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Abstract

Co-occurring anti-tripartite motif-containing protein 9 and 67 autoantibodies (TRIM9/67-1gG)
have been reported in only a very few cases of paraneoplastic cerebellar syndrome. The value of
these biomarkers and the most sensitive methods of TRIM9/67-1gG detection are not known. We
performed a retrospective, multi-center study to evaluate the cerebrospinal fluid (CSF) and serum
of candidate TRIM9/67-1gG cases by tissue-based immunofluorescence (TBIF), peptide phage
display immunoprecipitation sequencing (PhIP-Seq), overexpression cell-based assay (CBA), and
immunoblot. Cases in whom TRIM9/67-1gG was detected by at least two assays were considered
TRIMY/67-1gG positive. Among these cases (N=13), CBA was the most sensitive (100%) and
revealed that all cases had TRIM9 and TRIM67 autoantibodies. Of TRIM9/67-1gG cases with
available clinical history, a subacute cerebellar syndrome was the most common presentation (N =
7/10), followed by encephalitis (N = 3/10). Of these ten, 70% had comorbid cancer (7/10), 85% of
whom (N = 6/7) had confirmed metastatic disease. All evaluable cancer biopsies expressed TRIM9
protein (N = 5/5), whose expression was elevated in the cancerous regions of the tissue in 4 of

5 cases. TRIM9/67-1gG are rare but likely high-risk paraneoplastic biomarkers for which CBA
appears to be the most sensitive diagnostic assay.

Keywords

Paraneoplastic neurological syndromes; cerebellar ataxia; limbic encephalitis; checkpoint
inhibitor; autoimmune

Introduction

Co-occurring TRIM9/67 autoantibodies (TRIM9/67-1gG) are proposed paraneoplastic
biomarkers that are associated with a subacute pan-cerebellar syndrome, typically in

the setting of lung cancer.1~3 Importantly, TRIM9/67-IgG has not been detected in the

sera or cerebrospinal fluid (CSF) of small cell lung cancer (SCLC) patients without a
paraneoplastic neurological syndrome (PNS), autoimmune encephalitis patients, or patients
with noninflammatory neurodegenerative disorders.! Therefore, TRIM9/67-1gG is not a
general marker of cancer or neural injury. However, because only very few cases have been
reported, the best detection method for TRIM9/67-1gG is unknown, and its usefulness as a
paraneoplastic biomarker has not been definitively established.

Here we evaluated biospecimens from candidate TRIM9/67-1gG identified across three
institutions by rodent brain tissue-based assay, immunoblot, overexpression cell-based assay
(CBA), and pan-human proteome phage display immunoprecipitation sequencing (PhlP-
Seq)34. The thirteen cases that were positive for TRIM9/67 antibodies by at least two
methods were considered TRIM9/67-1gG positive. We reviewed these patients” medical
histories and characterized available tumors from five of the TRIM9/67-1gG cases.

Ann Neurol. Author manuscript; available in PMC 2024 December 01.
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Methods

Human Subjects

Written informed consent was obtained from subjects or a surrogate (UCSF IRB 13-12236).
Additional subjects were enrolled through the Mayo Clinic Neuroimmunology Laboratory
(IRB 08-007810) and the NeuroBioTec Biobank (Hospices Civils de Lyon BRC, France,
AC-2013-1867, NFS96-900, GenePNS, 19-62, NCT-03963700).

Evaluation of specificity of anti-TRIM9 and anti-TRIM67 antibodies used for murine and
human TBIF and IHC

Because TRIM67 is a paralog of TRIMO that arose through genome duplication® there

is a risk of commercial antibody cross-reactivity. Therefore, we evaluated the specificity

of the anti-TRIM9 (MyBioSource, MBS9603565, 1:100)87 and anti-TRIM67 (Proteintech,
24369-1-AP, 1:25) antibodies that were used for mouse brain and tumor IHC by TRIM9-
FLAG and TRIM67-FLAG overexpression CBAs. Sigma-Aldrich F1804 was used at 1:1000
to detect FLAG.

While the anti-TRIM67 antibody was specific to TRIM67, anti-TRIM9 was immunoreactive
to both TRIM9 and TRIM67 (data not shown). However, TRIM9 and TRIMG67 exhibited
different subcellular distributions in HEK293T cells and mouse brain and TRIM9 expression
generally did not overlap with TRIM67 in brain tissue. Moreover, the immunostaining
patterns for TRIM9 and TRIM67 mirrored cell type-specific gene expression patterns of
TRIM9 and TRIM67 in the murine cerebellum8,

Cell-based Assays

To validate TRIM9/67 autoantibodies in CSF and sera, HEK 293 cells were transfected with
pCS2- TRIM9 plasmid (encoding N-terminal myc-tagged human TRIM9) or pCS2- Trimé67
plasmid® (encoding murine N-terminal myc-tagged Trim67). Fixed and permeabilized cells
were immunostained with patient CSF (1:10) or serum (1:100) and a commercial rabbit
monoclonal anti-Myc antibody (C3956, Sigma), and counterstained with the appropriate
fluorochrome-conjugated secondary antibodies at 1:1000 (Fisher Scientific antibodies
#A21433 and #A11034). CBAs were blindly read by three independent raters using
fluorescent microscope Nikon Ni-U (Nikon SAS, Champigny-sur-Marne, France).

For B-box 2 domain CBAs, HEK 293T cells were plated onto 20mm poly-d-lysine

coated (50ug/mL) coverslips in 24-well plates. Cells were transfected overnight using
Lipofectamine 3000 with either pPCMV6-hTRIM9-Myc-DDK (Origene), pCS2-hTRIM67-C-
FLAG (Lyon), or pcDNA3.1(+)-C-DYK plasmids encoding amino acids 217-256 of human
TRIMS9 or amino acids 303—-361 of human TRIM67 (Genscript). Transfected cells were
rinsed with ice cold 1X PBS the following day, then fixed with 4% PFA for 10 minutes.
Fixed cells were rinsed with PBS several times, then blocked and permeabilized for 30
minutes with 5% lamb serum in PBS containing 0.5% Triton X-100.

To screen for B-box 2 immunoreactivity, transfected cells were stained with anti-FLAG
antibody at 1:1000 and CSF at 1:10 in 5% blocking buffer overnight at 4°C. Cells were

Ann Neurol. Author manuscript; available in PMC 2024 December 01.


https://clinicaltrials.gov/ct2/show/NCT03963700

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bartley et al.

Page 4

rinsed with PBS four times, then stained with Alexa Fluor secondaries at a 1:1000 dilution
in 5% blocking buffer. Nuclei were stained with DAPI at 1ug/mL in PBS for 5 minutes.
Stained slides were then mounted onto microscope slides with Prolong Gold antifade.

Animal Subjects

Tissue from postnatal day 40 — 60-day mice was used for immunostaining,
immunoprecipitations, and immunoblotting (Jackson Laboratory F1 cross of FVB (Cat.
No. #001800) x C57BL/6J (Cat. No. #000664)). Slides for indirect immunofluorescence on
mouse tissue (brain, gut, kidney) were acquired (Scimedx). Animal procedures complied
with federal guidelines and the institutional policies of the UCSF Institutional Animal

Care (AN183338-02B) or Use Committee and the French Ethical Committee of the Lyon
1 University (DR2013-47) in accordance with European Community Council directive
2010/63/EU.

Rodent Brain Tissue-based Immunofluorescence:

At UCSF, mouse tissue was prepared as previously described1? and incubated overnight
with or without anti-TRIM?9 or anti-TRIMG67 antibodies at 4°C prior to secondary
immunostaining and imaging using a Zeiss Axio Scan Z.1 Slide Scanner and Nikon CSU-
W1 spinning disk confocal microscope followed by image preparation ImageJ (\ersion
2.1.0/1.53c).

At Mayo, specimens were tested on murine tissue cryosections as previously described!! at
screening dilutions of 1:240 for serum (preabsorbed with liver powder) or 1:2 for CSF.

At Lyon, freshly prepared adult rat brains were prepared as previously described! (but using
12 um-thick sections) prior to immunostaining with CSF (1:10) and imaging on a ZEISS
AXxio Scan.Z1.

Tumor histology, immunohistochemistry, and multiplex immunofluorescence (mIF)

H&E slides were prepared in Leica Autostainer XL; slides stained in hematoxylin (Thermo
Scientific Shandon Instant Hematoxylin cat. 6765015) for 7 minutes and in eosin (Thermo
Scientific Shandon Instant Eosin-Y Alcoholic cat. 531946) for 20 seconds.

mlF staining was performed on the Ventana BenchMark Ultra using Discovery reagents
(Ventana Medical Systems) according to manufacturer’s instructions, except as noted. Heat
Induced Epitope Retrieval (HIER) was performed with the Cell Conditioning 1 (CC1)
solution (cat. 950-124) for 32 min at 97°C. Primary antibodies used were TRIM 9 (1:100,
MBS710195), TRIM 67 (1:25, 24369-1-AP), ER (SP1, Abcam, ab1660, 1:50), and pan-CK
(1:200, KRT/1877R, ab234297). The primary antibodies were detected with Discovery Red
610 Kit (cat. 760-245), FAM Kit (cat. 760-243) and Cy5 Kit (cat. 760-238) respectively.
Finally, slides were counterstained with DAPI (Akoya cat. FP1490).

Ann Neurol. Author manuscript; available in PMC 2024 December 01.
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PhIP-Seq protocol and analysis

PhIP-Seq uses patient IgG to immunoprecipitate T7 bacteriophage that display 49 amino
acid (AA) human peptides on their viral capsid. PhlP-seq was performed as previously
described using two rounds of enrichment.

To evaluate for TRIM9 and TRIM67 enrichment at the whole protein level, for each sample
individual scaled peptide read counts (reads per 100,000, “rpK”) were summed for TRIM9
and TRIM67. The Z score of the summed rpK for each protein for each sample relative

to healthy control samples was calculated. A Z score = 3 was interpreted as significantly
enriched.

Chemiluminescent Immunoblot

Whole adult rat brains were first dislocated. The tissue was then homogenized in lysis

buffer containing 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5%
deoxycholate, 0.1% SDS, orthovanadate, benzonase, phosphatase inhibitor, and protease
inhibitor. The homogenate was incubated on ice for 30 min and sonicated. Cell debris

was discarded by 20 min centrifugation at 16000 g and 4°C. Then, 10 pg of whole brain
protein extract were used for Western blotting to screen for bands recognized by patient CSF
(1:100).

Immunoprecipitation mass spectrometry (IP-MS)

IP-MS was performed previously described.10 Analysis was limited to spectral counting
using Scaffold version 4.

Results

Clinical phenotypes of TRIM9/67-1gG positive cases

Clinical history for TRIM9/67-1gG cases was available for 10 of 13 cases as summarized in
the Supplementary Table 1 and Supplemental Case Histories.

Cerebellar Syndrome

Seven of ten (cases 1-6 and 10) presented with subacute cerebellar syndrome, three of
which (cases 2-4) were previously published.12 All cerebellar syndrome cases developed
a pan-cerebellar syndrome over 3—4 weeks. Additional features were noted in case 1,
who developed cerebellar affective syndrome, and in case 3, who developed dysexecutive
symptoms and anterograde amnesia.

Six of the seven cerebellar syndrome patients had cancer: lung adenocarcinoma (N = 3),
SCLC (N = 1), melanoma (N = 1), and breast cancer (N = 1). Four developed the cerebellar
syndrome after their cancer diagnosis. Among them, two (cases 1 and 2), developed the
cerebellar syndrome after their second and fourth cycle of immune checkpoint inhibitor
therapy, respectively. In the remaining two cases, the malignancy was found during work-up
for a PNS. All six cancer patients had metastatic disease at the time of their neurological
presentation.

Ann Neurol. Author manuscript; available in PMC 2024 December 01.
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Acute phase CSF testing revealed a mild to moderate lymphocytic pleocytosis in all
cerebellar syndrome cases (8 — 74 cells/uL, ref. <5 cells/uL), whereas total protein was
normal or modestly elevated (elevated in N = 3, 58 — 98 mg/dL, ref. < 50 mg/dL).

All four cases with available results had an elevated IgG index, three of whom also had
CSF-restricted oligoclonal bands (OCBs). Commercial anti-neural autoantibody testing was
negative in all cases. Only one of the six cases treated with at least one immunomodulatory
agent showed improvement in neurologic symptoms (Supplementary Table 1).

Of the three remaining cases with available clinical history (cases 7-9), two (cases 7
and 8) presented with subacute limbic encephalitis (LE) and one with subacute possible
autoimmune encephalitis according to diagnostic criteria (case 9).12

Two of three encephalitis patients (cases 7 and 8) had a mild lymphocytic pleocytosis (16
and 6 cells/uL, respectively), had an elevated IgG index (1.9 and 1.1, respectively), and
greater than five CSF-restricted OCBs (case 9 was not tested for OCBs). Although initially
negative for known anti-neural autoantibodies, case 7 developed serum acetylcholine
receptor antibodies and myasthenia gravis a year later (thymoma was not detected by chest
CT). Case 8 had high-titer GAD65 antibodies in the serum (1389 nmol/L, ref. < 0.02) and
CSF (36.4 nmol/L, ref. < 0.02).

Case 7 had notable improvement of attention, awareness, and cognitive processing

after treatment with levetiracetam, high dose oral prednisone, and multiple rounds of
plasmapheresis but within the next year suffered a subacute decline in mental status and

a recurrence of seizures. He had several body CTs and PET scan without evidence of a
tumor. Despite multiple immunotherapies, he continued to decline and passed away about
3.5 years after disease onset. No autopsy was performed. Case 8 initially responded to
antiepileptic medications, but her GADG65 antibodies persisted during convalescence (serum,
1983 nmol/L), and her seizures became medically refractory despite glucocorticoids and
rituximab. Case 9 experienced a near complete resolution of memory impairment after a
combination of chemotherapy and immunosuppression.

Molecular Characterization of TRIM9/67-IgG cases

Summary results across all assays are provided in Figure 1.

Tissue-based immunofluorescence (TBIF) in the murine brain

TRIM9/67-1gG cases were less common than anti-Yo (6 vs 91) and similar to

anti-Ri (6 vs 7) when comparing relative frequencies over a single year in the

Mayo Clinic Neuroimmunology database (N = 98,984 samples tested by tissue-based
immunofluorescence TBIF in 2020). Similarly, at Hépital Neurologique in 2020, only one
patient was positive for TRIM9/67-1gG compared to 15 anti-Yo and 7 anti-Ri (N = 16,910
tested on TBIF). All candidate TRIM9/67 cases were identified by rodent brain tissue
staining except cases 7 and 8, which were initially identified by PhIP-Seq. Every case

but case 8 produced characteristic widespread immunostaining of neuronal somata in the
olfactory bulb, cortex, hippocampus, thalamus, and molecular and Purkinje cell layers of the

Ann Neurol. Author manuscript; available in PMC 2024 December 01.
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cerebellum (Figure 2A).1 In contrast, case 8 CSF produced a GAD65-like immunostaining
pattern, consistent with the patient’s known GAD65-1gG positivity.

Using CSF from a representative case (case 1), we found that patient 1gG colocalized with
anti-TRIM9 in all anatomic regions (Figure 2B). In contrast, cerebellar TRIM67 protein
expression was nearly undetectable by TBIF, consistent with six-fold lower cerebellar
TRIMG7 than cerebellar TRIM9 gene expression according to ProteinAtlas.org!3 (Figure
2C).

Detection of TRIM9/67-IgG by HEK293 cell-based overexpression assay

By CBA, CSF and/or sera from all 13 cases were positive for TRIM9/67-1gG (Figure 3A and
B). By end-point dilution series, there was no overall difference between anti-TRIM9 and
anti-TRIMG67 antibody titers (p=0.45, paired Wilcoxon rank test). However, CSF TRIM9-
IgG and TRIM67-1gG titers were lower in encephalitis cases than cerebellar syndrome cases
(p=0.0317 and p=0.0159 respectively), but there was no difference in serum titers; nor was
there a difference in titers between cases of unknown phenotype and cerebellar cases (Figure
3C). TRIM9 and TRIMG67 antibody titers were significantly higher in serum than in CSF

(p = 0.002 for both TRIM9 and TRIM67) (Figure 3C). Yet, within samples, TRIM9 and
TRIM67 antibodly titers were well correlated (r2 = 0.78) (Figure 3D).

Detection of TRIM9/67-IgG by immunoblot

Mass spectrometry previously demonstrated that TRIM9 and TRIM67 are present at 95 kDa
whereas only TRIM9 is present at 72 kDa.! Therefore, we tested whether immunoblot is

as sensitive as CBA. Cases 2, 3, and 4 were previously shown to recognize the 95 and 72
kDa bands.1:2 CSF from newly reported cases 1 and 5 exclusively recognized the 95 and 72
kDa bands while cases 9 and 11 recognized TRIM9/67 and additional bands, suggesting the
presence of other anti-neural antibodies. In contrast, cases 7 and 8 both produced a lower
band of approximately 60 kDa but no bands at the expected molecular weights (Figure 3E).

Detection and characterization of TRIM9/67-1gG by PhIP-Seq

We evaluated the sensitivity of PhIP-Seq!415 for TRIM9/67 antibodies at the protein and
peptide level. At the protein level, 11 of 18 and 7 of 18 biospecimens enriched TRIM9
and TRIM67, respectively (Figure 4A). At the peptide level, 17 and 16 of 18 biospecimens
enriched at least one TRIM9 or TRIM67 peptide, respectively (Figure 4A). The dominant
peptide for both TRIM9 and TRIM67 mapped to the homologous B-box type 2 domain
(B-Box 2), a zinc-finger domain of unknown function (Figure 4B). The B-box 2 epitopes
are predicted to be conformational (Figure 4C), and cases that enriched the B-box 2
peptide by PhIP-Seq were positive by TRIM9 or TRIM67 B-box 2 domains by CBA
(Figures 1 and 4D); but overall, B-box 2 CBA was less sensitive than whole protein

CBA. Curiously, despite their homology, TRIM9 and TRIM67 B-box 2 domains exhibited
different subcellular localization.

The fact that some cases were immunoreactive to TRIM9 and TRIM67 by CBA
but not denaturing immunoblot suggests that some TRIM9/67 autoantibodies bind to
conformational epitopes. However, B-box 2 expression levels were too low to test for

Ann Neurol. Author manuscript; available in PMC 2024 December 01.
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loss of autoantibody binding following denaturing SDS-PAGE. Therefore, we assessed

for conformational epitope-dependent TRIM9/67 autoantibodies by immunoprecipitation.
We immunoprecipitated mouse brain tissue lysate with CSF from case 8, which failed to
enrich or bind to TRIM9 by PhIP-Seq and immunoblot, respectively. Like cases 1 and 7

that did enrich TRIM9 by PhIP-Seq, case 8 immunoprecipitated the three major TRIM9
isoforms (Figure 4E). Likewise, case 7 robustly immunoprecipitated TRIM9 and TRIM67 as
determined by IP-MS despite not enriching TRIM67 by PhIP-Seq (Figure 4F).

To further characterize the autoantibody profile of TRIM9/67 syndromes, we expanded our
PhIP-Seq analysis to the entire human proteome. To be conservative, we used a previously
described analytic approach that looks for sets of overlapping peptides enriched at least 10-
fold above controls whereby at least one peptide in the set is enriched at least 100-fold.10.16
We then compared these candidates to a database of 4,206 healthy serum, healthy CSF, and
negative control (bead only) PhIP-Seq runs.

We found that case 9, who had encephalitis and SCLC, enriched ZIC1, a paraneoplastic
autoantigen associated with SCLC and paraneoplastic cerebellar degeneration.1” Previously
classified autoantigens were not enriched by other cases. However, case 5 enriched peptides
mapping to the B-box type 1 domain of TRIM1 (also known as MID2) and TRIM9
suggesting that anti-TRIM9/67 autoantibodies may cross react with other TRIM family
proteins.

We next considered whether TRIM9/67 antibodies might be incidental to a distinct
encephalitis syndrome. However, we failed to find a shared alternate candidate autoantigen
among encephalitis cases by PhIP-Seq. Nonetheless, we identified candidate autoantigens
with putative relevance including SIPA1L1, which may regulate seizure threshold!8 (case
8), and astrocyte-enriched PHF21B, which has been implicated in small cell lung cancer®
(case 9). Case 7 also enriched peptides to RTP5, an uncharacterized protein that is highly
expressed in the hypothalamus?3.

Immunohistochemistry of TRIM9 and TRIM67 in the human brain

Anatomic characterization of TRIM9 and TRIMG67 protein expression in the human brain

is limited®20, We found human cerebellar TRIM9 expression largely mirrored expression in
the murine cerebellum and was characterized by strong immunoreactivity of Purkinje cell
bodies, primary and secondary Purkinje cell dendrites, and light staining of the molecular
layer neuropil. In contrast, TRIM67 immunostaining was scarcely detected in Purkinje cells,
whereas strong nuclear immunoreactivity was observed in granule cells and interneurons in
the molecular layer (Figure 5). In human temporal lobe, subtle differences between TRIM9
and TRIM67 protein expression were appreciated. TRIM9 staining was stronger in the outer
layers of the temporal lobe relative to deeper layers. In general, in both the entorhinal

cortex and hippocampus, the regional expression of TRIM9 and TRIM67 was generally
complementary (the inverse of each other) and did not overlap (Figure 5).

TRIM9/67 protein expression in patient cancer

We performed IHC on benign tissue, primary melanoma, and metastatic melanoma from
case 1. TRIM9 colocalized with metastatic but not primary melanocytic cells or benign

Ann Neurol. Author manuscript; available in PMC 2024 December 01.
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cells. In contrast, TRIMG67 did not preferentially colocalize with either primary or metastatic
melanoma cells (Figure 6A - C).

We assessed tumors from four additional TRIM9/67-1gG patients (cases 2-5). Biopsies
from cases 2—4 expressed the tumor marker pan-cytokeratin (panCK). Similar to

case 1, metastatic SCLC tissue from case 2 had significantly higher anti-TRIM9
immunofluorescence in panCKM9M than panCK!oW regions. In contrast, TRIM67
immunofluorescence did not differ between panCKN9" and panCK!W regions. In

primary and metastatic lung adenocarcinoma from case 3, both TRIM9 and TRIM67
immunofluorescence were significantly higher in panCKN9" than panCK!W regions. Finally,
in primary lung adenocarcinoma from case 4, the relationship between TRIM9 and TRIM67
and panCK varied by cytoarchitecture. TRIM9 and TRIMG67 signals were significantly
higher in disorganized clusters of panCKM9h cells, but unchanged in regions where
panCKNah cells were organized in epithelial or glandular-like arrangements (Figure 6D

and 6E). In case 5’s ER+ primary and metastatic breast cancer biopsies, we detected
qualitatively similar TRIM9 protein expression in ER+ and ER- regions. In contrast to
TRIM9, TRIM67 expression was qualitatively lower in ER- regions than ER+ regions
(Figure 7).

Discussion

Anti-Yo, -DNER, -KLHL11, and -Ri are well characterized autoantibody biomarkers

of paraneoplastic cerebellar degeneration (PCD). However, over two thirds of known
paraneoplastic autoantibodies with frequent (>50%) cerebellar involvement are poorly
characterized owing to small case numbers, including TRIM9/67-1gG2L. Here, we performed
an extensive search for additional TRIM9/67-1gG cases and confirmed their rarity relative to
anti-Yo and anti-Ri antibodies. These additional cases have allowed us to characterize this
rare disease more extensively.

Importantly, this expanded TRIM9/67-1gG cohort allowed us to determine that whole
protein CBA appears to be the most sensitive TRIM9/67-1gG detection method, with TRIM9
and TRIM67 CBAs being equally sensitive. Of our 13 cases, 10 had available clinical
history, and seven of these had cancer, including the second reported case of TRIM9/67-1gG
cerebellar syndrome following checkpoint inhibitor therapy (case 1). In addition, case 5 had
breast cancer, a new TRIM9/67-1gG cancer association. This expanded cohort indicates that
TRIMO/67-1gG are likely high-risk, albeit rare, paraneoplastic autoantibodies that should

be included in routine paraneoplastic autoantibody testing.22 More conservatively, if those
cases without available clinical information did not have cancer the TRIM9/67-1gG cancer
association drops to 54%, which would place TRIM9/67-1gG in the category of intermediate
risk paraneoplastic biomarkers.

This study has revealed that TRIM9/67-1gG cerebellar syndrome is similar to well-
characterized PCD associated with intracellular onconeural antigens in many respects.
Like anti-Yo?3 and anti-Ri%4, our TRIM9/67-1gG cerebellar cases uniformly had a mild
pleocytosis with elevated protein and generally had normal or nondiagnostic MRI findings.
Like anti-Yo and anti-Ri, most cerebellar cases had poor outcomes characterized by static
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or progressive symptoms. In no case did immunotherapy reverse or improve cerebellar
symptoms. However, in contrast to anti-Yo and anti-Ri, melanoma was associated with 29%
of known TRIM9/67-1gG patients with cancer (one of whom was on an immune checkpoint
inhibitor) and 14% of all TRIM9/67-1gG cases. Melanoma-associated paraneoplastic
cerebellar syndromes are exceedingly rare, many of which have been reported without

an identified autoantibody2°-30, Seropositive melanoma-associated paraneoplastic cerebellar
cases include SEPTIN33L (N = 2), Y032 (N = 1), GABABR33 (N = 1), CARP-VIII3* (N = 1),
ARHGAP26% (N = 1), and an anti-TRIM9/67-1gG case (N = 1)3.

This study highlights some additional benefits of complementing traditional autoantibody
discovery and validation methods with PhIP-Seq. As demonstrated here, PhlP-Seq epitope
mapping aids direct comparison of paraneoplastic polyclonal antibody responses to
paralogous gene pairs like TRIM9/TRIM67; as was also done for CDR2L/CDR2 in anti-
Yo paraneoplastic cerebellar degeneration®36, PhIP-Seq may be particularly well-suited to
identify autoantibodies elicited by cancer-associated neoantigens, even against a background
of systemic autoimmunity3’. As a massively parallel antibody detection method, PhlP-

Seq may also aid in identifying autoimmune neurological patients who harbor additional
antibodies that may contribute to illness presentation38. Moreover, PhIP-Seq has detected
autoantibodies that fail to bind rodent brain tissue38 or novel autoantibodies that do not
recognize a rodent ortholog3?, or for which a rodent ortholog does not exist4?. However, the
sensitivity of PhIP-Seq is hampered by the absence of post-translational modifications and
limited conformational representation.

Although PhIP-Seq identified the homologous TRIM9/TRIM67 B-box 2 domains as
immunodominant peptide epitopes, not all cases were immunoreactive to this epitope.
That some cases recognize TRIM9/67 by IP-MS and CBA but not PhIP-Seq or
immunoblot indicates the presence of conformational epitope-dependent TRIM9 and
TRIM67 autoantibodies and likely explains the superior sensitivity of CBA, which

should inform future diagnostic test design. CBA is also a specific test for TRIM9/67-
1gG neurologic autoimmunity. We previously demonstrated that TRIM9/67-1gG was not
detected in sera of SCLC patients with a paraneoplastic syndrome (N = 63), sera from
lung adenocarcinoma patients with PNS (N = 36), CSF from patients with autoimmune
encephalitis (N = 100), or CSF from neurodegenerative disease patients (N = 165)%.
Furthermore, we did not detect enrichment of TRIM9/67 by healthy CSF (N = 42) or
neuroinflammatory CSF with and without cancer (N = 789) in our PhIP-Seq database.
Taken together, these data indicate that TRIM9/67-1gG is a specific marker of neurological
autoimmunity, most commonly a paraneoplastic cerebellar syndrome. Notably, TRIM46,
another class | TRIM family autoantigen, is also a specific marker of diverse autoimmune
neurological presentations*?.

Although subacute cerebellar syndrome was the dominant TRIM9/67-1gG phenotype,
TRIM9/67 antibody positive encephalitis cases were observed as well. Case 8’s presentation
was compatible with GADG65 encephalitis. Of note, case 9 enriched ZIC1, a paraneoplastic
cerebellar degeneration biomarkerl” by PhIP-Seq. Additionally, we did not detect other
classified encephalitis autoantibodies in cases 7 or 9, and both enriched other neural
candidate antigens by PhIP-Seq suggesting that their phenotype may have been driven by
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another autoantigen. TRIM9-1gG and TRIM67-1gG antibody titers were significantly lower
in the CSF and nominally lower is in the serum of TRIM9/67-1gG encephalitis compared to
cerebellar cases. Additionally, all tested cerebellar syndrome cases recognized TRIM9/67

by immunoblot, whereas encephalitis cases 7, 8, and 9 and unknown phenotype case

11 recognized bands other than TRIM9/67. Although, extracerebellar features have been
observed in other paraneoplastic PCDs, these data suggest that in some cases TRIM9/67-1gG
may co-occur in other autoimmune neurological disorders. Nonetheless, because TRIM9/67-
IgG is a sensitive and specific marker of neurological autoimmunity, testing may be
warranted in seronegative autoimmune encephalitis.

Because both TRIM94243 and TRIM6744 have been implicated in proliferation and
migration of tumor cells, it isn’t obvious a priori which might be the primary antigen

in paraneoplastic cases. The apparent obligate co-occurrence of TRIM9 and TRIM67
autoantibodies is likely due to antibody cross-reactivity mediated by sequence and
structural homology. However, while all cases were positive for both TRIM9 and TRIM67
autoantibodies by CBA, patient 1gG colocalized with TRIM9 and not TRIM67 in mouse
brain tissue. Nonetheless, TRIM67 has been proposed as the primary antigenic target3 with
epitope spreading®® to TRIM9, but this has not been experimentally confirmed. Here we
found higher TRIM9 protein expression in cancer versus noncancer cells in cancer biopsies
(n=4/5 cases), and documented TRIM9 and TRIM67 protein expression in a fifth case with
primary breast cancer. In contrast, TRIM67 protein was highly expressed in cancer biopsies
from only two of the same five patients. These data suggest that in some cases TRIMS is the
antigenic initiator of TRIM9/67 paraneoplastic autoimmunity.

Overall, these studies indicate that TRIM9/67-1gG are high-risk paraneoplastic biomarkers
for which CBA is likely the most sensitive assay. Although TRIM9/67-1gG cases were

less common than anti-Yo and anti-Ri at two testing sites, systematic testing is required

to establish its true prevalence. Future studies of the pathobiology of TRIM9/67-1gG
syndromes should include HLA typing with T-cell stimulation assays, comparative genomics
of tumors from TRIM9/67-1gG positive and negative patients,*® and neuropathological
characterizations.

Of cases with evidence of TRIM9/67 autoimmunity by two methods, CBA was estimated
to be 100% sensitive. However, this may be an overestimate due to the limited number

of TRIM9/67 cases in this study. Although we report a new association between TRIM9/67-
IgG and encephalitis, additional cases are required to determine whether TRIM9/67-1gG is
a bystander in autoimmune encephalitis. Our commercial TRIM9 antibody demonstrated
cross-reactivity with TRIM67 by CBA but did not overlap with TRIM67 immunostaining
in tissue. Nonetheless, we cannot entirely exclude that some tissue TRIM9 signal is due

to TRIM67 cross reactivity. Furthermore, while our commercial TRIM67 antibody did not
recognize TRIM9, we cannot rule out that it binds to other off-target proteins. PhIP-Seq
indicated a more diverse antibody response to TRIM9 than TRIMG67 across the cohort.
However, the difference in diversity may be due to inherent biases in the composition of the
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phage library. Finally, our human brain TRIM9 and TRIM67 staining was limited to a single
donor, therefore these findings may not generalize.
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Figure 1.
Cases and biospecimens and outcomes for each assay. Categorical heatmap of cases,

assays, and assays results. CBA = cell-based assay, IP-IB = immunoprecipation followed by
immunoblot, IP-MS = immunoprecipitation mass spectrometry, PhIP-Seq = phage display
immunoprecipitation sequencing, TBIF = tissue-based immunofluorescence, WB = western
blot.
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Case 1: Cerebellar Syndrome Case 7: Limbic Encephalitis
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Case 1: CSF TRIM9 MERGE Case 1: CSF TRIM67 MERGE

Figure2.
Tissue-based immunofluorecent assays. A. Panoramic images of CSF IgG (green) from two

representative TRIM9/67 cases. Case 1 was immunostained at a 1:25 CSF dilution and

case 7 at a 1:4 dilution. Nuclei are stained with DAPI (blue). Scale bars are 2 mm. B.
Coimmunostaining of case 1 CSF (green), TRIM9 (red), and nuclei (blue) in the cortex,
CA2 of the hippocampus, and cerebellum. Scale bars are 20 um. C. Coimmunostaining of
case 1 CSF (green), TRIM67 (red), and nuclei (blue) in the cortex, CA2 of the hippocampus,
and cerebellum wtihout antigen retrieval. Scale bars are 20 pm.
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Figure 3.

Validation of TRIM9/67-1gG by CBA and immunoblot. A. HEK 293T cells were transfected
with myc-TRIM9 or myc-Trim67 and immunostained with anti-Myc (green), patient CSF
or serum (anti-human IgG, red) and DAPI nuclear counterstain (blue). CSF CBAs (1:10
dilution) from two representative cases are shown. Scale bar = 100 um. B. Table of CBA
end point titers. N.D. = not done. * indicates that case 6 was positive by CBA but there
was insufficient CSF to complete the dilution series, **indicates that two time points were
tested for case 7 CSF (earlier time point to the left of the backslash). CS = cerebellar
syndrome, EN = encephalitis, UN = unknown phenotype. C. Dot plots of TRIM9 and
TRIM67 autoantibody titers as determined by end point dilution CBAs. Unbroken line =
median titer. Barbells below each data column indicate whether there is a significant (*, p
< 0.05) or nonsignificant difference between autoimmune encephalitis (EN) and cerebellar
syndrome (CS) cases as determined by two-tailed unpaired Mann Whitney tests. UN =

Ann Neurol. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bartley et al.

Page 19

unknown clinical phenotype. D. Log scale scatter plot of within sample TRIM9:TRIM67
autoantibody titer as determined by CBA. r2 was determined by simple linear regression. E.
Immunoblots of whole rat brain lysate with CSF and serum. Cases 1 and 5 show the typical
banding pattern at 72 kDa and 95 kDa. Cases 7, 8, 9 and 11 show atypical banding patterns
as indicated by the asterisks. Black arrows = TRIM9/67 bands. Asterisks = unexpected
bands.
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Figure 4.

TRIMO9/67-1gG epitope mapping. A. Top, linear TRIM9 and TRIMG67 protein structures.
Protein domains align to peptides in heatmap below. The white and black band beneath
TRIM9 and TRIMG67 protein structures denotes peptides (black) enriched by a TRIM9/67-
IgG-positive individual from a prior study3. Heatmaps are colored according to the
proportion of PhIP-Seq reads that map to individually enriched peptides. Total rpK for
TRIM9 and TRIMG67 are shown to the left of each heat map; rpK = reads per 100,000,
bolded red = rpK significantly greater than controls (Z score = 3), black = rpK not
significant. CS = cerebellar syndrome, EN = encephalitis, UN = unknown phenotype. The
bottom row represents the median enrichment of each peptide across all samples. The

red numbers indicate the N and C terminal amino acid (AA) positions for the dominant
TRIM9 (Uniprot ID #Q9C026, isoform 1) and dominant TRIM67 (Uniprot ID #Q6ZTA4,
isoform 1) peptide. B. Sequences of the dominant TRIM9 and TRIM67 peptides. The bolded

Ann Neurol. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bartley et al.

Page 21

letters between indicated AAs encode target peptides demarcated by red numbers below
the heatmap in A. Vertical lines indicate identical AAs in the overlapping region between
the dominant TRIM9 and TRIMG67 peptide, plus signs indicate chemically similar AAs,
and gaps indicate dissimilar AAs. The overlapping sequence is shown in teal (TRIM9)

and salmon (TRIM67). C. AlphaFold models were imported into ChimeraX and the B-box
2 domain of TRIM67 (salmon) was aligned to the B-box 2 domain of TRIM9 (teal).

D. TRIM9 and TRIM67 B-box 2-FLAG overexpression CBAs. The top row shows case

4 CSF (green) binding to cytoplasmic FLAG-tagged TRIM9 B-box2 (red). The bottom
row demonstrates case 1 CSF (green) binding to FLAG-tagged TRIM67 B-box-2 (red).

E. Immunofluorescent immunoblot following immunoprecipitation of TRIM9 from mouse
brain lysate without CSF (beads) or with CSF from cases 1, 7, 8, healthy controls (HC,

N = 2), or other neuroinflammatory cases (NID, N = 2). F. Heatmaps of spectral counts

of TRIM9 and TRIM67 peptide identified by mass spectrometry after immunoprecipitation
without CSF (beads), or with CSF from cases 1, 8, other neuroinflammatory disorders (NID,
N = 8) or noninflammatory CSF samples (N = 6).
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Figureb.
IHC of TRIM9 and TRIM67 in the murine and human brain (A) 3,3’-diaminobenzidine

(DAB) immunostaining of mouse and human FFPE cerebellum. Mouse scale bars = 50
pum. Human scale bars = 100 um. (B) DAB immunostaining of serial coronal adult mouse
brain sections. Anatomic annotations: rs = retrosplenial cortex, par = parietal cortex, aud =
auditory cortex, t = temporal cortex, pr = perirhinal cortex, ent = entorhinal cortex, pir =
piriform cortex, tr = postpiriform transition cortex, CoAmy = cortical amygdalar layer, cc
= corpus callosum, Ig = lateral geniculate, th = thalamus, mb = midbrain, z = zona incerta,
pg = periaqueductal grey, cp = cerebral peduncle, and hy = hypothalamus. Scale bars =
Imm. (C) i and ii) IHC of serial coronal sections of human medial temporal lobe. Anatomic
annotations: h = hippocampus, s = subiculum, e = entorhinal cortex, pr = perirhinal cortex.
Upper dashed box indicates region shown in subpanels iii and iv. Lower right dashed
rectangle indicates region shown in subpanels v and vi. Scale bars = 2mm. iii and iv) IHC
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of TRIM9 and TRIME67 in the entorhinal cortex (e). Scale bars = 200 um. Throughout the
figure, black arrows indicate select regions of TRIM9 > TRIM67 immunoreactivity whereby
white arrows indicate select regions of TRIM67 > TRIM9 immunoreactivity. v and vi) IHC
of TRIM9 and TRIMG67 in serial sections of the human hippocampal formation. Anatomic
annotations: a = alveus, so = stratum oriens, sp = stratum pyramidale, sr = stratum radiatum,
sIm = stratum lacunosum moleculare, sg = stratum granulare, pl = polyform layer/hilus.
Scale bares = 250 pym.
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Figure 6.

IHC of TRIM9 and TRIM67 in patient tumors. A. DAB immunostaining of tyrosinase
(TYR) in metastatic melanoma to tonsils as a positive control. Scale bar = 1mm. B. Serial
sections of case 1 primary melanoma tissue were DAB immunostained for TYR, TRIM9,
and TRIMG67. Little overlap is observed. Scale bars = Imm. C. Serial sections from case

1 of metastatic melanoma to lymph nodes were DAB immunostained for TYR, TRIM9,
and TRIM67. Visually, the intensity of TRIM9 immunostaining is stronger in TYR+ than
TYR- regions. In contrast, the intensity of TRIM67 immunostaining is invariant between
TYR+ and TYR- regions. Scale bars = 1Imm. D. Multiplex immunofluorescent staining
with tumor marker pan-CK clone AE1/AE3 (red), anti-TRIM9 (white), and anti-TRIM67
(green). Case 2, top row: panCK+ areas lie within yellow dotted boundaries. Case 3, middle
row: the panCK+ area is to the right of the yellow dotted line. Case 4, bottom row: the
parallel yellow lines demarcate a panCK+ cells that are not anti-TRIM9 and anti-TRIM67
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immunoreactive. The arrow points to a cluster of panCK+ cells that are immunoreactive to
anti-TRIM9 and anti-TRIMG67. Scale bars = 50 pm. E. Quantification of the panCK, TRIM9,
and TRIM67 immunostaining of tumors shown in 2D. For each antibody, the mean grey
value of four panCKlow and four panCKhigh regions of interest (ROIs; Orange = ROI 1,
green = ROI 2, blue = ROI 3, purple = ROI 4) was measured. Mean grey values were
normalized to the mean of the four panCKlow ROIs. For case 3, two tumor tissues were
evaluated: primary (prim) and metastatic (met). For case 4, mean grey value measurements
from cytoarchitecturally organized (org) and disorganized (dis) ROIs were taken from within
the same primary tumor tissue. P-values were calculated using unpaired, two-tailed t-tests
with Welch’s correction when appropriate. ns = not significant given a significant threshold
of 0.05 (ns > 0.05, * < 0.05, ** < 0.01, *** < 0.001)
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Figure 7.
TRIM9 and TRIM67 protein expression in case 5 breast cancer. A. Multipleplex

immunofluorescence (mIF) for TRIM9, TRIM67, ER, and DAPI on primary breast cancer
tissue. The dotted line indicates the boundary between ER+ (left) and the ER- (right) region
of the tissue. Scale bar = 500um. B. mIF of metastatic breast cancer to lymph node. Scale
bar = 50um.
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