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Natural products constitute and significantly impact many
current anti-cancer medical interventions. A subset of natural
products induces injury processes in malignant cells that re-
cruit and activate host immune cells to produce an adaptive
anti-cancer immune response, a process known as immuno-
genic cell death. However, a challenge in the field is to delin-
eate forms of cell death and injury that best promote durable
antitumor immunity. Addressing this with a single-cell chem-
ical biology natural product discovery platform, like multiplex
activity metabolomics, would be especially valuable in human
leukemia, where cancer cells are heterogeneous and may react
differently to the same compounds. Herein, a new ten-color,
fluorescent cell barcoding-compatible module measuring six
immunogenic cell injury signaling readouts are as follows:
DNA damage response (γH2AX), apoptosis (cCAS3), nec-
roptosis (p-MLKL), mitosis (p-Histone H3), autophagy (LC3),
and the unfolded protein response (p-EIF2α). A proof-of-
concept screen was performed to validate functional changes
in single cells induced by secondary metabolites with known
mechanisms within bacterial extracts. This assay was then
applied in multiplexed activity metabolomics to reveal an un-
expected mammalian cell injury profile induced by the natural
product narbomycin. Finally, the functional consequences of
injury pathways on immunogenicity were compared with three
canonical assays for immunogenic hallmarks, ATP, HMGB1,
and calreticulin, to correlate secondary metabolite-induced cell
injury profiles with canonical markers of immunogenic cell
death. In total, this work demonstrated a new phenotypic
screen for discovery of natural products that modulate injury
response pathways that can contribute to cancer
immunogenicity.

Small molecule anti-cancer agents are typically discovered
via high-throughput target-based approaches or untargeted
cytotoxicity screens that reflect essential cellular processes
such as DNA replication, cytoskeletal remodeling, or
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metabolism. Compounds from both discovery paradigms are
well represented in the clinic by synthetic compounds and
natural products (1). For example, imatinib is a synthetic drug
developed to treat chronic myelogenous leukemia that blocks
nucleotide triphosphate–binding pockets of tyrosine kinases,
notably BCR/ABL, to stabilize inactive state complexes and
prevent downstream signaling (2). The natural products
anthracyclines and taxanes, initially discovered via cytotoxicity
assays, were later observed to interfere with DNA replication
and microtubule stability, respectively (3, 4). Imatinib,
anthracyclines, and taxanes are all featured in the World
Health Organization’s list of essential medicines, underlining
the complementarity of target-based and phenotypic discovery
modes (5).

In addition to tumor toxicity, some chemotherapeutics are
thought to be effective because they trigger immunogenic cell
death (ICD). ICD is a property of moribund cells that elicits
inflammation toward a therapeutically productive adaptive
antitumor immune response (6, 7). Notably, combining in-
flammatory agents that induce ICD with checkpoint blockade
therapy enhanced survival in animal models (8–12). Examples
of studied ICD inducers include widely prescribed chemo-
therapies, such as the anthracycline daunorubicin, peptide
actinomycin D, podophyllotoxin teniposide, and platinum-
based antineoplastic oxaliplatin (6, 13–16). ICD can activate
both innate and adaptive immune responses via expression of
damage associated molecular patterns (DAMPs) including
secretion of ATP, release of nuclear protein HMGB1, and
surface exposure of endoplasmic reticulum resident protein
calreticulin (eCRT) to name a few (17). These immunogenic
DAMPs comprise ‘find me’ and ‘eat me’ signals that trigger
recruitment and activation of antigen presenting cells, such as
dendritic cells and macrophages, that initiate antigen-specific
immune responses (17).

Recently, the phenomenon of chemically induced antitumor
immunity has broadened to include living cells. In these pro-
cesses, live injured cells facilitate innate and adaptive immu-
nity (11, 18, 19) independent of canonical ICD hallmarks (12),
suggesting that additional modes of immunogenic induction
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Immunogenic cell injury for multiplexed activity metabolomics
remain to be discovered. Herein, the term “immunogenic cell
injury” (ICI) refers to all types of immunogenic injury re-
sponses in injured or dying cancer cells. Based on these and
prior studies (20–22), it is apparent that the various forms of
chemically induced cell death and injury do not yield com-
parable immunogenic responses. There is a gap in under-
standing how cell death and injury pathways connect to the
display of DAMPs that elicit therapeutically productive im-
mune responses. Thus, we developed an injury cytometric
module composed of fluorescent antibodies that detect mo-
lecular injury and stress markers.

To expedite the discovery of immunogenic small molecule
therapies, the injury module was designed with benchmark
secondary metabolites that elicit injury phenotypes (Table S1).
The topoisomerase poison etoposide effects DNA double
strand breaks detected by phosphorylation of H2AX variant at
serine 139 (γH2AX) (23, 24) and can act as an adjuvant signal
to immunogenicity (12). The pan-kinase alkaloid inhibitor
staurosporine, a potent apoptotic agent (25, 26), prompts
cleavage of the caspase-3 zymogen to its active form (cCAS3)
(27). Apoptotic activation is required for doxorubicin-induced
immunogenicity (6). Likewise, autophagy and the unfolded
protein response are critical injuries for assessing immuno-
genic potential because they are required for ICD (10, 28). The
autophagy marker LC3 or unfolded protein response (UPR)
marker p-EIF2α are specifically inducible with the vacuolar
H+-ATPase (v-ATPase) inhibitor bafilomycin (29–31) or
SERCA inhibitor thapsigargin, respectively (32–34). Addi-
tionally, an explosive form of cell death known as necroptosis
has gained traction as an immunogenic signal that is depen-
dent on the RIPK–MLKL signaling pathway that is marked by
phosphorylation of MLKL at serine 358 (p-MLKL) (35–37).
The benzimidazole natural product–inspired molecule noco-
dazole disrupts microtubule dynamic instability (38) that en-
ables intracellular detection of p-MLKL (39) and inhibits M-
phase measured by expression of phosphorylated histone H3 at
serine 28 (p-HH3) (Table S1) (27).

Following compound selection, each injury was assigned to
a fluorescent channel that was compatible with fluorescent cell
barcoding (FCB), to enhance sample throughput, and validated
on next generation spectral flow cytometers, to broaden
detection of molecular injury signals. The completed injury
module was applied to aid identification of natural products
that bias signaling pathways toward an immunogenic fate. The
benchmark bioactive secondary metabolites (Table S1) were
evaluated with multiplexed activity profiling (MAP) to identify
optimal dose and timing for cell death and injury pathways
preceding ICI-mediated DAMP induction (40–43) and then
correlated to immunogenic hallmarks calreticulin, ATP, and
HMGB1 by principal component analysis. A multiplexed ac-
tivity metabolomics (MAM) approach was used to test a dis-
covery workflow that matched bioactivity of fractioned
extracts to potentially immunogenic compounds by corre-
lating secondary metabolome mass spectra with single cell
fluorescent cytometry data. The compounds bafilomycin A1,
staurosporine, and nocodazole were spiked into an inert
metabolomic extract and fractioned into plate wells. Despite
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the presence of contaminating lipids, primary metabolites, and
other fermentation products, bioactivity was only observed in
fractions containing benchmark compounds, demonstrating
the specific and sensitive detection of chemically induced cell
injury with this injury module. Following successful validation,
the module was applied using MAP and MAM workflows to
identify bioactive metabolites in five untested microbial ex-
tracts generated from cave-sourced actinomycetes. This
resulted in the discovery of an unexpected injury response
profile of the secondary metabolite narbomycin (44).

The ICI module coupled with FCB and viability stain
established a ten-color (six ICI functional markers, one
viability marker, and three barcoding dye) flow cytometry
panel that performed 336 individual assays per flow cytometry
run (seven functional markers across 48 plate wells). Second-
ary assays measured the expression of known immunogenic
DAMPs: ATP, HMGB1, and eCRT. Assessing injury patterns
in microtiter wells with millions of individual cells and
comparing them to well-characterized benchmark injury
control compounds provided insights into the connection
among immunogenic signals and afforded a discovery platform
for compounds that induce ICI hallmarks.
Results

Antibody validation for detection of compounds that enhance
UPR and necroptotic markers

To validate injury-specific antibodies for the ICI module,
chemical induction was used to measure injury phenotypes
following 10 μM challenge for 24 h in fixed cells with a five-
color panel (Fig. 1A). Vehicle-treated cells served as negative
controls and were labeled with Alexa 750 (A × 750) fluorescent
dye. Etoposide-treated cells were included as a positive control
for chemical-specific induction of DNA damage response
sensor γH2AX and labeled with Pacific Orange fluorescent dye
(Fig. 1A). The γH2AX signal was detected with a fluorescently
conjugated mouse primary antibody (Table S2). Cell pop-
ulations challenged with the terpenoid thapsigargin or benz-
imidazole derivative nocodazole were stained independently
with Pacific Blue dye and evaluated for UPR and necroptotic
signal induction, respectively (10, 39, 45, 46).

Commercially available flow cytometry–validated antibodies
for these ICI signals were unavailable, thus antibodies applied
in other techniques (Table S1) were utilized to observe
chemically induced injury signals. These two markers were
targeted with phospho-specific unconjugated rabbit primary
antibodies and detected with a fluorescent goat secondary
antibody specific to rabbit Fc IgG (Fig. 1A and Table S2).
Separate thapsigargin- or nocodazole-challenged cell pop-
ulations were mixed with etoposide and vehicle-challenged
cells and stained for the ICI marker of interest for detection
with a spectral flow cytometer. Cells were gated as viable-
singlets and isolated from drug challenged populations by
their fluorescent dye label (Figs. 1B and S1, Experimental
procedures). Thapsigargin- and nocodazole-challenged cells
exhibited a right-shifted cell population that was quantified as
percent in gate for positive secondary fluorescent antibody



Figure 1. Antibody validation by detection of chemically induced cell injury. A, experimental scheme that measured chemically induced cell phe-
notypes by color-coded challenge conditions with a marker-specific rabbit primary antibody and a fluorescent goat secondary antibody. B, gating strategy
for signal deconvolution to assess challenge-specific cell responses. Cells were treated for 24 h with 10 μM nocodazole or etoposide and vehicle control and
then viability stained, fixed, permeabilized, and fluorescently labeled with NHS-functionalized fluorescent dyes: nocodazole - Pacific Blue - Blue Box, eto-
poside - Pacific Orange - Orange Box, Vehicle - A × 750 - Black Box. Viable-singlet cells were isolated to compound-specific populations by matched
fluorescent signal to distinguish chemically induced cell phenotypes. C, conjugation reaction of NHS-functionalized fluorescent dyes to antibody primary
amines. D, representative cell count histograms of p-MLKL detection with a fluorescent secondary antibody (top) and p-MLKL conjugated to A × 568
(bottom). E, scatter plots show chemically induced injury as percent in gate mean ± S.D (n = 4, one-way ANOVA with Dunnett’s multiple comparisons test) of
p-MLKL detection with fluorescent secondary (left) or p-MLKL:568 (right). F, procedure in (A–C) were repeated for p-EIF2α–directed antibody with the
exception of natural product (thapsigargin) and conjugate fluorophore (A × 647). Representative cell count histograms of p-EIF2α detection with a fluo-
rescent secondary antibody (top) and p-EIF2α conjugated to A × 647 (bottom). G, scatter plots show chemically induced fluorescent signal measured as
percent in gate mean ± S.D (n = 6, One-way ANOVA with Dunnett’s multiple comparisons test) of p-EIF2α detection with fluorescent secondary (left) or
p-EIF2α:647 (right). p < *0.05, **0.01, *** 0.001; V, vehicle; E, etoposide; N, nocodazole; T, thapsigargin; NHS, N-hydroxy succinimide.

Immunogenic cell injury for multiplexed activity metabolomics
signal and compared to etoposide and vehicle controls with
one-way ANOVA (Fig. 1, D–G). Positive signal was also
compared to a fluorescent secondary control that was absent
of primary antibody to confirm measured biological responses
was not due to nonspecific binding of the fluorescent goat
secondary antibody (Fig. S2 and Table S1). Neither etoposide
J. Biol. Chem. (2022) 298(9) 102300 3
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nor vehicle activated UPR or necroptotic injury signals (Fig. 1,
D–G). Moreover, etoposide-treated cells were γH2AX positive,
while γH2AX levels in thapsigargin- and nocodazole-
challenged populations remained unchanged (Fig. S3). The
detection of chemically induced p-EIF2α and p-MLKL vali-
dated these antibodies for flow cytometry applications.

Next, the two validated ICI flow antibodies required fluo-
rescent functionalization and confirmation that fluorescent
modifications did not abolish target binding. Antibodies tar-
geting p-EIF2α and p-MLKL were fluorescently conjugated
with covalent primary amine reactive Alexa Fluor dyes
(Fig. 1C, Experimental procedures). Conjugation intensity was
evaluated by fluorescence SDS-PAGE under reducing and
nonreducing conditions and exhibited fluorescent signal at
molecular weights of 150 kDa, 50 kDa, and 25 kDa consistent
with full length, heavy chain, and light chain rabbit antibody
molecular weights (Fig. S4). Detection of p-EIF2α and p-MLKL
were repeated as described above and confirmed covalent
modifications of antibodies did not negatively affect target
binding (Fig. 1, D–G).

MAP rapidly screens for injury responses in leukemia cell lines

Validated ICI module antibodies were then applied to a
MAP workflow to rapidly screen three leukemia cell lines to
identify adequate concentrations and challenge times for reli-
able ICI induction (Fig. 2A) with the compounds bafilomycin
Figure 2. Multiplexed activity profiling of cell injury across dose and time.
fold serial dilution. Each timepoint, 4, 24, and 48 h, were viability stained, fixed
pooled by timepoint and then stained with a fluorescent antibody cocktail to
taneously with flow cytometry. B, cells were gated as viable-singlets stained
debarcoded and digitally reassigned to origin wells to assess well-by-well m
p-MLKL, necroptosis; p-HH3, M-phase; p-EIF2α, UPR). C, multiplexed activity pro
map of the 95th percentile of the arcsinh ratio to vehicle control well outlin
revealed nascent temporal relationships among injury phenotypes imposed b
show raw 95th percentile of fluorescent marker intensity as mean ± S.D and te
two-way ANOVA with Dunnett’s multiple comparison’s test). p < *0.05, **<0
nocodazole; S, staurosporine; T, thapsigargin; PB, Pacific Blue; PO, Pacific Oran
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A1, etoposide, nocodazole, staurosporine, and thapsigargin
(Table S1) (27, 29, 31, 46). Leukemia model cell lines K562
(chronic myelogenous leukemia), MV-4-11 (B-myelomono-
cytic leukemia), and Jurkat (T cell leukemia) cells were chal-
lenged with 10 μM, 1 μM, 0.1 μM, and 0.01 μM of each
compound for 4, 24, and 48 h (Fig. 2A). At each timepoint,
cells were fixed, permeabilized, fluorescently barcoded, and
stained with the ICI module for flow cytometry (Fig. 2A).
Following data acquisition, samples were quality control gated
and debarcoded (Figs. 2, B and C and S5). Each leukemia cell
line exhibited unique injury profiles to each challenge condi-
tion over time (Figs. 2C and S5) and thus evaluated for the
clearest marker responses.

Autophagy marker LC3 is reliably induced by bafilomycin A1
in leukemia models

The three tested leukemia cell lines were all sensitive to LC3
induction by the nanomolar v-ATPase inhibitor bafilomycin A1
across timepoints and concentrations consistent with previous
reports (31–33). MV-4-11 was sensitive to LC3 expression by
all compounds at all doses, except for 10 nM nocodazole after
48-h challenge (Fig. S5). LC3 levels in Jurkat were less pro-
nounced but present in bafilomycin A1 and etoposide treat-
ment conditions (Fig. S5). The K562 cell line also demonstrated
autophagic marker induction, most prominently in bafilomycin
A1 challenge conditions (Fig. 2C). Unlike MV-4-11 and Jurkat,
A, K562 cells were dosed with six compounds from 10 μM to 10 nM by ten-
, permeabilized, and fluorescently barcoded. Sets of 48 barcoded wells were
measure individual well responses to each fluorescent injury signal simul-
with NHS-functionalized A × 750 cell uptake control dye. Cells were then
arker responses (LC3, apoptosis; γH2AX, DNA damage; cCAS3, apoptosis;
filing of injury signals induced by small molecules is represented by a heat
ed in red. D, compound-specific, time-dependent injury at 1 μM challenge
y secondary metabolites with specific mechanisms of action. Scatter plots
sted for significance against vehicle control of respective timepoints (n = 3,
.01, ***<0.001, ****<0.0001; V, vehicle; B, bafilomycin A1; E, etoposide; N,
ge; NHS, N-hydroxy succinimide.
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K562 cells did not exhibit elevation of autophagy marker LC3
via off-target compounds or signaling cross talk but rather
remained largely restricted to induction by bafilomycin A1
inhibition of v-ATPase (Figs. 2C and S5).

Since K562 cells best conserved on-target signal specificity
over time, they were subjected to additional testing to confirm
positive assay performance. Challenge with 1 μM bafilomycin
A1 significantly elevated LC3 levels in 4 h and continued signal
elevation through 24- and 48-h timepoints (Fig. 2D). Addi-
tionally, 1 μM thapsigargin increased LC3 after 24- and 48-h
challenge. The thapsigargin-induced LC3 phenotype is
potentially due to increased autophagy to compensate for
enduring ER strain (Fig. 2D) (39), whereas bafilomycin A1–
enhanced LC3 are due to blocked acidification of LC3-
associated autophagic compartments that prevents LC3
degradation (29, 30). Thus, positive LC3 signal of unknown
compounds may be attributed to activation or inhibition of
autophagy and require deeper molecular investigation.

Staurosporine and thapsigargin challenge also increased
LC3 injury signal at 24 and 48 h, while etoposide and noco-
dazole did not elicit a response (Fig. 2D). The results in
Figure 2D confirmed that bafilomycin A1 induced LC3
phenotype observed in Figure 2C and supported staurosporine
and thapsigargin signal observed at 1 uM dose at 48 h (Fig. 2, C
and D). Etoposide and nocodazole did not induce LC3 at 1 μM
challenge over 48 h, suggesting the heat map signal intensity in
Figure 2C was not biologically significant (Fig. 2D).

DNA damage is triggered by direct and indirect molecular
mechanisms

Jurkat γH2AX expression was most notable in etoposide
and staurosporine treatments at 4 h with apparent decrease by
48 h (Fig. S5). A similar phenomenon was observed in MV-4-
11 cells (Fig. S5). K562 cells presented a direct DNA damage
response over time when challenged with 10 μM and 1 μM of
the topoisomerase inhibitor etoposide and also responded
indirectly to staurosporine in a dose-dependent fashion that
increased marker response from 24 to 48 h (Fig. 2C). The K562
DNA damage phenotype that was maintained through 48 h
was confirmed with a 1 μM challenge over 48 h (Fig. 2D).
Etoposide successfully induced DNA damage at all timepoints
(Fig. 2D). Additionally, enhanced γH2AX levels were observed
with non-DNA damaging bafilomycin A1, nocodazole, and
staurosporine following 48-h challenge. This suggested that
autophagy inhibition, disrupted dynamic instability, and pro-
longed kinase blockade can yield double stranded breaks via
indirect molecular mechanisms over 48 h (Fig. 2, C and D).

Apoptosis can be elicited by prolonged secondary metabolite
challenge

Jurkat and MV-4-11 cells were sensitive to cCAS3 induction
at 4 h by all compounds, particularly staurosporine and
thapsigargin at nanomolar concentrations (Fig. S5). Increased
sensitivity to apoptotic induction over 48 h resulted in
diminished cCAS3 activity as an artifact of viable cell loss by
gating (Fig. 2B) rather than stress resolution (Fig. S5). The
K562 cells manifested a staurosporine-specific cCAS3 pheno-
type in response to dose at 24 h and maintained this phenotype
through 48 h (Fig. 2C). At 48 h, bafilomycin A1, etoposide, and
nocodazole initiated cCAS3 response suggesting prolonged
cellular stress of autophagy, DNA double strand breaks, or
microtubule disruption can engage the apoptotic death
effector pathway in K562 cell model (Fig. 2C). Due to the
staurosporine-specific cCAS3 phenotype observed at 24 h and
overall resilience to enduring chemical challenge accompanied
by a cCAS3 phenotype (Fig. 2C), the K562 line was subjected
to 1 μM time course to confirm MAP screening results. The
pan-kinase inhibitor staurosporine increased cCAS3 signal to
biologically significant levels at 24 and 48 h (Fig. 2D). Bafilo-
mycin A1 and nocodazole cCAS3 induction was also apparent
by 48 h keeping with initial screening data (Fig. 2D) and
suggested extended induction with secondary metabolites may
reveal additional proapoptotic chemical agents with bio-
rthogonal molecular targets.

Necroptotic marker p-MLKL is sensitive to induction by
nocodazole

Nocodazole-incubated K562 cells displayed increased levels
of the necroptotic effector p-MLKL across timepoints and
doses (Fig. 2C). The necroptotic marker p-MLKL was
increased by nocodazole challenge at 24 h and 48 h (Fig. 2D) in
line with validation (Fig. 1, D and E) and initial screening
(Fig. 2C). Etoposide also stimulated p-MLKL presentation
following 48-h challenge (Fig. 2D). It is important to consider
nocodazole-challenged cells with enhanced p-MLKL is likely
not necroptotic death but rather an accumulation of intra-
cellular p-MLKL that fails to translocate from the nucleus to
other cellular compartments over time due to nocodazole-
altered microtubule dynamic instability (38, 47). Notably,
staurosporine inhibited p-MLKL signal at 4 and 24 h with
signal recovery by 48 h (Fig. 3D), which may be the result of
cross talk between apoptotic and necroptotic signaling path-
ways (48, 49). Jurkat and MV-4-11 were more sensitive to
induction of apoptotic effector cCAS3 than necroptotic
effector p-MLKL (Fig. S5) and reflect cell type–specific re-
sponses with respect to leukemia subtypes.

The unfolded protein response signal is induced by
thapsigargin and nocodazole

The UPR marker p-EIF2α was activated in K562 cells by
thapsigargin consistent with reported SERCA inhibition
(32–34), while Jurkat and MV-4-11 cells remained unrespon-
sive and inconsistent with dosing (Figs. 2C and S5). In line with
Figure 1 validation data and Figure 2 screening data, 1 μM
thapsigargin induced p-EIF2α after 48-h challenge in K562
(Fig. 2D). Nocodazole and etoposide also increased UPR
marker p-EIF2α to statistically significant values in 48-h chal-
lenge conditions (Fig. 2D). The observed p-EIF2α activation
phenotype in nocodazole-treated cells was unexpected and not
previously reported, thus nocodazole challenge was repeated as
in Figure 1 to confirm nocodazole does impart a statistically
significant increase in p-EIF2α in K562 (Fig. S6). It is also worth
J. Biol. Chem. (2022) 298(9) 102300 5



Figure 3. Multiplexed activity metabolomics aligns bioactivity with mass spectra. A, fractionation of crude metabolomic extracts by reverse phase, split
flow HPLC/UV/MS with polarity switching mass scanning to associate metabolite spectral data to well eluates by retention time. Collected metabolomic
fractions were lyophilized and plated under cell containing culture media. B, cells were fluorescently barcoded to origin wells, pooled, and stained with
fluorescent antibody cocktail. Barcode and biological signal were detected for all wells simultaneously by flow cytometry. Cells were debarcoded to original
well positions and evaluated for well-specific signal. C, pure compounds induced bioactive signal in plate wells aligned to mass spectra by retention time.
D, an inert extract displays no significant bioactivity. E, proof of principle signal detection of pure, known bioactive components on inert metabolomic
sample. Pure compounds mixed with inert extract in (D) exerted bioactivity in wells containing known compounds and repeated bioactivity of pure
compounds shown in (C). Positive ion currents and correlated well activity is distinguished by color. N, nocodazole (m/z,301.9 [M + 1]+), blue. S, staur-
osporine (m/z 466.9 [M + 1]+), red. B, bafilomycin A1 (m/z 645.0 [M + 1]+), purple.

Immunogenic cell injury for multiplexed activity metabolomics
noting that bafilomycin A1 promoted LC3 and failed to
enhance p-EIF2α in contrast to thapsigargin-activating p-EIF2α
and LC3. This observation further supports that ER strain may
indirectly activate autophagy to compensate for cellular ener-
getic requirements and that the UPR is unresponsive to auto-
phagy inhibition in this model system (Fig. 2D).

In all, barcoded MAP screening provided a high-throughput
and robust format for confirming panel fidelity and identifi-
cation of chemically sensitive cell lines. The initial MAP screen
in Figures 2C and S5 indicated that Jurkat and MV-4-11 were
more sensitive to injury by inhibition of molecular targets
outside canonical signaling pathways (e.g., thapsigargin-
activated cCAS3 in Fig. S5). K562, however, first activated
injury signals consistent with molecular inhibition of specific
targets prior to exhibiting off-target injury phenotypes (Fig. 2,
C and D). The consistency and reliability of chemically
induced K562 injury signals offered a model for unraveling ICI
biomarker relationships to ICD signals in leukemia models.
MAM aligns injury phenotypes to bioactive compounds

The MAM discovery workflow system overlays multiplexed
single cell chemical biological measurements onto
6 J. Biol. Chem. (2022) 298(9) 102300
characterized metabolomic arrays. Metabolomic extracts were
chromatographically fractionated by high performance liquid
chromatography. One part of the eluate was diverted to a mass
spectrometric analyzer, and three parts were diverted to a UV/
Vis diode array detector and collected in 96-well microtiter
plates. Each plate well contained one-minute fractions of
eluate that corresponded to retention times of collected MS/
UV/Vis spectra (Fig. 3A). Fractioned metabolomes were dried
in vacuo, resuspended with 1 μl dimethylsulfoxide (DMSO)
and 200 μl culture media with a density of 1 million cells/ml,
and incubated at 37 �C. Each well population was fixed, per-
meabilized, fluorescently barcoded, pooled, stained with the
fluorescent ICI module, and acquired on a Cytek spectral flow
cytometer for downstream analysis of biological signal. Mi-
crotiter plate wells with bioactivity were compared to corre-
sponding mass spectra to identify potentially bioactive
metabolite(s) by correlation of extracted ion negative and/or
positive electrospray m/z and UV/VIS peaks with immuno-
assay trends (Fig. 3B).

To test for specific activity of ICI markers with MAM, in-
dividual chromatographic runs of injury control compounds
were generated for etoposide, nocodazole, staurosporine, and
bafilomycin A1 to verify separation into unique wells such that
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ICI signals were attributed to only one spiked compound
(Fig. S7). Thapsigargin was excluded from MAM due to its
elution proximity to etoposide (Fig. S7) and because it dis-
played modest injury signals in MAP conditions (Fig. 2D).
Bafilomycin A1, nocodazole, and staurosporine were selected
for the positive control array since each compound eluted into
a separate well (Figs. 3C and S7). K562 cells were incubated
with the positive control array for 48 h and investigated for
injury signal as percent positive cells in gate (Fig. 3C). Each
MAM experiment included positive control wells containing
pure control compounds as a reference for ‘hit’ bioactivity in
addition to vehicle negative controls (Fig. S8). The positive
extracted ion currents for nocodazole (m/z 301.9, [M + H]+),
staurosporine (m/z 466.9, [M + H]+), and bafilomycin A1 (m/z
645.0, [M + H]+) produced peaks with retention times that
aligned to wells positive for fluorescent functional marker
signal (Fig. 3C). Nocodazole-positive wells showed induction
of p-MLKL, p-HH3, and p-EIF2α but not cCAS3 nor γH2AX
(Fig. 3C). Staurosporine elution corresponded to an elevated
cCAS3 signature along with γH2AX and LC3 consistent with
observations in Figure 3C. However, maximal staurosporine-
induced LC3 marker response did not precisely correlate
with cCAS3 signal but rather occurred in wells immediately
following. Thus, wells 22 to 27 were investigated for single cell
responses for cCAS3 and LC3 simultaneously to evaluate
marker signal at 48 h (Fig. S9). The elution peak, and thus
highest concentrations of staurosporine, was split between
wells 23 and 24, then diminished, and thus decreased in
concentration, from wells 25 to 27. These observations were
consistent with marker responses in Figure 2. Concentrations
of staurosporine in excess of 1 μM rapidly induced cCAS3
without a corresponding LC3 signal (Fig. 2C), and LC3 injury
is present after 48 h in sub-1 μM concentrations. Bafilomycin
A1–containing wells were positive for LC3 and γH2AX
consistent with Figure 2 (Fig. 3C).

The success of MAM depends on high-fidelity fluorescent
cell status marker responses to bioactive components in the
presence of potentially interfering primary metabolites, cell
wall, membrane, and spent growth media components in
typical microbial extracts. Thus, five extracts of various acti-
nomycete genera were cultured in ISP2 and evaluated for
apoptosis and DNA damage by serial dilution in the MV-4-
11 cell line (Fig. S10). The KPBlue17 (99% 16S identity
Streptomyces exfoliatus, NRRL B-2024) extract induced cCAS3
and γH2AX markers at all challenge doses (Fig. S10). Extract
KPBlue22 (99% 16S identity Streptomyces xantholiticus, NBRC
13354) demonstrated single cell signal shifts for DNA damage
response, γH2AX, at the highest dose of 0.63 mg/ml and failed
to induce a cCAS3 response (Fig. S10). Several inert extracts
exhibited in Fig. S10 did not increase observed injury markers
regardless of dose. The inert extract KPBlue13 (99% 16S
identity Streptomyces pratensis, NRRL B-24916) was arbitrarily
selected from tested inactive extracts to confirm the ICI
module for application using MAM (Fig. S10). Two metab-
olomic arrays were generated for evaluation (1): fractioned
KPBlue13 and (2) fractioned KPBlue13 spiked with bafilomy-
cin A1, nocodazole, and staurosporine (Fig. 3, D and E). The
metabolomic array generated from the crude extract induced
no significant marker changes in K562 cells (Fig. 3D), indi-
cating minimal interference from media or cell-associated
metabolites in the extract and conservation of negative activ-
ity between leukemia cell lines. The spiked extract, however,
demonstrated marker shifts in K562 cells matched to bafilo-
mycin A1-, nocodazole-, and staurosporine-containing wells
that aligned to retention times of their respective extracted ion
currents (Fig. 3E). The specific activity observed in the spiked
MAM were consistent with injury control compound reten-
tion times and mirrored results from pure injury control
injections (Fig. 3, C and E). Taken together, this data
demonstrated a robust system for high-throughput and
simultaneous identification of bioactive metabolite-associated
m/z features within a chemically complex metabolome that
impact a diverse array of terminal stress effectors.

MAM identifies novel activity of the secondary metabolite
narbomycin in an unknown extract

The hypogean Streptomyces KPBlue17 demonstrated
bioactivity across all serial dilutions at concentrations as low as
0.04 mg/ml in MV-4-11 and K562 cell lines (Figs. S10 and
S11). Conservation of activity at these dilutions predicted
sufficient specific activity to facilitate identification of a
metabolite using MAM. Therefore, the extract was subjected
to MAM and evaluated for activity at 24 and 48 h. Enhanced
marker shifts for autophagy, DNA damage, and apoptosis were
observed in well 24, which aligned to a positive ion peak with
an extracted current of m/z 509.7 [M + H]+ (Fig. 4, A and B).
The isolation of the activity correlated peak was prioritized and
preliminarily identified to be the macrolide antibiotic narbo-
mycin by m/z (Fig. 4C) and subsequently confirmed by NMR
(1H and HSQC, Figs. S12 and S13) and comparison to litera-
ture data (44). Injury signals in narbomycin-containing wells
increased from 24 to 48 h via prolonged exposure to the
bioactive agent (Fig. 4D). All other wells remained inactive
(Fig. 4D). The narbomycin-induced injury phenotype is
consistent with studies of other ribosome-binding members of
the macrolide family of natural products, including azi-
thromycin and clarithromycin, that are reported inhibitors of
autophagic flux and capable of modulating apoptotic responses
(50–52). The induction of DNA damage response marker
γH2AX by narbomycin has never been reported and is not well
documented overall in macrolides.

Detection of immunogenic hallmarks in a leukemia cell line

Following application of the cell injury module, the re-
lationships between chemically induced cell injury to reported
immunogenic DAMPs were investigated, namely ATP,
HMGB1, and eCRT. Injury control compounds were used to
challenge K562 cells to evaluate extracellular release of ATP
and HMGB1 to the cell supernatant and eCRT on the cell
surface (Fig. 5A). Extracellular ATP release was first observed
at 24 h by the autophagy inhibitor bafilomycin A1 (Fig. 5B).
This persisted to 48 h and more than doubled extracellular
ATP concentrations (Fig. 5B). Pan-kinase inhibition by
J. Biol. Chem. (2022) 298(9) 102300 7



Figure 4. Multiplexed activity metabolomics informs isolation of secondary metabolites by injury signatures. A, KPBlue17 crude extract was frac-
tioned by reverse phase, split flow HPLC/UV/MS with polarity switching mass scanning to associate metabolite spectral data to well eluates by retention
time. UV/Vis absorbance spectra is shown in purple, total positive ion current is shown in black, and positive extracted ion is shown in green (m/z 509.7 [M +
H]+). B, percent positive cells for each injury signal was aligned to chromatograms to identify spectral regions with a bioactive component. Green bars
indicate a hit for the respective marker. C, chemical structure of the isolated active component, narbomycin. D, biological response to metabolomic
challenge increased from 24 to 48 h in wells containing narbomycin (green 24). All other wells identified in black, 1 to 30, were negative for biological signal.

Immunogenic cell injury for multiplexed activity metabolomics
staurosporine required 48 h to promote ATP release to the
supernatant (Fig. 5B). In contrast to ATP secretion, no general
trend from injury controls enhanced HMGB1 release to the
supernatant (Fig. 5C). Rather, all compounds, except etopo-
side, reduced HMGB1 detection in the supernatant at 24 and
48 h compared to vehicle control (Fig. 5C). In the K562 model
cell line, surface exposure of calreticulin was first detected at
24 h in staurosporine-challenged cells (Fig. 5D). By 48 h, all
cell populations demonstrated a statistically significant in-
crease of calreticulin surface expression compared to vehicle
control (Fig. 5D).

Intracellular injury and extracellular immunogenic hall-
marks were analyzed in conjunction by principal component
analysis (Fig. 5E). Cells positive for cCAS3 and LC3 demon-
strated ATP release and calreticulin externalization based on
magnitude of negative correlation in PC2 by loadings analysis
8 J. Biol. Chem. (2022) 298(9) 102300
(Fig. S5E). On the other hand, markers p-MLKL, p-EIF2α, and
p-HH3 were positively correlated with PC2 and failed to
elevate ATP release as shown in Figure 5B. Notably, no
compounds selectively enhanced release of HMGB1 to the
supernatant (Fig. 5B) and it is the only readout with positive
correlation to PC1 and PC2 (Fig. 5E). Based on this report,
staurosporine-challenged cells are most likely to elicit cCAS3,
eCRT, and ATP, which all presented strong negative correla-
tions to PC2 in loadings analysis (Fig. 5E). Finally, nocodazole-
treated cell populations were strongly linked to changes in
p-EIF2α, p-MLKL, and p-HH3 revealed by the largest positive
values in PC2 (Fig. 5E). Etoposide and thapsigargin by com-
parison were most likely to modulate HMGB1 while having
little effect on other injury signals (Fig. 5E). It is notable that
not all ICD signals shared positive signal correlation nor that
any singular ICI guaranteed induction of ICD hallmarks.



Figure 5. Secondary metabolites orient immunogenic hallmark intensity in leukemia model. A, K562 cells were challenged with 1 μM of compound or
vehicle and sampled at 4, 24, and 48 h for detection of canonical immunogenic signals ATP, HMGB1, and externalized calreticulin (eCRT). B, extracellular ATP
concentrations were determined from cell supernatant at each timepoint with Steady-Glo Luciferase Assay system. Scatter plots represent mean ± S.D. (n =
3, two-way ANOVA with Dunnett’s multiple comparison test). C, extracellular HMGB1 concentrations were determined from cell supernatant at each
timepoint with colorimetric HMGB1 ELISA. Scatter plots represent mean ± S.D. (n = 3, two-way ANOVA with Dunnett’s multiple comparison test).
D, externalized calreticulin was measured on live cells with fluorescent anti-calreticulin antibody at each timepoint and assessed as percent in gate of
calreticulin-positive cells. Scatter plots show chemically induced fluorescent signal measured as percent in gate mean ± S.D. (n = 3, two-way ANOVA with
Dunnett’s multiple comparison test). E, nine continuous variables, six flow markers and three DAMPs, were standardized for parallel analysis with Monte
Carlo simulations to calculate the eigenvalues of resulting principle components (PCs). PCs with eigenvalues that exceeded the 95th percentile of 1000
randomly seeded simulations were selected. Biplot revealed correlations of secondary metabolite influence on cell injury responses. F, viable 6-diamidino-2-
phenylindole (DAPI) negative cells were evaluated for surface-exposed phosphatidylserine with annexin V:FITC (AnxV). Scatter plots show chemically
induced fluorescent signal measured as percent in gate mean ± S.D (n = 3, two-way ANOVA with Dunnett’s multiple comparison test). G, at each timepoint,
live cells were stained for eCRT followed by staining with AnxV and the vital dye DAPI. Representative contour plots of biaxial gating for eCRT and AnxV.
Percent-positive eCRT indicated in red, double-positive eCRT and AnxV in blue, and AnxV-positive in black. p *<0.05, **<0.01, ***<0.001, ****<0.0001. V,
vehicle; B, bafilomycin A1; E, etoposide; N, nocodazole; S, staurosporine; T, thapsigargin; DAMP, damage associated molecular pattern.

Immunogenic cell injury for multiplexed activity metabolomics
In addition to measuring immunogenic eCRT, tolerogenic
surface exposure of phosphatidylserine (sPS) in the outer
leaflet of the plasma membrane was examined (53, 54). The
sPS on live cells was measured with annexin V:FITC, and
necrotic cells were labeled with the vital dye 6-diamidino-2-
phenylindole (DAPI) (55, 56) (Figs. 5F and S14).
Thapsigargin-treated cells displayed high levels of sPS at 4 and
24 h, as did etoposide, (Fig. 5, F and G) but remained DAPI
negative (Fig. S14) with minimal calreticulin externalization
(Fig. 5, F and G) and no cCAS3 induction (Fig. 2D), suggesting
thapsigargin- and etoposide-induced sPS is not predictive of
early apoptotic death nor necrosis under these conditions.
Conversely, staurosporine failed to induce significant sPS and
was the most positive control for eCRT after 48-h challenge
J. Biol. Chem. (2022) 298(9) 102300 9
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(Fig. 5, F and G) and supported immunogenicity of
staurosporine-induced apoptosis (Fig. 5E). Bafilomycin A1
induced sPS at 24 h and limited calreticulin externalization
through 48 h (Fig. 5, D, F, and G).

In total, the primary multiplexed assays applied in MAP and
MAM with the cell injury module provided a workflow for the
discovery of small molecule and natural product effectors of
ICI. In turn, ICI signatures were used as a tool to advance
active fractions to secondary DAMP assays and prioritize
isolation of bioactive components. The compounds tested here
both as pure compounds and spiked extracts interact with
cellular processes that are conserved across cell types (e.g.,
kinases, microtubules, SERCA, autophagy) and should ease
application into other model systems without requiring
specialized stimulation conditions or genetic modifications.
Discussion

It is unknown if current therapeutic regimens in the clinic
optimally elicit antitumor responses in part because the rela-
tionship between cell injury, death, and immunogenicity is not
completely defined. Moreover, successful ICD/injury therapies
are largely confined to secondary metabolites (57). Analogs of
established immunogenic compounds and scaffolds are
evident in putative encoding biosynthetic gene clusters in
genome sequenced organisms (58, 59); however, accessing
these compounds is a labor and time-intensive process. The
vast potential chemical reservoir confounds selection of pro-
ducing organisms, which may also fail to synthesize the
Figure 6. Secondary metabolite–directed cell injury model. Depiction of the
response) highlights the key readout for each signal (pink highlighted boxes, e
effector of the pathway (blue text, e.g., thapsigargin). Thapsigargin inhibition of
cytosol to trigger ER stress response pathways including the ER-resident tra
translation until ER stress resolution. Bafilomycin A1 blocks autophagy by in
hindering lumen acidification and subsequent activation of serine hydrolas
structures yielding increased levels of LC3. Staurosporine is canonically conside
inhibition of PKC and mitochondria-localized enzymes result in disinhibition of
its active form cCAS9 which then cleaves CAS3 to activate apoptotic hallmark
This prevents cellular division leading to enhanced levels of phosphorylated h
levels of the necroptotic execution protein p-MLKL. MLKL is phosphorylated
exiting nuclear-cytosol cycling in response to stress. p-MLKL is trafficked to th
leading to cell lysis. Etoposide forms a ternary complex with DNA and topoisom
by ATM. ATM then phosphorylates histone variant H2AX (γH2AX), which activ
evidence indicates inhibition and/or activation of these pathways can be proim
enhance immunogenic cell death remains under investigated. To measure
mechanisms of immunogenic cell death can be measured, namely calreticulin
receptors on an antigen presenting cell in purple. DAMP, damage associated
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compound of interest under standard laboratory conditions.
The fluorescent module presented here combined with MAP
and MAM offer a high-throughput phenotypic screen for ICI
signals. In turn, compounds for isolation can be prioritized by
bioactivity in specific injury pathways, rather than overt cyto-
toxicity, as an indicator of antitumor potential.

A common feature of chemically induced immunogenicity is
activation of damage response and cell stress signaling path-
ways including modulation of autophagy (8, 9, 11, 60), acti-
vation of the PERK arm of the UPR (10, 28, 60), DNA stress
(12, 61), and certain death modalities (48, 62, 63) (Fig. 6). In-
hibition of basal autophagy with the natural product bafilo-
mycin A1 suspends degradation of cellular organelles by
preventing acidification and fusion of autophagosomes and
lysosome via v-ATPase blockade (Fig. 6) (31, 64). Inhibition in
autophagy-competent cells is required for ICD but is not
sufficient (65, 66). An additional necessary but insufficient ICD
prerequisite is phosphorylation of translation initiation factor
EIF2α at serine 51. This event stabilizes the inactive congener
of EIF2B to prevent translation initiation (67–69). DNA
damage is also a powerful immunogenic adjuvant in animal
models (10). When multiple injury signals are present, the
inhibition of autophagy, prolonged ER stress, or DNA damage
can injure a cell such that apoptosis yields an immunogenic,
rather than tolerogenic, response (6). Alternatively, nec-
roptotic cell death is an ICI that releases DAMPs and pro-
motes antitumor immunity in murine models (11). This form
of programmed cell death requires phosphorylation of MLKL
at serine 358 by the RIPK family of proteins (Fig. 6) (35, 36,
six ICI mechanisms measured (color-coded pathways, e.g., unfolded protein
.g., p-EIF2α) and indicates a control compound characterized as a positive
Ca-ATPase SERCA in the endoplasmic reticulum increases free calcium in the
nsmembrane protein kinase, PERK, which phosphorylates eIF2α to inhibit
hibiting V-ATPase on the lysosome and phagolysosome membranes thus
es therein. In turn, this prevents LC3 protein degradation on autophagic
red a pan-kinase inhibitor that occludes ATP-binding pockets. Staurosporine
APAF1, an apoptosome-related protein that facilitates conversion of CAS9 to
cCAS3. Nocodazole binds beta-tubulin to prevent microtubule elongation.
istone H3 protein. Additionally, microtubule inhibition can increase resident
following signal transduction via phosphorylation of RIPK1 and RIPK3 after
e cell membrane for oligomerization and insertion into the cell membrane
erase II to prevent religation of DNA yielding double strand breaks sensed

ates the DNA damage response to resolve double strand breaks. Literature
munogenic; however, the relative temporal relationship of these signals to
downstream cellular functions following ICI signaling mechanisms, three
, HMGB1, and ATP. Each DAMP is shown interacting with respective surface
molecular pattern; ICI, immunogenic cell injury.
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70). Once phosphorylated, p-MLKL transverses the cell nu-
cleus and cytosol along the microtubule network to form
oligomers in the plasma membrane that promote cation influx
to drive the final stages of necroptosis (36, 46). There is
growing evidence that these injury signals, in addition to ca-
nonical DAMPs ATP, HMGB1, and eCRT, can indicate the
potential for chemicals to generate an immunogenic response
prior to advancing to animal and primary cell models.

By way of antibody validation, chemical induction, and
barcoding, this work achieved detection of apoptotic, nec-
roptotic, autophagic, mitotic, UPR, and DNA damage inducers
in tandem for the first time in an unmodified cell system to
generate chemically induced ICI profiles. These central death
and damage response processes exemplified several pathways
that contribute to immunogenic DAMP presentation. The
secondary metabolite–mediated cell injury profiles presented
here established benchmark control compounds for applica-
tion of the ICI module to qualify and quantify bioactivity of
unknown molecular agents in a discovery setting (Fig. 6). This
discovery scheme identified new biological activity of the
secondary metabolite narbomycin (Fig. 4) and will facilitate
isolation of bioactive secondary metabolites that induce
cellular injury relevant to downstream ICD.

Specific to the compound standards utilized here, early
patterns corroborating ICI to ICD begin to emerge. For
example, bafilomycin A1 and staurosporine enhanced LC3 and
cCAS3 in varied time-dependent fashions, which confirmed
natural products can modulate specific injury responses in
sequence (Figs. 2 and 3). Staurosporine competes for binding
pockets of ATP-dependent enzymes thus diminishing ATP
hydrolysis (71, 72), while bafilomycin A1 prevents ATP turn-
over by rotational blockade of v-ATPase. Given these natural
products inhibit two different cellular processes yet both
elevate ATP secretion suggesting ATP hydrolysis blockade
facilitated transference of ATP to the extracellular space,
potentially as a consequence of elevated basal intracellular
ATP levels. Cells can also engage the UPR to fine tune
translation status as a reaction to endoplasmic reticulum
stress. However, the inability of thapsigargin to elicit DAMPs
ATP and HMG1 indicated p-EIF2α alone is not sufficient to
induce a robust immunogenic response in this model (Fig. 5).
This insufficiency is further supported by elevated detection of
sPS in thapsigargin-treated cells as sPS can function as a tol-
erogenic signal (Fig. 5) (73, 74). How nocodazole inhibition of
microtubules elicited the p-EIF2α phenotype is not clear
(Fig. 6).

Since this assay unambiguously identifies hallmarks of ICI, it
prioritizes secondary metabolites for isolation based on injury
profiles to enrich for discovery and application of beneficially
immunogenic natural products. Given the successful der-
eplication of narbomycin informed by bioactivity in an un-
known extract and consistent signal induction by control
compounds, the ICI module will be applied to additional un-
known extracts in additional model systems and expand
marker detection capacity to further define and elucidate the
mechanistic relationships among types of ICI, more durable
antitumor immunity, and adjuvanticity. One possible
application of molecules inducing ICI is an ex-vivo treatment
paradigm for prolonged immunological protection that obvi-
ates direct exposure to chemotherapies with debilitating side
effects. For example, this injury module could be combined
with cell identity modules (e.g., leukemia stem cell pop-
ulations) for characterization of cell injury cross-indexed by
cell type and subtypes. In effect, ICI signatures of patient
samples could infer and confirm optimal chemotherapies that
target new cancer cell types and thus exposure of novel tumor
antigens, as they arise during disease progression. Chemically
induced ICI and subsequent ICD-activated cancer cells rein-
troduced to the patient could provide a continuous supply of
personalized TAA vaccines that builds long term antitumor
immunity. The addition of an antigen cross presentation assay
would also help validate ICI candidates toward antitumor
immunity studies in animals.

In summary, the workflow described herein simultaneously
detected multiple markers of cell injury status in multiplexed
samples of pure compounds or metabolomic fractions. This
work described a new multiplexed panel entailing extensive
optimization and development of two new antibody reagents
for single cell detection and their optimization in an FCB
workflow that balanced 10 fluorophores. This advanced on
prior methods by transitioning FCB from traditional cytom-
etry instruments to newer spectral flow cytometers (Cytek
Aurora) and expanded this assay’s detection capacity into
three biological processes (autophagy, necroptosis, and UPR)
in addition to apoptosis, DNA damage, and mitosis. This
discovery system was built upon pioneering work in the ICD
field (8, 10, 75, 76) to introduce the first cell-based assay that
measured six ICI signals in tandem and explored time-
dependent signal onset to chemical challenge. It also
offered proof of principal for detection and discovery of new
biologically active compounds in a chemically complex
metabolomic sample. Indeed, the identification of narbomy-
cin as a modulator of mammalian cell injury response from
an extract of a previously uncharacterized microorganism
illustrated discovery of new biological function in a known
compound. The ICI module of the MAM platform will be
applied to test injury-specific bioactivity in extracted actino-
bacteria metabolomes to inform natural product discovery,
isolation of new ICI mediators, and fast-track interpretations
of ICD that result in more durable antitumor immune re-
sponses. This will accelerate discovery of new compounds
with immunogenic potential or elucidate novel immunogenic
character of known compounds that may direct future
pharmacological studies. Taken together, this work demon-
strated a fluorescent high-throughput, high-fidelity assay that
captured injury phenotypes in unmodified cells to focus dis-
covery on novel chemical agents with immunogenic and
therapeutic potential.
Experimental procedures

Processing: cell viability and fixation

Following treatment of cells with compounds, vehicle or
metabolomic fractions, 200 μl of cells (1 million cells/ml),
J. Biol. Chem. (2022) 298(9) 102300 11
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were stained with 20 μl of A × 700 (Thermo A20010, stock
concentration 20 μg/ml) to a final concentration of 0.04 μg/
ml 37 �C for 20 min and protected from light. Cells were then
transferred to 96 well V-bottom polypropylene plate with
20 μl of 20% paraformaldehyde (PFA) (Alfa Aesar 47340) for a
final PFA concentration of 1.6% for 10 min at room tem-
perature, protected from light. Plate was centrifuged at 800 g
for 5 min, supernatant decanted by plate inversion, and
dabbed dry on a Kimwipe (Kimtech 34155). The plate was
then vortexed, and cells were permeabilized with 200 μl ice-
cold MeOH for at least 20 minutes at −20 �C. After perme-
ation and prior to FCB, cells were centrifuged at 800g for
5 min, decanted by inversion, vortexed, and resuspended in
200 μl PBS (Gibco 10010-023).

Processing: fluorescent cell barcoding

Eight 1:1.7 serial dilutions of Pacific Blue (Thermo P10163)
were prepared in DMSO at concentrations ranging from
10 μg/ml to 0.24 μg/ml. Six 1:1.7 serial dilution stock con-
centrations of Pacific Orange (Thermo P30253) were prepared
in DMSO at concentrations ranging from 40 μg/ml to 2.82 μg/
ml. A × 750 (Thermo A20011) 500 μg/ml stock solution in
DMSO was prepared at 5 μg/ml. All three dyes were combined
on a single V-bottom polypropylene master plate as follows:
50 μl of Pacific Blue were added to plate rows with the highest
concentration in row A and the lowest concentration in row H;
50 μl of Pacific Orange were added to columns with the
highest concentration in column 1 and lowest concentration in
column 6; 50 μl of A × 750 were added to all wells. Master
plates were then aliquoted in 15 μl volumes to 96-well V-
bottom propylene plates and stored at −20 �C. An aliquot of
185 μl of fixed/permeabilized cells in PBS were added to 15 μl
of barcode dyes and stained for 15 min at room temperature,
protected from light. Barcoding reactions were quenched with
70 μl 2% bovine serum albumin (BSA) in PBS, centrifuged at
800 g for 5 min, decanted by inversion, vortexed, washed with
200 μl 2% BSA in PBS, centrifuged at 800 g for 5 min, decanted
by inversion, and vortexed. Wells in column 1 were then
resuspended in 200 μl of 2% BSA in PBS then transferred to
column 2 and repeated to column 6. All rows in column 6
were then pooled into 1 flow cytometry tube.

Processing: flow cytometry data acquisition

Flow cytometry data was acquired on four laser (405 nM,
488 nM, 561 nM, and 640 nM) Cytek Biosciences Aurora
spectral flow cytometer following spectral unmixing with
single color reference controls. Data was uploaded and stored
in Cytobank for gating, compensation, and analysis of unmixed
cytometry data files (FCS file format). Quality control (QC)
gating consisted of QC1: FSC-A versus SSC-A for cell bodies,
QC2: FSC-A versus FSC-W for singlets, and FSC-A versus A ×
700 for viable cells. Unmixed FCB samples were QC gated with
addition of QC4: FSC-A versus A × 750 for barcode uptake
control, compensated, then debarcoded with DebarcodeR to
produce one FCS file per well and uploaded to Cytobank for
storage and further analysis.
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Multiplexing: validation panel

K562 cells were challenged with a final concentration of
10 μM of thapsigargin in hanks balanced salt solution
(Corning 21-021-CV) or 10 μM etoposide or nocodazole in
cRPMI for 24 h or DMSO vehicle control. Cells were fixed in
a final concentration of 1.6% PFA, permeabilized with ice-
cold MeOH, and stained with N-hydroxy succinimide
(NHS)-functionalized Pacific Blue, Pacific Orange, or A × 750
dyes (1 color/condition) pooled (3 conditions) into a single
flow cytometry tube and stained with antibody cocktail of
γH2AX:Percp-Cy5.5 (BD 564718, 2.5:100) and p-MLKL (CST
91689S 5:100) or p-EIF2α (CST 3597L 5:100) in 100 μl of 2%
BSA in PBS for 30 minutes in the dark. Staining was
quenched with 1 ml of 2% BSA in PBS, centrifuged at 800 g
for 5 min, and decanted by inversion. Flow cytometry tube
was vortexed and washed with 1 ml of 2% BSA in PBS,
centrifuged at 800 g for 5 min, decanted by inversion, vor-
texed and resuspended in 200 μl 2% BSA in PBS. Rabbit an-
tibodies p-MLKL and p-EIF2α were detected with Gt α
Rb:488 fluorescent secondary antibody at 1:5000 by staining
for 30 min at room temperature in the dark in a final volume
of 400 μl. Cells were washed with 2% BSA in PBS as described
above prior to analysis. This process was repeated following
antibody conjugation with the exception of Gt α Rb A × 488
fluorescent secondary antibody and addition of p-MLKL:568
or p-EIF2α:647 (5:100).

Multiplexing: antibody conjugation

Antibody p-MLKL was conjugated to A × 568 with Ther-
mofisher antibody labeling kit A20184 adapted from manu-
facturer’s instruction. Antibody p-EIF2α was conjugated to
A × 647with Thermofisher antibody labeling kit A20186
adapted from manufacturer’s instructions. In brief, antibody
storage solution was removed by 10 kDa M.W. concentrator
tubes (Pierce 88513) with 100 mM sodium bicarbonate. Tubes
were spun at 11,000g for 3 min, flow through discarded, and
100 μl of 100 mM sodium bicarbonate added to concentrator
tube. This process was repeated thrice. Pure antibodies were
harvested and incubated with specified antibody labeling kit in
100 μl volume of 100 mM sodium bicarbonate for 1 h in the
dark with mixing. Excess dye was removed by purification
resin provided by the manufacturer. Antibodies were stored in
antibody storage solution consistent with manufacturer’s
recommendation. Fluorescent intensity of conjugated antibody
was evaluated by SDS-PAGE fluorescence gel in reduced and
nonreduced condition. Antibodies were prepared in Tris/SDS/
Glycine running buffer and Laemmli sample buffer ± BME
incubated at room temperature for 5 min and heated to 95 �C
for 5 min then centrifuged. Samples were loaded onto a 4 to
20% Tris/Glycine gel and electrophoresed for 60 min at 175 V.
Gels were imaged with a Biorad Chemidoc MP Imaging
System.

Multiplexing: injury panel

Cells were stained with fluorescent antibodies LC3:A × 488
(CST 13082, 1:100), γH2AX:Percp-Cy5.5 (BD 564718, 2.5:100),
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cCAS3:PE (10:100), p-MLKL:A × 568 (CST 91689S 5:100),
p-HH3:Pe-Cy7 (Biolegend 6410, 1:1000), p-EIF2α:A × 647
(CST 3597L 5:100) in 100 μl of 2% BSA in PBS for 30 min in
the dark. Staining was quenched with 2% BSA in PBS, sample
centrifuged at 800g for 5 min, decanted by inversion, repeated
once, and resuspended in 200 μl 2% BSA in PBS prior to
analysis.

Multiplexing: live cell panel

Cells were treated with 1 μM of control compounds for 4,
24, or 48 h. At each timepoint, cells were viability stained with
A × 700, then stained with Calreticulin:PE (CST 19780, 1:50)
for 30 min in the dark on ice. Cells were washed with 2% BSA
in PBS then stained with annexin V:FITC and a final con-
centration of 1 μM DAPI in annexin-binding buffer on ice.
annexin V:FITC and DAPI were not washed prior to live cell
data acquisition consistent with manufacturer’s instructions
(CST 6592). DAPI was used to replace PI.

Profiling: cell culture

K562, Jurkat, and MV-4-11 cell lines were a generous gift
from the Ferrell lab and confirmed to be mycoplasma negative.
K562 and Jurkat were cultured in complete RPMI (cRPMI)
consisting of RPMI 1640 (Gibco 22400-089) supplemented to
a final concentration of 10% heat inactivated fetal bovine
serum (Gibco 16140-071), 1 mM sodium pyruvate (Gibco
11360-070), and 1% penicillin/streptomycin cocktail (Gibco
15140-122). MV-4-11 were cultured in IMDM (Gibco 12440-
053), supplemented to a final concentration of 10% fetal bovine
serum. Cells were incubated in a water jacketed 5% CO2

incubator at 37 �C. Cells were maintained at densities between
100 thousand and 1 million cells per ml of culture media, fed
every other day, and passaged every 4 days.

Profiling: MAP for signal specificity

Control compounds bafilomycin A1, etoposide, nocodazole,
staurosporine, and thapsigargin were acquired from Sell-
eckchem as noted in supporting information. Compound stock
solutions were prepared at 200 × and diluted log10 across four
wells for final concentration ranging from 10 μM to 10 nM.
One microliters of 200 × of each compound concentrations
were added to respective wells and resuspended in 200 μl of
cell containing media. At each timepoint, cells were fixed,
permeabilized, fluorescently barcoded, and stained as
described above. K562 CML, MV-4-11 B-myelomonocytic
leukemia, and Jurkat T lymphoblastic leukemia cell models
were treated with log10 series dilution from 10 μM to 10 nM
and incubated for 4, 24, or 48 h (Figs. 2A and S4). At each
timepoint, cells were stained for viability with A × 700, fixed,
and permeabilized as described above. Cells were FCB by well
coordinates with an array of eight NHS-PB concentrations by
six NHS-PO concentrations as well as one dye uptake control
NHS-Ax750 concentration, then pooled for homogenous
staining with a fluorescent antibody cocktail consisting of six
unique target:fluorophore combinations including: LC3:488,
γH2AX:PCPC5, cCAS3:PE, p-MLKL:568, p-HH3:PEC7, and
p-EIF2α:647, to yield a 10 color fluorescent injury panel
(Fig. 2A and Table S2). Barcoding and pooling reduce sample-
to-sample staining variability and processing by incubating all
samples with the same fluorescent antibody cocktail over
equivalent time intervals and temperatures while also saving
on costly antibody reagents and decreasing instrument use
time. Secondary metabolite–induced injury phenotype data
were acquired on single cells on a Cytek Aurora spectral flow
cytometer and uploaded to Cytobank for storage and pro-
cessing (77). Collected cellular events were quality control
gated for viable-singlets and control NHS-Ax750 barcode dye
uptake (Fig. 2B). Barcoded cells were digitally reassigned to
origin plate wells with the DebarcodeR (42) algorithm
(Fig. 2B). Cells were processed and stained for analysis as
described above (Fig. 2D) with the exception of dose
variability.

Profiling: crude microbial extract preparation

Laboratory isolate strain KPBlue13 (99% 16S sequence
identity S. pratensis) and KPBlue17 (99% 16S sequence identity
Streptomyces exfoliates) were isolated from Blue Spring Cave
(in Sparta, TN) and was maintained on ISP2 agar (yeast extract
4 g/l, malt extract 10 g/l, glucose 4 g/l, and agar 17.5 g/l, pH
7.2). Loops of mycelia were used to inoculate 25 ml seed
cultures in ISP2 medium (yeast extract 4 g/l, malt extract
10 g/l, and glucose 4 g/l, pH 7.2) incubating for 2 days at 30 �C.
Seed cultures were then transferred to 250-ml Erlenmeyer
flasks containing 25 ml of ISP2 and grown for 7 days at 30 �C
with shaking. Aqueous fermentation broth was extracted by
shaking with Diaion HP20 synthetic absorbent resin (Alfa
Aesar) (125 ml of HP20 bead/H2O slurry per 500 ml of
aqueous broth) for 2 h. Fermentation broth was then centri-
fuged (3700g, 30 min) and the supernatant was decanted.
Metabolites were eluted from absorbent resin and cells were
eluted with methanol (250 ml of methanol/125 ml of HP20
bead/H2O slurry) by shaking for 1.5 h, followed by centrifu-
gation (3700g, 30 min) and decanting the methanol extract.
Further extraction was performed with acetone (250 ml of
acetone/125 ml of HP20 bead/H2O slurry) by shaking for
1.5 h, followed by centrifugation (3700g, 30 min) and decant-
ing the acetone extract. Methanol and acetone extracts were
combined and lyophilized with Series 3 HT 6 Genevac with
manufacturer’s HPLC-Lyo method and stored at −20 �C.

Profiling: generation of metabolomic arrays

Mass spectrometry was performed by using a TSQ Triple
Quantum mass spectrometer equipped with an electrospray
ionization source and Surveyor PDA Plus detector. For pos-
itive ion mode, the following settings were used: capillary
temperature 270 �C; spray voltage 4.2 kV; spray current
30 mA; capillary voltage 35 V; tube lens 119 V; and skimmer
offset 15 V. For negative ion mode, capillary temperature
270 �C; spray voltage 30 kV; spray current 20 mA; capillary
voltage 35 V; tube lens 119 V; and skimmer offset 15 V.
J. Biol. Chem. (2022) 298(9) 102300 13
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Fractionated plates were prepared by injecting 20 μl of pu-
rified compounds in HPLC-grade methanol or concentrated
extract via a Thermo PAL auto injector onto a Phenomenex
Luna 5 μm C18(2) reverse-phase C18 HPLC column. The
sample was fractionated using a gradient of 100% buffer A
(95% H2O, 5% acetonitrile) to 100% buffer B (5% acetonitrile,
95% H2O) over 30 min at a flow rate of 1 ml/min and split in a
3:1 ratio with three parts going to the photodiode array de-
tector and fraction collector and one part going to the MS.
Fractions were collected in 1-min intervals in a 96 deep well
plate. A volume of 150 μl of eluent from each well was
transferred to four replica 96-well plates and dried in vacuo
using a Series 3 HT-6 Genevac system with manufacturer’s
HPLC-Lyo protocol.

Profiling: MAM with internal standards

Dimethyl sulfoxide stock solutions of nocodazole (1 μl,
20 mM), staurosporine (1 μl, 20 mM), and bafilomycin A1
(4 μl, 5 mM) were added to 44 μl of crude extract at 100 mg/ml
in HPLC-grade methanol and fractionated and lyophilized as
described above. Wells were resuspended in 200 μl of media
containing cells, incubated, and processed for flow cytometry
as described above.

Assay: luciferase ATP

Extracellular ATP was evaluated with Cell Titer-Glo 2.0
Luciferase Assay System (Promega G9241) adapted from
manufacturer’s instructions. Briefly, at each timepoint, cell
supernatant from treated cells was mixed 1:1 with Cell Titer-
Glo reagent, in an opaque, white bottom plate, incubated at
room temperature for 10 min, then signal for total lumines-
cence was acquired with a Biotek Synergy H4 Hybrid reader.
Standard curves were generated for calculation of ATP con-
centrations. Samples below the limit of detection were
assigned a unit value of 1. K562 were challenged cells with
1 μM of injury controls and incubated for 4, 24, and 48 h
(Fig. 4A). At each time point, cell supernatants were harvested
and split to evaluate ATP release with a recombinant luciferase
(Promega, E2510) or HMGB1 ejection by ELISA (NovusBio,
NBP2-62766) in accordance with manufacturers protocols
(Fig. 4A).

Assay: HMGB1 ELISA

Extracellular HMGB1 was evaluated with human HMGB1/
HMG-1 colorimetric ELISA kit (Novus #NBP2-62766) adapt-
ed from manufacturer’s instructions with the exception that
harvested cell supernatants at each timepoint were diluted 1:9
in PBS prior to plating. Absorbance data was acquired a Biotek
Synergy H4 Hybrid reader. Standard curves were generated for
back calculation of HMGB1 concentrations. Samples below
the limit of detection were assigned a unit value of 1.

Data: statistical analysis and figure generation

Data was input to Graph Pad Prism (9.2.0) and analyzed
with one-way or two-way ANOVA according to figure legends.
All data is reported as mean ± SD of at least three biological
14 J. Biol. Chem. (2022) 298(9) 102300
replicates. Prism, Adobe Illustrator 2021, and Microsoft Excel
2016 were used for figure generation. Principal component
analysis was performed on nine continuous variables that were
standardized for parallel analysis with Monte Carlo simula-
tions to calculate the eigenvalues of resulting principle com-
ponents (PCs). PCs with eigenvalues that exceeded the 95th
percentile of 1000 randomly seeded simulations were selected
for PC axes.
Data availability

Correspondence and requests for materials should be
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vanderbilt.edu).

Supporting information—This article contains supporting informa-
tion, supporting Figures 1–14 and supporting Tables 1 and 2.
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