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Letter to the Editor in Response 
to Zhou et al

To the Editor—In their recent publica-
tion, Zhou et al [1] describe a concentration-
dependent increase in rate of mutation 
in a modified in vitro Chinese hamster 
ovary cell hypoxanthine phosphorybosyl 
transferase assay with N-hydroxycytidine 
(NHC). NHC is the parent nucleoside of 
the 5’-isopropylester prodrug molnupiravir 
(MOV). In contrast, we have conducted a 
more comprehensive series of in vitro and 
in vivo genotoxicity studies, which, based 
on the totality of the data, demonstrate a 
low risk for genotoxicity with MOV in clin-
ical use. We review these studies, as well as 
potential concerns with the methods used 
by Zhou et al.

While MOV and/or NHC have dem-
onstrated the ability to induce mutations 
under specific in vitro culture conditions 
(including Ames and modified HPRT as-
says), extensive study of MOV in in vivo 
whole animal mutagenicity assays pro-
vides strong evidence of lack of in vivo 
relevance. Potential reasons for lack of 
translation of in vitro findings to in vivo 
mammalian systems may involve differ-
ences in metabolism, pharmacokinetics, 
exposure, replication, and DNA repair 
processes within a whole animal model 
compared with in vitro test conditions. 
It is well recognized that studies in ap-
propriate in vivo models are needed to 
establish the biological significance and 
clinical risk of in vitro assay findings. 
As such, we conducted assays in 2 dis-
tinct rodent mutagenicity in vivo models 
that are recognized as robust tools for 
evaluating mutagenicity in vivo, and for 
assessing human risk for mutagenicity 
(Pig-a mutagenicity assay and Big Blue 
[cII locus] transgenic rodent assay] [2, 3]. 

In the Pig-a mutagenicity assay and 
Big Blue (cII locus) transgenic rodent 
assay, the impact of MOV treatment on 

mutation rates was not differentiable from 
mutation rates observed in untreated his-
torical control animals. These in vivo mu-
tation assays evaluated MOV at doses and 
durations significantly greater than those 
being used in the clinic. MOV was also 
negative for induction of chromosomal 
damage in in vitro micronucleus (with 
and without metabolic activation) and 
in vivo rat micronucleus assays. Thus, 
based on the totality of genotoxicity data 
(including 2 distinct in vivo rodent mu-
tagenicity models in which MOV did not 
demonstrate evidence of mutagenicity 
or genotoxicity in vivo), MOV is con-
sidered to have low risk for genotoxicity 
in clinical use.

It is important to note that the assay 
conditions used by Zhou et  al for their 
in vitro HPRT assay differed significantly 
from standard protocols conducted under 
regulatory test guidelines [4]. In the assay 
methods they describe [1, supplementary 
materials], several features make it diffi-
cult to interpret their results and compare 
them with existing published HPRT data. 
First, the cells were exposed continuously 
to NHC for a total of 32  days, substan-
tially longer than the 3-6-hour exposure 
duration typically used per established 
guidelines [4]. Historical control data 
(used to determine performance of the 
assay in the laboratory with different 
positive and negative controls and to es-
tablish acceptable background mutant 
frequency ranges in untreated cells [5]) 
are not provided by the authors.

While NHC was shown to be toxic 
to CHO-K1 cells, when exposed at 
10  µmol/L for 5  days [1, supplementary 
figure 4], cytotoxicity was not assessed at 
the end of the 32-day continuous expo-
sure to NHC at ≤3  µmol/L. This step is 
needed to assess whether there was a re-
duction in relative survival of the treated 
cells compared with the control, to help 
differentiate direct test article–related 

mutagenicity versus mutations that may 
occur owing to DNA damage induced 
under cytotoxic conditions [6, 7].

The mutation results provided by Zhou 
et al were reported as total mutant colo-
nies rather than mutant frequency [1], 
which does not allow for comparison of 
negative and positive control data to pub-
licly available literature. The rationale for 
the NHC concentrations used in the assay 
(or concurrent control compounds) was 
not provided. To avoid potential false-
positive results, the highest concentration 
tested should avoid producing precip-
itation in the culture media, marked 
changes in pH or osmolality, or excessive 
cytotoxicity [4]. Finally, information re-
garding the origin and purity of the NHC 
material used was not provided, and it is 
uncertain whether the stability or impu-
rity of the material was characterized.

Given the state of the current coro-
navirus disease 2019 pandemic and the 
repeated and accelerating emergence of 
highly pathogenic coronaviruses, the 
development of potent antivirals with 
activity against severe acute respiratory 
syndrome coronavirus 2 and other cor-
onaviruses is urgently needed. Our com-
prehensive safety evaluation coupled 
with the preclinical antiviral efficacy and 
clinical experience to date support the 
ongoing studies of MOV in patients, in-
cluding those most likely to benefit from 
early intervention.
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Reply to Troth et al

To the Editor—We thank Troth et al 
for the opportunity to extend the dis-
cussion of our data on the mutage-
nicity of N4-hydroxycytidine (rNHC) 
[1]. We view our work as providing 
the proof of concept showing that as 
rNHC is phosphorylated to its ac-
tive ribonucleoside 5′-triphosphate, 
the ribonucleoside 5′-diphosphate 
intermediate that is the immediate 
precursor to the ribonucleoside 5′-tri-
phosphate also plays the equivalent role 
of an intermediate precursor for the 
synthesis of 2′-deoxyribonucleoside 
5′-diphosphate (by the activity of 
ribonucleotide reductase). This is the 
normal pathway for the synthesis of 
DNA precursors used from bacteria 
to humans; thus, it should not be a 
question of whether the mutagenic 
form of dNHC (2’-deoxyribose form 
of rNHC)  as a precursor to DNA is 
formed, but rather what the impact 
is. On this point we have unpublished 
cell-based data supporting conversion 
of rNHC to dNHC, albeit at low intra-
cellular levels. Also, the near identity 

of rNHC to cytidine (the addition of 
a single oxygen atom) makes it likely 
that rNHC and cytidine undergo sim-
ilar metabolism in the cell.

Although we easily demonstrated the 
mutagenic potential of rNHC in a cell 
culture model, Troth et  al note their 
negative data using 2 in vivo model sys-
tems. Negative results must be viewed 
in the context of assay sensitivity. NHC 
mutagenesis will occur in dividing 
cells. Do the in vivo assays focus on 
dividing cells, and what is the limit of 
detection of new mutations when di-
viding cells are assessed? How do we 
scale these negative results to a human 
who may live for years? Mutagenesis is 
not an acute toxicity but, rather, would 
be revealed over a long period in cancer 
rates and germline mutations.

Troth et  al raise several questions 
concerning our experimental ap-
proach. First, they question our use of 
a 32-day drug exposure rather than a 
3- to 6-hour exposure. Since rNHC has 
to be taken into the cell then metabol-
ized to become a DNA precursor, a 3- to 
6-hour exposure would likely result in 
a negative result (it would likely fail as 
an antiviral agent also). Short exposures 
are relevant to chemicals that derivatize 
DNA, not for metabolic precursors. 
Thus, it is important to think about 
the mechanism of mutagenesis when 
choosing a test for mutagenic potential, 
both in vitro and in vivo.

We used a short-term (5-day) cell 
toxicity/cytostatic assay. Troth et  al 
suggest this should have been a 32-day 
assessment. While we did not do this, 
we also did not notice a difference in 
growth rate in the presence of 3  µM 
rNHC during the multiple rounds of 
cell passage.

Our results using a gene knockout 
model demonstrate the mutagenic 
potential for the host, but in our 
 adaptation of the hypoxanthine 
phosphoribosyltransferase knockout 
model it is difficult to establish a muta-
tion rate given that multiple rounds of 
cell replication and drug incorporation 
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