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Abstract

Multiple myeloma (MM) is a bone marrow cancer of resident plasma cells that affects 125,000
patients in the U.S. with ~ 30,000 new cases per year. Its signature is the clonal over-proliferation of a
single plasma cell that secretes a patient specific monoclonal immunoglobulin (M-lg). Detecting this
patient specific M-Ig could allow sensitive detection of minimal residual disease in multiple myeloma from
patient serum. Aptamers, single-stranded oligonucleotides with affinity and specificity to a target molecule,
have recently been introduced as affinity reagents able to detect MM M-Igs. Here we adapt these
benchtop M-Ig systematic evolution of ligands through exponential enrichment (SELEX) techniques to our
bead integrated microfluidic SELEX (BIMS) device to rapidly generate patient specific aptamers. Using
MM patient serum, we isolate patient M-Ig specific aptamers rapidly (runtime < 12 hours) with high affinity
(Kp < 20 nM) while consuming limited quantities of patient M-Ig (< 100 pg).

1. Introduction

Multiple myeloma (MM) is a cancer of plasma cells primarily found in the bone marrow (BM) that
affects nearly 96,000 in the U.S. *. The disease is preceded by monoclonal gammopathy of undetermined
significance (MGUS) that is asymptomatic but requires monitoring”®. In MM a single plasma cell

proliferates into a large clonal population that secrete monoclonal immunoglobulins (M-1g) with identical
variable regions. M-Ig are patient and tumor-specific and correlate with tumor burden*®. The goal of

treating MM is to achieve complete response (CR), defined as the absence of the hallmark monoclonal
immunoglobulin (M-Ig) protein by immunofixation and less than 5% of cells as plasma cells in bone
marrow (BM)’. Of patients who achieve CR, those who are negative for minimal residual disease (MRD),
i.e., the presence of small numbers of myeloma cells in a patient’s body °, have better survival than those
who are MRD positive °. Detection and monitoring of MRD, and thus the M-Ig, is hence emerging as a
cornerstone in selecting and guiding therapeutic strategies™.

The two leading MRD diagnostic technologies, multiparameter flow cytometry (MFC) and VDJ
sequencing (NGS), require plasma cells from bone marrow (BM) aspirates” ™. Although both methods
are very sensitive they have shortcomings including the non-representative nature of aspirates due to
suboptimal procedures, the lack of uniform BM infiltration; and the poor viability of plasma cells after
aspiration. BM biopsies are moreover costly, painful and not applicable to evaluation of extramedullary

disease’®®. All of the above prevent frequent repeats and increase the likelihood of false-negative
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results** %

. Recent studies have also explored the detection of MM through peptides that detect plasma
cell released exosomes but these studies have not been applied to the detection of MRD?.

We recently demonstrated a method for sensitively detecting the presence of a patient M-Ig in
serum using aptamers as an affinity receptor targeting the antigen binding fragment (fab) of the M-Ig®.
We isolated aptamers that specifically recognized the idiotype and allowed low concentrations of M-Ig
(<4.5 pg/dl M-lg in serum detected) to be detected by effectively rejecting the effects of unspecific
background proteins. We also recently developed a microfluidic device (termed BIMS) that integrates the
aptamer selection process (SELEX) into a single platform without relying on multiple chips, and offline
procedure524. The device combines highly efficient microfluidic reactions with a bead-based protocol to
drastically reduce the time and rounds needed to isolate aptamers. BIMS was applied to the isolation of
aptamers targeting gangliosides and could identify aptamers within a day while using small amounts of
target (<200 ug).

While our M-lg aptamer isolation protocol could reliably isolate aptamers, it utilized benchtop
processes without automation. Here we present a method to rapidly generate specific and high affinity M-
Ig targeting aptamers by adapting our BIMS device demonstrated previously to our M-lg SELEX protocol.
The two approaches are combined and further enhanced by the application of next generation
sequencing into the aptamer selection analysis procedure for a more comprehensive assessment of the
SELEX process. We join the two approaches to offer a method that can isolate aptamers rapidly while
using modest amounts of patient samples. These qualities would allow isolation of patient specific
aptamers for individuals that have been diagnosed with MM. Ultimately, a high affinity aptamers (Kd <
100 nM) that can be used in an aptamer formatted enzyme linked immunoassay (ELISA) to detect the
presence of the cancer patient's M-Ig is rapidly isolated (within a day) while consuming only modest

amounts of a patient’s serum sample (<100 pg).
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Figure 1: Aptamer selection process for a multiple myeloma patient. First the patient serum sample is
conditioned to remove non-IgG proteins. The remaining IgG proteins are then bound to beads and used

as the target in the microfluidic SELEX process.

2. Materials and Methods

Materials

MgCl,, human polyclonal IgG and molecular biology grade water were purchased from Sigma-Aldrich
(St. Louis, MO). Deoxyribonucleotide triphosphates (ANTPs) and GoTaq Flexi DNA polymerase were
obtained from Promega Corp. (Madison, WI). Protein G ELISA plates, Dulbecco’s phosphate buffered
saline (D-PBS), Melon Gel IgG Spin Purification kits, GeneJET Purification Kits, Zeba Desaling Columns
and streptavidin coupled agarose beads (Pierce Streptavidin Agarose) were purchased from
ThermoFisher (Waltham, MA). Streptavidin surface plasmon resonance chips were purchased from
Nicoya Lifesciences (Kitchener, ON, Canada). MiSeq 300 v2 kits and PhiX Control were purchased from
lllumina (San Diego, CA). Next generation sequencing Kappa Hyper Prep Kits were purchased from
Roche (Basel, Switzerland). AMPure XP magnetic purification beads were purchased from Beckman
Coulter (Pasadena, CA). Randomized oligonucleotide library (5 — TGC CAG CAT CGT AAT AGC CTC —
40N — ACC AAG TGA ATG AGC GGT ACG- 3’) and primers (Forward Primer: 5 — TGC CAG CAT CGT
AAT AGC CTC -3, and Reverse Primer: 5' — CGT ACC GCT CAT TCA CTT GGT - 3') were synthesized
and purified by Integrated DNA Technologies (Coralville, IA). Multiple myeloma patient serum was
acquired from Tilla Worgall. Protein G beads were purchased from Santa Curz Biotechnology (Dallas, TX).

Barcodes with lllumina adapters were purchased from Bioo Scientific (Austin, TX).
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Methods
Selection of Aptamers towards Patient M-Protein

Patient serum was purified with Melon Gel following the manufacturer’s protocol. The melon gel
binds to all serum proteins except IgG allowing extraction of a patient’s IgG. The extracted IgG was
suspended in selection buffer (PBS with 2 mM MgCl,) and measured by UV-Vis (Implen P300, Implen
GmbH, Munich, Germany). Protein G beads were rinsed three times with selection buffer and incubated
with the patient IgG for 30 minutes. The beads were then washed five times with selection buffer. Extracts
of this process were collected and used to verify successful conjugation by polyacrylamide gel
electrophoresis (PAGE). Similarly, counter selection beads were prepared by incubating polyclonal 1gG
with washed protein G beads for 30 minutes and then washing the beads five times with selection buffer.

With selection beads prepared, six rounds of the SELEX process were performed as described in
our previous work with some modifications. First, 20 pmoles of library were used to initiate the SELEX
process. In the final two rounds (five and six) the washing time was increased from 35 minutes (700 uL)
to 45 minutes (900 L) to increase the selection pressure on these later rounds of the process (Table 1).
Finally, a fraction of the eluted product of each round was collected for analysis by next generation

sequencing (NGS).
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Table 1: Selection parameters for patient monoclonal protein SELEX.

Round Wash Flow Rate Wash Time Counter Selection
1 20 pL/min 35 min None

2 20 pL/min 35 min Protein G Beads

3 20 pL/min 35 min Polyclonal Beads
4 20 pL/min 35 min Polyclonal Beads
5 20 pL/min 45 min Polyclonal Beads
6 20 pL/min 45 min Polyclonal Beads

Surface Plasmon Resonance (SPR)

SPR was used to discern the binding properties of the M-Ig towards aptamer candidates using a
BioNavis Naali (BioNavis, Finland) instrument. Biotinylated aptamers (500 nM) were injected over a
streptavidin chip at a flow rate of 20 uL/min for 5 minutes. After allowing the baseline to settle, a range of
concentrations of M-Ig were injected. Surfaces were regenerated with 1 M sodium acetate between
injections. Specificity was confirmed by injecting the polyclonal IgG over the sensor surface. Data from all
injections was analyzed by 1:1 model fitting with BlAevaluate (Biacore, Slovakia).

High Throughput Sequencing

Aptamer candidates from each round were sequenced using a MiSeq platform (lllumina, San
Diego, CA). First the collected products of each round were amplified off-chip by PCR and checked with a
gel electropherogram. The amplified product was purified and suspended in molecular biology grade
water with a GeneJet DNA clean up kit to remove primers and the amount of DNA was quantified in the
resulting solution using an Implen Spectrophotometer (Implen GmbH, Munich, Germany). 250 ng of the
amplified product was used with a Kapa Hyper Prep kit and Bioo Scientific barcodes to ligate lllumina
adapters. A unique barcode (6 total) was ligated to the product of each round of the SELEX allowing
sequences from each round to be discernible in the NGS read file. The ligated product was verified to be
of the correct length and to be of high purity by gel electrophoresis and the amount of DNA was quantified
with an Implen spectrophotometer.

The barcoded samples were sequenced in two sequencing reactions. The first sequencing

process sequenced rounds one to four, and a second sequencing process was used to sequence rounds
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five and six. Both reactions were prepared with the following procedure. A MiSeq 300 v2 cartridge was
thawed to room temperature. Meanwhile, the barcoded samples were combined and diluted to create a 4
nM and 5 puL combined sample pool equally represented by each SELEX round (rounds 1-4 or rounds 5
and 6). 5 pL of 0.2 N NaOH was added to the 4 nM combined pool, mixed and left to incubate for 5
minutes at room temperature. A 1 mL and 20 pM solution was then prepared by adding 990 pL of the HT1
buffer provided by lllumina. A 600 uL and 4 pM solution was then prepared by withdrawing 120 uL from
this solution and adding 480 pL of HT1 buffer. PhiX control was similarly diluted in HT1 buffer to produce
a 4 pM solution of PhiX. The 4 pM PhiX (120 pL) and combined pool were mixed together to form a 600
pL solution. This solution was injected into the Illlumina MiSeq cartridge and sequenced with an lllumina
MiSeq instrument.

Aptasuite version 0.8.9 was used to evaluate the reads®®. From this software the cluster, and
sequence analysis modules were used to determine which sequences should be ordered for in vitro
testing.

Enzyme-Linked Immunoassay (ELISA)

Aptamers were screened for their ability to bind to the monoclonal using an aptameric ELISA. The
ELISA format consisted of monoclonal protein bound to the wells through protein G which then had a
solution phase biotinylated aptamer applied. An increase in the absorbency intensity was indicative of
aptamers binding to the target monoclonal protein. The wells were first washed three times with wash
buffer (PBS with 2 mM MgCI2 added). Then 2.5 pmoles of target IgG or polyclonal IgG diluted in
SuperBlock blocking buffer with 0.05% tween added were applied to the wells. The protein was incubated
in the wells for 30 minutes at room temperature on a rotator. These wells were then washed eight times
(=200 pL per well per wash) with wash buffer. A 25 pmol solution of biotinylated aptamers in 100 pL of
wash buffer were incubated in the washed wells for 60 minutes on a rotator. The wells were washed ten
times (~200 pL per well per wash) with wash buffer following the aptamer incubation. Following the wash,
streptavidin horseradish peroxidase was diluted according to the manufacturer’s instructions in wash
buffer and bovine serum albumin (BSA) and then applied to each well and allowed to incubate for 30
minutes at room temperature with an opaque cover. The wells were then washed 12 times with wash

buffer. Finally, freshly mixed tetramethylbenzidine and substrate (1:1) were added to each well and the
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absorbance was recorded by an absorbance plate reader (VersaMax, Molecular Devices, San Jose, CA).

Measurements were made at 450 nm in ten minute intervals.

3. Results and Discussion
Patient M-Ig Selection

We developed a protocol to isolate aptamers for M-Igs directly from MM patient serum. Prior to
treatment, the M-Ig will be highly abundant (>90% of sera IgG) in the patient serum, and therefore can be
used as a target for aptamer selection. We designed our approach around the concept that we would
collect serum from an MM patient, purify the M-lg from the serum (using antibody specificity), and then
inject that purified antibody into the BIMS device to generate M-Ig specific aptamers (Figure 1).

A myeloma patient’s serum sample was first prepared for the SELEX. Patient serum was purified
with Melon Gel. The melon gel binds to all serum proteins except IgG allowing extraction of a patient’s
IgG. Because of the nature of IgG myeloma, the extracted 1gG from the patient’s serum will be dominated
by the monoclonal IgG. The purified protein was then bound to Protein G beads and used as a target in
the BIMS device, while polyclonal IgG were also prepared and used as a counter target.

With selection beads prepared, we performed six rounds of the SELEX process. This approach
differed from our previous work in several ways. First, a more concentrated library was used to initiate the
SELEX process. A greater amount of starting library amount was used to increase the potential to isolate
aptamers with very high specificity. Second, in the first round of SELEX counter selection beads were not
used. This was to reduce the potential for losing high affinity sequences that are present at low
abundance, as would be expected from library members. The second round used unreacted protein G
beads as counter targets. Rounds three to six used polyclonal IgG beads as a counter target. Further, in
the final two rounds (five and six) the we used longer washing durations to increase the selection
pressure on these later rounds of the process. Finally, a fraction of the eluted product of each round was
collected for analysis by next generation sequencing (NGS).

The success of the overall chip performance was first assessed using eluates collected during the
selection process. These eluates were amplified off-chip by PCR and imaged by gel electrophoresis. As

can be seen in Figure 2, for every SELEX round the amount of DNA collected becomes less as the
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washing progresses. However, after the thermal conditions of the selection chamber are changed, a large
amount of DNA that was strongly bound and eluted under the different environmental conditions could be
collected. Each round of SELEX showed the monotonous decrease in the amount of DNA during washing.
The first wash of the first round of selection appears to have a lower intensity but is actually artifact of
having an excess of DNA in the PCR reaction. All samples were subjected to the same amount of PCR
cycles (19 cycles). Later rounds of SELEX had more oligonucleotides in the elution compared to even the
first wash indicating more of the pool was binding to the target beads than being washed away during the

later rounds of SELEX.
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Figure 2. Collected eluates from the six round selection process, amplified by PCR and imaged with gel
electrophoresis. (a) Gel electropherogram of amplified eluates and (b) bar graph representing
electropherogram band intensity. Bar color indicates selection round. W is the first wash of a selection
round. Ws is the final wash for section rounds 1-4. The final wash for rounds 5 and 6 is Ws. E is the eluted

product.

Sequence Analysis

We collected eluate from the BIMS device and sequenced with next generation techniques and

analyzed with the AptaSuite toolkit . The toolkit fractioned the raw sequencing files into the six rounds of
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SELEX and accepted 3,818,436 reads as having correct forward primers and reverse primers. Of these
reads, approximately all (>95%) had a randomized region size matching the starting library (40
nucleotides). The identified barcodes for each round of SELEX were approximately evenly distributed
(first round: 19.1%, second round: 18.38%, third round: 17.31%, fourth round: 13.31%, fifth round:
16.12%, and sixth round: 15.57%). The amount of singletons, defined as sequences that appear with a
count of one, decreased on every round of SELEX (Figure 3). Further, the amount of enriched species,
defined as sequences that also appear in other rounds of SELEX increased as expected during every
round of SELEX. Conversely, the unique fraction (sequences that only appear in that SELEX round)
decreases as the SELEX process progressed. It appears the singletons and enriched sequences slightly

increased on the sixth round. This could indicate the process began to saturate after six rounds.

A cluster program was run to group aptamer sequences by their similarities and the clusters of
similar sequences. Clusters consisted of sequences that had randomized regions with only a single
nucleotide allowed to mismatch. Clusters that appear at very high frequencies in the sixth round of
SELEX were further evaluated for their progression through the other rounds of SELEX. A sequence of
low abundancy but that is rapidly increasing in frequency in the later rounds of SELEX could suggest a
potential high affinity sequence becoming enriched. The clusters were checked against the most frequent
non-clustered sequences to ensure highly frequent sequences were not missed by the clustering
algorithm. Sequences that contained a single nucleotide between primers were considered artifacts from
the PCR processes and purification processes and discarded. The progression of the ten most abundant
sequences from the sixth round are shown Figure 3. Their sequences and abundance values are

tabulated in Table 2.
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Figure 3. (A) Singletons, enriched species and unique fraction of every SELEX round. Singletons are
sequences that appear with a frequency of one. Enriched species are sequences that are found in other
rounds. The unique fraction are the sequences that do not appear in any other round. (B) Abundance of
the top ten most frequent sequences from the sixth round of SELEX. Significant enrichment occurs from

the fourth round to the fifth round.

Table 2: Next generation sequencing results for each round of SELEX for the ten most frequent

sequences found in the 6" round of SELEX.

Round | Round |Round [Round | Round | Round

1 2 3 4 5 6
Counts |Counts |Counts|Counts|Counts |Counts

Sequence per per per per per per
ID Sequence Million | Million [Million [Million | Million | Million
P3s1 AGAGATGGTCGGTATATATCCAATCGTGAATGCCAAGTGAA 0] 1.425] 1.513| 15.746|190.074/339.804
P3Ss2 TTATTTCCTACGATCACCAAGTGAAATCCAAGTGTATGAGA 0 0 0] 35.429/190.074|324.665
P3S3 GTTAATGCTAATGCCTCGTGTTTTCCAAGTGTTGAGTCGGA 0 0] 9.077| 29.524|173.828|254.011
P3s4 CAAGTGACATAGCAAGGGGATGAGGAAAAGAGAGTGGGCGA 0] 7.123| 4.539| 25.588|121.842|211.957
P3S5 GGGTGTAGAATTCTCAATAACAAGTGGATGAGTTAAGCGGA 1.356 0] 3.026| 23.619/102.348|148.032
P3S6 CGATAGCGAGATGTAGTCGCATTAGGAAAAGTGTGAGCGGA 0 0] 3.026| 37.397| 63.358|139.622
P3S7 AAAGCAATACAAAGAGACAGCAACCAAGTACGAATGGGCGA 1.356| 1.425| 1.513| 21.651|125.091]141.304
P3S8 AACCATGCCAAGTGATTAAGGTATAAATACCAAGTGAAGTA 0] 2.849| 9.077| 23.619| 77.979|137.941
P3S9 TTACGTTGATTGTGGTCCATGTGCATGAGGGAAGGAGCGGA 0 0 0| 25.588| 77.979|136.258
P3S10 AGTAAACCAAGTAAAGAGTGTACCAGTTCTAAGTGAATG 0] 1.425| 3.026| 43.302|261.554/348.218

All of the most frequent sequences increased from the fifth round to the sixth round. The most
significant enrichment of the sequences occurred after the fourth round indicating that SELEX cycles
beyond four could enhance the probability of identifying a high affinity aptamer. The most frequent
sequences of the fourth and sixth SELEX rounds were synthesized for further in vitro testing. These

sequences are tableted in the supplementary information.
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Affinity and Specificity of Aptamers

We took these ten most prevalent sequences and screened them with an ELISA (Figure 4). All
sequences except P3S2, P3S7, and P3S8 showed significantly greater binding towards the M-Ig than the
polyclonal. Of these, it was observed P3S10 and P3S5 had the greatest difference in binding towards the
M-Ig than the polyclonal.
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Figure 4: Aptameric ELISA results of a patient monoclonal IgG bound to the well surface through protein
G and solution phase aptamer. Absorbance was measured at 370 nm in 10 minute intervals.
Measurement shown is after 75 minutes. Error bars represented standard deviations from triplicate

measurements.

These results can be compared to their enrichment found through NGS where sequence P3S10 was
the most prevalent sequence for the fourth, fifth, and sixth SELEX round. While it was the most prevalent
for the sequences tested, there were other sequences at the fourth round which were more frequent than

P3S10 but these sequences became less frequent in the fifth and sixth round.
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Figure 5: SPR response curves for aptamer P3S10. A binding dissociation constant (Kp) was found to be
~20 nM
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We further analyzed the aptamer with greatest binding from the ELISA (P3S10) with by SPR (Figure
5). A biotinylated version of the aptamer was bound to one of the sensing surfaces while a scrambled
control was bound to the other. SPR measurements were taken from the difference of these two channels
such that only the specific binding of the aptamer to the injected molecule was considered. Patient serum
purified for IgG by Melon Gel was injected into the SPR instrument in various concentrations. The
aptamer and scrambled sequence were then regenerated and human polyclonal IgG was then injected at
the same concentrations and compared to the patient injections. These experiments were performed in
triplicate for both the M-1g and polyclonal 1gG.

From the SPR responses it can be observed that significant binding was found to the patient IgG
protein while negligible binding was found when the polyclonal human IgG was injected. The SPR plots
exhibit two-phase events at high concentrations, where there are two regions of exponential decay. Each
IgG molecule bound to the SPR surface has two potential Fab region binding sites that the aptamer can
bind, thus we suspect aptamers are rebinding after dissociation which artificially lowers the dissociation
rate constant. We applied a 1:1 fitting model to the M-Ig binding curves to the lower concentration
injections which do not have two-phase dissociation to obtain an effective binding dissociation constant
(Kp) of ~20 nM. This binding dissociation constant describes the avidity of the aptamers towards the
multiple binding sites present on the target patient protein and includes the aptamer rebinding artificially
lowering the ko The concentrations of protein used in these SPR plots are orders of magnitude lower
than the limit of detection for conventional MM diagnostics, though it must be noted the SPR proteins
were diluted in buffer.

4. Conclusion

We applied our BIMS approach to the isolation of a patient derived monoclonal protein implicated in
cancer. We directly took patient serum and isolated the cancer associated protein which was then put
onto selection beads and directly injected into the microfluidic device. High throughput sequencing was
used to analyze the resulting aptamer pools and to select sequences to be further analyzed. These
sequences were analyzed by an aptameric ELISA and sequences P3S10 was found to have higher
binding to the patient M-Ig than to the polyclonal control. P3S10 was further analyzed by SPR and found

to have a specific response to the patient IgG and negligible response to a polyclonal IgG pool. The rapid
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isolation time of these aptamers (<12 hours) could allow the development of personalized probes for
MRD diagnostics for a cohort of patients. These aptamers would be most useful in detection assays,
especially MRD detection assays, where patient serum is combined with aptamers and a readout. Thus,
we plan on characterizing these aptamers for their affinity and limit of detection in physiological solutions
in future work.
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