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HEALTH AND MEDICINE

Cryo-shocked cancer cells for targeted drug delivery

and vaccination

Tianyuan Ci""****, Hongjun Li"**°*, Guojun Chen"??, Zejun Wang"*?, Jingiang Wang
Peter Abdou"??, Yiming Tu"*?, Gianpietro Dotti®, Zhen Gu'**>7"

Live cells have been vastly engineered into drug delivery vehicles to leverage their targeting capability and cargo
release behavior. Here, we describe a simple method to obtain therapeutics-containing “dead cells” by shocking
live cancer cells in liquid nitrogen to eliminate pathogenicity while preserving their major structure and chemo-
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taxis toward the lesion site. In an acute myeloid leukemia (AML) mouse model, we demonstrated that the liquid
nitrogen-treated AML cells (LNT cells) can augment targeted delivery of doxorubicin (DOX) toward the bone
marrow. Moreover, LNT cells serve as a cancer vaccine and promote antitumor immune responses that prolong the
survival of tumor-bearing mice. Preimmunization with LNT cells along with an adjuvant also protected healthy

mice from AML cell challenge.

INTRODUCTION

Acute myeloid leukemia (AML) is a hematological malignancy with
a dismal prognosis and 5-year survival of only 30% (1, 2). The standard-
of-care cytoreductive chemotherapy induces AML remission (3-5),
but disease relapse frequently occurs (6, 7). Hematopoietic stem cell
transplantation (HSCT) in patients who achieve remission after chemo-
therapy represents the only curative approach so far (8, 9). However,
HSCT is associated with either the lack of suitable hematopoietic stem
cell donors or the high risk of transplantation-related mortality (10).
Hence, there is an urgent need to find further strategies for AML treatment.

AML originates in the bone marrow, and bone marrow creates
leukemia-niches that promote leukemia survival (11). Furthermore,
biodistribution of chemotherapeutics to the bone marrow is fre-
quently poor (12, 13), and higher doses of chemotherapy required
to ablate leukemia are toxic to normal tissues. Thus, developing
targeting drug delivery to the bone marrow may not only enhance
the therapeutic index of chemotherapy but also reduce its toxicity to
nonhematopoietic tissues. Nevertheless, it is still challenging to en-
gineer bone marrow-targeting moieties and bypass the blood-bone
marrow barriers (14). Leveraging cells’ intrinsic properties offers
solutions to overcome these limitations (15-17). Because AML
cells naturally exhibit bone marrow homing capabilities (18-20),
we developed an approach to use AML cells as drug carriers while
eliminating their intrinsic pathogenicity.

Here, we used a liquid nitrogen-based cryo-shocking method to
obtain therapeutic dead cells. These cells maintained the intact
structure allowing for drug encapsulation, but lost their proliferation
ability and pathogenicity. Specifically, cryo-shocked AML cells kept
their bone marrow homing capability and served as a drug delivery
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vehicle of doxorubicin (DOX), which is a critical drug used in the
induction chemotherapy in AML. Cryo-shocked AML cells stimu-
lated an immune response that was in conjunction with chemo-
therapy to eradicate leukemia in tumor-bearing mice. Preimmunization
with LNT cells together with an adjuvant protected healthy mice
from AML cell challenge. We thus proposed a “dead cell”-based
delivery vehicle that can be rapidly manufactured for clinical use
compared with other live cell-based drug delivery systems (21).

RESULTS

Engineering and characterization of liquid

nitrogen-treated cells

To obtain the liquid nitrogen—treated (LNT) cells, AML cells were
suspended in the cell cryopreservation medium and immersed in liquid
nitrogen for 12 hours. LNT cells were then thawed at 37°C and
washed with phosphate-buffered saline (PBS) (Fig. 1A). When ana-
lyzed by confocal microscopy, LNT cells showed the same cellular
structure as untreated live cells when assessed by nucleus and cyto-
skeleton staining (Fig. 1B). A slight decrease in cellular size was
observed (Fig. 1C), with an average size of 11 um for LNT cells and
12 um for untreated live cells. The forward scatter (FSC) values
measured by flow cytometry corroborated the cell size reduction
of LNT cells, and similar side scatter (SSC) values suggested that
the internal structure of LNT cells was maintained (Fig. 1D). Scan-
ning electron microscopy (SEM) images revealed the sphere-like
structure of LNT cells and the rougher cellular surface as compared
with control live cells (Fig. 1E and fig. S1).

Next, we evaluated the cell viability of LNT cells. As shown in
Fig. 1F, nearly all the LNT cells were labeled with EthD-1 (indicat-
ing dead cells) and did not show intact fluorescence signal of calcein
AM (indicating live cells). In addition, LNT cells did not show pro-
liferative activity as compared with live cancer cells as measured
with cell counting kit-8 (CCKS8) assay (Fig. 1G). Furthermore, we
confirmed the necrosis-dependent cell death of LNT cells by annexin-
V-propidium iodide (PI) staining (fig. S2). We further verified the
absence of pathogenicity of LNT cells in vivo. As shown in Fig. 1H,
live C1498 AML cells quickly proliferated in mice and caused 100%
death in 31 days, while mice receiving C1498 LNT cells exhibited no
detectable bioluminescence signal, and all mice survived for at least
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Fig. 1. Characterization of LNT cells. (A) Schematic of the procedure to prepare LNT cells. (B) Cellular structure of live and LNT C1498 cells. Cell nucleus was stained by
Hoechst 33342 (blue), and cytoplasm F-actin was stained by AF488 phalloidin (green). Scale bars, 10 um. (C) Cellular sizes of live and LNT C1498 cells. The cells were
imaged by confocal microscopy, and cellular size was measured by the software Nano Measurer (cell numbers = 200). (D) Flow cytometry analysis of live and LNT C1498 cells
under same voltages. FSC, forward scatter; SSC, side scatter. (E) SEM images of live and LNT cells. Scale bars, 1 um. (F) Cell viability analysis of live and LNT cells by LIVE/
DEAD viability kit. Calcein AM: live cells; EthD-1: dead cells. Scale bar, 10 um. (G) Cell viability analysis of live and LNT cells by CCK8 assay (n =6). a.u., arbitrary unit. (H) In
vivo proliferation of 2 x 10° luciferase tagged live and LNT C1498 cells indicated by the bioluminescence signal (n = 5). (I) Survival of mice after challenge with 2 x 10° live
and LNT tumor cells (n = 5). Typical flow cytometry images (J) and DsRed intensities (K) of peripheral blood 20 days after challenge with live and LNT DsRed tagged C1498
cells (n = 3). MFI, mean fluorescence intensity. Data are presented as means + SD (G and K). Statistical significance was calculated via the log-rank (Mantel-Cox) test (I) and

ordinary one-way analysis of variance (ANOVA) (K). *P < 0.05, **P < 0.01. NS, not significant.

180 days (Fig. 1, H and I). Moreover, we quantitatively analyzed can-
cer cells in the peripheral blood at day 20 after injection. A notably
higher DsRed signal was observed in mice injected with live C1498
cells, indicating a high portion of leukemia cells circulating in the
blood, while the DsRed intensity for the mice challenged with LNT
cells was similar to that of healthy mice (Fig. 1, ] and K).

Leveraging LNT cells as the targeting drug carrier

Leukemia cells exhibit bone marrow homing and resident capabilities,
which are at least in part associated with the expression of CXCR4
and CD44 chemokine, two typical adhesion receptors that interact
with bone marrow (18, 22, 23). SDS—polyacrylamide gel electrophoresis
(PAGE) showed that most of the proteins expressed by live C1498
cells were retained in LNT cells (fig. S3A). CXCR4 and CD44 were
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detected in both live and LNT cells as assessed by confocal imaging and
flow cytometry (Fig. 2, A and B, and fig. S3, B and C). Despite some re-
duction in expression levels, Western blotting analysis indicated that
CXCR4 and CD44 expression were 39 and 60%, respectively, in LNT
cells compared with live cells (fig. S3, D and E). The bone marrow homing
capacity of LNT cells was also evaluated. Upon intravenous infusion,
LNT cells exhibited similar accumulation efficiency in bone barrow com-
pared with live C1498 cells (Fig. 2, C and D, and fig. S4A). Cell signal
was notably higher compared with paraformaldehyde-fixed cells, which
reflects the loss of bioactivities upon paraformaldehyde fixation (Fig. 2,
Cand D). LNT cells also distributed in the liver, kidney, and spleen (fig.
$4B), and were cleared from the bloodstream within 24 hours (fig. S5).

Because nuclear and cytoplasmic cellular structures are preserved
in LNT cells (Fig. 1B), we assessed if these cells can be payload with
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Fig. 2. LNT cells as the drug carrier. CXCR4 (A) and CD44 (B) expression of live and LNT C1498 cells analyzed by confocal microscopy (top) and flow cytometry (bottom).
Scale bars, 10 um. (C) Fluorescence images of bone isolated 6 hours after injection of cy5.5-labeled live C1498 cells, LNT C1498 cells, and paraformaldehyde-fixed C1498
cells. (D) Fluorescence intensities of the bone of indicated groups (n=6). (E) Typical confocal image of DOX-loaded LNT cells. Scale bar, 10 um. (F) Cumulative release
profile of DOX from LNT cell/DOX (n = 3). (G) Plasma DOX concentration after intravenous injection of free DOX and LNT cell/DOX with DOX dose of 2.5 mg/kg (n =4).
(H) Bone marrow DOX content 3 hours after administration of the drug (n = 3). Data are presented as means + SD (D and F to H). Statistical significance was calculated via
ordinary one-way ANOVA (D) and Student'’s t test (G and H). *P < 0.05, **P < 0.01, ***P < 0.001.

DOX, via DNA intercalation and the electrostatic interactions be-
tween DOX and cytoplasm proteins (24-26), and deliver DOX to
bone marrow. Briefly, DOX could be loaded into LNT cells via mixing
and incubation with a loading capacity of 65 + 16 ug per 1 x 10’ LNT
cells (Fig. 2E and fig. S6A). DOX was released from the drug-loaded
LNT cells (LNT cell/DOX) in a sustained manner, and 81% of DOX
was released within 10 hours (Fig. 2F). We then studied the in vitro
cytotoxicity against C1498 cells of free DOX and LNT cell/DOX.
The ICs¢ (median inhibitory concentration) values were 0.32 and
1.05 pg/ml, respectively (fig. S6B). Even though free DOX exhibited
higher cytotoxicity against C1498 cells in vitro, LNT cell/DOX
allowed longer detection of DOX in the blood and higher DOX accu-
mulation within the bone marrow (Fig. 2, G and H). We used
murine AML models to evaluate the therapeutic efficacy of LNT cell/
DOX. In tumor-bearing C57BL/6] mice, tumor growth was mon-
itored by bioluminescence signals upon treatment (fig. S7, A to C).
In this leukemia model, although LNT cells alone exhibited no anti-
tumor effects, LNT cell/DOX treatment reduced the tumor growth
compared with control treatments (fig. S7, D to H).

Chemo-immunotherapy via LNT cells

Tumor cell lysates can function as cancer vaccines and initiate
tumor-specific immune responses (27, 28). We hypothesized that LNT
cells can enhance the antigen uptake and maturation of antigen-
presenting cells (APCs). LNT cells cocultured with dendritic cells
(DCs) caused their maturation as assessed by up-regulation of
CD40, CD80, CD86, and major histocompatibility complex II
(MHC-II) (fig. S8A). Moreover, CD4" T cells and CD8" T cells
increased in the peripheral blood of the mice receiving LNT cells and
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the adjuvant of monophosphoryl lipid A (MPLA) (fig. S8B). DC mat-
uration and T cell activation-related cytokines, including interferon-y
(IFN-vy), tumor necrosis factor-o (TNF-a), and interleukin-6 (IL-6),
were also detected in mice treated with LNT cell and adjuvant (fig.
S8C). We next evaluated the antitumor efficacy of LNT cell/DOX
with adjuvant in leukemia-bearing mice. As demonstrated in Fig. 3
(A and B), bioluminescence of AML cancer cells increased rapidly
in untreated mice, while AML had been partially inhibited after DOX
or LNT cell and adjuvant treatment. AML cells were almost com-
pletely eliminated in mice treated with LNT cell/DOX and adjuvant
up to 21 days after tumor inoculation (Fig. 3B). Quantitative analy-
sis of tumor bioluminescence and survival analysis also demonstrated
superior therapeutic activity of LNT cell/DOX combined with adjuvant
(Fig. 3, C to E). Increased serum levels of IFN-y and TNF-a
(Fig. 3, F and G), as well as elevation of CD3" T cell and CD8"
T cells, supported the occurrence of boosted immunity in the mice
receiving LNT Cell/DOX and adjuvant treatment (Fig. 3, H and I).

Prophylactic efficiency of LNT tumor cells

We further evaluated the efficacy of LNT cells as a prophylactic
cancer vaccine. Mice were first immunized at 21, 14, and 7 days
before challenge with live C1498 cells. The onset of AML in mice
was prevented in mice preimmunized with LNT cells and adjuvant
(Fig. 4, A to C). Quantitative data also revealed that the tumor bio-
luminescence intensity of the group of LNT cells with adjuvant was
substantially lower than control groups (Fig. 4D). Moreover, 71% of
the mice treated with LNT cells and adjuvant were tumor free
90 days after tumor challenge, while all control mice died by day
34 (Fig. 4E). Serum levels of IFN-y, TNF-a, IL-12, and IL-6 were
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Fig. 3. Therapeutic efficacy of LNT cells in AML model. (A) Schematic of the treatment model. (B) AML progression in vivo as indicated by bioluminescence signal ex-

pressed by luciferase tagged C1498 cells during different treatments (G1, saline; G2,

DOX; G3, LNT cell + adjuvant; G4, LNT cell/DOX + adjuvant). (C) Quantified biolumi-

nescence of different treatment groups. (D) Bioluminescence intensity of treated mice on day 21 (n =6). (E) Survival of the mice of different treatment groups (n =6). Se-

rum cytokine levels of IFN-y (F), TNF-a (G), and proportion of peripheral CD3* T cells
to |). Statistical significance was calculated via ordinary one-way ANOVA (D and F to |

significantly increased in mice treated with LNT cells and adjuvant
(Fig. 4F), indicating that a prompt immune response was trig-
gered upon tumor cell inoculation. In addition, CD3" T cells and
CD8" T cells were significantly increased in the peripheral blood of
mice vaccinated with LNT cells and adjuvant (Fig. 4, G and H, and
fig. S9).

DISCUSSION

In this study, we demonstrated the feasibility, efficacy, and safety of
tumor dead cells used as a drug-targeting carrier and tumor vaccine
for cancer therapy. Compared with the synthetic material-mediated
delivery vehicles, cell-based carriers show unique targeting capacities
and can bypass biological barriers (15, 29). AML cells originate in
the bone marrow and naturally exhibit similar bone marrow homing
capabilities as HSCs (22, 30, 31), rendering them suitable to be used as
cellular drug carriers for AML therapy. However, it remains essential
to develop strategies allowing the elimination of AML tumorigenicity
while transiently preserving cellular integrity to deliver the payload
at the tumor site. We therefore proposed to use the “dead” but
“functional” AML cells as the drug carrier.

Usually, the structure of the live cells can disintegrate upon dying
with the loss of proteins and cytokines (32). In addition, external
stimuli that could induce cell death, such as heat or radiation, will
deactivate proteins as well (33, 34). Our data support the concept
that cryo-shocked tumor cells obtained by rapid immersion of live
cells in liquid nitrogen lose tumorigenicity while preserving transiently
the integrity of the cell structure, which is critical for the drug loading
and cargo release. Furthermore, certain critical functional proteins
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(H) and CD8" T cells (I) on day 13 (n =6). Data are presented as means + SD. (D and F
) and log-rank (Mantel-Cox) test (E). *P < 0.05, **P < 0.01, ***P < 0.001.

that include CD44 and CXCR4 were retained in LNT cells. CD44
can interact with hyaluronic acid that is highly expressed in the
endosteum of bone marrow (18). CXCR4 enables cells to migrate
toward the chemokine stromal cell-derived factor 1 (SDF-1) that is
constitutively produced by the osteoblasts and stromal cells (23).
CD44 and CXCR4 are two important adhesion receptors mediating
AML cells homing toward bone marrow (35). Retention of both
CD44 and CXCR4 in LNT cells, even if at reduced levels compared
with live cells, is likely critical to promote their bone marrow homing.
The proposed LNT-based strategy is simple and straightforward
from a manufacturing point of view. Tumor cells in the case of
liquid tumors can be readily collected in large quantity, for example,
by leukapheresis. Similarly, for solid tumors, multiple devises are
currently available to generate single cell suspension from resected
tumors or tumor biopsies. The process of cell shocking in liquid
nitrogen is also feasible to standardize in good manufacturing
practice conditions.

We evaluated the proliferation and tumorigenicity of LNT tumor
cells both in vitro and in vivo. The data that all mice treated with
LNT cells exhibited no obvious side effects and no leukemia growth
was recorded for 6 months after inoculation of LNT C1498 cells
support at least in our mouse model the safety of the proposed strate-
gy. After exposure to liquid nitrogen, the cellular membrane of LNT
cells becomes permeable. While live cells require treatment with cell
membrane detergent to obtain intracellular staining, LNT cells do
not require this treatment, indicating the loss of long-term integrity
of the cell membrane, which is essential to cell survival. However,
our experiments demonstrate that liquid nitrogen treatment does
not impair the capacity of LNT cells to function as drug carrier and
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Fig. 4. In vivo prophylactic efficiency of LNT tumor cells. (A) Schematic of the treatment model. Bioluminescence images (B) and quantified bioluminescence (C) of the
mice preimmunized with different treatment formulations (G1, saline; G2, adjuvant; G3, LNT cell + adjuvant). (D) Bioluminescence intensity of treated mice on day 47
(n=5 for G1 and G2 for one mice died before day 47; n=7 for G3). (E) Survival of the mice after tumor challenge (n=6 for G1 and G2; n=7 for G3). (F) Serum cytokine
levels 3 days after challenge of live C1498 cells (n =6 for G1 and G2; n =7 for G3). (G) Representative flow cytometry images of CD3" T cells (left) and proportion of periph-
eral CD3* T cells (right) on day 24 (n=6 for G1 and G2; n=7 for G3). (H) Representative flow cytometry images of CD8" T cells (left) and corresponding proportion of pe-
ripheral CD8* T cell gating on CD3* Tcells (right) on day 24 (n =6 for G1 and G2; n=7 for G3). Data are presented as means + SD. (D and F to H). Statistical significance was
calculated via ordinary one-way ANOVA (D and F to H) and log-rank (Mantel-Cox) test (E), *P < 0.05, **P < 0.01, ***P < 0.001.

tumor vaccine. The cryo-shocking technique could be a platform
technology in cell bioengineering and could be applicable to various
cell types. Here, we have further tested feasibility in 4T1 tumor
cells (fig. S10). Regarding the potential impact in clinical use, the
safety of LNT tumor cells, besides C1498 cells adopted in this work,
should be evaluated thoroughly in other experimental animal mod-
els. In addition, the application of LNT cells to serve as drug carriers
of other therapeutics, such as immune checkpoint inhibitors (36), is
worth investigating.

In summary, we engineered LN'T tumor cells to serve simultaneously
as a drug delivery carrier and cancer vaccine. The simple liquid nitro-
gen treating process abrogates the tumorigenicity of tumor cells but
preserves the integrity of their cellular structure. This in turn allows
the possibility to load LNT cells with chemotherapy drugs and pre-
serves the homing capacity of these cells to the tumor site. LNT cells
in combination with adjuvant could elicit both therapeutic and protective
immune antitumor responses and may avoid the complex quality
control associated with isolated cells and synthesized material-based
vehicles and enable large-scale production for clinical use.

MATERIALS AND METHODS

Experimental design

The aim of this study was to use the cryo-shocked tumor cells as a kind
of drug-targeting carrier and tumor vaccine for chemo-immunotherapy
in the treatment of AML. After treating the live cells in liquid nitrogen,
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the cellular structure of the cryo-shocked cells was observed. The
proliferation behavior, in vivo tumorigenicity, and targeting capa-
bility toward the bone marrow of the cryo-shocked cells were assessed.
In vivo antitumor efficacy was analyzed in an AML model by intra-
venously injecting C1498 cells in C57BL/6] mice. Mice were randomly
assigned to groups based on body weights. After different treatments,
the mice were captured by in vivo imaging system (IVIS) to evaluate
in vivo tumor progression. Survival curves, immune cell proportions,
and cytokine levels were determined according to previous experi-
mental experience. Specific information about treatment groups, sample
numbers, and data analysis was denoted in the figure captions.

Materials, cell lines, and animals

Doxorubicin hydrochloride was purchased from Fisher Scientific Co.
(D4193; purity, >95%). Noncontrolled-rate cell cryopreservation
medium was bought from Cyagen Co. (NCRC-10001-50). AML cell
line C1498 was purchased from the American Type Culture Collection
(ATCC). Luciferase and DsRed tagged C1498 cell line was provided
by B. Blazar of the University of Minnesota. The cells were cultured
in 90% Dulbecco’s modified Eagle’s medium (Gibco) and 10% fetal
bovine serum (Gibco) with penicillin (200 U ml™) and streptomycin
(200 U ml™) (Gibco). The cells were passaged every 1 to 2 days.
C57BL/6] mice (4 to 6 weeks, female) were purchased from the
Jackson laboratory. All animal tests complied with the animal protocol
approved by the Institutional Animal Care and Use Committee of
the University of California, Los Angeles.
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Preparation of LNT cells and drug-loaded LNT cells

C1498 cells were centrifuged at 250¢ for 3 min and suspended in
noncontrolled-rate cell cryopreservation medium at a cell density of
1% 10%to 1 x 10’ ml™%. The cell-containing medium was immersed
in liquid nitrogen for 12 hours. Before use, the medium was thawed
at 37°C and LNT cells were pelleted at 500g for 3 min. After washing
with PBS solution (pH 7.4), LNT cells were suspended in PBS and
kept at 4°C. For preparation of DOX-loaded LNT cells, the LNT
cells were suspended in DOX containing PBS. After incubation for
2 hours, the medium was centrifuged at 500g for 5 min and the pel-
lets were DOX-loaded LNT cells.

In vivo treatment of AML

The AML model was established by intravenous injection of 5 x
10° C1498 cells on day 0. On day 8 and day 15, saline, LNT cell +
adjuvant, free DOX, and LNT cell/DOX + adjuvant were adminis-
trated intravenously with DOX dose of 5 mg/kg and adjuvant
(MPLA) 20 pg per mouse. Specifically, MPLA was intravenously
injected 10 hours after injection of LNT cell or LNT cell/DOX. The
bioluminescence images of mice were captured every 3 days. The
exposure time was 2 min. On day 13, 400 pl of blood was collected
via the orbital vein. Blood (200 pl) was treated with ammonium-
chloride-potassium (ACK) buffer and centrifuged at 800g for 8 min
to obtain pellets of white blood cells. After staining with BV421-
CD3, PE-CD4, and APC-CDS8, the samples were analyzed by flow
cytometry. Another 200 pul of blood in blood serum collection tubes
(BD Microtainer 365967) was centrifuged at 3000 rpm for 10 min.
The upper serum was detected with the following enzyme-linked
immunosorbent assay kits: IFN-y (BioLegend 430804) and TNF-a
(BioLegend 430904).

Statistical analysis

The results were presented as means + SD or mean * standard error
of the mean (means+ SEM) as indicated. The data were compared
by Student’s ¢ test between two groups and ordinary one-way analysis
of variance (ANOVA) for three or more groups. The survival curves
were analyzed via the log-rank (Mantel-Cox) test. All statistical anal-
yses were conducted by the GraphPad Prism software. The thresh-
old of a statistically significant difference was defined as P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eabc3013/DC1

View/request a protocol for this paper from Bio-protocol.
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