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Abstract

BACKGROUND: Autoantibodies against interleukin-12 (anti-interleukin-12) are often identified
in patients with thymoma, but opportunistic infections develop in only some of these patients.
Interleukin-12 (with subunits p40 and p35) shares a common subunit with interleukin-23 (subunits
p40 and p19). In a patient with disseminated Burkholderia gladioli infection, the identification of
both anti—interleukin-23 and anti—interleukin-12 prompted further investigation.

METHODS: Among the patients (most of whom had thymoma) who were known to have anti—
interleukin-12, we screened for autoantibodies against interleukin-23 (anti-interleukin-23). To
validate the potential role of anti—interleukin-23 with respect to opportunistic infection, we tested
a second cohort of patients with thymoma as well as patients without either thymoma or known
anti—interleukin-12 who had unusual infections.

RESULTS: Among 30 patients with anti—interleukin-12 who had severe mycobacterial, bacterial,
or fungal infections, 15 (50%) also had autoantibodies that neutralized interleukin-23. The potency
of such neutralization was correlated with the severity of these infections. The neutralizing

activity of anti—interleukin-12 alone was not associated with infection. In the validation cohort

of 91 patients with thymoma, the presence of anti—interleukin-23 was associated with infection
status in 74 patients (81%). Overall, neutralizing anti—interleukin-23 was detected in 30 of 116
patients (26%) with thymoma and in 30 of 36 patients (83%) with disseminated, cerebral, or
pulmonary infections. Anti—interleukin-23 was present in 6 of 32 patients (19%) with severe
intracellular infections and in 2 of 16 patients (12%) with unusual intracranial infections,
including Cladophialophora bantiana and Mycobacterium avium complex.

CONCLUSIONS: Among patients with a variety of mycobacterial, bacterial, or fungal
infections, the presence of neutralizing anti—interleukin-23 was associated with severe, persistent
opportunistic infections. (Funded by the National Institute of Allergy and Infectious Diseases and
others.)

ANTICYTOKINE AUTOANTIBODIES ARE increasingly recognized as causes of
susceptibility to severe infections. These autoantibodies include anti—interferon-y in
mycobacterial disease, anti—interleukin-6 in staphylococcal disease, anti—interleukin-17
in chronic mucocutaneous candidiasis, anti-granulocyte—macrophage colony-stimulating
factor (GM-CSF) in cryptococcosis or nocardiosis, and anti—type | interferons in severe
coronavirus disease 2019 (Covid-19), varicella-zoster virus, and disease associated with
yellow fever vaccine.1# Autoantibodies against interleukin-23 (anti—interleukin-23) have
been described as cross-reactive phenomena in patients with thymoma who have
autoantibodies against interleukin-12 (anti-interleukin-12).5

Interleukin-23 consists of two protein subunits, p40 and p19, whereas interleukin-12
consists of the p40 subunit bound to a different protein, p35. Both interleukin-23 and
interleukin-12 engage the common interleukin-12R31 receptor.®:” Despite the similarity
of interleukin-23 to interleukin-12 in both structure and the ability of innate lymphoid
and memory T cells to increase interferon-y production, the ability of interleukin-23 to
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induce the production of interleukin-17 distinguishes it from interleukin-12 in both the
development and the maintenance of chronic inflammation.8-10 Interleukin-23, but not
interleukin-12, is a dominant cytokine in controlling inflammation in tissues such as

the skin, lung, gastrointestinal tract, joints, and brain and is preferentially secreted by
dendritic cells and resident macrophages in response to glucans and lipid components

of the cell walls of mycobacteria and fungi.11-13 Cases of mycobacterial infection have
been reported in patients with inflammatory bowel disease or psoriasis who were receiving
monoclonal therapy that blocked interleukin-23 and interleukin-12 through subunit p40.14-
17 However, only one study has linked spontaneous anti—interleukin-12 with severe
intracellular infection.18 This finding is surprising, given the common occurrence of anti—
interleukin-12 in patients with thymoma.18-21 This dichotomy between the frequency of
anti—interleukin-12 in patients with thymoma and the rarity of opportunistic infections
associated with their presence prompted our search for neutralizing anti—interleukin-23.

STUDY OVERSIGHT

From 2007 through 2021, all the study patients were enrolled under protocols of the
institutional review boards at the study sites and underwent blood collection at the National
Institutes of Health (NIH) or had samples sent from collaborating sites. Healthy controls
underwent blood collection through the NIH Blood Bank. Written informed consent was
provided by all the participants or their guardians.

STUDY DESIGN

We evaluated multiple groups of patients for anti—interleukin-23 in the discovery, validation,
and expansion cohorts of the study (Fig. 1). In the discovery cohort, we tested 30

patients with known anti—interleukin-12 and 30 healthy controls for anti—interleukin-23.
We compared the frequency and neutralizing potency of anti—interleukin-23 in 17 patients
with anti—interleukin-12 who had opportunistic infections with that in 13 such patients
without opportunistic infections. In these analyses, the effective 50% concentration (ECsq)
was the level at which half the maximal phosphorylation of signal transducer and activator
of transcription (STAT) was observed by serial dilutions of the cytokines over the range
0.01 to 100 ng per milliliter. We compared the ECsg in patient plasma divided by the ECgg
in healthy control plasma to determine the ECg ratio (ECsgR). Opportunistic infection
was defined as invasive bacterial, fungal, or mycobacterial infection, with the exclusion

of chronic mucocutaneous candidiasis and viral infections, particularly those caused by
Herpesviridae infections.

In the validation cohort, we collected banked plasma or serum samples from 91 patients
with thymoma who were being followed at Indiana University and the National Cancer
Institute. The samples were collected in a blinded manner with respect to clinical data.

We determined the anticytokine autoantibody status alone in blinded comparisons and then
performed unblinded comparisons to calculate the prognostic accuracy of the presence of
neutralizing anti—interleukin-23.
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In the expansion cohort, we systematically performed screening for anti—interleukin-23

in patients with infections that were similar to those seen in patients with thymoma,

such as disseminated intramacrophagic infections and cerebral or sinopulmonary fungal
infections. We also screened patients with unrelated infections, such as Covid-19 and
chronic mucocutaneous candidiasis, to establish the specificity of the presence of anti-
interleukin-23. The detection and functional characterization of anticytokine autoantibodies
are detailed in the Supplementary Appendix, available with the full text of this article at
NEJM.org.22:23

STATISTICAL ANALYSIS

RESULTS

We compared differences in the binding intensities and neutralizing titers of anti—
interleukin-12 and anti—interleukin-23 between infected and non-infected patients using
the Mann-Whitney test. To trigger the innate immune system, the presence of both
interleukin-23 and interleukin-18 is necessary for the marked up-regulation of interferon-y
production, which is necessary for host defense. We used the paired t-test to evaluate
differences in interferon-y generation at rest as compared with measurements obtained at
least 24 hours after stimulation with interleukin-23 and interleukin-18 in mucosal-associated
invariant T (MAIT) cells. We used analysis of variance for continuous variables with
Tukey’s multiple comparisons test to measure differences in interferon-y induction after
stimulation with interleukin-23 and after stimulation with interleukin-18; this difference
was then compared between patients with opportunistic infections and those without

such infections. We also used analysis of variance to measure differences in interferon-y
expression or colony-forming units under the following conditions: first, at rest; second,
after Mycobacterium avium infection; third, after M. avium infection with neutralization of
interleukin-12; fourth, after M. avium infection with neutralization of both interleukin-12
and interleukin-23; and fifth, after M. avium infection with neutralization of both
interleukin-12 and interleukin-23 but compensated by interferon-y supplementation.

A two-sided P value of 0.05 was considered to indicate statistical significance. All statistical
analyses were performed with the use of PRISM software, version 9.0.0 (GraphPad).

DISCOVERY COHORT

We first reported the presence of anti—interleukin-12 (subunits p40 and p35) in a
Cambodian woman with caseating lymphadenitis and persistent bacteremia caused by
Burkholderia gladioli*® We subsequently found that her autoantibodies also bound
heterodimeric interleukin-23 (subunits p40 and p19) and inhibited interleukin-23—induced
STAT3 phosphorylation and interferon-y generation (Fig. 2). This finding led to screening
for anti—interleukin-23 in other patients who were found to have anti-interleukin-12.

Of the 30 patients with anti—interleukin-12, 25 (83%) had thymoma, and 20 (67%) had
persistent or recurrent invasive infections with fungal, mycobacterial, or bacterial pathogens
(Table S1 in the Supplementary Appendix). As previously observed,>19.20 the binding titers
of anti—interleukin-12 were similar among the patients with infections (Group 1) and those
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without infections (Group 2). In addition, the inhibitory potency of anti-interleukin-12
on STAT4 phosphorylation was also similar in the two groups, which indicated that
the presence of anti—interleukin-12 per se was neither necessary nor sufficient for the
development of severe infection (Figs. S1 and S2).

Anti—interleukin-23 binding was identified in 23 patients (77%), but not all the
autoantibodies were neutralizing. Patients with invasive infections had slightly more
intense binding of interleukin-23 (subunits p40 and p19) and p40 IgG than those without
invasive infections (Fig. 3A and Fig. S3). The neutralizing activity against interleukin-23-
induced STAT3 phosphorylation had the highest correlation with the occurrence of
invasive opportunistic infections (P<0.001) (Fig. 3B). Among the 15 patients (50%) with
neutralizing activity against interleukin-23—induced STAT3 phosphorylation, the degree
of inhibition correlated with the severity of the infection (Table 1). Patients in Group

1 who had disseminated mycobacterial, fungal, or bacterial disease (Group 1A) had the
most potent anti—interleukin-23 activity, with an EC5gR of more than 50. Patients in
Group 1 who had severe but localized mycobacterial, fungal, or bacterial sinopulmonary
disease (Group 1B) had intermediately potent anti—interleukin-23, with an ECggR of 50
or less (Table 1 and Fig. S4). Patients in Group 2 had no invasive infections except for
chronic mucocutaneous candidiasis or viral infections and did not have neutralizing anti—
interleukin-23 (average EC5gR, <4). Autoantibodies against interferon-a, interleukin-17,
interleukin-22, and interleukin-28 were common among patients with thymoma, regardless
of infection status, but no patient in this cohort had autoantibodies against GM-CSF or
interferon-y (Fig. S5).

Anti—interleukin-23 effectively inhibited the synergistic induction of interferon-y by
interleukin-23 plus interleukin-18 in MAIT cells, whereas the presence of binding but
nonneutralizing anti—interleukin-23 in patients without infections did not have this effect
(Fig. 3C and 3D). The degree of inhibition of interferon-y production that was mediated
by anti-interleukin-23 also tracked with infection severity (Figs. S6 and S7). Patients in
Group 1A with persistent disseminated infections had completely blocked interferon-y
responses to interleukin-23 and interleukin-18, with no differences over the unstimulated
state. Patients in Group 1B with localized infections had significantly lower responses
than healthy controls, whereas patients in Group 2 with no infections except for chronic
mucocutaneous candidiasis or viral infections had responses similar to those in healthy
controls (Fig. S7). The inhibitory potency of anti-interleukin-23 on MAIT activation, as
evidenced by CD69 up-regulation, tracked with the degree of interferon-» abrogation
(Fig. S8). The neutralizing activities of patient plasma on interleukin-23—induced STAT3
phosphorylation and interferon-y in MAIT cells were lost after IgG depletion and after
anti—interleukin-23-specific 1gG depletion (Figs. S9, S10, and S11).

VALIDATION COHORT

To confirm the relevance of anti—interleukin-23 to infection susceptibility, we sought
a cohort of patients with thymoma, in whom the likelihood of the presence of
autoantibodies against both interleukin-12 and interleukin-23 was high. Of 91 patients
with thymoma, 24 (26%) had interleukin-23 binding activity, and 17 (19%) had

N Engl J Med. Author manuscript; available in PMC 2025 September 02.
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inhibition of interleukin-23—induced STAT3 phosphorylation (Table S2). Ten patients

with neutralizing anti—interleukin-23 activity had opportunistic infections, including
disseminated histoplasmosis (in 1 patient), cerebral toxoplasmosis (in 1 patient), pulmonary
nontuberculous mycobacteria (in 1 patient), sinopulmonary aspergillosis (in 2 patients),

and recurrent bacterial pneumonias leading to hospitalization (in 9 patients) (Table

S3). The 4 patients who had nonneutralizing anti—interleukin-23 1gG but autoantibodies
against downstream effectors of interleukin-23 (namely, interleukin-17A, interleukin-22,
and interleukin-28) had sinusitis (in 1 patient), cutaneous blastomycosis (in 1 patient), and
pneumonias (in 3 patients). In contrast, 64 patients without neutralizing anti—interleukin-23
activity did not have infections. The serum immunoglobulin levels and B and T lymphocyte
counts at baseline were similar in those with infections and in those without infections in the
discovery and validation cohorts, regardless of whether the patients had Good’s syndrome
(thymoma with immunodeficiency) (Fig. S12).

EXPANSION COHORT

To determine whether anti—interleukin-23 may be contributing to unusual infection
presentations outside of thymoma, we obtained plasma or serum samples from 128 patients
with other severe infections, primarily with intracellular organisms. Anti-interleukin-23
binding was also found in 6 of 32 patients (19%) with severe intracellular infections, in

2 of 16 patients (12%) with unusual intracranial infections, and in 3 of 30 patients (10%)
with invasive mold infections; such binding was found in 7 of 753 patients (1%) with
Covid-19, in 1 of 65 patients (2%) with chronic mucocutaneous candidiasis with APECED
(autoimmune polyendocrinopathy candidiasis ectodermal dystrophy), and in none of 25
patients with chronic mucocutaneous candidiasis without APECED (Fig. 4A).

We found neutralizing anti—interleukin-23 in the absence of anti—interleukin-12 in 2 of 16
patients with unusual intracranial infections. The first patient was a 31-year-old previously
healthy Filipino woman who had meningoencephalitis and obstructive hydrocephalus

with intraventricular hemorrhage caused by Cladophialophora bantiana (Fig. 4B). Her
plasma was positive for anti—interleukin-23 IgM, 1gG, and IgE (Fig. S13) but negative

for autoantibodies against interleukin-12, p40, interferon-y, GM-CSF, interleukin-17A,
interleukin-22, and interferon-a, -B, and -y. Potent interleukin-23-neutralizing activity was
also shown (Fig. 4C and 4D).

The second patient was a 58-year-old man with human immunodeficiency virus (HIV)
infection who had Mycobacterium avium complex brain disease while his CD4 lymphocyte
count was more than 100 cells per microliter; blood mycobacterial cultures were negative,
and he had no other systemic involvement (Fig. 4E). His plasma contained binding anti—
interleukin-23 that inhibited interleukin-23 but not interleukin-12 activity (Fig. 4F and Fig.
S14). Of the other 68 patients with HIV infection who were tested, no patients with typical
opportunistic infections tested positive for binding anti—interleukin-23, which suggests that
the presence of this autoantibody is not a common epiphenomenon of HIV infection (Fig.
4D).
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LONGITUDINAL NEUTRALIZING TITERS OF ANTI-INTERLEUKIN-23 AFTER RITUXIMAB

Rituximab therapy depleted B cells and diminished neutralizing activity against
interleukin-23 in our index patient, which led to initial remission. However, after
discontinuation of rituximab, B-cell recovery was associated with a rebound in neutralizing
activity against interleukin-23 and clinical relapse of infection (Fig. S19). At the time of this
report, the patient was receiving 6 monthly doses of rituximab and had not had a relapse
because the B cells remained depleted and the neutralizing activity of anti—interleukin-23
remained low.

DISCUSSION

The presence of autoantibodies against cytokines has emerged as a distinct cause of
acquired immunomodulation and immunodeficiency.24:25 Although the effect of exogenous
supplementation or autoantibody depletion remains to be proved, the identification of
uncommon but pathogenic autoantibodies against cytokines, such as anti—interleukin-23,
represents the first step toward the development of actionable strategies for improving
patient outcomes.

We and others have found that the presence of anti—interleukin-12 is relatively common
among patients with thymoma, but the clinical effect, if any, of such autoantibodies

has been unclear.>20 It now appears that these patients had both anti—interleukin-12

and anti—interleukin-23 and that the latter, less-common autoantibodies were seemingly
more biologically important. Even within anti—interleukin-23, marked distinctions remain
between binding and neutralizing capacities. Among patients with thymoma, the presence
of neutralizing anti—interleukin-23 was a discriminating factor between patients who

had invasive infections and those who did not. Beyond thymoma, neutralizing anti—
interleukin-23 was found in the absence of anti—interleukin-12 in searches for a cause of
disseminated or unusual infections. Since the populations that were studied were recruited
on the basis of underlying conditions or infections, there are intrinsic biases that may
limit the generalizability of these findings. Nevertheless, these and other data suggest that
interleukin-23 is a protective factor against intracellular and extracellular pathogens.

Patients with anti—interleukin-23 have clinical presentations that differ substantially from
those of patients with autoantibodies against interferon-y, a finding that reconfirms

the relatively distinct roles of interleukin-23 in the homeostatic maintenance of various
mucocutaneous and blood—brain barriers as well as in the regulation of interleukin-17,
interleukin-22, interleukin-28, GM-CSF, and interferon-.26-29 In our cohort of patients
with anti—interleukin-23, infections caused by candida, pneumocystis, pseudomonas, and
klebsiella species were common, a finding that was largely consistent with the spectrum of
infections seen in patients with IL12R1 deficiency (Table S4).° Candida and pneumocystis
species are typically not found in patients with interferon-y deficiency. When such
patients are found to have fungal infections, they are usually caused by facultative
intracellular species (i.e., those that thrive inside host macrophages) such as coccidioides
and histoplasma, along with 7alaromyces marneffei30-31 In an animal model of systemic
candidiasis, myeloid survival after infection depended on the presence of interleukin-23.32
Moreover, S-glucan and glycosphingolipids obtained from fungal-cell walls triggered the
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preferential secretion of interleukin-23 over interleukin-12 by alveolar macrophages and
dendritic cells.33-35 We previously found that the gene encoding interleukin-23 (/L23A) is
within the top 30 up-regulated genes in human airway epithelial cells during challenge with
nontuberculous mycobacteria.3® Interleukin-23 and interleukin-22 also mediate mucosal
defense against klebsiella pneumonia, which may help to explain the development of
pulmonary nontuberculous mycobacteria and klebsiella infections in our cohort.37:38 This
broader spectrum of infections suggests that patients with neutralizing anti—interleukin-23
have an adult-onset immunodeficiency akin to HIV infection, with its deficiencies in
immunity mediated by T helper 1 and 17 cells.39:40

The presence of neutralizing anti—interleukin-23 was uncommon in patients with APECED
and in those with isolated chronic mucocutaneous candidiasis, which suggests that defects
in interleukin-23 were neither necessary nor sufficient for the development of these
infections. In patients with APECED, enhanced mucosal interferon- y—mediated STAT1
signaling has been shown to underlie epithelial-barrier disruption, thereby promoting
chronic mucocutaneous candidiasis even in patients with a T helper 17 mucosal response.*!
Antibody-mediated neutralization of interleukin-17A, interleukin-17F, and interleukin-22
further increased the mucosal fungal burden but did not appear to initiate chronic
mucocutaneous candidiasis in the deficiency caused by mutations in the gene encoding
autoimmune regulator (A/RE).*! Since interleukin-23 also signals through STAT4 and
enhances interferon- y—mediated immunity, blockade of interleukin-23 is not synonymous
with the blockade of interleukin-17 or interleukin-22. Instead, interleukin-23 blockade
may also prevent the mucosal interferonopathy that drives excessive inflammation, similar
to the way in which monoclonal antibodies against interleukin-23 are used to reduce
inflammation in inflammatory colitis, psoriasis, and leukocyte adhesion deficiency.26:42
Further mechanistic experiments are warranted to define the exact roles of interleukin-23,
interleukin-17, interleukin-22, and interleukin-28 in mucosal immunity against fungal
disease.

Important phenotypic differences exist among patients with both anti—interleukin-12 and
anti—interleukin-23, those with anti—interleukin-12 alone, and those with anti—interleukin-23
alone. Patients with neutralizing anti—interleukin-23 are at increased risk for infection, and
the nature and severity of such infections are correlated with the degree of interleukin-23—
neutralizing activity, which is not always reflected in the binding activity alone. In our

study, we found that the presence of anti—interleukin-12 alone was poorly correlated with the
development of opportunistic infections and was not necessarily of the same IgG subclass

as anti—interleukin-23 (Fig. S15). This finding suggests that the major infection-predisposing
neutralization of p40 is directed predominantly against interleukin-23 rather than against
interleukin-12, as previously thought (Fig. S16).

Studies involving patients with mendelian susceptibility to mycobacterial disease
suggest the essential contribution of human interleukin-23 rather than interleukin-12 to
antimycobacterial immunity. Five unrelated kindreds with different types of deficiency
caused by the gene encoding interleukin-23 receptor (/L23R) had complete penetrance
of mycobacterial disease and incomplete penetrance of candidiasis (in 29%).8:4344 One
patient with an /L23R C115Y mutation that caused a reduction in cell-surface IL23R
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protein died from bacille Calmette—Guerin (BCG) disease after vaccination. In contrast,

of the three patients with interleukin-12—specific deficiency (IL12RA2 p.Q138* mutation)
that caused undetectable IL12R 2 on the cell surface, BCG disease developed in only

one patient; moreover, one patient had a history of childhood pulmonary tuberculosis

but not BCG disease despite vaccination, and one patient was asymptomatic.8 Since
exogenous interleukin-12 did not completely rescue the defective interferon-y production
of IL23R-deficient cells in that study, we used exogenous interferon- to restore control of
intracellular mycobacterial growth in our experimental anti-p40 model (Fig. S17).

Collectively, these data help to explain the long-standing disconnect between the relatively
common recognition of anti—interleukin-12 in patients with thymoma and the relative
paucity of severe infections in these patients. These findings also explain why certain
patients with thymoma have perplexingly persistent infections, such as Burkholderia
gladioli, that are attributed to Good’s syndrome or immunosuppression but are more
typically associated with deficiencies in interleukin-23, interferon-y, or both (Table S5).4°
Finally, the presence of neutralizing anti—interleukin-23 appears to be an independent

or additive risk factor for intracranial infections. The more encompassing role of these
autoantibodies beyond the effects of anti—interleukin-17 may help to explain the divergent
effects of interleukin-23 and interleukin-17 blockade in inflammatory colitis.#6:47 A
comprehensive approach to autoantibodies against cytokines is needed to understand their
role in both the source and the severity of infections.2

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Discovery, Validation, and Expansion Cohorts in the Study.
Three cohorts of patients were evaluated for the presence of autoantibodies against

interleukin-23 (anti—interleukin-23). In the discovery cohort, 30 patients with known
autoantibodies against interleukin-12 (anti—interleukin-12) and 30 healthy controls were
tested for the presence of anti-interleukin-23. In 17 patients with anti—interleukin-12 who
had opportunistic infections, the activity of anti-interleukin-23 was compared with that
in 13 such patients without infections. In the validation cohort, banked plasma or serum
samples were collected from 91 patients with thymoma, in whom anti—interleukin-12

is often identified. Status with respect to anticytokine autoantibodies was determined to
calculate the prognostic accuracy of the presence of neutralizing anti-interleukin-23. In
the expansion cohort, screening for anti—interleukin-23 was performed in 128 patients
with infections that were similar to those seen in patients with thymoma. Screening was
also performed in 971 patients who were healthy or had unrelated infections to establish
the specificity of anti-interleukin-23. CMC denotes chronic mucocutaneous candidiasis,
CNS central nervous system, Covid-19 coronavirus disease 2019, and MSMD mendelian
susceptibility to mycobacterial diseases.
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Figure 2. Activity of Interleukin-12, Interleukin-23, and p40 in the Index Patient and in Healthy
Controls.

Panel A shows the results of magnetic bead—based assays indicating human 1gG binding of
interleukin-12, interleukin-23, and p40 in the plasma of the index patient with disseminated
Burkholderia gladioli infection in whom both anti—interleukin-12 and anti—interleukin-23
had been identified. These findings were absent in plasma samples obtained from 30
healthy controls. The fluorescence intensity of anti—interleukin-12 and anti—interleukin-23,
along with p40 IgG (as measured by optical density [OD]), was increased in the index
patient’s 1gG-purified fraction after total 1gG had been captured and eluted from a protein
G column (GE Healthcare). Panel B shows dose-inhibition curves representing substantial
inhibition of phosphorylation of signal transducer and activator of transcription 3 (STAT3)
by anti-interleukin-23 1gG in the index patient’s plasma, which markedly inhibited STAT3
phosphorylation at 1 ng per milliliter of interleukin-23. The plasma IgG fraction contains
all the interleukin-23-neutralizing activity. In contrast to the replete plasma, which inhibited
100% of STAT3 at 1 ng per milliliter of interleukin-23 after removal of total 1gG by

means of a protein G column, the index patient’s plasma no longer inhibited interleukin-23
signaling and had a dose responsiveness to interleukin-23 similar to that in control plasma.
The | bars indicate the standard deviation. Panel C shows representative flow cytometry
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plots indicating the percentage of interferon- y—positive mucosal associated invariant T
(MAIT) cells at rest and after costimulation with interleukin-23 and interleukin-18 in the
presence of healthy control plasma (two plots at left) as compared with the index patient’s
plasma (two plots at right). The synergistic induction of interferon-y after costimulation
with interleukin-23 and interleukin-18 is completely inhibited by the index patient’s plasma
containing anti—interleukin-23 1gG (far right). Comp-B710-A denotes compensation matrix
for blue laser—excitable 710/40 nm bandpass filter acquisition.
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Figure 3. Effects of Binding and Neutralizing Anti—-Interleukin-23 Activity.
In Panel A, among patients who tested positive for anti—interleukin-12, shown is the

binding of anti-interleukin-23 (expressed as raw fluorescence intensity) in 17 patients with
opportunistic infections as compared with 13 patients without infections, a difference that
was not significant. In Panel B, anti—interleukin-23 neutralizing activity is expressed as

the effective concentration of interleukin-23 that was required to induce 50% (ECsg) of

the maximal STAT3 phosphorylation response. This response was significantly more potent
in the patients with opportunistic infections than in those without infections. In Panel C,
the inhibition of interferon-y production by anti—interleukin-23 is shown after stimulation
with interleukin-23 and interleukin-18. This inhibition correlates with the presence of
opportunistic infections (in Group 1) or the absence of infections (in Group 2), according
to the percentage of interferon- y—positive MAIT cells with Live+/CD3+/CD8a+/CD161+/
TCR Va7.2+ or MR1-5-OP-RU tetramer-binding MAIT cells. In Panels A, B, and C, the

| bars indicate the standard deviation. In Panel D, representative fluorescence-activated cell
sorter (FACS) plots show the inhibition of interleukin-23—induced interferon-y production
in MAIT cells, which correlates with the presence of opportunistic infections. These values
ranged from less than 1% of interferon- y—positive MAIT cells that were associated with
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the presence of anti—interleukin-23 1gG in plasma obtained from a patient with multiple
opportunistic infections (including recurrent pulmonary nontuberculous mycobacterial
disease, recurrent severe Klebsiella pneumoniae, Pseudomonas aeruginosa sinopulmonary
infections requiring hospitalization, and CMC to more than 20% MAIT cells in patients with
only CMC infections or no infections and in healthy controls.
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Figure 4. Detection of Anti—Interleukin-23 in Unusual Infection Presentations.
In Panel A, bead-based binding assays show the standardized fluorescence intensity of anti—

interleukin-23 binding I1gG in samples obtained from various patient cohorts along with
healthy controls. The study patients included a mixture of those with similar opportunistic
infections and those with nonsimilar infections. Highlighted are the findings in the index
patient and in two other study patients with unusually severe opportunistic infections of

the central nervous system (CNS). One of these patients had intracranial abscesses and
obstructive ventriculitis caused by Cladophialophora bantiana, and the other patient had
human immunodeficiency virus (HIV) infection with an abscess caused by Mycobacterium
avium complex (MAC). In Panel B, magnetic resonance imaging (MRI) shows a T2-
weighted sagittal view of the patient with C. bantiana infection. In Panel C, potent inhibition
of STAT3 phosphorylation is shown in response to interleukin-23 stimulation in the presence
of plasma from the study patient with severe C. bantiana CNS infection. In Panel D,
multiplex autoantibody binding assays show isolated human 1gG against interleukin-12

and interleukin-23 in the index patient and against interleukin-23 in the patients with
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C. bantiana and MAC infections, as compared with 30 healthy controls and with 68

HIV controls with opportunistic infections. In Panel E, MRI shows a T1-gadolinium—
enhanced axial view of the midbrain of the patient with MAC infection. In Panel F, potent
inhibition of STAT3 phosphorylation in response to recombinant interleukin-23 stimulation
is shown in the presence of plasma from the patient with MAC infection. APECED
denotes autoimmune polyendocrinopathy candidiasis ectodermal dystrophy, and GM-CSF
granulocyte—-macrophage colony-stimulating factor.
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