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Narcolepsy type 1 (NT1), a disorder caused by hypocretin/orexin (HCRT) cell loss, is
associated with human leukocyte antigen (HLA)-DQO0602 (98%) and T cell receptor
(TCR) polymorphisms. Increassed CD4" T cell reactivity to HCRT, especially
DQO0602-presented amidated C-terminal HCRT (HCRTnp,), has been reported, and
homology with pHA,73 »5, flu antigens from pandemic 2009 HINI, an established
trigger of the disease, suggests molecular mimicry. In this work, we extended DQ0602
tetramer and dextramer data to 77 cases and 44 controls, replicating our prior finding
and testing 709 TCRs in Jurkat 76 T cells for functional activation. We found that
fewer TCRs isolated with HCRT g, (~11%) versus pHA,73_5g7 or NP;-_3, antigens
(~50%) were activated by their ligand. Single-cell characterization did not reveal phe-
notype differences in influenza versus HCRTy-reactive T cells, and analysis of TCR
CDR30of sequences showed TCR clustering by responses to antigens but no cross-
peptide class reactivity. Our results do not support the existence of molecular mimicry
between HCRT and PHA273—287 or NP17_31.
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Narcolepsy type 1 (NT1) is caused by a loss of hypocretin/orexin (HCRT) neurons in
the mediolateral hypothalamus (1-3), with recent data suggesting reversion of the
human and animal phenotype with orexin agonists. The disease is strongly associated
with human leukocyte antigen (HLA) DQB1*06:02/DQA1*01:02 (98% vs. 25%)
(DQO0602) and displays weaker genetic associations with other immune loci, thus sug-
gesting autoimmunity (4-9), although not meeting all criteria for being classified as an
autoimmune disease (10). Like other autoimmune diseases, NT1 presents with
increased comorbidity with other autoimmune conditions and asthma (11-13).

Onset of NTT1 is often abrupt and seasonal, and association with both Streprococcus
pyogenes (14, 15) and influenza A infections (16) suggests that it may be triggered by
winter infections. Most strikingly, prevalence of NT1 increased several folds in mainland
China and Taiwan following the 2009 to 2010 “swine flu” HIN1 influenza pandemic
(pHIN1) (4, 17, 18), although association with the pandemic is less clear in other coun-
tries (19). Vaccination with the pH1INT1 vaccine Pandemrix has also been associated with
an elevated relative risk for developing narcolepsy of 5- to 14-fold in children and adoles-
cents and 2- to 7-fold in adults (18, 20-22). As Pandemrix is an AS03-adjuvanted vac-
cine containing the artificially produced reassortant strain X-179A, a mix of A/Puerto
Rico/8/1934 (PR8), an old HINI strain derived from pre-2009 seasonal HINT1, and the
key HINT 2009 surface proteins hemagglutinin (HA) and neuraminidase (NA) (23), flu
proteins are likely critically involved in triggering NT1. Evidence showing that HLA and
T cell receptor (TCR) genetic associations are universal (9, 24-27) is also consistent with
a flu trigger, as influenza A infections occur on a global basis (28). Importantly, however,
even with Pandemrix vaccination in Europe, only ~1 in 16,000 vaccinated children
developed NT1, thus demanding the consideration of additional factors to fully explain
the initiation of N'T1 (29).

Unlike in other autoimmune diseases, autoantibodies against HCRT cell proteins,
HCRT itself (30-32), or other targets such as TRIB2 (33, 34) or HCRT receptor 2
(35-38) have not been consistently found. This has led to the suggestion that HCRT
cell loss may be primarily T cell mediated, with limited or no involvement of autoanti-
bodies. Consistent with this hypothesis, mounting evidence suggests involvement of
CD4™" T cell reactivity to HCRT in NT1 (39—41), notably toward amidated fragments
of the secreted, mature peptide (HCRT's4_¢6.np2 and HCRTg6 97 .np2, homologous
peptides collectively denoted as HCRT'ny2) (42), as critical factors in the development
of the disease. Furthermore, CD8" mediation of HCRT cell death has also been shown
to cause NT1 in an animal model (43) and Pedersen and colleagues (44) recently
highlighted the presence of CD8" T cell responses against intracellular proteins con-
tained in HCRT neurons in narcolepsy patients. Of additional interest is the observation
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Significance

Amidated hypocretin peptides
(HCRT\H2) are autoantigens in
narcolepsy type 1, an
autoimmune disorder targeting
HCRT neurons. The autoimmune
process can be initiated by
exposure to the influenza A flu,
and a particular piece of the
hemagglutinin (HA) of the
pandemic 2009 H1N1 strain, as
well as a piece of the
nucleoprotein segment, were
identified as particularly reactive
in narcolepsy patients. One
hypothesis has been that T cells
reactive to these flu segments can
also react to HCRT, starting the
autoimmune process through
molecular mimicry. Although we
replicated the finding of a higher
number of T cells reactive to HA
and HCRT, we could not find
evidence for cross-reactivity. More
work is needed to explain how the
flu can trigger narcolepsy.
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that the TCR polymorphisms associated with NT'1 are quantita-
tive trait loci for TRAJ24 (decreasing), TRAJ28, and TRBV4-2
(increasing) usage in peripheral T cells in both controls and
patients (29). A significant L to F coding polymorphism located
within the antigen-binding complementarity-determining region
(CDR) 3 loop of TRAJ24 expressing TCRs is also associated
with NT1. Altogether, this suggests that T cell responses involv-
ing TRAJ24- or TRAJ28- and TRBV4-2-bearing TCRs may be
bottleneck responses in a causative autoimmune T cell response,
leading to HCRT cell death (4, 14, 17-19, 45).

Based on the evidence provided above, our group hypothe-
sized that a CD4" T cell-mediated response directed against
specific flu epitopes could lead to molecular mimicry with
HCRT itself, potentially HCRT o, subsequently recruiting
CD8* cytotoxic T cells and leading to HCRT cell death. To
test this hypothesis, we screened 135 DQ0602 tetramers bind-
ing peptides originating from Pandemrix, wild-type 2009
HINI, and two autoantigens (HCRT and RFX4) for the pres-
ence of antigen-restricted CD4™ T cells (42). After this system-
atic survey, it was established that CD4" T cell populations
recognizing influenza pHA,75 557 (PHINTI specific) and PR8
(HIN1 pre-2009 and H2N2)-restricted NPy7_3; epitopes were
increased in NT1 versus DQO602 controls. Supporting this
finding, this difference was also present in post-Pandemrix cases
versus controls and was stronger in recent onset cases (42).
Additionally, studies of single cells recognizing these peptides
revealed that TCR clones carrying TRBV4-2 and TRAJ24 were
retrieved from both HCRT\y, and pHA,73 g7 tetramers (42),
suggesting involvement of these clones in molecular mimicry
and disease pathophysiology. Similarly, Jiang et al. (39) iso-
lated TRAJ24-positive cells recognizing DQ0602 bound to

HCRTg7_ 100 tetramer, many of which expressed perforin and
granzyme-B, suggesting a terminally differentiated effector T cell
(Temra) phenotype. In one case, a TRAJ24 clone isolated from
a narcoleptic patient showed elevated TCR reactivity toward
HCRTyg7_97.nm2 When transfected in Jurkat 76 (J76) cells, thus
implying a role for TRAJ24 reactivity toward DQ0602-HCRT
in narcolepsy autoimmunity (39).

Here, we extend prior work from our group by doubling the
number of patients and controls and increasing the representation
of TRAJ24F narcolepsy susceptibility—associated alleles in these
subjects. Results validated an increased frequency of pHA,73 g7
and HCRTs g6.np12 tetramer-positive CD4™ T cells in NTT1,
while also testing isolated T cell clones for potential activation by
their cognate ligands when expressed in J76 cells. Importantly,
we also analyzed TCR CDR3af sequences in this larger dataset
and conducted expression profiling of the corresponding T cells,
providing insights into T cell characteristics in narcolepsy.

Results

CD4* T Cell Recognizing pHA273_287 and HCRTs54_66-NH2 in
NT1. Ten-day peripheral blood mononuclear cell (PBMC) cul-
tures using pHA,73 287, NPi731, HCRTssg6nm2  and
HCRTg6_97.nm2 (HCRTwH2), and Pandemrix were stained
with the corresponding tetramers in 42 NT1 cases and 22
healthy DQ0602 controls (Table 1 and Dataset S2). Together
with previously reported subjects (42), a total of 77 NT1 cases
and 44 healthy controls have now been studied with now com-
parable counts of TRAJ24 F/L allele in each group (Table 1
and Dataset S2). Differential reactivity to pHA;73 557 and
HCRTs4 66.nm2 Was reproduced in the second dataset, resulting

Table 1. Frequency of antigen-restricted CD4* T cells in DQ0602 tetramer

Extended Previously reported in Luo et al. (42) Total
Case Healthy control P value  Adj. P* Case Healthy control ~ Pvalue Adj. P* Case Healthy control P value Adj. P*
No. 42 22 35 22 77 44
Age, y, median 19.9 30.7 0.5269 17.9 19.85 0.9796 18.7 20.6 0.211
[range] [7.5-89.8] [5.7-64.6] [6.2-52.3] [10.2-56.4] [6.2-89.8] [5.7-64.6]
Female, No. (%) 26 (61.9) 11 (50) 0.307 18 (51.4) 9 (40.9) 0.5252 44 (57.1) 20 (45.5) 0.3534
EO, No. (%) 5(11.9) n.a. 10 (28.6) n.a. 15 (19.5) n.a.
Px, No. (%) 4 (9.5) 4(18.2) 0.0098 16 (45.7) 11 (50) 0.2349 20 (26) 15 (34.1) 0.3198
AJ24 FF, No. (%) 24 (57.1) 9 (40.9) 0.1261" 1(2.9) 1(4.5) 0.8919" 25 (32.5) 10 (22.7) 0.4274
AJ24 FL, No. (%) 6(14.3) 8 (36.4) 21 (60) 12 (54.5) 27 (35.1) 20 (45.5)
AJ24 LL, No. (%) 12 (28.6) 5(22.7) 13 (37.1) 9 (40.9) 25 (32.5) 14 (31.8)
PHAL 3 287" 0.027 0.0072 0.0087  0.0234 0.12 0.037 0.0173  0.0059 0.0725 0.0074 6.00E-04  7.87E-04
[0-10.4] [0-1.09] [0-23.8] [0-0.22] [0-23.8] [0-1.09]
(35) 21) (23) (14) (58) (35)
NP17-3¢* 0.017 0.013 0.2901 0.377 0.049 0.017 0.0412 0.0216 0.0265 0.014 0.0372 0.0294
[0-1.08] [9E-04-0.65] [0.0021-0.3] [0-0.095] [0-1.08] [0-0.65]
(35) 21) (23) (13) (58) (34)
HCRTs4-66-nH2" 0.0568 0.0205 0.1554 0.0204 0.0957 0.019 0.0013 0.0065 0.065 0.02 0.0017 7.20E-04
[0-0.26] [8E-04-0.26] [0.0073-2.43] [0.005-0.9227] [0-2.43] [8E-04-0.9227]
(42) (22) (29) 21) (71) (43)
HCRTs6-07-nH2" 0.036 0.0195 0.3294 0.2645 0.188 0.113 0.0561 0.0388 0.0736 0.055 0.2195 0.0916
[0-0.445] [0.0017-0.27] [0.0185-2.0745] [0.0058-1.272] [0-2.0745] [0.0017-1.272]
(42) (22) (29) 21) (71) (43)
P><-pHA273,287i 0.0525 0.0225 0.1255 0.3275 0.085 0.028 0.0474 0.0162 0.059 0.024 0.0148 0.0315
[0-1.1833] [0-0.6] [0.0017-0.49] [0.0023-0.23] [0-1.1833] [0-0.6]
(43) (22) (24) (14) (67) (36)
PX-NPq7.3;" 0.045 0.0395 0.4624 0.3413 0.065 0.0225 0.0319 0.0096 0.0513 0.0278 0.0402 0.0129
[0-0.44] [0-0.185] [0.005-0.94] [0.0036-0.089] [0-0.94] [0-0.185]
(43) (22) (23) (14) (66) (36)
EO, early onset; n.a., not applicable; Px, Pandemrix.
*Adjusted P value by age at blood draw, gender, diagnosis, and Pandemrix vaccination. Refer to Datasets 52 and $10 for details.
Ty? test of TRAJ24 alleles and diagnosis.
*Frequency of antigen-specific CD4* T cells is shown as % [range] No. of tested individuals.
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Fig. 1. Antigen-restricted CD4" T cells detected with DQ0602 tetramer and dCODE dextramer. (A and B) PBMCs of 77 NT1 cases and 44 healthy controls
[of these, 35 NT1 cases and 22 healthy controls were previously reported in Luo et al. (42)] were cultured individually with the cognate peptides (A) or
Pandemrix (B) and then stained with tetramer DQ0602 of pHA,73-287, NP17-31, HCRTs4_66-nH2, and HCRTgg_g7.nH2. Subjects previously reported (42) are plotted
as triangles and new data as circles. Frequency was calculated in live CD3* T cells. Each triangle or circle represents one subject. If multiple cultures or FACS
recordings for one subject occurred, the mean of frequency was used. Subjects carried forward for single-cell sorting and TCR sequencing (TCRseq) are
shown in blue and all other individuals in red. PBMCs cultured individually and pooled with the same cognate peptide for dCODE dextramer (Dex/10x)
DQO0602 staining and 10x genomics sequencing are shown in gray. Mean frequency is shown in black square. (C) FACS plots of live CD3* T cells isolated with
dextramer were divided in a quadruple gate. (For complete FACS plots, refer to S/ Appendix, Fig. S1). N, not sorted. Y, sorted and sequenced in 96-well plates.
E, extended; Pre, previously reported in Luo et al. (42); C, control; P, patient; PE, phycoerythrin; FITC, fluorescein isothiocyanate. *P < 0.05; **P < 0.01;

**¥%P < 0.001; ns, not significant.

in increased significance in the combined study (Fig. 1 A and B
and Table 1). Interestingly, reactivity to these antigens was not
dependent on age, sex, and past Pandemrix vaccination status
(Table 1).

Another aim was to characterize the TCRs of tetramer/
dextramer-isolated T cells and determine cross-reactivity within
and between peptides of interest. To do so, in addition to tet-
ramers, we also used DQ0602 DNA-bar-coded dextramers
(dCODE dextramers) in pooled PMBCs, cultured individually
with pHA,73 587, NP17_31, HCRTs4 66.nH2, HCRTs697.N12,
and other peptides (Fig. 1C and SI Appendix, Fig. S1 and
Dataset S1). Although both techniques successfully retrieved
antigen-restricted cells, recovered TCR clones were less enriched
in dCODE dextramer experiments in comparison to DQ0602
tetramer studies (8.3% vs. 61.6% in total) (Dataset S5).
Altogether, 542 tetramer-isolated and 167 dextramer-isolated
TCR clones, including 52 found in both tetramer and dex-
tramer experiments, were selected for functional testing in J76
cells that do not express any TCR. These TCRs include 252
previously isolated TCRs reported in Luo et al. (42).

Testing of TRAJ24-, TRAJ28-, and TRBV4-2-Positive Clones for
Activation. Continuing on from our prior study (42) and con-
sidering intervening literature (39), we first tested TRAJ24-,

PNAS 2022 Vol. 119 No.32 2205797119

TRAJ28-, and TRBV4-2—positive clones that were suggested to
be involved in the pathophysiology of NT1. This included the
TRAJ24-positive, HCRTg7_o7.npo—activated clone TCRbm
(TRAV6-CALTTDSWGKLQEF-TRAJ24/TRBV29-1-CSVEG
DRGRSETQYF-TRBJ2-5) reported by Jiang and colleagues
(39) and prior TRAJ24 and TRBV4-2 sequences isolated in
Luo et al. (42). Disappointingly, we could not confirm activa-
tion of TCRbm by HCRT\y; (Dataset S6). Similarly, we found
no activation of 53 clones containing a prior TRAJ24 sequence
that was enriched across pHA,73 587, NP17_31, HCRT54_66.nH2>
and HCRTg6 97.np2 antigens in our previous work (CDR3a,
TRAV2-CAVETDSWGKLQF-TRAJ24) (Dataset S6 and S
Appendix, Fig. S3) (42).

Additional functional testing was carried forward with other
TCRs either because they were highly enriched, bearing
TRAJ24, TRBV4-2, or TRAJ28 or having CDR30a/f sequence
similarity (188 clones), or because they were found at least
three times (448 clones) (Dataset S6). These were individually
expressed in J76 cells, and the resulting cell lines were tested for
immune signaling by coculturing J76-TCR, artificial DQ0602-
positive antigen-presenting cells (APCs) (RM3-DQ0602), and
each corresponding antigen.

Out of 709 TCRs screened (53 TRAJ24, 21 TRBV4-2,
including 1 TCR bearing both TRAJ24 and TRBV4-2, plus
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Table 2. TCRs retrieved and activated using DQ0602 tetramers and dextramers

Total Tetramer Dextramer Shared in tetramer and dextramer
apHA273-287, aNPi7.31, aHCRTh2, apHA273-287, aNP17.31, aHCRTn2, apHA273-287, aNP17.31, aHCRTwz, apHA273-287, aNP17.31, aHCRTw2,
Antigen Dx No. No. (%) No. (%) No. (%) No. No. (%) No. (%) No. (%) No. No. (%) No. (%) No. (%) No. No. (%) No. (%) No. (%)
All T 709 103 (14) 89 (12) 37 (5.2) 542 67 (12) 77 (14) 31(5.7) 167 36(22) 12(7.2) 6 (3.6) 52 13 (25) 16 (31) 2(3.8)
P 475 65 (13.7) 47 (9.9) 24 (5.1) 367 44 (12) 38(10) 20 (5.4) 108  21(19) 9 (8.3) 4(3.7) 33 10 (30) 9 (27)
c 187 30 (16) 35(19) 9(4.8) 149 20 (13) 32(22) 8 (5.4) 38 10(26) 3(7.9) 1(2.6) 4 3(75)
cjp 47 8(17) 7 (15) 4 (8.5) 26 3(12) 7 (27) 3(12) 21 5 (24) 1(4.8) 15 3(20) 4(27) 2(13)
pHA73.287 T 124 62 (50) 1(0.8) 110 61 (56) 14 1(7.1) 1(7.1) 4 3(75)
P 87 42(48) 1(1.1) 81 42 (52) 6 1(17) 4 3(75)
c 36 20 (56) 29 19 (66) 7 1(14)
(@] 1 1
NP17-31 T 137 1(0.7) 61 (45) 133 61 (46) 4 1(25)
P 8 31(38) 78 31 (40) 3
Cc 55 1(1.8) 29 (53) 54 29 (54) 1 1(100)
C|p 1 1(100) 1 1 (100)
HCRTNH2 T 293 3(1) 1(0.3) 29 (9.9) 253 27 (11) 40 3(7.5 1(2.5) 2 (5) 8 2 (25)
P 212 2(0.9) 1(0.5) 18(8.5) 185 17 (9.2) 27 2(7.4) 1(3.7) 1(3.7) 4
C 68 1(1.5) 8(12) 61 8(13) 7 1(14)
cp 13 3(23) 7 2(29) 6 1(17) 4 2 (50)

All are TCRs retrieved from any peptide combination; pHA,73-287, NP17-37, and HCRTy, are TCRs retrieved from a single peptide; No. is the count of TCR clones tested; T is the total
number of subjects; P are patients only; C are controls only; P|C include both patients and controls; apHA,73-,s7 are clones activated by pHA,73 2s7; aNP17-3¢ are clones activated by
NP;7_31; aHCRTyp; are clones activated by HCRTy2; Dx is diagnosis. TCRs shared in tetramer and dextramer are included in both tetramer and dextramer counts.

188 and 448 above), 103 (tetramer, 67; dextramer, 36; including
13 shared), 89 (tetramer, 77; dextramer, 12; including 16
shared), and 37 (tetramer, 31; dextramer, 6; including 2 shared)
clones were activated by pHA,73 587, NP17_31, and HCRTypp,
respectively (Dataset S6).

Distinct clonotypes in cases and controls were detected using
tetramers and dextramers for restricted antigens of pHA,73 »g7
(tetramer, 44 patdents only [P], 20 controls [C], 3 controls and
patients [C/P]; dextramer, 21 P, 10 C, 5 C/P), NP;7_3; (tetra-
mer, 38 P, 32 C, 7 C/P; dextramer, 9 P, 3 C, 0 C/P), and
HCRTnyy, (tetramer, 20 P, 8 C, 3 C/P; dextramer, 4 P, 1 C, 1
C/P) (Table 2). Of note, two TCR clones containing TRBV4-2-
CASSQETQGRNYGYTE-TRBJ1-2 (TCR43 and 275) pairing
only with TRAV13-1-CAASDNDMRF/CAANNNDMRE-
TRAJ43 were activated by pHa73.257 but were negative with
19 other CDR3a (Dataset S6 and SI Appendix, Fig. S3).
While 41 TCRs out of 542 in tetramer experiments and 95
out of 167 in dextramer experiments were recognized by two
or three peptides encompassing pHA,75 557, NPy7_31, and
HCRTNp2, none was ever activated across peptide classes

(Datasets S6 and S7).

Probability of Activation of All Isolated TCRs by Their Cognate
Ligands. TCRs retrieved by tetramer experiments (that used
single-peptide tetramers) were always found to be activated by
their corresponding cognate peptide. In addition, tetramers
retrieved using viral peptide had a much higher probability of
activation by their cognate ligand than those retrieved with
HCRT Ny tetramers (pHAz73 287, 55.5%; NPy7_31, 45.9%;
HCRTnwo, 10.7%) (Table 2). For dextramer-isolated clones
(that used a single peptide), the specificity was not as good.
These were less frequently activated by their cognate ligand
(pHA273,287, 71%, NP17731, O; HCRTNHz, 5%) (Table 2)
and could occasionally be activated by one of our other tested
peptides (Table 2). For instance, 1 of 14 TCRs retrieved with
pHA75 287 was activated by HCRT 1, and one out of four
TCRs retrieved with NPy7_3; was activated by pHA»75 557
Further, 3 and 1 of 40 TCRs retrieved with HCRT > were
activated by pHA,73 557, and NPy5_3, respectively (Table 2).
This suggests that dextramer specificity was lower.
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Next, we investigated TCR sequences that have been retrieved
by more than one tetramer/dextramer ligand. Here again,
dextramer-retrieved TCR clones were more frequently found
across peptide ligands, with 109 TCRs out of 167 cross peptide
TCR sequences found in dextramer experiments compared with
46 out of 542 in tetramer experiments (65.3% vs. 8.5%; see
Dataset S7 for further details). We hypothesized that the lack of
specificity was due to bulk sorting and pooled library sequencing
of CD4" T cells. For this reason, we considered a given TCR
retrieved by dextramer as “peptide restricted” only when activa-
tion in Jurkat cells had been verified.

Unsurprisingly, the probability for any isolated clone to be
activated in J76 cells increased with clonal abundance (57
Appendix, Fig. S5). Interestingly, however, the relationship was
different for viral antigens (pHA;73_»37,/NP;-_31) versus autoan-
tigen HCRT' w2 (87 Appendix, Fig. S5); for example, activation
increased to 70% for pHA,75 57/NP;;_3; TCR clones present
more than five times, whereas for HCRT \yy,, clones needed to
be present over 35 times to reach that probability of activation.
Similarly, dextramer TCR activation probability increased up to
20% and 7.5% from 1 to 10 TCR counts for pHA,73 557 and
HCRT N, respectively (SI Appendix, Fig. S5). Altogether, these
findings demonstrate cross-reactivity within peptide classes (e.g.,
between pHA,75 257 and pHA359 343) but not across peptide
classes (e.g., between HA and NP segments of Pandemrix or
between virus and autoantigens) and higher activation probability
for viral cognate antigens rather than autoantigens, thus not sup-
porting our hypothesis of molecular mimicry between pHA,73 55,
and HCRT\y; in the pathophysiology of NT1.

TCR Activation across Antigens (Cross-Reactivity). To investigate
TCR activation specificity by antigens, we randomly selected
48 clones cocultured with previously reported 28 binders origi-
nating from different Pandemrix and virus segments (HA, 8;
NP, 7; NA, 3) and HCRT (10, 42), including pHA,73 557,
NP17,31, HCRT54,66_NH2, and HCRT86,97_NH2 (Dataset Sl)
These latter HCRT peptides contain C-terminal binding core
GNHAAGILTL/M but differ in length and amidation (pre-
proHCRT14/15 are C-terminal nonamidated; Dataset S1). We
also confirmed specific TCR reactions to pHA73_557, NP7_31,
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Fig. 2. Specificity of TCR responses to flu and HCRT antigens. Forty-eight
TCRs were randomly selected and cocultured with artificial APCs and anti-
gens originating from Pandemrix and HCRT for 8 h in triplicate (n = 3).
Luciferase activity was measured. Threshold of fold change of lumines-
cence (threshold = 1.2) is shown. J76 without transfection was used as a
control. TCR clones retrieved by both tetramer and dextramer DQO0602
are highlighted in red. See Datasets S1 and S6 for peptides and TCRs,
respectively.

HCRT54—66—NH2’ and HCRT86—97-NH2 (Flg 2 and Dataset
S6). Importantly, TCRs activated by HCRT's4_ss.np2 and/or
HCRTg6_97.nH2 Were also activated by other HCRTwy, pepti-
des of different length, thus further validating their specific acti-
vation by HCRTnp, (Fig. 2). We noticed that three TCR
clones, TCR101 (TRAV20-CAVQARSWGKLQEF-TRAJ24/
TRBV2-CASTGSYNSPLHF-TRBJ1-6), TCR141 (TRAV29/
DV5-CAASDTGTASKLTF-TRAJ44/TRBV9-CASSVVGSY
GYTE-TRBJ1-2), and TCR150 (TRAV12-2-CAVVHNAG
NMLTE-TRAJ39/TRBV4-2-CASSQGPDSRETQYF-TRBJ2-5)
were activated by both NP;;_3; and HCRTny, with one repli-
cation, though the signal of NPy, 3; decreased in the second
experiment (Fig. 2 and Dataset S6). Unfortunately, however,
cross-reactivity with NP;;_3; could not be confirmed by multiple
subsequent experiments. Surprisingly, 6 out of 10 TCR clones
(TCR106, 198, 275, 517, 525, and 558) activated by
pHA,73 257 (HAGY, 273-AMERNAGSGIIISDT-287) were also
activated by pHAs00 343 (HA83, 329-LRLATGLRNIPSIQS-
343), suggesting cross-reactivity between these antigens (Fig. 2).
Interestingly, despite high sequence similarity (Dataset S1),
only one out of six clones (TCR542) activated by NPy, 3,
(NP136, 17-GERQNATEIRASVGK-31) was also activated by
NPy 51 o1 (NP37, 17-GERQDATEIRASVGR-31) (Fig, 2)
(NP136 originates from PR8 and NP37 from A/California/07/
2009) (42). Taken together, these findings indicate that cross-
reactivity between HCRT, pHA,73 557, or NP;7_3; must be

nonexistent or rare as it was not observed in 709 clones.

TCR Segment Usage in TCR Sequences Retrieved by Tetramer/
Dextramer Experiments. In a next step, we looked at preferen-
tial TCR segment usage in distinct TCR reactions. Extending
on preliminary data, we found preferential usage of TRBV19
and TRAV12—2 fOl‘ pHA273_287 and NP17_31, respectively,
while HCRTny, weakly preferred to use TRAV12-3 and
TRBV2 (81 Appendix, Fig. S6). TRAJ24- and TRBV4-2-bearing

PNAS 2022 Vol. 119 No.32 2205797119

TCRs were activated by all three antigens (S/ Appendix, Fig. S3),
although TRBV4-2 and TRAJ24 were preferendally used by
TCRs recognizing NP7 3; and pHA,73 557, respectively.
Notably, only two case-associated TRAJ28-bearing clones were
found, one reactive to pHA,73 537 and the other to HCRT i
(S Appendix, Fig. S6). Of clones bearing TRAJ24, both F and
L alleles were present (SI Appendix, Fig. S6).

Phylogenetic Tree of Isolated TCR Clones. To investigate TCR
similarity across activation groups, several approaches were
taken: construction of phylogenetic trees, substitution analysis,
and grouping of lymphocyte interactions by paratope hotspots
(GLIPH) motif identification. Regarding the first approach,
a phylogenetic tree containing all activated CDR3aff TCR
sequences was constructed, defining 25 groups (Fig. 3). TCRs
activated by pHA,73_ 587 or NP;;_3; were primarily clustered
into clades, five of which included at least five TCRs in each.
In contrast, HCRTypy, CDR3af-reactive clones were distrib-
uted sporadically across many clades and often comprised single
clones with minimal homology between them (Fig. 3). These
HCRTNp2 CDR3af-reactive clones were also present across
both primary pHA273_287 and NP17_31 clades (Flg 3) A major
clade of pHA,73 537 (group 11) included TRAV17/TRAJ34
paired with TRBV4-3 and included one HCRTyy, TCR out-
group. Another pHA,73_ 557 clade (group 24) bearing TRAJ24/
TRBV19 from both tetramer and dextramer was found in both
NT1 cases and controls (Fig. 3). For NPy,_3;—activated TCRs,
one clade (group 3) was TRAV8-6/TRAJ34 pairing TRBV7-9/
TRBJ2-3 with one and two amino acid differences in CDR3a
and CDR3p, respectively. Four distinct TRBV4-2 TCRs were
in another clade (group 1) (Fig. 3). Despite a distant relationship
to flu TCRs, five minor HCRTyy; clades were found in groups
2, 10, 14, 16, and 20 (Fig. 3). Although TRBV4-2 was widely
used by these epitopes, clades containing TRAJ24 were rare and
included solely 4, 8, 10, 20, and 24 (Fig. 3). Of note, TRAJ24F
to L substitution (TCR727 vs. 101) isolated from tetramer in an
NT1 case was also found to be reactive to HCRT\y in clade 20,
a poorly homologous mix of pHA,73 557 and NP5 clade
(Fig. 3).

We next computed hamming distances across all identified
709 TCRs (activated or not, using tetramer or dextramer) con-
taining up to 30 amino acid substitutions. The percentage of
TCRs activated by the cognate peptide versus not with a given
number of substitutions was calculated and sorted by numeric
order of substitutions (Dataset S8). As can be seen in Dataset
S8, ~70% of TCRs remained activated by the same viral cog-
nate ligand when containing up to 10 CDR3o/p substitutions
(pHA73 287, 76%; NP17_31, 69%), after which the chance of
nonactivation started to increase (Dataset S8). Insertions and
deletions were also tested but resulted in immediate loss of acti-
vation. We further built a network using connected TCRs
based on the cutoff of 10 CDR3a/p substitutions (Fig. 4). This
revealed clear clustering by peptides, with at least two con-
nected TCR clones belonging to 20 out of 25 groups in most
cases (except for 8, 9, 10, 13, and 23) (Figs. 3 and 4), validat-
ing both approaches of phylogenesis and substitution analyses.
As can be seen (Fig. 4), TCRs activated by each virus antigen
were clustered, while HCRT\yppo-reactive TCRs were closer to
nonactivated clones (Fig. 4). Of note, TCR150 and TCR10,
clones activated by HCRTny, in group 2, were connected to
each other (three substitutions in CDR3a and six in CDR3p;
Fig. 4 and Dataset S6). Interestingly, another HCRT \pyp-reactive
TCR151 was connected to TCR197 activated by NP5_3; in
group 15 (six substitutions in CDR3a and three in CDR3p;
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Fig. 3. TCR activation by pHA,73_287, NP17_31, HCRT54_g6.nH2, @and HCRTge.07.nH2. Each paired TCR was transfected to engineered )76 cells (not expressing any
TCR) featuring NFAT-luciferase and sorted for positive population. They were cocultured with artificial APCs at the presence of pHAz73-287, NP17_31,
HCRTs4-g6.nH2: HCRTgg-97.nH2, @nd RFX4-43 for 8 h in triplicate (n = 3). TCR was considered as activated by a peptide when >1.2-fold change of luminescence
compared to RFX4-43 with P < 0.05 was observed. (A) A phylogenetic tree was constructed using paired CDR3ap sequences with BLSOUM62 matrix, and 25
groups were designated based on sequence similarity. Branch color corresponds to activation peptide: red, pHA,73_2s7; green, NPq7_3q; blue, HCRTs4-66-NH2
and/or HCRTge_97.nH2- Each branch is denoted by the diagnosis (Dx) of the subjects from whom the TCRs were recovered. C, control; P, patient; C/P in both
controls and patients. (B) Sequence logo for each group CDR3ap was generated using the unique numbering and gaps of TCR V-region. Amino acid height is
proportional to prevalence at that position. (C) Usage frequency of TRAV, TRAJ, and TRBV. x-axis: TR genes of each category of TRAJ (green), TRAV (red), and
TRBV(blue). y-axis: Frequency of each TR gene in corresponding category. (D) Fold change of luminescence for activated TCRs by each peptide. TCR clones
retrieved by both DQ0602 tetramers and dextramers are highlighted in red. Group (1 to 25) and TCR numbers (01 to 890) are labeled at y-axis. A vertical
line of threshold fold change is shown. For full set of TCRs, refer to Dataset S6.
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Fig. 4. Similarity of activated TCR CDR3 sequences. The network was constructed using hamming distances computed for paired TCR CDR3 amino acid
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sponding TCR number is annotated. TCR clones retrieved by both DQ0602 tetramers and dextramers are highlighted in red. Color of vertex encodes activa-
tion by the different peptides pHA273-287, NP17_31, and HCRTy2. Negative clones are shown in gray with different border colors indicating the antigens used
to retrieve them. The size of the vertex is scaled by clone count of each TCR. Group members (see Fig. 3) that are connected are highlighted in yellow

background.

Figs. 3 and 4 and Dataset S6). We also found several large clus-
ters of nonactivated clones either isolated or weakly connected to
activated TCRs (Fig. 4), further supporting our effective substi-
tution cutoff of 10. Furthermore, nonactivated TCRs retrieved
from HCRT '\, peptides constituted most of the nonactivated
clusters (Fig. 4), in agreement with our phylogenetic analysis
(ST Appendix, Fig. S7). Interestingly, however, several connec-
tions reflecting homology between HCRTnpyp-reactive TCRs
and nonactivated TCRs retrieved by HCRTp, were observed

PNAS 2022 Vol. 119 No.32 2205797119

(e.g., 141-48, 462-874, 150-829; Fig. 4), suggesting that some
nonactivated clones may be sequence specific.

Lastly, GLIPH motifs (46) were generated and compared by
activation group (Dataset 89), identifying motifs for pHA,5 25—
and NP,,_3;—activated clusters, but not for HCRTnyy, clones due
to fewer activated clones identified. As an example, SQG was
found in group 11 activated by pHA75 57 and in group 15
activated by NP;-_3; (Fig. 4 and Dataset S9). TGH and SID
were detected in group 24 activated by pHA,75 557 SHT/S and
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Fig. 5. Activation TCR motif of pHA,73_287, NP17_31, and HCRTyn2. (A-F) Unique CDR3a (A, C, E) and CDR3 (B, D, F) activated by each peptide were compared
with the public single-cell CD4 TCR reference set ranging from 9 to 21 amino acids in length (CDR3«, n = 56,501; CDR3p, n = 65,688) (see Materials and Methods).
Each amino acid was assigned a position using unique numbering of TCR V-region, and gaps were inserted in shorter sequences. Only amino acids with sig-
nificantly different usage frequency (P < 0.05) are shown and visualized using Icelogo. Positively associated amino acids at each relative position are shown
above the x-axis, and negatively associated amino acids are shown below. Amino acid height is proportional to prevalence at that position. The counts of

unique CDR3 sequences are shown in parentheses.

TDSN were found in group 3 and group 17 activated by
NP;7_3;, respectively (Fig. 4 and Dataset S9). Overall, these
analyses indicate clear distinctions between clusters activated by
each peptide and provide little evidence for resemblance across

groups of TCRs activated by each peptide (46).

Conserved CDR3a/p Amino Acid Residues. We finally examined
preferential positioning of specific amino acids within CDR3s
per antigen (pHA»73_ 587, NP17_31, HCRTNp») using reference
numbering (47). These were then compared to two reference
sets, a public single-cell CD4" TCR set (CDR3a, 7 = 56,501;
CDR3p, n = 65,688; see Materials and Methods) and our own
set of negative, nonactivated TCRs (CDR3a, 7 385;
CDR3p, n = 368) (47). As expected, amino acid usage varied
mostly at positions 107 to 110 for CDR3a and at 108 to 111
for CDR3p, while conserved amino acids were largely found in
known consensus positions (Fig. 5 and S/ Appendix, Fig. S8).
This analysis revealed clear preferential amino acid usage per
ligand in contrast to what was observed for negative (nonacti-
vated) TCRs (Fig. 5 and SI Appendix, Fig. S8). For example,
CDR3a 108-E is shared across clones activated by pHA,75 557
and HCRTnp,. Further, 108-W is shared by NP;;_3;, while
109-Y is shared across all three antigens. Similarly, CDR3f
109-G/114-Q and 109-E/114-I are frequently found in TCRs
activated by pHA»75 257/ NP17_31 and HCR T, respectively.
While CDR3a 114-D and CDR3p 113-N were shared by both
virus antigens, CDR3f 112.1-P was shared by pHA,73_5g7 and
HCRTnpo. CDR3a 110 and CDR3 110 used distinct amino
acids across all three antigens (Fig. 5 and ST Appendix, Fig. S8).
These results indicate unique and shared amino acid usage for
pHA273,28r, NP]7,31—, and HCRTNHz—aCtiVath TCRS,
without clear resemblance across groups.

In a final analysis, amino acid usage was computed for
CDR3 sequences isolated in NT1 versus control subjects and
compared to public CD4" TCR reference (see Materials and
Methods). Although CDR3a 107-A, 109-T, 110-N/D, 113-T/W,
114-D and CDR3p 111-T, 111.1-G, 113-N, 114-Q were

8 of 12  https://doi.org/10.1073/pnas.2205797119

preferentially used in NT1 (S Appendix, Fig. S9 A-D), the
significance of this result is difficult to assess. Lastly, as NT1 is
genetically associated with TRAJ24 and TRBV4-2, activated and
negative clones using these segments were separately compared
to public CD4" TCR reference sequences carrying the same
segments (see Materials and Methods). Activated TRAJ24 and
TRBV4-2 preferentially used CDR3a 107-G/Q, 108-A and
CDR3B 109-G, 114-D/S, 115-P (S Appendix, Fig. S9 E-H),
suggesting their roles in immune responses even with fewer acti-

vated TRAJ24 clones (12).

Gene Expression.

Tetramer experiments. For tetramer experiments, 31 selected
markers were amplified using three rounds of nested PCR in
96-well plates(48). Because nested PCR reactions bias transcript
level, read counts (Dataset S3) only represent the presence or
absence of transcript and were assigned 1 (nonzero) or 0 (reads,
zero) (Dataset S3) in each case. Cells with less than five ampli-
fied markers were removed (Dataset S3), leaving 6,435 cells,
2,722 of which had TCRs tested in J76 for activation. Out of
31 markers tested, only 19 were analyzed, including two for
Temra, two for T regulatory cell (Treg), and one for effector
memory T cell (Tgym); the other 12 markers were either not
amplified or not available (Fig. 6 and Dataset S3 and S/
Appendix, Fig. S10). Altogether, 2,088 cells with activated
TCR clones (pHA,,3 557 C, 1775 P, 441; NPy, 5;: C, 563;
P, 563; HCRTnua: C, 175; P, 169) and 634 cells with nega-
tive clones (C, 200; P, 434) were clustered according to donor
diagnosis and activation antigens (S/ Appendix, Fig. S10A).
Surprisingly, Tgpra markers GZMB and/or PRF1 were detected
more frequently in control versus NT1 cells (SI Appendix, Fig.
S10 Band O), suggesting a possible role of Tgpra. Further, acti-
vated TCR clones from cases and controls were grouped using
the mean expression of each gene (Fig. 64). While GZMB
showed differential expression between case and control clones
for virus antigens, no significant difference was evident for auto-

antigen HCRT\p, (Fig. 6B) (48).
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Fig. 6. Single-cell gene profiling with TCR. (A) Phenotyping of tetramer-sorted single cells of activated TCR clones in NT1 cases and healthy controls. To elim-
inate multiple-round nested PCR bias while sequencing, each gene expression was assigned to 0 (reads are zero in Dataset S3) or 1 (reads are nonzero in
Dataset S3) to indicate the absence or presence of transcripts regardless of actual read counts. Cells with less than five gene markers detected were
removed. The mean expression of the remaining narcolepsy or control single cells sharing the same activated TCR clones was calculated and is shown as a
heatmap with corresponding TCR number along the x-axis. Cells containing nonactivated TCRs were divided into only two groups, depending on whether
they were isolated from cases or controls. For cells with alternative TCRa chains, all were tested for reactivity in both «/p combinations, and only the combi-
nation found to be activated is reported. Counts of unique TCR clones are shown after diagnosis. (B) The mean expression (Expr.) of cells in NT1 cases and
controls. Student ¢ test was performed between cases and controls for each peptide. (C) UMAP of antigen-restricted CD4* T cells of pHA,73 287, NP17_31, and
HCRTwH2 using DQ0602 dCODE dextramer. Gene expression of filtered single cells (see quality control in Materials and Methods) were scaled and clustered
using Seurat SCTransform. Five distinct groups of cells were identified. (D) Combined well-established gene markers of each cluster (Wilcoxon rank sum test)
from the literature. Colors encode the Expr. of each gene. (E and F) Case (F) and control (F) cells with activated TCR clones were highlighted with different col-
ors in the UMAP. The counts of total activated TCR clones and cells for each peptide are shown in parentheses. C, control; P, patient; Tgmra, effector memory

T cell re-expressing CD45RA. *P < 0.05; **P < 0.01; ***P < 0.001.

Dextramer experiments. Expression profiles of CD4™ T cells can
be better examined in dextramer experiments, as the transcriptome
is better interrogated using 10X technology. A total of 9,257 fil-
tered single cells from DQO0602 dextramer (pHA,,5 557, 1,117;
NP,7_31, 469; HCRTN\, 7,671; case, 8,834; control, 423) were
studied, undergoing dimensionality reduction, embedding with
uniform manifold approximation (UMAP) (49), and unsuper-
vised clustering (see Materials and Methods). Using these meth-
ods, five distinct groups of DQO0G602 dextramer CD4* T cells
could be identified, Treg, Tgp, central memory T cells (Tepm),
Temra cells, and memory T cells (Ty) (Fig. 6 C and D). Of
note, however, only a small portion of Trpgra cells were located
close to Ty (Fig. 6 Cand D).

With use of this map, 38 (tetramer, 6; dextramer, 32; total
cells, 209), 17 (tetramer, 10; dextramer, 7; total cells, 97), and

PNAS 2022 Vol.119 No.32 2205797119

4 (all dextramer; total cells, 49) TCR clones activated by
pHA,75 287, NP7 31, and HCRT o, as well as 54 negative
TCR clones (total cells, 368), could be positioned. As shown,
cells with identical TCR clonotypes had similar profiles and
were closely clustered, validating the methodology. Activated
clones were mainly located in the Tgpgra and Tgy compartments,
although a few Tregs were also observed. Interestingly, very few
activated pHA;73 37 and NP;7_3; clones and one HCRT
clone (22 cells of TCR750) were found in the Ty compartment,
together with some negative TCRs. Of note, negative TCRs were
evenly scattered, except for Ty only one NPy 3,—activated and
one negative TCR clone were found to derive from this popula-
tion (Fig. 6 E and F and SI Appendix, Fig. S10D). These results
were largely congruent with those obtained with tetramer-isolated

cells (49).
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Discussion

In this study, we confirmed that NT1 is associated with higher
frequencies of DQO0G602 antigen—restricted CD4" T cells reactive
to pHA2737237, NP]7,31, and HCRTS@GG»NHZ' These results
were most striking for pHA,73 557, a pH1N1-specific antigen,
and for HCRT's4_ss.nm2, the HCRT Ny, peptide with the clear-
est separation of tetramer-positive cells in fluorescence-activated
cell sorting (FACS) plots. Interestingly, the frequency of flu-
epitope-restricted cells varied by diagnosis but not by age or prior
vaccinaton with Pandemrix many years ago, reflecting the fact
that almost everyone was exposed to pHIN1 within a few seasons
past 2009 (50) and suggesting that the remaining pHA,73 557 reac-
tivity difference was intrinsic to narcolepsy. Isolating and function-
ally testing the corresponding TCRs for activation, we found large
sequence diversity and shared motifs for pHA,,3 55, and NP;7_3;.
Isolation of autoreactive HCRT g, clones was much more diffi-
cult, leading to smaller numbers than for the other antigens.

These results need to be interpreted in the context of the
recent literature. Latorre et al. (41) were the first to report an
increased T cell response against HCRT in NT1 versus controls.
In this study, memory CD45RA™CD4" T cells from 15 pa-
tients with NT1 and 3 patients with type 2 narcolepsy versus 12
controls were expanded polyclonally and screened for their
capacity to proliferate in response to autologous B cells pulsed
with an HCRT peptide pool, leading to the demonstration of an
increased response to HCRT in narcolepsy (41). A similar exper-
iment was also conducted with seasonal influenza A antigens;
however, no differences were identified between narcolepsy ver-
sus controls. Leading on from these findings, 184 HCRT-
specific CD4" T cell clones isolated in nine patients were found
to be of T helper 1 (Thl) and to target multiple epitopes of the
prepro-HCRT peptide. Most of the isolated clones were DRBI
restricted, however, suggesting that the response was downstream
of the disease process, as NT1 is primarily DQB1*06:02 associ-
ated. Additional cellular studies were also performed by Cogswell
et al. (40), who observed a higher frequency of interferon-y—
and tumor necrosis factor-o—producing CD4* (Th1) and CD8*
T cells in response to HCRT in 27 children with NT1 com-
pared to 15 healthy control children, but no differences in 14
NT1 and 16 adult controls. In addition, priming with flu pepti-
des amplified the T cell response to HCRT in children with
NT1. Overall, these studies indicate that polyclonal CD4" T
cell responses to HCRT presented by multiple major histocom-
patibility complex class IT molecules are increased in NT1 and,
more specifically, in children close to disease onset.

Because NT1 is HLA-DQO0602 associated, Luo et al. (42)
and Jiang et al. (39) specifically studied DQO0602-presented
fragments of HCRT and corresponding T cells using tetramer
studies. Luo et al. (42), studying 35 cases and 22 DQO0602 con-
trols, found increased CD4" T cells, recognizing C-terminal
fragments of HCRT in cases, most notably when HCRT was
amidated (HCRTnpo), a posttranslational modification that
occurs in vivo in these peptides. In this study as well, responses
were more strongly present in recent onset cases. A large number
of flu antigen fragments binding to DQ0602 were also identified
and tested, with the finding that increased T cell frequency rec-
ognizing pHA,,5 557, a pHINI1 2009 antigen, and NPy, 3, a
PR8 (vaccine) peptide, was also found in NT1 versus controls.
TCR sequencing in single cells was also performed and identified
sharing of specific TRAJ24 and TRBV4-2 segments in
HCRTNp2 and pHA,73 557 TCR chains across flu peptides and
hypocretin clones, suggesting cross-reactivity. Similarly, using 12
patents and 12 DQO0602 controls, Jiang et al. (39) isolated
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TCR cdlones carrying TRAJ24 using hypocretin-DQ0602 tetra-
mer, finding that one such clone (TCR27) carried a cytotoxic
CD4" T cell phenotype, closely resembling Tgyra, a type of
terminally differentiated CD4" T cell with high expression of
perforin and Granzyme B (51). In this study, the authors also
found that the corresponding receptor was reactive to HCRT
and HCRTnyy, when expressed in a Jurkat T cell model.

In the current study, complementing our previous results
(42), we screened more NT1 cases (42 vs. 35) and a similar
number of controls (22). We also rebalanced the sample so that
similar proportions of TRAJ24 alleles (polymorphisms most
strongly associated with NT1) were present across disease
groups (Table 1). Most notably, we increased testing of subjects
with TRAJ24 F/F, the genotype most strongly associated with
NT1, expecting to isolate further clones with a TRAJ24F
sequence. Importantly however, fewer early-onset (half, 5 vs. 10)
and post-Pandemrix subjects (cases, 4 vs. 16; controls, 4 vs. 11)
were included in this new sample (Table 1). Nonetheless, the
results of 77 cases and 44 controls replicated our initial finding
and, together with the literature, strongly suggest that a poly-
clonal CD4" T cell response directed toward HCRT fragments
that includes a subset with DQO602 restriction is more promi-
nent in NT1 cases than in matched controls.

We next studied functional effects of these T cell clones.
Because NT1 is genetically associated with polymorphisms
affecting TRAJ24, TRAJ28, and TRBV4-2 expression (42), all
clones bearing these segments were prioritized for testing in J76
cells, even if found at low abundance. We thereby tested 121
TRAJ24, 22 TRAJ28, and 150 TRBV4-2 TCRs (out of the
709), finding that most of these isolated clones (108 TRAJ24,
20 TRAJ28, and 117 TRBV4-2) were negative when tested for
activation (Dataset S6). Notably, these included 66 clones
bearing the F/L allele of TRAV2-CAVETDSWGKL/FQF-
TRAJ24, 24 TRBV4-2-CASSPDGTGVGNTIYF-TRBJ1-3, and
19 TRBV4-2-CASSQETQGRNYGYTF-TRBJ1-2 positive clones
(Dataset S6). Despite this low yield, we identified a few distinct
TRAJ24 and TRBV4-2 clones activated by pHA,75 557, NP7 31,
or HCRT\p, (Dataset S6 and SI Appendix, Fig. S3); however, no
cross-reactivity between antigens has been observed so far. This
finding was disappointing considering our prior results (42).

Interestingly, only 11% of isolated HCRTyy, tetramer TCR
sequences reacted functionally to HCRT\p, versus ~50% of
isolated pHA,73 587, NPy7_3; TCRs, explaining why we recov-
ered fewer HCRTny, versus flu-activated TCRs. Staining pat-
terns for each antigen were similar to those previously reported
(42). Notably, tetramer-positive CD4" T cells stained with
pHA,73_»87 and NPy5_3; were detected as subpopulations clearly
separated from tetramer-negative CD4" cells in almost every
individual, suggesting high specificity (S Appendix, Fig. S1). In
contrast, HCRTny; staining was more tail-like with a few sepa-
rated clusters, perhaps indicating polyclonality and less genuine
selectivity to HCRT o (87 Appendix, Fig. S1). This, together
with the fact that activation was predicted by the presence of a
larger amount of clonality in tetramer studies (>35 for
HCRTnp, vs. >5 times for flu), likely explains the lower yield.

Although these differences may be due primarily to lower
affinities of isolated TCRs for HCRTnyp, versus flu antigens,
other explanations may be involved. Indeed, given that expansion
is dependent on activation, we would not expect needing higher
amounts of clonality in cultures (35 vs. 5) to predict activation
with HCRTnpp; thus, another possibility for these differences
may be engagement of different downstream activation pathways.
Indeed, the ]J76 cell line used in this study was engineered with
nuclear factor of activated T cells (NFAT)-luciferase so that T cell
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activation using other pathways, such as activator protein—1,
nuclear factor (NF)-kB, mammalian target of rapamycin, and
other known pathways (52), was not explored. It is also possible
that specific TCRs can bind without activation, although in this
case, it would be difficult to explain how these clones could
expand in culture.

Despite screening of a larger number of tetramers and dex-
tramers (709 clones retrieved in both DQO0602 tetramer and
dextramers were tested; see Dataset S6), limited cross-reactivity
was detected across flu and HCRTyy; antigens. Rather, many
unique TCR clones were found (CDR3a: pHA,73 587, 89;
NP17_31, 80, HCRTNHz, 37, CDR%‘S PHA273—2871 101,
NPy7_31, 855 HCRTNwo, 34) (Fig. 5 and S/ Appendix, Fig. S8),
making it possible to compare antigen-restricted sequences with
previously published reference data (Fig. 5 and SI Appendix,
Figs. S8 and S9) as well as between NT1 patients versus controls
(81 Appendix, Fig. S9). Three HCRTny clones (TCR101, 141,
and 150) were found to weakly react to NP;-_; in initial experi-
ments, but activation with NP;7_3; was much weaker in repli-
cate (Fig. 2 and Dataset S6), thus consolidating findings from
J76 cells and suggesting that cross-reactivity is weak and unlikely
to be of significance to the pathophysiology of disease onset.

Phenotyping of activated (and nonactivated) cells conducted
for both tetramer- and dextramer-isolated cells also did not
reveal significant differences across peptide (HCRTnp» and
pHA,75 587 or NPy_3,) specificity. These cells were character-
ized after peptide culture with low-dose interleukin-2; however,
this commonly used procedure has been shown not to alter
T cell phenotype (53, 54). Of note, many Tgypra cytotoxic
CD4% cells were detected across all antigens, which was in
line with results by Jiang and colleagues (39), who identified
DQG6-restricted eTRAJ24L" cells with higher levels of PRF1
and TGF-p in patients as opposed to controls. It is possible
that TCR-binding tetramers without the ability to activate
may exist and may be more frequent as a ratio of TCRs reac-
tive to auto versus foreign antigens, since they would not be
subjected to central tolerance. However, the literature on this
subject remains inconclusive (55, 56). In all cases, it was notable
that staining with HCRTnp, was much higher than staining
with native HCRT (42), a finding that was also concordant with
results by Jiang et al. (39), who observed stronger signaling in a
TCR transfectant (TCR27) with HCRTg;_97.npo. This impli-
cates reduced tolerance toward posttranslationally modified pepti-
des in the pathology of NT1, in line with evidence from previous
studies, as well as other autoimmune diseases (42).

The observation that a large number of T cells reactive to
HCRT in the context of DQO0602 presentation were Tryvra
cells is worth noting. These cells are a type of terminally differ-
entiated CD4" T cell expressing high levels of cytotoxic pro-
teins (not unlike CD8" T and NK cells) (55) and thus are
likely able to directly mediate HCRT cell killing independent
of CD8" T cells. Markedly, several studies have recently sug-
gested changes in Tgypra populations in narcolepsy (57, 58).

Our experiments also allowed us to contrast the advantages of
using dCODE dextramer versus tetramer. Since more streptavi-
din molecules are present on each backbone for dextramers, more
CD4* T cells were recognizable by dextramers for both foreign
and HCRT Ny, (Fig. 1 and S7 Appendix, Fig. S1). Critcally,
however, this also increased background for nonspecific CD4* T
cells and reduced enrichment (Datasets S5 and S7), making it a

1. S.Nishino, T. Kanbayashi, Symptomatic narcolepsy, cataplexy and hypersomnia, and their
implications in the hypothalamic hypocretin/orexin system. Sleep Med. Rev. 9, 269-310 (2005).

2. C.Peyron et al.,, A mutation in a case of early onset narcolepsy and a generalized absence of
hypocretin peptides in human narcoleptic brains. Nat. Med. 6, 991-997 (2000).
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challenge to attribute each clone to each unique antigen using
multiple DNA barcodes to each dextramer-stained CD4" T cell
(Dataset S5). In comparison with tetramer, dextramer-retrieved
TCRs were often labeled with multiple antigens and were found
to be activated by a different peptide than the one assigned by its
barcode (Table 2 and Dataset S7). We hypothesize that this is an
artifact due to the pooling of T cells for sequencing and suggest
that loading and sequencing each dCODE dextramer reaction in
separate lanes could produce better results. As a consequence,
clones retrieved by dextramer experiments could not be analyzed
by peptide specificity unless they showed activation in Jurkat cell
lines by a single peptide. Analysis of the phenotypes of activated
(Fig. 6) and nonactivated clones (for tetramer only, to keep
ligand specificity) did not reveal differences across NT1 and con-
trols, although interestingly, HCRT\po-recognizing T cells were
predominantly Tgyra cells rather than Tregs, thus suggesting
they may play a role in the pathophysiology of NT1.

Our study contributes to the understanding of T cell-
mediated reactivity in narcolepsy by extending previous find-
ings related to both epitope-restricted reactivity of CD4" T
cells and phenotypic characterization of reactive cells. The inter-
play between flu antigens and HCRT in autoimmunity remains
enigmatic, and our study supports that the pathophysiological
mechanisms that may explain their relationship likely extend
beyond molecular mimicry and immune cell cross-reactivity. Evi-
dence in support of the T cell-mediated killing of HCRT cells is
increasing, whereby the exact roles of CD4" and CD8™" cells in
this trajectory remain to be deciphered. Studies in mice have
shown that both pathogenic CD4" Th1 cells, as well as cytotoxic
CD8* T cells, infiltrate the hypothalamus; however, destruction
of HCRT neurons was specifically mediated by only the latter
(43). Concurrently, Pedersen et al. (44) investigated CD8" T
cells, also finding HCRT-targeting cells that were, however, not
exclusive to the patient population and could also be identified in
healthy controls. Interestingly, however, CD4* T cells with a
cytotoxic potential may be cardinally implicated in this process;
hence, with possible advances in single-cell sequencing technology
and more extensive phenotypic characterization of T cell subtypes
beyond TCR diversity, we can expect important new insights to
the specificities and functions of these cells in the near future.

Materials and Methods

This study was reviewed and approved by the Stanford University Institutional
Review Board (Protocol # 14325, Registration # 5136). Informed consent was
obtained from each participant. Detailed information on subjects is described in
the SI Appendix. Details of vaccine, peptides, tetramer staining, TCR sequencing,
and network analysis are provided in the S/ Appendix and Datasets S1-S11.

Data Availability. All study data are included in the article and/or supporting
information.
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