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[Abstract] Hypnozoites are dormant liver-stage parasites unique to relapsing malarial species, including
the important human pathogen Plasmodium vivax, and pose a barrier to the elimination of malaria. Little
is known regarding the biology of these stages, largely due to their inaccessible location. Hypnozoites
can be cultured in vitro but these cultures always consist of a mixture of hepatocytes, developing forms,
and hypnozoites. Here, using a GFP-expressing line of the hypnozoite model parasite Plasmodium
cynomolgi, we describe a protocol for the FACS-based isolation of malarial hypnozoites. The purified
hypnozoites can be used for a range of ‘-omics’ studies to dissect the biology of this cryptic stage of the
malarial life cycle.
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[Background] Many gaps in knowledge surround hypnozoite biology, which hampers drug discovery
efforts. This is largely due to the inaccessible location of hypnozoites inside the liver in vivo and their
presence in low numbers (in contrast to the size of the liver, which contains an estimated 3.6 x 10" cells)
(Bianconi et al., 2013).

In vitro liver-stage cultures have been developed but the percentage of infected hepatocytes is at
maximum 3% (Zeeman et al., 2014), which complicates ‘-omics’ studies aiming to characterize
hypnozoites in more detail. The host cell genome (Yan et al., 2011) is 100-fold larger in size than the
parasite genome (Pasini et al., 2017), indicating that hepatocyte-derived material will be a major source
of contamination for ‘-omics’ studies of hypnozoites. Moreover, in vitro cultures (Sattabongkot et al.,
2006; Dembele et al., 2011; Gural et al., 2018; Roth et al., 2018) contain a mixture of uninfected
hepatocytes and liver-stage schizonts and hypnozoites; therefore, not only is parasite enrichment
needed but also separation of hypnozoites from the developing forms.

For several malarial species, including P. yoelii, P. berghei, and P. falciparum, methods have been
described to purify liver stages by FACS using fluorescent reporter lines (Natarajan et al., 2001; Tarun
et al., 2006; Prudencio et al., 2008); however, these species do not develop into hypnozoites. Only a
few primate malarial parasite species form hypnozoites.

P vivax liver-stage research is dependent on patient material, which complicates experimentation;
nonetheless, RNAseq of P. vivax hypnozoites has been performed (Gural et al., 2018) through selective
drug treatment of liver-stage cultures, precluding a direct comparison between hypnozoites and liver-

stage schizonts.
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The closely phylogenetically related monkey parasite, P cynomolgi, is more accessible to
experimentation and has been used extensively as a model for P. vivax (Joyner et al., 2016; Zeeman
et al., 2016; Gupta et al., 2019). In fact, hypnozoites were first identified in P cynomolgi (Krotoski et al.,
1983) and extensive drug studies involving P. cynomolgi have shown very similar responses between P
vivax and P. cynomolgi (Schmidt, 1983). While working with monkeys is ethically restricted and limited
to labs that have access to non-human primates, the P cynomolgi parasite model offers unique
possibilities for screening compounds for hypnozoiticidal activity and to gain a better understanding of
hypnozoite biology. A previous study used laser-capture dissection of P. cynomolgi hypnozoites for
transcriptomics (Cubi et al., 2017), which enables small-scale sampling of fixed parasites. To allow
sampling of larger quantities of (live) hypnozoites, here, we describe a method for the FACS sorting of
hypnozoites.

P cynomolgi is accessible to genetic engineering (Kocken et al., 1999) and this has enabled the
development of fluorescent reporter lines for FACS (Voorberg-van der Wel et al., 2013; Voorberg-van
der Wel, 2020), permitting the large-scale isolation of live malarial hypnozoites and liver-stage schizonts
as described in this protocol (Voorberg-van der Wel et al., 2017; Bertschi et al., 2018).

Materials and Reagents

Collagen-coated 96-well plates (PerkinElmer, catalog number: 6055700)

Cellstar 50 ml polypropylene tubes (Greiner Bio-One, catalog number: 227261)

5 ml serological pipettes (for example, VWR, catalog number: 612-5523)

10 ml serological pipettes (for example, Greiner Bio-One, catalog number: 607-107)
25 ml serological pipettes (for example, VWR, catalog number: 612-5544)

1.5 ml Sarstedt tubes, sterile (Sarstedt, catalog number: 72.692.405)

5 ml round-bottomed polystyrene test tubes (Falcon, catalog number: 352052)

® N o g bk w N =

5 ml round-bottomed polystyrene test tubes, with cell strainer snap cap (Falcon, catalog number:

352235)

9. Reagent reservoir (Greiner Bio-One, catalog number: 960305)

10. Pipette tips 300 pl and 1,000 pl (Rainin, SR LTS filter tip 768)

11. Phosphate-buffered saline (PBS, 1x) (Thermo Fisher Scientific, catalog number: 14200-067)

12. 0.25% trypsin/EDTA (Thermo Fisher Scientific, catalog number: 25200072)

13. TRIzol reagent (Thermo Fisher Scientific, catalog number: 15596026)

14. William’s E medium + Glutamax (Thermo Fisher Scientific, catalog number: 32551-087)

15. Human serum A+ (pooled, heat inactivated; Sanquin blood bank)

16. Insulin/transferrin/selenium supplement 100x (Thermo Fisher Scientific, catalog number:
41400-045)

17. Sodium pyruvate 100 mM (Thermo Fisher Scientific, catalog number: 11360-036)

18. MEM-NEAA 100x (Thermo Fisher Scientific, catalog number: 11140-035)

19. Pen/strep 100% (Thermo Fisher Scientific, catalog number: 15140-122)
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20. Hydrocortisone (Sigma, catalog number: HO888)

21.
22.
23.
24.
25.

50 mM B-mercaptoethanol (Thermo Fisher Scientific, catalog number: 31350-010)
DMSO hybrimax (Sigma, catalog number: P1860)

William’s B medium (see Recipes)

20% William’s B medium (see Recipes)

0.1 M hydrocortisone (see Recipes)

Primary cells and parasites

1. Primary macacque hepatocytes (freshly isolated or thawed from a cryopreserved stock; Macaca
mulatta or Macaca fascicularis; source: BPRC; hepatocytes may be obtained through
commercial suppliers

2. GFP-expressing P. cynomolgilines as described in Voorberg-van der Wel et al. (2013 and 2020);
lines can be obtained upon request from the corresponding author

Equipment

1. (Multichannel) pipettes (Rainin)

2. Pipette controller (Integra Biosciences, model: Pipetboy acu 2)

3. Refrigerated benchtop centrifuge (Beckman Coulter, model: Allegra X-15R)

4. Inverted microscope (Leica, model: DMi1)

5. Laminar flow biosafety cabinet 11B (Clean-Air EF/B6)

6. Fume hood

7. Humidified 5% CO: incubator at 37°C

8. Water bath at 37°C

9. lce machine

10. Vortex

11. High Content Imager — Operetta (PerkinElmer)

12. Cell sorter — FACS Aria | flow cytometer (BD Biosciences) equipped with a blue laser (20 mW)

13. -80°C freezer (Eppendorf)

Software

1. FlowJo software version 9.9 (https:/www.flowjo.com/solutions/flowjo/downloads/previous-
versions)

2. FACS Diva version 8.0.1 (https://www.bdbiosciences.com/en-us/instruments/research-
instruments/research-software/flow-cytometry-acquisition/facsdiva-software)

3. Columbus 2.8.2 (PerkinElmer) (https://www.perkinelmer.com/nl/product/image-data-storage-

and-analysis-system-columbus)
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Procedure

The different steps of the protocol are depicted in Figure 1 and described in detail below.
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Figure 1. Overview of the procedure. Briefly, primary macaque hepatocytes are plated into
collagen-coated 96-well plates, and after 2-3 days are inoculated with GFP-expressing P. cynomolgi
sporozoites isolated from A. stephensi mosquitoes. At 6 days post-inoculation the culture is imaged

using an Operetta high content imager to assess the presence of hypnozoites and schizonts. The
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cells are then detached by trypsinization and this pooled material is used for flow cytometry cell

sorting of hypnozoites and schizonts.

A. Infection and culture of macaque primary hepatocytes with transgenic P. cynomolgi parasites
1. Plate 65 x 10° macaque primary hepatocytes per well (96-well plates; see Note 2) and maintain
the culture at 5% CO2 and 37°C in William’s B medium (100 pl per well; see Recipe 1)
supplemented with 2% DMSO. Hepatocytes can be freshly isolated or used from a
cryopreserved stock. After 2-3 days, inoculate the cultures with 50 x 103 fluorescent transgenic
P. cynomolgi sporozoites per well (Voorberg-van der Wel et al., 2013) as described in https://bio-
protocol.org/e3722.

2. Maintain the culture in William’s B medium without DMSO (this affects parasite development) at
5% CO:2 and 37°C; refresh the medium three times per week by removing as much culture
medium as possible, followed by gently adding fresh William’s B medium (100 ul per well).
Routinely, the culture is maintained for 6 days because at that time, hypnozoites and developing
liver stages can be distinguished based on their size.

3. Culture alongside uninfected wells with macaque primary hepatocytes as the control (=6 wells

of a 96-well plate).

B. Harvesting cells

1. On the day of harvest, check the quality of infection (for reference) by live imaging on a
fluorescence microscope/High Content Imager (Voorberg-van der Wel et al., 2013). Please see
the image in the flowchart for an example. Further insights into liver-stage parasite development
can be gained from Voorberg-van der Wel et al. (2020).
Remove the supernatant from the 96-well plates and wash with 1x in PBS (100 d/well).
Remove the supernatant and add 30-50 J pre-warmed (at 37°C) 0.25% trypsin/EDTA per well;
incubate for 3 min at 37°C until the cells have detached (check with an inverted microscope).
Add 100 4 William’s B medium per well to stop trypsinization.
Mix by gently pipetting up and down (using a multichannel pipette) and pool the contents of the
wells (containing the detached cells and fluids) into a reagent reservoir.
Transfer the material into a 50-ml tube and spin (2 min 200 x g, RT, brake medium).
Wash twice in 20% William’s B medium (each time spin 2 min 200 x g, RT, brake medium).

8. Pass the sample, while gently pipetting up and down, through a cell strainer snap cap (on top
of 5-ml round-bottomed polystyrene test tubes) to exclude clumps.

9. Keep cells on ice until sorting.

C. Fluorescence-activated cell sorting
1. Pre-cool the sample loader at 4°C and rotate at 300 rpm during cell sorting.
2. Set up the FACSAria according to the manufacturer’s procedures, e.g., run Cytometer Setup
and Tracking beads (CS&T).
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Notes

Install a 100-um nozzle and set the sheath pressure to 20 psi (default setting).

Record 100,000 events of the uninfected hepatocyte culture as well as the transgenic liver-stage
parasite culture to check the gating settings.

Insert 1.5-ml collection tubes filled with 300 pyl TRIzol if the material is to be used for
transcriptomics

NB: TRIzol is toxic: fill the tubes in the fume hood and dispose of the waste separately.

Sort (sort precision: 4-way purity mode) the fractions of interest (Figure 2).

Uninfected hepatocytes
\

GFPhigh

GFPdim

GFPlow

R T T

FITC
Figure 2. Gating strategy for sorting hypnozoites and schizonts on day 6. Parasite
populations are gated based on FITC expression. The GFPlow gate contains hypnozoites and
the GFPhigh gate contains developing forms (schizonts). The GFPdim gate contains a mixture

of parasites.

When approximately half of the sample has been sorted, sort a small amount of sample into
100 pl 20% William’s B (collect about 100 GFPlow and GFPhigh events each; also take a
sample of the other fractions at the same time) and transfer to a 96-well plate for a quality check
of the Operetta system (Voorberg-van der Wel et al., 2013).

When the sort has finished, vortex the TRIzol tubes for 30 s and transfer to the -80°C freezer.

Please note that working with the materials listed above potentially involves biological risks.
Monkey-derived hepatocytes should be treated as biohazard material and may contain
infectious agents. P cynomolgi parasites are infectious to humans. All handling of these
materials should be performed under BSL2 conditions.

While the original work was performed in 6-well plates, we have noticed that infection grades in
96-well plates are higher.

Instead of using uninfected hepatocytes as the negative control, macaque primary hepatocytes
infected with P cynomolgi wild-type parasites may be used (Voorberg-van der Wel et al., 2013).
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4. Hepatocytes are highly autofluorescent; therefore, it is difficult to distinguish between uninfected
cells and those containing GFPlow-expressing parasites (hypnozoites). We have empirically
determined that using the PE channel in combination with the FITC channel provides an efficient
method to separate the different parasitic populations.

5. Implementing a doublet and debris exclusion through the addition of a scatterplot of FSC versus
SSC, followed by a scatterplot of FSC-A versus FSC-H, may be beneficial for removing
subcellular debris and multi-cell aggregates.

6. Instead of harvesting all the wells, it is recommended to perform live imaging and fix a few wells
for IFA (https://bio-protocol.org/e3722) to establish the infection characteristics.

7. Co-staining with Sytox Blue can be included as a live/dead indicator, as described by others
(Posfai et al., 2018). Alternatively, a surface stain found on all intact hepatocytes could
potentially be used in combination with, for example, PE-Cy7.

8. Depending on the cell sorting apparatus, a 130-uym nozzle can be used as an alternative to a

100-pym nozzle. This may be beneficial for maintaining host cell integrity.

Recipes

1. William’s B medium
William’s E medium with glutamax
10% human serum (A+)
1% MEM nonessential amino acids (NEAA)
2% penicillin/streptomycin
1% insulin/transferrin/selenium
1% sodium pyruvate
50 uM B-mercaptoethanol
0.05 uM hydrocortisone

500 ml William’s E medium
50 ml Human Serum A+
5 ml 100 pen/strep (10,000 U/ml)

5 ml 100% insulin/transferin/selenium supplement

T o

5 ml 100 mM sodium pyruvate
5 ml 100x MEM-NEAA
250 g 0.1 M hydrocortisone
500 4 50 mM B-mercaptoethanol
i. Store at 4°C and use within 1 month
2. 20% William’s B medium

Dilute William’s B medium 1:5 with William’s E medium

S e ™o a o

3. 0.1 M hydrocortisone
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a. Dissolve 50 mg hydrocortisone in 1 ml DMSO
b. Store 250-J aliquots at 4°C
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