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Background: Technologies related to the establishment of primary tumor cell cultures from solid tumors,
including glioblastoma, are increasingly important to oncology research and practice. However, processing of
fresh tumor specimens for establishment of primary cultures on the day of surgical collection is logistically
difficult. The feasibility of viable cryopreservation of glioblastoma specimens, allowing for primary culture
establishment weeks to months after surgical tumor collection and freezing, was demonstrated by Mullins et al.
in 2013, with a success rate of 59% that was not significantly lower than that achieved with fresh tumor tissue.
However, research targeting optimization of viable glioblastoma cryopreservation protocols for establishment
of primary tumor cultures has been limited.

Objectives: The objective of this study was to optimize glioblastoma cryopreservation methods for viable
cryobanking and to determine if two-dimensional (2D) or three-dimensional (3D) culture conditions were more
supportive of glioblastoma growth after thawing of frozen tumor specimens.

Methods: Portions of eight human glioblastoma specimens were cryopreserved by four different protocols
differing in the time of enzymatic digestion (before or after cryopreservation), and in the type of cryopreser-
vation media (CryoStor CS10 or 10% dimethyl sulfoxide and 90% fetal calf serum). After 1 month, frozen
tissues were thawed, enzymatically digested, if not digested before, and used for initiation of 2D or 3D primary
tumor cultures to determine viability.

Results: Among the tested cryopreservation and culturing protocols, the most efficient combinations of cryo-
preservation and culture were those associated with the use of CryoStor CS10 cryopreservation medium,
enzymatic digestion before freezing, and 2D culturing after thawing with a successful culture rate of 8 out of 8
cases (100%). Two-dimensional cultures were in general more efficient for the support of tumor cell growth
after thawing than 3D cultures.

Conclusions: This study supports development of evidence-based viable glioblastoma cryopreservation
methods for use in glioblastoma biobanking and research.
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Introduction

LIOBLASTOMA IS THE most common malignant primary

brain tumor and is the focus of extensive basic and
clinical research efforts targeting improved therapies.'?
Technologies related to the establishment of primary low
passage tumor cultures are increasingly important to on-
cology research and practice.>’ However, processing of
fresh tumor specimens for the establishment of primary

cultures on the day of surgical collection is logistically
difficult. Importantly to tissue biorepository practices, viable
cryopreservation of glioblastoma specimens allowing for
primary culture establishment months to years after surgical
tumor collection and freezing has been demonstrated with a
success rate not signiﬁcantly lower than that achieved with
fresh tumor tissue.” Specifically, the success rate of primary
culture establishment after cryopreservation in that study
(59%) was similar to the success rate when using fresh
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TABLE 1. CLINICAL INFORMATION FOR GLIOBLASTOMA SPECIMENS STUDIED
Case Patient age Patient GBM IDH RI32H Previous
no. (vears) gender location IDH status immunostain treatment
#1 47 Male R parietal Wild type - -
#2 46 Male R frontal Wild type — -
#3 38 Male R frontal Mutant + -
#4 64 Female R temporal Wild type — -
#5 35 Female R frontal Mutant + -
#6 73 Male R temporal Wild type - -
#7 58 Female R frontal Wild type - -
#8 57 Male R frontal Mutant + -

GBM, glioblastoma; IDH, isocitrate dehydrogenase.

tissue (63%). Furthermore, no relevant molecular or phe-
notypic differences between cell lines established from fresh
or viable frozen tissue were observed.® Following this study,
research targeting optimization of viable glioblastoma
cryopreservation protocols for establishment of primary tu-
mor cultures has been limited. The aim of our study was
to optimize glioblastoma cryopreservation methods for vi-
able cryobanking relative to two critical factors, digestion
conditions, and cryopreservation media, in the scope of two-
dimensional (2D) or three-dimensional (3D) post-thaw cul-
tures. We explored the use of two different cryopreservation
media (CryoStor CS10 medium and 10% dimethyl sulfoxide

[DMSO] and 90% fetal calf serum [FCS]), and the timing of
tissue digestion, before or after freezing. We assessed the
impact of these two critical parameters on the success rate of
2D or 3D post-thaw primary cultures from eight glioblas-
toma specimens.

Materials and Methods
Cryopreservation

With written patient consent, portions of fresh human
glioblastoma specimens that were not needed for pathology

Fresh tumor tissue ™==== Eixation in formalin, preparation of paraffin-embedded sections for
characterization by diagnostic pathology including immunostaining for
mutant IDH-1 protein, p53 and GFAP expression
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FIG. 1.

Schematic presentation of tested fresh human glioblastoma cryopreservation protocols and protocols for estab-

lishment and characterization of primary glioblastoma cultures after thawing of specimens. 2D, two-dimensional; 3D, three-
dimensional; DMSO, dimethyl sulfoxide; FCS, fetal calf serum.
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diagnosis from eight patients (Table 1) were either snap-
frozen in liquid nitrogen without cryopreservation media or
were processed for cryopreservation by four cryopreservation
protocols with different specifications in the use of enzymatic
digestion before or after cryopreservation and in the type of
cryopreservation media (Fig. 1). Protocols used were ap-
proved by the Institutional Review Board (IRB) of the Uni-
versity of Illinois at Chicago and were in accordance with the
Declaration of Helsinki 1975, as revised in 2008. All tissue
specimens were first placed in DMEM/F-12 medium (Sigma-
Aldrich) with 2mM glutamine (Gibco, Gaithersburg, MD)
and penicillin-streptomycin (Sigma-Aldrich) and minced with
the use of sterile #10 scalpels into ~3 mm pieces within 30
minutes of specimen resection (Fig. 1).

For the specimens submitted to enzymatic digestion be-
fore freezing, media were then replaced with 2 mL per 0.5 g
minced tissue of freshly prepared Enzymatic Tissue Dis-
sociation Media solution (SmL 0.05% Trypsin/EDTA,
2.5mL Hank’s Balanced Salt Solution [Sigma-Aldrich]—
calcium and magnesium free, and 2.5 mL Collagenase IV
[ThermoFisher Scientific] stock solution [2000 U/mL in
HBBS with calcium and magnesium]). The tissue specimens
were digested under rotation for 10 minutes at 37°C in a
tissue culture incubator. Digestion was stopped by addition
of two volumes of stop solution (SmL trypsin inhibitor
solution, 5SmL. DMEM/F12, 2 uLL of 5000 U/mL DNase I
[Sigma Aldrich; made in HBBS, calcium and magnesium
free]) followed by filtering out of undigested material with
a 100 um strainer (BD Biosciences), centrifugation at 800 g
for 5 minutes at room temperature, and suspension and
washing of pellets in DMEM/F-12 medium.

Tissue specimens with or without prefreeze enzymatic di-
gestion were suspended in either CryoStor CS10 (BioLife So-
Iutions) or 10% DMSO (Sigma-Aldrich) and 90% FCS (Fisher,
Ontario, Canada) cryopreservation media, frozen in these me-
dia with the use of Nalgene Mr. Frosty Cryo 1°C Freezing
Containers (Thermo Scientific) at controlled rate cooling, —1°C
per minute until reaching —80°C, and then stored long-term in
liquid nitrogen vapor phase until further studies (Fig. 1).

Establishment of primary glioblastoma cultures
using cryopreserved tissues

Snap-frozen glioblastoma samples and glioblastoma
samples cryopreserved by the four different cryopreservation
methods were thawed at 37°C and were either directly pro-
cessed for 2D or 3D cultures or were first digested as de-
scribed in the previous section (Fig. 1). For 2D cultures,
samples were placed on 24-well tissue culture plates and
cultured in DMEM/F-12 medium (Sigma-Aldrich) with
2mM glutamine (Gibco) and penicillin-streptomycin
(Sigma-Aldrich), supplemented with 10% FCS (Fisher),
20ng/mL human recombinant epidermal growth factor
(EGF; Stem Cell Technologies), 10 ng/mL BFGF (Stem Cell
Technologies), and 2 ng/mL. Heparin. For 3D cultures, 24-
well plates were coated with Matrigel (Corning, Corning,
NY) and samples were cultured in DMEM/F-12 medium
(Sigma-Aldrich) with 2mM glutamine (Gibco) and
penicillin-streptomycin (Sigma-Aldrich), supplemented with
10% FCS (Fisher), 20ng/mL human recombinant EGF
(Stem Cell Technologies), 10 ng/mL basic fibroblast growth
factor (BFGF) (Stem Cell Technologies), and 2 pg/mL He-
parin mixed with Matrigel (5% Matrigel/95% medium).
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Two-dimensional and 3D cultures were observed for cell
growth under an inverted microscope. Two-dimensional
cultures with cell attachment and growth (Fig. 2A) were
trypsinized and transferred to new wells on 24-well tissue
culture plates and cultured for additional passages. Three-
dimensional cultures demonstrating cell growth (Fig. 2B)
were treated with 20 U/well of Dispase (Fisher Scientific)
and cells were transferred to new wells on 24-well tissue
culture plates and cultured for additional passages in 2D and
3D. The acceptance criteria for successful establishment of
primary cultures were samples with cell growth in secondary
plates covering at least 50% of the plate. The percentage of
cell growth coverage of plates was established by viewing
cultures daily under an inverted microscope and recording
the average of the estimated coverage of the surface of ten
10X microscopic fields by cells.

Characterization of primary cultures derived
from cryopreserved samples for GFAP, R132H
mutant IDH-1 protein, and p53 expression

To determine if cells in primary cultures derived from
cryopreserved samples were expressing GFAP, the R132H
mutant form of the IDH-1 protein and p53 in a pattern cor-
responding to the one documented in the diagnostic

FIG. 2. Morphologic features of primary glioblastoma cul-
tures in 2D (A) and 3D (B) conditions observed and photo-
graphed in an inverted microscope. Magnification 200X .



VIABLE GLIOBLASTOMA CRYOPRESERVATION

pathology report of the original tumor specimen, cells were
removed with a sterile cell scraper, fixed in 10% formalin,
centrifuged at 1200 rpm, embedded in paraffin, and sec-
tioned. Five micron sections were processed for im-
munostaining using a Leica Bond Automated Immunostainer
to determine the expression of GFAP, the R132H mutant
form of the IDH-1 protein, and p53 in the cells.

Results

Success rate of establishment of primary
glioblastoma cultures following the use of different
cryopreservation protocols and 2D or 3D

culture conditions

Portions of eight human glioblastoma specimens were
either snap-frozen in liquid nitrogen without cryopreserva-
tion media or were cryopreserved by four different protocols
differing in the use of enzymatic digestion before or after
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cryopreservation and in the composition of cryopreservation
media (CryoStor CS10 or 10% DMSO and 90% FCS)
(Fig. 1). After 1 month, frozen tissues were thawed, enzy-
matically digested if not digested before, and used for ini-
tiation of 2D or 3D primary tumor cultures to determine
viability (Fig. 1). No primary cultures could be isolated from
glioblastoma specimens that had been snap-frozen without
the use of cryopreservation media. Among the tested cryo-
preservation and culturing protocols, the most efficient
combination of cryopreservation and culture was that asso-
ciated with the use of CryoStor CS10 cryopreservation
medium, enzymatic digestion before freezing, and 2D cul-
turing after thawing, with a successful culture rate of 8 out
of 8 cases (100%) (Table 2 and Fig. 2). The combination of
cryopreservation with the use of CryoStor CS10 medium,
enzymatic digestion after freezing, and 2D post-thaw cul-
turing showed slightly lower successful culture rate of 7 out
of 8 cases (87.5%) (Table 2). Protocols associated with the
use of 10% DMSO and 90% FCS cryopreservation medium,

TABLE 2. SUCCESS RATES OF ESTABLISHMENT OF PRIMARY GLIOBLASTOMA CULTURES FOLLOWING DIFFERENT
CRYOPRESERVATION PROTOCOLS AND POST-THAWING CULTURE METHODS

Detection of cell growth (+)
or no growth (—) after thawing of
frozen tissues and culturing in

Specimen Cryopreservation Timing of enzymatic
no. medium used digestion 2D cultures 3D cultures
GBM #1 CryoStor CS10 Before freezing -

CryoStor CS10
10% DMSO/90% FCS
10% DMSO0/90% FCS

After freezing
Before freezing
After freezing

+ +

GBM #2 CryoStor CS10 Before freezing + +
CryoStor CS10 After freezing + -
10% DMSO/90% FCS Before freezing + -
10% DMSO/90% FCS After freezing + -
GBM #3 CryoStor CS10 Before freezing + +
CryoStor CS10 After freezing - -
10% DMSO/90% FCS Before freezing + -
10% DMSO/90% FCS After freezing - -
GBM #4 CryoStor CS10 Before freezing + -
CryoStor CS10 After freezing + -
10% DMSO/90% FCS Before freezing + +
10% DMSO/90% FCS After freezing + -
GBM #5 CryoStor CS10 Before freezing + -
CryoStor CS10 After freezing + +
10% DMSO/90% FCS Before freezing + +
10% DMSO/90% FCS After freezing + +
GBM #6 CryoStor CS10 Before freezing + -
CryoStor CS10 After freezing + +
10% DMSO/90% FCS Before freezing - -
10% DMSO0/90% FCS After freezing + +
GBM #7 CryoStor CS10 Before freezing + +
CryoStor CS10 After freezing + +
10% DMSO/90% FCS Before freezing + -
10% DMSO/90% FCS After freezing + +
GBM #8 CryoStor CS10 Before freezing + -
CryoStor CS10 After freezing + +
10% DMSO/90% FCS Before freezing - -
10% DMSO/90% FCS After freezing - -
GBM #1-8 CryoStor CS10 Before freezing 8+ of 8 3+ of 8
CryoStor CS10 After freezing 7+ of 8 4+ of 8
10% DMSO/90% FCS Before freezing 5+ of 8 2+ of 8
10% DMSO/90% FCS After freezing 5+ of 8 3+ of 8

2D, two-dimensional; 3D, three-dimensional; DMSO, dimethyl sulfoxide; FCS, fetal calf serum.
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enzymatic digestion before or after freezing, and 2D cul- lowing cryopreservation in a variety of experimental systems
turing after thawing were associated with a lower successful ~ with the use of CryoStor solutions over a number of other
culture rate of 5 out of 8 cases (62.5%) (Table 2). Two- cryopreservation media.” 2 CryoStor CS10 is a serum-free,
dimensional cultures were more efficient for the support of protein-free, animal component-free intracellular-like de-
tumor cell growth after thawing than 3D cultures (Table 2). fined cryopreservation medium containing 10% DMSO that

Cryopreserved samples expressed GFAP, the R132H has been designed to better maintain the ionic balance of
mutant form of the IDH-1 protein, or p53 in a pattern similar ~ cells at hypothermic and freezing temperatures and allow for
to that documented in the diagnostic pathology workup of more rapid recovery by reducing cryopreservation-induced

the original tumor specimens (Table 3 and Fig. 3). stress and damage.””'> The design of CryoStor CS10 in-

cludes pH buffering, free radical scavenging, oncotic/os-

Discussion motic support, energy substrates, and ionic concentrations
for increased balance at ultralow temperatures.”'?

This study confirms the feasibility of viable glioblastoma We found that cryopreservation of glioblastoma tissue

cryopreservation and provides novel information about with enzymatic digestion before freezing was more effective
critical preanalytical determinants of the post-thaw viability ~for viable cryopreservation than cryopreservation without
of glioblastoma. We show here that no primary cultures enzymatic digestion before freezing. Why enzymatic di-
could be produced from glioblastoma specimens that had gestion before freezing was more effective is not evident
been snap-frozen without the use of cryopreservation media. from our experiments; however, previous studies reported
However, consistent with previous studies,® we found that both positive and negative effects of prefreeze enzymatic
cryopreservation of viable glioblastoma is possible and al-  digestion on post-thaw cell viability using tissue types other
lows for the establishment of primary glioblastoma cultures  than glioblastoma.'>'* Our findings together with previous
following thawing. We tested a series of cryopreservation observations by others suggest that enzymatic digestion
protocols and found that the most efficient combination of before freezing may have a minor, tissue-specific positive or
upstream cryopreservation method and downstream culture negative effect on tissue viability during cryopreservation.
conditions was the use of CryoStor CS10 cryopreservation Our study indicates that cryopreservation of mechanically
medium, enzymatic digestion before freezing, and 2D post- minced glioblastoma tissue with enzymatic digestion before
thaw culturing, with a success rate of 8 out of 8 cases freezing was more effective for viable cryopreservation than
(100%). The immunohistochemical profiles of the estab- cryopreservation of mechanically minced glioblastoma tissue
lished primary 2D or 3D cultures following cryopreservation ~ without enzymatic digestion before freezing. However, it
were similar to the original surgical specimens. Our findings should be noted that there are limitations for enzymatic di-
show that glioblastoma cryopreservation is fit for purpose, gestion before cryopreservation. These limitations primarily
with the use of CryoStor CS10 cryopreservation medium relate to the work- and time-intensive nature of enzymatic
after enzymatic digestion of fresh tissue, for establishment digestion that may not be easily performed routinely before
of primary tumor cultures. cryopreservation. Cryopreservation of minced glioblastoma

Why CryoStor CS10 was better than 10% DMSO and tissue in CryoStor CS10 without prior enzymatic digestion
90% FCS is not evident from our experiments; however, was nearly as efficient as the protocol with enzymatic di-
several previous studies reported better cell survival fol- gestion before cryopreservation.

TABLE 3. COMPARISON OF IMMUNOHISTOCHEMICAL FEATURES OF SELECTED PRIMARY GLIOBLASTOMA CULTURES
AND ORIGINAL GLIOBLASTOMA SPECIMENS

Cryopreservation®
Enzymatic digestion Enzymatic digestion
Original Before cryopreservation After cryopreservation
tumor
Case no. Immuno-stain specimens® 2D culture 3D culture 2D culture 3D culture
GBM #2 Mutant 0° 0 0 0 N/A
IDH-1
P53 2+¢ 2+ 2+ 2+ N/A
GFAP 1+ 1+ 1+ 1+ N/A
GBM #6 Mutant 0 0 N/A 0 0
IDH-1
P53 1+ 1+ N/A 1+ 1+
GFAP 1+ 1+ N/A 1+ 1+
GBM #38 Mutant 2+ 2+ N/A 2+ 2+
IDH-1
P53 2+ 2+ N/A 2+ 2+
GFAP 1+ 1+ N/A 1+ 1+

?As documented for original diagnostic pathology specimen.

Tested primary GBM cultures originated from samples processed for cryopreservation in CryoStor CS10.

“Results of immunohistochemical staining expressed in the following scale: 0=no staining; 1+=focal staining; 2+=most cells staining.
NA, not applicable, no culture available for testing.
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FIG. 3. Nuclear expression of p53 (A) and cytoplasmic
expression of GFAP (B) and the R132H mutant form of the
IDH-1 protein (C) in cells of primary cultures derived from
cryopreserved samples of GBM case #8.
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While 3D tumor cell cultures can be very useful to study
many aspects of tumor cell growth and therapy response, ™
in our experiments, traditional 2D cultures provided a higher
success rate than 3D cultures during post-thaw culturing of
tumor cells. Although our study does not provide an expla-
nation of this observation, possible causes may be related to
growth inhibitory effects of the extracellular matrix in 3D
cultures. Our experiments suggest that initial post-thaw
culturing of glioblastoma cells should be performed in 2D.

Technologies related to the establishment of primary low
passage glioblastoma cultures are increasingly important to
neuro-oncology biobanking and research and a wide variety
of protocols have been used and reported in the literature,
without a clear consensus on optimal conditions.* Im-
portantly, to tissue biorepository practices, cryopreservation
of viable glioblastoma specimens, allowing for primary
culture months to years after sur%ical tumor collection and
freezing, has been demonstrated.” Our study points for the
first time to some key determinants of the efficiency of vi-
able glioblastoma cryobanking. We report an evidence-
based optimized method, which can be fully validated in the
future according to the requirements of 1S021899:2020
Biotechnology—Biobanking—General requirements for the
validation and verification of processing methods for bio-
logical material in biobanks."’

Acknowledgments

We thank Kate Sokolowska (Integrated BioBank of
Luxembourg) for accompanying several experiments.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

This work was supported by an intramural grant to
Dr. K. Valyi-Nagy by the Department of Pathology, Uni-
versity of Illinois at Chicago.

References

1. Omuro A, DeAngelis LM. Glioblastoma and other malignant
gliomas: A clinical review. JAMA 2013;;310:1842-50.

2. Rajatnam V, Islam MM, Yang M, Slaby M, Ramirez HM,
Mirza SP. Glioblastoma: Pathogenesis and current status of
chemotherapy and other novel treatments. Cancers (Basel)
2020;12:pii: E937.

3. Day BW, Stringer BW, Wilson J, et al. Glioma surgical
aspirate: A viable source of tumor tissue for experimental
research. Cancers (Basel) 2013;3;5:357-71.

4. Ledur PF, Ravizzoni Onzi G, Zong H, Lenz G. Culture con-
ditions defining glioblastoma cells behavior: What is the im-
pact for novel discoveries? Oncotarget 2017;8:69185-69197.

5. Da Hora CC, Schweiger MW, Wurdinger T, Tannous BA.
Patient-derived glioma models: From patients to dish to
animals. Cells 2019;8:1177.

6. Kan LK, Drummond KJ, Hunn M, Williams DA, O’Brien
TJ, Monif MA. Simple and reliable protocol for the prep-
aration and culturing of fresh surgically resected human
glioblastoma tissue. Methods Protoc 2020;3:11.

7. He A, Powell S, Kyle M, et al. Cryopreservation of viable
human tissues: Renewable resource for viable tissue, cell
lines, and organoid development. Biopreserv Biobank
2020;18:222-227.



66

10.

11.

12.

13.

. Mullins CS, Schneider B, Stockhammer F, Krohn M,

Classen CF, Linnebacher M. Establishment and character-
ization of primary glioblastoma cell lines from fresh and
frozen material: A detailed comparison. PLoS One 2013;8:
e71070.

. Clarke DM, Yadock DJ, Nicoud IB, Mathwe AJ, Heimfeld

S. Improved post-thaw recovery of peripheral blood
stem/progenitor cells using novel intracellular-like cryo-
preservation solution. Cytotherapy 2008;11:472-490.
Stilianou J, Vowels M, Hadfield K. Novel cryoprotectant
significantly improves the post-thaw recovery and quality
of HSC from CB. Cytotherapy 2006;8:57-61.

Worsham DN, Reems J-A, Szczepiorkowski ZM, et al. Bio-
medical Excellence for Safer Transfusion (BEST) Collabora-
tive Group. Clinical methods of cryopreservation for donor
lymphocyte infusions vary in their ability to preserve func-
tional T-cell subpopulations. Transfusion 2017;57:1555-1565.
Ivanics T, Bergquist JR, Liu G, et al. Patient derived xeno-
graft cryopreservation and reanimation outcomes are depen-
dent on cryopreservation type. Lab Invest 2018;98:947-956.
Shichkin VP, Gorbach OI, Zuieva OA, et al. Effect of
cryopreservation on viability and growth efficiency of
stromal-epithelial cells derived from neonatal human thy-
mus. Cryobiology 2017;78:70-79.

14.

15.

16.

17.

VALYI-NAGY ET AL.

Hughes SM, Ferre AL, Yandura SE, et al. Cryopreservation
of human mucosal tissues. PLoS One 2018;13:e0200653.
Friedrich MJ. 2003. Studying cancer in 3 dimensions.
JAMA 2003;290:1977-1979.

Kapalczynska M, Kolenda T, Przybyla W, et al. 2D and 3D
cell cultures—A comparison of different types of cancer
cell cultures. Arch Med Sci 2018;14:910-919.
International Organization for Standardization (ISO) 21899:
2020 Biotechnology—Biobanking—General requirements
for the validation and verification of processing methods for
biological material in biobanks. Available at: https://www
.iso.org/obp/ui/#iso:std:is0:21899:ed-1:vl:en (last accessed
October 21, 2020).

Address correspondence to:
Klara Valyi-Nagy, MD
Department of Pathology
University of Illinois at Chicago
804 South Wood Street
Chicago, IL 60612

USA

E-mail: klaravn@uic.edu


https://www.iso.org/obp/ui/#iso:std:iso:21899:ed-1:v1:en
https://www.iso.org/obp/ui/#iso:std:iso:21899:ed-1:v1:en

