intriguing to observe a

similar expansion of the cytotoxic TFH cells in the single patient

with NFKB1 haploinsufficiency and the one with CTLA-4 insuf-

ficiency because it suggests that bothmonogenetic CVID-like dis-

orders might share this common pathway of pathogenesis,

additional samples are required to confirm this hypothesis. This

finding would support the idea that primary causes of a disturbed

GC function may still use common effector mechanisms driving

the observed pathology that could be targeted. The restricted ac-

cess to this material and the very low number of circulating cyto-

toxic TFH cells hinder also the performance of substantial

functional studies to demonstrate the hypothesized role of these

cells in the observed GC failure in patients with CVID. Unfortu-

nately, our own attempts to demonstrate that CD4 CTLs of pa-

tients with CVIDc can kill autologous GC B cells in vitro and

the investigation of elevated unstimulated expression of

CD107a were hampered by the limited residual cell material.

Future studies need to address this and the heterogeneity of this

population with additional functional assays and more granular

transcriptomic technologies, such as single-cell RNA sequencing

and cell trajectory analysis. These studies will also need to

address the additional factors in patients with CVIDc leading to

the combination of hypogammaglobulinemia and immune dysre-

gulation, which is not seen to the same extent in systemic lupus

erythematosus or certain chronic viral infections in which a

similar expansion has been observed.

We describe for the first time that the type 1 polarization of the

GC landscape in lymph nodes of patients with CVIDc is

associated with an expansion of cytotoxic CD4 TFH-cell popula-

tions. This includes a strongly activated population that resembles

cytotoxic CD4 T-cell populations observed in viral infection,

autoimmunity, and malignancy.57 The role of these potentially

multifunctional cytotoxic CD4 T cells within the complex dysre-

gulation of the immune system of CVIDc deserves more attention

because it might highlight aspects of a shared pathogenesis of the

altered GC function and it will educate us about the risk and

benefit of targeted therapies and use of checkpoint inhibitors in

patients with CVIDc.
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Key message

● TFH cells in CVIDc lymph nodes comprise an expansion

of a cytotoxic CRTAM1T-bet1EOMES1GZMA1

Perforin1CD4 T-cell cluster, which is only poorly

reflected in peripheral blood.
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