CD8" T cells implicated in the pathogenesis of allergic
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ABSTRACT

Fungi in paranasal sinuses are characteristic and considered a major pathogenic factor in a subset of chronic rhinosinusitis
(CRS) patients, known as allergic fungal rhinosinusitis (AFRS). CD8™" T cells are enriched in AFRS sinuses but their role in
fungal-specific responses is unknown. Alternaria alternata— and Aspergillus fumigatus—specific T lymphocyte responses
were investigated in 6 AFRS patients, 10 eosinophilic mucus CRS (EMCRS) patients, 10 CRS with nasal polyps (CRSwNPs)
patients, 6 allergic rhinitis with fungal allerqy (ARFA) patients, and five controls. Fungal-specific proliferation of human
peripheral blood mononuclear cells (PBMCs) was studied prospectively. Proliferating cells were examined for CD3, CD4, CDS,
and CD25 expression. Relevant clinical characteristics, fungal allergy, detection of fungi in sinuses, and CD4" and CD8™
composition of sinus T cells were also examined. CD4" T-cell division to fungi occurred in all samples, regardless of fungal
allerqy or CRS. Fungal-specific CD8™" T-cell division occurred in all ARFA and control samples and the majority of CRSwNP
patients; however, CD8" T cells failed to proliferate in AFRS and EMCRS patients. The CD8" T cells from AFRS patients
also did not up-regqulate the activation marker, CD25, with fungal antigen exposure. Presence of A. alternata— and A.
fumigatus—specific CD4" and CD8™" T-cell proliferation in healthy individuals, ARFA, and CRSwNP patients suggests that
both T-cell subsets may be important in immune responses to these fungi. In AFRS and EMCRS patients, only fungal-specific
CD4" T-cell proliferation occurred; hence, a lack of CD8" T-cell proliferation and activation in the presence of sinus
eosinophilic mucus in these patients, regardless of fungal allerqy, is a novel finding. This raises the question whether a
dysfunctional CD8" T-cell response predisposes to ineffective clearance and accumulation of fungi in the sinuses of susceptible

patients.

(Allergy Rhinol 5:e146-e156, 2014; doi: 10.2500/ar.2014.5.0103)

llergic fungal rhinosinusitis (AFRS) refers to a
subset of chronic rhinosinusitis with nasal polyp
(CRSWNP) patients who have characteristic clinical
features and with coexisting fungal allergy and fungi
within their sinus eosinophilic mucus." AFRS consti-
tutes ~4-10% of CRS patients and is a recalcitrant NP
disease that is difficult to treat and tends to recur.” An
IgE-mediated allergic response to fungi is generally
believed to cause AFRS; however, more recent studies
have questioned the pathogenic importance of fungal
allergy alone.>* Fungal hyphae, especially of Alter-
naria alternata and Aspergillus fumigatus within the si-
nuses, but without overt tissue invasion is a typical
finding in AFRS and also in some nonallergic CRS
patients with NPs who have sinus eosinophilic mucus,
known as eosinophilic mucus CRS (EMCRS). Cur-
rently, it is not understood why fungi accumulate in
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the sinuses of AFRS and EMCRS patients whereas
fungal antigen exposure is common without buildup in
healthy individuals, fungal allergic rhinitis patients,
and in other forms of CRS diseases with secondary
mucociliary dysfunction.” Although host immune sus-
ceptibility is suspected as a contributing factor in
AFRS, fungal-specific immune responses have not
been thoroughly investigated.

Both CD4" and CD8" T cells are important in im-
munity to fungi.® A. alternata and A. fumigatus antigens
can induce allergic and nonallergic responses. T-cell
responses to A. alternata and A. fumigatus antigens in
healthy individuals have been described, with both
CD4" and CD8" peripheral blood (PB) T-cell prolifer-
ation shown to several A. fumigatus antigens.” The
presence and magnitude of fungal-specific CD4" and
CD8" T cells can vary between individuals and is
believed to reflect the nature of the local inflammatory
response. CD4" T cells are considered the primary
effector cell in protective antifungal immunity but the
role of fungal-specific CD8" T cells is not fully under-
stood.®™"°

We hypothesized, based on their clinically distinct phe-
notype and presence of fungi in their sinuses, that AFRS
and EMCRS patients might have a distinctive fungal-
specific T-cell response compared with CRSwNPs, non-
CRS fungal allergic rhinitis patients, and healthy con-
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trols (HCs). Hence, the purpose of this study was to
prospectively investigate the magnitude and pheno-
type of A. alternata— and A. fumigatus—specific CD4 "
and CD8" T-cell proliferation in PB of AFRS compared
with EMCRS and CRSwNP patients. Carboxyfluores-
cein succinimidyl ester (CFSE) cytometry was used to
directly identify the phenotype of T cells that under-
went division in response to fungal stimulation.'’ PB
from HCs and allergic rhinitis with fungal allergy
(ARFA) patients, relevant clinical characteristics, fun-
gal allergy, presence of fungi in sinuses, and CD4" and
CD8" composition of sinus T cells were also examined.

METHODS

The Human Research Ethics Committee for the par-
ticipating hospitals (The Queen Elizabeth Hospital and
Memorial Hospital) approved this study. Voluntary
informed consent was obtained from all participants.
Patients and controls were recruited prospectively
from rhinology and general otolaryngology clinics at
the time of surgery.

Patients and Controls

Thirty-two patients and five HCs were recruited.
Clinical history, CRS symptom scores, clinical exami-
nation, nasal endoscopy, sinus computed tomography
(CT) scans, skin-prick tests, serology, relevant labora-
tory findings, sinus mucus histopathology, fungal cul-
ture, and sinus tissue histopathology were available for
stratification into the study groups as previously de-
scribed.’” Twenty-six CRSWNP patients undergoing
surgical treatment and six ARFA patients who had
fungal allergy and rhinitis but no sinus disease on
nasal endoscopy and sinus CT were recruited. HCs did
not have sinonasal symptoms (22-item Sino-Nasal Out-
come Test score of <1) and had normal nasal endos-
copy and a negative skin-prick test or serum IgE to
molds.

The CRSwNP patients were defined according to the
European Position Paper on Rhinosinusitis and on Na-
sal Polyps criteria'® and included a >12-week duration
of sinonasal symptoms and also endoscopic and sinus
CT evidence of sinus mucosal disease and nasal endos-
copy evidence of NPs. CRSwINP patients were further
subclassified into EMCRS and non-EMCRS patients.
EMCRS was defined as CRSWNP patients who had
thick, tenacious-colored mucus in the sinuses at sur-
gery, confirmed to be eosinophilic mucus by histology.
EMCRS patients with coexisting fungal allergy and a
positive sinus EM fungal culture or fungal elements
were defined as AFRS patients. CRSwWNP patients who
did not have sinus eosinophilic mucus are referred to
as CRSwNP patients.

All CRS patients undergoing sinus surgical treat-
ment had previously failed medical therapy and intra-
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operatively had active sinus disease. Medical therapy
consisted of intranasal saline, corticosteroid sprays, a
3-week course of a tapering dose of oral prednisolone
and in those with endoscopic evidence of purulence, 3
weeks of culture-directed antibiotics.

Exclusion criteria were known coexisting medical
problems causing CRS, such as Churg-Strauss syn-
drome, cystic fibrosis, and immune deficiency; allergic
bronchopulmonary aspergillosis; and/or current treat-
ment with systemic corticosteroids or other immuno-
suppressive therapy at the time of surgery. Patients
with a dental etiology for sinusitis, fungus ball, and
mucocele were also excluded. Participants had not
smoked, had no upper respiratory tract infection, or
used topical or systemic corticosteroids, antibiotics, an-
tihistamines, anticholinergics, or homeopathic prepa-
rations for a minimum of 4 weeks before collection of
tissue and blood samples.

Diagnostic Tests

All CRS and ARFA patients had a sinus CT scan. All
participants underwent a nasal endoscopy, had a full
blood differential cell count, and allergen-specific se-
rum IgE was tested using the ImmunoCAP system
(Uni-CAP-100; Pharmacia Diagnostics AB, Uppsala,
Sweden). Skin-prick testing was performed using an-
tigen extracts from Hollister-Stier Laboratories, LLC
(Spokane, WA) for the following allergens: mixes of
tree pollen, grass pollen, weed pollen, house-dust
group, and animal dander and protein. Specific testing
for individual molds were performed with skin-prick
tests as detailed in the footnote of Table 1.

During surgery, tissue samples and mucus were sent
fresh for bacterial culture and fixed in 10% buffered
formaldehyde for histopathology studies including
evaluation for eosinophilic mucus. Eosinophilic mucus
was diagnosed when clusters of eosinophils were ob-
served in an amorphous mucus background on hema-
toxylin and eosin-stained mucus specimens.’

Sinus and PB Samples

Polyps were sampled from the nasal cavity, middle
and superior meatus, and ethmoid sinuses from
CRSwWNP, AFRS, and EMCRS patients. Matched hepa-
rinized venous PB samples were obtained from every
patient during sinus surgery for comparative analysis.
Only PB samples were studied in ARFA and HCs.

Single cell preparation of fresh sinus tissue samples
for flow cytometry was performed as previously de-
scribed, and experiments were performed within a few
hours."* Briefly, whole pieces of tissue were washed to
remove macroscopic blood and were minced to
<2-mm pieces and passed through an 80-um nylon
mesh (BD Biosciences, San Jose, CA) to isolate single
cells without the use of digestive enzymes. Lympho-
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Table 1 Patient demographics and clinical characteristics

HC ARFA CRSwNP AFRS EMCRS
(n =5) (n =06) (n = 10) (n =6) (n = 10)
Age, yr (median (IQR) 34 (27-44) 53 (24-54) 47 (32-51) 54 (21-53) 49 (33-51)
Male/female 2/3 3/3 4/6 3/3 6/4
Fungus in EM* NA NA NA 100% 7/10 (70%)
Alternaria alternata 2 3
Aspergillus fumigatus 1 1
Both 2 1
Other fungi# 4 5
Fungal allergy§ 0% 100% 4/10 (40%) 100% 3/10 (30%)
A. alternata 1 0 0 1
A. fumigatus 0 1 0 0
Both 5 2 4 2
Other fungiq 4 4 5 3
Nonfungal allergyl|| 3/5 (60%) 100 5/10 (50%) 4/6 (67%) 7/10 (70%)
Nasal polyp histology** NA NA Eosinophilic Eosinophilic Eosinophilic
(100%) (100%) (100%)
Previous sinus surgery NA NA 2/10 (20%) 4/6 (67%) 5/10 (50%)
Aspirin sensitive 0 1/6 (17%) 1/10 (10%) 0 0
Asthma or significant lower 1/5 (20%) 2/6 (33%) 3/10 (30%) 4/6 (67%) 7/10 (70%)
respiratory tract symptoms##
Smoking§§ 0 1/6 (17%) 1/10 (10%) 0 0

*By histology or fungal culture.

#Bipolaris, Drechslera, Trichothecium, Candida, Penicillium, Scedosporium, Acremonium, Devriessi, Phialaphora,
and Cladosporium species.

§By positive fungal-specific serum IgE or skin-prick test.

JA. alternata, A. fumigatus, A. nidulans, A. niger, Bipolaris species, Candida albicans, Cladosporium mix (Cladospo-
rium normodendrum, Cladosporium herbarum, and Cladosporium cladosporoides), Epicoccum nigrum, Fusarium
vasinsectum, Helminthosporium species, Mucor racemosus, Penicillium mix Penicillium digitatum, Penicillium
expansum, and Penicillium notatum), Rhizopus nigricans, Pullularia pullulans, and Trichophyton mix (Trichophyton
mentogrophytes, Trichophyton rubrum, and Trichophyton tonsuranis).

|Mixes of tree pollen, grass pollen, house-dust mite and animal dander.

**Histopathology report from routine diagnostic test.

#tAsthma diagnosis inconclusive in 2/4 AFS and 1/7 EMCRS patients with significant lower respiratory tract symptoms.
§§History of cigarette smoking up to 4 weeks before surgery.

AFRS = allergic fungal rhinosinusitis; ARFA = allergic rhinitis with fungal allergy; CRSwNPs = chronic rhinosinusitis with
nasal polyps; EM = eosinophilic mucus; EMICRS = eosinophilic mucus chronic rhinosinusitis; HC = healthy controls; IQR =
interquartile range (25th—75th percentile); NA = not applicable.

cyte viability was determined by propidium iodide
staining and was >92% and viable cells were used for
flow cytometry.

PB mononuclear cells (PBMCs) for proliferation and
flow cytometry studies were prepared by standard
density gradient centrifugation (Lymphoprep; Frese-

value for fungal-specific proliferative responses in an
individual corresponds to the highest value obtained
for proliferation to either fungal preparation.

CFSE Staining. 5-(6)-Carboxyfluorescein diacetate
succinimidyl ester (M, 557; Molecular Probes, Eugene,

nius Kabi, Bad Homburg, Germany) of heparinized
venous PB samples.
Proliferation Assays

Fungal Antigens. Alternaria tenuis (alternata; Cat. No.
5009]F10) and A. fumigatus (Cat. No. 5021JF10), were
from Hollister-Stier Laboratories, LLC. The reported
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OR), was added to 10” mononuclear cells suspended in
1 mL of PBS to final concentration of 10 uM. The
suspension was mixed immediately and incubated at
37°C for 15 minutes. Cells were quenched in a fivefold
volume of ice-cold RF5 (RPMI-1640 supplemented
with 100 U/mL of penicillin, 0.1 mg/mL of streptomy-
cin, 0.3 mg/mL of glutamine, and 5% fetal calf serum)
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and incubated on ice for 5 minutes. Cells were washed
three times in a fivefold volume of RF5 to ensure
removal of extracellular 5-(6)-carboxyfluorescein diace-
tate succinimidyl ester.

Proliferation Assay. These were conducted as de-
scribed previously.* PBMCs were washed twice be-
fore suspension at 107 cells/mL in RF5. Two sets of
proliferation assays, for tritiated thymidine analysis
and for CFSE cytometry were conducted for each
individual. The 10° cells in a final volume of 200
wL/well were added in triplicate to flat-bottom, 96-
well tissue culture plates (Cell Star, Frickenhausen,
Germany) and stimulated with fungal antigens at a
final concentration of 7.5 ug/mL The same patient’s
unstimulated cells were kept in a 37°C 5% CO, in-
cubator for 36 hours. At 36 hours, tissue culture
wells were washed and unstimulated cells were
added to adherent antigen-primed cells.

Except for the variables tested, all fungal-specific
proliferation assays were conducted under similar
conditions. PBMCs from two individuals served as a
negative and a positive control for fungal-specific
proliferation along with test samples. Internal con-
trols included (a) a negative control where cells were
incubated with tissue culture medium alone and (b)
a positive control where cells were incubated with
phytohemagglutinin (PHA) at a final concentration
of 12.5 ug/mL. In some experiments IL-2 was added
to their respective wells at a final concentration of 25
U/mL. Percentages of CD4" and CD8" T cells, B
cells, NK cells, monocyte, and macrophage popula-
tions were determined in PBMCs before setting up
the proliferation assays.

Tritiated Thymidine Analysis. Cells were harvested
after 96 hours and the amount of thymidine incor-
porated by cells in response to stimulant was com-
pared with that from unstimulated control cells to
yield a stimulation index (SI).

CFSE Proliferation. CFSE-labeled mononuclear cells
were used to set up the fungal-specific proliferation
assay described previously. At the end of culture
period, cell fluorescence intensity was measured on
a FACScan (BD Biosciences) in the 540-nm fluores-
cence channel 1 parameter. Internal controls for
CFSE proliferation assays included (a) CFSE-labeled
cells incubated for the same duration without mito-
gen thereby allowing the position of the undivided
cells to be determined and (b) unlabeled cells that
were stimulated under the same culture conditions
thereby allowing the position of the autofluorescence
intensity to be determined. At the end of the culture
period, cells were colabeled with combinations of
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antibodies to CD3, CD4, CDS8, and CD25 molecules
to determine the phenotype of the dividing cells.

Flow Cytometry: Cell Staining, Acquisition, and
Analysis

For cell surface immunostaining, sinus tissue sin-
gle cell suspension, and PBMC were stained with
anti-human monoclonal antibodies against CDS3,
CD4, CD8, CD14, CD16/56, CD19, CD25, CD45, and
CD45RA (BD Biosciences). At least 15,000 gated
events were acquired for each sample of PBMC and
10,000 gated events for sinus tissue on a FACS Canto
II flow cytometer and analyzed using BD FACSDiva
software Version 6.1.3 (BD Biosciences). Depending
on the experiment, cell populations were selected
using side scatter properties and CD45 or CD3 ex-
pression.

For cytometric analysis of CFSE-labeled cells, gates
were placed on the blast transformation of lympho-
cytes represented by increased forward scatter and
orthogonal scatter of light.'' Populations of CFSE™,
CD4", CD8", and CD25" cells in this gate were exam-
ined. Routinely 50,000 gated events were acquired
from each sample. Cell viability was assessed by incu-
bating cells with propidium iodide (Invitrogen, Grand
Island, NY) for 15 minutes on ice. Nonspecific antibody
binding was blocked using human pooled IgG (In-
tragam P; CSL, Parkville, Australia), and isotype-
matched antibody controls (BD Biosciences) were used
to define positive and negative staining.

Statistical Analysis

Statistical analysis for independent groups of data
was performed with the Mann-Whitney U test for
comparison between two groups and the Kruskal-Wal-
lis test with Dunn’s post hoc test for comparison be-
tween multiple groups using GraphPad Prism soft-
ware, Version 4.0a for Macintosh (GraphPad, San
Diego, CA). For paired groups of data, the Wilcoxon
signed-rank test was used to compare between two
groups. Data are presented as a median and the 25"
75th percentiles, the limits of the interquartile range
(IQR). A value of p < 0.05 was considered significant.

RESULTS

The clinical characteristics of the study groups are
shown in Table 1. The age and gender distribution
between the study groups were not significantly dif-
ferent. Histopathology reports confirmed eosinophilic
mucosal inflammation in all NP samples. A signifi-
cantly greater proportion of AFRS and EMCRS patients
had previous sinus surgeries and asthma compared
with other study groups.
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Table 2 Percentage of CD4* and CD8" T cells in PB and NPs

PB Sinus Mucosa

CD3"CD4% (%) CD3"CD8* (%) CD3"CD4% (%) CD3"CD8* (%)
HCs (n =5) 70.5 (63.7-79.1) 26 (18.4-29.4) N/A N/A
ARFA (n =6) 62.5 (53-66.2) 30.1 (27.2-36) N/A N/A
CRSwWNP (n =10) 65.3 (63.2-73.7) 25 (18.9-30.5) 38.4 (28.4-46.1) 59 (41.5-64.7)
AFRS (n =6) 70.4 (67.8-76.3) 27.5 (20.1-32.9) 25.2 (21.3-26.6) 71 (62.4-75)
EMCRS (n =10) 63.8 (59.5-74.0) 30 (24.3-31.4) 25.8 (19.7-29.5) 67.3 (62.4-73.1)
p Value 0.14 0.39 0.02 0.001

The CD4" and CD8" T-cell populations are a percentage of total CD3" cells. The percentages are shown as the median value
and IQR in parenthesis. The p values are derived from Kruskal-Wallis tests between the study groups, with post hoc Dunn

test.

AFRS = allergic fungal rhinosinusitis ARFA = allergic rhinitis with fungal allerqy; CRSwNPs = chronic rhinosinusitis with
nasal polyps; EMCRS = eosinophilic mucus chronic rhinosinusitis; HCs = healthy controls; IQR = interquartile range; NP =

nasal polyp; PN = peripheral blood.

CD4" and CD8" T-Cell Populations in PB and
Sinus Mucosa

The percentage of PB and sinus CD4" and CD8" T
cells in the patient groups are summarized in Table 2.
There was no significant difference in percentage of
PB CD4" and CD8" T cells between the study
groups. In sinus mucosa, AFRS and EMCRS patients
had a significantly higher proportion of CD8" T cells
(r = 0.001) and lower CD4" T cells compared with
CRSwNP patients (p = 0.02, Kruskal-Wallis test).
There was no significant difference in the percent-
ages of sinus CD4" and CD8" T cells between AFRS
and EMCRS patients.

Fungal-Specific PBMC Proliferation

The highest proliferative response to either A. al-
ternata or A. fumigatus is plotted as an SI in Fig. 1 A.
Compared with HCs, fungal-specific PBMC prolifer-
ation was greater in ARFA, CRSwNP, AFRS, and
EMCRS (p = 0.007, Kruskal-Wallis test with post hoc
Dunn test), with no significant difference between
these groups. Interestingly, PBMC proliferation to
PHA was much higher in AFRS and EMCRS com-
pared with CRSwNPs, ARFA, and HCs (p = 0.03,
Kruskal-Wallis test with post hoc Dunn test; Fig. 1 B).

A significant difference was noted in the fungal-
specific proliferation SI between fungal-allergic and
non—fungal-allergic groups (p 0.0008, Kruskal-
Wallis test, post hoc Dunn test; Fig. 1 C). In
CRSwWNPs, an increased response occurred in fungal-
allergic individuals (p = 0.001). In contrast, there
was no significant difference in the SI between fun-
gal-allergic and nonallergic EMCRS patients (p >
0.05). Overall, the extent of fungal-specific response
was similar among fungal-allergic CRSwNPs, ARFA,
AFRS, and fungal-allergic and nonallergic EMCRS
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Figure 1. Peripheral blood mononuclear cell (PBMC) proliferation
to fungal antigens (A) Alternaria alternata and Aspergillus fu-
migatus and (B) phytohemagglutinin (PHA) determined by thy-
midine incorporation expressed as a stimulation index (SI) in
healthy controls (HCs; n = 5), allergic rhinitis with fungal
allergy (ARFA; n = 6), chronic rhinosinusitis with nasal polyps
(CRSwNPs; n = 10), allergic fungal rhinosinusitis (AFRS; n =
6), and eosinophilic mucus chronic rhinosinusitis (EMCRS; n =
10) patients. (C) The fungal antigen—specific SI results based on
the presence (allergy [Al) or absence (no allergy [NA]) of fungal
allergy in all study groups and (D) based on detection of fungi
in sinus eosinophilic mucus of AFRS and EMCRS patients are
shown. Each plot refers to a value obtained from one patient (the
horizontal bar depicts the mean and vertical bars, the interquar-
tile range [IQR]; p values, Kruskal-Wallis test, post hoc Dunn

test).

patients (p > 0.05). There was no significant differ-
ence in fungal-specific proliferation between AFRS
and sinus fungus-positive and fungus-negative
EMCRS patients (p > 0.05; Fig. 1 D).
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Figure 2. Gating strategy for carboxyfluorescein succinimidyl ester (CFSE) cytometry profiles in peripheral blood mononuclear cells
(PBMC:s). This represents a patient’s PBMC treated with phytohemagglutinin (PHA). (Aand B) The cells represented by dot plots and are
gated for forward scatter (FSC) and side scatter (SSC) parameters. Gate (G) 1 is placed on resting PBMC in the unstimulated sample and
qate 2 on blasts in the stimulated sample. (C)The histogram is gated (G3) on CD3™ cells in G1 and in G2. Depending on the experiment,
cells are then analyzed for cell surface expression of (D) CD4 or (E) CD8. Up to six cell divisions, D1-D6, of CD3*CD4" and CD3"CD8*

cells can be seen.
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Table 3 Summary of fungal-specific PB CD4* and
CD8* T-cell proliferation

No. of patients whose PBMCs
underwent fungal-specific cell

No. of
Patients

division* Showing the
Phenotype of
Divided T
Cells

CD4* CD8*

HCs (n =5) 5 5
ARFA (n =6) 6 6
CRSwNPs (n =10) 10 8/10
Allergic fungal rhinosinusitis (1 = 6) 6 1/6
EMCRS (n =10) 10 1/10

*Cell division in response to stimulation by fungal antigens
was determined by CFSE cytometry. A positive fungal-
specific CD4" and/or CD8™" T-cell proliferation result in an
individual was considered when there was a greater percent-
age of CD4" and/or CD8" T-cell subset with a lower CFSE
fluorescence in fungal-stimulated samples compared with
unstimulated samples. Please also refer to an example in
Figure 3.

ARFA = allergic rhinitis with fungal allerqy; CFSE =
carboxyfluorescein succinimidyl ester; CRSwNPs = chronic
rhinosinusitis with nasal polyps; EMCRS = eosinophilic
mucus chronic rhinosinusitis; HCs = healthy controls;
PB = peripheral blood; PBMCs = peripheral blood mono-
nuclear cells.

Phenotype of PB T Cells That Underwent Fungal-
Specific Proliferation

A representative gating strategy used in this study is
shown in Fig. 2 and a summary of the PB proliferation
results is presented in Table 3. In all individuals, PB
CD4" T cells underwent fungal-specific cell division.
Interestingly, fungal-specific CD8" T-cell division only
occurred in (1/6) AFRS and (1/10) EMCRS patients
compared with 8/10 CRSwNP patients and in all
ARFA patients and HCs. PHA-induced cell division
occurred in both CD4" and CD8" T-cell compartments
in all individuals. A representative experiment from a
CRSwNP and an AFRS patient is shown in Fig. 3.

IL-2 is required during antigen-specific T-cell activa-
tion and proliferation, and we investigated whether the
addition of exogenous IL-2 could influence fungal-
specific CD8™" T-cell proliferation in AFRS. There was
no significant increase in the percentage of dividing
CD8™ T cells with fungal antigens and IL-2 (median =
5.8; IQR = 3.3-6.5) compared with IL-2 alone (me-
dian = 5.0; IQR = 3.0-7.1; n = §; p = 0.22, Wilcoxon
matched paired test).

To examine whether PB fungal-specific CD8" T-cell
activation could be detected in the absence of a prolif-
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erative response, cell surface expression of CD25 acti-
vation marker was examined in seven patients (four
AFRS and three ARFA patients). CD25 (IL-2 a-chain
receptor) is up-regulated in activated T cells and its
expression is maximal after several days of stimula-
tion."” These results are summarized in Table 4. Inter-
nal controls included unstimulated and PHA-stimu-
lated cells under similar conditions. Fungal antigen—
induced CD25 up-regulation was consistently noted in
CD4" T cells in all patients. Although fungal-specific
up-regulation of CD25 on CD8" T cells was signifi-
cantly increased compared with unstimulated cells in
ARFA patients, this was strikingly absent in AFRS. In
PHA-treated samples, CD25 up-regulation occurred on
PB CD4" and CD8" T cells in all patients.

To study the influence of fungal allergy and of fungi
in sinus eosinophilic mucus on fungal-specific PBMC
proliferation, a comparison of the proliferation results
(tritiated thymidine and CFSE) in AFRS and EMCRS
patients is summarized in Table 5. Increased fungal-
specific proliferation was also evident in EMCRS
patients who did not have fungal allergy (Table 5;
Fig. 1 C).

DISCUSSION

The major finding from this study was that A. alter-
nata and A. fumigatus antigens caused proliferation of
PB CD4" and CD8" T-cell subsets in HCs and ARFA
and most CRSWNP patients, whereas CD8" T-cell re-
sponse was strikingly absent in AFRS and EMCRS
patients. This indicates that in HCs and ARFA and
most CRSWNP patients, fungal-specific memory CD4*
and CD8" T cells were present and implies that both
T-cell subsets were important in healthy immune re-
sponses generated by these fungi.”

Data from this study also confirm our previous find-
ing that AFRS, EMCRS, CRSWNP, and ARFA patients
had elevated fungal-specific PB T-cell response com-
pared with HCs, indicating an increased percentage of
fungal-specific T cells in the patient groups.'” Al-
though allergic hypersensitivity was a likely explana-
tion for the increased proliferation in fungal-allergic
CRSwWNP and ARFA patients, an enhanced response
irrespective of fungal allergy in EMCRS suggests stim-
ulation by nonallergenic antigens produced by fungi in
their sinuses.”'® Thus, immune activation by both al-
lergenic and nonallergenic antigens in AFRS could oc-
cur, because allergic sensitization and fungi are gener-
ally present, and could in part explain their severe
clinical phenotype and variable response to fungal de-
sensitization therapy.

The PBMC proliferation results was less likely to be
a nonspecific mitogenic effect of the fungal anti-
gens'” " because increased proliferation corresponded
with fungal allergy and fungi in sinuses, and not every
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<€ Cell division
Figure 3. Fungal-specific blastogenesis of peripheral blood (PB) (A and C) CD3"CD4" cells and (B and D) CD3*CD8" cells in a (A and
B) chronic rhinosinusitis with nasal polyp (CRSwNP) and (C and D) an allergic fungal rhinosinusitis (AFRS) patient. Carboxyfluorescein
succinimidyl ester (CFSE)-labeled peripheral blood mononuclear cells were cultured with no mitogen (unstimulated), phytohemagglutinin
(PHA), and Alternaria alternata fungal antigens. Cells were harvested after 6 days of the proliferative period. Dot plots are gated on CD3™
blast cells (please also refer to Fig. 2). Both CD4" and CD8" T cells divided in response to fungal antigens in the CRSwNP patient. In
contrast, CD8™" T cells did not divide to fungal antigens in the AFRS patient.
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Table 4 CD25 expression on PB T cells from AFRS and ARFA

AFRS (1 = 4) ARFA (n = 3)
CD4 CD4 CD8
Unstimulated 12.7 (9.3-17.1)* 3.6 (3.2-4.2) 7.7 (3.5-11.1)* 1.8 (0.9-3.2)*
PHA 73.7 (56.6-92.1) 68.7 (54.0-89.3) 74.7 (57.1-88.0) 70.0 (50.9-81.4)
Fungal antigen 19.2 (11.3-22.5)* 44 (3.1-5.22) 12.9 (9.0-16.01)* 4.9 (2.88-5.9)*
p Value <0.0001 <0.0001 <0.0001 <0.0001

The percentages refer to the proportion of CD4" and CD8" T cells expressing CD25 and are presented as the median value
and IQR in parenthesis. A significant difference in CD25 expression on T cells between unstimulated and fungal antigen—
stimulated cells is indicated by asterisks. The p value, Kruskal-Wallis test followed by post hoc Dunn test.

AFRS = allergic fungal rhinosinusitis; ARFA = allergic rhinitis with fungal allerqy; IQR = interquartile range; PB =

peripheral blood; PHA = phytohemagglutinin.

patient’s CD8" T cells underwent division. Fungal-
specific PB CD8" T-cell division in ARFA and
CRSwWNP patients and to PHA in all individuals, in-
cluding AFRS and EMCRS, argues against technical
problems with methodology, variations in assay con-
ditions or a generalized T-cell anergy causing fun-
gal-specific CD8" T-cell inactivity in AFRS and
EMCRS.2%?!

In the absence of cell division, antigen-specific acti-
vation of the CD8" T cells may be detected by up-
regulation of activation markers.”* Accordingly, fun-
gal-induced up-regulation of CD25 on CD8" T cells in
PB was noted in a sample of ARFA patients, but not in
AFRS. That CD25 was up-regulated on CD4" T cells
with fungal stimulation, and on CD4" and CD8" T
cells with PHA in AFRS patients, contends against
technical issues and global T-cell anergy accounting for
lack of fungal-specific CD8" T-cell activation. Taken
together, these results suggest that in most individuals,
both CD4" and CD8" T cells were involved in A.
alternata— and A. fumigatus—specific responses, whereas
in AFRS and EMCRS, the response was mainly caused
by CD4" T cells. Hence, absent fungal-specific CD8*
T-cell activation and proliferation in AFRS and EMCRS
patients is a significant finding and raises the possibil-
ity of abnormal fungal-specific immune function,
where a failure to generate CD8™" T-cell response could
contribute toward fungal accumulation in their si-
nuses.

CD8" T-cell responders implies presence of MHC
I-restricted epitopes, typically associated with intracel-
lular antigen; however, it can also occur because of
cross-presentation of extracellular antigen.>*° Inter-
estingly, defective fungal antigen processing for CD8"
T-cell activation has been proposed as a susceptibility
factor for aspergillosis.'’ Fungal-specific CD8" T cells
in vivo often display a protective role but the mecha-
nisms controlling their priming, activation, and differ-
entiation are poorly understood.'®****~*® Moreover,
fungal-specific CD8" T-cell function and role in CRS
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inflammatory /anti-inflammatory balance is unknown,
in part, because of limited knowledge of the precise
antigens of A. alternata and A. fumigatus involved in
CRS. Intriguingly, in the presence of defective CD8" T
cells, a protective role for fungal-specific IgG3 has been
proposed, the latter which is significantly elevated in
AFRS and EMCRS patients.**’

This study used a fungal antigen mixture commonly
used for desensitization therapy. Thus, lack of CD8"
T-cell response in AFRS and EMCRS is significant and
also remarkable, given that CD8™* T cells were enriched
in their mucosa,'*'**° hence broaching the potential
for a CD8" T-cell functional abnormality. Our addi-
tional studies also showed that CD8" T cells from
AFRS sinus mucosa failed to up-regulate activation
markers with fungal antigen exposure, suggesting that
the lack of systemic fungal-specific CD8" T-cell activ-
ity was reflected in the mucosal T cells (data not
shown). Additional studies of CD8" T-cell effector ac-
tivities (cytokine secretion, cytotoxic, and regulatory
functions) are needed to understand their role in AFRS
and EMCRS.

Absence of fungal-specific CD8" T-cell response was
mainly seen in AFRS and EMCRS patients although
NPs were common also to CRSWNP patients. This
further supports the notion that sinus eosinophilic mu-
cus may signify a distinct subset of clinically recalci-
trant NP disease.*>! AFRS has been historically dis-
cerned by fungi in sinus eosinophilic mucus and
coexisting fungal allergy,' but some EMCRS patients
who are otherwise clinically indistinguishable from
AFRS may not have either fungal allergy or fungi in
their sinuses.® The clinical, sinus cellular infiltrate, fun-
gal-specific humoral, and T-cell characteristics in AFRS
and EMCRS subgroups suggest that these diseases
have a lot in common and that AFRS may not be a
unique entity from EMCRS.>*'?

In conclusion, data from this pilot study show a
significant and novel finding that suggests altered
CD8" T-cell responses to A. alternata and A. fumigatus
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antigens in AFRS and EMCRS patients and raises the
question of dysfunctional host immune mechanisms.
In predisposed individuals, failure to control sinus mi-
crobial burden and to regulate allergic hypersensitiv-
ity, immune tolerance, and eosinophilia could all lead
to the clinical phenotype characteristic of AFRS and
EMCRS'10,32—34
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