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Abbreviations used

AIC: Autoimmune cytopenia

AIHA: Autoimmune hemolytic anemia

CFSE: Carboxyfluorescein diacetate succinimidyl ester

CSR: Class-switch recombination

cTFH: Circulating follicular helper T

CVID: Common variable immunodeficiency

CVID1AIC: CVID subjects with AICs

CVID2AIC: CVID subjects without AICs

CyTOF: Time-of-flight cytometry

ES: Evans syndrome

FACS: Fluorescence-activated cell sorting

FOXP3: Forkhead box P3

HD: Healthy donor

ICOS: Inducible T-cell costimulator

ICOSL: Inducible T-cell costimulator ligand

ITP: Immune thrombocytopenia

PD-1: Programmed cell death protein 1

RTE: Recent thymic emigrant

TFH: Follicular helper T

TLR: Toll-like receptor

Treg: Regulatory T

t-SNE: t-Distributed Stochastic Neighbor Embedding
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Background: Although chiefly a B-lymphocyte disorder, several
research groups have identified common variable
immunodeficiency (CVID) subjects with numeric and/or
functional TH cell alterations. The causes, interrelationships,
and consequences of CVID-associated CD41 T-cell
derangements to hypogammaglobulinemia, autoantibody
production, or both remain unclear.

Objective: We sought to determine how circulating CD41

T cells are altered in CVID subjects with autoimmune
cytopenias (AICs; CVID1AIC) and the causes of these
derangements.

Methods: Using hypothesis-generating, high-dimensional
single-cell analyses, we created comprehensive phenotypic
maps of circulating CD41 T cells. Differences between subject
groups were confirmed in a large and genetically diverse
cohort of CVID subjects (n 5 69) by using flow cytometry,
transcriptional profiling, multiplex cytokine/chemokine
detection, and a suite of in vitro functional assays measuring
naive T-cell differentiation, B-cell/T-cell cocultures, and
regulatory T-cell suppression.

Results: Although CD41 TH cell profiles from healthy
donors and CVID subjects without AICs were virtually
indistinguishable, T cells from CVID1AIC subjects
exhibited follicular features as early as thymic egress.
Follicular skewing correlated with IgA deficiency–
associated endotoxemia and endotoxin-induced expression
of activin A and inducible T-cell costimulator ligand. The
resulting enlarged circulating follicular helper T-cell
population from CVID1AIC subjects provided efficient
help to receptive healthy donor B cells but not unresponsive
CVID B cells. Despite this, circulating follicular helper T
cells from CVID1AIC subjects exhibited aberrant
transcriptional profiles and altered chemokine/cytokine
receptor expression patterns that interfered with
regulatory T-cell suppression assays and were associated
with autoantibody production.

Conclusions: Endotoxemia is associated with early commitment
to the follicular T-cell lineage in IgA-deficient CVID subjects,
particularly those with AICs. (J Allergy Clin Immunol
2019;nnn:nnn-nnn.)

Key words: Common variable immunodeficiency, autoimmune
cytopenias, activin A, endotoxin, follicular helper T cell, regulatory
T cell, recent thymic emigrant, time-of-flight cytometry

Common variable immunodeficiency (CVID) subjects are
antibody deficient, and approximately 20% experience
autoantibody-mediated autoimmune cytopenias (AICs).1 Several
lines of evidence suggest CVID is chiefly caused by B-cell
dysfunction. CVID B cells display an array of impairments,
including defective tolerance,2,3 diminished Toll-like receptor
(TLR) 7/9 signaling,4,5 absent thymus-independent antibody re-
sponses,6 curtailed class-switch recombination (CSR),7 somatic
hypermutation,8-10 blocked plasma cell differentiation,11 and
IgG/IgA deficiency–associated endotoxemia.8,12 Additionally,
most monogenic forms of CVID are linked to genes critical to
B cell–centric pathways, including early B-cell development,13

the B-cell activating factor/a proliferation-inducing ligand
axis,3,14-16 B-cell receptor signal transduction,17-19 B-cell costi-
mulation,20,21 and terminal B-cell differentiation.22
Despite the central role of B lymphocytes in CVID
pathogenesis, disease-associated alterations in several CD41

T-cell subsets have been reported, including diminished numbers
of recent thymic emigrants (RTEs),23-25 poorly suppressive
regulatory T (Treg) cells,3,8,26 and increased frequencies of
circulating follicular helper T (cTFH) cells.3,8,27 The causes,
interrelationships, and consequences of CVID-associated
CD41 T-cell derangements to hypogammaglobulinemia and/or
autoantibody production remain unclear.

To more wholly capture CVID TH cell landscapes, we
compared high-dimensional single-cell analyses of peripheral
blood samples from CVID subjects and healthy donors (HDs).
Although the CD41 T-cell profiles of CVID subjects without
AICs (CVID2AIC) were indistinguishable from those of HD
control subjects, we report here that TH profiles of CVID subjects
with AICs (CVID1AIC) possess a pervasive follicular signature.
We further demonstrate the direct and indirect effects of systemic
endotoxemia favor commitment to the follicular helper T (TFH)
cell lineage as early as thymic egress. This results in enlarged
circulating TFH cell pools that express aberrant chemokine and
cytokine receptors. In total, our data provide a unifying inflamma-
tory framework connecting seemingly disparate CVID-associated
T-cell subset alterations to IgA deficiency–associated
endotoxemia.

METHODS

Human samples
Peripheral blood samples from 69 subjects with (17 subjects) and without

AICs (52 subjects; see Table E1 in this article’s Online Repository at www.

jacionline.org) were obtained by using standard phlebotomy. Each CVID sub-

ject met the 1999 Pan-American Group for Immunodeficiency CVID diag-

nostic criteria28 at the time of enrollment, and all were receiving antibody

replacement therapy. None were receiving chronic immunomodulatory ther-

apy at enrollment. We defined immune thrombocytopenia (ITP) using estab-

lished clinical criteria.29-31 Autoimmune hemolytic anemia (AIHA) was

http://www.jacionline.org
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defined by a hemoglobin level of less than 11 g/dL, evidence of hemolysis, and

a positive direct antibody test result. Subjects with negative direct antibody

test results with hemolysis were also considered to have AIHA if other ac-

quired and hereditary forms of hemolytic anemia were excluded.32,33 Evans

syndrome (ES) was defined as those meeting both AIHA and ITP diagnostic

criteria simultaneously or sequentially within at most a 10-year-period. The

average age of enrolled CVID1AIC subjects was 23.9 years (range,

4-57 years); 58.8% were male. Genotyping of CVID subjects was performed

at genes listed by the International Union of Immunologic Societies to be asso-

ciated with primary immune deficiencies.34 The average age of enrolled

CVID2AIC subjects was 18.8 years (range, 3-60 years); 50.0% were male.

We also analyzed peripheral blood samples from 33 related and unrelated

HD control subjects with a mean age of 25.2 years (range, 4-59 years);

42.2% were male. As an additional comparator, we analyzed peripheral blood

samples from a cohort of 14 immunocompetent subjects with AICs comprised

of 12 subjects with ITP and 2 subjects with ES. Their mean age was 14.1 years

(range, 3-18 years); 36% were male. Study protocols were approved by the

institutional review boards of Children’s Hospital of Philadelphia, the Univer-

sity of Pennsylvania, and Baylor College of Medicine.
Mass cytometry
Mass cytometry reagents were obtained or generated by using custom

conjugation to isotope-loaded polymers by using MAXPAR kits (Fluidigm,

South San Francisco, Calif). Antibodies for mass cytometry were chosen to

target 38 molecules relevant to CD41 T-cell biology, including chemokine

receptors, transcription factors, cell-cycle antigens, and activating/inhibitory

immunoreceptors (see Table E2 in this article’s Online Repository at

www.jacionline.org).

Cell staining was performed, as previously described.35 Briefly, circulating

CD41 T cells from 3 CVID2AIC subjects, 3 CVID1AIC subjects, and 3 sex-

and age-matched HDs were purified by using the MojoSort Human CD4 T

Cell Isolation Kit (BioLegend, San Diego, Calif). Circulating CD41 T cells

(2 3 106) were then stained with 20 mmol/L L/D-139 for 10 minutes at

room temperature for live/dead cell discrimination. Cells were washed in

PBSwith 1%FBS.After incubationwith a surface antibody cocktail for 30mi-

nutes at room temperature, cells were fixed and permeabilized with the

FOXP3/Transcription Factor Staining Buffer Set (eBioscience, Carlsbad,

Calif) before intracellular staining. Cells were further fixed in 1.6% parafor-

maldehyde (Electron Microscopy Sciences, Hatfield, Pa) solution containing

125 nmol/L iridium overnight at 48C and characterized by using mass cytom-

etry with a CyTOF Helios instrument (Fluidigm). Bead-based normalization

of time-of-flight cytometry (CyTOF) data was performed by using the Nolan

Lab Normalizer (https://github.com/nolanlab/bead-normalization/releases).

Analyses of individual subject samples from the same clinical group were

pooled and then reduced into 2-dimensional t-Distributed Stochastic Neighbor

Embedding (t-SNE) plots.36 Cell clustering was performed with self-

organizing map software (FlowSOM; https://github.com/SofieVG/

FlowSOM).37 HD and CVID1AIC clusters containing 4-fold or greater cell

number differences were chosen for downstream analyses.
Cell preparation, flow cytometry, and cell sorting
PBMCswere isolated from peripheral blood samples by using Ficoll-Paque

PLUS density gradient centrifugation (GEHealthcare Life Sciences, Chicago,

Ill). Cells were surface antibody stained (see Table E3 in this article’s Online

Repository at www.jacionline.org) and, when appropriate, fixed and

permeabilized for intracellular staining. Cells were analyzed with an

LSRFortessa (BD Bioscience, San Jose, Calif) and/or sorted with a MoFlo

Astrios EQ (Beckman Coulter, Fullerton, Calif). Fluorescence-activated cell

sorting (FACS) datawere visualizedwith FlowJo software (TreeStar, Ashland,

Ore). For cytokine staining, mononuclear cells were rested overnight at 378C,
followed by 6 hours of stimulation with phorbol 12-myristate 13-acetate

(25 ng/mL; Sigma, St Louis, Mo) and ionomycin (1 mg/mL; Sigma) in the

presence of brefeldin A (5 mg/mL; BD Biosciences). After activation, cells

were incubated with a surface antibody cocktail for 30 minutes at room
temperature and then fixed, permeabilized, and intracellularly stained. All

antibodies used for FACS analyses are listed in Table E3.
In vitro naive CD41 T-cell activation
Batch-sorted CD41CD45RO2 HD naive CD41 T cells were plated at

100,000 cells/well with anti-CD2/CD3/CD28–coated beads (Miltenyi Biotec,

Bergisch Gladbach, Germany) in the presence of the subject’s plasma (20%)

or FBS (20%). After 24 hours, cells, beads, and plasma/FBS-containingmedia

were transferred to a recombinant inducible T-cell costimulator ligand

(ICOSL)2coated plate (5 mg/mL; R&D Systems, Minneapolis, Minn). On

culture day 5, cells were analyzed for CXCR5 and programmed cell death

protein 1 (PD-1) expression by using FACS. In some cases 50 mg/mL

polymyxin B (InvivoGen, San Diego, Calif) was added to plasma samples

from CVID1AIC subjects, or FBS was spiked with LPS (100 ng/mL; Sigma)

on culture day 0.
T-cell/B-cell cocultures
CD191CD211CD272IgM1 sorted naive B cells or CD191CD211CD271

sorted memory B cells (2.5 3 104) were cocultured with an equal number of

CD41CD45RO1CD252CD1271CXCR51PD-11 sorted cTFH cells.

Cocultures were activated by addition of anti-CD2/CD3/CD28–coated beads

at a ratio of 1 bead per T cell. On culture day 7, the frequency of surface IgG-,

IgA-, and CD38-expressing B cells was measured by using FACS. Culture

supernatant IgM, IgG, and IgA concentrations were determined by using an

ELISA. In some cocultures naive B cells were stainedwith carboxyfluorescein

diacetate succinimidyl ester (CFSE; Thermo Fisher Scientific, Waltham,

Mass) to determine proliferative responses.
In vitro Treg cell suppression assay
CD41CD45RO2CD1271CD252 sorted naive responder T cells (53 103)

were labeled with CFSE and cocultured with an equal number of either

CD41CD25hiCD127lo/2 ‘‘all,’’ CD41CD25hiCD127lo/2CXCR52 ‘‘Treg,’’ or

CD41CD25hiCD127lo/2CXCR51PD-1hiCD25hi ‘‘cTFH’’ cells. Cultures

were activated with anti-CD2/CD3/CD282coated beads. Cocultures were

stained for viability with the LIVE/DEAD Kit (Thermo Fisher Scientific),

and the proliferation of viable responder T cells was determined by using

CFSE dilution at culture day 3.5 to 4.5 with FACS.

Cytokine, chemokine, and immunoglobulin

quantification
Cytokine and chemokine concentrations were measured in thawed plasma

using Milliplex (T-cell panel; Millipore-Sigma, Burlington, Mass) and

LEGENDplex (humanproinflammatory chemokine panel; BioLegend).Activin

A plasma concentrations and IgG, IgA, and IgM supernatant concentrations

weremeasured by using ELISAs (R&DSystems and Jackson ImmunoResearch

[West Grove, Pa], respectively). Serum immunoglobulin isotype concentrations

were determined by the clinical immunology laboratories at the Children’s

Hospital of Philadelphia and the University of Pennsylvania.
Gene expression microarrays
CD41CD252CD1271CXCR51PD-1hiCXCR31 and CD41CD252CD1271

CXCR51PD-1hiCXCR32 cells from 3 HDs and CD41CD252CD1271

CXCR51PD-1hi cells from 4 CVID1AIC subjects were FACS sorted. RNA

was isolated by using the Direct-zol RNA MicroPrep (Zymo Research, Irvine,

Calif), and transcriptional profiles were determined by using the Clarion S

Pico Array (Affymetrix, Santa Clara, Calif), according to the manufacturer’s

instructions.

Differentially expressed transcripts were subjected to hierarchical

clustering (Affymetrix console) and gene set enrichment analysis with the

Molecular Signatures Database, version 6.2 (http://software.broadinstitute.

org/gsea/index.jsp).38,39

http://www.jacionline.org
https://github.com/nolanlab/bead-normalization/releases
https://github.com/SofieVG/FlowSOM
https://github.com/SofieVG/FlowSOM
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Statistics
Data were analyzed with GraphPad Prism software (GraphPad Software,

La Jolla, Calif) by using either Mann-Whitney U, paired Student t, or Pearson

correlation coefficient tests.
RESULTS

Activated and follicular features predominate in TH

cell landscapes from CVID1AIC subjects
From a large and genetically diverse CVID cohort (n5 69; see

Table E1), we chose 3 representative subjects with AICs, 3
without AICs, and 3 age- and sex-matched HD control subjects
for high-dimensional TH cell analyses. All 3 CVID1AIC
subjects lacked detectable serum IgA; they included a
57-year-old female with ITP carrying a heterozygous W783X
NFKB1 variant, a 30-year-old male with both ES and
granulomatous lymphocytic interstitial lung disease carrying a
heterozygous C172Y TACI variant, and a 15-year-old male
with ES but no identifiable mutations in CVID-associated genes.
All 3 CVID2AIC subjects possessed detectable, although
decreased, serum IgA concentrations (mean, 9 mg/dL). All HD
control subjects were IgA replete.

To catalogue the phenotypic differences between these
subjects’ circulating CD41 T lymphocytes, we stained them
with a custom panel of 38 heavy metal–conjugated antibodies
targeting activation markers, chemokine receptors, inhibitory
proteins, transcription factors, and cell-cycle proteins (see Table
E2). Stained cells were analyzed by using mass cytometry or
time-of-flight cytometry (CyTOF) to produce high-dimensional
data sets that we subsequently reduced into 2-dimensional
t-SNE plots.36 Some markers were expressed more ubiquitously,
whereas others were expressed only by distinct clusters
of TH cells (see Fig E1 in this article’s Online Repository at
www.jacionline.org).

Because plots within subject groups displayed similarities (see
Fig E2 in this article’s Online Repository at www.jacionline.org),
we pooled them and scrutinized each group’s plot with
self-organizing map software that ignores a priori assumptions
about T-cell biology (see Fig E3 in this article’s Online
Repository at www.jacionline.org).37 Using this hypothesis-
generating strategy, we found that pooled CD41 T-cell t-SNE
plots for HDs and CVID2AIC subjects were virtually
indistinguishable, whereas plots for CVID1AIC subjects dis-
played unique T-cell distribution patterns (Fig 1, A, left) that
were concentrated in 3 spatially discrete populations (P1, P2,
and P3; Fig 1, A, right). In samples from CVID1AIC subjects,
the frequency of cells belonging to P1 (2.1%) was clearly dimin-
ished compared with that belonging to CVID2AIC subjects
(29.6%) and HD P1 frequencies (27.3%), with redistribution
into P2 (27.8%) and P3 (5.2%). Only 1.3% to 2.2% of CD41 cells
from CVID2AIC subjects and HDs belonged to P2, and only
0.5% to 1.1% belonged to P3.

To determine identifying features of P1, P2, and P3, we first
mapped conventional markers of naive T cells
(CD45RA1CD45RO2) onto our t-SNE plots (green; Fig 1, B,
left). In samples from HDs and CVID2AIC subjects, 41.6% to
51% of naive T cells belonged to P1, with the remaining cells
belonging to a phenotypically related population (P19). P19 cells
were distinct from P1 cells through expression of activation
markers associated with follicular T-cell development, including
CCR7, T-cell factor 1, CD38, and inducible T-cell costimulator
(ICOS) expression (Fig 1, B, right, and see Fig E1).40,41 Instead
of belonging to P1, most naive TH cells fromCVID1AIC subjects
mapped to P19 (49.7%) and, to a lesser extent, P2 (10.3%). Like
P19, naive P2 cells expressed CCR7, T-cell factor 1, CD38,
and ICOS but additionally expressed CXCR5 and PD-1, suggest-
ing greater follicular commitment (Fig 1, B, right, and see
Fig E1).42-44

Given the observed follicular skewing of naive TH cells from
CVID1AIC subjects, we next mapped the canonical TFH

surface markers CXCR5 and PD-1 onto t-SNE plots (Fig 1, C,
left). Of TH cells from CVID1AIC subjects, 85.9% expressing
these markers belonged to P2. Asmentioned above, some P2 cells
were naive, but most (>90%) expressed CD45RO. Although
scarce in samples from HDs/CVID2AIC subjects and abundant
in samples from CVID1AIC subjects, CXCR51PD-11 cells
from all 3 subject groups appeared phenotypically similar, except
cells from CVID1AIC subjects expressed more ICOS, CXCR3,
and T-cell immunoreceptor with immunoglobulin and ITIM do-
mains but less CCR6 (Fig 1, C, right). Although absent in HDs
and CVID2AIC subjects, 12.8% of CXCR51PD-11 cells from
CVID1AIC subjects expressed the IL-2 receptor a chain
(CD25; see Fig E4 in this article’s Online Repository at
www.jacionline.org), a surface marker categorically absent in
bona fide TFH cells from secondary lymphoid tissues.45 In blood
samples from CVID1AIC subjects, these CD25-expressing
follicular cells primarily localized to P3.

CD25 expression by HD TH cells denotes an activated or
regulatory phenotype, whereas IL-7 receptor (CD127)
coexpression excludes forkhead box P3 (FOXP3)1 Treg cells.46

Because FOXP3 staining requires fixation and permeabilization,
the CD25hiCD127lo/2 ‘‘Treg’’ cell sorting gate has
historically been used to isolate viable human Treg cells,
including Treg cells from CVID subjects,3,8,26 for in vitro sup-
pression assays. To compare phenotypic diversity within the tradi-
tional ‘‘Treg’’ cell gate of CVID subjects, we mapped CD25
expression and CD127 low/nonexpression onto our t-SNE plots
(Fig 1, D, left). We found a substantially increased proportion
of CD25hiCD127lo/2 cells belonged to P3 in samples from
CVID1AIC subjects (21.7%), whereas this distribution pattern
was rare in samples from HDs (3.9%) and CVID2AIC subjects
(3.3%). Compared with CD25hiCD127lo/2 cells from
CVID1AIC subjects lying outside P3 (‘‘Treg’’-P3), those
belonging to P3 expressed lower amounts of regulatory transcrip-
tion factors (FOXP3 and Helios) but greater amounts of classical
TFH cells (ICOS, CXCR5, and PD-1) and activation/cell-cycle
markers (CD95 and Ki67; Fig 1, D, right, and see Fig E1). Hence
the TH cell landscape in CVID1AIC subjects demonstrates
unique features, including naive T-cell activation, prominent
follicular skewing, and the presence of a uniquely expanded pop-
ulation possessing some features that are characteristic of Treg
cells (CD25hiCD127lo/2) but others that are not (FOXP3lo/
2CXCR51PD-1hiKi671).
Endotoxemia favors early-stage follicular

differentiation
To confirm and further explore the T-cell alterations observed

in our CyTOF analysis, we analyzed peripheral blood samples
from our full subject cohort (see Table E1) and age/sex-matched
cohorts of immunocompetent subjects with AICs and HD control
subjects by using standard flow cytometry (FACS).We first turned

http://www.jacionline.org
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FIG 1. High-dimensional analyses of circulating CD41 T cells from CVID1AIC subjects reveal distinct distri-

bution patterns and pervasive follicular signatures. A, Thirty-eight-dimension mass cytometric analyses of

HDs (n 5 3), CVID2AIC subjects (n 5 3), and CVID1AIC subjects (n 5 3) peripheral blood CD41 T cells are

pooled and reduced into 2-dimensional t-SNE plots (left). Between plots, cell distribution differences are

concentrated into 3 spatially distinct populations: P1, P2, and P3. B-D, Density of cells coexpressing surface

markers indicative of naive cells (Fig 1, B), TFH cells (Fig 1, C), and ‘‘Treg’’ cells (Fig 1, D) in HDs are overlaid

on ungated t-SNE plots. Heat maps compare the frequencies of cells from different populations expressing

the indicated markers. Compared populations include naive cells belonging to P1, P2, or a third

CD45RA1CD45RO2 population (P19; Fig 1, B); cTFH cells from each subject by group (Fig 1, C); and cells in

the ‘‘Treg’’ cell gate belonging to P3 and not (Fig 1, D).
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our attention to naive (CD45RA1CD45RO2) TH cells, which
comprised an average of 56.6% of CD41 cells from HDs,
54.4% of CD41 cells from immunocompetent subjects with
AICs, and 58.1% of CD41 cells from CVID2AIC subjects but
only 23.1% of cells from CVID1AIC subjects (P < .0001 for
each comparison, see Fig E5 in this article’s Online Repository
at www.jacionline.org). As suggested by our CyTOF analyses, a
small percentage of naive TH cells from CVID1AIC subjects,
but not cells from other subjects, coexpressed CXCR5 and PD-
1 (mean, 4.7%; see Fig E6 in this article’s Online Repository at
www.jacionline.org). Diminishment of the naive TH cell pool
from CVID1AIC subjects was primarily caused by a 2-fold

http://www.jacionline.org
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FIG 2. CD41RTEs fromCVID1AIC subjects express activation and follicular markers.A, Frequencies of RTEs

among total CD41 T cells are displayed for representative subjects (left) and all available subjects. B-D, Com-

parison of CD95 expression intensities (Fig 2, B) and Ki67 and CXCR5 (Fig 2, C) and PD-1 (Fig 2,D) expression

frequencies on CD41 RTEs from representative (left) and all available HDs, immunocompetent subjects with

AICs, CVID2AIC subjects, and CVID1AIC subjects. *P < .05, **P < .01, and ****P < .0001, Mann-Whitney U
test.
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relative decrease in numbers of CD45RA1CD311 RTEs (Fig 2,
A),47 a reduction not observed in the CD8 compartment (see
Fig E7 in this article’s Online Repository at www.jacionline.
org). Although scarce, a significantly greater fraction of CD41

RTEs from CVID1AIC subjects expressed activation (CD95),
cell-cycle (Ki67), and follicular (CXCR5 and PD-1) molecules
than counterparts from CVID2AIC subjects and HD control sub-
jects (Fig 2, B-D). Thus as early as thymic egress, TH cells from
CVID1AIC subjects display signs of activation, proliferation,
and TFH cell differentiation.

TFH cell differentiation requires naive TH cells and
antigen-presenting cells to interact through soluble factors
(IL-12, IL-6, and activin A)48-50 and cell-cell contacts
(T-cell receptor–MHC class II and ICOS-ICOSL).51 To
determine whether serum soluble factors contribute to the
observed follicular skewing of TH cells from CVID1AIC

http://www.jacionline.org
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FIG 3. Endotoxemia promotes TFH cell differentiation. A, Day 5 CXCR5/PD-1 coexpression on CD45RO2

naive cells from HDs cultured with anti-CD3/CD28 beads, recombinant ICOSL, and 20% plasma from HDs,

CVID2AIC subjects, or CVID1AIC subjects with and without polymyxin B. B and C, Day 2 CCR7, ICOS,

and CD95 expression (Fig 3, B) and day 5 CXCR5 and PD-1 expression (Fig 3, C) on activated CD45RO2 cells

from HDs similarly cultured but in 20% FBS spiked with LPS (100 ng/mL) or not. MFI, Mean fluorescence in-

tensity.D,Activin A plasma concentrations between groups and against paired cTFH cell frequencies are dis-

played. *P < .05, **P < .01, ***P < .001, and ****P < .0001, Mann-Whitney U test or paired Student t test or
Pearson correlation coefficient.
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subjects, we cultured naive CD41 T cells from HDs with anti-
CD2/CD3/CD28 beads, recombinant ICOSL, and plasma from
either HDs, CVID2AIC subjects, or CVID1AIC subjects. After
5 days, an average of 6% of cells exposed to plasma fromHDs and
5.7% exposed to plasma from CVID2AIC subjects coexpressed
CXCR5 and PD-1. When the same HD cells were cultured with
plasma from CVID1AIC subjects, the coexpression frequency
increased significantly to 11% (P <.01 and P <.001, respectively;
Fig 3, A). In all cases CXCR51PD-11 cells expressed more
BCL6, the master TFH transcriptional regulator, and more
OX40, an important amplifier of TFH cell development,52 than
CXCR52PD-12 cells from the same cultures (see Fig E8 in this
article’s Online Repository at www.jacionline.org).

Recently, we reported that most CVID1AIC subjects,
including many analyzed here, possess undetectable serum IgA
concentrations and varying degrees of endotoxemia.8 To
determine whether plasma endotoxin from CVID1AIC subjects
skews T-cell development, we neutralized it with polymyxin B
and repeated in vitro TFH cell differentiation experiments. At
day 5, CXCR5/PD-1 coexpression frequencies decreased
precipitously in polymyxin B–containing cultures (4.6% vs
11%, P < .01; Fig 3, A).

To confirm this effect was due to LPS neutralization, we again
TFH differentiated naive TH cells fromHDs in culture but replaced
subjects’ plasma with LPS-spiked FBS (0.5 mg/mL). After 2 days
of LPS exposure, cells began expressing the characteristic P19
cell-surface markers CCR7, CD95, and ICOS (Fig 3, B). After
5 days of LPS exposure, cells from HDs coexpressed CXCR5
and PD-1 at a frequency similar to cells cultured in plasma
from CVID1AIC subjects (Fig 3, C). Thus the endotoxin con-
tained within plasma from CVID1AIC subjects directly pro-
motes follicular molecule expression by CD41 T cells in vitro.

The inflammatory consequences of endotoxemia are diverse
but include myeloid lineage cell release of inflammatory
cytokines, including the powerful inducer of TFH cell
differentiation activin A.50,53 To determine whether chronic
CVID-related endotoxemia was associated with greater activin
A release, we measured its concentration in subjects’ plasma.
Indeed, the average activin A concentrations were much greater
in samples from CVID1AIC subjects (1722 pg/mL) than in

http://www.jacionline.org


FIG 4. Monocytes from CVID1AIC subjects express increased ICOSL. A, Representative dot plot (upper) of

classical monocytes (cMo; CD141CD162), intermediate monocytes (iMo; CD141CD161), and nonclassical

monocytes (ncMo; CD14intCD161). FSC, Forward scatter; SSC, side scatter. B, iMo frequencies in HDs,

immunocompetent subjects with AICs, CVID2AIC subjects, and CVID1AIC subjects. C, ICOSLmean fluores-

cence intensities (MFI) onmonocyte subsets from representative donors (left) and all subjects. **P < .01 and

****P < .0001, Mann-Whitney U test.
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samples from HDs, immunocompetent subjects with AICs, and
CVID2AIC subjects (526, 791, and 904 pg/mL at P < .0001,
P < .001, and P < .05, respectively; Fig 3, D), whereas concentra-
tions of other TFH cell–promoting cytokines, such as IL-12 and
IL-6, were not different (see Fig E9 in this article’s Online Repos-
itory at www.jacionline.org).48,49,54 Furthermore, we found that
activin A concentrations positively correlated with cTFH cell fre-
quencies in all analyzed subjects, regardless of their disease status
(r5 0.43, P <.0001; Fig 3,D), and that serum IgA concentrations
negatively correlated with both cTFH cell frequencies (r520.54,
P < .001) and plasma activin A concentrations (r 5 20.37,
P < .01; see Fig E10 in this article’s Online Repository at
www.jacionline.org).

In addition to promoting release of soluble mediators, such as
activin A, endotoxin also induces ICOSL expression by
antigen-presenting cells, including human monocytoid lines
and monocyte-derived DCs.55 To determine whether TH cells
from CVID1AIC subjects are more likely to encounter
monocyte-expressed ICOSL in vivo, we surveyed different
circulating monocyte subsets for ICOSL expression (Fig 4, A).
In all subjects we found ICOSL to be primarily expressed on
CD1411CD161 intermediate monocytes (Fig 4, C), a
population enlarged nearly 3-fold in blood samples from
CVID1AIC subjects versus samples fromCVID2AIC subjects,
immunocompetent subjects with AICs, and HDs (15.6% vs
5.7%, 4.1%, and 6.1%, respectively; P <.0001 for each compar-
ison; Fig 4, B, and see Figs E11 and E12 in this article’s Online
Repository at www.jacionline.org). The absolute number of
ICOSL-expressing intermediate monocytes was also greatest
in CVID1AIC subjects. Hence, either through a direct effect
or through activin A/ICOSL induction, endotoxin promotes
early TH cell commitment to the follicular lineage.
cTFH cells from CVID1AIC subjects provide efficient

B-cell help
Unlike more phenotypically homogenous tonsillar TFH cells,

cTFH cells exhibit more heterogeneous chemokine receptor
expression, cytokine secretion, and functional profiles.44,56 For
instance, HD cTFH cells can be divided into at least 2 distinct
functional subsets: (1) a CXCR3-expressing, IFN-g–secreting
subset that does not provide efficient B-cell help and (2) a
CXCR3-nonexpressing IL-21, IL-4, and IL-17 secreting subset
that does (see Figs E13 and E14 in this article’s Online Repository
at www.jacionline.org).56 Because CVID1AIC subjects are hy-
pogammaglobulinemic yet also possess enlarged cTFH pools
(Fig 1, C, and see Fig E15 in this article’s Online Repository at
www.jacionline.org),8 we sought to compare CXCR3 expression,
cytokine secretion, and functionality of their cTFH cells with
counterparts from HDs, immunocompetent subjects with AICs,
and CVID2AIC subjects whose cTFH cell frequencies were not
increased, even in the context of noncytopenic autoimmune
diseases. Unlike cells from other subjects, which were equally
divided between CXCR3-expressing and nonexpressing cells,
cTFH cells from CVID1AIC subjects uniformly and
overwhelmingly (>90%) express CXCR31 (P < .0001 against
all other subject groups; Fig 5, A).20 Corresponding with
increased CXCR31 cTFH cell frequencies, samples from
CVID1AIC subjects also contained significantly greater plasma
concentrations of the CXCR3 ligands CXCL9, CXCL10, and
CXCL11 (see Fig E16, A, in this article’s Online Repository at
www.jacionline.org). The CCR4 and CCR6 ligands CCL17 and
CCL20 were not significantly different between subject groups
(see Fig E16, B).

Despite near-universal CXCR3 expression, cTFH cell
transcriptomes from CVID1AIC subjects were significantly
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FIG 5. Most cTFH cells from CVID1AIC subjects express CXCR31 but are functionally distinct from CXCR31

cTFH cells fromHDs.A, Frequencies of cTFH cells expressing CXCR3 are displayed for representative subjects

(left) and all available subjects, including immunocompetent subjects with AICs.20 B, Differentially ex-

pressed transcripts between cTFH cells from CVID1AIC subjects and CXCR31 cTFH cells from HDs are dis-

played in a volcano plot, with enriched gene sets listed. FDR, False discovery rate. C, Frequency of

activated cTFH cells staining positive for intracellular cytokines are shown for representative subjects

(left) and all available subjects. *P < .05, **P < .01, ***P < .001, and ****P < .0001, Mann-Whitney U test.
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different from CXCR31 cTFH cells from HDs and assorted
separately when subjected to a hierarchical cluster analysis
algorithm (see Fig E17 in this article’s Online Repository at
www.jacionline.org). Gene set enrichment analyses revealed
cTFH cells from CVID subjects had prominent anaerobic respira-
tion and glycolysis signatures consistent with activation (data not
shown). cTFH cells from CVID1AIC subjects also lacked the in-
flammatory IFN-g response transcriptional signature, which
defined CXCR31 cTFH cells from HDs (Fig 5, B), a finding
consistent with nonincreased plasma IFN-g concentrations in
CVID1AIC subjects (see Fig E18 in this article’s Online Repos-
itory at www.jacionline.org). Indeed, we found that cTFH cells
from CVID1AIC subjects did not exhibit the IFN-g–dominant
cytokine secretion profile characteristic of CXCR31 cTFH cells
fromHDs (Fig 5,C). Instead, they expressed IL-21 at a frequency
twice that of cTFH cells from HDs and CVID2AIC subjects
(P < .01 for both comparisons). Despite more IL-21, cTFH cell
cytokine secretion profiles from CVID1AIC subjects still

http://www.jacionline.org
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FIG 6. cTFH cells from CVID subjects efficiently help receptive B cells. A, Day 7 IgG and IgA cell-surface

expression frequencies on naive B cells (nB) from representative indicated subjects in homologous or

heterologous cocultures with cTFH cells from indicated subjects (left) and mean frequencies tallied from 4

separate experiments. B, Mean immunoglobulin concentrations in supernatants from the described

cocultures are displayed. Error bars indicate means 6 SEMs. *P < .05 and **P < .01, Mann-Whitney U test.
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differed from those of characteristic CXCR32 cTFH cells. For
instance, IL-4–secreting cTFH cell frequencies were not different
and IL-17–secreting cTFH cell frequencies were significantly
lower in cTFH cells from CVID1AIC subjects than in cTFH cells
from HDs and CVID2AIC subjects.

Arguably, it is function and not surface markers or cytokine
profiles that should arbitrate TH cell identity. To determine
whether cTFH cells from CVID1AIC subjects are capable of
providing B-cell help, we cocultured them with either
heterologous naive B cells fromHDs or homologous naive B cells
from CVID1AIC subjects (CD191CD211IgM1CD27). At day
7, we found cTFH cells from CVID1AIC subjects were just as
effective as cTFH cells from HDs at inducing HD B-cell CSR
and IgA/IgG secretion (Fig 6). In contrast, naive B cells from
CVID1AIC subjects were generally unable to secrete class-
switched antibodies irrespective of the cTFH cell donor. Thus,
despite near-unanimous CXCR31 expression, cTFH cells from
CVID1AIC subjects are primarily IL-21–secreting cells capable
of providing efficient help to responsive B cells.
Circulating CD25hiCD127loCXCR51PD-11 helper

cells are not Treg cells
Our high-dimensional CyTOF analysis of 3 pooled samples

from CVID1AIC subjects identified a unique population of
CD25hiCD127lo cells within the P3 gate that also expressed the
TFH cell makers ICOS, CXCR5, and PD-1 (Fig 1, D). To
confirm this finding in our larger cohort and to further
investigate this novel cell population, we analyzed follicular sub-
sets contained within the CD25hiCD127lo/2 ‘‘Treg’’ cell gate by
using FACS. We found HDs, CVID2AIC subjects, and
immunocompetent subjects with AICs had 2 distinct
subpopulations (Fig 7, A, and see Fig E19 in this article’s Online
Repository at www.jacionline.org). Both expressed the regulatory
transcription factor FOXP3 (Fig 7, B) and suppressed HD
T-effector cell proliferation in vitro (see Fig E20 in this article’s
Online Repository at www.jacionline.org). Only 1 expressed
CXCR5 consistent with circulating follicular regulatory T cells
(shown in green).57 The CXCR52 population, which comprised
approximately 75% of the CD25hiCD127lo gate, corresponded
to traditional Treg cells (gray).

CVID1AIC subjects possessed a third CD25hiCD127lo sub-
population expressing CXCR5, PD-1, Ki67, ICOS, IL-21, and
IL-10 (red; Fig 7, B andC, and see Fig E21, A, in this article’s On-
line Repository at www.jacionline.org). The subpopulation
comprised an average 12.4% of the ‘‘Treg’’ cell gate, a
share gained primarily at the expense of circulating follicular
regulatory T cells (Fig 7, A). Although highly expressing CD25,
IL-10, and the inhibitory coreceptor molecule cytotoxic
T lymphocyte–associated protein 4 (Fig 7, C, and see Fig E21,
B), these cells did not stain positively for FOXP3 (Fig 7, B)
and could not suppress effector T-cell proliferation in vitro

http://www.jacionline.org
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FIG 7. The CD25hiCD127lo ‘‘Treg’’ cell gate in CVID1AIC subjects is contaminated by a poorly suppressive cTFH-

like cell subset. A, Peripheral CD41 cells in the CD25hiCD127lo/2 ‘‘Treg’’ cell gate include conventional Treg cells

(gray), CXCR51PD-1lo circulating T follicular regulatory cells (Tfr; green), and a third CXCR51PD-1hi population,

CD25hi TFH-like cells (red).B andC, FOXP3andKi67 (Fig 6,B) and IL-21 and IL-10 (Fig 6,C) expression and expres-

sion frequencies on T-cell subsets from CVID1AIC subjects and HDs. MFI, Mean fluorescence intensity. D,

Representative histograms (left) of CFSE-labeled HD naive T effector cells (Teff) stimulated (solid line) or not
(dashed line) in cocultures with indicated TH cell subsets from CVID1AIC subjects. Columns represent mean

percentage inhibition relative to unstimulated Teff cells. Error bars indicate means 6 SEMs. *P < .05,

**P < .01, ***P < .001, and ****P < .0001, Mann-Whitney U test or paired t test.
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(Fig 7, D). Furthermore, depletion of PD-11CXCR51 cells
significantly improved the suppressive function of remaining
FOXP31 cells from CVID1AIC subjects (Fig 7, D). Hence,
although they highly express CD25 and do not express CD127,
circulating CD25hiCD127loCXCR51PD-11 TH cells are not
regulatory cells.
DISCUSSION
Here, using high-dimensional analysis, we systematically

catalogued the phenotypic distribution of circulating CD41 T
cells in CVID subjects. Our data establish CVID subjects in our
cohort to display one of 2 immune phenotypes: either pure anti-
body deficiency without significant TH cell effects (CVID2AIC
subjects) or antibody deficiency, including undetectable serum
IgA, complicated by the T cell–altering effects of systemic endo-
toxemia (CVID1AIC subjects).

Endotoxin’s adjuvant properties were first described by Condie
and Good in 195558 and were later attributed to direct
TLR4-mediated mitogenic effects on murine B cells.59,60

Because human B cells do not express TLR4, we think it unlikely
that LPS exerts direct effects on B cells from CVID subjects.61

Instead, our own in vitro data demonstrate that plasma endotoxin
promotes a follicular program in naive T cells, a population
known to express TLR4.62 We propose the observed TFH cell
skewing effect of endotoxin might maintain antibody/microbial
balance at mucosal surfaces in immunocompetent hosts but also
might promote pathologic autoantibody production in antibody-
deficient CVID subjects.

Although others have demonstrated a TH1 but not a TFH cell
bias in LPS-exposed human T cells, our results are likely
influenced by the additional in vitro effects of recombinant
ICOSL. Induced by LPS55 and expressed by an increased number
of monocytes from CVID1AIC subjects, it is likely that endoge-
nous ICOSL similarly promotes TFH differentiation in
CVID1AIC subjects in vivo.

Another protein induced by endotoxin53 and highly
concentrated in plasma from CVID1AIC subjects is the
inflammatory protein activin A. Activin Awas previously shown
to be an elite TFH lineage promoter in a high-throughput in vitro
screen of more than 2000 human inflammatory proteins.50 The
strong correlations between cTFH cell frequencies, plasma activin
A concentrations, and serum IgA levels that we report here
provide the first in vivo proof of this concept in a human disease.

Several CVID-related TH cell phenomena found by our
analyses were previously observed in more narrowly focused
studies. Our intentionally broader approach provides us the
opportunity to both corroborate earlier findings and, in some
cases, reinterpret them aided by additional contextual clues. For
instance, reduced naive T-cell frequencies and T-cell receptor
excision circle concentrations in CVID subjects were
previously thought to signal poor thymic output,23-25 yet our
data indicate RTEs from CVID1AIC subjects are likely scarce
because they leave the thymus in a preactivated state, favoring
proliferation and accelerated differentiation. Similarly, it was
recently proposed but not demonstrated in cocultures that
increased CXCR3 expression by cTFH cells from CVID subjects
was the cause of traditional CVID B-cell defects in CSR, somatic
hypermutation, and memory B-cell formation.27 Although we
also found increased frequencies of CXCR3-expressing cTFH

cells in CVID1AIC subjects, in our hands these cells are
primarily IL-21 but not IFN-g producers that are as effective at
promoting in vitro class-switched antibody production as cTFH

cells from HDs. Furthermore, instead of predicting poor helper
function, we find CXCR3 expression on TFH cells from
CVID1AIC subjects to instead correlate with stark IgA defi-
ciency and endotoxin-induced release of the CXCR3 ligands
CXCL9, CXCL10, and CXCL11 from innate cells.63-67 Thus,
other than a few notable exceptions,22,68,69 CVID-related hypo-
gammaglobulinemia appears primarily attributable to intrinsi-
cally unresponsive B cells and not to TFH cell dysfunction.
Although it is possible that IFN-g–producing cTFH cells can pre-
dominate in other cohorts with CVID more enriched with granu-
lomatous diseases than ours,27,70 our data clearly demonstrate that
cTFH cell function cannot be intuited from chemokine receptor
expression alone, especially in immunodeficient subjects.

Finally, previous reports, including our own, demonstrate
CD25hiCD1272 ‘‘Treg’’ cells from CVID subjects perform
poorly in traditional in vitro suppression assays.3,8,26 Here we
demonstrate that this phenomenon is unlikely caused by Treg
cell intrinsic defects but is instead secondary to contamination
of the traditional human ‘‘Treg’’ cell sorting gate with CD25hi

cTFH-like cells. A notable exception might be truly dysfunctional
cytotoxic T lymphocyte–associated protein 4–haploinsufficient
or LRBA-deficient Treg cells that poorly suppress,71,72 even
when depleted of CD25hi cTFH cells.73 In all cases, especially
in CVID subjects, CXCR51PD-11 cells, including CD25hi

cTFH-like cells, should be excluded from in vitro Treg cell
suppression assays to avoid confounding effects. The biologic
role of the IL-10–producing CD25hi cTFH-like cells described
here is currently unclear, but phenotypically similar cells with
regulatory function were recently described in human tonsils.74

The remarkable expansion of the circulating CD25hi cTFH-like
cells we describe here suggests they are pathologically linked to
autoantibody production. Identification, localization, and
functional investigation of tissue-resident counterparts to
circulating CD25hi cTFH-like cells in the secondary lymphoid
tissues of HDs and CVID subjects will be critical to
understanding whether and how they influence disease
pathogenesis.

We are very much indebted to the subjects. We thank John Tobias, PhD, of

the University of Pennsylvania Genomic Analysis Core for assistance with

biostatistical analyses.

Key messages

d Endotoxin promotes TFH cell differentiation in vitro.

d TFH cells from CVID subjects can help receptive HD B
cells secrete class-switched immunoglobulins.

d Treg cells from many CVID subjects are suppressive if
CD251 TFH-like cells are excluded from in vitro assays.
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