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ABSTRACT

Mass spectrometry-based targeted proteomics allows objective protein quantitation of clinical
biomarkers from a single section of formalin-fixed, paraffin-embedded (FFPE) tumor tissue
biopsies. We combined high-field asymmetric waveform ion mobility spectrometry (FAIMS)
and parallel reaction monitoring (PRM) to increase assay sensitivity. The modular nature of the
FAIMS source allowed direct comparison of the performance of FAIMS-PRM to PRM. Limits
of quantitation were determined by spiking synthetic peptides into a human spleen matrix. In
addition, 20 clinical samples were analyzed using FAIMS-PRM and the quantitation of HER2
was compared with that obtained with the Ventana immunohistochemistry assay. FAIMS-PRM
improved the overall signal-to-noise ratio over that from PRM and increased assay sensitivity in
FFPE tissue analysis for four (HER2, EGFR, cMET, and KRAS) of five proteins of clinical
interest. FAIMS-PRM enabled sensitive quantitation of basal HER2 expression in breast cancer
samples classified as HER2 negative by immunohistochemistry. Furthermore, we determined the
degree of FAIMS-dependent background reduction and showed that this correlated with an
improved lower limit of quantitation with FAIMS. FAIMS-PRM is anticipated to benefit clinical
trials in which multiple biomarker questions must be addressed and the availability of tumor

biopsy samplesis limited.

Keywords: clinical proteomics; FAIMS, PRM; FFPE; ion mobility spectrometry;

immunohistochemistry; lower limit of quantitation; laser microdissection.
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INTRODUCTION

In targeted therapeutics, expression levels of primary drug targets are often associated with
patients clinical responses to treatment and thus serve as predictive biomarkers. Precise
measurement of such biomarkers plays a crucial role in selecting patients most likely to benefit
from therapy *. The U.S. Food and Drug Administration has approved companion diagnostic
(CDx) assays to select eligible patients for treatment on the basis of molecular characteristics of
the tumor 2. To date, CDx assays have been approved for just five protein targets, namely, ALK,
EGFR, HER2, KIT, and PD-L1, and all of these protein assays are based on
immunohistochemistry (IHC) . For example, the HercepTest was the first protein-based CDx
assay that identified HER2-positive cancer patients eligible for trastuzumab trestment *.
Currently, an IHC stain intensity of 3+, as annotated by a pathologist, is consdered HER2
positive. A HER2 IHC of 2+ is also considered HER2 positive if an additional fluorescence in
situ hybridization assay (FISH) proves that the gene is amplified. Although clinical studies have
demonstrated a strong correlation between IHC-based HER2 expression level and trastuzumab
sensitivity, a series of mixed results from recent clinical trials > and ambiguous quantitation of
the antibody-based HercepTest necessitates more objective and quantitative protein assays °.
Furthermore, recent advances in antibody-drug conjugate (ADC) therapies that conjugate a
small-molecule drug to trastuzumab demonstrate that such ADCs can efficiently target tumor
cells with low HER2 expression by leveraging the conjugated warheads in heterogeneous tumors
’_ This new focus on tumors with low HER2 expression highlights an important need for more

sensitive and quantitative protein assays.

In addition to patient stratification, quantitative analysis of protein biomarkers in biopsy samples

is commonly applied to assess the pharmacodynamic effects of drugs under clinical
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investigation. This includes monitoring the abundance of therapeutic target proteins as well as
downstream efficacy markers upon drug treatment ® °. IHC is also a standard method for

pharmacodynamic assessmentsin clinical trials.

Mass spectrometry (M S)-based targeted proteomics with selected reaction monitoring (SRM) has
emerged as a promising technology for protein quantitation to overcome the limitations of |HC.
In reports of clinical trials usng SRM-based HER2 measurements, clinical cutoff values of
HER2 expression level, which is predictive of response to trastuzumab, were determined by
SRM readouts ® *°. The SRM method, using a triple-quadrupole mass spectrometer, is known for
its high sensitivity, which is achieved by fixing the mass analyzer to transmit only selected ions.
However, sensitivity can be hampered by high non-specific background signal that interferes
with the signals of targeted ions. Thisis a very common problem in analyzing high-complexity
clinical samples and has been addressed by using parallel reaction monitoring (PRM) to leverage
high-resolving power mass analyzers, alowing a flexible choice of fragment ions post-
acquisition ", With greater signal-to-noise ratios than SRM, PRM s advantageous when an
assay suffers from high levels of non-specific background signal, as is often the case for clinical

analyses involving formalin-fixed, paraffin-embedded (FFPE) tumor biopsies ™ *°.

In theory, additional reduction of unwanted signals may further improve assay performance.

Although sample fractionation or enrichment strategies can be applied to reduce complexity and

17, 18

non-specific background signals , they aso decrease the overall throughput and, more

importantly, are not feasible when there is limited availability of clinical samples. lon mobility
spectrometry (IMS) can reduce complexity in the gas phase without having to fractionate

samplesin advance and has been applied to peptide quantitation by SRM %%,
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High-field asymmetric waveform IMS (FAIMYS) is a commercially available technology that is
digtinct from other IMS techniques. In FAIMS, ions are transported by a flow of carrier gas
through an asymmetrical electric field applied perpendicularly to the direction of travel %.
Separation therefore results in a continuous flow of a subset of ions that are selected by a DC
compensation voltage (CV), as opposed to the temporal separation of ions that characterizes
other IMS approaches. This feature may be ideal for a targeted proteomics workflow, in which
the focus is on a selected list of molecules. In this context, the addition of FAIMS may further
increase the performance of PRM. To date, the application of FAIMS on an Orbitrap instrument
for PRM has been described in a single publication, without extensive characterization of the
benefit of FAIMS 2. Here we present a systematic evaluation of a FAIMS-PRM method
combining ion mobility and a high-resolution Orbitrap mass analyzer to achieve high-sensitivity

guantitation of critical biomarkersin oncology clinical studies.
MATERIALSAND METHODS
Synthetic peptide preparation

All peptides were synthesized as light and heavy pairs by 21st Century Biochemicals
(Marlborough, MA). Heavy peptides were labeled with C-terminal R [**Cs™®N4] or K ["*Cs™N,]
with >99% isotopic enrichment. For cysteines, carbamidomethylated cysteines were used.
Synthesized peptides were further purified by HPLC to attain >95% purity, and net peptide

content was verified by amino acid analysis.

Clinical sample preparation
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FFPE tumor biopsy samples from breast cancer patients, collected under Institutional Review
Board approval by certified medical pathologists, were purchased from ProteoGenex
(Inglewood, CA). Three tissue sections per sample were generated for hematoxylin and eosin

(H&E) staining, HER2 IHC, and laser microdissection (LMD).

Image analyssand LMD

Pathology evaluation for laser-microdissected tumor epithelium was conducted by the study
pathologist on H& E-stained dlides, which were digitally imaged with an Aperio ScanScope AT
scanner (Leica Microsystems, Wetzlar, Germany). HALO Al (Indica Labs, Albuquerque, NM)
was used to classify and annotate the slides to guide LMD of tumor epithelium (Supplemental

Materials and Methods).

Sample processing for LC-M Sanalysis

Microdissected tissue samples collected from the dides were dissolved in 0.1% RapiGest,
incubated at 95°C for 90 min, alkylated with chloroacetamide at 37°C, prior to overnight trypsin

digestion (Supplemental Materials and Methods).

L C-M Sdata acquisition

Desalted samples (1.2 pug) were combined with synthetic isotope-labelled peptides (6 fmal).
Five-sixths of this mixture (1 pg of total peptide and 5 fmol of each synthetic peptide) was
loaded onto EvoTip trapping columns before separation with the EvoSep One nanoLC system
(EvoSep, Odense, Denmark) coupled to an Orbitrap Fusion Lumos mass spectrometer with a
FAIMS-PRO interface (Thermo Fisher). Peptides were eluted over a 44-min gradient, from 7%

to 30% acetonitrile (on-column), a a flow rate of 500 nL/min (Supplemental Materials and
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Methods). The FAIMS-PRM experiment employed higher-energy collisional dissociation (HCD)
fragmentation with an isolation window of 0.7 mass-to-charge ratio (m/z), a target automatic
gain control of 1E6 ions, and a maximum injection time of 100 ms. Tandem MS (MS/MYS) scans
were acquired in centroid mode with the Orbitrap detector, usng 30K resolution at 200 m/z
(unless otherwise stated it the text). FAIMS was operated at the standard resolution, with no

additional FAIMS gas.
Data analysis

PRM data was analyzed with Skyline (University of Washington, Seattle, WA) %, using high-
selectivity extraction. Fragment ions with interference were identified by manual analysis,
comparing coelution and fragment ion ratios between endogenous and reference peptides. Any
fragment ions showing interference were flagged and omitted from use in quantitation

(Supplemental Materials and Methods).
lon injection numbers were extracted from raw files as RawOVFtT, using rawDiag %.
HER2 |HC assay

FFPE tissue sections were stained with the Ventana Pathway anti-Her2/neu (4B5) assay
according to the manufacturer’s instructions on a Ventana Benchmark Ultra staining device

(VentanaMedical, Oro Valley, AZ).
RESULTS

Integration of FAIMSinto the PRM method
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In this study, we selected 10 peptides representing HER2, EGFR, ER, cMET, and KRAS, which
are primary targets of oncology drug development and actionable biomarkers in the clinic > 8 ®
2’ To determine the optimal FAIMS CV that transmits the maximum ion flux, a range of CV's
from 0 to —100 V was scanned per precursor, with direct infusion of synthetic peptides. For
example, the optimal transmission of the EGFR IPLENLQIIR [M+2H]2+ precursor was between
—62 and 58 V, with a half-maximal intensity of —72 to -52 V (Figure 1A). The optimal CV
value determined per precursor was integrated into the final scheduled PRM method. This
allowed the FAIMS unit to apply the optimal CV values for the targets at the scheduled
acquisition time of the individual peptide, according to the PRM method. The final FAIMS-PRM
method for these peptides is summarized in Table 1. FAIMS CVs for the 10 peptides ranged
from —28 to —-58 V. For each target the optimal collision-induced dissociation energy was also
determined (Table 1). Additional optimization of the precursor isolation width and MSIMS
resolution was carried out. Precursor isolation widths of 0.4, 0.7 and 1.6 m/z were compared: 0.7
m/z was selected as the preferred balance between reducing interference, shown in
Supplementary Figure S1A for the HER2 ELVSEFSR peptide, and maintaining signal of the
target peptide (Supp. Fig S1B). MS/MS resolutions of 30K (64 ms transient length), 60K (128
ms) and 120K (256 ms) were compared: the additional scan time required for higher resolution
data acquisition did not appear to give sufficient reduction in interference to be warranted.
Higher resolution acquisition also resulted in lower fragment ion signal (Supp. Fig. S2), and
therefore the 30K resolution was preferred. For the four peptides shown in Supplementary Figure
S2, the difference in summed area between the 30K resolution and 120K resolution ranges from

1% to 29%, with the median percentage drop being 22%. The lower signal with higher resolution
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acquisition may be related to the longer measurement time in the Orbitrap analyzer, allowing

signal decay to occur, for instance due to collisions with background gas %.

Performance of FAIMS-PRM

To assess the impact of FAIMS integration into the PRM method, the limits of quantitation
(LOQs) of the PRM assays obtained with and without FAIMS were determined in trypsin-
digested, formalin-fixed human spleen. Because the target proteins were present in the spleen
matrix, a reverse-dilution approach was chosen, with spiking-in of a constant 5 fmol of light
peptide and a 10-point dilution series of heavy peptide ranging from 100 fmol to 5 amol. Blank

(light peptides plus matrix) and double-blank (matrix only) samples were included in this set.

An LOQ curve was acquired on two separate occasions, with and without FAIMS, for a total of
four LOQ curves and 192 raw files. The quantitative range, spanning from lower to upper limits
of quantitation (LLOQ to ULOQ), was defined as the points on the curve with CV values of
<20%, mean accuracy within 80-120%, and mean fragment ion ratio within 70-130% of the
coeluting reference fragment ratio (Supplemental Figure 3). Table 2 shows the lowest LLOQ
with and without FAIMS from the replicate curves. The full list of LOQs, including ULOQ and
range, is shown in Supplemental Table 1. Of 11 precursors, 7 showed a threefold reduction in
LLOQ with the addition of FAIMs. For al precursors, the PRM experiments without FAIM S had
amedian LLOQ of 137 amol/pg; with FAIMS, this was reduced to 46 amol/pg. In paralel, we

calculated the limits of quantitation for additional fragment ions (71 in total; ranging from four to
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ten per precursor), and also for summing al fragment ions signals for each peptide
(Supplementary Tables S2 and S3). Summing all fragment ions gave the same result as picking
the best fragment ion: the same seven precursors had the lowest LLOQ with FAIMS, while the
other four precursors were tied. For the complete set of fragment ions, 37 had the lowest LLOQ
with FAIMS, 30 were tied and 4 had the lowest LLOQ without FAIMS. The mgjority of the ties

(22 of 30) were for the same four precursors which did not have an overall improved LLOQ.

In the case of the EGFR IPLENLQIIR peptide, the lowest LLOQ obtained by PRM analysis
without FAIMS was 137 amol (Table 2). This value was improved to 46 amol with FAIMS
PRM. MS/MS spectra of the 46-amol IPLENLQIIR peptide spiked into the spleen matrix and
analyzed by FAIMS-PRM vs. PRM are shown in Figure 1C and 1D. At this low level, the PRM
MS/M S data showed a higher total ion count (3.9 E5), including interfering background ions, but
FAIMS-PRM MS/MS demongtrated a cleaner spectrum, with a fourfold-lower total ion count
(9.9 E4) and higher relative intensities of the fragment ions derived from the IPLENLQIIR

precursor.

Extracted ion chromatograms (XICs) of fragment ions from the 46-amol IPLENLQIIR peptide
analyzed by PRM vs. FAIMS-PRM are shown in Figure 1E and 1F. Interferences detected in
PRM, even with high-resolution (30K) Orbitrap detection (Figure 1F), were removed when PRM

was acquired with FAIMS (Figure 1E).

We hypothesized that the peptides for which FAIMS reduced the LLOQ in this study were more
likely to elute in a region of high matrix complexity with higher levels of non-specific
background signal. These peptides would benefit from FAIMS to a greater extent after the

background ions were filtered out. The format of our LOQ curve allows us to accurately quantify

10
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non-specific background, as this constitutes the only signal in the heavy channel for the LOQ
blank injections, with the appropriate elution window defined by the light synthetic peptide. The
average number of non-specific background ions injected for each targeted m/z window are
shown in Figure 2A. Background ions for all targeted m/z windows decreased with FAIMS
(Figure 2B). However, the seven peptides showing areduction in LLOQ with FAIMS integration
demonstrated a significantly greater decrease in background ions with FAIMS. This was shown
by atwo-sided t test comparing percent background reduction for peptides having alower LLOQ

with peptides having an unchanged LLOQ (P < 0.001).

The impact of FAIMS on total ions injected across the LOQ curve is shown in Supplemental
Figure S4 for the EGFR IPLENLQIIR [M+2H]*" precursor. The contribution of the spiked heavy
peptide was negligible up to 137 amol. From 412 amol, the median ion injection number
increased with additional heavy peptide with FAIMS. Without FAIMS, the median ion injection
number only noticeably increased from addition of 3.7 fmol heavy peptide, due to the increased

background.
Application of FAIMS-PRM in clinical samples

To demonstrate the performance of our FAIMS-PRM assay on clinical samples, we applied the
method to 20 FFPE tumor biopsies from breast cancer patients. Tumor epithelial cells identified
by Al-based image analysis were collected by LMD for precise measurement of tumoral

concentrations. The overall workflow is described in Figure 3A.

All targeted proteins were successfully quantified from the 20 tumor biopsy samples
(Supplemental Table $4, Supplemental Figure S5. Examples of FAIM S-PRM—based quantitation

for EGFR and HER2 are shown in Figure 3B and 3C. EGFR quantitation from two samples with

11
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levels of 244 and 62 amol/jg is shown in Figure 3B. Even at the 62-amol level, the low level of
non-specific background signal surrounding the peaks of interest is apparent. Quantitation of
HER2 for two samples with levels of 5718 and 210 amol/ug is shown in Figure 3C. HER2 levels
in these samples were quantified using the two best-performing peptides, ELVSEFSR and
SGGGDLTLGLEPSEEEAPR, which both showed improved LLOQs with FAIMS integration.
The HER2 quantitation results obtained independently from these two peptides were highly

correlated (R? = 0.991) (Figure 4A).

We aso performed IHC analysis for these 20 samples, using the Ventana Her2 (4B5) assay. The
pathologist’s scoring results for HER2 expression based on this IHC assay were compared with
the tumoral concentrations acquired by FAIMS-PRM. Although the PRM readouts correlated
well with the IHC scores, in agreement with earlier publications, the M S quantitation highlighted
a wide range of tumoral concentrations within the same IHC scores (Figure 4B). The outliers
within an IHC class may identify therapeutic opportunities. E.g. within the eight samples
classified as 1+ by IHC, two samples have a HER2 concentration close to the median
concentration of the HER2 2+ samples. These patients may be suitable candidates for a HER2-

targeted therapy, with apositive FISH test.
DISCUSSION

Throughout the evolution of targeted proteomics, as in al other analytical methodologies,
improved sensitivity has been achieved through limiting noise and increasing signal. The original
SRM method continuously transmits ions only within both the precursor and fragment m/z
windows, thereby limiting noise from other species and increasing signal %. In practice, multiple

trangitions per peptide must be monitored to increase confidence in identification and to mitigate

12
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potential interference from variable matrix components. However, each additional SRM
trangition reduces the transmission time per transition and therefore the overall sensitivity of the
method. In the PRM method, fragment ion selection is carried out after acquisition from the
complete MS/M S data set, and more stringent separation of signal from non-specific background
is possible when relying on the high-resolution data. To further increase sensitivity, and if
sufficient sample is available (typically at least 10x more than for direct analysis), front-end
fractionation or immunoprecipitation can be added into the workflow *” *8, For clinical samples
with limited material, incorporation of a gas-phase ion mobility precursor selection step is an
alternative approach to enhance sensitivity. We integrated a FAIM S step into the scheduled PRM
method to determine whether this integration would improve the quantitation performance for

oncology targetsin aclinical setting.

The benefit of FAIMS with the EGFR peptide IPLENLQIIR is shown in Figure 1. This peptide
showed a dramatic reduction in non-specific background after addition of FAIMS. The effect
was evident in the MSMS spectra (Figure 1C vs. 1D) and within the target fragment extracted
ion chromatograms (Figure 1E vs. 1F). Lowering the level of non-specific background peptides
proximal to the target precursor ion led to detection of more fragment ions with more consi stent

scan-to-scan signal and consequently higher-quality quantitation.

In the PRM approach with an Orbitrap analyzer, sensitivity can be modulated by ion injection
time; longer injection times of up to 500 ms have been shown to improve signal-to-noise ratio by
collecting more ions in the C-trap . Asion injection time is increased, however, throughput is
decreased. In our study, we employed a maximum ion injection time of 100 ms per precursor,
allowing up to 15 co-eluting peptide pairs to be quantified with six points across a 20-s

chromatographic peak width. Dynamic scheduling, based on either elution markers or reference
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peptide detection, may allow more time to be spent per peptide, further boosting sensitivity .

We note that our 100 ms injection time permits the acquisition of higher resolution data (50K
versus 30K), without a significant time penalty. This has been implemented successfully in later

version of the method.

The addition of an ion mobility step to an SRM method has been described previously **!. One
report describes a method combining IM S with quadrupole time-of-flight fragment ion detection
for the quantitation of host cell proteins in protein biopharmaceutical products % in this case the
IMS was integral to the mass spectrometer, prohibiting a comparison of the same method with
and without ion mobility. The FAIMS unit employed in our work has been previously deployed
in global proteomic studies, with either label-free or stable-isotope labeling quantitation; to our
knowledge, however, its performance in targeted proteomics has not been assessed ***. Our
analysis allowed a direct assessment of the contribution of FAIMS to the performance of the
PRM method. Figure 2A shows the variable level of background ions detected within the
different precursor windows, quantified asions per scan, in a human tissue sample. The target of
1E6 ions usually was not reached within the 100-ms fill time. Without FAIMS, the median
background level varied by 24-fold, from the highest level of 5.8 E5 ions per scan for the
ELVSEFSR (2+) region to the lowest level of 2.4 E4 for the FVVIQNEDLGPASPLDSTFYR
(2+) region. With FAIMS, the median background ions per scan was reduced for al 11
precursors, and the degree of reduction ranged from 13 to 86%. The targets with a FAIMS-
dependent reduction in LLOQ also showed the greatest FAIMS-dependent reduction in

background signal, with areduction of at least 48.5% (Figure 2B).

We sdlected five protein targets, HER2, EGFR, cMET, KRAS, and ER, as real-world examples

of clinically relevant biomarkers requiring quantitation from small amounts of clinical
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material—in this case a single 10-um-thick FFPE section. The tumor areas selected for LMD
ranged from 4.6 to 14.1 mm? highlighting the low sample requirements for this sensitive
approach. Expression levels for most of these targets varied widely (Supplemental Figure S5).
For example, HER2 levels in our samples spanned a 30-fold range, from 200 to 6000 amol/ug
(Figure 4). FAIMS-PRM increased the quantitation sensitivity of the clinically relevant
biomarker HERZ2, reducing the LLOQ from 137 to 46 amol/pg. This compares favorably with
reported LLOQs from SRM assays of 125 amol/ug ¥, 5 fmol/pg *, 155 amol/ug ¥, and 83

amol/pug *°, although these assays employed different matrices and LLOQ calculation methods.

Recently, a new anti-HER2 ADC, trastuzumab-deruxtecan (Enhertu; AstraZeneca) showed
antitumor activity not only in patients with HER2-positive cancer (HER2 3" and HER2
2'/FISH™) but also in low-HER2—expressing tumors (HER2 1" and HER2 2%) that were
previously categorized as HER2 negative and not digible for anti-HER2 monoclonal antibody
treatment ”. Importantly, as shown in Figure 4B, HER2 in breast cancer samples still exhibited a
range of expression levels in these low-expression samples, and all of them were above the
LLOQ of our FAIMS-PRM HER2 assay. Although the tumoral HER2 concentrations used in the
box plots are based on the ELVSEFSR peptide, a high correlation (R? = 0.991) was obtained
between the assays with two different peptides (ELV SEFSR and SGGGDLTLGLEPSEEEAPR),
consistent with the expected quantitation accuracy of our clinical proteomics workflow and

FAIMS-PRM assay.

The future development of treatments intended to benefit patients with low HER2 expression
will place an increased emphasis on lower-level HER2 quantitation accuracy and robustness.
Likewise, the FAIMS-PRM assays for other potential ADC targets such as EGFR and cMET, for

which LLOQs were improved (Table 2), will aid investigations of therapeutic benefits for tumors
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with low target expression. In our study, the addition of FAIMS to the PRM method reduced the
LLOQ for most of the peptides evaluated. This increased sendtivity was obtained without
additional analysis time or sample material. The clinical proteomics workflow for FFPE tissue
samples presented here is anticipated to be of great utility for clinical trials in which multiplexing

of protein targets allows proof-of-mechanism and pharmacodynamic questions to be addressed.
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Table 1. FAIMS-PRM method

RT
Gene Peptide z m/z CV CE (min)
EGFR  ®IPLENLQIIR™’ 2 60487 58 24 274

Y LVIQGDER™ 2 54679 48 23 131
ERBB2 ™ ELVSEFSR’”’ 2 48375 58 22 143

*FVVIQNEDLGPASPLDSTFY R 2 118459 28 23 328

%FVVIQNEDLGPASPLDSTFY R 3 79007 58 19 328
193SGGGDLTLGLEPSEEEAPR™™ 2 95746 -38 22 215
ESR1  “'LLFAPNLLLDR* 2 64289 44 23 371
KRAS  °LVVVGACGVGK™ 2 52081 48 21 128
®LVVVGAGGVGK'™® 2 47830 52 18 115
MET UDLIGFGLQVAKM® 2 58084 -38 19 306
Y TEFTTALQR*™ 2 53378 58 22 140

CE, HCD collision energy; CV, FAIMS compensation voltage; m/z: mass-to-charge ratio for

light precursor; RT: average retention time in minutes; z, precursor charge state.
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Table 2. LLOQ comparison

LLOQ (amol/ug)
No Fold Fragment
Gene Peptide z FAIMS FAIMS reduction ion (F; nF)
EGFR IPLENLQIIR 2 46 137 3 y8
YLVIQGDER 2 412 412 1 y7
ERBB2 ELVSEFSR 2 46 137 3 y5
FVVIQONEDLGPASPLDSTFYR 3 137 412 3 y8
FVVIQONEDLGPASPLDSTFYR 2 137 137 1 y12
SGGGDLTLGLEPSEEEAPR 2 46 137 3 yll
ESR1 LLFAPNLLLDR 2 15 15 1 y7,y8
KRAS LVVVGACGVGK 2 46 137 3 y9
LVVVGAGGVGK 2 46 46 1 y9
MET DLIGFGLQVAK 2 137 412 3 y9
TEFTTALQR 2 137 412 3 y7

LLOQ with and without FAIM S are shown for 10 peptides from five genes of interest. Where

the LLOQ determined in replicate curves differed, the lower of the two valuesis shown.

F, with FAIMS; nF, without FAIMS; z, precursor charge state.
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Gene | Peptide Lower LLOQ | Median Median Backgroun
with FAIMS | backgroun | backgroun | d
d d reduction
iong/scan: | iong/scan: | with
with without FAIMS
FAIMS FAIMS (fold
change)
KRAS | LVVVGAGGVCGK.2 FALSE 44E+05 | 56E+05 | 1.3
EGFR | YLVIQGDER.2 FALSE 3.5E+05 4. 7E+05 14
ESR1 | LLFAPNLLLDR.2 FALSE 8.1E+04 | 11E+05 |14
ERBB | FVVIQNEDLGPASPLDSTFY | FALSE 24E+04 |38E+04 |16
2 R.2
MET | TEFTTALQR.2 TRUE 18E+05 | 3.3E+05 | 1.8
KRAS | LVVVGACGVGK.2 TRUE 14E+05 | 29E+05 |2
ERBB | ELVSEFSR.2 TRUE 27E+05 | 6.2E+05 |23
2
EGFR | IPLENLQIIR.2 TRUE 16E+05 |49E+05 |31
MET | DLIGFGLQVAK.2 TRUE 79E+04 | 25E+05 | 3.2
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ERBB | FVVIQNEDLGPASPLDSTFY | TRUE 9.5E+04 | 4.1E+05 |43
2 R.3
ERBB | SGGGDLTLGLEPSEEEAPR. | TRUE 44E+04 | 3.1E+05 |7
2 2
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FIGURE LEGENDS

Figure 1. FAIMS effect on PRM analysis of EGFR IPLENLQIIR [M+2H]%. (A) CV scan for
EGFR IPLENLQIIR [M+2H]*" with direct infusion of synthetic peptide, using FAIMS CV's
from—-100to 0 V, step size 1. The plot shows the MSM S intensity of the precursor (604.87 m/z)
with HCD collision energy set to 0. CVs corresponding to half-maximal intensity are labeled. (B)
Fragmentation map of IPLENLQIIR. (C, D) MS/IMS spectrum at the apex of 46-amol EGFR
IPLENLQIIR elution spiked into trypsin-digested, formalin-fixed spleen (C) with the optimized
FAIMS CV and (D) without FAIMS. Fragment ions derived from EGFR IPLENLQIIR are
labeled and colored. lon count refers to total ion count in the Orbitrap cell, recorded as
RawOVFtT in the scan header. (E, F) XICs of PRM fragment ions of IPLENLQIIR [M+2H]* at

46 amol/ug with (E) FAIMS-PRM and (F) PRM.

Figure 2. Peptides with a FAIMS-dependent improvement in LLOQ also have a greater
reduction in background signal. (A) Background ions per scan, with and without FAIMS for
elution time and m/z regions of peptide targets. (B) The percentage reduction in background
signal with FAIMS is shown, color-coded by reduction in LLOQ with FAIMS. Background ions
are calculated for blank injections and heavy m/z windows only, with the XIC window
determined from the light reference peptide elution (n=8, from n=2 LOQ curves per condition;
number of scans per plot ranges from 360 to 948). lon numbers are from ‘RawOvHT’, extracted
from raw files using rawDiag (Trachsd et al., J Proteome Research 2018). Peptides are annotated
with precursor sequence and charge-state. Labels on the lower panel indicate the percentage

reduction in background signal for each target.
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Figure 3. (A) Workflow of clinical proteomics with FAIMS-PRM. (B) Quantitation of EGFR
IPLENLQIIR [M+2H]*" from two breast cancer samples. The upper XICs are from endogenous
signals, and the lower XICs are from the heavy peptide reference signal (5 fmol). The LLOQ
with FAIMS for the y8 fragment ion of this peptide was 46 amol/pg. (C) Quantitation of HER2
ELVSEFSR [M+2H]?* from two breast cancer samples. The upper XICs are from endogenous
signal, and the lower XICs are corresponding heavy-peptide reference signals (5 fmal). Inset
shows magnified view of the fragment ions for the 210-amol/pg sample. The LLOQ with

FAIMS for the y5 fragment ion of this peptide was 46 amol/pg.

Figure 4. Quantitation of HER2 by FAIMS-PRM in 20 breast cancer biopsies. (A) Scatterplot
showing the correlation between HER2 ELVSEFSR and HER2 SGGGDLTLGLEPSEEEAPR
peptides. The Pearson correlation coefficient squared value is shown; inset shows expanded view
of region below 800 amol/pg. (B) HER2 concentrations by FAIMS-PRM for the ELVSEFSR
peptide are shown for each of the HER2 classifications by IHC. All MS values were above the

LLOQ.
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FIGURE 2
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FIGURE 3
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FIGURE 4
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