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Digital protein assays have great potential to advance immunodiagnostics because of their
single-molecule sensitivity, high precision, and robust measurements. However, translating
digital protein assays to acute clinical care has been challenging because it requires de-
ployment of these assays with a rapid turnaround. Herein, we present a technology
platform for ultrafast digital protein biomarker detection by using single-molecule
counting of immune-complex formation events at an early, pre-equilibrium state. This
method, which we term "pre-equilibrium digital enzyme-linked immunosorbent assay”

® An innovative digital
assay technology
enables rapid, point-
of-care measurement
of multiple protein
biomarkers in blood.

® Continuous
monitoring of protein
blood biomarker
profiles is shown for
critically ill human
patients with a
digital assay.

(PEdELISA), can quantify a multiplexed panel of protein biomarkers in 10 pL of serum
within an unprecedented assay incubation time of 15 to 300 seconds over a 10 dynamic
range. PEJELISA allowed us to perform rapid monitoring of protein biomarkers in patients
manifesting post-chimeric antigen receptor T-cell therapy cytokine release syndrome, with
~30-minute sample-to-answer time and a sub-picograms per mL limit of detection. The

/) rapid, sensitive, and low-input volume biomarker quantification enabled by PEJELISA is
broadly applicable to timely monitoring of acute disease, potentially enabling more per-

sonalized treatment. (Blood. 2021;137(12):1591-1602)

Introduction

The evolution of biomarker-guided precision medicine therapies
targeting specific pathologic processes has advanced rapidly,
based on a greater understanding of genomic, molecular, and
cellular data of an individual patient."? However, implementing
the precision medicine approach in acute clinical care faces
significant challenges.®* In particular, timely diagnosis and treat-
ment of a quickly evolving illness®” require both fast and sensitive
measurements of biomarkers as well as accessibility near the pa-
tient. Numerous efforts have been undertaken to develop rapid
immunodiagnostics, including assay step simplification,® label-free
biosensing,”'* surface-to-volume ratio enhancement,'>"” active
analyte mixing,'®'® and molecular preconcentration.?®?' None-
theless, these methods generally sacrifice assay sensitivity and
specificity, and they face significantly increased complexity and
costs resulting from sophisticated microfabrication and nano-
fabrication. For a system with weak antigen—antibody affinity in
which the protein-binding kinetics are solely limited by the surface
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reaction rate (reaction-limited regimen??), the aforementioned
methods involving active mass transport enhancement or min-
iaturization become less effective for shortening the assay time.

Digital immunoassays are emerging techniques for biochemical
analysis of analytes in low abundance,?2* which have great
potential for point-of-care diagnosis. Their superior single-
molecule sensitivity originates from binary counting of on/off
signals amplified within various types of small subvolume par-
titions.?> The wide use of digital assays can be found in the
literature as a platform for the ultrasensitive detection of nucleic
acids,?*?” proteins,?>?-3 single viruses,®' and exosomes.?? The
most well-established commercial implantation of an enzyme-
linked immunosorbent assay (ELISA)-based digital assay, namely
digital ELISA (dELISA), is Simoa from Quanterix?>; however, its
high assay and instrumentation costs and large physical footprint
prevent its application for near-bedside real-time diagnosis.
Several other groups?®3°332* have invented microfluidic platforms
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for laboratory-on-a-chip operation of digital assays. Despite the
exciting performance and potential for point-of-care operation,
these platforms generally require a long sample incubation time,
and they exhibit low multiplex capacity. Thus, a near-bedside
platform that can provide near-real-time protein biomarker
profiling with a large clinically relevant dynamic range from
femtomolar to subnanomolar has the potential to fulfill the
promise of biomarker-guided precision medicine in time-
sensitive critical care.

Herein, we introduce the concept of instantaneous single-
molecule binary counting of non-equilibrium protein-binding
events to simultaneously realize speed and sensitivity, the 2
key combined features critically lacking in conventional tech-
nologies for acute illness. This concept provides the basis for
the "pre-equilibrium digital ELISA” (PEJELISA) technique en-
abling a rapid, sensitive biomarker analysis with a significantly
shorter (up to 10-fold) incubation time than that of the gold
standard ELISA method. The technique captures the “snap-
shot” of a pre-equilibrated 2-step sandwich assay formation
process quenched at its very early stage (within 15-300 sec-
onds) and applies single-molecule binary counting for bio-
marker quantification (Figure 1A). In this study, we found that
this early quenching approach maintained a large assay linear
dynamic range from femtomolar to clinically relevant subnanomolar,
which is conventionally believed to be far outside the range
permitted by single-molecule binary counting.?**> We de-
veloped a theoretical model to validate this concept and later
demonstrated this concept with an automated, potentially
near-bedside digital assay platform that could be rapidly
performed at low cost and low sample volume. This approach
enabled longitudinal profiling of circulating protein biomarkers
in human patients treated with chimeric antigen receptor T-cell
(CAR-T) therapy who were experiencing cytokine release
syndrome (CRS), which is a potentially life-threatening disorder
of immune activation.”¢

Materials and methods

Materials

We purchased human interleukin-6 (IL-6), tumor necrosis factor-
o (TNF-a), IL-1B, IL-8, IL-10, IL-12, IL-17A, interferon-y (INF-y),
monocyte chemoattractant protein-1 (MCP-1) capture, and
biotinylated detection antibody pairs from BioLegend and hu-
man IL-2 antibody pairs from Invitrogen. The corresponding
ELISA kit and LEGENDplex Human Inflammation Panel 1 bead-
based immunoassays were purchased from BioLegend and the
IL-2 ELISA kit from Thermo Fisher Scientific. Dynabeads (2.8 um
diameter carboxylic acid and epoxy-linked superparamagnetic
beads), QuantaRed (an enhanced chemifluorescent horseradish
peroxidase [HRP] substrate), Alexa Fluor 488 Hydrazide, EDC[1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride],
Sulfo-NHS (sulfo-N-hydroxysulfosuccinimide), MES [2-(N-mor-
pholino)ethanesulfonic acid] buffered saline, TBS StartingBlock
T20 blocking buffer, and SuperBlock (PBS) blocking buffer were
obtained from Thermo Fisher Scientific.

Patient blood sample collection and preparation

Subjects undergoing CAR-T therapy were recruited, and sam-
ples were collected with informed consent for each subject
under the University of Michigan institutional review board
protocol HUM00115179/UMCC 2016.051. Control samples
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were obtained from healthy volunteers with informed consent
under the University of Michigan institutional review board
protocol HUM00092161. All blood samples were collected on-
site at the University of Michigan Hospital (Michigan Medicine).
Venous blood was collected for serum into a vacutainer con-
taining no anticoagulant. Blood samples were then transported
to the laboratory, allowed to clot for =30 minutes, and pro-
cessed for serum isolation. Samples were centrifuged at 1200g
for 15 minutes at room temperature. The serum was then re-
moved by pipette and portioned in 2-mL aliquots into screw-cap
tubes. Serum aliquots were then transported fresh on wet ice for
the PEJELISA assay or banked at —80°C.

Statistical analysis

All experiments were performed =3 times to obtain the error
bar. Either duplicate or triplicate PEJELISA measurements were
performed for the CAR T-patient samples at a single time point
of the longitudinal cytokine profile monitoring test. Conven-
tional ELISA and LEGENDplex multiplex assays were conducted
in duplicate for banked serum samples collected at 20 selected
time points. Pearson’s R? value was used to quantify the
PEJELISA to ELISA/LEGENDplex correlations. Group differ-
ences were tested by using an unpaired, 2-tailed Student t test
with equal variance. A value of P < .05 was considered to be
statistically significant. A standard score (z score) for the pa-
rameter x was given as z = (x — w)/SD, where p is the mean and
SD is the standard deviation.

Results

PEdELISA platform

Figure 1B shows the schematic and photo image of the PEJELISA
system incorporating a microarray biosensor design into the
microfluidic chip for multiplex analysis (additional details are
provided in supplemental Figures 1 and 2, available on the
Blood Web site). We streamlined the PEJELISA reaction process
to a 2-step format so that it only involves: (1) loading and mixing
the analyte and detection antibody solution on the capture
antibody-coated magnetic beads array to form the capture
antibody-antigen-detection antibody complex (step 1); and (2)
labeling with enzyme HRP (step 2) (Figure 1C). To ensure ac-
curate single-molecule counting at a wide range (10 fM to 1 nM),
which is relevant to clinical diagnosis, the process was designed
to keep the population of fully labeled immune-complex mol-
ecules <1 per bead despite the original abundance of analyte
molecules in each sample partition. In PEJELISA, this single-molecule
counting condition is achieved by intentionally stopping the im-
munologic reaction with a washing buffer in its pre-equilibrium state
(definition is provided in supplemental Figure 3).

The reaction process was followed by a digital signal detection
process (Figure 1D), which includes loading a fluorescent sub-
strate (QuantaRed) and confining the HRP catalyzed fluorophores
to the tiny femtoliter-sized volumes by oil seal. This significantly
amplified the readout signal up to single-molecule sensitivity
for the immune-complex formation detection. The wells with
activated fluorescence were imaged by using an inexpensive
custom-designed 2-dimensional scanning system (supplemental
Figure 4), and the data were analyzed by using an in-house image
processing algorithm (supplemental Materials). We estimate that
the average cost for reagents and device fabrication is $0.69 per
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Figure 1. PEJELISA assay platform for monitoring CAR T-therapy associated CRS. (A) Concept of the instantaneous single-molecule binary counting of pre-equilibrium
protein-binding events. The combination of pre-equilibrium reaction quenching with single-molecule counting can theoretically achieve an assay with a near-0 incubation time
without losing linearity. (B) Schematic and photo image of the PEJELISA system, which comprises a disposable microfluidic chip (inset), an automated fluidic dispensing and
mixing module (left), and a 2-dimensional inverted fluorescence scanning module (right). (C) Two-step ultrafast, multiplex PEJELISA process for the pre-equilibrated assay
system, including 5-minute magnetic bead incubation for the formation of antibody-antigen-antibody immune-complexes (step 1), buffer exchange, 1-minute avidin-HRP
labeling (step 2), and 5-minute continuous washing using the automated fluidic dispensing module. The PEJELISA chip has 8 circular biosensor patterns formed by a cluster of
66724 arrayed microwells. Fluorescence color-encoded magnetic beads coated with different capture antibodies (nonfluorescent and Alexa Fluor 488 [AF 488]) are pre-
deposited into each physically separated biosensor pattern. This arrangement can permit multiplex analyte detection with 2 colors X 8 patterns = 16 plexes. Each chip can
quantify up to 16 samples simultaneously per batch run. (D) Digital readout process, which involves loading of HRP fluorescence substrate (QuantaRed), sealing of beads with
fluorocarbon oil, and signal reading based on automated fluorescence scanning to count fluorescently activated “on”-state microwells. Data analysis is then performed by a
convolutional neural network-guided image-processing algorithm for high throughput and accurate single-molecule counting.

test and that the component cost for the fluorescence imaging
module is less than $5000 (supplemental Table 1). The 2-step
assay format incorporated the conventional enzyme-labeling
strategy using biotin—avidin linkages, which makes PEJELISA
compatible with any commercially available ELISA reagents.
We anticipate that the PEJELISA assay manifests cost advan-
tages over the current commercial ELISA ($2 to $5 per test) or
Luminex ($30 per test) technologies and their associated
instrumentation.

Theoretical prediction of "quench-and-snapshot”
measurement

We theoretically predicted outcomes of PEJELISA by accounting
for mass transport and surface reaction for a theoretical “reaction
volume” with a bead placed in its center (Figure 2A). We first
modeled the simultaneous molecular interactions between the
analyte molecules, the capture antibodies immobilized on
the bead surface, and the detection antibodies freely floating in
the reaction volume using the mass transport and Langmuir
adsorption equations (Figure 2B; supplemental Materials). For
simplicity, we assumed the same affinity for the capture and
detection antibody molecules. The enzymatic labeling process
was then modeled for a biotin—avidin linkage with an affinity3” of
kon= 5.5 X 108 M~" s7" and ko = 3.1 X 1075 s7* (Figure 2C).

A DIGITAL ASSAY ENABLES RAPID BIOMARKER ANALYSIS

Using the key model parameters listed in supplemental Table 2,
we predicted the kinetics of the antibody-antigen-antibody
immune-complex formation process in step 1 of PEJELISA for
the affinity value (Kg = 107" — 1072 M) of typical commercially
available antibodies. We plotted the average number of immune-
complexes formed on a single bead surface, \, as a function of the
incubation time for the immune-complex formation process (step 1
incubation time) and the analyte concentration (Figure 2D-E). Here,
the model shows that the kinetics of the immune-complex formation
on the bead surface is nonlinear with time due to the simultaneous
interactions of the target analyte to both the capture and detection
antibody molecules. Nonetheless, the model predicts a linear in-
crease in the quantity of the formed immune-complexes with the
analyte concentration independent of time, the analyte mass transfer
type (forced advection or passive diffusion), and the number of
beads. This linear relationship allows the digital readout of PEJELISA
to increase linearly with the analyte concentration even for a very
short assay incubation time. This finding provides the theoretical
foundation for securing both high sensitivity and a large linear dy-
namic range in our pre-equilibrium quenching approach.

This model allowed us to optimize the assay conditions ac-
counting for the total number of beads per assay (supplemental
Figure 5). The PEJELISA assay uniquely provides the means to
shorten the assay time for a reaction rate-limited weak-affinity
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Figure 2. Finite element analysis of biomolecular interactions in the 2-step PEJELISA process. (A) Schematic of the theoretical sphere, namely the “reaction volume,” used
for modeling work, whose quantity is equal to the total sample volume divided by the number of beads, assuming that the beads are evenly distributed in the buffer/sample
solution. Reagent mass transport and binding kinetics are considered at the surface of a single magnetic bead placed in its center for one-half of the geometry due to symmetry.
(B) Step 1: immune-complex formation process involving the conjugation between target antigen molecules, capture antibodies immobilized on the bead surface, and detection
antibodies freely floating in the reaction volume. (C) Step 2: avidin-HRP labeling process involving the conjugation of avidin-HRP with the biotinylated detection antibodies. The
average number of targets (ie, capture antibody-antigen-detection antibody immune-complexes) formed per bead, \, is calculated as a function of the step 1 incubation time
and the analyte concentration at Ky = 107" M (D) and Ky = 10=? M (E). The model predicts that the PEJELISA readout linearly increases with the analyte concentration when \ is
small (<0.1). By accounting for the experimentally obtained noise floor, the LOD value can be theoretically determined for a given value of the step 1 incubation time. (F)
Predicted kinetics of the second step of the PEdELISA process. The fraction of the formation of HRP enzyme-labeled antibody-antigen-antibody immune-complexes is

presented for 3 representative HRP concentrations (1 pM, 10 pM, and 100 pM).

system (Ky = 10~? M) (Figure 2E), in which other existing ultrafast
immunoassay methods primarily driven by mass transport en-
hancement through active mixing or surface-to-volume ratio
enhancement fail to achieve this. Figure 2F shows the kinetics of
the labeling process for 3 representative avidin-HRP concen-
trations and suggests that the concentration of 100 pM is suf-
ficiently large to complete the process with the incubation time
(step 2 incubation time) of 30 seconds.

Analytical validation of the assay

Here, we developed a multiplex assay of 10 representative
cytokine biomarkers (IL-6, TNF-a, IL-2, MCP-1, IL-18, IL-8, IL-10,
IL-12, IL-17A, and IFN-y) that are involved in the progression of
CRS, a significant complication of CAR-T therapy that can affect
morbidity and mortality.?®3° To experimentally characterize the
PEdELISA assay performance, we selected 4 (IL-6, TNF-«, IL-2,
and MCP-1) and spiked 100 pg/mL of each cytokine into dif-
ferent types of buffers: the 1X ELISA diluent (1% bovine serum
albumin, 0.05% Tween 20) and 10%, 25%, and 50% fetal bovine
serum (FBS). We examined the impact of the different levels of
background protein on the digital immunoassay signal per-
taining to these fluids (supplemental Figure 6A-D). The signal-to-
noise ratio was calculated, which is defined as the measured
signal divided by the average blank signal + 3c. In general, a larger
surface blocking effect, perhaps owing to the presence of albumin,
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was observed for serum media, which resulted in a slightly lower
spike-in signal and background noise compared with the ELISA
buffer. However, there was no significant difference in the signal-to-
noise ratio value between the different media groups (P > .1,
n = 5-8; 1-way analysis of variance) (supplemental Figure 6E). We
therefore selected 50% FBS as the assay buffer for recombinant
protein dilutions to mimic the serum detection background.

Figure 3A-D shows standard curves for the 4 cytokines (IL-6,
MCP-1, TNF-q, and IL-2) ranging from 0.32 pg/mL to 5 ng/mL in
25% FBS, with the step 1 incubation time varying from 60 to 300
seconds; the step 2 incubation time was fixed at 30 seconds. To
push the limit of measurement speed, the assay was also tested
with 15-second (step 1) and 30-second (step 2) incubation times
by simply mixing all 3 reagents (detection antibody, avidin-HRP,
and antigen) with magnetic beads (1-step assay format). As
theoretically predicted, the digital readout (the ratio of fluorescence-
activated “on” beads to all beads) is highly time dependent and, in
general, linearly proportional to the analyte concentration. A
variation was observed in the signal output depending on the
cytokine species. This is likely due to the difference in the an-
tibody pair affinity across the different cytokines. Notably, the
linearity of the assay was confirmed over a three-order-of-
magnitude concentration range regardless of the analyte type
and well maintained even for the 15-second ultrafast PEJELISA
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Figure 3. Characterization and optimization of PEdELISA assay. PEJELISA standard curves for the 4 cytokines: IL-6 (A), MCP-1 (B), TNF-a (C), and IL-2 (D). The step 1
incubation time varied from 60 to 300 seconds, and the step 2 incubation time was fixed at 30 seconds. Due to the extreme underlabeled nature of the assay, the 15- and 30-
second assays were performed by merging the step 1 and step 2 process into a single step by mixing all required reagents. The LOD was determined by concentration from
the reagent blank’s signal + 3o (dotted line). Correlation between PEJELISA and conventional sandwich ELISA tests for the 4 cytokines using spike-in recombinant proteins
in 25% fetal bovine serum: (E) 15-second PEJELISA incubation time (R? = 0.92); and (F) 300-second PEJELISA incubation time (R? = 0.97). The ground truth is plotted with a
dotted line with scattered predetermined spike-in concentrations. (G) Theoretical (line) and experimental (scatter) LOD of PEJELISA as a function of the step 1 incubation
time for 4 cytokines.

assay of IL-6 (the primary mediator in CRS). Thus, quenching the (Figure 3G). An excellent match was found between the ex-

extremely pre-equilibrated reaction does not compromise our perimental data and the theoretical curves with the assumption
measurement resolution. of typical antibody affinities ranging from 1077 to 10~ M. We

observed and established a tradeoff relationship between the
We further validated the assay by comparing measurement LOD and incubation time of the digital assay. With an incubation
results for spiked-in FBS samples between the conventional time <60 seconds, it becomes difficult to precisely control the
3-step sandwich ELISA and PEJELISA with the step 1 incubation assay timing, which tends to cause more error to the measure-
time of 15 seconds (Figure 3E) and 300 seconds (Figure 3F). The ment. We therefore selected a 300-second incubation time for

ground truth (spike-in) value of the analyte concentration was set the later clinical study to maintain high sensitivity and reliability.
between 40 pg/mL (2 pg/mL) and 1000 pg/mL for the 15-second The standard curves for the other cytokines are provided in

(300-second) assay. Good agreement was found between the supplemental Figure 7. We also verified the assay'’s specificity by
2 methods for both the 15-second (R? = 0.92) and 300-second quantifying the different antibody pair's cross-reactivity (sup-
(R? = 0.96) assays. Considering the noise floor of our experi- plemental Figure 8). The assay LODs and the root mean square
mental setup, we theoretically predicted the minimum in- coefficient of variance accumulated over the titration experi-
cubation time for a given target value of limit of detection (LOD) ments for the 10 cytokines are summarized in supplemental
using our model and compared it vs our experimental data Table 3.
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Figure 4. Rapid longitudinal cytokine profile monitoring of patients with hematologic cancer undergoing CAR T-cell therapy. (A) Representative timeline of cytokine
profile monitoring. Daily blood draw in general started 5 days before the infusion for baseline collection until the patient was discharged. In the near-real-time monitoring test,
the sample was first processed within 45 minutes of blood draw to extract serum and then tested by using the PEJELISA assay within 1 hour. The data typically became available
for clinicians within 2 to 3 hours from the initial point of patient blood collection. (B) Good agreement (R? = 0.915) between the PEJELISA and LEGENDplex assays found in
measurements of 20 CAR T-patient samples at time points randomly chosen for 6 cytokines. (C) Clinical summary of 10 CAR-T patients that includes the maximum CRS score/
CRES grade and the number of measurement time points. (D) Distribution of CRS and non-CRS periods (days) during the entire inpatient duration for 10 CAR-T patients. (E)
Baseline cytokine levels of CAR-T patients before CAR T-cell infusion. (F-O) Heatmaps showing the clinical severity quantified according to CRS and CRES grading, the standard
scores (z scores) of CRP and ferritin levels, and the standard scores (z scores) of serum cytokine profiles obtained by PEAELISA for 10 CAR-T patients. The grading of CRS, CRES,
hypotension, and hypoxia was based on the American Society for Transplantation and Cellular Therapy Consensus Grading.® Here, each standard score (zscore) was calculated
based on triplicate measurements of each analyte concentration value. Day O represents the day of CAR T-cell infusion; data before day O represent the baseline. The patients
were grouped according to the severity of CRS or neurotoxicity. (F) Data of patient 06 (grade 4 severe CRS). (G-I) Data of patients 02, 08, and 34 (grade 2 mid-CRS). (J) Data of
patient 05 (grade 3 neurotoxicity). (K-O) Data of patients 12, 14, 17, 25, and 33 (grade 0-1 mild or no CRS). Time plots of concentration are additionally shown for IL-6 and TNF-a to
provide information on the outcomes of the treatments with tocilizumab (anti-IL-6R) and infliximab (anti-TNF-a). The green/yellow dotted vertical lines represent the time points
of tocilizumab/infliximab dosing. The shadow region in panels F and J represents the period in which the patients received dexamethasone.

Multiplexed cytokine monitoring of CAR T-cell
therapy-associated CRS

We applied PEJELISA to monitor the cytokine profiles of pa-
tients with hematologic cancer exhibiting different levels of CRS
symptoms after CAR T-cell therapy following a preapproved
sample collection protocol (discussed in “Materials and meth-
ods”). CRS or cytokine storm frequently accompanies various

diseases, including cancer immunotherapy,” macrophage acti-
vation syndrome in autoimmune disease,*° severe sepsis,*' or
the recent global outbreak of the novel coronavirus pneumonia
(ie, COVID-19).4243 |t can rapidly evolve (ie, within 24-48 hours)
from manageable constitutional symptoms (grade 1) to more
severe forms (grade 2-4),3¢44 for which rapid and sensitive serum
cytokine measurements could direct urgent interventions.#3:45-47
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Figure 4. (Continued).
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Here, for one of the patients with the most severe CRS (patient
06), a near-real-time cytokine profile analysis was performed
within 2 hours after blood samples were freshly drawn, with a
sample-to-answer time of ~30 minutes (Figure 4A). To ensure
the highest accuracy and sensitivity for these clinical measure-
ments, we chose the total incubation time to be 300 seconds
(step 1) + 60 seconds (step 2) in the 2-step assay format.

In addition to spike-in tests of known analytes (Figure 3E-F), we
assayed 20 banked serum samples from 3 different patients with
unknown concentrations of IL-1B, IL-8, IL-10, IL-12, IL-17A, and
IFN-v using both PEJELISA and a commercial multiplex assay,
LEGENDplex (BioLegend). The results of these 2 assay methods
showed a strong linear correlation (R? = 0.915), providing ad-
ditional validation of the 2-step PEJELISA assay for multiplex
cytokine detection (Figure 4B).

The patients studied exhibited a range of CRS severity, including
high-grade (patient 06), mid-grade (patients 02, 08, and 34), and
low-grade (patients 05, 14, 17, and 25), as well as no CRS
(patients 12 and 33), after CAR T-cell infusion (Figure 4C-D).
Patients exhibited heterogeneous cytokine profiles immediately
before CAR T-cell infusion (Figure 4E; supplemental Table 4
provides details on the clinical background of patients). To
capture the patients’ dynamic immune responses to CAR T-cell
therapy and immunomodulatory interventions, blood samples
were collected and processed for serum daily except for week-
ends (Saturdays and Sundays). Figure 4F-O presents the heat-
maps of longitudinal cytokine profiles for the patients together
with clinical indicators (CRS, CAR T-cell-related encephalopathy
syndrome [CRES] grade, fever, hypotension, and hypoxia) and
clinical inflammatory markers (C-reactive protein [CRP] and
ferritin). Here, each marker's concentration values are normal-
ized by the z score (discussed in “Materials and methods”), and
the data are grouped according to the severity of the patients’
CRS conditions. For the patients receiving immunomodulatory
treatments, Figure 4F-J provides longitudinal plots of the
quantitative values of selected cytokines with higher relevance
to the treatments next to the heatmaps. These plots show the
effects of anti-inflammatory drugs, including tocilizumab (anti-
IL-6R) and infliximab (anti-TNF-a), and corticosteroid (dexa-
methasone) on cytokine profiles. The treatments for these
patients (supplemental Table 5) were chosen solely based on
clinical criteria (eg, CRS grades), not on serum cytokine data.

For patient 06, who initially had a high disease burden, the time
to initial onset of CRS was as short as 13.5 hours. Levels of several
biomarkers, such as MCP-1, IL-1B, IL-2, and IL-8, rose rapidly
and reached peak values within 24 hours after CAR-T infusion:
MCP-1 = 2947 pg/mL, IL-1B = 75.3 pg/mL, IL-2 = 39.72 pg/mL,
and IL-8 = 415 pg/mL. These values correlated with the patient’s
grade 2 CRS, accompanying a fever (39.3°C) on day 1 (Figure 4F).
We also observed a continuous rise of IL-6 transiently after the first
tocilizumab administration (day 1) from 89.9 pg/mL (day 1) to its
peak level of 1676 pg/mL through day 2. Patient 06 later de-
veloped grade 3 to 4 life-threatening CRS on days 6 to 9 and was
readmitted to the ICU. During this period, IL.-6 and IFN-y
approached extremely high levels (IL-6 = 4383 pg/mL; IFN-y =
224.7 pg/mL), as indicated by the red colors on the heatmap.
Several other cytokines, such as MCP-1, IL-1B, IL-8, IL-10, and
IL-17A, also exhibited second peaks, despite administration of
multiple immunosuppressive agents (supplemental Table 5).
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Interestingly, we did not see a significant rise in TNF-a and IL-2
during the second CRS peak. On day 11, the patient was di-
agnosed with grade 3 CRES and treated with steroids (dexa-
methasone). Overall, the cytokine levels significantly decreased
after these treatments.

Regarding patients with grade 2 CRS, patient 02 exhibited a
temporarily large increase in IL-6 level after tocilizumab ad-
ministration (Figure 4G). The patient received the first dose
on day 2 with grade 1 CRS, and a peak (1546 pg/mL) was de-
tected for IL-6 on day 3. Similarly, patient 08 (Figure 4H) received
tocilizumab on day 8 with grade 2 CRS, and a peak (228.5 pg/mL)
was detected for IL-6 on day 9. Patient 34 did not receive
tocilizumab, and the level of IL-6 consistently stayed in the
narrow range between 300 and 500 pg/mL, with no dynamic
changes throughout the CRS period for this patient.

Patient 05 did not develop CRS after the CAR T-cell infusion,
although a slight elevation of all 4 cytokines was observed
on days 0 and 1 (Figure 4J). However, patient 05 developed
prolonged neurotoxicity starting from day 8 and was treated with
steroids from day 9 to day 33. During this period, all 10 cytokines
stayed at low levels. After steroids were discontinued, the IL-6
and MCP-1 levels of patient 05 rose from day 35 to day 50, and
grade 1 neurotoxicity relapsed.

Figure 4K-O summarizes the data for those patients who de-
veloped mild CRS (grade 1) or no CRS symptoms. Overall, the
cytokine levels were low relative to those of patients from the
other groups. The heatmaps of these patients generally exhibited
small fluctuations in cytokine levels, although some minor peaks
were observed in the first few days after the CAR T-cell infusion.
Notably, the red scale of the heatmap of patient 33 represents
absolute values of TNF-a and IL-2 levels as small as 23.6 pg/mL
and 13.3 pg/mL, respectively (supplemental Figure 9).

Figure 5 presents the longitudinal cytokine data from Figure 4, all
combined for the 10 patients with CART, sorted into non-CRS and
CRS (grade 1 or higher) groups. A statistically significant dif-
ference was seen between the 2 groups for IL-6 (P < .0001), IL-8
(P<.05),IL-10(P < .01), MCP-1 (P < .001), IFN-y (P < .01), and
CRP (P <.001), including data at time points when patients with
CRS were treated with steroids or other immunosuppressive
agents.

We also analyzed IL-6 data for the 3 patients who received tocili-
zumab treatment (Figure 5M). “on toci” represents O to 3 days after
tocilizumalb administration, and “after toci” represents >3 days after
tocilizumab administration. Significant elevations in IL-6 were ob-
served shortly after treatment with tocilizumab (P < .01).

The responsiveness of each biomarker to the time evolution of
CRS is depicted in Figure 4F. Figure 6 shows the longitudinal
variations of the time rate of biomarker concentration change
(Ac/At), the time rate of CRS score change (ACRS/At), and the
CRS score for patient 06 (grade 4 CRS). For the cytokines exhibiting
significant elevations upon CRS in Figure 5 (IL-6, MCP-1, IFN-y,
IL-10, and IL-8), their time plots of Ac/At follow a similar trend to the
time plot of ACRS/At. Furthermore, the peaks in the Ac/At plots
for MCP-1, IFN-y, IL-8, and IL-10 synchronously appeared with the
peaks in the ACRS/At plot. Notably, we observed that the sharp
increase in IFN-y represented by the second large peak in the
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Figure 5. Statistical analysis of biomarker data. Comparison of average cytokine levels across all CAR-T patients on days of CRS (ie, grade =1) vs days of no CRS (ie, grade 0) for

IL-1B (A), TNF-a (B), IL-10 (C), IL-6 (D), IL-12 (E), MCP-1 (F), INF-y (G), IL-2 (H), IL-8 (1), IL-

17A (J), CRP (K), and ferritin (L). Each error band indicates the mean with standard

deviation. “Baseline” represents data from measurement time points before CAR T-cell infusion. Note that the data includes those obtained from the time points at which
patients experiencing CRS were put on steroids or immunosuppressive agents (tocilizumab, infliximab), which could affect cytokine biomarker concentrations. (M) IL-6
variations over 4 different phases of tocilizumab treatment combined for 3 CAR-T patients who received the treatment. “on toci” represents 0 to 3 days after the tocilizumab

administration, and "after toci” represents >3 days after the tocilizumab administration.

Statistically significant elevations of IL-6 in serum were temporarily observed in the

“on toci” phase (P < .01). *P < .05; **P < .01; ***P < .001; ****P < .0001. ns, P = .05.

Ac/At plot for [IFN-y accompanied a life-threatening complication
for this patient. Conversely, we noticed that the Ac/At plots for the
current clinical inflammatory surrogate markers, CRP and ferritin,
yielded no peak or a peak with a time (~1 day) delay in response to
the appearance of a peak of ACRS/At. A peak in the ACRS/At plot
always preceded a significant deterioration of the CRS condition,
represented by an increase in the CRS score.

Discussion

Although precision medicine approaches for cancer and genetic
diseases have been remarkably successful,'?4® the area of

A DIGITAL ASSAY ENABLES RAPID BIOMARKER ANALYSIS

clinical care of acute, severe systemic immune disorders has
seen highly limited benefits, owing in part to the lack of suf-
ficiently accurate, sensitive, and clinically practical biomarker
measurement technology.®* Real-time monitoring of acute
immune responses in patients over time poses significant
technical challenges. In addition to a need for high speed and
sensitivity, it requires the ability to capture temporal cytokine
profiles varying over a wide concentration range between 10
fM and 1 nM for various cytokines. Meeting such stringent
requirements, PEJELISA shows promise to enable early de-
tection and intervention of the inflammatory response ac-
companying CRS. Unlike conventional ultrafast immunoassay
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Figure 6. Biomarker responsiveness to the CRS score variation of patient 06 (grade 4 CRS). Longitudinal plots of the time rate of change of biomarker concentration (Ac/At)
in black, the CRS score in light red, and the time rate of change of the CRS score (ACRS/At) in light blue for IL-6 (A), MCP-1 (B), INF-y (C), IL-10 (D), IL-8 (E), IL-2 and TNF-a (F),
CRP (G), and ferritin (H). Typically, the time interval was set as At = 1 day. Ac was calculated by using the concentration at a given time point minus the concentration at 1
previous time point. The vertical dotted lines represent the time points at which an “onset” or an abrupt worsening of the CRS symptom was observed for the patient.

*RxP < .0001; ***P < .001; **P < .01; *P < .05; ns, P = .05.

approaches, PEJELISA achieves high speed by applying
single-molecule counting for an antibody-antigen-antibody
immune-complex formation quenched at an early pre-
equilibrium state. As a result, the total assay incubation time
has been shortened from a few hours to a few minutes while
achieving high sensitivity and linearity at a clinically relevant dy-
namic range. Our multiphysics finite element analysis modeling
evaluation validated that the 2-step transient assay format of
PEJELISA can maintain a linear relationship between the analyte
concentration and the assay readout regardless of the snapshot
acquisition timing. In addition, the modeling successfully pre-
dicted the minimum required incubation time for the desired
detection limit, which guided the digital assay design. For IL-6,
which is the primary mediator of CRS, we experimentally showed
that the entire assay incubation time can be as short as 15 seconds
with a LOD of 25.9 pg/mL while maintaining a 4-order dynamic
range up to 10 ng/mL.
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Using the PEJELISA platform, we successfully described the
application of rapid, high-sensitivity, near-real-time multiplex
monitoring of CRS-relevant circulating cytokines for 10 patients
with hematologic cancer exhibiting severe and moderate CRS
symptoms after CAR-T cell therapy. With conventional ELISA or
Luminex methods, time-course biomarker measurement is only
achieved by retrospective tests using banked samples. In contrast,
we showed that PEJELISA can continuously provide real-time
data for blood samples freshly collected from human patients,
with a high time resolution limited principally by blood sampling
frequency (<24 hours over most of the course of our studies).

The longitudinal PEJELISA test for human patients (Figure 4)
captured the cytokine response to the CAR T-cell infusion and
the CRS peaks, especially the 2 peaks for patient 06 with severe
CRS who had a high tumor burden. The significantly elevated IL-6,
IFN-y, IL-8, IL-10, and MCP-1 levels appearing at the second
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peak were associated with the severe, grade 4 CRS experienced
by the patient. We also evaluated the cytokine response to the
anticykotine treatment (tocilizumab and infliximab) and cortico-
steroids (dexamethasone). Specifically, upon the first administration
of tocilizumab (anti-IL-6R), a temporary increase and then an
eventual decline in serum IL-6 level for patients 02, 06, and 08 were
observed. Interestingly, no elevation was observed for either TNF-a
or IL-2 in patient 06 during the second CRS peak. The reason re-
mains unknown, although it could be partially attributed to the
heavy dose of the corticosteroids administered during this period.
The mismatch between the detected low level of TNF-a and the
clinical timing of infliximab treatment (anti~-TNF-a) creates the
possibility of biomarker-guided therapy to administer the correct
targeted therapy at the optimal time.

By evaluating the temporal responsiveness of each biomarker to
the dynamic CRS score variation for patient 06 (Figure 6), we
observed a significant increase in IFN-y and MCP-1 that syn-
chronously followed an increase in the CRS score over time. The
time rate of change signifies the trajectory of the parameter of
interest. Our observation here suggests that the temporal be-
havior of IFN-y and MCP-1, in addition to their absolute con-
centration values, could potentially serve as a promising predictive
signature of the host's CRS condition. Although we will need to
extend the analysis to a larger number of subjects to achieve
statistical confidence, our observation matches previous results in
the literature indicating that IFN-y and MCP-1 are good predictors
of severe CRS.3? However, the current clinical standard surrogate
markers, such as CRP and ferritin (Figure 6G-H), seem to lack the
ability to respond in a timely manner to a dynamic CRS score
change. This scenario further confirms the need for rapid, direct
cytokine measurement, as shown by using PEJELISA, to facilitate
timely interventions of CRS before the illness worsens.

Moving forward, further development of several aspects of our
pre-equilibrium digital assay technology will be important for
enabling direct implementation in a near-bedside clinical set-
ting. First, all the processes of our test, from the initial blood draw
to the end result delivery, currently take up to 2 hours, including
sample preparation and transportation. Our future work will in-
tegrate a finger-pricked inlet, an on-chip plasma separation unit
with a more automated and precisely volume/time-controlled
sample/reagent handling system into the PEJELISA platform for
near-bedside operation. This would allow the whole test to be
completed with a blood draw-to-answer time of <30 minutes and
truly enable “real-time” biomarker detection. Second, the panel of
biomarkers must be refined to those with responsiveness to early
CRS and clinical deterioration to realize biomarker-guided therapy
for systemic illnesses caused by CAR-T infusion. Another next step is
to apply data science methods to data collected from a much larger
patient population to establish a solid understanding of the tem-
poral behavior of target biomarkers, together with other genetic
markers (eg, transcriptomes) over the course of illness.
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