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Abstract

Background

Hydroxychloroquine (HCQ) is widely used in the treatment of malaria, rheumatologic dis-
ease such as lupus, and most recently, COVID-19. These uses raise concerns about its
safe use in the setting of glucose-6-phosphate dehydrogenase (G6PD) deficiency, espe-
cially as 11% of African American men carry the G6PD A- variant. However, limited data
exist regarding the safety of HCQ in this population.

Study design and methods

Recently, we created a novel “humanized” mouse model containing the G6PD deficiency A-
variant (Val68Met) using CRISPR technology. We tested the effects of high-dose HCQ
administration over 5 days on hemolysis in our novel G6PD A- mice. In addition to standard
hematologic parameters including plasma hemoglobin, erythrocyte methemoglobin, and
reticulocytes, hepatic and renal function were assessed after HCQ.

Results

Residual erythrocyte G6PD activity in GBPD A- mice was ~6% compared to wild-type (WT)
littermates. Importantly, we found no evidence of clinically significant intravascular hemoly-
sis, methemoglobinemia, or organ damage in response to high-dose HCQ.

Conclusions

Though the effects of high doses over prolonged periods was not assessed, this study pro-
vides early, novel safety data of the use of HCQ in the setting of G6PD deficiency secondary
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to G6PD A-. In addition to novel safety data for HCQ, to our knowledge, we are the first to
present the creation of a “humanized” murine model of G6PD deficiency.

Introduction

Hydroxychloroquine (HCQ) is a mainstay of therapy for malaria and rheumatologic diseases.
Recently, it has been used as a possible therapeutic in COVID-19. These uses have presented
concerns about possible toxicity of the medication if used in patients with glucose-6-phosphate
dehydrogenase (G6PD) deficiency, related to reports in the 1950s of “primaquine sensitivity”
and hemolytic anemia related to underlying G6PD deficiency [1]. Because 11% of African
American males carry the A- variant of G6PD associated with low enzyme activity, and there
is a paucity of high-quality safety evidence for the use of HCQ in patients with G6PD defi-
ciency, further study is needed to adequately assess the risk of hemolytic anemia in this popula-
tion. G6PD A- individuals do not undergo chronic hemolysis, but they are at risk for
hemolytic episodes when exposed to oxidant stress.

Some studies suggest that HCQ can be safely administered in the setting of G6PD defi-
ciency [2, 3]. In a retrospective chart review of 275 rheumatology patients taking HCQ chroni-
cally, 11 African American patients with G6PD deficiency were evaluated through 700 months
of therapy, without evident complications [2]. Additionally, chloroquine did not induce hemo-
lysis in a heterozygote knock-out murine model of G6PD deficiency with 14% residual enzyme
activity [3]; however, the model’s specific hypomorphic mutation is not present in humans.

In order to directly test the safety of HCQ in the setting of G6PD A-, we developed a novel,
“humanized” murine model of this variant (G6PD V68M) using CRISPR-Cas9 technology and
treated the mice with high dose HCQ over 5 days by intraperitoneal injection. To our knowl-
edge, this is the first report of HCQ exposure in a humanized murine model of G6PD A-.

Materials and methods

In the murine model, the desired single nucleotide polymorphism (rs1050828, Val68Met),
valine 68 was substituted to methionine using CRISPR/Cas9 technology [4, 5] using an oligo-
nucleotide template for homology directed repair (HDR) containing the homologous human
DNA sequence [6]. The 376G allele (126 Asn — Asp) of the human G6PD A- variant is absent
from this model because it does not produce significant disruptions in enzyme activity that
would otherwise alter the hemolytic phenotype [7]. A manuscript detailing the generation and
characterization of the GGPD-V68M is in preparation. Founder mice and N1 offspring were
confirmed through sequence analysis and a stable colony was obtained through strategic back-
crossing to wild-type mice. Erythrocyte G6PD activity was measured using fluorometric-based
method (Cayman Chemicals, Ann Arbor, MI).

We evaluated the in vivo hemolytic propensity of GGPD A- mouse RBCs to HCQ sulfate
(Cayman Chemicals). Wild-type (WT) littermate male or G6PD A- male mice (n = 10/group)
at 13-weeks were administered 60 mg/kg HCQ by intraperitoneal injection every 24 hrs for 5
days. This dose is higher than the 50 mg/kg dose equivalent to a human dose for anti-malarial
prophylaxis [8]. Murine tail vein blood (70 uL) was sampled from each mouse on experimental
day 1 prior to receiving drug. On day 6, whole blood was collected via the inferior vena cava
immediately following euthanasia using heparin as an anti-coagulant (Sigma, St. Louis, MO).
Reticulocytes were enumerated by flow cytometry. Complete blood counts were obtained by a
commercial blood counter (Hemavet 950FS, Drew Scientific, Miami FL). Whole blood was
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centrifuged at 1800 g for 10 min at 18°C. Plasma and RBC pellets were stored separately at
-80°C until later use. The study was approved by the University of Pittsburgh Institutional
Animal Care and Use Committee (IACUC).

Intraerythrocytic hemoglobin, methemoglobin, and extracellular plasma hemoglobin con-
centrations were determined by spectroscopy using a least-squares deconvolution with refer-
ence spectra [9]. For extracellular plasma hemoglobin we report concentrations in terms of
heme concentration; note [hemoglobin]pjasma = [heme]jasma/4. Plasma haptoglobin levels
were determined by enzyme-linked immunosorbent assays (ELISA) according to manufactur-
er’s instructions (Abcam, Cambridge, UK). A complete metabolic panel was performed on
plasma (IDEXX Bio Analytics, North Grafton, MA). Data was presented as means + SEM.
GraphPad Prism 7.03 was used for all statistical analyses and the details on statistical analyses
are indicated in the legends.

Results

We found that high dose HCQ did not induce significant hemolysis or organ damage in G6PD
A- mice. Clinical characteristics of WT and G6PD A- mice are provided in Table 1. Residual
RBC G6PD enzyme activities in G6PD A- mice are 6.5 = 0.083% of the levels in WT. We did
not observe significant differences in relevant hematologic parameters that would otherwise
indicate a hemolytic anemia, including RBC counts, hemoglobin and hematocrit (Fig 1B and
1C), mean corpuscular volume (MCV), or mean corpuscular hemoglobin (MCH) (Table 1).
There was a slight drop in hemoglobin after HCQ treatment, though comparisons of absolute
values were not significant (Table 1) and the interaction term (time*genotype) was not signifi-
cant (p = 0.88), indicating the effect is not genotype-dependent. Additionally, we found that
the change in hemoglobin levels was not significantly different (Table 1), indicating the time-
dependent drop in hemoglobin is likely due to phlebotomy or measurement variation. There
were no significant differences in RBC methemoglobin levels post-HCQ. Reticulocyte percent-
age of RBCs were not significantly different in either group at baseline (6.95 + 0.18% in WT vs
7.45 +0.33% in G6PD A-, p > 0.99) or following HCQ exposure (6.76 + 0.29% in WT vs

8.93 + 1.12% in G6PD A-, p = 0.61; Fig 1D). There were no significant differences in unconju-
gated bilirubin (0.22 + 0.02 mg/dL in WT vs 0.15 + 0.031 in G6PD A-, p = 0.07; Fig 1E,

Table 1). There were no significant differences in extracellular plasma hemoglobin (116.20 +
17.56 uM in WT vs 79.45 + 11.48 uM in G6PD A-, p = 0.09, Fig 1F) post-HCQ. Plasma hapto-
globin was significantly lower in G6PD A- compared to WT (430.6 + 73.88 pg/mL in G6PD A-
vs 1122 + 222.1 pg/mL in WT, p = 0.01; Fig 1G). There were no differences in aspartate amino-
transferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), creatinine
kinase (CK), albumin, blood urea nitrogen (BUN), or creatinine between WT and G6PD A-
groups, suggesting no enzymatic and laboratory evidence of hemolysis, or hepatic and kidney
injury (Table 1). Finally, G6PD A- mice had higher mean glucose levels compared to WT lit-
termates (Table 1), consistent with clinical studies demonstrating increased incidence of diabe-
tes mellitus and/or impaired fasting glucose in patients with G6PD deficiency [10].

Discussion

Opverall, our study suggests that short-course high doses of HCQ do not induce methemoglobi-
nemia or clinically significant hemolytic anemia or organ damage in our murine model of
G6PD deficiency. While we cannot exclude low level hemolysis lowering haptoglobin concen-
trations, this was insufficient to produce methemoglobinemia, lower hemoglobin levels,
hematocrit and reticulocyte percentage, or increase indirect bilirubin and AST. These findings
are consistent with prior retrospective clinical data in limited numbers of G6PD deficient
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Table 1. Selected hematologic and metabolic parameters of WT and G6PD A- mice.

Hematologic Parameters wT G6PD A- P-value
n mean + SEM n mean + SEM
RBC (1x10°/uL)
Baseline 10 8.40 +0.28 10 8.38 +0.15 >0.99
Day 6 10 8.26 +0.19 10 8.03 +0.16 0.88
Absolute change after 6 days -- -0.15+ 0.27 -- -0.35+0.15 0.52
% Change -- -0.98 +3.35 -- -4.07 +1.73
Hgb (g/dL)
Baseline 10 11.31 £ 0.41 10 11.22 £ 0.22 >0.99
Day 6 10 10.53 +0.28 10 10.38 +0.30 >0.99
Absolute change after 6 days -- -0.78 +0.28 -- -0.84 +0.26 0.88
% Change -- -6.34 + 2.40 -- -7.43 +2.30
HCT (%)
Baseline 10 38.82 + 1.66 10 40.09 +0.80 0.81
Day 6 10 39.45+0.82 10 38.82 +0.70 >0.99
Absolute change after 6 days -- 0.63 +1.70 -- -1.27 £ 0.69 0.31
% Change -- 3.34 +4.98 -- -3.01 £ 1.68
MCYV (fL)
Baseline 10 47.41+0.17 10 47.84 +0.34 0.55
Day 6 10 47.81 £0.18 10 48.38 + 0.35 0.30
Absolute change after 6 days -- 0.4+0.18 -- 0.54 +0.21 0.62
% Change -- 0.85+0.38 -- 1.14 +0.45
MCH (pg)
Baseline 10 13.45 + 0.089 10 13.40 £ 0.12 >0.99
Day 6 10 12.77 £ 0.15 10 12.91 £ 0.18 0.98
Absolute change after 6 days -- -0.68 + 0.47 -- -0.49 + 0.66 0.47
% Change -- -5.04 + 3.48 -- -3.60 £4.91
G6PD Activity (% of WT) 10 == 10 6.5 +0.083
Metabolic Parameters (Day 6)
AST (U/L) 10 34.70 + 1.46 10 36.70 + 2.87 0.54
ALT (U/L) 10 12.1 +1.04 10 11.6 + 1.08 0.75
ALP (U/L) 10 595.6 + 252.80 10 398 + 13.82 0.47*
Total Bilirubin (mg/dL) 10 0.23 £ 0.015 10 0.14 + 0.037 0.07*
Conjugated (mg/dL) -- 0.01+0.010 -- 0.04 +0.017 0.27*
Unconjugated (mg/dL) -- 0.22 +0.02 -- 0.15 + 0.031 0.12*
Creatine Kinase (U/L) 10 34.60 + 8.11 10 71.60 + 34.8 0.96*
Total Protein (g/dL) 10 4.32+0.051 10 4.29 +0.048 0.67
Albumin (g/dL) 10 2.14 + 0.053 10 2.10 + 0.046 0.58
Glucose (mg/dL) 10 138.10 + 12.11 10 176.20 + 8.50 0.02
BUN (mg/dL) 10 262.2 +9.07 10 244 +13.99 0.29
Creatinine (mg/dL) 10 0.012 + 0.002 10 0.01 £0.0 0.33
Calcium (mg/dL) 10 7.57 +0.14 10 7.58 +0.12 0.96
Phosphorous (mg/dL) 10 4.06 + 0.24 10 4.51+0.16 0.13

Hematologic parameters were measured from heparinized whole blood on day 1 (baseline) and day 6 (post-HCQ) by commercial blood counter (Hemavet). Metabolic

parameters were measured in a commercial lab (IDEXX Bio Analytics) from plasma collected on day 6. Statistical significance was determined using repeated measures

ANOVA with Bonferroni’s multiple comparisons for absolute hematologic values, or Student’s t-test for single or change comparisons except where * denotes Mann-

Whitney-U was used because assumptions supporting parametric analysis were not met; bold text emphasizes significance of findings at P<0.05.

ALP, Total Bilirubin, Conjugated Bilirubin, Unconjugated Bilirubin, CK: Parametric assumptions of normality and equal variance not met

Definition of abbreviations: RBC = red blood cell; HCT = hematocrit; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; G6PD = glucose-

6-phosphate dehydrogenase; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = alkaline phosphatase; BUN = blood urea nitrogen.

https://doi.org/10.1371/journal.pone.0240266.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0240266  October 2, 2020

4/7


https://doi.org/10.1371/journal.pone.0240266.t001
https://doi.org/10.1371/journal.pone.0240266

PLOS ONE Hydroxychloroquine use in G6PD deficiency

A B
1.54 157 n.s.
n.s.
[ =
< o R 1
© 4l 7 104 == ==
D 1.0 § 10
£ =)
2 0.5 T
®
0.0 ' ' 0
WT G6PD A- WT GB6PDA- WT G6PD A-
L ]l ]
Day 1 Day 6
(o4 D
50+ n.s. n.s 157
| p— | — |
401 o = — —
0 ~
[ON7)) .
= 30- 581 L
s S ——
jn RV — —_—
R 201 =9
s 5
101
0
WT G6PDA- WT G6PD A- WT G6PDA- WT G6PD A-
L J L ] L ] L ]
Day 1 Day 6 Day 1 Day 6
E F
0.3 150- P=0.09
|
£
2 - = |
@ ~ 0.2 o 1004
® [ £ =
T D -
mé ©
27 0.1 & 50
8 @
) o
>
0.0 0
WT G6PD A- WT G6PD A-
G
- oot
- |
E
g 10001
£
Qo
o
8 5001 )
Q.
©
T
0
WT G6PD A-

PLOS ONE | https://doi.org/10.1371/journal.pone.0240266  October 2, 2020 5/7


https://doi.org/10.1371/journal.pone.0240266

PLOS ONE

Hydroxychloroquine use in G6PD deficiency

Fig 1. HCQ does not induce significant in vivo hemolysis in G6PD A- mice with low residual Red Blood Cell (RBC) G6PD enzyme
activity. WT and G6PD A- male mice (n = 10/group) were administered 60 mg/kg HCQ i.p. daily for 5 days, then whole blood collected
via inferior vena cava using heparin as an anti-coagulant following anesthesia. A, Quantitative spectral analysis of RBC Methemoglobin
(%) B-C, CBC on whole blood by Hemavet performed on Day 1 and Day 6, B, hemoglobin (g/dL), C, hematocrit (%); D, Reticulocytes
were enumerated by flow cytometry on Day 1 pre-HCQ and on Day 6 post-HCQ from 5-uL whole blood and expressed as percentage of
RBCs. E, Unconjugated bilirubin (mg/dL) determined by commercial complete metabolic panel; F, Plasma hemoglobin reported as heme
concentration (UM) determined by quantitative spectral analysis [9] G, Plasma haptoglobin (ug/mL) determined by ELISA; A-G,

bars = mean + SEM, statistical significance was determined using repeated measures ANOVA with Bonferroni’s multiple comparisons
for Hgb and % HCT, Kruskall-Wallis test with Dunn’s multiple comparisons for % Reticulocytes because assumptions supporting
parametric analysis were not met, or unpaired Student’s t-test for two-group comparisons except where * denotes Mann-Whitney-U was
used for haptoglobin because assumptions supporting parametric analysis were not met; in D and G, assumptions of normality and equal
variance were not met, bold text emphasizes significance of findings at P<0.05, n.s. = non-significant.

https://doi.org/10.1371/journal.pone.0240266.9001

patients [2]. It is also noteworthy that residual G6PD erythrocyte enzyme activity in our model
is lower than in previous studies [3]. Though the residual enzyme activity in this model could
be strictly classified as a Class IV mutation according to WHO classification, the phenotype is
more consistent with a Class IIT mutation. Of note, this G6PD A- mouse model is ideal for
future studies in transfusion medicine.

Although this report provides further novel safety data for HCQ usage in G6PD A- mice,
there are several limitations. The effect of long-term HCQ in our G6PD A- mice was not
assessed. Further, the combined effect of systemic infection and HCQ, such as in the setting of
treatment for severe COVID-19, on hemolytic propensity was not assessed. LPS has been
shown to induce hemolysis via direct membrane interaction [11]. Therefore, questions remain
regarding the nature of this combined effect on hemolytic propensity in G6PD A- and clini-
cians should still exercise caution when considering HCQ in this setting.
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