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Cytokine Production Assays Reveal Discriminatory Immune Defects in
Adults with Recurrent Infections and Noninfectious Inflammation
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Cytokine production assays have been primarily used in research settings studying novel immunodeficiencies. We sought to de-
termine the diagnostic value of cytokine production assays in patients with recurrent and/or severe infectious diseases (IDs)
without known immunodeficiencies and unclassified noninfectious inflammatory disorders (NIIDs). We retrospectively exam-
ined cytokine production in whole-blood and peripheral blood mononuclear cell samples from 157 adult patients. A cytokine
production rate of <5% of that of healthy controls was considered defective. While monocyte-derived cytokine (tumor necrosis
factor alpha [TNF-a], interleukin-1f3 [IL-1$], and IL-6) production was rarely affected, 30% of all included patients had defi-
cient production of interferon gamma (IFN-vy), IL-17A, or IL-22. Twenty-five percent of the NIID patients displayed defective
IFN-vy production, whereas IL-17A production was generally unaffected. In the group of ID patients, defective IFN-y production
was found in 19% and 14% of the patients with viral and bacterial infections, respectively, and in 38%, 24%, and 50% of patients
with mycobacterial, mucocutaneous, and invasive fungal infections, respectively. Defective IL-17A and IL-22 production was
mainly confined to ID patients with mucocutaneous fungal infections. In conclusion, cytokine production assays frequently de-
tect defective Th1 responses in patients with mycobacterial or fungal infections, in contrast to patients with respiratory tract
infections or isolated bacterial infections. Defective IL-17A and IL-22 production was primarily found in patients with fungal
infections, while monocyte-derived cytokine production was unaffected. Thus, lymphocyte-derived cytokine production assays
are helpful in the diagnostic workup of patients with recurrent infections and suspected immunodeficiencies and have the poten-
tial to reveal immune defects that might guide adjunctive immunomodulatory therapy.

Traditionally, primary immunodeficiencies are thought to be
represented by rare monogenetic disorders directly affecting
immune system development or function, leading to multiple,
recurrent, unusually severe, and opportunistic infections in child-
hood (1, 2). However, in the last decade, this relatively rigid de-
scription of immune deficiencies has been challenged (1, 2). The
increasing understanding of immune responses and the expan-
sion of the existing investigative tools enabled the deciphering of
the genetic basis of many conditions that are accompanied by an
increased susceptibility to infections, as well as of various nonin-
fectious inflammatory disorders (NIIDs). Nowadays, it is thought
that even individuals suffering from a single unusual infection
might be affected by an immune defect, and thus immunodefi-
ciencies should be considered in a wide range of clinical situations
(1,2).

Highly conserved molecular structures of microorganisms,
called pathogen-associated molecular patterns (PAMPs) (3), are
recognized by pattern recognition receptors (PRR). Defects in
PRR and the subsequent signaling pathways are usually accompa-
nied by diminished production of proinflammatory cytokines,
and they represent a paradigm shift in the field of primary immu-
nodeficiencies (4, 5). Similarly, various NIIDs are caused by a loss
of the regulation of cytokine production and have been coined
autoinflammatory disorders (6). In addition to PRR defects, spe-
cificimmunodeficiencies have been described in patients with de-
fective cytokine or cytokine receptors, such as interleukin-12 (IL-
12), IL-12R, interferon gamma (IFN-vy), and IFN-yR defects
associated with mycobacterial and Salmonella infections (7, 8), or
with IL-17F, and IL-17R deficiencies, which are associated with
fungal infections (9).
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Until now, an assessment of the integrity of cytokine produc-
tion in stimulated peripheral blood mononuclear cells (PBMCs)
has mainly been used to examine patients with novel primary
immunodeficiencies (10, 11). However, cytokine production de-
fects may be much more common in patients with recurrent in-
fectious diseases (IDs) (5) or suspected autoinflammatory NIIDs
(6), and an assessment of cytokine production may have diagnos-
tic value in these patients. In the present study, we review cytokine
production in a large series of patients suffering from either a
recurrent infection, an unusually severe course of infection, an
opportunistic infection, or an NIID who presented at our tertiary
center for infectious diseases, immunodeficiencies, and autoin-
flammation.

Case illustration, demonstrating the diagnostic value of cy-
tokine production assessment. A 28-year-old male known to
have diabetes mellitus type I, hypothyroidism, and systemic lupus
erythematosus and who was treated with hydroxychloroquine had
suffered from five episodes of pneumonia since the age of 25 years.
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FIG 1 Flow chart of the 157 patients in whom cytokine production assays were performed. WB, whole-blood stimulation; PBMC, peripheral blood mononuclear
cell stimulation; A, recurrent respiratory tract infection; B, pyogenic infections; C, opportunistic infections.

Twice, Streptococcus pneumoniae was isolated from blood cul-
tures. One culture-negative pneumonia was complicated by pan-
cytopenia and autoimmune hemolytic anemia. Furthermore, he
had recurrent oropharyngeal candidiasis and persistent dermato-
mycosis of the right foot. These manifestations were compatible
with a large spectrum of diseases, with chronic mucocutaneous
candidiasis (CMC) among them. However, Sanger sequencing of
exomes 6 to 11 of STAT1I, a region in which earlier studies identi-
fied mutations (10, 12), revealed no abnormalities. Therefore, the
patient was referred for further diagnostic analysis. PBMC stimu-
lation showed normal tumor necrosis factor alpha (TNF-a), IL-
1B, and IL-6 production when stimulated with lipopolysaccharide
(LPS) and Candida albicans, making it improbable that deficien-
cies of dectin-1, caspase recruitment domain-containing protein
(CARD) 9 mutations, interleukin-1 receptor-associated kinase
(IRAK) 4, and myeloid differentiation primary response 88
(MyD88) deficiencies were the cause. However, the production
rates of [FN-vy, IL-17A, and IL-22 were <10%, <5%, and <5%,
respectively, compared to those of healthy controls, supporting
the hypothesized diagnosis of CMC. Further extended genetic
analysis by whole-exome sequencing showed a novel missense
mutation, replacing aspartic acid with valine at position 24
(D24V) in exome 3 of STATI, probably with similar effects on
STAT]1 function as those previously described for the gain-of-
function mutations in exons 6 to 11.

MATERIALS AND METHODS

Patients. All consecutive patients with IDs, recurrent infections, infec-
tions of unusual etiology or severity, and so-far unclassified patients sus-
pected for NIID hospitalized or visiting the outpatient clinic of the De-
partment of Internal Medicine, Radboud University Nijmegen Medical
Center between 2001 and April 2013 were included in the study. Patients
with immunosuppressive drugs, HIV infection, hematological malignan-
cies, or known primary immunodeficiencies were excluded.
Classification and data analysis. The group of ID patients was classi-
fied based on the clinical presentation into: (A) ear-nose-throat or airway

1062 cviasm.org

infections, (B) pyogenic infections, or (C) opportunistic infections
(mainly caused by intracellular bacteria, viruses, and fungi) (13) (Fig. 1).
In addition, ID patients were classified based on the main causative mi-
croorganism: (a) viral, (b) bacterial, (c) mycobacterial, or (d) fungal in-
fections, with fungal infections further separated into (d,) mucocutane-
ous fungal infections and (d,) invasive fungal infections (Fig. 2).
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FIG 2 Proportion of patients with infectious diseases (n = 117), stratified
according to microbial etiology: viral (a, n = 16), bacterial (b, n = 36), myco-
bacterial (¢, n = 16), mucocutaneous fungal (d,, n = 33), and invasive fungal
(d,, n = 16), with low lymphocyte-derived cytokine production as assessed by
either whole-blood or peripheral blood mononuclear cell stimulation tests.
The number (%) of patients with each kind of infection and a deficient re-
sponse are shown on the right for each category. P values shown are for a
comparison of the proportions between group d, and the other groups.
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Cytokine production assays. Whole-blood (WB) stimulation assays
were performed from 2001 until 2008. Peripheral blood mononuclear
cells (PBMCs) stimulation assays were done from 2008 to 2013.

For the WB stimulation assays, venous blood was collected in lithium-
heparin tubes, diluted to a final concentration of 1:5 in RPMI 1640 (Dutch
modified; Gibco, Invitrogen, Breda, The Netherlands), and plated out at 1
ml/well in 24-well tissue culture plates. Stimulation was performed by
adding 100 .l culture medium (negative control) and the following stim-
uli (final concentrations in parentheses): LPS derived from Salmonella
enterica subsp. enterica serovar Typhimurium (10 ng/ml), S. Typhimu-
rium bacteria (heat-killed [HK], 10” microorganisms/ml), Staphylococcus
aureus (HK, 10” microorganisms/ml), Aspergillus fumigatus conidia (HK,
107 microorganisms/ml), and C. albicans conidia (HK, 107 microorgan-
isms/ml). Mycobacterium tuberculosis sonicate (HK, 1 pg/ml) or poly(I-C)
(50 pg/ml; InvivoGen, San Diego, CA) was also included in case of a
mycobacterial or a viral infection, respectively. The microorganisms were
killed by heating them for 1 h at 95°C. After incubation for 24 h or 48 h at
37°C, the supernatants were obtained by centrifugation and stored at
—20°C until IL-6, IL-13, tumor necrosis factor alpha (TNF-a) (all 24 h),
and IFN-vy (48 h) measurements were performed. The experiments were
done in duplicate.

For the PBMC stimulation assay, venous blood samples were collected
into EDTA tubes. PBMCs were isolated according to standard protocols,
with minor modifications (14). The PBMC fraction was obtained by den-
sity centrifugation of blood diluted 1:1 in phosphate-buffered saline
(PBS) over Ficoll-Paque (Pharmacia Biotech AB, Uppsala, Sweden). The
cells were washed three times in PBS and resuspended in RPMI 1640
(Dutch modified; Gibco, Invitrogen, Breda, The Netherlands) supple-
mented with 50 mg/liter gentamicin, 2 mM L-glutamine, and 1 mM py-
ruvate. The cells were counted in a Coulter Counter Z (Beckman Coulter,
Mijdrecht, The Netherlands) and adjusted to 5 X 10° cells/ml. Mononu-
clear cells (5 X 10°) in a 100-pl volume were added to round-bottom
96-well plates (Greiner, Alphen aan den Rijn, The Netherlands) and in-
cubated with either 100 pl of culture medium (negative control) or one of
the stimuli for 24 h (TNF-a, IL-1B, and IL-6), 48 h (IFN-), and/or 7 days
(IL-17A and IL-22). Monocyte-derived cytokine production was tested
with LPS derived from Escherichia coli, Pam3Cys, muramyl dipeptide, and
B-glucan. Both monocyte-derived and lymphocyte-derived cytokine pro-
duction were tested with HK S. aureus (10° or 10”7 microorganisms/ml,
respectively) and HK C. albicans conidia (10> or 10° microorganisms/ml,
respectively). Sonicated M. tuberculosis (1 or 10 pg/ml), HK Mycobacte-
rium abscessus (10> microorganisms/ml), HK Mycobacterium fortuitum
(10° microorganisms/ml), or poly(I-C) (5 or 50 wg/ml; InvivoGen, San
Diego, CA) was included if the patients suffered from a mycobacterial or
viral infection, respectively. aCD3/aCD28 (2.5 X 10° beads/5 X 10°
PBMC; Miltenyi Biotec, Bergisch Gladbach, Germany) was used in the
lymphocyte-derived cytokine production assays. The microorganisms
were killed by heating them for 1 h at 95°C. C. albicans and S. aureus were
chosen because of their potency for inducing IFN-v, since E. coli LPS is a
poor inducer of IFN-v. C. albicans and S. aureus were well suited as strong
stimuli for IL-17A and IL-22 release (see Fig. S1 in the supplemental
material). Ten percent human pooled serum was added when the PBMCs
were incubated for 7 days. After incubation, the supernatants were stored
at —20°C until the assay. The experiments were performed in duplicate.

Until 2006, TNF-a was measured using an in-house radioimmunoas-
say, which has a lower limit of detection of 15 pg/ml. Thereafter, TNF-a
was measured with a commercial enzyme-linked immunosorbent assay
(ELISA) kit from R&D Systems (Minneapolis, MN), which has a lower
detection limit of 78 pg/ml. IL-6 and IFN-vy concentrations were assessed
using commercial ELISA kits from Sanquin (Amsterdam, The Nether-
lands), which has lower detection limits of 15 pg/ml and 8 pg/ml, respec-
tively. IL-1(3, IL-17A, and IL-22 were measured using commercial ELISA
kits from R&D Systems with 39 pg/ml, 16 to 78 pg/ml, and 78 to 155 pg/ml
as the lower limits of detection, respectively.

Cytokine production, i.e., the concentration in the stimulated sample,
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was compared between patients and healthy volunteers (anonymous
blood donors, who gave written informed consent for the use of their
blood for scientific purposes as approved by the ethics comittee of the
Radboud University Medical Center) tested the same day in the same run.
In case of more than one healthy control, the values were pooled and
averaged. The cytokine production in these patients was compared with
that of healthy volunteers tested in the same experiment. To calculate the
proportion of patients with deficient production, cytokine concentrations
of <5%, 10%, and 20% compared to healthy volunteers (i.e., patient-to-
control ratios, <0.05, <0.10, and <0.20, respectively) were used. For the
main analysis, we defined cytokine production to be defective when the
production upon exposure to at least one stimulus was <5% compared to
that of the healthy controls. This stringent threshold was chosen because
healthy controls rarely had cytokine concentrations below the 5th percen-
tile of the concentrations found in the whole population (patients plus
controls) (see Table S1 and Fig. S2 in the supplemental material), and the
5% cutoff value was associated with most concordant test results in pa-
tients who were tested twice (see Table S2 in the supplemental material). If
the experiments were repeated, only concordant results were considered
to represent a defective response.

Statistical analysis. The main outcome measures of the study are de-
scriptive. The proportions of affected patients in the different categories
were identified using cross tables. To test the relationship between these
categorical variables, the chi-square test was performed, and in case of <5
expected counts, Fisher’s exact test was performed. The Mann-Whitney U
test or the Kruskal-Wallis with Dunn’s posttest were used to compare
(absolute) cytokine concentrations between two or more independent
groups, respectively. A P value of <0.05 was considered statistically sig-
nificant.

RESULTS

Patient characteristics. In total, 157 patients were included: 33
underwent WB stimulation and 124 underwent PBMC stimula-
tion. One hundred forty-six patients were ambulant, and 11 were
hospitalized at the time of sampling. Nine patients were receiving
antimycobacterial treatment while the tests were performed. The
test indications are presented in Fig. 1. In all tested patients, the
production of TNF-a, IL-1B, and IL-6 was measured. The pro-
duction of IFN-y, IL-17A, and IL-22 was tested in a selection of
patients (Fig. 1) due to new developments and insights gained
during the implementation of the tests (IL-22 assessment became
available in only the last years of the study).

Production of TNF-a, IL-1§3, and IL-6 in the WB and PBMC
assays. Only 4 of the 157 tested patients had decreased production
of <5% compared to that of the controls for one of the monocyte-
derived cytokines, TNF-a, IL-1[3, or IL-6 (Table 1). Four patients
with an infection had defective TNF-a or IL-6 production. Of the
three patients with defective TNF-a production, one had dissem-
inated cryptococcosis, one had tuberculous meningitis, and one
had recurrent pneumococcal meningitis with cerebrospinal fluid
leakage. The patient with defective IL-6 production and recurrent
herpes infections also displayed low IFN-y production (<10%)
upon stimulation with the Toll-like receptor 3 (TLR3) ligand
poly(I-C). Except for in the patients with disseminated cryptococ-
cosis, cytokine production was tested after the resolution of infec-
tion and showed normal results, precluding a defective result due
to downregulated cytokine production during acute infection
(15).

Production of IFN-v, IL-17A, and IL-22 in the cytokine pro-
duction assays. Overall, 56/157 (36%) of the measurements indi-
cated a production rate of <5% compared to that of the healthy
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TABLE 1 Infected patients with defective monocyte-derived cytokine production

Diagnosis-test

Age (yr) Sex” Clinical picture Cytokine Stimuli® interval Underlying defect*

34 M Disseminated cryptococcosis TNF-a 3 1wk NP

42 F Recurrent herpes simplex virus 2 meningitis IL-6 1 3yr NP

64 M Recurrent pneumococcal meningitis TNF-a 1 4 mo Cerebrospinal fluid leakage
42 M Neurological deterioration after tuberculous TNF-a 3 13 mo NP

meningitis

“ M, male; F, female.
® Number of stimuli that resulted in a deficient response.
¢ NP, not performed.

controls for at least one of the three cytokines, corresponding to 47
(30%) individual patients (32% ID and 25% NIID) (Fig. 1).
Production of IFN-vy in the WB assay. IFN-y production was
impaired in 13 patients of the 33 patients tested with the WB assay,
9 of whom had an ID and 4 patients who had an NIDD (Table 2).
For patients with an ID, decreased IFN-y production was found
only in those with a pyogenic or opportunistic infection (Fig. 1).
Production of IFN-vy, IL-17A, and IL-22 in the PBMC assay.
The results of the assays testing the production of T-lymphocyte-
derived cytokines IFN-vy, IL-17A, and IL-22 are summarized in
Fig. 1. Overall, 43 (35%) of the tests were indicative of deficient
production, corresponding to 35 (28%) individual patients (34%
of those with an ID and 19% of those with a NIID). (Tables 3, 4,
and 5). When patients were grouped according to microbial eti-
ology, the assay results were most often abnormal in patients with
mycobacterial and fungal infections (Table 6 and Fig. 2).
Diminished IFN-+y production was found in 21 ID patients and
6 NIDD patients (Fig. 1). Interestingly, three-quarters of the ID
patients with low IFN-vy production were patients with mycobac-
terial and fungal infections (Table 3). One patient with progressive
multifocal leukoencephalopathy and two with recurrent herpes-

virus infections had low IEN-vy production after stimulation with
poly(I-C). Among the 6 NIID patients with defective IFN-vy re-
lease, two had hidradenitis suppurativa and one had sterile sub-
areolar abscesses (Zuska’s disease) (16), disorders thought to have
a shared pathogenesis.

Impaired IL-17A production was observed in 6 ID patients, all
of whom were suffering from fungal infection, five of which were
refractory mucocutaneous infections and one was an invasive in-
fection (Tables 4 and 6).

Deficient IL-22 production was also predominantly observed
in ID patients with mucocutaneous infections, mainly those of
fungal etiology (Table 5). The one patient with an NIID and de-
fective IL-22 release had sterile subareolar abscesses.

A final diagnosis of hyper-IgE syndrome (HIES) was reached in
10 patients, five of whom had a STAT3 mutation. Six patients with
CMC were included (STATI mutations were found in four of
them). Deficient IFN-vy production (WB and PBMC combined, C.
albicans and S. aureus as stimuli) was a relatively sensitive marker
for HIES: 60% of the patients with HIES produced <5% com-
pared to healthy controls, and 80% produced <10% (see Fig. S3 in
the supplemental material). All CMC patients displayed deficient

TABLE 2 Patients with defective IFN-y production upon whole-blood stimulation

Age Diagnosis-test ~ Lymphocyte

(yr) Sex”  Group” Clinical picture Stimuli¢  interval? count/mm*  Underlying defect®

33 F NIID Recurrent fever, acne, abdominal pain 1 1 day 2,110 PAPA syndrome,

Crohn’s disease

51 M NIID Secondary sclerosing cholangitis and acute phase response 2 Continuously 2,700 NP
of unknown origin

57 M NIID Urticaria, fever 5 1 day 1,310 Schnitzler syndrome

56 F NIID Hidradenitis, recurrent upper respiratory tract infections 1 3 mo 2,290 NP

65 M Infection  Pneumonia, eczema, asthma 1 10 yr 2,440 HIES

33 M Infection  Bacterial skin infection, recurrent pneumonia, eczema, 1 10 mo 1,640 HIES
onychomycosis

51 F Infection M. abscessus pneumonia 3 23 yr NAS Cystic fibrosis

45 F Infection  Pulmonary aspergillosis S. aureus empyema, skin infection 4 4 mo 1,610 HIES

45 F Infection  Disseminated cryptococcosis 3 1 wk NA NP

46 M Infection  Disseminated aspergillosis, pulmonary nocardiosis and 1 mo/5 mo 350/850 CD4 lymphopenia
Rhodococcus equi infection, Alternaria skin infection

45 M Infection  Disseminated aspergillosis and candidiasis 5 3 mo 2,090 NP

20 F Infection  Aspergillus pneumonia, skin infections, eczema 8 mo 1,840 HIES

63 M Infection  Aspergillus pneumonia 3 NA NA NP

4 F, female; M, male.
b NIID, noninfectious inflammatory disorder.
¢ Number of stimuli that resulted in a deficient response.

4 Data from patients tested more than once are shown separated by a slash in the same column.
¢ PAPA, pyogenic sterile arthritis, pyoderma gangrenosum, and acne; NP, not performed, HIES, hyper IgE syndrome.

/NA, not available.
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TABLE 3 Patients with defective IFN-y production upon PBMC stimulation

Age Diagnosis-test ~ Lymphocyte
(yr) Sex*  Group Clinical picture” Stimuli®?  interval” count/mm* Underlying defect®
46 F NIID Idiopathic erythema nodosum 1 2yr 1,790 NP
36 M NIID Hidradenitis 1 Continuously 2,690 NP
59 F NIID Hidradenitis, pyoderma gangrenosum, ankylosing ~ 2/2 Continuously  1,030/510 NP
spondylitis
50 F NIID Sterile subareolar abscesses 2 19 mo 3,040 NP
26 F NIID Episodic fever, abdominal pain, arthralgia 1 17 mo 1,880 NP
18 F NIID EBV-driven cutaneous T-cell lymphoma of 1 9 mo 950 232-kb loss in
childhood chromosome
16p11.2
48 M Infection  Progressive multifocal leukoencephalopathy 2 5 mo NA# NP
51 M Infection  Intraocular varicella-zoster virus infection 1 2 mo 1,990 NP
49 F Infection  Recurrent varicella-zoster virus infection 2/2 1 mo/NA 1,680/2,660 NP
61 M Infection  Recurrent bacterial skin infection 1 3 wk/10 mo 1,220/NA NP
35 F Infection  Recurrent impetigo, RVVC 1/1/1/1 4 mo/6 mo/12  1,820/2,300/2,890/1,820 NP
mo/14 mo
56 F Infection  Disseminated M. avium infection, Legionella 1/1 1 mo/2 yr 1,860/1,810 NP
dumoffii pneumonia
68 F Infection M. avium and Mycobacterium intracellulare 1 4 mo 1,680 NP
pneumonia
54 M Infection  Mycobacterium chelonae skin infection 1 9 mo 2,080 NP
67 M Infection M. abscessus pneumonia, ABPA 1/1 2 mo/2 mo 810/800 NP
67 M Infection M. intracellulare pneumonia 2 3 yr 8 mo 1,700 NP
34 A% Infection  Oral and vaginal candidiasis, furunculosis 1 1 wk 3,140 NP
20 F Infection  Chronic mucocutaneous candidiasis 2 Continuously ~ NA NP
48 F Infection  Persistent oropharyngeal candidiasis, 1 Continuously 1,200 APECED
onychomycosis, asplenia, vitiligo
28 F Infection ~ RVVC, impetigo, hidradenitis, granulomatous 1 Continuously 1,500 HIES
intestinal inflammation
36 F Infection  Chronic mucocutaneous candidiasis 2 Continuously 900 STATI mutation
42 F Infection RVVC 1 NA 1,180 NP
30 F Infection ~ Recurrent oropharyngeal candidiasis 1 2 mo 1,940 NP
49 M Infection  Disseminated aspergillosis, pulmonary 1 3yr 990 CD4 lymphopenia
nocardiosis and R. equi infection, Alternaria
skin infection
57 M Infection  Skin abscesses, recurrent pneumonia, eczema 1 2 mo 2,300 HIES
63 F Infection  Aspergillus skull base osteomyelitis 1 3yr NA NP
66 F Infection ~ Recurrent Candida esophagitis, onychomycosis, 1 Continuously 900 CMC, STATI
hypothyroidism negative

2 F, female; M, male.

U EBV, Epstein-Barr virus; RVVC, recurrent vulvovaginal candidiasis; ABPA, allergic bronchopulmonary aspergillosis.

¢ Number of stimuli that resulted in a deficient response.

9 Data from patients tested more than once are shown separated by a slash in the same column.
¢ NP, not performed; APECED, autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy; HIES, hyper-IgE syndrome; STAT, signal transducer and activator of

transcription; CMC, chronic mucocutaneous candidiasis.
/NIID, noninfectious inflammatory disorder.
£ NA, not available.

production of one of the lymphocyte-derived cytokines upon
stimulation with C. albicans and S. aureus: IFN-vy was defective in
67%, IL-17A was defective in 67%, and IL-22 was defective in 75%
of the patients (see Fig. S3).

Figure 3 shows the absolute cytokine concentrations of the
abnormal tests for controls versus patients, NIID versus ID pa-
tients, and the IFN-vy concentrations in patients with mycobacte-
rial, bacterial, and fungal infections.

IFN-vy production in patients with mycobacterial infections.
The PBMCs of healthy individuals mount an IFN-y response
when exposed to M. tuberculosis sonicate just by previous expo-
sure or Mycobacterium bovis BCG vaccination (17). Thus, inher-
ent to the reference standard chosen (i.e., <5% of that of healthy

August 2014 Volume 21 Number 8

controls), a low IFN-vy response in non-BCG-vaccinated ID pa-
tients to mycobacterial stimuli, as was found in 6 ID patients, may
not be interpreted as defective. Still, 6 other ID patients with my-
cobacterial infection had deficient IFN-y production to nonmy-
cobacterial stimuli.

Impact of cutoff values. Figure 4 illustrates the impact of our
stringent cutoff values (<<5%) on the diagnostic performance for
patients with fungal infections. As also shown in Table S3 in the
supplemental material, a higher cutoff value would have identified
more patients with low lymphocyte-derived cytokine production,
except for patients with viral infections and mycobacterial infec-
tions. The increase (44% to 63%) in patients with mycobacterial
infections was not significant, probably due to the small sample
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TABLE 4 Infected patients with defective IL-17 production upon PBMC stimulation

Diagnosis-test Lymphocyte Underlying

Age (yr) Sex” Clinical picture” Stimuli® interval count/mm’ defect?

20 F Chronic mucocutaneous candidiasis 1 Continuously NA°® NP

40 M Recurrent esophageal candidiasis 1 NA NA NP

28 M Dermatomycosis, oropharyngeal candidiasis, recurrent 1 2 mo (pneumonia) 1,620 STATI mutation

pneumonia, SLE, DMI, hypothyroidism

29 F Chronic mucocutaneous candidiasis 1 Continuously NA NP

36 F Chronic mucocutaneous candidiasis 1 Continuously 900 STATI mutation
63 F Aspergillus skull base osteomyelitis 1 3yr NA NP

“F, female; M, male.

b SLE, systemic lupus erythematosus; DMI, diabetes mellitus type 1.

¢ Number of stimuli that resulted in a deficient response.

4 NP, not performed; STAT, signal transducer and activator of transcription.
¢ NA, not available.

size. Across all three reference values, mycobacterial and fungal
infections were predominantly associated with positive test re-
sults. For NIID, with the 5% as reference category (25% [10/40]),
the use of 10% and 20% as cutoff values increased the proportion
of affected patients to 45% (18/40, P = 0.06) and 50% (20/40, P =
0.02), respectively.

DISCUSSION

Using functional investigations of ex vivo cytokine production, we
demonstrate defective cytokine production in one-third of adult
patients referred to a tertiary center for infectious diseases, immu-
nodeficiencies, and autoinflammation because of recurrent, se-
vere, or opportunistic infections or suspicion of an NIID.

It is currently unclear to what extent the defects found repre-
sent genetic or acquired disorders. Only in a few patients were
there family members with similar ailments, making the search for
a genetic defect difficult. However, with the advent of powerful
genetic techniques, like next-generation sequencing, finding ge-
netic defects guided by functional findings is more in reach. In
fact, such an approach was used to detect a STATI gene mutation
as the cause of autosomal dominant CMC (10).

In our study, deficient production of lymphocyte-derived cy-
tokines was frequently found, especially in patients with opportu-

TABLE 5 Patients with defective IL-22 production upon PBMC stimulation

nistic infections of viral, mycobacterial, or fungal etiology reveal-
ing significant abnormalities. Thus, these groups of adult patients
should be the targets of investigations on cytokine production
defects.

The defective IFN-y production observed in the samples from
many of the patients with mycobacterial infections (mainly non-
tuberculous mycobacteria [NTM]) reflects the key role of IFN-y
in macrophage activation for mycobacterial killing (7). It is
known that patients with mutations in the IL-12/IFN-vy signaling
pathway are vulnerable to disseminated infections with mildly
virulent mycobacteria. In contrast to our patients, the patients
with these defects are often identified ata young age (7, 8), arguing
for more subtle defects in our adult patients. Although it has been
reported that NTM infection itself may suppress IFN-y responses
(18), in our study, defective cytokine release was also found in
patients who had recovered from their NTM infection.

In 7 patients with invasive fungal infections, we found defec-
tive IFN-vy production. This underscores the important role of the
Th1 response, which in addition to the defense by phagocytic cells,
activates the host resistance to fungi (19).

The importance of Th17 responses in mucosal antifungal im-
munity (9, 10, 20-22) was confirmed by the identification of IL-
17A/1IL-22 defects in our patients with mucosal fungal infections.

Age Diagnosis-test Lymphocyte  Underlying

(yr)  Sex®  Group Clinical picture” Stimuli  interval count/mm®  defect?

50 F NIID* Sterile subareolar abscesses 1 Continuously 3,040 NP

26 M Infection  Pyogenic skin infections, acne conglobata 1 9 mo 2,050 NP

53 F Infection ~ RVVC, Mycobacterium kansasii pneumonia, viral skin infections 1 2yr 1,300 NP

66 M Infection  Recurrent Candida esophagitis 1 5 mo 1,840 NP

22 F Infection  Chronic mucocutaneous candidiasis 1 Continuously NAS NP

28 M Infection ~ Dermatomycosis, oropharyngeal candidiasis, recurrent 1 2 mo (pneumonia) 1,620 STATI
pneumonia, SLE, DMI, hypothyroidism mutation

30 F Infection  Recurrent oropharyngeal candidiasis 1 2 mo 1,940 NP

20 F Infection  Chronic mucocutaneous candidiasis 1 Continuously NA NP

87 F Infection  Aspergillus sinusitis 1 2 wk NA NP

63 F Infection  Aspergillus skull base osteomyelitis 1 NA 3yr NP

4 F, female; M, male.

Y RVVC, recurrent vulvovaginal candidiasis; SLE, systemic lupus erythematosus; DMI, diabetes mellitus type 1.

¢ Number of stimuli that resulted in a deficient response.

4 NP, not performed; STAT, signal transducer and activator of transcription.
¢ NIID, noninfectious inflammatory disorder.

FNA, not available.
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TABLE 6 Abnormal tests of patients with infectious diseases, stratified
according to microbial etiology, type of assay, and cytokine

No. of WB

stimulation assays No. of PBMC stimulation assays

(n = 25) with (n = 92) total or with low

IEN-vy* production of”:

Low
Infection type Total® production Total’ TFN-y IL-17 IL-22
Viral 0 0 16 3 0 0
Bacterial 12 2 24 3 0 1
Mycobacterial 3 1 13 5 0 1
Fungal, 2 0 31 8 5 5
mucocutaneous

Fungal, invasive 8 6 8 2 1 2

4" WB, whole blood.

¥ PBMC, peripheral blood mononuclear cells.

¢ Total number of WB stimulation assays performed in patients with infectious diseases.
4 Total number of PBMC stimulation assays performed in patients with infectious
diseases.

In our series, a number of patients were included who turned out
to suffer from HIES. These patients did not present with the typ-
ical features and/or an informative family history. Based on the
functional analysis that yielded defective IFN-vy responses to C.
albicans and S. aureus, genetic analysis was performed. The case of
the new STATI variant also illustrates how functional analysis
may guide subsequent genetic search.

Remarkably, two patients with an intracranial Aspergillus in-
fection had impaired IL-22 production, isolated or in combina-
tion with IFN-y and IL-17A deficits. Reportedly, patients with
HIES and a defective Th17 response are at risk for invasive fungal
infections (19, 23). An impaired mucosal host defense, as demon-
strated by defective IL-22 or IL-17A production, may have led to
increased fungal colonization of the nasal cavity and paranasal
sinuses, impaired epithelial integrity, and invasion of the deeper
tissues (24, 25).

Besides the possibility of exploring underlying immunodefi-
ciencies, it is tempting to speculate that a defective [FN-y func-
tional test may guide the use of adjunctive immunomodulatory
therapy, such as recombinant IFN-v therapy (26). Therapy with
IFN-vy has been used successfully for the prevention and treatment
of fungal infections (especially aspergillosis) in patients with
chronic granulomatous disease (27).

Cytokine Production Assays in Immunodeficiencies
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FIG 4 Ratio of IFN-v, IL-17A, and IL-22 production between patients and
healthy volunteers for tests of patients with fungal infections. L, test results
considered deficient, i.e., production rate of <5% of that of the controls (ratio,
<0.05). N, results considered normal (ratio, >0.05). The horizontal dashed
line indicates the reference standard used (ratio, 0.05).

An unexpected finding of the present study was the defective
IFN-vy production found in 10 patients with NIID. Of these pa-
tients, 4 had hidradenitis suppurativa or sterile subareolar ab-
scesses, in which follicular occlusion was thought to be the initial
event in the pathogenesis of the disease. It is widely acknowledged
that Th17 cells play a prominent role in autoimmune and autoin-
flammatory disorders (28). Recently, it has been shown that the
IL-23/Th17 pathway is overexpressed in hidradenitis suppurativa
(29), and this provides a rationale for the use of biologicals inter-
fering with the Th17 pathway, like ustekinumab (anti-IL-12/IL-
23) and anakinra (IL-1Ra) (see http://clinicaltrials.gov/ct2/show/
NCTO01704534%term=hidradenitis+suppurativa&rank=11 and
http://clinicaltrials.gov/ct2/show/NCT015583752term=hidraden
itis+suppurativa&rank=12). Given the known suppressive effect
of IFN-vy on the expansion of Th17 cells (28), the absence of [IFN-vy
production in affected skin (30) and circulating lymphocytes as
found here suggests a role of defective Th1 responses for the over-
production of IL-17A.

With regard to the production of monocyte-derived cytokines,
we rarely found defects. Disorders characterized by the defective
production of monocyte-derived cytokines, such as MyD88 and
IRAK-4 deficiency, predispose individuals to recurrent pyogenic
bacterial infections during childhood (31). The occurrence of these
infections at a young age, the severity of these infections, and the
decrease in susceptibility with increasing age likely explain the ab-
sence of these functional phenotypes in our cohort of adult patients.

Obviously, our observational explorative study has also some
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FIG 3 Absolute cytokine concentrations for the abnormal tests (i.e., production of <5% of controls) of patients (P) versus controls (C) (A), noninfectious
inflammatory diseases (N) versus inflammatory disorders (I) (B), and mycobacterial versus bacterial and fungal infections (C). The lines show comparisons
between two groups (Mann-Whitney U test or Dunn’s posttest). The capped line shows the overall result of the Kruskal-Wallis test comparing the three groups.

n.s., nonsignificant; n.a., not applicable.
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limitations that should be acknowledged. First, our studies are
retrospective and were performed over many years; hence, the
methodology evolved over time. In addition, as is well-known
from previous surveys, ex vivo cytokine production has large in-
terindividual variation (32), hampering the establishment of ref-
erence values. We compared cytokine production in infected
patients with that of healthy volunteers tested in the same exper-
iment in order to control for procedural variability in the investi-
gations. One limitation of the study is that in most cases, no age-
and sex-matched controls were available, and blood samples from
anonymous healthyblood donors were used. We applied stringent
cutoff values (i.e., <5% of the cytokine production in healthy
controls) in order to minimize false-positive results. Hence, we
may have missed some mild defects in cytokine production (33).
We used fixed concentrations of stimulus, but we are aware that
exposure to stimuli in a range of doses might provide extra infor-
mation. Again, we may have missed some mild defects, as we used
relatively high concentrations of ligand. Especially, in autoinflam-
matory disorders, which are characterized by an exaggerated im-
mune response to relatively mild stimuli, the use of a dose-re-
sponse curve provides a way to evaluate overproduction. Third,
two methods for determining cytokine production were used: a
WB stimulation assay and a PBMC stimulation assay. Although
the PBMC stimulation assay is more time-consuming, it allows for
an assessment of IL-17A and IL-22 production, in addition to that
of IFN-v. Despite differences in the cell types and noncellular
components between the two methods, we think the results are
generalizable, because the correlation between these methods is
good (32). Nevertheless, it is crucial to standardize this method-
ology in the future in order to make these tests available for larger
numbers of patients.

Incorporating measurements of additional cytokines may im-
prove the identification of more immunodeficiencies. For exam-
ple, assessments of IFN-a, IFN-f3, and/or IFN-\ may be of added
value for evaluating antiviral responses (34). Circulating leukocytes
do not necessarily reflect the entire immune status at the tissue level
(35), and the stimulation of nonhematopoietic cells may reveal an
immunodeficiency, while PBMCs are normally responsive (34).

In conclusion, a retrospective analysis of ex vivo cytokine re-
lease assays in >150 patients with recurrent and/or severe infec-
tions or NIID revealed functional defects in Thl and Th17 re-
sponses to be relatively common in patients with mycobacterial,
fungal, and viral infections, as well as in patients with NIID. These
assays are well suited for detecting defects in immune pathways
relating to different infectious phenotypes. These functional find-
ings may guide genetic studies using advanced powerful tech-
niques, thereby establishing a molecular diagnosis. In addition,
the findings may guide adjunctive immunomodulatory therapy.
Future studies using standardized methodologies to assess cyto-
kine production are warranted to better understand the immuno-
logic defects in patients with infections and NIID.
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