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In their recent report, Costafreda and Kaplan (1) claim that CRISPR/Cas9 knockout
of TIM1 (also called HAVCR1) renders the GL37 clone of African green monkey

kidney (AGMK) cells resistant to infection with hepatitis A virus (HAV). They con-
cluded that TIM1 “is required for infection” and is a “functional receptor” for HAV,
as Kaplan and colleagues suggested many years ago (2). This surprised us, as we
had previously found that both naked and quasi-enveloped HAV (eHAV) virions (3)
readily infect Vero (and Huh-7.5) cells in which TIM1 expression was knocked out by
CRISPR/Cas9 gene editing (4). We observed that the binding of quasi-enveloped
virions to Vero cells was reduced (but not eliminated) at 4°C by TIM1 knockout,
suggesting that TIM1 acts as an accessory attachment factor by binding phospha-
tidylserine (Ptd-Ser) on the eHAV quasi-envelope surface (5, 6). However, eHAV
infection proceeded efficiently at 37°C, and we noted no differences in either
binding or infection with naked HAV (4).

We suggested to Dr. Kaplan that we exchange our knockout cell lines to resolve
these conflicting observations but were told that his cells were no longer available due
to a freezer malfunction. We thus generated a new TIM1 knockout cell line (GL37-KO)
using GL37 cells obtained from Dr. Kaplan in 2012 and one of the single-guide RNAs
(sgRNAs) described by Costafreda and Kaplan that target exon 2 (ACACTGCCCTGCCG
CTACAA) (1) (Fig. 1A) cloned into the lenticrisprV2 plasmid (Addgene catalog number
52961) (4). Lentivirus-transduced GL37 cells were expanded in media containing pu-
romycin for 3 weeks, as described previously (4). DNA sequencing of surviving cells
showed 100% identity to the Chlorocebus aethiops genome (GenBank accession num-
ber X98252.1) and confirmed disruption of the TIM1 sequence by small indels at codon
38, leading to a frameshift within exon 2 (Fig. 1A). Cell surface staining with antibodies
to human TIM1 confirmed the loss of TIM1 expression in the GL37-KO cells compared
to its expression in control cells (GL37-Ctrl) transduced with a nontargeting sgRNA
(AACCTACGGGCTACGATACG) (Fig. 1B).

Using methods described previously (4), we observed no significant differences
between the binding of naked HAV to GL37-KO and its binding to GL37-Ctrl cells at
either 4°C or 37°C (Fig. 1C). As might be expected from our earlier results, the binding
of quasi-enveloped HAV to the knockout cells was strongly reduced. However, in
contrast to the results of Costafreda and Kaplan (1), GL37-KO cells were permissive for
infection with either naked or quasi-enveloped virus (Fig. 1D). The reduced binding of
eHAV to the knockout cells is consistent with TIM1 facilitating eHAV attachment via
interactions with Ptd-Ser, as we observed with Vero-KO cells (4). This also explains lower
virus yields following several rounds of replication at 72 h, as most progeny virus is
likely to be quasi-enveloped.
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To gain a clearer view of the requirement for TIM1 in first-round infections with
naked HAV, we inoculated cells with a reporter virus expressing nanoluciferase (HM175/
18f-NLuc) (Fig. 1E, top) after treating it with 0.5% NP-40. We observed similar 25- to
30-fold increases in nanoluciferase activity in the GL37-KO and GL37-Ctrl cells 6 to 18 h
after inoculation, indicating equivalent levels of viral entry and cytoplasmic translation
of the viral RNA (Fig. 1E, bottom left). Later increases in nanoluciferase 36 h postinoc-

FIG 1 GL37-KO cells lacking expression of TIM1 are permissive for HAV infection. (A) Organization of the TIM1 gene and its protein product in C. aethiops. Red
arrows indicate where the sequence is disrupted (codon 38) with small indels in exon 2. At the bottom is shown the domain structure of TIM1 with amino acids
numbered and the signal peptide (sp) sequence shown in red and the IgV domain (residues 24 to 111), which binds Ptd-Ser, in green. tm, transmembrane
domain. (B) Flow cytometry analysis of cell surface staining for TIM1 with ARD5 (10) (left) and 1D12 (Biolegend) (right) monoclonal antibodies. Isotype, GL37-Ctrl
cells stained with isotype control IgG. (C) Percent binding of iodixanol gradient-purified naked HAV and quasi-enveloped HAV to GL37-Ctrl and GL37-KO cells at 4°C
(left) and 37°C (right). Results shown are means � standard errors of the means (SEM) from 3 independent experiments, each with 2 to 3 technical replicates. ns,
nonsignificant. (D) HAV RNA in lysates of GL37-Ctrl and GL37-KO cells following infection with gradient-purified naked (left) and quasi-enveloped (right) virus. GE,
genome equivalents; hpi, hours postinoculation. Results are means of a total of 4 replicates � SEM from 2 independent experiments. *, P � 0.017; ****, P � 0.0001 at
72 h. (E) At the top is shown the HM175/18f-NLuc genome organization, which has the nanoluciferase (NLuc) sequence inserted between the VP1pX and 2B coding
sequences. Below is shown nanoluciferase activity in GL37-Ctrl and GL37-KO cell lysates following infection with detergent-treated HM175/18f-NLuc virus in the
absence (left) or presence (right) of 5 mM guanidine hydrochloride (GnHCl). Nanoluciferase expression was insensitive to GnHCl between 6 and 18 hpi, indicating that
it is due to translation of input naked viral genomes. Results are means of a total of 4 replicates � SEM from 2 independent experiments. ****, P � 0.0001 at 72 h. All
statistical testing was by two-way analysis of variance (ANOVA) with Sidak’s multiple-comparison test.
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ulation in GL37-Ctrl cells were due to new genome synthesis and second-round
infections, as they were significantly reduced by the replication inhibitor guanidine
hydrochloride (GnHCl) (Fig. 1E, bottom right). Unlike with the first-round infection with
naked, nonenveloped virus, these second-round infections, presumably with quasi-
enveloped eHAV, were sensitive to TIM1 knockout.

These data highlight the importance of TIM1 as an attachment factor for quasi-
enveloped HAV in GL37 cells and confirm our earlier conclusions that TIM1 is not an
essential entry factor for either HAV or eHAV (4). The GL37 clone of AGMK cells was
isolated several decades ago by Yasuo Moritsugu in Tokyo, Japan, who considered it
exceptionally permissive for HAV replication (7). This exceptional permissiveness of
GL37 cells is likely due to their high expression of TIM1, which is much higher in GL37
cells than in Vero cells (Fig. 1B, right), and its ability to facilitate eHAV attachment.

HAV entry and uncoating remain poorly explained given the exceptional stability of
the hepatovirus capsid (8, 9). We believe that it is important not to conflate the
concepts of attachment factors and receptors for this picornavirus. We define a receptor
as a molecule that interacts directly with the HAV capsid in a specific manner to
mediate its endocytosis and/or initiate the process of uncoating. Whether such a
receptor exists for HAV remains unknown.
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