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High-resolution epitope mapping of anti-Hu
and anti-Yo autoimmunity by programmable
phage display

Brian O’Donovan,1 Caleigh Mandel-Brehm,1 Sara E. Vazquez,1 Jamin Liu,1,2

Audrey V. Parent,3 Mark S. Anderson,3 Travis Kassimatis,1 Anastasia Zekeridou,4,5

Stephen L. Hauser,6,7 Sean J. Pittock,4,5 Eric Chow,1 Michael R. Wilson6,7 and
Joseph L. DeRisi1,8

Paraneoplastic neurological disorders are immune-mediated diseases understood to manifest as part of a misdirected anti-tumor

immune response. Paraneoplastic neurological disorder-associated autoantibodies can assist with diagnosis and enhance our under-

standing of tumor-associated immune processes. We designed a comprehensive library of 49-amino-acid overlapping peptides span-

ning the entire human proteome, including all splicing isoforms and computationally predicted coding regions. Using this library,

we optimized a phage immunoprecipitation and sequencing protocol with multiple rounds of enrichment to create high-resolution

epitope profiles in serum and cerebrospinal fluid (CSF) samples from patients suffering from two common paraneoplastic neuro-

logical disorders, the anti-Yo (n¼ 36 patients) and anti-Hu (n¼ 44 patients) syndromes. All (100%) anti-Yo patient samples

yielded enrichment of peptides from the canonical anti-Yo (CDR2 and CDR2L) antigens, while 38% of anti-Hu patients enriched

peptides deriving from the nELAVL (neuronal embryonic lethal abnormal vision like) family of proteins, the anti-Hu autoantigenic

target. Among the anti-Hu patient samples that were positive for nELAVL, we noted a restricted region of immunoreactivity. To

achieve single amino acid resolution, we designed a novel deep mutational scanning phage library encoding all possible single-point

mutants targeting the reactive nELAVL region. This analysis revealed a distinct preference for the degenerate motif, RLDxLL,

shared by ELAVL2, 3 and 4. Lastly, phage immunoprecipitation sequencing identified several known autoantigens in these same

patient samples, including peptides deriving from the cancer-associated antigens ZIC and SOX families of transcription factors.

Overall, this optimized phage immunoprecipitation sequencing library and protocol yielded the high-resolution epitope mapping of

the autoantigens targeted in anti-Yo and anti-Hu encephalitis patients to date. The results presented here further demonstrate the

utility and high-resolution capability of phage immunoprecipitation sequencing for both basic science and clinical applications and

for better understanding the antigenic targets and triggers of paraneoplastic neurological disorders.
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Abbreviations: AA ¼ amino acid; CDR2 ¼ cerebellar, degeneration-related protein 2; CDR2L ¼ cerebellar degeneration-related
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Introduction
Paraneoplastic neurological disorders (PNDs) affecting the

central nervous system (CNS) are a collection of diseases

characterized by an autoimmune response to proteins

normally restricted to the CNS and triggered by ectopic

expression of the antigen by a systemic neoplasm

(Pignolet et al., 2013). Existing PND pathogenesis models

posit that an otherwise appropriate anti-tumor immune

response to tumor antigens precipitates a breakdown of

immune tolerance and subsequent infiltration of autoreac-

tive lymphocytes and/or pathogenic autoantibodies into

the CNS (Toothaker and Rubin, 2009). The roles and

culpability of cell-mediated and humoral immune

responses in disease progression are disputed, as onco-

neuronal antibodies are often specific for intracellular

proteins and are frequently detected in the sera of cancer

patients in the absence of PND symptoms (Rosenfeld and

Dalmau, 2012).

Anti-Yo paraneoplastic cerebellar degeneration is pri-

marily associated with gynecological and breast malignan-

cies (O’Brien et al., 1995; Hasadsri et al., 2013). Anti-Yo

antibodies, also known as anti-Purkinje cell cytoplasmic

antibody 1 (PCA-1), target the two intracellular proteins

CDR2 (cerebellar degeneration-related protein 2) and/or

CDR2L (CDR2-like). To date, the specific antigenic

determinants on the CDR2 and CDR2L proteins have

not been mapped, though recent studies implicated

CDR2L as the primary antigen (Kråkenes et al., 2019).

Anti-Hu-related PND is most commonly associated

with small-cell lung cancer (Senties-Madrid and Vega-

Boada, 2001). Anti-Hu antibodies target members of the

ELAVL (embryonic lethal abnormal vision like) family of

intracellular RNA-binding proteins. There are four mem-

bers of this family: ELAVL1, ELAVL2, ELAVL3 and

ELAVL4 (also known as HuA/R, HuB, HuC and HuD,

respectively). ELAVL1 is the most divergent homolog and

is ubiquitously expressed in all tissues. ELAVL2, 3 and 4

have restricted expression to the nervous system, and

these three are understood to be the target of PND anti-

bodies and are often referred to as nELAVL (neuronal

ELAVL) proteins (Pascale et al., 2008).

The majority of currently available clinical autoimmune

panels include antigen-specific ELISA-based methods, cell-

based assays, co-localization immunohistochemistry and

traditional western blots (Lancaster, 2016). Unbiased and

higher-throughput methods exist in the research context

and include immunoprecipitation–mass spectrometry, ex-

pression library screening, biochemical purification, pep-

tide arrays, protein arrays and phage display, each with

its own advantages and limitations. Among these, varia-

tions in bacteriophage display technologies have been suc-

cessfully utilized for decades in antigen discovery

(Beghetto and Gargano, 2013), epitope mapping (Burritt
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et al., 1995) and antibody engineering (Frei and Lai,

2016). Traditionally, tissue-specific cDNA libraries, de-

generate or random synthetic oligonucleotides are cloned

and expressed on the surface of phage capsids, which are

panned against immobilized antibody or other targets of

interest. More recently, rationally designed libraries

encompassing the entire human proteome have been

implemented (Larman et al., 2011). With next-generation

sequencing as a readout, researchers can quantify the en-

richment of millions of individual phage clones simultan-

eously and identify sequences that bind to the target or

antibody of interest. This technology, known as phage

immunoprecipitation and sequencing (PhIP-Seq), has suc-

cessfully identified autoantigens and mapped epitopes in

inclusion body myositis, rheumatoid arthritis, two other

common PNDs, the anti-Ma and anti-Ri syndromes

(Larman et al., 2013). More recently, our group used

PhIP-Seq and other approaches to uncover a new PND

defined by immunoreactivity to kelch-like protein 11

(Mandel-Brehm et al., 2019).

Here, we report the design and utilization of a compre-

hensive PhIP-Seq library of endogenous human peptides,

including all known and predicted human protein splice

variants. Using this expanded ‘peptidome’ library, we

conducted nearly 800 IPs over 130 serum and CSF sam-

ples from patients suffering from anti-Hu and anti-Yo

PNDs, yielding the high-resolution epitope mapping of

the autoantigens targeted in these diseases to date.

Materials and methods

Patient samples

Patient samples were collected by the Mayo Clinic

Neuroimmunology Laboratory for routine paraneoplastic

autoantibody testing. Seropositive samples were stored for

quality assurance purposes. Clinical data were not avail-

able for most seropositive patients. Mayo Clinic’s IRB

and Biospecimens Committee approved the provision of

sending de-identified samples to UCSF. For Mayo Clinic

patients for whom a limited data set (age, sex and tumor

type) was provided to UCSF, consent for medical chart

review was provided. Patient ID, sex, age and diagnoses

data are available in Supplementary Table 1.

Computational design of library

We downloaded all human sequences in the NCBI pro-

tein database (November 2015), including all splicing

isoforms and computationally predicted coding regions.

Full-length sequences were clustered on 99% sequence

identity (CD-HIT v4.6; Li and Godzik, 2006) to remove

duplicate and partial sequences before computationally

dividing them into 49-amino-acid (AA) peptides using a

24-AA sliding window approach starting at the N-ter-

minus. As such, each peptide shared a 25-residue overlap

with the one preceding it on the primary protein se-

quence. Peptides encoding the final 49 residues at the C-

terminus were substituted when the final sliding window

resulted in shortened or truncated sequences (proteins not

evenly divisible by 49). The resulting peptides were fur-

ther clustered/collapsed on 95% identity such that pepti-

des with two or fewer AA differences were combined by

randomly choosing one representative sequence.

AA sequences were converted to nucleotides using pre-

ferred Escherichia coli codons (Supplementary Table 2)

and relevant restriction sites (EcoRI, HindIII, BamHI,

XhoI) were removed with synonymous mutations to fa-

cilitate cloning. To enable amplification from synthesized

oligo pools, 21-nucleotide (nt) universal priming sites

were added to the 50 and 30 ends of each oligo. These

sequences also serve to encode STREP and FLAG tag

sequences (after the addition of terminal codons by

PCR) that allow for downstream assessment of proper,

in frame cloning. The resulting library consists of

731 724 unique 189 mer oligonucleotide sequences

encoding 49-AA human peptides flanked by 8-AA

STREP and FLAG sequences after amplification with ap-

propriate primers.

Immunoprecipitation

All liquid handling steps were carried out on Biomek FX

robotics platform (Beckman Coulter, Brea, CA, USA).

The 96-well, full-skirted, low-profile PCR plates (BioRad

Inc, Hercules, CA, USA) were incubated overnight with

180 ll immunoprecipitation (IP)-blocking buffer (3% bo-

vine serum albumin, PBS-T) to prevent non-specific bind-

ing. Blocking buffer was replaced with 150 ll of phage

library (1011 plaque-forming units in storage buffer),

mixed with 2 ll patient CSF (undiluted), patient sera

(diluted 1:50 in blocking buffer) or 2 ng commercial anti-

body and incubated overnight at 4�C. Experimental

batches were defined by sample type (CSF or serum

only), with individual patient samples assigned randomly

to wells. Replicates were run in separate batches.

Protein A and G magnetic beads (Dynabeads—

Invitrogen, Carlsbad, CA, USA) were mixed equally and

washed three times by magnetic separation and resus-

pension in equivalent volumes of TNP-40 wash buffer

(150 mM NaCl, 50 mM Tris-HCL, 0.1% NP-40, pH

7.5). Ten microlitres of A/G bead slurry was added to

each IP reaction (using wide bore pipette tips) and incu-

bated for 1 h at 4�C. Bead–antibody complexes were

washed three times by magnetic separation, removal of

supernatant and resuspension in 150 ll TNP-40 washing

buffer. Subsequent to final wash, beads were resus-

pended in 150 ll chilled LB and used to inoculate fresh

E. coli cultures (400 ll at OD600 ¼ 0.5) for in vivo

amplification. Lysates were clarified by centrifugation at

3000 g (at 4�C) and 150 ll removed/stored for next-gen-

eration sequencing library preparation or additional

rounds of IP.
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Bioinformatic analysis

Reads were quality filtered, paired-end reconciled

(PEAR v0.9.8; Zhang et al., 2014) and aligned to a ref-

erence database of the full library (bowtie2 v2.3.1;

Langmead and Salzberg, 2012). Sequence alignment

map files were parsed using a suite of in-house analysis

tools (Python/Pandas), and individual phage counts

were normalized to reads per 100k (rpK) by dividing

by the sum of counts and multiplying by 100,000.

Peptide-level fold-changes were calculated by dividing

individual peptide rpK values with their expected abun-

dance (mean rpK in mock IPs). For peptides never

observed in any control IP, fold-changes were calculated

using the median rpK for all peptides derived from that

gene in the mock IP.

We identified in our control IPs a set of the 100 most

abundant peptides that also have a standard deviation

less than their mean. This ‘internal control’ set repre-

sented the most abundant and consistent phage carried

along specifically by the protein-AG beads or other

reagents, in the absence of any antibody. We calculated a

sample-specific scaling factor, defined as the ratio of me-

dian abundances (rpK) of these 100 peptides in our con-

trols to their abundance in the given sample. Fold-change

values were multiplied by their sample-specific scaling

factor.

To account for the bias introduced in the fold-change

calculation stemming from under-represented peptides in

the mock IP having inflated fold-changes despite only

modest representation in an experimental IP, we normal-

ized, within each experimental batch (defined as all sam-

ples on a given 96-well plate, never <50 samples), fold-

change values using a correction factor defined as the so-

lution to a linear regression fit to the fold-change values

as a function of their mean log2(rpK) in AG-only controls

(Supplementary Fig. 1). Importantly, fold-change values

were only corrected when the correction factor was posi-

tive (expected fold-change given the abundance in mock

IPs was positive).

Statistical analysis

We fit a normal distribution to the scaled and normalized

fold-change values and assigned P-values by evaluating

the survival function (1-CDF) at a given fold-change

(Supplementary Fig. 1D). To account for multiple tests,

we calculated an adjusted P-value (Padj) using the

Benjamini–Hochberg procedure, enforcing a false discov-

ery rate of 0.05. Peptides were reported as significant

with a positive fold-change and a Padj of �0.05 in both

technical replicates (independent IPs starting from single

CSF or serum sample). Significance testing for associa-

tions between PND cohorts and healthy controls was per-

formed using Fisher’s exact test with multiple testing

correction (Benjamini–Hochberg, false discovery rate

�0.05).

ELAVL4 amplicon sequencing from
bulk thymus and sorted human
TECs

Sorted TECs were isolated from human thymus obtained

from 18- to 22-gestational week specimens under the

guidelines of the University of California San Francisco

Committee on Human Research. Tissue was washed, cut

into small pieces using scissors and gently mashed using

the back of a syringe to extract thymocytes. To isolate

TECs, remaining tissue pieces were digested at 37�C

using medium containing 100 lg/ml DNase I (Roche,

Belmont, CA, USA) and 100 lg/ml LiberaseTM (Sigma-

Aldrich, St. Louis, MO, USA) in RPMI. Fragments were

triturated through a 5-ml pipette after 6 and 12 min to

mechanically aid digestion. At 12 min, tubes were spun to

pellet undigested fragments and the supernatant was dis-

carded. Fresh digestion medium was added to remaining

fragments, and the digestion was repeated using a glass

Pasteur pipette. Supernatant was again discarded. A third

round of enzymatic digestion was performed using diges-

tion medium supplemented with trypsin–EDTA for a final

concentration of 0.05%. Remaining thymic fragments

were digested for another 30 min, or until a single-cell

suspension was obtained. The cells were moved to cold

MACS buffer (0.5% bovine serum albumin, 2 mM EDTA

in PBS) to stop the enzymatic digestion. Following diges-

tion, TECs were enriched by density centrifugation over a

three-layer Percoll gradient with specific gravities of

1.115, 1.065 and 1.0. Stromal cells isolated from the

Percoll-light fraction (between the 1.065 and 1.0 layers)

were washed in MACS buffer. For surface staining, cells

were blocked using a human Fc Receptor Binding

Inhibitor Antibody (eBioscience) and incubated on ice for

30 min with the following antibodies:

PE anti-human Epcam (HEA-125) (Miltenyi 130-091-253)—

dilution 1:50 and

Alexa Fluor 488 anti-human CD45 (HI30) (BioLegend 304017)—

dilution 1:100.

Epcamþ CD45� DAPI� cells were sorted using an

FACS AriaII (BD Biosciences, San Jose, CA, USA) directly

into TRIzol LS (ThermoFisher Scientific, South San

Francisco, CA, USA). The aqueous phase was extracted

using the manufacturer’s instructions followed by RNA

isolation using the RNeasy micro kit (QIAGEN,

Redwood City, CA, USA). RNA was reverse transcribed

using the iScript cDNA synthesis kit (Bio-Rad,

Emeryville, CA, USA).

RNA samples from whole fetal and adult human thy-

mus were purchased from Agilent Technologies (Santa

Clara, CA, USA) and Clontech (Mountain View, CA,

USA). RNA was reverse transcribed using the iScript

cDNA synthesis kit.

Amplicon libraries spanning the relevant exons were

generated using the following primers:
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ELAVL4_fwd: GAACCGATTACTGTGAAGTTTGCCAAC and

ELAVL4_rev: GTAGACAAAGATGCACCACCCAGTTC.

PCR products were purified using the QIAGEN Gel

Extraction kit, and library construction was conducted

on the quantified DNA using the NEBNextV
R

UltraTM

DNA Library Prep Kit (New England Biolabs, Ipswich,

MA, USA). The final library was sequenced using a

MiSeq with single-end, 300-base reads.

Clinical PND antibody confirmation

Confirmation of anti-Yo and anti-Hu activity in patient

samples was performed in the Mayo Clinic

Neuroimmunology Laboratory with CLIA- and New

York State-approved methodology (Gadoth et al., 2017).

Briefly, patients’ sera and CSF were tested using cryosec-

tions of neural and non-neural murine tissues. Tissues

were briefly fixed with 4% paraformaldehyde (1 min) and

permeabilized with 0.5% CHAPS in PBS (1 min) and

10% normal goat serum was applied for 1 h (blocking

of non-specific binding). Serum was preabsorbed with

liver powder and applied at 1:240 dilutions; CSF was

applied at 1:2 dilutions (doubling dilutions were used

until endpoint). Secondary FITC-labeled antibodies used

were from Southern Biotech (Birmingham, AL, USA).

Data availability

Sequencing data have been deposited in the NCBI SRA

under BioProject PRJNA507500 (datasets generated: epi-

tope mapping and antigen discovery by T7 phage display;

previously published datasets: single-cell RNA-seq of mur-

ine medullary thymic epithelial cells: Miragaia et al.,

2018, https://www.ebi.ac.uk/ena/data/view/ERR1952294,

ERR1952294; single-cell RNA-seq of electrophysiologi-

cally characterized neurons of the hippocampus: Földy

et al., 2016, https://trace.ncbi.nlm.nih.gov/Traces/sra/?

study¼SRP068021, SRP068021; single-cell isoform

sequencing from whole mouse tissue: Gupta et al., 2018,

https://trace.ncbi.nlm.nih.gov/Traces/sra/? study¼SRP128511,

SRP128511; phage display library design files available at:

https://github.com/derisilab-ucsf/PhIP-PND-2018).

Results

Design, production and
characterization of human PhIP-Seq
Library v2

The Human PhIP-Seq Library v2 contains all annotated

human protein sequences from the NCBI protein data-

base (November 2015), including all published and com-

putationally predicted splice variants and coding regions

(O’Leary et al., 2016; Fig. 1). Full-length sequences were

clustered on 99% sequence identity (CD-HIT v4.6;

Li and Godzik, 2006) to remove duplicate and partial

entries, resulting in a set of 50,276 proteins. Each protein

was computationally divided into 49-AA peptides using a

24-AA sliding window approach such that sequential

peptides overlapped by 25 residues (see Materials and

methods). This resulted in a set of 1 256 684 peptide

sequences encompassing the entire human proteome. To

remove redundant sequences derived from identical

regions of the various isoforms and homologs, we further

clustered and collapsed the 49-AA peptides on 95% iden-

tity such that peptides with two or fewer AA differences

were combined by choosing one representative sequence.

AA sequences were converted to nucleotides using pre-

ferred E. coli codons (see Materials and methods; Maloy

et al., 1996). Restriction sites (EcoRI, HindIII, BamHI

and XhoI) were removed with synonymous nucleotide

changes to facilitate cloning. To enable amplification

from synthesized oligo pools, 21-nt universal priming

sites were added to the 50 and 30 ends of each sequence.

These priming sites also encoded STREP and FLAG tag

sequences (after the addition of a terminal codon by

PCR). The final library consisted of 731 724 unique 189

mer oligonucleotide sequences encoding 49-AA human

peptides flanked by 50-STREP and 30-FLAG sequences.

The library was synthesized by Agilent Technologies. The

complete sequence of each oligo is available at https://

github.com/derisilab-ucsf/PhIP-PND-2018.

After PCR amplification and size selection (Blue Pippin

3% Agarose cassette; Sage Science, Beverly, MA, USA)

but prior to cloning and packaging into phage, the syn-

thesized oligos were evaluated by next-generation

sequencing with 70 million paired-end 125-nt reads

(Fig. 1B). A total of 98.5% of all the synthesized sequen-

ces were full length, and 84% were error free. For those

with errors, a majority (10% of all sequences) were dele-

tions of three or fewer bases, while single-base substitu-

tions accounted for 4%, and the remaining 2% of oligos

contained larger deletions (>4 bases) or truncated/chimer-

ic sequences. The commercially synthesized library yielded

722 436 unique peptide sequences with an estimated

Chao1 diversity (Chao, 1984) of 723 421, indicating that

99% of the library was present. The distribution and

coverage of the library were uniform, with 99.9% of the

sequences within 10-fold of the mean library proportion

(Fig. 1C).

Size-selected and restriction-digested oligos were cloned

and packaged in 25 separate 10-ll reactions according to

the manufacturer’s specifications (EMD, Burlington, MA,

USA). The efficiency of in vitro packaging was quantified

by plaque assay. The diluted and quenched packaging re-

action (3 ml total) contained 109 plaque-forming units/ml,

roughly 1000� coverage of the entire library. The library

of phage clones was sequenced (70 million paired-end

125-nt reads) to determine the fidelity of the packaged li-

brary. A total of 77% of phage sequenced yielded error-

free, full-sized inserts (Fig. 1B). The majority of errors

(21% of all sequences) were deletions or stop codons

resulting in shorter expressed peptides. Within the 77%
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of correct sequences, there were 657 948 unique clones

with an estimated Chao1 diversity of 658 476—indicat-

ing that 89% of this library was packaged and cloned

without any errors. Allowing for synonymous mutations

and single-AA substitutions, 92% of the library was

packaged successfully into phage.

Development of statistical approach
to analyze peptide enrichment

Several statistical approaches for analyzing PhIP-Seq data

have been published, primarily based on generalized

Poisson or negative binomial count models fit to the dis-

tribution of unselected or input library phage populations

(Xu et al., 2015; Mohan et al., 2018). More recently, an

algorithm leveraging z-scores of phage counts relative to

AG bead only ‘mock’ IPs was developed to account for

non-specific phage binding to IP reagents and substrates

(Yuan et al., 2018). These approaches were developed to

analyze datasets generated from single rounds of immu-

noprecipitation and were optimized for sensitivity to low

abundance phage.

To identify phage significantly enriched after multiple

consecutive rounds of selection with patient antibodies, a

statistical framework was developed (Materials and meth-

ods) based on phage fold-change statistics relative to a

collection of 40 independent mock IPs using protein-AG

beads alone. Briefly, peptide counts from each control

and sample IP were normalized to rpK. Normalized pep-

tide counts from each experimental IP were multiplied by

a sample-specific scaling factor derived from the median

rpK of the 100 most highly and consistently enriched

AG-bead-binding peptides (Supplementary Fig. 1). Each

peptide’s fold-change enrichment was then calculated by

dividing its scaled rpK value by its mean representation

in the AG controls. Given the nature of the fold-change

calculation, small fluctuations in low abundance phage in

control IPs can lead to inflated fold-change values and

Figure 1 Design and characterization of PhIP-Seq library. (A) All human protein isoforms, variants and computationally predicted

coding regions were downloaded from the NCBI Protein database. Full-length sequences were clustered on 99% sequence identity (CD-HIT

v4.6) to remove duplicate and partial sequences. Each protein was computationally divided into 49-amino-acid peptides using a 24-AA sliding

window. Redundant or duplicate sequences were removed by further clustering on 95% sequence identity. The resulting 731 724 sequences

were synthesized and cloned into the T7 select vector (Millipore, Burlington, MA, USA). (B) Assessment of the library quality before (blue) and

after (yellow) cloning and packaging.
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false positives. To address this, fold-change values were

further transformed using a method inspired by smoothed

quantile normalization approaches in microarray data

(see Materials and methods; Du et al., 2008). P-values

were assigned to the fold-changes by evaluating the

survival function of a normal distribution fit to the

log10(fold-change) values in each experimental batch.

Peptides reported as significant were those having an

adjusted P-value (Padj) ¼ <0.05 in at least two replicates

after multiple test correction (Benjamini and Hochberg,

1995).

Phage library performance
validation: commercial antibodies

Validation of our PhIP-Seq custom peptidome was per-

formed using two commercial antibodies with known spe-

cificities: anti-glial fibrillary acid protein (Agilent/DAKO,

Carpinteria, CA, USA) and anti-gephyrin (GPHN)

(Abcam, Burlingame, CA, USA) polyclonal antibodies.

Many commercial antibodies (to multiple antigens) were

successfully screened, and these two chosen as they repre-

sented both the most diverse and homogenous results

with respect to peptide-level enrichment. Three rounds of

enrichment were used to further select for the particular

epitope, reduce requisite sequencing costs and minimize

the proportion of non-specific binders. After each round

of enrichment, phage populations were assessed by

sequencing to an average depth of 2 million paired-end

125-nt reads. After three rounds of enrichment, a major-

ity (50–70%) of the phage in the final population

encoded peptides derived from the commercial antibody

target (Fig. 2A). Replicate IPs were conducted on separate

days and exhibited high reproducibility (r> 0.8) in phage

counts between experiments.

When applied to these data, our statistical model cor-

rectly identified peptides from the target gene of interest

as the most significantly enriched with minimal off-target

or unrelated peptides/genes (Fig. 2B). The anti-glial fibril-

lary acid protein IPs enriched 18 unique peptides repre-

senting >60% of all phage in the final library (in both

replicates) and scaled fold-changes >300 000 � (Padj <

10�20) over the mock IPs. Similarly, the anti-GPHN com-

mercial antibody enriched four unique C-terminal

gephyrin peptides with 10 000-fold enrichment (Padj <

10�25) over control IPs.

Alignment of the significantly enriched peptides from

the anti-glial fibrillary acid protein IP to the full-length

protein revealed a distinct antigenic profile (Fig. 2C), sug-

gesting that the commercial antibodies had highest affin-

ity for a �27-AA region surrounding the exon 5–6

junction. Notably, this region was identified by the

Immune Epitope Database tools Emini surface exposure

calculation as having the highest B-cell antigenicity poten-

tial (Emini et al., 1985; Vita et al., 2015). The three sig-

nificantly enriched GPHN peptides were all overlapping

sequences with consensus at the final 32 residues of the

surface-exposed C-terminus (Fig. 1D). The anti-GPHN

IPs also consistently enriched a single peptide from chro-

mogranin A at levels greater than or commensurate with

that of the GPHN peptides (Padj < 10�30). Motif analysis

with GLAM2 (Gapped Local Alignment of Motifs) (Frith

et al., 2008) and alignment of the chromogranin A and

GPHN phage peptides revealed a discontinuous six-resi-

due sequence (YxExxK) shared between chromogranin A

and GPHN. Of the 256 peptides reported as significant

in both replicates, 144 peptides (56%) contained the

motif (Fig. 2D). The probability of recovering these

motif-containing peptides by chance given their represen-

tation in the original library is infinitesimal (<10�300,

Fischer’s exact test), indicating that a majority of the pep-

tides in the final phage population were, in fact, true

binders to the commercial antibody. These data also dem-

onstrated that single-AA resolution-binding motifs could

be recovered given sufficient representation in the original

library.

PND cohort results

A total of 798 individual IPs (including all three rounds

of enrichment) were performed on 130 CSF and serum

samples from patients with anti-Yo or anti-Hu antibod-

ies identified by the Mayo Clinic Neuroimmunology

Laboratory with CLIA- and New York State-approved

methodology, as previously described (see Materials and

methods; Gadoth et al., 2017). The PhIP-Seq protocol

was performed on a Biomek FX automated liquid hand-

ler across three experimental batches (Materials and

methods). All samples were run blinded and in duplicate

as technical replicates (fully independent IPs starting

from single serum or CSF sample). A sample was

reported as positive if peptides derived from the respect-

ive Yo (CDR2/CDR2L) or Hu (ELAVL2,3,4) antigens

showed significant fold-changes (Padj � 0.05) in both

replicates.

Identification of CDR2/CDR2L
antigens in anti-Yo sera and CSF

From 36 confirmed anti-Yo patients, a total of 53 sam-

ples were interrogated by PhIP-Seq, of which 51 (96%)

were positive for anti-Yo peptides. When sample identi-

ties were unblinded, it was revealed that all 36 patients

were represented by these positive samples. No significant

differences were observed in sensitivity or binding profiles

between CSF and serum, with 34/36 sera and 17/20 CSF

testing positive (Pchi-square ¼ 0.23). From 50 de-identified

healthy donor sera, only a single CDR2L peptide from a

single donor was significantly enriched (37 rpK, Padj ¼
0.0494) reflecting the high specificity of anti-Hu and Yo

antibodies in PND.

As shown in Fig. 3A for three representative patients,

phage specific for CDR2/CDR2L dominated the population

by the final round of selection in a majority of samples.
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All patients showed enrichment for CDR2L while 30/36

(83%) were positive for both CDR2L and CDR2 peptides.

No patients showed reactivity to CDR2 peptides alone.

Across all patients, 29 unique CDR2L peptides were identi-

fied and accounted for 21% of all phage sequenced.

Conversely, six unique peptides from CDR2 were identified

across all patient samples and accounted for 0.25% of all

phage sequenced (Fig. 3B), suggesting that the overall mag-

nitude and complexity of peptide enrichment for CDR2L

was greater than for CDR2 peptides.

Figure 2 Validation of library by commercial antibody IPs. Phage library was subjected to three rounds of selection by polyclonal

commercial antibodies to GFAP and GPHN. (A) Replicates show high correlation of gene-level counts for IPs performed on separate days. Final

libraries are dominated by the commercial antibody target. The GPHN antibody also consistently enriched a single peptide from CHGA. (B)

Scatterplots of peptide-level enrichments show that 18 unique GFAP peptides and 4 GPHN peptides were identified as antibody binders (red

markers). Peptides sharing a motif with both GPHN and CHGA (white, see D). (C) Alignment of GFAP peptides to the full-length protein reveals

two distinct regions of antibody affinity corresponding to regions of high solvent exposure and B-cell antigenicity as predicted by IEDB tools

Emini surface exposure and Bepipred algorithms. (D) Motif analysis of the significant peptides in the GPHN IP reveals a short, discontiguous

motif shared by 144 significantly enriched peptides in the final population (from 94 unique genes/proteins), including the most abundant CHGA

peptide. The motif is highlighted on the crystal structure of GPHN (top), and peptides sharing this motif are marked by a white circle in B.

CHGA ¼ chromogranin A; GFAP ¼ glial fibrillary acid protein; IEDB ¼ Immune Epitope Database.
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The antigenic profile across the full-length CDR2L pro-

tein, for all 36 patients, is shown in Fig. 4A. Convergent

epitopes were shared by subgroups of patients, particular-

ly at Residues 322–346, the most highly enriched epitope

across all patients. In contrast to CDR2L, the antigenic

profile of patient antibodies to CDR2 (Fig. 4C) was pri-

marily limited to three peptides spanning 100 AA at the

N-terminus. We further examined the relationship be-

tween homology and enrichment (Fig. 4B). Interestingly,

the most highly enriched regions of CDR2L represented

the most divergent regions between the two proteins, sug-

gesting that the antibody responses to CDR2L and

CDR2 are independent. This, combined with the

observed differential enrichment between CDR2L and

CDR2, supports the notion that patient antibodies are, in

fact, preferentially enriching for CDR2L over CDR2, con-

sistent with a recent publication using cell-based assays

(Kråkenes et al., 2019).

Identification of nELAVL antigens in
anti-Hu sera and CSF

From 44 patients with laboratory confirmed anti-Hu

PND, a total of 76 samples (32 paired serum/CSF, 2 CSF

and 10 serum) were subjected to PhIP-Seq. A total of 19

samples from 13 patients resulted in significantly enriched

peptides (in both replicates) derived from the nELAVL

genes (ELAVL2, ELAVL3 and ELAVL4), the known tar-

gets of anti-Hu antibodies. Across these 19 samples, 20

unique nELAVL peptides were identified. The majority

(>80%) of enriched peptides were attributed to ELAVL4

(HuD). For the purpose of visualization, all nELAVL

peptides from each sample were aligned to the most com-

mon isoform of ELAVL4 (accession NP_001311142.1),

as shown in Fig. 5A.

A majority (>90%) of the significantly enriched

nELAVL peptides converged upon on a 17-residue se-

quence at AA positions 276–294 of ELAVL4, a sequence

which is also common to variants of ELAVL2 and

ELAVL3 (Fig. 5B). The human peptidome PhIP-Seq li-

brary contained 18 peptides covering at least 10 residues

of this short sequence, reflecting the large number of

published isoforms in the NCBI Protein database for

these highly spliced and studied proteins. Due to this re-

dundancy, rpK and fold-change calculations were attenu-

ated by as much as two orders of magnitude as

individual peptide counts were distributed across multiple

sequences containing the same epitope. To account for

this, the analysis was rerun treating all 18 peptides con-

taining this short sequence as a single entity, the anti-Hu

‘signature’. This resulted in the detection of an additional

eight samples from four patients yielding significant en-

richment of the signature sequence. Notably, a single pa-

tient (Patient 26) enriched only a single peptide in both

serum and CSF derived from the N-terminus of ELAVL2.

The peptide is unique to ELAVL2 isoforms that had only

been computationally predicted at the time of library de-

sign. These isoforms have since been confirmed experi-

mentally and recognized as isoform c (accession

NP_001338384.1; Berto et al., 2016). Importantly, none

of 50 healthy, de-identified, patient sera samples yielded

significant enrichment of nELAVL-derived peptides.

The convergent 17-residue signature sequence common

to the majority of patient samples lies within a function-

ally significant hinge region between two RNA-binding

domains (RRM2 and RRM3). Expression of this region

is under tight spatiotemporal control during fetal develop-

ment and may contain nuclear localization and export

sequences responsible for control of subcellular localiza-

tion and neuronal differentiation (Wang et al., 2010).

Though exon and isoform naming conventions vary in

the literature, this region is used to distinguish unique

splice variants of ELAVL2, ELAVL3 and ELAVL4 (sv1,

sv2, sv3) based on their inclusion or exclusion of relevant

exons, specifically those commonly referred to as exons 6

and 7a. The identified motif terminates at the exon 6/7a

Figure 3 Specific enrichment of CDR2/CDR2L peptides by PhIP-Seq. (A) Representative data from three patients demonstrating the

robust enrichment of CDR2/CDR2L peptides. CDR2/CDR2L peptides were the top five most abundant peptides in 44/51 samples. (B) While

CDR2/CDR2L peptides represented 21% of all phage, CDR2L enrichment is more pronounced and complex (more unique peptides per sample)

than CDR2.
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Figure 4 Anti-Yo cohort PhIP-Seq results. (A) Epitope map showing normalized coverage of each samples’ significant CDR2L peptides

aligned to the full-length gene (coverage is divided into five amino acid bins). Patient-binding signatures vary, though a majority converge on

residues 322–346. (B) Patient antibodies targeting CDR2L bind to regions of least homology with CDR2, suggesting that the antibody responses

to each protein are independent. (C) Epitope map showing normalized peptide coverage across the full-length CDR2 sequence. Patient

antibodies enrich for peptides primarily restricted to the first 100 amino acids at the N-terminus. CDR2 ¼ cerebellar degeneration-related

protein 2; CDR2L ¼ CDR2-like.
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Figure 5 Anti-Hu PhIP-Seq results. (A) Antibody-binding signatures for samples that enriched nELAVL peptides. A majority of patients

show a markedly convergent binding preference for a short 17-residue sequence at the exon 6/7a junction of ELAVL4. (B) Mean fold-change

values for peptides spanning the unique regions defining ELAV4 splice variants and those from ELAVL2 and ELAVL3, indicating lack of enrichment

beyond the exon 6/7a junction. (C) Mutational scan using smaller phage library with all possible point mutations at each location spanning the

motif highlighted in B. Mutational tolerance is calculated for each position, defined as the fold-change over unselected (AG-bead only IP) relative

to the reference sequence. Most telling are the mutations encoding stop codons (denoted *) revealing that Patient 01’s antibodies require a

minimal sequence up to residues 255 (RLDDNLL) with the subsequence QRFRLDNLL least amenable to mutation. Patient 38’s antibodies bind

to residues up to and including position 260 (RLDNLLNMAYGV), with highest affinity for RLDNLLN-AYG.
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junction (Fig. 5B). The majority of patient samples prefer-

entially enriched peptides that span the exon 6/7 junction,

but do not include 7a, strongly suggesting that the bind-

ing determinants for the anti-Hu antibodies lie within this

critical 17-residue anti-Hu signature region.

To further characterize the precise determinants of anti-

body binding, a new deep mutational scanning phage li-

brary was designed, encoding all possible single-point

mutants across the 17-residue signature motif. Samples

from Patients 01 and 38 were profiled by deep mutation-

al scanning PhIP-Seq, as they represented the samples

with the most and least complex peptide representation

at this region, respectively. At each position, the fold-

change enrichment of each AA substitution against an

AG-only IP and relative to the abundance of the refer-

ence sequence is shown in Fig. 5C, providing a landscape

of the mutational tolerance at each residue. Examination

of mutations that results in STOP codons (denoted by *

in figure) is particularly informative, revealing the min-

imal sequence length required for antibody binding.

Patient 01 antibodies required a minimal epitope contain-

ing residues up to and including positions 245–255

(QAQRFRLDNLL) with a shorter subsequence

(QRFRLDNLL) being least tolerant of mutation. Patient

038’s antibodies appear to target a closely overlapping

motif, RLDNLLN-AYG, with residues downstream not

influencing peptide enrichment.

In light of this refined anti-Hu signature sequence,

Patient 01’s original PhIP-Seq data were re-analyzed using

GLAM2 to identify enriched motifs. Of the 36 peptides

identified as significant in both replicates, 34 (94%) share

a short, seven-residue motif, identical to the RLDxxLL

identified by the mutational scanning approach (Fig. 6).

These include 16 peptides that were not derived from

nELAVL genes, demonstrating that the dominant epitope

in Patient 01 is present in many unrelated protein

sequences and explains the majority of peptides derived

from non-nELAVL-enriched genes. The biological signifi-

cance of promiscuous binding to unrelated proteins har-

boring this motif is unknown.

Consensus motif contains
subsequences with predicted and
experimentally demonstrated T-cell
antigenicity

Examination of the refined anti-Hu signature motif and

the full ELAVL4 sequence using the Immune Epitope

Database suite of sequence analysis tools (Supplementary

Fig. 2) suggests that the motif has low predicted prob-

ability of being a linear B-cell epitope (Bepipred 2.0). The

motif does, however, contain several sequences predicted

to have high affinity for major histocompatibility com-

plex type 1 (MHC-I) alleles (A1, A2 and A3 supertypes)

and high prediction scores for MHC processing and pres-

entation, with two predicted proteasomal cleavage sites

flanking the region at AA positions 246 and 264.

Interestingly, peptides derived from this region have pre-

viously been identified as anti-Hu T-cell antigens

(Rousseau et al., 2005). Indeed, peptides containing this

exact motif have been shown to bind with high affinity

to HLA-A1 (RLDNLLNMAY) and HLA-A2/B18

(NLLNMAYGV) and also to activate autologous CD8þ
T cells obtained from Hu-positive patients (Roberts et al.,

2009, 2).

For paraneoplastic autoimmune diseases, the question

of how immune tolerance is broken in the absence of

new mutations remains to be addressed adequately.

Selective exclusion of exons during expression in the thy-

mus has been previously shown in mouse models as a

possible route to break tolerance (Klein et al., 2000). In

the case of the anti-Hu ELAVL family, splice variants

have been previously shown to be controlled by a con-

centration-dependent autoregulatory mechanism wherein

ELAVL proteins bind to AU-rich elements on nascent

transcripts, protecting them from splicing and exclusion

(Zaharieva et al., 2015). Therefore, it may be possible

that protein levels in the thymus during the development

of central tolerance might fail to reach the requisite lev-

els, resulting in the exclusion of certain exons, which in

turn could affect processing and presentation. To further

investigate this speculation, publicly available RNA-seq

datasets derived from bulk and sorted murine thymus

and thymic medullary epithelial cells (mTECs) were

examined. While most datasets lacked sufficient nELAVL

coverage necessary for the analysis of splice variants, a

single murine thymic medullary epithelial cell from a sin-

gle-cell RNA-seq dataset contained >50X coverage across

ELAVL4, revealing the exclusion of exon 7a

(Supplementary Fig. 2; Miragaia et al., 2018).

Comparatively, sorted murine hippocampal and cerebellar

Figure 6 Immunodominant nELAVL motif in Patient 01

CSF sample is that identified by mutational scanning. The

short sequence, dominated by RLDxLL, is present in 34 of the 36

peptides identified in both replicates. Apart from nELAVL proteins,

the patient’s antibodies enrich for peptides from 16 additional genes

containing the motif. The biological consequences of such

promiscuous autoantibody binding are unknown.
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neurons show essentially even coverage across all exons

(Földy et al., 2016; Gupta et al., 2018).

To further investigate exon inclusion and exclusion of

nELAVL splice variants during the development of cen-

tral tolerance, amplicon libraries spanning exons 5, 6, 7a

and 7 were generated from cDNA libraries derived from

sorted human fetal and bulk adult thymic epithelial cells.

An average of 1 million 125-nt paired-end reads (in trip-

licate) was obtained from each amplicon library. Exon 7a

was represented in <0.5% of all reads in both fetal and

adult TECs, supporting the notion that certain nELAV

exons, such as exon 7a, are largely excluded from thymic

expression. Interestingly, exon 7a is adjacent to exon 6

containing the critical anti-Hu signature motif. The im-

pact of exclusion of exon 7a with respect to processing

and thymic presentation of the motif present in exon 6

remains unknown, but taken together, these data suggest

a potential mechanistic connection to central thymic tol-

erance whereby incomplete T-cell tolerance to selective

exons within nELAVL helps promote an autoantibody re-

sponse against this region of the protein.

PhIP-Seq identifies additional known
and potentially novel autoantigens
in PND samples

Antigens, other than those classically thought to be anti-

Hu or anti-Yo, were also investigated. Anti-CRMP5

(DPYSL5/CV-2) antibodies are a well-established clinical

biomarker for small-cell lung cancer and malignant thym-

oma and can be found together with anti-Hu antibodies

in patients with a PND (Honnorat et al., 2008). Two of

the anti-Hu patients (Patients 51 and 52) had previously

tested positive for anti-CRMP5 antibodies with a clinical

assay (indirect immunofluorescence screening on mouse

tissue substrate; Yu et al., 2001). This was corroborated

by PhIP-Seq (experimenters were blinded to previous

diagnoses), with both patients’ CSF samples yielding sig-

nificant enrichment of CRMP5 peptides. Patient 51

showed enrichment of three overlapping sequences at the

C-terminus of the protein (AA residues 481–564) while

Patient 52’s CSF enriched for two peptides spanning

Residues 73–217. Though not contiguous on the primary

sequence, these regions of the protein are in contact on

the surface of the published three-dimensional structure

(Fig. 7).

Zic and Sox family enrichment

Among proteins that were significantly enriched, many

have been previously identified as serological markers of

cancer. Antibodies to ZIC (Zinc Fingers of the

Cerebellum) and SOX (SRY-related HMG-box) families

of transcription factors have a well-established clinical as-

sociation with small-cell lung cancer and PND (Titulaer

et al., 2009; Kazarian and Laird-Offringa, 2011).

Consistent with this fact, enrichment of peptides derived

from the ZIC family (ZIC1, 2, 3, 4 and 5) was signifi-

cant in 13/44 anti-Hu patients and 0/50 healthy controls

(PFisher’s exact ¼ 0.000017) while 19/44 patients and 2/50

healthy controls tested positive for SOX family peptides

(PFisher’s exact ¼ 0.000004). Though a majority of the pep-

tides were derived from SOX1 and SOX2, the most com-

mon sequence, present in 13/19 patients with SOX

reactivity, was a 34-residue sequence common to SOX1,

2, 3, 14 and 21. ZIC and SOX were the two most highly

correlated genes in the anti-Hu patient data, with 7/13

patients with ZIC reactivity also enriching for a concur-

rent SOX peptide.

Discussion
Here, we designed and implemented an expanded PhIP-

Seq library, encompassing the entire human proteome

and including all NCBI-predicted splice variants and iso-

forms. We used this new library to investigate patient

CSF and serum samples from two common PNDs: the

anti-Yo and anti-Hu syndromes. While the autoantigens

in these PNDs have been previously identified, high-reso-

lution epitope mapping afforded by PhIP-Seq or similar

methods has, to our knowledge, not yet been achieved.

In addition, we reasoned that the high degree of alterna-

tive splicing in these neuronal antigens would help us le-

verage the unique design of our library.

PhIP-Seq correctly identified the canonical anti-Yo anti-

gens, CDR2 and CDR2L in 36/36 patients. Given this

highly concordant result and the fact that the peptides

bound in these experiments were derived from

phage infection of E. coli and thus lack canonical human

Figure 7 Anti-CRMP5 antibody epitope mapping with

PhIP-Seq. Two anti-Hu PND patient (Patients 51 and 52) CSF

samples also enriched CRMP5 peptides. CRMP5 is a well-

established clinical biomarker for SCLC and malignant thymoma

and anti-CRMP5 antibodies are often found concurrently with anti-

Hu antibodies in patients with a PND. Though the peptides

identified in each patient were discontiguous on the primary amino

acid sequence, they are in close proximity in the 3D protein

structure of CRMP5 at the region surrounding the C-terminus and

the interface of the CRMP5 homodimer. SCLC ¼ small-cell lung

cancer.
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post-translational modifications, these results suggest that

anti-Yo PND antibodies present in the patient sera

assayed here readily IP linear epitopes without a require-

ment for specific post-translational modifications, or sig-

nificant secondary or tertiary structure. In general, PhIP-

Seq can be insensitive for detecting epitopes containing

post-translational modifications or conformational epito-

pes including some cell surface proteins like NMDA re-

ceptor subunits in patients with NMDA receptor

encephalitis and aquaporin-4 in patients with neuromyeli-

tis optica (data not shown).

CDR2L peptides were much more enriched than CDR2

peptides. Indeed, across all samples, phage expressing

CDR2L peptides represented 21% of all phage sequenced

and these peptides were represented in the top five most

significantly enriched sequences in >80% of samples

tested. While these data do not provide a quantitative

measurement of antibody affinity (especially to the native

form in vivo), they suggest that CD2RL is the immuno-

dominant antigen in patients suffering from anti-Yo

PND. This also supports previous studies arguing that

the antibody responses to each protein are independent

(i.e., not cross-reactive) and that CDR2L is the primary

antigen (Eichler et al., 2013). Further experiments, includ-

ing cloning CDR2L and CDR2 reactive patient antibodies

for deep characterization, will likely be required for fur-

ther investigation.

Within the anti-Hu cohort, PhIP-Seq yielded significant

enrichment of nELAVL peptides in 17/34 patients. Those

patients who were positive for nELAVL peptides yielded

a remarkably convergent antigenic signature, with anti-

bodies binding a short 17-residue sequence

(QAQRFRLDNLLNMAYGVK) shared by ELAVL2, 3

and 4 but absent in ELAVL1. This short sequence lies at

the junction of exons 6 and 7a in ELAVL4, and high-

resolution deep mutational scanning followed by motif

analysis led to a further refined signature motif sequence

(RLDNLLNMAY) as most deterministic for antibody

binding. We note that this short sequence has been previ-

ously characterized as a T-cell epitope in anti-Hu patients

(Rousseau et al., 2005; Roberts et al., 2009). In addition,

this rare exon, limited to isoforms expressed during fetal

development and in small populations of terminally dif-

ferentiated neurons, demonstrates the utility of our

expanded library encompassing all splice variants in the

NCBI protein database. Regarding the anti-Hu patients

that did not yield peptides from nELAVL genes, it may

be the case that the autoantibodies in these patients re-

quire specific secondary and tertiary conformations, som-

atic mutations or post-translational modifications not

emulated by our peptide library.

Interestingly, our analysis of publicly available RNA-

seq datasets and our own amplicon sequencing of human

thymic epithelial cells reveal that exon 7a, immediately

adjacent to our identified motif, is absent in >99% of

ELAVL4 transcripts in the thymus but abundant in spe-

cific neuronal subtypes and brain regions in mice. While

investigation of exon exclusion in the thymus and the

mechanisms underpinning autoimmunity are beyond the

scope of this initial survey, we speculate that the absence

of these short exons during the development of central

tolerance could potentially influence the rise of autoreac-

tive T cells when the full-length protein is encountered in

the CNS or expressed by peripheral tumors. Furthermore,

exclusion of exons bearing proteasomal cleavage sites (as

with exon 7a) could bias MHC processing and presenta-

tion. Lineages of B cells with B-cell receptors specific for

ELAVL4 isoforms containing these excluded exons could

presumably be maintained and expanded through interac-

tions with CD4þ T cells specific for this short sequence

when displayed on the surface of a B cell acting in its

capacity as an antigen presenting cell (Klein et al., 2000;

Blachère et al., 2014).

Ultimately, as comprehensive, proteome-wide serological

screens are more widely adopted, we expect the diagnos-

tic, prognostic and research potential of such assays to be

fully realized. Indeed, the third most common category of

autoantibody-mediated causes of encephalitis belonged to

patients with unidentified autoantigens that have defied

identification by more conventional methods (Dubey

et al., 2018). Furthermore, high-resolution datasets char-

acterizing the co-occurrence of specific antigens and anti-

genic determinants to specific diseases, symptoms and

clinical outcomes may ultimately serve to identify early

biomarkers, stratify patient outcomes and inform treat-

ment decisions. Finally, high-resolution epitope mapping

and analysis of antigenic signatures across multiple

patients should better inform the currently incomplete

models describing onco-immunologic processes and the

loss of self-tolerance underpinning the rise of PNDs and

autoimmune disease in general.
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